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Chapter 1 
Introduction  

The pancreas 

The pancreas is a gastrointestinal organ located in the abdominal cavity with 
two main functions: an exocrine function that helps in digestion and an endocrine 
function that regulates blood sugar. It consists of different types of cells each 
with their own function. The acinar cells produce digestive enzymes, ductal cells 
secrete bicarbonate and endocrine islets secrete hormones (1). The pancreas 
also contains stellate cells, located in periductal and perivascular regions, which 
are frequently inactive. The physiological function of these cells can be 
compromised by the formation of malignant neoplasms, with pancreatic ductal 
adenocarcinoma (PDAC) as the most common type. PDAC makes up 90% of all 
pancreatic cancer cases whereas neuroendocrine tumors, colloid carcinomas, 
solid pseudopapillary tumors, acinar cell carcinoma and pancreatoblastomas, 
account for the remaining 10%.  
 

Pancreatic cancer epidemiology and risk factors  

The incidence of pancreatic cancer is increasing and it is currently the seventh 
leading cause of cancer related deaths globally, in both sexes (2). In the United 
States and Europe pancreatic cancer is projected to become the second cause 
of cancer related deaths in the next decade (2,3). In agreement with international 
statistics, pancreatic cancer incidence in The Netherlands is regrettably following 
the same trend. The number of patients with pancreatic cancer has increased 
from 1300 cases in 1989 to 2550 patients in 2019 (4).  
Diagnosis of pancreatic cancer is often at an older age, with a median age of 
diagnosis of 71 years in the United States (5). Pancreatic cancer incidence and 
mortality is slightly higher in males compared to females, with cumulative risks 
of 0.65 and 0.45, respectively, in patients up to 74 years (2). The mortality risks 
in the same age group are 0.59 and 0.41 in males and females, respectively.  
Proposed risk factors for pancreatic cancer are divided in familial or non-
inherited causes. In patients with familial pancreatic cancer, defined as at least 
two first degree relatives with PDAC, aberrations of several genes such as, breast 
cancer gene 1 (BRCA1), BRCA2 and cyclin-dependent kinase inhibitor 2A 
(CDKN2A), are associated with an increased risk (6). Moreover, aberrations of 
various other genes such as DNA mismatch repair genes MutL Homolog 1 
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(MLH1), MutS Homolog 2 (MSH2) and MutS Homolog 6 (MSH6) are reported as 
risk factors, as summarized by Paternoster and colleagues (7). Non-inherited risk 
factors for pancreatic cancer are further divided into modifiable and non-
modifiable. The modifiable risk factors include obesity (8), tobacco smoking, 
heavy alcohol consumption and diet, whereas non-modifiable risk factors 
include age, diabetes and chronic pancreatitis (7). A comprehensive study on risk 
factors for pancreatic cancer (5), showed an association of family history of 
pancreatic cancer, diabetes mellitus, smoking, and obesity in a cohort of patients 
diagnosed before the age of 60 classified as early-onset pancreatic cancer. 
Alcohol use of ≥ 26 g daily was associated with an increased risk (OR 1.49, 95% 
CI 1.21-1.84) in patients diagnosed before the age of 45. 
 

Pancreatic cancer histopathology 

Pancreatic cancer is typically defined as “a cold tumor” with few infiltrating T 
cells and a low mutational load compared to other cancer types such as 
melanoma and most lung cancers. However, there are consistent mutations that 
arise prior or during PDAC development (9). The main consensus is that the so-
called pancreatic intraepithelial neoplasia (PanIN) preneoplastic lesions develop 
an activating KRAS mutation, though this is not an independent event. Of note, 
a small portion of PDAC cases can arise from cystic neoplasms such as 
intraductal papillary mucinous neoplasms (IPMN) (10). KRAS mutations are also 
found in unprogressed PanINs, therefore it is speculated that alternative events 
based on the versatile KRAS pathways determine whether or not PDAC occurs. 
Subsequently, inactivating mutations of TP53, SMAD4 and CDKN2A arise in the 
progression from PAnINs to cancer (1).  
The PDAC tumor microenvironment (TME) is made up of cancer-associated 
fibroblasts (CAFs), immune cells, endothelial cells and neurons. Its extracellular 
matrix (ECM) is rich in components, such as collagen and hyaluronic acid and 
other matricellular proteins (Figure 1). The stroma rich TME hampers drug 
delivery to the cancer cells and therefore contributes to the lack of therapy 
response. Moreover, PDAC are hypoxic tumors because of the hypovascular TME 
which also lowers drug penetration. Several growth factors (TGF-β, VEGF, CTGF, 
HGF, FGF), matricellular proteins, metalloproteinases (MMPs), tissue inhibitors of 
metalloproteinases (TIMPs) and cytokines, are also reported to influence drug 
efficacy. Over the past decades many attempts have been made to treat 
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pancreatic cancer by inhibiting aberrant pathways or to target the TME in vain, 
warranting more research for novel therapeutic strategies.  

 
Figure 1. The microenvironment of a pancreatic ductal adenocarcinoma.  

Created with BioRender.com 

Therapies  

The treatment options for patients diagnosed with pancreatic cancer consist of 
surgical resection, chemotherapy and/or occasionally radiotherapy depending 
on the stage of the disease at the time of diagnosis. A small fraction of the 
patients, approximately 10-20%, is eligible for surgery when diagnosed with a 
localized tumor, which typically corresponds with stage 1 or stage 2 cancer. For 
patients with an advanced disease stage chemotherapy and/or radiotherapy is 
advised with palliative intent. In case of surgical resection, patients undergo a 
pancreaticoduodenectomy (Whipple procedure) for tumors located in the head 
of the pancreas, which include 60-70% of pancreatic cancer cases (1,11). A distal 
pancreatectomy with splenectomy is performed for tumors in the body or tail of 
the pancreas.  
The most effective chemotherapy regimen for patients with metastatic cancer 
or patients who undergo surgery is FOLFIRINOX, which is a combination of folinic 
acid (leucovorin), fluorouracil (5-FU), irinotecan and oxaliplatin (12). Patients with 
a poor performance status receive gemcitabine as a monotherapy or combined 
with nab-paclitaxel. However, these therapeutic approaches have several 
limitations; 1) a poor response to the treatment due to inherent resistance and 
lack of biomarkers based on omics profiles to predict the best regimen, 2) 

Chapter 1 
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acquired resistance, developed during treatment or 3) a high toxicity resulting 
from the drug combinations. In order to overcome these clinical limitations, 
many studies are nowadays focused on minimally-invasive biomarkers for early 
diagnostics as well as to predict treatment response and/or to monitor the 
disease progression. Lastly, research on aberrant cellular pathways is thriving, 
giving more information and possibilities to exploit these cancer cell 
vulnerabilities as an innovative and more effective therapeutic target.  
 

Novel treatment strategies  

Metabolism in the highly-proliferative cancer cells is dissimilar compared to 
normal cells, in order to cope with the higher energy demand. In particular, 
glycolysis, the breakdown of glucose to lactate, is upregulated in cancer cells, 
leading to acidification of the TME and subsequent suppression of immune 
effectors (13). Several specific components of the glycolysis, lactate 
dehydrogenase A (LDH-A) and glucose transporter 1 (GLUT-1) have been 
correlated with a poor survival in pancreatic cancer patients when 
overexpressed. Hence, we investigated the inhibition of LDH-A by a small 
molecular entity as described in this thesis.  
The production of ribosomes, the protein factories, is an essential cellular 
process that requires substantial energy. Similar to glycolysis, ribosome 
biogenesis is a process that is upregulated in cancer to supply proteins for the 
fast-growing cells (14). In particular, rRNA methyltransferase Fibrillarin, is an 
upregulated component in the ribosome biogenesis and shows potential as 
therapeutic target. Furthermore, RNA polymerase I, which can be inhibited by 
the small molecule CX-5461, seems to be a promising strategy in pancreatic 
cancer cells.  
Antimetabolites have been successful in the past decades for the treatment of 
various cancer types, such as leukemia, breast, ovarian, colon, head and neck 
cancer, and non-small-cell lung cancer (NSCLC). Gemcitabine, a cytidine analog, 
is one of the most commonly used antimetabolites for the treatment of PDAC 
and NSCLC. It exerts its activity against cancer cells by incorporation into DNA 
and thereby inhibiting DNA replication (15). Yet, patients develop resistance to 
gemcitabine and are dependent on a trained health specialist for drug 
administration. A structurally optimized cytidine analog, 
fluorocyclopentenylcytosine (RX-3117) was then synthesized to overcome the 
resistance, toxicity and the clinical limitations of gemcitabine. RX-3117 is mainly 
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activated in cells expressing uridine cytidine kinase 2 (UCK2), which is only 
expressed in cancer and placenta cells, decreasing the chances of systemic 
toxicity. Furthermore, the oral administration of RX-3117 facilitates the treatment 
of patients.  
This thesis includes studies on clinically used drugs, such as gemcitabine 
combined with various experimental compounds that target different processes 
in the cancer cells in order to find a new therapy that will benefit patients. 
Moreover, the research was also focused on small molecular entities that inhibit 
essential cellular processes such as glycolysis and ribosome biogenesis. Lastly, 
the mechanism of the promising cytidine analog RX-3117 was investigated both 
in lung and pancreatic cancer models.  
  

Chapter 1 
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Chapter 2 
 

Outline 

The subject of this dissertation is novel therapeutics for pancreatic cancer 
treatment, with a special focus on evaluating experimental in vitro treatment 
options illustrated in Figure 2. This dissertation consists of three parts, (1) 
Pancreatic ductal adenocarcinoma; for which Chapter 3 describes the genetic 
features of pancreatic cancer that have an effect on treatment response. 
Chapter 4 then indicates how proteomic analysis of gemcitabine resistant cells 
reveals the contribution of microtubule-associated protein 2 (MAP2) to taxane 
treatment. Chapter 5 is a review on how to assess in vitro combination 
treatments by mathematical approaches to predict synergism, antagonism or 
additive effects. In the final chapter of Part 1, Chapter 6, the role of c-Met 
inhibitors, alone and in combination with gemcitabine, in primary co-cultures of 
human pancreatic cancer and stellate cells, are described to overcome drug 
resistance. Part (2) highlights the role of cancer metabolism as a novel 
therapeutic strategy. Chapter 7, summarizes the role of the glycolytic pathway 
and connects it to cancer metastasis. Chapter 8 describes the lactate 
dehydrogenase inhibitor NHI-Glc-2 and its potential in cancer treatment. In 
addition, this part covers the essential cellular process of ribosome biogenesis in 
cancer. In particular, Chapter 9 summarizes the ribosome biogenesis and 
explores the role of ribosomal RNA methyltransferase Fibrillarin as potential 
therapeutic target. In Chapter 10, it is shown that CX-5461, a RNA polymerase I 
inhibitor and G-quadruplex stabilizer, inhibits pancreatic cancer cell growth and 
cell migration and induces DNA damage. Part (3) describes the novel anti-
metabolite fluorocyclopentenylcytosine, RX-3117, as summarized in Chapter 11. 
The activation enzyme of RX-3117, uridine cytidine kinase 2 (UCK2), is evaluated 
as a potential biomarker of pancreatic cancer in Chapter 12. The RX-3117 
mediated downregulated of DNA methyltransferase 1 (DNMT1) that leads to the 
reexpression of tumor suppressor genes and proton coupled folate carrier 1 
(PCFT-1) is described in Chapter 13. Lastly, Chapter 14 describes molecular 
mechanisms of resistance to RX-3117.  
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Figure 2. Schematic overview of simplified mechanims of actions (MOA) of drugs/compounds mentioned in this thesis. Abbreviations: dFdC (2’,2’-difluoro-
2’-deoxycytidine; gemcitabine), CDA (cytidine deaminase), P (phosphate group), dFdU (2’,2’-difluoro-2’-deoxyuridine), NAB (nanoparticle albumin-bound), 
SPARC (secreted protein acidic and cysteine rich), HGF (human hepatocyte growth factor), MET receptor; HGFR (hepatocyte growth factor receptor), NHI-
Glc-2 (N-hydroxyindole-glucose conjugated 2), RX-3117 (fluorocyclopentenylcytosine), UCK2 (uridine cytidine kinase 2). Created with BioRender.co
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Abstract 

Introduction: Despite clinical efforts, pancreatic ductal adenocarcinoma 
(PDAC) has a dismal prognosis. The scarcity of effective therapies can be 
reflected by the lack of reliable biomarkers to adapt anticancer drugs 
prescription to tumors’ and patients’ features. 
Areas covered: Pharmacogenetics should provide the way to select patients 
who may benefit from 
a specific therapy that best matches individual and tumor genetic profile, but 
it has not yet led to gains in outcome. This review describes PDAC 
pharmacogenetics findings, critically reappraising studies on polymorphisms 
and -omics profiles correlated to response to gemcitabine, FOLFIRINOX, and 
nab-paclitaxel combinations, as well as limitations of targeted therapies. 
Further, we question whether personalized approaches will benefit patients 
to any significant degree, supporting the need of new strategies within well-
designed trials and validated genomic tests for treatment decision-making. 
Expert opinion: A major challenge in PDAC is the identification of subgroups 
of patients who will benefit from treatments. Minimally-invasive tests to 
analyze biomarkers of drug sensitivity/toxicity should be developed 
alongside anticancer treatments. However, progress might fall below 
expectations because of tumor heterogeneity and clonal evolution. Whole-
genome sequencing and liquid biopsies, as well as prospective validation in 
selected cohorts, should overcome the limitations of traditional 
pharmacogenetic approaches. 
 
Keywords: Pancreatic cancer; pharmacogenetic studies; gemcitabine; 
FOLFIRINOX; nab-paclitaxel; promises and pitfalls of pharmacogenetic 
approaches; validated tests and clinical trials 
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Article highlights 

● Improving survival in pancreatic ductal adenocarcinoma (PDAC) is a critical 
unmet need. 
● Over the last years, patients have slightly benefitted from new 
combinations of conventional chemotherapy agents, improved surgical 
outcomes, and advancements in diagnostics, such as refinement of 
endoscopy. 
● However, late-stage diagnosis and resistance to chemotherapy remain the 
biggest hurdles for PDAC treatment. 
● Immunotherapy and targeted therapies lack effectiveness in treatment of 
PDAC due to its complex tumor microenvironment. 
● Pharmacogenetics of standard treatments modalities has suggested 
several candidate biomarkers, but most studies showed conflicting results 
that are difficult to translate in the clinical setting. 
● New technologies should improve pharmacogenetic approaches by 
moving from candidate gene methods toward genome-wide studies. 
● In the future, oncologists should strive for biomarker-driven clinical trials, 
improving selection of clinical trial participants and more standardized 
protocols in biomedical research data processing. 
● Liquid biopsies have the potential to pair with genomic tests and new trials, 
establishing more effective clinical management strategies for PDAC 
patients. 
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1. Introduction 

Pancreatic cancer is a highly malignant disease with a rising incidence and is 
currently amongst the top five of the leading causes of cancer-related deaths 
(1,2). Pancreatic ductal adenocarcinoma (PDAC) is an exocrine tumor that 
arises from the cells of the pancreatic duct or ductules and comprises the 
majority of pancreatic cancers (3). However, because of oncogenic insults or 
different environmental stress factors, pancreatic acinar cells can 
differentiate into ductal-like cells, in the so-called acinar-to-ductal metaplasia 
(ADM) of the pancreas. This ADM may lead to pancreatic intraepithelial 
neoplasia, which is the most common precancerous lesion that drives PDAC 
formation and progression (4).  
PDAC is a highly fatal malignancy with neither a limited number of known risk 
factors nor effective screening modalities. At the time of diagnosis, more than 
80% of PDAC patients present with unresectable disease, which translates into 
a very poor prognosis, and a five-year overall survival (OS) of 3% in patients 
with metastatic disease at onset (5).  
Accumulating genetic and molecular data has defined subgroups of PDAC 
with distinct biology and potential subtype specific therapeutic vulnerabilities, 
as recently reviewed by Collisson and collaborators (6). However, this has not 
yet been translated in the development of effective therapeutic strategies to 
overcome PDAC chemoresistance. One main contributor to this poor 
prognosis is indeed the inherent and/or acquired resistance of PDAC to 
conventional treatment modalities (7).  
Although research has been conducted to establish new chemotherapy 
regimens as well as innovative treatment modalities acting on specific 
molecular pathways, new strategies to target this disease are urgently 
warranted in order to achieve significant clinical improvement (8,9). 
Therefore, in addition to overcoming the challenges of chemotherapy options 
by the development of new anticancer drugs, novel pharmacogenetic 
strategies are also needed. 
 

2. Pharmacogenetics of standard treatment modalities  

By definition, pharmacogenetics is the study of the inherited genetic 
differences in drug metabolic pathways (as well as other determinants in 
pharmacological activity, such as transporters, receptors, and enzymes), 
which affect individual responses to drugs, both in terms of therapeutic as 
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well as adverse effects. The terms pharmacogenetics and 
pharmacogenomics tend to be used interchangeably and a consensus 
remains equivocal (10). 
In clinical oncology, pharmacogenetic studies typically evaluate the 
correlation of drug activity with individual patients’ features, focusing on one 
or a few genes, whereas pharmacogenomics considers the whole genome of 
the tumor, through the application of new -omic technologies. In this review, 
we describe dysregulations at germinal and tumor level that potentially 
affect the activity of standard treatment modalities in PDAC, such as 
gemcitabine, FOLFIRINOX, and nab-paclitaxel/gemcitabine combinations. 
Figure 1 summarizes the most important candidate biomarkers in the intake, 
mechanism of action, and metabolism/catabolism of the drugs in the 
FOLFIRINOX and nab-paclitaxel–gemcitabine regimens. 
In addition, several studies showed the potential role of dysregulation of 
apoptosis in the chemoresistance to all these regimens. Apoptosis can occur 
via two signaling pathways, the extrinsic pathway that is activated via the 
death receptor or the intrinsic (mitochondrial) pathway that both lead to the 
activation of caspases (11). PDAC cells predominantly rely on the 
mitochondrial-enhanced apoptosis pathway dependent on the Bcl-2 family 
members (12). The Bcl-2 family can be divided into anti-apoptotic proteins 
(Bcl-xL and Bcl-2) and pro-apoptotic proteins (Bax, Bak, and Bad), which 
interact with other molecules to regulate apoptosis. Interestingly, unlike Bcl-
2, Bcl-xL is overexpressed in Fas and TRIAL-mediated apoptosis-resistant 
PDAC cells. Moreover, pro-apoptotic protein Bax overexpression increased 
the sensitivity to 5-fluorouracil (5-FU) in ASPC-1 cells (13). However, in 
orthotopic SCID mice growing Colo357-blc-xl tumors, the tumor regression 
was higher compared to Colo357-wildtype tumors, contradicting previous in 
vitro data (14), and suggesting that other pathways can play an important 
role in mediating gemcitabine effects and resistance. For instance, in PANC-1 
cells, gemcitabine treatment caused a downregulation of anti-apoptotic 
pancreatitis-associated protein and upregulation of proapoptotic TP53INP1 
and p-GSK-3β (15).  
However, none of these pro- or anti-apoptotic proteins has been validated as 
a reliable biomarker of drug activity or resistance in PDAC. 
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Figure 1. Main determinants in the mechanism of action of current PDAC treatments modalities. 
Gemcitabine uptake is predominantly facilitated by human equilibrative transporter 1, followed 
by cytidine deaminase (CDA) inactivation or activation by deoxycytidine kinase (DCK), resulting 
after various phosphorylation steps in DNA synthesis inhibition. Paclitaxel uptake is enhanced by 
secreted protein acidic and rich in cysteine (SPARC) that binds to albumin and therefore 
produces free paclitaxel. Prodrug irinotecan is activated by carboxyl esterase-2 (CES2) to its 
active metabolite SN-38 that inhibits topoisomerase-1 (TOP1). 5-Fluorouracil metabolite FdUTP 
results in DNA damage, whereas FdUMP inhibits thymidylate synthase. 

 

2.1 Pharmacogenetics of gemcitabine as monotherapy and combination 

treatment 

Gemcitabine (2′,2′-difluorodeoxycytidine, dFdC; Gemzar®) is a pyrimidine 
analog widely prescribed to treat a variety of solid tumors such as pancreatic, 
breast, ovarian, bladder, or non-small-cell lung cancers (NSCLCs) (16). It has 
been used for decades as the first-line treatment for metastatic pancreatic 
cancer, as it showed a better response compared to 5-FU treatment (17). 
However, the median OS witnessed with gemcitabine was not very promising. 
Besides, gemcitabine has a low response rate. In order to improve PDAC 
patients’ prognosis, gemcitabine was used in combination with other 
treatment modalities such as capecitabine, but there was only a marginal 
improvement in terms of OS. Similar results were also obtained with a 
combination of cisplatin and gemcitabine (18). These results were confirmed 
by a meta-analysis, including more than 25 studies and 8000 patients, which 
showed only a trend and no statistically significant differences when 
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comparing all the combinations with both platinum and fluoropyrimidine 
compounds to gemcitabine monotherapy (19).  
Clinical trials were also conducted to test the combination of Epidermal 
Growth Factor Receptor (EGFR) tyrosine kinase inhibitor erlotinib with 
gemcitabine, but the very short improvement in terms of survival benefit, 
though significant, was not considered clinically relevant (20). Of note, EGFR 
mutations that are used to guide the treatment of NSCLC with EGFR-tyrosine 
kinase inhibitors (21) are rare in PDAC samples (22). Skin rash and EGFR 
expression were initially proposed as surrogate markers of efficacy for the 
erlotinib–gemcitabine combination, but they both failed to identify patients 
with clinical benefit in a following randomized phase III trial (23). Therefore, 
no predictive factor of clinical response to erlotinib has yet been found in 
PDAC patients. 
Several studies have tried to identify molecular or genetic determinants of 
response to gemcitabine mostly in PDAC and NSCLC patients at both the 
somatic and the constitutional levels (24,25).  
Because of its hydrophilic nature, gemcitabine requires facilitated transport 
for cellular uptake, and it is transported into the cells by membrane 
nucleoside transporters, including the human equilibrative nucleoside 
transporter-1 (hENT1) and human concentrative nucleoside transporter-3 
(hCNT3) (26). After uptake, it is monophosphorylated by rate-limiting enzyme 
deoxycytidine kinase (DCK) to dFdC-MP. Kinases CMP/UMP kinase (CMPK1) 
and nucleoside-diphosphate kinase (NDPK, NME) are responsible for 
production of the subsequent metabolites dFdC-DP and dFdC-TP, 
respectively. Metabolite dFdC-DP depletes deoxynucleotide pools via 
inhibition of ribonucleotide reductase 1 (RRM1), whereas dFdCTP is 
incorporated into DNA leading to DNA synthesis inhibition. Conversely, 
inactivation of over 90% of prodrug dFdC to difluorodeoxyuridine is catalyzed 
by cytidine deaminase (CDA), whereas dFdC-MP is dephosphorylated by 
5′nucleotidase. Deoxycytidylate (DCMP) deaminase produces dFdUMP from 
dFdC-MP, which inhibits thymidylate synthase (TS). Of note, the genes coding 
for hENT1(SLC29A1) and hCNT3 (SLC28A3) are characterized by several 
polymorphisms, which might affect protein expression. However, studies on 
the clinical significance of these polymorphisms showed controversial results 
(27), and the most studied pharmacogenetic biomarker for gemcitabine 
activity in PDAC is tumor expression of hENT1. The higher activity and uptake 
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in cancer cells, using both in vitro and in vivo models associated with 
significantly higher expression levels of both transporters (28), could explain 
the marked increase in OS observed in pancreatic cancer patients treated 
with gemcitabine. In particular, analyses of hENT1 mRNA and protein 
expression with PCR and immunohistochemical approaches demonstrated 
that high levels of hENT1 correlated with a statistically significantly longer 
survival, both in the adjuvant and in the metastatic setting, though the 
number of patients in the latter cohort was extremely small (29,30). In 
addition, the retrospective analysis of the phase III clinical trials RTOG-9704 
and ESPAC-1/3 supported the role of hENT1 as a predictive biomarker of 
adjuvant gemcitabine efficacy: patients with tumors characterized by high 
hENT1 expression had significantly longer OS compared to patients with low 
hENT1 expression (31,32). Of note, this association was missing in patients 
treated with 5-FU, suggesting a predictive and not prognostic role for hENT1. 
However, a recent study in hepatocarcinoma patients is challenging this 
concept, since hENT1 overexpression was associated with a high proliferation 
rate and a worse survival in resected intrahepatic cholangiocarcinoma 
patients who did not receive adjuvant treatments. These findings suggest the 
potential prognostic role of hENT1 in this set of patients (33). Moreover, the 
role of hENT1 expression as a biomarker could not be identified when a 
comparison of gemcitabine with its lipophilic analog CO-101 was carried out 
within the prospective biomarker stratified trial LEAP, in the metastatic setting 
(34). Similarly, the immunohistochemical study of hENT1 expression using the 
rabbit monoclonal antibody SP120 in the samples from the patients enrolled 
in the phase III CONKO-001 trial, which compared gemcitabine versus 
observation in the adjuvant setting, showed no correlation between hENT1 
levels and OS (35). 
These conflicting results might either be due to the use of different types of 
hENT1 antibodies between studies or to changes in the expression pattern 
related to the disease stage, since PDAC genomic landscapes seem highly 
dynamic during cancer progression, which might also explain the metastatic 
behavior of this tumor type (36,37). Finally, another key determinant in the 
low response rate to gemcitabine is the particularly complex 
microenvironment of PDAC, comprising several cellular components 
(fibroblasts, stellate, endothelial, and immune cells) and a dense extracellular 
matrix (ECM) that makes up nearly 80% of the tumor mass (38). In particular, 
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PDAC stroma can contribute to hypoperfusion and hypoxia, reducing 
gemcitabine delivery and activity (39,40). Moreover, recent studies 
demonstrated the inter- and intra-tumoral heterogeneity in cancer-
associated fibroblasts, which might also play an important role in PDAC 
chemoresistance and lack of correlation of clinical outcome with tumor 
pharmacogenetic biomarkers (41,42). 
Other studies evaluated polymorphisms and expression of potential 
pharmacogenetic biomarkers for gemcitabine activity, such as the 
metabolizing and catabolizing enzymes DCK and CDA, respectively, as 
reviewed previously (27). A recent computational study identified three single 
nucleotide polymorphisms (SNPs) ABCG2 Q141K [rs2231142], hENT3 (SLC29A3 
S158F [rs780668]), and POLR2A N764K [rs2228130] that significantly 
correlated with patient outcome (p < 0.05) in a Singaporean NSCLC patient 
cohort treated with gemcitabine-based chemotherapy (43). However, more 
research is needed to prove the value of these SNPs and to determine the 
presence of these SNPs in other ethnic populations.  
NDPK NME5 downregulation in the gemcitabine-resistant pancreatic cancer 
cell line PAXC002 resensitized the cells to gemcitabine (44). Remarkably, 
PAXC002 was obtained from a patient who was not treated with 
chemotherapy prior to tumor resection, enabling the study of the innate 
gemcitabine resistance mechanism. Yet, NME5 overexpression induced 
gemcitabine resistance also in the gemcitabine-sensitive BxPC-3 cells. 
However, most of these studies were retrospective, with small sample size, 
without appropriate statistical correction or further prospective studies in 
larger populations. Moreover, these studies used different methodologies, 
without appropriate validation (45), as well as evaluation of tumor clonal 
heterogeneity and evolution of tumor cells and microenvironment after 
relapse (46). 
In conclusion, after more than 20 years of use in the clinical practice, currently 
no prognostic biomarkers are available to stratify survival outcomes for 
PDAC patients receiving gemcitabine. 
 

2.2 Pharmacogenetics of FOLFIRINOX 

FOLFIRINOX is a combination of a number of chemotherapeutic drugs which 
includes 5-FU, leucovorin, irinotecan, and oxaliplatin. The antimetabolite 5-FU 
is activated in the cells, producing its mono-, di-, and tri-phosphate 
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metabolites, fluorouridine monophosphate (FUMP), fluorouridine 
diphosphate (FUDP), and fluorouridine triphosphate (FUTP). 
Diphosphorylated 5-FU (FUDP) is converted to FdUDP and subsequently 
FdUMP, which inhibits TS. Furthermore, FUDP can be converted to FUTP, that 
is incorporated into RNA leading to toxicity. Tri-phosphorylated metabolite 
FdUTP exerts its cytotoxic effect by incorporating into the DNA (47).  
Carboxylesterase 2 (CES2) predominantly activates prodrug irinotecan to its 
active metabolite SN-38, which inhibits topoisomerase-1 (TOP1) leading to cell 
death (48). Inactivation of irinotecan and SN-38 is carried out by CYP3A and 
a variety of UDP-glycoronosyltransferases (UGTs). The pharmacogenomics 
of SN-38, such as the correlation of downregulation of well studied UGT1A1 
variant UGT1A1*28 to dose and regimen dependent toxicity in patients and 
ABCB1 polymorphisms, are well described by Marsh and collaborators (48). 
Similar to cisplatin and carboplatin, oxaliplatin is a DNA adduct forming agent, 
but with a less toxic profile (49). Polymorphisms in DNA repair and metabolic 
enzymes are responsible for the differences in drug response and toxicity. 
The effects of the various polymorphisms associated with clinical outcome 
are summarized by Kweekel and collaborators (49).  
The FOLFIRINOX regimen has been first introduced as a standard treatment 
for metastatic PDAC after the phase III clinical trial PRODIGE 4/ACCORD 11, 
which showed a better OS and progression-free survival (PFS) as compared 
to gemcitabine monotherapy (50). A more recent study on adjuvant therapy 
has demonstrated that a modified FOLFIRINOX regimen is also associated 
with a significantly longer survival than gemcitabine among patients with 
resected PDAC (50). A retrospective study by a single institution found that 
the presence of mutations in 5 genes involved in DNA damage repair (i.e. 
BRCA1 [N = 7], BRCA2 [N = 5], PALB2 [N = 3], MSH2 [N = 1], and FANCF [N = 
1]) was associated with improved OS in a total of 36 patients with metastatic 
PDAC treated with FOLFIRINOX (51). Interestingly, a previous study on the 
analysis of coding exons of 12 genes (ATM, ATR, BAP1, BRCA1, BRCA2, BLM, 
CHEK1, CHEK2, FANCA, MRE11A, PALB2, and RAD51) related to homologous 
recombination repair (HRR) showed exceptional responses with respect to 
PFS of more than 2 years in two patients with inactivating HRR-related gene 
mutations that received FOLFIRINOX as a first-line treatment (52). Moreover, 
a recent study on both tissue and plasma samples showed that microRNA-
181a-5p was significantly downregulated in nonprogressive patients after 
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FOLFIRINOX treatment, and these results were linked to the modulation of 
ATM expression and DNA repair both in tissues and in PDAC cell lines (53). 
These results suggest the potential role of genes involved in DNA repair as 
biomarkers of FOLFIRINOX activity, and should prompt further studies, that 
might also consider well-known polymorphisms of the nucleotide excision 
repair system, such as XPD-Lys751Gln. The XPD-Gln751Gln variant has indeed 
been associated with greater resistance to cisplatin-induced damage and 
had an impact on the outcome of metastatic PDAC patients treated with 
gemcitabine–cisplatin based polychemotherapy (54). However, a recent 
study did not find a significant association between the safety or efficacy of 
FOLFIRINOX and the tumor expression of excision repair cross-
complementing (ERCC) proteins (ERCC1, ERCC2, ERCC4), and glutathione S-
transferase Pi in 34 patients with unresectable pancreatic cancer (55).  
Other studies evaluated enzymes that have been suggested to be the key 
determinants and thus potential predictive biomarkers of 5-FU activity, such 
as DPYD, which causes the degradation of 5-FU, and TS, which is the main 
target inhibited by 5-FU (56). In a preclinical study in 15 PDAC cell lines and 2 
5-FU-resistant subclones (57), a higher resistance to 5-FU correlated with 
higher Dihydropyrimidine dehydrogenase (DPD) and TS mRNA expression 
levels. These findings suggest that PDAC cells with low TS and/or DPD levels 
are more sensitive to 5-FU.  
In a study on 68 resected pancreatic cancer tissues treated with adjuvant 5-
FU liver perfusion chemotherapy, the immunohistochemical analysis of DPD 
protein expression showed a significantly shorter OS in patients with high DPD 
levels (58). Similarly, immunohistochemistry on tumor cores of 238 patients 
enrolled in the ESPAC-3 trial, randomized to either postoperative gemcitabine 
or 5-fluorouracil/folinic acid (5FU/FA), showed that DPD was associated with 
reduced OS in patients treated in the 5FU/FA arm, but not in the gemcitabine 
arm. Furthermore, in patients with low hENT1 expression, high DPD expression 
was associated with a shorter survival in the 5FU/FA arm, but not in the 
gemcitabine arm. Thus, together with the evaluation of the expression of 
hENT1, DPD expression might identify subgroups of patients who benefit from 
either postoperative 5FU/FA or gemcitabine (59).  
However, further data on correlation between TS protein expression and 
outcome of PDAC patients treated with 5-FU are controversial. In resected 
patients, high TS expression levels were significantly associated with longer 
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OS, but high TS expression was not correlated to OS in patients with advanced 
PDAC (60). Moreover, no data have yet been provided from the AFUGEM 
GERCOR trial, a randomized phase II study of FOLFIRINOX or nab-paclitaxel 
plus gemcitabine firstline therapy in metastatic patients, involving the 
assessment of TS as a potential 5-FU efficacy marker (61).  
Finally, only a few studies analyzed potential biomarkers for the activity of 
irinotecan.  
Resistant pancreatic cells showed decreased mRNA levels of TOP1, which is 
the main target of irinotecan (62). Of note, TOP1 gene copy numbers are 
increased in cancers of the bile duct and pancreas (63), but TOP1 expression 
was not associated with irinotecan sensitivity in a more comprehensive study 
including a wider panel of PDAC cell lines. Pharmacological analyses of these 
cells did not show a correlation of irinotecan activity with either the expression 
of catabolic enzymes (CYP3A4, CYP3A5, UGT1A10) or the expression of the 
export transporters (ABCB1, ABCC2) (64). However, further analysis of in vivo 
models genetic databases, proteomics, and tissue microarrays showed that 
high expression of CES2, which activates irinotecan, was associated with a 
better prognosis in 22 resectable and borderline resectable patients treated 
with FOLFIRINOX in the neoadjuvant setting. These results should prompt 
further studies on patients in the metastatic setting, as well as on new 
potential biomarkers for the FOLFIRINOX regimen. 
 

2.3 Pharmacogenetics of nab-paclitaxel and gemcitabine combination 

Following the positive results of the phase III MPACT trial, the combination of 
nab-paclitaxel (Abraxane®) with gemcitabine represents another first-line 
option for patients with advanced or metastatic PDAC (65).  
Nab-paclitaxel is a 130-nm, nanoparticle formulation composed by paclitaxel 
bound to albumin. The reduced diameter of these particles and the 
transcytosis mediated by albumin enhance intracellular paclitaxel delivery. 
Furthermore, these molecules have a greater distribution volume, and a 
faster clearance than conventional paclitaxel, resulting in accumulation at a 
much higher concentration in tumor tissues (66). Paclitaxel is predominantly 
taken up into hepatic cell by the organic anion transporting polypeptide 1B3 
(OATP1B), where inactivation catalyzed by cytochrome P450’s CYP2C8, 
CYP3A4, and CYP3A5 leading to metabolites 6α-hydroxypaclitaxel, p-
hydroxy-C3′-paclitaxel, and dihydroxypaclitaxel occurs (67). In addition, P-
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glycoprotein (Pgp) is responsible for paclitaxel efflux. A study on 
polymorphisms in these genes revealed that the allele causing increased 
paclitaxel metabolism was associated with increased neurotoxicity, 
emphasizing the role of hydroxylated paclitaxel metabolites (68). However, 
these variants, as well as polymorphisms in Pgp, are highly dependent on 
ethnic populations and have shown contradicting results between studies 
reviewed previously (69).  
The secreted protein acidic and rich in cysteine (SPARC) has been studied as 
a biomarker of nab-paclitaxel activity because it binds albumin, potentially 
enhancing the selective uptake of this drug in tumor cells (70). In addition, this 
protein has been correlated to PDAC cell proliferation and metastasis (71). An 
initial immunohistochemical study in 36 patients showed that a higher level of 
SPARC expression is correlated with a higher OS (72). However, preclinical 
studies in both engineered mouse (i.e. KPC models) and patient-derived 
xenografts demonstrated that SPARC does not play a role in nab-paclitaxel 
internalization in cancer cells (73,74). Consistently, following 
immunohistochemical studies showed that the expression of SPARC did not 
correlate with OS (75). These controversial findings might be explained by 
another study in preclinical models of PDAC, including models with SPARC 
nullizygosity, showing that nab-paclitaxel accumulates and acts in a dose-
dependent manner. The interaction of plasma SPARC and albumin-bound 
drugs was reported at low doses but was saturated at therapeutic doses in 
mouse tumors (73). Nab-paclitaxel has also been found to cause the 
inactivation of CDA, which in turn results in inhibition of gemcitabine 
catabolism, leading to higher levels of gemcitabine and a higher response 
rate in KPC models (76). Of note, reduction of CDA levels by increased activity 
of reactive oxygen species also correlated with the synergistic interaction 
with the c-Met inhibitor crizotinib (77). However, a chemical inhibitor of CDA 
which stabilized and thereby artificially increased gemcitabine levels in 
murine PDAC did not enhance cancer cell death, suggesting that other 
factors, such as microenvironmental factors, including the pleiotropic 
matricellular signaling protein connective tissue growth factor (78) may play 
a more important role in treatment responses of PDAC.  
Since paclitaxel is essentially a spindle poison that induces cell death through 
its ability to disrupt mitosis by binding to the microtubule protein beta-tubulin 
(TUBB3), several studies investigated the role of tubulin as a biomarker in 
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different tumor types, such metastatic gastric cancer patients receiving 
taxane-based first-line palliative chemotherapy (79). A more recent 
immunohistochemical study evaluated TUBB3 expression in tumor samples 
obtained by endoscopic ultrasound-guided fine needle aspiration from 75 
patients with unresectable PDAC who received the nab-paclitaxel–
gemcitabine regimen. Remarkably, patients without TUBB3 expression 
showed a significantly higher disease control rate and a longer PFS. These 
findings support the use of TUBB3 as an innovative biomarker for treatment 
optimization (80). Previous studies showed similar results when evaluating 
TUBB3 expression levels in lung cancer patients treated with paclitaxel. In a 
study on 91 NSCLC patients, it was found that low levels of tubulin expression 
were associated with a higher response to paclitaxel-based treatment and a 
higher survival rate, whereas tubulin expression was not predictive in patients 
receiving regimens without paclitaxel (81). Moreover, the prognostic effect of 
tubulin was confirmed by the recent LACE-Bio project that included 
immunohistochemistry biomarkers tested for correlation with OS in four trials 
(International Adjuvant Lung Cancer Trial, Adjuvant Navelbine International 
Trialist Association, JBR10, and Cancer and Leukemia Group B-9633) and 
showed that the majority of the promising biomarkers could not be validated, 
suggesting the different tissue fixation methods, storage, and varying 
reagent/antibody batches as potential causes for the controversial results 
(82).  
Interestingly, a preclinical study in cancer cells resistant to paclitaxel 
demonstrated a feedback activation of TUBB3 triggered by the FOXO3a-
dependent regulation of ABCB1, which resulted in the accentuation of 
resistance as well as in acquired cross-resistance to a number of drugs such 
as 5-FU, docetaxel, and cisplatin (83). It has been reported that ABC multidrug 
transporters are involved in drug resistance, drug disposition, and 
chemotherapy toxicity (84). For example, in the case of irinotecan, ABCB1 
contributes to the cellular uptake of this prodrug and its active metabolite SN-
38. Yet, the ABCB1 1236C>T variant decreased the clearance of irinotecan 
significantly, ABCC2 3972T>C was associated with toxicity, and ABCG2 
overexpressing cells were resistant to irinotecan and SN-38 (85). However, 
despite many studies on ABC transporters and their complex 
pharmacogenetics, clinical trials evaluating the prognostic/predictive role of 
ABC transporters as well as the activity of inhibitors of these proteins did not 
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translate in successful clinical application. Future studies should therefore be 
aimed at combining the present knowledge of clinically relevant ABC 
transporters in the field of pharmacogenetics (including several polymorphic 
variants), biochemistry, and computational biology, which in conjunction with 
state-of-the-art medicinal chemistry can generate novel inhibitors for future 
clinical trials to overcome multidrug resistance. Such an integrated approach 
may also help to guide personalized therapy in cancer patients to achieve 
the most optimal treatment outcome (86). 
 

3. Failure of molecularly targeted treatments and lack of 

(pharmacogenetic) biomarkers for personalized medicine approaches 

The increased understanding of tumor biology and genetics, together with 
the development of more sophisticated methodologies for the molecular 
diagnostics of cancer, led to the development of effective targeted therapies 
in different tumor types such as lung and breast cancer. These drugs target 
signaling oncoproteins that have acquired tumor-driving functions through 
genetic aberrancies, such as overexpression or mutations, and provide new 
treatment opportunities to patients who could not receive suitable 
conventional chemotherapy (87). Moreover, large-scale cancer genomic 
studies have defined subtypes in many cancer types, often providing insights 
that might lead to clinically relevant approaches to improving patient care 
(88). Similar studies, including complex bioinformatics approaches, have been 
performed in PDAC, unraveling key mechanisms of pathogenesis, as recently 
reviewed (89).  
Unfortunately, this improved knowledge in the underlying genetics of PDAC 
has not yet been translated into the identification of ‘actionable’ therapeutic 
targets and systemic treatments with molecularly targeted agents (90). 
Several studies showed that the microenvironment plays a central role in 
PDAC development and metastasis, suggesting that its exploitation is 
required to develop more powerful treatment strategies (91,92). As mentioned 
before, approximately 80% of PDAC tumor mass is constituted by stroma 
comprising cellular components (stellate cells, fibroblasts, endothelial, and 
immune cells) and an ECM. The ECM consists of proteoglycans, hyaluronic 
acid (HA), and collagen, which influence interstitial fluid pressure and blood 
vessels distribution which contribute to hypoperfusion, hypoxia, and altered 
cancer cell metabolism, and thus reducing drug delivery and activity (93,94). 
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Several studies showed the key role of tumor-associated macrophages in 
inducing chemoresistance of PDAC cells by secreting insulin-like growth 
factors (IGF) 1 and 2, which activate insulin/IGF receptors and reduce 
sensitivity to gemcitabine, as well as by releasing pyrimidines, such as 
deoxycytidine, which inhibit gemcitabine by competition at the level of drug 
uptake and metabolism (95,96).  
Other components that might affect aggressive behavior and therapy 
response include the cancer-associated fibroblasts and the inflammatory 
cells that modulate cancer directed immune mechanisms and contribute to 
epithelial-to mesenchymal transition (EMT) (97). Of note, EMT has typically 
been related to chemoresistance, but its influence on the aggressive 
metastatic behavior of PDAC is less clear (98). This might explain the clinical 
failure of drugs targeting critical pathways in EMT, such as Notch, which gives 
rise to CD44-positive pancreatic cancer stem cells and facilitates EMT in 
preclinical PDAC models (99). Unfortunately, in phase I/II clinical trials, a 
monoclonal antibody against Notch2/Notch3 (Tarextumab) did not improve 
the OS when combined with gemcitabine and nab-paclitaxel, while the 
gamma-secretase inhibitor MK0752 combined with gemcitabine had severe 
adverse effects leading to high patient withdrawal (100,101). Similarly, the 
stromal targeting approaches had unsatisfactory clinical results, both when 
targeting the Hedgehog pathway by IPI-926 (102) and when using a 
recombinant pegylated hyaluronidase enzyme PEGPH20 to target tumor 
stromal HA. In particular, for the latter approach, a randomized phase II trial 
of PEGPH20 combined with gemcitabine and nab-paclitaxel in patients with 
high levels of HA (evaluated by a immunohistochemistry) met only the 
secondary end point of PFS and underwent a temporary hold due to 
increased thrombosis. High-risk patients for thromboembolism were then 
excluded and all the patients were placed on heparin primary prophylaxis. 
However, a randomized phase II of frontline PEGPH20 combined to 
FOLFIRINOX in a non-biomarker selected population was terminated for 
futility at the interim analysis (103). Disappointing results have also been 
obtained with inhibitors of the JAK2/STAT3 pathway, such as ruxolitinib, 
which progressed up to a phase III study, in combination with capecitabine, 
which was stopped when interim analysis demonstrated futility (104,105), as 
well as with inhibitors of MEK/ERK/MAPK and/or PI3K/AKT/mTOR.  
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These negative results might be ascribed, at least in part, to the lack of 
biomarkers predictive of drug activity as well as to poor clinical design and 
patient selection criteria. Incorporating effective biomarkers and utilizing 
better end points should improve therapeutic potential, as demonstrated 
across multiple malignancies by the analysis performed by Jardim and 
collaborators, who found that 57% of successful studies utilized biomarker-
driven patient selection, compared to 16% of failed drug programs (106). 
Moreover, as reported in a systematic review on 32 phase III studies between 
1997 and 2015 in PDAC, showing a sobering overall success rate of 15% in 
phase III trials, half of the studies advanced to phase III despite a negative 
phase II outcome (107). Consideration must then also be given to the needed 
caution when utilizing surrogate markers in clinical trials. Response rate and 
PFS have indeed often failed to correlate with increased OS in PDAC. 
 

4. Expert opinion 

Immunotherapy and targeted therapies have revolutionized the treatment of 
a number of solid malignancies, including metastatic melanoma and NSCLC, 
but such therapies are not effective for PDAC, despite the increased 
knowledge of the genomic landscape and of the complex tumor 
microenvironment. As a result, this disease is one of the most aggressive 
tumors, and all the scientific and clinical efforts have not yet produced a 
meaningful impact on the prognosis PDAC patients.  
The causes of this grim clinical scenario are multiple (108). Because of the 
lack of validated screening tests for early diagnosis and of the retroperitoneal 
location of PDAC, which determines insidious clinical symptoms, this tumor is 
rarely diagnosed when surgical resection would be feasible. Chemotherapy 
provides only a small benefit, and most efforts to improve the current 
regimens failed in advanced clinical trials. Still, despite these limited results, 
considering the scarce efficacy of currently approved treatment options, it 
would be recommended that most PDAC patients enroll in clinical trials with 
the hope of improving both fundamental and clinical understanding of the 
disease and drive promising leads for novel therapeutic strategies. Indeed, 
the investments of the last 20 years clearly established that the advent of 
multidisciplinary centers specializing in the care of PDAC patients is improving 
the outcome and quality of life of these patients. In particular, high volume 
centers have improved surgical outcomes (109,110). The expertise in 
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endoscopy is also likely to improve patient care, as demonstrated by the 
diagnostic advantages of direct histological processing of fine needle 
aspiration samples compared to the use of cytology (111).  
Remarkably, the introduction of endoscopic core biopsy needles has also 
improved the ability to acquire samples for both diagnostic and experimental 
purposes. This is extremely important in order to improve the rational use of 
innovative cancer therapeutics, as well as of the conventional 
chemotherapeutic drugs, through the histopathological assessment of tumor 
samples, which should be associated with a refined pharmacogenetic 
evaluation. Until now, most clinical trials in PDAC patients have not been 
biomarker driven (1). However, the oncologists have to face relevant 
interindividual variability in drug activity, and several studies demonstrated 
that both heterogeneous genetic and microenvironmental features underlay 
the different levels of therapeutic resistance in this tumor (7).  
Further basic and translational studies are therefore warranted in order to 
identify critical pathways that distinguish to personalized therapies. 
Importantly, the Pancreatic Cancer Action Network has recently launched the 
Precision Promise trial initiative, in which patients will undergo biomarker 
analysis with pathologic evaluation, genomic sequencing, and transcriptome 
analysis to determine assignment in treatment arms focused on stromal 
disruption, DNA damage repair, or immunotherapy (112). Of note, this trial is 
designed to be dynamic, by incorporating promising novel drugs/targets 
while eliminating failing ones. The identification of biomarkers and key 
chemoresistance mechanisms and the dynamic targeting of these targets in 
a personalized manner should yield a more safe and consistent clinical 
benefit. This new trial will hopefully provide useful results about the 
correlation of specific pharmacogenetic markers, overcoming the problems 
of the previous studies, such as the small number of patients/samples, the 
intra-tumor heterogeneity as well as other complex factors, including 
reversible epigenetic factors, such as microRNA and factors affecting DNA 
methylation.  
However, despite the great potential of next-generation sequencing to 
exponentially accelerate the acquisition of data for biomedical research 
including pharmacogenetics biomarkers, these technologies are still limited 
by the lack of standardized protocols and bioinformatics infrastructures that 
can integrate different information and extract clinically useful data (113). 
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Thus, a standardization of these methodologies will be essential to perform 
studies on larger cohorts of patients. This standardization will also greatly 
impact sharing data through common ‘virtual multicenter trials’ and building 
innovative mathematic modeling for molecular markers predicting drug 
activity.  
A recent article has critically reviewed the challenges associated with 
personalized medicine in cancer patients, suggesting that ‘the clinical benefit 
of personalized medicine as it is currently practiced will be limited’ (114). 
Tumor cells have indeed the ability to develop resistance to single molecular 
targeted agents by means of overexpression/mutation of the target or 
activation of alternative pathways, and even the combinations of several 
molecular targets have effects which are limited by signaling plasticity. These 
abilities challenge the idea that the pharmacogenetic studies will allow the 
selection of more effective drugs. However, the authors of the same article 
do not suggest abandoning personalized medicine but rather evaluating it in 
a small number of well-designed collaborative studies, always within well-
planned prospective clinical trials in which a direct comparison is performed 
between patient treatments selected on the basis of standard criteria versus 
treatment selection based on patient/cancer genetic characteristics.  
Of note, several pharmacogenetic studies showed association between 
candidate polymorphisms or other genetic aberrations and clinical outcome 
or toxicity in PDAC, but most of these studies were retrospective, monocentric, 
without multiple correction and validation in broader populations. Hopefully, 
novel pharmacogenetic biomarkers will be validated in prospective studies, 
including information combining together pharmacological studies on 
appropriate preclinical models and pharmacokinetics/pharmacodynamics 
studies, and used to select cancer patients to be treated with differential 
systemic treatment of PDAC in the near future. For instance, the parallel, 
integrated analysis of the expression of CES2, hENT1, and TUBB3 expression 
might guide the choice between FOLFIRINOX and gemcitabine monotherapy 
or gemcitabine combined with nab-paclitaxel.  
Finally, liquid biopsies are adding an extremely important toll for the 
advancement of these approaches, allowing to better evaluate heterogeneity 
and possible evolution of cancer cells, also through multiple and repeated 
sampling (115). For instance, a recent statement paper has declared that the 
isolation and analysis of circulating cell-free tumor DNA in plasma is a 
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powerful tool with considerable potential to tailor the clinical management 
and to improve clinical outcomes in NSCLC (116). Further studies collecting 
similar evidences across different tumor types, including PDAC, are 
warranted. 
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Abstract 

Background: Chemoresistance hampers the treatment of patients suffering 
from pancreatic ductal adenocarcinoma (PDAC). Here we aimed to evaluate 
the (phospho)proteome of gemcitabine-sensitive and gemcitabine-resistant 
PDAC cells to identify novel therapeutic targets and predictive biomarkers. 
Methods: The oncogenic capabilities of gemcitabine-sensitive and resistant 
PDAC cells were evaluated in vitro and in vivo. Cultured cells were analyzed 
by label-free proteomics. Differential proteins and phosphopeptides were 
evaluated by gene ontology and for their predictive or prognostic biomarker 
potential with immunohistochemistry of tissue microarrays. 
Results: Gemcitabine-resistant cells had increased potential to induce 
xenograft tumours (p value < 0.001). Differential analyses showed that 
proteins associated with gemcitabine resistance are correlated with 
microtubule regulation. Indeed, gemcitabine-resistant cells displayed an 
increased sensitivity for paclitaxel in vitro (p < 0.001) and nab-paclitaxel had 
a strong anti-tumour efficacy in vivo. Microtubule-associated protein 2 
(MAP2) was found to be highly upregulated (p = 0.002, fold change = 10) and 
phosphorylated in these resistant cells. Expression of MAP2 was correlated 
with a poorer overall survival in patients treated with gemcitabine in the 
palliative (p = 0.037) and adjuvant setting (p = 0.014). 
Conclusions: These data show an explanation as to why the combination of 
gemcitabine with nab-paclitaxel is effective in PDAC patients. The identified 
gemcitabine-resistance marker, MAP2, emerged as a novel prognostic 
marker in PDAC patients treated with gemcitabine and warrants further 
clinical investigation.  
 
Keywords: gemcitabine, nab-paclitaxel, pancreatic cancer, phospho-
proteomics, proteomics, resistance  
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Background 

Pancreatic ductal adenocarcinoma (PDAC) is characterized by a high 
lethality, with only 7% of patients alive 5 years after diagnosis (1). Most 
patients present with advanced disease stages, either locally advanced 
(stage III) or with distant metastases (stage IV), leaving palliative 
chemotherapy as the only therapeutic option (2). Aggressive multimodal 
therapy offers the best survival chances for patients diagnosed with early 
stage disease (stage I–IIb) (3). This treatment consists of a combination of 
resection followed by adjuvant chemotherapy. Currently, standard adjuvant 
therapy consists of six cycles of gemcitabine improving disease-free survival 
(DFS) from 6.7 to 13.4 months (3, 4).  
Gemcitabine is the most commonly used cytotoxic drug backbone in Europe 
for the treatment of PDAC (5). It is a deoxycytidine nucleoside analogue that, 
after intracellular transport, is phosphorylated to its activated form. The 
cytotoxic function is exerted via two mechanisms; interaction with 
ribonucleotide reductase results in the depletion of deoxynucleotides. In 
addition, gemcitabine itself is incorporated in DNA. Both functions lead to 
DNA synthesis arrest, followed by apoptosis and cell death (6). Unfortunately, 
not all patients with PDAC benefit from adjuvant therapy with gemcitabine. 
Surgical complications and early disease progression hamper the completion 
of adjuvant therapy (7). In addition, chemoresistance, including gemcitabine 
resistance, is a hallmark of PDAC biology, leading to reduced efficacy of 
cytotoxic agents in the adjuvant and metastatic setting. No predictive 
biomarkers are currently used to guide clinical decision-making for 
gemcitabine therapy. 
The chemoresistance features of PDAC are multifactorial. These tumours are 
notorious for their large fibrotic tissue surrounding tumour cells in a 
hypovascular and hypoxic environment (8). This dense tissue forms a 
physical barrier for drug delivery (9). Moreover, cancer-associated fibroblasts 
reduce gemcitabine levels, further inhibiting local concentrations available to 
target tumour cells (10). Additional paracrine and autocrine signaling axes 
can also impair gemcitabine efficacy (11).  
Most importantly, PDAC cells themselves harbour several intrinsic resistance 
mechanisms that overcome cytotoxic effects. For example, epithelial-to-
mesenchymal transition (EMT) and the existence of cancer stem cell (CSC) 
subclones can contribute to intrinsic resistance (12-14). 
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Previously, Quint and colleagues (13) established a resistant subclone of a 
pancreatic cancer cell line after short-term treatment with a high dose of 
gemcitabine in order to study the potential mechanisms of gemcitabine 
resistance. These gemcitabine-resistant cells exhibited increased mRNA of 
EMT and CSC markers, as well as a significantly enhanced capability to 
migrate. We hypothesized that by analyzing this model, novel 
prognostic/predictive protein markers could be identified and that their 
expression and phosphoprotein state could guide innovative therapeutic 
approaches. To this aim, we investigated protein expression in-depth and 
evaluated pathway activation of gemcitabine-resistant cells via an unbiased 
proteomic approach. We found that gemcitabine-resistant PDAC cells are 
sensitive to taxane-based treatment in vitro and in vivo. Furthermore, we 
uncovered microtubule-associated protein 2 (MAP2) as a potential biomarker 
for gemcitabine resistance in two cohorts of PDAC patients. 
 

Methods 

Cell culture and drugs 

In this study, a gemcitabine-sensitive cell line, PANC1, and a gemcitabine-
resistant PANC1 cell line, PANC1R, were kindly supplied by the Institute for 
Surgical Research, Philipps-University of Marburg, Marburg, Germany (13). 
Cells were cultured in Roswell Park Memorial Institute (RPMI) medium (Lonza, 
Switzerland) supplemented with 10% heat-inactivated foetal calf serum 
(Biowest, Nuaille, France) and 1% penicillin and streptomycin (Lonza, 
Switzerland). Cells were maintained at low passage and tested negatively for 
mycoplasma contamination. Hs766t cells and Capan-2 (ATCC, Manassas, 
USA) were cultured in supplemented Dulbecco’s Modified Eagle Medium 
(Lonza) and several primary cell lines (PDAC1-4) (15) and Capan-1 (ATCC) 
were grown at low density in supplemented RPMI medium. Paclitaxel (Bristol-
Meyers Squibb, New York, USA) and docetaxel (Sigma-Aldrich, St. Louis, USA) 
were dissolved in 50% ethanol and sterile H2O. Gemcitabine was kindly 
provided by Eli Lilly Corporation (Indianapolis, USA) and dissolved in sterile 
water. Nab-paclitaxel was kindly supplied by the Pharmacy of New York 
Presbyterian Hospital (New York, NY, USA) and was dissolved in NaCl. 
 



 

 

51 

Cell lysis and protein digestion 

Cell line lysates were prepared as described before in 9 M urea buffer 
containing 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 
phosphatase inhibitors (16). Biological duplicates of different passages were 
prepared. Lysates were sonicated on ice and protein concentration was 
measured using the Bicinchoninic Acid (BCA) method (ThermoPierce, 
Waltham, USA). For protein expression analysis, protein digestion and 
extraction was performed with our whole-in-gel protocol described 
previously (17). In short, 50 μg of protein was mixed with NUpage lithium 
dodecyl sulfate (LDS) sample buffer (Invitrogen, Carlsbad, USA) containing 
dithiothreitol (DTT; Sigma-Aldrich, St. Louis, USA) and loaded on a NUpage 4–
12% gradient gel (Invitrogen). After electrophoresis, gels were fixed and 
stained with Coomassie Brilliant Blue solution. After reduction and alkylation, 
proteins were digested overnight with trypsin (Promega, Madison, USA) and 
extracted from the gel for further analysis. 
 

Phosphopeptide enrichment 

For phosphoprotein analysis, 500 μg of lysates were digested in solution after 
reduction and alkylation. Digestion was stopped by acidification and 
phosphopeptides were enriched according to our laboratory’s protocol (16). 
Briefly, peptides were desalted with C18 cartridges (Waters, Milford, USA). 
Global phosphopeptide enrichment was performed using titanium dioxide 
beads (10 μm, GL Sciences, Tokyo, Japan) using 300 mM lactic acid and 80% 
acetonitrile (ACN). Phosphopeptides were eluted by 0.5% and 5% piperidine. 
After enrichment, phosphopeptides were desalted in 20 μl StageTips using 
0.1% trifluoroacetic acid (TFA) and were eluted with 80% ACN/0.1% TFA into 
glass-lined autosampler vials. Eluates were dried in a speedvac and resolved 
in 20 μl loading solvent (4% ACN in 0.5% TFA) and stored at 4°C until liquid 
chromatography-mass spectroscopy (LCMS)/MS measurement on the same 
day. 
 

Nano-LC-MS/MS and protein identification 

Peptides were separated by an Ultimate 3000 nanoLC-MS/MS system 
(Dionex LC-Packings, Amsterdam, the Netherlands) equipped with a 40 cm × 
75 μm ID fused silica column custom packed with 1.9 μm 120 A ReproSil Pur 
C18 aqua (Dr Maisch GMBH, Beim Bruckle, Germany). After injection, peptides 
were trapped at 6 μl/min on a 10 mm × 100 μm ID trap column packed with 5 
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μm 120 A ReproSil Pur C18 aqua at 2% buffer B [buffer A: 0.5% acetic acid 
(Fischer Scientific, Hampton, USA), buffer B: 80% ACN, 0.5% acetic acid] and 
separated at 300 nl/min in a 10–40% buffer B gradient in 90 min (120 min 
inject-to-inject) at 35°C. Eluting peptides were ionized at a potential of +2 kVa 
into a Q Exactive mass spectrometer (Thermo Fisher, Erlangen, Germany). 
Intact masses were measured at resolution 70,000 (at m/z 200) in the 
orbitrap using an Automatic Gain Control (AGC) target value of 3×106 charges. 
The top 10 peptide signals (charge states 2+ and higher) were submitted to 
tandem mass spectrometry (MS/MS) in the Higher-energy collisional 
dissociation (HCD) (higher-energy collision) cell (1.6 amu isolation width, 25% 
normalized collision energy). MS/MS spectra were acquired at resolution 
17,500 (at m/z 200) in the orbitrap using an AGC target value of 2×105 charges 
and an under-fill ratio of 0.1% Dynamic exclusion was applied with a repeat 
count of 1 and an exclusion time of 30 s. 
 

Protein identification 

MS/MS spectra were searched against the uniprot human reference 
proteome 2014_01_NO_fragments FASTA file (61,552 entries) using 
MaxQuant 1.5.2.8 (18) (protein expression) and the 2015_08_NO_fragments 
FASTA file (62,447 entries; phosphoproteomics). Enzyme specificity was set to 
trypsin and up to two missed cleavages were allowed. Cysteine 
carboxyamidomethylation (Cys, +57.021464 Da) was treated as fixed 
modification and serine, threonine and tyrosine phosphorylation (+79.966330 
Da), methionine oxidation (Met, +15.994915 Da) and N-terminal acetylation (N-
terminal, +42.010565 Da) as variable modifications. Peptide precursor ions 
were searched with a maximum mass deviation of 4.5 ppm and fragment ions 
with a maximum mass deviation of 20 ppm. Peptide, protein and site 
identifications were filtered at an false discovery rate (FDR) of 1% using the 
decoy database strategy. The minimal peptide length was 7 aminoacids and 
the minimum Andromeda score for modified peptides was 40 and the 
corresponding minimum delta score was 6. Proteins that could not be 
differentiated based on MS/MS spectra alone were grouped to protein 
groups (default MaxQuant settings). Phosphopeptide identifications were 
propagated across samples using the match between runs option checked. 
Protein expression searches were performed with the label-free 
quantification option selected. 
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Label-free phosphopeptide quantification 

Phosphopeptides were quantified by their extracted ion intensities (‘Intensity’ 
in MaxQuant). For each sample, the phosphopeptide intensities were 
normalized on the median intensity of all identified phosphopeptides of the 
dataset (‘normalized intensity’). 
 

Label-free protein quantification 

Proteins were quantified by spectral counting, that is, the number of identified 
MS/MS spectra for a given protein. Raw counts were normalized on the sum 
of spectral counts for all identified proteins in a particular sample, relative to 
the average sample sum determined with all samples. Identified proteins and 
phosphopeptides are listed in Supplemental Table 1(a and b), respectively. 
Supplemental Table 1(c) contains identified phosphosites. 
The MS proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE (19) partner repository with the dataset identifier 
PXD010112. 
 

Drug inhibitory assays 

For the drug inhibitory assays, PANC1 and PANC1R cells were seeded in 
triplicate onto 96-wells plates with a density of 3000 cells per well. Hs766t, 
Capan2, Capan1 and PDAC1-4 were seeded with a density of 3000–5000 cells 
per well. Cells were attached overnight and cytotoxic drugs (paclitaxel, 
docetaxel, gemcitabine) were added in different concentration ranges. Drugs 
were incubated for 72 h, after which proteins of viable cells were precipitated 
and subsequently stained with sulforhodamine B (SRB) and measured for 
absorbance at 492 nm in the Synergy microplate reader (Biotek Cytation3 
Cell Imaging Multi-Mode Reader, Winooski, USA). The inhibitory concentration 
of 50% of the cells (IC50) was determined by nonlinear least squares curve 
fitting with Graphpad Prism (version 7.0, Intuitive Software for Science, San 
Diego, USA). For combination treatment, a fixed concentration of paclitaxel 
combined with gemcitabine was evaluated against a dose-response curve of 
gemcitabine alone. 
 

Immunofluorescence 

Cells were plated in Chamber-Slides System (Lab-Tek, Thermo Fisher 
Scientific, Waltham, USA) with a density of 104 per well and attached 
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overnight. Cells were treated with gemcitabine (1 μM) or vehicle for 24 hours. 
Subsequently, cells were fixed with 4% paraformaldehyde and stained with a 
specific monoclonal rabbit antihuman MAP2 antibody (1:200, #MA5-12823), 
followed by Alexa Fluor 594 goat anti-rabbit (Product#A-11032) and anti-
mouse (Cat#A-11032). Nuclear DNA was stained with 4′,6-diamidino-2-
phenylindole (DAPI). Digital images were captured with a Zeiss Laser 
Scanning Microscope and processed with Axiovision 4.1 software (Zeiss 
Microimaging, Thornwood, USA). 
 

Western blot analysis 

In brief, 20 μg of total protein was loaded on 10% sodium dodecyl 
sulphate/polyacrylamide gels after denaturation. After electrophoresis, 
proteins were transferred onto nitrocellulose membranes (Millipore, 
Temecula, USA) overnight. Membranes were blocked in 5% blotting-grade 
blocker nonfat dry milk (Biorad, Hercules, USA) in phosphate buffered saline 
(PBS) and 0.1% Tween20 (PBST). Primary antibodies were incubated in 5% 
bovine serum albumin (Sigma-Aldrich) in PBST at room temperature and 
membranes were subsequently washed and incubated with secondary 
antibodies in 5% blocking buffer. Proteins were detected with SuperSignal 
West Pico Chemoluminescent substrate (Thermo Scientific, Waltham, USA) 
and visualized by an Uvitec Imaging station (Cleaver Scientific, Rugby, UK). 
Antibodies used for western blot analysis were anti-MAP2 (1:200, Invitrogen), 
anti-ankyrin-3 (ANK3; 1: 1000, HPA0556439, Human Protein Atlas), anti-nestin 
(NES; 1:200, HPA007007, Human Protein Atlas), anti-betaactin (1:1000, CA # 
4967S, Cell Signaling), antimouse-horseradish peroxidase (HRP; 1:2000, CA # 
7076S, Cell Signaling), anti-rabbit-HRP (1:2000, CA# 7074S, Cell Signaling). 
 

Quantitative real-time polymerase chain reaction 

Quantitative real-time polymerase chain reaction (RT-qPCR) was performed 
according to a previous protocol (20). In short, cells were harvested in Trizol 
Reagent (ThermoFisher, Waltham, USA) and RNA was isolated according to 
the manufacturer’s protocol. Complimentary DNA (cDNA) was created with a 
DyNAmo cDNA Synthesis Kit (ThermoFisher). RT-qPCR was performed on the 
CFX Manager CFX96 (Biorad) with MAP2 and ACTB primers (Taqman, code 
4453320 and 4326315E respectively). The ΔΔCT method was used to evaluate 
MAP2 expression levels compared with PANC1, and to evaluate MAP2 
expression upon gemcitabine treatment. 
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Fluorescence-activated cell sorting analysis 

For microtubule stabilization analysis, fluorescence-activated cell sorting 
analysis was performed as described previously (21). In short, cells were 
seeded and treated with either vehicle or paclitaxel (200 ng/ml). After 
incubation of 2 h, cells were harvested, fixed and microtubules stabilized. 
Staining was performed with anti-tubulin-Fitc conjugated antibody (1:50, CA 
#8058 Cell Signaling). Cells were analyzed by flow cytometry on a 
FACSCalibur (Becton Dickinson, Franklin Lakes, USA) in triplicate. 
 

In vivo tumorigenesis and drug evaluation 

Mouse experiments were performed in accordance with the National 
Institutes of Health Guidelines for animal research and procedures were 
approved by the Institutional Animal Care and Use Committee of the 
Columbia University (IACUC;number AC-AAAQ1415). A total of 36 mice were 
utilized in this study. To establish xenograft tumours, 50 μl containing 3×106 
cells, suspended in 50% sterile Matrigel and PBS, were injected into the flanks 
of 6–8-week-old athymic nude mice (Taconic Labs & the Jackson Laboratory, 
Rensselaer, New York, USA). A total of 18 mice in each arm were inoculated 
with either PANC1 or PANC1R cells. Growth of tumours was evaluated weekly 
by ultrasound (Verasonics, Kirkland, USA) while mice were anaesthetized with 
1–2% isoflurane (Halocarbon, Peachtree Corners, USA) in oxygen. A 3D 
positioner (Velmex Inc., Bloomfield, USA) was used to mechanistically 
ultrasound the full tumour with 1-mm horizontal step-wise imaging. 
Volumetric reconstructions were performed to evaluate tumour volume and 
growth. Mice were enrolled once their tumour size was at least 100 mm3. They 
were treated intravenously with either vehicle (NaCl) as control or nab-
paclitaxel (60 mg/kg). They received three doses of treatment over a period 
of 8 days. During treatment and tumour progression, tumour volume was 
evaluated twice a week. If no tumour residue or progression was observed 
after treatment, mice were censored at day 120. End points were tumour 
volume larger than 1000 mm2, weight loss over 20% after start of treatment 
or clinical signs of suffering. Mice were excluded from survival analysis if they 
suffered from extreme side effects from therapy within the first 8 days (n = 
2). Tumour tissues were stored in formalin-fixed paraffin embedded (FFPE) 
blocks. 
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Tissue microarrays 

To evaluate novel proteins as prognostic biomarker in relation with 
gemcitabine response, two patient cohorts were evaluated. The first cohort 
consisted of metastatic patients (stage IV, n = 36) treated with gemcitabine in 
the palliative setting. The second validation cohort consisted of early stage 
patients (stage I–IIb, n = 86) treated with gemcitabine in the adjuvant setting. 
Representative cores of individual primary PDAC FFPE tissues prior to 
treatment were selected and combined in tissue microarrays (TMAs). 
Immunohistochemistry (IHC) staining of MAP2 was performed according to 
manufacturer’s protocol. As a positive control, human brain cortex FFPE 
material was used. As negative control, slides stained with no primary 
antibody were used. Visualization was obtained with BenchMark Special Stain 
Automation system (Ventana Medical Systems, Export, USA). Staining was 
evaluated by a molecular pathologist, assessing the amount of tumour and 
tissue loss, background, and overall interpretability. Immunostaining intensity 
was classified into two grades: 0 (absent) and 1 (present). All patients 
provided written informed consent for the storage, analysis of their tumour 
material and survival data. This study was approved by the Local Ethics 
Committee of the University of Pisa (Ethics approval no 3909, on 3 July 2013) 
and patients signed an informed consent for the use of tissue samples. 
 

Statistics 

Data were analyzed with Graphpad Prism Software, version 7 (Intuitive 
Software for Science, San Diego, USA), R Project (version 3.3.4) and SPSS, 
version 21 (IBM, Chicago, USA). Differential expression of proteomic data was 
analyzed with the beta-binomial test (22). Fold changes (FCs) were expressed 
per group comparison. Heatmap visualization and hierarchical clustering was 
done with R package gplots (Euclidean distance function, with default 
complete linkage). Gene ontology mining was performed with Cytoscape, 
version 3.5.0, in addition with the ClueGO, version 2.5.0 (23). In vitro 
experiments were performed with a minimum of three biological replicates. 
Curves were compared by nonlinear regression analysis and the F test. Group 
comparisons were evaluated with the unpaired nonparametric Mann–
Whitney U test or unpaired Student’s t test. Fishers exact test was used for 
categorical analysis. Correlation with clinicopathological characteristics, 
including progression-free survival (PFS) or DFS and overall survival (OS), 
was tested with Kaplan–Meier curves and the log-rank test. Univariate 
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analysis was performed and factors with a p value below 0.1 were evaluated 
in the multivariate analysis according to the Wald model. Statistical 
significance was set at p values below 0.05. 
 

Results 

In vitro and in vivo characterization of gemcitabine-resistant PDAC cells 

Gemcitabine-resistant PDAC cells survived treatment with higher doses of 
gemcitabine [Figure 1(a), F-test on log-IC50, p = 0.032] compared with 
sensitive PANC1 cells. To evaluate tumorigenic capabilities, we performed an 
in vivo experiment. Only 28% of nude mice harboured a xenograft tumour 
within 90 days after subcutaneous injection with PANC1 cells, compared with 
an implantation rate of 95% upon injection with the gemcitabine-resistant 
PANC1R cells [Figure 1(b), Fisher’s exact test p < 0.0001]. Upon successful 
tumour engraftment, PANC1R tumours developed an evident tumour nodule, 
defined by a volume of 100 mm3, significantly faster than PANC1 cells [Figure 
1(c), median 35 versus 139 days, Mann–Whitney U test, p <0.0001]. Moreover, 
PANC1R mice reached their endpoint faster [Figure 1(d), median OS 30 versus 
61.5 days, log-rank test p = 0.003]. These results highlight the enhanced take 
rate and growth rate of these gemcitabine-resistant PDAC cells in vivo. 
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Figure 1. Characterization of sensitive PANC1 and resistant PANC1R cells in vitro and in vivo. (a) 
Dose-response curves of PANC1 (blue) and PANC1R (red) cells display a reduced sensitivity to 
gemcitabine. Points and bars, mean values and SEM obtained from 10 independent experiments. 
(b) PANC1R cells induce significantly more tumours by subcutaneous engraftment (n = 36, 18 
mice per arm) than PANC1 cells. (c) Tumours originating from PANC1R developed an evident 
tumour nodule faster. (d) Tumours of PANC1R origin resulted in poorer OS (Day 0 was set for 
each mouse individually based on reaching evident tumour volume of 100 mm3). Of note, groups 
in survival analysis were unequal due to poor engraftment success of PANC1 cells (n = 4 versus 
n = 7). OS, overall survival; PANC1, gemcitabine-sensitive cell line; PANC1R, gemcitabine-resistant 
PANC1 cell line. 

 

Differential protein expression and pathway analysis 

Protein expression and protein phosphorylation are tightly regulated 
mechanisms to induce protein activity and regulate biological functions (24). 
To explore the underlying tumorigenic capability, and understand the biology 
of gemcitabine-resistant cells, we performed an unbiased protein expression 
and protein phosphorylation analysis by MS. We obtained a dataset of 6074 
proteins [Supplemental Table 1(a)] and 10,623 phosphopeptides 
[Supplemental Table 1(b)], mapping to 2626 phosphoproteins with 262 
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proteins and 143 phosphopeptides differentially regulated in gemcitabine-
resistant PANC1R cells compared with sensitive PANC1 cells [Supplemental 
Table 1(e and f)]. Biological replicates of both cell lines cluster together, 
indicating differential biology (Supplemental Figure 1). Since PANC1R cells 
were proven resistant to gemcitabine, gemcitabine pathway elements and 
known resistance mechanisms (e.g. membrane transporters, CSC markers) 
were evaluated (Supplemental Table 2). The gemcitabine transporter 
SLC29A1 (ENT) was decreased (FC =−1.5), while the dephosphorylating 
enzyme NT5C was increased (FC = 2.3) in PANC1R, although both not 
significantly. These two shifts in gemcitabine pathway modulators could 
partly explain the gemcitabine-resistant phenotype (25, 26). Anionexchange 
transporters SLC5A3 and SLC4A2 were significantly upregulated, while 
SLC25A5 and SLC7A6 were significantly downregulated. However, these 
transporters have no known functions in resistance against anticancer drugs. 
Overall expression of CSC markers was inconclusive between the two cell 
lines indicating no clear relation of CSC markers with resistance in our cells. 
To further understand the biological features that underlie the differential 
sensitivity to gemcitabine between PANC1 and PANC1R, gene ontology mining 
was performed. Upregulated proteins of PANC1R cells were enriched in 
biological processes of regulation of (endo)membrane and cell projection 
organization. Moreover, these cells express proteins associated with vesicle 
localization, a possible method for drug resistance via drug efflux 
mechanisms via vesicles (27) [Supplemental Figure 2(a and b)]. Observed 
downregulated processes involved metabolic and differentiation processes. 
Downregulated phosphorylation events were correlated with intrinsic 
apoptotic signaling pathways to DNA damage. This potentially indicates 
another adaptation to gemcitabine response in our resistant cells. 
Interestingly, upregulated phosphoproteins were associated with microtubule 
regulation [Supplemental Figure 3(a and b)], which could highlight a 
therapeutic window for microtubule inhibitors. 
 

Exploration of microtubule inhibitors as a therapeutic option 

Given the established clinical effectiveness of combining gemcitabine with the 
microtubule stabilizing agent nab-paclitaxel (28) and our finding of 
upregulation of microtubule-associated processes in a gemcitabine-resistant 
cell line, we next evaluated the effect of microtubule inhibitors on our in vitro 

Chapter 4 



 

 

60 

model. The two microtubule stabilizing agents, paclitaxel and docetaxel, were 
both effective against gemcitabine-sensitive and resistant cells 
[Supplemental Figure 4(a)]. Interestingly, cell viability was more affected in 
gemcitabine-resistant cells than in the gemcitabine-sensitive cells at low 
paclitaxel doses [Figure 2(a), unpaired Student’s t test p = 0.0082 and 0.0335, 
respectively]. This difference diminished when exposing cells to higher 
concentrations of paclitaxel (>5nM, p = ns). Conversely, docetaxel had an 
equal impact on viability of PANC1 and PANC1R cells [Supplemental Figure 
4(a)]. These results are important since they underline that chemoresistant 
mechanisms can be drug-specific, highlighting opportunities for other 
therapeutic targets when the disease progresses during gemcitabine 
treatment. 
To understand the mechanism of enhanced paclitaxel toxicity in PANC1R, we 
quantified microtubule polymerization, the target of paclitaxel. Upon 
treatment, PANC1R cells showed significant increase in microtubule 
stabilization [Supplemental Figure 4(b)]. This suggests that the increased 
sensitivity to paclitaxel of resistant cells can be attributed to the increased 
microtubule stabilization effect of taxanes in these cells. Moreover, 
combination treatment with gemcitabine and a fixed dose of paclitaxel 
resulted in an increased inhibition of proliferation of resistant cells compared 
with monotherapy with gemcitabine [Supplemental Figure 4(c)]. These 
findings provide functional proof for combination treatment to target 
gemcitabine-resistant cells in PDAC tumours.  
To further validate our results, mice harbouring PANC1R tumours were 
treated with three doses of nab-paclitaxel (n = 7), a paclitaxel-derivative 
bound to albumin, which is currently registered in the clinic for multiple solid 
tumour types including metastatic PDAC28 or were treated with vehicle (n = 
7). Nab-paclitaxel-treated mice showed significantly improved survival 
[Figure 2(b)] and effective tumour growth inhibition [Figure 2(c), 
Supplemental Figure 5]. In five out of seven mice, treatment resulted in 
complete tumour regression. These results suggest that gemcitabine-
resistant cells can be effectively targeted by (nab-)paclitaxel and suggests 
that the efficacy of gemcitabine with the addition of nabpaclitaxel in patients 
might not only rely on drug synergism, but also on targeting of resistant 
subclones. 
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Figure 2. Cytotoxic effects of (nab-)paclitaxel on resistant PANC1R cells in vitro and in vivo. (a) 
Resistant cells were significantly more sensitive to paclitaxel treatment in vitro. Columns and 
bars, mean and SEM values obtained from three independent experiments. (b) Treatment with 
nab-paclitaxel (n = 9, three doses of 60 mg/kg) versus vehicle (n = 7, NaCl) resulted in improved 
survival in vivo. The two mice treated with nab-paclitaxel were excluded from the analysis in the 
treatment arm due to side effects from the treatment forcing a humane endpoint before the end 
of treatment. (c) Tumour growth was evaluated by ultrasound (example on the right panel), 
showing continuous growth of the tumour in vehicle-treated mice, whereas mice treated with 
nab-paclitaxel had obvious tumour regression. Dashed black line indicates the 100 mm3 volume 
of the tumour upon treatment was started. A total of five mice had no measurable residual 
tumour after treatment and no outgrowth during follow up. PANC1R, gemcitabine-resistant 
PANC1 cell line; SEM, standard error of the mean. 

 

Validation of MAP2 as a predictive marker of gemcitabine sensitivity 

In the proteomic screen, several upregulated proteins were identified in the 
gemcitabine-resistant cells (Table 1) and we reasoned that these proteins 
could be predictive for gemcitabine resistance in patients. A total of three 
proteins were selected, based on FCs and significant upregulation in resistant 
cells; MAP2, ANK3 and NES. Western blot analysis validated our proteomic 
analysis for MAP2 and ANK3 as upregulated proteins in our cell-line model 
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[Figure 3(a)]. Unfortunately, low levels of NES precluded quantitative 
evaluation and this candidate was omitted from further analysis.  
To validate the clinically applicable value of our proteome screen, MAP2 and 
ANK3 protein expression were evaluated by IHC on two independent PDAC 
cohorts. The first cohort consisted of metastatic patients who received 
gemcitabine monotherapy in the palliative setting. The second cohort 
encompassed stage IIb patients who received gemcitabine as adjuvant 
therapy after resection of the primary tumour (clinicopathological 
characteristics of both cohorts are shown in Table 2). Of note, sex was 
significantly correlated with OS in these cohorts. ANK3 was expressed at 
equal levels in all tumours and scoring on high versus low expression did not 
predict gemcitabine resistance. MAP2 had a variable expression pattern 
between patients [Figure 3(b)]. Positive staining for MAP2 correlated 
significantly with shorter OS in metastatic patients [Figure 4(a), median OS 11 
versus 7.5 months, log-rank test p = 0.037], in line with our cell line and 
xenograft model [Figure 5(a and b)]. A trend towards worse PFS in this cohort 
was also seen (log-rank test p = 0.1). Moreover, MAP2 expression in surgical 
specimens of patients subsequently treated with adjuvant therapy was 
correlated to decreased OS [Figure 4(b), median OS 21.7 versus 15.1 months, 
log-rank test p = 0.014] and DFS [log-rank test p = 0.010, Figure 4(c)]. High 
expression of MAP2 was not correlated with other clinicopathological 
features. In the multivariate analysis, MAP2 and sex were prognostic factors 
for OS. MAP2 expression emerged also as an independent prognostic factor 
for a worse DFS (Table 2). To further explore the possible predictive value of 
MAP2 and gemcitabine resistance, we evaluated primary cell lines and ATCC 
lines for MAP2 expression. MAP2 was identified as upregulated on mRNA level 
in our model by RNAseq29 [Supplemental Figure 6(a)]. Interestingly, high 
expression of MAP2 was not a common feature in PDAC cell lines, which is in 
concordance with our clinical data, which showed 19% MAP2 positivity in both 
cohorts (Table 2). Cell line Hs766t showed high baseline expression of MAP2 
[Supplemental Figure 6(b)]. High or intermediate expression of MAP2 was 
associated with reduced efficacy of gemcitabine [Supplemental Figure 6(c)]. 
Importantly, all cells were sensitive to paclitaxel treatment (IC50 range from 
1.4 to 14.6 nM), irrespective of their gemcitabine sensitivity levels. Of note, 
Capan1, a cell line with low MAP2 mRNA, showed an increase of MAP2 upon 
treatment of gemcitabine, further supporting the potential role of this protein 
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in inducing a rapid mechanism of acquired resistance [Supplemental Figure 
6(d)], but further studies are needed in order to develop additional 
appropriate models of resistance. 
 
 

 

Figure 3. Identification of predictive markers of gemcitabine resistance. (a) Western blot analysis 
of possible predictive biomarkers shows evident overexpression of MAP2 and ANK3 in PANC1R 
cells compared with the sensitive PANC1, in concordance with the MS/MS results. NES was 
expressed too low to be quantified properly. (b) Evaluation of MAP2 expression in TMAs. 
Representative images of TMA cores (4×) and images at higher magnification (40×) of a positive 
and negative staining of MAP2 in the glandular tumour islands. As a negative control (4×), slides 
without primary antibody was used. As a positive control (10×), human brain cortex was used. 
MAP2, microtubule-associated protein 2; MS/MS, tandem mass spectrometry; NES, Nestin; 
PANC1, gemcitabine-sensitive cell line; PANC1R, gemcitabine-resistant PANC1 cell line; TMA, tissue 
microarray. 
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Table 1. Top 10 upregulated proteins and phosphoproteins in gemcitabine-resistant PANC1 cells versus sensitive cells. Proteins or peptides were filtered 
based on a FC increase of minimally 2.5-fold and ordered on p value. NA indicates that the protein was not identified in one of the groups, thus a FC 
could not be calculated 

Top 10 upregulated proteins  Top 10 upregulated phosphopeptides 

gene name protein name p 
value 

FC  gene 
name 

protein name p-peptide 
sequence 

p 
value 

FC 

MAP2 Microtubule-associated 
protein 2 

0.0002 10.18  MAP2 Microtubule-associated 
protein 2 

VDHGAEIITQSPGR
SSVASPR 

0.0054 18.04 

ANK3 Ankyrin-3 0.0005 22.81  KIF1A Kinesin-like protein KIF1A DVLSPLRPSR 0.0092 2.61 

NES Nestin 0.0006 6.33  TMCC3; 
TMCC2 

Transmembrane and 
coiled-coil domains protein 
3 

NKFGSADNIAHLK 0.0131 6.09 

CAT Catalase 0.0013 2.52  TACC2 Transforming acidic coiled-
coil-containing protein 2 

MSESPTPCSGSSFE
ETEALVNTAAK 

0.0139 7.11 

KIF1A Kinesin-like protein KIF1A 0.0018 4.49  ARHGEF1
6 

Rho guanine nucleotide 
exchange factor 16 

GLGKPGGQGDAIQ
LSPK 

0.0209 3.79 

STAT6 Signal transducer and 
activator of transcription 6  

0.0019 NA  ABCC1 Multidrug resistance-
associated protein 1 

QLSSSSSYSGDISR 0.0258 4.61 

HTT Huntingtin  0.0019 2.58  MAP2 Microtubule-associated 
protein 2 

RKSVPSETVVEDS
R 

0.0350 10.10 

GSTM2 Glutathione S-transferase 
Mu 2 

0.0020 NA  PPFIBP1 Liprin-beta-1 NSPFQIPPPSPDSK 0.0362 2.91 

CACHD1 VWFA and cache domain-
containing protein 1 

0.0028 NA  LSR Lipolysis-stimulated 
lipoprotein receptor 

SVDALDDLTPPST
AESGSRSPTSNGG
R 

0.0396 3.42 

MAPRE2 Isoform 4 of Microtubule-
associated protein RP/EB 
family member 2 

0.0028 NA  ZFYVE19 Abscission/NoCut 
checkpoint regulator 

LPDSDDDEDEETAI
QR 

0.0403 3.41 

FC, fold change; PANC1, gemcitabine-sensitive cell line. 
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Table 2. Clinicopathological characteristics of two TMA cohorts. 

Clinicopathological characteristics 

Metastatic cohort   Adjuvant cohort 

Univariate analysis n (%) OS months (95% CI) p value   n (%) OS months (95% 
CI) p value n (%) DFS months 

(95% CI) p value 

No. patients 36 
(100) 

8.54 (5.60-11.43) 
  

86 
(100) 

21.02 (14.21-19.73) 
 

86 (100) 17.58 (15.62-
19.55) 

 

Age, year - at time of 
diagnosis 

    0.103       0.225     0.215 

> 65 21 (58) 9.09 (7.251-10.928) 
  

29 
(34) 

18.14 (156.04-21.79) 
 

29 (34) 16.05 (13.13-18.96) 
 

< 65 15 (42) 12.14 (8.73-15.55)     57 
(66) 

21.46 (17.96-24.95)   57 (66) 18.37 (15.80-
20.93) 

  

Gender  
  

0.259 
   

0.012 
  

0.291 

Female 11 (31) 12.37 (9.65-15.10)     38 
(44) 

24.13 (19.85-28.41)   38 (44) 19.08 (16.14-
22.02) 

  

Male 25 
(69)  

9.47 (7.20-11.75) 
  

48 
(56) 

17.50 (14.56-20.44) 
 

48 (56) 16.40 (13.77-
19.03) 

 

Disease stage - no. (%)                     

Stage I 0 
   

0 
  

0 
  

Stage IIA 0       0     0     

Stage IIB 0 
   

86 
(100) 

  
86 (100) 

  

Stage III 0       0     0     

Stage IV 36 
(100)  

   
0 

  
0 
  

 
  

 

Tumor grade     0.252       0.118     0.068 
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Grade 1-2 15 (42) 11.90 (8.65-15.16) 
  

43 
(50) 

22.40 (18.16-26.65) 
 

43 (50) 19.71 (16.63-
22.80) 

 

Grade 3 21 (58) 9.26 (7.24-11.28)     43 
(50) 

18.46 (15.56-21.35)   43 (50) 15.45 (13.15-17.76)   

MAP2 expression 
  

0.037 
   

0.014 
  

0.011 

Yes 7 (19) 7.48 (5.53-9.44)     16 
(19) 

15.06 (12.03-18.09)   16 (19) 13.28 (10.46-16.10)   

No 29 (81) 11.06 (8.91-13.2)     70 
(81) 

21.66 (18.62-24.70)   70 (81) 18.57 (16.29-
20.84) 

  

Multivariate analysis         df Risk of death, HR 
(95% CI) 

p value df Risk of relapse, 
HR (95% CI) 

p value 

Gender (female vs. 
male) 

    
1 0.542 (0.347-0.845) 0.007 

   

Grading (3 vs. 1-2)               1 1.446 (0.934-
2.238) 

0.098 

MAP2 expression (yes 
vs. no) 

        1 2.225 (1.249-3.962) 0.007 1 1.963 (1.114-3.461) 0.02 

CI, confidence interval; df, degrees of freedom; DFS, disease-free survival; HR, hazard ratio; OS, overall survival; MAP2, microtubule-associated 
protein 2; PANC1, gemcitabine-sensitive cell line; TMA, tissue microarray 
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Figure 4. Correlation of MAP2 expression and OS and DFS upon gemcitabine treatment. (a) The 
Kaplan–Meier curves showed a correlation of MAP2 expression and OS in the palliative setting. 
In this first cohort 7 patients out of 36 had a positive MAP2 expression. (b) In the second cohort 
16 out of 86 patients had a positive MAP2 staining of their primary tumour. (c) This expression 
correlates with poorer OS and DFS after gemcitabine adjuvant therapy. DFS, disease-free 
survival; MAP2, microtubule-associated protein 2; OS, overall survival 

 

 
 
Figure 5. Immunofluorescence and immunohistochemistry of MAP2 in PANC1 and PANC1R cells 
and xenografts. (a) Immunofluorescence of PANC1 and PANC1R cells grown in chamber slides, 
and imaged at 100× magnification, showing a strong MAP2 (red)cytoplasmic staining in the 
PANC1R cells and low expression in PANC1, confirming our proteomic analysis. CK7 staining was 
performed as positive control (green), and DAPI was used to stain the nuclei (blue). This 
phenotype was conserved in our xenograft model as is shown by IHC (b), where MAP2 expression 
was overexpressed in the PANC1R tumours in vivo. DAPI, 4′,6-diamidino-2-phenylindole; DFS, 
disease-free survival; IHC, immunohistochemistry; MAP2, microtubule associated protein 2; OS, 
overall survival; PANC1, gemcitabine-sensitive cell line; PANC1R, gemcitabine-resistant PANC1 cell 
line. 
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Discussion 

We used comprehensive proteomic and phosphoproteomic strategies to 
understand the gemcitabine-resistant mechanism in our PDAC model and to 
evaluate treatment options. We identified MAP2 as an upregulated protein in 
gemcitabine-resistant cells. Gemcitabine-resistant cells expressing MAP2 had 
an increased sensitivity to (nab-)paclitaxel treatment in vitro, induced 
significant tumour reduction in vivo, and showed a benefit of combination 
therapy with gemcitabine. Moreover, MAP2-positive staining was validated as 
a prognostic biomarker in two patient cohorts treated with gemcitabine 
monotherapy, either in the palliative or adjuvant setting. In both cohorts, 
expression of MAP2 was correlated with poorer survival and thus, reduced 
treatment response.  
The protein MAP2 has an important microtubule stabilization function (30) 
and is required for neurite outgrowth (31). It has been described as a marker 
of neuronal differentiation and interacts with tubulins. Phosphorylation of 
MAP2 is an important regulator of its function, thus guiding microtubule 
dynamics (32-34). Importantly, microtubules have an important function in 
intracellular transport machinery (35). Changing microtubule dynamics by 
higher expression of MAP2 might result in changed drug transport and 
efficacy intracellularly. Cytotoxic agents that act as microtubule 
polymerization stabilizers, like docetaxel, paclitaxel and its albumin-bound 
derivative (nab-)paclitaxel, function via multiple pathways that involve MAP2. 
These anticancer drugs inhibit the disassembly of polymerized microtubules. 
Subsequently, this aberrant stabilization results in mitotic cell cycle arrest or 
multispindle segregation, and cell death (36). Interestingly, paclitaxel was 
shown to increase assembly of MAP2 onto polymerizing tubulins (37). High 
MAP2 expression in mouse PDAC cell lines was correlated with sensitivity for 
docetaxel (38). We did not observe an increased sensitivity for docetaxel but 
identified an increased sensitivity for paclitaxel. The association between 
paclitaxel and MAP2 assembly on tubulins could explain our observation of 
increased sensitivity of gemcitabine-resistant cells to paclitaxel treatment 
and increased stable microtubules upon treatment with paclitaxel.  
A previous study showed that modulation of microtubule dynamics by the 
silencing of tubulin binding cofactor C and cell cycle distribution enhanced 
the sensitivity to gemcitabine in breast cancer cells (39). Furthermore, the 
combination of the benzophenone analogue S516, which changed the cellular 
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microtubule network, with gemcitabine significantly delayed the growth of 
lung cancer tumours as compared with control and gemcitabine alone (40).  
Similarly, we identified an increased cytotoxic effect of combination 
treatment with gemcitabine in resistant cells, which provides a functional 
rationale for gemcitabine/nab-paclitaxel regimens in the metastatic and 
possibly the (neo)adjuvant setting. Our results suggest that gemcitabine-
resistant cells are targeted effectively by (nab-)paclitaxel in vitro and in vivo, 
explaining the effectiveness of this combination therapy in the clinic (41).  
Expression of MAP2 has previously been described in several other solid 
tumours, such as oral squamous carcinoma (42), lung cancer (43) and breast 
cancer (44). Importantly, in two studies evaluating clinical samples from 
patients with breast cancer treated with taxanes, MAP2 was identified as a 
predictive marker for clinical response (44, 45) in line with our results of 
sensitivity to (nab)-paclitaxel. Lack of expression of MAP2 was associated 
with significantly longer DFS and OS upon monotherapy with gemcitabine in 
our two cohorts, evoking the question of its potential as prognostic or 
predictive marker for gemcitabine response. Expression of MAP2 showed an 
association with gemcitabine sensitivity in cell lines as well. This biomarker 
can be essential to select patients in advance for taxane-based combination 
regimens. Further prospective trials to establish its predictive value in the 
adjuvant setting after a nab-paclitaxel/gemcitabine combination are 
therefore warranted.  
Another interesting result of the present study is that the gemcitabine-
resistant cells were capable of establishing xenograft tumours significantly 
better than their parental cells. This indicates a higher clonogenic potential, a 
CSC characteristic previously associated with gemcitabine resistance (13). In 
our proteomic screen, NES was identified as significantly upregulated. NES 
has previously been described as a CSC marker in pancreatic cancer (46, 47), 
as well as in cells which are known to feature chemoresistance (12). However, 
although identified in our proteomic analysis, we did not detect this protein in 
TMAs with the current antibody. A possible reason might be low expression of 
this marker; however, this hampers the potential for clinical implementation. 
Another potential predictive marker identified from the proteomic screen, 
ANK3, has not been extensively described in cancer. It plays an important role 
in axon initiation and functions as an anchorage between membrane and 
cytoskeleton (48). Even though we validated this protein as upregulated in 
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our cell-line model, it was not a prognostic marker in our gemcitabine treated 
cohort. Of note, ANK3 has different isoforms and our western blot analysis 
showed multiple bands. Unfortunately, multiple bands are well-known issues 
of antibody-based validation. This might also explain why we could not 
validate the predictive results of ANK3 in our clinical data. These results also 
highlight the limitations of this study, namely the caution that is desired with 
a discovery analysis on a cell-line model instead of patient material. However, 
by implementation of clinical validation cohorts treated by gemcitabine 
monotherapy, an additional confirmation has been performed to conclude 
our clinically relevant findings. 
The lethality of PDAC remains a problem to be solved in the upcoming 
decades. Our findings support the current trend towards combination 
therapy for the treatment of patients suffering from pancreatic cancer. 
Chemotherapeutic regimens for PDAC have recently shifted towards 
combination of multiple cytotoxic agents. Landmark trials have indeed 
demonstrated significant improvements in survival when gemcitabine was 
supplemented with nab-paclitaxel (28) or substituted for the more aggressive 
FOLFIRINOX (folic acid, fluorouracil, irinotecan, oxaliplatin) combination (2). A 
shift towards combination treatment in the adjuvant setting is currently 
tested in clinical trials. Addition of capecitabine to the backbone of adjuvant 
gemcitabine was shown to increase the survival benefit by an additional 3 
months (49). Also, the Unicancer GI PRODIGE 24/CCTG PA.6 study recently 
showed an increase in OS of almost 20 months for adjuvant treatment with 
FOLFIRINOX.50 Addition of nab-paclitaxel to gemcitabine after resection is 
currently being evaluated (ClinicalTrials.gov identifier: NCT02023021). Part of 
the success of combination therapy might be, as our results imply, due to 
cytotoxic effect of resistant cells by additional chemotherapeutics. Although 
promising results of FOLFIRINOX in attacking PDAC, gemcitabine-based 
therapy remains commonly advised as second-line therapy and for patients 
with reduced physical reserve (51). Thus, gemcitabine resistance still needs be 
addressed in the upcoming years. 
The present study has several limitations. Firstly, our most promising marker 
MAP2 was identified in only a cell-line resistance model. Additional models 
and knock-out experiments would be of interest to evaluate and validate the 
role of MAP2 in gemcitabine resistance into depth. To overcome the scarcity 
of gemcitabine-resistance models, we validated our result in two PDAC 
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patient cohorts and a panel of cell lines. Additionally, we had a relatively low 
yield of xenograft tumours from the original PANC1 cells. This might be 
caused by the use of a nude mice strain, which retains a native immune 
response. However, the exceptional take rate of our gemcitabine-resistant 
cells is thereby emphasized. Finally, since multiple new drug regimens are 
under development for the treatment of PDAC, correlation as a predictive 
marker for other cytostatic agents would enhance the importance of our 
findings. 
 

Conclusion 

By the use of powerful high-throughput proteomic techniques, we unravelled 
new differentially expressed proteins in a gemcitabine-resistant model of 
PDAC, including MAP2. Expression of this protein was correlated with a worse 
clinical outcome in patients with PDAC treated with gemcitabine. Further, we 
obtained preclinical data, in vitro and in vivo, showing that (nab-)/paclitaxel 
was effective against resistant/MAP2-overexpression cells, supporting new 
studies on this biomarker both to predict gemcitabine resistance and to guide 
better therapeutic choices. 
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Abstract 

Combination therapies are used in the clinic to achieve cure, better efficacy 
and to circumvent resistant disease in patients. Initial assessment of the effect 
of such combinations, usually of two agents, is frequently performed using in 
vitro assays. In this review, we give a short summary of the types of analyses 
that were presented during the Preclinical and Early-phase Clinical 
Pharmacology Course of the Pharmacology and Molecular Mechanisms 
Group, European Organization for Research and Treatment on Cancer, that 
can be used to determine the efficacy of drug combinations. The effect of a 
combination treatment can be calculated using mathematical equations 
based on either the Loewe additivity or Bliss independence model, or a 
combination of both, such as Chou and Talalay’s median drug effect model. 
Interactions can be additive, synergistic (more than additive), or antagonistic 
(less than additive). Software packages CalcuSyn (also available as 
CompuSyn) and Combenefit are designed to calculate the extent of the 
combined effects. Interestingly, the application of machine learning methods 
in the prediction of combination treatments, which can include 
pharmacogenomic, genetic, metabolomic and proteomic profiles, might 
contribute to further refinement of combination regimens. However, more 
research is needed to apply appropriate rules of machine learning methods 
to ensure correct predictive models. 
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Introduction 

Even as early as the 1960s, the majority of clinical treatments consisted of 
combination regimens. Combinations such as mechlorethamine, vincristine, 
procarbazine and prednisone (MOPP), and cyclophosphamide, 
hydroxydaunorubicin and oncovin with prednisone (CHOP) represented a 
breakthrough in the cure of lymphoma, while other combinations led to a high 
curation rate in childhood leukaemia (1). Depending on the type of 
combination used, the treatment rationale is to i) increase the efficacy of 
each separate drug without increasing toxicity, ii) add a drug which offers 
protection against toxicity, iii) bypass resistance development, or iv) target 
different subpopulations in a heterogeneous tumour. The initial clinical 
rationale was to achieve a better therapeutic effect (e.g. a complete 
response) than accomplished by each drug separately (e.g. only a partial 
response) (2). Historically, the selection of drugs to apply in combination 
therapies was based on the observation that each of the drugs showed 
antitumor activity against a certain tumour type, preferably with different 
toxicities of the two drugs. Doses and schedules were determined by trial and 
error. Soon thereafter, a complementary scientific approach was used to 
select combinations based on the mechanisms of action of each drug (3). An 
excellent example is the gemcitabine–cisplatin combination, which was 
initially developed by our group (4) (with the aim of preventing repair of DNA–
platinum adducts) and is now standard therapy for tumours such as non-
small cell lung cancer and bladder cancer. Another combination is 5-
fluorouracil (5-FU) and leucovorin (folinic acid) for which we demonstrated in 
model systems (cell lines, experimental tumours and in tumours of patients) 
that leucovorin increased and prolonged the inhibition of the 5-FU target, 
thymidylate synthase (5). 5-FU and leucovorin are part of the standard 
combination of drugs used in regimens of folinic acid, 5-FU and oxaliplatin 
(FOLFOX), folinic acid, 5-FU and irinotecan (FOLFIRI) (colon cancer) and 
FOLFIRI with oxaliplatin (FOLFIRINOX) (pancreatic cancer). The increased 
toxicity which is often observed with these combinations is usually controlled 
by combinations with anti-emetics or a corticosteroid such as 
dexamethasone. The latter may also have (or influence) antitumor effects (6).  
Currently most combinations are established using various in vitro assays 
either focusing on the interaction of drugs on a specific target in a cell-free 
system, or using a pharmacological assay as summarized previously (7-9). 
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However, an often observed mistake is the lack of proper controls (simply 
testing the effect of the single agent and combined effect over the whole 
tested concentration range on cells).  
The effect of combination treatment compared to monotherapies can be 
described as synergistic, additive or antagonistic. The definition is dependent 
on the mathematical model used, but in general it can be stated that 
additivity means that the predicted effect of the combination is equivalent to 
either the sum or the product of each separate effect. Synergism is better 
than the expected theoretical effect (higher than the sum or lower than the 
product) and antagonism is worse than the expected theoretical effect (lower 
than the sum or higher than the product).  
In this review, we give a short summary of the types of analyses that can be 
used to determine the efficacy of drug combinations. Furthermore, we 
summarize the advantages and disadvantages of these methods and lastly 
discuss emerging computational approaches. 
 

Methods for Determining the Effect of Drug Combinations 

Several mathematical models were initially used to evaluate drug interactions 
in cell-free systems, in which the definition of the reference state (meaning 
no interaction) was the basis. In the Loewe additivity model (10), it was 
hypothesized that when drug A is combined with itself, the effect would be 
the sum of: A+A=2A. When another drug was used, the reference state would 
be A+B=2A. In the Bliss independence model (11), which is most commonly 
used, the reference state (additivity) is a product of the fractional response, 
in which 0.5×0.5=0.25. Almost all current models are either a modified use of 
the Bliss and Loewe models, or are predominantly based on the Bliss model. 
Application of cell free models to cellular systems assumes a sigmoidal dose– 
response curve based on the Hill equation allowing (a) fractional-effect 
analysis, (b) isobolograms, (c) the response surface area model, based on a 
mixed Loewe-Bliss; and (d) median effect analysis (Figure 1). 
 

Fractional-effect Analysis 

Fractional-effect analysis determines the theoretical additive effect of a 
combination by multiplying the effect of each drug alone (12). When drugs A 
and B are combined at an equitoxic concentration, e.g. achieving 50% growth 
inhibition (IC50), the theoretical fractional effect is 0.5 for each drug, and 
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additivity is 0.5×0.5=0.25. When drug C has a moderate effect, e.g. 25% growth 
inhibition at a specific concentration (IC25), the fractional effect (fa) is 
calculated as: (fa)=1-(Growth inhibition in %)/100 resulting in a value of 0.75. 
When treatment with drug D has only a minor effect e.g. 2% growth inhibition, 
the fractional effect is 0.98. The additivity of the combination of drugs C 
(fa=0.75) and A (fa=0.5) is equal to their product, i.e. 0.375, and that for drugs 
D (fa=0.98) and A (fa=0.5) is similarly computed to give 0.49. Synergism is 
achieved for these combinations when the experimentally determined 
fractional effect is lower than 0.25 (A combined with B), 0.375 (A combined 
with C) or (A combined with D) 0.49, respectively. Antagonism is achieved 
when these values are higher than 0.25, 0.375 or 0.49, respectively. This 
method is rather straightforward, but a linear concentration–effect 
relationship is assumed with sigmoidal dose–response curves. The model 
does not allow calculation of the variation (confidence interval) within each 
experiment, only between experiments, and cell kill (a negative fraction) 
cannot be evaluated. 
 

 

Figure 1. Examples of plots to determine the effect of combination treatments. A: Fractional-effect 
analysis, reprinted with permission from (3). B: Isobologram. C: The response surface area model 
(left) and a contour plot (right). D: Median-effect analysis. CI: Combination index. 
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Isobologram 

The first isobolograms were designed in the 1950s by Nobel laureates Elion 
and Hitchings (13), in which, for each given level of toxicity, the dose of one 
drug is plotted on the x-axis and that of the second drug on the y-axis (Figure 
1B), e.g. equitoxic doses of the single drugs. When there is additivity, there 
should be a straight line connecting the plotted IC50 values and when the 
effect of the combination treatment is synergistic, the plotted line falls to the 
left of this line and when antagonistic, to the right of this line (14). 
Subsequently Chou and Talalay (15), computerized the model applying the 
CalcuSyn program (Biosoft, Cambridge, UK) (see below). Despite the 
simplicity and accuracy of this method, the extent of synergism or 
antagonism cannot be quantified, nor is it possible to calculate the variation 
between experiments, in contrast to fractional-effect analysis. Cell kill cannot 
be evaluated either. However, this model proved very valuable to move the 
first combinations into the clinic. 
 

The Response Surface Area Approach 

According to several mathematicians (14-16), the response surface area 
model is to be preferred, since this method allows calculation of the extent of 
synergism/antagonism (called the envelop of synergism), a confidence 
interval, and the evaluation of more than two drugs. The results of such 
analysis are presented in various forms, and usually include a 3-D plot or a 
contour plot. In the 3-D plot, the concentration of the drugs is plotted on two 
corresponding horizontal axes and the effect of the combination (response) 
on the vertical axis (Figure 1C, left). In the initial presentations, synergism was 
considered a combination index (CI) value >0 and antagonism as less than 0. 
Later presentations of the 3-D plots used different units for the response (i.e. 
synergy/antagonism), such as a ratio, percentage change or % relative to 
the control. Synergism is usually presented as a different colour/peak. An 
alternative presentation is a contour plot, in which the concentration of a drug 
is on one of the axes and synergism is shown as a ‘contour’ of a different 
colour, either white in black/white presentation, or red or blue according to 
the preference of the mathematician (Figure 1C, right). Despite ready-to-use 
mathematical models, evaluation of response surface area plots requires 
considerable insight into mathematics. Moreover, the presentation of the 
plots does not allow determination of whether synergism is observed under 
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clinically relevant conditions, since the extent of growth inhibition is often not 
shown and also cell kill is often not considered in the calculation. However, in 
more recent applications, the so-called Bliss index (a measure for synergy) 
can be given for each effect of a combination. However, in order to optimally 
predict the efficacy of the combination, experience with the model and 
sufficient statistical knowledge is essential. 

 

Median Drug-effect Analysis 

In order to provide a pragmatic and easy-to-use method to evaluate 
combinations, Chou and Talalay (15) developed the median-effect principle 
based on the first models of Loewe (10) and Bliss (11). However, the median-
effect principle is based on the mass-action law and not on statistics, and 
provides a diagnostic plot, including an isobologram. The median drug-effect 
equation is based on the four equations of Henderson–Hasselbach (19), 
Michaelis–Menten (20), Hill (21) and Scatchard (22), and therefore the dose–
response curves of the single drug and combinations should be sigmoidal. 
Curves are plotted based on the doses of a drug (D1 and D2), and the effect 
of a drug, expressed as fraction affected (Fa) and fraction unaffected (Fu). 
An Fa of 0.5 means 50% growth inhibition, and Fa of 0.75 means 75% growth 
inhibition (or 25% growth); this means that Fa+Fu=1. The effect of a drug can 
be described as the ratio between Fa/Fu=(D/Dm)m. Log transformation yields 
the median-effect equation: log(Fa/Fu)=m log(D) – m log(Dm), in which D is 
the dose, m the sigmoidicity of the curve and Dm equals the dose that results 
in an Fa of 0.5 (i.e. IC50). By transforming Fa+Fu=1 to Fu=(1−Fa), the formula 
can be transformed into Fa/(1−Fa)=(D/Dm)m, and assuming m=1 to 
Fa=[1+(Dm/D)]−1. When the effects for two drugs are combined and the 
formula for the CI is derived: CI=[(D)1/(D1-Fa)1]+[(D)2/(D1-
Fa)2]+[α(D)1(D)2/(D1-Fa)1(D1-Fa)2], in which (D)1 and (D)2 are doses used 
for combination, (D1−Fa)1 and (D1−Fa)2 are the doses of the individual drugs 
resulting in 1−Fa; the slope is m, while α=1 for mutually nonexclusive drugs. A 
CI above 1.2 is considered to be antagonistic, between 0.8 and 1.2 additive, 
and below 0.8 synergistic.  
The usual presentation of the results requires a normal growth-inhibition 
curve and a plot of CI versus Fa (Figure 1D). The growth-inhibition curves are 
essential for proper evaluation, since it should be determined whether the 
curves are sigmoidal or hyperbolic, whether there are outliers, and whether 
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sigmoidicity is similar for each drug. A simple quality check includes the 
comparison of the Dm value calculated by the program with the IC50 value 
from the curve, which should be similar. The CI–Fa plot evaluates synergism 
over the whole Fa range from 0-1. However, CI values above an Fa of 0.95 are 
usually not reliable, while CI values obtained at Fa<0.5 can be considered as 
not relevant, since Fa<0.5 represent minor, clinically not relevant growth 
inhibition. In order to combine the data of more experiments, it is 
recommended to calculate the average of the CI values at Fa of 0.5, 0.75 and 
0.90 for each separate experiment. Subsequently, the averages of each 
experiment can be used to calculate the means and SEM for the experiments. 
In this model, it should be specified whether the combined drugs act on a 
common target or have a similar mechanism of action, i.e. are mutually 
exclusive, where one agent may prevent the action of the other. The agents 
may have different mechanisms of action or targets and therefore act in a 
mutually nonexclusive manner.  
In order to digitalize the median-effect method, the CalcuSyn software was 
designed based on the formulas given above by Chou and Talalay, allowing 
the user to plot the dose–response curves of the single agents and the 
combination treatment to determine the CI. CalcuSyn can be downloaded 
from http://www.biosoft.com/w/calcusyn.htm, however a fee dependent on 
the intended number of users is required. In 2005, Chou published another 
software program based on the median-effect of the mass-action law, 
CompuSyn, which can be downloaded free of charge from 
www.combosyn.com. The program does not allow values above 1 or below 0 
to be entered, which can be solved by plotting these values all at either 0.95 
or 0.05, respectively. Although this limitation does not allow evaluation of cell 
kill, this can be solved by using a modified calculation of Fa as described by 
Bijnsdorp et al. (8). Even though the program advises combining drugs at a 
fixed ratio based on the IC50, the current version also allows evaluation of 
non-fixed ratios. Loewe synergy using surface area models can be calculated 
using Combenefit, which can be downloaded for free from 
https://sourceforge.net/projects/combenefit/. 
Models evaluating the effect of two agents combined are valuable in the 
development of novel treatment strategies. Nevertheless, researchers should 
be aware of the limitations and pitfalls that these models carry. A concise 
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summary of the advantages and disadvantages of the aforementioned 
methods are listed in Table I. 
 
Table I. Methods for combination effect determination and their advantages and disadvantages.  

Fa: Fraction affected 

How Should Novel Tyrosine Kinase-directed Drugs Be Combined? 

The models described above were developed primarily to evaluate 
combinations of two or more conventional anticancer chemotherapeutics. 
This raises the question of whether the model can also be used to evaluate 
combinations of conventional chemotherapy agents with novel 
chemotherapeutics drugs such as tyrosine kinase inhibitors (TKI) or 
combinations of TKIs. There is sufficient evidence in literature that Calcusyn 
can be used to evaluate combinations of drugs such as pemetrexed or 
gemcitabine with a TKI, such as erlotinib or crizotinib, respectively (23, 24). 
However, for these studies, it is even more evident that genetic properties of 
the cells should be taken into account, while the concentration of a TKI should 
be chosen in a range high enough to modulate its target. For instance, in the 

Method Advantages Disadvantages 

Fractional-effect 
analysis  

Straightforward 
method for mutually 
non-exclusive drugs  

Model assumes linear concentration-
effect curve in contrast to reality 
(sigmoidal) 
No confidence interval quantification  

Isobologram  Simple and accurate 
method  

Level of synergy or antagonism cannot 
be determined 
The isobole based on the dose pair is 
often curvilinear instead of linear due to 
variability in drug potency  
No experimental variation quantification  

The response 
surface approach  

Model assumes 
sigmoidal 
concentration–effect 
relationship  

Output interpretation requires expertise 
since it is aggregated  
Sufficient statistical knowledge essential 

Median drug-
effect analysis  

A distinction between 
mutually exclusive and 
non-exclusive acting 
agents can be made 

Synergy evaluation can be complicated 
Fa values <0 or >1 cannot be included in 
calculations, but by adapting the model 
this can still be achieved (8) 
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case of erlotinib, it does not make sense to combine these drugs for tumours 
that have a RAS mutation (23), while for crizotinib, either a MET proto-
oncogene, receptor tyrosine kinase (c-MET) amplification or mutation is 
required to achieve an effect (24). This also means that the drugs can better 
be combined at a non-fixed ratio, for which the current version of CalcuSyn 
has a separate option.  
Similarly, combinations of one or more TKIs can be evaluated using the 
above-mentioned programs on the condition that genetic and biochemical 
properties are taken into account when combining these drugs. An example 
is the combination of erlotinib, an epidermal growth factor receptor (EGFR) 
inhibitor, with crizotinib, which inhibits c-MET. Resistance to erlotinib can be 
due to increased c-MET signalling, which can be inhibited by crizotinib. This 
combination appeared to be synergistic in cells with active EGFR and c-Met 
signalling, and additive when one of the pathways was active. Antagonism 
was observed in a cell line lacking these properties (25).  
These considerations indicate that a lower concentration of one drug may be 
sufficient for modulating cellular signalling. This has led some investigators 
to use ultra-low concentrations in the ‘homeopathic’ range, arguing that 
patient toxicity might also be reduced. However, when no clear effect on 
signaling is observed in mechanistic experiments, such combinations should 
be considered with care. 
 

Translation of Combinations to In Vivo Models 

When combining drugs in vivo, additional aspects should be taken care of. 
Ideally a synergistic effect on the tumour would be associated with an 
antagonistic effect on normal tissues. Unfortunately, this is not often 
observed and initial dosing in vivo (usually mice) should be done with care; 
moreover, the outcome often cannot be predicted with current in vitro 
alternative models, including organoids, since the whole in vivo mechanism 
of drug absorption, distribution, metabolism and excretion is not present 
therein. Usually one of these aspects can be investigated in a proper model 
(e.g. cytochrome p450 (CYP)-mediated metabolism, glucuronidation and 
other phase I and II metabolic pathways or ATP-binding cassette transporter-
mediated efflux) and can be used to adapt the in vivo scheduling. Therefore, 
it is advised to start with a lower dose of at least one of the drugs. Usually it 
is advised to give one drug at the maximal tolerated dose (MTD) of the single 
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agent and the other at its 0.66×MTD, although most investigators start with 
each drug at its 0.66×MTD. Serial two-fold dilutions can be tested before an 
efficacy experiment in case severe toxicity is expected. In vitro experiments 
can provide guidelines on the scheduling for animal experiments, but toxicity 
might also be synergistic, necessitating alternative scheduling. Mechanistic 
pharmacological studies in animals will provide essential information on 
proper dosing and scheduling in vivo. The above-mentioned example of 
gemcitabine and cisplatin showed pre-treatment of cell lines with 
gemcitabine would increase the formation of DNA–platinum adducts and 
prevent repair of these adducts. However, dosing for both drugs had to be 
reduced, but the combined effect was superior to that of each drug alone at 
its MTD (26). The same principle was applied to the combination of 
gemcitabine and crizotinib in mice, in which the combination was based on in 
vitro synergism in a pancreatic cancer cell line with a c-MET amplification. It 
was decided to give gemcitabine at its 0.83×MTD. The combination of 
gemcitabine and crizotinib was superior to that of each drug separately, while 
crizotinib increased the accumulation of the active metabolite of gemcitabine 
by inhibition of gemcitabine degradation (24). In short, it can be concluded 
that for in vivo combinations, the schedule can often be deduced from in vitro 
data, while dosing should be reduced slightly. 
 

New Computational-based Approaches for Capturing Cellular and Signalling 

Complexity 

The rapid development and application of machine-learning methods is now 
also being applied in biomedical sciences. The utilisation of several machine-
learning methods for assessment of combination drug therapy for HIV, 
hypertension, infectious diseases and cancer is described elaborately by 
Tsigelny (27). For example, machine-learning networks can implement 
various parameters, such as i) compound-specific physical and chemical 
properties; ii) biochemical response of target molecule(s); iii) cellular 
response; and iv) patient characteristics, including genomic, proteomic and 
metabolomic profiles, which sounds promising.  
Current predictive models for drug-combination effects are commonly based 
on high-throughput testing of drug combinations for each cell line. These data 
are then used to identify the molecular features that predict therapy 
response (28). A pan-cancer DREAM community challenge, the AstraZeneca 
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Drug Combination Prediction Challenge, showed such findings on a pan-
cancer scale (29). Synergy prediction based on models of drug interactions 
are appearing.  
Given that most therapy combination approaches are based on an 
aggregated index of synergy, the analytical methods that exist today might 
need additional refinements to capture intercellular (cell identity) as well as 
intracellular heterogeneity (signalling activity) and their combined effects on 
efficacy of drug combinations. Single-cell tracing methods, such as single-cell 
genetic/mRNA profiling, fluorescent reporter systems and cell-tracing 
barcode technologies can provide relevant insight into population changes 
as well as fluctuations in the mechanism of action that result in therapy 
efficacy. These computational models should provide sufficient complexity to 
predict the effect of combination therapies on a cellular/signalling level 
accurately. Given this high complexity, more advanced machine-learning 
methods, such as deep learning, might be needed to enable adequate 
modelling. 
 

Conclusion 

Drug combinations have been used for decades in the clinic to enhance the 
treatment of patients, and are therefore not a novelty in the field of 
pharmacology. Various in vitro models together with mathematical equations 
based on the Bliss independence model, Loewe additivity model or a 
combination of both, i.e. the median drug effect, enable the prediction of the 
effect of two agents combined. Nonetheless, application of these models 
should be tailored to the context of each study and with awareness of the 
limitations and advantages of each method. Considering the increment in the 
development of novel therapeutics, the number of combinations that can be 
made is substantial. Aside from more complex single-cell assay read-outs 
that are able to capture cellular and signalling heterogeneity, more advanced 
computational models might be needed, including deep learning 
methodologies. Therefore, we anticipate that refinements of the classical 
synergy models with emerging artificial intelligence-based models will benefit 
the investigation of new combination treatments in the near future. 
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Abstract 

Pancreatic stellate cells (PSCs) are a key component of tumor 
microenvironment in pancreatic ductal adenocarcinoma (PDAC) and 
contribute to drug resistance. c-MET receptor tyrosine kinase activation plays 
an important role in tumorigenesis in different cancers including PDAC. In this 
study, effects of PSC conditioned medium (PCM) on c-MET phosphorylation 
(by immunocytochemistry enzyme-linked immunosorbent assay (ELISA)) 
and drug response (by sulforhodamine B assay) were investigated in five 
primary PDAC cells. In novel 3D-spheroid co-cultures of cyan fluorescence 
protein (CFP)-firefly luciferase (Fluc)-expressing primary human PDAC cells 
and green fluorescence protein (GFP)-expressing immortalized PSCs, PDAC 
cell growth and chemosensitivity were examined by luciferase assay, while 
spheroids’ architecture was evaluated by confocal microscopy. The highest 
phospho-c-MET expression was detected in PDAC5 and its subclone sorted 
for “stage specific embryonic antigen-4” (PDAC5 (SSEA4)). PCM of cells pre-
incubated with PDAC conditioned medium, containing increased hepatocyte 
growth factor (HGF) levels, made PDAC cells significantly more resistant to 
gemcitabine, but not to c-MET inhibitors. Hetero-spheroids containing both 
PSCs and PDAC5 (SSEA4) cells were more resistant to gemcitabine compared 
to PDAC5 (SSEA4) homo-spheroids. However, c-MET inhibitors (tivantinib, 
PHA-665752 and crizotinib) were equally effective in both spheroid models. 
Experiments with primary human PSCs confirmed the main findings. In 
conclusion, we developed spheroid models to evaluate PSC–PDAC reciprocal 
interaction, unraveling c-MET inhibition as an important therapeutic option 
against drug resistant PDAC. 
 
Keywords: pancreatic cancer, three-dimensional culture, drug resistance, 
cancer associated fibroblasts, primary cultures  
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1. Introduction 

With a five-year survival rate of only 8%, pancreatic ductal adenocarcinoma 
(PDAC) has the worst prognosis among major malignancies (1,2). One of the 
main causes for this dismal prognosis, which has only slightly changed in the 
past 50 years, is the inherent resistance of PDAC to available therapies. This 
prompts the re-evaluation of peculiar aspects of PDAC that may contribute 
to its chemoresistance and lead to almost invariable therapeutic failure (2–
4). 
The specific microenvironment of PDAC, characterized by an abundance of 
stroma, is one of the suspects that may greatly influence the response to 
treatment and even cause early metastasis (5–7). 
The stroma, a collective term for extracellular matrix (ECM) and non-tumor 
cells, constitutes a major part of the tumor mass in PDAC and recent evidence 
has shown that in addition to serving as a physical barrier to drug delivery, it 
also promotes tumor growth and metastasis (8–10). Although there has been 
some debate initially on whether stroma restrains or supports PDAC cells (11), 
recent evidence clearly demonstrates the supportive role of stromal cells on 
PDAC growth and chemoresistance and suggests the usefulness of 
developing new stroma-targeted therapies (12–14). 
The PDAC microenvironment contains several cell types, among which the 
pancreatic stellate cells (PSCs) seem to have very strong influence on the 
biological behavior of the tumor cells and represent the main source of 
cancer-associated fibroblasts (CAFs) (15,16). PSCs are myofibroblast-like cells 
normally found in the exocrine areas of the pancreas, which migrate and 
relocate to the tumor mass as a consequence of the inflammation produced 
by cancer cells (16). These cells are mainly responsible for secretion of ECM 
components causing the density of stroma (17). Recent evidence has shown 
that PSCs have a crucial impact on invasion of PDAC cells (18), create an ECM 
barrier impeding the delivery of chemotherapeutics to cancer cells (9), 
scavenge and metabolize cytotoxic drugs and prevent their delivery to PDAC 
cells (19) and notably promote the growth and survival of PDAC cells via 
paracrine secretion of growth factors and other signaling molecules (20,21). 
In this context, disease models that encompass the interactions between 
PDAC cells and PSCs as main players of the tumor-promoting 
microenvironment may have considerable advantages over conventional, 
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often reductionist methodologies. These models can indeed provide higher 
biological relevance for testing the efficacy of novel therapies (15). 
Furthermore, several reports have illustrated that three-dimensional (3D) 
culture systems are generally more chemo-/radio-resistant compared to 
two-dimensional (2D) monolayer cell cultures, and represent more 
physiologically relevant PDAC models for cancer drug discovery (22). Indeed, 
the utter therapeutic failure of almost all pharmacological interventions in 
PDAC patients may in part be due to the lack of preclinical models that 
recapitulate the complex biology of PDAC including the 3D cellular 
organization (23,24). 
A substantial body of evidence has shown that c-MET receptor tyrosine 
kinase plays a crucial role in cancer cell survival, growth and metastasis and 
it is overexpressed or mutated in certain types of cancer (25,26). An increased 
MET mRNA expression has been correlated with an unfavorable outcome in 
PDAC patients (www.R2.amc.nl accessed on 10-04-2019, Supplemental Figure 
S1). Therefore, c-MET represents an attractive candidate target for discovery 
of anticancer therapeutics in PDAC and other malignancies (7,27–29). Recent 
evidence that shows the paracrine source of hepatocyte growth factor (HGF) 
in the PDAC microenvironment to be mainly secreted by PSCs, further 
supports the premise that c-MET targeting could be effective not only by 
directly attacking cancer cells, but also by breaking the dangerous liaison 
between PSCs and PDACs (21,30,31). 
In this report, in addition to the use of primary PDAC cells, we took advantage 
of two important breakthroughs in the field of pancreatic cancer research, 
i.e., the concomitant use of PSCs grown together with cancer cells as well as 
the application of 3D spheroid culture systems. The PSC/PDAC hetero-
spheroids developed in this study represent an important tool for screening 
of cancer- and stroma-targeted drugs and the results obtained by this 
preclinical model showed that targeting c-MET receptor may prove 
efficacious as a valuable therapeutic strategy in selected cases of PDAC. 
 

2. Results 

2.1. c-MET and Phospho-c-MET Expression in PDAC Cells 

To assess c-MET and phospho-c-MET expression in primary PDAC cells 
(PDAC1, PDAC2, PDAC3 and PDAC5), we used specific enzyme-linked 
immunosorbent assay (ELISA), while RNA-sequencing data were used to 
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evaluate c-MET mRNA expression (reported in Supplemental Figure S2). As 
shown in Figure 1A, ELISA assays specific for phospho-tyrosine residues 1230, 
1234 and 1235 showed that PDAC5 and PDAC5 cells sorted for “stage specific 
embryonic antigen-4” (PDAC5 (SSEA4)), which is a human ductal stem cell 
marker as detailed in the Supplemental Methods, had the highest baseline 
phospho-c-MET intensity. Standard curves of measured phospho-c-MET and 
c-MET as well baseline levels of c-MET protein in PDAC cells are shown in 
Supplemental Figure S3. 
Moreover, phospho-c-MET was measured in PDAC1, PDAC5 and PDAC5 
(SSEA4) cells also after incubation with HGF (Figure 1B). A significant increase 
was observed in PDAC5 cells after incubation with 20 pg/mL and in PDAC5 
(SSEA4) after incubation with 20 and 60 pg/mL of HGF. PDAC1 did not show 
any significant response to HGF stimulation (Figure 1B). 
c-MET and phospho-c-MET expression were also further analyzed in primary 
PDAC cells by immunofluorescence staining and the images were quantified 
using the specific AxioVision imaging software (Carl Zeiss Microscopy, Jena, 
Germany), by drawing vectors to quantify the signal of each color channel 
(red and green). The length of a vector was equal to 6 µm, and it analyzed 40 
different points/cell, (Figure 1C). We observed that PDAC5 cells had the 
highest baseline phospho-c-MET intensity. Remarkably, when PDAC5 and 
PDAC5 (SSEA4) cells were incubated with PSC conditioned medium (PCM), 
two-fold higher expression of phospho-c-MET was observed in PDAC5 
(SSEA4) cells (Figure 1D,E). 
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Figure 1. Expression of phospho-c-
MET in human primary pancreatic 
ductal adenocarcinoma (PDAC) 
cells. Human primary PDAC cells 
isolated from PDAC patients 
(PDAC1, 2, 3, 5 and PDAC5 (SSEA4)) 
were grown in six-well plates for 24 
h. Total proteins were extracted 
from PDAC cells and subjected to 
analysis by ELISA specific for 
phosphorylated tyrosine residues 
1230, 1234, and 1235 (A). PDAC1, 
PDAC5 and PDAC5 (SSEA4) cells 
were seeded in six-well plates. After 
24 h of incubation, HGF was added 
at 20 and 60 pg/mL and the cells 
were further incubated for 24 h. 
Total protein was extracted and 
phospho-c-MET levels were 
measured by the same ELISA kit as 
described above (B). PDAC cells 
were seeded in 8-chamber slides 
and after being incubated with PSC 
conditioned medium for 24 h, were 
fixed and stained with specific 
monoclonal rabbit anti-human c-
MET and anti-phospho-Y1003-c-
MET antibodies (1:200 dilution; 
Santa Cruz Biotechnology, Dallas, 

TX, USA). Quantification of immunofluorescence stainings of baseline phospho-c-MET expression (C) and after being stimulated with PSC conditioned 
medium (D) are shown using the imaging program AxioVision (Carl Zeiss Microscopy, Jena, Germany). Representative examples (original magnification, 
40×) are shown that demonstrate the expression of c-MET and phospho-c-MET in PDAC5 and PDAC5 (SSEA4) cells in the absence or presence of PSC 
conditioned medium (E). DAPI was used to visualize nuclear DNA. Abbreviations: PDAC, pancreatic ductal adenocarcinoma; ELISA, enzyme-linked 
immunosorbent assay; SSEA4, stage specific embryonic antigen-4; HGF, hepatocyte growth factor; PSC, pancreatic stellate cell; DAPI, 4’,6-Diamidino-2-
phenylindole; BF, bright field. 
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2.2 Quantification of HGF in PSC Conditioned Medium 

Since hepatocyte growth factor (HGF) is the natural ligand for c-MET 
receptor and also an important growth factor that has been previously 
reported to induce tumor growth and drug resistance in cancer cells, we 
performed HGF measurements in PSC media. The levels of HGF secreted in 
the medium of stimulated and non-stimulated (base-line) PSCs after 3 days 
were quantified by a specific ELISA assay. PSCs were stimulated by incubation 
with PDAC5 (SSEA4) cell conditioned medium for 3 days. These 
quantifications showed that secreted HGF levels were 3.5 times higher in 
stimulated PSCs compared to non-stimulated cells (60.0 ± 12.0 versus 16.9 ± 
10.4 pg/mL; means ± standard error of mean (S.E.M.) of triplicate 
measurements) (Figure 2). Of note, these HGF levels were similar to the levels 
we detected in our exploratory analyses in 10 PDAC patients, showing a trend 
toward patients, showing a trend toward significantly higher values (p = 0.13) 
in patients who progressed compared to patients with stable disease 
(Supplemental Figure S9). 
 
 

 
Figure 2. Measurement of HGF levels in medium of (non-)stimulated PSCs. HGF levels (in pg/mL) 
were measured by ELISA in PSC media, that were previously stimulated with(out) the conditioned 
medium of primary PDAC5 cells sorted SSEA4 (PDAC5 (SSEA4)) for 3 days. The values shown in 
the bar chart represent the mean ± standard error of mean (S.E.M.) of at least three experiments. 
Abbreviations: HGF, hepatocyte growth factor; PSCs, pancreatic stellate cells; ELISA, enzyme-
linked immunosorbent assay; PDAC, pancreatic ductal adenocarcinoma; SSEA4, stage specific 
embryonic antigen-4. 

  

2.3. Effect of Stimulated PSC Conditioned Medium on Drug Response of PDAC 

Cells in Monolayer Culture  

The effect of stimulated PCM on drug response of PDAC cells was examined 
according to the workflow outlined in Supplemental Figure S4. In the presence 
of PCM, both PDAC5 and PDAC5 (SSEA4) cells were significantly resistant to 
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the cytotoxic effect of gemcitabine at 50 and 125 nM (Figure 3A,B). 
Interestingly, this drug resistance was not observed against the c-MET 
inhibitors tivantinib (at 250 and 500 nM; Figure 3C,D) and PHA-665752 (at 1, 2 
and 4 µM, Figure 3E,F).  
 

 
Figure 3. Effect of stimulated PSC conditioned medium on drug response in primary PDAC cells 
grown in monolayer culture assessed by sulforhodamine B (SRB) assay. PDAC5 and PDAC5 cells 
sorted for SSEA4 (PDAC5 (SSEA4)) were seeded in 96-well flat-bottom microplates and after 
incubation at 37 ⁰C overnight, were treated with different drug concentrations in triplicate. 
Stimulated PSC conditioned medium (PCM) was added to the proper wells in a 1:10 dilution right 
before drug treatment. The SRB assay was performed after 72 h. The presence of PCM induced 
significant resistance to gemcitabine (A,B), while it did not induce any change in drug response 
against c-MET inhibitors, PHA-665752 (C,D), and tivantinib (E,F), in PDAC5 and PDAC5 (SSEA4) 
cells. The values shown in bar charts represent the mean ± standard error of mean (S.E.M) of at 

Chapter 6 



 

 

100 

least three experiments (* and **: the difference between cells treated with gemcitabine alone 
and PCM plus gemcitabine was significantly different at p < 0.05 and p < 0.01, respectively). 
Abbreviations: PSC, pancreatic stellate cell; PDAC, pancreatic ductal adenocarcinoma; SRB, 
sulforhodamine B; SSEA4, stage specific embryonic antigen-4; PCM, pancreatic stellate cell-
conditioned medium. 

2.4. Formation of Homo- and Hetero-Spheroids in 96-Well Cell Repellant Plates 

For the formation of homo- and hetero-spheroids, either PDAC5 (SSEA4) 
alone or the mixture of PDAC5 (SSEA4) and PSCs, respectively, were grown in 
96-well cell repellent plates at different ratios (PSC to PDAC5 (SSEA04) ratio 
1:8 to 1:1). All cells were first adapted to serum-free conditions over the course 
of at least two weeks before the experiments. Single spheroids were formed 
in each well (Figure 4A and Supplemental Figure S5).  
 

2.5. Confocal Imaging of 3D Cultures 

As a result of the stable cyan fluorescence protein (CFP) and green 
fluorescence protein (GFP) expression in PDAC5 (SSEA4) and PSCs, 
respectively, we were able to visualize the structure of the homo- and hetero-
spheroids with a confocal microscope (Figure 4B, C). After 24 h, the formation 
of spheroids was observed with the PSCs (green) forming small clusters 
between the PDAC5 (SSEA4) cells (blue). Interestingly, 48 h after seeding, 
PSCs seemed to migrate towards the surface of PDAC5 (SSEA4) spheroids 
and appeared to form clusters, indicating that a structural reorganization of 
the spheroid took place within 24–48 h after seeding. Another potential 
explanation would be the death of cells located in the spheroid interior, 
though we did not detect debris, which is typically observed after cell death, 
outside the spheroids. 
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Figure 4. Formation of homo- and hetero-spheroids in cell repellant 96-well plates evaluated by 
bright field and confocal microscopy. Primary PDAC5 (SSEA4) cells alone or mixed with 
immortalized PSC at different ratios were grown in 96-well cell repellant plates to form homo- 
and hetero-spheroids, respectively. All cells were first adapted to serum-free conditions for at 
least 2 weeks before the start of the experiments. Single spheroids were formed in each well. 
Representative images were taken on day 4 (A). Further images of PDAC5 (SSEA4) and 
PSC/PDAC5 (SSEA4) cells in homo- and hetero-spheroids were recorded by confocal 
microscopy, using serum-free adapted CFP-labeled PDAC5 (SSEA4) cells and immortalized GFP-
labeled PSCs growing as described in previous figures. The confocal images are maximum 
intensity projections of four consecutive single focal planes (1 µm apart), selected from the three-
dimensional z-stacks (100 µm with 1 µm steps). The corresponding three-dimensional 
reconstructions are shown in Supplemental Figure S6. Representative images of homo-spheroids 
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of PDAC5 (SSEA4) cells (B), and of hetero-spheroids of PSCs and PDAC5 (SSEA4) cells (at a ratio 
of 1:2, respectively) (C), were taken at 24 and 48 h after plating the cells. Of note, after 24h the 
spheroid has already started to form (Scale bar: 200 µm). Abbreviations: PDAC, pancreatic ductal 
adenocarcinoma; SSEA4, stage specific embryonic antigen-4; PSC, pancreatic stellate cell; CFP, 
cyan fluorescent protein; GFP, green fluorescent protein. 

2.6. Growth and Drug Response of PDAC Cells in the Presence of Immortalized 

PSCs in 3D Cultures Determined by Luciferase Assay 

The influence of PSCs on the growth of cancer cells as well as the effect of 
different drugs against homo-spheroids (PDAC5 (SSEA4)) and hetero-
spheroids (PSC/PDAC5 (SSEA4)) were examined in 3D cultures in serum free 
conditions by determination of Firefly luciferase (Fluc) activity, according to 
the workflow outlined in the Supplemental Figure S7. Fluc was indeed stably 
expressed in PDAC cells and enabled the quantification of viable tumor cells 
in spheroids. As reported in the Figure 5A, the firefly luciferase (Fluc) 
bioluminescence imaging (BLI) signal correlated proportionately with the cell 
number for both PDAC5 and PDAC5 (SSEA4). 
Hetero-spheroids were formed in ratios of 1:8, 1:4, 1:2 and 1:1 (PSC to PDAC 
ratios, respectively). After 7 days of incubation, we determined the growth 
percentage of PDAC5 (SSEA4) cells in hetero-spheroids relative to PDAC5 
(SSEA4) homo-spheroids, which did not contain PSCs. The number of viable 
PDAC5 (SSEA4) cells in hetero-spheroids was significantly increased 
compared to the homo-spheroids containing the same number of cancer 
cells (Figure 5B). 
In order to measure PDAC drug response in 3D conditions in the presence or 
absence of PSCs, homo- and hetero-spheroids were treated with various 
concentrations of cytotoxic drugs, including gemcitabine and oxaliplatin, as 
well as c-MET inhibitors, tivantinib, PHA-665752 and crizotinib for 72 h (Figure 
6). Crizotinib’s effect could be ascribed to solely MET inhibition, because the 
expression data in PDAC cells (Supplemental Figure S2) showed that MET 
expression was much higher compared to anaplastic lymphoma receptor 
tyrosine kinase (ALK), which had very low levels in these cells.  
All spheroids were much more resistant to cytotoxic drugs compared to 
monolayer cultures: In PDAC5 (SSEA4) homo-spheroids, gemcitabine 
concentrations as high as 50 µM decreased the growth only to 55.4%. This is 
remarkable if we consider that gemcitabine in monolayer cultures reduced 
the viability of PDAC5 (SSEA4) cells to less than 50% at a much lower dose of 
50 nM. In addition, the hetero-spheroids, especially those with 1:1 and 1:2 ratios, 
were even more gemcitabine resistant compared to homo-spheroids. 
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The same phenomenon of drug resistance in 3D compared to monolayer 
cultures was also observed for the other cytotoxic agent, oxaliplatin. Further, 
the 1:1, 1:2 and 1:4 PSC/PDAC5 (SSEA4) spheroids were more resistant to 
oxaliplatin at 25 µM compared to homo-spheroids, showing a trend towards 
a significant difference (p = 0.06 for PSC/PDAC5 (SSEA4) 1:1 at 25 µM 
compared to PDAC5 (SSEA4)). 
Importantly, while hetero-spheroids seemed to be more resistant to cytotoxic 
agents compared to homo-spheroids, the c-MET inhibitors, especially 
tivantinib and PHA-665755, were equally effective against homo- and hetero-
spheroids (Figure 6C,D). 

 

Figure 5. Evaluation of homo- and hetero-spheroids by luciferase assay. Representative images 
of a homo-spheroid of primary PDAC5 cells sorted for SSEA4 (PDAC5 (SSEA4)) (A, left upper 
image, bright field; left lower image, fluorescence microscopy for CFP. Analysis of luminescence 
showed that the increase in the BLI signal of Fluc correlates directly with the increasing number 
of cells (A, right panel); y-axis: relative light units per second (Rlu/s). This experiment corresponds 
to a single time point (i.e., 24 h after seeding), with different cell seeding densities. Effect of PSCs 
on proliferation of PDAC5 (SSEA4) cells in 3D culture was determined by luciferase assay and 
compared to homo-spheroids containing the same number of cancer cells (B). PSCs significantly 
increased PDAC5 (SSEA4) cell growth in PSC/PDAC5 (SSEA4) hetero-spheroids. Data show the 
mean ± standard error of mean (S.E.M.) of at least four experiments (*, ** and ***: the difference 
between the hetero-spheroid and homo-spheroid consisting of the same number of cancer cells 
was significantly different at p < 0.05, p < 0.01 and p < 0.005, respectively). Abbreviations: PDAC, 
pancreatic ductal adenocarcinoma; SSEA4, stage specific embryonic antigen-4; CFP, cyan 
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fluorescent protein; BLI, bioluminescence imaging; Fluc, firefly luciferase; PSCs, pancreatic 
stellate cells. 

 

 
 

Figure 6. Drug response in homo-spheroids [primary PDAC5 cells sorted for SSEA4 (PDAC5 
(SSEA4)] and hetero-spheroids [PSC/PDAC5 (SSEA4)] as determined by luciferase assay. PDAC5 
(SSEA4) cells alone or mixed with immortalized PSCs at different ratios were grown in 96-well cell 
repellant plates to form homo- and hetero-spheroids, respectively. After 4 days of incubation, 
the spheroids were treated with different drugs and incubated for further 3 days as also shown 
in representative images of spheroids treated with gemcitabine taken on days 4 and 7, A left 
panel). The spheroids were treated with cytotoxic agents gemcitabine (A), and oxaliplatin (B) as 
well as c-MET inhibitors, tivantinib (C), PHA-665752 (D) and crizotinib (E) for 3 days and cancer 
cell proliferation was assessed by luciferase assay. The data represent the mean ± standard 
error of mean (S.E.M.) of three to five experiments (* and **: the difference between the hetero-
spheroid and homo-spheroid treated with same dose of drug was significantly different at p < 
0.05 and p < 0.01, respectively). Abbreviations: PDAC: pancreatic ductal adenocarcinoma; SSEA4, 
stage specific embryonic antigen-4, PSC, pancreatic stellate cell.  

2.7. Effect of Combination of Gemcitabine and c-MET Inhibition in 3D Culture 

Homo- and hetero-spheriods were treated with a combination of 
gemcitabine and tivantinib, which emerged as the most active c-MET 
inhibitor, under the conditions described above. The combination of 
gemcitabine and tivantinib resulted as more effective compared to single 
treatments, and this effect was synergistic in the hetero-spheroids (Figure 7).  
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Figure 7. Effect of combination therapy on homo-spheroids [primary PDAC5 cells sorted for 
SSEA4 (PDAC5 (SSEA4)] and hetero-spheroids [PSC/PDAC5 (SSEA4)] cultures. The homo- and 
hetero-spheroids were formed as described in the methods. The 3D cultures were then treated 
either with gemcitabine or tivantinib or a combination of the two drugs for 3 days. The number 
of viable PDAC5 (SSEA4) cells were determined in spheroids by luciferase assay and were 
compared to their respective untreated controls. The data represent the mean ± standard error 
of mean (S.E.M.) of two to four experiments (*, ** and ***: the difference between drug treated and 
untreated spheroid was significantly different at p < 0.05, p < 0.01 and p < 0.005, respectively) (A). 
Calculation of combination index (CI) with Calcusyn software showed synergism (CI < 0.9) 
between gemcitabine and tivantinib, especially in PDAC5 (SSEA4) cells (B). Abbreviations: PDAC, 
pancreatic ductal adenocarcinoma; SSEA4, stage specific embryonic antigen-4; PSC, pancreatic 
stellate cells. 

2.8. Growth and Drug Response of PDAC Cells in the Presence of Primary PSCs 

in 3D Cultures Determined by Luciferase Assay 

In order to confirm the effect of immortalized PSCs on PDAC growth and drug 
response, we performed additional experiments using primary human 
pancreatic stellate cells (HPaSteC) in 3D hetero-spheroid cultures. The growth 
and drug response were examined by luciferase assay. Similar to our 
observation with immortalized PSCs, HPaSteCs also stimulated PDAC cell 
growth in spheroids (Figure 8A). Furthermore, PDAC5 (SSEA4) and 
HPaSteC/PDAC5 (SSEA4) spheroids seemed to be very resistant to 
gemcitabine (Figure 8B). However, the growth of both homo- and hetero-



 

 

106 

spheroids was dose-dependently reduced in response to tivantinib (Figure 
8C). 
 

 
Figure 8. Effect of primary human pancreatic stellate cells (HPaSteC) on proliferation and drug 
response of primary PDAC5 cells sorted for SSEA4 (PDAC5 (SSEA4)) in 3D culture determined by 
luciferase assay. PDAC5 (SSEA4) cells alone or mixed with HPaSteC at different ratios were grown 
in 96-well cell repellant plates as described in Figure 6 and Supplemental Figure S7. HPaSteC cells 
significantly increased PDAC5 (SSEA4) cell growth in hetero-spheroids (A). Homo- and hetero-
spheroids were treated with gemcitabine (B) or tivantinib (C) for 3 days and cancer cell 
proliferation was assessed by the luciferase assay. The drugs were tested in duplicate wells and 
the data represent the mean ± standard error of mean (S.E.M.) of three experiments (*: the 
difference between the hetero-spheroid and homo-spheroid consisting of the same number of 
cancer cells was considered significantly different at p < 0.01). Abbreviations: PDAC, pancreatic 
ductal adenocarcinoma; SSEA4, stage specific embryonic antigen-4; PSC, pancreatic stellate 
cells. 
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2.9. Effect of Tivantinib on Tubulin Polymerization in PDAC Cells 

Previous data in different cancer cell lines have supported the role of 
tivantinib in the inhibition of mitosis and impairment of cytoskeleton 
dynamics (32,33). Thus, we evaluated whether tivantinib could modulate 
microtubule stability, using a previously validated “whole cell” methodology 
for the quantitative analysis of tubulin polymerization levels within the cells 
(33,34). PDAC1 and PDAC5 cells were incubated with tivantinib and tubulin 
fluorescence was assessed by flow cytometry using a specific anti-α-tubulin 
antibody. In this assay tivantinib did not induce a significant modulation of 
the fluorescence signal (Supplemental Figure S8). These results suggest that 
the ability of tivantinib of disrupting microtubules is cell-dependent and does 
not occur in the primary PDAC cells evaluated in the present study.  
 

3. Discussion 

In this study, we used 2D and 3D cultures in order to explore the intricate 
interactions between human PSCs and primary pancreatic ductal 
adenocarcinoma (PDAC) cells. The PSCs conditioned medium (PCM), when 
added to monolayer cultures of primary PDAC5 (SSEA4), a subclone of 
PDAC5 cells resulted in considerable resistance against gemcitabine, 
associated to increased phospho-c-MET expression. Then, we successfully 
developed a 3D hetero-spheroid model consisting of the same primary PDAC 
cells and PSCs, in which we showed that the presence of PSCs significantly 
enhances the growth and gemcitabine resistance of PDAC5 (SSEA4) cells. 
However, c-MET inhibitors were equally effective against PDAC cells either in 
monolayer culture in the presence of PCM or in PSC/PDAC hetero-spheroids. 
The mutual interaction between stromal components and PDAC cells has 
been the focus of several recent studies (13,31,35–37). It has lately been 
suggested that hepatocyte growth factor (HGF) secreted by PSCs and the 
presence of HGF’s receptor c-MET on PDAC cells, may play a major role in 
the tumor promoting effect of PSCs on PDAC cells (29,31,35–38). Moreover, 
PDAC cell lines have been orthotopically co-injected with PSCs in mice and it 
has been observed that tumor size and progression was significantly higher 
compared to mice that had been injected with PDAC cells alone (20,39). In 
addition, HGF has been shown to induce chemoresistance in different cancer 
cells (40,41) and serum HGF levels have been correlated with prognosis and 
response to targeted therapies in colorectal cancer patients (42). 
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We observed that PDAC5 (SSEA4) cells showed enhanced phospho-c-MET 
expression when incubated with PCM. Based on these findings and our 
previous findings that c-MET is a valuable target in PDAC cells driven by this 
oncogenic pathway (27), these cells were used for monolayer and 3D 
experiments. 
We further observed that HGF secreted by PSCs was increased 3.5 times 
when these cells were stimulated with PDAC conditioned medium. Several 
signaling molecules secreted by PDAC cells could stimulate PSCs to secrete 
growth factors. For instance, galectin-3 (35), sonic hedgehog (31) and 
mutated KRAS (43) produced by PDAC cells have been implicated to mediate 
this effect. This phenomenon is extremely interesting since it shows that there 
is a reciprocal stimulatory interaction between cancer and stromal cells, as 
corroborated by several recent findings (31,37,43). HGF is among the most 
important growth factors that are secreted by PSCs in response to the 
stimulus received by PDAC cell and can, in turn, induce growth and drug 
resistance in cancer cells (30,31). 
In monolayer culture, the presence of PCM rendered the PDAC cells highly 
resistant to gemcitabine; concentrations that stopped the growth of cancer 
cells by more than 75% in normal condition, were indeed almost ineffective 
against PDAC cells in the presence of PCM. These results are in agreement 
with previous investigations reporting that PSC conditioned medium induced 
gemcitabine resistance of the PDAC cell lines Panc-1 and BxPC3 (21). However, 
in the present study, we also noticed that, under the same circumstances, 
several c-MET inhibitors were equally effective in the presence or absence of 
PCM. This observation strongly supports the notion that HGF is a principal 
component of PCM that causes cytotoxic drug resistance in cancer cells, 
which is consistent with previous studies (30,31,44). Moreover, a recent report 
showed that an HGF neutralizing antibody and a small c-MET inhibitor 
combined with gemcitabine greatly reduced tumor size in an orthotopic 
mouse model of PDAC (38). Of note, two of the c-MET inhibitors evaluated in 
our study, crizotinib and tivantinib, are already used in the clinical setting for 
different tumor types (45) and a phase I trial of gemcitabine combined with 
tivantinib, which emerged as the most active compound in our 3D models, 
showed good tolerability and early signs of antitumor activity, warranting 
further development of this combination in several solid tumors, including 
PDAC (46). However, the negative results of the “Tivantinib for second-line 
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treatment of MET-high, advanced hepatocellular carcinoma” (METIV-HCC) 
phase III randomized trial, showing that tivantinib did not improve overall 
survival compared with placebo in patients with c-MET-high advanced 
hepatocellular carcinoma, suggest that additional studies are needed to find 
biomarkers to identify the subsets of patients more sensitive to c-MET 
inhibition (47). For instance, our previous data showed that the synergistic 
interaction of tivantinib and gemcitabine was not associated with the increase 
in the accumulation of gemcitabine-nucleotides, as observed for crizotinib-
gemcitabine. Furthermore, no modulation of cytidine deaminase activity was 
determined by direct interaction with tivantinib. Conversely, we observed a 
significant inhibition of tubulin polymerization both after tivantinib and 
gemcitabine-tivantinib exposure in other cell lines (48). 
We reckon that these complex molecular mechanisms should be further 
investigated in more appropriate preclinical models. Regarding this issue, it 
has been recently shown by several lines of evidence that 3D models possess 
key characteristics that provide biologically relevant conditions and hence 
constitute an improved platform for pharmacological studies (22,24,49).  
Indeed, around 95% of anticancer agents that prove effective in the existing 
preclinical models, eventually fail in different stages of clinical assessments. 
This problem has raised serious doubt about the simple and very reductionist 
monolayer culture systems that do not incorporate the complexity of cancer 
cell microenvironment, including the reciprocal interaction with stromal cells 
in a 3D space (24). 
Furthermore, in light of the guiding principles of animal research like the “3Rs”, 
which stand for replacement, reduction and refinement, in vitro models such 
as spheroids could be an appropriate alternative to replace the use of 
animals and reduce costs to test pharmacological anticancer drugs, such as 
patient-derived xenografts (PDX) and genetically engineered mouse models 
(50). 
Hence, in order to shed further light on how PSCs and PDACs interact with 
each other, we set up a 3D model incorporating both cell types. Our spheroids 
grew steadily in commercially available 96-well cell repellant plates and the 
expression of Fluc in PDAC cells allowed reliable measurement of cancer cell 
growth by luciferase assay in these 3D cultures. Other investigators have used 
PDAC cell lines in a co-culture 3D system together with PSCs (51). However, to 
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our knowledge, this is the first report on the use of primary PDAC cells in a 
hetero-spheroid model. 
Early passages of primary PDAC cells better mimic the genetic characteristics 
of the disease and might be better predictors of anticancer drug activity (27). 
Moreover, we observed that PDAC5 (SSEA4) cells in both homo-and hetero-
spheroids were barely responsive to concentrations of up to 10 µM of the 
cytotoxic agents gemcitabine and oxaliplatin, i.e., more than 200 times higher 
than inhibitory concentration 50 (IC50) values in monolayer culture. This 
extreme drug resistance has been also reported by other investigators in 
cancer spheroid models (52) and demonstrates once again that 3D cultures 
more closely mimic the real in vivo conditions in which the PDAC tumor is 
usually inherently resistant to cytotoxic agents (22). Remarkably, PSC/PDAC5 
(SSEA4) hetero-spheroids were even more resistant to gemcitabine 
compared to PDAC5 (SSEA4) homo-spheroids. However, the c-MET inhibitors 
tivantinib, PHA-665755 and crizotinib affected homo- and hetero-spheroids 
equally. This further suggests that c-MET inhibitors represent a useful asset 
in control of PDAC cell growth in its microenvironment that normally contains 
activated PSCs (29). 
When primary human PSCs (HPaSteC) cells were used for spheroid 
formation, the observed drug responses were very similar to the results when 
immortalized PSCs were used in the 3D model. This confirms that the 
observed tumor-promoting effect is not limited to immortalized PSCs.  
Aside from drug resistance, it would be interesting to investigate the 
resistance to radiotherapy using co-cultured spheroids. PSCs were shown to 
mediate resistance to radiation treatment to PDAC cells via activation of 1-
integrin signaling (53). Previous studies have also demonstrated the use of 
spheroids in regards to radioresistance in human gliomas, albeit without 
consideration for the potential role the tumor microenvironment could play 
(54). In order to combat the drug- and radioresistance mediated by PSCs in 
PDAC, it would therefore be also crucial to investigate possible combinations 
of pharmacological and/or radiotherapeutic strategies, for example through 
combinations of radiosensitizing and cytotoxic agents with radiation 
treatment. 
Finally, another intriguing finding in this study was the structural 
reorganization that took place in hetero-spheroids revealed by confocal 
microscopy. Immortalized PSCs were found to move to the periphery in small 
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clusters on the border of the formed PDAC spheroids within 24–48 h after 
seeding. A possible explanation is the phenomenon of ‘leading cells’, which 
lead cancer cells and stimulate invasion. Koikawa and colleagues recently 
showed that PDAC cells follow PSCs in co-cultures on a collagen matrix (55). 
In our hetero-spheroids, it is possible that PSCs were migrating to the 
periphery, while in an ultra-low attachment surface the migration remained 
limited. 
 

4. Materials and Methods 

4.1. Cell Culture 

Primary human pancreatic ductal adenocarcinoma cells (PDAC1, PDAC2, 
PDAC3 and PDAC5) were isolated from patients undergoing 
pancreaticoduodenectomy in Pisa University Hospital, according to a 
protocol approved by the Ethics Committee at the same university hospital 
(Pisa, Italy, date of approval: July 3, 2013 (file number 3909)) (56).The resulting 
primary cultures were transduced with lentiviral vectors encoding firefly 
luciferase and CFP, as described previously (56,57). 
PDAC5 cells were sorted for stage-specific embryonic antigen-4 (SSEA4) 
positive cells by flow cytometry to generate the PDAC5 (SSEA4) subclone 
(58). 
A human immortalized PSC line expressing GFP was prepared as described 
earlier (59). Primary human PSCs were purchased from ScienCell Research 
Laboratories (Carlsbad, CA USA) and used for comparison of the findings 
obtained with immortalized PSCs in luciferase assay. 
For monolayer cultures, all cells were grown in complete growth medium 
including Roswell Park Memorial Institute-1640 medium (RPMI-1640, Lonza, 
BioWhittaker®, Basel, Switzerland) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS, Biowest, Nuaillé, France) and 1% 
penicillin/streptomycin (P/S, Lonza, BioWhittaker®, Basel, Switzerland) at 37 
⁰C in the presence of 5% CO2. The cells were subcultured twice a week using 
trypsin/ethylenediaminetetraacetic acid (EDTA, Lonza, BioWhittaker®, Basel, 
Switzerland) at a confluence of approximately 80%. Immortalized PSCs were 
incubated in 1 µg/mL puromycin (SigmaAldrich, St. Louis, MO, USA) after 
thawing for selection of GFP positive cells. For 3D experiments, the cells were 
adapted to serum fee conditions as described below. 
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For spheroid cultures, the cells were first adapted to serum-free medium. The 
concentration of FBS was decreased stepwise over the course of two weeks. 
FBS was substituted by a growth factor cocktail consisting of 20 ng/mL EGF, 
insulin (10 µg/mL), transferrin (5.5 µg/mL), selenium (6.7 ng/mL) 
(ThermoFischer Scientific, Gibco, Cat#41400-045, Waltham, MA, USA) and 
Glutamax (2 mM) (ThermoFischer Scientific, Gibco, REF#35050-038,Waltham, 
MA, USA). 
 

4.2. Enzyme-Linked Immunosorbent Assay (ELISA) of Phospho- and Total c-MET 

The binding of HGF with c-MET induces receptor dimerization, which results 
in trans-phosphorylation of the two tyrosine residues Y1234 and Y1235 within 
the catalytic domain, allowing for the recruitment of signal-relay molecules 
(60). Therefore, the expression of phospho-c-MET was further studied by a 
specific ELISA assay for these phosphorylation sites. Total c-MET expression 
was also analyzed by another specific ELISA assay. Cells were plated for 24 
h at a density of 100,000 cells/mL.  
After protein extraction from PDAC1, 2, 3, 5 and PDAC5 (SSEA4) cell pellets, c-
MET phosphorylation at tyrosine residues 1230, 1234, and 1235 (i.e., c-MET 
autophosphorylation sites [pYpYpY1230/34/35]) was evaluated with the 
ELISA assay #KHO0281 (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA), while total c-MET was evaluated with the ELISA assay #KHO0251 
(Thermo Fisher Scientific,Waltham, MA, USA), as described previously (33). 
Values obtained (using 10 mg/mL of protein lysates) in PDAC cells were 
calculated using standard curves, which were run with each specific assay 
using 100, 50, 25, 12.5, 6.25, 3.12, and 1.6 units/mL of standard human 
phosphorylated c-MET [pYpYpY1230/1234/1235], and 50, 25, 12.5, 6.25, 3.12, 
and 1.6 ng/mL of standard recombinant human c-MET, respectively. 
Furthermore, in order to assess the phosphorylation induced by HGF 
incubation, PDAC1, PDAC5 and PDAC5 (SSEA4) cells were seeded in six-well 
plates at a density of 100,000 cells/mL. After 24 h incubation, HGF was added 
at 20 and 60 pg/mL and the cells were further incubated for 24 h. The protein 
was extracted with the extraction buffer provided with the kit and total c-MET 
and phospho-c-MET were analyzed by ELISA as described above. 
 

4.3. Immunofluorescence Staining 

PDAC1, 2, 3, 5 and PDAC5 (SSEA4) cells were seeded in an Eight-Chamber-
Slides System (ThermoFischer Scientific, Lab-Tek, Waltham, MA, USA) at a 
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density of 100,000 cells/mL and grown for 24 h (2 mL of cell suspension in 
each well). Afterward, one third of the complete growth medium was 
substituted with PSC conditioned medium and the cells were incubated for 
further 24 h. The cells were fixed and stained with specific monoclonal rabbit 
anti-human c-MET and anti-phospho-Y1003-c-MET antibodies (1:200 dilution; 
Santa Cruz Biotechnology, Dallas, TX, USA), as described previously (27).  
The quantification of c-MET and phospho-c-MET staining was performed by 
the immunofluorescence (IF) assay. After fixation with 4% paraformaldehyde 
(PFA), slides were rinsed in PBS 1X for 10 min. After washing, the fluorescent 
secondary antibody was applied (1:50; 30 min at RT in darkness; Anti-rabbit 
IgG Fab2 AlexaFluor 488, and Anti-rabbit IgG Fab2 AlexaFluor 555 (Cell 
Signaling Technology, Danvers, MA, USA). The nuclei counterstaining was 
performed using a special fluorescence antifade containing 40,6-diamidino-
2-phenylindole (DAPI, ProLong®Gold Antifade Reagent with DAPI #8961, (Cell 
Signaling Technology, Danvers, MA, USA). 
Samples were stored at 4⁰C until analysis. The visualization and quantification 
were performed using a confocal microscope (Axio vert 200, Carl Zeiss 
Microscopy, Jena, Germany) and its dedicated software for image acquisition 
and digital imaging process (AxioVision version 4.2.3.1, Carl Zeiss Microscopy, 
Jena, Germany). The images were acquired at 40X magnification, using the 
same exposure time and laser intensity. Six different images (DAPI, Green, 
Red, Merge (M), Bright field (BF) and BF + M) were obtained for each field, as 
reported in the Figure 1.  
 

4.4. Stimulation of PSCs with PDAC Medium 

PSCs were stimulated with PDAC conditioned medium for 3 days. This was 
critical in order to obtain “stimulated” PSC conditioned medium (PCM, 
Supplemental Figure S3). Because the PDAC5 (SSEA4) subclone had the 
highest baseline phospho-c-MET expression we selected these cells to 
prepare conditioned medium, as follows: cells were grown in T75 cm2 flasks 
to a confluence of 90%. Afterward, the cells were washed and the medium 
was aspirated and substituted with RPMI-1640 medium (without any further 
supplements) and cells were incubated for further 72 h. Medium was then 
collected and centrifuged at 500 x g for 7 min and the supernatant was 
collected and stored at -20 ⁰C. 
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To obtain stimulated PCM, serum-free adapted PSCs (7x106 cells) were 
seeded in a 175 cm2 culture flasks with one third of the PDAC5 (SSEA4) 
conditioned medium and two-thirds of serum free medium. After 72 h of 
stimulation at 37 ⁰C, the medium was removed, the cells were washed and 
supplemented with RPMI-1640 and incubated for additional 72 h. Finally, 
conditioned medium of stimulated PSCs was collected and centrifuged at 500 
x g for 10 min. The supernatant was transferred into Amicon Ultra-15 
Centrifugal Units, MWCO3K (Merck Millipore, UFC90038, Burlington, MA, USA) 
and centrifuged at 3500 x g for 60 min at 4 ⁰C to prepare a 24x concentrated 
PCM. This “stimulated” PCM was stored at -20 ⁰C till analysis. 
 

4.5. Measurement of Hepatocyte Growth Factor in PSC Conditioned Medium and 

Serum Samples 

To quantify the hepatocyte growth factor (HGF) levels secreted by stimulated 
and non-stimulated (baseline) PSCs, we performed a quantitative human 
HGF Enzyme-linked immunosorbent assay (ELISA) by using a human HGF 
Quantikine ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the 
manufacturer’s instructions. Optical density was measured at 450 nm with a 
correction wavelength at 540 nm using the BioTek plate reader (BioTek 
Intruments Inc., Winooski, VT, USA). Since a recent study showed a correlation 
between high level of circulating cytokines and unresponsiveness in PDAC 
patients (61), we used the same ELISA kit to perform an exploratory analysis 
in the serum of 10 patients with metastatic PDAC who were treated with 
gemcitabine (62). The study was approved by the ethics committee of the 
University of Pisa (file number/approval 3773/2012)), and written informed 
consent was obtained from all the patients enrolled in the study. 
 

4.6. Sulforhodamine B Assay in Monolayer Culture 

To determine drug-induced cytotoxicity in monolayer culture, the 
sulforhodamine B (SRB) assay was performed using PDAC5 and PDAC5 
(SSEA4) cells grown in RPMI containing 10% FBS as described earlier (63). One 
hundred µl of cell suspension at a density of 3000 to 5000 cells/mL was 
added to each well of 96-well flat-bottom microplates. After incubation at 37 
⁰C overnight, 100 µL of test drugs at different concentrations were added in 
triplicate, while 100 µL medium was added to control cells. The above-
described concentrated stimulated PCM was added to the proper wells in a 
1:10 dilution right before the addition of the drugs. The plates were then 
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incubated at 37 ⁰C for 72 h, after which the cells were fixed with 25 µL of 50% 
cold trichloroacetic acid added to each well for 1 h at 4 ⁰C. After fixation, the 
plates were washed five times with distilled water. They were then left to dry 
overnight and 50 µL of SRB staining solution (SRB 0.4% (w/v) dissolved in 
acetic acid 0.1%) was added per well. After 15 min, the plates were emptied, 
washed four times with 1% acetic acid (SigmaAldrich, St. Louis, MO, USA), and 
again left to dry. Finally, 150 µL of Tris base solution (10 mM, Merck, 
Darmstadt, Germany) was added to each well and the optical densities were 
measured at 490 nm using a BioTek microplate reader (BioTek Instruments 
Inc., Winooski, VT, USA). For measurement of tivantinib effect against PDAC1-
3 cells, the experiments were performed as described above with the 
exception that tivantinib was incubated with cells for 48 hours. 
 

4.7. Growth of Spheroids in 96-Well Cell Repellant Plates 

PDAC5 (SSEA4) cells as well as immortalized and primary human PSCs were 
first adapted to serum-free conditions in the course of 2 weeks as described 
earlier before making spheroids. When the cells were fully adapted to serum-
free conditions, homo- and hetero-spheroids, consisting of cancer cells alone 
or cancer and PSCs together, respectively, were made in CELLSTAR®96-well 
cell repellent U-bottom plates (Greiner Bio-One, Cat No. 650970, 
Kremsmünster, Austria). Single cell solutions of PSCs and PDAC5 (SSEA4) 
were prepared and then mixed at different ratios (1:1, 1:2, 1:4 and 1:8, 
respectively) in 15 or 50-ml Falcon tubes. Two hundred and ten µL of different 
cell suspensions were then added to each well and left to incubate for 96 h at 
37 ⁰C in 5.0% CO2, during which spheroids were formed. The number of PDAC5 
(SSEA4) cells in each well were 20,000, while the number of PSCs varied from 
0 in homo-spheroids to 2500–20,000 in hetero-spheroids according to the 
ratio of PSC to PDAC cells (1:8 to 1:1, respectively). After 4 days, 140 µL of 
medium was replaced by media containing various concentrations of drugs. 
This step was carefully performed by tilting the plate at 45 degrees and 
carefully placing the pipette tips to the side of the well in order not to disrupt 
the spheroid structure. 
To assess the drug resistance in homo- and hetero-spheroids, we selected 
two cytotoxic drugs which are commonly administered to PDAC patients in 
the clinical setting, such as gemcitabine and oxaliplatin. Furthermore, c-MET 
inhibitors, such as tivantinib, crizotinib and PHA-665752 (Selleck Chemicals, 
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Houston, TX, USA) were used. Drug-treated spheroids were then incubated 
for 72 h at 37⁰C and 5% CO2. Spheroid bright field images were taken daily 
with a Leica DM3000 B microscope (Leica Microsystems, Wetzlar, Germany). 
These spheroids were also used for the firefly luciferase assay and confocal 
imaging, as described below. 
 

4.8. Firefly Luciferase Assay 

PDAC5 (SSEA4) which expressed Fluc provided the basis for quantification of 
the effect of the various drugs on cancer cells in homo- and hetero-spheroids, 
by measurement of luminescence. In this assay, a higher luminescence signal 
corresponds to a higher signal related to viable PDAC5 (SSEA4) cells in 
spheroids. After drug treatment of spheroids for 3 days, 100 µL of medium 
was removed from each well. As described above, this step was carefully 
performed by tilting the plate at 45 degrees and gently placing the pipette 
tips to the side of the well. Potassium D-luciferin (Gold Biotechnology, Cat. No. 
LUCK-1G, St. Louis, MO, USA) was diluted 1:5 in phosphate buffered saline 
(PBS) and added to each well to obtain a final concentration of 8.2 µM. The 
plates were incubated for 1 h at 37 ⁰C. Luminescence was measured with the 
BioTek plate reader (BioTek Instruments Inc.,Winooski, VT, USA).  
The pharmacological interaction of gemcitabine and tivantinib was assessed 
using the multiple drug effect analysis based on the methods described by 
Chou and collaborators in which a Combination Index (CI) CI < 0.9 means 
synergism; CI = 0.9–1.1 means additive interaction; CI > 1.1 means antagonism, 
as reported previously (64). The data were processed by the Calcusyn 
Software (Biosoft, Cambridge, UK) which calculates the CI of the combination 
based on the effect of the growth inhibition caused by the drugs alone relative 
to the effect produced by the combination. 
 

4.9. Confocal Microscopy 

Three-dimensional live spheroid imaging was performed on a home-built 
setup based on an Axiovert 200 microscope body (Carl Zeiss Microscopy, 
Jena, Germany). Confocal imaging was achieved by means of a spinning disk 
unit (CSU-X1, Yokogawa, Musashino, Tokyo, Japan). The confocal image was 
acquired on an emCCD camera (iXon 897, Andor). IQ-software (Andor) was 
used for basic setup-control and data acquisition. Illumination of CFP- and 
GFP-labeled spheroids was performed with two different lasers of 
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wavelengths 405 (CrystaLaser, Reno, NV, USA) and 488 nm (Coherent Inc., 
Santa Clara, CA, USA). Accurately controlled excitation intensity and 
excitation timing were achieved using an acousto-optic tunable filter (AA 
Optoelectronics, Orsay, France). Light was coupled into the confocal 
spinning-disk unit by means of a polarization maintaining single-mode fiber 
(OZ Optics, Ottawa, Canada). The fluorescent signal was collected by a 
10x/0.3 air objective (Carl Zeiss Microscopy, Jena, Germany). Three-
dimensional images of PDAC/PSC spheroids were obtained by imaging 100 
µm z-stacks (every 1 µm) using a piezo system (Physik Instrumente, Karlsruhe, 
Germany). 
 

4.10. Microtubule Stabilization Analysis 

PDAC1, and PDAC5 cells were seeded in six-well plates (1x105 cells/well) and 
exposed for 24 h with either vehicle or tivantinib 2.5 and 8.1 µM (in PDAC1 and 
PDAC5 cells, respectively). Then the cells were trypsinized, harvested, and 
microtubules stabilized in MicroTubule Stabilizing Buffer (80mM Pipes [pH 
6.8], 1 mM MgCl2, 5 mM EDTA, and 0.5% Triton X-100), as described previously 
(34). Staining was performed with anti-tubulin-Fitc conjugated antibody (1:50, 
CA #8058, Cell Signaling Technology, Danvers, MA, USA) and analyzed by 
flow cytometry on a FACSCalibur (Becton Dickinson, Franklin Lakes, USA). 
 

4.11. Statistical Analysis 

In comparison of two un-paired groups such as PDAC cells in the presence or 
absence of PCM (Figures 1 and 3), samples were analyzed with unpaired t-
test using the GraphPad Prism version 7 software (GraphPad Software, San 
Diego, CA, USA). Whenever several groups were compared (Figures 5–8), 
one-way analysis of variance (ANOVA) with Fisher’s Least Significant 
Difference (LSD) post hoc test was applied with the same software. 
 

5. Conclusions 

The findings of this study show that there is a reciprocal interaction between 
PDAC cells and an important component of their microenvironment, PSCs. In 
the context of this pathologic liaison, cancer cells stimulate PSCs to secrete 
growth factors such as HGF, and in turn HGF and probably other factors 
secreted by these stromal cells induce proliferation and drug resistance in 
PDAC cells. We also establish for the first time a 3D model encompassing 
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primary human PDAC cells and PSCs. This method, which could be used for 
high throughput pharmacological screenings, shows that c-MET inhibitors, 
different from cytotoxic agents such as gemcitabine and oxaliplatin, can be 
effective against cancer cell growth in the presence of PSCs. Hence, the 
findings of this study present further evidence on the role of PSCs in providing 
growth support and induction of drug resistance for PDAC cells. This report 
also establishes a biologically relevant new model that takes into account the 
contribution of PDAC microenvironment and represents an important tool for 
a more realistic pharmacological assessment of anticancer as well as anti-
stroma-directed therapies. 
 

Supplementary Materials 

The following are available online at http://www.mdpi.com/2072-
6694/11/5/638/s1, Figure S1: Kaplan–Meier (KM) curve for MET mRNA 
expression. Thirty-two samples lacked survival data and were omitted from 
the analysis. The online platform R2 (R2.amc.nl) enabled us to perform the 
KM survival curve. The pancreatic cancer dataset (TCGA data) with a median 
cutoff was selected (left panel). Graph of MET gene expression sorted from 
the lowest to the highest labeled by event (right panel). Figure S2: Gene 
expression of MET and ALK in PDAC1-5 primary cultures. MET mRNA 
expression is significantly up-regulated compared to ALK expression (p = 
0.03). Figure S3: Expression of phospho-c-MET in human primary PDAC cells. 
Human primary PDAC cells isolated from PDAC patients (PDAC1, 2, 3, 5 and 
PDAC5(SSEA4)) were grown in culture plates. Total proteins were extracted 
from PDAC cells and subjected to analysis by ELISA assay specific for 
phosphorylated tyrosine residues 1230, 1234, and 1235 as well as total c-MET. 
Standard curves of phospho-c-MET (A) and total c-MET (B) as well as base 
line c-MET expression levels (C) are shown. Figure S4: Schematic description 
of stimulation of PSCs with PDAC medium, in order to obtain “stimulated” PSC 
conditioned medium (PCM). Incubation of PDAC cells with PCM resulted in 
gemcitabine resistance, Figure S5: Representative image showing 84 single 
homo-(PDAC5(SSEA4)) or hetero-spheroids (PSC/PDAC5(SSEA4)) formed in 
each well of a 96-well cell repellant plate, 96 h after seeding cells. For the 
formation of homo-spheroids, we used 20,000 PDAC5 (SSEA4) cells, while the 
hetero-spheroids were formed using 20,000 PDAC5 (SSEA4) cells growing in 
co-culture with 10,000 or 20,000 PSC cells. Figure S6: Three-dimensional 
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reconstructions of PSC/PDAC5 (SSEA4) spheroids at 24 h (A) and 48 h (B) 
after seeding. The 3D reconstruction was created using ImageJ (NIH) from 
confocal z-stacks (100 µm with 1 µm steps). These figures are z-stack movies 
embedded in .ppt to show the three-dimensional rendering of the 
representative spheroids in Figure 3C. Figure S7: Schematic representation of 
formation of spheroids and the luciferase assay, which was used to evaluate 
the growth of the co-cultured PDAC spheroid models. Figure S8: Effect of 
tivantinib on microtubule stabilization and growth in PDAC cells. PDAC1 and 
PDAC5 cells were seeded in six-well plates and exposed for 24 h with either 
vehicle or tivantinib 2.5 and 8.1 µM (in PDAC1 and PDAC5 cells, respectively). 
Then the cells were trypsinized, harvested, and microtubules stabilized in 
MicroTubule Stabilizing Buffer. Staining was performed with anti-tubulin-Fitc 
conjugated antibody and the cells were analyzed by flow cytometry. 
Tivantinib did not induce a significant modulation of the fluorescence signal 
(A). PDAC1-3 cells were grown in 96-well plates in monolayer culture and after 
being exposed to tivantinib for 48 h, their growth was measured by SRB assay 
as explained in Figure 3 (B). Figure S9: Measurement of serum HGF levels in 
PDAC patients. The concentration of HGF was measured in the serum of 
patients with metastatic PDAC who were treated with gemcitabine. Serum 
samples from five patients who achieved stable disease (SD) and five 
patients who underwent progression at restaging of disease (PD) were 
measured. HGF levels in PD patients was higher than SD subjects, however 
this difference did not reach statistical significance. 
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Abstract 

Cancer metastasis to distant organs is initiated by tumor cells that 
disseminate from primary heterogeneous tumors. The subsequent growth 
and survival of tumor metastases depend on different metabolic changes, 
which constitute one of the enigmatic properties of tumor cells. Aerobic 
glycolysis, ‘the Warburg effect’, contributes to tumor energy supply, by 
oxidizing glucose in a faster manner compared to oxidative phosphorylation, 
leading to an increased lactate production by lactate dehydrogenase A 
(LDH-A), which in turn affects the immune response. Surrounding stromal 
cells contribute to feedback mechanisms further prompting the acquisition of 
pro-invasive metabolic features. Hence, therapeutic strategies targeting the 
glycolytic pathway are intensively investigated, with a special interest on their 
anti-metastatic properties. Various small molecules, such as LDH-A inhibitors, 
have shown pre-clinical activity against different cancer types, and blocking 
LDH-A could also help in designing future complimentary therapies. 
Modulation of specific targets in cells with an altered glycolytic metabolism 
should indeed result in a milder and distinct toxicity profile, compared to 
conventional cytotoxic therapy, while a combination treatment with vitamin 
C leading to increasing reactive oxygen species levels, should further inhibit 
cancer cell survival and invasion. In this review we describe the impact of 
metabolic reprogramming in cancer metastasis, the contribution of lactate in 
this aberrant process and its effect on oncogenic processes. Furthermore, we 
discuss experimental compounds that target glycolytic metabolism, such as 
LDH-A inhibitors, and their potential to improve current and experimental 
therapeutics against metastatic tumors. 
 
Keywords: Glycolysis, Metastasis, LDH, Tumor microenvironment, Vitamin C  
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1. Introduction 

Cancer development is a multi-step process that results from genomic 
instability. Genetic alterations enabling the extensively described “cancers’ 
hallmarks”, include proliferative signaling sustenance, angiogenesis induction, 
cell death resistance, growth suppressors circumvention and replicative 
immortality, immune evasion and metabolic reprogramming have recently 
emerged as core traits of tumors (1).  
More specifically, the altered glycolytic metabolism pathway is implicated in 
various cancer types, where cells switch from oxidative phosphorylation 
(OXPHOS) in the mitochondria to aerobic glycolysis. The latter is also known 
as the “Warburg effect”, which is described as a high rate glycolysis followed 
by lactic acid fermentation despite the presence of available oxygen (2). In 
addition, several cancers are much more hypoxic than normal tissues and 
therefore, altered lactate production may also result from an adaption to 
tumor environmental cues (3). These metabolic changes confer selective 
advantages to cancer cells, by providing nutrients and essential components 
to build biomass, such as amino acids, lipids, and nucleotides. Altered 
metabolism also contributes to the modulation of apoptosis, angiogenesis, 
anti-anoikis and anchorage-independent expansion, conferring a metastatic 
phenotype to the cells (4).  
The renewed interest in tumor metabolism during the last decade has 
generated hope that a new class of effective anti-cancer treatment strategies 
might finally arise. Enzymes playing an essential role in alterations in 
glycolysis and glutamine metabolism in tumors proved to be promising 
targets in preclinical studies, warranting further studies on cell type specific 
interactions which might limit their clinical activity. Remarkably, an improved 
knowledge of the influence of tumor metabolism in supporting the metastatic 
behavior is also essential to combat the most aggressive tumors. To date, the 
biological complexity coupled with invasion and metastatic cascades have 
indeed limited the research and investment in potentially valuable novel 
therapeutic agents (5). However, the growth and survival of tumor 
metastases depend on particular metabolic pathways that facilitate 
reciprocal interactions between cancer cells and host homeostatic 
mechanisms in the metastatic niches (6). Targeting these interactions, in 
addition to the key signaling pathways driving tumorigenesis, should produce 
synergistic therapeutic effects. Thus, in order to enhance efficacy of current 
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treatments as well as prompt the development of more effective therapies, it 
is crucial to get more insight into metabolic signaling alterations that lead to 
metastatic phenotypes.  
Several studies revealed that a peculiar glycolytic metabolism is associated 
with cancer stemness, invasive behavior and poor prognosis (7). Over the 
past few years, many molecules have been investigated for targeting the 
glycolytic pathway by inhibiting lactate dehydrogenase A (LDH-A) (8–10), a 
key enzyme in the conversion of pyruvate into lactate. Remarkably, LDH-A 
overexpression is correlated with a poor survival in patients with solid tumors 
and has also been linked to chemo- and radiotherapy resistance (11). The 
investigated experimental molecules vary from penicillic acid and oxamate, 
the more historical inhibitors, to bi-functional inhibitors and N-hydroxyindole 
based compounds that show selectivity for LDH-A compared to other 
isoforms. A promising compound is glucose-conjugated lactate 
dehydrogenase inhibitor (NHI-Glc-2), which showed a higher intracellular 
concentration due to its uptake by cancer cell overexpressing glucose 
transporter 1 (GLUT-1) and activity in preclinical models of hypoxic tumors, 
such as peritoneal mesothelioma and pancreatic cancer (9). In this review we 
describe the impact of metabolic reprogramming in cancer metastasis, the 
contribution of lactate in this aberrant process and its effect on oncogenic 
signaling pathways. Furthermore, experimental compounds that target 
metabolism, with a special focus on LDH inhibitors, and their potential novel 
applications in cancer treatment will be discussed. 
 

1.1 Cancer cell glycolytic metabolism 

Pioneer Otto Warburg, described the metabolism of carcinoma cells almost 
a century ago (2). This ingenious study was initiated by the observation of 
sea urchin eggs that increased in size during fertilization, leading to the 
hypothesis that an acceleration of respiration might apply to carcinomas as 
well. Warburg and collaborators found a lower respiration in the tumor of a 
seminal vesicle in a rat, prompting investigation of nutritional molecules such 
as amino acids, glycose and fatty acids. Unexpectedly, amino acids did not 
affect the respiration whereas lactate production from glucose stopped 
respiration, which led to the investigation of glycolysis in presence or absence 
of oxygen in carcinoma tissues. Cancer cells were found to prefer aerobic 
glycolysis, despite the presence of oxygen and the energetically more 
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efficient OXPHOS. These findings are described as the “Warburg effect” and 
in the past decade, a renewed interest on this phenomenon has prompted 
more research on cancer cell metabolism, including multi-scale 
computational studies on both Warburg effect, glutamine addiction and the 
“reverse Warburg effect”, in which tumor cells force non-cancerous cells in 
the tumor’s microenvironment to consume glucose (12,13).  
More specifically, epithelial tumor cells can induce aerobic glycolysis in 
neighboring stromal fibroblasts, which in turn causes their differentiation into 
myo-fibroblasts/cancer-associated fibroblasts (CAFs) (13). In these myo-
fibroblasts, the produced lactate and pyruvate are transported via the 
monocarboxylate transporter (MCT) allowing the uptake of lactate and 
pyruvate by epithelial cells. Subsequently, pyruvate and lactate are then used 
for ATP production via the energetically favorable tricarboxylic acid (TCA) 
cycle in the epithelial cells, enabling a higher cell proliferation capacity. This 
phenomenon is also reported by Vincent and collaborators (14), where 
human keloid fibroblasts (KFs) generated the required ATP via glycolysis. 
Unraveling the causes underlying these molecular mechanisms could pave 
the way to innovative therapeutic strategies targeting cancer metabolism. 
Glycolysis initiation requires glucose uptake, which is performed by the 
glucose transporters (GLUTs) via facilitated diffusion or by the sodium-
glucose linked transporters (SGLTs) (Fig. 1) (15). Then, hexokinase (HK) 
catalyzes the first critical and irreversible step in glycolysis: conversion of 
glucose to glucose-6-phosphate (G6P) (16–18). The conversion ensures that 
the glucose will not diffuse back out of the cells. There are 4 types of HK that 
have been intensively studied, namely HK1, HK2, HK3, and HK4 (19). HK4 is the 
only low-affinity HK known, while the rest of these hexokinases are 
considered as high-affinity enzymes. In cancer cells, due to accelerated 
glucose metabolism, high affinity HKs are often over-expressed, particularly 
HK2 (20). HK2 has been studied extensively as a prognostic biomarker in 
several solid tumors and has been linked to a poor clinical outcome in 
hepatocellular carcinoma and colorectal carcinoma (21). Notably, it has also 
been linked with larger tumor size and higher tendency of nodal involvement. 
Glucose-6-phosphate is further metabolized into fructose-6-phosphate (F6-
P), fructose-1,6-biphosphate (F1,6BP) and glyceraldehyde-3-phosphate (G3P), 
by glucose-6-phosphate isomerase, phosphofructokinase and aldolase, 
respectively (18,22). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
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converts G3P to glycerate-1,3-diphoshate (G1,3DP) and subsequently to 3-
phosphoglycerate (3PG). Next, 3-phosphoglycerate is converted into 
pyruvate via 2–phosphoglycerate (2PG) and phosphoenolpyruvate (PEP), 
mediated by enolase and pyruvate kinases, respectively. Pyruvate is taken 
up into mitochondria, converted into acetyl coenzyme A (Acetyl-CoA) and 
can then enter into the TCA cycle. Pyruvate can also be reduced to lactate by 
LDH-A, which is a target gene of c-Myc and hypoxia-inducible factor (HIF-1α) 
(23). Simultaneously, LDH-A regenerates nicotinamide adenine dinucleotide 
(NAD+) molecules to meet the high energy demand of a cancer cell (24). The 
LDH family of enzymes consists of five isoforms, which are tetrameric 
structures with distinct catalytic activities (25). LDH-A has been proven to be 
associated with cell proliferation survival, angiogenesis, invasion and 
metastasis, as well as immune escape (25–28). Its clinical importance is 
reflected by its high expression in many types of solid cancers (29) and its 
overexpression has been established as a prognostic factor in renal (30), 
pancreatic (31), liver (32), lung (33) and breast cancer (34). The reverse 
function, conversion of lactate to pyruvate, is mainly led by LDH-B isoform, 
which converts lactic acid to pyruvate and regenerates nicotinamide adenine 
dinucleotide (NADH) molecules. In cancer, due to the high levels of 
extracellular lactic acid, LDH-B is mostly expressed in surrounding tissue and 
tumor microenvironment (35). Most importantly, disruption of both isoforms 
has been shown to enhance OXPHOS signaling (35), which eventually can be 
blocked by electron transport chain (ETC) inhibitors, leading to cancer cell 
death (36). These results underline the need of new drugs specifically 
targeting different enzymes of the cancer glycolytic metabolism, as 
discussed in the following paragraphs. 
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Fig. 1. Targeting tumor-
metabolism and metastatic 
progression. Oncometabolites 
such as glucose or lactate, play a 
crucial role in tumor progression 
and metastasis and are reported 
to induce cell recruitment and 
migration, extracellular matrix 
(ECM) remodeling and epithelial-
to-mesenchymal transition 
(EMT). Small-molecule inhibitors 
such as STF-31, WZB117, 2-DG and 
Oxamate could hinder the 
metastatic progression by 
targeting glucose transporter 1 
(GLUT1), hexokinase (HK) and 
lactate dehydrogenase (LDH-A), 
respectively, leading to a 
decreased glucose uptake, lower 
production of glucose-6-
phosphate (G6P) and a decrease 
of lactate production. Another 
potential inhibitor of 
invasiveness, cell migration and 
metastasis is high dose vitamin C, 
which can be imported into the 
cell as its oxidized form (DHA) via 
the GLUT-1 transporter and its 

dehydrogenated form (AscH-) by the sodium-ascorbate co-transporter (SVCT). Vitamin C can prevent metastatic niche formation mostly by increasing 
reactive oxygen species (ROS), which disrupt the high energy demand of tumor cells by hindering ATP and NAPDH formation. Other observed effects of 
vitamin C on the glycolytic pathway are: an increase of the first glucose metabolites G6P, fructose-6-phosphate (F6-P) and fructose-1,6-biphosphate (F1,6BP) 
and a decrease of downstream intermediates, such as 3-phosphoglycerate (3PG), phosphoenolpyruvate (PEP), pyruvate and lactate, and the crucial 
enzyme LDH-A, probably via HIF-1 degradation. To note, vitamin C might reverse the epithelial-to-mesenchymal transition (EMT) by increasing and 
reducing E-cadherin/VIM and Snail expression, respectively, and also by inhibiting matrix metalloproteases (MMPs) activity. 
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1.2 Cancer metastasis: role of glycolytic metabolism 

Over a century ago, Stephan Paget described cancer metastasis as the seed 
and soil phenomenon, where cancer cells represent the seeds that find a new 
soil (other organ microenvironments) for further growth (37,38). Paget 
emphasized that metastasis is dependent on both the characteristics of the 
cancer cell and the responses of the soil. The circulating cancer cell should 
survive the multiple steps of metastasis and find an organ that can host 
(‘function as the soil’) this cancer cell. Importantly, not all organs can serve as 
hosts, as metastasis are most frequently found in the brain, lungs, liver and 
bone. Interestingly, an increasing extent of evidences supports the hypothesis 
that metabolic flexibility is a key determinant for the success of the metastatic 
process as well as in the interaction with the metastatic microenvironments 
of specific organs (39).  
Cancer metastasis to distant organs is initiated by tumor cells that 
disseminate from primary heterogeneous tumors, invade surrounding tissue, 
and enter the circulation. The circulating tumor cells establish pre-metastatic 
niches in distant organs usually in a dormant state, and require activation 
stimuli from the primary tumor to produce micrometastases (6). Cancer cells 
that shed from a primary tumor need to overcome the energy deficit to 
survive and form metastases, and it has been suggested that most of them 
might acquire a glycolytic phenotype (40). The oxidation of glucose into 
lactate indeed offers a crucial growth advantage. Though with glycolysis the 
cancer cells produce less ATP/mol glucose compared to cells using the citric 
acid cycle and the respiratory chain, this production is about 100 times faster 
due to the much shorter reaction pathway (41). In addition, because of the 
glycolytic switch and increase of the “waste” product lactate, the cancer cells 
can influence the microenvironment by stimulating angiogenesis, via 
activation of HIF1α and upregulation of the vascular endothelial growth factor 
(VEGF) and VEGF receptors (42) as well as increased extracellular 
acidification, which contributes to evading surveillance by the immune system 
(43). For instance, breast cancer cells metastasizing to the liver had a 
dominant aerobic glycolytic metabolic phenotype, compared to lung and 
bone metastases, which were more dependent on OXPHOS (44).  
However, a number of studies have reported differing metabolic changes 
underlying metastasis, showing for instance that the KISS1 metastasis 
suppressor protein reverses the Warburg effect by shifting from glycolysis to 
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mitochondrial beta-oxidation, but also that enhanced tumor invasiveness is 
associated with elevated ATP production, pyruvate uptake, and oxygen 
consumption (45). These controversial findings can be explained by the fact 
that even within a hypoxic tumor mass where most cancer cells rely only on 
glycolysis, a small percentage (5–10%) of glucose is still used for the OXPHOS 
via the mitochondria and the respiratory chain (46). Accordingly, preclinical 
models of breast cancer and melanoma preclinical models showed that 
some metastatic cancer cells have a high oxidative metabolism, which 
increases in parallel to the progressive acquisition of metastatic traits (47,48). 
In particular, Porporato and collaborators (48) described a different 
“metabolic switch” affecting mitochondria, which involves overload of the ETC 
or partial ETC inhibition associated with enhanced superoxide production. 
These phenotypes result in superoxide-dependent cancer cell migration, 
invasion, and metastasis.  
Another pivotal process enabling metastasis is the cell-biological program 
named epithelial-mesenchymal transition (EMT), by which epithelial cells lose 
their polarity and cell-cell adhesion, while gaining migratory and invasive 
properties to become more mesenchymal. Notably, analysis of the metabolic 
gene expression signature in 20 different tumor types showed that 
metastasis correlated with downregulation of mitochondrial genes, which 
was also associated with EMT (49). Similar results were reported in a 
metabolite profiling approach in pancreatic cancer cells, which showed that 
the subpopulation enriched for glycolytic-related metabolites is 
characterized by a mesenchymal phenotype. Furthermore, pancreatic 
cancer cells exposed to EMT inducers, such as transforming growth factor β 
(TGF-β) and tumor necrosis factor-α (TNF-α) increased glucose uptake and 
lactate secretion, without affecting OXPHOS metabolism (50). However, other 
studies described a metabolic signature characterized by reduced glycolysis 
and increased consumption of glucose through the TCA cycle for ATP and 
glutamate production in lung cancer mesenchymal cells (51). 
Recently, Zhu and collaborators (52) reported the inhibition of cancer cell 
apoptosis and metastasis xenografts by Kudingcha, a Chinese traditional 
medicine, in triple negative breast cancer cell lines (MDA-MB-231 and 
HCC1806) and in immune-competent and –deficient mice bearing HCC1806 
xenografts. Kudingcha treatment increased protein expression of apoptosis 
markers cleaved PARP, cleaved caspase-3 and decreased Bcl-2 levels, which 
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was prevented by apoptosis inhibitor Z-VAD-FMK. Moreover, it inhibited cell 
migration and downregulated the protein expression of beta-catenin, snail 
and vimentin, which are commonly overexpressed in metastasis. To explain 
these results Zhu and collaborators propose that ROS production upon 
treatment modulates cell death and inhibits EMT. Remarkably, Kudingcha 
induced metabolic changes, where key components of glycolysis HK2, PKM2, 
phopshofructosekinase and transporters GLUT1 and GLUT2 protein 
expression was decreased after treatment, while lactate production was 
diminished.  
Surrounding stromal cells contribute to feedback mechanisms prompting the 
acquisition of pro-invasive metabolic features. In particular, the conversion of 
glucose leads to an increase of lactate that is secreted mainly by hypoxic 
cells and taken up by neighboring cells via bidirectional MCTs, where it can 
fuel anabolic pathways. Cancer-associated fibroblasts can also serve as a 
source of lactate, and play a role in the activation of the NF-kB signaling 
pathway and epigenetic reprogramming (53). Interestingly, in an 
immunodeficient murine system, lactate promoted breast cancer stem cell 
(CSC)-like properties that could be reverted by vitamin C, a LDH-A lowering 
agent (54), supporting further studies to unravel new mechanisms underlying 
the still controversial anti-cancer property of vitamin C.  
Of note, glycolytic metabolism has also been associated with a CSC 
phenotype, which is involved in both tumor relapse and invasion in several 
cancer types (26). However, different studies in CSC showed a glycolytic or 
OXPHOS addicted metabolic phenotype in various tumor types and even 
within different cell lines of the same tumor type. For instance, in breast 
cancer cells MDA-MB-231 and lung cancer H1299 cells, CSC related RNA 
binding protein LIN28B promoted aerobic glycolysis and increased lactate 
secretion (55). LIN28B knockdown by shRNA led to inhibition of glycolysis and 
conversely an increase in OXPHOS. Moreover, shLIN28B-MDA-MB-231 cells 
injected in mice formed smaller tumors with low levels of lactic acid, and 
produced less metastatic sites in the lung compared to wild type cells. Breast 
cancer stem cells, identified by a high aldehyde dehydrogenase 1 (ALDH1) 
expression and grown as spheroids, showed a higher glycolytic capacity 
compared to non-spheroid cells and lactate increased the number of MDA-
MB-231 cells with high expression of ALDH or CD44+CD24-MCG-7, promoting 
migration. Briefly, in this study lactate or low pH contributed to cancer-
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associated stemness in breast cancer cells and LIN28B increased glycolysis 
via the MYC/miR-34a-5p axis. Conversely, the same MDA-MB-231 cells, as well 
as SUM159PT, MCF-7, and T47D breast cancer cell lines propagated as 
mammospheres. Therefore models enriched in CSCs produced less lactate 
and are much more dependent on OXPHOS than their differentiated progeny 
(56). Similarly, KRAS ablation-resistant lung and pancreatic cancer cells 
displaying CSC traits were less dependent on glycolysis than on OXPHOS (57). 
However, a resistant subpopulation of pancreatic cancer CSC clones showed 
reduced sensitivity to mitochondrial targeting with metformin because of a 
peculiar intermediate glycolytic/respiratory phenotype (58). These results 
underline the metabolic plasticity of cancer cells, and support further studies 
on combinations of metabolic inhibitors.  
Moreover, co-culturing of renal cancer cells (786-O) with human vascular 
endothelial (HUVEC) cells showed an enhanced proliferation, migration and 
invasion compared to single cell type culturing (59), supporting the notion of 
cancer cell promoting interactions with the TME. In this study the MCT inhibitor 
7AAC1 reduced the increased viability of the co-cultured cells, their migratory 
ability and invasion. Similarly, patient-derived CAFs co-cultured with primary 
lymphoma cells increased cell viability and supported tumor cell survival, 
whereas mono-cultured primary lymphoma cells with a higher yH2A.X and 
caspase-3 expression could not survive (60). Moreover, less ROS production 
was measured in the co-culture. 
 

1.3 Anti-cancer agents targeting the Warburg effect  

Many small inhibitory molecules that target glycolysis have been discovered, 
but most of these molecules are still in pre-clinical phase (Table 1). So far, the 
main targets include glucose uptake (mediated mostly by GLUT-1), glucose 
retention (through HK), and lactate production (catalyzed by LDH-A). 
Therefore, we describe in the following paragraphs the most important 
studies on GLUT-1, HK and LDH-A inhibitors, reporting, when available, the 
findings on modulation of cancer cells invasion/migration and metastasis. 
 

1.4 GLUT-1 inhibitors 

Due to high proliferative and glycolytic rate, cancer cells have a high glucose 
consumption rate (16). In order to compensate for this consumption, enzymes 
and transport proteins involved in glucose uptake and glucose metabolism 

Chapter 7 



 

 

138 

are upregulated in cancer cells. In particular, the glucose transporter GLUT-1, 
also known as solute carrier family 2, facilitated glucose transporter member 
1 (SLC2A1), is overexpressed in various tumor types (61,62). Normally present 
in red blood cells, GLUT-1 is a rate limiting glucose transporter that enables 
cancer cells to accumulate glucose to fulfill their metabolic requirements (63). 
A large number of studies have demonstrated the pivotal role of GLUT-1 in 
carcinogenesis in a wide array of tumors. Most importantly, increased 
expression of GLUT-1 has also been linked to invasive behavior and increased 
metastatic features (62,64,65). For instance, it has been directly linked to 
vessel density and a higher degree of vascular invasion in esophageal 
carcinoma (64). The clinical implication of GLUT-1 emerged in several clinical 
studies. GLUT-1 over-expression was significantly associated with poor 
prognosis in breast cancer, salivary gland tumor, ovarian cancer, bladder 
cancer, colorectal cancer, esophageal cancer and oral squamous cell 
carcinoma (64). However, it should be noted that other studies have failed to 
find a similar correlation (62). Nevertheless, due to the abundant evidence of 
the Warburg effect in cancer, it can be concluded that there is a high 
probability that GLUT-1 plays a critical role in cancer aggressive behavior.  
Only a few GLUT-1 inhibitory agents have been tested, including STF-31 and 
WZB117 (Fig. 2) (66,67). STF-31 was effective in reducing glucose uptake, 
inhibiting tumor progression and inducing apoptosis in von Hippel-Lindau 
(VHL) deficient renal cell carcinoma. However, this study used cells lacking 
VHL while cancer cells with functional VHL survived the treatment. Therefore, 
STF-31 has a narrow therapeutic potential due to molecular restrictions (66). 
WZB117 has been tested against human ductal breast carcinoma and non-
small cell lung cancer cells with promising results (67). WZB117 effectively 
inhibits glucose uptake, proliferation, and tumor progression both in vitro and 
in vivo. However, despite its efficacy, up-regulation of several glycolytic 
enzymes and autophagy should be taken into consideration as these may 
reflect the compensative mechanism of the tumor cells towards a decreased 
supply of glucose. 
More recently, new oxime-based inhibitors, originally designed as estrogen 
receptor (ER) ligands, proved to be able to efficiently hinder glucose uptake 
and cell growth in H1299 lung cancer cells (68). Of note, one of these 
compounds was able to restore the repression of aerobic glycolysis induced 
by inhibitors of the PI3K/mTOR pathway in primary pancreatic cancer 
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resistant cells, supporting their synergistic interaction with cytotoxic 
compounds (69). These results should prompt additional studies to unravel 
the role of cell metabolism in resistance to new anti-signaling therapies and 
to identify innovative metabolic promising inhibitors that might be exploited 
by combination therapies.   
 

1.5 Hexokinase inhibitors 

The aforementioned HK is considered one of the most promising potential 
targets for anti-glycolytic therapies and one compound developed against 
HK already managed to enter clinical trials. This compound, 2-deoxy-D-
glucose (2-DG, Fig. 2), acts as competitive inhibitor for glucose due to its 
structural similarity (70–73). However, instead of being processed via the 
glycolytic pathway, 2-DG is trapped in its phosphorylated form and 
accumulates in the cytoplasm and inhibits HK, leading to depletion of glucose 
supply and ATP (71,74,75).  
The results of preclinical studies of 2-DG were convincing and a phase I dose-
escalation trial of combination of 2-DG and docetaxel in 34 patients with 
metastatic or advanced solid tumors reported that the clinically tolerated 
dose for 2-DG was 63 mg/Kg (71). Eleven of the thirty-four (11/34) patients 
had stable disease that remained until the 4th cycle while 22/34 patients 
progressed. Only 1 out of 34 patients experienced partial response (PR), but 
this patient had previously received intensive treatments. Hyperglycemia was 
the most common side effect, whereas gastrointestinal bleeding and QT 
prolongation (measured by electrocardiogram) were less frequent (71). 
Another phase I dose-escalating study evaluated the effective dose and 
efficacy of 2-DG in castration resistant prostate cancer by monitoring the 
level of p62 protein to determine the tumor burden (72). This study 
recommended a lower clinical dose (i.e., 45 mg/Kg) due to prominent QT 
prolongation in patients who received 60 mg/Kg 2-DG. The level of p62 
protein was decreased in all subjects but no other examination was reported 
(72). 
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Table 1. List of agents targeting Warburg effect in cancer 

Drug type Compound 
Name 

Cancer type Study 
Phase 

Drawback Reference 

GLUT-1 Inhibitor      
 STF-31 Renal 

Carcinoma 
Preclinical Narrow 

therapeutic 
range 

(66)  

 WZB117 Ductal breast 
carcinoma, non-
small cell lung 
cancer 

Preclinical Early phase 
study, lack of 
evidence 

(67)  

Hexokinase 
Inhibitor 

     

 2-deoxy-d-
glucose (2-
DG) 

Advanced Solid 
Tumor, Prostate 
Cancer, Glioma 
Multiforme 

Phase I 
Clinical 
Trial 

Low response 
rate, variability 
in 
recommended 
dose 

(71-73)  

Lactate Dehydrogenase 
Inhibitors 

     

Pyruvate 
Competitive 
Agent 

Oxamate 
 

Cervical Cancer, 
Gastric Cancer 
 

Preclinical 
 

Poor 
membrane 
penetration 
 

(92,144)  

NADH-
competitive 
agent 

 

Gossypol 
 

Metastatic 
breast cancer, 
malignant 
glioma, 
metastatic 
adrenal cancer 

Phase I/II 
clinical 
trial 
 

Low response 
rate 

(101-103)  

 FX-11 Adrenal cancer Preclinical 
 

Reactive 
catechol 
moiety 

(23,106,145)  

 Quinoline 3-
sulfonamide 
 

Lymphoma, 
Pancreatic 
Cancer 
 

Preclinical 
 

Low clearance 
rate 
 

(108)  

Pyruvate and 
NADH-
competitive 
agent 

N‐
hydroxyindo
les (NHI) 

Hepatocellular 
carcinoma 
 

Preclinical 
 

Early phase 
study, lack of 
evidence 
 

(9,113)  

Free LDH-A 
Binding Agent 
 

Galloflavin Pancreatic, 
breast cancer, 
hepatocellular 
carcinoma 

Preclinical Early phase 
study, lack of 
evidence 

(110, 111, 146)  
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2-DG also has been studied in glioma multiforme in combination with 
radiotherapy (73). In this study, the patients were treated with four weekly 
fractions of oral 2-DG (200 mg/kg body weight) followed by whole brain 
irradiation (5 Gy). Nausea and vomiting were observed during the days of 
combined therapy in 50% of the patients. However, no significant brain tissue 
damage was reported, and all the twenty patients completed the treatment 
without interruption, with seven patients surviving more than 18 months.  
Overall, the application of 2-DG needs to be further evaluated due to 
difference in clinically recommended dose as well as side effects such as 
hypoglycemia (71–73). The clinical efficacy of this agent is also still 
questionable due to lack of response (71,72). However, a recent report from 
Cheong and collaborators support the continuation of 2-DG application in 
clinical setting. These researchers indeed reported that the combination of 2-
DG with metformin increased AMPK activation, which enhanced apoptosis 
induction in gastric cancer, esophageal cancer, osteosarcoma, and breast 
cancer, both in vitro and in vivo (76–78). However, no clinical evidence is yet 
available to justify this combination in the clinical setting. Of note, a preclinical 
study in glioma cells suggested that 2-DG treatment activated the anti-
apoptotic protein kinase B (Akt) signaling that might, in turn, reduce its clinical 
efficacy (79). In this context, simultaneous inhibition of the NADPH oxidase 
4/Akt signaling enhanced 2-DG-induced suppression of glycolysis. In 
addition, this combination reduced migration, and invasion of glioma cells in 
vitro and induced anti-angiogenic effects in vivo, suggesting a role of this 
therapeutic strategy in reducing cancer metastasis. 
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Fig. 2. Glycolytic pathway inhibitors. Chemical structures of small molecules targeting the 
glycolytic pathway. The key chemical moieties necessary for the inhibition of the targets are 
highlighted for each molecule. 

1.6 Historical overview of LDH inhibitors 

LDH is the primary glycolytic enzyme that catalyzes the synthesis of lactate 
from pyruvate and vice versa. This enzyme plays a key role in the interaction 
between tumor and stroma. For instance, CAF-induced lactate production 
increases activity of sirtuin 1 (SIRT1) with consequent deacetylation/activation 
of peroxisome proliferator-activated receptor gamma coactivator (PPARG) 1 
alpha, a master regulator of mitochondrial biogenesis, involved in EMT and 
invasion of prostate cancer cells (80). A seminal study showed that silencing 
of LDH impaired tumor initiation and progression (81). Thus, several different 
classes of LDH inhibitors have been described or synthesized, and here we 
present an overview of these compounds (Fig. 2), with special emphasis on 
the potential role of small molecule inhibitors in targeting LDH activity and 
modulating cancer metastatic behavior.  
To develop LDH inhibitors, the chemists have used different approaches 
including fragment-based lead generation coupled with X-ray 
crystallography, molecular dynamics and simulations, receptor-based 
pharmacophore modeling and structure-based virtual screening, as recently 
reviewed (82). 
One of the first inhibitors of LDH is penicillic acid, a mycotoxin produced by 
different species of Penicillum. This fungal toxin showed antibiotic activity and 
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toxicity against animals, and had a carcinogenic effect in rats and mice 
(83,84). In vitro studies on rabbit-muscle LDH highlighted that penicillic acid is 
a competitive inhibitor of LDH-A (85).  
Oxamic acid (Oxamate) is a pyruvate competing inhibitor of LDH-A (Ki=136 
μM) (86) and LDH-B (Ki=94.4 μM) (87). Nevertheless, oxamate showed better 
affinity with Plasmodium falciparum pfLDH (IC50=94 μM) than human LDHs, 
thus leading to the development of new oxamic acid analogues as potential 
anti-malaria agents (88). In addition, oxamic acid also exerts an inhibitory 
activity on aspartate aminotransferase (AAT), an enzyme involved in the 
malate-aspartate shuttle, showing better inhibition of AAT than LDH-A. 
Interestingly oxamate suppressed tumor metastasis in an orthotopic renal 
xenograft model (89). However, this compound is characterized by non-
enzyme specific inhibition, weak potency, and poor cellular uptake due to its 
high polarity, which requires the use of high oxamate concentrations in order 
to obtain the inhibition of aerobic glycolysis and tumor cell proliferation in 
vitro (90–93), limiting its further development. 
Gossypol (reported as (R)-(−)-Gossypol in the Fig. 2) is a natural structure 
extracted from the cotton seeds (94,95). Gossypol exists as two enantiomers 
and some preliminary studies highlight that the bioactivity of gossypol is 
influenced by its chirality. (R)-(−)-gossypol induces dose-dependent cytotoxic 
effects on a series of cancer cell lines including melanoma, breast, lung, 
leukemia and cervix with a mean IC50 value of 20 μM, and it is more potent 
than the (S)-(+)-gossypol (96). Despite the importance of the chirality on 
gossypol activity, most of the biological assays reported in literature have 
evaluated both enantiomers. Gossypol mainly acts on dehydrogenase 
enzymes such as LDH-A but can also inhibit GAPDH (97). Gossypol non-
selectively inhibits LDH-A and LDH-B by competing with NADH, exhibiting Ki 
values of 1.9 and 1.4 μM, respectively (98). Moreover, gossypol can chelate 
metal ions (99), resulting in non-specific toxicity that leads to side effects such 
as cardiac arrhythmias, hypokalemia, renal failure, muscle weakness, fatigue 
and occasionally paralysis (100). The first dose escalation clinical trials were 
conducted with patients with metastatic adrenal cancer and malignant 
glioma (101,102). Flack and collaborators reported that gossypol was 
generally well tolerated by metastatic adrenal cancer patients with minor 
side effects, but the response rate was considerably low (101). The trial in 
malignant glioma conducted by Bushunow and collaborators reported 
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similar findings of a well tolerated drug with minor side effects, but low 
response rate (only 2 of 15 subjects showed partial response and 4 subjects 
stable disease) (102). Another Phase I/II clinical trial conducted in metastatic 
breast cancer patients, refractory to anthracyclin and taxane, reported 
similar findings. However, this study also found that gossypol modulates 
retinoblastoma (Rb) and cyclin D1 expression (103). Of note, Rb has a key role 
in the control of cell adhesion and how aberrations in these adhesive features 
of cancer cells may drive metastasis (104).  
In these clinical studies, oral doses ranged from 30 to 70 mg/day, without 
correlation between dose and adverse effects and it has therefore been 
difficult to develop promising anticancer agents with gossypol as lead 
compound.  
Among 2,3-dihydroxy-1-naphtoic acid derivatives structurally related to 
gossypol, FX11 (Fig. 2) was previously developed as antimalarial agent and 
further selected as potential anticancer agents, because it preferentially 
inhibits LDH-A (105). Further studies on purified human liver LDH-A showed 
that FX-11 efficiently inhibits LDHA with a Ki value of 8 μM in competition with 
NADH. FX-11 also negatively affects cellular energy supply, decreases cellular 
production of lactate, induces oxidative stress and finally provokes cell death. 
FX-11 reduces cancer cell growth in lymphoma and pancreatic cancer cell and 
xenograft models (23,106). Remarkably, it has also been tested against more 
aggressive pancreatic xenograft LZ10.7 in vivo and proved to be effective 
even as single agent (23). Moreover, inhibition of LDHA activities by FX11 
inhibited migration and invasion of different cancer cells, such as PC-3 and 
DU145 cells (107). However, to date, no clinical trial is yet conducted to 
evaluate the clinical activity of FX-11.  
NADH-competing agent quinoline-3-sulfonamide (Fig. 2) has great selectivity 
against LDH-A over LDH-B with an effective concentration of 2–3 nM (108). in 
vitro experiments of this agent in the hepatocellular carcinoma cell line 
Snu398 showed a significant decrease in lactate production, whereas oxygen 
consumption, glycolytic rate and TCA metabolites were elevated. 
Unfortunately, due to the low clearance rate of quinoline-3-sulfonamide, in 
vivo experiments were not performed (108,109). 
Galloflavin (Fig. 2) is a product of oxidation of gallic acid, identified as an 
inhibitor of both human isoforms LDH-A and LDH-B. In vitro studies on 
hepatocellular carcinoma PLC/PFR/5 cells showed inhibition of aerobic 
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glycolysis, decreased lactate production, ATP levels and cell growth. In 
addition, the anti-tumor effect of galloflavin has been shown in various breast 
cancer cell lines (110), representing the different pathological subtypes of this 
tumor: MCF-7 (well differentiated form), MDA-MB-231 (aggressive triple 
negative tumor) and MCF-Tam (tamoxifene resistant sub-line of MCF). 
Although MDA-MB-231 and MCF-Tam showed higher LDH levels and glucose 
uptake and had a lower capacity to consume oxygen, galloflavin exerted 
similar growth inhibition effects, suggesting its potential in inhibiting more 
aggressive cancer cells. Moreover, this study showed that blocking the 
oxidative stress function drove growth inhibition of MCF-Tam and MDA-MB-
231 cells. These important results should encourage the further development 
of galloflavin as a promising antitumor agent. However, it is important to 
consider that galloflavin has a more complex mechanism of action (111). It 
primarily binds to free LDH-A and, thus, blocks glycolysis but also interferes 
with LDH-A/ssDNA in a lesser extent and inhibits RNA synthesis in vitro. 
Further testing is needed to confirm its efficacy, including anti-metastatic 
activity and possible side effects in vivo. 
 

1.7 Novel LDH inhibitors 

A new class of N-hydroxyindole based compounds were reported as selective 
LDHA inhibitors with inhibition values in the low micromolar range by 
competing with both the substrate pyruvate and the cofactor NADH, as 
demonstrated by modeling studies (112). The most representative N-
hydroxyindole based compounds are reported in Fig. 2. The carboxylic acid 
derivative NHI-1 inhibited LDH-A with a Ki value of 8.9 μM with respect to the 
cofactor NADH and 4.7 μM with respect to the substrate pyruvate, (113). 
Interestingly, its methyl ester analogue NHI-2 was more effective in cell-
based assays due to its better cellular permeability and efficient lactate 
production reduction in cancer cells (114). However, both compounds NHI-1 
and NHI-2 were effective in reducing highly glycolytic CSC in glioblastoma 
multiforme, triggering apoptosis and cell differentiation (115), though the anti-
proliferative effect exerted by the two compounds was transient. These two 
compounds were also particularly effective in hypoxic models of pancreatic 
cancer, where they induced apoptosis, affected invasiveness, spheroid 
growth and reduced expression of metalloproteinases (9). Of note, their 
synergistic interaction with gemcitabine was attributed to modulation of 
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gemcitabine metabolism, overcoming the reduced synthesis of 
phosphorylated metabolites in hypoxia. 
A recent development of this class of derivatives includes the glucose-
conjugated methyl ester NHI-Glc-2, which is a weaker inhibitor (Ki value of 
37.8 μM) than the N-OH methyl ester NHI-2 (Ki value of 5.1 μM) on the isolated 
enzyme (116). However, NHI-Glc-2 exploits the GLUT-1 overexpression, leading 
to an increased cellular uptake and proved to reduce lactate production and 
decreased cancer cell proliferation. In a recent study, NHI-Glc-2 was 
combined with deoxynyboquinone (DNQ) creating the simultaneous 
generation of superoxide and hydrogen peroxide which caused synergistic 
cancer cell death (117). An increased OXPHOS was the result of LDH-A 
inhibition by NHI-Glc-2 leading to the generation of hydrogen peroxide, while 
DNQ was reduced by NAD(P)H quinone oxidoreductase 1 (NQO1), 
simultaneously forming superoxide. These results suggest that simultaneous 
exposure to reactive oxygen species (ROS)-inducing agents can be a 
powerful and selective anticancer strategy for preventing metastatic 
progression (118). Moreover, it should prompt further studies on the role of 
OXPHOS in modulating LDH-A inhibition, as described in the following 
chapter. 
 

1.8 LDH-A inhibition, oxidative stress and the potential role of vitamin C 

In pre-clinical studies, LDH-A inhibitors have shown to successfully impair 
tumor growth mostly by enhancing oxidative stress (23,119). However, 
resistance has been linked to OXPHOS and off-target effects are not yet 
described (24). Le and collaborators showed that LDH-A inhibition increased 
oxidative and bioenergetics stress by enhancing mitochondrial oxygen 
consumption and ROS levels in lymphoma and pancreatic cancer cell lines 
(23). Interestingly, adding the antioxidant N-acetylcysteine (NAC), which 
diminished cell death, restored this oxidative stress.  
It is also well-known that cancer cells switch from glycolysis to OXPHOS 
signalling to cope with high oxidative stress levels and produce enough 
energy to survive. Remarkable research in the field demonstrates that this 
metabolic plasticity is essential for tumor progression and metastasis 
development, where mitochondrial activity plays a key role (6,120,121). Cancer 
cells also use this metabolic flexibility to sense changes occurring in the tumor 
microenvironment, such as hypoxia, as well as to interact and exchange 
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metabolites, such as lactate, with stromal/epithelial cells and others (122,123). 
In addition, accumulation of these onco-metabolites in the cytosol and in the 
mitochondrial matrix has a tremendous effect on ROS homeostasis and 
antioxidant response, angiogenesis and EMT induction (Fig. 1) (39,120). For 
instance, accumulation of succinate, fumarate and D-2-hydroxyglutarate (D-
2-HG) inhibits ten-eleven translocation (TET) enzyme function, inducing EMT 
gene expression and thus, promoting cell migration. 
Due to the high metabolic heterogeneity of tumors, new combination 
strategies are needed to target not only the rapid proliferating and glycolytic 
cells, i.e. LDH-A/B inhibitors, but also the OXPHOS-dependent tumor cells, i.e. 
metformin, and NQO1 inhibitors (124). A reemerging anti-cancer compound, 
known to induce cancer cell death by boosting oxidative stress and 
interfering with cancer metabolism, is high-dose intravenous vitamin C (IVC) 
(125–129). 
Clinical studies have shown that high IVC allows plasma peak concentrations 
of ˜ 20 mM, needed for cancer cell killing (130,131). Interestingly, preclinical 
studies show vitamin C concentrations below 5mM are sufficient to 
successfully impair cancer cell growth in most cancer cells (132,133). 
Moreover, recent studies show vitamin C to have a beneficial and epigenetic 
effect in some tumors by acting as a cofactor for TET dioxygenases, 
influencing cancer cell migration (134–136). 
The exact mechanisms of vitamin C hydrogen peroxide (H2O2)-mediated 
cytotoxicity and cancer susceptibility have not yet been revealed. A great 
number of studies have shown redox balance, iron and energy metabolism, 
hypoxia, epigenetics and chromatin remodelling to play a key role in the 
response to high dose vitamin C. Several studies have explored the immediate 
vitamin C effects on cancer cell metabolism (137). Researchers showed that 
vitamin C interfered with glycolysis and the TCA cycle, hindering the energy 
flux and thus inhibiting ATP and NADPH production (137) (Fig. 1). It is known 
that high levels of ATP are crucial for circulating tumor cells, which use their 
antioxidant mechanisms, such as Nrf-2 signalling, and thus produce high 
levels of NAPDH (6). Due to its pro-oxidant capacity, vitamin C might be able 
to impair survival of circulating tumor cells by reversing ROS scavenging and 
thus preventing metastatic niche formation (Fig. 1). In addition, reduction in 
pyruvate and glutathione (GSH) has also been observed. By boosting ROS 
levels, vitamin C also reduces cancer cell motility and extracellular matrix 
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remodelling mainly by increasing Ecadherin expression, by decreasing Snail 
expression and through the inhibition of matrix metalloproteinases (MMPs) 
(138,139). 
In cancer cells, mitochondrial dysfunction can lead to increased invasiveness. 
H2O2 interferes with Fe-S proteins, which are involved in processes such as 
DNA replication and maintenance, TCA cycle, ATP synthesis, mitochondrial 
respiration (i.e. mitochondrial ETC complexes I-II) and fatty acid oxidation. 
Based on previous research, vitamin C can be hypothesized to also disrupt 
OXPHOS signalling and thus impair cell invasion (Fig. 1). If glycolysis is then 
blocked by simultaneous exposure to LDH inhibitors, cancer cells would no 
longer be able to meet the high energy demand, leading to cell death. 
Keeping with this hypothesis, increasing evidence supports tumor cell efficacy 
of the combination of glycolytic inhibitors and vitamin C in several cancer 
types (140), mainly due to elevated oxidative stress and DNA fragmentation. 
A number of studies also show reliable safety and tolerance (141,142) 
improved patient survival (127), selective cancer toxicity and potential 
efficacy of IVC (128,132,143). For instance, clinical testing in combination with 
gemcitabine in a Phase I/IIa study showed potential synergism and reduced 
chemo-toxicity in pancreatic cancer patients. Currently, a total of 36 clinical 
trials -active, completed or terminated- are assessing IVC treatment outcome 
(https://clinicaltrials.gov/), and further studies on combination of IVC with 
LDH inhibitors are warranted. 
 

2. Conclusions 

Metabolic reprograming is a common mechanism of cancer cells to cope with 
the high energy demand. In particular, the glycolytic pathway is described in 
many cancer types to be upregulated and contributing to cancer cell 
development and metastasis. 
Over the years, various small molecules are tested for the inhibition of the 
components of the glycolytic pathway, however only a small portion made it 
into the clinical trials, warranting novel preclinical and clinical development 
strategies, which should focus on the anti-metastatic properties of anti-
glycolytic compounds. 
In the preclinical setting, studies on both ortothopic patient-derived 
xenografts, reproducing clinical metastatic routes, as well as in 
immunocompetent animal models will help in better understanding the 

https://clinicaltrials.gov/
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molecular interaction among tumor, tumor microenvironment and distant 
metastasis, including analysis of immune modulation. These studies should 
guide rational drug development, which should also consider both the main 
features of metastatic cancers and tumor metabolic plasticity and 
heterogeneity. 
Blocking LDH could also help in designing future complementary therapies. 
Monotherapy activity might indeed not be a realistic expectation for these 
agents, because cells driven by glycolytic metabolism represent only a 
subpopulation, though critically important, in most tumors. These agents 
should then have long half-lives to exploit fluctuating metabolism or for 
efficient bystander killing. However, inhibition of molecular targets in cells with 
glycolytic metabolism should offer a more benign and distinct toxicity profile, 
compared to the toxicity profile of conventional cytotoxic therapy, and 
therefore have greater opportunity for combination with current standards 
of care or with other agents, such as IVC, enhancing intratumoral ROS levels 
and thereby affecting cancer cell survival and invasion. 
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Abstract 

Direct targeting of energy metabolism to defeat cancer is not a recent 
strategy. Although quite a few drugs use cellular metabolism for their 
antitumor effect, no direct inhibitors of energy metabolism have been 
approved by the FDA. Currently, several inhibitors of lactate dehydrogenase 
A (LDH-A), a key player in glycolysis, are in development. Earlier, we 
demonstrated the efficacy of N-hydroxyindole-based LDH-A inhibitors in 
different cancer types. In this study we describe the efficacy of NHI-Glc-2, 
which is designed to dual target cancer cells, by exploiting a simultaneous 
enhanced glucose uptake by overexpressed glucose transporter 1 (GLUT1) 
and by inhibition of LDH-A. NHI-Glc-2 inhibits LDH-A enzyme activity, PANC-1 
cell growth and disrupts spheroid integrity, with an overall effect that is more 
pronounced when combined with gemcitabine. 
 

Introduction 

The high proliferation rate of cancer cells requires sufficient supply of 
nutrients to enable cell growth (1). In various cancer types, one of the 
pathways that is upregulated to provide this increased nutrient demand, is 
glucose metabolism, i.e. glycolysis. The glucose transporter 1 (GLUT1, also 
known as solute carrier family 2, facilitated glucose transporter member 1, 
encoded by the SLC2A1 gene), mediates glucose uptake into the cell, where it 
is converted via multiple steps to lactate (2, 3). The last essential step in this 
pathway is lactate dehydrogenase A (LDH-A), which catalyzes the conversion 
of pyruvate to lactate using nicotinamide adenine dinucleotide (NADH) as a 
cofactor. The overexpression of LDH-A contributes to an increased 
production of lactate, which causes a decrease in the pH of the tumour 
microenvironment. Both acidification and extracellular accumulation of 
lactate, contribute to the suppression of immune effectors (4), cause 
antioxidant defenses against chemotherapeutics (5) and favour tumour 
invasion (6).  
Targeting cancer cells by LDH-A inhibition is, therefore, being explored in 
various cancer types. A recent study reported that LDH-A inhibition combined 
with interleukin (IL)-2 led to an increase of stem cell memory T cells (Tscm), 
which resulted in an improved anti-tumour response and host survival (7). In 
our previous studies, we reported an increased sensitivity to N-
hydroxyindole-based LDH-A inhibitors, NHI-I and NHI-2, in pancreatic cancer 
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cells growing under hypoxic conditions (8). Furthermore, the combination of 
NHI-I or NHI-2 with gemcitabine was synergistic, and led to inhibition of cell 
migration and invasion. In hypoxic mesothelioma cells, with a low proton-
coupled folate transporter expression, an increase of LDH-A was found (9); 
hence, treatment with the glucose-conjugated analogue NHI-Glc-2 was 
examined (10). Moreover, in these hypoxic mesothelioma models, the 
combination of NHI-Glc-2 with gemcitabine was synergistic, which supports 
the hypothesis that LDH-A is a promising target.  
In this research perspective we highlight LDH-A inhibition as a strategy to 
target cancer by showing the effect of hypoxia on LDH-A expression, its 
inhibition by glucose conjugated inhibitor NHI-Glc-2 in PANC1 cells and the 
effects of this compound on spheroids integrity. 
 

Results and discussion 

LDH-A is overexpressed in various types of cancer (11–13), and contributes to 
the aberrant metabolism that stimulates cancer growth and invasion. In a 
cohort of 172 patients, downloaded from LinkedOmics.org, patients were 
divided in a low (n=86) or high (n=86) expression group based on the median 
LDH-A expression (Figure 1, left). In this cohort a high LDH-A expression 
correlated with a significantly shorter overall survival (OS) (p-value 0.0006), 
which is in line with previous studies in a cohort of 72 pancreatic cancer 
patients (13), as well as in different tumour types (12, 14, 15). In the same 
dataset, a high expression of SLC2A1 (GLUT1) similarly correlated with a 
shorter OS (Figure 1, right). Likewise, in a metaanalysis of eight studies 
comprising 538 cases, a high GLUT-1 expression predicted a shorter OS in 
patients with pancreatic cancer (16).  
Targeting metabolism for cancer treatment to overcome drug resistance is 
being investigated intensively over years. However, many inhibitors targeting 
enzymes of the glycolytic pathway did not progress to clinical trials. The few 
inhibitors that reached phase I trials often failed because of toxicity or lack of 
efficacy, as summarized previously (2); therefore more research is 
warranted. An increased knowledge of the anticancer activities displayed by 
these compounds does, however, serve as a basis to improve available 
entities or as a tool for the development of new structures.  
In this research perspective we show the effect of a structurally modified 
analogue of NHI-2: NHI-Glc-2. Based on the overexpression of GLUT-1 in 
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pancreatic cancer, NHI-2 was conjugated with a glucose moiety to result in 
an increased intracellular accumulation (10) (Figure 2). Exploiting both the 
overexpression of GLUT1 and LDH-A, this compound is expected to lead to an 
improved drug response. 
 

 
Figure 1. LDH-A and SLC2A1 overexpression correlate with a poor overall survival (OS). Kaplan-
Meier curves and logrank test indicate that a high expression of LDH-A (grey line) correlated with 
a significantly shorter OS (p-value 0.0006) (left). Similarly, a high expression of SLC2A1 (GLUT1) 
(grey line) correlated with a lower OS (p-value 0.0291) (right). Groups were separated based on 
median expression and data was downloaded from LinkedOmics.org and log2 transformed. 

 

 

Figure 2. Chemical structure of LDH-A inhibitor NHI-Glc-2 (A) and its putative mechanism of 
action exploiting the overexpression of glucose transporter 1 (GLUT1, gene SLC2A1) leading to an 
increased intracellular concentration to inhibit in cancer overexpressed LDH-A (B).  

In the tested cell line, PANC-1, an increased LDH-A mRNA expression was 
observed after growing the cells in a hypoxic environment (1% O2 ) (Figure 
3A), supporting previous results (8) and the well-known notion that cells in 
hypoxia switch to an anaerobic glycolysis. Moreover, cells growing as three-
dimensional (3D) spheroids, which possess a hypoxic core (9), had a higher 
LDH-A protein expression. Besides the overexpression of both LDH-A mRNA 
and protein, the activity of LDH-A was measured by following the conversion 
of NADH to NAD+ spectrophotometrically, in which a decrease in NADH 
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indicates a higher LDH-A activity (Figure 3B). PANC1 cells grown in hypoxia 
showed the highest LDH-A enzyme activity compared to cells grown in 
normoxia. Addition of 10 µM of NHI-Glc-2 under normoxic conditions 
significantly inhibited LDH-A enzyme activity.  
NHI-Glc-2 is capable of inhibiting PANC-1 cell growth in the micromolar range 
(Figure 3C) while most importantly, in a 3D spheroid model assay, treatment 
with NHI-Glc-2 disrupted spheroid integrity (Figure 3D). However, the 
commonly used anticancer drug gemcitabine does not have any effect in this 
model, but the combination of gemcitabine and NHI-Glc-2 had a more 
pronounced effect on the spheroids compared to either monotherapies. 
Nonetheless, more research in a variety of cell lines and models is warranted, 
both under normoxia and hypoxia. 
 

 

Figure 3. Targeting overexpressed LDH-A in PANC-1 cells. LDH-A mRNA and protein expression 
is increased in hypoxia (paired t-test p<0.05) and in spheroids, respectively (A). Moreover, LDH-
A activity is increased in hypoxia (as indicated by a lower absorbance) and inhibited by 10 µM 
NHI-Glc-2 compared to cells grown in normoxia (B). NHI-Glc-2 is capable of inhibiting PANC-1 cell 
growth in micromolar range, representative curve, error bars indicate standard error of the mean 
(SEM) (C) NHI-Glc-2 disrupts spheroid integrity as monotherapy and the effect is more 
pronounced when combined with gemcitabine (D).  

Chapter 8 



 

 

164 

Conclusion 

The pivotal role of LDH-A in cancer cell metabolism, its overexpression and, 
most importantly, its correlation with a poor overall survival when 
overexpressed, make LDH-A a promising therapeutic target. The structurally 
optimized LDH-A inhibitor NHI-Glc-2 showed efficacy in mesothelioma 
models (9). A similar antitumour activity was observed in pancreatic cancer 
cells, including gemcitabine-resistant 3D models, which better mimic both 
cell–cell dynamics in tumour-like spatial structures and low oxygen tension in 
hypoxic cores. These findings are promising and should prompt further 
research on NHI-Glc-2, with a special focus on chemoresistant tumours, which 
rely on metabolic aberrations fuelling anabolic processes, such as pancreatic 
cancer (17). 
 

Materials and Methods  

LDH-A correlation with overall survival  

Correlation of LDH-A and SLC2A1 expression to overall survival (OS) was 
performed on log2 transformed data downloaded from LinkedOmics (18). 
Furthermore, the Kaplan Meier curves were computed in Graphpad (version 
8.2.1) using a median cut-off and log-rank test for significance. 
 

Cell culture 

PANC-1 (ATCC® CRL-1469) cells were grown in RPMI medium (Gibco, USA) 
supplemented with 10% fetal bovine serum (Biowest, France) and 1% 
penicillin-streptomycin (Lonza, Switzerland) and were maintained at 37⁰C, 5% 
CO2 . 
 

RT-qPCR 

Gene expression of LDH-A under normal and hypoxic (72 hours, 1% O2) 
conditions was assessed by RT-qPCR as described previously (8). 
 

Western blot  

Samples containing 50 µg protein of lysed spheroids (day 6) and cells grown 
in monolayer were separated on Mini-PROTEAN® TGXTM Precast gels (Bio-
rad, United States) as described previously (19). Antibodies used for target 
detection; LDH-A (47010, 1:1000, Abcam, United Kingdom), β-actin (4790, 
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1:1000, Cell signalling, United States), Secondary IRDye® 800CW (926-32230, 
1:10 000, Li-COR Bioscience, United States). 
 

Enzyme activity 

Enzyme activity of LDH-A was measured spectrophotometrically at an 
absorbance of 340 nm based on the decrease of NADH as described 
previously (8). LDH-A enzyme activity was measured in lysates of cells that 
were grown under normoxia or hypoxia and in normoxia lysates containing 
10 μM NHI-Glc-2. A faster disappearance of NADH indicates a higher enzyme 
activity. 
 

Drug sensitivity to NHI-Glc-2 

The sensitivity of PANC-1 cells to the LDH-A inhibitor NHI-Glc-2 was assessed 
by the sulforhodamine-B assay as described previously (20). In short, 3000 
cells per well were seeded in a 96 wells plate and after 24 hours of cell 
attachment, the cells were treated for 72 hours with a concentration range of 
NHI-Glc-2.  
 

3D spheroid model  

Spheroids were formed in ultra-repellent plates (7007, Corning, United States) 
by seeding 104 PANC-1 cells/well. The spheroids were grown for 12 days, with 
medium refreshing every three days, followed by 72h treatment with NHI-Glc-
2 (1 µM) and/or gemcitabine (100 nM) for 72 hours in normoxia (n=6 per 
condition) and were visualized on a Leica DMI3000B Microscope at 5x 
magnification. 
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Abstract  

Background: Inherent or acquired chemo resistance in cancer patients has 
been a perpetual limitation in cancer treatment. Expanding knowledge on 
essential cellular processes opens a new window for therapeutic targeting. 
Ribosome biogenesis is a process that shows potential due to its fundamental 
role in cell development and contribution to tumorigenesis as a result of its 
upregulation. Inhibiting components of ribosome biogenesis has been 
explored and has shown interesting results. Yet, an important key component, 
methyltransferase Fibrillarin (FBL), which influences both the abundance and 
composition of ribosomes, has not been exploited thus far.  
Methods: In this literature review, we describe relevant aspects of ribosome 
biogenesis in cancer to emphasize the potential of FBL as a therapeutic 
target, in order to lower the genotoxic effects of anti-cancer treatment.  
Results: Remarkably, the amplification of the 19q13 cytogenetic band, 
including the gene coding for FBL, correlated to cell viability and resistance 
in pancreatic cells as well as to a trend toward a shorter survival in pancreatic 
cancer patients. Targeting ribosome biogenesis, more specifically compared 
to the secondary effects of chemotherapeutics such as 5-fluorouracil or 
oxaliplatin, has been achieved by compound CX-5461. The cell dependent 
activity of this Pol I inhibitor has been reported in ovarian cancer, melanoma 
and leukemia models with active or mutated p53 status, presenting a 
promising mechanism to evade p53 resistance. 
Conclusion: Targeting critical ribosome biogenesis components in order to 
decrease the genotoxic activity in cancer cell looks promising. Hence, we 
believe that targeting key protein rRNA methyltransferase FBL shows great 
potential, due to its pivotal role in ribosome biogenesis, its correlation to an 
improved survival rate at low expression in breast cancer patients and its 
association with p53. 
 
Keywords: Ribosome biogenesis, Fibrillarin (FBL), ribosomal RNA, rRNA 
methyltransferase, therapeutic target, virus, cancer, p53, chemoresistance  
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1. Introduction 

Ribosome Biogenesis 

In eukaryotes, the ribosomes are constructed in the nucleolus where 47S 
precursor ribosomal RNA (pre-rRNA) is produced from ribosomal DNA 
(rDNA) by RNA polymerase I (Pol I) and three factors; transcription initiation 
Factor I (TIF1) A, the Selectivity factor 1 (SL1) and Upstream binding factor 
(UBF) (1). Subsequently, 47S pre-rRNA is processed into rRNAs of various 
lengths: 28S, 5.8S and 18S (Fig. 1) (2). 5S rRNA is transcribed by RNA 
polymerase III (Pol III) in the nucleus and is dependent on transcription factors 
TFIIIB and TFIIIC (1). After synthesis and multiple processing steps, 5S rRNA is 
imported into the nucleolus, where it is assembled in the 90S processome 
along with 47S pre-rRNA, RPs and assembly factors (3). 
During processing, the rRNAs are subjected to specific enzymatic 
modifications, which are catalyzed by small Nucleolar Ribonucleoproteins 
(snoRNPs) (4,5). These snoRNPs are composed of small nucleolar RNAs 
(snoRNAs), the modifying protein and additional proteins. In total, 100 
different rRNA base modifications have been reported (6). However, the most 
studied are methylation and pseudouridylation. The modifying protein is 
therefore methyltransferase Fibrillarin (FBL, Nop 1 in yeast) or pseudouridine 
synthase dyskerin, depending on the function that needs to be exerted. A C/D 
box snoRNA associates with FBL in order to facilitate site-specific rRNA 
nucleotide methylation. The C/D box comprises a K-loop that serves as a 
binding site for core proteins Nop56, Nop58, 15.5 kDa protein and FBL (7). 
Mechanistically, 15.5 kDA protein binds to the K-turn of the C/D box, leading 
to assembly of the C/D box sRNA and facilitation of Nop56 and Nop58 
interaction. The latter, Nop56 and Nop58, bind FBL and snoRNA. As a 
consequence, FBL interacts with U3, U8 and U13 snoRNAs for endonuclease 
cleavage (7). Association of hairpin H/ACA box snoRNA containing Nop10, 
Nhp2 and Gar1 with dyskerin leads to pseudouridylation of rRNA bases (5, 8). 
Additionally, Ribosomal Protein (RP) genes are transcribed by RNA 
polymerase II (Pol II). RPs are imported into the nucleus and are responsible 
for the shaping and maintenance of the overall structure of the subunits (1,9). 
This is achieved by assembling with the rRNAs together with biogenesis 
factors, to form the pre-ribosomal complex, which is processed into small and 
large pre-subunits, 40S and 60S, respectively (1).  
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The small 40S subunit is composed of 18S rRNA, together with 33 Ribosomal 
Proteins (RPS) (3). The large subunit 60S is composed of 28S, 5.8S and 5S 
RNAs and 47 Ribosomal Proteins (RPL). After assembly, the inactive pre-
ribosomes are transported to the cytoplasm by the exportin 1 (XPO1) 
transporters, where conversion into mature ribosomes upon mRNA binding 
occurs (2, 10, 11). During this maturation, inhibitory factors for translation are 
removed resulting in the activation of the ribosomes. Since ribosome 
biogenesis is an essential and complex process, it is strictly regulated by 
numerous accessory factors (4).  
In this article, we review whether inhibition of FBL can circumvent 
chemotherapy resistance and lower the genotoxic effect of cancer treatment 
in spite of p53 status. For that purpose, we describe the association between 
FBL and p53, the role of FBL in ribosome biogenesis, the role of FBL in cancer 
and chemotherapy, with a special focus on pancreatic cancer, and lastly how 
new inhibitors may bypass resistance. 
 

2. Ribosome biogenesis regulation  

The synthesis of new ribosomes is controlled at various levels by several 
proteins such as c-Myc, p53, and the mammalian Target Of Rapamycin 
(mTOR) (11, 12). C-Myc is a transcription factor responsible for the regulation 
of ribosome biogenesis, protein synthesis and cell growth. C-Myc facilitates 
the recruitment of SL1 to the promoters leading to Pol I stimulation, increases 
ribosomal protein synthesis via Pol II transcription and stimulates Pol III by 
controlling initiation factor TFIIIB (12-14). 
The tumor suppressor p53 plays a role in ribosome biogenesis (2), next to its 
more familiar role in the DNA Damage Response. During normal cell 
circumstances, p53 is bound to E3 ubiquitin ligase Murine Double Minute 2 
(MDM2). Upon binding, p53 is polyubiquitinated and directed to the 
proteasome for degradation leading to a low level of p53 (2, 12). In a study 
with mammary epithelial cells and breast cancer samples, ribosome 
biogenesis was found to be upregulated as a result of the inability of p53 to 
repress Pol I, due to its inactive or mutated state (15). However, this study is 
limited to breast cancer cell lines and should be expanded to other cancer 
types to determine the interaction of p53 and Pol I and its regulators.  
mTOR is another key player in the regulation of ribosome synthesis (12, 14). 
Upon mTOR pathway activation, UBF and TIF-1A are indeed activated, 
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leading to subsequent Pol I transcription (12). Pol III transcription of 5S rRNA 
is also induced by promoting TFIIIB and TFIIIC. 

  

 
Fig. (1). Eukaryotic ribosome biogenesis in normal cell (up) and in postulated in cancer cell 
(down). Ribosomal DNA (rDNA) transcription by Pol I to 47S pre-rRNA is followed by processing 
into 28S, 18S and 5.8S rRNA in the nucleolus. Prior to rRNA processing by snoRNPs and multiple 
biogenesis factors, 5S rRNA is transported into the nucleolus. Additionally, ribosomal proteins 
(RP), RPS and RPL are used for the assembly of the small 40S subunit and 60S subunit, 
respectively. In cancer cells (down), FBL overexpression is expected to lead to an altered rRNA 
methylation pattern and an increased ribosome production. 
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3. The key ribosome biogenesis protein: Fibrillarin (FBL)  

The rRNA methyltransferase FBL has received much attention in recent 
studies on its role on translational control (Fig. 2) (15-17). FBL is responsible 
for the methylation of histone H2A and rRNA residues of 18S and 28S by using 
S-adenosyl-L-methionine as a methyldonor (7, 18). The nucleotide 
modification leads to an improved thermal stability (6). Moreover, glutamine 
105 methylation of histone H2A by FBL prevents DNA binding of the 
Facilitated Chromatin Transcription Complex (FACT) complex (17, 18). Histone 
H2A methylation therefore leads to an epigenetic effect in active Pol I 
promoters (17).  
Human FBL is a highly conserved ~36 kDa protein located predominantly in 
the fibrillary region of the nucleolus (7, 19). Additionally, FBL is present in Cajal 
bodies, which are subnuclear organelles containing RNA transcription and 
editing components. FBL contains 321 amino acids and is described as two 
main domains: the N-terminal and the Methyltransferase (MTase) domain (7, 
19). The glycine and arginine rich N-terminal domain are divided into two 
domains: the GAR domain and a spacer region, consisting of 77 and 61 amino 
acids, respectively (17). In humans, the GAR domain is essential for nuclear 
localization and interaction with SMN protein and the DEAD box helicase p68 
(17, 19). Additionally, this GAR domain is methylated at arginine residues (19). 
The function of the spacer region facilitates interaction with the splicing factor 
2-associated p32 (SF2A-p32). Likewise, the MTase is divided into a central 
region (or the R region) consisting of a characteristic RNA binding motif, and 
an α helices rich region (7, 17). The human FBL crystal structure is obtained 
by x-ray diffraction with a resolution of 1.82Å, indicating an accurate residue 
determination (20). The FBL structure is described extensively in the review 
of Shubina et al. (7). 
Interestingly, Sun et al. (2017) have reported the molecular structure of 90S 
pre-ribosome (or SSU processome) in eukaryotic Saccharomyces cerevisiae 
(21). The five megadaltons weighing complex is reconstructed with three 
single particle cryo-electron microscopy at 4.5 to 8.7 Å. Despite the relatively 
low resolution, the obtained structure can give insights on the assembly of 
the small subunit and information about the function of assembly factors. 
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Fig. (2). Human Fibrillarin 3D structure (PBD ID 2IPX) in complex with two calcium ions (green) 
and 5’-deoxy-5’-methylthioadenosine (grey ball-stick structure) based on X-ray crystallography 
with a diffraction of 1.82 Å, visualized with NGL viewer (left) and a schematic overview of domains 
of FBL (right) (22–24). 
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4. The role of FBL in viral infections  

Viruses are experts in modifying cellular processes, like translation, according 
to their needs. Several viral proteins appear to directly target FBL see 
Rodriguez-Corona et al. (17). For instance, influenza virus and HIV proteins 
bind FBL and interfere with ribosome biogenesis. Human H3N2 virus protein 
NS1 interacts with FBL and the other nucleolus main protein nucleolin in A549 
cells via its C-terminal NLS2/NoLS, suggesting that nucleolar targeting plays 
a role in the pathogenesis (25). However, the functional consequence of the 
FBL and C-terminal interaction needs further investigation. In case of HIV tat 
protein expressed in Drosophila, it localizes in the nucleolus of Drosophila 
oocyte nurse cells, where it interacts with fibrillarin-U3-snoRNA (26). This 
interaction leads to a decrease of ribosomes and affects cleavage sites 
during RNA precursors maturation. 
The role of FBL in viral infections was further revealed during a genome-wide 
siRNA screening (16). FBL is needed for viral infections, such as measles, 
mumps and the Respiratory Syncytial Virus (RSV). In addition, FBL is targeted 
in Hendra (HeV) and Nipah viral infection. When cells lack FBL, it leads to the 
impairment of henipavirus RNA and protein syntheses. This impairment 
indicates a crucial role of FBL in the RNA and replication phase of infection. 
This occurs due to the co-localization of FBL with the Hendra virus matrix in 
the nucleoli, which requires the methyltransferase activity of FBL (16). 
 

5. Role of FBL in cancer  

Besides its role in viral infections, FBL is considered to contribute to 
tumorigenesis due to its upregulation (15). The elevated expression of FBL 
leads to a distinct methylation pattern in cancer cells. Additionally, it mediates 
defects in translational fidelity and IRES-dependent translation initiation. The 
increased FBL expression and altered methylation pattern lead to the 
production of more as well as heterogenous ribosomes and enhanced 
translation of key cancer genes IGF-1R, C-myc, VEGF-A and FGF1. The 
production of these oncoproteins leads to tumor initiation and progression 
(15, 27). Of note, in a study on the 19q13 amplicon, which includes the FBL gene, 
a copy number increase was found in about 20% of the Pancreatic Ductal 
Adenocarcinoma (PDAC) cancer cell lines and 10% of primary PDAC (28). 
Similarly, in our previous array CGH analysis we observed aberrations in the 
19q13.2 cytogenetic band in about 20% of the PDAC patients (29). Of note, this 
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cytoband was amplified in 8 out of 22 short survivors and 2 out of 22 long 
survivors, indicating a trend toward a significant association to poor 
prognosis (p=0.07). Loss-of-function screening for genes in this cytoband 
identified Intersex-like as a novel amplification target gene that is essential 
for the growth and survival of a subset of pancreatic carcinomas (28). 
However, these studies suggested that other biologically interesting genes in 
this region might also contribute to PDAC pathogenesis. Further, we observed 
a significant increase in the mRNA expression of FBL in gemcitabine resistant 
cells (Fig. 3). 
In vitro, an inverse correlation between FBL and p53 was observed (15). P53 
impairment led to an increased FBL expression on both mRNA and protein 
expression level in Human Mammary Epithelial (HME) and colo-rectal (HCT-
116) cells, respectively. Downstream targets of p53, MDM2 (a negative 
regulator of p53) and p21 (controlled by p53) were consequently 
downregulated (11,15). Interestingly, the increase of FBL was more 
pronounced in HCT-116 cells lacking p53 compared to HCT-116 cells with 
functional p53 protein (15). In breast cancer patients with wild type p53, FBL 
mRNA expression is lower (15). Notably, patients in this cohort with high FBL 
expression showed a shorter relapse-free survival. 
Based on [1] the essential role of FBL in cancer [2], interaction with p53 (which 
is mutated in many cancers), [3] correlation with improved survival rate in 
breast cancer, and [4] our preliminary data, we believe that FBL should be 
further evaluated as a therapeutic target. 
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Fig. (3). Chromosome aberration frequencies in PDAC patients with long or short survival with 
amplicon 19 aberration containing Fibrillarin, indicated with the blue box (A) (courtesy of Lee et 
al. 2012 (29)). Aberrant 19q13.2 cytogenetic band in short survivors compared to long survivors 
(B). Increased gene expression of Fibrillarin in gemcitabine resistant and sensitive PDAC cell lines 
(n=3 per group, unpublished data) (C). 

6. Ribosome heterogeneity  

Ribosome heterogeneity implies that variants of the ribosome are produced 
and that the regulation of translation is distinct (27). It has been shown that 
rRNA heterogeneity leads to distinct translatomes, promoting tumorigenesis. 
This occurs by expression of key cancer genes that play a role in tumor 
initiation and progression. Examples of these key cancer genes are IGF-1R, C-
myc, VEGF-A and FGF-1. This process is dependent on the expression of FBL. 
Upregulated FBL causes an increase in methylation of rRNA and an increase 
in ribosome production. The subsequent translation fidelity becomes 
defective and IRES-dependent translation is elevated. The latter causes the 
increase of expression of key oncogenes. Moreover, a mutation in Dyskerin 
(DKC1) also seems to alter the IRES-dependent translation and is associated 
with cancer susceptibility (27). 
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Cenik et al. investigated the variation in RNA, translation and protein levels in 
Lymphoblastoid Cell Lines (LCLs) from a diverse group of individuals (30). It 
became evident that besides already investigated variation in RNA levels, 
transcription factor binding and chromatin, a variation in translation and its 
genetic determinants were also playing a role in individual protein level 
differences. The genetic variances within the individuals led to gene 
expression difference at translational levels. 
It is expected that chemical inhibition of FBL will not affect the methylation 
pattern, since this is a highly conserved process (31). However, it is expected 
that rRNA processing and H2A methylation will decrease when FBL is present 
in a lesser extent. 
 

7. Targeting ribosome biogenesis in cancer  

Ribosome biogenesis is upregulated in cancer, distinguishing cancer cells 
from healthy cells and making the targeting of ribosome biogenesis in cancer 
cells appealing (3, 32). Cancer cells have a higher sensitivity to rRNA synthesis 
inhibitors, due to loss of cell cycle control, activation of oncogenes and 
inactivation of tumor suppressor gene mutations (1). 
Targeting the nucleolus, or more specifically ribosome biogenesis, for cancer 
treatment has been proposed in the past (1, 3, 10, 33, 34). This is a possibility, 
for tumors with a poor response to chemotherapy, such as Pancreatic Ductal 
Adenocarcinoma (PDAC) (reviewed by Diwakarla et al. (35)). 
Compounds that target ribosome biogenesis, usually lead to nucleolar stress. 
These compounds can affect the ribosome biogenesis at different levels; 
rRNA transcription, early rRNA processing or late rRNA processing (5, 36). 
Early rRNA targeting causes nucleolar disintegration, whereas late rRNA 
processing keeps the nucleolus intact (37). An overview of compounds 
targeting the ribosome biogenesis is shown in Table 1 (10, 32, 37-39). Most of 
these compounds do not have a direct effect, but affect ribosome biogenesis 
indirectly, as outlined below. 
The chemotherapeutic agents Oxaliplatin (L-OHP) and 5-Fluorouracil (5-FU) 
target rRNA transcription and late rRNA processing, respectively (36, 37). 
These genotoxic compounds seem to inhibit ribosome biogenesis as a side 
effect. In lung and colon cancer cell lines L-OHP and 5-FU cause an increase 
of rpL3 as a reaction to the lack of p53, leading to cell cycle arrest and 
apoptosis (36). 
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Compounds targeting the ribosome biogenesis process more specifically 
have also been reported. The nongenotoxic small molecule CX-5461 produced 
by Cylene pharmaceuticals is capable of inhibiting rRNA transcription (38,40). 
CX-5461 prevents association of SL1 with the rDNA promoter, leading to a 
dose dependent decrease of 45S and 28S rRNA in Eμ-Myc cells. Additionally, 
CX-5461 causes an increase of p53 protein expression. Interestingly, in the 
past year several research groups have reported on the in vitro effects of CX-
5461 (41-43).  
In chemoresistant and chemosensitive ovarian cancer cells and 
heterogeneous Patient-Derived Xenograft (PDX) models, Pol I inhibition by 
CX-5461 was effective independent of the p53 status (41). In melanoma 
models, p53 independent anti-tumour activity by Pol I inhibition by CX-5461 
was reported along with its suppressive activity of MYC on protein and mRNA 
level (43). Alternatively, CX-5461 was capable of inducing p53 dependent 
apoptosis in AML and p53 independent cell cycle defects in leukemia-initiating 
cells (42). Additionally, in a panel of cell lines (HCT116, U2OS, DLD1 and PEO1), 
CX-5461 was capable of exerting specific toxicity in BRCA1/2 deficient cells via 
G-quadruplex stabilization (44). A clinical trial (NCT02719977) has been set up 
for CX-5461, for which patients are currently being recruited (45). 
Another compound that has been produced by Cylene pharmaceuticals is 
CX-3543 (Quarfloxin) (46). This small molecule, functions as a Pol I inhibitor 
by disrupting the nucleolin/rDNA G-quadruplex. It has been reported to 
induce apoptosis in cancer cells. Various clinical trials have been designed for 
CX-3543. NCT00485966 was set up for patients with relapsed or refractory B-
cell chronic lymphocytic leukemia, but it was cancelled prior to patient 
enrollment (47). Trial NCT00955292 for advanced solid tumors and 
lymphoma was terminated since the new treatment dose did not show any 
advantages (48). Two trials (NCT00780663 and NCT00955786) concerning 
CX-3543 have been completed for neuroendocrine or carcinoid tumors and 
advanced solid tumors or lymphoma, respectively (49,50). Yet, no study 
results are reported. 
An agent that has been developed to target RNA Pol I by intercalating with 
ribosomal DNA, is BMH-21 (51, 52). BMH-21 has shown potent anti-tumorigenic 
activity in the NCI60 cell line panel, consisting of 60 human cancer cell lines 
from different histologies. Its mechanism is described as repression of Pol I, 
which leads to the disintegration of the nucleolus. Despite the capability of 
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BMH-21 to inhibit rRNA synthesis, causing nucleolar segregation and inhibiting 
tumor growth, its downside is that it intercalates with DNA. Furthermore, it can 
bind to GC-rich areas of the genomic DNA, which can lead to unexpected side 
effects.  
RNA polymerase transcription inhibitors such as CX-3543 (Quarfloxin), CX-
5461 and BMH-21 are also under investigation for non-cancer applications 
including the treatment of African trypanosomiasis, proposing a broader 
application of these inhibitors (53). 
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Table 1. Compounds targeting various levels of ribosome biogenesis with molecular structures obtained with ChemDraw Professional 17.0, and their 
mechanism of action  

Inhibition of Compound  Molecular structure) Target  Mode of action  Downside 

rRNA 
transcription 

Oxaliplatin (L-
OHP)  

 

DNA (36,37) DNA damage by DNA 
adduct formation (54,55)  
 

Drug resistance  
Peripheral 
neuropathy 
(54) 

 
Doxorubicin  
  

 

DNA 
topoisomerase 
2-alpha 
(10,32,37) 

Topoisomerase II poisoning  
DNA adduct formation 
Oxidative stress 
Ceramide overproduction 
(56) 
 

Drug resistance 
Potential heart 
muscle damage 
(56) 

 
Mitoxantrone  

 

DNA 
topoisomerase 
2-alpha (37) 

DNA scissions (57) Extensive 
metabolism of 
drug (57) 
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Methotrexate  

 

Dihydrofolate 
reductase (58) 

DNA synthesis inhibition by 
inhibiting dihydrofolate 
reductase (59) 

Bone marrow 
suppression and 
stomatitis (59) 

 
Actinomycin D 

 

RNA Pol I (60)  Complexes with DNA (61) 
P53 dependent (62)  

Extreme toxicity 
(61)  

 
Cisplatin 

 

DNA (60) DNA intercalating agent 
P53 plays an important role 
in the cytotoxic effect of 
cisplatin, however p53 
negative also respond to 
cisplatin treatment 
suggesting an alternative 
pathway (63) 

Drug resistance 
and various side 
effects: severe 
kidney problems, 
allergic reaction 
etc. (63)  
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CX-5461 

S

N
N

N

N

O

N
H

O

N

N

 

RNA Pol I (32,38) P53 dependent effect, it 
disrupts nucleolar structure 
(40) 

- 

 
BMH-21  DNA (51,52) Binds GC rich sequences in 

rDNA and repressed Pol I 
transcription (52)  
BMH-21 induces expression 
and promotes export of 
Nucleolin, nucleophosmin 
and FBL in SKOV3 cells (64) 
 
 

Binds to genomic 
DNA. 

 
CX-3543 

 

Nucleolin/rDNA 
G-quadruplex 
(46) 

Nucleolin/rDNA G-
quadruplex complex 
distruption by CX-3543, this 
leads to inhibition of Pol I 
transcription and apoptosis 
induction (46) 
Redistribution of nucleolin 
by CX-3543 is not a p53 
mediated stress response 
(46)  

- 

N

N

OHN

O

N
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Early rRNA 
processing 

Camptothecin  

 

Top 1 (33,37) Inhibits Top 1 by forming a 
complex (65)  

- 

 
Flavopiridol  

 

CDK9, CDK2 
(5,33,37) 

Strong inhibitor of 
phosphokinases (cdk-1, -2, -
4, -6 and -7) and less active 
EGFR inhibitor 
P53 independent 
cytotoxicity (66)  

- 

 
Roscovitine  

 

CDK9, CDK2 
(33,37,39) 

ATP-competitive cyclin 
dependent kinase (CDK) 
inhibitor contributing to cell 
cycle arrest and apoptosis 
(67) 

- 
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DRB (5,6-
dichloro-1-beta-
D-ribofuranosyl 
benzimidazole) 

 

CDK2 (33) Adenosine analog DRB 
derivatives mono- and 
triphosphates inhibit RNA 
polymerase II specific 
transcription in HeLa cell 
extracts (68)  

- 

Late rRNA 
processing 

5-Fluorouracil  

 

Thymidylate 
synthase, DNA, 
RNA (10,37,69) 

Antimetabolite that is 
capable of inhibiting 
thymidylate synthase and 
its metabolites are 
incorporated in RNA and 
DNA (70) 

Drug resistance 
(70) 
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Conclusion 

Ribosome biogenesis is implicated in cancer, due to upregulation and 
mutations in ribosomal proteins. Therefore, this process can be targeted to 
bypass resistance to current therapies leading to a decreased genotoxic 
effect. Inhibition of Pol I is often an off target effect by chemotherapeutics. In 
cells with functional p53, the efficacy of chemotherapy treatment could be 
enhanced by inhibition of ribosome biogenesis leading to p53 stabilization 
and apoptotic cell death. Moreover, specific inhibition of Pol I by CX-5461, led 
to a cancer cell specific response.  
Targeting FBL is appealing to bypass the bilateral p53 dependent response 
of Pol I inhibition. FBL is upregulated in various tumors and plays essential 
roles in ribosome biogenesis. Therefore FBL inhibition prior to C/D box 
snoRNA association might be an ideal target to inhibit the ribosome 
biogenesis process in cancer therapy. 
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Abstract  

Background: Inhibition of ribosome biogenesis has recently emerged as a 
promising strategy for the treatment of metastatic tumors. The RNA 
polymerase I inhibitor CX-5461 has shown efficacy in a panel of cancer types 
and is currently being tested in clinical trials. However, further preclinical 
studies to unravel molecular mechanisms underlying the activity of this drug 
are warranted.  
Methods: In this study, we have investigated the effects of CX-5461 on cell 
growth and migration of pancreatic cancer cells by the sulforhodamine-B 
and wound healing assay, respectively. Furthermore, we assessed the 
expression of epithelial-to-mesenchymal transition (EMT) genes by qRT-PCR, 
while protein expression of DNA damage marker phospho-H2A.X was studied 
by Western blot and immunofluorescence. 
Results: CX-5461 inhibits pancreatic cancer cell growth in the nanomolar 
range and inhibits the migratory capability of the cells. Additionally, CX-5461 
induced expression of EMT factor SNAI1 and caused DNA double-strand 
breaks as measured by increased expression of phospho-H2A.X.  
Conclusion: This study demonstrated that CX-5461 is active against 
pancreatic cancer cells and modulation of EMT factors, as well as increased 
expression of phospho-H2A.X, support further pre-/clinical investigations, 
including the analyses of these markers. 
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1. Introduction 

Pancreatic cancer (PC) is a highly metastatic disease with a poor five-year 
survival of less than 10% (1). Patients diagnosed with PC often present an 
advanced disease stage limiting their treatment options to chemotherapy. 
However, patients frequently do not respond to the treatment or develop 
resistance to the current regimens. Therefore, novel treatment options are 
warranted.  
Ribosome biogenesis is a process that is upregulated in cancer, where it 
contributes to increased protein production facilitating cell proliferation (2). 
Exploiting the ribosome biogenesis pathway (3), and more specifically, RNA 
polymerase I (pol I) inhibition for cancer treatment, has shown promising 
results in recent years (4,5). Notably, an enhanced ribosome biogenesis rate 
has been found in pancreatic cells of patients with chronic pancreatitis (6), 
which suggests a possible therapeutic window. Additionally, a computational 
analysis of 34 pancreatic ductal adenocarcinoma samples highlights the 
important role of ribosome biogenesis genes in PDAC progression (7). 
CX-5461, a small molecule synthesized by Cylene Pharmaceuticals (5), is the 
first Pol 1 inhibitor that is being tested in a phase 1 dose-escalation clinical trial 
for hematological cancers (8). CX-5461 blocks proliferation in various cancer 
types by inhibiting Pol I and is capable of inducing p53-independent 
senescence and pro-death autophagy (5). In neuroblastoma cells, CX-5461 
activates p53 leading to cell cycle arrest or apoptosis (9). It also suppressed 
MycN expression in cells and led to decreased tumor growth in xenograft 
nude mice. Moreover, CX-5461 can function as a G-quadruplex stabilizer with 
increased toxicity in BRCA-deficient or PARP inhibition-resistant cancer cells 
(10). Mechanistically, CX-5461 blocks replication forks and induces DNA gaps 
or breaks. CX-5461 is a potential radiosensitizer, since it increased the 
sensitivity of low dose single X-ray exposure in cervical CaSki cancer cells 
leading to cell apoptosis, autophagy, and senescence (11). Therefore, CX-5461 
shows great potential as a future treatment option. 
In this study, we show the effect of CX-5461 on cell growth and the migration 
of PC cells and primary cell culture. Moreover, we report its effect on 
epithelial-to-mesenchymal transition markers and the induced DNA damage. 
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2. Results 

2.1. CX-5461 Inhibits Pancreatic Cancer Cell Growth in Nanomolar Range  

Growth inhibition studies were performed in order to determine the sensitivity 
to the small molecule CX-5461 (Figure 1a) in different preclinical models of PC. 
Two PC cell lines, epithelial SUIT-2-28 (12), mesenchymal PANC-1 (12), and the 
primary cell culture PDAC-3 were exposed to CX-5461 and showed similar 
sensitivity, within the nanomolar range (Figure 1b). The concentrations that 
caused inhibition of 50% of the cell growth (IC50) are listed in Table 1, together 
with the doubling time of the cells. The doubling time is calculated based on 
the optical density (OD) of the untreated control cells after 72 h divided by 
the OD after 24 h of cell attachment (D0), and by correcting for the 
background and determining the number of doublings based on the 
exponential growth. Both SUIT-2-28 and PDAC-3 have a doubling time of less 
than 20 h, whereas the PANC-1 cells divide slower (28.4 ± 1.91 h). Previous data 
showing that inhibition of ribosome is higher in rapidly proliferating cancer 
cells (5) seem, therefore, to reflect in a higher IC50 value for the PANC-1 cells. 

 
Figure 1. CX-5461 inhibits pancreatic cancer cell growth in the nanomolar range. (a) Chemical 
structure of CX-5461 designed with ChemDraw. (b) Growth inhibition curves relative to untreated 
control of pancreatic cancer cells SUIT-2-28 (connecting black line), PDAC-3 (grey line) and 
PANC-1 (dashed black line) treated for 72 h with CX-5461. The dashed line (y = 50) indicates fifty 
percent growth inhibition.  

Table 1. Sensitivity of pancreatic cancer cells to CX-5461. Each experiment was performed in 
triplicate and repeated at least three times. IC50, concentration inhibiting 50% of cell growth. 
SEM, standard error of the mean. Doubling time was measured in untreated cells in the 
exponential growth phase. 

Cell Line Average IC50 (nM) ± SEM Average Doubling Time in Hours 
± SEM 

SUIT-2-28 77 ± 14 16.4 ± 0.20 
PDAC-3 114 ± 30 18.8 ± 1.36 
PANC-1 199 ± 26 28.4 ± 1.91 
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2.2. CX-5461 Inhibits PANC-1 Cell Migration 

PC has one of the highest rates of metastasis among solid cancers, and a 
better understanding of the anti-migratory effects of new drugs is essential 
in order to provide more effective tools for therapeutic purposes (13).  
The high sensitivity of the tested PC cells to CX-5461 and previous findings 
suggesting that ribosome biogenesis contributes to metastatic cancer 
progression (14) prompted us to investigate the effect of this drug on cell 
migration, using the wound healing assay.  
In order to eliminate the possible confounding effect of cell proliferation on 
the migration results, the cells with the highest doubling time were used 
(PANC-1). A concentration of 1.5 µM (7.5 times the IC50) of CX-5461 was tested, 
because of the shorter drug exposure time compared to the growth inhibition 
studies, lasting 72 h. Of note, this concentration was also selected since it is 
within the “therapeutic window” for effective exposure, considering the AUC 
and Cmax values reported in clinical studies (8). Since SUIT-2-28 and PDAC-
3 cells did not produce reproducible confluent layers, necessary to evaluate 
scratches and to perform a migration assay, we could not produce reliable 
data with these two cell lines. 
Interestingly, CX-5461 treatment inhibited cell migration significantly at 16, 20, 
and 22 h after treatment, resulting in 40% cell migration in treated cells 
compared to 65% in untreated cells after 16h (Figure 2a,b). Notably, at the 
more advanced time points of 20 and 22 h, the cell migration of CX-5461 
treated cells remained 40%, compared to increased migration of the 
untreated cells. 

 
Figure 2. CX-5461 inhibits PANC-1 cell migration. (a) Migratory inhibition by CX-5461 in PANC-1 
cells was shown as percent of migration calculated based on t = 0 time point, with control 
(untreated) cells (black bars) and 1.5 μM CX-5461 (grey bars), significance * p < 0.05, t-test (b) 
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Representative images of the PANC-1 scratch areas in control (untreated cells) and in cells 
treated with CX-5461 over time.  

2.3. CX-5461 Induces mRNA Expression of EMT Markers 

The migratory capability of cells is often linked to an altered expression of 
epithelial to mesenchymal transition (EMT) or mesenchymal to epithelial 
transition (MET) markers. Therefore, we investigated the effect of CX-5461 on 
the mRNA expression levels of snail (SNAI1), slug (SNAI2), E-cadherin (CDH1), 
N-Cadherin (CDH12), vimentin (VIM), and matrix metalloproteinase 9 (MMP9). 
The cells were exposed to CX-5461 for 24 h. 
Interestingly, we observed slightly different effects in the different cellular 
models. For instance, SNAI1 and SNAI2 were increased in SUIT-2-28 and 
PDAC-3 (Figure 3a,b), whereas SNAI1 and MMP9 remained unaltered in PANC-
1 after drug exposure (Figure 3c). Moreover, CX-5461 treatment increased the 
expression of CDH1 in PDAC-3 and PANC-1 cells, whereas no alteration was 
observed in SUIT-2-28. These results suggest that CX-5461 hampers the cells 
in the epithelial phenotype, but further studies should investigate other 
aspects underlying the relative contributions of inhibition of Pol I in these 
PDAC cells considering the effects on migration versus EMT. 
 

 
Figure 3. Effect of CX-5461 on the mRNA expression of EMT markers. (a) SUIT-2-28 (b) PDAC-3 
(c) PANC-1. Significance *p-value < 0.05. The experiments were conducted in duplicate or triplicate 
and repeated at least twice (unpaired t-test). 
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2.4. DNA Damage Induced by CX-5461 

Previous studies showed that CX-5461 has selective lethality in tumors 
deficient in DNA damage repair (10). In the present study, induction of DNA 
double-strand breaks was demonstrated by phosphorylation of histone 
H2A.X at serine residue 139. Moreover, actin was stained to visualize the shape 
of the cells. 
In both PDAC-3 and PANC-1 cells, we found an increased expression of 
phospho-H2A.X after drug exposure by immunofluorescence, as shown in the 
representative images in Figure 4a. The increased protein expression of 
phospho-H2A.X after CX-5461 treatment was further confirmed by Western 
blot (Figure 4b). SUIT-2-28 cells showed a similar pattern as PANC-1 and 
PDAC-3 cells (data not shown). 
 

2.5. The Effect of CX-5461 in 3D Spheroid Models 

Monolayer cytotoxicity and migration assays provide important data to 
evaluate drug activity, but three-dimensional (3D) spheroid models represent 
a useful platform for further identifying both the biological characteristics of 
tumor cells, and the drug sensitivity. Moreover, they can be a bridge between 
traditional 2D culture and animal experiments. 
The spheroids were exposed to 1.5 or 3.0 M CX-5461 for 96 h. Figure 5 shows 
that PDAC-3 cells grown in the presence of CX-5461 were smaller and less 
dense compared to the untreated control spheroids. These findings suggest 
that CX-5461 might be active in more representative 3D models of primary 
cell cultures. However, CX-5461 did not have an effect on the size nor density 
of the PANC-1 spheroids. This might be explained by the fact that the control 
spheroid of the PDAC-3 cells was not as compact or dense as PANC-1. 
Previous studies showed that larger and denser spheroids have oxygen and 
nutrient gradients that often result in the formation of a necrotic core which 
might explain their resistance. Future studies should, therefore, evaluate if the 
spheroids resemble tumor cell physiology and how they should be used to 
increase the mechanistic understanding of anti-tumor drug activity. 
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Figure 4. CX-5461 induces DNA damage. (a) Immunofluorescence staining of phospho-H2A.X 
(green), nucleus (DAPI, blue), actin (TRITC conjugated phalloidin, magenta) of control 
(untreated) cells or cells exposed to 1.5 µM CX-5461 for 24 h, with increased phospho-H2A.X 
staining in the CX-5461 treated cells. Fluorescence intensities of phospho-H2A.X were scaled to 
the same range for all conditions. Scale bar: 20 µm. (b) Increased phospho-H2A.X protein 
expression after 24 h treatment with 1.5 µM CX-5461. 
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Figure 5. Effect of CX-5461on the integrity of PDAC-3 and PANC-1 spheroids after 96 h of 
treatment. Experiments were performed in at least triplicates and repeated twice. Scale bar: 500 
µm.  
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2.6. Combination of CX-5461 and Gemcitabine Leads to An Antagonistic Effect 

Gemcitabine is one of the treatment options for patients with PC. Therefore, 
we investigated this drug at various concentrations in combination with the 
cell line specific IC50 of CX-5461. We observed a curve shift at the lower 
concentrations of gemcitabine for PANC-1 cells, but an overlap of the 
gemcitabine and gemcitabine with CX-5461 curves of PDAC-3 (Figure S1a,b). 
Based on the calculations performed with Calcusyn, this combination resulted 
in a combination index (CI) greater than 1.2 (Figure S1c), classifying the 
gemcitabine and CX-5461 interaction as antagonistic. Initial data with the 
SUIT-2-28 cells gave a similar pattern. Therefore, we did not proceed with this 
cell line. Further investigation of this interaction led to the finding that cytidine 
deaminase (CDA) mRNA expression was increased after CX-5461 treatment 
(Figure S1d), which may lead to increased degradation of gemcitabine. 
Moreover, in PDAC-3 cells exposed to CX-5461 we observed an increase of 
ribonucleotide reductase 2, which is a resistance mechanism of gemcitabine 
(15). 
 

3. Discussion 

In this study, we show that PC cells are sensitive to the small molecule CX-
5461, in a nanomolar range, which is in line with previous studies (5). Moreover, 
we showed that the migratory capability of the PANC-1 cells was inhibited, but 
this could not be correlated with the expression of EMT markers. The lack of 
vimentin modulation is in line with the results of Prakash and collaborators in 
NNuMG cells treated with CX-5461 (14). However, we found an upregulation of 
SNAIL1 mRNA expression after CX-5461 exposure in PDAC-3 and SUIT-2-28 
cells, whereas the previous study (14) shows only an increase of SNAIL1 in 
transforming growth factor (TGF-β) stimulated cells treated with CX-5461. 
Furthermore, pro-mesenchymal marker SNAIL2 is the only marker 
upregulated in all three cell models, warranting further investigation. 
CX-5461 is capable of inducing DNA double-strand breaks as indicated by an 
increased formation of phospho-H2A.X in PC cells and in the primary cell 
culture PDAC-3, as reported before in U2OS cells and ovarian cancer cells 
(10,16). 
The effect of CX-5461 on the spheroids was different in the two used cell lines 
but it could be ascribed to the difference in cell type, i.e., primary cell culture 
PDAC-3 and immortalized PANC-1. In vivo, CX-5461 had an antitumor effect 
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against MIA PaCa-2 human PC, as well as neuroblastoma and melanoma 
xenografts (5,9). In taxane-resistant triple-negative breast cancer PDX 
tumors, CX-5461 reduced tumor growth and showed selective lethality in 
BRCA1/2-deficient tumors (10). 
Of note, many clinical trials evaluated gemcitabine in combination with 
potentially synergistic conventional chemotherapeutic agents, such as 
irinotecan, oxaliplatin, cisplatin, and 5-fluorouracil, but most of the following 
trials on these combinations have failed to show statistically significant results 
(17). Moreover, combinations with tyrosine kinase inhibitors were negative, 
except for a minor effect of erlotinib. These findings should further prompt to 
consider different second-line therapies. Remarkably, recent studies showed 
positive results in maintenance studies, such as in the case of a phase II trial 
with sunitinib (18) and in the seminal POLO III trial with PARP inhibitors in 
BRCA-mutated patients treated in first-line with platinum-based therapies 
(19). Considering our preclinical data and the fact that gemcitabine causes a 
different type of DNA damage, we reckon that CX-5461 should not be 
combined with gemcitabine. However, we speculate that CX-5461 might have 
more clinical value when used after first-line treatment, particularly in 
patients with aberrant DNA repair in combination with DNA damaging drugs, 
such as oxaliplatin or cisplatin, as was demonstrated earlier by Xu et al. (10). 
Nevertheless, we are in urgent need of biomarkers that allow molecular 
monitoring to determine the proper therapy. 
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4. Materials and Methods 

4.1. Cell Culture 

The pancreatic cancer cell lines PANC-1 (ATCC® CRL-1469), SUIT-2-28 (20) 
and primary cell culture PDAC-3 (21) were cultured in RPMI medium 1640 
(catalog #21875034, Gibco,Waltham, MA USA) supplemented with 10% 
newborn calf serum (catalog #S0750-500, Biowest, Nuaillé, France). Cells 
were incubated at 37 °C, 5% CO2 and tested frequently for mycoplasma 
contamination with the MycoAlert Mycoplasma Detection Kit (Cat no. LO 
LT07-705,Westburg, Leusden, The Netherlands). 
 

4.2. Chemicals 

CX-5461 (suppliers code HY-13323, MedChem Express, Monmouth Junction, 
NJ, USA) was solubilized in DMSO containing 0.1N HCl. 
 

4.3. Sulforhodamine B (SRB) Assay 

The SRB assay was conducted as reported previously (22). Briefly, cells were 
seeded at a density of 3000 cells per well in a flat-bottomed 96 well plate 
(VWR, Leicestershire, UK), left 24 h for attachment and subsequently treated 
with eight drug concentrations for 72 h. After cell fixation (5.6% TCA), washing 
steps, SRB staining (0.4% w/v SRB in 1% acetic acid), and resuspension in 10 
mM Tris buffer, the optical density was measured at 490 and 540 nm on a 
BioTek plate reader (BioTek Instruments Inc., Winooski, VT, USA). 
 

4.4. Migration Assay 

PANC-1 cells were seeded in 96-well plates with a density of 30,000 cells per 
well to form a confluent monolayer overnight. Subsequently, the cells were 
scraped with a 96-well pin tool scratcher and detached cells were removed 
by washing steps of phosphate-buffered saline (PBS). Medium only or 
medium containing 1.5 M CX-5461 was added to the wells and brightfield 
images were taken with software Universal Grab 6.3 digital (Digital Cell 
Imaging Labs, Keerbergen, Belgium) on a Leica DMI300B microscope (Leica 
Microsystems, Eindhoven, The Netherlands) at various time points. The 
obtained images were analyzed using the Scratch Assay 6.2 software (Digital 
Cell imaging Labs, Keerbergen, Belgium). 
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4.5. qRT-PCR 

Cells were treated with 1.5 µM CX-5461 or medium for 24 h and RNA was 
isolated according to the TRIzol reagent protocol (15596-026, ThermoFisher 
Scientific, Waltham, MA, USA). One microgram of RNA was then used for 
cDNA synthesis and subsequent PCR using the First-Strand cDNA synthesis 
kit (K1612, ThermoFisher Scientific, (Waltham, MA, USA). 
 

4.6. Immunofluoresent Staining and Imaging 

Cells were seeded on VWR 18 × 18 mm cover glasses (thickness 1.5) and 
incubated for 24 h for attachment. Subsequently, the cells were treated either 
with drug-free medium or medium containing 1.5 µM CX-5461 for 24 h. After 
three washing steps with PBS, cells were fixed with 200 µL 4% 
paraformaldehyde (PFA) (15710, Electron Microscopy Sciences, Hatfield, PA, 
USA) diluted in PBS for 10 min at room temperature (RT). After three other 
washing steps, cells were permeabilized 10 min at RT with 0.1% Triton x-100 
(108643, Merck, Amsterdam, The Netherlands) diluted in PBS prior to 
overnight incubation at 4 ⁰C with primary antibody Phospho-H2A.X (#2577, 
cell signaling, 1:50). Secondary antibody incubation was performed with 
Abberior STAR 488 (ST488, Abberior, Göttingen, Germany) and actin (TRITC 
conjugated phalloidin, Sigma-Aldrich, Zwijndrecht, The Netherlands) for 2h at 
RT, followed by 15 min DAPI incubation. The coverslips were mounted in PBS 
and images were obtained on a widefield Zeiss Observer Z1 microscope 
(Zeiss, Jena, Germany) equipped with a CCD camera (EXI Aqua, QImaging, 
Surrey, BC, Canada). Illumination of samples was performed by an HXP 120 C 
lamp (Zeiss, Jena, Germany), and light was collected using a 63X oil 
immersion objective (NA = 1.4, Zeiss, Jena, Germany). The following filters 
were used: FITC (475/40 and 530/50 nm for excitation and emission filters, 
respectively), DAPI (365 and 445/50 nm for excitation and emission filters, 
respectively), and TRITC (545/25 and 605/70 nm for excitation and emission 
filters, respectively). Image processing was performed using ImageJ (NIH). 
 

4.7. Western Blot 

Whole-cell lysates were prepared from cells treated with 1.5 µM CX-5461 for 
24 h or medium as control, by addition of cell lysis buffer (#9803, Cell 
signaling, Leiden, The Netherlands) diluted in demineralized water and 
supplemented with sodium orthovanadate (S6508, Sigma-Aldrich, 
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Zwijndrecht, The Netherlands) and protease inhibitor cocktail (11697498001, 
Sigma-Alrich, Zwijndrecht, The Netherlands), followed by incubation on ice for 
30 min. The samples were spun down at 16,000 × g for 10 min at 4 ⁰C and the 
supernatant was used to perform the Bio-rad protein estimation using the 
protein assay dye reagent concentrate (#500-0006, Bio-Rad, Veenendaal, 
The Netherlands). Finally, 50 µg protein samples were separated on Mini-
Protean TGXTM precast gels and transferred to PDVF membranes prior to 
target detection on the Uvitec using ECLTM Prime Western blotting detection 
reagent (lot#13601176, GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). 
Antibodies: Primary, Phospho-Histone H2A.X (#2577, Cell signaling, 1:1000), β-
actin (#4967S, Cell signaling, 1:2000). Secondary, Anti-rabbit IgG HRP linked 
(#7074, Cell signaling, 1:2000), Anti-mouse IgG HRP linked (#7076, Cell 
signaling, 1:2000). 
 

4.8. Spheroid Formation 

Cells were seeded in ultra-repellent (7007, Costar, Washington, DC, USA) at a 
density of 30,000 cells/well and 10,000 cells/well for PDAC-3 and PANC-1 cells, 
respectively. After seeding, the plates were spun down at 200g for 5 min at 
room temperature, followed by three-day incubation for solid spheroid 
formation. On day 3, either medium only or medium containing CX-5461 was 
added to the wells and the spheroids were imaged using Universal Grab 
(Digital Cell imaging Labs, Keerbergen, Belgium) on a Leica DMI300B 
microscope (Leica Microsystems, Eindhoven, The Netherlands) over time. 
 

4.9. Statistics 

GraphPad Prism (8.2.1) was used for to perform the statistics (t-test, with 
significance * p < 0.05). 
 

5. Conclusions 

CX-5461 inhibits PC cell growth in the nanomolar range and, therefore, shows 
promise as a PC-targeting agent. Further studies should investigate its 
combination with conventional DNA damaging agents, such as oxaliplatin or 
cisplatin. 
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The following are available online at http://www.mdpi.com/1420-
3049/24/24/4445/s1, Figure S1: Pancreatic cancer cell spheroids treated with 
CX-5461, Figure S2: Combination of CX-5461 and gemcitabine results in an 
antagonistic effect, Figure S3: CX-5461 induces mRNA expression of CDA in 
primary culture PDAC-3 and pancreatic cancer cells SUIT-2-28. 
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Abstract  

Introduction: RX-3117 is an oral, small molecule cytidine analog anticancer 
agent with an improved pharmacological profile relative to gemcitabine and 
other nucleoside analogs. The agent has excellent activity against various 
cancer cell lines and xenografts including gemcitabine-resistant variants and 
it has excellent oral bioavailability; it is not a substrate for the degradation 
enzyme cytidine deaminase. RX-3117 is being evaluated at a daily oral 
schedule of 700 mg (5 days/week for 3 weeks) which results in plasma levels 
in the micromolar range that have been shown to be cytotoxic to cancer cells. 
It has shown clinical activity in refractory bladder cancer and pancreatic 
cancer. 
Areas covered: The review provides an overview of the relevant market and 
describes the mechanism of action, main pharmacokinetic/pharmaco-
dynamic features and clinical development of this investigational small 
molecule. 
Expert opinion: RX-3117 is selectively activated by uridine-cytidine kinase 2 
(UCK2), which is expressed only in tumors and has a dual mechanism of 
action: DNA damage and inhibition of DNA methyltransferase 1 (DNMT1). 
Because of its tumor selective activation, novel mechanism of action, 
excellent oral bioavailability and candidate biomarkers for patient selection, 
RX-3117 has the potential to replace gemcitabine in the treatment of a 
spectrum of cancer types.  
 
Keywords: Cytidine analogs, fluorocyclopentenylcytosine, uridine-cytidine 
kinase 2, DNA methyltransferase 
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Box 1. Drug summary  
▪ Drug name: 5-fluorocyclopentenyl cytosine (RX-3117) 
▪ Molecular formula: C10H12FN3O4; Molecular weight: 257.221 g/mol 
▪ Isomeric SMILE: C1=CN(C(=O) N=C1N) [C@H]2[C@@H] ([C@@H](C 

(=C2F)CO)O)O 
▪ IUPAC: 4-amino-1-[(1S,4R,5S)-2-fluoro-4,5-dihydroxy-3 

(hydroxymethyl)cyclopent-2-en-1-yl] pyrimidin-2-one 
▪ The drug is covered by several patents US, European and several 

other countries, regarding its potential therapeutic use (US7405214, 
submitted 2005, granted 2008), process of preparation 
(US2017158662 and US533958: submitted 2015 and 2016; granted 
2016); methods of use (US9782410, submitted 2016) 

▪ Phase: the drug is being evaluated in phase 2 for advanced bladder 
cancer (ClinicalTrials.gov Identifier: NCT02030067) and pancreatic 
cancer (ClinicalTrials.gov Identifier: NCT03189914) 

▪ Indication: when active in the first Phase 2, various potential 
indications (pancreatic ductal adenocarcinoma, advanced urothelial 
cancer, and non-small cell lung cancer) may receive the drug 1st 
line. 

▪ Pharmacology: >50% oral bioavailability; Tmax was reached within 
2–3 h with Cmax in the high micromolar range; linear PK with no 
drug accumulation. 

▪ The drug is taken up by the equilibrative nucleoside transporters 
and initially activated by UCK2. 

▪ The drug is incorporated into DNA, causing DNA damage, but also 
inhibition of DNA methyltransferase I. 

 
Clinical trials in bladder and pancreatic cancer are ongoing.  
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1. Introduction 

Nucleoside analogs are a class of antitumoural drugs commonly used to 
treat cancer (Figure 1). Their cytotoxic activity is due to their incorporation in 
RNA or DNA, inhibition of their synthesis and cell proliferation (1). In particular, 
gemcitabine (Gemzar, 2ʹ,2ʹ-difluoro-2ʹ-deoxycytidine) is commonly used as 
single agent or with nab-paclitaxel for the treatment of pancreatic cancer 
patients and in combination with cisplatin for lung and bladder cancer and is 
also registered for ovarian cancer and head-neck cancer (2); Cytarabine 
(cytosine arabinoside; ara-C) is part of the treatment of pediatric and adult 
leukemia (3); 5-Azacytidine (aza-CR; Vidaza; azacitidine) and 5-aza-
2ʹdeoxycytidine (aza-CdR; Decitabine, Dacogen) are widely used for 
hematological malignancies, such as myelodysplastic syndrome (4,5). 
However, one common issue for these drugs is resistance (6). This led to the 
development of many analogs. Cyclopentenylcytosine (CEPC) is a cytidine 
analog with a modification in the sugar and was evaluated for efficacy in 
several tumors, including neuroblastoma, but failed because of neurotoxicity 
(7). Another cytidine analog with a modification in the side chain of the base 
is ethynylcytidine (ETC; TAS-106) which had a unique mechanism of action, 
acting predominantly on RNA polymerase I, II and III (8,9). This drug failed 
because of uncontrollable neutropenia, neurotoxicity and lack of efficacy. 
Most recently RX-3117 (Fluorocyclopentenylcytosine) was developed (Box 1). 
It was synthesized starting from D-ribose using a Wittig reaction, Swern 
oxidation, stereoselective Grignard reaction, ringclosing metathesis, oxidative 
rearrangement and electrophilic fluorination (10,11). It is a novel promising 
cytidine-analog with a modification on the ribose molecule consisting of a 
carbon-fluorine bond instead of oxygen and a double bond. It presents 
interesting features both in bioavailability and pharmacodynamics/efficacy 
(12,13). It has an excellent bioavailability compared to other nucleoside 
analogs, including gemcitabine, and a strong effect on a wide panel of cancer 
cell lines and xenograft models, including gemcitabine resistant ones (12–14). 
 

2. Overview of the market 

Pancreatic cancer, more specifically pancreatic ductal adenocarcinoma 
(PDAC) is one of the most dismal cancers and is the seventh leading cause of 
cancer death globally (15,16). Currently more than 330,000 patients are 
diagnosed worldwide (15) and 55,440 patients are diagnosed every year in 
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the US, where it is the 4th cause of death and expected to become the 2nd 
cause of death in 2030, since the majority of patients will be seen in the age 
group of 65 to 75 years, especially those who have a history of heavily 
smoking, obesity and alcohol consumption (16). The 5-year survival for 
patients with advanced or metastatic disease is less than 5%, with overall just 
8.5% (period 2008–2014) (16). It is expected that the market will be over 1 billion 
US$ in 2018. Current treatment options are limited since the disease is usually 
diagnosed in an advanced stage (III-IV). Only a small percentage of the 
patients (12–15%) can be treated with a surgery with a curative intent. Surgery 
may be curative only for patients with stage I/II disease. For patients eligible 
to undergo complete tumor resection, with macroscopically completely 
removed tumors the 5-year overall survival was 10.4% for observation alone 
and 20.7% for gemcitabine only adjuvant treated patients (17). Most stage 
III/IV patients are treated with gemcitabine in combination with Abraxane® 
(nab-paclitaxel), or with FOLFIRINOX, while patients with poor PFS may 
receive single-agent gemcitabine. Overall median survival for patients with 
advanced cancer even with treatment is about 10 months. FOLFIRINOX (5-
fluorouracil-leucovorin combined with oxaliplatin and irinotecan), is usually 
given to patients with a good performance status, since it is a relatively toxic 
regimen (18). In a retrospective study in several community hospitals patients 
with a good performance received FOLFIRINOX, while 
gemcitabine/Abraxane was usually given to patients with a poor PFS; when 
very poor, gemcitabine was given to a minority as an alternative single agent. 
Therefore, more effective, less toxic treatments are desperately needed.  
The prevalence of urothelial bladder cancer (aUBC) is approximately 2.5 
million patients worldwide with about 420,000 new patients diagnosed every 
year (16). Risk factors include smoking and exposure to certain chemicals. The 
majority of patients (70%) are diagnosed with early-stage superficial bladder 
cancer that can be treated with transurethral resection (TURBT) followed by 
intravesical Bacillus Calmette–Guerin (BCG) or mitomycin. Only about 10% of 
the patients are diagnosed with advanced tumors that have penetrated into 
the bladder wall muscle and spread regionally or to distant sites but 
prognosis in these patients is poor with a 5-year survival at only 15%. These 
late-stage patients are usually treated with chemotherapy (with or without 
radiation). Gemcitabine in combination with cisplatin or carboplatin is the 
standard of care. More recently, PD-1 inhibitors have been approved in PD-L1 
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expressing tumors, but it is not limited to these tumors only (e.g. also for 
patients whose cancer cannot be treated with platinum chemotherapy) for 
second-line use in patients who develop resistance to gemcitabine-based 
chemotherapy and about 30% of the patients will have an objective response. 
The majority of patients do not respond to PD-1 inhibitors and there is a need 
for additional effective and tolerated treatment options. The bladder cancer 
market is currently estimated at $2B globally and expected to increase to 
$8B in the next 10 years due to aging populations and inclusion of PD-1 
inhibitors. 
 

 
 

Figure 1. Structural formulas of RX-3117 and the related nucleoside analogs. 
cyclopentenylcytosine (CPEC), ethynylcytidine (ETC; TAS106), azacytidine (azaCR), aza-2ʹ-
deoxycytidine (aza-CdR), gemcitabine and the normal nucleoside cytidine. 
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3. Mechanism of action 

3.1. Transport and activation 

Peters et al. characterized the main aspects of the metabolism of RX-3117 and 
its putative role in anticancer activity, taking in consideration various 
common pathways which drugs can take to be activated to its cytotoxic 
intracellular metabolites (12). A postulated scheme of its metabolism and 
main targets is presented in Figure 2. However, for some steps in this scheme 
proof is lacking albeit proof for alternatives is not present either.  
One of the main steps for a drug to exert its cytotoxicity, as for other 
nucleoside analogs, is the uptake into the cell. This is mediated by the human 
equilibrative nucleoside transporter (hENT) and the human concentrative 
nucleoside transporter (hCNT) family (19). An inhibitor of ENT1, dipyridamole, 
reduced sensitivity against RX-3117, indicating that hENT1 was responsible for 
uptake of the drug (similarly to gemcitabine), possibly excluding other 
transporters (12). A cell line deficient in hENT1 and lacking other transporters 
was also resistant to RX-3117 (Figure 3).  
According to the similarity to other cytidine-analogs, two enzymes were 
tested, known to be involved in cytidine and cytidine analog metabolism: UCK 
(Uridine-cytidine kinase in both forms UCK1 and UCK2), is responsible for the 
activation of Aza-CR (20), and dCK (deoxycytidine kinase) for gemcitabine 
and aza-CdR (21). To analyze the contribution of these enzymes to RX-3117 
metabolism, protection studies were performed with (deoxy)nucleosides, 
uridine, cytidine, and deoxycytidine. Deoxycytidine did not protect any of the 
analyzed cell lines against RX-3117, in contrast to uridine and cytidine, which 
were able to protect cells from RX-3117 effects in a dose-dependent manner 
(12). This demonstrated that dCK was not involved in activation of RX-3117, 
since deoxycytidine would have reverted the sensitivity, as was found earlier 
for gemcitabine (22). However, uridine and cytidine protected cells from RX-
3117. 
The activation enzyme UCK exists in two forms, UCK1 and UCK2 (23). Using 
UCK-siRNAs transfections, UCK2-siRNA could completely downregulate 
UCK2 at the mRNA and protein level, protecting cells from the RX-3117 
cytotoxicity (24). On the contrary, UCK1-siRNA was ineffective in protecting 
cells against RX-3117. Moreover, expression of UCK2 (activity, protein, and 
mRNA) correlated with cellular sensitivity to RX-3117.  
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Figure 2. Postulated metabolism and mechanism of action of RX-3117. Uptake of RX-3117 is 
mediated by hENT1, although a role for other transporters cannot be excluded. RX-3117 is a poor 
substrate for CDA, but an excellent substrate for UCK2. The monophosphate is subsequently 
being phosphorylated by either UMPK or CMPK (or both) and thereafter by NDPK. RX-3117 is 
incorporated into RNA and DNA, but it is not clear in which form the nucleotide (RX-3117-TP or 
dRX-3117-TP) is incorporated, since inhibition of RR did not decrease its incorporation. Molecular 
modeling revealed that in both forms RX-3117 can bind to the DNMT1-DNA complex (insert), 
inhibiting its function. DNMT1 can be translocated to the cytosol, and the binding of RX-3117 to 
DNMT1 enables ubiquitination leading to breakdown. Phosphorylated forms of RX-3117 can be 
broken down by a nucleotidase (e.g. NT5C3), while the triphosphate might be a substrate for 
either MTH1, DCTPP1 or SAMHD1. 

 
Figure 3. Deficiency of hENT1 as resistance mechanism for RX-3117. CEM CCRF cells deficient in 
hENT1 were exposed to RX-3117 for 72 h, and the sensitivity was determined using an MTT assay 
as described earlier (12). This cell line is completely dependent on hENT1 for uptake of nucleosides 
and nucleoside analogs. 
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As a positive control ethynylcytidine was also investigated, known to be a 
specific substrate for UCK2 (8). UCK1 downregulation with siRNA did not 
affect the sensitivity to both ethynylcytidine and RX-3117. Interestingly, UCK2 
expression is low in human normal tissues, in comparison with cancer cells 
which are sensitive to RX-3117 (24). Subsequent metabolism of RX-3117 to its 
diphosphate (RX-3117-DP) and triphosphate (RX-3117-TP) is possibly mediated 
by uridine monophosphate kinase (UMPK) and cytidine monophosphate 
kinase (CMPK) and Nucleoside diphosphate kinase (NDPK), respectively, but 
no definite proof has been obtained for involvement of these enzymes. 
However, the formation of these nucleotides has been demonstrated by the 
use of radioactive RX-3117 (12) and by the use of a sensitive LC-MS-MS (25). 
Accumulation of these ribonucleotides appeared to be correlated to the 
sensitivity of RX-3117 in several cancer cell lines (12). No proof has been 
obtained that RX-3117-DP is reduced to its deoxynucleotide derivative dRX-
3117-DP by ribonucleotide reductase and subsequently to dRX-3117-TP. 
Analysis of the cellular nucleotide content after incubation of several 
nonsmall cell lung cancer (NSCLC) cell lines, did not show any trace of the 
formation of deoxyribonucleotides, despite the use of a sensitive LC-MS-MS 
assay. Moreover, the deoxy form of RX-3117, 2ʹ-deoxy-fluoropentenylcytosine 
(RX-3128), did not exhibit any cytotoxicity to cancer cells (Table 1). 
Furthermore, inhibition of ribonucleotide reductase by a specific inhibitor 
triapine did not reduce the incorporation of radiolabelled RX-3117 into DNA 
(unpublished data). These data question the nature of the derivative of RX-
3117 incorporated into DNA, and it is hypothesized that RX-3117 has not to be 
converted to its deoxyribonucleotide in order to be incorporated into DNA.  
 

3.2. Degradation enzymes 

CDA (cytidine deaminase) is a degradation enzyme, which is involved in the 
degradation step of many cytidine analog drugs, such as gemcitabine and 
ara-C (26,27). However, using different approaches, it was demonstrated 
enzymatically that RX-3117 is a very poor substrate for CDA, while 
tetrahydrouridine (THU; an inhibitor of CDA) did not affect cellular sensitivity 
to RX-3117, whereas it had a strong effect on the sensitivity of cells to other 
drugs, such as gemcitabine, aza-CR and aza-CdR (12). 
Next to CDA, the nucleotides formed from RX-3117 can be degraded. Several 
enzymes have been described to be involved in nucleotide breakdown (28). 
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A clear role for various nucleotidases and phosphatases has been described 
for breakdown of normal and analog nucleotides. Most likely the cytosolic 
NT5C3 is responsible for the breakdown of the monophosphate to RX-3117. 
For the breakdown of deoxyribonucleotides several enzymes have been 
described, such as nudix hydrolase 1 (NUT1/MTH1), deoxycytidine 
triphosphatase (DCTPP1) and SAM and HD domain-containing protein 1 
(SAMHD1) (28) but a potential role in breakdown of RX-3117 nucleotides has 
not yet been demonstrated. 
 

3.3. Degradation of RNA and DNA 

RX-3117 was reported to be incorporated into both DNA and RNA to a 
comparable extent, but the exact nature of the incorporated metabolite was 
not identified. Moreover, RX-3117 showed a concentration-dependent 
inhibition of DNA/RNA synthesis, with cell-line specificity, but without a 
relation with cell-line sensitivity to the drug (12). DNA synthesis inhibition was 
found at lower concentrations of RX-3117, in comparison to RNA inhibition. In 
some cell lines even 100 μM RX-3117 did not inhibit RNA synthesis. Additionally, 
the drug did not seem to affect RNA integrity after 48 h of RX-3117 exposure. 
According to this evidence, RX-3117 mechanism of action was compared with 
aza-CR, which can be incorporated both to RNA and DNA, but exerts its 
cytotoxic effect due to its incorporation in the DNA, not affecting RNA 
integrity as well (12). The incorporation of RX-3117 into DNA led to DNA 
damage as found with positive staining for the DNA damage marker gamma 
H2AX, accumulation of cells in the S-phase, causing apoptosis as shown by 
increased annexin-5 staining (29) (Figure 4). 
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Table 1. Cytotoxicity of RX-3117 derivatives in human cancer cell lines. 

Cell lines 

 

RX-3117 

 

 Deaminated 
RX-3117 

 

 Deoxy RX-3117 

 

 Deoxy & deaminated RX-
3117 

 

 RX-3117 
diastereomer 

 

 IC50 (µM)  Growth at 1 µM Growth at 1 µM Growth at 20 µM Growth at 20 µM Growth at 25 µM 

HCT-116 0.39 1.0%    79.4%  81.9%  97.0% 
MDA-MB-231 0.18 1.4%    100%  71.1%  100% 
PANC-1 0.62 3.2%    71.4%  89.1%  100% 
Caki-1 0.84 6.4%    100%  100%   
MCF7 0.34 16.4%  96.3%       
A549 0.34 2.8%  100%       
MKN45 0.50 3.8%  100%       
U251 0.83 10.6  92.1%       

Values for RX-3117 are given as μM. For all derivatives of RX-3117 no IC50 values could be reached and growth at a high concentration (1, 20 or 25 μM) is 
given. 
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3.4. Effect on DNA methyltransferase 

An interesting aspect of the mechanism of action of RX-3117 is the inhibition 
of DNA methyltransferase 1 (DNMT1) (12,14), but not DNMT3a. Inhibition of 
DNMT1 has been demonstrated in different cancer cell lines and was related 
to their sensitivity to the drug. DNMT1 is crucial for maintenance methylation 
(30). Different RX-3117 concentrations were needed in various cell lines to 
reach the same level of DNMT1 suppression. Interestingly, this effect was 
predominantly noticed at the protein level, since the effect on mRNA levels 
was less (31). In a comparison with aza-CdR and aza-CR as reference 
hypomethylation agents, it was demonstrated that the decrease in DNMT1 
levels exerts a functional effect as well. Methylation usually leads to 
suppression of the promoter of a number of genes; hypomethylation will 
result in the activation of these genes, as has been demonstrated for genes 
such as O-methylguanine DNA methyltransferase and tumor suppressor 
genes (32). The proton-coupled folate transporter not only showed an 
increased protein and gene expression, but also an increased transport 
activity, similar to aza-CR and aza-CdR. Moreover, treatment with RX-3117 led 
to a decrease in overall methylation of the DNA. 
The mechanism of DNMT1 downregulation seems to be related to an 
increased protein breakdown. Normally DNMT1 acts on the DNA during the 
so-called base flipping for methyl transfer (30). Treatment of the NSCLC cell 
line A549 and the pancreatic cancer cell line SUIT-028 with RX-3117 
demonstrated trapping of DNMT1 to DNA. Moreover, treatment with RX-3117 
led to an increased ubiquitination of DNMT1, which translocated to the cytosol, 
resulting in increased degradation, which could be inhibited by the specific 
proteasome inhibitor bortezomib. It was concluded that RX-3117 treatment 
would still allow initiation of the methyl transfer but cannot proceed (32). 
RX-3117 has also been evaluated for its radiosensitizing potential. Firstly, using 
a clonogenic assay, it was demonstrated that pre-incubation of cells with RX-
3117 led to a radiosensitizing effect in the majority of the analyzed cell lines 
(29). Moreover, RX-3117 had a significant effect on radiation induced-DNA 
damage with a delayed DNA repair in irradiated cells, after RX-3117 treatment. 
RX-3117 and radiation were also used to investigate the cell cycle distribution. 
RX-3117 and irradiation led to accumulation of cells inG2 and S phase (29). 
RX-3117 might be an effective radiosensitizing agent for NSCLC. 
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Figure 4. DNA damage and induction of apoptosis in A2780 ovarian cancer cells and A549 and 
SW1573 NSCLC cells. (a) Quantification of γ H2A.X and DNMT1 by Western Blot of nuclear extracts 
of A2780 cells; H3 is the loading control for the nuclear fraction: (b) Quantification of Annexin V 
in RX-3117 treated (5 μM for A549 and 10 μM for SW1573 cells for 4 days); (c) Positive staining for 
γH2A.X as a marker for DNA damage in A549 cells after 4 days of exposure. 

 

4. Effect on in vitro and in vivo models of cancer 

Both in vitro and in vivo studies have been performed to characterize the 
antitumor effect of RX-3117 in comparison with other drugs belonging to the 
same family. Initial studies in tumor cell lines showed a promising activity 
pattern in many types of cancer with IC50 in the low μM, particularly in breast 
(0.18 μM IC50), lung (0.25 μM IC50), and colon (0.28 μM IC50) cancer cell lines 
(14). This pattern was verified in a panel of 59 cell lines, with different 
pathological origins (12). Altogether more than 100 different human cancer 
cell lines were tested. Interestingly, RX-3117 had no effect on melanomas. In 
addition to that, many cancer cells resistant to other (deoxy-) cytidine 
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analogues were sensitive to RX-3117, which for instance showed a similar 
efficacy pattern in A549, SW1573, CEM and their gemcitabine-resistant cell 
lines.  
Interestingly, it was shown that RX-3117 had a time dependent sensitivity to 
RX-3117, with a higher efficacy in cells at a long exposure (12). Yang et al. (13) 
initially tested the efficacy of RX-3117 in nine xenograft models, showing 
potent activity of the drug in many types of cancer, including gemcitabine-
resistant xenografts. Altogether the drug was effective against 17 human 
colon tumors, human renal cancer, and human pancreatic cancer xenograft 
models, comparable or better than other analogs or other effective drugs 
such as paclitaxel.  
In a recent study, combination treatments of RX-3117 with Abraxane or anti-
PD1 immunotherapy were tested in colorectal and pancreatic xenograft 
models (33). Combination treatment with Abraxane + RX-3117 showed a better 
tumor growth inhibition, compared to RX-3117 alone, while the patient from 
whom the xenograft was obtained, showed resistance to Abraxane alone. 
Moreover, RX-3117 + anti-PD1 combination also showed promising activity, 
with a higher level of survival compared to anti-PD1 treatment alone. 
 

5. Clinical trials 

5.1. Phase 0 study 

RX-3117 was investigated for its pharmacokinetics and bioavailability in order 
to clarify its plasma profile and its best administration method. In particular, 
oral and intravenous administrations have been compared. A limited cohort 
of patients with solid tumors was treated with a 50 mg or 100 mg single RX-
3117 oral dose or a 20 mg single intravenous dose (34). First results indicated 
a different plasma profile between these two administration methods. The 
plasma profile of the orally administered drug had a Tmax of 2.16 and 2.49 h 
and an average Cmax of 1.18 μM (303.3 ng/mL) and 1.21 μM (311.43 ng/mL) for 
50 mg and 100 mg dose, respectively. On the contrary, intravenously 
administered drug led to a Cmax of 4.44 μM (1143.63 ng/mL) and a Tmax of 
0.25 h. From these studies, using the plasma profile of the 20 mg i.v. dose, the 
oral bioavailability of RX-3117 was calculated to be 55.7% and 33.4%, 
respectively, and appeared to be safe and well tolerated in patients (34). 
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5.2. Phase I and II studies and pharmacokinetics 

RX-3117 has been evaluated for its safety and is being evaluated for efficacy 
in several phase I and phase II clinical trials. Here we summarize the 
preliminary outcomes of ongoing studies of RX-3117 in pancreatic and 
bladder cancer patients.  
First, Phase I studies have been performed to evaluate pharmacokinetics (PK) 
and safety and to determine the MTD (Maximum tolerated dose) of oral 
administration, in a group of patients with relapsed/refractory solid tumors 
(35). RX-3117 was administered orally 3 times a week, for three weeks with one 
week off for each 4-week cycle, in a dose escalation schedule from 30 to 2000 
mg. The drug showed a linear PK with a plateau at 1500 mg, with peak plasma 
concentrations varying from 32 to 1858 ng/mL (0.12–7.22 μM) after the 1st 
dose and 99–1703 ng/mL (0.34–6.62 μM) after the 7th dose. The measured 
AUC was 164–20,544 h ng/mL (0.64 μmol r/L – 79 μmol h/L) after the 1st dose 
and 702–20,919 h ng/mL (2.73 μmol h/L – 81 μmol h/L) after the 7th dose (36). 
At several doses, early antitumor activity was found in pancreas, colorectal 
and mesothelioma cancers with some cases of tumor burden reductions. 
Additionally, two alternative more frequent administration schedules were 
compared: the first with 500–700 mg RX-3117 orally administered 5 times a 
week, for 3 weeks with 1-weekoff; the second one with 500 mg of RX-3117 
orally administered 7 times a week, for 3 weeks, with 1-week off, in 4-week 
cycles. For the 5 times a week administration schedule, the maximal tolerated 
dose (MTD) was 700 mg, with a Cmax of 3.84 μM (989 ng/mL) and the AUC 
8663 h.ng/mL. In the Phase Ib clinical trial, 12 patients experienced stable 
disease for up to 276 days and 3 patients showed evidence of a decrease of 
tumor burden. The 700 mg dose appears to be safe and well tolerated with 
predictable pharmacokinetics and selected for further Phase II clinical trials, 
in line with the better pharmacokinetic properties (35). 
Next, RX-3117 has been evaluated as a single agent in two phase IIa clinical 
trials which were also intended to extend analyses of safety and tolerability. 
For both pancreas and aUC (advanced urothelial cancer) Phase II trials, 
patients received a dose of 700 mg of RX-3117 orally once-a-day for 5 
consecutive days with 2 days off per week for 3 weeks with 1 week off in each 
4-week cycle, although some patients with aUC were treated for 4 straight 
weeks in the 28 days cycle. The most recent data are on 45 patients with 
refractory or relapsed metastatic pancreatic cancer (of which 93% 
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progressed on gemcitabine therapy and 42 patients were evaluable for final 
efficacy analysis). In this study, 13 patients had an increased progression-free 
survival for 2 months or more and 5 patients had disease stabilization for 
more than 4 months. One patient had a partial response. In this clinical trial, 
the reported adverse effects were mild to moderate anemia (19%), mild to 
moderate fatigue (15%), mild to moderate diarrhoea (11%), severe anemia 
(9%) (Clinical trial number NCT02030067; evaluation not yet according to 
RECIST criteria) (36). RX-3117 with Abraxane (nab-paclitaxel) is being 
investigated in a 4-week cycle in a Phase 1b/Phase 2a clinical trial of RX-3117 
(700 mg orally for 5 consecutive days/2 days off) with nab-paclitaxel (125 
mg/m2 i.v. weekly) for 3 weeks with one week off in patients with metastatic 
pancreatic cancer (37). Preliminary updated data (Clinical Trial number 
NCT03189914; Jan 2019 (38)) revealed a disease control rate of 92% (22/24 
patients) at 8 weeks, including a CR after 6 cycles of therapy, 8 PR and 13 SD 
(38). PK analyses indicated that RX-3117 and nab-paclitaxel did not interfere 
with each other, with comparable Cmax and AUC for RX-3117 as in the single-
agent study. Toxicity evaluation is preliminary and not yet complete (Grade 
3–4 neutropenia 29%, anemia 11%, diarrhea 8%). Enrollment will continue until 
40 evaluable patients have been identified. The study will continue until all 
patients have completed their last on-study visit. 
The Phase IIa clinical trial for advanced urothelial cancer (aUC) showed 
similar encouraging results as for pancreatic cancer. Up to now, 35 patients 
have been treated who were refractory to either gemcitabine (31 patients) or 
immunotherapy (27 patients), and 31 patients were evaluable for efficacy 
analysis (39). Remarkably, seven patients experienced disease stabilization 
for more than 2 months and 19% for more than 4 months, with one of them 
even more than 310 days; one patient with one CR is continuing treatment 
after 14 months; 5 patients had a SD for more than 4 months, with one patient 
with an SD at 10 months and one at 6 months. For four patients a tumor 
reduction was found ranging from 13.9% to 20%. The reported preliminary 
adverse effects were G1/2 diarrhea (14%), fatigue (9%), nausea (9%), vomiting 
(9%), G1/G2 anemia (7%), and G3 thrombocytopenia (7%). The study 
continues to enroll patients with aUC in Stage 2 (NCT02030067) (40).  
Rexahn has received Orphan Drug designation for RX-3117 for pancreatic 
cancer from the FDA and from the EMA. 
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6. Potential biomarkers for RX-3117 

6.1. Transporters and target enzymes 

6.1.1. Transporters 

From the initial mechanism of action studies, several potential markers were 
identified in various model systems and characterized for their expression in 
human normal and tumor tissues. These potential biomarkers are either 
related to its metabolism or its identified targets. RX-3117 is transported into 
the cell by the hENT1. Since inhibition of hENT results in a decreased sensitivity 
and since a deficiency of hENT even in complete resistance, it can be 
postulated that at least a certain expression of hENT is required for cells to 
be sensitive to RX-3117. For gemcitabine, it has been demonstrated that 
sensitivity of PDAC is related to hENT1 expression, either measured by PCR 
(40) or by immunohistochemistry (41). Patients with a higher ENT1 expression 
had a longer survival. Care has to be taken that a proper antibody is being 
used for immunostaining since the original antibody developed by Cass et al. 
clearly showed a relation with efficacy of gemcitabine (41) and patients with 
a higher expression had a longer survival. However, the antibody SP120 also 
stained positive in cells with a deficient hENT expression (42); this antibody 
was used in a pivotal prospective study comparing gemcitabine and the 
prodrug CO1.01 (CP-4126) which can bypass the hENT transporter and shows 
sensitivity in transport inhibited cells (43). In this clinical study, no difference 
in survival of gemcitabine-treated patients with low and high positive staining 
with SP120 was found (44) so that it was incorrectly concluded that hENT was 
not related to gemcitabine’s efficacy. Using another proper antibody, a 
relation was found for high and low expression of hENT, which was validated 
with PCR, and showed a large difference in hENT in xenografts and patient 
samples. 
 

6.1.2. Uridine-cytidine kinase 

Another potential biomarker is the expression of UCK2. This enzyme is 
abundantly expressed in tumors, but not in normal tissues, except for 
placenta (24). Since UCK1, which is abundant in normal tissues, cannot 
activate RX-3117, this gives a very interesting potential selective activation of 
RX-3117 in tumors. Expression of UCK2 has been demonstrated to be high in 
many tumor tissues, as shown using PCR and specific antibodies (Figure 5) 
(45). It plays a role in intrinsic resistance to RX-3117, although in cells with 
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acquired resistance no deficiency of UCK2 was found (unpublished results). 
Therefore, UCK2 has the potential to be used to select patients with a high 
expression of this enzyme, which has been found in several lung cancer 
xenografts and samples from human colon cancer, pancreatic cancer and 
bladder cancer (24,46). 
 

6.1.3. Degradation enzymes 

Several enzymes are postulated to play a role in RX-3117 activation (e.g. 
UMPK, CMPK, NDPK) or in the degradation of RX-3117 nucleotides 
(nucleotidases, MTH1, SAMHD1, DCTPP1) (28) but initial data did not show a 
relation with resistance in a cell line panel in which acquired resistance to RX-
3117 was induced (47) (Sarkisjan et al., unpublished). However, similar to UCK2 
this does not exclude that intrinsic resistance might be related to drug 
sensitivity and should be investigated more in detail. 
 

 
Figure 5. Expression of UCK2 in several human xenografts and tumors from patients with a 
different histological origin; liver metastasis of colon cancer, small cell lung cancer (H69) and 
pancreatic cancer.  
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6.2. DNA methyltransferases 

Another potential biomarker is DNMT1. DNMT1 expression can be 
downregulated by RX-3117, which affects DNA methylation. DNMT1 shows a 
large variation in expression in various cancer cell lines, human xenografts 
and human tumor tissues (48). This can easily be measured using either PCR 
or immunohistochemistry, both in tumor tissue and normal cells such as white 
blood cells. Moreover, since RX-3117 treatment leads to a decreased DNA 
methylation, this feature can be evaluated in patients as well, either by 
measurement of global DNA methylation in surrogate tissue or by 
measurement of the expression of target genes, which are regulated by 
promoter methylation, such as the abovementioned tumor suppressor genes. 
Since it will be inconvenient to monitor methylation in tumors, alternative 
sources should be investigated, e.g. by using surrogate tissues or by analysis 
of liquid biopsy specimens, such as circulating tumor cells (CTCs) or 
circulating free DNA (cfDNA). Sensitive techniques such as pyrosequencing 
might be used for this purpose. 
 

7. Conclusion 

RX-3117 is a novel cytidine analog with several interesting features that make 
it distinct from currently used antimetabolites. Its anticancer activity is 
dependent on the accumulation of RX-3117 nucleotides; the first activation 
step is catalyzed by the tumor-specific enzyme UCK2, and its triphosphate is 
incorporated into RNA and DNA. However, its mechanism of action also 
includes inhibition of DNMT1. RX-3117 is not catabolized by CDA, which explains 
its excellent oral bioavailability. The drug is well tolerated and oral 
administration is used in ongoing Phase II studies where promising anticancer 
activity has been found. 
 

8. Expert opinion 

According to the promising data from in vitro and in vivo studies, and ongoing 
Phase I/II studies, RX-3117 appears to be a safe and well-tolerated drug. It has 
various promising features which make it different from other successful 
cytidine analogs such as gemcitabine and ara-C or analogs that failed such 
as cyclopentenylcytosine and ethynylcytidine. These features include, (1) a 
selective activation in tumors by UCK2, an enzyme not present in normal 
tissues; (2) an excellent oral bioavailability; and (3) a potent antitumor activity 
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against a variety of human xenografts, including novel PDX and gemcitabine-
resistant tumors. These aspects have all been covered in several patents, not 
only USA and European but also various other countries. There are promising 
clinical data from the initial Phase I and Phase II studies on advanced bladder 
and pancreatic cancer, such as the feasibility of several combinations 
including combinations with targeted cytotoxic chemotherapy, tyrosine 
kinase targeted drugs and novel checkpoint inhibitors. The mechanism of 
action studies revealed the potential of many promising biomarkers including 
the tumor specific UCK2, as well as hENT1 and DNMT1. However, the exact 
mechanism of action for this drug still remains to be elucidated, since a 
potential mechanism (or mechanisms) of acquired resistance has (have) not 
yet been elucidated either, indicating that the drug has several novel 
attractive features (48). Based on these favourable properties the drug will 
be an improvement compared to current therapies for PDAC such as 
gemcitabine-based combinations and the toxic FOLFIRINOX. In advanced 
bladder cancer the toxic MVAC therapy has already been replaced by 
gemcitabine-cisplatin, but RX-3117 (alone or in combination) is likely to be a 
favourable alternative. Because of its ease of administration (oral) and 
excellent safety profile, it is likely to be prescribed. This is already indicated 
by the rapid progress of ongoing clinical studies. However, to achieve this aim, 
the current clinical studies need to retain the current favorable results. Proper 
Phase III studies (focusing on similar patient populations and using a proper 
active Phase II administration schedule) in comparison with gemcitabine-
based therapies need to be performed for registration, focusing on at least 
equivalence, which may be a feasible outcome in about 5 years. 
Considering the excellent in vitro and in vivo data on other tumor types, such 
as non-small cell lung cancer, this disease may be another potential tumor 
type. Current immunotherapy studies may be an important hurdle in the 
recruitment and therefore development. However, the lack of anticancer 
activity of immunotherapy in various tumor types may be an opportunity for 
RX-3117. Therefore, clinical trials should not only evaluate biomarkers such as 
UCK2, transporters and the target DNMT1, but should also include the analysis 
of secreted cytokines and chemokines. A future opportunity might then be a 
combination with immune checkpoint inhibitors. Such combinations, when 
positive, will likely replace current therapy modalities. 
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Abstract 

Background/Aim: The novel cytidine analog RX-3117, which is activated by 
uridine-cytidine kinase 2 (UCK2), shows encouraging activity in pancreatic 
and bladder cancer Phase IIa studies. In this study we highlight the potential 
role of UCK2 as a biomarker for selecting patients for RX-3117 treatment. 
Patients and Methods: The online genomics analysis and visualization 
platform, R2, developed by the Oncogenomics department at the AMC 
(Amsterdam, The Netherlands) was used for in silico UCK2-mRNA correlation 
with overall survival of pancreatic cancer patients, while UCK2 protein 
expression was evaluated by immunohistochemistry on pancreatic tumor 
formalin-fixed paraffin-embedded sections from independent pancreatic 
cancer patients. mRNA expression was also determined for SUIT-2, PANC-1 
and PDAC-3. Lastly, the drug sensitivity to RX-3117 was investigated using the 
Sulforhodamine-B cytotoxicity assay.  
Results: The in silico data showed that a high UCK2-mRNA expression was 
correlated with a shorter overall survival in pancreatic cancer patients. 
Moreover, UCK2 protein expression was high in 21/25 patients, showing a 
significantly shorter mean Overall Survival (8.4 versus 34.3 months, p=0.045). 
Sensitivity to RX-3117 varied between 0.6 and 11 μM.  
Conclusions: Pancreatic cancer cells are sensitive to pharmacologically 
achievable RX-3117 concentrations and UCK2 might be exploited as a 
biomarker for patient treatment selection. 
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Introduction 

In 2018, pancreatic cancer ranked as the fourth cause of cancer related 
deaths in Europe (1) and its incidence rate continues to increase (2). The poor 
outcome of pancreatic cancer is multi-factorial. The majority of the patients 
is diagnosed at advanced disease stage (2) due to its asymptomatic 
behavior, deeming patients ineligible for surgery. Treatment with radio- or 
chemo-therapy is therefore the sole option for these patients. Currently, the 
treatment regimen consists of a combination of: i) leucovorin, 5-fluorouracil, 
irinotecan and oxaliplatin (FOLFIRINOX) for patients with a good 
performance or ii) gemcitabine alone or with nab-paclitaxel for the remaining 
group. The FOLFIRINOX regimen has also significantly improved the survival 
of patients with resected pancreatic cancer compared to gemcitabine 
monotherapy, however, its toxicity is considerable (3, 4). In the case of 
gemcitabine regimens, gemcitabine resistance remains an important 
limitation, prompting studies for the development of novel therapeutics and 
biomarkers to help guide treatment decisions.  
Fluorocyclopentenylcytosine (RX-3117) is a new antimetabolite that belongs 
to the same cytidine analogs subgroup as gemcitabine but differs structurally 
in the ribose-moiety, where it possesses a double bond and a fluoro group. 
Mechanistic studies have shown that RX-3117 is taken up by cells through the 
human equilibrative nucleoside transporter 1 (hENT1, SLC29A) (5, 6) and 
possibly the concentrative nucleoside transporter (hCNT1). Next, RX-3117 is 
activated by the specific tumor-expressed uridine cytidine kinase 2 (UCK2) 
(7), followed by further metabolism of RX-3117 to the active di- and 
triphosphorylated metabolites that are incorporated into RNA and DNA and 
interfere with their synthesis. RX-3117 can also down-regulate DNA 
methyltransferase 1 (DNMT1), leading to hypomethylation and subsequent 
activation of tumor suppressor genes (8, 9). RX-3117 is currently in clinical 
trials (NCT02030067) as an orally administered monotherapy in patients with 
advanced bladder cancer and solid tumors, including pancreatic cancer. 
Additionally, a combination of RX-3117 with Nab-paclitaxel (Abraxane®) is 
being evaluated in refractory pancreatic cancer patients (NCT03189914). 
RX-3117 shows great potential as a new treatment for pancreatic cancer due 
to the ease in the route of administration (oral) and its activity in gemcitabine-
resistant models. Preliminary results from clinical trials have shown that 
patients that did not respond to gemcitabine were indeed sensitive to RX-3117, 
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summarized by Balboni et al. (6). These results prompted further ongoing 
clinical trials with RX-3117 as well studies on predictive biomarkers for patient 
selection (6). 
UCK2 expression shows potential as a biomarker for patient treatment 
selection, since it plays an essential role for RX-3117 function, by catalyzing 
the first essential activation step of RX-3117 (7). Functionally, UCK2 belongs to 
the uridine cytidine kinase family, which is responsible for the phosphorylation 
of uridine and cytidine to their monophosphorylated forms, UMP and CMP, 
respectively. Structurally, UCK2 shows homology with isoform UCK1, however, 
UCK2 is only expressed in human placenta and testis (10). UCK2 
overexpression has been found in several cancer types, such as colorectal 
cancer, breast cancer tissue, and glioblastoma, and recent studies reported 
UCK2 expression also in pancreatic cancer cells (11-13). 
In this study we evaluated the expression and potential role of UCK2 in 
predicting the response in pancreatic cancer together with the effect of RX-
3117 on immortalized and primary pancreatic cancer cells. 
 

Patients and Methods 
Evaluation of UCK2 mRNA expression in pancreatic cancer 
The mRNA expression of UCK2 was evaluated using the web-based genomics 
analysis and visualization platform R2 (R2: Genomics Analysis and 
Visualization Platform (http://r2.amc.nl)) on the TCGA dataset (Tumor 
pancreatic adenocarcinoma TCGA dataset 178-rsemtcgars). 
 

Patients  
In this study we used tumor samples from 25 patients with pancreatic ductal 
adenocarcinoma (PDAC), who underwent surgical tumor resection with 
curative intent. All patients provided a written informed consent for the 
storage and IHC analysis of their specimens, according to the protocol 
approved by the Local Ethics Committee of the University of Pisa (#3909, 3rd 
July 2013). 

 

Immunohistochemical evaluation of UCK2 expression in pancreatic cancer 

tissues 

The protein expression of UCK2 was evaluated by immunohistochemistry 
(IHC) of Formalin-Fixed, Paraffin- Embedded (FFPE) tumor samples from the 
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25 PDAC patients. Representative areas of PDAC tumor specimens for each 
case were selected and prepared for IHC as previously described (14), using 
the polyclonal rabbit antibody UCK2 (YK-582, Abcam, Burlingame, CA, USA) 
at room temperature for 1 hour (1:100 dilution, in phosphate buffered saline 
solution) and probed with biotinylated anti-rabbit and anti-mouse secondary 
antibody, plus a high sensitivity streptavidin–HRP conjugate (Cell Marque, 
CytoScan™, Rocklin, CA, USA) and counterstained with hematoxylin. For 
negative controls the UCK2 antibody was omitted.  
Sections were semi-quantitatively scored for the percentage of cells with 
UCK2 staining as follows: i) 1+ (<25% staining of tumor cells), ii) 2+ (25–50%), 
iii) 3+ (50% to 75%). Additionally, the staining intensity was quantified as: i) 0 
(negative), ii) 1+ (weak), iii) 2+ (intermediate), or iv) 3+ (strong). Intensity and 
extension values were added for final scoring (range 0–6), and the tissues 
with final scores of 4+, 5+ and 6+ were defined as “high expression” of UCK2, 
while scores below 4+ as “low expression”. IHC staining was assessed by two 
independent investigators (FN and RC), who also examined the amount of 
tumor and tissue loss, as well as the background, and overall interpretability 
with respect to high background and low signal intensity. 
 

Cell lines 

The pancreatic cancer cell lines PANC-1 (ATCC® CRL-1469, Manassas, Virginia, 
United States), SUIT-2 (JCRB1094, Tokyo, Japan) and the primary cell line 
PDAC-3 (15) were cultured in RPMI (Lonza, Basel, Switzerland) supplemented 
with 10% fetal bovine serum (FBS) (Biowest, Nuaillé, France). The cells were 
grown at 37˚C, 5% CO2 and were frequently tested for mycoplasma 
contamination. 
 

RNA-sequencing analysis 

RNA-sequencing analyses for PDAC-3 and PANC-1 were performed, as 
described by Firuzi et al. (16). Briefly, the raw data were preprocessed for 
quality filtering and adapter trimming using FASTX Toolkit version 0.7 
(http://hannonlab.cshl.edu/fastx_toolkit/) and subsequently mapped to the 
Human genome (GRCh38) using STAR alignment tool version 2.5.3a 
(https://github.com/alexdobin/STAR). We obtained ~90% of reads mapped 
to the Human Genome per sample. Gene counts in Fragments Per Kilobase 
of transcript per Million mapped reads (FPKM) normalization were computed 
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using CuffLinks algorithm and plots were generated with R version 3.5.0. SUIT-
2 expression data was downloaded from the Cancer Cell Line Encyclopedia 
(https://portals.broadinstitute.org/ccle). 
 

Sulforhodamine-B cytotoxicity assay 

PANC-1, SUIT-2 and PDAC-3 cells were seeded at a density of 3000 cells per 
well in flat bottomed 96 well plates (VWR, Dublin, Ireland) to perform the 
Sulforhodamine B (SRB) assay, as described by Keepers et al. (17). A 
representative curve for each cell line is given as mean ± SEM, performed in 
triplicates, and the 50% inhibitory concentration (IC50) values are calculated 
and depicted as mean ± SEM, with a minimum of two experiments. 

 

Statistics 

All experiments were performed in triplicates and repeated at least two times. 
Data were analyzed by Student’s-t-test or two-way ANOVA with multiple 
comparisons, followed by the Tukey’s multiple comparison. The mRNA and 
protein expression data were generated blinded to clinical outcomes and the 
stratification was adopted at the end of the study. Associations between 
clinicopathological features were evaluated by Fisher and chi-square tests, 
while correlation with outcome was evaluated using the Kaplan-Meier curve 
and log-rank method, using SPSS-24 (IBM, Chicago, IL, USA). Statistical 
significance was set at p<0.05. 
 

Results 

High expression of UCK2 mRNA is significantly correlated with shorter overall 

survival 

Applying the online genomics and visualization platform R2 developed by the 
Oncogenomics department at the AMC (Amsterdam, the Netherlands) on the 
publicly available TCGA dataset (Tumor pancreatic adenocarcinoma TCGA 
dataset 178-rsem-tcgars), it was found that in a cohort of 178 patients, 30 
patients were classified with high UCK2 mRNA expression, 116 with a low UCK2 
mRNA expression and 32 samples were excluded due to missing survival 
data. In the computed Kaplan-Meier curve (Figure 1), it is shown that a high 
UCK2 mRNA level is significantly (p=0.012) correlated with a poor overall 
survival probability compared to a low expression. 
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Figure 1. Correlation of UCK2 mRNA expression with prognosis in pancreatic cancer patients in 
the TCGA database (Dataset Tumor Pancreatic adenocarcinoma – TCGA -178, analysed with 
rsem-tcgars, with scan cut-off modus at expression 543.3608). Kaplan-Meier curve of UCK2 
mRNA expression with high (n=30; lower curve) and low (n=116, upper curve) expression, (left) 
and the expression per patient (grey=alive, black=deceased) produced with the R2 online 
genomics and visualization platform (right). Thirty-two samples were omitted from the analysis 
due to missing survival data. 

UCK2 is highly expressed in human tissue and correlated with shorter survival 

In a panel of 25 FFPE sections of pancreatic ductal adenocarcinoma patients, 
UCK2 showed a variable expression pattern, classified as ‘low’ or ‘high’ 
staining, as shown in representative images in Figures 2A and B. The majority 
of the patients (21/25) were classified as ‘high expression’ (score >3). 
Conversely, the remaining 4 patients were scored below 3. UCK2 expression 
was significantly correlated with OS (Table I). Patients with high UCK2 
expression had an overall survival (OS) of 18.4 [95% confidence interval (CI), 
15.2-21.7] months, while remaining patients had an OS of 34.3 (95%CI, 26.9-
41.8) months (p=0.045). A trend towards a significant correlation was reported 
for grading. However, there were no differences in UCK2 expression levels in 
relation to all the clinicopathological parameters, such as age, sex, resection 
status, the presence of lymph nodes and tumor grading, as evaluated by 
Fisher and chi-square tests. 
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Table I. Outcome according to clinical characteristics in the 25 PDAC patient samples collected 
in an independent study. 

Characteristics  N (%) OS months  

Mean (95%CI) 

p-Value 

No. Patients All 25 14.0 (12.1-15.8)  

Age, years 65 10 19.1 (14.3-23.9) 0.346 

 65 15  25.6 (18.3-33.0)  

Sex Male 16 19.9 (14.6-25.2) 0.596 

 Female 9 24.9 (17.9-31.8)  

Resection status R0 12 26.5 (14.1-23.1) 0.236 

 R1 13 18.6 (11.2-31.0)  

Lymph node  No 5 28.7 (19.6-37.8) 0.234 

 Yes 20 19.4 (16.0-22.9)  

Grading 1-2 15 25.6 (19.4-31.7) 0.129 

 3 10 13.7 (11.1-16.3)  

UCK2 expression Low 4 34.3 (26.9-41.8) 0.045 

 High 21 18.4 (15.2-21.7)  

 

UCK2 mRNA is expressed in pancreatic cancer cell lines and in primary cells 

Based on our RNA-sequencing data, the Cancer Cell Line Encyclopedia and 
appropriate analyses, it was found that UCK2 mRNA is expressed in all three 
examined cell lines, with the highest FPKM score in PANC-1 cells (Figure 2C). 
Moreover, the transporter hENT1 (SLC29A1), which is responsible for the 
cellular uptake of RX-3117, was shown to be overexpressed to the same extent 
as UCK2. Interestingly, hCNT1, the human concentrative nucleoside 
transporter 1 (SLC28A1) that can also mediate gemcitabine’s cellular uptake, 
is expressed at very low to undetectable levels in these cell lines. 
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Figure 2. UCK2 is overexpressed in human tumor tissue and pancreatic cancer cell lines. 
Evaluation of UCK2 protein expression in PDAC tissues. Representative images at high 
magnification (40x magnification) of pancreatic tumor tissues with low (A) and high (B) UCK2 
protein expression, as detected in the glandular area of two PDAC specimens. (C) UCK2 mRNA 
expression in cell lines along with hENT1 (SLC29A1) and hCNT1 (SLC28A1) expression, as assessed 
by RNA-sequencing. The y-axis is plotted in two segments to visualize hCNT1 expression, which 
is <0.1 FPKM. 

Pancreatic cancer cells are sensitive to RX-3117 

The SUIT-2, PDAC-3 and PANC-1 cells showed different sensitivities to RX-3117 
(Figure 3). Both SUIT-2 and PDAC-3 cells, despite the first being immortalized 
and the second a primary cell line, show a similar sensitivity to RX-3117, in a 
low micromolar range; instead, PANC-1 cells were more than 11-fold less 
sensitive (p<0.002; Student’s t-test). Importantly, all these IC50 values are 
within clinically achievable plasma concentrations of patients treated with 
RX-3117 (6). 
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Figure 3. Pancreatic cancer cells are sensitive to RX-3117. (A) Representative growth inhibition 
curves of pancreatic cancer cells SUIT-2, PDAC-3 and PANC-1 treated with RX-3117, plotted as 
mean ± SEM of one experiment performed in triplicates and repeated at least twice. Significance 
is indicated as *p<0.05, **p<0.01, ****p<0.0001 at the top of the graph for the comparison of PANC-
1 with PDAC-3, and at the bottom for the PDAC-3 compared to SUIT-2. (B) Is showing the 
corresponding IC50 values given as mean ± SEM of at least two experiments. 

Discussion 

Tumoral UCK2 expression correlated with poor prognosis of cancer patients 
with different cancer types, including pancreatic cancer (11, 18). UCK2 up-
regulation, but neither UCK1 nor the isoform UCKL1, is also proposed as an 
indicator for a poor prognosis in hepatocellular carcinoma (HCC) (18). In HCC 
cells overexpressing UCK2, the migratory, invasive and proliferative potential 
of the cells increases and is inverted when UCK2 is knocked-down (19). 
Interestingly, Zhou et al., have linked the promotion of metastasis by UCK2 to 
the Stat3 pathway (20). A relatively unexplored feature of UCK2, a link to 
apoptosis induction needs to be investigated more extensively in pancreatic 
cancer. 
The role of UCK2 in the aggressiveness of tumors can be considered as a 
potential marker for RX-3117 sensitivity, since this drug is activated selectively 
by UCK2 and not UCK1 (7). Our present and earlier data (6, 7) and analyses 
of publicly available databases show that UCK2 is expressed in many cancer 
cell lines and tissues Moreover, pancreatic cancer cells, including a primary 
cell line, are sensitive to RX-3117 in a concentration range that has been 
achieved in the current treatment protocol (6). Initial analysis of UCK2 
expression of circulating tumor cells (CTC) in the ongoing Phase IIa studies 
have shown that evaluation of UCK2 and hENT1 is feasible during a clinical 
study (21) and could obviate the need for evaluating tissue expression in 
unresectable tumors. However, correlation between CTC and tumor tissue 
expression of UCK2 and/or ENT1 needs to be formally established. The 
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present data on tumor specimens of patients underline the potential role of 
UCK2 in tumors and the feasibility of analysing UCK2 as a predictive 
biomarker for patients who would benefit from RX-3117 treatment. Naturally, 
future clinical studies should aim to validate the role of UCK2 in the antitumor 
activity of RX-3117, and ultimately consider the use of UCK2 as a potential 
prospective biomarker of both poor prognosis and potential response to RX-
3117 treatment, together with the expression of hENT1. 
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Abstract 

Background: RX-3117 (fluorocyclopentenyl-cytosine) is a cytidine analog that 
inhibits DNA methyltransferase 1 (DNMT1). We investigated the mechanism 
and potential of RX-3117 as a demethylating agent in several in vitro models.  
Methods: we used western blotting to measure expression of several proteins 
known to be down-regulated by DNA methylation: O6-methylguanine-DNA 
methyltransferase (MGMT) and the tumor-suppressor genes, p16 and E-
cadherin. Transport of methotrexate (MTX) mediated by the proton-coupled 
folate transporter (PCFT) was used as a functional assay.  
Results: RX-3117 treatment decreased total DNA-cytosine-methylation in 
A549 non-small cell lung cancer (NSCLC) cells, and induced protein 
expression of MGMT, p16 and E-cadherin in A549 and SW1573 NSCLC cells. 
Leukemic CCRF-CEM cells and the MTX-resistant variant (CEM/MTX, with a 
deficient reduced folate carrier) have a very low expression of PCFT due to 
promoter hypermethylation. In CEM/MTX cells, pre-treatment with RX-3117 
increased PCFT-mediated MTX uptake 8-fold, and in CEM cells 4-fold. With 
the reference hypomethylating agent 5-aza-2’-deoxycytidine similar values 
were obtained. RX-3117 also increased PCFT gene expression and PCFT 
protein. 
Conclusion: RX-3117 down-regulates DNMT1, leading to hypomethylation of 
DNA. From the increased protein expression of tumor-suppressor genes and 
functional activation of PCFT, we concluded that RX-3117 might have induced 
hypomethylation of the promotor. 
 
Keywords: RX-3117; 5-aza-2’-deoxycytidine; hypomethylation; proton-coupled 
folate receptor; methotrexate 
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1. Introduction 

RX-3117 is a novel cytidine analog modified in the sugar ring moiety (1) (Figure 
1), which has shown promising anti-tumor activity against gemcitabine 
resistant xenografts from different pathologies (2) and is currently in clinical 
trial (NCT02030067) (3). RX-3117 was shown to down-regulate DNA methyl 
transferase 1 (DNMT1) (1,3–6). The pharmacological consequences of this 
inhibition, however, have not been identified. DNMT1 acts as a maintenance 
methylation enzyme for newly synthesized DNA and ensures methylation 
patterns in newly dividing cells, using already existing hemi-methylation 
patterns (7). Cytidine rich regions of the DNA are substrates for DNMT1, so-
called CpG islands (8). Promoters of genes are enriched with CpG islands and 
methylation of gene promoters has a silencing effect on gene transcription 
(5). Many inhibitors of DNMT1 are base-modified cytidine analogs such as 5-
aza-cytidine (AzaC) and 2’-deoxy-5-aza-cytidine (DAC) (9,10) and are 
registered for treatment of hematological malignancies (5). RX-3117 is a 
cytidine analog modified in the sugar. 
 

 
Figure 1. Chemical structure of cytidine and the cytidine analog RX-3117. 

Hyper-methylation of tumor-suppressor gene (TSG) promoters is known to 
have implications in cancer progression (11) and is of therapeutic interest, as 
hypermethylation of TSG promoters causes suppression of gene 
transcription and silencing of TSGs (9) whereas CpG demethylation results in 
TSG transcriptional activation (12). 
To study whether down-regulation of DNMT1 by RX-3117 leads to 
demethylation of DNA at a functional level, we determined whether protein 
expression of genes down-regulated by extensive DNA methylation can be 
reactivated. For this purpose, we used the non-small cell lung cancer (NSCLC) 
cell lines SW1573 and A549, each known to have specific aberration in certain 
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TSGs. To investigate whether RX-3117 can also reactivate functional activity 
of a gene we focused on the proton-coupled folate transporter (PCFT), which 
is a transmembrane folate and anti-folate transporter (13). PCFT expression 
is highly regulated by promoter methylation (14–17) and, due to extensive 
methylation of the gene promoter, expression is very low (14,18), leading to a 
loss of transporter function (16). A high level of promoter methylation and a 
low PCFT expression were associated with a poor efficacy of pemetrexed 
(PMX)-based treatment of malignant mesothelioma (18). Both PMX and the 
widely used classical anti-folate methotrexate (4-amino-10-methylpteroyl-
glutamic acid, MTX) (19,20) are excellent substrates for PCFT at a low pH 
environment (13). 
PCFT is one of the three major cellular membrane folate transporters, in 
addition to the reduced folate carrier (RFC) and the folate receptor (FR) α 
(20–22). FRα is a high affinity, low capacity transmembrane transporter for 
oxidized folates such as folic acid (23), whereas RFC and PCFT have a much 
higher transmembrane transport capacity depending on the substrate. The 
major difference between RFC and PCFT is the optimal external pH at which 
they exert their function, PCFT being most efficient at an acidic pH of 5.5 (a 
pH at which RFC is not functional), while RFC has an optimal pH of 7.4 (where 
PCFT is active, but less effective) (13,14,16,20,22). These membrane 
transporters also have an excellent affinity for anti-folate drugs extensively 
used for cancer treatment, such as PMX and MTX (22). 
The CCRF-CEM (CEM) leukemia cell line shows a high innate methylation of 
the PCFT gene promoter and consequently shows a low PCFT expression 
(14,18). CEM cells have been used as a model to determine whether promoter 
hypomethylation increased the uptake of MTX and PMX (14,18). Since 
treatment with DAC leads to hypomethylation and increased uptake of both 
PMX and MTX in CEM parental cells and its MTX-resistant variant (18), 
CEM/MTX, we used these cells to determine whether RX-3117 treatment would 
reactivate PCFT gene expression and mediated MTX uptake.  
 

2. Results 

2.1. Targeting DNA Methylation 

A549 and SW1573 NSCLC cells, show hypermethylation of the promoters of 
several genes including TSGs (23). Since hypermethylation of TSGs is cell line 
dependent we chose A549 cells to study the effect of RX-3117 on protein 
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expression of O-6-methylguanine-DNA methyltransferase (MGMT) and E-
cadherin, while SW1573 cells were chosen to study the effect on p16. Earlier 
we demonstrated a concentration and time-dependent down-regulation of 
DNMT1 in cell lines with various histological backgrounds (NSCLC, ovarian 
cancer, pancreatic cancer, breast cancer) (1,3,4). 
SW1573 cells require a higher concentration of RX-3117 than A549 cells (4). 
Since DNMT1 down-regulation is time-dependent, as shown for A549 cells 
(Figure 2A), we chose a 24 h exposure to determine the effect of RX-3117 on 
total hypomethylation and protein expression of various TSGs (Figure 2B–D).  

 
Figure 2. The effect of RX-3117 mediated DNMT1 down-regulation on DNA methylation and 
expression of target proteins (ratio to β-actin) in A549 and SW1573 NSCLC cells. A: Time 
dependency of DNMT1 down-regulation. Western blot analysis of cell lysates after exposure to 1 
µM RX-3117 after 1, 8, 16, and 24 h; β-actin was an internal loading control. B: Confocal microscopy 
pictures of A549 cells stained for the nucleus with DAPI (blue) and for total DNA methylation with 
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5mC Alexa Fluor-488 (green). The upper panel shows a control of untreated cells, the lower panel 
shows cells treated for 24 h with 10 µM RX-3117. Staining was predominantly nuclear. C:Western 
blot analysis of the TSG encoded proteins, MGMT and E-cadherin upon exposure to increasing 
concentrations of RX-3117 (0.1, 1 and 10 µM). As a positive control 10 µM of DAC was used and an 
internal control of β-actin was included. D: Western blot analysis of the TSG encoded protein p16 
in SW1573 cells upon exposure to increasing concentrations of RX-3117 (0.1, 1 and 10 µM). The lower 
band under the p16 protein band, however, is a non-specific band. As a positive control 10 µM of 
DAC was used and an internal control of β-actin was included. This concentration of DAC was 
chosen based on its IC50 value in these cell lines. The blots are original, representative for one 
out of 2–3 separate experiments. 

Treatment with RX-3117 led to a decreased global DNA hypomethylation with 
a decreased nuclear staining. Assuming that these conditions would also lead 
to specific promoter hypomethylation, we exposed A549 cells to increasing 
concentrations of RX-3117 and protein expression of MGMT and E-cadherin 
were evaluated. DAC, a known demethylating agent, was used as a positive 
control in this experiment. Even 0.1 µM RX-3117 treatment for 24 hr 
substantially increased the levels of MGMT and E-cadherin proteins in the 
sensitive A549 cells; the increase was more pronounced for E-cadherin at 10 
µM RX-3117 compared to DAC (Figure 2 C). Treatment with DAC also led to an 
increase in MGMT protein expression as seen with RX-3117 (Figure 2C). To 
determine the effect of RX-3117 treatment on p16 expression we exposed 
SW1573 cells to 1-10 µM RX-3117, which led to re-activation of suppressed p16 
(Figure 2D).  
These results demonstrate that RX-3117 treatment leads to DNMT1 down-
regulation, DNA hypomethylation, and increased levels of proteins encoded 
by oncogenic genes known to be controlled by DNA promoter methylation. 
 

2.2. Modulation of Methotrexate Uptake by RX-3117 

We previously showed that a high PCFT expression is associated with a longer 
survival of patients treated with the anti-folate PMX and demonstrated that 
treatment with the hypomethylating drug DAC increased PMX uptake in 
mesothelioma cells (18). To provide a functional readout of increased gene 
expression resulting from RX-3117-mediated hypomethylation, we examined 
whether activation of the PCFT gene expression would lead to an increase in 
the PCFT transport. To have a clean model system, we used CCRF-CEM 
leukemia cells, known to have a highly methylated PCFT promotor and an 
almost absent (undetectable) protein expression (14). To exclude the 
contribution of the other important folate transporter RFC (18), we also used 
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CEM/MTX cells which are resistant to MTX because of a deficiency in RFC-
mediated transport (24). As a transport substrate, we used radiolabeled MTX. 
Since PCFT-mediated transport is optimal at pH 5.5 with a modest uptake at 
pH 7.4, we first determined MTX uptake at the physiological pH 7.4 as well as 
pH 5.5 in both CCRF-CEM parental cells and the RFC-deficient CEM/MTX cells 
(Table 1). At pH 7.4, MTX uptake in CEM/MTX was 93-fold lower than in 
parental CCRF-CEM cells, but at pH 5.5, this was only 2.2-fold (Table 1). 
Competitive inhibition with L-LV at pH 7.4 led to a 60-fold reduction of RFC-
mediated MTX uptake in parental cells, but only 3-fold in CEM/MTX cells. The 
remaining MTX uptake is mediated by PCFT in both cell lines. Exposure to RX-
3117 did not affect MTX uptake at pH 5.5. Only a slight increase was observed 
in CEM cells, but not in CEM/MTX cells. No effect of DAC was observed as well. 
Apparently the PCFT-mediated uptake was too high to measure an additional 
effect of either DAC or RX-3117. Since PCFT-mediated uptake at pH 7.4 would 
be much lower we expected that modulation (i.e., an increase) of PCFT-
mediated uptake would be easier to detect (Table 1). 
 

Table 1. MTX uptake at different pH in CEM and RFC-deficient CEM/MTX cells. 

External pH Level CEM CEM/MTX 
Addition MTX uptake (pmol/min/1* 107 cells) 

pH 5.5 1.11 ± 0.14 0.49 ± 0.13 
pH 5.5+ 1 μM FA 0.66 ± 0.11 0.51 ± 0.21 

pH 7.4 2.80 ± 0.52 0.03 ± 0.02 
pH 7.4 + 1 μM L-LV 0.046 ± 0.01 0.01 ± 0.01 

Values are means ± SEM of 3 separate experiments. FA indicates folic acid and L-LV L-leucovorin. 
The uptake of MTX was measured at pH 5.5 with or without 1 µM FA (to inhibit PCFT-mediated 
uptake) and at pH 7.4 with or without 1 µM L-LV (to inhibit RFC-mediated uptake). The definition 
of uptake is pmol MTX per minute per 1*107 cells. 

 
In CCRF-CEM cells, treatment with RX-3117, DAC or AzaC at their IC50 
concentrations (4) did not affect MTX uptake at pH 7.4 (Figure 3A). However, 
when RFC was blocked by using an excess of L-LV, PCFT-mediated uptake of 
MTX was significantly higher in RX-3117 and DAC treated CCRF-CEM cells 
compared to control cells (Figure 3B). Also, AzaC treatment showed an 
almost 4-fold higher MTX uptake but this was not significant. 
To exclude RFC-mediated uptake, we used CEM/MTX cells, which are almost 
completely RFC-deficient. RX-3117 increased transport of MTX into the cells 
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about 4-fold and DAC about 5-fold (Figure 3C). Blocking the remaining RFC 
with l-LV increased this effect (Figure 3C, right part graph). 
 

 
Figure 3. MTX uptake in CEM and CEM/MTX cell lines. Three conditions were used for CEM and 
CEM/MTX cells: control and 24 h pre-treatment with 26.9 µM RX-3117 or 0.19 μM DAC. Values are 
means ± SEM of three separate experiments. A: uptake of MTX in CEM cells with the uptake in 
untreated cells for each experiment normalized at 100%. B: uptake of MTX in CEM cells when RFC 
was completely blocked due to the addition of excess 1 µM L-LV. C: the left 3 bars show uptake 
of MTX in CEM/MTX cells, with the uptake in untreated cells for each experiment normalized to 
100%. The right 3 bars show the uptake of MTX in CEM/MTX cells when residual RFC is blocked 
due to excess L-LV. *, significantly different from control untreated cells at the level of p < 0.01. 

2.3. Re-Activation of PCFT by RX-3117 

To demonstrate that the RX-3117-mediated increase in MTX uptake was 
indeed related to increased expression of PCFT gene and protein levels, we 
performed real-time PCR and western blotting, respectively (Figure 4). Indeed 
RX-3117 and DAC pre-treatment increased PCFT gene expression levels, both 
in CEM and CEM/MTX cells (Figure 4A). Since PCFT is a membrane associated 
protein we isolated the cellular membranes to evaluate the expression of 
PCFT. As expected in both CEM and CEM/MTX cells, PCFT protein expression 
was hardly detectable (Figure 4B). The CHO/C5/PCFT cells with an 
overexpression of PCFT were used to identify a positive PCFT band. These 
cells showed a high expression of glycosylated PCFT, but the CEM cells did 
not show any glycosylated PCFT at all. However, treatment with either RX-
3117 or DAC resulted in appearance of PCFT protein at around 75 kDa, the 
expected MW, and of glycosylated PCFT at 100 kDa, which was more clearly 
visible in the CEM-MTX cells. Apparently the time-span might be too short to 
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allow a high PCFT glycosylation in these purified membranes. We also 
observed a non-specific band around 60 kDa. 
 

 
Figure 4. Gene and protein expression of PCFT in CEM and CEM/MTX cell lines after treatment 
with RX-3117 and DAC. A: RT-PCR data of PCFT gene expression normalized to beta-actin gene 
expression in CEM or CEM/MTX cells, non-treated, 24 h pre-treatment with 29.6 µM RX-3117 or 
0.19 µM DAC B: Western blot data of PCFT protein expression in non-treated and after 24 h pre-
treatment with 29.6 µM RX-3117 or 0.19 µM DAC. Loading control of the membrane compartment 
is HSP70 protein. 

3. Discussion 

In this paper, we demonstrate that RX-3117-mediated down-regulation of 
DNMT1 is associated with an increased protein expression of several silenced 
TSG such as MGMT, E-cadherin, and p16. Moreover, we demonstrate that RX-
3117 treatment can reactivate functionality of PCFT, which was earlier shown 
to be caused by promoter methylation. 
MGMT is an enzyme that plays a role in the DNA repair (25). Methylation of 
the MGMT promoter is a favorable predictive factor in the treatment of 
glioma patients with temozolomide (26). We studied protein expression of 
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MGMT in A549 cells because this gene was known to be silenced in A549 cells; 
our data indeed show that RX-3117 treatment increased MGMT protein 
expression similar to the effect of the epigenetic modulator DAC. Although we 
did not measure promoter methylation, our data are in line with a 
hypomethylation induced increased expression of MGMT. 
The product of the TSG E-cadherin is an extracellular receptor that mediates 
cell-cell interactions (27,28). Loss of E-cadherin function is thought to be 
correlated with cancer progression by increasing the proliferation, invasion 
and metastasis (29,30). Therefore, hypomethylation of the E-cadherin gene 
may increase the expression and inhibit cancer progression. Since RX-3117 
treatment increased E-cadherin protein expression, the RX-3117-mediated 
growth inhibition may be related to E-cadherin stimulation. P16 regulates the 
cell cycle progression and is important for suppression in the formation of 
different cancer types (31,32). Re-expression of p16 protein, as seen with RX-
3117 treatment, may normalize cell cycle progression. Since DNMT1 expression 
is cell cycle regulated, this raises the question whether RX-3117 induced DNMT1 
down-regulation might be a cell cycle effect. Indeed RX-3117 induces some 
cell cycle proteins (e.g., CHK2 and cdc25), with an arrest in the S and G2M 
phase), (33) but whether this is related to DNMT1 down-regulation is unlikely 
because of the different time-span. Altogether re-activation of TSGs may 
contribute to the elimination of tumor cells, by inhibition of tumor growth, 
invasion, and controlling metastasis. Our findings indicate that RX-3117 might 
have activity in tumors with silenced TSGs. 
Earlier we demonstrated the importance of promotor methylation for PCFT 
in mesothelioma (18). PMX is also first line treatment for patients with non-
squamous NSCLC not eligible for treatment with one of the tyrosine kinase 
inhibitors such as erlotinib, gefitinib, or crizotinib (34). Therefore, we 
investigated whether treatment with RX-3117 would be able to modulate PCFT 
protein and gene expression. For this purpose we chose a model system, 
previously well characterized for uptake and sensitivity to various antifolates 
including MTX and PMX (35): CEM-CCRF cells and its MTX-resistant variant 
CEM/MTX, which has a deficient RFC expression, with mutations in the hotspot 
area of the RFC gene (21). The cell line was previously characterized by an 
extensive methylation of the PCFT promotor which could be modulated by 
DAC (14), and was therefore considered to be an ideal target to validate 
whether RX-3117 treatment would have a functional effect with possible 
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relevant effects for treatment of either mesothelioma or non-squamous 
NSCLC. RX-3117 induced PCFT functionality (increased gene and protein 
expression and increased transmembrane transport) which is likely the result 
of hypomethylation of the PCFT promoter as was also seen in earlier studies 
with DAC, which was included as a positive control in our studies. 
In addition, this study underlines the relevance of DNA methylation as a 
potential biomarker for RX-3117’s anti-tumor activity. However, RX-3117 is also 
known to cause DNA damage by its incorporation into DNA (4,33). Usually the 
induction of DNA damage by a nucleoside analog takes more time, so that 
the effects on DNA methylation may occur earlier then the DNA damage. 
Even though the exact mechanism of DNMT1 down-regulation is not clear yet, 
our study provides sufficient evidence to explore DNMT1 expression and DNA 
methylation as potential biomarkers for the efficacy of RX-3117. For instance, 
LINE-1 promoter methylation was observed in plasma of patients with 
advanced solid tumors, in attempts to use the promoter methylation of this 
gene as a biomarker for demethylating agent activity (36). It is obvious that 
cancer treatment can be improved with the use of validated predictive 
biomarkers for the activity of a demethylating compound. Validation of 
biomarkers for RX-3117 activity includes a transporter, such as hENT or the 
activation enzyme UCK2, but DNMT1 or DNA methylation are worthwhile 
additions to clinical studies with this compound. A suitable source would be 
either circulating DNA (37) or circulating tumor cells (38). Since all FDA 
approved hypomethylating agents are limited to leukemia, there is room for 
a novel demethylating agent that would work in solid tumors and would have 
less toxic side effects (39). 
 

4. Materials and Methods 

4.1. Cell Culture 

The NSCLC cell lines A549 and SW1573 (6), were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) (Lonza, Verviers, Belgium) supplemented 
with 10% fetal bovine serum and 20 mM HEPES in T-25 flasks (Greiner Bio-
One, Alphen aan de Rijn, the Netherlands). The leukemic cell lines CCRF-CEM 
(lymphoblastic leukemia) and its methotrexate-resistant variant CCRF-
CEM/MTX (deficient in RFC) were cultured in RPMI1640 medium (Lonza, 
Verviers, Belgium) supplemented with 10% fetal bovine serum and 20 mM 
HEPES (24). Cells were maintained in an experimental growth phase for all 
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experiments and were tested negative for mycoplasma periodically every 
three months with the MycoAlert Mycoplasma Detection Kit (Cat no. LO LT07-
705,Westburg, Leusden, The Netherlands). 
 

4.2. Confocal Microscopy 

Confocal microscopy experiments were performed to visualize the 
methylation of total DNA in A549 cells after 24–48 h treatment with 10 µM RX-
3117. Cells were kept in exponential growth as indicated above and were 
imaged with a Zeiss Axiovert 200 Marianas inverted microscope (ZEISS) 
equipped with a motorized stage (stepper-motor z-axis increments, 0.1 µm), 
multiple fluorescence (FITC filter for 5meC and DAPI filter for nuclear stain) 
and a 63x oil immersion objective. Image acquisition and analysis were 
carried out under full software control (SlideBook 5.0.0.18; Intelligent Imaging 
Innovations, Göttingen, Germany). 
 

4.3. Protein Expression 

A549 cells were exposed to 1 µM RX-3117 at different time points: 1, 8, 16, and 
24 h. Next, the total cell lysates were used to examine DNMT1 protein 
expression. PCFT, DNMT1, MGMT, p16, and E-cadherin protein expression were 
analyzed by western blots essentially as described earlier (4). Briefly, cells 
were lysed using cell lysis buffer (Cell Signaling, Danvers, MA, USA), 
containing 4% protease inhibitor cocktail (Roche Diagnostics, Mannheim, 
Germany) on ice for 30 min and centrifuged for 10 min at 4 ⁰C at 14,000 rpm. 
The Bio-Rad assay was used to determine the protein amount in the 
supernatant, as described earlier (4). The membrane/organelle fraction of 
the cells was isolated using a protein extraction kit and handled according to 
manufacturer’s protocol (cat. # 539790; Sigma, St. Louis, MO, USA), with 
HSP70 as a loading control. The following antibodies were used: human PCFT 
(1:1000) (18), HSP70 (1: 1000), β-actin (1: 10000, Sigma, St. Louis, MO, USA) and 
DNMT1 (1: 1000, #5032, Cell Signaling Technology, Inc., Danvers, MA, USA). 
Antibodies were diluted in a mixture of Rockland buffer (Rockland Inc, 
Philadelphia, PA, USA) and phosphate-buffered saline (PBS) supplemented 
with 0.05% Tween 20. Proteins were separated in 20% SDS-PAGE and 
transferred to a polyvinylidene difluoride (PVDF) membrane. For a 
fluorescent signal, goat anti-mouse InfraRedDye and goat anti-rabbit 
InfraRedDye secondary antibodies were used. Proteins were detected by an 
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Odyssey InfraRed Imager (Li-COR Bioscience, Lincoln, NE, USA). The western 
blot images were quantified using ImageJ (National Institutes of Health, 
Bethesda, MD, USA) (40), by measuring the mean grey value of the inverted 
images. The background corrected values are given as target/housekeeping 
gene ratio relative to the control. 
 

4.4. Modulation of Transport 

To determine whether RX-3117 up-regulates PCFT, we measured the uptake 
of tritium (3H) labelled MTX in cells, as described earlier (24). MTX uptake was 
determined at pH 5.5 and 7.4, the optimal pH for PCFT and RFC, respectively, 
which were competitively inhibited by addition of folic acid (FA) and l-
leucovorin (L-LV), respectively. Uptake of MTX was performed in both CCRF-
CEM and the RFC-deficient CCRF-CEM/MTX cell lines exposed to RX-3117 
using AzaC and DAC as positive controls. Each condition required a minimum 
of 10 x106 cells. Twenty-four hours (h) before the uptake experiment, the cells 
were treated with either RX-3117, DAC, or no drug. The required number of 
cells was centrifuged at 1500 x g for 5 min at room temperature and washed 
in 10 mL of HEPES-buffered saline (HBS) at pH 5.5 or 7.4 at room temperature. 
The cells were centrifuged at 1500 g for 5 min at room temperature and re-
suspended in 1.1 mL per uptake condition in HBS at 37 ⁰C and placed in a water 
bath of the same temperature. For each condition, one ml of cell suspension 
was added to a tube containing 10 µL of a 200 µM [3H]MTX at 37 ⁰C and the 
tubes were continuously shaken for 3 min, after which uptake was stopped 
by adding 10 mL of ice-cold HBS with the appropriate pH. The cells were 
centrifuged at 1200 rpm for 5 min at 4 ⁰C and subsequently re-suspended in 
1 mL of 4 ⁰C HBS (appropriate pH), after which 10 mL of ice-cold HBS 
(appropriate pH) was added and once more centrifuged at 1200 rpm for 5 
min at 4 ⁰C. Finally, the resulting pellets were dissolved in 150 µL of distilled 
water and transferred to 5.5 mL scintillation vials filled with 5 mL of 
scintillation fluid (Optiphase III), and counted 5 min for radioactivity in a 
scintillation counter.  
 

4.5. PCFT Gene Expression 

mRNAs from the same cell pellets (as for the drug uptake) were extracted 
and cDNAs were generated for gene expression analysis by RT-PCR. RNA 
isolation and cDNA synthesis were performed as described earlier (6). Briefly, 
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cells were washed and treated with TRIzol (Life Technologies, Bleiswijk, the 
Netherlands). RNA was extracted, washed after which the yield was 
determined by using a Nanodrop ND-1000 (Thermo Fisher 
Scientific,Wilmington, DE, USA). Synthesis of cDNA from an RNA sample was 
performed as described earlier (6) using reverse transcriptase (DyNAmo 
cDNA Synthesis kit; Thermo Fisher Scientific, Landsmeer, the Netherlands). 
Briefly, mRNA levels were determined by Taqman® quantitative real-time 
PCR using a SDS7500 sequence detection system (Applied Biosystems, Foster 
City, CA, USA) (Applied Biosystems, Foster City, CA, USA). As a reference gene 
we used ß-actin with the following primer sets: 
β-actin: Forward: TCACCCACACTGTGCCCATCTACGA 
β-actin: Reverse: CAGCGGAACCGCTCATTGCCAATGG 
β-actin: Primer: ATG CCCTCCCCCATGCCATCCTGCGT 
The PCR reactions for PCFT were performed using the Hs00560565_m1 
Assay-on-Demand product (Applied Biosystems, Foster City, CA, USA) (18). 
For quantification of the fold increase in gene expression we used the DDCt 
method and results are expressed as 2-(∆∆Ct). 
 

4.6. Statistical Analysis 

For statistical analysis, Microsoft Excel 2010 was used. Student t-tests were 
performed to analyze statistical significance for the MTX uptake in cells. p 
values < 0.05 were considered to be statistically significant. 
 

5. Conclusions 

The novel cytidine analog RX-3117 is a potent inhibitor of DNMT1. RX-3117 
treatment leads to DNA hypomethylation and overexpression of proteins, 
such MGMT, E-cadherin, and p16, normally down-regulated by promoter 
hypermethylation. The effects were similar to that of DAC, which was included 
as a positive control for hypomethylation. PCFT is a membrane folate 
transporter highly regulated by promotor methylation. RX-3117 treatment led 
to an increase of PCFT-mediated MTX transport associated with increased 
PCFT gene and protein expression. 
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Abstract 
Introduction: 
The novel cytidine analog Fluorocyclopentenylcytosine (RX-3117) has shown 
potent antitumor activity in gemcitabine resistant models. Its clinical efficacy 
is currently being investigated in advanced bladder and pancreatic cancer. 
RX-3117 possesses a distinctly different mechanism of action as compared to 
gemcitabine. Cancer cells may acquire resistance to cytidine analogues over 
the course of treatment. Here, we established new resistant preclinical cell 
models to investigate several potential mechanisms underlying acquired 
resistance to RX-3117. Furthermore, we performed a genome wide CRISPR 
screen to reveal genes, that, when lost, increase cellular sensitivity to RX-3117. 
Methods:  
Stable RX-3117 resistant subclones of the non-small cell lung cancer (NSCLC) 
cell lines A549 and SW1573 were established by exposure to step-wise 
increasing concentrations of RX-3117. Acquired resistance was assessed by 
the sulforhodamine B assay. LC/MS-MS analysis was used for the 
measurement of intracellular RX-3117 nucleotide accumulation. Transporters, 
activation- and deactivating enzymes were examined by flow cytometry, RT-
PCR and/or western blot. To identify resistance-associated alterations in 
gene expression, we performed differential expression analyses on the 
parental and the corresponding resistant cell lines. Furthermore, a CRISPR-
Cas9 drug screen in a diploid human epithelial cell model RPE1-TP53KO was 
performed to identify genes commonly involved in the cellular responses to 
RX-3117. Cell cycle distribution was investigated with flow cytometry and 
western blot.  
Results:  
Resistant RX-3117 cells were stable with a resistance factor > 292. The resistant 
cell lines showed a concentration dependent decrease of RX-3117 nucleotides 
accumulation. This could not be explained by a potential decrease in the 
expression of the nucleoside transporters hENT1 and hCNT1 nor by the rate 
limiting activation enzymes UCK2, UMPK, CMPK and NME1/NDPK. However, 
some of the deactivation enzymes (NT5C3, MTH1 and DCTPP1) showed an 
increased expression. RNAseq analysis showed aberration in the cell cycle 
regulation, while analysis of the CRISPR-Cas9 screen pinpointed cell cycle and 
DNA repair factors, as well as candidate tumor suppressors, that influence 
the cellular responses to RX-3117. RNA metabolism genes may act as 
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sensitizing genes. This corresponded with the cell cycle distribution observed 
in the resistant cell lines, which remained unaffected even after RX-3117 
treatment. The WEE1 inhibitor, MK-1775 combined with RX-3117, synergistically 
inhibited cell growth in the sensitive cells. However, treatment with MK-1775 
did not revert acquired resistance to RX-3117, indicating that cell cycle control, 
drug metabolism or DNA damage repair pathways are significantly rewired 
upon RX-3117 resistance.  
Conclusion:  
RX-3117 shows great potential for the treatment of various cancer types 
because it can be administered orally. Moreover, RX-3117 has a distinct 
mechanism of action leading to anticancer activity in gemcitabine resistant 
cells. In this study we reveal that RX-3117 is particularly active on cycling cells 
and its cytotoxic effects are synergistically enhanced by WEE1 inhibition. 
Several mechanisms may lead to acquired RX-3117 resistance, including 
aberrant cell cycle regulation. 
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Introduction  

Fluorocyclopentenylcytosine (RX-3117) is a novel antimetabolite that is being 
evaluated clinically as an oral therapy for various cancer types. In a phase I 
study the maximum tolerated dose (MTD) and pharmacokinetics (PK) were 
determined in patients with advanced malignancies, followed by a phase II 
study to determine its efficacy in advanced bladder cancer and relapsed or 
refractory pancreatic cancer patients (NCT02030067) (1–3). Furthermore, RX-
3117 is also currently being investigated in combination with Abraxane® as a 
first line treatment in patients with metastatic pancreatic cancer 
(NCT03189914) (4). Preliminary phase 2 results showed a progression free 
survival (PFS) of 23.4 (15.1 to 32.6) weeks for 33 patients out of 38 after 
treatment of RX-3117 in combination with Abraxane (4,5). 
Mechanistically, RX-3117 is taken up into the cells by the human equilibrative 
nucleoside transporter 1 (hENT1) (6) and is activated to its mono-
phosphorylated form by uridine-cytidine kinase 2 (UCK2) (7) [Fig 1]. The 
activation of RX-3117 by UCK2 is a great advantage, since UCK2 is only 
expressed in cancer cells and placenta cells (8), suggesting a lower toxicity 
profile. Furthermore, in contrast to gemcitabine, RX-3117 is poorly deaminated 
by cytidine deaminase (CDA) (6), enabling oral administration (9,10). RX-3117 
monophosphate is further phosphorylated to di- and tri-phosphate which are 
responsible for its cytotoxicity. Similar to gemcitabine, RX-3117 is a cytidine 
analog, which by its incorporation into RNA and DNA also inhibits RNA and 
DNA synthesis (6), although the exact metabolite that is incorporated into 
DNA has not been identified yet. RX-3117 can also inhibit DNA 
methyltransferase 1 (DNMT1), leading to DNA hypomethylation and 
activation of tumor suppressor genes (11). It is assumed that these properties 
are responsible for the cytotoxic effects of RX-3117.  
The success of the deoxycytidine analog gemcitabine in the treatment of 
different tumor types, including lung and pancreatic cancer, has been 
unparalleled in the past decades (12). Nevertheless, a number of patients are 
inherently resistant or develop resistance during treatment (13,14) and are 
therefore in dire need of alternative treatment options. RX-3117 has shown 
potent antitumor efficacy in human gemcitabine resistant cell lines and 
xenograft tumors, which is partly attributed to its distinctly different activation 
and mechanism of action (15). Moreover, it has been shown that a patient with 
metastatic pancreatic cancer progressive on gemcitabine treatment, had a 
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partial response (tumor volume reduction ≥ 30 %) after RX-3117 treatment 
(16). As resistance is a common limitation of all anticancer drugs, including 
novel cytidine analogs, elucidation of the mechanism of RX-117 resistance is 
crucial to its development in a clinical setting.  
In this study, stable RX-3117 resistant non-small cell lung cancer (NSCLC) cell 
lines were established to investigate the underlying RX-3117 mechanism of 
acquired resistance. Understanding mechanisms of resistance can streamline 
patient selection for treatment and help in response monitoring. The focus 
was on NSCLC since RX-3117 is active in gemcitabine resistant NSCLC cell lines 
and because gemcitabine is a standard treatment for this disease. Therefore, 
NSCLC is one of the target diseases for clinical RX-3117 development. In order 
to elucidate the mechanism of resistance we used several approaches: we 
examined cross-resistance to well-known cytidine analogs, investigation of 
key transporters and rate-limiting enzymes in the metabolism of cytidine 
analogs, including activation, deactivation and DNA repair enzymes. Next, we 
performed RNA sequencing on the resistant variants, while with a CRISPR 
Cas9 drug screen we examined which genes might play a role in the intrinsic 
sensitivity to RX-3117.  
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Figure 1. The putative RX-3117 mechanism of action. RX-3117 uptake is mediated by human 
equilibrative nucleoside transporter 1 (hENT1) (6), after which RX-3117 is activated by uridine 
cytidine kinase 2 (UCK2) (7). The subsequent phosphorylated metabolites, presumably produced 
by cytidine/uridine monophosphate kinase 1 (CMPK1) and NME/NM23 nucleoside diphosphate 
kinase 1 (NME1/NDKA), exert their cytotoxic effect by incorporation into RNA and/or DNA. Note, 
the deoxy metabolites postulated to be formed by ribonucleotide reductase 1 or 2 (RR1 or RR2) 
have not (yet) been demonstrated in any cellular model. RX-3117 can also inhibit DNA 
methyltransferase 1 (DNMT1) leading to an increased expression of tumor suppressor genes 
(TSG) (11). Active RX-3117 metabolites are hypothesized to undergo deactivation by 
deoxycytidine-triphosphate 1 (DCTPP1), Nudix hydrolase (NUDT1/MTH1), SAM and HD containing 
deoxynucleoside triphosphate triphosphatehydrolase 1 (SAMHD1) and 5’-nucleotidase (NT5C3) 
which could therefore contribute to RX-3117 resistance. 
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Materials and methods  

Cell lines 

The NSCLC cell lines A549 and SW1573, large cell carcinoma H460 cells and 
the corresponding resistant variants were cultured in Dulbecco’s Modified 
Eagle medium (DMEM) (Gibco, cat# 41965062), supplemented with 10 % fetal 
bovine serum (FBS) (Biowest, S1810-100) and 20 mM Hepes buffer (Lonza, 17-
737E) at 37°C under 5% CO2. The resistant cells were established by exposing 
the cells to stepwise increasing concentrations of RX-3117 for a period of 
weeks to months until stably resistant variants were obtained. Retinal RPE1-
TP53KO cells, described in (17), were used to perform the CRISPR-Cas9 screen 
and were cultured in DMEM supplemented with 10 % FBS and 1 mM sodium 
pyruvate (Gibco, cat# 11360070). All cells were maintained in an exponential 
growth phase and were tested frequently for mycoplasma contamination 
with the MycoAlert Mycoplasma detection kit (Westburg, LO LT07-318).  
 

Chemicals/Drugs 

RX-3117 and gemcitabine were kindly provided by Rexahn and Eli Lilly & Co 
(Indianapolis), respectively and were dissolved in sterile water. Other 
compounds 5-azacytidine (AzaC) (Sigma-Aldrich, A2385), 5-aza-2’-
deoxycytidine (DAC/Aza-dC) (Sigma-Aldrich, A3656) and 
cyclopentenylcytosine (CPEC, a gift from NCI Bethesda, USA), 3’-C-Ethynyl 
cytidine (ETC/TAS-106) (synthesized by Prof. Dr. Schott (18)) were dissolved 
in dimethyl sulfoxide (DMSO). Furthermore, MK-1775 (AZD1775) (Selleckchem, 
S1525), Olomoucine (Sigma, O0886), RGB-286638 (Biorbyt, ORB251372), 
Bortezomib (Millenium pharmaceuticals, IZ022K), MG132 (Z-Leu-Leu-
Leucinal; Calbiochem/ Merck (Nottingham, UK), P005091 (Cayman Chemical 
company, 15224) and Cisplatin (Bristol laboratories, T90221) were also 
tested.[6-3H]-RX-3117 was synthesized by Aptuit, Kansas city MO, USA and 
provided by TEVA pharmaceuticals, Israel (6).  
 

The sulforhodamine B (SRB) chemosensitivity assay 

Cellular sensitivity to RX-3117 and the panel of drugs was measured with the 
SRB assay, as described earlier (19). Briefly, cells were seeded on flat 
bottomed 96 well plates at a density of 3000-5000 cells per well and exposed 
to the compounds for 72 hours (hr). After fixation with cold 50 % 
trichloroacetic acid (TCA, final 5.6 %), SRB staining and reconstitution in 10 mM 
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Tris (hydroxymethyl)aminomethane) buffer, the optical density was 
measured with a BioTek Synergy HT plate reader (SN 269140) (BioTek 
Instruments Inc.) at 490 and 540 nm. For the drug combinations the data was 
analysed using Calcusyn as described previously (20). 
 

Establishment of resistant cell lines 

The NSCLC cell lines A549, SW1573 and H460 were exposed to stepwise 
increasing RX-3117 concentrations for varying periods of time starting with 
the IC50 concentration. The concentration was increased (usually 2-fold) when 
the cells showed a normal duplication time which remained stable for 1-2 
weeks. This process was continued until the concentration could not be 
increased anymore. Induction of resistance was performed at two different 
occasions, with an interval of two years resulting in two variants named /RX1 
and /RX2. Most experiments were done with the /RX1 variants. The resistance 
factor (RF) was determined regularly by the SRB assay by dividing the 
obtained ‘IC50 value of resistant cells’’ by the ‘IC50 of the corresponding wild 
type cells’. In case the resistant cells did not reach 50 % growth inhibition, the 
RF factor was determined by dividing the ‘highest concentration of treatment’ 
by the ‘IC50 of the corresponding wild type cells’. The gemcitabine resistant 
variant, SW1573/G-, with a deoxycytidine kinase (dCK) deficiency (21) was 
made resistant to RX-3117 as well, resulting in the double resistant (SW1573/G-
/RX) cell line [Fig 2A].  
 

Nucleotide accumulation measured by LC-MS/MS 

Cells were treated with 10 or 100 µM RX-3117 for 4-24 hr, washed twice with 
PBS and pelleted by centrifugation at 350 x g, 4°C for 5 minutes (min), as 
described earlier (22). Pellets were washed twice with cold phosphate 
buffered saline (PBS) and centrifuged again. Pellets were snap frozen in liquid 
nitrogen and stored at -80°C until analysis. For the analysis, the cell pellets 
were resuspended in 200 μl water and a 20 μl aliquot was used for the 
determination of protein content by the modified Pierre BCA method. The 
remaining 180 μl aliquot was precipitated with an excess of isopropyl alcohol 
and centrifuged at 2500 x g at 4°C. The supernatant was removed and 
evaporated to dryness via freeze drying and subsequently reconstituted in 
180 μl water and a 20 μL aliquot was used for LC-MS/MS analysis of free 
cytosolic RX-3117 content (22). The remaining sample was treated 
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quantitatively with alkaline phosphatase (4 units) at 37°C overnight to 
degrade all RX-3117 nucleotides to free RX-3117 in a procedure originally 
developed and validated for gemcitabine nucleotides (23,24). Sample 
cleanup to concentrate the sample was performed by precipitating excess 
reagents with isopropyl alcohol and freeze-drying the supernatant. RX-3117 
(consisting of RX-3117 nucleotides degraded to RX-3117 and the original RX-
3117) was measured by reconstitution in 160 μl water and injected 1 μl onto a 
Prodigy 5 ODS-2, 150x3.2 mm column (Phenomenex, Torrance, CA, USA) 
connected to the API5500 Triple Quadrupole mass analyzer system (AB Sciex, 
Netherlands BV). Chromatography was performed with a linear gradient and 
detection was performed under optimized ESI (ElectroSpray Ionization) 
conditions of the compounds of interest (23,25). All measurements were 
performed in triplicate. Determination of total phosphorylated RX-3117 was 
performed by subtracting the free cytosolic RX-3117 from the first analysis 
from the total RX-3117 (consisting of degraded RX-3117 nucleotides and free 
RX-3117) of the 2nd analysis (22).  
 

Uridine-cytidine kinase (UCK) enzyme activity 

The activity of UCK was determined as described previously (6). Briefly, 10 x 
106 cells were harvested when growing in exponential phase, washed and 
frozen at -80°C. In order to perform the UCK enzyme assay, pellets were 
suspended in assay buffer, including 5 mM ATP as the phosphate donor, and 
the reaction was started by addition of radiolabeled [2-14C]-uridine (final 
concentration 70 µM) or [6-3H]-RX-3117 (final concentrations 10 and 100 µM). 
The monophosphate product was separated from the nucleoside substrate 
using thin-layer chromatography and quantified as described earlier (6). 
 

Western blot 

Briefly, cells were harvested and lysed in diluted cell lysis buffer (Cell 
signaling, #9803) supplemented with 1 mM PMSF (Sigma, P7626) as described 
previously (7). For the cell cycle targets (CDK1 (cdc-2), p-CDK1 (Thr14) , p-
CDK1 (Tyr15) and WEE1) the lysates were prepared in a 9 M urea buffer 
(Sigma, 51456) dissolved in ultra-pure water supplemented with 20 mM Hepes 
pH 8.0, 1 mM orthovanadate (Sigma, S6508), 2.5 mM tetrasodium 
pyrophosphate (Sigma, S6422) and 1 mM β-glycerophosphate (Sigma, 
G5422) to ensure preservation of phosphorylated proteins (26). These 
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samples were sonicated (3 cycles, 20 sec on, 20 sec off) at 4°C followed by 
centrifugation at 16000 x g for 15 min and transferring supernatant to 1.5 mL 
tubes. The protein concentrations of all samples were determined with the 
Bio-Rad protein assay using Bovine serum albumin (BSA) (Sigma-Aldrich, 
05482) and the Bio-Rad protein assay dye reagent concentrate (Bio-Rad, 
#5000006), measuring the optical density (OD) at 600 nm.  
The samples prepared from the protein lysates were separated on Bio-Rad 
MiniProtean TGXTM precast gel and transferred to a PVDF membrane. The 
following primary antibodies were used:  
UCK2 (1: 1000, monoclonal antibody (mab) 22-1, gift from Rexahn), CMPK1 
(1:1000, Origene TAS505390), NME1/NDKA (D14H1) (1:1000, Cell signaling 
lot#5353), Ribonucleotide reductase R1 T-16 (1:132, Santa Cruz sc-11733), 
Ribonucleotide reductase R2 E-16 (1:132, Santa Cruz sc-10846), DCTPP1 (1:1000, 
LSBio LS-C80879-100), MTH1 (1:1000, Cell signaling technology lot#43918), 
TDP1 (D8D1B) (1:1000, Cell signaling lot#59710S), NT5C3 (1:500, Abcam 
ab224766), SAMHD1 (1:1000, Cell signaling lot#12361S), β-actin clone AC-15 
(1:2500, Sigma Aldrich A1978), CDK1 (cdc-2) (E1Z6R) (1:1000 Cell signaling 
#28439), p-CDK1 (Tyr15) (10A11) (1:1000 Cell signaling #4539), WEE1 (D10D2) 
(1:1000 Cell signaling #13084). Antibodies were diluted in a mixture of 5 % BSA 
in PBS containing 0.1 % Tween 20. For fluorescent signal measurement on the 
Odyssey InfraRed Imager (Li-COR Biosciences), InfraRedDye secondary 
antibodies (Cell signaling, #C50316-03, lot#C50408-03, lot#C60816-02, 
#C50706-03) were used or HRP-linked (Cell signaling, 7074S, 7076S). Band 
quantification was performed with ImageJ as described previously (11). 
 

Differential expression analysis (RNAseq) 

RNA sequencing was performed with HiSeqTM Sequencing System single-end 
as described previously (27). Obtained reads were mapped on the genome 
and differential expression analysis was performed with the comparisons 
shown in Fig 4A. The gene set enrichment (GSEA) was performed as 
described previously (28). 
 

Clustered regularly interspaced short palindromic repeats (CRISPR) Cas9 drug 

screen  

The CRISPR-Cas9 drug screen was performed as described previously De Lint 
et al. (17). The Toronto KnockOut v3 (TKOv3)library (29) was used to 
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transduce RPE-1-TP53KO iCas9 cells. Cells were treated with a starting 
concentration of 1.5 µM RX-3117, which was gradually increased as shown in 
supplementary Fig S3B. sgRNA sequences in the treated and untreated 
populations were sequenced and analyzed by DrugZ (30). Reactome 
pathway analysis was performed on the genes with an FDR < 0.05.  
 

Cell cycle distribution  

The cell cycle distribution was performed as reported previously (31). Cells 
were seeded in 10 cm dishes and treated for 24 hr with 1 μM or 5 μM RX-3117 
for A549, SW1573, SW1573/G- and RPE1-TP53KO and 5 μM and 50 μM for the 
resistant variants A549/RX1, A549/RX2, SW1573/RX1, SW1573/RX2 and 
SW1573/G-/RX. All cell lines were also treated with 1 μM gemcitabine, cultured 
in serum free (SF) medium or SF with the highest RX-3117 concentration (5 or 
50 μM) for comparison with untreated cells (control). Medium was collected 
in tubes (15 mL) and the dishes were washed twice with PBS followed by 
trypsinization for 3-5 min. Detached cells were resuspended in medium and 
added to the corresponding falcon tube and stored on ice. The samples were 
then spun down for 5 min at 2000 rpm and 4°C, with two washing steps with 
cold PBS in between. For each sample 2x105 cells were fixed with 500 µL ice-
cold 70 % ethanol while vortexing and incubated at least 1 h at 4°C. Ethanol 
was removed by centrifugation of the samples for 5 min at 2000 rpm, 4°C 
and washed with cold PBS followed by another centrifugation step. 
Subsequently, 100 µL of FxCycleTM PI/RNase staining solution (ThermoFisher 
scientific, F10797) was added, incubated for at least 30 min and measured on 
the Attune NxT Flow Cytometer (filters blue (488 nm) and yellow (561 nm)).  
 

Isolation of RNA and preparation of cDNA 

RNA isolation was performed according to the TRIzol protocol (15596-026, 
ThermoFisher Scientific) followed by cDNA synthesis (DyNAmo cDNA 
Synthesis kit; Thermo Fisher Scientific). The resulting cDNA samples were 
diluted 10-fold in nuclease free water. Subsequently, RT-PCR was performed 
on two different systems. For UCK2 and UMPK the Roche LightCycler® 2.0 
system (Product number: 03531414001) and a Roche Light Cycler FastStart 
DNA MasterPlus PCR kit (Cat: 02 515 567 001) was used with ß-actin as a house 
keeping gene to normalize the results. For RR1, RR2 and hENT1 a 96 well plate 
based Taqman system was used employing the Applied Biosystems® 7500 
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Real-Time PCR System with a Life technologies Universal PCR Mastermix 
(4303327 and 4324018 without amperase), for this system GAPDH was used 
as a housekeeping gene. The following primer sets (Forward (F), Reverse (R) 
and Taqman probe (P)) obtained from Life technologies were used; UCK2 (F) 
gtgatcatccctagaggtgcagata, (R) ggccctccattcaggatgt, (P) 
tctggtggccatcaacctcatcgtg; UMPK (F) ttgacccgtctccatcgg, (R) 
tgcctcctgacccctcct, (P) ccccagcccctatct; β-actin (F) 
tcacccacactgtgcccatctacga, (R) cagcggaaccgctcattgccaaagg, (P) 
atgccctcccccatgccatcctgcgt. Primers with unpublished sequences; hENT1 (F) 
Hs01085706_m1, (R) Hs01085706_m1, (P) Hs01085706_m1; RR1 (F) 
Hs00168784_m1, (R) Hs00168784_m1, (P) Hs00168784_m1; RR2 (F) 
Hs01072069_g1, (R) Hs01072069_g1, (P) Hs01072069_g1, GAPDH (F) 
Hs02758991_g1, (R) Hs02758991_g1 and (P) Hs02758991_g1. 
 

hENT1 and hCNT1a transporter expression analysis by flow cytometry 

A549, SW1573 wild type and resistant cells (RX1) were collected per 1x106 cell 
in FACS tubes and spun down. For fixation, ice cold ethanol was added and 
cells were incubated at -20°C for 20 min. After centrifugation the pellet was 
washed with washing buffer containing 0.1 % triton X-100, 0.09 % NaN3, and 
0.5 % BSA dissolved in PBS. The subsequent blocking step was conducted with 
5 % BSA containing 2.5 % goat serum followed by a washing step. Transporter 
staining was carried out with pre-diluted hENT1 antibody (Bethyl laboratories, 
clone 18D11, A304-332A) and diluted (1:25) hCNT1 antibody (kindly provided by 
Prof Pastor-Anglada, Barcelona (32)) for 30 min in the dark followed by two 
washing steps. Subsequently, Alexa Fluor 488 was added (1:200) and 
incubated for 30 min in the dark. For measurement washing buffer was added 
and 1x105 cells were counted per sample on FACSCalibur (BD Biosciences, 
Mount View, CA, USA) and the data was analysed by the CELLQuest™ 
software. 
 

Transfection with siRNAs against PKMYT1  

Cells were seeded in 6 wells plates at a density of 3x105 RRE1-TP53KO cells 
and 2 x105 A549 WT or A549/RX1 cells per well and were incubated overnight. 
The cells were then treated with 25 nM siRNA for 24 hr and 4 µL DharmaFECT 
1 transfection reagent (T-2001-02, Horizon discovery) per well according to 
manufacturer’s protocols (siRNA resuspension protocol and DharmaFECTTM 
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transfection reagents- siRNA transfection protocol) (Horizon discovery). The 
siRNAs were diluted to 5 µM stocks in siRNA buffer (1910002, Horizon 
discovery) and had the following sequences: PKMYT1_1: 
GGUAAAGCGUUCCAUGUCA [D-005026-01], PKMYT1_6: 
ACGGAGAGGUCUUCAAGGU [D-005026-06], GAPDH_3: 
GACCUCAACUACAUGGUUU [D-004253-03] and the ON-TARGETplus Non-
targeting Pool [D-001810-01]. After 24 hr transfection, the cells were seeded 
in 96 wells plates to perform the SRB assay as described under the SRB 
section. For RPE1-TP53KO cells, 1500 cells per well were seeded while 3000 
cells per well were seeded for A549 WT and A549/RX1.  

Statistics 

The statistical analyses were performed with GraphPad Prism 8.2.1. or Excel. 
The t-test was performed in Excel for the accumulation data [Fig 3A and 3B]. 
A two-way ANOVA with Tukey’s multiple comparisons test was performed in 
GraphPad Prims on the cell cycle data [Fig 6 and S4] and siRNA experiments 
[Fig S3C-D].  
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Results  

RX-3117 resistant NSCLC cell lines 

In order to determine whether resistance to RX-3117 would follow a universal 
pattern we used several NSCLC cell lines to establish RX-3117 resistant models 
[Fig 2A]. The wild type epithelial carcinoma cells A549 and alveolar SW1573 
were sensitive to RX-3117, with IC50 values of 0.5 ± 0.008 and 0.6 ± 0.15 µM, 
respectively [Table 1]. The cells were made resistant by culturing in stepwise 
(2-fold) increasing concentrations of RX-3117 starting with the IC50 
concentration until resistant cells were growing at the same speed as 
untreated cells; then the concentration was doubled again [Fig 2B]. This 
process was repeated until resistance remained stable. This process lasted, 
depending on the cell line, from 12 up to 28 weeks. From these cell lines, A549 
and SW1573, two independent RX-3117 resistant variants were established; 
A549/RX1 (RF; 800), A549/RX2 (RF; 600), SW1573/RX1 (RF; 667) and 
SW1573/RX2 (RF; 487), with an interval of 2 years [Fig 2C, 2D, S1F]. For both 
the A549 and SW1573 resistant cell lines, the /RX1 variants were more resistant 
than the /RX2 variants, as indicated by a higher RF. The gemcitabine resistant 
SW1573 cells, SW1573/G-, were also exposed to RX-3117, resulting in the double 
resistant variant SW1573/G-/RX. From the large cell lung cancer cell line H460 
(IC50 0.05 ± 0.01 µM) we established another resistant variant H460/RX (RF 
>800), which interestingly lost its resistance after prolonged culture of 
approximately 2 months in drug-free medium. Data reported on this cell line 
were performed during the resistant stage.  
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Figure 2. RX-3117 resistant NSCLC cell line models. (A), The various RX-3117 resistant cell lines were established by chronic exposure from A549 wild type 
(WT), SW1573 WT, H460 cells and the gemcitabine resistant SW1573/G- cells. (B), time course of exposure and stepwise increase in RX-3117 concentrations 
to produce resistant cell lines. (C, D), Growth inhibition curves of A549 (C) and SW1573 (D) resistant variants after 72-hr exposure to RX-3117. No growth 
inhibition was observed at the highest concentration of RX-3117 used, except for the SW/G/RX cell line. Results are from one representative experiment and 
bars represent the SEM.  
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Resistance to RX-3117 and other cytidine analogs 

The RX-3117 resistant cells and the corresponding parental cells were tested 
for their sensitivity to several cytidine analogs with overlapping mechanisms 
of action or metabolism in order to get a first impression of the potential 
mechanism of resistance. As mentioned previously, the /RX1 variants are 
more resistant to RX-3117 compared to the /RX2 variants, as indicated in 
Table 1. The double resistant cell line SW1573/G-/RX was less sensitive to RX-
3117, with an IC50 value of 9.1 ± 1.1 µM, whereas SW1573/G- cells were still 
sensitive to RX-3117 (1.0 ± 0.1 µM) [Table 1], indicating that RX-3117 and 
gemcitabine have distinctly different mechanisms of action, which is in 
agreement with previous publications showing RX-3117 efficacy in 
gemcitabine resistant models (15). 
Moreover, both A549 and SW1573 resistant variants were still relatively 
sensitive to gemcitabine in the nanomolar (nM) range [Table 1, Fig S1A], 
except for the A549/RX1 cells which showed an IC50 > 200 nM for gemcitabine. 
SW1573/G- cells were unaffected by gemcitabine treatment even at a 
concentration of 2500 nM (RF=301). However, the double resistant cell line 
SW1573/G-/RX regained gemcitabine sensitivity, with an IC50 of 20 ± 1.7 nM.  
Furthermore, a more pronounced cross-resistance was observed for the 
other related cytidine analogs, azacytidine (Aza-C), 5-aza-2’-deoxycytidine 
(DAC), 3’-ethynylcytidine (ETC/TAS-106) and cyclopentenyl cytosine (CPEC), 
compared to gemcitabine [Fig S1B-E]. Several resistance mechanisms of 
these cytidine analogs have been described and would therefore give a first 
indication of the potential resistance mechanism for RX-3117. All these cytidine 
analogs can be degraded by deamination by cytidine deaminase (CDA), but 
since RX-3117 is a very poor substrate (6), an increase in CDA is unlikely to be 
a resistance mechanism. 
The cross resistance to Aza-C and DAC was less pronounced [Fig S1B, S1C] 
compared to ETC/TAS-106 and CPEC, but still present in all /RX cells. RX-3117 
has the same target as Aza-C and DAC, DNA methyltransferase 1 (DNMT1); 
i.e. these cytidine analogs can deplete cells from DNMT1, leading to DNA 
hypomethylation (33). However, both drugs have a different activation 
mechanism, DAC is activated by deoxycytidine kinase (dCK) and Aza-C by 
UCK2. Since SW1573/G- cells have a deficiency of dCK, this explains the 
resistance to gemcitabine and the cross-resistance to DAC. For AzaC, lack of 
UCK2 expression or UCK2 mutations leading to a decreased UCK2 activity 
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are resistance mechanisms to AzaC (34). Moreover, all /RX cells were strongly 
cross resistant to ETC/TAS-106 and CPEC [Fig S1D, S1E], for which a decrease 
in UCK2 activity (35,36) and of hENT (37) are reported resistance mechanisms 
(36–40). Since activation of RX-3117 is mediated by UCK2 we initially evaluated 
expression of this enzyme as a resistance mechanism. 
Interestingly, the SW1573/G- cells showed the same sensitivity to RX-3117 as 
the SW1573 cells. The double resistant cells regained their sensitivity to 
gemcitabine, but not to DAC. However, these cells retained their sensitivity to 
CPEC, and were only marginally sensitive to Aza-C. The sensitivity to 
ETC/TAS-106 and CPEC is therefore not in line with a deficiency in UCK2. 
Besides the cytidine analogs, several other drugs were tested to get more 
insight in a potential mechanism of resistance [Table S1]. The proteasome 
inhibitors Bortezomib and MG132 were tested since stability of the DNMT1 
complex with DNA is related to protein degradation (41). The compounds 
showed a similar sensitivity in both parental and the /RX1 cells. The ubiquitin 
specific protease 7 (USP) inhibitor P005091 was more potent in the A549/RX1 
cells compared to A549 WT cells, but showed similar growth inhibition in the 
SW1573 WT cells compared to SW1573/RX1. Cisplatin, which acts by formation 
of DNA adducts did not show a distinct pattern in growth inhibition in the 
resistant cells compared to wild type cells.  
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Table 1. Sensitivity of wild type NSCLC cell lines and their RX-3117 resistant variants to RX-3117 and various cytidine analogs in order to determine potential 
cross-resistance. 

  RX-3117 (μM) Gemcitabine (nM) Aza-C (μM) DAC (μM) ETC (nM) CPEC (nM) 

A549 0.5 ± 0.008 6.4 ± 0.4 4.2 ± 0.6 46.7 ± 6.8 16.6 ± 0.5 67.2 ± 15.2 
A549/RX1 > 400 µM > 200 nM > 100 µM 92.5 ± 14.2 > 2 µM > 2 µM 
A549/RX2 300 ± 19.7 µM  23.1 ± 1.9 55.2 ± 3.8 > 150 µM 332.8 ± 0.5 > 2 µM 
SW1573 0.6 ± 0.15 8.3 ± 0.3 7.1 ± 1.8 31.5 ± 1.3 12.9 ± 2.3 74.2 ± 26.7 
SW1573/RX1 > 400 µM 32.7 ± 4.9 59.9 ± 22.0 57.0 ± 14.5 > 2 µM > 2 µM 
SW1573/RX2 292 ± 10.2 µM  20.4 ± 1.1 > 100 µM > 150 µM 1021 ± 131.1 > 2 µM 
SW1573/G- 1.0 ± 0.1 > 2500 nM 6.5 ± 0.8 > 150 µM 6.9 ± 0.1 49.9 ± 14.5 
SW1573/G-/RX 9.1 ± 1.1 20.0 ± 1.7 15.4 ± 2.2 > 150 µM 442.8 ± 24.7 44.5 ± 8.9 
 
Values are given as IC50 values (means ± SEM) in micro- or nanomolar (nM). H460/RX cells were tested immediately after establishing resistance. However, 
after several months culturing in drug-free medium these cells lost resistance to RX-3117, in contrast to the other resistant variants. Data are from a 
minimum of n=2 experiments performed in triplicate. RX-3117; fluorocyclopentenylcytosine, Aza-C; azacytidine, DAC; decitabine/5-aza-2’-deoxycytidine, 
ETC/TAS-106; 3’-C-Ethynylcytidine, CPEC; cyclopentenylcytosine. 
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RX-3117 nucleotides accumulate in a dose-dependent manner  

Since we earlier demonstrated a relationship between RX-3117 nucleotide 
formation and sensitivity to RX-3117 in various unselected cell lines (6), we 
hypothesized that a decreased accumulation of RX-3117 nucleotides might be 
a resistant mechanism. This is a common resistance mechanism for many 
antimetabolites (42,43). Using LC/MS-MS we determined accumulation of RX-
3117 and its nucleotides after 4 and 24 hr exposure to 10 or 100 µM RX-3117 in 
the wild type, SW1573/G- [Fig 3A] and RX/1 and RX/2 cells. In the wild type 
cells RX-3117 exposure resulted in a concentration dependent RX-3117 
nucleotides accumulation, but accumulation of RX-3117 nucleotides already 
reached their maximum after 4 hr and did not increase at a longer exposure 
of 24 hr. Interestingly, we only found accumulation of ribonucleotides from 
RX-3117, since even at a high concentration and 24 hr exposure there was no 
formation of any deoxyribonucleotide of RX-3117 in these wild type cells. In all 
resistant cells from both A549 and SW1573 cell lines a significant 
concentration dependent decrease in accumulation of RX-3117 nucleotides 
was found; down to 8-15 % of accumulation in wild-type cells after exposure 
to 10 µM and down to 25-40 % after exposure to 100 µM RX-3117 [Fig 3B]. The 
gemcitabine resistant cells SW1573/G- which are sensitive to RX-3117, 
accumulated only 10% of the RX-3117 nucleotides. 
A decrease in nucleotide accumulation of antimetabolites is often caused by 
a decreased uptake or activation or increased degradation (42,44). 
Specifically, for RX-3117 a depletion of its (deoxy)nucleotides can potentially 
be caused by either a decreased uptake, a decreased activation (by UCK2 or 
a monophosphate or diphosphate kinase), or an increased degradation [Fig 
3C]. Therefore, we analyzed the mRNA and/or protein expression of several 
of these proteins, as well as that of ribonucleotide reductase which would be 
responsible for potential conversion of RX-3117-diphosphate to a 
deoxydiphosphate. The hENT1 is responsible for the uptake of RX-3117, but we 
did not observe a decreased mRNA or protein expression when comparing 
/RX2 cells with the wild type cells [Fig S2A, B and C]. Since the human 
concentrative nucleoside transporter 1a (hCNT1a) is involved in the uptake of 
cytidine and several analogs, such as gemcitabine (45), we also investigated 
its expression, but this was observed to be increased in the A549/RX1 cells. 
Next, we investigated whether a deficiency of the first activation enzyme of 
RX-3117, UCK2 (7), might be responsible for the depletion of RX-3117 
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nucleotides. However, the protein levels of UCK2 in the resistant cells /RX1 
(ratio UCK-2/β-actin 0.8 for A549/RX1 and 1.1 for SW1573/RX1 -7d) and /RX1 
cells grown without RX-3117 supplemented in the medium for 7 days (-7d) 
(ratio UCK-2/β-actin 0.9 for A549/RX1 and 1.1 for SW1573RX1-7d), did not show 
a difference in protein expression [Fig 3D], nor did the mRNA levels [Fig S2A 
and B]. As expected, there was no difference in the resistant cells with and 
without RX-3117 supplemented medium. Since a post-translational 
modification might have changed the protein, we also measured the UCK2 
enzyme activity, with uridine and RX-3117 as substrates. The activity with 
uridine represents both UCK1 and UCK2 enzyme levels, but with RX-3117 only 
UCK2 activity is measured. However, no change was observed. In A549/RX1 
cells the overall activity was even higher in the resistant cells [Fig. S2D].  
Next we investigated the expression of putative nucleotide kinases potentially 
involved in further phosphorylation of RX-3117-monophosphate, as was found 
earlier for the gemcitabine, and other cytidine and uridine analogs (46,47). 
However, neither UMPK, cytidine/uridine monophosphate kinase 1 (CMPK1), 
or NME/NM23 nucleoside diphosphate kinase 1 (NME1/NDKA) showed any 
decrease in their expression. There was even an increase in CMPK1 expression 
(CMPK1/β -actin ratios of 2.3 and 1.5 for A549/RX1 and A549/RX-7d) and 
NME1/NDKA/ β-actin ratios of > 1.7 for both the A549/RX1 and SW1573/RX1 
cells with and without RX-3117 supplemented medium.  
Furthermore, ribonucleotide reductase 1 (RR1), showed a decrease in the 
A549/RX1 cells (RR1/β-actin ratio of 0.6 and 0.5 for A549/RX1 and A549/RX1-
7d, respectively) [Fig 3D], whereas RR2 remained unchanged. The expression 
of UMPK (CMPK1), RR1 and RR2 was further investigated by RT-PCR, where 
there was no difference in expression of these targets, except for RR2 in 
SW1573/RX2 cells compared to SW1573. DNMT1 mRNA was increased in 
A549/RX cells, but remained equally expressed in the SW1573/RX2 cells 
compared to SW1573 cells. Also, in the A549/RX1, SW1573/RX1 and SW1573/G-
/RX variants the expression of not only DNMT1, but also that of DNMT3A and 
DNMT3B did not show a change (data not shown). However, in wild type cells 
we did not find any evidence for formation of deoxynucleoside nucleotides. 
The RNAseq data also confirmed the lack of difference between the resistant 
and wild type cells (data not shown). Altogether, this means that none of the 
investigated transporters or activating enzymes seem responsible for the 
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depletion of RX-3117 nucleotides and can be excluded from having a potential 
role in RX-3117 induced resistance.  
 

Deactivation enzymes  

Since a decreased expression of activation enzymes did not explain the 
depletion of RX-nucleotides, we investigated the expression of several 
potential deactivation enzymes. Cytidine analogs are known to be substrates 
for degradation enzymes and DNA repair enzymes such as, 5’-nucleotidase 
(NT5C3), deoxycytidine-triphosphatase 1 (DCTPP1), Nudix hydrolase 
(NUDT1/MTH1), Tyrosyl-DNA phosphodiesterase 1 (TDP1) and SAM and HD 
domain containing deoxynucleoside triphosphate triphosphohydrolase 1 
(SAMHD1). At the protein expression level, NT5C3, DCTPP1 and MTH1 showed 
an increased expression from modest to a substantial difference compared 
to parental cells [Fig 3E]. The DNA repair enzyme TDP1 is upregulated in the 
RX-3117 resistant variants, with a more prominent upregulation in A549/RX1 
and SW1573/RX1, which can be explained by the higher RF. The expression of 
the other repair enzyme SAMHD1 showed a modest upregulation in A549/RX1 
cells. Unfortunately, no suitable inhibitors of these enzymes were available, or 
when available, they were not specific enough or not active enough, or had 
solubility limitations such as the NT5C3 inhibitor diethylpyrocarbonate (DEPC) 
(48).  
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Figure 3. The role of nucleotide accumulation, activation and deactivation enzymes in RX-3117 acquired resistant cells. (A), Concentration dependent 
accumulation of RX-3117 nucleotides in A549 WT, SW1573 WT and SW1573/G- cells. (B), Depletion of RX-3117 nucleotides in RX-3117 resistant cells. The data 
in the resistant cells are shown as % of the wild type cells, which were set at 100 % for each separate experiment. Values after 4 and 24 hr exposure were 
pooled since depletion at these time points was similar. Data (means ± SEM of 3-5 separate experiments) are for the /RX1 resistant variants. Depletion was 
similar in the RX2 variants. Statistically different at p * < 0.05, *** < 0.001. (C), Putative components of the stipulated RX-3117 pathway that could contribute 
to resistance. (D), No universal altered protein expression of activation enzymes, UCK 2 clone 22-1 (UCK2 (22-1)), cytidine/uridine monophosphate kinase 
1 (CMPK1), NME/NM23 nucleoside diphosphate kinase 1 (NDKA/NME1), ribonucleotide reductase 1 and 2 (RR1 and RR2). (Loading was 30 μg per sample, 
and β-actin served as a loading control). (E), Increased expression of DCTPP1, TDP1, SAMHD1, MTH1 and NT5C3 in both /RX variants, but more pronounced 
in /RX1 cells (40 µg per sample with a representative β-actin as loading control).
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Expression analysis of RX-3117 resistant cells 

Since the candidate analysis of RX-3117 resistant variants gave a partial 
insight in potential resistant mechanism, we next performed RNAseq to reveal 
potential additional resistance mechanisms. The two different resistant 
variants of A549 and SW1573 were compared with the wild type A549 and 
SW1573 cells. We also included H460/RX cells and compared them to the 
H460 wild type cells [Fig 4A], during the period when they demonstrated 
resistance to RX-3117. These cells only lost resistance after being cultured in 
medium without RX-3117 for approximately 2 months. Two data sets were 
produced, the /RX1 cells compared to the wild type cells in set 1. The second 
data set contained the /RX2 variants compared to the wild type cells. For 
each data set the gene set enrichment was performed based on a false 
discovery rate (FDR) < 0.05 with normalized enrichment scores (NES) as 
output. The mean NES score of both data sets was then calculated and the 
top 10 genes were plotted in [Fig 4B]. Interestingly, the top 10 enriched gene 
sets include, DNA replication and cell cycle gene sets such as, mitotic phases, 
S-phase and G1-S transition. In case of the wild type cells, there are merely 
three gene sets as significantly decreased in the resistant cells [Fig 4C]. 
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Figure 4. RNA sequencing of the RX-3117 resistant variants. (A), data sets used for gene set 
enrichment analysis (GSEA) with a cut-off of FDR < 0.05 and normalized enrichment scores (NES) 
as output. (B), Top 10 gene sets enriched (total n=31) in the resistant cells plotted as the mean 
NES of both data sets WT vs /RX1 and WT/RX2. (C), The gene sets decreased in the RX-3117 
resistant cells. 
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CRISPR-Cas9 drug screen to determine potential sensitizing genes for RX-3117  

In order to get a better insight in the genes which determine the cellular 
responses to RX-3117, we used a full genome CRISPR-Cas9 drug-sensitivity 
screen to investigate for which genes loss can cause sensitivity or resistance 
to RX-3117. The diploid RPE1-TP53KO cells are distinctly different from the 
other models used in this study, but they have been selected because they 
are routinely used for CRISPR screening purposes (17). The RPE1-TP53KO cells 
were treated with a starting concentration of 1.5 µM RX-3117, based on the 
growth inhibition measured after 72 h drug exposure [Fig S3A]. The 
concentration of RX-3117 was increased to 2 and finally 3 µM [Fig S3B]. 
Analysis of the sensitizing gRNA hits, which correspond to desensitizing genes, 
reveal that the desensitizing genes are predominantly involved in the 
regulation of TP53 and the cell cycle [Fig 5A], which is in line with the outcome 
of the RNAseq data showing that cell cycle genes play a role in RX-3117 
resistance. Interestingly, the desensitizing hits were enriched in metabolism of 
RNA [Fig 5B], explaining the cross resistance to ETC/TAS-106 since ETC/TAS-
106 is an inhibitor of RNA synthesis and function (39,40,49). 
 

The role of the cell cycle regulator PKMYT1 in sensitivity to RX-3117 

The top sensitizing gRNA hit was the protein kinase membrane associated 
tyrosine/threonine 1 (PKMYT1, protein Myt1) [Fig 5C], which plays a role in the 
cell cycle regulation since it belongs to the WEE1 protein kinase family. For 
WEE1 protein kinases we earlier demonstrated that their expression is 
affected by RX-3117 treatment, which indicates that they play a role in the 
sensitivity to RX-3117 (50). PKMYT1 phosphorylates cyclin dependent kinase 1 
on two residues (Threonine 14 and Tyrosine 15) (51), leading to the inactivation 
of the CDK/Cyclin complex and thereby blocking the cell cycle. In order to 
examine its role in RX-3117 resistance, we used an siRNA knockdown approach 
to determine whether this would affect sensitivity to RX-3117. Since we 
identified the knock-out of PKMYT1 to be drug-sensitizing gene, we tested 
whether the partial knock-down of PKMYT1 would also increase sensitivity to 
RX-3117. There was a variation in transfection efficacy, but inclusion of positive 
and negative controls in each experiment enabled several conclusions to be 
drawn. For example, in the RPE1-TP53KO cells, which were also used for the 
CRISPR-Cas9 drug screen, and the A549/RX1 cells there was no significant 
effect by either of the PKMYT1 siRNAs (PKMYT1_1 and PKMYT1_6) in 
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combination with RX-3117 [Fig S3C and E]. However, in wild type A549 cells, 
knockdown of PKMYT1 by both siRNAs combined with the 1 µM RX-3117, 
protected the cells against RX-3117 cytotoxicity [Fig S3D]. Moreover, siRNA 
PKMYT1_6 also protected against 5 µM RX-3117, which was not in line with our 
hypothesis warranting further investigation, by for example creating PKMYT1 
knock-out cell lines.  
Besides the PKMYT1, we looked at tumor suppressor (TS) genes that may 
function as RX-3117 sensitizing or desensitizing genes. These are shown in Fig. 
5C. The phosphatase and Tensin Homolog (PTEN), Neurofibromin (NF2) and 
ATR serine/threonine kinase (ATR) came out as some of the most interesting 
genes that are required for drug tolerance, indicating that PTEN negative 
tumors might be particularly sensitive to RX-3117. Furthermore, these findings 
suggest that ATR inhibitors might enhance the cytotoxic effects of RX-3117. 
Reversely, our screen indicates that inactivation of Von-Hippel Tumor 
suppressor (VHL) or Histone deacetylase 3 (HDAC3) may reduce the efficacy 
of RCX-3117. Interestingly, PTEN and ATR are already reported in gemcitabine 
sensitivity (52,53). In pancreatic ductal adenocarcinoma models, inhibition of 
ATR by AZD6738 synergized with cytidine analog gemcitabine (52), 
supporting the notion that the role of TS genes in RX-3117 sensitivity should 
be further investigated. 
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Figure 5. CRISPR Cas9 drug screen for RX-3117 sensitizing gRNA hits and desensitizing gRNA hits using diploid RPE1-TP53KO cells. (A), Top 10 enriched 
pathways of sensitizing gRNA’s, determined by the Reactome pathway analysis (FDR < 0.05) (n= 69 genes, 9 not found); (B), Top 10 enriched pathways for 
desensitizing gRNA’s (n=169, 34 not found). (C), Volcano plot showing the most significant desensitizing gene (PKMYT1) and tumour suppressor genes 
reflected by the indicated sensitizing and desensitizing gRNAs. 
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Effect of RX-3117 on-cell cycle distribution in wild type and RX-3117 resistant 

cells  

Earlier we observed clear cell cycle effects of RX-3117 in wild type NSCLC cells 
(50), while the transcriptomics results showed clear changes in the expression 
of cell cycle genes in the resistant cells. Moreover, the CRISPR-Cas9 drug 
screen demonstrated an evident role for cell cycle genes in the response to 
RX-3117. Therefore, we evaluated the effect of RX-3117 on the cell cycle 
distribution, using both an equimolar and equitoxic approach for sensitive and 
RX-3117 resistant cell lines. Wild type cells were treated with 1 and 5 µM RX-
3117 for 24 h, whereas the resistant cells were treated with 5 and 50 µM. For 
comparison we also exposed cells to 1 µM gemcitabine, since the cell cycle 
effects of gemcitabine in NSCLC have been investigated extensively earlier 
by us (54) and others (55). Since culturing in serum-free medium induces a 
cell cycle synchronization we also cultured cells in serum-free medium with 
and without RX-3117. In the wild type A549 cells, serum free (SF) conditions 
expectably caused a synchronization of cells in the G1-phase (p-value < 0.05) 
[Fig 6A]. When cells were treated with RX-3117 in SF conditions, the increase 
in the S-phase (p-value < 0.001) was stronger, with a corresponding decrease 
of cells in the G1 phase (p-value < 0.01) [Fig 6A]. In the wild type cells there 
seems to be a modest increase of the S-phase after treatment with both 1 
and 5 µM RX-3117 and an accumulation in G1 phase after gemcitabine 
treatment [Fig 6A and C], however these differences were not statistically 
significant [Fig 6D]. For the two /RX resistant variants of A549 and SW1573 
the effect on cell cycle distribution was clearly distinctly different from the 
wild type cells, both at equimolar and equitoxic conditions. There was no 
effect of RX-3117 treatment on the cell cycle [Fig 6B, 6D, S4A, S4C]. Also, 
treatment with RX-3117 under SF conditions compared to SF control did not 
show any effect on the S-phase. The increase of cells in the G1 phase after 
gemcitabine treatment is in line with earlier data on gemcitabine treatment 
of NSCLC cells (54), and was most pronounced in SW1573/RX1 cells (p-value 
< 0.001) [Fig 6D]. In both the RPE1-TP53KO cells and the SW1573/G-/RX cells 
[Fig S4B and E], a significant increase in S-phase was observed after 
treatment with RX-3117. In these cell lines both the gemcitabine treatment and 
SF conditions increased the G1 phase significantly (p-value < 0.001) compared 
to control. Lastly, for the SW1573/G- cells there is no clear alteration in cell 
cycle distribution [Fig S4D]. Altogether, these data clearly demonstrate a 
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different effect of RX-3117 on the cell cycle distribution in wild type A549, 
SW1573 and RPE-TP53KO cells, compared to the RX-3117 resistant variants. 
This suggests a compensatory mechanism in the cell cycle of the resistant 
cells, protecting them from RX-3117 treatment.  
 

 

Figure 6. The effect of RX-3117, gemcitabine and serum-free (SF) conditions on the cell cycle 
distribution. Cells were exposed to the drugs for 24 hr or culture in SF medium alone or in 
combination with RX-3117. (A), wild type A549; (B), A549/RX1; (C), wild type SW1573; and (D) 
SW1573/RX1. Values are means ± SEM, p-values indicate * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001, 
when compared to controls.  
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Pharmacological inhibition of the cell cycle in combination with RX-3117 did 

not result in a synergistic effect 

Because of the differential expression of cell cycle genes and altered cell 
cycle dynamics, and due to the well-known role of cell cycle in resistance (56), 
we investigated whether inhibitors of specific cell cycle proteins would affect 
the sensitivity to RX-3117. For this purpose, we combined inhibitors of cyclin 
dependent kinases (CDK) with RX-3117 to and examined the responses of wild 
type and RX-3117 resistant cells [Fig 7A]. Unfortunately, to our knowledge, 
there are no known PKMYT1 (Myt1 protein) inhibitors. Therefore, we tested the 
WEE1 kinase inhibitor, MK-1775 (Adavosertib) and the CDK inhibitors RGB-
286638 (CDK1, 2, 3, 4,5 and 9 inhibitor (57)) and Olomoucine (CDK1, 2 and 5 
inhibitor (58)), which are relatively aspecific (59) [Table S1, Fig S5A-C]. For the 
drug combination studies concentrations around the IC50 were used, i.e., 100 
nM of MK-1775 and 5 nM for RGB-286638. All the cell lines were highly sensitive 
to RGB-286638, with IC50 values ranging between 1-9 nM [Table S1]. However, 
since the cell models were insensitive to Olomoucine, even at the highest 
concentration of 20 µM, the IC50 was not reached [Fig S5C]. The observed 
Olomoucine insensitivity is in accordance with previous studies (58), reporting 
an IC50 value of 54.5 µM in A549 cells after 96 h exposure. Interestingly, there 
was a large difference in the effect of the WEE1 inhibitor MK-1775 and the CDK 
inhibitor RGB-286638 between wild type and all the RX-3117 resistant cell lines. 
For MK-1775 a clear synergism was observed in the wild type cells (A549, 
SW1573 and RPE1-TP53KO) [Fig 7B] and an additive/moderate antagonistic 
effect for RGB-286638 [Fig 7C]. However, in all RX-3117 resistant cell lines, 
including the double resistant SW1573/G-/RX the combination of RX-3117 with 
either of the inhibitors, MK-1775 or RGB-286638, was highly antagonistic with 
CI values even above 20 [Fig 7B and C]. The large difference in the effect of 
these CDK inhibitors between wild type and RX-3117 resistant cell lines clearly 
underlines that the large aberrations in cell cycle genes and cell cycle effects 
contribute to the resistance to RX-3117. 
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Figure 7. Pharmacological targeting of cell cycle proteins in combination with RX-3117 treatment in wild type and RX-3117 resistant cell lines. (A), schematic 
overview of the cell cycle with phases G1, S and G2/M based on (51,60), where phosphorylation of cyclin dependent kinases 1 or 2 (CDK1, CDK2) by WEE1 
or PKMYT1 inactivates the CDK complex and thereby prevents cell cycle progression. Moreover, the WEE1 inhibitor MK-1775 is shown in the box on the left 
and CDK inhibitors Olomoucine and RGB-286638 in the box on the right. (B, C), Combination indexes (CI) calculated for the combination of (B), RX-3117 with 
100 nM MK-1775 for 72 h (n ≥ 2), which indicates that there is a synergistic effect of MK-1775 and RX-3117 in the wild type cells (A549 WT, SW1573 WT and 
RPE1-TP53KO) and SW1573/G- and an evident antagonistic effect in the RX-3117 resistant cells. The combination with of RX-3117 with 5 nM RGB-286638 (n 
≥ 1) (C) led to an additive/moderate antagonistic effect in the wild type cells and a strong antagonistic effect in the RX-3117 resistant cells. The combination 
index was calculated with Calcusyn based on the average fraction affected (FA) of the three lowest and three highest points of the curves. Note, since the 
CI values exceeding 20 are extra-ordinary high, they were not shown. Values are means ± SEM of the indicated number of experiments 
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The cell line dependent effect of RX-3117 on the expression of cell cycle proteins  

Because of the pronounced differences in cell cycle distribution between wild 
type and RX-3117 resistant cells, we investigated the protein expression of cell 
cycle proteins. Expression of total CDK1 (cdc-2) or WEE1 was not affected by 
the treatments in the wild type and resistant variants of A549 [Fig 8]. 
However, in the SW1573/RX1 and /RX2 cells there seems to be a 
concentration dependent increase of WEE1 after RX-3117, whereas 
gemcitabine inhibited its expression in the wild type SW1573 and SW1573/RX1 
cells. However, more pronounced changes were found for the 
phosphorylation of CDK1 on residue Tyr15 (p-CDK1 (Tyr15)), which is 
performed by WEE1 or PKMYT1 (51,60). RX-3117 induced a modest cell line and 
concentration dependent increase of p-CDK1 (Tyr15) expression in the A549 
WT, SW1573 WT, RPE1-TP53KO and SW1573/G-. In the double resistant cells, 
SW1573/G-/RX, the lower concentration of RX-3117 led to a higher increase of 
p-CDK1 (Tyr15) which was even more pronounced after gemcitabine 
treatment. In contrast, in the /RX resistant cells, the p-CDK1 (Tyr15) expression 
is unaltered. Treatment with gemcitabine either induces expression of p-CDK1 
(Tyr15) (A549/RX2, RPE1-TP53KO and SW1573/G-/RX) or inhibits it (SW1573 
WT, SW1573/RX1, SW1573/RX2, SW1573/G-).  
The serum free (SF) treatments were included to determine the effect of the 
RX-3117 under starvation conditions, which led in most cell lines to a clear 
increase in p-CDK1 (Tyr15) expression. The treatment with RX-3117 in SF 
conditions led to a more pronounced expression of p-CDK1 (Tyr15) in wild 
type A549, SW1573/RX1, SW1573/G- and SW1573/G-/RX cells and a modest 
increase in WEE1 expression in the SW1573/RX1 cells.  
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Figure 8. RX-3117 treatment induces cell line dependent changes in expression of various cell cycle checkpoint proteins, in particular it induces expression 
of p-CDK1 (Tyr15). The expression of total CDK1, p-CDK1 (Tyr15) and WEE1 after 24 h treatment with RX-3117, gemcitabine, serum free (SF) conditions and 
SF with RX-3117, 50 μg per sample. Cell lines A549 WT, A549/RX1, RPE1-TP53KO (A) and SW1573 WT and the resistant variants (B). The B-actin corresponds 
with the blot of WEE1 and is shown as representative internal control. The remaining B-actin bands are shown in [Fig S6].  



 

 

301 

Discussion  

This is the first study to describe NSCLC cell line models with acquired 
resistance to the novel antimetabolite RX-3117. This study is timely and 
clinically relevant since NSCLC is one of the tumor types currently being 
evaluated for the efficacy of RX-3117 (15). Since RX-3117 is given orally to 
patients leading to a relatively constant plasma concentrations (10,61), we 
exposed cells continuously and increased this concentration stepwise, while 
we established resistance at two separate occasions, resulting in an 
appropriate laboratory model (62). Gemcitabine is one of the standard drugs 
for treatment of several malignancies, where RX-3117 is under development. 
Since gemcitabine resistance is common in these patients (13) we also 
induced RX-3117 in a gemcitabine resistant cell line SW1573/G-, which was 
sensitive to RX-3117 as was observed earlier for other gemcitabine resistant 
models (6,10). Interestingly, this cell line became sensitive again to 
gemcitabine which holds great promise for further development of RX-3117, 
because gemcitabine would then be an alternative in patients becoming 
resistant to RX-3117. 
Since many antimetabolites share common resistance mechanisms (42) we 
initially focused on cross-resistance patters with other related cytidine 
analogs and determined accumulation of the active RX-3117 nucleotides. 
Because of the cross-resistance to the related analogs ETC/TAS-106, Aza-C 
and CPEC and since a decrease in transport and the activation enzyme UCK2 
(36,37,63,64) were reported to be responsible for the resistance, we 
determined the accumulation of the RX-3117 nucleotides. Because of the high 
depletion of RX-3117 nucleotide accumulation in the resistant cells compared 
to the control, we determined the expression of the nucleoside transporters 
hENT and hCNT, plus the activating kinases. However, neither the nucleoside 
transporters or the kinases were decreased, which is in contrast to reported 
resistance mechanisms for ETC/TAS-106, Aza-C and CPEC which include a 
decrease in UCK2 (33,34,39,64). A decrease in nucleotide kinases has been 
reported for various antimetabolites as well (46,47). Therefore, we evaluated 
the expression of the monophosphate kinase UMPK and CMPK and of 
NME1/NDKA, but again no decrease was observed. Although CPEC also 
inhibits CTP-synthetase (64) we did not find an indication that the structurally 
similar RX-3117 inhibits CTP synthetase (6).  
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Since the known activators and transporters for RX-3117 are unlikely to play 
a role in RX-3117 nucleotide accumulation, we also determined the expression 
of various other genes such as RR1 and RR2. RR1/RR2 might play a role in a 
potential formation of RX-3117 deoxynucleotides, which we earlier postulated 
to be responsible for incorporation into DNA (6). However, we did not find any 
evidence for the formation of a RX-3117 deoxynucleotide, while there was no 
difference in expression of both RR forms in the resistant variants. Since one 
of the targets for RX-3117 is DNMT1 (6,11,65) we also determined the expression 
of DNMT1, but this was only expressed in the A549/RX2 cells. Further studies 
should be performed to examine whether there are mutations in these 
activators and transporters, to fully exclude them as resistance modulators. 
Therefore, the most likely explanation for the RX-3117 nucleotide depletion is 
the increase in several of the deactivation enzymes MTH1, DCTPP1 and NT5C3. 
It has been demonstrated earlier that these enzymes are upregulated in cells 
resistant to other cytidine analogs (44,48,66,67), while it has also been shown 
that these analogs are substrates for these enzymes. Although we tested two 
inhibitors of DCTPP1 (TH1217 and triptolide) and MTH1 inhibitor TH588 (data 
not shown), with the aim to reverse resistance, we could not establish a 
suitable concentration of these inhibitors to do this. At concentrations that 
were supposed to inhibit MH1 or DCTPP1 the compounds showed a high 
intrinsic toxicity, preventing detection of a reversal of sensitivity to RX-3117.  
In order to determine other potential resistance mechanism for RX-3117, we 
performed RNA sequencing. Earlier we used micro-arrays to determine 
potential resistance mechanisms compared to gemcitabine and 
trifluorothymidine (68,69) which revealed RR1 as a resistance mechanism for 
gemcitabine, hENT and (unexpectedly) secretatory phospholipase A2 as a 
resistance mechanism for trifluorothymidine. The latter colon cancer cell line, 
H630-cTFT was cross-resistant to RX-3117 (6). Indeed, the RNAseq revealed a 
number of hot targets, predominantly in the regulation of cell cycle genes. 
Aberrations in cell cycle genes have been found to play a role in the sensitivity 
to antimetabolites (52,59,70). In particular, the gene set enrichment in cell 
cycle genesis is a common feature for cytidine analogs (71). However, in the 
RX-3117 resistant cells a depletion was found for genes involved in post 
translational protein modification, integrin cell surface interactions and 
formation of fibrin clot clotting cascade.  
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The CRISPR-Cas9 drug screen served a different purpose and revealed 
several genes playing a role in sensitization to RX-3117. The retina epithelial 
RPE1-TP53KO cells were adapted to a relatively low concentration (2-fold 
higher than the IC50) and exposed for a much shorter time period (4 passages, 
18 days Fig S3B) compared to the RX-3117 variants (months). These cells have 
a low mutational load enabling the investigating of genes involved in RX-3117 
with limited confounders.  
The CRISPR-Cas9 screen revealed an important role for cell cycle genes in 
the sensitivity to RX-3117, such as PKMYT1, a so-called sensitizer which 
corresponds to a desensitizing gene, while various modifications in RNA 
metabolism, chromatin modeling, and RNA polymerase play a role as 
sensitizing genes. The latter is in line with some similarities with ETC/TAS-106, 
which is targeted against RNA metabolism and induces RNA damage 
mediated apoptosis (40,49).  
The genome-wide CRISPR-Cas9 drug sensitizing screen also highlighted the 
role of TS genes. Interestingly, tumor suppressors PTEN, NF2 and ATR are 
classified as desensitizing genes in this screen. Suggesting that patients with 
a low expression of these genes would benefit less from RX-3117 treatment. 
On the other hand, VHL and HDAC3 are the highest-ranking sensitizing tumor 
suppressor genes, signifying their application as potential biomarkers for 
patient or tumor selection. However, the results from the screen should be 
taken with caution until further validation in various cancer types and models 
is performed. 
However, because of the aberrations found in cell cycle genes in our 
transcriptomics data, we focused on evaluating the roles of cell cycle genes. 
We focused on the most significant desensitizing gene, PKMYT1 and its related 
protein kinase WEE1, which control the role of CDK1/2. The effect of equitoxic 
RX-3117 on cell cycle disturbance (increased S and G2/M) as found in the wild 
type cells was less abundant in the resistant cells. An aberrant expression 
after RX-3117 treatment was also found for phosphorylated CDK1 (Tyr15) and 
WEE1, although not consistent over all cell lines. In order to get more insight 
into the altered regulation of cell cycle genes we used two additional 
approaches, inhibition of PKMYT1 with siRNA and pharmacological inhibition 
of WEE1 with RX-3117 and MK-1775. Indeed, knockdown of PKMYT1 resulted in 
protection to RX-3117 in wild type A549, which was opposite to our 
expectations. Therefore, further research in PKMYT1 knock-out cell lines is 
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warranted. Inhibition of WEE1 was expected to increase sensitivity to RX-3117 
in wild type cells, since inhibition of various cell cycle dependent kinases has 
previously been shown to increase sensitivity to various antimetabolites 
(59,70,72–74). Indeed, the WEE1 inhibitor MK-1775 in combination with RX-3117 
was synergistic in wild type cells, while RGB-286638 was additive to slightly 
antagonistic. However, the effects in the resistant cells were completely 
different resulting in a very pronounced antagonism with CI-values above 20. 
Clearly, WEE1 could not be inhibited in the resistant cells precluding a 
synergism, completely in line with the aberrant cell cycle regulation in 
resistant cells and the sensitizer function in sensitive cells. 
In conclusion, acquired resistance to RX-3117 seems to be related to an 
increase in various deactivation enzymes explaining the depletion in RX-3117 
nucleotides, and in an aberrant regulation of cell cycle genes, precluding the 
cells to continue the cell cycle, especially under RX-3117 exposure in resistant 
cells. The alterations in cell cycle genes may be caused by the prolonged 
exposure to RX-3117, which will ultimately lead to prolonged inhibition of 
DNMT1 and decreased methylation, possibly inducing an altered expression 
of various cell cycle dependent kinases. Also, the DNA damage induced after 
long-term exposure and possibly inhibition of RNA synthesis may alter 
expression of these genes. The use of more specific inhibitors compared to 
those currently available, might give more insight about where the cell cycle 
regulation is affected.  
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Supplementary information  

 

Figure S1. Potential cross resistance of cytidine analogs with RX-3117 in A549 WT, SW1573 WT and resistant variants. (A), gemcitabine; (B), azacytidine (Aza-
C); (C), 5-aza-2’-deoxycytidine (DAC); (D), 3’-C-Ethynylcytidine (ETC/TAS-106); (E), cyclopentenylcytosine (CPEC). Figures are representative curves of 3-4 
separate experiments and are plotted as means ± SEM. The resistance factors (RF) of the A549/RX, SW1573/RX and /G- variants compared to parental 
cells A549 and SW1573, respectively (B). The darker the color, the higher the resistance. The RF of the SW1573/G-/RX cells are calculated based on the IC50 
values of SW1573/G-.
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Figure S2. The expression of potential resistance modulators and UCK2 enzyme activity. (A), Increased mRNA expression of DNMT1 in A549/RX2 cells 
compared to A549 wild type. (B), Increased expression of RR2 in SW1573/RX2. The mRNA expression of UCK2, UMPK, DNMT1, DNMT3a and DNMT3b was 
not different between wild type A549 and SW1573, compared to their A549/RX2 and SW1573/RX2 cells, respectively. Values are given as mean ± SEM from 
quadruplicates performed twice, * indicates p-value < 0.05, t-test. (C), transporter expression of hENT1 and hCNT1a measured by flow cytometry, one 
experiment performed in triplicate, means ± SD. (D), UCK2 activity in RX-3117 resistant cell lines, activity was measured with 10 and 100 µM RX-3117 as a 
substrate. Values are means ± SEM of 2 separate experiments. Activity with 9 µM uridine as a substrate (representing the sum of UCK1 and UCK2) varied 
between 28 (SW1573/G-), 42 (SW1573) and 47 (AA549) pmol/hr/106 cells, and was not different in the resistant cells. 



 

 

311 

 
Figure S3. CRISPR-Cas9 drug screen to determine RX-3117 sensitizing and desensitizing gRNA´s. (A), Sensitivity of RPE1-TP53KO cells to RX-3117 treatment 
determined by SRB after 72 hr exposure. (B), Treatment schedule of RPE1-TP53KO cells during the CRISPR Cas9 drug screen. (C), Transfection RPE1-TP53KO 
cells with PKMYT1 siRNAs in combination with RX-3117. (D, E), transfection of A549 and A549/RX1 cells with PKMYT1 siRNAs in combination with RX-3117. 
Values are means ± SEM of 3 separate experiments; two-way ANOVA with Dunnett’s multiple comparisons test p-values indicated as * < 0.05 and *** < 0.001 
(B) and A549/RX1. 
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Figure S4. Cell cycle distribution after 24 h treatment with RX-3117, gemcitabine or serum free (SF) medium alone or with RX-3117, in the cell lines (A), 
A549/RX2 (B), RPE1-TP53KO (C), SW1573/RX2 (D) SW1573/G- and (E) SW1573/G-/RX. Values are means ± SEM from 3 separate experiments.
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Table S1. Drug sensitivity to a panel of inhibitors in the wild type and resistant cell lines. Proteosome inhibitors Bortezomib and MG132, USP7 inhibitor 
P005901, Cisplatin, WEE1 inhibitor MK-1775 and CDK inhibitor RGB-286638. * experiment was performed once in triplicate. NA; not analyzed.  

  

  

IC50 values +/- SEM 

  

Bortezomib (nM) MG132 (nM) USP7 inhibitor 
P005901 (µM) 

Cisplatin (µM) MK-1775 (nM) RGB-286638 (nM) 

A549 76.0 ± 2.9 234.9 ± 28.9 13.7 ± 0.7 9.2 ± 1.5 244.6 ± 24.9 5.2 ± 0.9 
A549/RX1 79.0 ± 19.6 189.6 ± 34.3 4.2 ± 0.4 6.7 ± 0.3 120.0 ± 0.4 0.8 ± 0.0* 
A549/RX2 NA NA NA 12.4 ± 1.0 174.8 ± 11.2 9.1 ± 2.2 

SW1573 83.8 ± 4.9 201.8 ± 16.4 5.7 ± 0.3 2.9 ± 0.3 112.1 ± 8.2 4.9 ± 0.4 
SW1573/RX1 63.0 ± 3.5 172.7 ± 32.1 6.5 ± 0.2 5.0 ± 0.1 109.0 ± 16.1 2.5 ± 0.2 
SW1573/RX2 NA NA NA 3.0 ± 0.4 132.8 ± 37.2 2.7 ± 0.1 
SW1573/G- NA NA NA NA 97.4 ± 8.4 5.5 ± 1.1 

SW1573/G-/RX NA NA NA NA 169.3 ± 39.3 5.0 ± 1.8 
RPE1-TP53KO NA NA NA NA 207.5 ± 67.5 3.2 ± 0.8 
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Figure S5. Representative growth inhibition curves for WEE1 and CDK inhibitors. (A), sensitivity to WEE1 inhibitor MK-1775, (B), CDK inhibitor RGB-286638 
and (C) CDK inhibitor Olomoucine. Values are means ± SEM out of 3 separate experiments 
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Figure S6. The remaining β-actin bands of the targets shown in Figure 8. (A), the β-actin bands corresponding to the CDK1 membrane and the p-CDK1 
(Tyr15) bands for A549, A549/RX1, A549/RX2 and RPE1-TP53KO. The band shown for RPE1-TP53KO is for both targets; p-CDK1 (Tyr15) as WEE1. (B), the 
remaining β-actin bands for SW1573, SW1573/RX1, SW1573/RX2, SW1573/G- and SW1573/G-/RX. 
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Discussion 
 

PART 1 – Pancreatic ductal adenocarcinoma 

The incidence of pancreatic cancer is increasing and is expected to follow the 
same trend the coming years (1). Pancreatic cancer is also expected to 
increase in the ranking of cancer-related deaths by cancer type, as a result 
of better treatment options for other cancers, such as breast and colon 
cancer (2), and their corresponding improved survival. Other key factors 
contributing to this phenomenon are the lack of validated screening 
modalities in the population to detect pancreatic cancer at early onset, and 
the very limited efficacy of current treatments for PDAC.  
 

Pharmacogenetics of treatments for pancreatic cancer 

The late-stage diagnosis due to the asymptomatic behaviour and inherent or 
acquired resistance are hurdles for treatment of pancreatic cancer patients 
and contribute therefore to the poor survival rate. Nevertheless, surgical 
outcomes in high volume centres have improved over the past couple of 
years (3). The availability of endoscopic core biopsies facilitates the 
acquisition of diagnostic and experimental samples enabling more research.  
However, the lack of specific and sensitive biomarkers, limits the selection of 
patients for appropriate treatment regimens. For instance, selecting patients 
based on the expression, or lack thereof, of essential components involved in 
a drug mechanism, could guide clinicians in offering patients the best 
treatment. Biomarkers, such as CA 19-9 also help in monitoring pancreatic 
cancer disease progression, but are not specific. Therefore, research on more 
specific and sensitive biomarkers obtained via minimally invasive tests and –
omics studies such as next generation sequencing (NGS) or deep proteomics 
techniques should contribute to better treatment of patients. Pairing –omics 
studies and NGS with more standardized protocols and methods along with 
making the data publicly available could further help to advance research.  
Hence, the design of clinical studies on pancreatic cancer treatments should 
be based on suitable biomarkers, involving multiple centres, with appropriate 
numbers of well-characterized (e.g., primary or advanced) patients as well as 
standardized protocols and data analysis methods. This approach will give 
robust information about the application of pharmacogenetic and omics 
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features of a patient and his/her tumour profile for optimal treatment 
selection.  
In our study, presented in chapter 4, we have applied proteomics and 
phospho-proteomics to examine potential biomarkers that would predict the 
response to gemcitabine treatment. We found microtubule-associated 
protein 2 (MAP2) to be overexpressed in gemcitabine-resistant cells. 
Interestingly, these gemcitabine resistant cells, in vitro and in vivo, showed a 
higher sensitivity to microtubule stabilizing drug paclitaxel, which, as its 
prodrug nab-paclitaxel (Abraxane), is currently used in the clinic in 
combination with gemcitabine for treatment of pancreatic cancer. Besides, 
we validated MAP2 as prognostic marker in two cohorts, 1) patients with 
metastatic pancreatic cancer receiving gemcitabine as palliative treatment 
and 2) stage IIb patients that had received gemcitabine as adjuvant 
treatment. In both cohorts, a positive MAP2 staining correlated with a poorer 
survival. These results prompt further studies on the role of MAP2 in additional 
gemcitabine resistant models and mice strains that are able to engraft both 
the parental PANC-1 and PANC-1 gemcitabine resistant cells, for a more 
comprehensive comparison between the cells.  
  

Pre-clinical research of drug combinations including the complex tumour 

microenvironment 

The selection and setup of clinically-relevant in vitro and in vivo models 
represent a critical issue in pre-clinical research. Efforts are made to close the 
gap between pre-clinical data and the results of clinical studies, nevertheless 
there is a margin of uncertainty. Closing the gap by optimizing preclinical 
assays is an ongoing process. For example, early passages of primary cells 
are used, along with immortalized cell lines, to better mimic genetic 
characteristics of a tumour and might be better predictors of anticancer drug 
activity in vitro. However, in order to overcome the limitations of conventional 
two-dimensional (2D) cell culture, three-dimensional (3D) models such as 
spheroids have been introduced to incorporate the complexity of the tumour 
microenvironment. 3D spheres are now commonly used to investigate drug 
penetration and hypoxia. As expected, 3D spheroids and other 3D models are 
less sensitive to drug treatment compared to monolayers, and therefore 
mimic in vivo conditions more closely. For further clinical representation of 
the complex tumour microenvironment and its role in drug response, co-
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culturing different cell types as spheroids is proposed. In Chapter 6 we 
describe the co-culture of pancreatic cancer cells and pancreatic stellate cells 
(PSC), which allows the investigation of the reciprocal stimulatory interaction 
between these cell types. In this 3D hetero-spheroid model the presence of 
PSCs enhanced the growth and gemcitabine resistance of PDAC-5 (SSEA-4) 
cells, supporting the notion that the tumour microenvironment plays an 
important role in drug response (4). Certainly not all components of a tumour 
can be investigated by means of this assay, but it does allow incorporation 
of a part of the complex tumour microenvironment to assess the efficacy of 
novel compounds as single treatments or combinations. 
 

Assessing drug combinations in silico  

Drug combinations have been used in the clinic for years to enhance the 
effects of most clinical treatments. Co-administration of drugs can also help 
in bypassing resistance or to protect against toxicity. Mathematical models; 
the Loewe additivity, the Bliss independence and the Chou and Talalay’s 
median effect models, have been successfully applied to predict combination 
regimens from which patients benefit in the clinic. With the rise of 1) cocktail 
treatments (two or more drugs combined), 2) novel drugs and 3) broader 
application of current drugs due to a better understanding of drug 
mechanisms, more patients have been successfully treated and the numbers 
of new combinations of drugs that can be made are increasing. Therefore, 
more advanced computational models are needed other than those based 
on the classical synergy models to investigate potential combinations. 
Applying artificial-intelligence models to the plethora of combinations would 
be more time-efficient and cost-effective. Using proper in silico prediction 
models, in vitro and in vivo testing of ineffective combinations can be 
prevented. However, the data sources and/or data sets obtained from 
different experimental methods and selecting the proper outcome measures 
pose challenges in setting up these models and should be evaluated carefully.  
 

PART 2 – Metabolism and ribosome biogenesis 

Metabolic reprogramming to support cell proliferation is a well-known 
hallmark of cancer (5), in which cells switch to aerobic glycolysis despite the 
presence of oxygen, i.e., the Warburg effect. Targeting the glycolytic pathway 
seems an extremely attractive approach against pancreatic cancer cells, as 
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this pathway is upregulated and linked to pancreatic cancer metastasis, as 
summarized in chapter 7. In pancreatic cancer, a glycolytic subtype is indeed 
correlated with a mesenchymal phenotype, emphasizing the need for further 
investigation (6). 
 

Lactate dehydrogenase A 

We specifically focussed on lactate dehydrogenase A (LDH-A) which 
converts pyruvate into lactate during the latter steps of glycolysis. LDH-A 
overexpression is correlated with a poorer survival in various cancer types, 
such as renal (7), pancreatic (8), liver (9), lung (10) and breast cancer (11), 
indicating its clinical importance and potential as a therapeutic target. In 
pancreatic cancer samples, LDH-A is upregulated and its overexpression is 
correlated with growth promoting effects in vitro (12). Moreover, LDH-A is an 
ideal druggable target, because individuals with a hereditary LDH-A 
deficiency do not present any symptoms under normal circumstances, only 
myopathy after intense anaerobic exercise (13), suggesting that chemical 
inhibition of LDH-A should lead to minimal side effects in patients. Pre-clinical 
studies evaluating the effect of LDH-A inhibitors are increasing. In a recent 
study, Mohammad et al. (8) combined pyruvate kinase M2 (PKM2) activator 
TEPP-46 with the LDH-A inhibitor FX-11 leading to a synergistic inhibition of 
pancreatic cancer cell proliferation in vitro and delayed tumour growth in 
vivo, giving information on dual targeting of the glycolytic pathway. Yet, 
combining glycolytic pathway inhibitors with conventional 
chemotherapeutics is expected to give a better response.  
In chapter 8 we show the efficacy of a glucose conjugated LDH-A inhibitor, 
NHI-Glc-2. This novel N-hydroxyindole based inhibitor is designed to exploit 
the overexpression of both LDH-A and the GLUT1 transporter since an 
increased glucose uptake is a property of aggressive pancreatic tumours (14). 
The dual-targeting approach therefore leads to a higher intracellular 
accumulation of the compound and an improved antiproliferative effect 
(14,15). In our study we show that LDH-A is overexpressed in hypoxia and cells 
growing as spheroids, which are characterized by a hypoxic core, in 
agreement with previous studies (16,17). We also show that NHI-Glc-2 inhibits 
LDH-A enzyme activity, pancreatic cancer cell growth and disrupts spheroids 
integrity.  
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Despite the role of LDH-A in various cancer types and the increasing pre-
clinical data on LDH-A inhibitors, to our knowledge no specific LDH-A inhibitor 
has been tested successfully in clinical trials. The non-specific lactate 
dehydrogenase inhibitor Gossypol (R-(-)-Gossypol acetic acid) has been 
tested in a clinical trial in 29 patients with unresectable tumours, but 
regrettably the patients did not respond to the treatment (NCT00848016). As 
summarized in chapter 7, several clinical trials reported minor side effects of 
Gossypol, yet with a considerably low response rate limiting its use in the 
clinic.  
However, our studies suggest to combine rationally designed inhibitors of 
glycolysis components, preferably LDH-A, with conventional chemotherapy 
such as gemcitabine to target the different cell populations of the complex 
tumour microenvironment.  
 

Fibrillarin 

The energy consuming process of ribosome biogenesis is another cell 
essential process that supports cell proliferation. It is linked to the changes in 
nucleolar morphology, which is used in tumour pathology to assess the 
presence of cancer cells (18). Alterations in the ribosome biogenesis are also 
associated with cancer pathogenesis. Exploiting this aberrant process to 
improve anticancer treatments has been suggested previously (19,20), and 
effective targets are warranted. 
Fibrillarin (FBL) is a methyltransferase that methylates rRNA and histone 2A 
(H2A) in RNA Pol I promoters (21,22) and thereby positions itself as an 
interesting component of the ribosome biogenesis. FBL is overexpressed in 
hepatocellular carcinoma compared to para-tumour tissue and is correlated 
with a shorter overall and disease-free survival (23). Likewise, in breast 
cancer, FBL overexpression contributes to tumorigenesis and is associated 
with poor survival in breast cancer patients (24). In chapter 9, we propose FBL 
as a target for therapeutic intervention due to its function and its influence on 
ribosome abundance and composition. Moreover, FBL is inversely correlated 
with p53 expression, where p53 impairment leads to increased FBL expression 
(24). Since p53 loss of function and the aberrant ribosome biogenesis are 
common in cancer, mutual factor FBL shows potential as a therapeutic target. 
However, there are no known specific FBL inhibitors yet. Fortunately, FBL is a 
well-studied protein in different species with known crystal structures that can 
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be used for the in-silico design of inhibitors. Of note, a recent study showed 
that methyltransferase FBL has a secondary function as a ribonuclease 
regulated by phosphoinositides and phosphatidic acid (PA) with the 
ribonuclease activity localized in the GAR (glycine/arginine-rich) domain (25), 
which is crucial information that needs to be taken into account while 
designing FBL inhibitors. As the methyltransferase domain is separate from 
the GAR-domain at the N-terminal (chapter 9, figure 2), it may be challenging 
to design an inhibitor that would inhibit both functions simultaneously. More 
research on the two aforementioned functions and their interplay is therefore 
warranted.  
 

Potential of CX-5461 as therapeutic treatment 

The relevance of targeting the ribosome biogenesis pathway has increased 
over the past years due to its role in uncontrolled cancer cell proliferation. 
More specifically, RNA polymerase I (Pol I), is widely activated in cancer and 
therefore prompted therapeutic strategies for its inhibition. CX-5461 inhibits 
the initiation stage of rRNA synthesis and induces senescence and autophagy 
in a p53-independent manner (26). In murine models with human solid 
tumours CX-5461 showed antitumor efficacy after oral administration.  
Beside the role of CX-5461 as Pol I inhibitor, CX-5461 may also stabilize G-
quadruplex with a specific toxicity against BRCA deficient cancer cells and 
xenograft models including poly-(ADP-ribose) polymerase (PARP) inhibitor 
resistant tumours (27). Dannheisig and colleagues (28) reported a novel 
feedback mechanism of CX-5461 in which CX-5461 triggered nucleolar stress 
leading to a stimulation of Wnt/β-Catenin signaling, which might serve as a 
compensatory mechanism to sustain ribosome biogenesis. Altogether, these 
studies show the versatile mechanisms of CX-5461.  
In chapter 10 we describe that CX-5461 is capable of inhibiting pancreatic 
cancer cell growth and migration using concentrations within the nanomolar 
range. Moreover, CX-5461 induced DNA damage, which is in accordance with 
various previous studies performed in U2OS and HCT116 cells (27), high-grade 
serous ovarian cancer (HGSOC) (29,30) and other types of cancer. 
Monotherapy of CX-5461 in the clinic will most probably not be sufficient for 
complete response, therefore combinations are suggested by us and other 
research groups. Kusnadi and collaborators (31) demonstrated a synergistic 
efficacy of CX-5461 with the mTORC1 inhibitor everolimus which is associated 
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with significant (p value < 0.01, FDR < 0.05) suppression of the translation of 
mRNAs encoding key proteins controlling mRNA translation itself. Resistance 
to the CX-5461 and everolimus combination was associated with reactivation 
of translation of these mRNAs encoding proteins. Specific inhibition of cAMP-
EPAC/2-RAP1 signaling re-sensitized the resistant cells. 
CX-5461 also exacerbates replication stress by co-operating with PARP 
inhibitors in homologous recombination DNA repair-deficient HGSOC-
patient-derived xenograft (PDX) in vivo (30). CX-5461 combined with the 
Topoisomerase I inhibitor topotecan has been described as a non-genotoxic 
approach in targeting homologous repair (HR)-proficient high-grade serous 
ovarian cancer (HGSOC) (29). These results suggest that, despite the efficacy 
of CX-5461 as monotherapy, patients are predicted to have a better clinical 
response when combined with other approved regimens.  
Nonetheless, Bruno et al. (32), suggested that the capability of CX-5461 to 
inhibit RNA pol I is not the primary effect, but rather a secondary effect to 
topoisomerase II (TOP II) poisoning. Based on three complementary data-
driven approaches coupled with genetic, cell biological and biochemical 
experiments, they created multimodal measurements of the mechanism of 
cytotoxicity annotating CX-5461 as a TOP II poison. With this knowledge 
patients with prior treatments with TOP II poisons could be treated with CX-
5461 as alternative. As for the selection of patients in terms of a biomarker, 
Son et al. (33) suggest to use the proportion of active and inactive rDNA as a 
biomarker to select patients who will benefit from CX-5461 therapy.  
CX-5461 has been tested in clinical trials with patients with advanced 
hematologic cancers and has shown single-agent anti-tumour activity (34). 
Patients with advanced hematologic malignancies such as diffuse large B-
cell lymphoma (DLBCL), Hodgkin lymphoma, chronic lymphocytic leukaemia 
(CLL) – Richter’s transformation, multiple myeloma and T cell 
lymphoproliferative disease, were enrolled and treated intravenously with 
CX-5461, once every 3 weeks with 5 dose escalations from 25 up to 250 
mg/m2. One patient had a prolonged partial response, 5 achieved stable 
disease and one patient with cutaneous T-cell lymphoma presented clinical 
benefit. Activation of p53 correlated with rDNA transcription inhibition in the 
tumour sample of the patient with clinical response, however, the sample 
number is too low to draw a conclusion about the role of p53 in CX-5461 
efficacy prediction. RNA-FISH experiments showed the on-target effect of 
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CX-5461 which is a decrease in rDNA transcription rates, both in peripheral 
blood mononuclear cells (PBMCs) and tumour tissue, supporting the function 
of CX-5461 as rDNA transcription inhibitor described by Drygin et al. (26). The 
limitations of this study are that it was conducted in a single centre with a 
small number of patients (n=16) with advanced hematologic malignancies 
that had received various prior therapies (range 1-14 therapies, median = 7) 
to CX-5461 (34). Yet, this first in-human clinical trial of CX-5461 lays a 
foundation for future studies and a phase I study in advanced, metastatic, 
recurrent or unresectable solid tumours without available curative therapy is 
ongoing (NCT02719977). Altogether, the preclinical and clinical data on CX-
5461 show promise for a therapeutic strategy hopefully in the near future.  

 

PART III – The novel antimetabolite RX-3117 

Preclinical research is a constant necessity to improve clinical treatments. For 
example, gemcitabine is a drug that has been used in various regimens for 
many cancer types over the past couple of decades. However, patients 
acquire resistance to this cytidine analogue, or are inherently resistant, 
warranting other treatment options. Based on the knowledge of the effects 
of gemcitabine and other cytidine analogues, a new variant has been 
designed, fluorocyclopentenylcytosine (RX-3117). Remarkably, this compound 
has shown activity in gemcitabine resistant models, supporting its role in 
patients who are resistant to the current gemcitabine-based regimens (35). 
The novelty of RX-3117 is that it is activated by uridine cytidine kinase 2 (UCK2) 
(36,37), which is only expressed in placenta, testes and cancer cells, 
forecasting lower toxicity compared to current cytidine analogues. RX-3117 is 
also a poor substrate for cytidine deaminase (CDA), the inactivating enzyme 
of gemcitabine (38). Due to the important role of UCK2 in the mechanism of 
RX-3117, UCK2 is suggested as a biomarker for treatment with RX-3117 in 
pancreatic cancer patients (39). Other biomarkers that are suggested for 
selecting or monitoring patients treated with RX-3117 are DNA 
methyltransferases. This is based on a study measuring mRNA and protein 
levels in normal tissue, various cancer cell lines, xenografts and tumours (40). 
More specifically, DNA methyltransferase 1 (DNMT1) is downregulated by RX-
3117 leading to hypomethylation of DNA and the subsequent expression of 
tumour suppressor genes (41). However, since it is not clear whether the effect 
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of RX-3117 on DNMT1 (38) is a primary effect, it would be better to combine 
DNMT1 with UCK2 as biomarkers, but more research is warranted.  
Additionally, RX-3117 can be administered orally in contrast to the intravenous 
administration of gemcitabine, precluding patients receiving RX-3117 from 
repeated hospital visits. The phase 1b/2a multicentre clinical trial of orally 
administered RX-3117 combined with nab-paclitaxel in metastatic pancreatic 
cancer patients has been completed (NCT03189914).  
As RX-3117 is currently being assessed in the clinical for the treatment of 
various cancers, it is of upmost importance that the mechanism of action and 
resistance are properly investigated. Unravelling the resistance mechanism 
to understand which genes/proteins are causing inherent or play a role in 
developing resistance could not only help in selecting patients, but also in 
monitoring disease provided that the proteins are detectable via minimally-
invasive procedures. Data thus far suggests that the resistance mechanism, 
investigated in NSCLC cells, is due to the cell cycle deregulation in RX-3117 
resistant cells. More research on the specific proteins involved in this process 
is warranted.  
 
Summarizing, this thesis highlights the need for novel treatment strategies for 
pancreatic cancer as its incidence is increasing and current therapies are 
limited due to the lack of response or resistance development. We propose 
various therapy strategies targeting processes that are contributing to the 
proliferative nature of cancer cells, more specifically cancer cells in a complex 
tumor microenvironment as characterized in pancreatic cancer. Small 
molecular targeting of the ribosome biogenesis, the glycolytic pathway or 
RNA/DNA inhibition are described which will hopefully form a framework and 
incentive for further research.  
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Samenvatting 
Dit proefschrift beschrijft conventionele en nieuwe experimentele 
therapeutische strategieën voor de behandeling van 
alvleesklierkanker. Het proefschrift is opgedeeld in drie delen; (1) 
alvleesklier adenocarcinoom; waarin hoofdstuk 3 de genetische 
kenmerken van alvleesklierkanker samenvat. Hoofdstuk 4 beschrijft 
de toepassing van proteomics op gemcitabine resistente cellijnen 
waarbij de rol van microtubule-associated protein 2 (MAP2) bij de 
behandeling van taxanen wordt belicht. Hoofdstuk 5 is een 
uiteenzetting van methodes om combinatie behandelingen in vitro te 
kunnen classificeren als een synergistisch, antagonistisch of als 
additief effect. In het laatste hoofdstuk van Deel 1, hoofdstuk 6, wordt 
de rol van c-MET remmers in primaire co-culturen van humane 
alvleesklierkanker en stellate cellen beschreven om resistentie te 
overkomen. Deel 2 beschrijft de mogelijke rol van metabolisme als 
nieuwe therapeutische strategie in kanker. Hoofdstuk 7 vat de rol van 
de glycolytische signaleringsroute en de rol ervan in kanker 
metastasen samen. Hoofdstuk 8 beschrijft het effect van de lactaat 
dehydrogenase remmer NHI-Glc-2 in alvleesklierkanker en de 
mogelijkheid om deze verder te onderzoeken als therapeutisch 
middel. Ook wordt er in deel 2 de biogenese van de ribosomen en de 
rol ervan in kanker beschreven. Hoofdstuk 9 is een samenvatting van 
de ribosoom biogenese en beschrijft de mogelijkheid om ribosomaal 
RNA methyltransferase Fibrillarin te onderzoeken als potentieel 
therapeutisch doelwit. In hoofdstuk 10, wordt het effect van de G-
quadruplex stabilisator en RNA-polymerase 1 remmer CX-5461 
beschreven. CX-5461 remt de groei en migratie van alvleesklierkanker 
cellen en leidt tot DNA schade. Deel 3 beschrijft de nieuwe 
antimetaboliet fluorocyclopentenylcytosine, RX-3117, samengevat in 
Hoofdstuk 11. Het activeringsenzym van RX-3117, uridine cytidine 
kinase 2 (UCK2), wordt in hoofdstuk 12 beschreven als een potentiële 
biomarker voor alvleesklierkanker. Hoofdstuk 13 beschrijft de her-
expressie van de proton coupled folate carrier 1 (PCFT-1) na een door 
RX-3117 veroorzaakte lagere expressie van DNA methyltransferase 1 
(DNMT1). Tot slot, beschrijft Hoofdstuk 14 de resistentie mechanisme 
van RX-3117.   
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