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  Some things, though they are not in their nature fire, nor any species of fire, yet seem  

                to produce light.                         

                                            - Aristotle, 4th century B.C.E.-
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A- BIOLUMINESCENCE IMAGING, AN OVERVIEW 

 

1- MOLECULAR IMAGING: modalities and applications 

Imaging technologies emerged at the beginning of the twentieth century as a way to 

complement morphological observations. Over the last three decades, imaging has been a 

thriving field with continuous egression of more reliable and highly sophisticated tools and 

techniques allowing better understanding of biological and physiological processes in living 

organisms. Molecular imaging (MI) allows a visual (often quantitative) study of molecular, 

cellular, biochemical and physiological processes in respect to space and time in a living 

organism. Advances in molecular and cellular biology, discovery of new reporter proteins from 

natural organisms, designing of molecular probes as well as the use of transgenic animals have 

contributed greatly to the expansion of the imaging field.  

Different imaging systems can be classified under different groups1,2: the energy used to 

obtain the visual information (X-rays, positrons, photons or sounds waves); the spatial resolution 

(macroscopic, mesoscopic or microscopic); or the type of information acquired (anatomical, 

physiological, cellular or molecular). Macroscopic imaging techniques such as computed 

tomography (CT), magnetic resonance imaging (MRI) and ultrasound are well established in the 

clinic and provide anatomical and physiological information. Despite the progress in the imaging 

field, current techniques have not yet been clinically optimized to provide detailed information on 

specific molecular events (changes in gene expression, activation of certain signaling networks, 

etc.), especially in the context of disease (e.g. comparing normal cells versus tumor cells). 

Hence more light is now being shed over techniques that provide molecular information and 

these imaging modalities are emerging in pre-clinical and clinical settings. The most commonly 

used molecular imaging techniques include positron emission tomography (PET), single-photon-

emission CT (SPECT), magnetic resonance (MR), fluorescence-mediated tomography (FMT), 

laser-scanning confocal microscopy and bioluminescence imaging (BLMI). These different 

imaging methods are summarized in table 1. 
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 Table 1. Comparison of different imaging modalities 

  

 

MI allows a spatio-temporal determination of the molecules of interest as well as the   

monitoring of a specific biological process in living cells or in animal models. Among the 

numerous applications of MI we name a few such as: the localizing of proteins and study of their 

trafficking through different cellular compartments using fluorescent reporters fused to the 

protein of interest (Chapter 2); the monitoring of gene expression using DNA-binding 

responsive elements acting as promoters to study the expression of certain genes3 (Chapter 5); 

the visualization of enzymatic activity such as proteases by inserting a small peptide in the 

middle of the fluorescent or bioluminescent reporter which is recognized and cleaved by the 

enzyme4 as well as LC3 cleavage during autophagy5,6 (for an application of the LC3 reporter 

see Chapter 7); the monitoring of cell trafficking or cell migration such as stem cells, T-

lymphocytes as well as cancer cell metastasis, migration or invasion7-11 (Chapter 4). Molecular 
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imaging, in particular optical imaging (fluorescence or bioluminescence) is also commonly used 

for drug discovery (Chapter 7). Once identified, a molecule hit is validated in vivo using non-

invasive imaging techniques such as labeling of the drug of interest to study its biodistribution, 

pharmacokinetics and localization within an organism and testing of the drug in small animal 

models to ensure its efficacy and safety before it can be tested in clinical trials12. In cancer, 

tumor growth and tumor response to drug or gene therapy is commonly monitored using 

bioluminescence imaging13,14 (Chapter 6). Unlike histopathological and cytopathological 

studies, molecular imaging techniques require no chemical fixation or isolation of tissues and 

organs and therefore, the study of physiological processes over time in the same biological 

sample is possible. These processes can be determined in their own biological context, while 

abrogating the need to sacrifice the experimental animals. Data obtained from molecular 

imaging tools could often be quantified using designed software which translates the signal into 

numerical measures. 

Bioluminescence imaging in particular has grown tremendously in the past decade and has 

been used for monitoring of different biological processes in cultured cells and in living animals. 

An overview of this imaging technique and its application in different fields notably in cancer 

research will be discussed.    

 

2- BIOLUMINESCENCE IMAGING (BLMI) 

 

 2.1- Definition 

 Some living organisms are capable of converting chemical energy into light. This natural 

phenomenon stemmed a research field defined as BLMI. The technique simply relies on the 

detection of photons emitted from cells or tissues in a living organism. Unlike fluorescence, 

BLMI does not require light absorption at a certain wavelength in order to emit light at a longer 

one. Bioluminescence is a biological process that requires an enzyme known as luciferase, a 

substrate (luciferin) and oxygen (Fig. 1). All known luciferases use molecular oxygen to oxidize 

their substrates while emitting photons. Some luciferases require other cofactors such as ATP 

and Mg2+ for full activity.  
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 Figure 1: The bioluminescence reaction. In the presence of O2 and in some cases ATP and Mg2+, luciferase 

oxidizes its substrate, luciferin, resulting in photon emission. 

 

Bioluminescence and fluorescence differ by the signal intensity as well as the signal-to-

noise (S/N) ratio. Although fluorescent signals are usually brighter than bioluminescence, the 

background noise due to autofluorescence is also higher. The high sensitivity of 

bioluminescence is mostly due to a virtually absent background yielding higher S/N ratio. For 

applications that require imaging of individual cells such as flow cytometry and microscopy, a 

high-intensity signal is required, therefore fluorescence is the imaging method of choice. The 

opposite is true for experiments that require imaging of a large cell population and mostly for in 

vivo imaging where the low background of bioluminescence is more advantageous. On the 

other hand, imaging of deep tissues is not possible with BLMI due to light scattering, which 

could be overcome using near infra-red fluorescent probes which emit light at wavelengths 

between 650 and 900nm15. For in vivo BLMI, a luciferase reporter is used to generate an 

internal light in the body organs of animals, which is transmitted through tissues and detected 

with high sensitivity using a cooled charge coupled device (CCD) camera16. 

 Luciferases encompass a wide range of enzymes that catalyze light-producing chemical 

reactions in living organisms. Although many luminescent species exist in nature, generally in 

lower organisms (beetles, bacteria, algae, crustaceans, annelids, mollusks and coelenterates), 

three luciferases have been studied thoroughly and are used in biomedical research. 

 Firefly luciferase (Fluc): A monomeric protein (61 kDa) found in the light emitting organ 

within the abdomen of the American firefly Photinus pyralis17. Fluc is the most studied luciferase 

due to its high quantum yield (>88%). This luciferase requires ATP and Mg2+ as cofactors in 

combination with its substrate, beetle D-luciferin (a benzothiazole)1,18,19 (Fig. 1). Fluc catalyzes a 

glow-type bioluminescence reaction generating yellow-green light with a peak emission at 562 

nm. For in vivo BLMI using Fluc, luciferin injected intraperitoneally (i.p.) or intravenously (i.v.) 

has a high bio-distribution since it can cross the blood- and placental- barriers. Maximum light 
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emission is achieved at 10-12 min after i.p. luciferin injection followed by a slow decay over 60 

min20. 

 Renilla luciferase (Rluc): A monomeric protein (36 kDa) from the sea pansy Renilla 

reniformis. Rluc catalyzes the oxidative decarboxylation of its substrate coelenterazine while 

emitting blue light with a peak at 480 nm (Fig. 2). Like other coelenterazine luciferases, Rluc 

generates a flash-type bioluminescence reaction and does not require ATP for activity. A 

disadvantage of Rluc over Fluc is its low enzymatic turnover and quantum yield (6%)21,22. Also, 

the blue emission as well as the poor biodistribution of coelenterazine makes Rluc a less 

desirable reporter for in vivo imaging21. A red-shifted variant of Rluc with a peak emission at 547 

nm has been recently generated23. This variant is more suited for small-animal imaging. 

Gaussia luciferase (Gluc): A monomeric protein (19.9 kDa) from the marine copepod 

Gaussia princeps which uses coelenterazine as a substrate. Gluc is the smallest luciferase 

known, naturally secreted and emits light at a peak of 480 nm (flash-type) with a broad emission 

spectrum extending to 600 nm24. Gluc has several advantages over other luciferases: Gluc is 

over 2000-fold more sensitive than Fluc or Rluc in reporting from mammalian cells and gives a 

much stronger bioluminescent signal in vivo24; Since Gluc is naturally secreted and does not 

require ATP for activity, it can report from the cell itself as well as its immediate environment; 

Further, Gluc can be detected in blood and urine of small animals thereby allowing ex vivo 

monitoring of biological processes in animal models25. A new Gluc variant has recently been 

characterized with a slower decay in its bioluminescence reaction generating a glow-type 

kinetic26. This Gluc variant is suited for high-throughput functional screening applications. 

Since Fluc and Rluc or Gluc use different substrates, they can be combined as dual 

reporters for bioluminescence imaging of different processes sequentially in cultured cells as 

well as in the same living animal, with kinetics of light production (glow versus flash) being 

temporally distinct21,22. 
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Figure 2: Bioluminescence reaction of Fluc, Rluc and Gluc. The luciferin chemical structure is shown as well as the 

chemical reaction and the peak light emission (λmax) for each of the luciferases.  

 

 2.2- Reporter systems for BLMI 

 Several BLMI strategies have been developed to study different cellular and molecular 

aspects in living organisms while providing a spatial and temporal resolution. These imaging 

paradigms rely on the expression of a foreign protein (luciferase) which is not usually expressed 

in the cell or the organism of interest. Upon exposure of the luciferase enzyme to the 

corresponding substrate, light emission is detected using a luminometer (in cultured cells) or a 

CCD camera in animal models. This approach has been used for studying different biological 

and molecular processes such as cell signaling, transcriptional promoters, gene expression, 

protein-protein interactions, protein conformational changes, enzymatic activities, protein 

secretion and visualization of subcellular proteins. One major advantage of BLMI technique is its 

non-invasive nature allowing the study of biological processes in intact living cells or animals. In 

a cellular context, different strategies exist to study and image reporter genes.   
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 2.2.1- imaging of transcriptional and post-transcriptional events 

 Bioluminescent reporters have been used to study transcriptional activity. Cis-

transcriptional reporter systems allow the analysis of gene expression and gene regulation. This 

is performed by either generating point mutations/deletions in a promoter region of a gene of 

interest or the use of different transcription factors binding sites linked to a minimal promoter to 

drive the expression of a luciferase reporter27-30. This approach is useful for reporting different 

events that affect transgene expression such as signal transduction31,32, receptor activation33,34 

and transcription factors activity35-39, thus complementing conventional in vitro methods of 

molecular biology and biochemistry. Post-transcriptional events on the mRNA level such as 

RNA processing and splicing have been performed successfully using BLMI reporter systems. 

For example, mRNA stability is imaged by fusing a luciferase reporter to the full-length 3’UTR of 

the gene of interest40. 

 

 2.2.2- Imaging of translational and post-translational events 

 Understanding how proteins interact together is crucial and highly sought in biological 

and medical applications. The most commonly used approaches to study protein-protein 

interaction include the two-hybrid system41, the split reporter system42,43 as well as  

bioluminescence resonance energy transfer (BRET)44. Each of these systems will be discussed 

separately. 

 

2.2.2.1- Two-hybrid system. transcription factors can be separated into two groups: 

binding domain and activating domain41. GAL4, a DNA binding fragment which identifies and 

binds the specific DNA sequence, is generally fused to the transcriptional activator VP16. The 

GAL4-VP16 fusion protein is a potent transcriptional activator in mammalian cells45. In order to 

study the interaction of two proteins of interest, X and Y, two vectors encoding fusions between 

GAL4-X and VP16-Y are co-expressed with a third vector encoding the reporter gene such as 

luciferase under the control of GAL4-binding elements. Upon interaction of the X-Y proteins, the 

GAL4-X-Y-VP16 complex would bind to the GAL4 responsive elements, and the transcriptional 

activator VP16 would drive the expression of a luciferase reporter gene46 (Fig. 3). 
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  The two-step transcriptional amplification (TSTA) method uses the same approach to 

image the activation of weak promoters. In one application, the prostate specific promoter (PSA) 

was designed to drive the expression of a GAL4-VP16 fusion protein. The first step consists of 

activating this weak promoter and expression of GAL4-VP16 fusion. In the second step, the 

GAL4 binds to its responsive elements which induce the expression of a luciferase47. This 

approach leads to an amplified expression of the reporter protein therefore increasing the 

luminescence signal. 

 The two-hybrid system is translated to in vivo applications which allow real-time imaging 

of protein interaction in living animals48. One drawback of this system is its inability to identify 

time-kinetics of the protein-protein interaction, even when this interaction stops, the 

bioluminescent signal might persist for some additional time46. This is mainly due to the time 

lapse necessary for transcriptional activation as well as for degradation of the reporter mRNA 

and protein. Another limitation of this system is that protein interaction should occur within the 

proximity of the reporter system in order to have a transactivation process. Therefore the study 

of membrane proteins is not possible46.  

 

Figure 3: Imaging of 

protein-protein interaction 

using the two-hybrid 

system. Two vectors driving 

the expression of GAL4-

protein A and VP16-protein B 

fusions are co-expressed. 

Once protein A interacts with 

protein B, the GAL4-X-Y-

VP16 complex will 

subsequently bind to the 

GAL4 responsive elements in 

a third vector driving the 

expression of luciferase, 

thereby re-activating its 

bioluminescence reaction. 

Modified from ref. 45.  
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2.2.2.2- Split reporter system. Another widely used strategy to monitor protein–protein 

interaction is the split-reporter system49 also referred to as protein fragment complementation 

assay (PCA). The monomeric reporter in that case is split into N- and C-terminal fragments 

thereby disrupting its activity. Each of these fragments is then fused to a different protein of 

interest. Upon interaction of the two proteins, the N- and C- terminal fragments of the reporter 

are in close proximity (within 10-100 angstroms) and therefore the reporter is reactivated49-52 

(Fig. 4). This system allows monitoring of protein-protein interaction in real-time which can be 

detected in any subcellular compartment49. Another common approach to study protein-protein 

interaction consists of connecting the two split fragments of the reporter gene with a protein 

splicing element, DnaE intein. This model allows the study of protein splicing53,54. Each fragment 

of the split reporter is connected to an intein with flanking polypeptide sequence. The intein 

proteins will mediate a protein splicing reaction bringing both of the reporter fragments together 

for luminescence activation. This system also allows to study protein trafficking. The N- and C-

terminal of the luciferase reporter are connected to the N- and C-terminal of the DnaE 

respectively. While the C-terminal is always located in the nucleus, the N-terminal fused to the 

protein of interest is located in the cytosol. Once this protein is translocated to the nucleus, the 

two luciferase fragments will come into close proximity allowing the proper splicing of the 

luciferase thereby reconstituting its activity55,56. In general, when using the split reporter system 

for in vivo imaging, a transient interaction of the proteins may sometimes yield insufficient 

enzymatic activity for detection49.  

Activity of proteolytic enzymes can also be studied using the split-reporter approach. A 

common application includes imaging of different protease activity such as caspases (will be 

discussed in the apoptosis imaging section). An indirect application of protease activity is the 

split-ubiquitin system57. Ubiquitination is a post-translational labeling of proteins with ubiquitin 

which subsequently leads to proteosomal degradation58. In this imaging system, the ubiquitin is 

split into two fragments and the proteins of interest are fused to the N and C-terminal domains 

of ubiquitin along with a reporter protein or an artificial transcription factor. Upon protein 

interaction, the reconstituted ubiquitin is recognized by a ubiquitin-specific protease. The 

cleavage of this ubiquitin causes either the release of the reporter gene directly or, in another 

approach, the release of transcription factor which will activate the reporter gene. 

Imaging proteasomal degradation by ubiquitin enzymes can also be attained using the 

split reporter system. Using an Fluc reporter fused to four copies of a mutated ubiquitin, Luker et 

al. monitored the 26S proteasome activity in vivo59. A similar approach was used to monitor the 
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IKK-dependent IĸBα degradation by the 26S proteasome, a key regulator of the NFkB signaling 

pathway. A fusion of the IĸBα gene with Fluc provided a read-out for IKK activity in cells and in 

animal models60. 

 

 

Figure 4: Split reporter system. Schematic overview of 

protein-protein interaction using the split reporter system: 

two interacting proteins X and Y are fused to the N and C-

terminal fragment of the split Firefly luciferase. Upon 

interaction of X-Y, the Fluc fragments are in close proximity 

and thereby the luciferase activity is gained.   

 

 

 

 

 

 

2.2.2.3- Bioluminescence resonance energy transfer (BRET). A naturally occurring 

phenomenon in many species such as the sea pansy Renilla, which involves a luciferin binding 

protein, a luciferase as well as a fluorescent protein61. BRET is based on the resonance energy 

transfer between a light-emitting luciferase (donor) and an acceptor fluorescent protein. When a 

protein of interest tagged to a luciferase is brought in close proximity to another protein tagged 

to a fluorescent marker, BRET occurs upon the addition of luciferin and the fluorescent signal 

can be detected (Fig. 5). In an Rluc-GFP system for example, the oxidization of the luciferase 

substrate generates light emission (blue light, peak emission at 480 nm). At this wavelength, 

excitation of the acceptor fluorescent protein (GFP) occurs thereby generating an increase in 

the fluorescent signal (green light, 510 nm)61. The energy transfer between the luciferase and 

the fluorescent protein is determined as a ratio of the acceptor emission intensity over the donor 

emission intensity. This technique can be used to study the kinetics of interacting proteins and 

has been extensively used to image protein interaction in living cells and small animals46,62-66.  
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Figure 5: BRET principle. Two interacting proteins X 

and Y are fused to Rluc and GFP, respectively. When 

X and Y are distant from each other, only Rluc light 

emission can be detected. Upon interaction of X-Y, 

the blue light emission from the Rluc reaction will 

excite GFP resulting in green fluorescence. 

 

 

 

 

 

 

2.3- BLMI applications for biomedical research  

 The ability to gaze through tissues of live organisms is rendered unattainable due to light 

scattering. In fact, the heterogeneity of tissues and substances present in living organisms (skin, 

bone, muscle, fat, etc.) and their different refractive indices makes it impossible for light to pass 

through. To overcome these problems, attempts to make animal tissues transparent are 

ongoing. Recently, a group of researchers cloned the first transparent zebra fish which allowed 

them to study and track stem cells in vivo67. On the other hand, molecular imaging offers a great 

alternative allowing direct or indirect visualization of biological processes and pathologies in 

experimental animal models as well as in human subjects. Bioluminescent imaging in particular 

had contributed significantly to the field of biomedicine notably in preclinical in vivo settings. 

Some examples of using BLMI to study different biological processes and pathologies are 

discussed below, with a main focus on cancer imaging. 

 

 
                                                            
 An index for measuring reduction of the speed of light inside a given medium 
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 2.3.1- BLMI to study biological processes and disease etiology 

  Many examples of using BLMI for various research and medical purposes exist in the 

literature. To study tetracycline- regulated gene expression, Fishman et al. injected chimeric tet-

VP16 expression plasmids along with a luciferase target into the heart muscle of adult rats68. In 

another study, imaging of a cardiac specific promoter expressing Fluc had been 

demonstrated69.  A different study used a stress-inducible promoter from the heat shock protein 

(Hsp70A.1) expressing luciferase to study thermal stress in cultured cells70. Numerous other 

studies used BLMI to investigate the central nervous system71, bone repair and development72, 

tissue transplantation73, neuronal damage74, metabolic studies75 and many more. In this section, 

the most common applications of BLMI in pre-clinical models will be discussed. 

 

2.3.1.1- Imaging of protein trafficking and cell-surface receptors. The secretory 

pathway is a critical index of the capacity of cells to incorporate proteins into cellular 

membranes and secrete proteins into the extracellular space. This pathway is disrupted in 

response to stress to the endoplasmic reticulum (ER) which can be induced by a variety of 

factors, including expression of mutant proteins and physiologic stress. Activation of the ER 

stress response is critical in the etiology of a number of diseases, including diabetes and 

neurodegeneration, as well as cancer76,77. We have recently developed a new assay to monitor 

the secretory pathway and ER stress using the secreted Gluc78. Upon interfering with the 

secretory pathway or ER stress, the level of Gluc secreted in the conditioned medium is 

reduced significantly. A similar approach was used by Suzuki et al., to image Gluc protein 

trafficking by exocytosis as well as protein targeting to the cell surface. The latter was done by 

fusing Gluc to a dopamine β-hydroxylase signal peptide which specifically target the cell surface 

of neuronal cell lines79.  Another approach for imaging cell-surface receptors is the use of a split 

reporter system discussed above. Paulmurugan et al. developed a reporter to image the binding 

of hormones and drugs to the estrogen receptor80. This system is based on proper folding of the 

split Rluc flocking the estrogen receptor DNA binding domains. Transgenic mice were also 

generated allowing in vivo studies of this receptor81. Another study focused on the dopamine 

receptors, while aiming on finding new molecules interacting with these receptors. Using cAMP 

transcriptional responsive elements driving the expression of Fluc, they found that dopamine 

analogues modulate the cAMP levels82. The adenosine receptors were also studied using the 

same cAMP responsive elements (RE) and Fluc construct83.  
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2.3.1.2- Imaging of transcription factors activation. The same concept of using DNA 

binding sequences driving the expression of luciferase reporters is widely used to study 

transcription factors that play a major role in cellular activation, development, proliferation as 

well as cell death. Zambetti et al. identified p53-DNA binding element and generated a p53-

responsive reporter vector84. Hamstra et al. used a p53-responsive promoter to generate a 

mouse model for in vivo imaging85. Another widely used transcription factor reporter is the 

nuclear factor Kappa B (NFkB).  We have designed an NFkB transcriptional reporter by fusing 

five tandem repeats of the NFkB RE with a TATA box driving the expression of Gluc86. We used 

this reporter to monitor NFkB activation and inhibition in vitro and also in blood of mouse 

models. In an earlier report, direct monitoring of the proteosomal degradation of the inhibitor of 

Kappa B (IkB) was achieved by fusing IkB to Fluc60. A mouse model for in vivo NFkB activity is 

also available87. These mice were used by Tillmanns et al. to show NFkB activation after 

myocardial infarction88. There are several other bioluminescent reporters for numerous 

transcription factors such as AP-189, c-jun90, c-myc91. 

 

2.3.1.3- Imaging of hematopoetic cells. Hematopoetic cells have been extensively 

investigated using BLMI. In several studies, luciferase-expressing T cells have been used to 

look at the dynamics and function of these cells as well as their anti-tumor activity and capacity 

of infiltrating tumors92-94. Imaging reporters have been also used to track hematopoietic stem 

cells. In one application, Fluc was used to track the survival and differentiation of murine 

embryonic stem cells following an intramuscular transplantation95. Another study showed the 

kinetics of human hematopoetic stem cells after engraftment in the bone marrow of recipient 

mice96. Within the same context, Wu et al. were able to monitor embryonic cardiomyoblasts 

after transplantation in nude rats97.  

 

2.3.1.4- Imaging of apoptosis.  Apoptosis or programmed cell death plays a major role 

in embryogenesis, homeostasis, and pathogenesis. Drugs that induce apoptosis are highly 

popular for disease treatment such as cancer. This programmed cell death is executed through 

the activation of cysteine aspartyl proteases (caspases).  A main approach to monitor apoptosis 

uses an inactive luciferase reporter gene fused to a caspase-cleavage sequence. Upon 

caspase activation, this sequence is cleaved thereby restoring the luciferase function. Laxman 

et al. designed a caspase-3 reporter by fusing Fluc to an estrogen receptor regulatory domain 
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which rendered the bioluminescent gene inactive. The estrogen receptor and Fluc were 

separated by a caspase-3 cleavage sequence (DEVD). Light emission from this reporter can be 

induced in a caspase-3 dependent manner98. 

2.3.1.5- Imaging of infectious diseases.  BLMI has also been extensively used to 

study infectious diseases. In a pioneering report studying pathogens in living organisms, 

different strains of Salmonella typhimurium were engineered to express a bacterial luciferase 

and infected into experimental animals  99. Optical imaging allowed the visualization of the 

infection site and the infected tissues and to follow the efficacy of an antibiotic in this model. 

This imaging approach allows studying of infectious disease in the context of living subjects100-

104 as well as monitoring of antibiotic efficacy105,106. 

 

2.3.2- BLMI in cancer 

 BLMI is often used to study tumor biology. The high complexity of cancer, interaction of 

tumor cells with the surrounding tissues and their invasion throughout the whole organism 

makes the specific labeling of tumor cells and the detection of signaling pathways involved in 

tumorigenesis highly desirable. This technique can help in understanding the molecular and 

cellular events leading to the malignant transformation and allows the assessment of tumor cell 

growth and behavior upon implantation in host animal models and as well as tracking of cancer 

stem cells or transformed adult cells. Further, this technology plays an important role in 

identifying many anti-tumor treatments and allows testing them in experimental animal models 

thereby contributing to breaching the gap between pre-clinical drug discovery and clinical trials. 

Luciferases have been extensively used to label tumor cells in culture ex vivo as well as in 

animal models107-110. Luciferase-expressing tumor cells have also been used to study and track 

metastasis111-113 and tumor recurrence following chemotherapy114.  

 

2.3.2.1- Imaging of tumor therapy. BLMI also allows quantitative measurements of 

tumor growth and response to therapy. Luciferase expression correlates with the number of 

tumor cells both in vitro and in vivo115,  hence its use as a reporter for cell proliferation and cell 

death108,116,117. Typically tumor cells are engineered ex vivo to stably express the luciferase 

reporter gene. These cells are then implanted into experimental animal models and can be 

imaged to track tumor growth, metastasis (reviewed in ref. 118) or response to therapy. In an 
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early report, Zhang et al. used Fluc expression to monitor melanoma and lung carcinoma cell 

lines growth in vitro and in vivo, and also to investigate the effect of a T cell-based therapy in 

mice tumor models115.   Using a similar approach, Sweeney et al. were able to quantitatively 

evaluate conventional chemotherapeutic drug treatments as well as immunotherapy in nude 

mice bearing human cervical carcinoma cells (HeLa)119. An ex vivo approach based on 

monitoring of secreted Gluc from blood was described by Wurdinger et al.25. In this system 

tumor cells expressing Gluc were implanted into nude mice. By measuring the Gluc in the blood 

it was possible to monitor tumor growth as well as tumor response to therapy. 

 

2.3.2.2- Imaging of cancer stem cells. BLMI imaging allows tracking and detection of 

cancer stem cells. A major challenge for this approach is the ability to track these cells for long-

term studies. Studying these migrating tumor cells is highly desirable not only to understand 

cancer development and metastasis but also for their potential use as drug delivery vehicles. In 

one study, an RFP-luciferase-thymidine kinase triple reporter protein was used to label 

mesenchymal stem cells and track them in mice using BLMI and PET imaging120. Mesenchymal 

stem cells (MSC) can home to tumors upon i.v. administration and therefore could be used for 

drug delivery to neoplastic cells. BLMI together with PET has also been used to image neural 

precursor stem cells (NPC) and to determine their fate after engraftment in mouse glioma 

models121. We have recently described an ex vivo approach to monitor circulating NPCs 

expressing the secreted Gluc in mice. We showed that the level of Gluc activity in blood 

correlates to NPCs viability and proliferation25. In another study, stem cell-derived teratomas 

were imaged using Fluc-eGFP fusion expressing stem cells after implantation into nude mice122. 

 

2.3.2.3- Imaging of tumor hypoxia and angiogenesis. Oxygen is needed for proper 

cellular metabolism. Oxygen deprivation also known as hypoxia occurs in cancer among other 

pathologies such as stroke, myocardial infarction and diabetes. Characterizing and monitoring 

of hypoxia, during which different growth factors, transcription factors and cytokines are 

induced123, have implications in many pre-clinical as well as medical setups. One of the main 

transcription factors induced by low levels of O2 is the Hypoxia inducing factor 1 (HIF1), which 

binds to the hypoxia response element (HRE) in order to promote transcriptional activation124. 

Reporter vectors based on HRE elements driving the expression of a luciferase have been 

designed for imaging hypoxia in vitro125 and in vivo126. These reporters provide valuable 
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information on hypoxia and the molecular pathways underlying this process and can lead to the 

development of HIF1-targeted therapies127. Hypoxia also stimulates the secretion of the 

vascular endothelial growth factor (VEGF) and promotes angiogenesis to increase the oxygen 

availability for tissues through the capillaries128. For angiogenesis imaging studies, a VEGF 

receptor 2 (VEGFR2) promoter driving the expression of Fluc was used to establish a VEGFR2-

luc transgenic mouse model. Other reporters for angiogenesis129-131, hypoxia132, as well as other 

tumor-related processes such as proteasome activity59, β–catenin133, Akt signaling pathway134 

and other kinases135 have been described. 

 

2.3.2.4- cancer mouse models for BLMI:  Bioluminescent mouse models are useful 

tools for studying cancer development, progression, metastasis and response to therapy. To 

investigate the tumor onset after deletion of retinoblastoma (RB) tumor suppressor gene, Vooijs 

et al. developed a conditional mouse model for RB-dependent sporadic cancer. Co-expression 

of Fluc and a Cre recombinase in the pituitary gland, both under the control of a lobe specific 

promoter (POMC), allowed the monitoring of pituitary tumor development136. To make imaging 

of conditional mouse cancer models less tissue specific, thereby allowing their use in a wide 

range of tumor models, Lyons et al. developed a ubiquitously expressing mouse tumor model. 

In this system, the Fluc expression is under the control of a β-actin promoter in a Cre-dependant 

manner137. A bioluminescent mouse model to study glioma cells proliferation has also been 

reported where an E2F tumor-specific promoter has been used to drive the expression of the 

luciferase gene. In this system, the loss of Rb induced by the platelet-derived growth factor 

(PDGF) causes E2F transcriptional activation allowing luciferase detection138.  

 

2.3.3- BLMI in cancer gene and cell therapy 

 Despite several pitfalls, the gene therapy field has expanded significantly over the last 

decade. This could be noticed by the increasing number of clinical trials 

(www.wiley.co.uk/genmed/clinical/), the majority of which are directed towards cancer gene 

therapy139. BLMI provides a mean to study many aspects related to this therapeutic approach 

including: monitoring of neoplastic cells; evaluating the efficiency of the treatment; studying 

gene activation and cellular mechanisms; as well as imaging the expression of encoded toxins 

delivered to tumors and the silencing of tumor promoting genes. In addition BLMI is a valuable 
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tool for evaluating the outcome of gene therapy through non-invasive, often real-time, detection 

of tumors.  Gene therapy in general relies on two basic factors: the transfer and expression of 

the therapeutic gene of interest commonly delivered to target tissues using viral vectors.  

Efficacy and safety are two major requirements for a successful gene therapy approach. In 

addition to the spatio-temporal evaluation of gene therapy, BLMI allows the evaluation of viral 

tropism and transduction140,141 as well as viral replication142,143. In one study Fluc was used to 

investigate the dissemination of different Herpesvirus saimiri (HVS)-based vectors upon i.v. and 

i.p. administration144. To evaluate the therapeutic response to suicidal gene therapy in an 

orthotopic glioma mouse model, the therapeutic gene cytosil deaminase was combined with a 

luciferase reporter gene in an adenoviral vector145. This approach allowed studying of the 

duration and magnitude of gene expression. After an overtime treatment with the prodrug 5-

fluorocytosine (5FC), a decrease in BLMI could be observed which correlated to tumor 

regression. To test the efficiency of TRAIL against tumors in vivo, Shah et al. used a dual-

bioluminescence imaging approach146. An HSV amplicon vector expressing TRAIL and Rluc 

was used to transduce subcutaneous glioma xenografts expressing Fluc. While Rluc was used 

as a reporter for vector transduction, Fluc was used to monitor tumor growth and the 

therapeutical outcome.  

 The emerging field of stem cell research has introduced a new option for transgene 

delivery. Those stem cells can be used as therapeutical vehicles. As mentioned earlier, MSC in 

particular have been shown to specifically target tumor cells147,148. These stem cells can be 

labeled with a luciferase to study their fate after in vivo engraftment122 and subsequently to 

monitor transgene expression and/or the therapeutical outcome. It is also possible to use stem 

cells from photogenic small animals which cells express luciferase (reviewed in ref. 149). 

BLMI applied to the gene therapy field can help optimize this therapeutic application. 

However, while it is a sensitive and easy method to monitor gene therapy in cultured cells and in 

animal models, the weak light signal emission in deep tissues, due to tissue absorption and 

scattering of light photons as well as substrate toxicity, are two major limitations to transfer BLMI 

to the clinic. 
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2.3.4- BLMI in drug discovery and development 

 Identification of molecules with therapeutic benefit has become more accessible due to 

the availability of large libraries of chemical and natural products. Drug discovery and 

development is a laborious, expensive and lengthy process. In an ideal setting, it starts with 

target identification, followed by compound screen eventually identifying a lead compound which 

will be optimized for efficacy and pharmacokinetics prior to translation into patients150. BLMI 

helps expedite the discovery, development and optimization of new drugs. The sensitive and 

relatively quick read-out of photon emission allows screening for thousands of molecules in a 

labor, time and cost-effective manner. BLMI is mostly used for cell-based assays for target 

identification, gene signaling networks as well as protein-protein interaction. The non-invasive 

nature of BLMI is also suited for multiplexing with other genomic or proteomic assays for a multi-

parameter profiling of the complex cellular phenotype151. One disadvantage of reporter genes is 

the promoter element driving its expression, which is constituted of transcription factor binding 

sites. These artificial reporters are subject to non-specific regulation of the screen- molecules, 

which could lead to false or non-specific read-outs151. Validation of lead hits in culture as well as 

in animal models has become a pre-requisite for pre-clinical drug development. BLMI plays an 

important role in providing a sensitive assessment of drug efficacy and kinetics in an in vivo 

setting. Further, non-invasive repetitive imaging studies are possible by assaying luciferase 

activity in the same animal at different time points. Although fluorescence imaging is more 

established for HTS, the wide dynamic range as well as the high sensitivity of bioluminescence 

may offer a better alternative for cell-based drug screens152. In addition to conventional BLMI, 

BRET has also become of common use for drug screen (reviewed in ref. 153). One 

straightforward application of luciferases in drug screening is their use as cell viability markers. 

This technique is useful particularly for oncology drugs in order to identify molecules with 

specific toxicity towards tumor cells154. Recently, we have developed a small-molecule drug 

screen assay based on Gluc (Chapter 7). A major advantage of this luciferase is its processing 

through the secretory pathway. By taking aliquots of the conditioned medium over time, it is 

possible to follow cell fate non-invasively and in real-time. We showed the linearity of Gluc 

signal with respect to time and cell number. Further, the high sensitivity of this luciferase allows 

detecting of as low as a single cell. Of note, one limitation of BLMI among many other molecular 

imaging techniques is that it measures an average across a population of cells, thereby 

decreasing the sensitivity to phenotypic changes in a certain subpopulation of cells151.  This 

could be overcome with single cell imaging which is usually performed through flow cytometry or 
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microscopy (even in a high throughput screening format) and potentially with a highly sensitive 

bioluminescence reporter.  

 BLMI is also used in gene-targeted drug screening. This approach uses reporter vectors 

containing DNA binding sequences of the gene of interest driving the expression of a luciferase. 

One important target for drug development is the transcription factor and tumor suppressor p53. 

A p53-reporter vector was used to identify small molecules affecting the transcriptional 

activation of this gene155. This screen identified compounds that activate p53 transcription. 

Those compounds also showed anti-tumor activity on tumor xenografts. Another important 

player in carcinogenesis is the chaperone protein Hsp90 which is overexpressed in malignant 

cells and is responsible for proper folding of oncogenic proteins, hence the therapeutic benefit of 

Hsp90 inhibitors in cancer treatment156. Hsp90 is responsible for refolding of the heat-denatured 

Fluc157. Using this concept, Galam et al. optimized a HTS assay to identify new inhibitors of 

Hsp90158. BLMI also allows drug screening in cell-free assays. In such application, the 

pharmacological target is an enzyme (caspase, monoamine oxidase, ATP or luciferin. 

Luciferase signal in general is correlated to the concentration of the enzyme, ATP or luciferin 

present during the BLM reaction. This can be used to detect endogenous ATP concentrations 

as well as other metabolites159 (an ATP-based bioluminescent assay was used in Chapter 7 to 

monitor cell viability). Many other reporter systems are available to study several 

pharmacological processes and develop new drugs such as kinase inhibitors160, inhibitors of an 

ATP-binding cassette (ABC) family member161, as well as others. BLMI plays an important role, 

not only in the early stage of drug discovery, but also in animal models providing a valuable tool 

for assessment of new potential drugs through non-invasive, real-time detection of photon 

emission. 

 In conclusion, BLMI provides valuable insight into biological processes in intact cells as 

well as small-animal models. Further, it helps expedite drug identification and development and 

subsequently functional assessment of new treatment regimens in animal models before 

translation into the clinic. Genomic research has came a long way during the last few years and 

has led to better understanding and identification of new treatment paradigms. A major 

challenge for BLMI is to cope with these advances and help complement genomic studies while 

providing new insights in biology, pathology as well as pharmacology. The development of 

multiplexed compound screenings that combine genomic and BLMI-based phenotypic read-outs 

is highly desirable. Development of new small-animals CCD cameras and generation of more 

stable and red-shifted luciferases will further enhance the utility of BLMI and would help seeing 
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biomedical research in a new light. While the field of bioluminescence imaging keeps expanding 

in a rapid pace, the challenge remains to translate this technique to the clinic currently 

unattainable due to the potential toxicity of luciferin as well as the potential immunogenicity of 

luciferases. 
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B- GLIOBLASTOMA 

1- Tumors of the central nervous system (CNS) 

The CNS comprises the brain as well as the spinal cord. Anarchic cell division, or cancer, can 

occur in any part of the CNS. Compared to other cancer types, the number of newly diagnosed 

brain and CNS malignant tumors each year is relatively low with an average of 7.3/100,000 

person diagnosed each year in the U.S http://www.cbtrus.org/factsheet/factsheet.html and a 

relatively comparable number in Holland 6/100,000 person 

http://www.ikcnet.nl/uploaded/afbeeldingen_upload_image/660/trend71.png. This number is 

significantly increased when adding metastases into the brain and spinal cord from other cancer 

types. Brain tumors incidence is typically high in childhood and in people with advanced age. 

The high complexity of the CNS added to an equally complex and diverse pathogenesis 

such as cancer, make the classification of brain tumors a highly complicated task. In fact, 

several controversial issues that started over 80 years ago when the first morphological 

classification of CNS neoplasms by Bailey and Cushing is still ongoing until this day162. This 

classification is always evolving with the advances of the biomedical field; the 1993 WHO 

classification of the CNS tumors was based on immunohistochemical observations163, whereas 

the 2000 WHO classification included molecular diagnostic approaches164. In that context, the 

latest advances in molecular genetics ushered in a more precise classification as reported in the 

fourth edition of the WHO classification of tumors of the CNS165. Table 2 represents a histologic-

phenotypic-cytogenetic classification of tumors of the CNS along with the corresponding WHO 

grades. 
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Table 2: WHO classification and grades of tumors of the CNS. Adapted from 166  
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Brain tumors cause 2.4% of all cancer death in adults versus a much higher incidence (18%) in 

children (1 to 14 years old). Primary brain tumors occur more frequently in children whereas 

metastatic tumors are most common in adults. Most of the brain tumors in adults arise in the 

cerebrum as compared to the cerebellum and brainstem in children167. Some inherited genetic 

disorders can increase the risk of CNS tumors. These disorders include Von Recklinghausen 

neurofibromatosis (VRNF-Neurofibromatosis type 1-NF1), Bilateral Acoustic Neurofibromatosis 

(BANF-Neurofibromatosis type 2-NF2), Tuberous Sclerosis, Von Hippel-Lindau Disease and 

Retinoblastoma. In addition, other factors can increase brain tumor incidence including age, 

radiation, chemical carcinogens as well as immunosuppression. Moreover, cancer stem cells 

have been recently added into the list of tumor-promoting factors which will be discussed below. 

CNS tumors are characterized mainly using pathological observations (microscopy and 

immunohistochemistry) and clinical behavior (grade). They can also be characterized based on 

chromosomal and molecular analysis. Several genetic hallmarks exist for some of these tumors. 

Oligodendrogliomas, for example, are characterized by a co-deletion of chromosomal arms 1p 

and 19q, detected in 60-80% of oligodendroglial tumors168. TP53 mutation is common in diffuse 

astrocytomas (~60%)169, while EGFR amplification is often found in glioblastomas (~40%)170.  

 

2- Glioblastoma (GBM) 

GBM is the highest grade (grade IV) astrocytoma and is the most common form of malignant 

gliomas171. The Central Brain Tumor Registry of the U.S. (www.cbtrus.org) states that the 5-year 

survival rate is only 3.3%. Standard-of-care treatment involves maximal surgical resection of the 

tumor combined with radiation/chemotherapy; however, as the poor survival rate indicates, 

these treatments have not been effective in preventing disease progression. One of the 

hallmarks of GBM is its invasiveness. Long, root-like processes as well as single invasive cells 

extend from the tumor body into the surrounding brain parenchyma, making complete surgical 

removal of tumors nearly impossible with recurrent tumors often appearing within 2 cm of the 

initial lesion172.  
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2.1- Glioma stem cells 

For a long time, it has been thought that glioma arises from transformation of a normal 

glial cell due to an accumulation of genetic mutations173,174. The emergence of stem cells 

research and the new insights on cancer stem cells (CSC) led to re-consideration of this theory. 

In fact, it is now established that neural stem cells, once thought to be present only during 

embryonic and fetal stages, are also present in the adult brain175. CSCs are capable of (1) self-

renewal and (2) differentiation into adult malignant cells176. They also have the ability to 

generate a phenocopy of the original malignancy once implanted in immuno-compromised 

mice177. CSCs from the brain tumors were first isolated using the neural stem cell marker 

CD133178. Only the CD133+ fraction of cells isolated from brain tumor tissue samples were able 

to reproduce a phenocopy of the original tumor179. This further proves that CSC can in fact 

induce solid tumors. Further, introduction of oncogenes into progenitor cells can generate 

malignant cells which can develop into a solid tumor once implanted in small animals. In one 

example, the expression of Ras and c-Myc in oligodendrocyte progenitor cells gave rise to 

tumors pathologically similar to glioblastomas after stereotactic injection into adult rats180. It is 

believed that neural stem cells as well as glioma CSC reside in a vascular endothelial 

niche181,182. Endothelial cells release soluble factors that can stimulate self-renewal of those 

stem cells182. Anti-VEGF-induced blocking of angiogenesis in tumor xenografts resulted in 

depletion of CD133+ cells181.  

 

2.2- Cell signaling pathways and genetic alterations on glioblastomas 

Mutations of tumor suppressors and genes involved in cell cycle regulation along with 

the activation of tumor promoting genes and signaling pathways, lead to inappropriate cell 

division. The tumor suppressors RB and p53 regulate the cell cycle mainly acting on the G1-to-

S-phase transition183,184. Gliomas can overcome RB and p53-mediated cell cycle regulation. 

This results from numerous alterations including gene mutations or amplifications as well as 

chromosomal loss185. Loss of the tumor suppressor PTEN is also often observed in gliomas. 

Growth factors stimulation, cell-cell adhesion and/or contact with the extracellular matrix activate 

the mitogenic signaling pathway in order to stimulate cell proliferation in normal cells. In gliomas 

on the other hand, genomic alterations cause a constitutive activation of these signaling 

pathways regardless of the intrinsic factors. As a result, these cells have inappropriate cell 

division, survival and motility185. MAPK and PI3K are two typical mitogenic signaling pathways 
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constitutively active in gliomas. Often the activation of such pathways is through receptor 

tyrosine kinases (RTK) and/or integrins185. In fact, gliomas activate such receptor-driven 

pathways through overexpression of both ligands and receptors. Among those RTK, the 

frequent ones are EGFR (EGFR gene amplification occurs in ~40% of all glioblastomas)186 and 

PDGFR which amplification is less common187. Multiple other RTKs are believed to be activated 

in primary GBM tumors185. This shows the complexity of the disease and can partly explain the 

limited success of targeted therapies in gliomas such as the kinase inhibitors. 

 

2.3- The complexity of GBM treatment 

The ‘multiforme’ aspect of glioblastoma makes treatment of such neoplasms a major 

challenge. Phenotypically, this multiforme aspect is represented through several regions of 

necrosis and hemorrhage throughout the tumor. Microscopic observation shows 

pseudopalisading necrosis, pleomorphic nuclei and cells and microvascular proliferation188. Due 

to the diffuse nature of the disease, surgical resection of glioblastomas is often incomplete. 

Glioma cells can migrate throughout the brain and around 25% of patients show multicentric 

glioblastoma at autopsy188. Total resection of the tumor is not always possible due to the 

variability of the tumor location. By combining all above mentioned factors, it becomes clearer 

why glioblastoma is one of the most difficult pathologies when it comes to finding a cure.   

Genetically, the multiforme aspect is reflected through several deletions, amplifications 

and point mutations thereby activating several signaling pathways as discussed above. The 

high complexity of these signaling pathways and the cross-talk between them limit the efficacy 

of some of the targeted molecular therapies. Single drugs targeting a specific RTK such as 

EGFR or PDGFR did not live up to the expectations in clinical trials189,190.   

A different approach has been the targeting of tumor angiogenesis based on the old 

hypothesis that interruption of blood vessel formation in the tumor vicinity will lead to its 

regression191. Gliomas are the most vascular tumors which secrete many angiogenic factors 

such as VEGF, PDGF, FGF2 and hepatocyte growth factor contributing to the new blood vessel 

formation192. VEGF and its receptor are the main target of anti-angiogenesis therapies which 

include 3 major therapeutic approaches185. (1) Small molecule inhibitors of VEGFR-2 tyrosine 

kinase activity193. Many of these drugs are under investigation including cediranib (AZD2171; 

Recentin), a pan-VEGF receptor tyrosine kinase inhibitor193. This drug has showed promising 
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results in patients with recurrent glioblastomas. (2) Monoclonal antibodies directed against 

VEGF or its receptor194. Bevacizumab (Avastin®) is a humanized monoclonal antibody that 

binds VEGF to prevent VEGFR activation. This drug on its own or combined with other 

chemotherapeutic agents led to encouraging results in recurrent glioblastomas195. (3) Soluble 

decoy receptors identical to VEGFR1 that can inhibit VEGF binding to its receptor196. Aflibercept 

is a soluble hybrid receptor that depletes circulating VEGF. A phase II study of this drug was 

successfully completed in 2008197. 

Resistance to apoptosis is one of the hallmarks of cancer174. Glioma cells in particular 

are notorious for their resistance to chemo- and radiotherapy.  This is linked to mitogenic 

signaling pathways activated in gliomas, typically the RTK and PI3K-PTEN-Akt signaling 

pathway in addition to other molecules affecting both intrinsic and extrinsic apoptotic pathways 

(one example is the expression of soluble decoy death receptors as a means to suppress 

ligand-induced apoptosis198-200). The Bcl2 family of anti-apoptotic genes also plays an important 

role in glioma resistance to apoptotic stimuli201-203. Further, penetration of many drugs through 

the blood-brain barrier is limited and drugs can be actively pumped out of the cell via P-

glycoprotein among other pumps204. 

 Radiation therapy prolongs survival, but it cannot be delivered at high enough doses to 

kill these infiltrating cells because of the risk to normal cells205. Although GBMs are generally 

resistant to chemotherapy, the alkylating drug, temozolomide, has modestly increased the 

survival of patients206. Clearly, additional treatment paradigms, including new therapeutic drugs 

are needed. 

 On a more optimistic note, the wealth of information provided by the latest advances in 

genomics, proteomics, computational biology, imaging modalities as well as genetic animal 

models has improved our understanding of glioblastoma as well as other cancers. This has led 

to the advancement of newly designed small molecules drugs, more efficient and accurate 

radiation treatment regimens, therapeutic antibodies and small non-coding RNAs (RNAi and 

micro RNA)-based agents. 
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3- TRAIL 

 Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), also known as APO2L, is a 

member of the TNF family and has been shown to induce apoptosis in various tumor cell types, 

but not in most normal cells. TRAIL is expressed in many human tissues, which indicates that 

TRAIL does not have a cytotoxic effect on normal cells207,208. In fact, many normal primary cells, 

such as epithelial cells, fibroblasts, and skeletal muscle cells are resistant to TRAIL-induced 

apoptosis. In pre-clinical studies, TRAIL has been demonstrated to produce impressive growth 

inhibition and cytotoxicity against malignant tumors derived from a broad range of human 

tissues209,210. Pre-clinical evaluations have demonstrated that recombinant TRAIL activates 

TRAIL receptors (Fig. 1), induces apoptosis, inhibits tumor growth, and induces regression of a 

broad range of leukemias and solid malignancies, including carcinomas of the colon, lung, brain, 

breast, and bladder, and T-cell malignancies. Further, in studies conducted with cynomolgus 

monkeys, a single dose of TRAIL administered i.v. caused no systemic toxicity and had a half-

life of approximately 32 minutes in plasma211. Although some toxicity to normal cells have been 

observed, especially to liver cells, this toxicity can be can be curbed by using drugs such as Z-

LEHD-FMK which inhibits caspase 9212. Currently, clinical trials are ongoing using recombinant 

TRAIL protein (Genentech)207, and TRAIL receptor antibodies 213. Nevertheless, a considerable 

number of cancer cells, especially GBM, are resistant to apoptosis induction by TRAIL. 

Upregulation of anti-apoptotic proteins such as X-linked inhibitor of apoptosis protein (XIAP) and 

Bcl-2 associated athanogene 3 (BAG3) have shown to reduce susceptibility of cancer cells to 

TRAIL214,215. Further, resistance to TRAIL can occur at different points in the signaling pathway 

of TRAIL-induced apoptosis. Dysfunctions of the death receptors DR4 or DR5 as well as in the 

downstream signaling cascade can lead to resistance. GBMs exhibit a range of TRAIL 

sensitivity, and only a small percentage of GBM tumors undergo TRAIL-induced apoptosis216-219.  

Fig 6 shows a schematic model of the TRAIL apoptotic pathway.  
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Figure 6:  Simplified diagram of the 

TRAIL signaling pathway and the 

principle effectors downstream of the 

TRAIL receptors DR4/DR5. TRAIL 

binding to its receptor can activate both 

the extrinsic and intrinsic apoptotic 

pathway.                              

            activation         inhibition                      

 

 

 

 

 

TRAIL activates death receptor 4 (DR4) and DR5, resulting in the subsequent binding of Fas-

activated death domain protein (FADD) through its death domains (DD), thereby recruiting 

caspases, ultimately leading to apoptosis, which can be prevented by upregulation of the DcR1 

and DcR2 decoy receptors, FLIP, and inhibitors of apoptosis (IAP). The intrinsic pathway 

requires mitochondrial localization and activation of Bax and Bak that can be prevented by anti-

apoptotic Bcl-2 family proteins. Crosstalk between extrinsic TRAIL and intrinsic p53 pathways 

requires cleavage of Bid. The tumor suppressor p53, once activated following DNA damage, 

controls expression of critical apoptotic genes, such as Bax, and DR5. In contrast, NF-kB 

controls expression of anti-apoptotic genes, such as Bcl-2, FLIP, Smac, and IAP207. Due to the 

targeted toxicity of TRAIL towards neoplastic cells while sparing normal cells surrounding the 

tumor, its use as a GBM therapeutic, when combined with a TRAIL-sensitizer, might prove safe 

and efficient for clinical application. Recently, small molecules, such as rapamycin analogs and 

Smac peptides have been shown to sensitize some glioma cell lines as well as primary GBM 

cells to TRAIL-mediated toxicity216,218.  

 

 



 
38 

AIM AND OUTLINE 

The aim of this thesis is to evaluate the naturally secreted Gaussia luciferase (Gluc) as a 

reporter system to study fundamental and molecular processes related to brain cancer such as 

ER stress as well as transcription factor activation. Subsequently, we sought to optimize Gluc 

for non-invasive monitoring of different biological processes in small animals. Finally, we 

developed a cell-based bioluminescent screen for small molecules as potential therapeutics for 

glioblastoma.  

In Chapter 2 we used the natural properties of Gluc to design a versatile and highly 

sensitive assay allowing the study of protein secretion and endoplasmic reticulum stress which 

is critical in the etiology of cancer. We were able to monitor and visualize Gluc trafficking 

throughout the intra-cellular compartment and we showed this assay to be superior to currently 

available tools for monitoring cellular secretion. 

Using the same property of Gluc we showed in Chapter 3 that this reporter can be used 

to monitor several cellular aspects such as cell viability, proliferation as well as tumor location. 

We used this naturally secreted reporter for quantitative assessment of biological processes in 

small animals through blood monitoring of the luciferase activity. This assay was suited for 

monitoring of cell survival, growth and proliferation in nude mice. It was also used to track 

circulating cells, which is useful for stem cell research. A detailed protocol for the Gluc blood 

monitoring assay is described in Chapter 4. 

NFkB is a transcription factor with a major role in regulating homeostasis as well as 

several pathologies including inflammation and cancer. In Chapter 5 we designed an NFkB 

reporter construct driving the expression of Gluc for real-time imaging of NFkB transcriptional 

activity within the tumor and its environment in cultured cells as well as in animal models. This 

reporter is suited for high-throughput screening of NFkB inhibitors. Such compounds may be 

applicable as cancer therapeutics. 

This NFkB construct was then used in Chapter 6 for glioblastoma gene therapy 

combined with imaging of transgene expression. An NFkB-inducible promoter element was 

cloned upstream of a suicidal gene as well as Gluc. Gluc was used as a marker to monitor 

NFkB activation and therefore suicidal gene expression in tumor cells which showed specific 

anti-glioma activity in cultured cells as well as in a xenograft glioma model in vivo.  
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In order to identify small molecules that enhance sensitization of glioma cells to TRAIL or 

that kill glioma on their own, in Chapter 7, we engineered different glioma cell lines by gene 

transfer to express Gluc as a marker for cell viability. Using this assay we identified a TRAIL-

sensitizer which efficiently killed primary glioma cells and significantly enhanced survival of nude 

mice with glioma xenografts. We showed for the first time that our drug hit, Lanatoside C, 

induced non-apoptotic, necroptosis-like cell death whereas TRAIL induced caspase activation in 

glioma cells. We propose that the dual-cell death mechanism (apoptotic and non-apoptotic) 

could be a new and potent strategy for glioma therapy. 

In summary, using bioluminescence imaging we were able to monitor several biological 

processes implicated in brain cancer; those included protein trafficking and cellular stress, the 

immune response and angiogenesis, tumor proliferation as well as tumor therapy both in a gene 

therapy and in a chemical screening context. The use of such monitoring modalities can 

facilitate cancer research and could help to identify new cancer therapeutics. 
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ABSTRACT 

Background. The secretory pathway is a critical index of the capacity of cells to incorporate 

proteins into cellular membranes and secrete proteins into the extracellular space. Importantly it 

is disrupted in response to stress to the endoplasmic reticulum which can be induced by a 

variety of factors, including expression of mutant proteins and physiologic stress. Activation of 

the ER stress response is critical in the etiology of a number of diseases, including diabetes and 

neurodegeneration, as well as cancer. We have developed a highly sensitive assay to monitor 

processing of proteins through the secretory pathway and endoplasmic reticulum (ER) stress in 

real-time based on the naturally secreted Gaussia luciferase (Gluc). 

 

Methodology/Principle findings. An expression cassette for Gluc was delivered to cells and 

its secretion was monitored by measuring luciferase activity in the conditioned medium. Gluc 

secretion was decreased down to 90% when these cells were treated with drugs that interfere 

with the secretory pathway at different steps. Fusing Gluc to a fluorescent protein, this reporter 

could be visualized in living cells during transit through the ER. Expression of this reporter 

protein did not itself elicit an ER stress response in cells, however, Gluc proved very sensitive at 

sensing this type of stress which is associated with a temporary decrease in processing of 

proteins through the secretory pathway. The Gluc secretion assay was over 20,000-fold more 

sensitive as compared to the secreted alkaline phosphatase (SEAP), a well established assay 

for monitoring of protein processing and ER stress in mammalian cells. 

 

Conclusions/Significance. This assay provides a fast, quantitative and sensitive technique to 

monitor the secretory pathway and ER stress and its compatibility with high throughput 

screening will allow discovery of drugs for treatment of conditions in which the ER stress is 

generally induced. 
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INTRODUCTION 

 

The endoplasmic reticulum (ER) is the intracellular organelle where proteins with a signal 

sequence are originally directed to be folded and glycosylated before they are processed 

through  the secretory pathway destined for cell membranes, organelles or the extracellular 

space1,2. Proteins enter the secretory pathway through translocons in the ER membrane in 

association with ER lumenal chaperones, such as calnexin, BiP and protein disulfide isomerase 

(PDI)3. Only properly folded proteins leave the ER within vesicles to the Golgi and misfolded 

proteins are transported back into the cytosol for degradation by proteosomes4. The ER lumen 

has a remarkable ability to maintain homeostasis and any physiological or pathological stimuli 

that leads to an increase in misfolded proteins, such as alterations in re-dox balance and 

calcium concentrations, glucose deprivation, presence of mutant proteins or even increased 

production of normal secretory proteins can trigger the ER stress response5. Activation of the 

ER stress response is critical in the etiology of a number of diseases, including diabetes and 

neurodegeneration, as well as cancer6,7. Cells react to ER stress by activating a series of 

sensors termed the unfolded protein response (UPR), which leads to a temporary inhibition of 

protein synthesis and an increase in synthesis of ER chaperone proteins which promote protein 

folding, secretion and degradation to reduce the unfolded protein load in the ER7. 

 

 Trafficking through the secretory pathway has traditionally been measured in the 

medium by using radioactively labeled endogenous glycoproteins8, or by DNA transfection of 

cells with viral glycoproteins9 or secreted alkaline phosphatase (SEAP)10. Visualization of the 

movement of proteins in the secretory pathway has been achieved using the thermoreversible 

folding mutant ts045 vesicular stomatitis virus G protein (VSVG) fused to enhanced green 

fluorescent protein (GFP)11. 

  

 Blocking or decrease of processing in the secretory pathway is a hallmark of ER stress5. 

Many biological markers have been used to monitor ER stress in culture and/or in mice 

including: upregulation of mRNA or protein for the ER molecular chaperone, BiP12; PCR-based 

assays that detect stress induced mRNA splicing of the XBP-1 transcription factor13; and 

phosphorylation of PERK, eIF2alpha, ATF-4 and CHOP14. Other assays to monitor ER stress 

include: placement of a reporter, such as LacZ15, GFP16 or luciferase12 under the control of an 

ER stress response element (ERSE); spliced activation of an XBP-1-venus fusion protein16; and 

changes in rates of SEAP secretion17.  
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 In this study, we describe a simple, highly sensitive assay for monitoring both the 

secretory pathway and ER stress in living cells based on expression of the naturally secreted 

Gluc in mammalian cells18 and monitoring release of luciferase activity in real-time. Parameters 

of Gluc secretion were monitored in cultured cells including linearity of release with time and cell 

number and response to drugs that either interfere with the secretory pathway or induce ER 

stress. Expression of Gluc in mammalian cells did not itself elicit an ER stress response, but 

induction of ER stress led to a decrease in Gluc secretion which was inversely related to an 

increase in XBP-1 message splicing and levels of phosphorylated eIF2alpha and BiP, known 

ER stress indicators. Also, a fusion protein including Gluc and yellow fluorescence protein (YFP) 

allowed visualization of the secretory pathway within cells, as well as serving as a means of 

monitoring secretion of luciferase activity. The Gluc assay proved to be over 20,000-fold more 

sensitive in monitoring the secretory pathway in mammalian cells as compared to the SEAP 

assay in a range covering over 5 orders of magnitude with respect to cell number.  
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RESULTS 

Gluc as a reporter in mammalian cells 

A lentivirus vector was generated carrying the expression cassette for humanized Gluc18 and 

the blue fluorescent protein, cerulean19 separated by an internal ribosomal entry site (IRES) 

(Fig. 1A) and used to deliver Gluc and cerulean to >95% of human fibroblasts (293T cells) in 

culture by infection (Fig. 1B). In order to assess the level of secreted Gluc with respect to the 

intracellular level, 293T cells were infected with this lentivirus vector and 24 hrs later, Gluc 

activity was assayed in viable cells, the conditioned medium, or both. We observed that >95% 

of the expressed Gluc is secreted and thus assaying a combination of both intracellular and 

secreted levels corresponds mostly to the secreted level (Fig. 1C). 

 

 
Figure 1. Gluc as a reporter in mammalian cells. (A) Schematic representation of the expression cassettes for Gluc-

IRES-CFP cloned in the CSCW lentivirus vector. (B) High infection rate of cells with lentivirus vectors (M.O.I. = 30) as 

monitored by cerulean fluorescence. Scale bar, 100 µm. (C) Levels of Gluc activity in cells vs. medium vs. 

cells+medium. 293T cells were infected with the lentivirus vector carrying the expression cassette for Gluc-IRES-CFP 

and 20,000 cells were plated in wells of a 96-well plate. 48 hrs post-infection, new medium was added to the wells 

and Gluc activity was measured 24 hrs later in conditioned medium, viable washed cells or cells+conditioned medium 

after adding 2.5 µM coelenterazine. 

 

Linearity and sensitivity of Gluc assay 

In order to assess the linearity of Gluc with respect to time, 293T cells were infected with the 

lentivirus vector carrying the expression cassette for Gluc. Forty-eight hrs post-infection, fresh 
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medium was added and the level of secreted Gluc was assayed overtime by taking an aliquot of 

the conditioned medium adding coelenterazine, and measuring photon counts using a 

luminometer. The secreted bioluminescent signal of Gluc from cells into the conditioned medium 

was linear with respect to time over 72 hrs postinfection (Fig. 2A). 

 

  To compare the linearity of Gluc reporter with respect to cell number and its sensitivity 

compared to SEAP, a well established assay for monitoring the secretory pathway and ER 

stress10,17,20, 293T cells were co-transfected with a plasmid carrying the expression cassette for 

firefly luciferase (Fluc; for normalization of transfection efficiency) and a plasmid carrying the 

expression cassette for either Gluc or SEAP. Different numbers of transfected cells ranging from 

a single cell to one hundred thousand cells were then plated in 96 well plates. Twenty-four hrs 

later, luminescent activity of Gluc (measured using coelenterazine) and SEAP (CSPD substrate) 

was measured in the cell-free conditioned medium, normalizing to the number of transfected 

cells by Fluc activity (D-luciferin) in cells. Under parallel assay conditions, as low as a single cell 

could be detected with a signal-to-background ratio (S/B) of 40 with the Gluc assay whereas 

20,000 cells were required to get a similar S/B with the SEAP assay (Fig. 2B).  

 

 
 

Figure 2. Linearity and sensitivity of the Gluc assay. (A) 293T cells were infected with the lentivirus vector carrying 

the expression cassette for GlucIRES-CFP and 20,000 cells were plated in wells of 96-well plate. Gluc activity was 

monitored over time in 10 µL of conditioned medium after addition of 20 µM coelenterazine. The release of Gluc to 

the conditioned medium is linear with time. (B) 293T cells were co-transfected with pHGC-Fluc and either pHGC-Gluc 

or pSEAP expression plasmids. Gluc and SEAP activities were assayed in conditioned medium 24 hrs later. The 

signal over background ratio (S/B) values, normalized to the intracellular levels of Fluc, are plotted against the 

number of cells. The Gluc assay can detect a single cell with S/B of 40 whereas the SEAP assay requires 20,000 

cells to get similar S/B under similar assay conditions. The mean ± S.E.M. is presented on the graphs (n = 3).  
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Gaussia luciferase as a reporter for monitoring the secretory pathway 

To determine whether Gluc is released via the conventional cell secretory pathway, i.e. rough 

ER, Golgi and vesicles, we inhibited secretory transport at different steps. 293T cells were 

treated with the following drugs: brefeldinA (BFA) which inhibits anterograde ER export to the 

Golgi, but allows retrograde Golgi-ER transport, resulting in a fusion of the ER and the Golgi 

and blocking of secretion21; monensin A which blocks transport within the Golgi22; nocodazole 

which causes microtubule depolymerization leading to blocking of microtubule-dependent 

translocation of vesicles between the ER and the Golgi23; and cytochalasin B which disrupts the 

actin cytoskeleton and thereby blocks membrane transport along actin filaments24. Treating cells 

with these drugs resulted in significant inhibition of Gluc secretion into the conditioned medium 

with about 90% decrease with BFA, 65% with monensin A, 75% with nocodazole, and 30% with 

cytochalasin B at the concentration used over 24 hrs (Fig. 3A). To investigate the location of 

Gluc within cells with and without treatment with BFA, HF8 human fibroblast cells expressing 

Gluc and the same cells treated with BFA were fixed with paraformaldehyde and co-stained with 

antibodies against Gluc and PDI, an ER marker. In both cases Gluc co-localized with PDI in the 

ER (Fig. 3B). 

 

Figure 3. Gluc as a reporter 

to monitor secretory pathway. 

293T cells were infected with 

the lentivirus vector 

expressing Gluc and were 

plated in wells of 96-well 

plate. Cells were treated for 

24 hrs with different drugs 

which interfere with the 

secretory pathway. (A) Cell-

free conditioned media were 

assayed for Gluc activity 

which showed that Gluc 

secretion is decreased upon 

blocking the secretory 

pathway. *p≤0.01 as predicted 

by student T-test. (B) 

Immunocytochemistry on cells 

expressing Gluc with and without treatment with BFA showing that Gluc (cy3, red) co-localizes with the ER marker 

PDI (Alexa488, green). Scale bar, 10 µm.  
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Gluc-YFP fusion to quantitate and visualize secretory pathway in real-time 

In order to visualize movement of Gluc fate through the secretory pathway in real-time, we 

created a fusion protein with Gluc at the N-terminus and YFP at the C-terminus (Fig. 4A). HF8 

cells were infected with a lentivirus vector carrying the expression cassette for Gluc-YFP and 48 

hrs later lysates were analyzed by western blotting with anti-Gluc antibody revealing a band at 

47 kDa, the predicted size for the fusion protein (Fig. 4B). This same band was also detected 

with an antibody against GFP (data not shown). Further, when the same cells were treated with 

BFA and nocodazole, secretion of Gluc-YFP luciferase activity was blocked to the same extent 

as for Gluc (Fig. 4C) and the fusion protein was also trapped in the ER upon BFA treatment as 

visualized by real-time confocal microscopy on live cells (Fig. 4D).  

                  
Figure 4. Gluc-YFP fusion to visualize secretory pathway in real-time. (A) Schematic representation of the Gluc-YFP 

fusion cloned in the lentivirus vector. (B) Uninfected 293T cells or cells infected with a lentivirus vector expressing 

Gluc-YFP fusion were lysed and analyzed by western blotting with anti-Gluc antibody. (C) Cells expressing Gluc-YFP 

fusion were treated with BFA or nocodazole and their conditioned medium were assayed for Gluc activity 24 hrs later. 

*p≤0.01 as predicted by student T-test. (D) Fluorescence microscopy of a single live cell expressing Gluc-YFP and 

either untreated or treated with BFA showing that this fusion is trapped in the ER upon BFA treatment. Scale bar, 10 

µm.  
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Gaussia luciferase for monitoring of ER stress in real-time 

 Splicing of the XBP-1 mRNA to sXBP1, expression of BiP protein and phosphorylated 

eIF2alpha are generally used as biomarkers for ER stress5,7. In the assay developed here, 

infection of cells with the lentivirus vector and expression of the Gluc reporter did not induce ER 

stress in and of itself as evaluated by XBP-1 message splicing (Fig 5A), BiP levels and 

phosphorylated eIF2alpha (Fig. 5B), nor did it effect cell viability as assessed by tetrazolium 

salt, WST-1 cell proliferation assay (Roche Diagnostics GmbH, Mannheim, Germany) evaluated 

48 hrs after infection of >95% of cells (data not shown).  In order to investigate whether changes 

in Gluc secretion could be used as a marker for ER stress, 293T cells expressing Gluc were 

treated with different concentration of dithiothreitol (DTT; 0.03 – 4 mM) which induces ER 

stress25. Then three assays were carried out in parallel: 1) the cellular RNA was subjected to 

qRT-PCR for sXBP-1 (4 hrs exposure to DTT); 2) the cell lysates were resolved on SDS-PAGE 

followed by western blotting for BiP, phosphorylated eIF2alpha, Gluc and alpha-tubulin (24 hrs); 

and 3) the conditioned medium was assayed for Gluc activity (4 hrs). Increasing the 

concentration of DTT increased the extent of XBP-1 mRNA splicing (Fig. 5a) and the amount of 

BiP (Fig. 5b) and phosphorylated eIF2alpha in a dose-dependent manner, with both being 

inversely correlated with a decrease in secretion of Gluc (Fig. 5c). Further, real-time monitoring 

of Gluc secretion in the conditioned medium upon 1 mM DTT treatment showed a complete 

inhibition of secretion for the first 3 hrs which started to recover after 4 hrs, and returned to 

normal level after 24 hrs (Fig. 5d).  To corroborate these results with a different ER-stress 

inducer, similar experiments were performed in which cells were incubated with different 

concentration of thapsigargin (0 – 3 M)25. As expected, increasing concentration of this drug 

decreased the secretion of luciferase in a similar way to DTT treatment and correlated with an 

increase in BiP expression (Fig. 5e & f). When tunicamycin (3 g/ml) was used to induce ER 

stress25, similar results were obtained with a 9-fold increase in spliced XBP-1 message and over 

90% decrease in Gluc secretion (data not shown). These findings show that the Gluc reporter is 

a sensitive marker in elucidating ER stress in mammalian cells in real-time.  
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Figure 5. Monitoring of ER stress with Gluc. 293T cells expressing Gluc were subjected to no or different 

concentrations of DTT (A-D) or thapsigargin (E-F) to induce ER stress. (A) Real-time RT-PCR for spliced XBP-1 

mRNA which increased in response to > 1 mM DTT 4 hrs after treatment. Fold induction is calculated with respect to 

the control non-infected/non-treated cells. (B & F) Western blot analysis showing upregulation of BiP and/or 

phosphorylated eIF2 alpha levels in response to ER stress 24 hrs after treatment. Blot is also probed with Gluc 

antibody as well as alpha-tubulin antibody for equal loading. (C & E) Conditioned medium assayed for Gluc activity 4 

hrs after DTT or thapsigargin treatment showing that Gluc secretion is decreased in response to ER stress. (D) 

Untreated or treated cells with 1 mM DTT were monitored overtime for the level of Gluc secretion by assaying an 

aliquot of the conditioned medium for Gluc bioluminescence. The mean  S.E.M. is presented on the graphs (n=3), 

with *p<0.01 as compared to the non-treated cells and as calculated by the student’s t-Test.  

 

 

 

 

E 
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DISCUSSION 

 

The facility of Gluc in reporting on the secretory pathway in mammalian cells by assaying their 

conditioned medium makes it a useful tool in monitoring processing of proteins and detecting 

ER stress. The Gluc assay described here is highly sensitive, quantitative and linearly related 

with respect to cell number in a range covering over five orders of magnitudes. 

 Use of Gluc has clear advantages as compared to other systems used to measure the 

secretory pathway and ER stress. The SEAP assay generally used to monitor ER stress10,17,20 is 

also quantitative, but it is much less sensitive than the Gluc assay, is more time consuming to 

measure levels of activity, and requires sample dilution and different incubation times at 

different temperature before processing. 

 Further, unlike the SEAP assay, the Gluc-YFP version of this reporter system allows the 

visualization of the secretory pathway in cells.  A well established assay for visualizing ER to 

Golgi transport is a fusion between VSVG and GFP by switching the temperature from 40 oC at 

which the fusion is retained in the ER to 32 0C at which the fusion is transported from the ER to 

the Golgi11. This reporter has the advantage that its passage through the secretory pathway can 

be arrested by a temperature shift and viewed at the intracellular level, but it does not allow 

quantitative assessment of secretion. In contrast, Gluc-YFP allows visualization and quantitation 

but cannot be arrested in passage by a temperature shift, although it can be with drugs that 

block the secretory pathway. 

 Recently, another naturally secreted luciferase from the marine copepod Metridia longa 

has been characterized26 and used as a marker for protein processing and ER stress. However, 

Metridia luciferase was shown to be less sensitive than the SEAP assay17,20 and the SEAP 

assay is much less sensitive (over 20,000-fold) than the Gluc assay described here. The 

naturally secreted Gluc reporter provides a facile, sensitive assay for monitoring the secretory 

pathway and ER stress and the expression cassette for it can be delivered to cells by either 

transfection or infection, with the latter expanding the number of cell types that can be tested 

and allowing for stable expression in progeny cells.  Further, this assay is compatible with high 

throughput drug screening since all that is required for measurement is coelenterazine, its 

substrate, and a plate luminometer which measures its reaction in few seconds and there is no 

need to remove the conditioned medium (since >95% of Gluc is secreted) if one prefers to 

assay in the same well where cells are plated and not overtime. 

 The Gluc secretion assay provides a highly sensitive, facile way to monitor processing of 

proteins through the secretory pathway. Thus it can be used to dissect out components of this 
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pathway, for example in elucidating the action of mutant  torsinA  responsible for early onset 

torsion dystonia in interfering with protein secretion27 and in monitoring ER stress, which is 

implicated in a number of diseases, for example diabetes and neurodegeneration7.  This assay 

will provide a means to identify drugs which can counteract the effects of mutant proteins using 

high throughput screens, and has the potential to monitor effects of these drugs on ER stress in 

vivo.  
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MATERIALS AND METHODS 

 

Cell culture. 293T human embryonic kidney fibroblasts were obtained from Dr. David Baltimore, Massachusetts 

Institute of Technology, Cambridge, MA, USA28. HF8 human fibroblast cells from a normal donor were generated in 

our laboratory29. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum (Sigma, St. Louis, MO), 100 U penicillin, and 0.1 mg streptomycin (Sigma) per milliliter, at 37°C in a  

5% CO2 humidified incubator. 

 

Lentiviral construct. CSCGW is a self-inactivating lentiviral vector which has a CMV immediate early promoter 

controlling transgene and the GFP cDNA separated by an IRES element30. The cDNA encoding hGluc18 and the 

optimized blue fluorescent protein, cerulean (CFP, from Dr. David Piston, Vanderbilt Univ. Med. Ctr., TN)19 were 

amplified by PCR. Gluc was cloned directly downstream of the CMV promoter and the CFP was cloned in place of 

the GFP cDNA generating pCSCW-Gluc-IRES-CFP lentivirus vector construct (Fig. 1a). The Gluc-YFP fusion was 

generated by placing the YFP cDNA (Clontech) in-frame directly downstream of the coding sequences of Gluc cDNA 

lacking the stop codon.  This fusion was cloned in the previous vector in place of Gluc-IRES-CFP generating CSCW-

Gluc-YFP (Fig. 1b). Lentivirus vectors were prepared as described30.  In brief, 293T cells were co-transfected with 

the pCSCW-Gluc-IRES-CFP or pCSCW-Gluc-YFP plasmids, the lentivirus packaging genome CMVR8.91 (from Dr. 

Didier Trono, Univ. Geneva, Switzerland) and envelope coding plasmid (pVSV-G; provided by Dr. Miguel Sena-

Esteves, MGH)30. After 72 hrs, lentivirus vector supernatant was harvested, concentrated by ultracentrifugation and 

titered as transducing units (t.u.)/ml on 293T cells in the presence of 10 g/mL polybrene (Sigma) by counting the 

CFP or YFP positive cells 48 hrs post-infection. A typical titer is around 108 t.u./ml. 

 

Sensitivity of Gluc versus SEAP. 293T cells were plated in 60 mm dishes (5 x 105 cells/dish) and co-transfected 

with a plasmid encoding Fluc under control of CMV promoter (pHGC-Fluc)18 and either a plasmid encoding Gluc 

(pHGC-hGluc)18 under the control of CMV promoter or a plasmid encoding secreted alkaline phosphatase (pSEAP2-

control vector, Clontech) under control of SV40 early promoter using Lipofectamine (Invitrogen, Carlsbad, CA). 

Twenty-four hrs after transfection, cells were harvested, washed with PBS and different numbers of cells were plated 

in a well of 96 well plate.  Twenty-four hrs later, cell-free conditioned medium were assayed for either Gluc or SEAP.  

Transfection efficiency was normalized to the level of Fluc activity in viable cells. 

 

Luciferase activity.  Gluc activity was measured by adding 20 µM coelenterazine (Prolume Ltd./Nanolight, Pinetop, 

AZ) to an aliquot of the cell-free conditioned medium and measured for 10 sec using a luminometer (Dynex, Richfield, 

MN). For Fluc detection, 450 µM Beetle D-luciferin (Molecular Imaging Products, Ann Arbor, MI) was added directly to 

the viable cells, in a 96 well plate and measured as above. The signal was measured for 10 sec and integrated over 2 

sec in both cases. 

 

Secreted alkaline phosphatase (SEAP) assay. An aliquot of the conditioned cell-free medium was used to monitor 

the SEAP activity using the Great EscAPe SEAP kit (Clontech). Briefly, 15 µL cell free medium was mixed with 45 µL 

of 1x dilution buffer and incubated at 65°C for 30 min. Samples were cooled down to room temperature and mixed 

with 60 µL assay buffer, incubated for 5 min at room temperature before adding 60 µL of chemiluminescent enhancer 

containing 1.25 mM CSPD substrate (3-(4-methoxyspiro{1,2-dioxetane-3,2'-(5'-chloro)-tricyclo[3.3.1.1.3,7]-decan}-4-
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yl) phenyl phosphate). After 15 min of incubation at room temperature, chemiluminescence was measured using a 

luminometer. 

  

ER stress: total RNA isolation, reverse transcription and real-time qPCR. 293T cells were plated at 1 x 106 

cells/mL in a 12-well plate. Cells were treated with different concentrations of DTT (Sigma) or thapsigargin (Sigma) 

for 4 hrs. Total RNA was isolated using the RNeasy mini kit (Quiagen, Valencia, CA) and concentration was 

determined by measuring the OD260 using a spectrophotometer (Bio-Rad, Hercules, CA). Reverse transcription was 

performed on 200 ng RNA (in 10 l) at 37 oC for 60 min using an Omniscript reverse transcription kit (Quiagen). Two 

μL of each cDNA sample were used for real-time PCR. Biological triplicates were measured twice. The following 

primers were used: Forward 5'-GGTCTGCTGAGTCCGCAGCAGG-3' and Reverse 5'-GGGCTTGGTATATATGTGG-

3'. These primers were designed to span a 26 bp intron in the unspliced XBP1 mRNA13. For normalization, we used 

human GAPDH primers: Forward 5’-TGGAAAGCTGTGGCGTGATGGCCG-3’ and Reverse 5’-

CACCCAGAAGACTGTGGATGGCCCCT-3’. Real-time PCR was performed in an ABI PRISM 7000 Sequence 

Detection System Thermal Cycler (Applied Biosystems, Foster City, CA) in a total volume of 30 μL, using the SYBR 

green PCR master mix (Applied Biosystems) with 10 pMoles of the primers set. The fold increase was calculated 

based on Ct values of treated cells relative to control non-infected and non-treated cells normalized to the values for 

GAPDH endogenous control.  

 

For real-time monitoring of ER-stress with Gluc, 293T cells infected with lentivirus vector carrying the expression 

cassette for Gluc. Forty-eight hrs later, cells were treated with different concentration of DTT and aliquots of the 

conditioned medium were assayed for Gluc activity 4 hrs later or at different time points as above. 

 

Western blot.  Twenty four hrs after DTT or thapsigargin treatment, total cell lysates were prepared in lysis buffer 

containing 150 mM NaCl, 50 mM TRIS, pH 8.0, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, and protease inhibitors 

(PI Complete; Boehringer Mannheim, Indianapolis, IN). Forty μg protein were electrophoresed in 12.5% SDS-

polyacrylamide gels, and transferred to nitrocellulose membranes (Bio-Rad). Membranes were blocked overnight in 

10% non-fat milk powder in TBST (150 mm NaCl, 50 mm TRIS, pH 7.9, 0.5% TWEEN) and probed with antibodies 

against Gluc (1:500, prepared by the Neuroscience Center Monoclonal Antibody Production Core at Mass. General 

Hospital), BiP (1:200; Stressgene, College, PA), phosphorylated eIF2alpha (1:1000 ; Cell signaling, Danvers, MA) or 

-tubulin (Sigma) diluted in TBST. Membranes were then incubated with horseradish peroxidase (HRP) conjugated to 

secondary antibodies: sheep anti-mouse IgG-HRP or donkey anti-rabbit IgG-HRP (1:10,000; Amersham Pharmacia 

Biotech, Piscataway, NJ). For protein detection we used SuperSignal West Pico Chemiluminescent Substrate 

(Pierce, Rockford, IL).  

 

Blocking of secretory pathway. 293T cells were infected with the lentivirus vector expressing Gluc. Forty-eight hrs 

post-infection, cells were treated with either 5 g/ml BFA, 3 g/ml monensin A (MonA), 10 g/ml nocodazole (Noc) or 

5 g/ml cytochalasin B (CytB) all obtained from Sigma. Twenty-four hrs later, the Gluc activity was measured in the 

conditioned medium as above.  
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Immunocytochemistry. HF8 human fibroblast cells were plated on coverslips (100 cells/coverslip) and control or 

BFA treated cells (for 24 hrs) were extracted with digitonin. Cells were then fixed with 4% paraformaldehyde in PBS 

for 10 min at room temperature, washed with PBS and incubated with 0.1% NP-40 in PBS for 10 min.  Blocking was 

performed using 10% goat serum (Vector Laboratories, Burlingame, CA) in PBS for 1 hrs. Cells were incubated with 

monoclonal mouse anti-Gluc antibody (1:100) and PDI (Stressgene, 1:600), for 1 hrs at 37oC. For fluorescence 

detection we used secondary antibodies, conjugated to Cy3 affiniPure donkey anti-mouse (1:1000; Jackson Immuno 

Labs, West Grove, PA) or Alexa 488 goat anti-rabbit (1:2000; Invitrogen-Molecular Probes, Carlsbad, CA). Coverslips 

were mounted onto slides using gelvatol mounting medium containing 15 g/ml anti-fade agent 1,4-

diazabicyclo(2.2.2)-octane (Sigma). Images were captured using an inverted fluorescent microscope (Nikon TE 200-

U) coupled to a digital camera. 
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Luciferases are widely used to monitor various biological processes. Here, we describe the 

naturally secreted Gaussia luciferase as a highly sensitive reporter for quantitative assessment 

of cells in vivo by measuring its levels in blood. The Gluc blood assay complements in vivo 

bioluminescence imaging which has the ability to localize the signal and provides a multifaceted 

assessment of cell viability, proliferation and location in experimental disease and therapy 

models.  

 

Luciferase-mediated bioluminescence imaging has served as a reporting tool for monitoring 

various biological processes in vitro and in vivo in different fields3, including immunology4 

oncology5, virology6, and neuroscience7. After systemic substrate injection, a charge coupled 

device (CCD) camera can be used to localize the luciferase photon signals in vivo. Recently, we 

have characterized a naturally secreted luciferase from the marine copepod Gaussia princeps 

(Gaussia luciferase, Gluc) and found it to be over 2000-fold more sensitive than firefly and 

Renilla reniformis luciferases and 20,000-fold more sensitive than the secreted alkaline 

phosphatase (SEAP) when expressed in mammalian cells8,9. Gluc expression levels can be 

easily quantified in cell-free, conditioned medium by adding its substrate coelenterazine and 

measuring emitted photons using a luminometer. Since Gluc is secreted from mammalian cells 

in culture9, we hypothesized that it might also be secreted into the blood of animals harboring 

cells expressing this reporter. 

 

In order to assess the potential of Gluc as a reporter to monitor biological processes by 

measuring its level in the blood of small animals, we transduced Gli36 human glioma cells with 

a lentivirus vector encoding Gluc (Gli36-Gluc) and implanted them in different numbers into the 

flanks of nude mice. We visualized the tumors 3 days post-implantation by in vivo 

bioluminescence imaging after intravenous (i.v.) injection of the Gluc substrate, coelenterazine 

(4 mg/kg body weight) and acquiring photon counts using a CCD camera (Fig. 1a). At the same 

time, we withdrew 5 l blood samples from these mice and directly aliquoted them into tubes 

containing EDTA (1 l 20 mM), after which we measured the Gluc activity by adding 

coelenterazine (100 M) and acquiring photon counts using a luminometer (Supplementary 

Methods online). The Gluc activity in the blood was linear with respect to cell number in a range 

covering over 5 orders of magnitude, and correlated well with values obtained using the CCD 

camera (Fig. 1b).  Further, Gluc activity could also be detected in the urine, albeit to a lesser 

extent than in the blood, which indicates it is cleared by the kidneys (Fig. 1b). In addition, there 

was no detrimental effect of EDTA on Gluc activity measured in blood (Supplementary Fig. 1a 
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online), and no significant differences were detected between the Gluc activity measured in 

serum or whole blood samples, showing that hemoglobin, which can interfere with luciferase 

measurement10, did not have a significant effect on Gluc activity under our assay conditions 

(Supplementary Fig. 1b online). Gluc samples could be stored at 4 ºC for several days without 

significant decay of activity, with Gluc half-life being around 6 days (Supplementary Fig. 2a 

online). Further, the half-life of Gluc in the circulation in vivo is approximately 20 min 

(Supplementary Fig. 2b online), suggesting only a minor contribution of Gluc accumulation 

over time to the total Gluc signal measured in blood samples.  

 

We next compared the Gluc blood assay to that of secreted alkaline phosphatase (SEAP), a 

well-established marker monitored in serum11. We co-infected (>90%) Gli36 cells with two 

different lentivirus vectors, one carrying the expression cassette for Gluc and cerulean 

fluorescent protein (CFP) separated by an internal ribosomal entry site (IRES) element, and the 

other a similar cassette encoding  SEAP and mCherry, both driven by the CMV promoter (Fig. 

1c). We implanted different numbers of these cells subcutaneously in the flanks of nude mice 

and assayed the Gluc activity in 5 L blood samples, as above, and SEAP activity in 5 L serum 

as described11. The Gluc blood assay was over 1000-fold more sensitive than the SEAP assay, 

being able to detect 1000 cells in vivo with signal/background (S/B) of 20, while the SEAP assay 

could only detect 500,000 cells with S/B of 10. Further the Gluc assay was linear with respect to 

cell number in a range covering over 5 orders of magnitude, while the SEAP assay fluctuated 

over 3 orders of magnitude with a plateau at around one million cells which could lead to greater 

underestimation of cell number. While the Gluc assay can be carried out with equal efficiency in 

blood or serum samples in few seconds, SEAP activity cannot be measured in blood since 

hemoglobin inhibits it. Also SEAP assay requires around 2 hrs handling prior to measurement. 

Gluc activity can be measured in urine, while at no time point was SEAP activity detected in the 

urine (data not shown). Gluc has a short half-life of 20 min in the blood allowing dynamic events 

to be monitored, whereas the half-life of SEAP is 3 h11,  leading to accumulation over time. Gluc 

can also be used to localize expressing cells in the animal by in vivo bioluminescence imaging, 

giving that sufficient cells are present at one location, while SEAP does not have this added 

advantage. 

 

To determine whether Gluc activity in the blood could be used to monitor tumor growth and 

therapy in vivo, we implanted nude mice subcutaneously with one million Gli36-Gluc cells. We 

monitored tumor growth at different time points both with a CCD camera after i.v. injection of 
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coelenterazine, or by assaying 5 l blood samples for Gluc activity using a luminometer. At day 

10 and 13 post-implantation, we injected one set of mice intra-tumorally with an oncolytic HSV 

virus [hrR3, 108 plaque-forming unit (pfu)]12 and a parallel control set with phosphate buffer 

saline (PBS). The Gluc signal in the blood from tumors treated with the oncolytic virus 

decreased dramatically, confirming its anti-tumor activity, while tumors treated with PBS 

increased logarithmically over time, with correlative changes in tumor volume in the CCD 

camera images (Fig. 1e and f).  These results indicate that the Gluc levels in the blood can 

serve as a quantitative marker for the number of tumor cells expressing it in vivo, with 

complementary localization of the signal using a CCD camera.  

 

Figure 1. Monitoring of Gluc blood 

levels with subcutaneous tumor 

model. (a) Different numbers of 

Gli36-Gluc cells were implanted 

subcutaneously in mice (n =  4) and 

imaged with a CCD camera three 

days later. (b) Total relative light units 

(RLU) per second was calculated for 

tumors in (a) (red line). Gluc activity 

was measured in blood (blue line) or 

urine (green) using the luminometer. 

Results are presented as mean  SD 

with p<0.001 as calculated by student 

T-test. (c and d) Different numbers of 

Gli36 cells expressing both Gluc-CFP 

and SEAP-mCherry (c) were 

implanted subcutaneously in mice and 

Gluc (in blood) or SEAP (in serum) 

activity was assayed 2 days later (d). 

Results are showing as mean  SD 

with p<0.001. Bar, 100 m. (e and f) 

Mice were implanted with 1x106 

Gli36-Gluc cells subcutaneously and 

tumor growth was monitored by both 

in vivo bioluminescence imaging (e) 

and the Gluc blood assay (f). At day 

10 and 13 post-implantation, one set 

of mice was injected intra-tumorally (arrows) with an oncolytic HSV vector (108 pfu; red line) and another set with 

PBS (blue line) (n=3/group). The results shown are from one representative mouse from each group. 
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In order to evaluate the usefulness of the Gluc blood assay to monitor tumor growth in deep 

tissues, we stereotactically injected one hundred thousand Gli36-Gluc cells into the brains of 

nude mice and monitored tumor volume over time using the CCD camera (Fig. 2a). At the same 

time, we measured the levels of Gluc activity in the blood which showed increasing signal over 

time, indicating that Gluc is able to pass out through the brain tumor-barrier (BTB), allowing the 

easy monitoring of tumor growth in the brain from peripheral blood samples (Fig. 2b). The BTB 

is more permeable, however, than the blood brain-barrier, so Gluc exit from normal brain into 

the circulation might be more restricted. 

 

To determine the usefulness of the Gluc blood assay to monitor gene transfer in vivo, we 

implanted Gli36 tumors subcutaneously in nude mice and injected them with either a lentivirus 

vector carrying the expression cassette for Gluc and CFP or with PBS. A clear increase in the 

Gluc blood values was observed after viral transduction, indicating that stable gene transfer had 

occurred with inheritance to daughter cells (Fig. 2c). The Gluc signal was localized to the tumor 

by in vivo bioluminescence imaging and gene transfer was confirmed by analysis of tumor 

sections for CFP fluorescence (Fig. 2d). These results show that the Gluc blood assay can also 

be used to monitor gene transfer and proliferative fate of transduced tumor cells and thus serve 

as an index of gene therapy. This type of analysis could be extended for quantitative 

assessment of replication of virus vectors with applications in virology and vaccination. 

 

In order to evaluate whether the Gluc blood assay could be used to monitor circulating cells in 

vivo, we injected nude mice systemically (i.v.) with one million  C17.2 neuronal precursor cells 

(NPCs) expressing Gluc and CFP (Fig 2e) and monitored Gluc activity in 20 µl blood over time. 

Mice injected with NPC-Gluc cells showed an initial high Gluc value which decreased after 3 

days, indicating that a significant number of the NPCs survived the injection procedure. By four 

days post-injection the level of Gluc stabilized, indicating that the surviving cells were 

maintained but did not proliferate (Fig. 2f). We were not able to localize a Gluc signal by CCD 

camera imaging anywhere in the body, suggesting that the NPC cells did not concentrate in any 

one tissue (Fig. 2e). These results show that the Gluc blood assay can be used to monitor 

circulating cell viability in vivo and, as such, could be extended to monitor stem cell 

transplantation.  
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Figure 2. Gluc reporter in the blood as a useful tool to monitor in vivo processes. (a and b) 1x105 Gli36-Gluc 

cells were implanted in the brains of nude mice (n=3/group) and tumor growth was monitored by in vivo 

bioluminescence imaging (a) or by measuring Gluc activity using the luminometer (b). (c and d) 1x106 Gli36 cells 

were implanted subcutaneously and tumors were either injected with LV-Gluc-CFP or PBS, 3 days later. Viral delivery 

was monitored over time by measuring Gluc activity in blood samples (c), by in vivo bioluminescence imaging using 

the CCD camera (d, upper panel) and by monitoring CFP expression in tumor sections (d, lower panel). (e and f) 

One millions C17.2 NPCs expressing Gluc and CFP (e, upper panel) or PBS were injected i.v. in nude mice. Gluc 

activity was monitored over time using the CCD camera (e, lower panel) and in blood samples using the luminometer 

(f). Data shown are from a representative mouse from each set. Scale bar, 100 m. 
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Here, we describe a novel use for the Gaussia luciferase (Gluc) reporter as a tool for 

quantitative assessment of different biological processes in small animals by measuring its level 

in the blood. The Gluc blood assay was shown to be useful in monitoring tumor growth and 

therapy, gene transduction as well as circulating cell survival and can be readily extended to 

many other applications involving luciferase-mediated bioluminescence. The Gluc blood assay 

provides a sensitive and quantitative assessment of numbers of transduced cells in vivo, 

complementing in vivo bioluminescence imaging which has the unique ability to localize the 

signal, and thereby greatly facilitating non-invasive monitoring of numerous biological 

processes. 
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SUPPLEMENTARY MATERIAL 

 
Supplementary Methods 

 

Expression vectors.  The Gaussia luciferase cDNA, codon optimized for mammalian gene expression, was cloned 

into a lentivirus vector under the control of the strong constitutive cytomegalovirus (CMV) promoter to produce LV-

Gluc. In two other vectors, cDNAs for Gluc and the optimized cyan fluorescent protein (from Dr. David Piston, 

Vanderbilt Univ. Med. Ctr., TN) separated by IRES (LV-Gluc-CFP) or for SEAP (Clontech) and mCherry (from Dr. 

Roger Tsien, UCSD, CA) also separated by IRES (LV-SEAP-mCherry) were cloned under the CMV promoter. 

Lentivirus vector stocks were produced by triple transfection of 293T cells (provided by Dr. Michele Calos, Stanford 

Univ. Sch. Med.) with the lentivirus vector plasmid, the packaging genome plasmid, pCMVR8.91, and the plasmid, 

pVSV-G (Clontech) encoding the vesicular stomatitis virus envelope glycoprotein. 

 

Cells.  Gli36 cells (obtained from Dr. Anthony Campagnoni, UCLA, CA) were infected with 20 transducing units 

(TU)/cell of LV-Gluc to produce Gli36-Gluc. The C17.2 cell line is a v-myc immortalized mouse neuroprogenitor cell 

line (NPC; obtained from Dr. Evan Snyder, Burnham Institute, La Jolla CA). C17.2 cells were transduced with 20 

tu/cell of LV-Gluc-CFP in order to produce NPC-Gluc-CFP cells. 

  

Tumor models.  All animal studies were approved by the Massachusetts General Hospital Review Board. For 

experimental brain tumors, nude mice were anesthetized with i.p. injection of ketamine (100 mg/kg) and xylazine (5 

mg/kg) and then mounted on a stereotaxic frame using a specially made mould to orient the head. The skin was 

cleaned by scrubbing with 70% ethanol pads, followed by scrubbing with betadine pads. The skull was exposed by a 

small incision. A small burr hole (<0.5 mm) was made using a high-speed drill at the appropriate stereotaxic 

coordinates for injection into the frontal lobe of the brain. Two μl containing 1x105 Gli36-Gluc cells was injected into 

the brain (2.5 mm lateral and 0.5 mm caudal to bregma; depth 3 mm from dura) with a 33 gauge Hamilton syringe. 

After closing the scalp the mice were placed on a warming pad and returned to cages after full recovery. For 

subcutaneous tumors, mice were anesthetized as above and different number of Gli36-Gluc or Gli36 expressing both 

Gluc and SEAP in 80 l were pre-mixed with an equal volume of matrigel (BD Bioscience) and implanted in the flanks 

of nude mice. 

 

Gluc blood assay.  Blood samples were withdrawn by making a small incision in the tail of awake mice or by retro-

ocular withdrawal from anesthetized mice. Typically, 5 l blood was added to 1 l 20 mM EDTA and Gluc activity was 

measured using a plate luminometer (EG & G Berthold Microlumat) which was set to inject 100 μl 100 μM 

coelenterazine in DMEM (Nanolight) and to acquire photon counts for 10 sec.  

 

In vivo bioluminescence imaging.  Mice were anesthetized as above and Gluc imaging was performed immediately 

after i.v. injection of 150 l coelenterazine (4 mg/kg body weight) and recording photon counts over 5 min using a 

cooled CCD camera with no illumination9. A light image of the animal was taken in the chamber using dim 

polychromatic illumination. Following data acquisition, post-processing and visualization was performed using CMIR-

Image, a program developed by the Center for Molecular Imaging Research using image display and analysis suite 

developed in IDL (Research Systems Inc., Boulder, CO). Regions of interest were defined using an automatic 

intensity contour procedure to identify bioluminescence signals with intensities significantly greater than the 
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background. The mean, standard deviation, and sum of the photon counts in these regions were calculated as a 

measurement of Gluc activity. For visualization purposes, bioluminescence images were fused with the 

corresponding white light surface images in a transparent pseudocolor overlay, permitting correlation of areas of 

bioluminescent activity with anatomy.  

 

Tissue Sectioning.  Animals were sacrificed by transcardial perfusion with 4% paraformaldehyde in PBS under deep 

anesthesia. Tumors were removed, postfixed in paraformaldehyde and formalin/sucrose, frozen and sectioned into 7 

m sections. Sections were mounted on slides and evaluated for CFP expression using fluorescence microscopy. 

 

 

Supplementary figures 

 

 

Supplementary Figure 1 Gluc blood assay. (a) Twenty l conditioned medium from Gli36-Gluc cells in culture were 

mixed with 2 l of either H2O or 50 mM EDTA and assayed for Gluc activity after adding coelenterazine (100 M) and 

acquiring photon counts using a luminometer. EDTA did not show any detrimental effects on Gluc activity. (b) Blood 

samples with EDTA from mice implanted with different amounts of Gli36-Gluc cells were either incubated at 4ºC for 

10 min or centrifuged at 2000 g for 10 min to collect the serum and analyzed for Gluc activity . No significant 

differences in Gluc activity were observed between serum and whole blood under these assay conditions.  
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Supplementary Figure 2 Half-life of Gluc in cell culture medium and blood. (a) Conditioned medium from Gli36-Gluc 

cells was incubated at 37ºC and analyzed at different time point for Gluc activity by adding coelenterazine (100 M) 

and acquiring photon counts using a luminometer. (b) 200 l of filtered conditioned medium from Gli36-Gluc cells was 

injected i.v. in mice after which the Gluc activity in 20 l blood was measured at different time points after adding 

coelenterazine (100 M) and acquiring photon counts using a luminometer. The half-life of Gluc in conditioned 

medium is about 6 days and in blood about 20 min. 
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ABSTRACT 

Bioluminescence imaging is widely used to monitor different biological processes in small 

animals. Here we describe the naturally secreted, highly sensitive Gaussia luciferase (Gluc) as 

a reporter for quantitative monitoring of biological processes in small animals by assaying its 

activity in few microliters of blood samples using a standard luminometer. The Gluc blood assay 

was shown to be a useful tool for in vivo monitoring of tumor growth and regression as well as 

monitoring the survival, growth and proliferation of circulating cells and it could be readily 

extended to other applications. The Gluc blood assay allows a convenient and quantitative 

assessment of the number of cells expressing it and should be a significant aid in the monitoring 

of biological processes in experimental animals. 
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INTRODUCTION 

Luciferase-mediated bioluminescence is widely used as a reporting tool for monitoring various 

biological processes in vitro and in vivo. Firefly1, Renilla2, and Gaussia3,4 luciferases are 

currently used as reporters for monitoring of numerous processes in different fields5, including 

immunology6 oncology7, virology8, and neuroscience9. After systemic substrate injection, a 

charge coupled device (CCD) camera can be used for the localization of the luciferase photon 

signals in vivo. In addition, the naturally secreted and non-ATP dependent Gaussia luciferase 

(Gluc) expression levels can be easily quantified in cell-free, conditioned medium by adding its 

substrate coelenterazine and measuring emitted photons using a luminometer. 

 

 Since Gaussia luciferase is naturally secreted from mammalian cells in culture4, it is 

secreted into the blood of animals harboring cells expressing this reporter enzyme. Further, 

expression levels via a constitutive promoter is proportional to cell number irrespective of 

location of cells in the body, while levels under a physiologic responsive promoter should reflect 

the physiologic state of the tissue in which the cells were located. Here, we present the protocol 

for measuring the level of the naturally secreted Gaussia luciferase in few microliters of blood as 

a quantitative index of the number of cells expressing it. The level of Gluc blood in the blood can 

be used to monitor tumor growth and response to therapy, as well as the survival and 

proliferation of circulating cells such as stem cells and T-lymphocytes in vivo. The Gluc blood 

assay allows a convenient and quantitative assessment of in vivo luciferase reporter activity and 

should be a significant aid in the monitoring of biological processes in experimental animals. 
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MATERIALS 

REAGENTS 

A Gaussia luciferase-expressing plasmid which can be obtained from Nanolight (Pinetop, Az) or 

Targeting Systems (El Cajon, CA). 

A Lentivirus vector expressing Gluc which can be obtained from Targeting Systems (El Cajon, 

CA). 

Note: It would be useful to obtain these constructs which also express a fluorescent protein 

such as GFP so one can also monitor transduction efficiency by fluorescent microscopy. 

Coelenterazine, the Gaussia luciferase substrate, can be obtained from Nanolight (Pinetop, Az) 

or Targeting Systems (El Cajon, CA). 

EDTA: 20 mM EDTA, store at RT. 

Fetal bovine serum (FBS), penicillin and streptomycin mix, Dulbecco's modified Eagle's medium 

(DMEM) and OPTIMEM, 10x phosphate buffere saline (PBS) can be obtained from Cellgro by 

Mediatech Inc. (Herndon, VA).  

Tissue culture plates, can be obtained from Fisher Scientific (Pittsburg, PA) 

 

EQUIPMENT 

DNA transduction efficiency is monitored using a confocal fluorescence microscope Zeiss LSM 

510 (Jena, Germany). Gaussia luciferase activity is measured using a luminometer (EG&G 

Berthold Microlumat).  In vivo bioluminescene imaging is carried out using a cooled coupled-

charged device (CCD) camera (Xenogen, Alamada, CA). 
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PROCEDURE 

 

1) Gluc vector preparation. If one has a viral vector system which will efficiently transduced 

the specific cell type that they are interested in, one can subclone the Gluc cDNA into this vector 

using standard cloning protocols. In general, lentivirus vectors transduce many different cell 

types with high efficiency. The Gaussia luciferase cDNA, codon optimized for mammalian gene 

expression4, and a fluorescent protein such as GFP, separated by an internal ribosomal entry 

site (IRES) elements are cloned into a lentivirus vector under the control of the strong 

constitutive cytomegalovirus (CMV) promoter to produce LV-Gluc-GFP as described3,10.  

 

2) LV-Gluc-GFP transduction of cells of interest. Plate one million cells in a 2 cm2 well and 

24 hrs later, add lentivirus vector so you have a multiplicity of infection (Mi) of 10-50 in the 

presence of 8 g/ml polybrene, After 3 h, wash the cells with PBS and add fresh culture medium 

and incubate the cells for 48 hrs. Alternatively, the cells of interest can be transfected by the 

plasmid expressing GFP using transfection reagents such as lipofectamine (Invitrogen, 

Carlsbad, CA), though less efficient and transient. Next, determine the transduction/transfection 

efficiency by analysis of the CFP expression using fluorescence microscopy. In order to 

determine the Gluc functionality, harvest 20 μl aliquots of the conditioned culture medium, and 

measure the Gluc activity using a plate luminometer (EG&G Berthold Microlumat) which was set 

to inject 100 μl 20 μM coelenterazine in DMEM (Nanolight) and to acquire photon counts for 10 

sec. If lentivirus vector was used to transduce the cells, the gene will integrate within the 

genome and therefore the cells become stably expressing the reporter, therefore, one may 

choose to grow and freeze the cells for later use. 

 

3) Measurement of Gluc activity from cells-expressing it.  Plate different amount of cells in a 

different well of a 96-well plate in triplicate.  24 hrs later, aliquot 10 l of conditioned medium into 
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a black or white plate and measure the Gluc activiy after injecting 50 l 20 M coelenterazine 

and acquire the signal for 10 sec using a luminometer.  To monitor cell growth and proliferation, 

plate one to five thousand cells in a well of 96-well plate in triplicate and the next day, start 

taking 10 l aliquots at different time points and measure the Gluc activity as above. 

Note: Coelenterazine is known to auto-oxidizes. To stabilize this substrate, it should be diluted 

in DMEM and stored at R.T in the dark for 30 min before use.  PBS with 5M NaCl could be used 

as an alternative diluent for coelenterazine to give higher light output and more stability of the 

substrate. 

 

4) In vivo injection of Gluc-expression cells. Anaesthetize the mice by i.p. injection of 

ketamine (100 mg/kg) and xylazine (5mg/kg). Inject Gluc-expressing cells or Gluc-expression 

vectors at the location of interest or systemically and measure Gluc activity in the blood at 

several time-points before and after injection (see below).  

  

5) Gluc blood monitoring.   Blood samples are withdrawn by making a small incision in the tail 

of mice (no anesthesia required) or by retro-ocular withdrawal (anesthesia required). Typically 5 

l blood is withdrawn using a p10 pipet and immediately added to 1 l 20 mM EDTA and stored 

at 4ºC until all samples are collected (up to 5 – 7 days). Gluc activity is measured using a plate 

luminometer (EG&G Berthold Microlumat) which is set to inject 100 l 100 μM coelenterazine 

(stabilized by incubated for 30 min at R.T.) in DMEM to 5 l of blood samples and to acquire 

photon counts for 10 sec. As a background control, blood from non-Gluc expressing mice is 

measured. 

 

6) CCD camera imaging of Gluc signal. Mice are anesthetized as above and i.v. injected via 

tail-vein with 150 l coelenterazine (4 mg/kg body weight, around 100 g/mouse) and photon 
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counts are acquired immediately over 1-5 min using a cooled CCD camera with no 

illuminationas described4. A light image of the animal is taken in the chamber using dim 

polychromatic illumination. Following data acquisition, post-processing and visualization is 

performed using CMIR-Image (a program developed by the Center for Molecular Imaging 

Research using image display and analysis suite developed in IDL (Research Systems Inc., 

Boulder, CO) or other programs available from the company from which the CCD camera was 

purchased. Regions of interest are defined using an automatic intensity contour procedure to 

identify bioluminescence signals with intensities significantly greater than the background. The 

mean, standard deviation, and sum of the photon counts in these regions are calculated as a 

measurement of Gluc activity. For visualization purposes, bioluminescence images are fused 

with the corresponding white light surface images in a transparent pseudocolor overlay, 

permitting correlation of areas of bioluminescent activity with anatomy.  

 

Note: Coelenterazine is not soluble in aqueous solution.  First, coelenterazine should be 

dissolved in acidified methanol (add a drop of concentration HCl to 10 ml of methanol) to a 

concentration of 5 g/l.  Immediately before injection, mix 20 l of coelenterazine with 130 l PBS 

and i.v. injected immediately.  A small precipitate/cloudy solution might form during injection 

which normally does not interfere with imaging. However, if coelenterazine in PBS was 

incubated at R.T. a larger precipitate will form which might lead to blood-clot.  Retro-ocular 

injections are normally easier to be done and one might choose to inject the substrate this way, 

rather than tail-vein injection.  If this procedure is followed, one might observe some photons 

around the eye which can be due to the way the injection was performed and this is normally 

fine. 

 

In vivo studies.  All animal studies should be performed with relevant institutional guidelines 

and regulations.  
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ANTICIPATED RESULTS 

In vitro detection of Gluc-expressing cells.  Expect A linear curve of the Gluc signal with 

respect to cell number.  Similarly, Expect a linear curve of Gluc signal with respect to time as an 

index of cell proliferation.  For typical results, see Badr et al., 2007.3. 

 

Monitoring of Gluc activity in vivo.   Expect a linear curve between different amount of 

implanted cells and the Gluc signal obtained from either the blood or the CCD camera (Fig. 1a 

& b). Also, expect an increase in the Gluc signal with respect to time (Fig. 1c). 

 

Monitoring of circulating cells.Depending on the injected cell type, the results might vary.  

Initially, you would expect a drop in the Gluc signal since some of the injected cells are going to 

die. Later, the signal would either: remains the same indicating that the injected cells are still 

viable but not proliferating (Fig. 1d); the signal would increase indicating the cells are 

proliferating; the signal would decrease to background level indicating all cells are dead. 
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Figure 1. Monitoring of Gluc activity in vivo. (a & b) Different amounts of Gli36 human glioma cells were implanted 

subcutaneously in nude mice.  Twenty four h later, Gluc activity was monitored either using the CCD camera after i.v. 

injection of coelenterazine (a) or in 10 l blood after additing of 100 M coelenterazine and acquiring photon counts 

using a luminometer (b). (c) one million Gli36 cells were implanted subcutaneously and the Gluc activity was 

monitored at different time points either using the CCD camera or the in 10 l blood as using the luminomete as in (a 

and b). (d) One millions C17.2 neuroprecursor cells expressing Gluc were injected i.v. in nude mice. Gluc activity was 

monitored over time in 20 l of blood samples using the luminometer after injection of 100 l 100 M coelenterazine.  
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ABSTRACT 

Nuclear factor kappa B (NFkB) is a transcription factor that plays a major role in many human 

disorders, including immune diseases and cancer. Monitoring of expression of this transcription 

factor should facilitate a better understanding of NFkB activation in pathological processes. We 

designed a reporter system based on NFkB responsive promoter elements driving expression of 

the secreted Gaussia luciferase (Gluc). We show that this bioluminescent reporter is a highly 

sensitive tool for non-invasive monitoring of the kinetics of NFkB activation and inhibition over 

time, both in conditioned medium of cultured cells, as well as in blood and urine of animals. 

NFkB activation was successfully monitored in real time in endothelial cells in response to tumor 

angiogenic signaling, as well as in monocytes in response to inflammation. Further, we 

demonstrated dual blood monitoring of both NFkB activation during tumor development as 

correlated to tumor formation using the NFkB Gluc reporter, as well as the secreted alkaline 

phosphatase reporter. This NFkB reporter system provides a powerful tool for monitoring NFkB 

activity in real time in vitro and in vivo. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 
97 

INTRODUCTION 

Over two decades ago, Baltimore and his colleagues described a nuclear factor that binds to 

DNA sequences in the promoter and enhancer regions of the mouse immunoglobulin (Ig) gene1. 

This transcription activation mechanism originally thought to occur exclusively in B cells soon 

turned out to be a universal transcription process with important roles in many physiological 

disorders. This transcription factor is referred to as nuclear factor kappa B (NFkB). NFkB is a 

heterodimeric protein  composed of different combinations of five members of the Rel family of 

transcription factors, including p65 (RelA), RelB, c-Rel, p50 and p52, containing a common Rel 

homology domain (RHD) within their N-terminal region2. The RHD is responsible for DNA 

binding as well as homo- and heterodimerization. Only p65, RelB and c-Rel contain a 

transcription activation domain (TAD) allowing the induction of gene expression3. The NFkB 

protein complex is usually present in the cytoplasm as homo- or heterodimers bound to the IkB 

family (mainly IkBα). Binding of IkB prevents NFkB translocation from the cytoplasm into the 

nucleus and subsequent binding of NFkB to the DNA4. A wide variety of signals such as pro-

inflammatory cytokines, growth factors, hormones, oxidative stress, viral infection, and DNA-

damaging agents5, can cause the activation of IkB kinase (IKK), which in turn phosphorylates 

the IkB causing the release of the NFkB dimers and their nuclear translocation. In the nucleus, 

the NFkB dimers bind to a kappaB site in the promoter or enhancer region of target genes 

thereby controlling gene expression. Activated NFkB can induce the transcription of many 

genes such as cytokines, growth factors, adhesion molecules and mitochondrial anti-apoptotic 

genes2.  

While the crucial role of NFkB in the immune response is well established6, cumulative 

evidence has shown that it is a key mediator in inflammation as well as in tumor development, 

progression, and neovascularization7. Constitutive NFkB activation has already been 

demonstrated in many cancer types8-10. Activation of this signalling pathway can lead to the 

transcription of many anti-apoptotic genes and the inhibition of apoptosis, causing drug 

resistance11. Further, NFkB has been shown to play an important role in tumor angiogenesis 

and invasiveness12. 

Bioluminescence imaging (BLI) has emerged as a powerful tool in biomedical research 

for monitoring of transgene expression, viral vector infection, tumor growth and metastasis, as 

well as inflammation and gene therapy13. Recently, we have established a novel assay for ex 

vivo bioluminescence measurement of in vivo processes14. By cloning the naturally secreted 

Gaussia luciferase (Gluc) under the control of the constitutively active cytomegalovirus (CMV) 

promoter, we were able to monitor different biological processes such as tumor growth and 
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response to therapy, as well as tracking of circulating cells by assessing the Gluc activity in few 

microliters of blood, urine or serum in mice14. Here, we constructed an NFkB reporter system 

comprising five tandem repeats of the NFkB transcription responsive elements (TRE; 12 bp 

each) and a TATA box driving the expression of the secreted Gluc. We showed that Gluc 

expression was induced up to 500-fold in response to NFkB activation in response to TNFα and 

was inhibited by 5-fold in response to sulfasalazine (SSZ) in a dose- and time-dependent 

manner in vitro. Further, we successfully monitored NFkB activation in real time in response to 

different stimuli including tumor angiogenesis, as well as in circulating monocytes upon 

induction of inflammatory responses. In addition, using two secreted enzyme reporters requiring 

different substrates (Gluc and the secreted alkaline phosphatase or SEAP), we established a 

dual-blood-assay system allowing the monitoring of both the NFkB activation during tumor 

development as correlated with cancer cell proliferation and tumor growth. 

 

RESULTS 

Construction of the NF-Gluc reporter  

Initially, we designed and compared various NFkB responsive promoters by cloning multiple 

tandem repeats of the NFkB TRE with different linker between each of the repeats (to reduce 

potential steric hindrance) to drive the expression of the Gluc reporter (Fig. 1a). 293T cells were 

transfected with each of these reporters and 24 h later, NFkB was activated either by ionizing 

radiation (IR)15, or TNFα16. Gluc induction levels in response to NFkB activation were assessed 

in aliquots of conditioned medium 24 h post-treatment. A significant increase in Gluc expression 

was detected after stimulation of these cells with IR for all six different constructs, with 5NFkB-0 

and 2*5NFkB giving 6-fold induction (Fig. 1a). Adding >5 tandem repeats of the TRE or different 

linkers between each repeat did not enhance the Gluc induction level and therefore we decided 

to proceed with the construct containing 5 TREs of NFkB with no spacers (5NFkB-0] in all 

subsequent studies. In order to enhance the transcriptional activity of the reporter, a TATA box 

was inserted downstream of the NFkB TRE. As expected, a >28-fold increase in Gluc induction 

was observed in response to NFkB activation upon TNFα treatment as compared to the reporter 

without the TATA box (Fig.1b). When we packaged the NF-Gluc into a lentivirus vector and 

transduced 293T cells, we noticed a high basal level of Gluc expression as compared to 

transient transfection. In order to reduce any possible NFkB-independent transactivation of Gluc 

expression, we inserted chicken β-globin insulators 17 in the U3 region of the lentivirus vector, 

thereby flanking the Gluc expression cassette upon expression.  This vector was designated as 
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NF-Gluc. The addition of the insulators showed much tighter system with a significant reduction 

of the Gluc basal level in the absence of NFkB activating stimuli (Fig. 1c; **p≤0.01).  

 

 

 

Figure 1. The NFkB-Gluc reporter 

system. (a) Schematic overview of 

the different NF-Gluc expression 

cassettes with the corresponding 

Gluc induction levels. 293T cells 

were transfected with plasmids 

carrying the expression cassette 

of Gluc under the control of 

different NFkB responsive 

elements. Cells were either not 

treated or irradiated with 5 Gy of 

IR and 24 h later, Gluc activity 

was measured in an aliquot of 

conditioned medium. (b) 293T 

cells were transduced with 

lentivirus vector encoding Gluc 

under NFkB-0 TREs with or 

without a TATA box. Cells were 

treated with TNFα (10 ng/ml) and 

Gluc activity was measured in an 

aliquot of the conditioned medium 

24 h later. (c) 293T cells were 

transduced with lentivirus vector 

expressing 5NFkB-0-Gluc with or without HS4 insulator elements. Forty-eight h later, Gluc was measured in an 

aliquot of the conditioned medium. Data  in (b-d) is presented as the average fold increase in Gluc activity ± S.D 

(n=4). **p≤0.01, student t-test.  

 

 

In vitro monitoring of NFkB activation and inhibition 

In order to confirm that the increase in Gluc expression is due to NFkB activation, 293T cells 

were transfected with plasmids expressing Gluc under either NFkB TRE, SV40 or CMV 

promoters and treated with TNFα (a renowned inducer of NFkB activity16) or PBS as a control. 

Twenty-four h later, 20 µl aliquots of conditioned medium were transferred into a 96-well plate 

and assayed for Gluc activity using the luminometer (Fig. 2a). The plate was also imaged using 
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the CCD camera (Fig. 2b). As expected, cells expressing Gluc under the control of NFkB TREs 

showed a >100-fold increase in Gluc expression in response to TNFα, indicating NFkB-

mediated transcriptional activation of the NF-Gluc reporter  (Fig. 2a & b). On the other hand, the 

SV40 promoter did not show any increase in Gluc activity in response to TNFα, while 

surprisingly the CMV promoter showed around a 2-fold increase in Gluc expression in response 

to TNFα. These results support previous reports that the CMV promoter can be induced by 

different drugs and that TNFα can further stimulate the activation of the CMV promoter via 

induction of NFkB18,19. 

To test whether the NF-Gluc reporter system could be used to monitor NFkB activation 

in response to different stimuli, 293T human embryonic kidney cells were transduced with a 

lentivirus vector expressing NF-Gluc (lenti-NF-Gluc) to stably express Gluc under the control of 

NFkB. These cells were treated with different drugs previously described to induce NFkB 

activation, the inflammatory cytokine TNFα16, the chemotherapeutic drugs etoposide and 

doxorubicin20, as well the radiomimetic drug, bleomycin sulfate21. Alternatively, cells received a 

single dose of 5 Gy of IR15. The Gluc expression was assayed 24 h post-treatment. The 

increase in Gluc expression as a measure of NFkB activation varied among the different 

treatments, with TNFα resulting in >500-fold induction (Fig. 2c). To investigate the activation of 

this reporter in different cell types, we transduced different human tumor cell lines, Gli36 glioma 

cells, HEI193 schwannoma cells and A549 lung adenocarcinoma cells, as well as 293T human 

fibroblast cells with lenti-NF-Gluc. These cells have >95% transduction efficiency with lentivirus 

vector under the conditions used22,23. These cells were treated with TNFα and the Gluc activity 

was measured in an aliquot of conditioned medium 24 h later. As expected, HEI193 human 

schwannoma cells [a benign tumor; 24-27] and 293T fibroblast cells showed the lowest basal 

levels of NFkB activity (around 500 RLU) and consequently the highest Gluc induction levels 

(>100 fold; Fig. 2d). On the other hand, Gli36 human glioma and A549 human lung carcinoma 

cells [both malignant and invasive tumor types28,29] presented with high basal NFkB activity 

(around 120,000 RLU, data not shown) and a moderate additional increase in Gluc expression 

(3-5 fold) upon TNFα treatment (Fig. 2d).  

activity, an increase was observed as early as 2 h after TNFα treatment, reaching a 

maximum at 48 h (Fig. 2f).   

To determine the usefulness of the NF-Gluc reporter in monitoring NFkB activation in a 

dose- and time-dependent manner and in real-time, 293T cells stably expressing NF-Gluc were 

treated with different concentrations of TNFα. The Gluc signal increased upon 

increasingtheTNFα dose (Fig. 2e). Notably, even the lowest concentration (75 pg/ml) resulted in 



 
101 

>50-fold induction. When conditioned medium was collected at different time points and 

assayed for Gluc 

 

 

 

Figure 2. Monitoring of NFkB activation in culture. (a & b) 293T cells were transfected with a plasmid carrying the 

expression cassette for Gluc under control of the NFkB, CMV or SV40 promoter and treated with TNFα (10 ng/ml). 24 

h later, aliquots of the conditioned medium were assayed for Gluc activity either using the luminometer (a) or the 

CCD camera (b) after the addition of coelenterazine. (c) 293T cells stably expressing NF-Gluc were subjected to 

different treatments: TNFα (20 ng/ml), etoposide (2 µM), doxorubicin (0.125 µM), bleomycin sulfate (50 µg/ml) or IR 

(5 Gy). (d) Different cells lines, Gli36, A549, HEI193 and 293T cells were transduced with lenti-NF-Gluc and treated 

with TNFα (20 ng/ml). (e) 293T cells expressing NF-Gluc were treated with different concentrations of TNFα. (f) Time 

response curve for TNFα induction. 293T cells-expressing NF-Gluc were treated with TNFα (2.5 ng/ml). In (c-f) 15 µl 

aliquots of the conditioned medium were assayed for Gluc activity 24 h post-treatment (c-e) or at different time points 

(f). Data are presented as average of fold increase in Gluc activity in treated cells as compared to untreated ± S.D 

(n=4). dox = doxorubicin, etop = etoposide, BS = bleomycin sulfate, IR = ionizing radiation.  
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Sulfasalazine (SSZ), an anti-inflammatory and immunosuppressive agent, inhibits IKKα 

and IKKβ thereby blocking NFkB activation30,31. To test whether NFkB inhibition could be 

monitored using our reporter system, cells expressing NF-Gluc were treated with 500 μM SSZ, 

a concentration reported to cause a 50% decrease in the binding of NFkB to TRE elements31. 

As expected, we observed a 2-fold decrease in Gluc basal level in response to SSZ treatment 

(Fig. 3a). SSZ also produced a decrease in NFkB induction caused by TNFα by 4-fold (Fig. 3b). 

A similar decrease in NFkB induction caused by doxorubicin was also observed (data not 

shown). We further validated the inhibition of the TNFα-mediated NFkB activation by testing 

another NFkB inhibitor, parthenolide (PTL), which blocks the IKK complex32. PTL almost 

abolished the activation of NFkB by TNFα, yielding a modest 3-fold increase in Gluc activity 

when combined with TNFα (Fig. 3b). In order to determine the kinetics of the SSZ-mediated 

inhibition, we treated cells with either SSZ, TNFα alone or a combination of both TNFα and 

SSZ. Aliquots of the cell-free conditioned medium were collected over time and assayed for 

Gluc activity. The inhibitory effect of SSZ on NFkB was sustained up to 48 h (Fig. 3c). Further, a 

dose increase of SSZ in TNFα- treated cells correlated with a decrease in Gluc activity (Fig. 

3d). In conclusion, the NF-Gluc reporter system proved to be a useful tool in monitoring both 

activation and inhibition of NFkB in real-time. 
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Figure 3. Monitoring of NFkB inhibition. 293T cells-expressing NF-Gluc were plated in 96-well plate and Gluc activity 

was assayed in an aliquot of conditioned medium 24 h post-treatment with different drugs. (a) Cells were treated with 

either PBS (control) or SSZ (500 µM). Data is presented as RLU/sec ± SD (n=4). (b) Cells were treated with TNFα (5 

ng/ml) in the presence or absence of SSZ (500 µM) or PTL (2 µM). (c) Time course for NFkB induction and inhibition 

after TNFα (20 ng/ml) and/or SSZ (500 µM) treatment. Aliquots from the conditioned medium were assayed for Gluc 

at different time points post-treatment. (d) Cells were treated with TNFα (20 ng/ml) and different doses of SSZ. In (b-

d) data presented as fold change in Gluc activity, as compared to untreated samples ± SD (n=4). *p≤0.05, student t-

test. 

 

 Next, we determined whether we could use the NF-Gluc reporter system to monitor the 

induction of NFkB in a biologically relevant system. We decided to determine the induction of 

NFkB in angiogenic endothelial cells, a well studied process33. Low passage HBMVEC-mCherry 

cells were transduced to express NF-Gluc. These cells formed a confluent monolayer and were 

viable for at least 3 passages as determined by microscopic monitoring (Fig. 4a). Upon co-

culturing of these cells on a Matrigel substratum with U87-Cerulean cells, or in EBM containing 

an angiogenic cocktail (EGM), a tubule network was visualized using fluorescence microscopy34 
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(Fig. 4a). The induction of endothelial tubules in vitro has been described to be partly mediated 

by NFkB33. In parallel to the fluorescence microscopic analysis, we analyzed the conditioned 

medium from these cells for Gluc activity. A clear induction of the NFkB-controlled Gluc signal 

was measured after stimulation of the HBMVECs with U87 glioma cells or the EGM medium 

containing a cocktail of angiogenic factors (Fig. 4b), confirming a role for NFkB in glioma 

angiogenesis in vitro. 

 
Figure 4. Analysis of NFkB activation during tumor angiogenesis in vitro. (a) HBMVEC-mCherry cells infected with 

lenti-NF-Gluc were cultured under different conditions, as a monolayer on plastic (top left), or on Matrigel-coated 

plates in basal medium only (EBM) (top right), or basal medium supplemented with a cocktail of angiogenic factors 

(EGM) (bottom right), or with U87-CFP glioma cells (bottom left) [size bar, 300 µm]. Images are obtained 24 h post-

culture  (b) Twenty-four h after culturing, Gluc activity was assayed in the conditioned medium. Data is presented as 

average of fold increase in Gluc activity as compared to control monolayer culture ± S.D (n=4). *p≤0.05, student t-

test. 

 

In vivo blood monitoring of NFkB activity 

Recently, we have shown that the level of Gluc in the blood of experimental animals bearing 

cells expressing this reporter under a constitutively active promoter can be used as a marker for 

cell viability and proliferation14. We therefore hypothesized that under the NFkB TREs, the Gluc 

expression should reflect the physiological state of NFkB activation. Hence, we used our 

reporter construct for in vivo assessment of NFkB activity by monitoring Gluc activity in the 

blood. HEI193 human schwannoma cells expressing either NF-Gluc or Fluc-mCherry as a 

control were implanted subcutaneously (s.c.) in nude mice. One week later, 10 µl aliquots of 

blood were collected and assayed for Gluc activity. In parallel, the Gluc activity in tumors was 

quantified by in vivo bioluminescence imaging using the CCD camera after intravenous (i.v.) 

injection of coelenterazine. Mice were then i.v. injected with 100 µl of TNFα (16 µg/kg body 
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weight) or PBS control and blood was collected at different time points. An increase in Gluc 

activity in the blood was observed starting at 4 h after TNFα injection and reaching a maximum 

at 16 h followed by a gradual decrease to the basal level 36 h post-treatment (Fig. 5a). In 

parallel, the mice were also imaged with the CCD camera for Gluc expression 12 h and 48 h 

after TNFα injection. An increase in Gluc expression was also detected by in vivo 

bioluminescence imaging 12 h post-treatment followed by a decrease to the basal level 48 h 

later, which correlated with the Gluc-blood level (Fig. 5b). To investigate whether the NF-Gluc 

reporter could be used to monitor NFkB inhibition by SSZ in vivo, similar mice bearing 

xenografts of HEI193-NF-Gluc cells were treated with either SSZ (15 mg/kg body weight), or 

TNFα and SSZ. A 2.5-fold decrease in NFkB basal level in blood was detected upon SSZ 

treatment. Moreover, SSZ inhibited the NFkB induction in HEI193 tumors after TNFα treatment 

(Fig. 5a). To confirm these results in another cell type, we implanted subcutaneously 293T cells 

expressing either NF-Gluc or Fluc-mCherry as a control, and treated mice with similar doses of 

TNFα, SSZ alone, or a combination of both. Similar induction of Gluc expression in response to 

TNFα-mediated NFkB activation and a similar decrease in Gluc activity upon treatment with 

either SSZ alone or TNFα and SSZ was observed (data not shown). 

 
Figure 5. In vivo monitoring of NFkB activation and inhibition in real-time. (a) One million HEI193 cells were 

implanted s.c. in nude mice. One week later, mice were injected i.v. with either TNFα (16 µg/kg of body weight), TNF 

+ SSZ (15 mg/kg of body weight), SSZ only  or PBS (control). At different time points, 5 µl of blood was withdrawn 

and assayed for Gluc activity. (b) Bioluminescence obtained from HEI193-NF-Gluc cells using a CCD camera at time 

0, 12 and 48 h post-treatment. Data presented as RLU/sec ± SD (n=5) with CCD image of one representative mouse 

of each group. 
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Monitoring of NFkB activation in monocytes  

NFkB plays a critical role in regulated expression of a large variety of genes involved in immune 

and inflammatory responses, such as cell adhesion molecules, chemokines and cytokines35. 

Some cytokines, such as TNFα directly activate NFkB in order to amplify the primary 

inflammatory response. Monitoring of NFkB activation in vivo may contribute to a better 

understanding of the innate immune response activation. We transduced U937 human leukemic 

monocyte lymphoma cells with lenti-NF-Gluc. Initially, these cells were exposed to different 

amounts of TNFα in culture. At different time points, aliquots of the conditioned medium were 

assayed for the Gluc activity. A dose-dependent increase in Gluc expression in the treated 

U937 cells compared to non-treated cells indicated that NFkB was activated by up to 8-fold (24 

h post-treatment) in response to TNFα (Fig. 6a). To corroborate these findings in an in vivo 

model, U937 cells expressing NF-Gluc were injected i.p. and 1 h later mice were injected with 

either PBS or 80 µg/kg body weight of TNFα. in a similar route. Before TNFα injection and at 

different time points after injection, 5 µl aliquots of blood was withdrawn and assayed for Gluc 

activity. The Gluc blood level measured in response to NFkB activation showed a maximum at 

24 h post-TNFα injection (8-fold), after which the signal decreased to the basal level (48 h later), 

suggesting a transient induction of NFkB activation. At no time point did the PBS control group 

show any change in Gluc blood activity (Fig. 6b). Also, prior to TNFα injection and 24 h post-

injection, mice were imaged with the CCD camera after i.v. injection of coelenterazine. At 

neither time points, there was any positive signal with the CCD camera supporting the high 

sensitivity of the Gluc blood assay as compared to in vivo bioluminescence imaging in 

monitoring NFkB activation in dispersed monocytes. The NF-Gluc reporter together with the 

Gluc blood assay provide a means to monitor NFkB activation in immune cells, which can serve 

as a tool to study the dynamics of immune activation in subsets of immune cells in small 

animals.  
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Figure 6. Monitoring of NFkB activation in monocyes. (a) U937 cells expressing NF-Gluc were treated with different 

concentrations of TNFα. At different time points, the Gluc activity was assayed in 10 l of conditioned medium. (b) 

U937-NF-Gluc cells were injected i.p. and 1 h later, mice were injected with either PBS (control) or TNFα (80 µg/kg of 

body weight) in the same route before and at different time points after treatment, Gluc activity was monitored in 20 l  

blood.  (b) CCD camera images obtained before and 24 h after TNFα injection. Data shown are average RLU/sec ± 

SD (n=6). 

 

Dual blood monitoring of NFkB activity and cell growth during tumor development 

Since NFkB is involved in tumor progression12, we sought to look for NFkB activation during 

tumor development. Gli36 human glioma cells were co-transduced with lenti-NF-Gluc, lenti-Fluc-

mCherry and lenti-SEAP and implanted subcutaneously in mice. Before and at different time 

points post-implantation, serum was collected and assayed for Gluc or SEAP activity as an 

index for NFkB activation and cell growth, respectively. An increase in Gluc signal and therefore 

NFkB activation was observed over time, which correlated with an increase in SEAP signal, a 

marker for tumor cells proliferation (Fig 7a). In parallel, 5 µl of urine was collected and also 

assayed for Gluc activity which showed similar increase in Gluc expression proving that the 

Gluc level in urine can also be used as an index of NFkB activation (Fig. 7b). In another 

experiment, mice were implanted with different amount of these cells. One week later, tumor 

volume was monitored using in vivo Fluc bioluminescence imaging after i.p. injection of D-

luciferin and serum were assayed for Gluc or SEAP activity. The Gluc level in serum as a 

marker for NFkB activation correlated with serum SEAP level, which in turn correlated with 

tumor volume as assessed by in vivo bioluminescence imaging (Fig. 7c). On the other hand, 

when these tumor cells were injected i.v., an increase in Gluc value (~7-10-fold) was observed 



 
108 

in serum 2 h post-injection indicating an immediate activation of NFkB in these cells which than 

dropped back to basal level  (near SEAP signals) 18 h later (Fig.7d).   

 

 

 

 

Figure 7. Dual-monitoring of tumor formation and NFkB activation.  One million Gli36 human glioma cells 

expressing Fluc, NF-Gluc and SEAP were implanted subcutaneously in nude mice. (a-b) At different time points, 

blood or urine were withdrawn and serum was assayed for either Gluc or SEAP activity (a) and urine for Gluc activity 

(b). (c) one week post-implantation, tumor volume was imaged with in vivo Fluc bioluminescence imaging using the 

CCD camera and Gluc and SEAP serum levels were assayed as in (a). (d) Gli36 cells expressing NF-Gluc and SEAP 

were injected i.v. and the serum Gluc and SEAP activity was monitored at different time points as in (a). 
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DISCUSSION 

We have developed a novel NFkB reporter system based on the naturally secreted Gaussia 

luciferase14,36. The NF-Gluc reporter proved to be a useful tool for sensing both NFkB activation 

and inhibition in different models including tumors, angiogenesis, and inflammation. Moreover, 

the Gluc reporter allowed monitoring of NFkB activity by measuring its level in an aliquot of the 

conditioned medium of cultured cells or in blood or urine of animals at sequential time-points. 

Further, in the context of concentrated local NF-Gluc reporter in vivo, the Gluc signal can be 

confirmed and localized using in vivo bioluminescence imaging. 

NFkB is a ubiquitous transcription factor that plays a critical role in regulating expression 

of a large variety of genes involved in immune and inflammatory responses, such as cell 

adhesion molecules, chemokines and cytokines, but also genes controlling other biological 

processes such as cell survival, apoptosis and differentiation. Activation of this transcription 

factor is associated with several physiological disorders, notably inflammation and cancer. 

Monitoring of NFkB activation may contribute to a better understanding of such biological 

processes and pathological conditions. Several reporter systems have been used to study the 

expression and activation of NFkB. Previous studies have used NFkB responsive elements 

driving the expression of LacZ37,38 Fluc39, eGFP40 or SEAP41 reporter genes. Although these 

systems proved to be useful in detecting NFkB activation, they may each have several 

disadvantages in the context of in vivo analysis and sequential monitoring of NFkB activity as 

compared to the NF-Gluc reporter developed here. Fluc requires D-luciferin injection before 

imaging, thus a total clearance of the substrate is essential before the next imaging session can 

be started, complicating the monitoring of NFkB activation kinetics, unless using a pump system 

which continuously delivers the substrate to the animal 42. In addition, anesthetizing the animals 

can be a major limitation during kinetic studies, requiring multiple imaging sessions over a short 

period of time or during studies in which the animal needs to stay awake. The eGFP reporter 

gene is partly compromised by its relatively low sensitivity, and in most cases requires animal 

sacrifice before fluorescent analysis, or alternatively, the use of more elaborate techniques such 

as epi-fluorescence microscopy. A high signal to noise ratio due to auto-fluorescence in many 

organs decreases dramatically the sensitivity of in vivo fluorescence imaging. LacZ staining 

requires animal sacrifice and tissue sectioning before analysis. SEAP overcomes most of these 

problems, however we recently showed that this reporter is 20,000-fold less sensitive than Gluc 

in cultured cells with a linear range with respect to cell number covering <3 orders of 

magnitudes43. Further, the SEAP assay requires several different incubation steps before 

analysis making this assay more laborious and time consuming. On the other hand, the Gluc 
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blood/urine assay is simple and short requiring only the addition of its substrate coelenterazine 

and luminometer analysis, and has a linear range of over 5 orders of magnitude with respect to 

cell number14. 

The NFkB transcription factor is known to be activated in many cancer types including 

lung, ovarian, astrocytomas, melanoma, prostate adenocarcinoma, and glioblastoma, and was 

shown to correlate with disease progression6,7,24-26,28,29,44. Therefore, this reporter could be used 

to identify and monitor potential chemotherapeutics based on interference or potentiation of 

NFkB activity in vitro and in vivo. Since NFkB has been shown to be involved in tumor 

angiogenesis and invasiveness12, the NF-Gluc reporter can also be used as a sensor for tumor 

angiogenesis. The neovascularization process occurs through a series of organized steps, 

which is initiated by remodeling of the extracellular matrix. NFkB plays a major role in this 

remodeling process by inducing expression of various genes such as VEGF, plasminogen 

activator inhibitors and matrix metalloproteinases in endothelial cells45-47. Further, NFkB plays a 

major role in migration and invasion of endothelial cells48,49, therefore the NF-Gluc reporter 

could be used to determine the kinetics of NFkB activation during the various steps of 

angiogenesis. 

 Besides cancer, identifying and testing of novel drugs that interfere with NFkB activity 

can be important for the treatment of a number of disorders, including neurological disorders50, 

rheumatoid arthritis51, inflammatory bowel disease52 and asthma53. The NF-Gluc reporter may 

also prove useful for high-throughput drug screening for NFkB activators and inhibitors, which 

subsequently can be validated in vivo using the NF-Gluc-blood assay. Not many systems are 

available such as NF-Gluc, allowing both in vitro screening and kinetic analysis as well as in 

vivo validation of a relatively large number of drugs in a short period of time. Moreover, this 

reporter system is easy to implement, is cost and time-effective, and can be extended to study 

other physiologically regulated transcription elements, such as cAMP, p53, ISRE, TARE, and 

SRF, making it a versatile tool for studying transcriptional activation in vitro and in vivo in a non-

invasive and quantitative manner.  
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MATERIALS AND METHODS 

 

Vector construction 

Five tandem repeats of NFkB transcription responsive elements (TREs; TGGGGACTTTCCGC)54,55, were designed 

and annealed using the complementary oligonucleotide sequences 5’-

GATCTTGGGGACTTTCCGCTGGGGACTTTCCGCTGGGGACTTTCCGCTGGGGACTTTCCGCTGGGGACTTTCC

GCA-3’ and 5’-

CTAGTGCGGAAAGTCCCCAGCGGAAAGTCCCCAGCGGAAAGTCCCCAGCGGAAAGTCCCCAGCGGAAA 

GTCCCCAA-3’. Additional NFkB reporters with multiple tandem repeats of 5, 10 and 15 NFkB TRE, were constructed 

with 0, 4, 8, 12 or 30 random base-pairs (bp) acting as spacers separating each of the tandem copies (Fig. 1a). All of 

these promoter elements were designed to generate sticky ends compatible with BglII and NheI restriction sites at the 

5’ and 3’ ends, respectively. The humanized Gaussia luciferase cDNA (Nanolight, Pinetop, Az)36 was amplified by 

PCR adding a TATA box from the human immunodeficiency virus type 1 subtype E promoter (ATATA) 30 bp 

upstream of the Gluc cDNA. The TATA-Gluc fragment was purified from a 1% agarose gel and ligated into the 

mammalian expression plasmid pHGCx (from Dr. Yoshimura Saeki, MGH, Boston MA)56 by replacing the CMV 

promoter with NFkB elements generating pHGNF-Gluc. Similarly, the CMV promoter in pHGCX was replaced with the 

SV40 promoter (amplified from pSEAP2-control plasmid, Clontech, Palo Alto, CA) generating pHGSV40-Gluc. The 

NF-Gluc expression cassette was subsequently subcloned into CSCW, a self-inactivating lentivirus vector57, at the 

BamHI and XhoI sites producing pCSNF-Gluc. A DNA fragment spanning two copies of the 1.2 Kb chicken β-globin 

(HS4) insulator elements, amplified from the pJC13-1 plasmid17 (a kind gift of Dr. Adam West, National Institutes of 

Health, Bethesda, MD), was inserted  into the U3 region of the pCSNF-Gluc plasmid using the PmeI and KpnI 

restriction sites creating pCSHSNF-Gluc (designated lenti-NF-Gluc throughout the text). Using the pCSCW-IG self-

inactivating vector57, we cloned the mCherry fluorescent protein (kindly provided by Dr. Roger Tsien, UCSD, CA) 

cDNAs under the control of the CMV promoter, thereby generating LV-mCherry. SEAP and mCherry separated by an 

internal ribosome entry site (IRES) were cloned in a similar vector by amplifying the SEAP from the pSEAP2-basic 

vector (Clontech, Palo Alto, CA)14. The integrity of all constructs was verified by sequencing. All lentivirus vectors 

were produced and titered as transducing units (TU)/ml as previously described57.  

 

Cell culture and reagents 

293T human kidney fibroblasts cells (from Dr. Maria Calos, Stanford University, Stanford, CA), U87 human glioma  

(ATCC, U87 MG), Gli36 human glioma (from Dr. Anthony Capanogni, UCLA, Los Angeles)58, A549 human lung 

carcinoma (ATCC) and U937 monocytic/histiocytic lymphoma (ATCC) cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO), 100 U/ml penicillin, and 

0.1 mg/ml streptomycin (Sigma). HEI193 human schwannoma cells59 were maintained in DMEM supplemented with 

10% FBS, 2 µM forskolin (Calbiochem Corp., LaJolla, CA), 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 50 mg/ml 

geneticin (Invitrogen, Carlsbad, CA). U87-CFP cells were produced by stably transducing U87 cells with a CMV-

controlled Cerulean expression cassette using a lentivirus vector60. Human brain microvascular endothelial cells 

(HBMVECs; Cell Systems ACBRI-376) were cultured in EGM medium (Cambrex) for no more than 10 passages. 

HBMVEC-mCherry cells were produced by stably transducing HBMVECs (passage 5) with lentivirus vector 

expressing mCherry. After 3 passages the cells were discarded. All cells were grown at 37ºC in a 5% CO2 humidified 

incubator. Sulfasalazine (SSZ), parthenolide (PTL), etoposide and doxorubicin were purchased from Sigma. 
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Recombinant human tumor necrosis factor alpha (TNFα) was obtained from R&D systems, Minneapolis, MN. Ionizing 

radiation treatments were performed at 3-10 gray (Gy) using a 137Cs source. 

 

Transfection and lentivirus transduction 

293T human fibroblast cells were plated in a 6-well plate (1.5x104 cells/well) and transfected with plasmids 

expressing Gluc under either NFkB, CMV or SV40 promoters, using Lipofectamine 2000 (Invitrogen) according to the 

manufacturer’s guidelines. To achieve stable gene expression in most cells (>90%), different cell types were 

transduced with lentivirus vectors at 100 transduction units (TU)/cell.  

 

In vitro Gaussia luciferase activity 

For Gluc assays, 15 µl aliquots of the cell-free conditioned medium were collected at different time points. Gluc 

activity was assayed by adding 20 µM coelenterazine, the Gluc substrate (Nanolight, Pinetop, AZ) to the supernatant 

and measuring photon counts in a 96-well plate luminometer (Dynex, Richfield, MN) over 10 sec.  

 

In vitro angiogenesis assay 

Low passage HBMVEC-mCherry cells transduced with lentivirus vector to express NF-Gluc (passage <7) were 

cultured on Matrigel (Beckton Dickinson, San Jose, CA) in EBM basal medium (Cambrex, San Diego, CA) in the 

presence or absence of U87-CFP cells, or EGM cocktail (Cambrex). Twenty-four h later, aliquots of conditioned 

medium were analyzed for Gluc activity and the cultures were analyzed by a combination of light and fluorescence 

microscopy.    

 

In vivo experiments 

All animal experiments were approved by the Massachusetts General Hospital Subcommittee on Research Animal 

Care. One million HEI193, 293T or Gli36 expressing NF-Gluc and/or SEAP were injected subcutaneously (s.c.) into 

nude mice. TNFα (16 µg/kg body weight) and SSZ (15 mg/kg body weight) were injected intravenously (i.v.) unless 

otherwise specified. For circulating tumor cells, 0.5 million cells expressing NF-Gluc and SEAP were injected intra-

ocularly. 

  

Monocyte model 

U937 human leukemic monocyte lymphoma cells were transduced with lenti-NF-Gluc at 100 TU/cell. Cells were 

plated in wells of 96-well plates and treated with different concentrations of human TNFα (R&D Systems). At different 

time points, Gluc activity was assayed in the medium as above. For the in vivo studies, 1 million U937 cells 

expressing NF-Gluc were injected intraperitoneally (i.p.) into 8 mice and 1 h later, 4 mice were injected with PBS 

(control) and the other four mice with 2 g of TNFα (in 100 µl) via the same route. Before PBS/TNFα injection and at 

different time points after injection, 5 µl blood was withdrawn and assayed for Gluc activity (see below). 

 

 

Gluc/SEAP blood assay 

For the Gluc assay, 5 µl of blood was collected by making a small nick in the mouse tail and mixed immediately with 1 

µl 20 mM EDTA. Gluc activity was measured using the luminometer after injecting 100 µl 100 µM coelenterazine and 

acquiring photon counts over 10 sec. The SEAP chemiluminescence activity was measured in 5 µl serum using the 

Great EscAPe SEAP assay kit (Clontech) as per manufacturer’s instructions using the luminometer.  



 
113 

In vivo bioluminescence imaging 

Mice were anesthetized by i.p. injections of ketamine (100 mg/kg) and xylazine (5 mg/kg) and then received an intra-

ocular injection of coelenterazine (4 mg/kg body weight diluted in PBS). Photon counts were acquired for 5 minutes 

using a cooled CCD camera system. White-light surface images were also taken before each Gluc imaging session 

providing an anatomical view of the animal. Image processing and signal intensity quantification and analysis were 

performed using CMIR-Image, software developed by the Center for Molecular Imaging Research at Massachusetts 

General Hospital using image display and analysis suite developed by IDL (Research Systems Inc., Boulder, CO). 

Images were represented in a pseudo-color photon count manner, superimposed on a gray-scale anatomic white-

light image, exposing the bioluminescence intensity as well as the animal anatomy. Bioluminescence signals were 

defined by an automatic intensity highlight procedure after subtracting background noise. The sum of the photon 

counts was calculated as a measure of Gluc reporter activity. 
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ABSTRACT 

The nuclear factor kappa B (NFkB) is known to be activated in many cancer types including lung, 

ovarian, astrocytomas, melanoma, prostate as well as glioblastoma and was shown to correlate 

with disease progression. We have cloned a novel NFkB-based reporter system [five tandem 

repeats of NFkB responsive element (NF; 14 bp each)] to drive the expression of both a fusion 

between the yeast cytosine deaminase and uracil phosphoribosyltransferase (CU) as a 

therapeutic gene as well as the Gaussia luciferase (Gluc) as a blood reporter separated by an 

internal ribosomal entry site (NF-CU-IGluc).  We showed that most invasive tumor cells have 

high-expression of Gluc which correlates to high activation of NFkB as compared to normal cells. 

When NFkB was further activated with TNFα in these cells, we observed up to 10-fold increase 

in transgene expression in invasive human glioma cells which greatly enhanced the 

sensitization of these cells to the pro-drug 5-fluorocytosine (5-FC). When glioma cells stably 

expressing firefly luciferase (Fluc) were transduced with a lentivirus vector carrying the 

expression cassette for NF-CU-IGluc and implanted subcutaneously in nude mice, NFkB 

activation in the tumor environment and in response to TNFα (NFkB activator) was monitored 

over time by assaying the Gluc level in blood which showed similar increase in Gluc expression. 

Further, in vivo Fluc bioluminescence imaging showed that tumor growth slowed down in mice 

treated with 5-FC.  On the other hand, >40% of tumors completely regressed when mice were 

treated with a combination of both TNFα as well as 5-FC. This inducible system provides a tool 

to enhance the expression of imaging and therapeutic genes for cancer gene therapy. 
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INTRODUCTION 

 

 Over the last decade, cancer gene therapy has been an evolving and promising field for 

cancer treatment. Many gene therapy strategies have or are still being tested in cancer patients. 

This therapeutic approach is based on the introduction of a toxic gene into the tumor in an 

attempt to achieve maximum toxicity specifically towards tumor cells while having a minimal 

effect on the surrounding normal tissues. Among the toxic genes used in gene therapy are: the 

pro-apoptotic bax gene1; the diphtheria toxin A2; the tumor necrosis factor gene TNFα3;  and 

many others. 

One particular strategy for cancer gene therapy is the gene directed enzyme/prodrug 

therapy (GDEPT) reviewed in4-7. In this therapeutic modality, an exogenous enzyme targeted 

towards tumor cells converts a non-toxic pro-drug into a potent apoptosis inducer. One of the 

commonly used enzyme/pro-drug combination is ganciclovir (GCV)/herpes simplex thymidine 

kinase (HSV TK)8. Although proven efficient in many animal tumor models, this treatment 

modality requires cell contact via gap junctions to kill non-transduced cells which limits its 

distribution and therefore toxicity within the tumor mass9,10  

Another commonly used GDEPT is the use of E.coli cytosine deaminase (CD) with the 

prodrug 5-fluorocytosine (5-FC)11-13. The bacterial CD converts 5-FC into the cytotoxic agent 5-

FU which would be further transformed into the DNA and RNA damaging metabolites 5-

fluorodeoxyuridine-5’-monophosphate (5-FdUMP) and 5-fluorouridine-5’-triphosphate (5-

FUTP)12. The pyrimidine analog 5-FU has been extensively studied and is used for cancer 

treatment including colorectal cancer14. E.coli uracil phosphoribosyltransferase (UPRT) on the 

other hand has been shown to catalyze the synthesis of 5-FU generating 5-fluorouridine-5’-

monophosphate (5-FUMP) as an end product15. Co-expression of CD and UPRT genes lead to 

a synergistic anti-tumor effect since the generated 5-FU through CD is further metabolized into 

5-FUMP by UPRT16. The yeast CD and UPRT have recently been shown to have enhanced 

toxicity to tumor cells as compared to the bacterial enzymes17,18. 

The use of inducible promoters in suicidal gene therapy provides a selective control of 

transgene expression, thus yielding a safer delivery of toxic genes to tumors. The main 

challenge remains to be the choice of a highly active promoter to ensure sufficient transgene 

expression with a maximal therapeutic benefit. Constitutive activation of the transcription factor 

nuclear factor kappaB (NFkB) is a common trait in malignant tumors. This transcription factor 

mediates inflammation-induced tumor growth and promotes the expression of pro-survival 

genes and inhibition of pro-apoptotic genes, thereby contributing to chemoresistance in 



 
122 

malignant tumors19,20.  Many anti-cancer drugs activate NFkB leading to enhanced 

chemoresistance21. Since NFkB is constitutively active in malignant tumors but not in normal 

tissue, and since this activation could be enhanced within the tumor and its environment by 

treatment modalities such as chemotherapy21, radiotherapy22, or by inflammatory and/or hypoxic 

conditions23, the use of an NFkB driven transgene expression could be rendered safe and 

potent. 

An efficient cancer gene therapy requires highly selective gene delivery with specific 

gene expression24. Combining suicidal gene therapy with non-invasive imaging offers an 

advantage for assessment of transgene expression. The combination of reporter genes together 

with the toxic gene would allow indirect monitoring of the latter gene expression. Using the 

secreted Gaussia luciferase, we have developed a blood-based bioluminescent assay to 

monitor biological processes such as tumor growth and response to therapy as well as 

activation of transcription factors25-27. This assay allows non invasive, real-time measurement of 

transgene activity by ex vivo quantification of the Gluc activity in few microliters of blood 

samples within the same experimental animal. 

In this study we exploited the constitutive NFkB activation in tumors as a way to induce 

gene expression. We cloned a novel NFkB-based reporter system [five tandem repeats of NFkB 

responsive element (NF; 14 bp each)] to drive the expression of both a fusion between the 

yeast cytosine deaminase and uracil phosphoribosyltransferase (CU) as a therapeutic gene as 

well as the Gaussia luciferase (Gluc) as a blood reporter separated by an internal ribosomal 

entry site (NF-CU-IGluc). We packaged this construct into a lentivirus vector and applied it for 

suicidal gene therapy in malignant tumor cells. TNFα was used to further activate NFkB which 

enhanced the killing effect of the pro-drug 5-FC in these cells in culture as well as in an 

experimental subcutaneous tumor model in vivo. 
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RESULTS 

NFkB-controlled transgene expression  

Since NFkB is constitutively active in cancer cells, we have designed a reporter system in which 

we cloned in a lentivirus vector an NFkB-responsive promoter [five tandem repeats of NFkB 

responsive element (NF; 14 bp each) and a TATA box] to drive the expression of both a fusion 

protein between the yeast cytosine deaminase and uracil phosphoribosyltransferase (CU) as a 

therapeutic gene as well as the Gaussia luciferase (Gluc) as a reporter separated by an internal 

ribosomal entry site (NF-CU-IGluc; Fig.1a). In order to reduce any possible NFkB-independent 

transactivation of transgene expression, we inserted 2 copies of the chicken β-globin cHS4 

insulators in the U3 region of the lentivirus vector and therefore the integrated provirus will be 

flanked on both sides by the insulator25.  Upon NFkB activation, the Gluc is expressed and is 

secreted from cells and therefore can be detected in the conditioned medium in culture or in the 

blood in vivo over time. The level of Gluc in blood correlates with the level of expression of the 

CU expression thereby allowing us to indirectly monitor the therapeutic gene expression.  

 

NFkB is activated in malignant tumor cells 

Malignant and invasive tumor cells are known to have high levels of activated NFkB as 

compared to normal cells28-33. In order to confirm NFkB activation in different tumor and normal 

cells using our system, Gli36 and U87 human glioma cells, A549 lung adenocarcinoma cells, 

PC3 prostate adenocarcinoma cells, colo 320 colorectal adenocarcinoma cells and 293T human 

fibroblast cells transduced with lenti-NF-CU-IGluc were plated in a 96-well plate and treated with 

either PBS (control) or TNFα. Twenty-four hrs later, aliquots of the conditioned medium were 

assayed for Gluc activity. 293T fibroblast cells showed the lowest levels of Gluc expression and 

the highest levels of NFkB activation as compared to the other tumor cell lines tested which 

showed significantly higher endogenous Gluc levels, confirming previous findings (Fig. 1b). 

Despite these high levels of endogenous activation in malignant tumors, using TNFα, NFkB can 

be further activated by up to 5-fold in tumor cells compared to >25-fold in the 293T fibroblast 

cells proving that our system is sensitive in monitoring both the basal NFkB level as well as 

NFkB activation in response to TNFα in tumors (Fig. 1c).  

 To correlate the increase in Gluc activity with the induction of the CU fusion, Gli36 

glioma cells infected with lenti-NF-CU-IGluc were treated with either PBS or TNFα. Twenty-four 

hrs later, RNA was extracted and the level of the CU fusion mRNA was analyzed by qRT-PCR 

using specific primers. TNFα resulted in 9-fold induction in CU fusion mRNA levels in Gli36 cells 

which correlated with ~2-fold increase in Gluc level in the conditioned medium (Fig. 1d). 
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Figure 1. NFkB-controlled transgene expression. (a) Lentivirus vector driving the expression of the yeast cytosine 

deaminase (CD) and uracil phosphoribosyltransferase (UPRT) as well as Gaussia lucferase (Gluc) separated by an 

internal ribosomal entry site (IRES) elements under the control of NFkB responsive elements. Two copies of the 1.2 

kb chicken β-globin (HS4) insulators elements were also cloned into the U3 region of the lentivirus vector to retain 

minimal non-specific transcription activation. (b) Comparison of NFkB basal activity and induction in different tumor 

cell lines and in 293T human fibroblast cells. Gli36, U87, A549, PC3, colo320 and 293T fibroblast cells were 

transduced with lenti-NF-CU-IGluc and treated with either PBS or TNFα. Twenty-four hrs later, aliquots of conditioned 

medium were assayed for Gluc activity. (c-d) Gli36 cells infected with lenti-NF-CU-IGluc were treated with either PBS 

or TNFα and conditioned medium was assayed for Gluc activity (c) or RNA was extracted and CU mRNA expression 

levels were analyzed with qRT-PCR using primers directed against the CD as well as the UPRT part (d). Results are 

presented as fold Gluc increase (c) or fold mRNA increase (d) in which the untreated sample was set to 1. *p≤0.05, 

**p≤0.001, Student t-test. 

  

In vitro effect of NFkB-induced transgene expression 

Gli36 human glioma cells stably expressing mCherry were infected with lenti-NF-CU-IGluc and 

plated in 96-well plate.  Forty-eight hrs later, cells were treated with TNFα (2.5 ng/ml) or PBS 

control. Gluc levels were measured 24 hrs later as a marker for CU transgene expression and 

showed a 2-fold induction in response to TNFα similar to the induction level shown in Fig.1c. 

Cells were then treated with either PBS (control) or 5-FC (50 µg/ml) and at different time points, 

cell viability was assayed using an ATP-based bioluminescence assay and confirmed by 

mCherry fluorescent microscopy (Fig. 2a & b). Cells in which NFkB activation and therefore 
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transgene expression was induced with TNFα showed around 50% cell death at 28 hrs 

compared to non-induced cells (PBS) which showed a similar killing only at 84 hrs. These 

results show that NFkB induction using TNFα increased sensitivity of the cells to 5-FC by more 

than 3 fold. For further confirmation, we analyzed those cells for PI/Annexin V staining, 48hrs 

after 5FC treatment. PI+/Annexin V+ cells (late apoptotic/dead cells) significantly increased when 

TNFα was combined with 5-FC (40% for 5-FC alone compared to 80% for 5-FC+TNFα) (Fig. 

2c). Cells treated with TNFα alone showed 10% PI+/Annexin V+ and 19% of PI+/Annexin V- 

(necrotic cells). To validate this gene therapy approach on other cancer cell lines, U87, A549, 

PC3 and colo320 expressing NF-CU-IGluc were treated with TNFα and/or 5-FC as above. 

Forty-eight hrs later, all four cell lines treated with TNFα + 5-FC showed around 50% decrease 

in cell viability as compared to control showing that this system can be used for the treatment of 

different tumor types (Fig. 2d).  

 

Figure 2.  In vitro 

effect of NFkB-

induced transgene 

expression. (a-c) 

Gli36 human glioma 

cells stably 

expressing mCherry 

were infected with 

lenti-NF-CU-IGluc 

and plated in 96-

well plate. Cells 

were either treated 

with PBS, TNFα 

(2.5 ng/ml), 5-FC 

(50 µg/ml) or both 

TNFα + 5-FC. At 

different time points, 

cell viability was 

assayed using an ATP-based cell-titer Glo assay (a) and was confirmed by mCherry analysis using a fluorescent 

microscope (b). Scale bar, 100 µm. (c) After 48h of 5-FC treatment, cells were stained for PI and Annexin V-FITC 

and subjected to flow cytometry analysis. The graph shows the percentage of PI/Annexin V negative cells as viable 

cells (bottom right quadrant) versus single ou double-positive cells for PI/Annexin V. The experiment was repeated 

three times with similar results. (d) U87, A549, PC3 and colo320 cells were transduced with lenti-NF-CU-IGluc and 

received the same treatment as described above. Cell viability was assayed after 48hrs. *p≤0.05, **p≤0.001 Student 

t-test. 
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In vivo suicidal gene therapy in an NFkB-controlled tumor environment  

To evaluate the therapeutic effect of transgene expression controlled by NFkB activation, Gli36 

cells stably expressing Fluc were infected with lenti-NF-CU-IGluc and implanted subcutaneously 

into nude mice. One week later, mice were divided into 4 subgroups receiving either PBS, TNFα 

(20 µg/kg body weight), 5-FC (500 mg/kg) or similar doses of both 5-FC and TNFα. Seventeen-

hrs post-injection, 5 µl of blood were assayed for Gluc activity which showed >10-fold increase 

in Gluc level and therefore NFkB activation and CU expression in TNFα-treated mice as 

compared to control group injected with PBS (Fig. 3a). Tumor growth was also monitored by 

Fluc in vivo bioluminescence imaging once a week. Control tumors treated with PBS or TNFα 

alone showed similar exponential growth showing that the dose of TNFα used was not toxic to 

tumor cells. Tumor growth in mice treated with 5-FC alone slowed down. On the other hand, 

tumors in mice which received both TNFα + 5-FC regressed 2 weeks post-injection (Fig. 3b and 

c). In this group, tumors in >40% of mice completely regressed and did not show tumor re-

growth for 40 days. Tumors in the other mice slowly re-grew 27 days post-treatment. Upon re-

induction of NFkB activation and transgene expression with TNFα and treatment with 5-FC, 

tumor growth in these mice slowed down again showing that this NFkB-controlled transgene 

expression can be re-activated in these tumors (data not shown). 
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Figure 3. In vivo suicidal gene therapy in an NFkB-controlled tumor environment. Gli36-Fluc/NF-CU-IGluc 

human glioma cells were implanted subcutaneously in nude mice. One week later, mice were divided into 4 

subgroups receiving PBS, TNFα (20 µg/kg body weight), 5-FC (500 mg/kg) or similar doses of both 5-FC and TNFα. 

(a) Seventeen hrs post-injection, 5 µl of blood was assayed for Gluc activity. (b) Tumor growth was monitored by Fluc 

in vivo bioluminescence imaging once a week after i.p. injection of D-luciferin. Photons count in the tumor was 

calculated using CMIR-image program. Data presented as % Fluc activity in which tumor volume before injection was 

set to 100%. (c) Bioluminescent images overlay to bright field image at day 7 and 27 days post-implantation. *p≤0.05, 

**p≤0.001 Student t-test. 

 

DISCUSSION 

Despite all the progress in cancer gene therapy, improved targeted expression of toxic 

transgenes is still highly desirable. Since the implementation of gene directed enzyme/prodrug 

therapy (GDEPT), a vast leap towards this goal has been accomplished. Use of constitutively 

active promoters to drive the expression of toxic genes is advantageous, since strong transgene 

activity is required for an efficient therapeutic benefit. Nevertheless, these types of promoters 

could be rendered harmful towards normal tissues surrounding the tumor. Making use of the 

environment within the tumor to drive the expression of therapeutic genes provides a safer 

strategy for gene therapy. Since NFkB is upregulated and activated in malignant tumors, but not 
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in normal tissue, the use of promoters responsive to this transcription factor activation provides 

a safe and potent therapeutic strategy. 

 Co-expression of cytosine deaminase and uracil phophoribosyltransferase (CU) has 

been shown to have a significant synergistic effect towards the conversion of 5-FC into toxic 

metablolites35-37. In this study, we evaluated NFkB-driven expression of the fused CU gene as a 

targeted and tumor environment-controlled suicidal gene therapy. We showed that malignant 

tumor cells have constitutively active NFkB which led to slower tumor growth of cells transduced 

with CU upon treatment with the pro-drug 5-FC. Interestingly, further induction of NFkB 

activation in vivo with TNFα yielded complete tumor regression in >40% of mice. Since our 

reporter system also drives the expression of the secreted Gaussia luciferase under NFkB 

responsive elements, the Gluc blood level served as a sensitive marker for basal and extrinsic 

NFkB activation and therefore therapeutic gene expression in the tumor. We observed a much 

higher increase in Gluc expression, and therefore NFkB activation, in Gli36 human glioma 

subcutaneous tumors in vivo as compared to the same cells in culture. We hypothesized that 

TNFα injection in mice could also stimulate the recruitment of other cytokines and NFkB 

inducing factors to the tumor therefore contributing further towards NFkB activation. 

NFkB can be induced not only by cytokines such as TNFα, but also by factors within the 

tumor environment like hypoxia24 and inflammation22. Additional extrinsic factors commonly 

used in cancer therapy could potentially induce NFkB activity. Ionizing radiation23 as well as 

many chemotherapeutic drugs such as cisplatin35, doxorubicin36, gemcitabine40, taxol37 and 

etoposide42 are potent inducers of NFkB activation. These therapeutic modalities could be easily 

applied to our inducible gene therapy system to achieve a targeted and more efficient transgene 

expression. 

One challenge in suicidal gene therapy is the need to achieve high transduction 

efficiency at the tumor site.  Given that only a small percentage of cells in the tumor mass 

express the transgene following viral vector delivery, usually about 1-5% after direct intratumoral 

injection38, it is essential that the transgene product has a “bystander” effect, such that adjacent, 

uninfected tumor cells are also killed. Unlike the GCV/HSV thymidine kinase system which 

requires gap junctions in order to kill non-transduced cells, the 5-FU diffuses freely between 

cells in the absence of gap junctions39. A transduction efficiency as low as 1% by an adenovirus 

expressing CD or UPRT has been reported to impact tumor growth17.  Although the problem of 

achieving higher transduction in tumors in vivo was not addressed in this study, as we have 

used a lentivirus vector to transduce tumor cells ex vivo, the NF-CU-IGluc expression cassette 

could be cloned into any viral vectors known to transduce tumor cells efficiently, such as 
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adenovirus, adeno-associated virus or herpes virus vectors, which can be used for direct intra-

tumoral injection in vivo. 

Optimization of gene therapy can be facilitated by imaging methods which provide a 

means to monitor levels, cell specificity and duration of transgene expression, as well as tumor 

growth and regression40,41. Several efforts have been made towards noninvasive imaging of 

gene expression using techniques such as fluorescence, bioluminescence, magnetic resonance 

(MR) and positron emission tomography (PET)46-49. PET and MRI have the advantage over 

optical imaging in that they can be translated into clinical use. However, for pre-clinical 

evaluation, these methods are costly and not very sensitive. Recently, Xing et al. developed a 

CD and CU fusion gene with a monomeric red fluorescent protein (RFP)42. This reporter 

enabled them to monitor transgene expression and pro-drug activation using optical 

fluorescence imaging of RFP and magnetic resonance spectroscopy (MRS) using fluorine-19. 

One drawback of MRS is the lack of sensitivity when applied to small animals42. Fluorescence 

imaging is also rendered difficult and lacks sensitivity due to autofluorescence. Bioluminescence 

imaging is more sensitive, however, similar to fluorescence, quantification of the signal can be 

compromised by the location, especially in deep tissues and blood (hemoglobin)-rich organs, 

such as the liver, spleen and bone marrow due to photon absorption which can result in an 

underestimation of transgene expression43. Using secreted reporters in the blood such as the 

Gaussia luciferase can overcome these problems and provide a sensitive and quantitative 

assessment of gene expression in real-time. 

In addition to being an adjunct therapy for many types of malignant tumors, the NF-CU-

IGluc system may also prove effective in shrinking benign tumors in inoperable locations, such 

as meningiomas or schwannomas pressing on critical neural structures44. Since these tumors 

are known to have low NFkB activation, gene expression can be enhanced by activating this 

transcription factor using cytokines as described here or many other chemotherapeutic agents. 

Although this study does not aim for direct translation into  a clinical setting, it provides a new 

and valuable tool for a safer and controlled gene therapy, while being able to non-invasively 

monitor therapeutic gene expression in real-time as a means to evaluate different drug gene-

drug therapies. 
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MATERIALS AND METHODS  

 

Cell culture 

293T human kidney fibroblasts cells (from Dr. Michele Calos, Stanford University, Stanford, CA), Gli36 human glioma 

cells (from Dr. Anthony Capanogni, UCLA, Los Angeles), U87 human glioma cells, PC3 prostate adenocarcinoma 

cells, colo 320 colorectal adenocarcinoma cells and A549 human lung carcinoma cells (from ATCC) were maintained 

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO), 

100 U/ml penicillin, and 0.1 mg/ml streptomycin (Sigma). Cells were maintained in a 5% CO2 humidified incubator at 

37 ºC.  

 

Lentivirus vector constructs 

We used the CSCW-IG, a self-inactivating lentivirus vector in which we have replaced the CMV promoter with 5 

tandem repeats of the NFkB transcription responsive elements TRE (TGGGGACTTTCCGC) along with a TATA box 

serving as a minimal promoter to drive the expression of the CD-UPRT fusion as well as Gaussia luciferase cDNA, 

separated by an internal ribosomal entry site (IRES) element (Fig. 1a)26,53. In this construct, we also inserted a DNA 

fragment spanning two copies of the 1.2 Kb chicken β-globin (HS4) insulator elements, amplified from the pJC13-1 

plasmid (a kind gift of Dr. Adam West, National Institutes of Health, Bethesda, MD)45, into the U3 region of this 

lentivirus vector to retain minimal non-specific transcription of gene expression as previously described26. The 

synthetic fusion between yeast CD and UPRT commercially referred to as fcy::fur (Invivogen, San Diego, Ca) was 

obtained by PCR using the pORF5-fcy::fur plasmid as a template. Gluc, codon optimized for mammalian gene 

expression was amplified by PCR from pHGC-humGluc46. This plasmid identified as csw-NF-CD-UPRT-IGluc was 

packaged into a lentivirus vector as described previously53,56. The lentivirus vector is referred to as lenti NF-CU-IGluc. 

The LV-mCherry is a lentivirus vector expressing mCherry under the control of a cytomegalovirus (CMV) promoter. In 

all experiments, cells were transduced with the lentivirus vectors at a multiplicity of infection of 100 transduction units 

(TU)/cell to achieve stable transduction of >90% of cells. 

 

In vitro luciferase assays 

For Gluc assays, 20 µl aliquots of the cell-free conditioned medium were collected in a new white 96-well plate at 

different time points. Gluc activity was assayed by adding 20 µM coelenterazine, the Gluc substrate (Nanolight, 

Pinetop, AZ) and measuring photon counts over 10 sec using a 96-well plate luminometer (Dynex, Richfield, MN).  

 

Quantitative RT-PCR 

Cells transduced with lenti-NF-CU-IGluc were plated in a 6-well plate and treated with 0 or 10 ng/ml of TNFα (R&D 

systems). After 24 hrs, total RNA was isolated using the RNeasy mini kit (Qiagen) and cDNA was generated using 

Omniscript reverse transcription kit (Qiagen). Real-time PCR was performed in an ABI PRISM 7000 Sequence 

Detection System Thermal Cycler (Applied Biosystems). The following primer sets were used: 5’-

TGTGGTGGGAGAGAATGTCA-3’ ; 5’- AAACCAGTCCTGGGGTCTCT-3’ and 5’-ATTTGTGGGGTGTCCATTGT-3’ ; 

5’-GCAGTCTCCTCATCCCTCTG-3’ amplifying sequences in the CD and UPRT regions respectively. The fold 

increase was calculated based on Ct values of TNFα treated cells relative to untreated. Human GAPDH mRNA 

expression was used for normalization. 
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In vitro analysis of tumor therapy 

Gli36 cells were transduced with lenti NF-CU-IGluc or LV-mCherry at an MOI of 100. Two days after transduction, 

cells were plated in a 96-well plate at low density (1000 cell/well) and treated with or without TNFα (2.5 ng/ml). After 

24 hrs, 5FC (Sigma; 250 µg/ml) was added to the cells. Viability assays were measured 5 days after 5FC treatment. 

For cytotoxicity assays, we used the cell-titer glo (Promega, Madison, WI) according to the manufacturer’s guidelines. 

Data was calculated as percentage of cell viability. Fluorescence images of cells stably expressing mCherry were 

captured using an inverted fluorescent microscope (Nikon TE 200-U) coupled to a digital camera. Alternatively, cell 

death was measured with flow cytometry by staining for Annexin V-Propidium Iodide. Gli36-NF-CU-IGluc cells were 

plated in 6-well plates (150 000 cell/well). After 24h cells were treated with 0 or 2.5 ng/ml of TNFα for 16h followed by 

a 48h treatment with 5FC (250 µg/ml). Single cell suspensions were stained with CytoGLO™ Annexin V-FITC 

Apoptosis Kit (Imgenex, San Diego, CA)) and subjected to flow cytometry using a BD FACS caliber flow cytometer 

(BD biosciences). 

 

Animal experiments 

All animal experiments were approved by the Massachusetts General Hospital Subcommittee on Research Animal 

Care. Gli36-Fluc cells were transduced with LV-NF-CD-UPRT-IGluc or LV-Fluc-mCherry.  One million of these cells 

(in 50 µl PBS) were mixed with 50 µl Matrigel and implanted subcutaneously into nude mice (4-5 weeks of age). One 

week after implantation, tumor volume was monitored using Fluc bioluminescence imaging (as described below).  

Mice were then separated into four different groups of 5 mice. Each group was injected intraperitoneally (i.p.) with 

PBS, 5-FC (500 mg/kg body weight), TNFα (20 µg/kg) or the same amounts of both 5-FC and TNFα. PBS or 5-FC 

injections were repeated twice daily for 12 consecutive days. Mice receiving TNFα were injected i.p. once every 3 

days during these 12 days. The first daily 5-FC dose was administered 17 hrs following TNFα injection. Immediately 

before and 17 hrs after TNFα injection, 5 µl of blood was withdrawn from each mice and assayed for Gluc activity, a 

marker for NFkB activation and therefore transgene expression (see below). 

 

Gluc blood assay 

Five µl of blood was collected by making a small nick in the mouse tail and mixed immediately with 1 µl 20 mM EDTA. 

Gluc activity was measured using the luminometer after injecting 100 µl 100 µM coelenterazine and acquiring photon 

counts over 10 sec. 

 

In vivo Fluc bioluminescence imaging 

Mice were anesthetized by i.p. injections of ketamine (100 mg/kg) and xylazine (5 mg/kg) and then received an i.p. 

injection of D-luciferin (150 mg/kg body weight diluted in PBS). Photon counts were acquired for 1-5 minutes using a 

cooled CCD camera system. Light surface images were also taken before each imaging session providing an 

anatomical view of the animal. Image processing and signal intensity quantification and analysis were performed 

using CMIR-Image, software developed by the Center for Molecular Imaging Research at Massachusetts General 

Hospital using image display and analysis suite developed by IDL (Research Systems Inc., Boulder, CO). Images 

were represented in a pseudo-color photon count manner, superimposed on a gray-scale anatomic white-light image, 

exposing the bioluminescence intensity as well as the animal anatomy. Bioluminescence signals were defined by an 

automatic intensity highlight procedure after subtracting background noise. The sum of the photon counts was 

calculated as a measure of Fluc reporter activity. 
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ABSTRACT 

We have developed a cell-based functional drug screening assay based on the naturally 

secreted Gaussia luciferase (Gluc). Human glioblastoma (GBM) cells, notorious for their 

resistance to therapy, were engineered by gene transfer to express Gluc as a reporter for cell 

viability. We optimized the Gluc assay for small molecule drug screening and analyzed the 

NINDS Custom Collection library on these cells. We identified lanatoside C as a sensitizer of 

primary GBM cells to TRAIL-induced cell death by up-regulation of the death receptor 5.  We 

show that lanatoside C sensitizes GBM cells to TRAIL-induced apoptosis in GBM xenograft 

model in vivo. Cells treated with lanatoside C showed necrotic cell morphology with absence of 

caspase activation. Moreover, a low mitochondrial membrane potential as well as a decrease in 

intracellular ATP levels were observed at early time points after treatment. Although this type of 

cell death is in line with the -RIPK-dependant- necroptotic cell death, the necroptosis inhibitor 

nec1 failed to protect against Lanatoside C killing. In conclusion, by using the Gaussia 

luciferase-based drug screen, we show that lanatoside C sensitizes GBM cells to TRAIL-

induced cell death and mitigates apoptosis resistance of glioblastoma cells by inducing an 

alternative cell death pathway. Activation of this caspase-independent mechanism may be a 

useful strategy for counter resistance of cancer cells to apoptosis. 
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INTRODUCTION 

 

 Glioblastoma (GBM) is the highest grade (grade IV) astrocytoma and is the number one 

cause of primary brain tumors1. The Central Brain Tumor Registry of the U.S. (www.cbtrus.org) 

states that the 5-year survival rate is 3.3% with median survival rate of 14 months. Standard-of-

care treatment involves radiation, chemotherapy, and maximal surgical resection of the tumor. 

However, as the poor survival rate indicates, these treatments have not been effective in 

preventing disease progression. One of the hallmarks of GBM is its invasiveness. Long, root-like 

processes as well as single invasive cells extend from the tumor body into the surrounding brain 

parenchyma, making complete surgical removal of tumors nearly impossible with recurrent 

tumors often appearing within 2 cm of the initial lesion2. Radiation therapy prolongs survival, but 

cannot be delivered at high enough dose to kill these infiltrating cells due to the risk to normal 

cells3. Taking into account the complexity of this disease, its high invasiveness and notorious 

resistance of GBM cells to apoptosis and conventional therapies, new treatment paradigms are 

highly desirable.  

One potent cancer-specific agent is the tumor necrosis factor-related apoptosis-inducing 

ligand (TRAIL), also known as APO2L or TNFSF104. TRAIL binds and activates the death 

receptors TRAIL-R1 (DR4) and TRAIL-R2 (DR5)5 present on cancer cells, resulting in 

recruitment of the adapter Fas-associated death domain (FADD) and pro-caspases 8 and 10 to 

their death-inducing signaling complex (DISC), subsequently resulting in the activation of 

caspase-induced apoptosis pathway6. Currently the recombinant form of TRAIL as well as 

TRAIL receptor antibodies are being tested in clinical trials for the treatment of different tumors 

including colorectal cancer, Non-Hodgkin’s lymphoma, advanced refractory solid tumors and 

non-small cell lung cancer (www.clinicaltrials.org). Although TRAIL has shown to be a promising 

therapeutic for various types of tumors, considerable numbers of cancer cells, including GBM, 

are resistant to TRAIL-induced apoptosis7-10. 

 Cell-based high-throughput screening (HTS) assays are commonly used for drug 

discovery and provide a valuable tool for the identification of novel cancer therapeutics that can 

overcome or bypass apoptosis resistance. For an assay to be suited for HTS, it preferably 

needs to be facile, cost-effective with short reaction time and without the need of sample 

processing before measurement. Fluorescence- and bioluminescence-based assays have been 

shown to be useful tools for HTS11-14. The bioluminescence-based assays rely on the use of a 

luciferase as a reporter for cell viability11. Luciferases encompass a number of enzymes that 

catalyze light-producing chemical reactions in living organisms by using molecular oxygen to 
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oxidize their substrates luciferin. Firefly luciferase (Fluc) is the most studied luciferase due to its 

high quantum yield (>88%). However, it requires ATP and Mg2+ as co-factors in combination 

with its substrate, beetle D-luciferin15-18 for activity. Renilla luciferase (Rluc), does not require 

ATP for bioluminescence activity, but it has both a relatively low enzymatic turnover and 

quantum yield (6%)19,20. Previously, we characterized a luciferase from the marine copepod 

Gaussia princeps (Gluc, 185 aa, 19.9 kDa) which is the smallest luciferase known, naturally 

secreted and emitting light at a peak of 480 nm with a broad emission spectrum extending to 

600 nm21. We also showed that Gluc is over 2000-fold more sensitive than Fluc and Rluc, and 

over 20,000-fold more sensitive than the secreted alkaline phosphatase (SEAP) in reporting 

from mammalian cells21,22. Since Gluc is naturally secreted and does not require ATP for 

bioluminescence activity, it can report from viable cells themselves as well as their immediate 

environment22.  

Cell death, defined as the irreversible loss of plasma membrane integrity, can be 

classified into three types based on morphological criteria23: apoptosis, autophagy, and 

necrosis. Over the last decade, cumulative evidence has suggested that necrosis could also 

occur as a programmed cell death, notably upon activation of the death-domain receptors (DRs) 

while caspase activity is blocked24,25. This additional type of cellular demise has been termed 

necroptosis26. A clear distinction between apoptosis and necroptosis can be made as the latter 

induces necrotic cell morphology, does not involve caspase activation, and is independent of 

the Bcl2 family of apoptotic regulators26. Further, necroptosis is characterized by the loss of 

mitochondrial membrane potential (MMP) and is specifically blocked by necrostatin-1, a 

chemical inhibitor of the kinase RIP126.  

In this study, we have developed a cell-based small molecule functional screen assay 

using the naturally secreted Gluc as a bioluminescent cell viability reporter. We show that Gluc 

is a robust reporter for expediting drug hit identification and validation in a dose- and time-

dependent manner from the same well, keeping the cells intact for confirmation analysis. As a 

proof of principle, we sought to identify compounds that could sensitize GBM cells to TRAIL-

mediated apoptosis. We found that lanatoside C sensitizes these cells to TRAIL both in cultured 

GBM cells and in subcutaneous GBM xenografts in vivo. Moreover, we show that lanatoside C 

itself kills GBM cells by activating the caspase-independent necroptosis cell death pathway. 

Activation of the necroptosis pathway may be a useful strategy to counter apoptosis resistance 

in cancer cells and may be further exploited for the development of novel cancer therapeutics.  
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RESULTS 

 

Gaussia luciferase-based cell viability assay for functional drug screening 

First, we developed a functional cell-based screening assay based on the naturally secreted 

Gaussia luciferase (Gluc). An expression cassette for Gluc and the cyan fluorescent protein 

(CFP)27, separated by an internal ribosomal entry site element under the control of a CMV 

promoter was cloned in a lentivirus vector (Fig. 1a). CFP was used as a means to determine the 

titer of the lentivirus vector and to easily visualize the transduction efficiency which is usually 

>90% in glioblastoma cell lines as well as primary glioblastoma cells (Fig. 1b). Upon 

transduction, Gluc is first expressed in the cells, and then is processed through the secretory 

pathway, followed by its release into the conditioned medium22. To evaluate whether Gluc 

expression and secretion is linear with respect to cell number, Gli36 human glioblastoma cells 

expressing Gluc and CFP (Gli36-Gluc-CFP) were plated in wells of a 96-well plate in a range of 

100 to 100,000 cells per well. After 24 h, Gluc bioluminescent activity was measured in an 

aliquot of the conditioned medium. As few as 10 cells could be detected with the Gluc assay in 

the conditioned medium with the Gluc signal being linearly related to the cell number in a range 

covering over 5 orders of magnitude (Fig. 1c). Further, to determine whether Gluc expression 

could be used to monitor cell growth and proliferation, Gli36-Gluc-CFP cells were cultured and 

at different time points, an aliquot of the conditioned medium was collected and assayed for 

Gluc activity. A linear increase of Gluc activity with respect to time was observed showing the 

usefulness of this assay in monitoring cell proliferation (Fig. 1d). Since Gluc is naturally 

secreted with >95% of the Gluc is found in the conditioned medium22, it offers two options for 

viability screening: 1) a single time point measurement at which the plated cells as well as the 

conditioned medium are assayed together, without the need to transfer an aliquot of the 

conditioned medium to new wells; or 2) time course measurements for functional analysis by 

assaying an aliquot of the conditioned medium from the same well at different time points 

keeping the cell intact for confirmation analysis.  

 In order to optimize the Gluc cell-viability assay for HTS, several conditions were tested 

in a full 96-well plate format. Twenty µl aliquots of conditioned medium from Gli36-Gluc-CFP 

cells were aliquoted into 96-well plates. Initially, we observed high variation from well-to-well in 

which the first well always gave the highest signal and the last well the lowest signal, being 

almost 2-fold lower than the first well. We attributed this variation to the instability and/or 

spontaneous auto-oxidation of the Gluc substrate coelenterazine. Upon incubation of 

coelenterazine (40 µM) at different time points at room temperature (RT) before using it, we 
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observed that coelenterazine showed a very fast decay during the first 20-25 min and then 

became stable over the next hour (Supplementary Fig. 1). Therefore, coelenterazine was 

incubated for 30 min at RT before its use in all subsequent assays. 

 In order to reduce the cost of the Gluc assay for HTS, and since we observed from 

previous work that Gluc has a high turnover rate and therefore the signal of Gluc increases with 

increasing substrate concentration21, we analyzed different concentrations of coelenterazine. 

We decided to proceed with 50 µl of 1.2 µM coelenterazine which still gave a large signal over 

background ratio without significantly affecting the sensitivity of the Gluc assay (data not 

shown).  

  To determine the well-to-well and plate-to-plate variation for the Gluc cell-viability assay, 

Gli36-Gluc-CFP cells were plated in 96-well plate. Twenty-four h later, aliquot of the conditioned 

medium was transferred to a clean white 96-well plate and assayed for Gluc activity by injecting 

1.2 µM coelenterazine (final concentration, pre-incubated at RT for 30 min) and acquiring 

photon counts using a luminometer. We observed that the variability of the Gluc assay in 3 

independent experiments was minimal with well-to-well and plate-to-plate variation being <9% 

(Fig. 1e). This minimal variation included pipetting error, coelenterazine instability, luminometer 

injection and measurement errors.   

 We have also determined the robustness of the Gluc HTS assay by calculating the Z’ 

factor as follows: Z’ factor = 1- [3(SDPBS + SDTRAIL) / (μPBS – μTRAIL)]. A Z’ factor of ≥0.2 indicates 

a robust assay13. Gli36-Gluc-CFP cells which are sensitive to TRAIL were plated in a 96-well 

plate. Half of the plate received PBS whereas the other half received 250 ng/ml TRAIL. Twenty-

four h later, 20 µl aliquot of the conditioned medium from each well was transferred into new 96-

well plate and the Gluc activity was measured using 1.2 µM coelenterazine. This experiment 

was repeated 3 times. We found that the Z’ factor for the Gluc cell viability assay to range from 

0.71 - 0.81, values that indicate a robust HTS assay. 
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Figure 1. Gaussia luciferase assay for functional drug screening. (a) An expression cassette for Gluc and CFP 

separated by an IRES element was cloned in a lentivirus vector. (b) Transduction efficiency of U87 and primary 

glioblastoma cells with the lentivirus vector in (a). (c and d) Linearity of the Gluc assay with respect to cell number 

and time. Different amounts (c) or 10,000 (d) Gli36-Gluc-CFP cells were plated in a 96-well plate and Gluc activity 

was assayed in 20 µl aliquot of the conditioned medium at 24 h (c) or at different time points (d). (e) Reproducibility of 

Gluc assay for functional screening. Gli36-Gluc-CFP cells were plated in 96-wells plates and after 24 h, Gluc activity 

was measured in 20 µl aliquot of conditioned medium using a luminometer after adding 1.2 µM coelenterazine. The 

experiment was performed in triplicate. The average (avg), standard deviation (SD), and coefficient of variation (CV) 

of each independent experiment are indicated. CFP=cyan fluorescent protein.  

 

Gluc assay for monitoring TRAIL-induced apoptosis in GBM cells 

To determine whether the level of expression and secretion of Gluc into the conditioned medium 

can be used as a marker for cell death, and to investigate the responsiveness of glioblastoma 

cells to TRAIL-induced apoptosis, different GBM cells were transduced with the lentivirus vector 

expressing Gluc and CFP, including Gli36, U87, and two primary GBM cell lines dissociated 
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from patient tumor sections (GBM 1 and 2). These cells were plated in a 96-well plate and 

treated with either PBS (control) or different concentrations of the human recombinant TRAIL 

ranging from 0 to 1000 ng/ml. After 24 h, the Gluc bioluminescent activity was measured in the 

conditioned medium. TRAIL treatment resulted in <25% decrease in Gluc activity in the U87 cell 

line as well as the two primary GBM cells at the highest TRAIL-dose tested (Fig. 2a), indicating 

the resistance of these GBM cells to TRAIL-induced apoptosis. On the other hand, in Gli36 

cells, the percentage decrease in Gluc activity as compared to non-treated cells was inversely 

related to the concentration of TRAIL used, with >80% decrease at 500 ng/ml, showing that 

Gli36 cells are sensitive to TRAIL and that the Gluc reporter can be used to monitor TRAIL-

induced cell death. This drop in Gluc expression also corresponded to the cytotoxicity observed 

using light and CFP fluorescent microscopy. To correlate the Gluc viability assay with a well-

established assay, we used the cell-titer Glo assay which is based on the quantification of the 

intracellular ATP level, in parallel on GBM cells. There was no significant difference in cell 

viability measured by these two independent methods (Fig. 2b).  

 We then analyzed whether the Gluc reporter could be used as a functional assay to 

monitor cell death over time. Ten-thousand Gli36-Gluc-CFP cells were plated in a 96-well plate 

and treated with PBS or 250 ng/ml of recombinant TRAIL. The Gluc activity in the conditioned 

medium was monitored by assaying an aliquot of the conditioned medium at different time 

points. Again, the percentage decrease in Gluc activity in TRAIL-treated cells as compared to 

control cells decreased over time (up to 48 h) indicating that Gluc secretion can be used as 

reporter to monitor cell viability and TRAIL-induced cell death in real-time (Fig. 2c). 

Interestingly, at the 96 h time point, an increase in Gluc activity was observed in Gli36-Gluc-

CFP cells indicating an increase in cell number which we attribute to the re-growth of a TRAIL-

resistance sub-population of the Gli36 cell line. In conclusion, the Gluc assay can be used to 

track the cytotoxic effect of TRAIL-induced apoptosis in GBM cells. 
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Figure 2. Gluc as a reporter to monitor TRAIL-induced cell death. (a) U87, two primary GBM and Gli36 cells 

expressing Gluc-CFP were plated in 96-well plates and treated with different concentrations of TRAIL. Twenty-four h 

later, Gluc activity was measured in 20 µl aliquot of the conditioned medium using a luminometer after adding 20 µM 

coelenterazine. (b) U87-Gluc-CFP cells were treated as in (a) and cell viability was measured 24 h later using Gluc 

and cell-titer Glo bioluminescent assays. (c) Gli36-Gluc-CFP cells were treated with 250 ng/ml of TRAIL and the Gluc 

activity in the conditioned medium was monitored at different time points. The results are expressed as percentage of 

RLU in TRAIL-treated cells as compared to non-treated cells with the latter being 100%. Data shown as average of 

experimental triplicates ± SD.  

 

 

Gluc-based small molecule screening for drugs that sensitizes GBM cells to TRAIL 

After having established a functional assay to monitor cell viability based on Gluc secretion, we 

screened for drugs that sensitize the resistant U87-Gluc-CFP cells to TRAIL-induced apoptosis. 

The workflow of the entire screen and hit validation is summarized in Fig. 3a. We screened the 

NINDS custom collection library consisting of 1040 drugs and bioactive compounds, FDA-

approved, most of which crosses the blood-brain barrier (BBB) 

(http://www.msdiscovery.com/ninds.html). U87-Gluc-CFP cells were plated in each well of 96-

well plates. In one set of plates, the cells were cultured in the presence of each drug at a final 

concentration of 1 μM and 0.1% DMSO13. In the second set of plates, cells were incubated in 

the presence of both the drug (1 µM) and TRAIL (50 ng/ml). This concentration of TRAIL gives 

approximately 10% cell kill on U87-Gluc-CFP cells (Fig. 2a). Aliquots of the conditioned medium 

were analyzed for Gluc activity at 48 h by adding coelenterazine and measuring photon counts 

using a luminometer. The drug hits were selected upon showing a >75% drop in photon counts 

when incubated with TRAIL, as compared to control cells cultured with 0.1% DMSO. The results 

from the primary screen are presented as a scatter plot in Fig. 3b. Notably, at a concentration of 
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1 µM, some of the drugs screened seemed to be toxic on U87 cells on their own (>75% 

decrease in normalized Gluc activity). Among those hits were two drugs already known to have 

anti-cancer activity, mitoxantrone28 and anisomycin29. In this primary screen, a total of 27 drugs 

were found to induce >90% decrease in Gluc activity in the presence of TRAIL, with <50% 

toxicity in the absence of TRAIL. These drugs were validated in a secondary screen in which 15 

of these drugs were confirmed to sensitize U87 cells to TRAIL-induced cell death 

(Supplementary Table 1). The NINDS Custom Collection library contained a total of 7 drugs 

belonging to the family of cardiac glycosides. Interestingly, out of the 15 hits that were confirmed 

in the secondary screen, 5 cardiac glycosides were revealed representing the largest family of 

drug hits obtained after the primary screen (Fig. 3c). Of the drugs tested, the cardiac glycoside 

lanatoside C in combination with TRAIL showed the highest toxic effect after 48 h on different 

GBM cells including U87, Gli36 and primary GBM cells (Fig. 3d). This effect was not observed 

on HF19 primary human fibroblasts (Fig. 3d). 
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Figure 3. Gluc screening for drugs that sensitizes GBM to TRAIL. (a) A general scheme showing the different 

steps of the Gluc screening assay. (b) Scatter plot of the 1040 compounds tested. Results are presented as % Gluc 

expression in which the control (0.1% DMSO) is set at 100%. (c) Statistical pie representing the different families of 

drug hits. Data are presented as percentage of drugs from the same family compared to total drug hits. (d) Validation 

of lanatoside C on U87 and Gli36 cell lines, GBM1 primary cells and primary human fibroblasts (HF19). Cells were 

plated in a 96-well plate and treated with 0.25 µM of lanatoside C and/or TRAIL (50 ng/ml) and Gluc activity was 

measured after 48 h. Data are presented as % Gluc expression in which the control untreated sample is set at 100% 

The average of experimental triplicates (± SD) is shown. 

 

 

Lanatoside C sensitize GBM cells to TRAIL-induced cell death in culture and in vivo 

Lanatoside C was further analyzed in the presence of TRAIL at different doses and time points 

on primary GBM cells dissociated from tissue sections of two other patients. GBM cells 

expressing Gluc-CFP were treated with 0.25 µM of lanatoside C in the presence or absence of 

50 ng/ml TRAIL. At 48 h, we observed 70-80% decrease in Gluc activity on both primary GBM 

cells (Fig. 4a). Dose curves of lanatoside C (0.125, 0.25, and 0.5 µM) showed >90% 
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sensitization of primary GBM cells to TRAIL, which was confirmed by CFP fluorescent 

microscopical images (Fig. 4b). Interestingly, at the 0.5 µM dose, lanatoside C itself was toxic to 

GBM cells. These results were consistent throughout all in culture experiments. The IC50, 

defined as the concentration of lanatoside C that gives a 50% decrease in Gluc expression in 

the presence of TRAIL as compared to the control was found to be 0.22 µM at 24 h, which 

decreased to 0.13 µM at 48 h and 0.09 µM at 72 h (Fig. 4c). Thus, lanatoside C efficiently 

sensitizes primary GBM cells to TRAIL-induced cell kill. 

       

 
Figure 4. Lanatoside C and TRAIL effect on primary glioblastoma cells. (a) Two different primary glioblastoma 

cells dissociated from different patients as well as primary human fibroblasts expressing Gluc and CFP were treated 

with 0.25 µM lanatoside C and 50 ng/ml TRAIL. Aliquots of the conditioned medium were assayed for Gluc activity 

over time. (b) CFP fluorescence images of GBM-Gluc cells treated with different doses of lanatoside C and/or TRAIL 

at 24, 48, and 72 h. (c) IC50 of lanatoside C in combination with TRAIL. Primary GBM cells were treated in a 96-well 

plate with different concentrations of lanatoside C and 50 ng/ml TRAIL. Gluc activity was assayed in conditioned 

medium at 24, 48 and 72 h. (d) Effect of lanatoside C on GBM cells. Different GBM cells were treated in a 96-well 

plate with different amounts of lanatoside C. Gluc activity was assayed 48 h later.  
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Lanatoside C belongs to the family of cardiac glycosides widely used for the treatment of 

congestive heart failure caused by hypertension or arteriosclerosis30. We re-analyzed all 7 

cardiac glycosides from the NINDS library (at 0.25 µM) on primary GBM cells expressing Gluc-

CFP to determine whether all drugs from this family sensitize GBM cells to TRAIL. At a 

concentration of 0.25 µM these drugs showed minimal toxicity (<20%). However, when 

combined with TRAIL (50 ng/ml), a >60% decrease in Gluc activity and therefore cell viability 

was observed for all cardiac glycosides tested (Supplementary Fig. 2).   

To evaluate the effect of combination of TRAIL and lanatoside C in vivo, we initially 

performed dose-escalation studies of this drug in nude mice to obtain the maximum tolerance 

dose (MTD), which was found to be 30 mg/kg body weight. U87-Gluc-CFP glioma cells were 

implanted subcutaneously in the flanks of nude mice. One week later, mice were divided into 4 

groups which received intraperitoneal (i.p.) injection of either: vehicle (DMSO in PBS control); 

TRAIL (250 µg/kg body weight); lanatoside C (30 mg/kg body weight) or similar doses of both 

lanatoside C and TRAIL (n=10). These injections were repeated once/day over 10 days. Tumor 

volume was monitored by assaying 5 µl aliquot of blood for the Gluc activity twice a week, which 

was correlated with in vivo bioluminescence imaging once a week. No effect of TRAIL alone 

was observed on tumor growth (Fig. 5). However, tumors in mice treated with both lanatoside C 

and TRAIL regressed for over 40 days. At day 40, tumors in mice treated with both lanatoside C 

and TRAIL were >85% smaller than control tumors. Interestingly, lanatoside C treated mice had 

a slower rate of tumor growth as compared to control. These results confirm our in culture 

findings (Fig. 4b), as well as previous work which shows that cardiac glycosides have an anti-

tumor effect31, 32. We therefore decided to study the mechanism by which lanatoside C is (1) 

sensitizing GBM cell to TRAIL-induced apoptosis; (2) killing GBM cells on its own. 
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Figure 5. Effect of lanatoside C and/or TRAIL on GBM tumors in vivo. U87 GBM cells expressing Gluc were 

implanted subcutaneously in nude mice. One week later, mice were i.p. injected with either: PBS (control); TRAIL 

(250 µg/kg body weight); lanatoside C (30 mg/kg body weight); or similar doses of both lanatoside C and TRAIL. (a) 

In vivo Gluc Bioluminescence imaging was also performed once a week after i.v. injection of coelenterazine and 

acquiring photon counts using a CCD camera. (b) Before and at different time points (twice/week) post-treatment, 5 

µl of blood was withdrawn and assayed for Gluc activity. Shown is a representative mouse from each group (a) and 

mean + SD for Gluc blood assay from each group (b) (n=10). 

 

Lanatoside C up-regulates death receptor DR5 

Cardiac glycosides have been reported to sensitize non-small cell lung cancer cells by 

upregulating DR4 and DR533. To verify whether this is also valid for GBM cells, we analyzed the 

levels of DR4 and DR5 on the cell surface of U87 cells upon treatment with lanatoside C using 

FACS analysis. While DR4 levels were not altered after treatment, there was a clear increase in 

cell surface expression of DR5. At the lower dose (0.25 µM) of lanatoside C, around 1.5 fold 

increase in DR5 cell surface expression was observed compared to a >2 fold increase at 1 µM 

(Supplementary Fig. 3a). Further, to determine whether the synergistic effect of lanatoside C is 

exclusive to TRAIL, we tested the combination of this cardiac glycoside with another member of 

the TNF superfamily, FasL, which binds to its own death receptor, Fas. Upon treatment of 

primary GBM cells with FasL in combination with lanatoside C, a similar synergistic effect was 

observed (Supplementary Fig. 3b). These results suggest an increase in death receptors upon 
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lanatoside C treatment, thereby sensitizing GBM cells to TNF-family members TRAIL or FasL-

induced cell kill. 

 

Lanatoside C induces a necrosis-like caspase-independent cell death 

Although lower doses of lanatoside C (≤0.25 µM) showed minimal toxicity (>25%) on GBM cells 

(Fig. 4a), higher doses (≥0.5 µM) showed a significant decrease in cell viability (Fig. 4d). In 

order to understand the cell death mechanism of this cardiac glycoside on TRAIL-resistant U87 

cells, we first performed PCR arrays on key components of the TNF signaling network 6 h post-

treatment of GBM cells with 1 µM lanatoside C. All four genes which showed >2 fold increase in 

the mRNA expression were members of the TNF superfamily. These genes were TNF (4.04 ± 

0.79), Fas (3.18 ± 0.32), Lymphotoxin alpha (2.665 ± 0.9) and CD40 (2.995 ± 1.28). Neither 

DR4 and DR5 or any of the 10 different caspase family member mRNAs included in this PCR 

array were significantly up-regulated upon lanatoside C treatment under these experimental 

conditions. We then determined the protein expression levels of caspase 3, 8 and 9 in U87 cells 

treated with lanatoside C alone or in combination with TRAIL. Although 1 µM of lanatoside C did 

kill the glioblastoma cells (>60%), no cleavage of caspases was observed. On the other hand, 

the cleaved form of caspase 3 and 8 was detected upon TRAIL treatment alone or in 

combination with lanatoside C (Fig. 6a). In addition, PARP cleavage, an indicator of apoptotic 

cell death34, was only detected in the presence of TRAIL but not in cells treated with lanatoside 

C alone (Fig. 6a). These results suggest that lanatoside C is killing GBM cells in caspase-

independent mechanism. The cleaved caspase 9 could not be detected in any of the treated 

samples whereas the pro-form of this caspase remained unchanged in all samples (Fig. 6a). To 

corroborate these findings, we used a bioluminescent assay that measures caspase 3, 7 and 8 

activity. Again, cell treated with lanatoside C alone did not show any activity of these caspases 

at any of the doses tested (0.2 – 1 µM). TRAIL alone (zero lanatoside C) showed a slight 

increase in caspase 3, 7 and 8 activity. When TRAIL was combined with lanatoside C, a 

significant increase in caspase 3, 7 and 8 activation was observed (2-3 fold, *p<0.05; Fig. 6b-c). 

Since overexpression of anti-apoptotic proteins Bcl2 and Bcl-xL conveys resistance to 

apoptosis35, we generated U87 cell lines stably expressing these proteins. Cell overexpressing 

either Bcl2 or Bcl-xL were ~20% more resistant to etoposide, an apoptosis inducer, as 

compared to the control cells (data not shown), whereas they still died upon Lanatoside C 

treatment suggesting that this cardiac glycoside mediates cell death independent of the Bcl2 

family members (Fig. 6d). In summary, these results indicate that lanatoside C induces a 

caspase-independent cell death in GBM cells, while a combination of lanatoside C and TRAIL 



 
152 

lead to caspase activation most likely caused by TRAIL-induced apoptotic signaling.

 
Figure 6: Lanatoside C induces caspase-independent cell death. (a) U87 cells treated for 16 h with lanatoside C 

(0.25 or 1 µM) in the presence or absence of TRAIL (50 ng/ml) were harvested and analyzed by western blotting 

using cleaved caspases 3 and 8, PARP, pro-caspase 9 as well as β-actin specific antibodies. (b-c) U87-Gluc-CFP 

cells were treated with different doses of lanatoside C and/or TRAIL (50 ng/ml). Caspase 3/7 (b) and caspase 8 

activity (c) was assayed 16 h post-treatment using caspase-Glo assay. Data presented as fold increase in caspase 

activity in treated versus non-treated samples. (d) U87 cells stably expressing a control vector, Bcl2 or Bcl-xL were 

treated with different concentrations of lanatoside C. Twenty-four h later cell viability was measured using cell-titer 

Glo. The upper panel shows Western blot analysis for overexpression of Bcl2 or Bcl-xl in these cells.  

 

Lanatoside C-induces caspase-independent necroptosis cell death pathway 

We then analyzed the morphology of GBM cells after treatment with lanatoside C and/or TRAIL. 

Surprisingly, cells treated with lanatoside C alone showed necrotic features (Fig. 7a). This was 

characterized by the condensation and segmentation of the chromatin and was more severe 

with the higher dose of the drug (1 µM). Vacuolization could be observed in the cytosol of 
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lanatoside C treated cells along with a visible damage of organelles. In some of the TRAIL-

treated cells, condensation and shrinkage of the nucleus could be detected, a typical feature of 

apoptotic cell death. Lanatoside C combined with TRAIL-treated cells showed a total loss of 

nuclear membrane. 

To further characterize the type of cell death caused by lanatoside C treatment, we 

tested this cardiac glycoside in combination with the pan-caspase inhibitor zVAD as well as the 

necroptosis inhibitor necrostatin-1 (nec1)26. Both drugs failed to efficiently inhibit lanatoside C-

induced cell kill (Fig. 7b and data not shown). Interestingly when testing lanatoside C 

combined with TRAIL, zvad inhibited cell killing (>90%) at the low dose (0.25 µM) of lanatoside 

C, and inhibited cell killing ~50% at the high dose (1 µM; Fig. 7b). This confirms the caspase 

activation observed after lanatoside C and TRAIL treatment and suggests an apoptotic cell 

death only when TRAIL is combined with lanatoside C.                      

 

 

Figure 7: Lanatoside C 

induces necroptosis cell 

death pathway. (a) U87 cells 

were treated for 6 h with 

lanatoside C (0.25 and 1 

µM), TRAIL (50 ng/ml) or 

combination of both and 

visualized using transmission 

electron microscopy (scale 

bar, 2 µm, x4000). (b) U87-

Gluc-CFP cells were treated 

with 2 different doses of 

lanatoside C (0.25 and 1µM) 

and/or TRAIL (50 ng/ml) in 

the presence or absence of 

the caspase inhibitor zVAD 

(30 µM). Cell viability was 

assayed after 72 h. Data 

shown as % cell viability in 

treated versus non-treated 

cells. (L0.25: lanatoside C 

0.25 µM; L1: lanatoside C    1 

µM; T: TRAIL) 
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Lanatoside C induces autophagy, loss of MMP, and early ATP depletion 

Autophagy can occur as a downstream consequence of necroptotic cell death and is 

characterized by the formation of autophagosomes 26. After exposure to lanatoside C for 6 h, 

autophagosomes were observed in treated cells analysed by electron microscopy (Fig. 8a). The 

microtubule-associated protein 1 light chain 3 (LC3) is a marker of autophagy and its LC3-II 

membrane-bound lipidated form is expressed on the membrane of these autophagosomes36.  

Lanatoside C treatment induced an increase in LC3 II confirming the induction of autophagy37 

(Fig. 8b). Finally we treated U87 cells transfected with a plasmid expressing an LC3-GFP fusion 

protein with this drug. Twenty-four h later, GFP punctuations were detected in the cytoplasm of 

the treated cells but not in the control samples (Fig. 8c). As a positive control we treated cells 

with rapamycin, a chemical inducer of autophagy through mTOR signaling inhibition38, which 

also showed GFP punctuations in the cytoplasm similar to lanatoside C-treated cells. To 

investigate whether autophagy is the mechanism through which lanatoside C is killing the cells, 

we co-treated cells with two different inhibitors of autophagy,  3-methyladenine39 and 

Bafilomycin A140. Although these drugs efficiently abrogated the LC3-GFP punctuations in 

rapamycin-treated samples (Fig. 8c and data not shown), suggesting an efficient inhibition of 

autophagy, they failed to protect against lanatoside C-mediated cell death (Supplementary Fig. 

4a). This is in line with previous findings that autophagy occurs as a downstream consequence 

of necroptosis but does not directly contribute to cell death per se 26. 
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Figure 8: Lanatoside C induces autophagy. (a)Transmission electron micrograph of an untreated cell (x4000) or 

treated with 1 µM of lanatoside C (x8000). Arrows depict autophagosomes containing intracellular organelles (scale 

bar, 2 µm). (b) Lanatoside C induces LC3-II. U87 cells treated for 16 h with lanatoside C (0.25 or 1 µM) were 

harvested and analyzed by western blotting using LC3 and β-actin antibodies. The ratio of LC3 II to β-actin is shown 

below the blot with values normalized to the control sample (c) U87 cells stably expressing LC3-GFP were treated 

with PBS, lanatoside C (1 µM), rapamycin (200 nM) or rapamycin (200 nM) in combination with 3MA (2 mM) for 24 h. 

Representative GFP fluorescent microscopic images of cells counterstained with DAPI (nuclei) are shown (scale bar 

100 µm). 

 

Loss of mitochondrial membrane potential (MMP) is another major determinant of 

necroptotic cell death26. When cells were treated with lanatoside C (0.25 or 1 µM), a significant 

decrease in MMP was detected as compared to non-treated cells (Fig. 9a-c). Since ATP 

depletion triggers autophagy41, we evaluated the intracellular ATP levels upon lanatoside C 

treatment. A decrease in ATP levels was detected as early as 2 h post-treatment and continued 

to decline over time. At 6 h, a 35% decrease in ATP levels was observed as compared to 

control samples (Fig. 9d). On the other hand, TRAIL-treated cells did not show any ATP 

depletion (data not shown). 
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 Since an increase in reactive oxygen species (ROS) can occur during necroptosis 

without playing a critical role in cell death execution26, we tested the effect of the antioxidant 

(ROS scavenger) N-acetyl cysteine (NAC). Although NAC protected from cell death induced by 

H2O2, however, there was no apparent effect on cells treated with lanatoside C showing that cell 

death induced by this cardiac glycoside is not dependent on the generation of ROS 

(Supplementary Fig. 4b).  

 
Figure 9: Lanatoside C-induces mitochondrial damage and ATP depletion. (a-c) U87 cells were treated with 

0.25 µM (a) or 1 µM (b) lanatoside C. Four h later, mitochondrial membrane potential (MMP) was measured after JC-

1 staining followed by FACS analysis. (c) Histogram showing the percentage of cells with low MMP from figure (a) 

and (b). (d) Time-course analysis of ATP levels following treatment of U87 cells with PBS or lanatoside C (1 µM) 

using cell-titer Glo assay. All experiments were repeated at least 3 times to obtain statistical significance, *p≤0.05, 

**p≤0.001, Student t-test. 
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DISCUSSION  

 

In this study, we developed and optimized the Gluc bioluminescent assay for functional drug 

screening and showed it to be a useful tool for finding novel glioblastoma therapeutics. The Gluc 

assay can be performed either as a single time measurement by adding the substrate directly 

onto the treated cultured cells, or aliquots of the conditioned medium may be analyzed at 

different time points to monitor cell proliferation, cell death or drug kinetics. The Gluc secretion 

level correlated directly with cell viability, as well as cell growth and proliferation. Compared to 

firefly luciferase, the gold standard assay for bioluminescence screening42-45, Gluc offers several 

advantages: Gluc is naturally secreted and therefore it allows monitoring of cell viability by 

assaying aliquots of the conditioned medium over time, keeping the cells intact for confirmation 

analysis. This additive feature of the Gluc assay opens the door for screening of drug kinetics; 

Firefly luciferase is not secreted and therefore an extra cell lysis step is required for efficient 

bioluminescent measurement, making time course experiments virtually impossible15; Gluc is 

over 2000-fold more sensitive than firefly luciferase when expressed in mammalian cells21 

resulting in a robust and sensitive assay; Finally, Gluc assay can be easily translated to non-

invasive ex vivo monitoring of in vivo processes, including tumor growth and therapy, by 

measuring its activity in few microliters of blood over time46. This feature makes the Gluc suited 

for in vivo drug screening. Although the Gluc assay could complement other cell viability assays 

and is suited for monitoring cell viability in drug screens, the Gluc expression is dependent on a 

transcription promoter which activity could be tempered by certain drugs. Further, drugs that 

could induce endoplasmic reticulum stress or impact the secretory pathway might interfere with 

Gluc secretion22 causing inaccurate bioluminescence read-outs. Therefore validation of drug 

hits with a different cell viability assay is required.  

 We used the Gluc assay and screened a small molecule library in which we identified 

the cardiac glycosides family as being a potent sensitizer of GBM cells to TRAIL-induced 

apoptosis. Notably, lanatoside C showed the best synergistic effect with TRAIL on tumor cells 

while having minimal toxicity on normal fibroblasts in the presence or absence of TRAIL. 

Recently, several studies have suggested cardiac glycosides as potential therapeutics for 

different types of cancer31, including GBM47, although little have made it to the clinic due to their 

therapeutic index and/or their low antitumor activity as well as their carditoxicity48. When 

combined with a low dose of TRAIL, a low dose of lanatoside C provided a high anti-

glioblastoma activity both in cultured cells as well as in GBM xenografts in vivo. These results 

could present one leap towards testing of this drug combination for glioma therapy since TRAIL 
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is currently being tested for the treatment of different tumors in human. Also, cardiac glycosides 

are FDA-approved and have been used for decades for the treatment of congestive heart 

failure. One draw back of this combined therapeutic modality for glioma is the delivery of TRAIL 

from the vasculature to the brain. Although minimal TRAIL has been shown to cross the blood-

brain barrier49, convection-enhanced delivery has been used successfully in delivering 

recombinant TRAIL to brain tumors50. This drug delivery modality is also being tested clinically 

for the delivery of therapeutics such as targeted immunotoxins to brain tumors51-53. Therefore 

the TRAIL and lanatoside C combination offers a potential efficient therapy against brain 

tumors. 

Interestingly, a previous study showed a synergistic effect of cardiac glycosides with 

TRAIL in culture caused by up-regulation of the DR on non-small cell lung cancer cells, while 

reporting no toxicity of cardiac glycosides treatment without TRAIL33. Another recent study on 

malignant epithelial cells had suggested that cardiac glycosides act as anoikis sensitizers while 

causing no cytotoxicity on adherent cells54. Though it seems that cardiac glycosides activity is 

cell-type specific, their mechanism of action on cancer cells is not fully elucidated and several 

possible mechanism have been suggested31. A chemical genetic screen for small molecules 

with neuroprotective effect in ischemic stroke revealed four cardiac glycosides (neriifolin, 

ouabain, digitoxin and digoxin)55. Neriifolin, being the most potent of the four hits, showed a 

neuroprotective effect in hypoxia/ischemia animal models as well. These studies provide a 

further evidence of the use of cardiac glycosides in brain treatment and the lack of toxicity of 

these drugs on normal brain cells. Another major advantage of cardiac glycosides in 

glioblastoma therapy may be their ability to cross the blood brain barrier56. Hence we decided to 

investigate the mechanism of action of lanatoside C and inspect a possible cross-talk between 

this cardiac glycoside and the TRAIL pathway. We observed that treatment of glioblastoma cells 

with lanatoside C upregulated the mRNA expression of several genes that are members of the 

TNF superfamily. We also observed a clear upregulation of DR5 after lanatoside C treatment, 

suggesting that the sensitization of glioblastoma cells to TRAIL might be due to the cardiac 

glycoside-induced expression of this death receptor on the cell surface. The knockdown of the 

DR by RNA silencing as a way to prove the effect of cardiac glycosides as TRAIL sensitizers is 

debatable. Such knockdown would prevent in first place the binding of TRAIL to its own receptor 

therefore rendering TRAIL treatment inefficient, which could justify the lack of activity seen on 

cell treated with cardiac glycosides and TRAIL after knockdown of the DRs33.  

A drug screen for inhibitors of polyglutamine-dependent activation of caspase-3 on 

human embryonic kidney cells (HEK293) using the same NINDS library, by Piccioni et al.13 
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identified 6 out of the 7 cardiac glycosides in the library as validated drug hits13. Whether or not 

the anti-apoptotic activity observed in certain cardiac glycosides is due to their ability to inhibit 

the Na+/K+-ATPase is still a subject of debate57. When we treated glioblastoma cells with 

ouabain, another cardiac glycoside from our hit list, we observed caspase 3, 7 and 8 (data not 

shown). These results suggest a possible apoptotic effect induced by ouabain as previously 

reported 58,59. Therefore, the caspase-independent cell death observed for lanatoside C is 

probably not a general mechanism for all cardiac glycoside family members.  

Aside from the lack of caspase activation and the absence of resistance to the anti-

apoptotic proteins Bcl2 and Bcl-xL, necrotic cell death morphology was observed in lanatoside 

C treated samples. Futher, the presence of autophagosome vacuolization, as detected by LC3-

GFP fusion protein, suggested a necroptosis-like cell death mechanism. Although the 

necroptosis inhibitor failed to protect against this cell death suggesting the lanatoside C 

signaling is independent of RIP1 kinase.  

In the absence of caspase activation, a necrotic cell death mechanism induced through 

the DR can supervene60. On the other hand, ATP depletion can trigger autophagy41 and more 

interestingly, it can favor necrosis over apoptosis61,62 partly due to the role of ATP in 

apoptosome formation and the activation of caspases63,64. One possible explanation for 

lanatoside C-induced cell death is that it might indirectly inhibit caspase activity through ATP 

depletion while activating the death receptors thereby inducing a programmed necrosis. Two 

mechanisms for the loss of mitochondrial member potential (MMP) has been suggested65: one 

mostly connected with apoptosis and involves Bcl-2 family members (mainly Bax and Bak); 

while the other is due to necrosis and is Cyclophilin D- (CypD) dependant. Along with RIP1, 

CypD plays a critical role in programmed necrosis. CypD-deficient cells are resistant to necrotic 

stimuli while maintaining their sensitivity to apoptotic cell death66. Upon lanatoside C treatment, 

we did not observe any change in bax protein expression by western blot analysis on total cell 

lysate (data not shown) or an increase in cell survival upon overexpression of Bcl2 family 

members (Bcl2 or Bcl-xL). A potential role of CypD in lanatoside C-induced low MMP is yet to 

be investigated.  

 Evading apoptosis is a hallmark of cancer67. The apoptosis-resistance mechanisms are 

made possible through a myriad of genetic and epigenetic processes. Chemotherapeutic agents 

that induce non-apoptotic cell death pathways might be of great benefit and could outwit tumor 

resistance. Moreover, combining drugs that induce different cell death mechanisms (apoptosis 

and necrosis for example), as it seems for lanatoside C and TRAIL on GBM cells, may help 

achieve a maximal therapeutical benefit.  A deeper understanding of programmed necrosis 
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pathways and identification of markers for this caspase-independent mechanism are still 

needed. Using drugs such as lanatoside C combined with known therapeutics such as TRAIL 

may be a useful strategy to counter resistance of cancer cells to apoptosis and provide new 

opportunities for cancer treatment in general and GBM in particular. 
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MATERIALS AND METHODS   

 

Cell culture. 293T human embryonic kidney fibroblasts cells were obtained from Dr. David Baltimore, Massachusetts 

Institute of Technology, Cambridge, MA.  HF19 primary human fibroblast cells from a normal donor were obtained 

from Dr. Xandra Breakefield at the Massachusetts General Hospital. U87 human glioblastoma cells were obtained 

from ATCC. Gli36 human glioma cells were obtained from Dr. Anthony Campagnoni, UCLA, CA. Primary GBM cells 

were dissociated from tumor sections of different GBM patients, obtained under an approved IRB for discarded 

tissues by the Massachusetts General Hospital. At the time of resection, these portions were immediately placed in 

oxygenated artificial cerebrospinal fluid (CSF; 124 mM NaCl, 5 mM KCl, 1.3 mM MgCl2, 2 mM CaCl2, 10 mM D-

glucose, 26 mM NaHCO3, pH 8) on ice. The dissociation of the tumor and cell isolation process was initiated within 

30 min after removal by surgery. Around 10-15 million primary cells were obtained from each tumor section. All cells 

were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (Sigma, 

St. Louis, MO), 100 U penicillin, and 0.1 mg/ml streptomycin (Sigma), at 37ºC in a 5% CO2 humidified incubator. 

 

Reagents. The following reagents were purchased from Sigma: NAC, H2O2, 3-methyladenine, Bafilomycin A1, 

lanatoside C and ouabain. Lanatoside C was reconstituted at 10 mg/ml equivalent to 10 mM in DMSO). zVAD-FMK 

and rapamycin were purchased from Calbiochem. Necrostatin-1 (LDN-57446) was a kind gift from Dr. Greg Cuny, 

Laboratory for Drug Discovery in Neurodegeneration (LDNN), Harvard NeuroDiscovery Center, Partners Center for 

Drug Discovery.  

 

Gluc lentivirus vector construction. Gluc was cloned in CSCW, a self-inactivating lentivirus vector, under the 

control of the CMV immediate early promoter22. This promoter also controls the expression of a cyan fluorescent 

protein (CFP) separated from Gluc by an internal ribosome entry site (I). This construct is referred to as pCSCW-

Gluc-ICFP. Lentivirus vectors were packaged and titered as described68. Briefly, 293T cells were co-transfected with 

the pCSCW-Gluc-ICFP plasmid, the lentiviral packaging genome CMVR∆8.91 (from Dr. Didier Trono, Univ. Geneva, 

Switzerland) and envelope coding plasmid (pVSV-G; provided by Dr. Miguel Sena-Esteves, MGH). The medium 

containing the lentiviruses was harvested 48 and 72 h later and titered as transducing units (tu)/ml on 293T cells by 

counting the CFP positive cells 48 h post-infection. Typical titers obtained using this procedure are 108 tu/ml. Stable 

cell lines were made by plating cells in 6-well plate (70% confluency) and infecting them with CSCW-Gluc-ICFP 

lentivirus vector at a multiplicity of infection (MOI) of 50 in the presense of 10 µg/ml polybrene(Sigma). Transduction 

efficiency was monitored by CFP fluorescence microscopy using an inverted fluorescent microscope (Nikon TE 200-

U) coupled to a digital camera. 

 

Small molecule library and functional drug screening. The NINDS Custom Collection small molecule library 

comprises 1040 active compounds dissolved in DMSO (10 mM) compiled by MicroSource Discovery Systems. 

Recombinant human TRAIL used is the 19.6 kDa protein comprising the full-length of the TNF-like extracellular 

domain of TRAIL (GF092; Chemicon International; Temecula, CA). Cells were plated in  96-well plate (3000 

cells/well) in the presence or absence of TRAIL (50 ng/ml). Immediately after plating the cells, drugs were added at a 

final concentration of 1 µM and 0.1% DMSO (v/v). In each plate, cells in the first row were treated with 0.1% DMSO 

and in the last row with TRAIL alone serving as controls. Forty-eight h later, aliquots of the conditioned medium were 

assayed for Gluc activity using 1.2 µM coelenterazine. The results were analyzed by exporting the data to a 

speadsheet in which the data were presented as % RLU or Gluc expression where the DMSO treated wells are set at 
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100%. The values from the TRAIL/drug treated plates were then compared to the drug-treated plates and an 

automatic FAIL or PASS signal was generated in which PASS denotes a potential hit.  

 

Gaussia luciferase assay in culture. All experiments were performed in 96-well plates, with cell density of 1000-

3000 cells/well. Aliquots of the cell-free conditioned medium (20 µl) were transferred to a clean white 96-well plate 

and subjected to Gluc assay by injecting different concentrations of coelenterazine [Prolume Ltd./Nanolight, Pinetop, 

AZ; dissolved in acidified methanol (12 mM stock solution) and further diluted in PBS (work solution)] and acquiring 

photon counts using a luminometer (Dynex, Richfield, MN). The signal was measured for 4 sec and integrated over 2 

sec. 

 

In vivo tumor model and bioluminescence imaging. Initially, the maximum tolerance dose (MTD) of lanatoside C 

was performed. Groups of 5 nude mice were injected with escalating doses of this drug (ranging from 1 - 60 mg/kg 

body weight) over 5 days. Control groups received the maximum amount of the vehicle DMSO. We found the MTD of 

lanatoside C to be 30 mg/kg body weight. One million U87-Gluc-CFP cells (in 30 l PBS) were mixed with an equal 

volume of matrigel (BD Bioscience) and implanted subcutaneously in the flanks of nude mice. One week later, mice 

were divided into groups of 5 mice which received intraperitoneal (i.p.) injection of either PBS, TRAIL (250 µg/kg body 

weight), lanatoside C (30 mg/kg body weight), or similar doses of both lanatoside C and TRAIL. These injections 

were repeated daily over 10 days. Tumor volume was monitored by both Gluc-blood assay and Gluc in vivo 

bioluminescence imaging immediately after i.v. injection of 150 l coelenterazine (4 mg/kg body weight) and 

recording photon counts over 1 min using a CCD camera with no illumination. A light image of the animal was taken 

in the chamber using dim polychromatic illumination. Following data acquisition, post-processing and visualization 

was performed using CMIR-Image, a program developed by the Center for Molecular Imaging Research using image 

display and analysis suite developed in IDL (Research Systems Inc., Boulder, CO). Regions of interest were defined 

using an automatic intensity contour procedure to identify bioluminescence signals with intensities significantly 

greater than the background. The mean, standard deviation, and sum of the photon counts in these regions were 

calculated as a measurement of Gluc activity. For visualization purposes, bioluminescence images were fused with 

the corresponding white light surface images in a transparent pseudocolor overlay, permitting correlation of areas of 

bioluminescent activity with anatomy. This experiment was repeated 2 times to obtain statistical significance. 

 

Gluc blood assay. Five µl of blood samples was withdrawn by making a small incision in the tail of awake mice 

which was added immediately to 1 l 20 mM EDTA (anticoagulant). The Gluc activity was measured using a plate 

luminometer after injecting 100 μl 100 μM coelenterazine in PBS and acquiring photon counts over 10 sec. 

 

Statistical analysis and IC50 calculation. Gli36-Gluc-CFP cells were plated in a full 96-well plate. Half of the plate 

received PBS and the other half received TRAIL (250 ng/ml). Forty-eight h later, the robustness of the Gluc screening 

assay was determined by calculating the Z’ factor as follows: Z’ factor = 1- [3(SDPBS + SDTRAIL) / (μPBS – μTRAIL)]
69. In 

addition, the coefficient of variation (CV) was measured using the formula: CV = SD/μ, aiming at a CV <10%, 

including the variation in handling, substrate stability, luminometer injection and measurement errors. IC50 values 

were calculated using SigmaPlot by best fitting the dose-response curve using the Four-Parameter Logistic Function 

with Variable Slope model. The significance levels (student t-test) were calculated using standard spread sheets.  
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Transmission electron microscopy. Cells were treated for 6 h in a 6-well plate then fixed for one hour at RT in a 

mixture of 2.5% glutaraldehyde, 1.25% paraformaldehyde and 0.03% picric acid in 0.1 M sodium cacodylate buffer. 

After 3 washing steps, 1% osmiumtetroxide/1.5% potassiumferrocyanide was added for 30 min at RT followed by 

another washing steps and incubation in 1% uranyl acetate for 30 min at RT. After sequential washes with 70, 90, 

and 100% ethanol, cells were collected in propylenoxide and pelleted by centrifugation. The infiltration step was 

performed in TAAB Epon mixed with propylenoxide for 2 h at RT. Samples were moved to embedding mould filled 

with freshly mixed TAAB epon and left to polymerize for 24 h at 65°C. Sections were visualized using a Tecnai G² 

Spirit BioTWIN transmission electron microscope. 
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SUPPLEMENTARY METHODS AND FIGURES 

 

Supplementary Methods 

 

Transient transfection. Cells were plated in 6-well plates (0.5 x 106) and 24 h later, transfection was carried out 

using 1 µg of plasmid DNA and Lipofectamine 2000 (Invitrogen) as per manufacturer instructions. U87-Gluc-CFP 

cells were transfected with pBABe empty vector or pBABe-Bcl2 (kind gift of Dr Esther Hullman, VU University medical 

center, Amsterdam, Netherlands). To generate stable cell lines, cells were selected using hygromycin B (Invitrogen) 

150 ng/ml. In another experiment, U87 cells were transfected with EGFP-LC370 (Addgene plasmid 11546).   

 

Western blot analysis. Total cell lysates were prepared using lysis buffer containing 150 mM NaCl, 50 mM TRIS, pH 

8.0, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, and protease inhibitors (PI Complete; Boehringer Mannheim, 

Indianapolis, IN). Lysates were resolved on 12.5% SDS-polyacrylamide gel electrophoresis loaded with 25 µg of 

protein, followed by transfer to a nitrocellulose membrane. Membranes were blocked for one hour in 10% non-fat milk 

powder in TBST (150 mm NaCl, 50 mm TRIS, pH 7.9, 0.5% TWEEN) then incubated overnight with the primary 

antibody. The following antibodies were used, β-actin (Millipore), cleaved caspase 3 (Cell Signaling), caspase 8, 

PARP, and bax (BD transduction laboratories), Bcl2 (Sigma). Membranes were then washed with TBST and 

incubated for 1 h with a horseradish peroxidase (HRP) conjugated secondary antibody sheep anti-mouse IgG-HRP or 

donkey anti-rabbit IgG-HRP (Amersham Pharmacia Biotech). Protein detection was performed using SuperSignal 

West Pico Chemiluminescent SubstrateTM (Pierce). Western-blot  bands were quantified using image J software. 

 

ATP-based cell viability assay. Quantification of cell death as well as ATP detection in metabolically active cells 

was performed using the bioluminescence-based, cell-titer Glo assay from Promega, as described in the 

manufacturer’s manual.  

 

Human Apoptosis PCR Array. Cells were plated in 12 well plates at 1 x 106 cells/well and subjected to different 

treatments 24 h later. Total RNA isolation, reverse transcription and real-time PCR were performed using the Human 

Apoptosis RT² Profiler™ PCR Array kit (Sabiosciences) as recommended by the manufacturer. Real-time PCR was 

performed in an ABI PRISM 7000 Sequence Detection System Thermal Cycler (Applied Biosystems). 

 

FACS analysis of death receptors. Phycoerythrin labeled DR4 and DR5 antibodies were obtained from R&D 

systems. After 24 h of drug treatment, cells were detached from the wells, washed three times with PBS/0.5% BSA 

and incubated with these antibodies for 45 min at RT. Cells were then washed and analyzed by FACS using a BD 

FACS caliber flow cytometer (BD biosciences).   

 

Mitochondrial membrane potential (MMP). To measure the MMP we used JC-1 (5,5’,6,6’-tetrachloro-

1,1’,3,3’tetraethylbenzimidazolylcarbocyanine iodide) (Invitrogen). This fluorescent dye aggregates in the 

mitochondria of healthy cells resulting in a red fluorescence signal. Loss of red fluorescence is an indicator of 

mitochondrial collapse and loss of MMP. Cells were treated with 10 µg/ml of JC-1 for 10 min at 37ºC followed by 

FACS analysis. 
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Supplementary figures 

 

Supplementary Figure 1. coelenterazine stability and auto-oxidation over time. Conditioned medium from cells 

expressing Gluc were plated in a 96-well plate.  Coelenterazine was mixed in PBS (40 µM) and used to assay 

triplicates of these wells at different time points. 

 

 

 

 

Supplementary Table 1: Small molecule drug hits and their biological function 
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Supplementary Figure 2. Analysis of different cardiac glycosides on GBM.  GBM1-Gluc-CFP cells were treated 

in a 96-well plate with different cardiac glycosides (0.25 µM) in the presence or absence of TRAIL (50 ng/ml). 

Seventy-two h later, aliquots of conditioned medium were assayed for Gluc activity. Data shown as mean ± SD. 

 

 

Supplementary Figure 3. (a) Lanatoside C upregulates DR5 on GBM cells. U87 cells were treated with 0.25 or 1 

µM of lanatoside C. Sixteen h later, cells were labeled with anti DR4 or DR5 -PE conjugated antibodies followed by 

FACS analysis.  Data is shown as mean fluorescence intensity (MFI). (b) Synergestic effect of lanatoside C with 

TRAIL or FasL. U87-Gluc-CFP cells were treated with different concetrations of lanatoside C in the presence or 

absence of TRAIL (50 ng/ml) or FasL (50 ng/ml). Gluc activity from the conditioned medium was assayed after 24 h. 

Data presented as % Gluc activity in treated compared to untreated samples and shown as the average of biological 

triplicates ± SD. 
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Supplementary Figure 4: Autophagy inhibitors 3 methyladenine (3MA) and Bafilomycin A1 (Baf A1) and the 

ROS scavenger N-acetylcysteine (NAC) do not protect from lanatoside C-induced cell death. (a)  U87 cells 

were co-treated with lanatoside C (0.25 or 1 M) and 3MA (2.5 mM) or lanatoside C and Baf A1 (10 nM). Cell viability 

was measured after 24 h using cell-titer Glo assay. (b) U87 cells were pre-treated with NAC (20 mM) for 30 min then 

washed with PBS and co-treated with either lanatoside C (1 M) or H2O2 (100 M) in the presence of NAC (10 mM) 

for 24 h followed by cell viability analysis as in (a). Data shown as the average of biological triplicates calculated as % 

of cell viability in treated cells compared to untreated samples (± SD). 
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Recent advances in non-invasive imaging, including the introduction of genetically encoded 

reporters into cells and the use of different imaging modalities, have a critical role in 

understanding normal physiology, disease progression and response to therapy. Specifically, 

molecular imaging is useful to study cancer pathologies and help advancing the development of 

novel therapeutics. Despite all effort to elucidate the mechanism of action of this disease, and 

the tremendous advances in current therapy, cancer is still the leading cause of death according 

to the WHO fact sheet of 2009 (http://www.who.int/mediacentre/factsheets/fs297/en/print.html). 

Over the last decades, bioluminescence imaging has been a driving force for shaping a better 

understanding of many aspects of cancer pathogenesis and has become a key player in the 

development of a myriad of candidate compounds and gene therapy vectors directed against 

cancer. Throughout this thesis, we have used an optimized bioluminescent reporter, Gaussia 

luciferase, to study different biological processes and to develop new therapeutics for 

glioblastoma. The general outline of our research is shown in Fig. 1 as a schematic overview of 

a typical drug development process and how it was applied to the work presented here. This 

overview also depicts the major findings of our research throughout each phase of this process. 
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Figure1: Schematic overview of a multi-disciplinary BLMI approach leading to the identification of new therapeutics 

for glioblastoma and the applications presented in this thesis. 
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 Cells have the capacity to incorporate proteins into cellular membranes and secrete 

proteins into the extracellular space; this is accomplished through the secretory pathway. 

Improper protein folding, transport or degradation due to the presence of mutated proteins or 

physiological insults, can cause endoplasmic reticulum (ER) stress1 commonly observed in 

neurodegenerative diseases, diabetes as well as in cancer2-4. The main attribute of ER stress is 

the partial or total blocking of the secretory pathway5. Cumulative evidence show that ER stress 

plays a key role in proliferation and death of cancer cells and can also alter tumor response to 

chemotherapeutic agents3, hence the importance of underpinning this biological process. We 

described in Chapter 2 a new sensitive assay for monitoring the secretory pathway and ER 

stress based on the naturally secreted Gluc. We studied many aspects of Gluc secretion, and 

based on these results we were able to further elaborate and expand the Gluc application 

towards more biological models described in the later chapters. We showed that ~95% of the 

Gluc signal was detected outside the cell, in its culture medium thereby eliminating the need of 

cell lysis for bioluminescent detection; Gluc signal was linear in respect to cell number and 

cellular division; the high sensitivity of this reporter and the low signal to noise ratio allowed the 

detection of as few as 10 cells under our assay conditions.  We were able to monitor the 

secretory pathway and cellular response to ER stress, in real-time and in a quantitative manner 

using Gluc. Finding drugs that can enhance protein processing through the secretory pathways 

is highly desirable for neurological disorders such as Dystonia and Parkinson6. Currently, our 

laboratory (in collaboration with Dr. Xandra Breakefield’s group at Massachusetts General 

Hospital) is screening for small molecules that can alleviate ER stress and enhance the 

secretory pathway in fibroblast cells from Dystonia and Parkinson patients, using the Gluc 

assay. Different studies have shown the implication of ER stress in tumor development in vivo 

while conferring a protective role against cancer therapeutics3. It will be of interest to expand the 

use of our assay for in vivo applications which will allow us to study ER stress in tumors as well 

as the assessment of drugs that can interfere with the ER mechanism in experimental animal 

models. 

As discussed in Chapter 1, in vivo bioluminescent light emission can be scattered due to 

the presence of bones, muscles, fat and other tissues. To overcome this hurdle, we designed a 

new assay to monitor luciferase activity through blood monitoring (Chapter 3). We showed that 

the Gluc level in the blood of experimental animals can be used as a reporter for cell 

proliferation, tumor growth and response to therapy and to detect circulating cells such as the 

neural precursor cells. This ex vivo monitoring method is highly sensitive and easy to implement 

to other applications such as monitoring of stem cells and T lymphocytes. Currently, there is no 
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gold standard assay to monitor circulating cell survival and proliferation upon injection for cell 

therapy in human.  Since Gluc is cleared by the kidneys (detected in the urine) and has a short-

half-life in circulation (<20 min), it could potentially be translated to human applications providing 

that the Gluc itself is not very immunogenic. Further Gluc blood assay can be used to assess 

dynamic events in the organism occurring within a short time frame (<1 h) which is not usually 

possible when using a cooled charge-coupled device (CCD) camera. This technique does not 

require anesthetizing the animals, therefore minimizing secondary effects due to the anesthetic 

and also allowing non-invasive bioluminescent measurement over a long period of time. Albeit 

its usefulness and high sensitivity the CCD camera bioluminescence imaging still has the 

advantage of localizing the luciferase signal in the animal. Most luciferases emit a blue/green 

light which is not optimal for in vivo bioluminescence imaging due to scattering by mammalian 

tissues and absorption by molecules such as hemoglobin. Alternatively, a red-shifted luciferase 

would be more suited for CCD camera imaging of deep tissue. Dr Tannous’ laboratory is 

currently working on finding new mutant variants of Gluc which yield a red-shifted peak of light 

emission. This research has already led to the identification of a Gluc variant with a more stable 

light emission useful for many applications such as high-throughput screening7.   

 The nuclear factor ĸB (NFĸB) is a transcription factor that regulates the expression of 

many genes involved in apoptosis, cell survival, tumorigenesis, inflammation, autoimmune as 

well as neurodegenerative diseases8-10. Constitutive activation of NFkB is a common trait in 

many malignant tumors and is responsible for the activation of many anti-apoptotic genes as 

well as tumor cell migration11. This activation allows tumor cells to escape apoptosis-inducing 

stimuli such as chemotherapeutic drugs. On the other hand, NFkB inhibition prevents tumor 

resistance to chemotherapy and many NFkB inhibitors have been shown to increase the 

efficacy of anticancer agents12. To study NFkB activity in normal as well as in malignant cells, 

we designed a new bioluminescent NFkB reporter system (Chapter 5). In this construct, Gluc 

expression is controlled by optimized tandem repeats of NFkB responsive elements combined 

with a TATA box acting as a transcriptional activator. We showed that this system is very useful 

to monitor NFkB in many biological events such as tumor growth, angiogenesis and 

inflammation. One of the advantages of this reporter is that it allows monitoring of NFkB kinetics 

in experimental animals over time without the need of injection of the luciferase substrate or 

anesthesia when using the Gluc blood assay. Further, this reporter can be applied for high-

throughput screening to find NFkB inhibitors. Due to the therapeutic advantage of such 

inhibitors, we are screening a small molecule library in an attempt to identify new potent NFkB 



 
178 

inhibitors that could be combined with conventional chemotherapeutic drugs currently used in 

glioblastoma treatment. In another ongoing project, we aim to generate transgenic mice 

expressing Gluc under the control of the NFkB transcription responsive elements (TREs). These 

mice would be a valuable addition to the currently available tools to study the NFkB pathway 

and would also allow direct in vivo testing of chemotherapeutics that can affect the NFkB activity 

as well as new NFkB inhibitors. Using a similar approach for developing bioluminescent 

reporters, we have generated a hypoxia reporter based on the hypoxia inducing factor 1 (HIF1) 

TRE, as well as two reporters for SOX2 (a transcription factor and a key player in embryonic 

stem cells13) and the glial fibrillary acidic protein (GFAP, expressed in most glial cells14). 

Oxidative stress through ROS generation is one of the hallmarks of cancer15. ROS generates 

hypoxia through the activation of HIF1 thereby promoting glycolysis16 and angiogenesis17, two 

common traits in tumors. The HIF1 reporter would allow us to monitor hypoxia during tumor 

formation and also to screen for potential hypoxia inhibitors (or ROS scavengers). On the other 

hand, after studying the mRNA expression of several genes involved in self-renewal or stem-cell 

differentiation (OCT4, SOX2, NANOG, GFAP, APC, Tubulin β3 and Nestin) we found SOX2 to 

be highly expressed in glioblastoma stem-like cells cultured as neural spheres18 as compared to 

a further differentiated state which we found to have high GFAP mRNA expression. Based on 

the mRNA quantification, we selected SOX2 and GFAP and cloned their promoters to drive the 

expression of Gluc, which allows us to monitor their transcriptional activity. We plan on using 

these reporters in a small-molecule screen to identify compounds that could affect cancer-stem 

cell differentiation and/or self-renewal.  

 Since NFkB is highly activated in glioblastoma cells, we decided to take advantage of 

this feature and developed a selective and specific gene therapy approach19. In a gene-directed 

enzyme-produg therapy system (GDEPT), the NFkB TREs were designed to drive the 

expression of the cytosil deaminase gene fused to the uracil phosphoribosyltransferase 

(CD::UPRT), along with Gluc separated by an internal ribosome entry site. This fusion protein 

has been efficiently used for suicidal gene therapy in cancer20. Gluc here is used as a marker to 

monitor NFkB activation and therefore transgene expression. Since NFkB is constitutively active 

in tumor cells but not in normal cells, this gene delivery approach is rendered highly cancer-

specific. Several physiological factors within the tumor microenvironment such as hypoxia and 

the inflammatory factors can contribute to NFkB activation21. Further, many chemotherapeutic 

drugs as well as radiotherapy are also strong inducers of NFkB activation10,22. In fact, we 

observed a higher NFkB-driven Gluc induction in glioma xenografts generated in nude mice as 

compared to the same glioma cells cultured in vitro. These factors combined increase the 
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efficiency of this NFkB-controlled suicidal gene therapy. The study presented in Chapter 6 

showed a proof-of-concept for the potential use of the NFkB inducible system to express toxic 

genes for cancer gene therapy with an emphasis on targeted gene therapy rather than efficient 

delivery of transgenes. Our expression cassette was cloned in a lentiviral vector, and glioma 

cells were transduced ex vivo before they were implanted in nude mice. A better approach 

would be to directly transduce tumor cells in vivo using the adequate gene delivery system. 

Lentiviral vectors might not be the safest delivery system for suicidal gene therapy since they 

can potentially target, although to lesser extent, quiescent cells as well as rapidly dividing 

cells23. Recently, innovative approaches have led to the generation of new lentiviral vectors with 

higher in vivo transduction efficiency and biosafety levels combined with less off-target effects 

and immunogenicity24. Other viral (adenoviruses, adeno-associated viruses) and non-viral 

(liposomes, exosomes, nanoparticules) methods can be eventually used to deliver our 

therapeutic transgene. This approach would be more suited for clinical applications. In addition, 

we aim to investigate the therapeutic efficacy of this NFkB-controlled GDPET in brain glioma 

models. 

 The information acquired in earlier chapters (processing of Gluc through the secretory 

pathway, Gluc assay in conditioned medium, its use as a reporter for cell proliferation and/or cell 

death etc.) allowed us to develop a bioluminescent cell-based screen to study phenotypic (cell 

death, cell proliferation) and genotypic (NFkB regulators, hypoxia, transcription factors involved 

in stem cell differentiation) changes in cells in response to small molecules treatment. Molecular 

imaging has been widely used as a conventional read-out in high-throughput screening 

assays25. In Chapter 7, we have optimized the Gluc assay for high-throughput drug screening. 

This secreted reporter was used in a cell-based drug screening assay with high sensitivity and 

sufficient temporal resolution for assaying cell-viability in 96-well plate format and more 

importantly, to study the kinetics of the drug action over time. Not many assays suited for HTS 

have this feature which makes Gluc advantageous over other reporters.  

 Although it is not possible to predict a priori the number of screening compounds needed 

in order to identify a potential hit, screening larger libraries would enhance the chances of 

finding therapeutic molecules. Initially, we performed our screen on a 1040-small molecules 

library, which was recently followed by a new screen of a 2000-small molecules library. 

Ultimately our goal is to screen for larger libraries (10,000-100,000 compounds). This will 

require more automated liquid handling devices, as well as data integration and acquisition 

programs. Integration of phenotypic and pathway-related information can expedite drug 

discovery and lead to more efficient therapeutics. Currently different luciferases that require 
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different substrates are available. In addition, new luciferases that emit light at different spectra 

are being tested in our laboratory. These bioluminescent reporters can be combined with 

different promoters systems allowing a multi-parameter high-throughput screening. The use of 

three different luciferases for triple monitoring of GFAP and sox2 transcriptional activity as well 

as cell viability (using a constitutively active promoter) is one example of multi-parameter 

screening. The wealth of information obtained from one compound screen, could not only save 

time and effort, but could also accelerate the hit-to-lead phase. 

 We screened a small molecule library for compounds that kill glioma cells and/or 

sensitize those cells to TRAIL-induced apoptosis. We identified a cardiac glycoside, Lanatoside 

C, as a TRAIL sensitizer on glioblastoma cell lines as well as on primary glioblastoma tumor 

cells. A similar therapeutic effect was seen in a glioma xenograft model in vivo. Lanatoside C is 

an FDA approved drug and has been used for decades in congestive heart failure26. This fact 

would eliminate some factors that can contribute to failure of candidate compounds in clinical 

trials such as systemic toxicity and poor bioavailability. TRAIL is also being tested in clinical 

trials for different types of cancer. A combination of both drugs should be relatively easy and 

fast to implement in a clinical setting. Cardiac glycosides are known to cross the blood-brain 

barrier; however, it is not clear how efficiently TRAIL will cross this barrier or the blood-tumor 

barrier. Ultimately we are planning on testing the effect of this combined therapy on brain 

tumors generated in mice. Since systemic delivery of TRAIL to brain tumors might prove 

inefficient, and in a parallel therapeutic modality, we are planning on delivering the secreted 

active TRAIL to the brain using a viral vector as described27. Another alternative would be to 

deliver therapeutics using convection enhanced delivery, a delivery method to brain tumors 

currently being used in the clinic28. 

 We also found that Lanatoside C induced non- apoptotic cell death with absence of 

caspase activation; the cells treated with Lanatoside C showed autophagic features, although 

the inhibition of autophagy did not protect from cell death. This is reminiscent of necroptosis, a 

necrotic cell death with autophagy occurrence as a downstream consequence32,29. We are 

currently characterizing the cell death induced by Lanatoside C and the underlying mechanisms 

of action of this drug. The combination of Lanatoside C and TRAIL induced both apoptotic and 

non-apoptotic, necroptosis-like cell death in vitro. In addition to the different mechanisms and 

signaling pathways that confer resistance of glioblastomas to conventional treatments 

(discussed in Chapter 1), other factors such as DNA methylation of the caspase 8 promoter 

(which impairs caspase 8 activation) make these tumor cells generally resistant to apoptosis30. 
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We propose that this combination of cell-death mechanisms can help overcome glioblastoma 

resistance to apoptosis and would be a novel treatment strategy (Fig. 2). 

 

 
 

Figure 2: Advantages of combined apoptosis and other cell death-inducing therapy: A glioblastoma tumor 

consists of different subpopulations of cells among those, glial cells, endothelial cells as well as apoptosis-resistant 

and apoptosis-sensitive glioblastoma cells. An apoptosis-inducing agent would filter-out glioblastoma cells that are 

sensitive to apoptosis, while sparing the apoptosis-resistant cells. This will eventually lead to tumor recurrence. The 

addition of another cell death inducer might also kill the remaining apoptosis-resistant cells, while sparing only the 

glial cells.   

 

 

 Further, in vivo investigation into the cell death activation pathways occurring in vivo 

after Lanatoside C treatment alone or combined with TRAIL is needed. One approach would be 

to investigate whether the inhibitors of different cell death types (apoptosis, necroptosis, 

autophagy) confer a cytoprotective effect for tumors treated with Lanatoside C. Efforts to identify 
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molecular targets for Lanatoside C and a potential cross-talk between the cardiac glycoside and 

TRAIL signaling pathways are also currently ongoing. This could provide more insight into the 

different intertwining cell death mechanisms. Such information might be important to help 

circumvent potential therapeutic failure in clinic. 

Proper integration of information gathered through multiple system biology approaches 

such as genomics, proteomics, computational biology, is an ideal way to approach a highly 

complicated disease such as cancer. Although we show in this thesis that BLMI can help 

address many biological questions, ultimately we would like to achieve a multi-parameter 

profiling mainly in our compound screen for new glioma therapeutics. We are confident that a 

screening approach that combines molecular imaging with mRNA and/or protein profiling and 

the ability to integrate the data gathered from such assays together would be a more successful 

approach to find cancer therapeutics. 

 Since Lanatoside C sensitized glioblastoma cells to TRAIL and Fas-mediated cell killing, 

we hypothesized that this cardiac glycoside might also act as an immunosensitizer for TRAIL 

and FAS-expressing cells, such as the natural killer (NK) cells31. We isolated human NK cells 

and co-cultured them with primary glioblastoma cells in the presence or absence of Lanatoside 

C. Our preliminary data suggest that NK cells can specifically target and kill glioblastoma cells 

co-treated with Lanatoside C. We were able to visualize the clustering of NK cells on the 

glioblastoma cell surface after Lanatoside C treatment. This targeting and cell kill effect was 

observed to much lesser extent on control-treated glioblastoma cells. This research will be 

ultimately followed by testing of this immunotherapy approach in small animal tumor models. 

NK-cell based immunotherapy to target cancer cells is a strategy that has already been adopted 

in the clinic32-34. Our data suggest a possible role of NK cells immunotherapy, combined with 

Lanatoside C, in glioblastoma treatment.  

 In summary, we have used Gaussia luciferase, a naturally secreted bioluminescent 

reporter to study molecular, cellular and physiological events in a spatio-temporally designed 

assay in intact cells and animal models. We have shown that bioluminescent imaging can be a 

driving force and a key element for developing new anti-cancer therapies. In our understanding, 

cancer treatment is currently achieved through the initiation of apoptosis, necrosis, senescence 

or differentiation in cancer cells. Although glioblastomas are notorious for their resistance to 

apoptosis, inflicting DNA damage to cancer cells is still a commonly used therapeutic approach. 

We have designed a targeted- suicidal gene therapy system to block DNA synthesis in tumor 

cells and have identified Lanatoside C as an inducer of a necrotic form of cell death in glioma 



 
183 

cells. The stem-cell reporter vectors we have designed will allow us to screen for compounds 

that can interfere with glioma stem cell differentiation, providing yet another therapeutic strategy. 

We hope that the systems developed here will provide valuable and useful tools in moving novel 

therapeutics to the clinic and help us in the fight against cancer. 
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 The convergence of molecular imaging with cell and molecular biology started around 

two decades ago and has since led to new insights in understanding biological processes and 

developing new diagnostic tools as well as novel therapeutics. Bioluminescence imaging, one of 

the numerous imaging modalities now available, has been extensively used in pre-clinical 

studies notably in cancer research. This naturally occurring phenomenon gleans its information 

from photons emitted upon oxidization of a substrate by its specific luciferase.   

 The luciferase from the marine copepod Gaussia princeps (Gluc) which we characterize 

in this thesis has several advantages over other commonly used luciferases: This small, ATP-

independent luciferase is naturally secreted thus allowing live cell assays with high sensitivity.  

We have optimized this bioluminescent reporter and used it to study several biological 

processes as well as to develop novel therapeutics against glioblastoma, the most malignant 

form of primary brain tumors. Despite all efforts, treatment options for glioblastoma are still 

limited and the survival rate remains poor. We used a multi-disciplinary-bioluminescence 

imaging-approach to study cellular and physiological processes as well as genetic hallmarks 

related to cancer and applied it to develop efficient cancer gene therapy and to screen for new 

glioblastoma therapeutics.  

 In Chapter 2, we developed a new assay to study protein trafficking through the 

secretory pathway using Gluc natural properties. This highly sensitive assay allows monitoring 

of the endoplasmic reticulum (ER) stress, a common signature in many tumor types that helps 

support survival and promotes resistance of tumor cells to therapy. In Chapters 3 and 4, Gluc 

secretion was used for in vivo monitoring of biological applications. By measuring the level of 

secreted Gluc in blood or urine samples, it is possible to monitor several biological events such 

as cell growth and survival, tumor cells response to therapy as well as tracking the fate of small 

numbers of stem cells implanted in mice. This assay allows ex vivo monitoring of such events 

and complements in vivo bioluminescence imaging using the CCD-camera. In Chapter 5, Gluc 

was used as a reporter to directly monitor gene activity, in particular NFkB, a transcription factor 

constitutively active in several tumor types. An optimized expression cassette with tandem 

repeats of NFkB DNA-binding sites combined to a minimal promoter was engineered to drive 

the expression of Gluc. This assay proved useful in studying the kinetics of NFkB activation and 

inhibition in cultured tumor cells as well as in animal models. In addition to being sensitive and 

versatile for NFkB monitoring, this reporter is amenable for high-throughput screening of NFkB 

inhibitors, highly desirable for cancer treatment. 
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 The tools described above were ultimately used in order to develop new glioblastoma 

therapeutics. In Chapter 6, we used the NFkB construct to drive the expression of a toxic gene 

along with Gluc. Since NFkB is constitutively active in tumors but not in normal tissue, we 

sought to design a tumor specific-NFkB-driven suicidal gene therapy approach.  A combination 

of cytosine deaminase and uracil phosphoribosyltransferase (CD-UPRT) as well as Gluc under 

the control of the NFkB “promoter system” was shown to be effective in killing glioblastoma as 

well as other tumor cell lines. In addition to the therapeutic effect, monitoring NFkB activation 

and therefore transgene expression was achieved using the secreted Gluc in the conditioned 

media in cultured cells and in blood of mice in vivo.  In Chapter 7, we developed a cell-based 

bioluminescent screening assay to identify small molecules with anti-glioma effect as well as 

TRAIL sensitizers. Our lead hit was a cardiac glycoside, lanatoside C, which sensitized 

glioblastoma cell lines as well as primary glioblastomas to TRAIL induced-apoptosis. 

Interestingly, lanatoside C on its own showed toxicity towards glioblastomas at higher 

concentrations through a non-apoptotic, necrotic cell death mechanism. This combined cell 

death therapy -which would induce an apoptotic and necrotic cell death- could be of benefit 

towards apoptosis-resistant tumor types such as glioblastomas. 

 The work presented herein provides new opportunities to help investigate glioblastoma’s 

behavior and to identify novel therapeutics. It illustrates the use of bioluminescent tools 

commonly available combined with common cell and molecular biology methods to cast light on 

multifaceted and unwieldy pathologies such as cancer and help with drug discovery and 

development at the pre-clinical level laying the grounds for potential clinical trials. 
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SAMENVATTING IN HET NEDERLANDS 

Het toepassen van moleculaire beeldvormende technieken in de moleculaire biologie begon 

ongeveer 20 jaar geleden en heeft sindsdien geleid tot zowel nieuwe inzichten in verschillende 

biologische processen, als de ontwikkeling van nieuwe diagnostische methoden en, niet 

onbelangrijk, nieuwe therapeutica. Beeldvorming met behulp van bioluminescentie, één van de 

ontwikkelde imaging-technieken, wordt heden ten dage frequent toegepast in preklinische 

studies, zo ook in het kankeronderzoek. Dit natuurlijk voorkomende fenomeen is gebaseerd op 

de oxidatieve omzetting van specifieke substraten door verschillende vormen van het enzym 

luciferase, waarbij fotonen vrijkomen die met gevoelige camera’s gevisualiseerd kunnen 

worden. In dit proefschrift wordt verder ingegaan op Gluc (Gaussia luciferase), hetgeen een 

luciferase is afkomstig van roeipootkreeftjes (Gaussia princeps). Dit enzym heeft meerdere 

voordelen ten opzichte van andere luciferases. Ten eerste wordt dit kleine luciferase uit de cel 

geëxporteerd (gesecreteerd), waarna door middel van het toevoegen van het desbetreffende 

substraat fotonen vrijkomen die met een bioluminescentiecamera gemeten kunnen worden. 

Hierdoor kan Gluc fungeren als een zeer sensitieve methode om biologische processen in 

levende cellen te detecteren. Na optimalisatie van de Gluc-bioluminescentiereporter hebben we 

deze gebruikt voor het bestuderen van verschillende biologische processen en voor de 

ontwikkeling van nieuwe therapeutica tegen glioblastomen, de meest kwaadaardige vorm van 

hersentumoren. Onderzoek naar glioblastomen is urgent aangezien succesvolle behandelingen 

voor patiënten met deze hersentumor nog steeds zeer beperkt zijn, resulterend in een laag 

overlevingspercentage.  

In hoofdstuk 2 wordt een door ons ontwikkelde test besproken die gebruik maakt van de 

natuurlijke eigenschap van Gluc om uit de cel te worden gesecreteerd, om zo cellulaire 

eiwitsecretie te bestuderen. Deze gevoelige test kan worden ingezet om cellulaire stress te 

meten, een veel voorkomend fenomeen bij tumoren, dat kan bijdragen aan de resistentie tegen 

bestaande tumortherapieën. In hoofdstukken 3 en 4 is van de Gluc-secretie gebruik gemaakt 

om biologische processen in muizen in beeld te brengen. Door de niveaus van gesecreteerd 

Gluc te meten in bloed en urine afkomstig van muizen met ingebrachte Gluc-producerende 

cellen, is het mogelijk tumorgroei en therapierespons te volgen. Bovendien kan de 

levensvatbaarheid van in muizen getransplanteerde stamcellen worden bepaald. In hoofdstuk 5 

wordt beschreven hoe Gluc is ingezet als een reporter om de activiteit van de transcriptiefactor 

NFkB te meten. Zo konden de gevolgen van activatie en inhibitie van NFkB in zowel gekweekte 

tumorcellen als in diermodellen worden bestudeerd. Deze reporter kan bovendien worden 
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gebruikt voor screening op NFkB-remmers, hetgeen vanuit therapeutisch oogpunt zeer gewenst 

is. De hierboven beschreven methoden werden vervolgens gebruikt om nieuwe therapieën 

tegen glioblastomen te ontwikkelen. Hoofdstuk 6 behandelt het gebruik van de Gluc-reporter in 

combinatie met NFkB-activiteit in tumoren om succesvolle tumorselectieve gentherapie toe te 

passen, leidend tot celdood in zowel glioblastomen als andere tumorcellijnen. In hoofdstuk 7 

wordt tenslotte beschreven hoe we Gluc hebben ingezet om op grote schaal de overleving van 

tumorcellen te bepalen. Hierdoor kunnen duizenden therapeutische kandidaatmiddelen tegelijk 

geanalyseerd worden op hun capaciteit om kankercellen te doden. Eén van deze geteste 

middelen, genaamd Lanatoside C, bleek in een muismodel sterk verminderde hersentumorgroei 

te veroorzaken. Dit lijkt het gevolg te zijn van een combinatie van apoptose en een op necrose 

gebaseerd mechanisme van celdood.  

In dit proefschrift worden nieuwe mogelijkheden beschreven om met bestaande moleculaire 

beeldvormingstechnieken zowel biologische processen in glioblastomen te onderzoeken als het 

identificeren van nieuwe therapeutica tegen deze hersentumoren. Het gebruik van Gaussia 

luciferase als bioluminescentiereporter kan op een preklinisch niveau nieuw licht werpen op vele 

ziektebeelden waaronder kanker, en zo een basis leggen voor toekomstig klinisch onderzoek. 
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