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Abstract 
The multikinase inhibitor sorafenib is under clinical investigation for the treatment of many 
solid tumors, but in most cases the molecular target responsible for the clinical effect is 
unknown. Furthermore, enhancing the effectiveness of sorafenib using combination strategies 
is a major clinical challenge. Here, we identify sorafenib as an activator of AMP-activated 
protein kinase (AMPK), in a manner that involves either upstream LKB1 or CAMKK2. We 
further show in a phase II clinical trial in KRAS mutant advanced Non-Small Cell Lung Cancer 
(NSCLC) with single agent sorafenib an improved disease control rate in patients using the 
anti-diabetic drug metformin. Consistent with this, sorafenib and metformin act 
synergistically in inhibiting cellular proliferation in NSCLC in vitro and in vivo. A synergistic 
effect of both drugs is also seen on phosphorylation of the AMPKα activation site. Our results 
provide a rationale for the synergistic anti-proliferative effects, given that AMPK inhibits 
downstream mTOR signaling. These data suggest that the combination of sorafenib with 
AMPK activators could have beneficial effects on tumor regression by AMPK pathway 
activation. The combination of metformin or other AMPK activators and sorafenib could be 
tested in prospective clinical trials. 
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Introduction 
AMP-activated protein kinase (AMPK) signaling has increasingly attracted interest in 
carcinogenesis because AMPK acts as a metabolic checkpoint inhibiting cellular growth. AMPK 
acts through inhibition of cell cycle progression and repression of the mTOR pathway, a 
pathway that is frequently activated in cancer. AMPK is activated in response to AMP binding 
or by phosphorylation at threonine-172 (Thr172) on the alpha-subunit by the tumor 
suppressor protein kinase LKB1 (also called STK11) or the calcium activated kinase CAMKK2 
[1]. LKB1 is of particular interest because mutations in the LKB1 gene are responsible for 
Peutz-Jeghers syndrome, a rare autosomal dominant disorder with a strong tendency of 
developing cancer [2]. In addition, cumulative evidence suggests that somatic mutations or 
inactivation of the LKB1 gene is involved in lung and cervical cancers[3]. Gill et al. found in 
NSCLCs a generally low rate of somatic mutations (11%) in the LKB1 gene, while they 
observed that either loss of heterozygosity or homozygous deletion of the LKB1 gene occurred 
in nearly 90% of the NSCLCs tested [4].  
The oral antidiabetic drug metformin belongs to the biguanide class and is the first-line drug 
of choice in the treatment of type II diabetes. Several epidemiological and case-controlled 
studies found diabetics using metformin have a up to 30% lower lifetime cancer risk in 
comparison to those using other antidiabetic medications [5-7]. In line with this reduced 
cancer risk, metformin is activating AMPK and exhibits an antiproliferative effect on several 
cancer cell lines [8]. Furthermore, metformin and the allosteric AMPK activator A-769662 
both delay spontaneous tumor development in Pten+/- mice [9], but it has been unclear 
whether the reduced cancer incidence in diabetics is also explained by AMPK activity. Other 
mechanisms can be proposed to explain the effects of metformin on cancer, like the insulin-
sensitizing and antihyperglycemic effects [7,10]. The activation of AMPK by metformin can be 
direct through an increase in AMP/ATP ratio or can be indirect through its activity on 
upstream kinases [7].  
Mechanistic studies have shown that AMPK plays an important role as well in the mechanism 
of action of thiazolidinedione’s [11] and statins [12]. More recently, salicylate, the active 
metabolite of aspirin, was also found to act as an AMPK activator [13]. Aspirin’s effect on 
cancer has been widely studied, particularly its effect on colorectal cancer incidence and 
mortality. Recently it was reported that only in patients with mutated-PIK3CA colorectal 
cancer the regular use of aspirin after diagnosis was associated with longer survival, and not 
among patients with wild-type PIK3CA colorectal cancer [14]. 
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Metformin might be an attractive and safe anti-cancer drug in monotherapy or in combination 
with chemotherapeutic or targeted agents. To date, no randomized controlled trials of 
metformin as a cancer therapy have been reported, but (pre-)clinical evidence suggests that 
metformin may enhance chemotherapy response [15-19]. However, it is also reported that 
metformin can drive angiogenesis and accelerate the in vivo growth of BRAFV600E-driven 
melanoma by upregulating VEGFA mRNA and protein levels [20]. Multiple combinations of 
metformin and targeted agents are currently under clinical investigation 
(http://www.clinicaltrials.gov/).  
Here, we report on post hoc analysis of a phase II clinical trial with the multikinase inhibitor 
sorafenib in KRAS mutant NSCLC [21] that patients receiving metformin during sorafenib 
treatment showed improved disease control rate. We observed synergistic growth inhibition 
of NSCLC cells in vitro and in vivo with the combination of sorafenib and metformin and 
describe synergistic AMPK activation and downstream mTOR pathway inhibition as the 
mechanism explaining the effects of the combination. In this study, we identify sorafenib as an 
activator of AMP-activated protein kinase (AMPK), in a manner that involved either upstream 
LKB1 or CAMKK2. 
 
Materials and Methods 
Phase II clinical trial of sorafenib in KRAS mutant advanced NSCLC 
Previously, Dingemans et al. reported the activity of sorafenib monotherapy in a single arm 
phase II trial in patients with locally advanced or metastatic nonsquamous NSCLC harboring a 
KRAS mutation (Dutch trial register NL30000.029.09) [21]. We used data from this study to 
perform a post hoc analysis on the group of patients receiving metformin for their type II 
diabetes. The primary endpoint of this study was disease control rate (DCR), defined as no 
progression according to RECIST 1.0 criteria after 6 weeks of treatment. Secondary endpoints 
were Overall Response Rate (ORR), duration of response, Progression Free Survival (PFS) and 
Overall Survival (OS). 
 
Reagents 
Sorafenib (cat. no. S1040) was purchased from Selleck Chemicals. Metformin hydrochloride 
(cat. no. PHR1084), sodium salicylate (cat. no. S2679), Hydrogen Peroxide solution (cat. no. 
216763) and N-Acetyl-L-cysteine (cat. no. A9165) were purchased from Sigma Aldrich. STO-
609 (catalogue no. sc-202820) was obtained from Santa Cruz Biotechnology. 
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Cell Culture and Viral Transduction 
A549, H358, H460, H522 and H838 cells were purchased from American Type Culture 
Collection (ATCC) and Huh-7 cells from the Japanese Collection of Research Bioresources 
(JCRB) Cell Bank. An overview of the KRAS and LKB1 status of these cell lines is shown in 
Supplementary Table 3. The cells were cultured in DMEM (Huh-7) or RPMI (other cell lines) 
supplemented with 8% heat-inactivated fetal calf serum and 1% penicillin/streptomycin at 
5% CO2. HEK293T cells were used as producers of lentiviral supernatants as described 
(http://www.broadinstitute.org/rnai/public/resources/protocols). The calcium phosphate 
method was used for the transfection of 293T cells. Infected cells were selected for successful 
lentiviral integration using 2 μg/ml of puromycin.  
 
Plasmids 
All lentiviral shRNA vectors were retrieved from the arrayed TRC human genome wide shRNA 
collection. The following RNAi target sequences were used: shCAMKK2#1, 
CGAGCGGATCATGTGTTTACA; shCAMKK2#2, CCGTTTCTACTTCCAGGATCT; shLKB1, 
GATCCTCAAGAAGAAGAAGTT. Control infections were performed with the empty pLKO.1 
vector. 
 
Colony formation assays 
Cells were seeded in 6-well plates (5-10 × 103 cells per well) and cultured both in the absence 
and presence of drugs as indicated for 10 days. Cells were washed with PBS, fixed with 4% 
formaldehyde in PBS and stained with 0.1% crystal violet. 
 
Protein lysate preparation and immunoblots 
The biochemical responses of cells treated with drugs were analyzed by western blot. Cells 
were seeded in 6 well plates in medium containing 8% fetal calf serum. After 12h, cells were 
treated with drugs for the indicated time without refreshing the medium. The lysates were 
collected using RIPA buffer containing 150 mM NaCl, 50 mM Tris pH 8.0, 1% NP-40, 0.5% 
sodium deoxycholate and 0.1% SDS supplemented with protease inhibitors (Complete, Roche) 
and Phosphatase Inhibitor Cocktails II and III (Sigma). All lysates were freshly prepared, 
normalized using BCA protein assay (Thermo Scientific) and resolved by SDS gel 
electrophoresis and followed by western blotting. Primary antibodies against p-AMPKα 
Thr172 (40H9; #2535), AMPKα (#2532), LKB1 (26D10; #3050), p-ACC Ser79 (#3661), ACC 
(#3662), p-S6 RP Ser240/244 (#2215), p-S6 RP Ser235/236 (#2211), S6 RP (5G10; #2217) p-
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4E-BP1 Ser65 (174A9; #9456) and 4E-BP1 (#9452) were from Cell Signaling Technology and 
HSP 90α/β (H-114; sc-7947) from Santa Cruz Biotechnology. Secondary antibody was 
obtained from Bio-Rad Laboratories. 
 
Quantitative RT-PCR 
The 7500 Fast Real-Time PCR System from Applied Biosystems was used to measure mRNA 
levels. mRNA expression levels were normalized to expression of GAPDH. The following 
primer sequences were used in the SYBR Green master mix (Roche): GAPDH_forward, 5’-
AAGGTGAAGGTCGGAGTCAA-3’; GAPDH_reverse, AATGAAGGGGTCATTGATGG; 
VEGFA_forward, 5’-CCCACTGAGGAGTCCAACAT-3’; VEGFA_reverse, 5’-
TTTCTTGCGCTTTCGTTTTT-3’. 
 
Mouse xenografts and in vivo drug study 
All experimental procedures on animals were approved by the Animal Ethics Committee of the 
Netherlands Cancer Institute in accordance with the Dutch Act on Animal Experimentation. 
A549 cells (1.8 × 106 cells per mouse) were injected subcutaneously into the right posterior 
flanks of 7-week-old immunodeficient Balb/c female nude mice (5-8 mice per group) (Charles 
River). Tumor formation was monitored every other day, and tumor volume based on caliper 
measurements was calculated by the modified ellipsoidal formula: tumor volume = 0.5 x 
length × width2. When tumors reached a volume of approximately 50 mm3, mice were 
randomly assigned to treatment with vehicle (PEG400 in sterile PBS (1:1) by daily gavage), 
sorafenib (30 mg/kg of body weight by daily gavage), metformin (400 mg/kg/day dissolved in 
the drinking water, assuming an average water consumption per day per mouse as was 
calculated before the start of the study) or to the drug combination (sorafenib plus 
metformin), in which each compound was administered at the same dose and schedule as 
single agents. Sorafenib for in vivo study was dissolved in DMSO, stored in aliquots at −80 °C 
and diluted in vehicle before administration. 
 
Immunohistochemistry 
Tumor sections from FFPE A549 xenograft tumors were stained for p-4E-BP1 (Thr37/46 
(#2855), dilution 1:5000; Cell Signaling). Detection was performed using CSA II signal 
amplification system (Dako). Sections were scored by two pathologists (H.M.H. and S.M.W.) 
using the semi-quantitative H-score that takes into consideration the staining intensity (0-3+) 
in conjunction with the percentage of viable tumor cells staining positively. H-score = (% at 0) 
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* 0 + (% at 1+) * 1 + (% at 2+) * 2 + (% at 3+) * 3. Thus, this score produces a continuous 
variable that ranges from 0 to 300. Tumor vessel density was analyzed in FFPE A549 
xenograft tumors. Sections were stained for CD31 (Anti-CD31 (#ab28364), dilution 1:50; 
Abcam). Detection was performed using the EnVisionTM+ system (Dako). Two pathologists 
(H.M.H. and S.M.W.) counted the number of CD31-positive vessels in 10 randomly clockwise 
selected fields (200x magnification) containing viable tumor. Vessel density was calculated as 
the sum of CD31-positive vessels in the 10 fields. 
 
Statistical analysis 
The differences in response rate in the Phase II clinical trial between patients not using 
metformin and patients using metformin were tested using a Chi-square test with 3 categories 
(two-tailed P-value). Differences in tumor volume, tumor growth rate, phospho-4E-BP1 
immunostaining and number of CD31-positive vessels between treatment groups from the 
xenograft study were tested for significance using an unpaired T-test (two-tailed P-value) in 
GraphPad Prism 6 software. Combination treatment was assessed using a linear regression of 
tumor growth rate on treatment groups including an interaction term using SPSS software. P-
values <0.05 were considered as statistically significant. 
 

 
Results 
Improved disease control rate in KRAS 
mutant advanced NSCLC patients receiving 
metformin during sorafenib treatment 

In the context of a phase II clinical trial (see 
Methods section), a total of 57 advanced KRAS 
mutant heavily pretreated NSCLC patients 
were treated with monotherapy sorafenib 
[21]. Five patients were using metformin 
during the treatment because of type II 
diabetes. No other patients with diabetes 
participated in this study. Basic 
characteristics of the patients in the 

metformin group and the non-metformin group are given in Supplementary Table 1.  

   Metformin Total 
P-
value 

  No Yes   

Partial Response 3 2 5 0.01 
Stable Disease 22 3 25  
Progressive 
Disease 27 0 27 

 

Total 52 5 57  

Table 1. Responses according to the RECIST criteria after six weeks of sorafenib treatment in a phase II trial in patients with locally advanced or metastatic non-squamous NSCLC harboring a KRAS mutation (n = 57) 
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The overall DCR was 52.6% and thereby sorafenib was found active. In the 5 patients using 
the combination of sorafenib and metformin the DCR was 100%; 2 patients with partial 
response (PR) and 3 patients with stable disease (SD). In the 52 remaining patients, 3 patients 
had a PR, 22 patients had SD and 27 patients had progressive disease (Table 1; P = 0.01). The 2 
patients with PR in the metformin group had duration of response of 10 and 13 months. The 3 
patients with PR in the non-metformin group had duration of response of 1, 5 and 5 months. 
Median PFS was 2.2 months (95% CI 1.1-3.3) in the non-metformin group and 2.8 months 
(95% CI 2.4-3.1) in the metformin group (P = 0.06). It is interesting to note that the 2 patients 
with PR in the metformin group had the longest PFS of all patients in this study. Median OS 
was 4.8 months (95% CI 1.5-8.2) in the non-metformin group and 9.0 months (95% CI 0.1-
17.9) in the metformin group (P = 0.13). The 2 patients with PR in the metformin group also 
had one of the longest survivals; one patient was censored at 12 months and the other patient 
had a survival of 14 months. 
 
Synergistic effect of sorafenib in combination with metformin or other AMPK activators in NSCLC 
cell lines 
To study a potential interaction between sorafenib and metformin, we tested this drug 
combination in a 10-day colony formation assay using the KRAS mutant NSCLC cell lines A549 
and H460. As shown in Figure 1a and 1b, combination treatment of sorafenib and metformin 
caused a synergistic inhibition in proliferation in both A549 and H460 cells. To test whether 
AMPK activation by metformin underlies the synergistic inhibition of proliferation we treated 
cells with sorafenib in combination with the allosteric AMPK activator A-769662 or the AMPK 
activator salicylate. Figure 1c-1f show that these compounds also act synergistically with 
sorafenib in inhibiting proliferation of A549 and H460 cells. Quantifications of the colony 
formation assays in Figure 1 are shown in Supplementary Table 4.  
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Figure 1. Sorafenib synergizes with metformin and other AMPK activators in NSCLC cell lines. a–f, Colony 
formation assay of A549 (a, c, e) and H460 (b, d, f) NSCLC cells with increasing concentrations of sorafenib 
(0–4 lM) in the absence or presence of increasing concentrations of metformin (0–2 mM) (a, b); A-769662 
(0–100 lM) (c, d); or salicylate (0–2 mM) (e, f). Cells were grown in six-well plates and refreshed every 3 
days. The cells were fixed, stained and photographed after 10 days. 
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Besides a KRAS mutation, A549 and H460 cells both also harbor an inactivating mutation in 
the LKB1 gene. We therefore tested whether the combination of sorafenib and an AMPK 
activator would also synergistically inhibit the proliferation of LKB1 wild-type NSCLC cells. 
Colony formation assays of sorafenib in combination with salicylate in LKB1 wild-type KRAS 
mutant H358 cells, LKB1 mutant KRAS wildtype H838 cells and double wild-type H522 NSCLC 
cells showed that the effect of the combination is independent of LKB1 or KRAS mutation 
status (Supplementary Fig. 1). 
 

 
Synergistic anti-proliferative effect through AMPK activation and downstream mTOR inhibition 
It has been shown that the anti-proliferative effect of metformin is mediated by AMPK 
activation [8,19]. We therefore measured phosphorylation of AMPKα at its activation site 
Thr172 following treatment of cells with sorafenib, metformin, or the combination thereof. 

Figure 2. Sorafenib in combination with metformin or the AMPK activator salicylate enhances AMPK 
activation. a, b, AMPK activation with the combination of sorafenib and metformin in LKB1 mutant KRAS 
mutant (A549 and H460) NSCLC cells (a), LKB1 wild-type KRAS mutant(H358) (b, left panel) or LKB1 
mutant KRAS wild-type (H838) NSCLC cells (b, right panel). Cells were treated for 48 hr with sorafenib (1–
3lM), metformin (1–1.5 mM) or the combination of sorafenib and metformin with the same concentrations 
as were used for the individual treatments. c, AMPK activation with the combination of sorafenib and 
salicylate in LKB1 mutant KRAS mutant (A549 and H460) or LKB1 mutant KRAS wild-type (H838) NSCLC 
cells. Cells were treated for 48 hr with sorafenib (1–3 lM), salicylate (1–1.5 mM) or the combination of 
sorafenib and salicylate with the same concentrations as were used for the individual treatments. Cell 
lysates were harvested for western blot analysis and probed with the indicated antibodies. 
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Figure 2a and 2b show an unexpected activation of AMPKα, as judged by Thr172 
phosphorylation, by sorafenib treatment alone. Importantly, AMPK activation was increased 
significantly when sorafenib was combined with metformin, independent of LKB1 or KRAS 
mutation status (Figs. 2a and 2b). Increased AMPK activation was also observed when cells 
were treated with sorafenib in combination with the AMPK activators salicylate (Fig. 2c) or A-
769662 (Supplementary Fig. 2a). The anti-proliferative effect of AMPK activation is mediated, 
at least in part, by suppression of mTOR signaling. Indeed, combination treatment showed a 
synergistic effect on inhibition of phosphorylation of the downstream mTOR targets 4E-BP1 
and ribosomal protein S6 (Figs. 3a and 3b). Besides mTOR, AMPK has many more substrates, 
one of them being Acetyl-CoA Carboxylase (ACC).1 ACC is the key enzyme in the biosynthesis 
and oxidation of fatty acids. Phosphorylation by AMPK at Ser79 inhibits the enzymatic activity 
of ACC. Treatment of cells with either sorafenib; metformin or salicylate indeed resulted in 
increased phosphorylation of ACC at Ser79 (Figs. 3a and 3b). Phosphorylation was increased 
most when cells were treated with the combination of sorafenib and metformin or salicylate 
(Figs. 3a and 3b). 
 
Sorafenib activates AMPK in both an LKB1-dependent and LKB1-independent, but CAMKK2-
dependent manner 
Activation of AMPK can be brought about through two independent upstream signaling 
routes: one involving LKB1 and a second Ca2+-dependent signaling route involving CAMKK2.1 
To gain more insight into how sorafenib activates AMPK, we used a number of genetic and 
chemical inhibitors of these signaling routes. Figure 4a shows that treatment with sorafenib 
leads to activation of AMPK in both LKB1 wildtype and mutant NSCLC cells in a concentration 
dependent manner. To extend this finding, we asked whether sorafenib also activates AMPK in 
hepatocellular carcinoma (HCC) cells, because sorafenib is already approved for clinical use in 
HCC. Figure 4e shows that treatment of LKB1 wild-type Huh-7 HCC cells with sorafenib also 
activates AMPK. Furthermore, we show that treatment of cells with fluoro-sorafenib (known 
as regorafenib) activates AMPK to a similar extent as sorafenib (Supplementary Fig. 2b). 
Sorafenib is unique in activation of AMPK as other multikinase inhibitors, such as sunitinib 
(Sutent) or tivozanib, failed to increase p-AMPKα levels in cells (data not shown).  
Next, we examined whether in LKB1 mutant A549 and H460 cells the LKB1-independent route 
is mediated by the protein kinase CAMKK2. As shown in Figure 4b and 4c, inactivation of 
CAMKK2 in these cells, either by shRNA knockdown or by chemical inhibition, blocked AMPK 
activation by sorafenib. In contrast, knockdown of CAMKK2 or chemical CAMKK inhibition 
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failed to block the activation of AMPK by sorafenib in LKB1 wild-type H358 cells (Figs. 4b and 
4c). Consistent with this, we found that CAMKK2 knockdown in LKB1 wild-type Huh-7 HCC 
cells is also not sufficient to inhibit the activation of AMPK by sorafenib (Fig. 4e). We next 
examined the effect of LKB1 knockdown in LKB1 wild-type cells on AMPK activation. As shown 
in Figure 4d, LKB1 knockdown reduced the basal AMPKα phosphorylation and thereby AMPK 
activity in H358 cells, although sorafenib could still activate AMPK in these cells. It is possible 
that this residual AMPK activation is mediated by CAMKK2. Consistent with this, we found that 
treatment with the CAMKK inhibitor STO-609 completely blocked the AMPK activation by 
sorafenib in these H358 LKB1 knockdown cells (Fig. 4d). Together, these data indicate that 
sorafenib activates AMPK through two redundant signaling routes that involve LKB1 and 
CAMKK2, respectively. Only when both kinases are blocked, AMPK activation by sorafenib is 
compromised.  
To further address the mechanism underlying the AMPK activation by sorafenib, we tested 
whether the LKB1-independent AMPK activation mediated by CAMKK2 is calcium-dependent. 
We therefore co-treated LKB1 mutant A549 and H460 cells with sorafenib and increasing 
concentrations of the cell permeable calcium chelator BAPTA-AM. AMPK activation by 
sorafenib was reduced in the presence of BAPTAAM in LKB1 mutant A549 and H460 cells 
(Supplementary Fig. 2c), indicating that the CAMKK2-mediated AMPK activation by sorafenib 
is dependent on cytosolic calcium release. 
It has been reported that sorafenib can rapidly provoke the production of Reactive Oxygen 
Species (ROS) and induce apoptotic death of cells through a mitochondriadependent oxidative 
stress mechanism [22]. The significance of this finding was further highlighted by Coriat et al. 
[23], who found that the effectiveness of sorafenib in HCC cell lines in vitro is mediated by ROS 
production. More interestingly, they showed using sera from HCC patients that in response to 
sorafenib HCC cancer cells produce massive amounts of ROS, which in turn induce tumor cell 
death. Their data indicate that no or weak ROS production predicts a lack of sorafenib 
effectiveness.  
We accordingly tested whether activation of AMPK in our cells was mediated via ROS 
production, as reported previously [24,25] We found that one-hour treatment with 0.4mM 
hydrogen peroxide (H2O2, which produces ROS) resulted in highly increased p-AMPKα levels 
in LKB1 wild-type H358 cells, whereas in LKB1 mutant H460 cells the increase in p-AMPKα 
after treatment with H2O2 was less abundant (Fig. 4f). AMPK activation by H2O2 could be 
blocked by co-treatment of H358 cells with the ROS scavenger N-Acetyl-L-Cysteine (NAC) (Fig. 
4h). 
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Figure 3. Sorafenib in combination with metformin or the AMPK activator salicylate represses the mTOR 
targets p-S6 and p-4E-BP1. a, Western blot analysis with the combination of sorafenib and metformin in 
LKB1 mutant KRAS mutant (A549), LKB1 wild-type KRAS mutant (H358) or LKB1 mutant KRAS wild-type 
(H838) NSCLC cells. b, Western blot analysis with the combination of sorafenib and salicylate in LKB1 
mutant KRAS mutant NSCLC cells. Cells were treated for 48hrs with either sorafenib (1–3 lM), metformin 
(1–1.5 mM) (a) or salicylate (1–1.5 mM) (b) alone or the combination of sorafenib with 
metformin/salicylate, with the same concentrations as were used for the individual treatments. Cell lysates 
were harvested for western blot analysis and probed with the indicated antibodies 
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We also found that AMPK activation by H2O2 in LKB1 mutant H460 cells was mediated via 
CAMKK2, as cotreatment of cells with H2O2 and the CAMKK inhibitor STO-609 effectively 
blocked AMPK activation (Fig. 4f). In contrast, we still observed a high amount of 
phosphorylated AMPKα when we treated LKB1 wild-type H358 cells with a combination of 
H2O2 and STO-609 (Fig. 4f). Consistent with the notion that LKB1 and CAMKK2 can 
independently activate AMPK, we found that p-AMPKα levels in H358 LKB1 knockdown cells 
were greatly reduced when cells were treated with the combination of H2O2 and STO-609 
(Fig. 4g). Together, these data indicate that the activation of AMPK by ROS, like the activation 
by sorafenib, is dependent on either LKB1 or CAMKK2. Our proposed model how sorafenib 
treatment leads to AMPK activation in LKB1 wild-type and LKB1 mutant cells is shown in 
Supplementary Figure 2d. 
 
The effect of sorafenib in combination with metformin in a tumor xenograft model 
To further validate the effectiveness of the combination of sorafenib and metformin for the 
treatment of NSCLC, we treated nude mice bearing A549 xenografts with vehicle, sorafenib 
(30 mg/kg/day), metformin (400 mg/kg/day) or the combination of sorafenib and metformin. 
Surprisingly, the tumor growth rate was higher for the metformin treated mice than for the 
vehicle treated mice, although this difference was not statistically significant (Supplementary 
Table 2; P = 0.097). Mean tumor volume after 40 days treatment was significantly lower in the 
group treated with the combination compared to the group treated with sorafenib 
monotherapy (Fig. 5b; P = 0.046), with 6 of the 8 mice in the combination group having a 
smaller tumor volume than the mice in the sorafenib group (Fig. 5b). Also, the mean tumor 
growth rate was significantly lower in the group treated with the combination compared to 
sorafenib monotherapy (Fig. 5c; P = 0.023). Based on a linear regression model, the mean 
tumor growth rate for the vehicle treated group was 7.2 mm3/day (Supplementary Table 2). 
Separately, sorafenib and metformin lead to a non-significantly increased mean tumor growth 
rate (increased by 1 mm3/day and 3.9 mm3/day over vehicle, respectively), whereas the 
combination of both treatments does result in a decrease of the mean tumor growth rate by 
2.9 mm3/day compared to vehicle. The interaction coefficient (-7.8) was calculated by the 
difference between the expected mean growth rate of the combination (1 mm3/day plus 3.9 
mm3/day) and the observed mean growth rate of the combination compared to vehicle (-2.9 
mm3/day). This interaction was statistically significant (P = 0.026; Supplementary Table 2).  
Tumor xenograft sections from the different treatment groups were immunostained for 
phospho-4E-BP1 and scored using the semi-quantitative H-score (Fig. 5d). Tumors treated 
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with the combination had a significant lower H-score compared to vehicle (P = 0.048) or 
sorafenib (P = 0.022), although the H-score was not significantly different from tumors treated 
with metformin. Figure 5e shows representative images of phospho-4E-BP1 stained tumor 
sections from vehicle and combination-treated tumors. 
 
Discussion 
We report here the ability of sorafenib to activate AMPK in NSCLC and HCC cells. This effect of 
sorafenib is greatly enhanced in combination with the known AMPK activator metformin, 
providing a rationale for synergism of these drugs to inhibit proliferation of NSCLC cells in 
vitro and in vivo.  
The anti-cancer activity of sorafenib has been linked to its multikinase inhibitory action on 
several major signaling pathways. However, the role of additional pathways involved in the 
cytostatic and cytotoxic effects of sorafenib has obtained much attention in the last years. It 
has been reported that mitochondrial and endoplasmic reticulum stress induced by sorafenib 
is relevant for its effect on cell death [22, 23, 26]. The mitochondria-dependent oxidative 
stress leads to the production of ROS and intracellular glutathione (an antioxidant) depletion. 
It was also shown that sorafenib can trigger cytosolic calcium mobilization and mitochondrial 
calcium overload [22].Rahmani et al. showed that the increased cytosolic calcium 
concentrations after treatment with sorafenib promote ROS production in the mitochondria 
[26]. The importance of ROS for sorafenib induced cell death, was also shown by Coriat et al. 
who found that sorafenib effectiveness in HCC cell lines in vitro is mediated by ROS 
production. Even more interestingly, they showed in sera from HCC patients that in response 
to sorafenib HCC cancer cells produce massive amounts of ROS, which induce tumor cell death. 
No or weak ROS production predicts a lack of sorafenib effectiveness [23]. Interestingly, we 
could link both calcium mobilization and ROS production by sorafenib to a single molecular 
effector mechanism, namely the activation of AMPK by either CAMKK2 or LKB1. It was recently 
reported by Fumarola et al. that sorafenib promotes an early perturbation of mitochondrial 
function in breast cancer cells [27]. As a response to this stress condition, AMPK was rapidly 
activated in the cell lines analyzed. Their data also suggest a key role of AMPK-mediated 
mTORC1 inhibition in the anti-tumor activity of sorafenib in breast cancer. The modulation of 
AMPK by sorafenib in combination with everolimus has been reported in osteosarcoma cells, 
where the activation is mediated by ROS [28]. Eum et al. described the sustained activation of 
AMPK by sorafenib in v-Ha-ras-transformed 3T3 cells [29]. We show that the AMPK activation 
is also seen with fluoro-sorafenib (regorafenib).  



Chapter 7 

120 

 
 



Sorafenib synergizes with metformin in NSCLC 

121 

 
 
 
 
Our observation that sorafenib in combination with metformin improves disease control rate 
in NSCLC patients was unexpected. However, the number of patients using metformin in this 
study was small and the observation therefore needs further clinical validation. Although 
additional mechanisms may be involved, we show that increasing AMPK activity by combining 
sorafenib with AMPK activators can increase the anti-proliferative effects of sorafenib. The 
anti-proliferative effect from combination of metformin and sorafenib in vitro was recently 
reported for intrahepatic cholangiocarcinoma cells [30]. One of the AMPK activators used in 
our in vitro studies was salicylate, the active metabolite of aspirin. The anti-proliferative effect 
that we have seen with the combinations of sorafenib and salicylate is stronger than the effect 
of the combinations of sorafenib and metformin. A possible explanation for this could be the 
different mechanisms of AMPK activation by salicylate and metformin. Salicylate binds directly 
to AMPKα at the same site as the synthetic AMPK activator A-769662 to cause allosteric 
activation and inhibition of dephosphorylation of the activating phosphorylation site Thr172 
[13]. This inhibition of Thr172 dephosphorylation by salicylate will further support sorafenib-
mediated AMPK activation. The effects of metformin on AMPK activation are indirect and it is 
therefore unclear if metformin can also inhibit Thr172 dephosporylation.  

Figure 4 (p128). Activation of AMPK by sorafenib is dependent on the AMPK kinases LKB1 and CAMKK2. a, 
Concentration dependent AMPK activation by sorafenib in LKB1 mutant (A549 and H460) and LKB1 wild-
type (H358) NSCLC cells. Cells were treated for 6 hr with increasing concentrations of sorafenib (0–8 lM). b 
and c, AMPK activation by sorafenib is CAMKK2-dependent in LKB1 mutant (A549 and H460) and 
CAMKK2-independent LKB1 wild-type (H358) NSCLC cells. b, Cells expressing shctrl or shCAMKK2 were 
treated for 6 hr with 6 lM sorafenib. c, Cells were treated for 6 hr with increasing concentrations of the 
CAMKK inhibitor STO-609 (0–50 lM) in absence or presence of 6 lM sorafenib. d, AMPK activation by 
sorafenib is mainly LKB1-dependent in LKB1 wild-type H358 cells. H358 cells expressing shctrl (left panel) 
or shLKB1 (right panel) were treated with the CAMKK inhibitor STO-609 (0–50 lM) in absence or presence 
of 6 lM sorafenib for 6 hr. The p- AMPK blot in d is relatively high exposed to highlight to differences in 
AMPK phosphorylation between shctrl cells and shLKB1 H358 cells. e, AMPK activation by sorafenib is also 
seen in LKB1 wild-type hepatocellular carcinoma (HCC) Huh-7 cells, independent of CAMKK2. Huh-7 cells 
expressing shctrl or shCAMKK2 were treated for 6 hr with 6 lM sorafenib. f, AMPK activation by induced 
oxidative stress is mainly LKB1-dependent in LKB1 wild-type (H358) and completely CAMKK2-dependent 
in LKB1 mutant (H460) NSCLC cells. Cells were treated for 1-hr with 400 lM H2O2 in absence or presence 
of 50 lM of the CAMKK inhibitor STO-609. g, H358 cells expressing shLKB1 were treated for 1-hr with 400 
lM H2O2 in absence or presence of 50 lM of the CAMKK inhibitor STO-609. Cells treated with the 
combination were pretreated for 30 minutes with the CAMKK inhibitor before adding H2O2. h, AMPK 
activation by induced oxidative stress is blocked with the ROS-scavenger N-acetyl-L-cysteine. H358 cells 
were treated for 1 hr with 400 lM H2O2 in absence or presence of 20 mM of the ROSscavenger N-acetyl-L-
cysteine (NAC). Cell lysates were  harvested for western blot analysis and probed with the indicated 
antibodies. 
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Figure 5. Effect of the combination of sorafenib with metformin in a tumor xenograft model. a, The growth 
curves of A549 cells as tumor xenografts in nude mice treated with vehicle (black curve), sorafenib (blue 
curve), metformin (yellow curve) or the combination (purple curve). Error bars represent SD; n55–8. The 
black curve (vehicle) is shown until 25 days after start treatment, because of a bacterial infection outbreak 
in this group. b, Mean tumor volume (mm3) after 40 days treatment with sorafenib (blue dots; n55) or the 
combination of sorafenib with metformin (purple triangles; n58). A p-value<0.05 was considered as 
statistically significant (*). c, Mean tumor growth rate (mm3/day), calculated by linear regression modeling 
of the individual growth curves, for the sorafenib treated tumor xenografts (blue dots; n55) and the tumor 
xenografts treated with the combination of sorafenib with metformin (purple triangles; n58). A p-
value<0.05 was considered as statistically significant (*). d, H-score of phospho-4E-BP1 (Thr37/46) 
immunostaining of A549 xenograft tumor sections of the different treatment groups. p-values<0.05 were 
considered as statistically significant (*); ns5nonsignificant. e, Images of A549 xenograft tumor sections of 
vehicle (top) and combination-treated (bottom) tumors immunostained for phospho-4E-BP1 (4003 
magnification). 
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The plasma salicylate concentrations in humans treated with oral salsalate [31] or 
highdoseaspirin (around 7 g/day) [32] are 1 to 2 mM and accordingly in the concentration 
range that we used in our in vitro experiments with salicylate. 
The concentrations of metformin used for our in vitro and in vivo experiments are equal or 
lower compared to concentrations used in previous studies [8,15,19,20,33], but higher than 
the recommended therapeutic doses in humans. It is therefore difficult to extrapolate our 
results to the potential effects of metformin in a clinical trial with standard doses metformin. 
For this reason, the related and more potent, but toxic, drug phenformin is also used in mouse 
studies [33]. However, it has been reported that AMPK-mediated effects of metformin can be 
seen in vivo with doses comparable to that we have used in vivo [20] Furthermore, our finding 
that metformin users in a phase II clinical trial with sorafenib have an improved disease 
control rate compared to non-metformin users suggests that the effects can be seen with 
therapeutic doses of metformin, as was shown before [18]. However, the diabetic patients in 
our study were using metformin for a long period before administration of sorafenib and the 
effect can therefore be different for non-diabetic patients starting with metformin in 
combination with sorafenib. 
This study also highlights the importance of carefully monitoring co-medications that are used 
in clinical trials with anti-cancer agents, because these medications may influence the 
response to the drug of interest.  
The possible tumor growth acceleration by metformin monotherapy, as observed in our 
xenograft study, could have clinical implications, as patients with NSCLC treated with 
metformin for their type II diabetes are at risk for this acceleration. This detrimental effect of 
metformin on lung cancer has already been described in a large medical report study by 
Mazzone et al. [34] They first conclude that the use of metformin is associated with a lower 
likelihood of developing lung cancer in diabetic patients. However, diabetics who developed 
lung cancer while receiving metformin were more likely to present with metastatic disease 
and a shorter survival from the time of diagnosis (Hazard ratio 1.47; 95% CI 1.12-1.92; P = 
.005). Acceleration of tumor growth by metformin has also been described for BRAFV600E-
driven melanomas – but not for NRAS mutant melanomas – by Martin et al.[20] They found 
that transcriptional upregulation of VEGFA via AMPK was responsible for the tumor growth 
acceleration. We tested in our NSCLC cell lines whether transcriptional VEGFA upregulation 
occurred in vitro. We observed a slight (up to 2-fold) upregulation of VEGFA mRNA after 48hrs 
treatment with 1 to 3 mM metformin, independent of LKB1 or KRAS mutation status 
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(Supplementary Figs. 3a-3c). We also analyzed the number of CD31-positive vessels in the 
A549 xenograft tumor sections from the different treatment groups (Supplementary Fig. 3d). 
Tumors treated with metformin monotherapy had a significant increase in the number of 
vessels compared to vehicle (P = 0.021), sorafenib monotherapy (P < 0.001) or the 
combination (P < 0.001), indicating that the VEGFA upregulation leads to an increase in tumor 
vessel density in vivo.  
A study by Shackelford et al. demonstrated that phenformin was selective efficacious in LKB1-
deficient NSCLC animal models [33]. We showed that the synergy between metformin and 
sorafenib is also seen in LKB1-mutant NSCLC cells, which use CAMKK2 to activate AMPK. We 
didn’t test the effect of phenformin in combination with sorafenib, but it could well be that the 
effect in LKB1-deficient cells is larger when phenformin is used. The sensitivity of cells to 
biguanides might also be dependent on the glucose concentration. Birsoy et al. showed that 
cells with defective mitochondrial oxidative phosphorylation, as a result of mitochondrial DNA 
mutations or impaired glucose utilization, were selectively sensitive to biguanides under 
metabolic stress conditions [35]. It’s therefore important to state that all the cell lines used in 
our experiments were grown in high-glucose medium.  
Our data provide a rationale for a clinical trial combining sorafenib and metformin in NSCLC 
or other cancer types in which sorafenib is either approved (HCC, renal cell carcinoma) or 
under clinical investigation. The fact that metformin is already used extensively in the clinic 
with minimal side effects and the favorable therapeutic range of metformin, makes it relative 
easy to start these clinical trials.  
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SUPPLEMENTS  
 
Supplementary Table S1. Basic characteristics of the non-metformin users (n = 52) and the 
metformin users (n = 5) in the phase II clinical trial in patients with locally advanced or 
metastatic non-squamous NSCLC harboring a KRAS mutation. 
 

  

Metformin  
No (n=52) Yes (n=5) 

n (%) n (%) 
Median age (SD) 58  (± 7,7) 65  (± 10.8) 
Sex           
  Male 14 (26,9%) 2 (40,0%) 

Female 38 (73,1%) 3 (60,0%) 
Smoking status         
  Former 40 (77.0%) 4 (80,0%) 

Current 11 (21,1%) 1 (20,0%) 
  missing 1 (1.9%)     
ECOG performance status (grade 0-5)         
  Grade 0 21 (40,4%) 3 (60,0%) 

Grade 1 28 (53,8%) 2 (40,0%) 
Grade 2 3 (5,8%) 0 (0.0%) 

Histology         
  adeno 42 (80,8%) 4 (80,0%) 

large cell 6 (11,5%) 0 (0,0%) 
squamous 1 (1,9%) 0 (0,0%) 
broncho-alveolar 3 (5,8%) 1 (20,0%) 

Stage           
  IIIb 4 (7,7%) 2 (40,0%) 

IV 48 (92,3%) 3 (60,0%) 
Previous lines of treatment         
  1 31 (59,6%) 1 (20,0%) 

>1 21 (40,4%) 4 (80,0%) 
Abbreviations: SD, standard deviation; ECOG, Eastern Cooperative Oncology Group 
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Supplementary Table S2. SPSS output table. Linear regression of tumor growth rate on 
treatment groups including an interaction term.  
 

 
 
 

Unstandardized Coefficients 
Standardized 
coefficients 

  95% Confidence 
Interval for B 

B 1 Std. Error Beta t-value Sig. 1 Lower 
Bound 

Upper 
Bound 

(Constant) 
Vehicle 

7.168 1.670  4.293 .000 3.705 10.632 

Sorafenib .983 2.477 .107 .397 .695 -4.154 6.120 
Metformin 3.942 2.276 .426 1.732 .097 -.778 8.661 
Combination -7.799 3.258 -.787 -

2.394 
.026 -14.557 -1.042 

 
1 This column contains the values for the regression equation. The mean growth rate of the 
vehicle treated group was 7.168 mm3/day. The growth rates for the sorafenib (.983) and 
metformin (3.942) treated groups in this table are relative to the vehicle treated group 
(constant). The interaction coefficient (-7.799) was calculated by the difference between the 
expected mean growth rate of the combination (0.983 mm3/day + 3.942 mm3/day) and the 
observed mean growth rate for the combination compared to vehicle (-2.874 mm3/day). 
 
2 This columns provide two-tailed P-value used in testing the null hypothesis.    
 
Abbreviations: Std. error, standard error; Sig., significance. 
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Supplementary Table S3. KRAS and LKB1 status of the cell lines. 
 
Cell Line Origin KRAS status LKB1 status 
A549 NSCLC G12S Q37* 
NCI-H358 NSCLC G12C wild-type 
NCI-H460 NSCLC Q61H Q37* 
NCI-H522 NSCLC wild-type wild-type 
NCI-H838 NSCLC wild-type T212fs*75 
Huh-7 HCC wild-type wild-type 
Abbreviations: NSCLC, non-small cell lung cancer; HCC, hepatocellular carcinoma. 
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Supplementary Table S4. Quantification of the colony formation assays shown in Figure 1 
 
Colony formations were quantified using the Envision plate reader after dissolving the 
absorbed crystal violet with 10% acetic acid. The dose effects of the compounds individually 
and in the combinations are relative to the untreated control. 
 
Figure 1A Dose effect compared to untreated control 
 A549 metformin + sorafenib 
 Sorafenib 0 μM 0.25 μM 0.5 μM 1 μM 2 μM 4 μM 
Metformin 0 mM 0.00 0.00 0.10 0.27 0.46 0.76 
 0.5 mM 0.16 0.35 0.48 0.54 0.70 0.92 
 1 mM 0.33 0.59 0.76 0.83 0.89 0.95 
 2 mM 0.56 0.79 0.84 0.88 0.89 0.95 
 
 
Figure 1B Dose effect compared to untreated control 
 H460 metformin + sorafenib 
 Sorafenib 0 μM 0.25 μM 0.5 μM 1 μM 2 μM 4 μM 
Metformin 0 mM 0.00 0.00 0.00 0.00 0.14 0.80 
 0.5 mM 0.04 0.06 0.09 0.13 0.40 0.89 
 1 mM 0.19 0.31 0.47 0.62 0.87 0.96 
 
 
Figure 1C Dose effect compared to untreated control 
 A549 A-769662 + sorafenib 
 Sorafenib 0 μM 0.5 μM 1 μM 2 μM 4 μM 
A-769662 0 µM 0.00 0.01 0.03 0.31 0.68 
 50 µM 0.02 0.37 0.64 0.83 0.82 
 100 µM 0.33 0.67 0.84 0.87 0.88 
 
 
Figure 1D Dose effect compared to untreated control 
 H460 A-769662 + sorafenib 
 Sorafenib 0 μM 0.5 μM 1 μM 2 μM 4 μM 
A-769662 0 µM 0.00 0.00 0.04 0.29 0.85 
 50 µM 0.03 0.04 0.06 0.49 0.94 
 100 µM 0.07 0.48 0.64 0.82 0.96 
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Figure 1E Dose effect compared to untreated control 
 A549 salicylate + sorafenib 
 Sorafenib 0 μM 0.5 μM 1 μM 2 μM 4 μM 
salicylate 0 mM 0.00 0.01 0.03 0.31 0.68 
 0.25 mM 0.01 0.09 0.36 0.71 0.89 
 0.5 mM 0.22 0.60 0.76 0.86 0.94 
 1 mM 0.28 0.68 0.87 0.91 0.97 
 2 mM 0.35 0.92 0.94 0.96 0.96 
 
 
Figure 1F Dose effect compared to untreated control 
 H460 salicylate + sorafenib 
 Sorafenib 0 μM 0.5 μM 1 μM 2 μM 4 μM 
salicylate 0 mM 0.00 0.00 0.04 0.29 0.85 
 0.25 mM 0.00 0.16 0.38 0.67 0.97 
 0.5 mM 0.10 0.53 0.64 0.93 0.97 
 1 mM 0.57 0.76 0.80 0.96 0.97 
 2 mM 0.57 0.94 0.96 0.97 0.97 
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Supplementary Figure 1. Effect of the combination of sorafenib and the AMPK activator salicylate is 
independent of LKB1 and KRAS status. a-c, Colony formation assay of LKB1 wild-type KRAS mutant H358 
cells (a), LKB1 mutant KRAS wild-type H838 cells (b) or double wild-type cells H522 cells (c) with 
increasing concentrations of sorafenib (0-4 μM) in the absence or presence of increasing concentrations of 
salicylate (0-2 mM). Cells were grown in 6-well plates and refreshed every 3 days. The cells were fixed, 
stained and photographed after 10 days. 
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Supplementary Figure 2. a, AMPK activation with the combination of sorafenib and the allosteric AMPK 
activator A-769662 in LKB1 mutant KRAS mutant (A549) and LKB1 mutant KRAS wild-type (H838) NSCLC 
cells. b, AMPK activation after treatment with regorafenib (fluoro-sorafenib). LKB1 mutant KRAS mutant 
(A549 and H460) and LKB1 wild-type KRAS mutant (H358) NSCLC cells were treated for 6hrs with 
increasing concentrations of the compound. c, The CAMKK2-mediated AMPK activation by sorafenib is 
dependent on cytosolic calcium release. A549 and H460 cells were treated for 6hrs with increasing 
concentration of the calcium-chelator BAPTA-AM (0-20 μM) in absence or presence of 6μM sorafenib. Cell 
lysates were harvested for western blot analysis and probed with the indicated antibodies. d, Proposed 
model how sorafenib treatment leads to AMPK activation in LKB1 wild-type and LKB1 mutant cells. 
Sorafenib induces oxidative stress and endoplasmic reticulum (ER) stress in the cells leading to the 
production of reactive oxygen species (ROS) (23, 26) and the release of calcium (22). The release of calcium 
can activate CAMKK2 upstream of AMPK, which subsequently phosphorylate AMPK in both LKB1 wild-type 
and LKB1 mutant cells. The production of ROS can activate AMPK in an LKB1-dependent mechanism in 
LKB1 wild-type cells (Figs. 4f-4h). The increase in ROS will also trigger increases in cytosolic calcium that 
activate AMPK in a CAMKK2-dependent manner (24). This explains the AMPK activation by H2O2 in LKB1 
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Supplementary Figure 3. VEGFA mRNA upregulation and increased tumor vessel density in response to 
treatment with metformin. a-c, Relative VEGFA mRNA expression in A549, H358, H522 cells treated for 
48hrs with the indicated concentrations of metformin. RNA was isolated from these cells and VEGFA mRNA 
expression was detected by qRT-PCR and corrected for GAPDH mRNA expression. Error bars denote 
technical SD. d, Tumor vessel density in A549 xenograft tumors of the different treatment groups. The 
vessel density was calculated as the sum of the number of CD31-positive vessels in 10 randomly selected 
fields (200x magnification) per tumor. P-values < 0.05 were considered as statistically significant. P <0.05 *; 
P <0.001 ***; ns = non-significant. 



 

 

 
 
 
 
 
 
 
 
 
 


