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Novelty and impact: The role of nitric oxide in cancer is contentious and has been 

attributed both tumour inhibitory and promoting properties. We show that tumour-derived 

inducible nitric oxide synthase is an important mediator of tumour growth and vessel 

maturation, hence a promising therapeutic target. Moreover, the combination of intrinsic and 

extrinsic susceptibility magnetic resonance imaging provides a non-invasive biomarker of 

tumour vascular function, hence may aid assessment of response to anti-vascular therapies, 

such as iNOS inhibitors.  
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Abstract 

Nitric oxide (NO) is a free radical signalling molecule involved in various physiological and 

pathological processes, including cancer. Both tumouricidal and tumour promoting effects 

have been attributed to NO, making its role in cancer biology controversial and unclear. To 

investigate the specific role of tumour-derived NO in vascular development, C6 glioma cells 

were genetically modified to include a doxycycline regulated gene expression system that 

controls the expression of an antisense RNA to inducible nitric oxide synthase (iNOS) in 

order to manipulate endogenous iNOS expression. Xenografts of these cells were 

propagated in the presence or absence of doxycycline. Susceptibility magnetic resonance 

imaging (MRI), initially with a carbogen (95% O2 / 5% CO2) breathing challenge and 

subsequently an intravascular blood pool contrast agent, was used to assess 

haemodynamic vasculature (∆R2*) and fractional blood volume (fBV), and correlated with 

histopathological assessment of tumour vascular density, maturation and function. Inhibition 

of NO production in C6 gliomas led to significant growth delay and inhibition of vessel 

maturation. Parametric fBV maps were used to identify vascularised regions, from which the 

carbogen-induced ∆R2* was measured and found to be positively correlated with vessel 

maturation, quantified ex vivo using fluorescence microscopy for endothelial and 

perivascular cell staining. These data suggest that tumour-derived iNOS is an important 

mediator of tumour growth and vessel maturation, hence a promising target for anti-vascular 

cancer therapies. The combination of ∆R2* response to carbogen and fBV MRI can provide 

a marker of tumour vessel maturation that could be applied to non-invasively monitor 

treatment response to iNOS inhibitors.  

 

Page 2 of 30

John Wiley & Sons, Inc.

International Journal of Cancer

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

3 

 

Introduction 

Nitric oxide (NO) is an important pleiotropic signalling molecule involved in physiological and 

pathophysiological processes, and has been detected in a variety of human tumours, 

including colon, breast, prostate, and brain.1, 2 The effect of NO in tumours depends upon 

the exposure to NO in terms of duration and concentration, the intrinsic sensitivity of cells to 

NO, and the expression, activity and temporal distribution of the three nitric oxide synthases 

(NOS): neuronal (nNOS or NOS1), inducible (iNOS or NOS2), and endothelial (eNOS or 

NOS3) that catalyse the synthesis of NO from L-arginine.2 Tumour cells express iNOS and 

in some cases nNOS and eNOS, tumour-associated immune cells and stromal fibroblasts 

express iNOS, and vascular endothelial cells mainly express eNOS.3  

The effect of NO in cancer has been the cause of intense debate due to its dichotomous 

nature, with studies indicating that NO has both tumour inhibitory and promoting properties.4, 

5 iNOS has also been implicated in tumour progression and angiogenesis. In human 

cancers, such as colon adenocarcinomas,6 and central nervous system cancers,7 increased 

iNOS expression and activity was positively correlated with vascularisation and higher 

tumour grade. In human gliomas, high iNOS expression was inversely correlated with patient 

survival irrespective of the tumour grade, suggesting that iNOS expression is a negative 

prognostic factor for glioma patients.8 Overexpression of iNOS in human colon 

adenocarcinoma xenografts increased tumour growth and angiogenesis,9, 10 whereas iNOS 

overexpression in melanoma and prostate tumours induced apoptosis and delayed tumour 

growth.11, 12  

Manipulation of NO can be achieved pharmacologically with NO donors13 or NOS 

inhibitors,14 or genetically such as in iNOS knockout mice.15 NO inhibition by selective or 

non-selective NOS inhibitors can reduce tumour growth and have anti-angiogenic effects.16-

18 Moreover, the NOS inhibitor N-nitro-L-arginine (L-NNA) elicited tumour anti-vascular 

effects in a phase I clinical trial.19 However, pharmacological NOS inhibition could lead to 
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adverse systemic effects, including hypertension, sinus bradycardia and palpitation.19 

Studies with NO donors suggest a concentration-dependent role of NO, whereby low 

concentrations of NO donors inhibit tumour growth and angiogenesis, whereas high 

concentrations reduce the anti-tumour response due to interference with the host physiology 

and can affect not only tumour- but also stromal-derived NO.13 A more refined approach is 

afforded by genetic manipulation of tumour cells in which iNOS is either overexpressed10, 20 

or suppressed,21, 22 enabling the specific investigation of the effects of tumour cell-derived 

NO.  

In the present study, a novel doxycycline inducible iNOS expression system was engineered  

to robustly interrogate the role of exclusively tumour-derived iNOS on tumour growth and 

vascular development in subcutaneous C6 gliomas using in vivo MRI and ex vivo 

histopathological analysis.   
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Materials and Methods 

Cell culture  

C6 rat glioma cells (European Collection of Cell Cultures, Salisbury, UK) were maintained in 

Nutrient Ham’s F-10 (Sigma-Aldrich, Dorset, UK) medium supplemented with 2 mM L-

glutamine, 100 U/ml penicillin, 0.2 mg/ml streptomycin and 10% (v/v) fetal bovine serum.  

To achieve intrinsic, inducible inhibition of tumour-derived iNOS, C6 cells were engineered to 

include an antisense iNOS cDNA sequence combined with a tetracycline inducible system 

(pTet Off), where gene expression is controlled by doxycycline, the water soluble derivative 

of tetracycline (Supplementary Methods). Stably transfected cells (designated C6 pTet-off 

asiNOS) were grown in the presence or absence of 2 µg/ml doxycycline.  

 

Nitric oxide production 

Cells were stimulated with cytokines (10 ng/ ml TNF-α, 1000 U/ml IFN-γ) and 5µg/ml LPS. 

Nitrite production provided a proxy measure of NO synthesis determined using the Griess 

reaction.23 To detect total NO in tumour homogenates, nitrate was reduced to nitrite using 

vanadium chloride and the total nitrate plus nitrite (NOx) determined using the Griess 

reaction.24 

 

Western blot analysis 

The protein concentration of cell lysates or tumour homogenates was determined using the 

Bradford assay25 and equal amounts of protein were analysed by SDS–PAGE. iNOS 

expression was detected using a rabbit polyclonal anti-mouse iNOS antibody (M-19) (sc-

650, Santa Cruz, Heidelberg, Germany), a goat anti-rabbit horseradish peroxidase (HRP) 

(Dako Ltd., Cambridgeshire, UK), and an Immobilon Western Chemiluminescent HRP 
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substrate (GE Healthcare, Chalfont St. Giles, UK). A polyclonal anti-α-actin antibody (Sigma-

Aldrich) was used to verify equal protein loading. 

 

Animals and Tumours 

Experiments were performed in accordance with the UK Home Office Scientific Procedures 

Act 1986. Female (7 - 8 weeks old) NCr nude mice were injected subcutaneously in the 

flanks with 2 x 106 cells in 0.1 ml phosphate-buffered saline (PBS). Tumour size was 

measured using callipers and tumour volume calculated assuming an ellipsoid shape, using: 

(π/6) × L × W × D, where L, W and D are the largest orthogonal dimensions of the ellipsoid. 

Animals were given drinking water containing 5% (w/v) sucrose with or without 0.2 mg/ml 

doxycycline. Doxycycline administration started five days prior to tumour cells injection and 

was maintained until the end of the experiment. The drinking water containing sucrose ± 

doxycycline was changed every other day. Henceforth, tumours grown without doxycycline 

will be referred to as NO- tumours and tumours grown with doxycycline as NO+ tumours. 

 

Magnetic resonance imaging  

Mice bearing size-matched tumours grown in the presence or absence of doxycycline were 

anaesthetised with a 10 ml/kg intraperitoneal injection of Hypnorm (0.315 mg/ml fentanyl 

citrate plus 10 mg/ml fluanisone; Janssen Pharmaceutical, Wantage, UK), Hypnovel (5 

mg/ml midazolam; Roche, West Sussex, UK) and water (1:1:2). A lateral tail vein was then 

cannulated with a heparinised 27-gauge butterfly catheter for contrast agent administration 

during MRI. The mouse was positioned so the tumour hung within a three-turn 25 mm 

diameter surface coil for MRI using a 4.7 T Varian Unity INOVA horizontal small-bore 

imaging system.  A nose cone was positioned for breathing gas delivery, and heated air 

blown through the magnet bore used to maintain the mouse core temperature at 37°C. 
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Blood oxygen saturation was monitored using a MouseOx Pulse Oximeter (Braintree 

Scientific, Massachusetts, US).  

T2-weighted spin echo images were acquired from seven axial 1 mm thick slices positioned 

across the whole tumour, using a repetition time (TR) of 1500 ms, an echo time (TE) of 30 

ms, and a 128 x 128 matrix over a 2.56 cm field of view. Susceptibility MRI was used to 

quantify changes in the tumour MRI transverse relaxation rate R2* (s-1) caused by 

perturbations in the paramagnetic deoxyhaemoglobin (dHb) content in the blood vessels. 

Carbogen (95% O2 / 5% CO2) breathing, a hypercapnic hyperoxia challenge, was used to 

increase blood oxygenation, and to probe for localised vascular smooth muscle dilation via 

blood flow induced oxygenation changes, and hence to assess vessel function and 

maturation.26-28 Multi-gradient echo (MGRE) images were acquired from seven slices with 

TR of 450 ms, TE of 7 to 56 ms, an echo spacing of 7 ms and flip angle (α) of 45°. MGRE 

images were acquired during air and then, following a 5 minute transition period, during 

carbogen breathing.  

Air breathing was then resumed and once the mouse blood oxygen saturation had recovered 

to initial air-breathing levels, tumour fractional blood volume (fBV, %) was quantified by 

susceptibility contrast MRI, utilising ultrasmall superparamagnetic iron oxide (USPIO) 

particles as a blood pool contrast agent. USPIO particles create magnetic susceptibility 

variations close to blood vessels, increasing R2* of water in the surrounding tissue.  Their 

long intravascular half-life enables steady-state measurements of tumour R2* to be made to 

determine fBV.29  MGRE images were acquired prior to and 5 minutes after intravenous 

injection of 5.2 mgFe/kg of the USPIO contrast agent ferumoxtran (Guerbet S.A., Villepinte, 

France).  

 

MRI data analysis 

R2* maps were calculated on a voxel-by-voxel basis from MGRE image data using ImageJ and 

Matlab. Average apparent R2* relaxation rates were calculated for each slice for a region of 
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interest (ROI), defined from the associated T2-weighted image, encompassing the whole 

tumour but excluding the surrounding skin and muscle. Carbogen-induced changes in R2* 

(∆R2*CB = R2*carbogen - R2*air) were determined over the whole tumour. Tumour fBV was 

determined over the same ROI from the increase in R2* (∆R2*USPIO = R2*post-USPIO - R2*pre-USPIO) 

caused by the USPIO particles.29   

To reduce contributions from noise and from averaging over necrotic and poorly perfused 

tumour regions in the global measurement of carbogen-induced ∆R2*, a retrospective 

analysis of the intrinsic susceptibility data was performed using the calculated fBV. The 

median fBV from all tumours was applied as a threshold to define vascularised regions in the 

∆R2*CB maps, and hence measure the carbogen-induced ∆R2* that relates to vascular 

tumour tissue. 

 

Immunohistochemistry and fluorescence microscopy 

Immediately following MRI, mice were administered intraperitoneally with 60 mg/kg of the 

hypoxia marker pimonidazole hydrochloride (Hypoxyprobe, Burlington, MA, USA) in PBS. 

After 45 min mice were injected intravenously through a lateral tail vein with 15 mg/kg of the 

perfusion marker Hoechst 33342 (Sigma-Aldrich, Dorset, UK) in PBS. Tumours were 

excised after 1 min and snap-frozen. For each tumour, three acetone-fixed cryosections (10 

µm) were visualized for Hoechst 33342 uptake by fluorescence microscopy at 365 nm using 

a motorized scanning stage (Prior Scientific Instruments, Cambridge, UK) attached to a 

BX51 microscope (Olympus Optical, London, UK) driven by CellP (Soft Imaging System, 

Munster, Germany) to record composite digital images of whole tumour sections. The same 

sections were then processed for the formation of pimonidazole adducts, using 

Hypoxyprobe-1 plus FITC-conjugated mouse monoclonal antibody (1/1000) and recorded at 

450-490 nm using the same stage coordinates. To assess endothelial and perivascular cell 

content, additional sections were stained with rat monoclonal anti-mouse CD31 antibody 

[MEC 7.46] (1/50, ab7388, Abcam, Cambridge, UK), biotinylated goat anti-mouse 
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immunoglobulin (IgG) (1/300, Vector Laboratories, Peterborough, UK) and Fluorescein 

Avidin D (1/250, Vector Laboratories), and subsequently, with rabbit polyclonal antibody 

against smooth muscle actin (α-SMA, 1/200, ab5694, Abcam) and Alexa-Fluor 546 goat anti-

rabbit secondary antibody (1/1000, Invitrogen, Paisley, UK). Non-immune mouse and rabbit 

IgG antibodies were used in the same concentration with CD31 and α-SMA antibodies 

respectively, to be used as negative isotype controls. Fluorescein Avidin D was detected at 

495-515 nm and Alexa-Fluor 546 at 556-573 nm and composite images were recorded.  

Post-processing was performed on composite digital images using CellP or ImageJ software 

30. ROIs encompassing the whole tumour sections were defined and fluorescent particles 

detected above a constant across all sections colour threshold, which was higher than 

background fluorescence as defined from the negative control stained tumour sections. The 

area of the tumour section with Hoechst 33342, pimonidazole adduct, CD31 or α-SMA 

fluorescence was determined and expressed as a percentage of the whole tumour section, 

and for each tumour the average across three slices was determined.  

 

Haematoxylin and eosin staining 

Frozen tumour sections were stained with haematoxylin and eosin (H&E) and visualized 

under light microscopy using the same system as for the detection of fluorescence. 

Composite images of whole tumour sections were recorded and ROIs drawn around all 

necrotic foci using ImageJ. For each tumour, necrosis was expressed as a percentage 

averaged across three slices. 

 

VEGF ELISA 

Culture medium was collected when confluent from 3cm dishes 72 h after seeding and 

analysed for VEGF expression using a rat VEGF ELISA kit (PeproTech, London, UK) 

according to manufacturer’s instructions. VEGF expression was also measured in tumour 
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homogenates. Values were normalized to the protein concentration of cells or tumours, 

determined using the Bradford assay.25 

 

Statistical analysis 

Results are presented as mean ± 1 standard error of the mean (SEM) with significance 

testing at a 5% confidence level. Student’s unpaired t-test was used to compare two groups, 

whereas repeated measures ANOVA with Bonferroni’s Multiple Comparison post-test was 

used to compare multiple groups. 
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Results 

Generation of a switchable system for iNOS expression in C6 glioma cells 

The basal expression of iNOS and the synthesis of NO by the C6 pTet-off asiNOS cells in 

the presence or absence of doxycycline were barely detectable. Stimulation of C6 pTet-off 

asiNOS with cytokines and LPS for two days in the presence of doxycycline (designated 

NO+) resulted in the increased expression of iNOS and a two-fold increase in the production 

of NO as determined by nitrite. In the absence of doxycycline (designated NO-), an antisense 

iNOS RNA was expressed, which blocked the stimulated expression of iNOS and inhibited 

the production of NO (Figure 1). Reduced iNOS expression did not affect the growth 

properties of cells in vitro. Growth rates of the cells, determined by measuring cell 

proliferation and death over 5 days, were the same in the presence or absence of 

doxycycline (Supplementary Figure 1).  

 

In vivo investigation of NO manipulation on tumour growth 

Endogenous iNOS protein was expressed in C6 pTet-off asiNOS tumours grown in animals 

drinking doxycycline. However, iNOS expression was limited in tumours grown without 

doxycycline (Figure 2A). Decreased iNOS expression led to a reduction in NO production. 

Nitrite production was similar in tumours grown in the presence or absence of doxycycline 

(data not shown). However, nitrite is an unstable product and can be further oxidized to 

nitrate. NOx (nitrite plus nitrate) production was reduced (3.5-fold) in NO- tumours compared 

with NO+ tumours (Figure 2B). NO- tumours had significantly reduced growth rates 

compared with the NO+ tumours. The mean tumour volume at 46 days post-inoculation was 

approximately half in the absence of NO compared with its presence (Figure 2C).  
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Effects of NO down-regulation on tumour vascular development   

Mice bearing size-matched tumours were selected for MRI. There was no significant 

difference in mean tumour volume between NO+ (632 ± 192 mm3) and NO- (554 ± 65 mm3) 

cohorts at the time of imaging, which was 46 ± 4 days (post-inoculation) for the NO+ and 54 

± 1 days for the NO- tumours. Representative T2-weighted images and parametric maps of 

baseline R2*, fBV and carbogen-induced ∆R2* from both tumours cohorts are shown in 

Figure 3A. No significant differences were found between the R2* determined during air 

breathing prior to carbogen challenge (R2*air), and those prior to administration of USPIO 

particles (R2*pre-USPIO). All mice responded to carbogen breathing with an increase in blood 

oxygen saturation of 3.9 ± 2.5% in the NO- group and 5.2 ± 1.8% in the NO+ group. 

Carbogen induced a negligible change in R2* averaged over the whole tumour in both 

cohorts. NO- tumours exhibited a significantly higher overall fBV compared with the NO+ 

tumours (Figure 3B). For tumour regions selected with vascular volume greater than the 

overall median, there was no difference in fBV between the two cohorts (Figure 3C). 

However, for these regions the intrinsic susceptibility MRI data revealed a significantly 

greater reduction in R2* with carbogen breathing in NO+ compared with NO-tumours (Figure 

3D).  Thus, a smaller ∆R2*CB response was observed in the NO- tumours in regions with 

similar fBV to NO+ tumours.  

Representative histological images from both tumour groups are shown in Figure 4. The 

Hoechst 33342-perfused area was significantly higher in the NO- tumours compared with 

NO+ tumours (Figure 5A). The degree of hypoxia was similar between the two groups 

(Figure 5B). The extent of necrosis was significantly higher in the NO+ compared with the 

NO- tumours (Figure 4B and 5C). The endothelial cell content of NO- tumours was 

significantly higher than in tumours with NO (Figure 5D). Conversely, the perivascular cell 

content was almost double in NO+  compared with NO- tumours (Figure 5E). The fraction of 

mature vessels,  quantified using the ratio of α-SMA stained area versus the CD31 stained 

area, was significantly higher in NO+ compared with NO- tumours (Figure 5F).  
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Effect of iNOS down-regulation on VEGF production  

In stimulated cells, the presence of NO led to a 3-fold increase in VEGF production 

compared with the absence of NO (Figure 6A). In the absence of NO, stimulation did not 

affect VEGF synthesis. Moreover, when NO was produced, stimulation increased VEGF 

production by 1.7-fold. In tumour homogenates, the decreased NO production did not modify 

VEGF expression (Figure 6B). 
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Discussion 

In the present study, a novel tetracycline inducible iNOS expression system was generated 

in order to exclusively investigate the role of tumour cell-derived iNOS on tumour growth and 

angiogenesis. In this system, the expression of antisense iNOS by the tumour cells was 

repressed when doxycycline was added to the cell culture medium or to the drinking water of 

tumour-bearing animals, and hence the expression of iNOS was maintained at basal 

endogenous levels. In the absence of doxycycline, an antisense iNOS RNA was expressed, 

which in turn blocked the expression tumour cell-derived iNOS. Some expression was still 

evident in the micro-environment of these tumours, presumably arising from accessory cells 

from the host such as macrophages, fibroblasts and endothelial cells, known additional 

sources of iNOS.31 MRI was performed in vivo to non-invasively assess tumour vascular 

function, and compared with ex vivo histopathology.  

In designing this Tet-inducible tumour model, we chose an antisense iNOS approach rather 

than an overexpression model, because iNOS overexpression could result in non-

physiological concentrations of NO, which in turn could lead to non-specific effects on both 

tumour and host. For example, high NO concentration could result in accumulation of 

cytotoxic molecules, such as superoxide, hydrogen peroxide, peroxynitrite, and hydrogen 

cyanide.32, 33 Moreover, high concentrations of NO can lead to vascular 'steal' effects, which 

involve the redistribution of blood away from the tumour, as a result of NO-mediated 

systemic vasodilation.34, 35 By using an antisense iNOS approach rather than an 

overexpression genetically modified model, non-specific effects on both tumour and host can 

be avoided. The Tet Off regulation system offers the advantage of using the transfected cells 

themselves as internal controls, as the gene of interest in these cells is silenced in the 

presence of doxycycline.36 Constitutive expressing systems in which the gene of interest is 

always expressed demand the use of mock transfected cells as control, which may lead to 

clonal variation complicating the results.37  
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In our C6 inducible glioma model, suppression of tumour cell-derived NO reduced the 

tumour growth rate. Pharmacological iNOS inhibitors, such as 1400W and BYK191023, have 

been shown to reduce the progression of subcutaneous and intracranial human glioma 

xenografts in mice,8 and systemic iNOS inhibition with L-NAME reduced growth and induced 

significant necrosis in orthotopic C6 rat gliomas.38 Similarly, C6 tumours constitutively 

expressing antisense iNOS grew significantly slower compared with wild type.22 Additionally, 

constitutive expression of iNOS in human DLD1 colon cancer xenografts resulted in 

increased tumour growth.10, 20 Our study suggests that differences in tumour growth between 

wild type and genetically engineered iNOS knockout C6 tumours reported in previous 

studies21, 22 are specifically due to the effects of tumour-derived NO on tumour growth, and 

not a consequence of clonal variation on the growth rates between wild type and transfected 

cells. 

The mechanism(s) by which the expression of iNOS in tumour cells promotes growth is still 

unclear; increased proliferation, enhanced migration and invasion, increased angiogenesis 

due to VEGF upregulation.6, 10, 39 In the present study, the reduced growth observed in NO-

deficient tumours was due neither to changes in the cell’s inherent ability to divide (no 

difference in in vitro growth) nor reduced VEGF production. Tumour VEGF expression was 

similar for NO- and NO+ tumours. Similarly, reduced iNOS expression in C6 cells 

constitutively expressing antisense iNOS did not correlate with decreased VEGF expression 

compared with wild type tumours.22 Since the confounding factor of clonal variability has 

been avoided, our results suggests that in C6 tumours VEGF production is not reliant on the 

production of NO and that NO is involved in VEGF-independent mechanisms enhancing 

tumour growth. 

iNOS activity could promote tumour growth by maintaining tumour blood vessel tone and 

function.2 Cullis et al showed that iNOS overexpression increases tumour growth, 

functionally perfused vasculature and angiogenesis.9 Whittle et al  reported that NOS was 
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expressed in orthotopic C6 rat brain tumours, and that NO-mediated mechanisms 

contributed to regulation of tumour blood flow and vessel dilatation.40 In the same model, 

systemic NOS inhibition with L-NAME caused a greater reduction in tumour blood flow 

compared with normal brain. In a similar C6 model, NOS was found to regulate tumour blood 

flow 41. In a previous study of subcutaneous C6 tumours with limited iNOS expression there 

was reduced tumour growth due to a dysfunctional vascular network and impaired tumour 

perfusion.22 In our C6 inducible model, NO- tumours appeared to have a better vascular 

supply, as indicated by the significantly higher fBV, increased perfusion and higher 

microvessel density, compared with NO+ tumours. However, NO+ tumours were more 

necrotic compared with NO- tumours; hence, the fraction of viable tissue was higher in the 

latter. This is in agreement with a study in GH3 prolactinomas, which showed a correlation 

between low fBV and increased necrosis, as necrotic areas are devoid of blood vessels.42 In 

contrast, in the study by Kostourou et al, NO-deficient tumours, despite their slower growth 

rate, had lower fBV and were more necrotic with less viable tissue compared with wild type 

C6 tumours, while vessel density was similar.22 The present study, by using the Tet Off 

inducible system to manipulate NO production in a single cell line, overcomes the effects of 

clonal variation on tumour vascular characteristics experienced in previous studies, hence 

more accurately provides a measure of how endogenous tumour-derived NO affects growth 

and vascular development. Increased necrosis in our faster-growing NO+ tumours is 

consistent with them outgrowing their blood supply and rate of new vessel development, 

leading to nutrient and oxygen deprivation and ultimately cell death. 

Tumour vascular maturation, manifested by perivascular cell recruitment, can be detected by 

comparing susceptibility MRI in response to hypercapnic gas challenges with carbogen and  

with air-CO2 (95% air and 5% CO2); which utilizes the ability of mature vessels to dilate in 

response to elevated levels of CO2.
43

 In the present study we have used susceptibility MRI in 

response to hypercapnic hyperoxia to assess CO2-reactivity in well vascularised regions 

determined by susceptibility MRI with a blood pool contrast agent. Combining spatial 
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information from both the carbogen breathing response and the measurement of vascular 

volume provides a better assessment of vascular characteristics than do the separate 

measurements.44, 45 We have now demonstrated that in regions of similar vascular volume, 

the NO+ tumours had a greater ∆R2* response to carbogen compared to the NO- tumours, 

which was correlated with a higher perivascular cell content and fraction of mature vessels. 

Thus, our study suggests a more mature and functional vascularity in the presence of NO 

and highlights the importance of tumour-derived NO in vessel maturation. Studies have 

shown that NO produced by eNOS in vascular endothelial cells plays a crucial role in vessel 

maturation by promoting perivascular cell recruitment. In B16 murine melanomas, reduction 

of NOS expression via NO blockade resulted in decreased perivascular cell coverage.46 

Ischaemic limbs of eNOS–/– mice also presented reduced perivascular cell coverage.47 

However, in our study the effect of NO on vessel maturation is mediated by iNOS, rather 

than eNOS, as NO production was modulated by specifically regulating iNOS expression. 

In conclusion, NO derived from iNOS expressed by tumour cells plays a crucial role in the 

development of our C6 iNOS-inducible tumours, as not only does it promote tumour growth, 

but it is also involved in the recruitment of perivascular cells during the maturation of the 

neovasculature at the later stages of angiogenesis. These findings reinforce the concept of 

iNOS as a target for anti-vascular therapy of cancer. Our study also highlights the ability of 

susceptibility MRI to non-invasively investigate tumour vasculature and detect differences in 

tumour vascular phenotype induced by NO, indicating that a combined fBV and carbogen-

induced ∆R2* analysis may provide a non-invasive biomarker of tumour vascular maturation.  
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Figure legends  

Figure 1 In vitro characterization of C6 pTet-off asiNOS cells in the presence and 

absence of doxycycline.  

Cells were treated for 4 days with 2 µg/ml doxycycline. For the last 2 days, cells were also 

stimulated with cytokines (10 ng/ml TNF-α, 1000 U/ml IFN-γ) and 5 µg/ml LPS. A: iNOS (131 

kDa) expression determined by western blot. The integrated density of the individual bands 

for iNOS was corrected using α-actin (42 kDa). Results are mean +1 SEM of three separate 

experiments (**P < 0.01). B: Nitrite production. Results are the mean +1 SEM of three 

separate experiments performed in triplicate (***P < 0.001).  

 

Figure 2 In vivo characterization of control and doxycycline treated C6 pTet-off 

asiNOS xenografts.   

Cells (2 x 106) were injected into the flanks of nude mice. Mice were given 0.2 mg/ml 

doxycycline in 5% (w/v) sucrose (+dox, n = 5) or 5% (w/v) sucrose alone (-dox, n = 4) in the 

drinking water ad libitum. A: Western blot of tumour homogenates and the mean box plot 

distributions of the integrated densities of the individual bands for iNOS corrected using α-

actin, showing that doxycycline regulates iNOS expression (*P < 0.05). B: NOx production 

by tumours determined in homogenates. Results are the mean +1 SEM of triplicate 

measurements made from all tumours in each group (*P < 0.05, Unpaired t-test on the 

transformed data (Y=Log(Y)). Note: Logarithmic transformation was used to normalize the 

skewed data. C: Mean tumour growth curves for C6 iNOS-inducible NO- (n = 6) and NO+ (n 

= 5) tumours, showing that reduced iNOS expression delays tumour growth (day 46: *P < 

0.05). 

 

Figure 3 Effects of NO down-regulation on tumour vascular development as 

determined by MRI of C6 pTet-off asiNOS xenografts.  

A: Representative T2-weighted images, parametric maps of baseline R2*air, fractional blood 

volume (fBV) and ∆R2*CB in response to carbogen, from the central tumour slice. ROIs 
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encompassing the whole tumour volume are demarcated on the T2-weighted images. B,C,D: 

Box plot distributions of the median fBV values measured over the whole tumour volume (B), 

and the median fBV values (C) and the median ∆R2*CB values (D) in regions where fBV is 

higher than the median fBV value of all the data, of NO- (n = 4) or NO+ (n = 5) tumours (*P < 

0.05).  

 

Figure 4 Histological assessment of the vasculature of C6 pTet-off asiNOS xenografts 

in the absence or presence of doxycycline.  

A: RGB images are composite images from frozen whole tumour sections stained with the 

perfusion marker Hoechst 33342 and the hypoxia marker pimonidazole. Hoechst 33342 

perfused tumour blood vessels fluoresce blue, and areas of pimonidazole adducts fluoresce 

green. B: H&E-stained sections indicating necrotic regions (arrows). C: RGB images are 

composite images from frozen sections stained with the endothelial cell marker CD31, 

detected using a biotinylated goat anti-rat IgG attached to Fluorescein Avidin D that 

fluoresces green, and the perivascular cell marker α-SMA, detected using an Alexa-546-

conjugated secondary antibody that fluoresces red. Scale bar is 1 mm. 

 

Figure 5 Quantification of histological markers of tumour vasculature for C6 pTet-off 

asiNOS xenografts.  

A: Hoechst 33342 perfused area, B: Pimonidazole adduct area, C: Necrotic area, D: 

Endothelial cell content (CD31 stained area), E: Perivascular cell coverage (α-SMA stained 

area), and F: fraction of mature vessels (α-SMA/CD31 ratio) of C6 iNOS-inducible NO- and 

NO+ tumours. Results are means +1 SEM of three sections per tumour for n = 4 in the NO- 

and n = 5 in the NO+ group (*P < 0.05, **P < 0.01). 
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Figure 6 Investigation of the effect of NO synthesis on VEGF expression in vitro and 

in vivo. 

 A: VEGF production in conditioned medium from C6 pTet-off asiNOS cells treated with 

2µg/ml doxycycline for 5 days.  For the last 3 days, cells were also stimulated with cytokines 

(10 ng/ml TNF-α, 1000 U/ml IFN-γ) and 5 µg/ml LPS. Results are means + 1 SEM of three 

separate experiments in duplicate (*P < 0.05, **P < 0.01). B: VEGF expression in C6 iNOS-

inducible tumour homogenates. Tumours derived from animals provided with drinking water 

containing 0.2 mg/ml doxycycline in 5% (w/v) sucrose (NO+, n = 4) or 5% (w/v) sucrose 

alone (NO-, n = 5). Results are means +1 SEM of triplicate measurements made from all 

tumours in each group.  
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In vivo characterization of control and doxycycline treated C6 pTet-off asiNOS xenografts.  
Cells (2 x 106) were injected into the flanks of nude mice. Mice were given 0.2 mg/ml doxycycline in 5% 
(w/v) sucrose (+dox, n = 5) or 5% (w/v) sucrose alone (-dox, n = 4) in the drinking water ad libitum. A: 

Western blot of tumour homogenates and the mean box plot distributions of the integrated densities of the 
individual bands for iNOS corrected using α-actin, showing that doxycycline regulates iNOS expression (*P < 

0.05). B: NOx production by tumours determined in homogenates. Results are the mean +1 SEM of 
triplicate measurements made from all tumours in each group (*P < 0.05, Unpaired t-test on the 

transformed data (Y=Log(Y)). Note: Logarithmic transformation was used to normalize the skewed data. C: 
Mean tumour growth curves for C6 iNOS-inducible NO- (n = 6) and NO+ (n = 5) tumours, showing that 

reduced iNOS expression delays tumour growth (day 46: *P < 0.05).  
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Effects of NO down-regulation on tumour vascular development as determined by MRI of C6 
pTet-off asiNOS xenografts.  

A: Representative T2-weighted images, parametric maps of baseline R2*air, fractional blood volume (fBV) and 
∆R2*CB in response to carbogen, from the central tumour slice. ROIs encompassing the whole tumour 

volume are demarcated on the T2-weighted images. B,C,D: Box plot distributions of the median fBV values 
measured over the whole tumour volume (B), and the median fBV values (C) and the median ∆R2*CB values 
(D) in regions where fBV is higher than the median fBV value of all the data, of NO- (n = 4) or NO+ (n = 5) 

tumours (*P < 0.05).  
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Histological assessment of the vasculature of C6 pTet-off asiNOS xenografts in the absence or 
presence of doxycycline.  

A: RGB images are composite images from frozen whole tumour sections stained with the perfusion marker 

Hoechst 33342 and the hypoxia marker pimonidazole. Hoechst 33342 perfused tumour blood vessels 
fluoresce blue, and areas of pimonidazole adducts fluoresce green. B: H&E-stained sections indicating 
necrotic regions (arrows). C:RGB images are composite images from frozen sections stained with the 

endothelial cell marker CD31, detected using a biotinylated goat anti-rat IgG attached to Fluorescein Avidin 
D that fluoresces green, and the perivascular cell marker α-SMA, detected using an Alexa-546-conjugated 

secondary antibody that fluoresces red. Scale bar is 1 mm.  
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Quantification of histological markers of tumour vasculature for C6 pTet-off asiNOS xenografts.  
A: Hoechst 33342 perfused area, B: Pimonidazole adduct area, C: Necrotic area, D: Endothelial cell content 
(CD31 stained area), E: Perivascular cell coverage (α-SMA stained area), and F: fraction of mature vessels 

(α-SMA/CD31 ratio) of C6 iNOS-inducible NO- and NO+ tumours. Results are means +1 SEM of three 
sections per tumour for n = 4 in the NO- and n = 5 in the NO+ group (*P < 0.05, **P < 0.01).  

 
116x71mm (300 x 300 DPI)  

 

 

Page 30 of 30

John Wiley & Sons, Inc.

International Journal of Cancer

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

Investigation of the effect of NO synthesis on VEGF expression in vitro and in vivo.  
A: VEGF production in conditioned medium from C6 pTet-off asiNOS cells treated with 2µg/ml doxycycline 
for 5 days.  For the last 3 days, cells were also stimulated with cytokines (10 ng/ml TNF-α, 1000 U/ml IFN-
γ) and 5 µg/ml LPS. Results are means + 1 SEM of three separate experiments in duplicate (*P < 0.05, **P 

< 0.01). B: VEGF expression in C6 iNOS-inducible tumour homogenates. Tumours derived from animals 
provided with drinking water containing 0.2 mg/ml doxycycline in 5% (w/v) sucrose (NO+, n = 4) or 5% 
(w/v) sucrose alone (NO-, n = 5). Results are means +1 SEM of triplicate measurements made from all 

tumours in each group.  
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