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Abbreviations and Terms 

Aa   Amino acid(s) 

Ab   Antibody 

ADEPT  Antibody-directed enzyme prodrug therapy 

AML   Acute myeloid leukemia 

APL   Acute promyelocytic leukemia 

CCD   charge-coupled device camera 

CPT   Camptothecin 

CW   Continous wave 

Dox   Doxorubicin 

eGFP   enhanced green fluorescent protein 

FACS   Fluorescence Activated Cell Sorter 

FLI   Fluorescence lifetime imaging 

GDEPT  Gene-directed enzyme prodrug therapy 

GFP   Green fluorescent protein 

GI   Gastrointestinal 

I.p.   Intraperitoneal 

IRES   Internal ribosomal entry site 

I.v.   Intravenous 

kDa   kilo-Dalton 

KO   knock-out 

Luc   Firefly luciferase  

Mdm2   Murine double minute 2  
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MFI   Median fluorescence intensity 

M-MLV  Moloney murine leukemia virus 

MRI   Magnetic resonance imaging 

NIR   Near infrared 

NOD/SCID  Nonobese diabetic/severe combined immunodeficiency 

NSG   NOD/SCID interleukin 2 receptor 
null

 

NTR   Nitroreductase  

PET   Positron emission tomography 

RFP   Red fluorescent protein 

S.c   Sub-cutaneous 

TD   Time-domain 

WB   Western blot 

Wt   Wild type 
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Terms  

 

Reporter gene A gene introduced into a cancer cell to label it (often   

   together with an other gene of choice in a DNA   

   construct). It  may for example encode a fluorescent   

   protein that enables sorting or visualization of the cells. 

 

Transfection  To introduce genetic material into a eukaryotic cell   

   by non-viral methods, for example by electroporation.  

   This method is only transient, i.e. the foreign gene is not  

   incorporated  into the genome of the target-cell, and will  

   be degraded or diluted through mitosis.  

 

Transduction  Virus mediated gene introduction, where for    

   example retrovirus is used to stably introduce (by   

   infection) a target gene into the host-cell genome.  

 

Transformation  Non-viral transfer of genetic material to competent   

   (artificially made permeable to DNA) bacteria such as  

   Escherichia coli. Used to amplify a DNA plasmid to make  

   large quantities of it.  
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Summary 

Optical imaging to visualize reporter gene expression in vivo has shown to be an 

important tool in preclinical studies of cancer phenotypes and therapeutic responses. 

The discrimination of xenografted cancer infiltrates from normal mouse tissue 

requires high contrast provided both by the imaging technology and the reporter gene. 

We sought to evaluate the use of time-domain imaging on visualization of GFP-

labeled cells, and to evaluate the nitroreductase (NTR) enzymatic gene reporter as an 

improved system for imaging deeper-seated tumors. This thesis shows that the 

development of the NTR-responsive near-infrared dye CytoCy5S did indeed prove to 

be applicable for in vivo metastatic imaging, and show potential for gene-directed 

enzyme prodrug therapy. 

 

In parallel, we have investigated the function of the p53 isoforms p53  and p53  in 

p53
null

 cell lines. p53 is an important tumor suppressor protein that is regarded as the 

“guardian of the genome” by protecting the cells genomic integrity. It was recently 

discovered that the TP53 gene encodes several isoforms of p53. The functions of 

these isoforms are mostly unknown, and as many have been found aberrantly 

expressed in several cancers, their functional role is important to elucidate. The 

expression of p53 isoforms p53  and p53  has previously been demonstrated to 

correlate with increased survival and therapy response in acute myeloid leukemia 

patients. By stably transducing p53
null

 cell lines with p53  and p53 , this thesis shows 

that these isoforms seem to have a role in enhancing chemosensitivity, and may have 

a role in cellular arrest in response to therapy, and differentiation. This could imply 

that p53  and p53  may represent future therapeutic targets.  

 

In conclusion, this thesis describes the development of a novel reporter gene system 

that facilitates preclinical metastatic tumor visualization through the use of time-

domain optical imaging. Further, the thesis contributes to the knowledge of functional 
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implications of p53  and p53  in cancer, and suggests that they have individual p53-

independent functions.  
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1. Introduction 

Cancer is a group of heterogeneous diseases characterized by a complex diversity of 

abnormalities (1). The discovery of novel cancer-related factors and elucidation of 

functional mechanisms and new drug targets is a continuous process. In the studies of 

cancer, relevant model systems are of fundamental importance towards the 

development of new cancer therapeutics.  

 

The use of viral transfer to stably integrate genes into the genome of mammalian cells 

(transduction) is an invaluable tool in the field of cancer research. In this thesis the 

transduction of human cancer cell lines has been the central methodology allowing 

both establishment of a reporter gene for preclinical imaging of metastatic cancer 

(Paper I, II) in addition to functional studies of the p53 isoforms p53  and p53  

(Paper III, IV).  

1.1 Transduction of cell lines  

Using viral transfer to stably introduce a gene of choice into a null-background cell or 

overexpressing it has imparted important knowledge in functional genomic studies 

and allows highly reproducible investigation of multi-variable, long-term effects (2-

5). Including a fluorescent reporter gene in the construct used to transduce a cell 

facilitates fluorescence-activated cell sorting (FACS) to isolate successfully 

transduced cells. Further, it permits full translation of the studies from in vitro 

through to in vivo effects, for example from initial studies by fluorescence 

microscopy to optical imaging of the reporter gene.  
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1.1.1 Retroviral vectors 

Most retroviral vectors for gene transfer are based on the Moloney murine leukemia 

virus (M-MLV) (6), which can gain access to host DNA during mitosis (7). In 

addition to native retroviral components, sequences required for bacterial selection 

(encoding Ampicillin-resistance) and amplification of the plasmid (origin of 

replication (ori)) and sequences to improve functional qualities are included. For 

example, addition of an internal ribosomal entry site (IRES) element (8) to the 

plasmid or including a 2A sequence from the foot-and-mouth disease virus between 

gene-segments makes it possible to translate more than one individual protein from a 

single mRNA (9, 10). Thus, this allows the co-expression of both a reporter protein 

and target protein. A packaging cell line that stably expresses essential viral proteins 

(env, gag and pol), such as the HEK-293T based Phoenix cell line (11, 12), is 

transfected with the vector to complete the virions employed to infect the target cells. 

1.2 Optical imaging in preclinical studies of cancer 

In the study of cancer and development of clinically effective therapeutics, evaluation 

in relevant preclinical murine animal models of human disease is crucial (13-15). 

Preclinical optical imaging can detect xenografted cells labeled with a fluorescent or 

bioluminescent reporter system through the excitation and subsequent detection of 

fluorescence or detection of bioluminescence (16). The method allows fast 

acquisition of whole body images and disease progression and therapy efficacy may 

non invasively be followed over time (17-19). It is also considerably less expensive 

and requires fewer resources compared to other small animal imaging modalities such 

as magnetic resonance tomography (MRI), and positron emission tomography (PET) 

(16, 20). A widely used optical imaging system is the continuous wave (CW) 

technology (also known as fluorescence reflectance imaging) (21, 22). CW imaging 

use a charge-coupled device (CCD) camera in epi-illumination mode to capture 

fluorescence images from animals illuminated by excitation light, or trans-
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illumination that light the animal with from one side and collects emitted 

fluorescence from the opposite side (23). The optical imaging system used in this 

thesis is time-domain optical imaging, which in addition can obtain information on a 

fluorophore’s fluorescent lifetime. 

 

 Fluorescent molecules can absorb light at a particular wavelength (excitation), 

and emit light of a longer wavelength (emission) (17). The time from excitation to 

emission of light is known as a fluorescence lifetime and is an inherent characteristic 

of a fluorophore (24). Fluorescence lifetime optical imaging (Figure 1), also called 

time-domain imaging, obtains the specific fluorescent lifetime signatures of 

fluorophores and facilitates high contrast imaging as it allows the separation of 

autofluorescence and fluorescence from labeled xenografts (25, 26).  
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Figure 1. Time-domain optical imaging.  (A) Time-domain optical imaging scans 

the mouse using short pulses of light to excite the fluorescent probe and produces a 

raw image (B) where the decay (lifetime) of the fluorophore is registered (C). Since 

the fluorophore lifetime “profile” is different from autofluorescence, they can be 

discriminated producing a gated image (D) whereby the background autofluorescence 

has been removed. This example illustrates imaging of acute promyelocytic NB4 

cells xenografted through intravenous injection, using the NTR-CytoCy5S reporter 

system. Norm FI; Normalized fluorescence intensity. NC; normalized counts. (Figure 

2A, courtesy of Emmet Mc Cormack). 

 

1.2.1 Benefits of near infrared imaging 

In the utilization of optical imaging, tissue signal attenuation and tissue 

autofluorescence from naturally occurring components in the skin, fur and stomach 

contents of the mouse need to be considered. Both tissue absorption of photons and 

tissue autofluorescence is dependent on wavelength. In biological tissue, hemoglobin 

and deoxyhemoglobin are the primary absorbers of light and this absorbance is 

particularly high in the visible spectrum, however, near infrared (NIR) photons (650-

900 nm) travel through tissue considerably more efficiently than those in the visible 

range (27, 28). Likewise, autofluorescence is considerably reduced in the far-red to 

NIR range compared to shorter wavelengths (18, 24). Thus, although several of the 

most common reporter systems for optical imaging operates in the visible range, such 

as firefly luciferase (emission maximum 560 nm) and green fluorescence protein 

(GFP, emission maximum 509 nm), there is a significant effort towards the 

development of NIR reporters to enable more sensitive detection of cancer lesions at 

depth (29, 30). Due to the spectrally preferential characteristics, NIR imaging holds 

the key for both earlier detection of tumor lesions and accurate evaluation of 

chemotherapeutic response in preclinical models of orthotopic and metastatic cancers 

(31-35).   
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1.3 Genetic reporter systems 

The reporter system used in preclinical models can either consist of a reporter gene 

that encodes a fluorescent protein or an enzyme that will cause an injectable substrate 

to emit light (36). Alternatively, it may consist of target-specific exogenous contrast 

reagents, such as for example fluorescently labeled antibodies (15). Fluorescent 

reporters include genetically expressed proteins such as the green fluorescent protein 

(GFP) derived from the jellyfish Aequorea Victoria (37) and mutational variants such 

as CFP (cyan) (38), YFP (yellow) (39) and RFP (red) (40). Bioluminescent reporters 

include luciferases such as the firefly luciferase that originates from the firefly 

Photinus pyralis (41). Luciferase expressing cells requires the administration of its 

substrate luciferin, to initiate bioluminescence with a wavelength emission maximum 

of 560 nm in the case of the common firefly luciferase (42, 43) that can be directly 

detected optically with a sensitive CCD detector (44). Since this method does not 

require external excitation, it causes very little background noise, but spatial 

resolution is poor due to light scattering, and due to the abovementioned factors depth 

visualization is limited (45, 46).  

1.3.1 Near infrared genetic reporters 

Naturally occurring red fluorescent proteins have not been successful reporter genes 

as they have been obligately tetrameric, thus leading to aggregation, are slow to 

maturate and often toxic or disruptive (47, 48). Efforts to improve far red to NIR 

reporter genes have included mutating existing proteins and establishing new 

fluorescent protein variants, such as the red tandem dimer Tomato protein, tdTomato  

(excitation wavelength: 554 nm, emission; 581 nm based on dsRed (47, 49)), and the 

newly characterized iRFP (ex: 690, em: 713) (50). Another strategy has been to make 

targeted probes; silenced NIR fluorophores whose fluorescence is induced by cancer 

specific components (51, 52). One such system is for example the fluorophore-

quencher pair TAMRA-QSY7 (TAMRA is rhodamine derived with emission max 
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574 nm), which can be conjugated to an antibody (e.g. Trastuzumab) that binds the 

HER-2 receptor that is often upregulated in cancers. Thus, once internalized it is 

catabolized and unquenched, releasing fluorescence within the cell (53). Further 

approaches have been to combine these two, having a reporter gene capable of 

targeted activation of a NIR dye, such as the nitroreductase (NTR) reporter gene 

combined with a NTR-induced dye, as we have aimed to do in this thesis. 

 

1.3.2 Nitroreductase as reporter gene 

The NIR reporter gene system evaluated in this thesis is based on the Escherichia coli 

B enzyme NTR (from the nfsB gene) that reduces nitro-aryl-containing substrates to 

their corresponding hydroxylamines (54, 55). This feature may be applied for reporter 

gene optical imaging. Employing quenched synthetic variants of NIR dyes that can be 

unquenched by NTR, such as the cyanine dye analogue CytoCy5S dye evaluated in 

this thesis, may generate a powerful inducible reporter system. CytoCy5S is 

quenched by a dinitrophenyl moiety and release NIR fluorescence upon intracellular 

reduction by NTR (Figure 2). The use of NTR and CytoCy5S in optical imaging was 

recently reported (56). Further, the reducing ability of NTR can be used to transform 

initially non-toxic nitroaromatic prodrugs to a reduced form that is cytotoxic. Thus, 

NTR has been studied in suicide gene therapy whereby NTR is delivered to tumor 

cells through conjugation to an antibody (antibody-directed enzyme prodrug therapy 

(ADEPT)) (57, 58) or by viral delivery (gene-directed enzyme prodrug therapy 

(GDEPT)) (59-62). The NTR-prodrug CB1954 (5-(aziridin-1-yl)-2,4-

dinitrobenzamide) GDEPT system has shown promising preclinical activity and has 

progressed to phase I clinical trials (63, 64).  
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Figure 2. The NTR-CytoCy5S reporter system (A) Cells were retrovirally 

transduced with a plasmid containing GFP and NTR and far-red fluorescence was 

visualized after addition of the NTR substrate CytoCy5S. (B) Proposed mechanism of 

NTR induced CytoCy5S fluorescence. CytoCy5S is a cell permeable, quenched 

fluorophore, which upon interaction with intracellular NTR is reduced to its 

fluorescent intermediates and finally the brightly fluorescent dihydroxyl CytoCy5S 

product (right box). 
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1.4 p53 in cancer 

The tumor suppressor p53, popularly named “the guardian of the genome” (65), act 

as a sensor and decision maker upon various damaging cellular stress that threaten the 

cells genomic integrity, including DNA damage (66), oncogene activation (67) and 

hypoxia (68). As a nuclear transcription factor (69) p53 can modulate gene 

expression and initiate cell cycle arrest, apoptosis (70), differentiation (71) or 

senescence (72), and also play a role in autophagy (73), aging and metabolism (74). 

The fundamental importance of p53 in protecting a cells genome emerges when the 

function of p53 is abrogated. Over 50 % of all cancers have a mutation in the p53 

gene TP53 (75-77), and it is believed that the remaining cancers have inactivated 

normal p53 function by other means, for example overexpression of its negative 

regulator Mdm2 (78, 79). In these cancers, such as acute myeloid leukemia (AML) 

where patients have wt p53 in > 90 % of cases, the restoration of p53 function is an 

ambition in developing new targeted therapeutics (80, 81). Since its discovery in 

1979 (82-84), research on p53 has continuously expanded and there are >40,000 

papers published today, thoroughly investigating numerous aspects of p53 biology. 

However, they have also revealed an increasing complexity of functions and 

interaction partners and it is still an ongoing challenge to unveil the exact mechanism 

by which p53 exerts its biological functions. 

 

1.5 p53 family and isoforms 

p53 belongs to a family of proteins that includes p63 and p73, which were first 

discovered in 1997 (85, 86). p63 and p73 are also transcription factors and share 

functional and structural homology with p53 (87), in addition to having unique 

functions, as revealed by the distinct phenotypes of p53, p63 and p73 knock-out mice 

(88). Both TP63 and TP73 were found to express several protein isoforms (88) and 

this contributed to the suspicion that the multi-functional p53 protein might not be 
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expressed as a single polypeptide as one thought. Initially, p53 had been found to 

transcribe two mRNA variants through alternative splicing of intron 10 (89), later the 

isoform named p53i9 (later termed p53 ) (90) and the N-p53 isoform (later termed 

40p53) (91) were described. By in depth genetic analysis of the p53 gene, Bourdon 

and colleagues discovered that the human TP53 encode at least nine different protein 

isofoms. By alternative splicing, use of alternative promoters and alternative 

translation initiation the isoforms p53, p53 , p53 , 133p53, 133p53 , 133p53 , 

40p53, 40p53 , and 40p53  are expressed (92). This finding has also been 

expanded with isoforms 160p53, 160 p53 , and 160p53  (93), to 12 isoforms in 

total (Figure 3).  

 

It is believed that the p53 isoforms tightly interact with p63 and p73 family members 

(94-96), thus adding to the complexity of functional understanding of p53. The 

isoforms are also expressed in a tissue-dependent manner, which may indicate diverse 

functions (92). 
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Figure 3. Human TP53 gene and isoform structures.  (A) The human TP53 gene 

consists of 11 exons and can express several isoforms through alternative promoter 

usage (P), splicing sites ( ) and translation initiation. (B) The p53 protein is made up 

of 393 amino acids and contains several regulatory domains. The transactivation 

domains (TAD), TAD1 and TAD2, are involved in transcription and contain the 

binding site for negative regulator Mdm2 (TAD1) (97, 98). The adjacent proline-rich 

domain (PrD) is required for interaction with other proteins in mediation of apoptosis 

(99). The DNA-binding domain (DBD) mediates binding to p53-response elements 

on target genes. Carboxy(C)-terminally, the oligomerization domain (OD) is found. 

The OD facilitates tetramerization of p53, which is required for high affinity DNA 

binding, and transcriptional activation (100). A nuclear localization signal domain 
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(NLS), and a basic region (BR) regulatory domain, which is subjected to multiple 

post-translational modifications including Mdm2 ubiquitination are also found 

carboxy-terminally (101). Alternative splicing of intron 9, results in the production of 

full-length p53, and the carboxy-terminal truncated isoforms p53  and p53 , with the 

OD replaced by 10 or 15 new residues, respectively. Alternative splicing in intron 2 

in addition to alternative initiation of translation, leads to the expression of p53 

proteins deleted of the first 40 aminoacids: 40p53, 40p53 , and 40p53 . The 

internal promoter (P2) in intron 4 regulates the expression of 133p53, 133p53  

and 133p53  (92), and by use of alternative translational initiation site, the isoforms 

160p53, 160 p53 , and 160p53  are encoded by the 133p53 transcript (93). 

The molecular weights are indicated on the right. Red box; the isoforms studied in 

this thesis. Figure adapted from (92, 102). 

 

1.5.1 p53 isoforms p53  and p53  in cancer 

Several studies investigating the expression of these isoforms in human cancers 

suggests that they may be involved in aspects of tumor development or progression 

(92, 95, 103-114), which underscore the importance of further studies to understand 

the function and clinical significance of the isoforms. The p53 isoforms p53  and 

p53  have been found to correlate with increased survival and chemotherapy-

response in acute myeloid leukemia (AML) (106). These findings have founded the 

basis for the studies and the focus on p53  and p53  in this thesis; thus, the remaining 

p53 isoforms will not be discussed. AML is a heterogeneous cancer that is most 

prevalent in patients at ages >60 years (115, 116), and the high age of onset is 

associated with a major risk of severe treatment-related toxicity (117, 118). 

Therefore, the development of more effective low-toxicity targeted therapy is needed. 

Further, as TP53 is intact in >90% of cases (119-121) it is of special interest to 

evaluate p53 as a prognostic marker and in treatment strategies, with p53  and p53  

of particular interest due to the recent findings.  

 



 25 

The studies on cancer samples of various origins have suggested diverse roles of 

these p53 isoforms. In breast cancer, patients with mutant p53 that also expressed 

p53  were found to have an overall survival equally good as patients with wild-type 

p53 (105). Suggesting an association with good prognostic factors, p53  have also 

been found associated with the senescent phenotype in colon adenomas and shown to 

induce p53 full-length mediated replicative senescence (122). However, p53  have 

also been suspected to be involved in carcinogenesis, such as neuroblastoma (103) 

and melanoma development (113) by detection of upregulated p53  mRNA, and 

mRNA and protein, respectively. The functions and mechanisms that influence the 

p53 isoform expressions in cancer, and how for example erroneous splicing of TP53 

due to splice site mutations impact carcinogenesis have only just started to be 

uncovered (123). 

 

1.5.2 Regulation of splicing  

The introns in protein-encoding genes are removed by the spliceosome, which are 

composed of small nuclear ribonuclear protein particles (snRNPs) and several 

accessory protein subunits (124-126). Disruptions of alternative splicing and 

oncogenic mutations in components of the splicosome machinery have been found in 

cancer (127), and frequently occur in for example hematological malignancies such 

as myelodysplastic syndrome (MDS) and chronic lymphocytic leukemia (CLL) (128, 

129). Since the p53 isoforms are expressed in a tissue-specific manner (92), and their 

expression profile may be changed after chemotherapy in vivo (114), it indicates that 

their expression may be selectively regulated (92). The mechanisms that control the 

alternative splicing of intron-9, forming p53  and p53 , are unknown (102). 

However, how the splicing is differentially regulated during diverse cellular 

conditions may reveal biological outcome. For example, the p53 5’untranslated 

regions contain two internal ribosome entry sites (IRES) that can mediate translation 

of both full-length and 40p53 isoforms (also described as N-p53 or p53/p47 

isoforms in earlier publications). Interestingly, the IRES activity was found to be cell 
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cycle phase-dependent, with the IRES mediating translation of 40p53 being most 

active in the G1-S transition, while the IRES mediating full-length p53 is most active 

at the G2-M transition (130). The activity of the IRES may also be increased in 

response to DNA damage by the chemotherapy drug etoposide (131). The precise 

mechanism and regulation of splicing is not known (132), and as abruptions in 

alternative splicing occurs in many cancers (133-135), the spliceosome also 

represents a target for anticancer treatment (136, 137). 

 

1.6 p53 regulation  

p53 is activated in response to a multitude of stress, including DNA damage, 

oncogene activation and hypoxia by post translational modifications (PTMs) that 

contribute to its sophisticated regulation (reviewed in (138-140)). For example can 

phosphorylation of amino(N)-terminally serines on p53 (mostly occurring < 315 aa) 

by a broad range of kinases, including ATM and Chk1/Chk2 (141, 142), stabilize the 

protein. This stabilization of p53 occurs partly through disrupting binding of its 

negative regulator murine-double minute 2 (Mdm2) and preventing its degradation 

(143). Acetylation (mostly occurring C-terminally > 320 aa) can activate the DNA 

binding activities of p53 (144). Conversely, ubiquitination (at carboxy(C)-terminal 

sites > 370 aa) by Mdm2 can tag p53 for polyubiquitination resulting in nuclear 

export and proteosomal degradation (145). The C-terminal truncations of p53  and 

p53  exclude a number of p53 PTM sites, such as the lysines subjected to 

polyubiquitination, and they also have unique C-terminal residues (Figure 3). 

However, it is not fully clear how this affects these isoforms or if they obtain 

distinctive PTMs at their C-terminal, but it may reveal biological functions. It has for 

example been found that p53 , but not p53 , is phosphorylated following exposure to 

irradiation, which may imply that there is a isoform specific biological response to 

irradiation (146). How p53  and p53  are degraded and if this occurs through tagging 

by PTMs, is also unknown. However, several of these regulatory processes have 
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alternative pathways, for example can p53 full-length be stabilized without 

phosphorylation, and be degraded without ubiquitination of the C-terminal lysines 

(reviewed in (147)).  

 

1.6.1 Negative regulators of p53 

The control of cellular p53 full-length levels is primarily achieved by ubiquitin-

mediated 26S proteasomal degradation (148). E3 ligase Mdm2 and its partner MdmX 

(also called Mdm4) represent the main negative regulators of p53 (149, 150). Mdm2 

is also a target gene of p53, providing a regulatory negative feedback loop, and in the 

absence of cellular stress, p53 protein is maintained at low steady-state levels (151). 

Mdm2 is known as an oncogene through its abilities to bind p53 and target it for 

proteasomal degradation through ubiquitination of lysines on the C-terminal tail of 

p53 (101), and is found overexpressed in several cancers (152-155). p53 is also 

negatively regulated by several other E3 ubiquitin ligases, (156), in addition to micro-

RNAs (miRNAs) (reviewed in (157)).  

 

Interestingly, p53 can also be degraded through Mdm2- and ubiquitin-independent 

proteasomal degradation, through the core 20S proteasomes. This degradation is 

regulated by the NAD(P)H quinone oxidoreductase 1 (NQO1) (158, 159), which is 

found associated with the 20S proteasomes and protect p53 from 20S proteasomal 

degradation by NADH-dependent interaction with p53 (160, 161). Studies have 

shown that NQO1-deficient mice show reduced p53 induction and apoptosis, and is 

more susceptible to chemically induced tumors (162, 163). As mentioned above, 

p53  and p53  lack the C-terminal Mdm2/MdmX targeted sites, and their route of 

degradation is hitherto not defined, but elucidating the mode of degradation may 

provide understanding of how the isoforms are deregulated in cancer. 
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1.6.2 Regulation of p53 in apoptosis, senescence and induction of 
Bax and p21 

p53 regulates a multitude of biological functions, and it has been suggested that the 

activities of p53 isoforms may be involved in this regulatory complexity (102, 164). 

p53 activation can regulate cell cycle arrest, DNA repair, senescence or apoptosis 

through both transcription-dependent and –independent mechanisms (165). The 

complex regulation of p53’s switch between life and death signals and its regulation 

of other biological processes is a field of considerable interest as it may provide 

targets for therapy and understanding of carcinogenesis (reviewed in (165)). p53 

target genes in the activation of apoptosis include effectors of the extrinsic and 

intrinsic apoptotic pathway, such as pro-apoptotic Bax  (166). p53  have also been 

found to be able to bind the Bax promoter, and to enhance the transcriptional activity 

of full-length p53 on the Bax promoter (92).  

 

Activation of p53 can also trigger cellular senescence, for example in the response of 

oncogenic stress, through transcriptional activation of target genes such as CDKN1A, 

encoding the cyclin-dependent kinase inhibitor p21 (also known as p21
CIP1/WAF1

) (72, 

167). p21 may promote G1-arrest, cellular senescence and differentiation, and 

effectuate both p53-dependent and independent anti-proliferative activities (168). 

p53  has also been shown to enhance the activity of full-length p53 in replicative 

senescence (122), and increase p53 full-length’s transcriptional activity on the p21 

promoter (92, 113, 122), possibly through formation of a protein complex with full-

length p53 (92). In the absence of full-length p53, however, it has been suggested that 

p53  have no transcriptional activity on the Bax or p21 promoter (92). Moreover, it 

has also been suggested that p53  and p53  have no effect on neither senescence, 

transcription nor apoptosis (90, 146), although these discrepancies have been 

proposed to reflect different methodology and experimental conditions (169, 170). 

 

 



 29 

1.6.3 Regulation of p53 in development and differentiation 

p53 is also involved in the regulation of normal development, although its role is not 

indispensable in embryonic development as p53 knock-out (KO) mice can be born 

viable (171). However, these mice are prone to spontaneous tumor development 

(172). Furthermore, p53 deficiency can cause deranged neuronal development 

resulting in exencephaly and infant mortality in a subset of embryos (173, 174). The 

survival of some embryos is believed to result from compensatory mechanisms by 

p63 and p73 (175). It has also demonstrated that p53 is involved in regulating 

myeloid differentiation. In vitro, it has been shown that introducing wild-type p53 in 

p53-deficient promyelocytic leukemia HL-60 cell line, lead to granulocytic (176) or 

monocytic (177) differentiation at low expression levels and apoptosis at high 

expression levels (178). It is believed that animal models may provide further insight 

into the physiological or pathological activities of p53 isoforms (102). 

 

1.6.4 Regulation of p53 in metabolism 

The complexity of p53 biological activities and regulation also involves p53 being a 

regulator of metabolism (179). The role of p53 in metabolism is intriguing as invasive 

cancers have high aerobic glycolysis as a common property (180). In normal cells, 

metabolic regulation is a tightly regulated process allowing conditional cell growth 

and survival. p53 is involved in both promoting and down-modulating glycolysis 

(181-183) in addition to promoting oxidative phosphorylation by regulation of several 

genes involved in these processes (184). In addition, p53 can act in response to 

limited nutrient availability and hypoxia and invoke apoptosis or anti-angiogenic 

processes (74). Thus it is clear that dysregulation or disruption of p53 in metabolism 

is a contributor to malignant transformation, and raises the question of how p53 

isoforms contribute in these settings.   
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Overall, the complex multifactor regulation of p53 and the potential cooperation and 

influence of p53 isoforms demonstrate the need for further studies to unveil their 

function and significance. Given the implications of involvement of p53  and p53  in 

carcinogenesis and response to chemotherapy, studies of their biological functions 

may prove important for future cancer evaluation and therapy. 
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2. Aims of the study 

The main aims of this thesis have been to describe a new reporter gene system for 

optical imaging of preclinical cancer models and investigate functional properties of 

p53  and . 

 

Specific objectives were: 

 

1) To optimize a stable reporter gene expression through repeated transductions 

and fluorescence activated cell sorting for use in vitro and in vivo 

 

2) To evaluate the use of time-domain optical imaging to visualize disseminated 

and metastatic cancer growth in mouse models 

 

3) Development of a nitroreductase (NTR) based reporter gene system for optical 

imaging of metastatic orthotopic tumors by near-infrared NTR-substrate 

dye CytoCy5S 

 

4) To establish stable expression of p53  and p53  in p53
null

 cancer cell lines, in 

order to study their function independent of full-length p53 with respect to 

chemosensitivity and cell proliferation 
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3. Summary of papers 

Paper I. In vivo optical imaging of acute myeloid leukemia by green fluorescent 

protein: time-domain autofluorescence decoupling, fluorophore quantification, 

and localization 

Xenografting immunodeficient NOD/SCID interleukin 2 receptor 
null

 (NSG) mice 

with human leukemia cell lines results in a very heterogeneous disease course, with 

differences in leukemic onset and distribution of infiltrates. We aimed to evaluate 

whether labeling the cells with a fluorescent genetic marker and performing whole-

body time domain optical imaging would aid staging of disease and localization of 

tumor infiltrates in the model. The promyelocytic leukemia cell line NB4 was 

transduced with an enhanced green fluorescent protein (eGFP) construct, and brightly 

fluorescent clones were isolated by fluorescence activated cell sorting (FACS). Prior 

to in vivo studies, imaging of a cell pellet in a phantom system and in necropsied 

mice demonstrated that fluorescence lifetime gating allowed detection at depth. 

Evaluations of the system in NB4 GFP
+
 xenograft showed that time-domain imaging 

could detect early disease and allow longitudinal disease monitoring. 

 

Paper II. Nitroreductase, a near infrared reporter platform for in vivo time-

domain optical imaging of metastatic cancer. 

Optical imaging at depth is limited for all non-NIR reporter systems due to high 

tissue absorption of photons at  < 650 nm. We aimed to characterize the use of 

nitroreductase (NTR) as a gene reporter basis for NIR time-domain optical imaging 

of metastatic cancer by a near infrared NTR substrate dye. The NTR activatable dye 

CytoCy5S was synthesized and its kinetic and fluorescence properties upon NTR 

addition were characterized through LC-MS, spectroscopy and analysis in NTR 

expressing cell lines. NTR
+
 human leukemia (NB4, IPC-81 (rat)), lung (NCI-H460) 

and breast (MDA-MB-231) cancer cell lines were established through retroviral 

transduction and FACS sorting. Time-domain optical imaging and fluorescence 
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lifetime gating of NTR-CytoCy5S fluorescence in vivo demonstrated early and 

sensitive detection of orthotopic and metastatic tumors. The system was also 

applicable for in vivo gene therapy with the NTR- responsive prodrug metronidazole 

and for longitudinal treatment evaluation using CytoCy5S imaging.  

  

Paper III. Expression of TP53 isoforms p53  or p53  enhance chemosensitivity 

in TP53
null

 cell lines.   

The gene of the tumor suppressor p53 has been found to express several p53 

isoforms. Previously, we have found that the isoforms p53  and p53  correlate with 

longer survival and response to chemotherapy in AML patients, and they have also 

been found aberrantly expressed in several other cancers. However, their biological 

role is not elucidated, neither is their function independent of full-length p53. Thus, 

we aimed to make retroviral constructs of p53  and p53  with a fluorescent reporter 

for stable transduction of p53
null

 H1299 lung carcinoma cell line. The H1299 p53  

and H1299 p53  demonstrated changed cellular characteristics, and we observed 

similar and dissimilar features. Both p53
+
 and p53

+
 cells showed an increased p21 

basal level, and an enhanced induction of p21 and Bax proteins was observed upon 

chemotherapy, an effect most prominent in p53  expressing cells. Chemotherapy also 

reduced colony formation in p53
+
 and p53

+
 cells. In contrast to p53 , p53  could 

only be expressed at a low level. Treatment with dicoumarol, a putative blocker of the 

proteasome-related NAD(P)H quinone oxidoreductase NQO1, effectively attenuated 

basal p53  protein level, indicating that NQO1 is involved in regulation of p53 . 

Moreover, a significantly increased subcutaneous tumor growth of both H1299 p53
+
 

and H1299 p53
+
 cells compared to vector control cells was found. 
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Paper IV. p53  and p53  expression induce morphological changes and increase 

chemosensitivity in p53
null

 HL-60 acute myeloid leukemia cells. 

The tumor suppressor p53 isoforms p53  and p53  are proposed to correlate with 

increased survival and response to chemotherapy in acute myeloid leukemia (AML). 

Thus, we examined the p53
null

 AML cell line HL-60 following retroviral transduction 

with p53  or p53 . We found that stable expression was more readily accomplished 

in cells transduced with p53  than p53 , and p53  was expressed at a significantly 

higher protein level than p53 . HL-60 p53  cells also demonstrated significantly 

decreased colony formation. Furthermore, the expression of p53  or p53  leads to 

distinct morphological changes that indicate altered differentiation. Interestingly, 

while both p53
+
 and p53

+
 cells demonstrated a greater chemosensitivity to 

camptothecin or doxorubicin as determined by 
3
H-thymidin incorporation, no 

increased cell death was observed. This suggests that p53  or p53  may be more 

prominently involved in anti-proliferation than apoptosis. 
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4. Methodological considerations 

4.1 In vivo optical imaging of xenograft tumors  

Xenografting mice with human tumor cells is an extensively used method for 

modeling human cancer and in preclinical drug evaluation studies. Implanting tumor 

cells subcutaneous (s.c), form tumors that are easy to observe and accessible for size 

measurements. Moreover, the mice have considerably less disease burden than when 

the cancer cells are injected othotopically. This makes it a good model for initial 

testing of reporter systems and simple measurement of in vivo tumor growth. 

However, orthotopic models will always provide a more accurate representation of 

cancer development and phenotype as it will incorporate the relevant 

microenvironmental interactions (17, 185). The location of the tumor xenograft 

(orthotopic, subcutaneous, intraveneous, intraperitoneally) may also have 

implications for drug studies in the choice of route of administration of the drug, role 

of the microenvironment and efficacy on metastatic tumors (13). Thus, we have 

aimed to evaluate the eGFP- labeled NB4 cells in an orthotopic model, as well as the 

NTR-CytoCy5S reporter system in several relevant xenograft models, to thoroughly 

review their applicability. For initial in vivo phenotype and tumor growth studies in 

p53
+
/p53

+
 H1299 cells, the s.c model was used. 

4.2 Retroviral transduction and stable expression of genes 

The use of retroviral transduction to stably express a gene in target cells made the 

foundation for all the papers in this thesis. Since all the DNA plasmid constructs used 

contain a reporter gene, it has allowed the successful isolation of transduced cells by 

FACS sorting. This has been a valuable tool for establishing a stably expressing 

population of cells with initially poor transduction efficiency, such as HL-60 

suspension cells.  
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However, this methodology also has some potential problems that should be 

considered. For example, after the sorted cells had been maintained in culture over 

time, flow cytometric analysis would reveal a decreased or seized fluorescence in a 

sub-population of cells, and the fluorescence would further decrease over time. This 

was sometimes also found in cells that had been sub-cloned, i.e where one highly 

fluorescent cell had been sorted and allowed to form a new population of fluorescent 

cells. Highly fluorescent GFP or NTR-CytoCy5S cells were always present in the cell 

population, and we did not observe any changed cellular characteristics that would 

imply toxicity of the constructs. This phenomenon has also been described by others 

as “retroviral gene silencing” whereby the target cell recognizes and inactivates the 

inserted gene (186, 187), however the mechanism behind this process is poorly 

understood. Moreover, we cannot rule out the possibility of a small proliferative 

advantage of any residual untransfected cells that could become evident over time. In 

the case of reporter-gene-only plasmids this is not a problem since repeated FACS 

sorting can maintain a strongly fluorescent cell population, but with a non-fluorescent 

transgene included as well, further confirmation of gene insert is needed for example 

by western blot confirmation of protein expression. 

On the other hand, caution should be shown concerning the possibility that the 

transduction of cells itself may cause a proliferative advantage. Recent preclinical and 

clinical studies on hematopoietic cells have revealed that the viral insertion of 

transgenes into chromosomal DNA is not entirely random as previously thought, but 

instead considered semirandom (188, 189). Since MLV-based vectors harbor strong 

enhancer-promoter sequences in its long terminal repeat (LTR), it may activate 

cellular genes leading to insertional activation of proto-oncogenes. This may cause 

increased cell growth, resulting in clonal dominance and even leukemogenesis (188, 

189). To show caution regarding this possible scenario, we have avoided subcloning 

of cells, and a selection of experiments has also been repeated using transient 
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transfections, for example when investigating chemosensitivity induction of 

p53 /p53  (Paper III). Further, we also performed DNA fingerprinting of the cells 

used in the NTR reporter system evaluation (Paper II), and confirmed the intact 

profile after transduction and sorting (courtesy of Prof. Anders Molven, Gades 

Institute, University of Bergen). We also believe that since p53  or p53  were found 

to chemosensitize both NCI-H1299 and HL-60 cells, that this is a functional effect of 

p53 /  expression and not due to off–target effects of construct integration. Prior to 

performing experiments where we have compared the cells i.e. p53  to p53  or vector 

control cells, the cells were also seeded and cultured under the exact same conditions 

for a series of passages to ensure comparability. In future functional studies, we 

should attempt to reverse the functional effect of p53  to p53  by shRNA knock 

down, as this would further verify findings.  

 

Furthermore, it could also be possible that the pool of DNA constructs may contain 

residual DNA not harboring the target gene. To amplify the DNA plasmids, 

transformation of competent bacteria is used. Normally, the DNA plasmid contains 

an antibiotic-resistance gene, for example towards ampicillin, so that only 

successfully transformed bacteria will grow on an ampicillin-containing agar-plate. 

However, an individual bacterium can retain multiple copies of a plasmid. Thus, 

regarding the p53 isoforms-tdTomato constructs, there is a chance that the same 

bacteria that contain the cloned p53 isoform-tdTomato plasmid may also contain a re-

ligated tdTomato vector without the p53 segment insert (which can not be spotted by 

sequencing). Thus, transduced cell populations may theoretically contain some cells 

that do not possess the target gene. This may negatively influence the detection of 

functional characteristics of target gene expression, and may pose a problem if cells 

successfully expressing your target-DNA have a proliferative disadvantage. We have 

aimed to overcome these theoretical limitations by several strategies. The cells were 

sequenced to confirm correct DNA sequence of the insert, and protein expressions 

were confirmed by western blot and immunofluorescence. After transductions and 
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FACS sorting, cells were cryopreserved to sustain a stock of cells, so that cells could 

be replaced after some time (< 12 weeks) in culture. In future experiments, this 

limitation could be overcome by designing constructs whereby the gene insert 

disrupts a gene encoding a toxic protein, so that during amplification of the DNA 

construct, only bacteria expressing the insert will survive (190). 

 

4.3 p53 status in HL-60 cells 

We chose to use the p53 deficient cell lines NCI-H1299 lung carcinoma and HL-60 

AML for transduction with p53  and p53 . Since we had experienced what appeared 

to be a p53 signal from the HL-60 cells by western blotting with certain p53-

antibodies, we questioned if the p53 gene was fully bi-allelic deleted in our HL-60 

cells. Thus, we analyzed our cells by fluorescence in situ hybridization (FISH) and 

multiplex ligation-dependent probe amplification (MLPA). Surprisingly, the FISH 

analysis showed a positive p53 signal from the HL-60 cells, while the more detailed 

MLPA analysis revealed that only exon 1 was intact and exons 2-11 were bi-allelicly 

deleted. The FISH probe is 145 kilobases in contrast to the 22 kb large p53 gene, and 

therefore flanks large segments of p53 on both sides, which cause the false positive 

signal. This also demonstrates the superior accuracy of MLPA in determining gene 

status. 

4.4 Lack of isoforms-specific antibodies 

The lack of isoform-specific antibodies impede studies of their endogenous 

expression, since the available p53 antibodies cannot distinguish the isoforms from 

full-length p53 that have been post-translationally modified or subjected to protein 

degradation (92, 96, 191). p53 antibodies that bind N-terminally (such as Bp53-12, 

DO-1 and DO-7) can detect full-length, - and -isoforms, but their similar size and 

different expression levels obstruct their co-detection on a one-dimensional 



 39 

immunoblot, and p53  and  co-localize on a two-dimensional immunoblot. Raising 

an antibody specific to p53  will be difficult due to its hydrophobic c-terminal (170). 

An antibody (KJC8) that could demonstrate the expression of p53 , 40p53 , and 

133p53  protein isoforms has been raised (92). However, this antibody does not 

work under certain conditions, it is for example unable to stain paraffin-embedded 

sections (105) and we have not been able to detect p53  using this antibody on flow 

cytometry. This has resulted in studies mainly on the mRNA level, which may not 

reflect the protein expression and thus lead to inconclusive results.  

 

By looking at individual isoform expressions in a p53
null

 background we deliberately 

make a simplified model where any functional implications of the interplay between 

p53 isoforms and full-length p53 are disregarded. However, we avoid the limitations 

of antibodies and can be sure of which isoform we are studying. Thus, we believe that 

our isoform-by-isoform functional studies could provide valuable information that 

will contribute to the overall understanding of the p53 isoforms and may aid the 

interpretation of endogenous functionality. Future studies of the endogenous 

interactions of the various p53 family isoforms may require employing other 

techniques for protein detection and quantification such as targeted mass 

spectrometry. 
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5. General Discussion 

5.1 Optical imaging of preclinical cancer models 

Optical imaging is a tool that can enhance our understanding of a disease and be an 

important contributor in the initial preclinical drug development process (19, 192). 

This prediction relies on development of relevant preclinical models and the 

properties of the reporter system used. A disease such as AML, which is modeled in 

NSG mice through intravenous injection of human AML cells, sets high demands to 

the reporter system to facilitate non-invasive imaging and early, sensitive, whole-

body detection of tumor infiltrates. Bioluminescence based reporter systems has a 

central position in optical imaging, primarily because it does not require external 

excitation and thus avoid autofluorescence disturbance (193). On the other hand, it 

experiences more scattering of photons, which limits spatial resolution. By applying 

fluorescence lifetime gating, we have shown in paper I that AML cells with a very 

potent eGFP fluorescent reporter can be successfully imaged in vivo. However, as 

previously discussed, reporter systems operating in the near infrared region will be 

most feasible for detection cancer cells in dense parenchymatous organs. 

 

5.1.1 Comparison of reporter systems 

When evaluating a novel reporter system such as the NTR-CytoCy5S system, it is 

necessary to compare the system to other established reporter genes. Yet, this is 

problematic as they all have unique properties. A fluorescent protein reporter gene 

such as GFP has for example practical advantages in comparison to reporters 

requiring injection of substrate, but has limitations in vivo due to absorption of the 

emitted GFP photons in the tissue. However, we demonstrated that AML could be 

imaged in vivo using a potent eGFP retroviral vector, selecting for highly expressing 
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GFP
+
 cells, and applying fluorescence lifetime gating. Both being enzymatic reporter 

genes, we have attempted to compare the NTR-CytoCy5S system to the firefly 

luciferase-luciferin system in paper II, as the latter is the most widely used and 

successful enzymatic imaging system that also can be used non-invasively (41, 42, 

194, 195). An advantage of bioluminescence is that it does not require laser excitation 

and thus has the benefit of minimal autofluorescence. On the other hand, it 

experience reduced spatial resolution due to scattering, in addition to signal 

absorption in its spectral range of emission (<  620 nm) (35, 45). Moreover, 

enzymatic reporters also have specific enzymatic kinetics for substrate reaction.  

 

We experienced that the in vivo evaluation of the reporter systems needed to be 

evaluated empirically through repeated transductions and extensive sorting to 

establish brightly fluorescent or bioluminescent cells. The construct used in the NTR 

reporter evaluation additionally has a GFP gene inserted, as well as containing a non-

functional luciferase gene. The reason why the luciferase gene is not expressed is not 

known, but we could detect neither bioluminescence (after luciferin administration) 

nor luciferase protein expression (immunoblot) from the transduced cells. GFP was, 

however, expressed and was used in initial pilot studies of the NTR system for 

qualitative comparison to the NTR-CytoCy5S signal, as shown in paper II, Figure 3.  

 

5.2 The NTR-CytoCy5S reporter system 

Bioluminescence reporter systems have limited use in vitro, as they for example 

cannot be detected on a flow cytometer, while several fluorescence reporter proteins 

emitting light at <  600 nm have applications in vitro, for example as markers for 

gene expression (196). As we demonstrate in paper II, we were able to image 

metastatic cancer longitudinally and thus removing the need for biopsies and 

sacrificing the animals. This is a major advantage as it facilitates staging of disease, 

and imaging may allow more accurate evaluation of therapeutic response (185, 195), 
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in addition to reducing the number of animals needed in the studies.  

 

Another benefit of the NTR reporter gene platform is that it has many applications 

from in vitro (flow cytometry, fluorescence microscopy) through to in vivo 

(metastatic cancer imaging) and as a prodrug-activating enzyme (e.g prodrugs 

CB1954, metronidazole). A major advantage for flow cytometry applications is that 

NTR
+
 cells are not coherently fluorescent. Thus, all channels on a flow cytometer are 

open for other colors, which simplify additional studies such as analysis of cellular 

markers or annexin V-PI apoptosis assays. And reversely, it enables FACS sorting 

after CytoCy5S incubation. The NTR reporter system also possesses a great 

developmental potential as new dyes with greater fluorescence properties could be 

developed. Also, since the CytoCy5S dye induced an unspecific signal from the 

gastrointestinal tract (as also reported by (56)), we anticipate that new dyes, or further 

development of the molecular properties of CytoCy5S, may avoid this issue in the 

future.  

 

A limitation with this system, as with other reporter genes, is the fact that the cells 

have to be transduced with NTR prior to imaging, which is disadvantageous for 

imaging of difficult transducible cells such as primary patient samples. On the other 

hand, transduction with NTR can be performed on most cell lines, creating a 

reproducible system for example for screening of targeted drugs that require well 

characterized cells. Moreover, given the use of NTR in ADEPT and GDEPT (197-

199), it suggests that this technology can be used for delivery of the NTR-gene to for 

example patient cell xenografts in mice prior to imaging.  

 

5.2.1 NTR in prodrug therapy 

The nitroreductase activity of NTR and its potential to transform initially non-toxic 

prodrugs to cytotoxic metabolites has a great potential in suicide gene therapy 
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applications (55). NTR GDEPT has entered clinical trials with the prodrug CB1954 

(63, 64), and other NTR-prodrugs are under evaluation (197, 200, 201). We showed 

in paper II that the anti-protozoan drug metronidazole could be used as a NTR 

prodrug, and that the treatment effect could be optically imaged and detected by 

CytoCy5S administration. To our knowledge, we are the first to show dual NTR 

GDEPT and imaging of therapy response. NTR
+
 cells were evaluated for NTR-

CytoCy5S fluorescence with and without metronidazole, but no reduction in 

fluorescence was seen, thus indicating that metronidazole does not mask NTR 

reduction of CytoCy5S and thus allows co-administration of therapy and imaging-

substrate.  

 

As mentioned in the methodological considerations section, viral delivery of genes 

may cause insertional mutagenesis. Thus, the use of virus in GDEPT strategies in the 

clinic is a concern that affects the progress for GDEPT treatment (189). It is 

suggested that this limitation could be overcome through applied knowledge about 

the mechanisms of insertional mutagenesis (188, 189). However, it may be that an 

ADEPT strategy could be used as an alternative route of NTR delivery. It would be 

interesting in future preclinical studies to see if NTR could be conjugated to a cancer 

specific antibody, for example as described for targeting the HER-2 receptor with 

TAMRA-QSY7 in the Introduction section (53), and evaluate the system for both 

imaging of cancer and effect of prodrug therapy. Moreover, NTR may also be used as 

an inducible cell death safety switch in combination with metronidazole, for example 

to control potential graft-versus-host-disease after infusion of transduced cytotoxic T-

cells in adoptive immunotherapy, as described in vitro in (202).  

 

5.3 p53  and p53  function  

The functions of the carboxy-terminal truncated p53 isoforms, p53  and p53 , are 

intriguing as they have been found expressed at disparate levels in several cancers 
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and are suggested to influence treatment response and therapy outcome. It has also 

been unclear whether p53  and p53  have individual functions or if they act in 

concert with full-length p53 (102, 170). These questions were evaluated in paper III 

and IV in p53
null

 NCI-H1299 and HL-60 cells, respectively.  

 

5.3.1 p53  and p53  enhance chemosensitivity 

We found that transducing p53
null

 cells with p53  and p53  sensitized them to 

chemotherapy. In the p53
+
 and p53

+
 HL-60 cells (paper IV) we observed 

significantly reduced 
3
H-thymidine incorporation after CPT treatment while no 

enhanced cell death was detected (nuclear morphology, Hoechst 33343), thus 

suggesting that the treatment induced cellular arrest and not apoptosis. This is 

consistent with NCI-H1299 colony assay results (Paper III), where colony formation 

of p53
+
 and p53

+
 cells was significantly reduced after doxorubicin treatment, 

indicating proliferative arrest. We also observed increased basal levels of p21 in both 

cell lines expressing p53  and p53  (untreated). Chemotherapy increased p21 levels 

in NCI-H1299 p53  and p53 , most prominently by doxorubicin, but also by 

camptothecin. This p21 treatment response may explain the reduced colony formation 

since p21 is known to be a regulator of cellular arrest and senescence (168). Thus, it 

also suggests that p53  and p53  are involved in regulation of p21 in response to 

treatment. In future studies it would also be valuable to investigate if p53  and p53  

isoforms may play a role in modulation of p53 target genes that are known to 

sensitize cells to chemotherapy, such as Apaf-1 (203), caspase-6 (204) and Bid (205). 

 

In HL-60 cells, p21 was degraded in all cells (p53
+
, p53

+
 and vector control) after 

incubation with camptothecin, and only p53
+
 cells did not show decreased p21 levels 

after doxorubicin treatment. This discrepancy may be due to the experimental 

conditions, and we should e.g. evaluate the p21 levels at earlier time points with less 

prominent apoptosis, and at lower doses, since proteins are digested late in the 
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apoptosis process. It may also suggest that p53  and p53  have different responses in 

HL-60 cells. Additionally, in HL-60 cells we also found morphological changes that 

indicate altered differentiation stages of p53
+
 and p53

+
 cells. Collectively, this 

suggests that p53  and p53  may have a role in differentiation in addition to 

treatment related cellular arrest and senescence, possibly through modulation of p21 

levels. 

 

5.3.2 p53  and p53  enhance tumor growth in vivo 

Further complicating the understanding of p53  and p53  is the finding that NCI-

H1299 cells expressing these proteins demonstrate greater tumor growth in vivo, 

which contradicts in vitro findings. p53
+ 

and p53
+
 cells also showed significantly 

earlier initiation of tumor growth than cells with vector control. This may indicate 

that they play a role in the adaptive response to metabolic stress, which has been 

proposed as a possible function of p53 isoforms (206). Moreover, p21 has been 

suggested to counteract serum nutrient starvation induced cell death (207), thus the 

elevated p21 level in p53
+
 and p53

+
 cells may contribute to the tumor growth. 

Further studies are needed to enhance the understanding of the role these isoforms 

may play in these processes.  

 

5.4 Degradation of p53  and p53  

In paper III, we observed that treating cells with doxorubicin or camptothecin 

reduced the levels of p53  in particular, thus indicating its degradation. Further, the 

increased protein level seen after treatment with the proteasome inhibitor bortezomib 

suggested proteasomal degradation of p53 . Treatment with the NQO1 inhibitor 

dicoumarol, further degraded p53  in a dicoumarol-dose dependent manner, while 

p53  levels were unaffected at the conditions tested. This indicates that NQO1 is a 

regulator of p53  stabilization. However, to further elucidate whether the enzymatic 
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activity of NQO1 is required for p53  stability, we should test if the p53  stability 

increases after transfection with both a wild type- and mutant NQO1 expression 

vector, as described in (159). Additionally, since p53 stabilization by NQO1 has been 

shown to be especially prominent under oxidative stress (159), it would be interesting 

to test how p53  responds at such conditions. We also found no change in p53  or  

levels after treatment with the p53-Mdm2 small molecule inhibitor nutlin-3, which 

increase full-length p53 levels, thus suggesting an Mdm2-independent degradation 

mechanism. This is in accordance with predictions based on carboxyterminal loss of 

Hdm-2 polyubiquitination sites, and also corresponds to the finding that 

oligomerization-defective p53 mutants are resistant to Mdm2-mediated degradation 

(208). In view of the minimally elevated expression of p53  after treatment with 

lysosome inhibitor, the degradation pathway of p53  should also be further 

investigated to provide a more complete understanding of its regulation. 

 

Differences in degradation pathways suggest different regulation of full-length p53 

and p53  and p53 . Thus, elucidating the mode of degradation may provide 

understanding how the isoforms are dysregulated in cancer. Since both full-length 

p53 and now p53  can be regulated by NQO1 (in an Mdm2 and ubiquitin-

independent manner), it may imply that they share similar functions. Further, where 

full-length p53 is stabilized upon DNA damage induced by for example CPT or 

etoposide (209), we found that p53  is degraded upon CPT and doxorubicin 

treatment. The mechanism behind how p53  can both be degraded upon 

chemotherapy as well as induce chemosensitivity requires further studies. Evaluation 

of the p53  protein at a number of time points after treatment should give more 

information about early and late treatment effects on protein levels. Moreover, we are 

only able to express p53  at low levels, and observe that many cells die when p53  is 

introduced. This suggests functional similarities to full-length p53 since high levels of 

full-length p53 or introducing full-length p53 in p53
null

 cells lead to cell cycle arrest 

or apoptosis (210). Thus, p53  may have a ratio-dependent functional response and 

be involved in cell fate decision. However, these suggestions require further 
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investigations, for example by studying the p53  expression level after 

overexpression of NQO1 and/or shRNA knock down, in addition to apoptosis 

measurement by for example annexin V- PI studies by flow cytometry.  

 

5.5 NQO1 in cancer and as a regulator of p53  

In addition to a role in stabilizing p53, NQO1 protects the cells against oxidative 

stress and is considered a vital player in defense against carcinogenesis (reviewed in 

(211)). NQO1 has also been found to be overexpressed in several solid tumors and is 

presumed to protect the tumor against cytotoxic agents by increasing the expression 

of antioxidant enzymes (211). However, it is not described whether the up-regulation 

is associated with mutated TP53 or abrogated p53 function, although this is probable 

since one would expect tumor-suppressor responses from stabilized p53. In breast 

cancer, a homozygous missense variant of NQO1, NQO1*2, have been found to be a 

predictor of poor survival, and proposed to be related to anthracycline (epirubicin) 

based therapy resistance (212). As anthracyclines are a common chemotherapy 

choice in several cancers, such as AML, is would be desirable to investigate if NQO1 

expression correlates to chemoresistance, and if it negatively correlates to p53  

expression in future studies.  

 

Interestingly, NQO1 have similarities to NTR. NQO1 also have some activity 

towards the NTR-inducible prodrug CB1954, however, in contrast to rat NQO1, 

human NQO1 cannot metabolize CB1954 effectively enough to be applicable for use 

on tumors with high NQO1 expression (213). Like NQO1, NTR is also a quinone 

reductase that use NAD(P)H or other reduced nicotinamide analogues as cofactors 

(213). Thus, we anticipate that dyes responsive to reduction by NQO1 could be 

synthesized and employed to evaluate NQO1 level and activity by for example flow 

cytometry. If this is accomplished, such a system may act as a tool in future studies to 



 48 

elucidate the mechanisms that govern NQO1 in regulation of p53  and full-length 

p53 and the response to anthracyclines. 

 

5.6 p53  and p53  as prognostic factors and therapeutic 
targets 

A p53 biosignature analysis of AML patients have indicated that the expression of 

p53  and p53  may be a prognostic factor, and give information about treatment 

response (106). The finding that p53  and p53  enhance chemosensitivity and may 

have a role in senescence and differentiation, suggests that they may represent a new 

therapeutic target. Further studies are required to elucidate the mechanism behind 

their role in these processes, their binding-partners and if they may be involved in 

activation of p53 target genes, to enable development of targeted therapy. Moreover, 

as several cancers have impaired splicing of p53 that is believed to contribute to 

tumorigenesis, further understanding of the regulation and mechanisms behind 

alternative splicing of TP53 may drive the development of novel approaches and 

compounds aiming to restore normal splicing of p53 (reviewed in (132, 214)).  
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6. Conclusions 

The use of time-domain optical imaging permitted removal of autofluorescence signal 

and significantly enhanced contrast in the fluorescent reporter gene systems green 

fluorescent protein (GFP) and NTR-CytoCy5S. The NTR-CytoCy5S system 

described in this thesis represents a new reporter gene platform allowing optical 

imaging of metastatic cancer in addition to gene-directed therapy possibilities. It has 

several potential translational applications, and holds promise of further 

developmental advances. This thesis demonstrates NTR-CytoCy5S as a near-infrared 

gene reporter system with broad preclinical and prospective clinical applications 

within imaging and gene therapy of cancer. 

 

Through creation of individual retroviral constructs of full-length p53, p53  and p53  

we made it possible to study the individual function of p53  and p53 . Collectively, 

these experiments suggests a role for p53  and p53  in chemosensitivity, 

differentiation, treatment related cellular arrest or senescence, in addition to a cells 

adaptive response to in vivo metabolic stress. Our initial findings suggest that p53  

and p53  may be important in definition of cellular properties such as 

chemosensitivity. Future studies to further elucidate a more definite comprehension 

of their regulation and to understand their role in cancer, as candidate biomarkers 

and/or their therapeutic targeting are crucial.  
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7. Future prespectives 

As discussed, the NTR-CytoCy5S reporter system could have several applications in 

preclinical cancer and drug evaluation studies. Moreover, the NTR system has 

prospective use in clinical applications with imaging and gene therapy of cancer. The 

development of new NTR substrate dyes with improved imaging qualities, such as 

enhanced near infrared (  700-800 nm) fluorescence and better pharmacokinetic 

profiles, could further improve visualization at depth. Additionally, the possible 

application of the NTR-CytoCy5S reporter system towards visualization of antibody 

directed enzymatic prodrug therapy (ADEPT) in primary patient xenografts should be 

evaluated.   

 

The use of NTR for preclinical imaging of p53
+
 and p53

+
 cells in vivo function 

should also be explored. For example by excising the tdTomato segment in the 

p53isoform-tdTomato construct and replacing it with NTR, or additionally transduce 

the p53 isoform
+
 cells with NTR. Imaging would benefit in the characterization of the 

disease phenotype particularly in orthotopic models and chemosensitivity- studies of 

orthotopically-injected p53
+
 and p53

+
 cells. It would also aid the development and 

evaluation of targeted therapeutics aimed at the p53 isoforms. 

 

The open-end approach that we used to explore p53  and p53  function unlocked 

several unanswered questions requiring further investigations: The mechanism behind 

how p53  and p53  enhance chemosensitivity, the dose-response, and the early and 

late responses to therapy will have to be elucidated for context-dependent functions. 

In addition, the role of NQO1 in the degradation of p53  and its connection to 

anthracycline chemoresistance is particularly interesting and will be clarified. Not 

least, due to the contradictory findings of in vitro versus in vivo proliferation of 

H1299 p53
+
 and p53

+
 cells, the in vivo response to chemotherapy, i.e. 

doxorubicine, will be explored. Likewise, the role of p53  and p53  in senescence, 
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differentiation and metabolism require further investigation. In the abovementioned 

settings, shRNA knock down to attempt reversal of p53  and p53  function, in 

addition to overexpressing p53  or p53  in p53 wt cells, will have to be explored to 

further strengthen the assumptions of p53 isoform-specific functions. 
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In Vivo Optical Imaging of Acute Myeloid Leukemia by
Green Fluorescent Protein: Time-Domain Autofluorescence
Decoupling, Fluorophore Quantification, and Localization
Emmet McCormack, David R. Micklem, Lars-Erik Pindard, Elisabeth Silden, Pascal Gallant, Alexandre Belenkov,
James B. Lorens, and Bjørn Tore Gjertsen

Abstract

Human xenografts of acute myeloid leukemia (AML) in nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice

result in disease states of diffuse, nonpalpable tissue infiltrates exhibiting a variable disease course, with some animals not

developing a disease phenotype. Thus, disease staging and, more critically, quantification of preclinical therapeutic effect in these

models are particularly difficult. In this study, we present the generation of a green fluorescent protein (GFP)-labeled human leukemic

cell line, NB4, and validate the potential of a time-domain imager fitted with a 470 nm picosecond pulsed laser diode to decouple GFP

fluorescence from autofluorescence on the basis of fluorescence lifetime and thus determine the depth and relative concentration of

GFP inclusions in phantoms of homogeneous and heterogeneous optical properties. Subsequently, we developed an optical

imageable human xenograft model of NB4-GFP AML and illustrate early disease detection, depth discrimination of leukemic

infiltrates, and longitudinal monitoring of disease course employing time-domain optical imaging. We conclude that early disease

detection through use of time-domain imaging in this initially slowly progressing AML xenograft model permits accurate disease

staging and should aid in future preclinical development of therapeutics for AML.

A CUTE MYELOID LEUKEMIA (AML) is the generic

name for a diverse group of diseases that are

characterized by anomalous proliferation and differentia-

tion of malignant myeloid progenitors, resulting in poor

overall survival rates.1 Consequently, the development of

novel molecularly targeted therapeutics demands preclini-

cal models that reflect the wide disease heterogeneities

observed in AML. Xenografting of human AML cell lines

with specific genetic characteristics in severe combined

immunodeficient (SCID) or nonobese diabetic (NOD)/

SCID mice have been used to generate defined preclinical

models of this disease.2 However, human AML xenografts

may result in a variable disease course, with some animals

not developing a disease phenotype owing to residual

immnogenicity, precluding one’s ability to monitor

therapeutic effect.3

The increasing use of whole-body noninvasive imaging

modalities has become critical toward evaluation and

validation of preclinical cancer model systems and

subsequent development of novel therapeutics.4–9 In

particular, there has been an explosion of interest in the

field of molecular imaging using optical techniques,10,11

owing primarily to the ability to trace fluorophore-

conjugated probes or genetically labeled cells or tissues.12

Thus, the application of optical imaging modalities

employing the use of fluorescent13 and/or luminescent

reporters (luciferase) has developed as a rapidly expanding

modality.14 Green fluorescent protein (GFP) is the primary

reporter of choice for in vitro molecular assays15 and can

be visualized employing fluorescence microscopy16 and

flow cytometric17 techniques, allowing direct quantifica-

tion.18 However, animal tissue autofluorescence is a

limiting factor for in vivo fluorescence imaging of GFP

and is the result of endogenous chromophores. Like GFP,
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they exhibit absorption bands in the blue region of visible

light and result in emissions across the visible spectrum,19

frustrating the use of GFP as an effective in vivo reporter in

conventional reflectance imaging with continuous-wave

irradiation. In contrast, fluorescence lifetime imaging

(FLI) can be used to distinguish between various

fluorophores with differing fluorescence lifetime decay

rates. Additionally, FLI can be employed to monitor local

environmental changes such as pH20 and [Ca2+],21 which

affect both radiative and nonradiative fluorescence lifetime

decay rates22,23 and can enhance contrast and distinguish

between fluorescent species with similar spectral charac-

teristics, such as GFP and yellow fluorescent protein.24

Furthermore, it has also been demonstrated that the time

of maximum fluorescence lifetime decay shifts to later

times as a function of depth.25

In this study, we wanted to explore the feasibility of

employing FLI via a time-domain fluorescence imager to

decouple GFP fluorescence from tissue autofluorescence

and determine the depth of GFP inclusion in vivo with

sufficient spatiotemporal resolution to permit the devel-

opment of an imageable xenograft model of AML. To this

end, we generated GFP+ NB4 cells (human acute

promyelocytic leukemia cell line) and validated the

performance of the time-domain imager in phantoms of

homogeneous and heterogeneous optical properties.

Capsules containing various NB4-GFP cell numbers were

(1) placed in homogeneous liposin–india ink solution of

defined optical properties and (2) implanted in necropsied

mice. By varying the depth or anatomic location of

inclusion, the ability of FLI to decouple GFP fluorescence

from autofluorescence and estimates of depth and cell

number were evaluated. Finally, we assessed the in vivo

spatiotemporal monitoring of NB4-GFP leukemia in

NOD/SCID/b2mnull mice and determined whether NB4-

GFP leukemia could be detected early enough in the

disease course to permit accurate disease staging to

facilitate use of this model for future development of

therapeutic strategies.

Materials and Methods

Cell Line

The promyelocytic leukemia NB4 cell line was a gift from

Dr. Lanotte (Hospital Saint Louis, Paris, France). Cells

were maintained in Roswell Park Memorial Institute

(RPMI) 1640 medium supplemented with 10% heat-

inactivated fetal bovine serum (GIBCO, Inc., Grand Island,

NY), 2 mM L-glutamine (GIBCO), 50 U/mL penicillin,

and 50 mg/mL streptomycin (GIBCO) in a 5% CO2

humidified atmosphere at 37uC.

GFP Retroviral Transduction and Selection of NB4-
GFP Cells

NB4 clones stably expressing enhanced green fluorescent

protein (EGFP) (Clontech Laboratories, Inc., Mountain

View, CA) were engineered using the pCGFP retroviral

vector.15 Production of infectious retroviral vector parti-

cles in Phoenix A cells and infection of cells were carried

out as described.26 This procedure was repeated twice,

producing cells expressing high levels of GFP as deter-

mined by fluorescence microscopy (Leica Microsystems,

GmbH, Wetzlar, Germany). Clones expressing 32,000

brighter levels of GFP over background (as assessed by

fluorescence-activated cell sorter) were isolated by MoFlo

Fluorescence Activated Cell Sorter (Cytomation, Fort

Collins, CO) with a 488 nm laser (Enterprise II,

Coherent Inc., Santa Clara, CA) to establish stably high-

expressing NB4-GFP cells, which were then cultured under

normal conditions.

Generation of NB4-GFP Capsules

Briefly, log-phase NB4-GFP cells were fixed (5% formalin)

and pelleted in a translucent polyethylene 0.2 mL strip

tube, and supernatant was removed. The tube was then cut

0.9 mm from the tip, mounted, and thermically sealed to a

similar strip tube, resulting in an encapsulated pellet of

approximate volume 1 mm3 (Figure 1A). This encapsu-

lated pellet was then adhered to the inside lid of a 50 mL

Falcon tube (BD Biosciences, San Jose, CA) and replaced

on the Falcon tube (see Figure 1A). The Falcon tube was

then cut approximately 3 cm from the tip and filled with a

1% liposin (Liposyn II 20%, Hospira, Saint-Laurent,

Quebec) and 50 ppm india ink solution of homogeneous

optical properties (ma 5 0.5 cm21 and m9s 5 20 cm21 at

490 nm).27 Pellets of 0.01, 0.1, 1, and 2 3 106 NB4-GFP

cells were constructed for in vitro studies. NB4-GFP

capsules were similarly made for studies in necropsied

mice, but following pelleting and encapsulation, excess

polyethylene tube was cut to leave encapsulated pellets of

0.1, 2, 5, and 10 3 106 NB4-GFP cells (see Figure 1A).

Animals

NOD/LtSz-Prkdcscid/B2mnull mice (abbreviated as NOD/

SCID/b2mnull, originally obtained from Dr. Leonard

Schultz, Jackson Laboratories, Bar Harbor, ME)28 were
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expanded and maintained under defined flora conditions

in individually ventilated (HEPA-filtered air) sterile

microisolator cages (Techniplast, Buguggiate, Italy) at the

university’s animal facility. All experiments were approved

by the Norwegian Animal Research Authority and

conducted according to the European Convention for

the Protection of Vertebrates Used for Scientific Purposes.

Prior to imaging, mice were anesthetized (1% isofluorane),

depilated, and moved to the heated translational stage of

the eXplore Optix (ART Advanced Research Technologies

Inc., Montreal, Quebec). Animals were maintained under

gas anesthesia during scanning.

Capsule Implantation in Necropsied Mice

For phantom experiments with heterogeneous optical

properties, mice (28–30 g) were depilated and sacrificed

by CO2 inhalation and NB4-GFP capsules were implanted

subcutaneously (SC; depth 5 0.3 6 0.1 mm), intraper-

itoneally (IP; 0.9 6 0.3 mm), and intramuscularly (IM;

under quadriceps adjacent to the femur; 1.3 6 0.2 mm),

between the posterolateral abdominal wall and kidney (K;

1.46 0.3 mm) and between the kidney and spine (S; 1.46
0.2 mm), under the skull (B/IC; 2 6 0.4 mm), and within

the thorax between the lungs and ribs (T; 1.6 6 0.3 mm).

All measurements were repeated (n 5 5) for capsules of

0.1, 2, 5, and 10 3 106 NB4-GFP cells.

NB4-GFP Leukemia Model

NOD/SCID/b2mnull mice 6 to 8 weeks old were irradiated

from a photon radiation source (BCC Dynaray CH4, 4-

megavolt photon irradiation source, with a sublethal dose

of 2.5 Gy [60 cGy/min]) 24 hours prior to transplantation.

NB4-GFP cells (approximately 107)were suspended in 200mL
of RPMI prior to injection and injected with a 28-gauge

insulin needle via the dorsal tail vein. Recipient mice were

monitored by weighing every second day, with imaging

Figure 1. System and phantom
description. A, Illustration of encap-
sulated green fluorescent protein
(GFP) pellets used in phantom studies
and actual depth determination of
immersed GFP capsules in liposin–
india ink solution. The phantom was
placed on an adjustable stage, and
liposin–india ink solution was added
until the tip of the GFP capsule was
just immersed. The stage was moved
until the level of liposin–india ink
solution was aligned with a fixed line
of reference on the side-view image
(green line) and a white-light image
was acquired. The distance from this
green line to the point of reference
marked on the Falcon tube was then
measured (D1). Subsequently, more
liposin–india ink was added to the
phantom, and the stage was lowered
so that the new level of solution again
aligned with the fixed line of reference,
and the new distance to the reference
point on the Falcon tube was mea-
sured (D2). D1 – D2 gave the depth of
the GFP capsule. B, Schematic dia-
gram of the eXplore Optix imaging
system. ND5 neutral density; PMT5
photo-multiplier tube; TCSC 5 time-
correlated single photon counting.
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every seventh day following inoculation of cells, and were

sacrificed following institutional guidelines when moribund,

as defined by weight loss, lethargy, and/or paralysis.

Experimental Design

To investigate the linearity of the system and the effect of

laser power and integration time on photon counting by the

photomultiplier tube (PMT) and NB4-GFP fluorescence

lifetime, an in vitro phantom of homogeneous optical

properties was employed (hereafter referred to as homo-

geneous phantom). Capsules of 0.01, 0.1, 1, and 2 3 106

NB4-GFP cells immersed in 1% liposin–50 ppm india ink

solution (0.6 mm) were imaged initially with an incremental

laser power of 0.125 to 4 mW at a fixed integration time (1

second) and, subsequently, with a progressive increase of

integration time (0.03125 to 2 seconds) at a fixed laser power

of 6 mW. Toward the development of an imageable in vivo

model of NB4-GFP leukemia, validation of the sensitivity of

time-domain imaging to decouple GFP fluorescence from

autofluorescence and visualize NB4-GFP cells at depths and

sites of expected leukemic infiltration in controlled environ-

ments was necessary. Thus, the above factors were evaluated

first in an in vitro homogeneous phantom at depths of 0.6,

1.3, 2.4, 3.6, 4.7, and 6.2 mm in liposin–india ink solution.

Subsequently, to evaluate if this could also be used in a

mouse with heterogeneous optical properties, capsules of

0.1, 2, 5, and 103 106 NB4-GFP cells were implanted SC, IP,

and IM, K, S, B/IC, T in necropsied mice (n 5 3; hereafter

referred to as heterogeneous phantom). Finally, to assess

disease development and establish an optical imageable

model of NB4-GFP leukemia, mice (n 5 9) were injected

with 107 NB4-GFP cells and followed longitudinally every

seventh day following inoculation. Following imaging,

selected mice were necropsied and tissues were excised and

imaged to confirm the accuracy of the technique for early

disease detection following decoupling of GFP fluorescence

from autofluorescence, the depth estimate of GFP infiltrated

organs, and longitudinal disease monitoring using a time-

domain optical imaging approach.

Time-Domain Fluorescence Imaging

For GFP fluorescence imaging, we used an eXplore Optix

time-domain imager configured (Figure 1B) for GFP imag-

ing experiments. This consisted of a picosecond 470 nm

pulsed laser diode with a repetition rate of 40 MHz

(translating to an acquisition time window of 25 ns;

PicoQuant, Berlin, Germany) used as a light source with a

computer-controlled variable neutral density filter wheel to

control laser power. After spatial filtering through a pinhole,

the laser pulse is steered laterally by the illumination

galvanometric mirror and redirected down on the specimen

under study by a 45u folding mirror. Fluorescence emission

coming from the specimen is collected through an aspheric

lens. A filter bracket placed in front of the image relay allows

detection wavelength selection, either of the excitation or the

fluorescence wavelength, before the photons get to the PMT

photocathode (Hamamatsu Photonics, Hamamatsu City,

Japan). The PMT is supplied with a 12 V control voltage

from the detector control board integrated in the personal

computer that set the high-voltage gain on the photocathode

coupled with a time-correlated single-photon counting

system (Becker and Hickl, Berlin, Germany) used as a

fluorescence signal detector with a 525 nm bandpass filter of

50 nm bandwidth (Omega Optical, Inc., Brattleboro, VT,

and Barr Associates, Inc., Westford, MA). The laser pulse

width was <150 ps or less. The temporal resolution of the

detection system was <250 ps and was limited by a PMT. A

translational stage and galvanometric mirrors enable raster

scanning along x and y directions, with scanning resolutions

of 0.5 to 3 mm possible. Samples were placed on an

adjustable stage in the imaging system, where a two-

dimensional scanning region and white-light image encom-

passing the area of the phantom or mouse were acquired via

a top-reviewing digital camera. The elevation and thus the

actual depth of the GFP pellets in the liposin–india ink were

determined via a side-viewing digital camera with two points

of reference (see Figure 1A). The samples were then

automatically moved into the imaging chamber for scanning.

The integration time and laser power for each sample were

optimized per sample prior to scanning, except for signal

linearity studies. The raster scan interval was 1 mm for

phantom and in vivo studies and 0.5 mm for excised organs.

Regions of interest were drawn around the position of GFP

pellet inclusion (phantom studies) and scans were taken 6
GFP capsules generating raw fluorescence and representative

background autofluorescence data. For in vivo studies,

whole-body images of leukemic mice were taken prior to

leukemic inoculation and used as representative background

autofluorescence, per animal.

Data Acquisition and Analysis

In time domain,29 the measured fluorescence signal is a

decay curve over time F0(t) where

F0(t) ~
X

Aiexp({
t

ti
) !1"

The decay profile is related to the lifetime of a

fluorophore ti and other characteristics Ai, where
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Ai ! Ci
: ei(l) : Li : Qi(l) : ki(l) : S(l) : Ix(l) !2"

where Ci is the molar concentration, ei(l) is the molar

extinction coefficient, Li is the fluorophore dimension,

Qi(l) is the quantum yield, ki(l) is a factor related to the

fluorophore excitation and emission spectrum as well

as the system fluorescence filters, S(l) is a factor related

to the instrument, for example, spectral response of

the PMT, and Ix(l) is a spectrum of the excitation laser.

Additionally, the temporal profile of the excitation laser

pulse and the system impulse response function (IRF),

S(t), also contribute to the signal, with the measured

signal mathematically defined as the following convolu-

tion:

F0 # S !3"

By comparing the data with the decay model, one can

obtain the fluorescence lifetime through curve fitting, for

example, least square,30,31 maximum likelihood, or another

minimization method. If a fluorophore is inside a tissue or

turbid medium, there will be two more terms contributing

to the convolution: the propagation of light from source to

fluorophore, H(t), and the propagation of fluorescent light

from fluorophore to the detector E(t), where

H # F0 # E # S !4"

To precisely fit the fluorescence lifetime, all terms in the

convolution need to be accounted for, making nonlinear

multiparameter fitting computationally heavy. However, for

fluorescence signals from small volumes of tissue such as the

mouse, H(t) and E(t) do not significantly change the shape

of the temporal profile of the fluorescence signal.

Nevertheless, they change the peak position of fluorescence

decay curve (tFDmax), depending on tissue optical properties

and the position of the fluorophore within tissue.

Furthermore, once the excitation laser pulse and system

IRF are short enough, the falling tail of the fluorescence

decay curve is mainly determined by the fluorescence

lifetime. It is demonstrated that as long as the full width at

half-maximum of S(t) is 1.5 times longer than the

fluorescence lifetime, one can get the fluorescence lifetime

by only fitting the decay tail with an error less than 5% for a

fluorophore in typical mouse tissues.32 Once the fluores-

cence lifetime is known, it can be used to gate the intensity

image. For example, if the lifetime of a fluorophore we are

interested in is t1 and the lifetime of tissue autofluorescence

is t2, then we can apply the following lifetime mask to the

intensity image Iij at pixel ij:

Mij ~
1, if t1 { Dt v tij v t1 z Dt

0, otherwise

!
!5"

where Dt is the lifetime fitting accuracy. If the difference

of t1 and t2 is larger than Dt, autofluorescence is eliminated

in the resulting image IijMij. Data were analyzed by

fluorescence lifetime decay fitting of measured signal by

the Levenberg-Marquet least squares method33,34 and

fluorescence lifetime gating using Optiview software (ART

Advanced Research Technologies Inc., Saint-Laurent, QC).

For statistical comparison of the difference between GFP and

autofluorescence tFDmax (D
tFDmax), an unpaired Student’s t-

test was used, where p , .05 was considered statistically

significant.

Results

Signal Linearity

Figure 2A shows a representative data set of fluorescence

lifetime decays for 106 NB4-GFP cells at a 0.6 mm depth,

6 mW laser power, and varied integration time (0.3125–2.0

seconds) over the 25-ns (nanosecond) acquisition window.

It can be seen from this plot that fluorescence intensity

doubles as integration time doubles; however, there is no

change in the tFDmax position or slope of the fluorescence

decay tail of GFP, demonstrating temporal continuity of

GFP lifetime for varied integration time. Thus, the relation-

ship of fluorescence intensity as a function of integration

time per raster scan point is linear (Figure 2B). Similarly,

Figure 2C shows the same number of cells and identical

conditions but altering laser power (0.125–4 mW) and fixing

integration time at 1 second, over the 24-second acquisition

window. Again, the figures demonstrate that variation in

laser power has no temporal consequence on the GFP tFDmax

or slope of the FD, whereas Figure 2D demonstrates system

linearity for fluorescence intensity with varied laser power.

Consequently, all data generated can be normalized for

varying laser power and integration time.

Lifetime and Depth Studies

Figure 3 illustrates the sensitivity of the time-domain

imager in decoupling GFP lifetime from autofluorescence

in homogeneous and heterogeneous phantoms. In the

illustrated example of 2 3 106 NB4-GFP cells at 4.7 mm in

the homogeneous phantom (Figure 3, A–D) and 5 3 106

cells under the skull in the heterogeneous phantom (Figure

3F), raw fluorescence was acquired for the field of view
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(FOV) 6 NB4-GFP capsule. Although the fluorescence

intensity of GFP capsule can just be distinguished from

background in the homogeneous phantom (see Figure

3A), the background component is significant in the

heterogeneous phantom, and it is difficult to determine a

difference between the fluorescence lifetimes of the FOVs

6 GFP capsule (see Figure 3F). By treating the data on a

per pixel basis with the lifetime mask defined in equation

5, where the lifetime of GFP 5 2.7 ns (unpublished

observation), autofluorescence was removed and normal-

ized GFP intensity determined (see Figure 3, C and F).

Normalized GFP intensities were ascertained for capsules

placed at depths of 0.6 to 6.2 mm in the homogeneous

phantom (see Figure 3E) and at the various anatomic

locations defined for the heterogeneous phantom (see

Figure 3F). Furthermore, fluorescence decay of GFP was

distinguishable from fluorescence decay of autofluores-

cence (see Figure 3D), and the tFDmax for GFP was

observed to shift to later times as a function of depth when

compared with the tFDmax of autofluorescence, which

remained constant. Subsequently, normalized GFP fluor-

escence intensities and DtFDmax were deduced for capsules

of 0.01, 0.1, and 1 3 106 NB4-GFP cells in the

homogeneous phantom and for capsules of 0.1, 2, 5, and

10 3 106 NB4-GFP cells in the heterogeneous phantom

(Figure 4).

By plotting normalized GFP fluorescence intensities for

the homogeneous phantom (see Figure 4A), one can

observe a linear increase in intensity with cell number

(0.01, 0.1, 1 3 106 NB4-GFP cells) and, conversely, a

Figure 2. Signal linearity studies. Employing a fixed laser power of 6 mW, green fluorescent protein fluorescence decays (A) were recorded for a
range of integration times (0.032–2 seconds, pink to black) with high signal linearity (R2 5 .9995) for the plot of fluorescence intensity versus
integration time (B). Similarly, setting a fixed integration time of 1 second and altering laser power (0.125–4 mW, black to orange) (C) resulted in
exceptional linearity for the plot of fluorescence intensity versus laser power (D). Results were obtained from a fixed region of interest (20 mm2) in
the homogeneous phantom described in Figure 1, using the same raster scan point per scan to generate data. Error bars represent the standard
deviation of three separate measurements.
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Figure 3. Fluorescence decoupling of green fluorescent protein (GFP) and autofluorescence for a homogeneous phantom of 2 3 106 NB4-GFP
cells immersed in 1% liposin containing 50 ppm india ink at depths of 0.6 to 6.2 mm (A–E) and (F) a heterogeneous phantom of 53 106 NB4-GFP
cells placed at various anatomic locations. A, Fluorescence images are obtained for GFP cells at 4.7 mm in liposin solution (raw intensity) and
liposin solution only (background), and plots of their respective fluorescence lifetimes are shown in B. By subtraction of background lifetime from
raw lifetime, on a pixel per pixel basis, the subtracted lifetime curve (C) of predominantly GFP versus background fluorescence lifetime is created.
A clear difference in the rate of fluorescence decay and in tFDmax (inset C, used to estimate the depth of GFP inclusion) is observed between the
GFP and background peaks. By fitting the decay tail of the measured signals (C) using the Levenberg-Marquardt least squares method, the
fluorescence lifetimes are obtained. Once the fluorescence lifetime is known (GFP 5 2.7 ns), it can be used to gate for GFP fluorescence lifetime
only and, consequently, intensity of GFP only (D). GFP fluorescence intensity of 2 3 106 NB4-GFP cells was decoupled from liposin
autofluorescence at depths of 0.6 to 6.2 mm analogously. Similarly, 5 3 106 NB4-GFP cells placed at various anatomic locations in a dead mouse
(F) could be decoupled from autofluorescence using the mouse autofluorescence as background. Raw intensity photon counts per second (PC) are
not normalized. IM 5 intramuscular, between the posterolateral abdominal wall and kidney (K), under the skull (B/IC), and within the thorax
between the lungs and ribs (T); IP 5 intraperitoneal; NC 5 normalized counts; SC 5 subcutaneous.
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decrease in intensity as depth increases (0.6–6.2 mm).

Although the same linear increase in intensity was

observed in the heterogeneous phantom with increasing

cell number (0.1, 2, 5, and 10 3 106 NB4-GFP cells), no

linear relationship was observed (see Figure 4B) in a

decrease of intensity with depth, with intensity dependent

on the optical characteristic of the implanted tissue.

Additionally, by plotting fluorescence decay values at

depths of 0.6 to 6.2 mm, a distinct shift in tFDmax could be

observed as a function of depth (as illustrated for 2 3 106

cells in Figure 4C) as the path length from source to

detector increases. The relationship between DtFDmax and

measured depth was linear in the homogeneous phantom

(see Figure 4D). A similar relationship was noted by

charting DtFDmax as a function of implantation site (SC,

IP, IM, K, S, B/IC, and T) for the heterogeneous phantom

(see Figure 4E). Indeed, a statistically significant difference

between DtFDmax of SC and IP (p 5 .014), IP and

combined values of IM, K, and S (as they are all of similar

depths; p 5 .046), and, finally, B versus IM, K, and S (p 5
.02) was observed, suggesting that leukemic infiltrations in

these tissues could be distinguished on the basis of

DtFDmax.

Development of an Imageable NB4-GFP Leukemic
Model

Following injection of NB4-GFP cells (107) in NOD/SCID/

b2mnull mice (n 5 9), first detection of GFP tissue

infiltrates was observed after 7 days (n5 6; Figure 5, A and

C). As can be seen from the example of the mouse in

Figure 5A, autofluorescence is the primary component of

the overall fluorescence intensity, with autofluorescence

from the stomach being the most significant feature.

Despite the predominance of autofluorescence, the GFP

fluorescence intensity could be decoupled from autofluor-

escence by treating the data on a per pixel basis with the

lifetime mask defined in equation 5 in the same manner as

used in the phantom studies. Comparison of the leukemic

infiltrate DtFDmax (0.34) with those obtained from the

heterogeneous phantom study (see Figure 4E) suggested

that the infiltrate was IP. Following imaging, the mouse

Figure 4. Concentration and depth
and recovery for NB4–green fluores-
cent protein (GFP) cells in homoge-
neous and heterogeneous phantoms.
GFP intensities for inclusions of (A) 1
3 104–2 3 106 NB4-GFP cells at
depths of 0.6 to 6.2 mm in liposin
solution and (B) 1 3 104–1 3 107

NB4-GFP cells placed at the defined
locations in a dead mouse. C,
Fluorescence decay plots of 2 3 106

GFP cells at depths of 0.6 to 6.2 mm in
a homogeneous phantom, with a
dotted line showing shift of tFDmax to
later times as depth increases. D,
tFDmax shifts as a function of depth
in a homogeneous phantom. E, Bar
chart of shift in tFDmax of NB4-GFP
cells at various anatomic locations in a
dead mouse. Error bars indicate stan-
dard deviation of three or more data
acquisitions. *p , .05.

200 McCormack et al



in Figure 5A was necropsied and the leukemic infiltrate of

the ureter was excised (see inset, Figure 5A). Similarly, by

imaging mice with the time-domain imager, leukemic

development was followed on a weekly basis to week 3 in

a second mouse (see Figure 5B). Following imaging

and determination of DtFDmax for selected infiltrates (see

table, Figure 5B), the mouse was necropsied and leukemic

organs excised. All excised leukemic infiltrates observed

from imaging were found in the anatomic compartments

suggested by the DtFDmax calculated from the in vivo

image (see Figure 5B). Leukemic infiltration of the bone

marrow (femur), ureter, kidney, and central nervous

system and extensive infiltration of the lymph nodes could

be determined and their approximate anatomic location

estimated from DtFDmax values. Subsequently, the remain-

ing mice (n 5 6) were monitored for leukemic develop-

ment longitudinally by time-domain imaging (n 5 4

developed leukemia, example of one mouse in Figure 5C).

Definitive disease confirmation could be determined

only from raw fluorescence intensity by week 3, with

leukemic animals succumbing to disease by week 4. By

decoupling GFP fluorescence intensity from raw fluores-

cence intensity and thus autofluorescence, leukemic

infiltrates were detected by week 1, with an initially slowly

developing phenotype progressing to aggressive disease

from week 3.

Discussion

We generated a GFP+ human promyelocytic leukemia cell

line, NB4, and subsequently developed an NB4-GFP

human xenograft leukemia model in NOD/SCID/b2mnull

mice. As imaging of GFP is frustrated by complications in

the visible spectrum, primarily by spectrally similar

endogenous autofluorescence emission, we sought to

validate the sensitivity of time-domain imaging to

decouple GFP fluorescence from autofluorescence; to

visualize NB4-GFP cells at depths and sites of expected

leukemic infiltration in controlled phantom environments;

and finally to assess disease development in an optical

imageable model of NB4-GFP leukemia.

Time-domain measurements and subsequent decou-

pling of raw fluorescence are dependent on fluorescence

lifetime. Additionally, increasing fluorescence intensities in

vivo as GFP fluorescence increases requires the use of

various laser powers and integration times for optimized

imaging of a region of interest over the course of disease.

Thus, it was important to establish that deviation of these

parameters has no effect on the resultant fluorescence

lifetime and that variation in laser power and/or integra-

tion time could be normalized, enabling direct result

comparison. As can be seen from Figure 2, variation of

laser power and integration time had no effect on the

position of tFDmax or the rate of decay of the fluorescence

decays. Furthermore, changes could be normalized line-

arly, permitting direct comparison of results obtained with

diverse laser powers and integration times. Having first

established the signal linearity of the system for laser power

and integration time, we then assessed the ability of the

imager to decouple GFP fluorescence from autofluores-

cence and visualized NB4-GFP cells at depths and sites of

expected leukemic infiltration in controlled phantom

environments.

Employing a phantom of homogeneous optical proper-

ties, consisting of capsules of defined NB4-GFP cell

number (0.01–2 3 106 cells) immersed in liposin–india

ink solution, it was demonstrated that by applying a

lifetime mask, defined in equation 5, on a per pixel basis,

autofluorescence is removed and normalized GFP intensity

is determined from raw fluorescence (see Figure 3, C and

F). By plotting normalized GFP fluorescence intensities

against cell number, a linear increase in intensity was

observed with increasing cell number and a subsequent

decrease with increasing depth (see Figure 4A).

Furthermore, following decoupling of GFP fluorescence

intensity from background autofluorescence, a distinct

shift in GFP tFDmax was observed in comparison with

corresponding background tFDmax (see Figure 3C), which

increased with deepening depth of the GFP capsule in the

phantom (see Figure 4C). By plotting DtFDmax as a

function of depth, a linear relationship could be deter-

mined (see Figure 4D). Thus, the results from the

homogeneous phantom suggested that if the depth of

GFP inclusion could be determined from DtFDmax, one

could then estimate cell number by extrapolation of Figure

4A in a homogeneous phantom. To investigate whether

this thesis held in a phantom of similar heterogeneous

optical properties as live mouse, cell pellets were implanted

in necropsied mice at defined anatomic locations of

varying depths and tissue compartments. Normalized GFP

intensities and DtFDmax were determined and plotted, as

above (Figure 4, B and E). Although a linear increase in

normalized GFP intensity could be observed with increas-

ing cell number per tissue compartment, no correlation of

GFP intensity could be made as a function of depth (see

Figure 4B). Instead, it appeared that the detected level of

GFP intensity of the implanted capsules was dependent on

the optical properties of the tissue compartment they were

implanted in. However, similar to Figure 4D, changes in

DtFDmax appeared to be independent of the tissue
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Figure 5. NB4–green fluorescent protein (GFP) in vivo AML model. A, Raw fluorescence intensity image acquired 7 days after inoculation of 13
107 NB4-GFP cells and subsequent gated image for GFP fluorescence lifetime. Insets show a plot of autofluorescence lifetime versus GFP
fluorescence lifetime for the tumor shown. B, GFP fluorescence lifetime gated images for a mouse with extensive leukemia infiltrates (28 days
following injection with 1 3 107 NB4-GFP cells) and selected excised organs. The table exhibits the DtFDmax for the NB4-GFP leukemic infiltrates,
aiding distinction between the different GFP infiltrates. C, Longitudinal imaging of the NB4-GFP leukemia model in vivo. The top panel exhibits
the raw fluorescence intensity images from preinjection to week 4. It is possible to definitively distinguish GFP infiltrates from raw fluorescence
only after 3 weeks. The bottom panel shows the GFP fluorescence lifetime gated images of the corresponding raw fluorescence intensity images.
Using this method, GFP infiltration of the knee and lymph nodes can be detected as early as 1 week following inoculation, and further infiltration
of spleen, ovaries, kidney, and extensive lymph can be followed longitudinally.
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properties of capsule implantation site reflecting instead

the depth of the implant in the phantom sites examined.

Indeed, statistically significant differences could be

demonstrated between DtFDmax of SC and IP; IP and the

combined values for IM, K, and S (which were all of

similar depth by caliper measurement); and B versus IM,

K, and S, suggesting that if similar DtFDmax were observed

in vivo, the results from this phantom model could be used

to determine the tissue of origin for NB4-GFP tissue

infiltrates.

Subsequent to these phantom studies, NOD/SCID/

b2mnull mice (n 5 9) were injected intravenously with 107

NB4-GFP cells. Although a primary aim of this study was

to determine if NB4-GFP could be followed longitudinally

in vivo to develop an imageable model of AML, we first

had to confirm that the lifetime gating mask employed in

the phantom studies also applied in vivo. Thus, following

imaging 7 days after cell inoculation, initial detection of

GFP fluorescence was observed (n 5 6). In the example

shown in Figure 5A, comparison of DtFDmax with values

obtained from the heterogeneous phantom study (see

Figure 4E) suggested that the leukemic infiltrate was IP.

Following necropsy, the tumor was located in the ureter

within the IP cavity, suggesting that the values obtained

from the phantom studies could be used to determine the

tissue of origin for comparable infiltrates in vivo.

Development of leukemia in a second mouse was

monitored longitudinally by time-domain imaging to

compare multiple GFP infiltrates in various sites with

corresponding phantom values, and following imaging, the

mouse was necropsied. This animal was particularly

interesting as several tumors, particularly on the lower

left dorsal aspect of the mouse (see the lateral view in

Figure 5B), exhibited different DtFDmax (0.52–0.29), even

though they appeared from planar time-domain imaging

to be located in a similar anatomic location. Resection of

GFP-infiltrated organs revealed that although leukemic

infiltrates were located in a similar two-dimensional spatial

location, they were, indeed, located at different depths

(inguinal lymph, tumor of the ureter and kidney; see insets

in Figure 5B). Additionally, leukemic tumors in the brain,

central nervous system, and femur and extensive lymph

node infiltration were discerned from autofluorescence by

time-domain imaging and approximate depth was esti-

mated by DtFDmax and confirmed by necropsy.

The remaining mice (n 5 6; one mouse died 3 days

following irradiation) were monitored longitudinally by

imaging until they became moribund (n 5 4; example of

one mouse in Figure 5C), when they were humanely

sacrificed, or if after 4 weeks of monitoring by imaging no

GFP fluorescence was observed (n 5 2), imaging was

stopped, animals were monitored daily, and weights were

taken twice per week. Neither of these animals died from

leukemia. Six of eight mice developed leukemia, five of

which exhibited similar disease pathogenesis, as observed

for the example in Figure 5C, characterized by initial

infiltration of the femoral bone marrow and superficial

lymph nodes (day 7) and slow disease progression up to

days 14 to 21, when exponential leukemic growth was

observed as monitored by time-domain fluorescence

imaging, with animals becoming moribund soon after.

We conclude that early disease detection through use of

time-domain imaging in this initially slowly progressing

AML xenograft model permits accurate disease staging and

should aid in future preclinical development of therapeu-

tics for AML.
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Abstract 

The ability to visualize reporter gene expression in vivo has revolutionized all facets of 

biological investigation and none more so than imaging applications in oncology. Near-infrared 

reporter gene imaging is essential for accurate evaluation of chemotherapeutic response in 

preclinical models of orthotopic and metastatic cancers. We report the development of a cell 

permeable, quenched cyanine probe (CytoCy5S), which is reduced by Escherichia coli 

nitroreductase (NTR) resulting in a near-infrared fluorescent product. Time-domain molecular 

imaging of NTR/CytoCy5S reporter platform permitted enhanced non-invasive monitoring of 

disease progression in orthotopic xenografts of disseminated leukemia, lung and metastatic 

breast cancer in comparison to fluorescent protein and bioluminescence imaging. This 

methodology facilitated therapeutic evaluation of nitroreductase gene-directed enzymatic 

prodrug therapy with conventional metronidazole antibiotics. These studies demonstrate 

NTR/CytoCy5S as a near-infrared gene reporter system with broad preclinical and prospective 

clinical applications within imaging and gene therapy of cancer.  
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Introduction  

Non-invasive imaging, permitting spatio-temporal monitoring of both disease progression and 

therapeutic efficacy
1
, has had a major impact upon human drug development

2
. In particular, 

optical imaging of fluorescent and bioluminescent reporters has emerged as one of the most 

important preclinical imaging modalities in cancer, with considerable developments in sensitive 

instrumentation, e.g. time-domain optical imaging
3
, contributing to the success of this method. 

The relative simplicity of optical hardware, ease of use and high-throughput potential has 

rendered optical imaging as an inexpensive modality accessible to both academic and industrial 

environments alike. While reporter genes remain the cornerstone of the optical approach, an 

ever-expanding palette of targeted and activatable probes, exploiting the near infrared spectrum 

of light, enable a more complete investigation of disease pathology in situ
4
. 

 

Anticancer drug screening in subcutaneous tumor models is neither representative of human 

cancer nor predictive of clinical success
5
. A consequent paradigm shift toward drug evaluation in 

more clinically relevant orthotopic and metastatic models has placed a greater emphasis upon 

imaging cancer cells in dense parenchymatous organs, demanding sensitive, deep tissue imaging. 

However, the major caveats of visualizing fluorescent proteins for this application has been 

autofluorescence and significant attenuation of both their excitation and emitted light in 

mammalian tissue by hemoglobin. While use of time-domain optical imaging can delineate 

autofluorescence from fluorescent protein fluorescence on the basis of fluorescence lifetime
3,6

, 

significant efforts have been placed on development of far-red shifted fluorescent proteins that 

might exploit the far-red and near infrared window (approximately 630 – 900 nm) where the 

pivotal hemoglobin absorption is minimal
7-11

. As no external excitation is required for imaging 

of bioluminescence this has proven to be one of the most sensitive platforms for small animal 

imaging
12

. However, although broad emission spectra are observed for bioluminescence, the 



 4

emission maxima are still < 620 nm which in addition to significant scattering of bioluminescent 

photons, limit spatial resolution and detection at depth. 

 

In vivo imaging of other enzymatic reporter genes such as chloramphenicol acetyltransferase and 

-galactosidase have so far demonstrated limited success in optical imaging of cancer
13

. 

However a number of enzyme-substrate permutations employed in gene directed enzyme 

prodrug therapy have been successfully employed in positron emission tomography imaging 

such as Herpes simplex virus thymidine kinase (HSV1-TK) with radiolabeled guanosine 

analogues
14

. Similarly, nitroreductase (NTR), a flavoprotein which reduces nitroaromatic 

prodrugs in the presence of NADPH or NADH to highly toxic metabolites, has found clinical 

application as a prodrug therapeutic strategy in cancer
15

. Subsequently, a number of quenched 

fluorogenic probes have been designed as substrates for NTR
16-20

, and pilot studies probing their 

utility in NTR mediated prodrug therapy have been performed
20

. These recent developments 

suggest that NTR and suitable quenched near-infrared substrate may be exploited as the basis for 

a reporter gene based in vivo optical imaging platform.  

 

Here we present NTR reporter gene imaging as a method for visualization of disseminated, 

orthotopic and metastatic cancer in vivo, employing CytoCy5S as a quenched, near infrared 

substrate.  Synthetic methods of cyanine based NTR substrate development; characterization and 

mechanism of NTR reduction are described for the model substrate CytoCy5S. In our method we 

adopted time-domain imaging, which provides greater sensitivity and significantly higher 

detection depth and spatial resolution as compared with epi-illumination imaging
21,22

. Time-

domain imaging of the NTR/CytoCy5S platform permitted longitudinal in vivo imaging of 

disseminated and orthotopic cancer models of lung, breast and leukemia. Comparison of the 

method to bioluminescence and fluorescence protein imaging demonstrated greater sensitivity, 

detection at depth and resolution of metastasis with NTR/CytoCy5S. Finally, we illustrate 
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therapeutic efficacy of gene directed enzyme prodrug therapy in vivo employing the 

NTR/CytoCy5S methodology to visualize therapeutic efficacy.  

 

 

Results 

Synthesis and Characterization of NTR activated fluorescent probe 

Nitroreductase catalyses the reduction of nitro-aryl groups to the corresponding hydroxylamine, 

providing the basis of a gene directed enzymatic prodrug therapy
15

. We postulated that 

introduction of an electron withdrawing dinitrophenyl moiety into the far-red chromophore Cy5 

would effectively quench its fluorescence, and upon intracellular enzymatic reduction by NTR, 

yield a near-infrared fluorescent product providing the basis of an NTR based reporter gene 

platform (Supplementary Fig. 1). Thus, introduction of dinitroaryl- and squarate functionality 

into the Cy5 chromophore yielded CytoCy5S (Supplementary Fig. 2), a proposed cell permeable 

substrate for NTR
23

. LC-MS analysis of CytoCy5S showed a peak at 6.32 min using UV 

detection at 630 nm (Supplementary Fig. 3a, which upon initial incubation with NTR in the 

presence of -NADH and -NADPH resulted in two additional peaks with retention times of 

3.08 and 1.42 mins respectively (Supplementary Fig. 3a). MS analysis of each of these peaks 

revealed that the 3.08 min peak resulted from two ions with m/z of 677 and 675 consistent with 

the [M + H]
+
 ions of the mono hydroxylamine and the mono nitroso reduction products, 

respectively. Analysis of the peak appearing at 1.42 min suggests reduction of both nitro groups 

to the corresponding hydroxylamines, giving an m/z of 663 for the protonated species. These 

data are consistent with an overall reduction mechanism of CytoCy5S to the dihydroxyl-product 

via nitroso intermediates (Fig. 1a). After 48 minutes reaction time, only minor amounts of both 

starting material and the mono-reduction products could be detected (Supplementary Fig. 3b) 

implying complete reduction of CytoCy5S. Spectrophotometric analysis of the product revealed 

excitation and emission maxima of 631 and 688 nm, respectively (Fig. 1b) and NTR dependent 
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increase in fluorescence in enzymatic assay (Fig. 1c. Furthermore, kinetic analysis of 

fluorescence demonstrated a rapid induction of fluorescence upon addition of CytoCy5S 

substrate to NTR (Supplementary Fig. 5).  

 

In vitro evaluation of CytoCy5S in NTR expressing cell lines 

Having demonstrated CytoCy5S as a substrate for NTR resulting in a highly fluorescent near-

infrared product, we subsequently retrovirally transduced a diverse array of cancer cells lines to 

explore its cell permeability and application as a cellular gene reporter assay. Accordingly, the 

cell lines NB4 (human APL), IPC-81 (rat AML), NCI-H460 (human lung cancer) and MDA-

MB-231 (human breast cancer) were retrovirally transduced with the tTA dependent L149 

plasmid expressing both GFP and NTR, and tTA plasmids (Supplementary Fig. 1a; see methods 

for details). Western blots of transfected cell lines confirmed NTR and GFP protein expression, 

as exemplified for NB4
NTR+GFP+

 cells (Supplementary Fig. 4a). Incubation of cell lines with 0.1 

μM CytoCy5S and ensuing spectroscopy and fluorescence microscopy demonstrated an emission 

spectrum identical to that observed with NTR enzymatic assay and similarly rapid induction of 

bright fluorescence in NTR expressing cell lines (Fig. 1d). Fluorescence microscopy of GFP 

(green) and NTR/CytoC5S (red) fluorescence illustrated bright fluorescence in both channels 

(Supplementary Fig. 4b), while overlay (yellow/orange) of GFP and CytoCy5S fluorescence 

correlated well. To evaluate the use of the NTR/CytoCy5S system for time-domain optical 

imaging applications, pellets of defined numbers of NTR
+
 cells (0.01 – 1x10

6 
cells) were 

immersed in a liposin/Indian ink phantom
3
 and imaged using a time-domain molecular imager 

with excitation source of 670 nm and LP filter of 700 nm (Fig. 1e). Excellent linear correlation 

between cell number and fluorescence intensity were observed and imaging at depths of 6-8 mm 

was achievable with 0.1 – 1x10
6
 cells (Fig. 1f and g).  
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Time domain imaging of NTR/CytoCy5S fluorescence 

We next examined the suitability of the NTR/CytoCy5S fluorescent reporter gene-platform for 

near-infrared in vivo optical imaging. Subsequently, NOD/SCID mice were implanted 

subcutaneously with NB4
NTR+GFP+

cells and whole body imaging performed with 670 nm pulsed 

laser diode source and 700 nm long pass collection filter following injection of 69 μg CytoCy5S 

intravenously (Fig. 2a). As previously observed in vitro, induction of fluorescence was rapid 

with bright tumoral fluorescence noted at 10 minutes post CytoCy5S injection. Stable 

fluorescence was observed between 1 and 4 hours (Fig. 2a) and tumoral fluorescence was still 

evident 8 hours post injection (not shown). Induction of gastrointestinal fluorescence was also 

noted (Fig. 2a, lower panel), post CytoCy5S injection (Fig. 2c), as previously reported.
20

 

Analysis of the CytoCy5S fluorescence lifetimes from both NTR expressing subcutaneous 

tumors and gastrointestinal (GI) fluorescence, demonstrated distinct distributions up to 130 

minutes (Fig. 2b), suggesting fluorescence lifetime gating may be possible to discriminate 

between these two sources of fluorescence.  

 

Fluorescence lifetime gating of NTR/CytoCy5S fluorescence in vivo 

The observation of gastrointestinal CytoCy5S induced fluorescence would seriously impede the 

application of the NTR/CytoCy5S reporter system in models with peritoneal involvement. Thus, 

to rigorously examine whether fluorescence lifetime gating could be employed to differentiate 

between CytoCy5S induced GI fluorescence and tumoral NTR fluorescence we imaged control 

or mice bearing NB4
GFP+ or 

NB4
NTR+GFP+ 

(n  = 4 per group) blood cancer cells in the peritoneal 

cavity, one hour ± following the administration of CytoCy5S (Fig. 3a). Fluorescence was noted 

in all animals, however fluorescence lifetime decay fitting of the measured signals by 

Levenberg-Marquet least squares method
3
 demonstrated discrete per pixel fluorescence lifetimes 

between the controls, and mice bearing NTR positive tumors (Fig. 3b). Analysis and 

accumulation of all per pixel fluorescence lifetimes and their corresponding intensities per 
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scanned animal were used to generate a weighted fluorescence lifetime distribution per mouse 

(Fig. 3c). While all control groups demonstrated distributions of multiple fluorescence lifetimes, 

only one predominant lifetime was evident in mice bearing NTR positive tumors. Exploiting the 

differences in fluorescence lifetime distributions between control and NTR positive tumors (Fig. 

3d), fluorescence lifetime gating was employed to identify only those pixels exhibiting 

NTR/CytoCy5S lifetime, and used to generate gated fluorescence intensity maps of scanned 

mice (Fig. 3e). Similarly, GFP gated images
3
 were acquired for all animals illustrating 

disseminated peritoneal tumors in both the NB4
GFP+ 

and NB4
NTR+GFP+

 bearing mice (Fig. 3f). 

Comparison of GFP gated images with NTR/CytoCy5S gated images demonstrate that only mice 

with NB4
NTR+GFP+

 tumors exhibited NTR/CytoCy5S fluorescence, with no CytoCy5S induced 

GI fluorescence evident in control groups. Finally, the observation of bright foci in NB4
NTR+GFP+

 

animals not evident in equivalent GFP gated scans (see lower left quadrant of the 

NTR/CytoCy5S gated image Fig. 3g), point to superior imaging at depth with this NIR reporter 

gene platform.  

 

Longitudinal NTR/CytoCy5S imaging of disseminated and metastatic disease progression in 

vivo 

Having established fluorescence lifetime gating as a robust method to discriminate CytoCy5S 

induced GI fluorescence and NTR expressing cancer cells, we next evaluated the value of the 

system for longitudinal monitoring of disease progression, versus commonly employed gene 

reporters GFP or luciferase, in a number of disseminated and metastatic cancer models. Initially, 

NSG mice were injected intravenously with IPC-81
NTR+GFP+

 rat leukemia cells (n = 4) or 

NB4
NTR+GFP+

 human acute promyelocytic cells (n = 7) and disease course imaged for 

NTR/CytoCy5S and GFP expression. In the IPC-81
NTR+GFP+

 model femoral fluorescence was 

evident as early as 5 days following cell injection (Fig. 4a) with linear increase in 

NTR/CytoCy5S gated fluorescence (r
2
 = 0.6316) as a function of disease progression (Fig. 4b). 
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Leukemia was first evident at day 17 employing GFP gated fluorescence imaging in the same 

mice (Fig. 4c). Ex vivo imaging and H+E staining of bone marrow samples from the femur and 

sterna of mice confirmed leukemia (Fig. 4d). Similarly, NTR/CytoCy5S gated images of 

NB4
NTR+GFP+

 mice revealed earlier detection of cells, particularly in the spines and femurs, than 

respective GFP gated images at day 14 and more extensive disease patterns at day 18 (Fig. 4e) 

confirmed by ex vivo imaging and histology (Fig. 4f).  

 

NCI-H460
NTR+Luc+GFP+

 cells, expressing NTR, GFP and luciferase, were injected orthotopically 

into the left lung parenchyma of NSG mice (n = 5) and imaged for on days 5, 8 and 14 for 

NTR/CytoCy5S fluorescence (Fig. 5a), bioluminescence (Fig. 5b) with confirmation of tumor 

placement performed using T1-weighted FLASH MRI (Fig. 5c; for pulse sequence details see 

methods). Day 5 and 8 NTR/CytoCy5S gated fluorescence images were comparable to acquired 

bioluminescence images, with MR images confirming primary tumor placement (example in Fig. 

5c). Six days later both bioluminescence and NTR/CytoCy5S gated fluorescence images 

revealed extensive pulmonary metastasis in dorsal and ventral aspects. Necropsy of the mice and 

ex vivo imaging verified extensive lung metastasis (Fig. 5d, e), which was confirmed 

histologically (Fig. 5f, g). Interestingly, NTR/CytoCy5S gated dorsal images demonstrated 

definitive detection of a pulmonary tumor on day 5, which was consistent with primary tumor 

location at later time points, while bioluminescence imaging on day 5 was rather diffuse.  

 

Finally, we compared of bioluminescence imaging and NTR/CytoCy5S gated imaging of the 

MDA-MB-231
NTR+Luc+GFP

 metastatic mammary carcinoma model (Fig. 6). 1x10
6
 cells were 

injected orthotopically into the mammary fat pad of NSG mice (n = 4) and bioluminescence or 

NTR/CytoCy5S gated fluorescence images acquired on a weekly basis. Previously, orthotopic 

MDA-MB-231 model have demonstrated extensive metastasis, although axial lymph node 

metastasis was the only metastatic site visible using in vivo bioluminescence imaging
24,25

. 
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Bioluminescence images showed the appearance of an axial lymph node metastasis by week 9 

which grew in intensity until the animal became moribund at week 12 (Fig. 6a). NTR/CytoCy5S 

gated fluorescence images revealed however, initial axial lymph node involvement at week 8 

(see arrow Fig. 6b) with detection of further metastasis in this region by week 9 (see inset). At 

week 12, multiple tumors along the draining lymphatic vessel were noted and a further distal 

auxiliary lymphatic metastasis. Interestingly fluorescence was also observed at the liver with a 

faint area of fluorescence in the upper thorax (Fig. 6c). Ex vivo imaging following necropsy 

revealed fluorescence associated with primary tumor section, several lymph node tumors along 

the draining lymphatic vessel, in addition to liver fluorescence and a small foci in the lungs (Fig. 

6d and e). Microscopic examination of histology sections from these organs confirmed lymph 

and liver metastasis (Fig. 6f) and indicating time-domain NTR/CytoCy5S gated imaging as 

superior to bioluminescence in the detection of metastasis in this disease.  

 

Gene-directed-enzyme-prodrug therapy evaluation with NTR/CytoCy5S 

NTR is typically employed as the activating enzyme in the gene-directed-enzyme-prodrug 

therapy (GDEPT) approach to cancer chemotherapy, and while the above results offer the 

exciting possibility of now visualizing NTR expression in tumor cells we wanted to investigate 

the use of the NTR/CytoC5S platform for active imaging of GDEPT (Fig. 7). The nitro-

imidazole, metronidazole (MTZ, Fig. 7a) has previously been described in vitro as an NTR 

substrate in GDEPT with limited bystander effect
26

. Incubation of NB4 wt or NB4
NTR+GFP+

 cells 

with increasing concentrations of MTZ (0.3 - 2.4 mM) for 24 hours resulted in NTR dependent 

cell death, evaluated by microscopic examination following Hoechst 33342 (p < 0.01 - 0.05; Fig. 

7c). To assess any functional evidence of potential MTZ competitive inhibition of CytoCy5S 

reduction by NTR via decrease in fluorescence output, NB4
NTR+GFP+

 cells were incubated ± MTZ 

(0.6 mM) for 2 hours with CytoCy5S for the last hour and fluorescence evaluated by flow 

cytometry (Fig. 7b). No differences were observed in median NTR/CytoCy5S fluorescence 



 11

intensity ± MTZ. Subsequently, NSG mice bearing subcutaneous NB4
NTR+GFP+

 tumors (116 ± 25 

mm
3
) were randomized into control  (vehicle, n = 7) or MTZ treated (50 mg/kg, b.i.d.; n = 8) 

groups and treated for 10 consecutive days (Fig. 7d). Caliper measurements of tumor volume 

demonstrated significant inhibition of tumor growth between the groups (p < 0.01 - 0.05) from 2 

days following initiation of treatment through to termination of the study (Fig. 7f). Similarly, 

NTR/CytoCy5S gated fluorescence images correlated well with caliper measurements, with 

treated mice illustrating significant differences in fluorescence intensities throughout treatment 

(Fig. 7e; p < 0.001 - 0.05) establishing NTR/CytoCy5S gated fluorescence imaging as a powerful 

gene reporter imaging technique permitting temporal monitoring of NTR targeted GDEPT 

efficacy.  

 

Discussion 

Clear delineation of disseminated or metastatic cancer lesions, particularly when metastatic sites 

are not known a priori, is often problematic with exogenous fluorochromes. Far-red or near 

infrared reporter gene labeling of cancer cells better suit such whole body imaging applications
27

 

Accordingly, we expect whole-body, time-domain imaging of NTR reporter gene expression to 

broaden the possibilities of non-invasive optical imaging and be a practical and useful addition to 

current fluorescence and bioluminescence methodologies.  

 

The current study has not presented data comparing red fluorescence protein and 

NTR/CytoCy5S imaging and there are several reasons for this. Despite innovative engineering of 

far-red proteins with the specific aim of deep tissue whole body imaging, their adaption to 

macroscopic imaging has generally been limited thus far
28

. A recent study concluded that despite 

increases in detected fluorescence gained from switching to red shifted protein from green 

fluorescent proteins, benefits were compromised by increases in autofluorescence in 

transillumination geometry.
29

 While we anticipate time-domain imaging of red fluorescent 
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proteins, particularly infrared fluorescent protein,
11

 will ameliorate fluorescence detection, a 

report comparing time-domain imaging of  the far-red Katushka and green fluorescent protein 

concluded that longitudinal imaging was superior with green fluorescent protein.
30

 We have 

demonstrated here the superiority of the NTR/CytoCy5S methodology compared with green 

fluorescent protein (Fig. 3 and 4) and the possibility for multimodal imaging with 

NTR/CytoCy5S and fluorescent proteins.  

 

A caveat to the NTR reporter platform in comparison to fluorescent proteins of the green 

fluorescent protein family is the necessity of a fluorogenic substrate such as CytoCy5S. 

However, substrate injection (luciferin, coelenterazine) has not prevented the luciferases in 

becoming the most commonly employed optical reporter gene in accessing cancer xenografts 

size, location and response to therapy
12

. However, unlike the luciferases where the intensity and 

consistency of the imaging result is very much dependent upon substrate pharmacokinetics
31

, the 

NTR/CytoCy5S signal was consistent over several hours (Fig. 2). Previously we have 

demonstrated bioluminescence imaging
32

 of axial lymph node metastasis in an orthotopic model 

of MDA-MB-231 breast cancer cells.
24

 Comparative imaging with the NTR/CytoCy5S method 

in the same model demonstrated earlier detection of metastasis and superior spatial resolution 

employing the NTR/CytoCy5S methodology (Fig. 6). Furthermore, employing time-domain 

imaging of NTR/CytoCy5S we observed liver metastasis in vivo which were confirmed by ex 

vivo imaging and histology, and not observed in bioluminescence imaging. While the enhanced 

detection of metastasis in organs such as the liver is undoubtedly due to the spectral 

characteristics of the substrates
33

; the result suggests that imaging with the NTR/CytoCy5S 

platform may be an improved methodology to bioluminescence for detection and delineation of 

metastatic lesions, particularly in organs with high blood volumes. Further evolution of the 

methodology employing further near-infrared shifted fluors such as Cy5.5 and Cy7 may yield 

multiple substrates for multimodal optical imaging of NTR gene expression.  
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In summary, by combining the NTR enzyme and its quenched fluorogenic substrate CytoCy5S, 

with time-domain optical imaging, we have generated a sensitive, near-infrared approach 

permitting preclinical oncology imaging of orthotopic and metastatic tumors. Validation of the 

method in several preclinical models of disseminated, orthotopic and metastatic cancers 

demonstrated sensitive primary tumor detection and earlier metastasis visualization than 

macroscopic GFP or bioluminescence imaging. Furthermore, we established that the 

NTR/CytoCy5S reporter platform could be employed to image therapeutic efficacy 

concomitantly with prodrugs, without interference.  
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Methods 

Synthesis of CytoCy5S 

To 1-(3,5-dinitrobenzyl)-2,3,3-trimethyl-3H-indolium iodide (0.467 g, 1.00 mmol) was added 

3,4-dihydroxy-3-cyclobuten-1,2-dione (0.110 g, 0.96 mmol), 1-(5-carboxypentyl)-2,3,3-

trimethyl-3H-indolium iodide (0.354 g, 0.88 mmol), pyridine (4.5 mL), acetic acid (4.5 mL) and 

acetic anhydride (1.0 mL). The mixture was heated to reflux for 3 hours after which the solvents 

were removed using rotary evaporation. The resulting crude material was purified by flash 

column chromatography (CH2Cl2 – MeOH, 95:5, Rf = 0.18). The resulting material was further 

purified by reverse phase HPLC (Ascentis
®

 C18, 5 μm, 4.6 x 250 mm column (Supelco Corp., 

Bellefonte, PA, USA) with a flow rate of 1.0 mL/min and UV-detection using a Diode Array 

detector. 

 

NMR 

NMR spectra were recorded using a Bruker Biospin AV600 NMR instrument. The chemical 

shifts are reported in ppm relative to TMS. 
1
H NMR (600 MHz, DMSO)  8.76 (s, 1H), 8.43 (d, 

J = 1.8 Hz, 2H), 7.60 (d, J = 7.4 Hz, 1H), 7.58 (d, J = 7.4 Hz, 1H), 7.45 (d, J = 7.9 Hz, 1H), 

7.42-7.39 (m, 1H), 7.33-7.30 (m, 1H), 7.28 – 7.23 (m, 2H), 7.18 (t, J = 7.4 Hz, 1H), 5.90 (s, 1H), 

5.78 (bs, 1H), 5.67 (bs, 2H), 4.17 (t, J = 7.3 Hz, 2H), 2.22 (t, J = 7.2 Hz, 2H), 1.82 (bs, 6H), 

1.77-1.72 (m, 2H), 1.67 (s, 6H), 1.60-1.55 (m, 2H), 1.44-1.39 (m, 2H). 

 

HRMS 

Accurate mass determination was achieved using a Thermo Scientific LTQ Orbitrap MS. HRMS 

(ESI): m/z [M + H]
+
 calcd for C39H39N4O8: 691.2762; found: 691.2768. 
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Chromatographic analysis and purification of CytoCy5S 

Flash column chromatography was performed using silica gel for flash chromatography from 

Merck (Silica gel 60, 0.040 – 0.063 mm) supplied by VWR (Norway). TLC analysis was done 

using Merck TLC silica gel 60 F254 on aluminium sheets supplied by VWR (Norway). 

Purification by reversed-phase high performance liquid chromatography (RP-HPLC) was 

performed using an Ascentis
®

 C18, 5 μm, 21.2 x 250 mm column (Supelco Corp., Bellefonte, 

PA, USA) with a mixture of water and acetonitrile (both containing 0.1 % TFA) as mobile phase 

with a flow rate of 15 mL/min and UV-detection at 254 nm. Analytical RP-HPLC was 

performed using an Ascentis
®

 C18, 5 μm, 4.6 x 250 mm column (Supelco Corp., Bellefonte, PA, 

USA) with a flow rate of 1.0 mL/min and UV-detection using a Diode Array detector. 

 

NTR-CytoCy5S enzyme assay 

CytoCy5S (4 μM) dissolved in 90% DMSO buffered with 10% 100 mM Tris-HCl (pH 7.0) was 

added to a reaction mixture containing 10 mM Tris-HCl pH 7.0, 4.5% DMSO, 60 μM -NADH, 

1 mM -NADPH (Sigma Aldrich) and 2.5 μM nitroreductase (NTR) (Sigma Aldrich). The assay 

was performed at room temperature. For the reaction monitoring experiment, 100 μL of the 

reaction mixture was transferred to an amber HPLC-vial with an insert and was placed in the 

LC-MS instrument sample holder. Analyses were performed at 17 and 48 minutes after addition 

of the CytoCy5S. 

 

LC-MS 

LC-MS analyses were performed on an Agilent Technologies 1200 series HPLC instrument 

equipped with an AccuTOF JMS-T100LC MS and a Diode Array and Multiple wavelength 

detector. The analyses were performed using a Zorbax SB C-18, 1.8 μm, 2.1x50 mm column 

(Agilent Technologies, Santa Clara, CA, USA) with mixtures of water and acetonitrile (both 
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containing 0.1 % TFA) as the mobile phase and a flow rate of 0.2 mL/min. MS (ESI): m/z [M - 

H]
-
 calcd for C39H37N4O8: 689.26; found: 689.3. 

 

Spectrophotometry  

Absorbance and fluorescence measurements were performed on SPECTRA Max 384 Plus 

spectrophotometer SPECTRA Max Gemini EM (both from Molecular Devices, CA, USA), 

respectively. Emission measurements of CytoCy5S-NTR fluorescence were performed at Em : 

623 nm (90 % of max), and cutoff filter of 665 nm. Emission measurements of Cy5 (5 nmol 

CyDye DIGE Fluor Cy™5 minimal dye, GE Healthcare) fluorescence were performed at Em : 

633 nm (90 % of max), and cutoff filter 665 nm. Both emission spectra were recorded in the 

region from 630-830 nm. The NTR-CytoCy5S enzyme assay was performed as described above. 

CytoCy5S was used at a concentration of 2 μM or 4 μM as indicated, and NTR tested at a 

concentration of 0.1 μM, 0.2 μM or 2.5 μM.  

  

Cell culture 

The promyelocytic leukemia NB4 cell line was a gift from Dr. Lanotte (Hospital Saint Luis, 

Paris, France). IPC-81
NTR+GFP+

 was kindly provided by Prof, Stein Ove Døskeland (University of 

Bergen, Norway), while NCI-H460
Luc+

 and MDA-MB-231
Luc+

 cells were kindly provided by 

Prof. James Lorens (University of Bergen, Norway). NB4 and NCI-H460 cells were maintained 

in Roswell Park Memorial Institute (RPMI)-1640 medium (Sigma-Aldrich, Inc. St. Louis, MO, 

USA). MDA-MB-231 and IPC-81 cells were maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM).  The media were supplemented with 10% heat-inactivated Fetal Bovine 

Serum (FBS), or 10 % horse serum (IPC-81) (PAA Laboratories GmbH), 1% 

Penicillin/Streptomycin (PS) (Sigma-Aldrich) and 1% L-glutamine (Sigma-Aldrich) and the cells 

were incubated in a humidified atmosphere at 37°C in 5% CO2.  
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GFP
+
NTR

+
 and GFP

+
NTR

-
 vector construction 

The retroviral expression vector L149 pTra Puro2AGFP2ALuciferase2ANTR (Entrez: 

EU753858) (GFP
+
NTR

+
) was made in several stages (details on request) by cloning the coding 

sequences of puromycin-N-acetyl-transferase, EGFP, firefly luciferase and nitroreductase into 

pTra
34

 to allow Tet-regulated expression. Each open-reading frame was separated from the next 

by a linker encoding the 2A region (XXSGLRSGQLLNFDLLKLAGDVESNPGP) from foot-

and-mouth disease virus. This sequence is cleaved co-translationally resulting in the production 

of approximately stoichiometric amounts of each protein
35

. Cleavage of the 2A linker leaves a 

short tag on the C-terminus of the preceding protein and a single proline fused to the N-terminus 

of the following protein. Although puromycin resistance, green fluorescence and NTR activity 

were readily detected in the presence of the retroviral Tet Activator CttaIH
36

, no luciferase 

activity could be detected. This is most probably due to the N-terminal proline or C-terminal 2A 

tag interfering with folding/activity as the presence of NTR implies successful translation of 

luciferase.  

A GFP
+
NTR

-
 control-vector L134 pTra Puro2AGFP (GFP

+
) is identical to L149 except that 

GAATTCTAGAGCGGCCGC replaces the sequence between the EcoRI site following EGFP 

and the unique NotI site. This construct expresses puromycin resistance and green fluorescence. 

 

Retroviral transfection of NB4 cells and selection of NB4 GFP
+
NTR

+
 cells by FACS 

NB4, NCI-H460
Luc+

 and MDA-MB-231
Luc+

 cells stably expressing nitroreductase (NTR) and 

enhanced green fluorescent protein (eGFP) were engineered by retroviral transduction with the 

GFP
+
NTR

+
 (L149) and Tet Activator CttaIH vector. Production of infectious retroviral vector 

particles in 293-based Phoenix A packaging cells and infection of cells were carried out as 

described
35

. Likewise, NB4
NTR- GFP+

 (L134) cells (control) were generated. 
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Flow cytometric analysis 

Accuri (Accuri Cytometers Ltd. St. Ives. Cambs UK) or FACSCalibur (BD Biosciences, San 

Jose, CA) flow cytometers were used to quantify GFP fluorescence (FL1 channel; 488 nm 

excitation laser, 530/30 band-pass (BP) filter) and NIR fluorescence (NTR/CytoCy5S) (635 nm 

excitation laser, 661/16 BP filter (Calibur) or 640 nm excitation laser, 675/12.5 BP filter 

(Accuri)) from transduced cells. 1 x 10
6
 cells were pre-incubated with CytoCy5S (1 μM) for 1 

hour before analysis as indicated. In the study comparing CytoCy5S fluorescence after 

Metronidazole (0.6 mM) treatment, 3.5 x 10
5
 cells were incubated ± Mtz for 2 hrs, and the last 

hour with CytoCy5S (1 μM). When analyzed on the cytometer, 10,000 events per sample were 

acquired, and data analysed using FlowJo (TreeStar) software version 8.8.6. Stably high 

expressing GFP
+
NTR

+
 and GFP

+
 cells were isolated by a Fluorescence Activated Cell Sorter 

(FACSAria, BD Biosciences) using a 488 laser for GFP sorting and 638 nm laser for sorting 

NTR
+
 cells pre-incubated for 1 hr with 1 μM CytoCy5S. 

 

Fluorescence microscopy 

Images of cell fluorescence were acquired with a Zeiss Axio Observer Z1 inverted microscope 

(Carl Zeiss Microimaging GmbH, Germany) and analyzed by the AxioVision 4.8.2 software. For 

NTR-CytoCy5S fluorescence, 5 x 10
4
 cells were preincubated in 1 μM CytoCy5S for 1 hr before 

washing with 1X PBS for live cell imaging, or CytoCy5S was added just prior to imaging for 

longitudinal fluorescence microscopy as indicated. The cells were kept at 37
o
C during imaging. 

NTR-CytoCy5S fluorescence was imaged with a BP 540-580 excitation filter and BP 630-675 

nm emission filter GFP with a BP 450-490 nm filter and BP 515-565 nm emission filter and 

DAPI with a 365 nm excitation filter and BP 420-470 emission filter. Phase contrast (PH) 

images were also acquired.  
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Nuclear morphology cell death analysis  

NTR
+
 and NTR

-
 cells were incubated for 24 hrs with metronidazole (0.3, 0.6, 2.4 mM) and 

evaluated by labeling cells with the DNA intercalating dye Hoechst 33342. Nuclear morphology 

was investigated as described
37

. 3-400 cells were counted in each well to determine the fraction 

of cells with normal/abnormal nuclear morphology.  

 

Western blot analysis 

NB4
NTR+GFP+

cells were lysed according to Shieh et al
38

 and the protein content was determined 

by Bio-Rad Protein Assay on a GENios Plus Plate reader, and western blotting performed as 

described in 
39

. GFP, NTR, luciferase and actin was detected using primary mouse anti-GFP 

(Invitrogen), sheep anti-NTR (provided by (Dr. Peter Searle, University of Birmingham, UK), 

mouse-anti-luciferase (Invitrogen) and mouse anti-Actin (Invitrogen), respectively. Primary 

antibodies were followed by secondary horseradish peroxidase conjugated mouse antibodies 

(GFP and actin) and alkaline phosphatase conjugated sheep antibody (NTR) (both from Jackson 

Immuno Reseasch Laboratories, Inc.). Membranes probed with mouse-antibodies were 

visualized using Pico Stable peroxide solution and luminal enhancer solution from Pierce. While,
 

membranes probed with alkaline phosphatase conjugated sheep-antibodies (NTR) were washed 

in 1X diethanolamine (DEA) and developed in a solution of 5 ml 1X DEA, 25 μl CDP-Star and 

75 μl Nitro-Block II (Tropix). Protein bands were detected by Kodak Image Station 2000R. GFP 

and NTR could be detected as protein bands of 27 kDa. Actin was detected as loading control 

(43 kDa). 

 

General animal care  

All experiments were approved by The Norwegian Animal Research Authority and conducted 

according to The European Convention for the Protection of Vertebrates Used for Scientific 
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Purposes. NOD/LtSz-Prkdc
scid

 (NOD/SCID), NOD/LtSz-Prkdc
scid

/B2m
null

 (NOD/SCID/B2m), 

and NOD/LtSz-Prkdc
scid

/IL2R
null

 (NSG) mice (Gades Institute, University of Bergen. NOD-scid 

IL2r
null

 originally a generous gift of Prof. Leonard D. Shultz, Jackson Laboratories, Bar 

Harbour, Maine, USA) were housed in groups of five or less in individually ventilated cages 

(Techniplast, Buguggiate, Italy) and kept on a 12 hr dark/light schedule at a constant temperature 

of 21°C and 50 % relative humidity. The mice had continuous access to food and autoclaved 

water. During depilation and imaging, mice were anaesthetized with 1% isofluorane.  

 

Leukaemia, lung, and breast subcutaneous and orthotopic xenograft models 

NOD/SCID and NOD/SCID/B2m mice were irradiated from a photon radiation source (BCC 

Dynaray CH4, 4 megavolt photon irradiation source), with a sub-lethal dose of 2.5 Gy prior to 

subcutaneous or intraperitoneal injections of leukemic cells, respectively. 10x10
6 

or 5x10
6
 

NB4
NTR+GFP+ 

cells were suspended in 200 μl of sterile 1X PBS prior to injection intraperitoneally 

or intravenously and in 100 μl 1X PBS with 10% matrigel (Invitrogen) for subcutaneous 

inoculation. NCI H460
NTR+Luc+GFP+

 cells were suspended in 20 μl 1X PBS with 25% matrigel for 

intrapulmonary injection. 1x10
6
 MDA-MB-231

NTR+Luc+GFP+
 cells were suspended in 50 μl 1X 

PBS with 25% matrigel for intramammary injection. Mice treated with metronidazole were given 

50 mg/kg intravenously twice daily when tumors reached 100-150 mm
3
. All cell suspensions 

were injected with a 28 G syringe. Inoculated animals were monitored closely for signs of 

advancing disease such as weight loss, ruffled fur and lethargy, in general. Mice were sacrificed 

according to institutional guidelines.  

 

Time-Domain optical imaging 

GFP and bioluminescence images were acquired as previously described
3,32

. Time-domain 

imaging of NTR/CytoCy5S fluorescence was acquired following administration of 69 μg 

CytoCy5S in a 5% Cremaphore EL solution in saline (100 μL) intravenously via the dorsal tail 
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vein. All Imaging was performed employing Optix
®

 MX2 Time-Domain Molecular Imager 

(ART Inc., Saint-Laurent, QC, Canada) All images acquired with raster scan points 1 mm apart 

and integration time of 0.3 – 1.5 s per raster point. NTR/CytoCy5S fluorescence images were 

acquired using 670 or 635 nm pulsed laser diodes as excitation sources with 700 or 650 LP filters 

respectively.  Fluorescence lifetime gating was performed with Optix
®

 Optiview™ (software 

version 2.00.01, ART Inc.), gating for NTR/CytoCy5S fluorescence lifetime of approximately 

1.3 ns.  

 

MR imaging of mice  

MR images were acquired using a 7T horizontal bore magnet (Pharmascan 70/16, Bruker 

BioSpin, Ettlingen, Germany) operating at 300 MHz. A 38 mm diameter linear volume resonator 

was used for transmission and reception of RF radiation. After a TriPilot scan, a T1-weighted 

FLASH pulse sequence (TE/TR = 3.416ms/247ms, 25
0
 flip angle, 0.7 mm slice thickness, 8 

consecutive slices, 3.0 x 3.0 cm
2 

field-of-view, 117 x 117 μm
2
 in-plane resolution) was used to 

scan axially through the lungs to localize the lung tumor. The acquisition was respiratory 

triggered to minimize motion artifacts. Breathing rate limited the maximum TR time and 

therefore the number of slices collected in each image.  Once the tumor was localized, we 

identified the slice with the largest tumor cross section. We then imaged this slice using 

retrospective respiratory and cardiac triggering (Bruker Intragate ig-FLASH-cine pulse 

sequence, TE/TR = 2.989ms/8ms, 10
0
 flip angle, 0.7 mm slice thickness, 1 slice, 6.0 x 6.0 cm

2 

field-of-view, 234 x 234 μm
2
 in-plane resolution) to get a motion-free image of the tumor. 

Finally, we imaged the tumor again using our T1-weighted FLASH pulse sequence (same 

parameters as for the axial T1-weighted FLASH), but this time using sagittal and coronal slice 

orientation.  
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Histology  

Organ or tumor samples collected following euthanasia were transferred to a tube containing 4% 

formalin for paraffin-embedding, cryosectioning and subsequent immunohistochemistry of the 

samples. Sections were stained with hematoxylin and eosin (H&E) and results were analyzed by 

standard light microscopy (Olympus BX51). 

 

 

Statistics 

In cell viability and proliferation assays, triplicates were analyzed for each sample, and results 

given as means +/- standard error of the mean. Statistical significance of
 
differences in averages 

between treatment groups in vitro and in vivo was determined using a two-tailed Student t test 

(GraphPad Prism
®

 5.0, GraphPad Software, La Jolla, CA). To ensure no statistical significant 

difference in tumor volumes between the animals in the treatment groups, a one-way analysis of 

variance (ANOVA) was performed. For all statistical analysis, p  < 0.05 was considered 

significant.  
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Figure Legends 

Figure 1. In vitro evaluation of NTR/CytoCy5S reporter. (a) Proposed mechanism of 

fluorophore “activation” by NTR. Reduction of the dinitro aryl quenched substrate to mono- and 

dihydroxylamine products via nitroso intermediate. (b) Normalized absorption and emission 

spectra of CytoCy5S following NTR activation (c) Comparison of emission fluorescence 

between CytoCy5S in the presence (0.2 μM; black line) and absence (grey line) of NTR. (d) 

Fluorescence microscopy time course of NTR induced CytoCy5S (0.1 μM) fluorescence in 

MDA-MB-231
NTR+Luc+GFP+

 cells, upper panel illustrates fluorescence microscopy images; lower 

panel shows merge of phase contrast and fluorescence images (scale bar = 20 μm) (e) Panel of 

typical time-domain intensity images from 1x10
6
 NB4

NTR+GFP+
 cells immersed at depths (1-8 

mm) of 1% intralipid containing 50 ppm Indian ink. (f) Linear relationship between varying cell 

number at fixed depth. This study was repeated three times (g) Linear relationship between 

varying depth and fixed cell number down to depths of 8 mm, repeated three times. 

 

Figure 2. In vivo characterization of NTR/CytoCy5S fluorescence. (a) Near-infrared 

fluorescence imaging of NB4
NTR+GFP+

 tumors and non-tumor bearing NSG mice at regular 

intervals over 4 hours, injected i.v. with CytoCy5S (69 μg). Images represent one typical 

experiment, which was repeated 4 times. (b) Differential fluorescence lifetime distributions of 

tumor bearing and non-tumor bearing mice over the imaging time-course (0-250 min). (c) 

Tumoral NTR induced CytoCy5S fluorescence is rapid in comparison to the delayed onset of 

bacterial derived GI-fluorescence in vivo. PC, Photon counts; Avg, Average; A.U., Arbitrary 

Units 

 

Figure 3. In vivo time-domain resolution of fluorescent lifetimes. (a) Comparative near-infrared 

fluorescence intensity images (same scale) of control mice (± CytoCy5S) and mice bearing either 

GFP
+
 or NTR

+
GFP

+
 tumors i.p. (+ CytoCy5S injected i.v.) (n = 4 per group). (b) Representative 
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single pixel fluorescence lifetimes from each animal. (c) Fluorescence lifetimes differ both in 

fluorescence intensity and distribution between controls and NTR
+
 tumor bearing mice. (d) 

Gating of the NTR/CytoCy5S specific fluorescence lifetime results in (e) complete 

discrimination of NTR/CytoCy5S fluorescence (all images have the same fluorescence scale) 

from both endogenous and exogenous autofluorescence. (f) Comparative gating of GFP 

fluorescence lifetime from autofluorescence reveals discrepancies between GFP and NIR 

imaging results. (g) Excision reveals a deep-seated tumor in the retroperitoneal fat, which 

fluoresces with GFP and NTR/CytoCy5S.  

 

Figure 4. Superior in vivo imaging of disseminated leukemia with NTR/CytoCy5S. (a) 

Leukemia was detectable in mice (n = 4) as early as 5 days following intravenous inoculation 

with 5x10
6
 IPC-81

NTR+GFP+
cells, with time-domain NTR/CytoCy5S imaging. (b) 

NTR/CytoCy5S fluorescence increased linearly with time in IPC-81
NTR+GFP+

leukemia. (c) 

Analogous discrimination of leukemia was only possible after 17 days with imaging of GFP 

expression. (d) Histology (haematoxylin and eosin staining) femurs (Scale bar = 200 μm for 

large image, and 100 μm for the femur magnification). (e) Similarly, earlier detection of 

NB4
NTR+GFP+

leukemia (5x10
6
 cells per mouse; n = 7) in spinal and femoral bone marrow was 

possible by imaging NTR/CytoCy5S fluorescence. (f) Ex vivo images and histology from spinal, 

ovarian and lymph node tumors from two NB4
NTR+GFP+

 mice (Scale bar = 100 μm). 

 

Figure 5. In vivo imaging of orthotopic, metastatic lung carcinoma xenografts (n = 5) with 

NTR/CytoCy5S. NTR/CytoCy5S fluorescence (a) and bioluminescence (b) images of NCI-

H460
NTR+Luc+GFP+ 

orthotopic xenografts 5, 8 and 14 days after implant. (c) Axial and sagittal T1 – 

weighted FLASH images of tumor location in the left lung. (d) Ex vivo fluorescence and (e) 

bioluminescence images of excised lungs. (f,g) Histology, (haematoxylin and eosin staining) 

demonstrate a extensive pulmonary metastasis (scale bars = 1 mm for f and 200 μm for g). Data 
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presented from two mice (n = 1, optical imaging; n = 1, MRI). Results were repeated in five 

independent experiments.  

 

Figure 6. In vivo comparison of NTR/CytoCy5S fluorescence and bioluminescence imaging of 

metastatic breast carcinoma. (a) Bioluminescence imaging of MDA-MB-

231
NTR+Luc+GFP+

orthotopic xenografts from week 8. Evidence of primarily axial lymph node 

metastasis is evident from week 9. (b) Imaging of NTR/CytoCy5S fluorescence demonstrates 

detection of axial lymph node metastasis from week 8 (arrow) with detection of brachial lymph 

metastasis on week 9. By week 12 multiple metastasis are evident in the lymphoid organs and 

liver (white arrows). (c) NTR/CytoCy5S fluorescence image on week 12 prior to necropsy. (d) 

Ex vivo NTR/CytoCy5S fluorescence images of suspected metastasis in organs described in (e). 

(f) Histology (haematoxylin and eosin staining) reveal the presence of MDA-MB-231 cells 

(arrowheads) in primary, lymph and liver tissues (scale bar = 400 μm and 100 μm for magnified 

views). Data representative of one experiment, results repeated four times.  

 

Figure 7. In vivo NTR/CytoCy5S fluorescence imaging of gene-directed enzyme prodrug 

therapy. (a) Metronidazole is a nitroimidazole substrate of NTR, whose reduction products 

destroy helical DNA structure. (b) Incubation of NB4
NTR+GFP+

 cells with CytoCy5S in the 

presence of metronidazole (MTZ) does not alter fluorescence by flow cytometry. (c) Only NTR 

expressing NB4 cells are sensitive to MTZ as assayed by nuclear morphology cell death assay 

(Hoechst 33342). (d) Representative NTR/CytoCy5S fluorescence images of mice implanted 

with NB4
NTR+GFP+

 cells (5x10
6
) s.c. grown to approximately 120 mm

3
 and treated with either 

MTZ (n = 8 tumors, 50 mg/kg, twice a day) for 10 days, or vehicle control (n = 7 tumors). (e) 

Following initiation of therapy, treated mice demonstrated significantly less fluorescence than 

vehicle controls until termination of treatment (f) Tumor volume measurements correlated well 
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with results observed from fluorescence imaging. NC, normalized counts. (*p < 0.05; **p < 

0.01; ***p < 0.001). 

 

Supplementary Figure 1. (a) Cells were retrovirally transduced with a plasmid with GFP and 

NTR and far-red fluorescence was visualized after addition of the NTR substrate CytoCy5S. (b) 

Proposed mechanism of NTR induced CytoCy5S fluorescence. CytoCy5S is cell permeable, 

quenched fluorophore, which upon interaction with intracellular NTR is reduced to its 

fluorescent intermediates and finally the dihydroxyl CytoCy5S product (right box). 

 

Supplementary Figure 2. Synthetic route to CytoCy5S 

 

Supplementary Figure 3. (a) LC-MS of CytoCy5S-NTR reaction after 17 minutes illustrating 

retention peaks at 1.42, 3.08 and 6.32 mins of dihydroxyl- , nitroso and monohydroxyl- products 

and unreacted CytoCy5S, respectively (b) LC-MS of CytoCy5S-NTR reaction after 48 minutes. 

 

Supplementary Figure 4. (a) Western blot analysis of NTR and GFP protein in 

NB4
NTR+GFP+

.cells. (b) Phase contrast and fluorescence microscopy images of NB4
NTR+GFP

, NCI-

H460
NTR+Luc+GFP+

, MDA-MB-231
NTR+Luc+GFP+

 cells (scale bar = 50  μM). 

 

Supplementary Figure 5. Pharmacokinetic curve of enzymatic NTR induction of CytoCy5S 

fluorescence over 2 hours.   
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Abstract 

 The carboxy-terminal truncated p53 isoforms, p53  and p53 , are 

expressed at disparate levels in cancer and are suggested to influence 

treatment response and therapy outcome. We examined the individual 

function of p53  and p53  in the TP53null cell lines H1299 and SAOS-2 by 

stable retroviral transduction and transient transfection. Expression status of 

p53  and  protein was found to correlate with increased response to 

camptothecin and doxorubicin chemotherapy. Decreased DNA synthesis and 

clonogenicity in p53  and p53  congenic H1299 was accompanied by an 

enhanced induction of p21 and Bax proteins, an effect most prominent in 

p53  expressing cells. Chemotherapy induced p53 /  protein degradation, 

foremost for p53 . The proteasome inhibitor bortezomib substantially 

increased basal p53  protein level, while the level of p53  protein was 

unaffected. Treatment with dicoumarol, a putative blocker of the proteasome-

related NAD(P)H quinone oxidoreductase NQO1, effectively attenuated basal 

p53  protein level. Although in vitro proliferation and clonogenicity assays 

indicated a weak suppressive effect by p53  and p53  expression, studies of 

in vivo subcutaneous H1299 tumor growth demonstrated a significantly 

increased growth by expression of either p53 isoforms. This study suggests 

that p53  and p53  share functionality in chemosensitizing and tumor growth 

enhancement but comprise distinct regulation at the protein level.  

 



Introduction 

Through alternative splicing, promoter and translational initiation, the gene of 

the tumor suppressor p53 has been indicated in the transcription of 12 

different p53 protein isoforms including full-length p53, p53  and p53  

(reviewed in [1,2]). The differential expression of several of these isoforms 

has recently been established in cancer, [3,4] though their functional role is 

not understood. Their structural characteristics may indicate isoform specific 

mechanisms. p53  and p53  lack the oligomerization domain (Figure 1A) that 

is required for p53 tetramerization and thus influence p53 DNA binding and 

transcriptional activity. However, p53  has been shown to bind certain p53 

promoters and form protein complexes with full-length p53. Furthermore, p53  

and p53  is expressed in a tissue-specific manner, which may suggest that 

they have diverse tissue-determined functions that may be reflected in cancer 

[5]. This complicates a simple understanding of isoform function, but may 

support future use of p53 isoform profiles in prediction of outcome and drug 

sensitivity in cancers. 

 

We have previously reported that acute myeloid leukemia patients with 

elevated p53  and p53  protein expression survive longer and respond better 

to intensive chemotherapy [6]. Similarly, breast cancer patients expressing 

p53  in addition to mutant p53, appear to demonstrate similar beneficial 

prognostic outcomes to those expressing wild-type p53 [7]. In contrast, p53  

over-expression has been suggested to play a role in the formation of renal 

cell carcinoma and is also associated with poorly differentiated ovarian cancer 



[8,9]. Furthermore, a frequent loss of p53  and p53  has been reported in 

head and neck squamous carcinoma [10]. These studies suggest that p53  

and p53  may influence carcinogenesis and drug-sensitivity in an organ- and 

ratio-dependent manner, and emphasize the need to discern their regulation. 

 

The major negative regulator of full- length p53 protein is a family of E3 

ubiquitin ligases, including Mdm2, which mark p53 for proteasomal 

degradation through polyubiquitination of lysine on the carboxy-terminal tail of 

p53 [11]. These lysines are lost in the carboxy-terminally truncated p53  and 

p53 . Therefore, p53  and p53  may be degraded through an alternative 

pathway [12]. Recently, it has been described that p53 may be degraded by 

the 20S proteasome by default, independently of ubiquitylation. The NAD(P)H 

quinone oxidoreductase NQO1, localized to the S20 proteasome, is able to 

stabilize p53FL, thereby protecting it from ubiquitin-independent proteasomal 

degradation [13].  

 

It is not known if p53  and p53  direct biological effects alone, or if 

their effect always is in concert with full-length p53 [12]. Therefore, we 

expressed p53  and p53  individually in a p53null background using the 

H1299 lung carcinoma and SAOS-2 osteosarcoma cell lines. We compared 

functional implications of individual expressed isoforms on clonogenicity, 

examined the proteasomal route of degradation, and tested functional impact 

on chemosensitivity in vitro and tumor growth in a xenograft model. p53  and 

p53  were found to have a chemosensitizing effect as well as an increased 

tumor growth potential in vivo.  



 

Results 

Stable expression of p53  and p53  in p53null H1299 lung carcinoma cells  

In order to study isoform specific biology’s, the p53null lung carcinoma H1299 

cell line was retrovirally transduced and FACS-sorted to generate stably 

expressing p53 , p53  or full-length p53 H1299 cell lines (Figure 1A). 

Employing a retroviral vector containing the p53 isoform and a fluorescent 

protein marker (tdTomato), transduction and sorting of tdTomato+ cells was 

performed twice (Figure 1B; see Materials and Methods for experimental 

details). Sorted cells were evaluated for tdTomato expression by flow 

cytometry and fluorescence microscopy (Figure 1C), and re-sorted if needed. 

Considerably fewer tdTomato+ fluorescent p53 + cells were observed 

following all transductions when compared to transduction efficiencies 

obtained with p53 + cells (not shown). Full-length p53+ congenic H1299 cells 

could not be established, presumably due to the cytotoxic effect of p53 

expression. p53 immunofluorescence showed a predominantly nuclear 

localization of p53  and both nuclear and cytoplasmic localization of p53  

(Figure 1C). p53  or p53  in H1299 cells was confirmed by RT- PCR of TP53 

segment sequencing (exon 1-12) of both strands and immunoblot of p53 

protein isoforms (Figure 2A; for details see Materials and Methods section). 

 

  3H-thymidine DNA-incorporation was measured to investigate the 

proliferative capacity of the transduced cells. A small, but significant reduction 



in proliferation was noted in H1299 p53  and H1299 p53  compared with 

H1299 transduction control (p < 0.01; Figure 2B). The reduced proliferation of 

both p53 + and p53 + cells was also perceived by electric cell-substrate 

impedance sensing (ECIS) when compared to proliferation of vector control 

cells 30 hrs after plating (p <0.05; Figure 2C). Performing a colony formation 

of H1299 p53  and H1299 p53  under hypoxic conditions also demonstrated 

a reduced tendency of colony formation compared with vector control (mean ± 

SEM = 93±13, p53 + cells; 72±4, p53 + cells; 68±4 (n = 3) (not shown). 

Immunoblots illustrated an increased basal-level of p21 in both H1299 p53  

and H1299 p53  cells, while little change in Bax was noted (Figure 2E, 2D). 

Transient transfection of H1299 p53  and H1299 p53  cells with a 13  p53 

responsive element (RE) coupled to a GFP reporter gene, and subsequent 

analysis for GFP expression by flow cytometry, indicated that p53  may 

activate this p53 consensus responsive element (Figure 2F).  

 

Both p53  and p53  sensitize cells to chemotherapy 

Following the observation that the isoforms may activate p53, we examined 

the response of the H1299 p53  and H1299 p53  cell lines to 

chemotherapeutics with a colony-formation assay. The pyrimidine antagonist 

Arabinofuranosyl Cytidine (cytarabine, Ara-C), the cytotoxic antibiotic and 

topoisomerase II inhibitor doxorubicin (Dox) and the topoisomerase I inhibitor 

camptothecin (CPT) were tested. In both H1299 p53  and H1299 p53 , a 

significantly decreased colony formation compared to vector control was 

observed when treated with doxorubicin and CPT (Figure 3A-C). Treatment 



with Ara-C showed less effect on colony formation than CPT and Dox, but 

nevertheless revealed a tendency towards reduced colonies (Figure 3C). 

Decreased proliferation of H1299 p53  and H1299 p53  after treatment with 

Dox and CPT (especially at higher dose) was also identified by a 3H-thymidine 

incorporation assay (Figure 3D). Transient transfection of p53null SAOS-2 

osteosarcoma cell line with p53 - and p53 -tdTomato construct followed by 

treatment with 0.5 μM Dox for 24 hours, also showed significant reduced 3H-

thymidine DNA incorporation in p53 + cells (data not shown). This was not 

seen with the p53  or full-length p53, and we propose that this lack of 

doxorubicin toxicity may be caused by high cell death caused by the cell 

death induction potential of p53  or full-length p53. Western blots of CPT- and 

Dox-treated H1299 p53 , H1299 p53  and H1299 vector control cells showed 

an increased Bax and p21 protein expression. CPT and doxorubicin treatment 

in H1299 p53  cells amplified the Bax and p21 response. p53 + cells showed 

an increase in Bax after CPT treatment while p21 was elevated after both 

CPT and doxorubicin (Figure 4A,B). However, the protein level of both p53  

and p53  decreased following treatment, indicating degradation of p53  and 

p53  protein (Figure 5A).  

 

Proteasomal inhibitor increases p53  but not p53   

The p53  protein was considerably degraded after doxorubicin exposure 

(Figure 5A). To investigate the mechanism of degradation, H1299 p53  and 

H1299 p53  cells were treated with either the proteasome inhibitor 

(bortezomib) or lysosome inhibitor (chloroquine, bafilomycin A1). 



Immunoblotting demonstrated that while p53  levels were elevated 

considerably subsequent to treatment with bortezomib, p53  displayed a 

minimally elevated expression after chloroquine lysosome inhibition (Figure 

5B). Bafilomycin A1 treatment (15 nM and 50 nM for 6 hrs) showed similar 

results as treatment with chloroquine (data not shown). To investigate 

whether p53  could be regulated by NQO1, cells were treated with the NQO1-

inhibitor dicoumarol. Enhanced degradation of p53  after dicoumarol 

exposure indicates that NQO1 is involved in its regulation, in contrast to p53  

that was unaltered by dicoumarol-treatment (Figure 5C). To investigate if 

Mdm2 could have a role in degradation of p53  or p53 , the H1299 cells were 

treated with nutlin-3, however, no difference in p53 isoform levels was seen 

(data not shown).  

 

Growth advantage of p53  and p53  expressing H1299 cells in vivo but not in 

vitro  

To examine the function of p53  and p53  protein expression in a more native 

cancer environment exhibiting hypoxia and low nutrition, we examined the 

growth of subcutaneous H1299 in NSG mice. Surprisingly, an early tumor 

growth initiation followed by a significantly increased tumor growth was found 

of both p53  and p53  congenic H1299 cells, compared to vector control 

(Figure 6A). This was in contrast to in vitro findings whereby the 3H-thymidine-

incorporation assay showed only a minor decrease in proliferation of p53 + 

and p53 + cells (Figure 2B). To evaluate if the growth factors present in the 

matrigel (for example TGF- , epidermal growth factor insulin-like growth factor 



and fibroblast growth factor) injected with the tumor cells could influence 

growth of p53 + and p53 + tumors, the same assay was performed without 

matrigel. However, the same pattern was observed with these tumors (Figure 

6A, top left graph). Immunohistochemistry of p53 in tumors (Figure 6B) 

reflected the previous in vitro observations by immunofluorescence (Figure 

1C) demonstrating strong p53  signals (bottom images) with a major 

localization to the nucleus (insert), and p53  signals of predominantly 

cytoplasmic origins. 

 

Discussion  

Stably transduced H1299 cells demonstrated enhanced chemosensitivity to 

doxorubicin and CPT after introduction of p53  and p53  (Figures 3,4). This 

was particularly evident in the colony formation assays, which reflects the total 

sum of all proliferative, differentiation, senescence and cell death effects [14]. 

Immunoblot analysis demonstrated an upregulation of p21(CIP1/WAF1) and Bax 

after exposure to doxorubicin and CPT, apparently through a p53-

independent mechanism, but with an enhanced p21(CIP1/WAF1) response in 

p53 + and p53 + cells especially in response to CPT. It has previously been  

reported that p53  may bind to the p21(CIP1/WAF1) promoter sequences [5]. 

p21(CIP1/WAF1) promotes cellular arrest, but may also promote apoptosis 

through both p53 dependent-and independent mechanisms under certain 

cellular stress (reviewed in [15]) , dependent upon upregulation of pro-

apoptotic Bax [16]. This may also explain the reduced 3H-thymidine 

incorporation observed in CPT-treated p53  cells. We found that p53  and 



p53  may have an effect on an optimized p53-responsive element (Fig. 2F), 

but a direct activation of p21(CIP1/WAF1) promoter assay was only indicated and 

not significant (data not shown). However, the basal level of p21(CIP1/WAF1) 

protein was found to be increased by p53  and p53  expression (Figure 2E). 

We find that resting cells stably transduced with p53  only express low levels 

of p53 isoform protein, corresponding with previous reports that p53  may be 

cytotoxic [17]. We propose that this low level is sufficient to induce muted 

levels of p21(CIP1/WAF1) protein and is accompanied by a tendency towards 

decreased proliferation and clonogenicity in vitro. Further experiments are 

needed to determine if the isoforms respond specifically to different 

chemotherapeutics.  

  

 Protein levels of p53  and p53  decreased after treatment with CPT or 

doxorubicin, and p53  was particularly attenuated following therapy with 

doxorubicin. Through treatment with proteasome-, lysosome- and a NQO1-

inhibitor, we established that the stability of p53  and p53  appear to be 

differentially regulated (Figure 5B, 5C). The Mdm2 E3 ligase inhibitor nutlin-3 

had no effect on these p53 isoform levels, suggesting that Mdm2 is not a 

negative regulator of p53  and p53 , consistent with previous reports [18]. 

However, our experiments indicate that p53  is degraded by the proteasome 

(Figure 5). Others have shown that neither p53  nor p53  is efficiently 

degraded by the proteasome compared to full-length p53 [18]. It was recently 

suggested that p53 may be proteasomally degraded by default in an Mdm2 

and ubiquitin-independent manner, and that p53 is stabilized by the NAD(P)H 

quinone oxidoreductase NQO1 [13]. Treatment with H1299 p53  and p53  



cells with the NQO1 inhibitor dicuomarol (Figure 5), lead to increased 

degradation of p53  but not p53  suggesting that NQO1 may be an important 

enzyme in proteasomal processing of p53 . Together, these observations 

emphasize the importance to further characterize the route of degradation of 

p53  and p53 .  

 

 p53 is proposed to play a role in metabolic regulation of tumor growth, 

including tumor responses to hypoxia and nutritional deprivation [19,20]. 

Therefore, we compared tumor growth in a subcutaneous xenograft. Both 

H1299 p53  and H1299 p53  lead to significantly increased size of tumors 

compared to vector control cells. A critical stage of early tumor progression is 

an adaptation to hypoxic and acidic conditions, and a change to aerobic 

glycolysis to promote further tumor expansion [21,22]. Thus, the finding that 

p53  and p53  cells caused a significantly earlier initiation of tumor growth 

indicates that they play a role in the adaptive response to metabolic stress. It 

has recently been suggested that p53 isoforms may have more specific 

metabolic functions that promote metabolic adaptation [19], and tumor growth 

advantage in serum-nutrient starvation is suggested through modulation of 

p21(CIP1/WAF1) [23]. Engraftment without the use of matrigel resulted in the 

same tumor size profile, eliminating interference by the matrigel basement 

membrane matrix injected with the cells (Figure 6, insert). Further 

investigation of the role of the various isoforms and their response to 

metabolic stress may contribute to additional understanding of their role in 

cancer.  

 



In summary, we suggest that p53  and p53  individually imply 

functional effects in cancer cell lines. Future studies are needed to investigate 

if the function of p53  and p53  at defined expression levels, and to delineate 

the mechanisms of p53 isoform regulation in cancer growth and 

chemotherapy.  

 

Materials and Methods 

 

Cell culture and reagents 

NCI-H1299 non-small cell lung carcinoma cell line (DSMZ, The German 

Resource Centre for Biological Material, Braunschweig, Germany) were 

maintained in Roswell Park Memorial Institute (RPMI)-1640 medium (Sigma-

Aldrich, Inc. St. Louis, MO, USA) and SAOS-2 osteosarcoma cell line (DSMZ) 

was cultured in McCoy’s 5A medium (Sigma-Aldrich) supplemented with 10 % 

and 15 %, respectively, of heat-inactivated Fetal Bovine Serum (FBS) (PAA 

Laboratories GmbH, Pasching, Austria), 1 % Penicillin/Streptomycin (PS) 

(Sigma-Aldrich) and 1 % L-glutamine (Sigma-Aldrich) and the were incubated 

in a 5 % humidified atmosphere at 37°C. Cells were treated with camptothecin 

(Sigma-Aldrich), doxorubicin (Pfizer Inc., NY), arabinofuranosyl cytidine 

(Sigma-Aldrich), dicoumarol (Sigma-Aldrich), nutlin-3 (Cayman Chemical 

Company, Ann Arbor, MI, USA),  bortezomib (Millenium Pharmaceuticals), 

chloroquine (Sigma-Aldrich), and bafilomycin A1 (Sigma-Aldrich), as indicated 

in the text. 

 

 



Design of p53isoform-tdTomato constructs 

Expression vectors for p53 isoforms p53FL, p53 , and p53  were generously 

provided by Dr. Bourdon (University of Dundee, Scotland, UK). The p53 

segments from these plasmids were cloned into an MMLV retroviral vector 

(L335, D.R. Micklem, unpublished) upstream of an IRES-tdTomato reporter 

gene.  This vector drives constitutive transcription of a bicistronic mRNA 

comprising the cloned gene followed by an internal ribosome entry site and 

the red fluorescent protein tdTomato. The predicted sequence of the vector is 

available upon request. p53 isoforms were amplified by PCR using a forward 

primer containing EcoRI and SfiI sites (at gaa ttc ggc cat tac ggc cac acc ATG 

GAG GAG CCG CAG TCA GAT) and reverse primers containing BamHI and 

SfiI sites (p53FL: ta gga tcc ggc cga ggc ggc cat ata TCA GTC TGA GTC 

AGG CCC TTC; p53 : ga gga tcc ggc cga ggc ggc cat cta AGG CAA AGT 

CAT AGA ACC ATT; p53 : gc gga tcc ggc cga ggc ggc cga ata CAC GGA 

TAA TAT TTT CAA CTT; overlap with the  p53 gene in capitals). After 

digestion with SfiI, the p53 isoforms were cloned into matching SfiI sites 

upstream of the IRES-tdTomato reporter gene. Correct inserts were confirmed 

by sequencing. 

 

Retroviral transduction of NCI-H1299 cells 

NCI-H1299 (p53-/-) cells made to stably express p53 , p53  and control by 

retroviral transduction with the p53 -tdTomato vector, p53 -tdTomato vector, 

and tdTomato only vector (transfection control). Production of infectious 

retroviral vector particles in 293-based Phoenix A packaging cells and 

infection of cells were carried out as described [24]. 



 

Transient transfection of cells  

H1299 (2  103) or SAOS-2 cells (7.5  103) were seeded in 96-well plates 

and transfected with the p53 isoform -tdTomato constructs or 13 x p53RE-

GFP reporter plasmid [25,26] (a generous gift from Professor M Laiho, 

University of Helsinki, Finland) using FuGENE 6 Transfection Reagent (Roche 

Diagnostics, GMbH, Mannheim, Germany) according to manufacturers 

instructions.  

 

Sequencing  

The p53 isoform- tdTomato construct were sequenced both prior to 

transduction and after transduction into H1299 cells to confirm correct TP53 

isoform sequence. DNA was purified from the cells using DNeasy Blood and 

Tissue Kit (Qiagen Inc.), and the concentration was calculated by NanoDrop 

UV-Vis Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). By 

PCR using a forward primer for p53 (5’- 3’) a reverse primer for p53  (5’- 3’) 

and a reverse primer for p53  (5’- 3’) [5] the p53 isoform product were 

amplified. This product was characterized by agarose gel separation to 

confirm segment, and purified using ExoSAP-IT according to suppliers 

instructions (USB Corporation, Cleveland, Ohio USA). Sequencing PCR was 

performed using the abovementioned primers in addition to primers towards 

the middle of the p53 sequence to make sure that the sequencing reaction 

detects the whole segment: p53 forward primer (5’ gg  ccc  atc   ctc   acc  atc  

atc-3’) and reverse primer (5’-c  agg  gga  gta  cgt   gca agt-3’), with the 

BigDye Terminator v1.1 Cycle sequencing Kit (Applied Biosystems). 



Sequences were analyzed using DNA sequencing chromatogram trace viewer 

FinchTV v1.4.0 (Geospiza Inc.) and EMBOSS Pairwise Sequence Alignment 

Matcher. 

 

Colony Formation Assay 

A total of 500 cells were seeded per 10 cm2 dish in 8 ml of RPMI 

supplemented with 10% FBS, 1% Penicillin/Streptomycin and 1% L-

glutamine. Treatment with 5 nM Camptothecin, 25 nM Doxorubicin, and 0.1 

μM Arabinofuranosyl Cytidine (Ara-C) was initiated following 3 days of culture, 

and the assay terminated at day 10. Colonies were washed twice in 1XPBS 

before 3 ml of 95% methanol was added for 3 minutes, washed in 1XPBS and 

stained with 1:5 solution of tryphan blue stain solution (Fisher Scientific) in 

ddH2O. Colony assay was also performed at hypoxic conditions with 1.5 % 

O2. 

 

Western Blot analysis 

NCI-H1299 cells were lysed according to Shieh et al [27] before analysis with 

one-dimensional gel electrophoresis, according to standard procedures 

described in [28].  p53 protein was detected using Bp53-12 antibody (Santa 

Cruz Biotechnology Inc., Santa Cruz, CA, USA), p21(CIP1/WAF1) protein by EA10 

p21 antibody (ab16767, Abcam, Cambridge, UK), Bax by Bax 2D2 antibody 

(sc-20067, Santa Cruz Biotechnology) and -actin was detected by anti- -

actin, sc-47778 (SantaCruz Biotechnology). Primary antibodies were followed 

by secondary horseradish peroxidase conjugated mouse antibodies (Jackson 

ImmunoResearch, West Grove, PA, USA). Membranes were visualized using 



Pico Stable peroxide solution and luminal enhancer solution (Pierce 

Biotechnology, Inc., Rockford, IL, USA). Protein bands were detected by 

Kodak Image Station 2000R (Eastman Kodak Company, Rochester, NY, 

USA), and quantified using the Carestream MI (Carestream Molecular 

Imaging, Woodbridge, CT, USA) analysis software. Data were exported to 

Excel spreadsheet and corrected for background and loading control signal, 

prior to statistical analysis in the Graphpad PRISM software, using the paired 

Student’s t-test to compare two and two groups.  

 

3H-thymidine DNA incorporation  

H1299 cells (2  103 or 5  103) were seeded in 96 well plates and left to 

settle for 20 hours prior to treatment. The cells were treated for 8 or 12 hrs, 

and 3H -thymidine (1 mCi per well; TRA310, Amersham International, 

Amersham, UK) was added the last 6 or 10 hours of the treatment period, 

respectively. Cells were harvested and DNA synthesis was determined by 3H-

thymidine incorporation assays as described [29].  Statistical analysis was 

performed using GraphPad PRISM (version 5.0b, GraphPad Software, Inc., 

La Jolla, CA, USA) software. Groups were compared using paired Student’s t-

test.  

 

ECIS cell proliferation assay 

Growth potential of the H1299 cells were assessed using by Electric-

Substrate Impedance Sensing (ECIS, Applied Biophysics, Troy, NY) [30]. 2  

104 cells were seeded at 5  104 / ml concentration in 8W10E+ plates coated 



with cysteine, and cultured in RPMI supplemented with 10% FBS. Impedance 

were measured at 64 kHz every 30 seconds for two days.  

 

p53 Immunofluorescence 

2  105 H1299 p53 , H1299 p53  and H1299 control cells (tdTomato only) 

were grown on coverslips immersed in 0.5 ml RPMI medium with 10 % FBS 

and 1 % L-glutamine. The cells were fixed and permeabilized with 4 % 

paraformaldehyde and ice-cold 99 % methanol, respectively, before blocking 

with 0.5 % BSA (Roche Diagnostics GmbH) in 1XPBS. Next, cells were 

treated with primary p53 antibody (1:100, mouse anti-human p53, cat. 554293 

BD Pharmingen) diluted in 1XPBS with 0.5 % BSA and incubated at 4°C over 

night before incubation with secondary antibody (1:10,000 of Alexa 488 goat 

anti-mouse (Invitrogen Molecular Probes)) diluted in 1XPBS with 0.5 % BSA, 

and incubated in the dark for 1 hour at room temperature.  Last, the coverslip 

was washed 1XPBS and mounted in 5 μl Fluoro-gel II with DAPI (Electron 

Microscopy Sciences, PA, USA). Images of cell fluorescence were acquired 

with a Zeiss Axio Observer Z1 inverted microscope (Carl Zeiss Microimaging 

GmbH, Germany) and analyzed by the AxioVision 4.8.2 software. 

 

Flow cytometric analysis 

1-5  106 transduced H1299 cells were washed twice in 1XPBS and 

suspended in 1XPBS at a concentration of 5  106 cells/ml. Stably expressing 

tdTomato+ cells were isolated by a Fluorescence Activated Cell Sorter 

(FACSAria, BD Biosciences) using a 532 nm laser. TdTomato expression was 



regularly evaluated on an Accuri (Accuri Cytometers Ltd. St. Ives. Cambs UK) 

flow cytometer and cells were re-sorted if needed.  

 

General animal care and ethics statement 

All experiments were approved by The Norwegian Animal Research Authority 

under study permit number 2008 070, and conducted according to The 

European Convention for the Protection of Vertebrates Used for Scientific 

Purposes. Mice capable of engrafting human cancer cell lines NOD/LtSz-

Prkdcscid /IL2R null mice (abbreviated as NSG) [31,32] originally from Dr. 

Leonard Schultz, Jackson Laboratories, Bar Harbour, ME) were housed in 

groups of five or less in individually ventilated cages (Techniplast, Buguggiate, 

Italy) and kept on a 12 hr dark/light schedule at a constant temperature of 

21°C and 50 % relative humidity. The mice had continuous access to food 

and autoclaved water.  

 

Subcutaneous tumor model  

5  106 NCI-H1299 p53 -tdTomato, NCI-H1299 p53 -tdTomato, NCI-H1299 

tdTomato and NCI-H1299 wt cells were suspended in 100 μl sterile 1XPBS 

with 10% Matrigel (BD Matrigel™ Basement Membrane Matrix, BD 

Biosciences) for s.c. inoculation, and injected with a 28 G syringe. Animals 

were monitored closely for tumor growth, and tumor volume was measured 

twice a weekly using digital calipers. The mice were euthanized when tumor 

size reached 1000 mm3. 



Histology 

Tumor samples collected following euthanasia were transferred to a tube 

containing 4% formalin for paraffin embedding, cryosectioning and 

subsequent immunohistochemistry of the samples. Sections were stained with 

hematoxylin and eosin (H&E) and p53 (DO-7, Dako) (appearing as brown 

stain). Results were analyzed by standard light microscopy (Olympus BX51). 
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Figure legends 

Figure 1. p53 isoforms and experimental setup. (A) The human TP53 

gene, have alternative promoters (P1, P1’, P2) and several alternative splicing 

sites (  (full-length p53), , ) generating p53 isoforms. Alternative splicing of 

intron 9 leads to expression of the p53 protein isoforms p53  and p53  with a 

truncated C-terminal terminating with 10 and 15 additional amino acids, 

respectively. Binding site of p53 antibodies Bp53-12 (binds in amino-acid 

region 16-25), DO-1 (aa 20-25) and DO-7 (aa 37-45) is indicated. NLS; 

nuclear localization signal, TD; tetramerization domain, BD; basic domain (B) 

p53null H1299 lung carcinoma cell line were retrovirally transduced with 

plasmid vector containing p53 isoforms p53 , p53  or p53FL and a tdTomato 

reporter. TdTomato expression allows FACS sorting of successfully 

transduced cells. (C) Fluorescence microscopy confirms tdTomato expression 

(red) of FACS sorted H1299 cells. Scale bar; 100 μm. p53 (DO-1) 

immunofluorescence staining (green) show mainly nuclear localization of 

p53  and both nuclear and cytoplasmic localization of p53 . DAPI (blue); 

nucleic acid stain. Scale bar; 20 μm.  

 

Figure 2. Basal characteristics of H1299 p53  and H1299 p53 . (A) p53 

immunoblot (Bp53-12) of H1299 cells transduced with p53 -tdTomato and 

p53 -tdTomato construct. (B) 3H-thymidine incorporation assay of H1299 

p53 , H1299 p53  and H1299 control cells (tdTomato vector control). Graph 

show results from 4 individual experiments (average of 18 wells each). The 

experiments have been normalized. ** P-value < 0.01. Error bars; Standard 

Error of the Mean (SEM). (C) Cell proliferation measured by ECIS, impedance 



values are normalized after initial cell stabilization and shown as ratio of 

normalization value. The graph shows results from 4 measurements of vector 

control cells and 6 measurements of p53 + and p53 + cells from 2 separate 

experiments. Standard error of mean is denoted by dotted lines. Highest 

variation occurred after 30 hours after initiation, *P-value < 0.05 calculated by 

paired Students t-test. (D) and (E) show immunoblot of basal level of Bax and 

p21, in both in p53 + and p53 + H1299 cells. GAPDH act as loading control, 

and the ratio of p21 or Bax to loading control with control value set to 1.0 is 

indicated. (F) Transient transfection of H1299 p53  and H1299 p53  with the 

13 X p53RE-GFP construct and H1299 wt cells with both p53FL-construct and 

13 X p53RE-GFP were analyzed by flow cytometry (n=2). Results are 

presented as a ratio of GFP positive cells in H1299 p53 , H1299 p53  and 

H1299 cells transiently transfected with full-length p53 to H1299 vector 

control. Error bars; SEM. Student’s t-test give P-value 0.053 of p53  cells vs 

vector control, and P-value 0.21 of p53  vs vector control. 

 

Figure 3. H1299 colony formation and proliferation after chemotherapy. 

(A) Colony formation assay of H1299 p53 , H1299 p53  and H1299 vector 

control demonstrated significantly decreased colony formation in p53 + and 

p53 + cells after 7-day treatment with 25 nM doxorubicin. (B) Illustrates count 

of treated colonies relative to colony count of untreated cells from (A). Each 

control within each group has been normalized to 100 colonies, and the 

treatment groups have been subsequently adjusted. (C) Each bar represents 

the number of colonies within each treatment group, and statistics have been 

calculated based on the untreated control within each cell-type (p53 , p53 , 



wt (not transduced) or vector control (ctrl, tdTomato vector control). (D) 3H-

thymidine incorporation assay of p53 + and p53 + cells exposed for 8 hrs to 

0.5 μM doxorubicin (n=6 experiments), 0.2 μM CPT (n=6), and 0.4μM CPT 

(n=2), or vehicle (DMSO) (each separate experiments have 6 parallels each). 

Columns represent the ratio of treated to control (DMSO) 3H-thymidine 

uptake.  * P-value <0.05, **P-value <0.01, *** P-value <0.001. Error bars; 

SEM. 

 

Figure 4. Bax and p21(CIP1/WAF1) response to chemotherapy. (A) Western 

blot analysis of Bax levels in H1299 p53 , H1299 p53  and H1299 vector 

control cells after treatment with 0.5 μM Dox and 0.2 μM CPT (8h). (B) 

Western blot analysis of p21 levels after treatment with 0.5 μM doxorubicin 

and 0.2 μM CPT (8h). -actin act as loading control, and the ratio of Bax or 

p21 to loading control compared to value of untreated vector control cells (set 

to 1.0) is indicated. 

 

Figure 5. Degradation of p53  and p53  protein.  (A) p53 immunoblot 

(Bp53-12) show p53  and p53  protein levels after 8 hr treatment with 20 μM 

Ara-C, 0.2 μM CPT or 0.5 μM doxorubicin (Dox) (left), and (right) ratio of 

protein levels of CPT and Dox treated cells to untreated cells (n=3 different 

immunoblots). (B) p53  and p53  protein levels after treatment with 50 nM 

proteasome inhibitor bortezomib (Bzm) or 100 μM lysosome inhibitor 

chloroquine (Chq) for 8 hrs. (C) Treatment of H1299 p53  (left) and H1299 

p53  (right) with NQO1-inhibitor dicoumarol. Quantification of protein signal 



presented as ratio of p53 to -actin in lower panel (n=2 immunoblots). -actin 

is included as a loading control. Error bars; SEM. 

 

Figure 6. Tumor growth of H1299 p53  and H1299 p53  cells. (A) H1299 

in vivo s.c. tumors were measured in 3 independent experiments. In total; 

p53 + tumors; n=17, p53 + tumors; n=17, Ctrl (tdTomato+); n=20. * P-value < 

0.05, ** P-value < 0.001, *** P-value < 0.0001. Insert (top left corner) show 

tumor measurements of tumors that were injected without matrigel. Error bars; 

SEM. (B) Immunohistochemistry of p53 (DO-7) of s.c. tumors. Top; p53-

negative vector control tumor, middle; p53 + tumor, bottom; p53 + tumor. 

Scale bar left images; 1 mm, right images; 50 μm, middle insert; 10 μm. 
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Figure 4. Bax and p21 response to 
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Abstract 

The tumor suppressor p53 isoforms p53  and p53  are proposed to correlate 

with increased survival and response to chemotherapy in acute myeloid 

leukemia. We studied the p53null leukemia cell line HL-60 following retroviral 

transduction with p53  or p53  for functional roles of p53 isoform expression. 

Stable expression was more readily accomplished in cells transduced with 

p53  than p53 , and p53  was expressed at a significantly higher protein 

level than p53 . Both isoforms increased the basal levels of p21. Furthermore, 

their expression lead to distinct morphological changes, suggesting altered 

differentiation stages. p53 + cells demonstrated significantly reduced colony 

formation, while both p53 + and p53 + cells showed a greater 

chemosensitivity to camptothecin or doxorubicin as determined by 3H-

thymidine incorporation. Both chemotherapeutics reduced the level of Bax 

protein, while p53  expressing cells demonstrated limited decrease of 

p21(CIP1/WAF1) levels after doxorubicin treatment. Interestingly, at 8 hours of 

treatment, Bax induction and increased cell death was absent, indicating that 

p53  or p53  are more prominently involved in anti-proliferation than 

apoptosis.  

 

 

 

 

 

 

 



Introduction  

In contrast to the majority of cancers, acute myeloid leukemias (AML) have 

intact TP53 in more than 90% of cases (1, 2). However, the p53 protein is 

often inactivated through the overexpression of its negative regulators, such 

as Mdm2 (3), and thereby associated with poor survival, refractory disease 

and chemoresistance (4). As current treatment involves intensive combination 

chemotherapy and bone marrow transplantation, which is poorly tolerated by 

elderly AML patients (>60 years) (5), novel strategies towards re-establishing 

functional p53 has been of particular interest (6, 7). Furthermore, the TP53 

gene can transcribe 12 different p53 isoforms through alternative splicing, 

promoter and translation initiation (8), and these are expressed in a tissue-

specific manner (9). Several of the isoforms have been found aberrantly 

expressed in various cancers (10) and the understanding of their function may 

contribute to new treatment strategies.  

 

 Recently, we found that expression of the carboxy-terminal truncated 

p53 isoforms p53  and p53  correlated to increased survival and response to 

therapy in AML patients (11). From retroviral transduction studies in the p53null 

lung carcinoma NCI-H1299 cell line we have found that p53  and p53  

sensitize these cells to chemotherapy and that chemotherapy induced p53 /  

protein degradation, most evident for p53  (E.S. et al. manuscript submitted). 

Thus, it is of great interest to further characterize the function of p53  and 

p53  isoforms in a leukemia model.  

 



 Questions have arisen over the functionality of p53 isoforms and in 

particular, whether p53  and p53  have independent functions or act in 

concert with full-length p53 (12, 13).  We therefore investigated p53  or p53  

function individually in the extensively characterized p53null French American 

British (FAB) -class M2 AML HL-60 AML cell line (14-18). We found that p53  

demonstrated reduced clonogenicity, and was swiftly degraded in cell lines 

treated with camptothecin. Compared to vector control, both p53  and p53  

showed decreased incorporation of 3H-thymidine upon treatment with 

doxorubicin and camptothecin, without altering the threshold of apoptosis. 

Morphology of cells and colonies indicated altered differentiation. Collectively, 

these data supported functional effect of p53  and p53  alone and suggests 

future prospective therapeutic targeting of p53 isoforms.  

 

Results 

HL-60 cells have bi-allelic major deletions of the p53 gene 

Since contradictory reports have questioned TP53 status in HL-60 cells (19), 

we investigated TP53 by Fluorescence In Situ Hybridization (FISH) and 

Multiplex Ligation-dependent Probe Amplification (MLPA) analysis that 

efficiently determine copy number of all exons within the TP53 gene. FISH 

showed either two (majority of cells) or one signals per cell with the TP53 

probe suggesting that at least a part of TP53 was present. This was confirmed 

by MLPA analysis demonstrating that exon 1 of TP53 was intact, while there 

was a bi-allelic deletion of exons 2 through 12. Thus, we concluded that the 

HL-60 cells are p53 deficient (data not shown).  

 



Stable expression of p53  and p53  in p53null HL-60 AML cells  

The HL-60 cells where retrovirally transduced with p53 -tdTomato, p53 -

tdTomato, full-length p53-tdTomato or tdTomato alone (vector control). 

Fluorescence activated cell sorting (FACS) of tdTomato expression allowed 

for isolation of successfully transduced cells. The cells were transduced twice, 

sorted after each transduction and re-sorted prior to each experiment to make 

sure the population of cells was p53 isoform-tdTomato+. Stable HL-60 vector 

control cells and to a lesser extent HL-60 p53 + cells were readily 

established, while HL-60 p53  cells were harder to establish due to initial 

reduced proliferation and cell death. Figure 1A shows the difference in 

percentage of tdTomato+ cells after the second transduction. Immunoblot 

confirmed expression of p53  and p53  protein, and revealed that p53  was 

expressed at a substantially lower level than p53  (Figure 1B). The basal 

level of p21(CIP1/WAF1)  was found to be increased in both p53 + and p53 + 

cells, while only minor changes were detected on Bax levels (Figure 1B, 

middle and right, respectively). HL-60 cells expressing full-length p53 could 

not be established due to cytotoxic effect of full-length p53 expression; 

however, it could be expressed in HL-60 cells that overexpressed Bcl-2 (data 

not shown). The sorted cells were transferred to a microscope slide by 

cytospin for morphological evaluation.  

 

Altered morphology following introduction of p53  and p53  

Based on previous reports of p53-induced differentiation of HL-60 cells (20), 

we examined the impact of stable p53  and p53  expression upon 

morphology by May-Grünwald Giemsa staining.  (Figure 1 C, D). Compared 



with vector control cells, both p53 +and p53 + cells had more clefted nuclei 

(approximately 10% opposed to 5%). p53 + cells had more nucleoli, while 

p53  cells had fewer, larger nucleoli, and seemed to have a greater nucleus-

to-cytoplasm ratio (>65% of cells) than p53 + and control cells (approximately 

30%) (Figure 1D). As differentiation status of myeloid cells may affect colony 

formation we evaluated clonogenic growth in a methylcellulose-based 

medium. 

 

p53  decrease HL-60 colony formation   

Colony formation assays revealed a significantly decreased colony formation 

of p53 + cells, while no significant change in the number of colonies was 

observed between control cells and p53 + cells (Figure 2A). Vector control 

cells and p53 + cells also revealed bright tdTomato fluorescence (Figure 2B 

b-d and g-i, respectively), while p53 + cells demonstrated weaker tdTomato 

fluorescence with relatively few colonies expressing bright tdTomato+ (Figure 

2B l-n). p53 + colonies (Figure 2B k, m) also appeared smaller than HL-60 

vector control colonies (Figure 2B a, c). Colonies surrounded by cells with 

cellular protrusions were found in both HL-60 p53  -and HL-60 p53 - colony 

assays (Figure 2B j, o), indicating p53 isoform effect on colony morphology. 

 

Both p53  and p53  sensitizes HL-60 cells to chemotherapy 

Given that p53  and p53  expression in HL-60 cells indicated a differentiation 

response and increased p21(CIP1/WAF1) expression, we sought to elucidate any 

aberrations in their chemotherapeutic response. The effect of the cytotoxic 

anthracycline antibiotic topoisomerase II inhibitor doxorubicin (Dox) and the 



topoisomerase I inhibitor camtothecin (CPT) were evaluated by Western blot 

analyses of p53, p21(CIP1/WAF1) and Bax levels in treated cells, in addition to 

3H-thymidin DNA incorporation assay (Figure 3A-D). The protein level of p53  

and to a lesser extent p53 , was found to decrease after CPT treatment, but 

not in response to doxorubicin therapy (Figure 3A). Furthermore, p21(CIP1/WAF1) 

and Bax levels were found to decrease in all cells after CPT treatment, 

independent of p53 and p53  expression (Figure 3B, 3C), while decrease in 

p21(CIP1/WAF1) was not noted subsequent to doxorubicin treatment in presence 

of p53  expression (Figure 3B). A 3H-thymidine DNA incorporation assay was 

performed to investigate proliferation of cells following treatment with 

doxorubicin and CPT, and significantly reduced 3H-thymidine DNA 

incorporation was found in both p53 + and p53 + compared to HL-60 vector 

control cells. Finally, p53 + cells were significantly more responsive to 

treatment than HL-60 p53  cells (Figure 3D). However, the nuclear 

morphologies of both p53 + and p53 + cells treated with CPT did not reveal 

further abnormal nuclear morphologies when compared to control cells 

(Figure 3E), suggesting that early growth inhibition by CPT does not involve 

apoptosis.  

 

 

 

 

 

 

 



Discussion  

 p53 is a thoroughly studied tumor suppressor protein in leukemia (21) 

(22), However, the function and the role of its isoforms remain poorly 

understood. p53  and p53  are found expressed in several cancers (10), and 

they are associated with both good prognosis, as found with p53  in breast 

cancer (23) and AML and p53  in AML (11), and with tumor progression as 

found with p53  in renal cell carcinoma (24). The ambiguous findings illustrate 

the need for further studies of their function and regulation. Importantly, 

relevant models to study their functions are needed.  

 

 Given the remarkable implications suggested for p53  and p53  in 

AML prognostication (11), we propose that stable isoform expression in the 

confirmed p53-defective HL-60 cells, may bear important indications of their 

functions. Although the isoforms of the p53 family are likely to have functions 

related to interactions with other family members as previously proposed  (10, 

25), we show that studies of their functionality in a p53null background indicate 

they may also have individual functions independent of full-length p53. 

 

 The finding of more clefted nuclei in p53 + and p53 + HL-60 cells, may 

suggest more monomyelocytoid morphology in these cells, which was found 

in a lesser extent in control cells. Also, the increase in cellular protrusions 

indicating substratum adherence of p53 + and p53 + cells seen in the colony 

assay (Figure 2A), may be a sign of maturation (26). Cumulatively this data 

suggests that p53  and p53  may play a role in the differentiation of 

hematopoietic cells. p53  protein was found to be expressed at significantly 



higher levels than p53  (Figure 1B), suggesting that p53  may share 

functional similarities with full-length p53 i.e. greater levels may be cytotoxic. 

Indeed, previous efforts to establish stably expressing p53 + cells have been 

unsuccessful (13). Including a fluorescent reporter system that allows sorting 

of cells has probably been crucial in establishing stable p53 + cells since only 

1.7 % of cells were successfully transduced with the p53 -tdTomato construct 

prior to the first sorting (Figure 1A). In contrast to vector control transduced 

cells, both p53  and  were less stabile, as seen by a relatively low tdTomato+ 

cell count after second sorting (Figure 1A). Thus, we propose that the 

morphological signs of differentiation seen in p53 + and p53 + cells may 

indicate that differentiation may terminate proliferation in a fraction of the cells 

resulting in a reduced population of tdTomato+ cells.  

 

 Furthermore, p53  and p53  were found to increase chemosensitivity 

in HL-60 cells as seen by decreased 3H-Thymidin DNA incorporation, which 

corresponds to decreased proliferation (Figure 3D). This is in accordance with 

our previous findings from expressing p53  and p53  in osteosarcoma cell 

line SAOS-2 (11) and lung carcinoma cell line NCI-H1299 (E.S. et al. 

submitted).  Interestingly, p53  is degraded after CPT treatment, but not Dox 

treatment (Figure 3A), which indicates a diverse response to these 

chemotherapeutics. p53 + cells also showed increased basal levels of Bax in 

addition to increased p21(CIP1/WAF1) (Figure 1B, 3C), which may influence 

proliferation and could explain the decreased colony formation observed 

(Figure 2A). At the treatment conditions tested (1 μM CPT/0.5μM Dox, 8 

hours incubation), we observed that p21(CIP1/WAF1)  was degraded in all cell 



lines (p53 +, p53 + and vector control) with CPT therapy while only p53 + 

cells did not exhibit decreased p21(CIP1/WAF1)  following Dox exposure (Figure 

3B). Bax levels were reduced subsequent to both CPT and Dox treatment 

(Figure 3C). We suggest that the decrease in p21 and Bax may be resultant 

of > 50% apoptosis in HL-60 at this time point. Performing a nuclear 

morphology cell death assay of cells treated with CPT did not reveal more 

abnormal nuclear morphology in p53 + and p53 + cells compared to control 

(Figure 3E). This suggests that the increased chemosensitivity seen by the 

reduced 3H-Thymidin DNA incorporation is not due to increased apoptosis, 

but rather implies that p53  and p53  may be involved in cell cycle arrest or 

senescence. 

 

 In future studies it will be important to further explore these implications 

of p53  and  expression on differentiation, cell cycle arrest/senescence and 

chemosensitivity. It would also be valuable to investigate if p53  and p53  

isoforms may play a role in modulation of p53 target genes known to sensitize 

cells to chemotherapy (27), such as the Apaf-1 (28), and Bid (29), and to 

investigate if the increased chemosensitivity translate from in vitro to in vivo. 
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Materials and methods 

Cell culture and reagents   

The human promyelocytic leukemia HL-60 cell line (DSMZ - Deutsche 

Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, 

Germany) was maintained at a cell density between 0.1 and 0.5  106 cells 

per ml in Roswell Park Memorial Institute (RPMI)-1640 medium (Sigma-

Aldrich, Inc. St. Louis, MO, USA) supplemented with 10% heat-inactivated 

Fetal Bovine Serum (FBS) (PAA Laboratories GmbH), 1% 

Penicillin/Streptomycin (PS) (Sigma-Aldrich) and 1% L-glutamine (Sigma-

Aldrich) at 37°C in a 5% CO2, humidified atmosphere. Cells were treated with 

0.5 μM or 1μM camptothecin  (Sigma-Aldrich) and 0.5 μM doxorubicin (Pfizer 

Inc., NY), for 8 hours. p53isoforms-tdTomato constructs were designed as 

described (E.S. et al. submitted). 

 

p53 characterization  

The HL-60 cell line has been extensively characterized and is reported to be 

without TP53 (15). However, since contradictory reports have questioned the 

TP53 status (19), we investigated TP53 by FISH and MLPA to confirm biallelic 

deletion of exon 2-12 in the HL-60 cells used in this study. Fluorescence in 

situ hybridization (FISH) analysis was performed according to manufacturers 

instruction using a LSI p53/LSI ATM probe designed to give a red signal on 



the p53 gene (17p13.1) and green signal on the ATM gene (11q22.3) (Abbott 

Laboratories, Abbott Park, Illinois, USA ). Genomic DNA from the HL-60 cells 

were purified using the DNeasy Blood and Tissue Kit (Qiagen Inc.) according 

to the manufacturer’s instructions prior to Multiplex Ligation-dependent Probe 

Amplification (MLPA) analysis. MLPA was performed to determine copy 

number of all exons within the TP53 gene, using the SALSA MLPA Kit P056-

A2 TP53 (MRC-Holland). Calculations of copy numbers were performed as 

previously described (30). 

 

Retroviral transduction of HL-60 cells 

HL-60 (p53-/-) cells made to stably express p53 , p53  and control by 

retroviral transduction with the p53 -tdTomato vector, p53 -tdTomato vector, 

and tdTomato only vector (transfection control). Production of infectious 

retroviral vector particles in HEK293-based Phoenix A packaging cells and 

infection of cells were carried out as previously described (31). 

 

Flow cytometric analysis 

1-5  106 transduced HL-60 cells were counted, washed twice in 1XPBS and 

dissolved in 1XPBS at a concentration of 5  106 cells/ml. Stably expressing 

tdTomato+ cells were isolated by a Fluorescence Activated Cell Sorter 

(FACSAria, BD Biosciences) using a 532 nm laser. TdTomato expression was 

regularly evaluated on an Accuri (Accuri Cytometers Ltd. St. Ives. Cambs UK) 

flow cytometer and cells were re-sorted if needed.  

 

 



May-Grünwald Giemsa  

HL-60 cells were spun down on a microscope slide by cytospin at 400 rpm for 

4 minutes, fixed in methanol and stained by May-Grünwald Giemsa according 

to standard protocol. Results were analyzed by standard light microscopy 

(Olympus BX51). Approximately 200 cells per slide were counted and the 

presence of clefted nuclei,  4 nucleoli and the nucleus/cytoplasma ratio of 

the cells were evaluated by blinded reading.  

 

Colony assay 

Transduced HL-60 cells were plated in triplicate at a density of 1  103 cells 

per 2 cm2 well of 0.4 ml methylcellulose-based medium (H4433 MethoCult®, 

StemCell Technologies) on a 24-well plate. 6 wells per 24 well plate were 

used, while the remaining wells were filled with 1ml of sterile 0.9 % NaCl to 

keep the MethoCult from drying out. Colonies were scored after 7 days in 

standard culturing conditions (humidified atmosphere, 37C, 5% CO2), and 

pictures were taken using a Nicon TE 2000 fluorescence microscope. 

 

Western Blot analysis 

HL-60 cells were lysed using a lysis buffer according to Shieh et al (32) before 

analysis with one-dimensional gel electrophoresis, according to standard 

procedures as described in (33).  p53 protein was detected using Bp53-12 

antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), p21 protein 

by EA10 p21 antibody (ab16767, Abcam, Cambridge, UK), bax by bax 2D2 

antibody (sc-20067, Santa Cruz Biotechnology) and beta-actin was detected 

by anti- -actin, sc-47778 (SantaCruz Biotechnology). Primary antibodies were 



followed by secondary horseradish peroxidase conjugated mouse antibodies 

(Jackson ImmunoResearch, West Grove, PA, USA). Membranes were 

visualized using Pico Stable peroxide solution and luminol enhancer solution 

(Pierce Biotechnology, Inc., Rockford, IL, USA). Protein bands were detected 

by Kodak Image Station 2000R (Eastman Kodak Company, Rochester, NY, 

USA), and quantified using the Carestream MI analysis software. Because of 

p53 ’s superior signal compared to p53 , the membrane was cut and p53  

detected separate to p53 .  

 

3H-Thymidin cell proliferation assay 

4  104 HL-60 cells were seeded in 96 well plates, treated for 24 hrs, and 3H -

thymidin (1 mCi per well; TRA310, Amersham International, Amersham, UK) 

was added the last 6 hours of the treatment period. Cells were harvested and 

DNA synthesis was determined by 3H-thymidin incorporation as described in 

(34).  Statistical analysis was performed using GraphPad PRISM (version 

5.0b, GraphPad Software, Inc., La Jolla, CA, USA) software. Groups were 

compared using paired Student’s t-test.  

 

Nuclear morphology cell death analysis  

Transduced HL-60 cells were incubated for 8 hrs with 0.5 μM Doxorubicin, 

before cells were fixed and stained with 4% formaldehyde and the DNA 

intercalating dye Hoechst 33342 (10 μg/μl) (Enzo LifE Sciences AG, Lausen, 

Switzerland). Nuclear morphology was investigated as described in ((35)).   3-

350 cells were counted in each well to determine the fraction of cells with 

abnormal nuclear morphology.  



Sequencing  

The p53 isoform–tdTomato construct was sequenced both prior to 

transduction and after transduction into HL-60 cells to confirm correct TP53 

isoform sequence as described in (E.S et al submitted). 
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FIGURE LEGENDS 

Figure 1. Basal characteristics and morphology. (A) Flow cytometry 

assisted cell sorting after second transduction. From the left; dot-plot of HL-60 

wt (not transduced) HL-60 vector control, HL-60 p53  and HL-60 p53 . Purple 

box shows percentage of tdTomato+ cells. The percentage of tdTomato+ cells 

from the first cell sorting is stated in grey box bottom right in each dot-plot. Y-

axis; tdTomato (FL-3 channel), X-axis; FSC: forward scatter. (B) Immunoblot 

of p53 (Bp53-12, left), p21 (middle) and Bax (right) of HL-60 cells transduced 

with p53 -tdTomato and p53 -tdTomato construct. Ctrl = tdTomato vector 

control. (C) May-Grünwald Giemsa stain of HL-60 vector control, HL-60 p53  

and HL-60 p53 , respectively. a=apoptosis m= mitosis, c= clefted nucleus and 

black arrow point to cells with 4 nucleolus. Scale bar: 20 μm. (D) Morphology 

features of the cells (in %). (-: negligible) (n=2). 

 

Figure 2. Colony assay. (A) Colony counts of n=3 experiments, 8 wells in 

total. The numbers of colonies in the three separate experiments have been 

normalized. Ctrl = tdTomato vector control. (B) HL-60 vector control, HL-60 

p53  and HL-60 p53  cells were grown in a methylcellulose-based medium in 

2.0 cm2 wells, and phase contrast and tdTomato images (a, b, f, g, k, l) were 

taken of the wells by combining 7x7 images to one large image. Features of 

the colonies are shown in right images c,d,h,I,m,n (top; phase contrast, 

bottom; tdTomato) and e,j,o (phase contrast). Size bars indicated in bottom 

images represents. 

 



Figure 3. Treatment response. (A) Immunoblot of CPT (1 μM, 8hrs) and 

doxorubicine (Dox) (0.5 μM, 8 hrs) treatment response on p53 levels in p53 + 

(left) and p53 + (right) HL-60 cells. GADPH act as loading control and the 

ratio of p53 or loading control with value of untreated cells set to 1.0 is 

indicated.  (B) Immunoblot of CPT (1 μM, 8hrs) and Dox (0.5 μM, 8 hrs)  

response on and p21 and (C) Bax levels level in HL60 p53 , HL-60 p53  and 

HL-60 vector control (Ctrl). The ratio of p21 or Bax to loading control with 

untreated control cells within each group set to 1.0 is indicated. (D) 3H-

Thymidin incorporation in p53 + and p53 + HL60 cells after treatment with 

both 0.1 μM CPT (left), 0.5 μM CPT (middle), and 0.5 μM Dox (right) for 8 

hours, with addition of 3H-Thymidin the last 6 hours. ** P-value < 0.01, *** P-

value <0.001. Error bars; SEM. (E) Nuclear morphology cell assay (Hoechst 

33343) showing the ratio of abnormal nuclei in treated to vehicle (DMSO)-

treated HL-60 cells counted after treatment with 0.5 μM CPT for 8 hours. Ctrl= 

tdTomato vector control. Error bars; SEM. Right image; representative image 

of HL-60 p53  cells treated with 0.5 μM CPT for 8 hours, white arrows; normal 

nuclei.  
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