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Abstract. The expression of vascular endothelial growth 
factor (VEGF) is regulated by microenvironmental factors 
within the tumors, such as hypoxia, free radicals, pH imbal-
ance and nutrient deficiency. The purpose of this study was 
to observe VEGF activity in tumor cells under different stress 
conditions. A plasmid was generated, consisting of green fluo-
rescent protein (GFP) fused to a 1,217‑bp sequence, which was 
located downstream and upstream of the transcriptional start 
site of VEGF, respectively. The plasmid was stably transfected 
into 4T1 mouse breast carcinoma cells. Cells were cultured in 
a medium with nitric oxide (NO) donor sodium nitroprusside 
(SNP), hypoxia‑mimetic agent deferoxamine mesylate (DFX), 
H2O2, absence of serum and lowered or elevated pH, or were 
heat‑shocked, followed by measurement of VEGF activity by 
reverse transcription polymerase chain reaction (RT‑PCR) and 
ELISA. Hypoxia, SNP and H2O2 led to increments of VEGF 
mRNA and protein expression, as well as of GFP expression. 
The pH alterations, serum deprivation and heat shock reduced 
VEGF mRNA expression, but had little effect on GFP expres-
sion. The results demonstrated that VEGF expression may be 
influenced by a number of microenvironmental factors and 
these factors may play important roles in regulating VEGF 
expression during tumorigenesis.

Introduction

The growth and metastasis of solid tumors depends on angio-
genesis, the process by which new blood vessels are formed 
from preexisting vessels. It has been demonstrated that without 
adequate vasculature, tumor growth is restricted to a maximum 
of 2 mm in diameter and these nutrient and oxygen‑deprived 
tumors may shrink or disappear  (1‑3). An adequate blood 

supply suppresses the activation of signaling pathways that 
lead to apoptosis and prevents other forms of necrosis, thus 
contributing to overall tumor growth and expansion (4). Tumor 
angiogenesis may be initiated when the tumor consists of only 
100‑300 cells or is ~0.1 mm in diameter (5) and the density of 
microvessels in the tumor is closely associated with malignant 
potential, metastasis and recurrence  (1‑3). The growth and 
maturation of new vessels is highly dependent on vascular 
endothelial growth factor (VEGF) signaling, which promotes 
endothelial cell proliferation and migration (6). VEGF is a 
secreted growth factor that binds to its transmembrane recep-
tors VEGFR‑1/fms‑related tyrosine kinase‑1 (FLT‑1) and 
VEGFR‑2/fetal liver kinase‑1(FLK‑1)/KDR (6,7) leading to the 
activation of intracellular signaling cascades and ultimately to 
the activation of proliferation‑related genes (8). It was previ-
ously reported that VEGF expression is closely associated with 
the metastatic potential of breast tumors (9) and VEGF has 
emerged as a central target of anticancer therapies (10,11).

VEGF expression in tumors is regulated in part by 
oxygen tension, in  vivo and in  vitro. Hypoxic conditions 
within the tumors promote VEGF transcription and increase 
the stability of VEGF mRNA  (12). The hypoxia‑induced 
activation of VEGF is directly regulated by the transcription 
factor hypoxia‑inducible factor‑1 (HIF‑1), which binds to the 
hypoxia‑response element (HRE) located in the 5'‑flanking 
region of the VEGF gene (13,14). In this study the question 
was raised whether other physiological stresses in the tumor 
environment, such as nutrient deficiency, pH imbalance, free 
radicals and heat, affect VEGF expression. A green fluores-
cent protein (GFP) reporter plasmid driven by a mouse VEGF 
promoter fragment was constructed and its activation in 4T1 
mouse breast carcinoma cells under cellular stress conditions 
was monitored. Additionally, the expression of endogenous 
VEGF mRNA and protein was measured, as well as activation 
of the VEGF transactivating protein hypoxia‑inducible factor 
1α (HIF‑1α) in stressed 4T1 cells. We observed that nitric 
oxide (NO) donor sodium nitroprusside (SNP) and hydrogen 
peroxide positively regulated VEGF transcription levels 
and that VEGF expression was reduced under conditions of 
serum deprivation, pH imbalances and high temperatures. 
Furthermore, the non‑equivalent activity of the endogenous 
and transgenic promoters in response to certain microenvi-
ronment perturbations suggests that VEGF contains multiple 
stress‑responsive elements that interact in complex ways. 
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Therefore, VEGF transcription and translation in carcinoma 
cells is affected by a wide array of cell stressors and these 
factors may be important determinants of VEGF expression 
within tumors.

Materials and methods

Isolation of VEGF promoter and construction of the 
reporter plasmid. The 4T1 mouse breast cancer cell line 
was obtained from the American Type Culture Collection 
(ATCC; Manassas, VA, USA). The sequence from nucleo-
tide ‑1,217 to ‑1 in the 5' non‑coding region of the VEGF 
locus (mVP) was amplified from 4T1 genomic DNA by 
polymerase chain reaction (PCR) using Platinum® Taq DNA 
polymerase (Life Technologies, Rockville, MD, USA) and 
the following oligonucleotide primers (synthesized based 
on the published sequence at GenBank, accession number 
U41383) (15): 5'‑ccgctcgagcgggaaccgtaagcc‑3' (forward) and 
5'‑cccaagcttgggaccggtaacagc‑3' (reverse) in a PT‑220 thermo-
cycler (Bio‑Rad, Hercules, CA, USA). The PCR conditions 
were 94˚C for 5 min, followed by 35 cycles at 94˚C for 30 sec, 
55˚C for 1 min, 68˚C for 2.5 min and 68˚C for 7 min. The 
PCR product was purified with the High Pure PCR Product 
Purification kit (Roche Diagnostics, Indianapolis, IN, USA) 
and ligated into the enhanced GFP‑1 plasmid (pEGFP‑1; 
Clontech Laboratories, Inc., Mountain View, CA, USA) with 
XhoI and HindIII restriction enzymes to yield pmVP‑EGFP. 
Restriction enzyme analysis and DNA sequencing were 
applied to verify the validity of the construct.

Cell cultures and transfections. The 4T1 cells were cultured 
in RPMI‑1640  medium (pH 7.0; Life Technologies) with 
10% fetal bovine serum, 100 U/ml penicillin and 100 g/l 
streptomycin at 37˚C with a constant 5% CO2. Approximately 
2x105 cells were plated on 3.5‑cm petri dishes and allowed to 
grow overnight to 60‑70% confluence prior to being transfected 
with 1.5 µg pmVP‑VEGF plasmid DNA in 5 µl Opti‑MEM 
Reduced Serum medium (Life Technologies). The cells 
were trypsinized 48 h post‑transfection and seeded in 10‑cm 
dishes containing standard growth medium supplemented 
with 200‑400 µg̸ml G418 (Life Technologies). Subsequently, 
resistant colonies were grown in the presence of 100 µmol̸l of 
deferoxamine mesylate (DFX; Sigma, St. Louis, MO, USA) to 
induce GFP expression. After 12 h, the cells were trypsinized 
for flow cytometric (FCM) analysis and the colonies with the 
highest GFP expression were maintained and used throughout 
the series.

mVEGF activity in vivo. To measure mVEGF activity in vivo, 
5x103 pmVP‑EGFP‑expressing 4T1 cells were injected subcu-
taneously into the ears of BALB̸c mice. Under the control of 
the VEGF promoter, GFP expression reflected VEGF activity 
in tumor in vivo. Since the ears of mice are semi‑transparent, 
the tumor cells expressing GFP were readily visualized under 
epifluorescent illumination. The observations were performed 
on days 1, 5 and 8.

In vitro microenvironment assays. PmVP‑EGFP‑transfected 
4T1 cells (1x105) were seeded in 24‑well plates and challenged 
with SNP (Sigma), DFX, H2O2, elevated or lowered pH, serum 

starvation or heat shock as follows: SNP (0, 0.5, 1, 1.25, 1.5, 
1.75 or 2 mmol/l) was added to the medium for 24 h; DFX 
(0, 25, 50 75, 100, 125 or 150 µmol/l) was added for 24 h; H2O2 
(0, 0.125, 0.25, 0.5 or 1 mmol/l) was added for 12 h. Other 
cultures were grown in a growth medium of pH 6.3, 6.8 or 7.4 
for 24 h; a serum‑deprived medium for 24 or 36 h; or were 
heated to 40 or 42˚C for 15 or 30 min and then returned to 
37˚C for 24 h. After culturing, the cells were trypsinized and 
subjected to FCM or RT‑PCR analysis, or the supernatant of 
the media was collected for ELISA analysis. Each treatment 
was repeated in duplicate.

RT‑PCR and ELISA. Total RNA was extracted from cultures 
with TRIzol reagent (Life Technologies). Following denatur-
ation in RNase‑free water for 10 min at 70˚C, 1 µg of total 
RNA was reverse transcribed using the Reverse Transcription 
system (Promega, Madison, WI, USA) and primers with 
random sequences in a total volume of 20 µl. VEGF and 
HIF‑1α were then amplified from the first‑strand cDNA using 
the following primer sets: VEGF, 5'‑catcttcaagccgtcctgtgt‑3' 
(forward) and 5'‑ctccagggcttgatggttaca‑3' (reverse); HIF‑1α, 
5'‑gaaatggcccagtgagaaac‑3' (forward) and 5'‑tatcgaggctgt-
gtctg‑3' (reverse). qPCR amplification was performed in an 
Opticon 2 thermal cycler (Bio‑Rad) using SYBR‑Green I 
(Takara Bio Inc., Otsu, Japan). β‑actin was amplified as an 
internal control for each experimental condition. The level of 
VEGF and HIF‑1α mRNA relative to β‑actin, ∆Ct, was deter-
mined and the fold change in expression was calculated as 
2‑∆∆Ct. To measure the concentration of VEGF secreted from 
4T1 cultures, the supernatants were collected at the end of the 
stress period and the VEGF protein level in the media was 
determined using a mouse VEGF Quantikine Colorimetric 
Sandwich ELISA kit (R&D Systems, Minneapolis, MN, 
USA). All experiments were perfomed in triplicate.

FCM. FCM was applied to measure GFP expression in 
pmVP‑EGFP‑expressing 4T1 cells. The cell colonies were 
dissociated with trypsin and subjected to FCM analysis to 
determine the mean fluorescence intensity in each experiment.

Statistical analysis. Statistical analyses were performed 
using SPSS software version 11.0 (SPSS, Chicago, IL, USA). 
Data were expressed as mean ± standard error of the mean 
and analyzed by one‑way ANOVA. P<0.05 was considered to 
indicate a statistically significant difference.

Results

pmVP‑GFP expression is induced in mouse tumors. The 
present study was initiated by generating a GFP reporter 
construct driven by a DNA fragment isolated from the upstream 
region of the transcriptional start site of VEGF (pmVP‑GFP). 
The sequence from position ‑1,217 to ‑1 in the 5' non‑coding 
region of VEGF contains binding sites known to be critical 
for VEGF expression, including three activator (AP)‑1 sites, 
two AP‑2 sites, a trans‑acting transcription factor 1 (SP1) 
site, two nuclear factor‑κB (NFκB) binding sites and an 
HRE (15). To determine whether this fragment is sufficient 
to drive the GFP expression in a pattern resembling endog-
enous VEGF, 4T1 mouse breast carcinoma cells were stably 
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transfected with pmVP‑GFP and implanted subcutaneously 
(5x103 cells) into the ears of BALB/c mice (Fig. 1). Since the 
ears of these mice were semi‑transparent, the ensuing tumor 
was readily visualized. After 5 days the tumor was identified 
as a non‑transparent region ~0.59 mm in diameter (Fig. 1C) 
and by day 8 the tumor had increased in size (0.82 mm in 
diameter) and density (Fig. 1E). Under epifluorescent illumi-
nation, GFP fluorescence was observed within the core region 
of the tumor (Fig. 1B, D and F), demonstrating that the mVP 
fragment was sufficient to drive GFP expression in a pattern 
reminiscent of VEGF within the hypoxic core of the growing 
tumor mass (4,16).

VEGF expression in mouse tumor cells increases in response 
to NO in vitro. To investigate the effect of microenviron-
mental stressors on VEGF expression in vitro, the cultured 
pmVP‑EGFP‑expressing 4T1 cells were exposed to NO by 
adding the NO donor SNP to the growth medium for 24 h. 
Using mean GFP fluorescence intensity as a surrogate measure 
of VEGF promoter activity, we observed that increasing 
concentrations of SNP led to concomitant increases in the 
mean level of VEGF promoter activity (Fig.  2A). At its 
peak, GFP expression increased 0.82±0.48‑fold compared 
to the control levels in response to 1.75 mM SNP. Consistent 
with this finding, the expression of VEGF mRNA (Fig. 2B) 
and VEGF protein (Fig. 2C) increased significantly in the 
presence of SNP (P<0.05). Furthermore, expression of the 
VEGF transcriptional regulator HIF‑1α was also increased 
when 4T1  cells were exposed to SNP (P<0.05, Fig.  2D). 
These results demonstrated that VEGF was upregulated in 
response to elevated concentrations of SNP, possibly in a 
HIF‑1α‑dependent manner. In addition, VEGF protein levels 
were highest in the presence of the highest concentration of 
SNP, whereas VEGF mRNA was mainly upregulated under 
lower concentrations, suggesting that independent transcrip-

tional and translational mechanisms ultimately regulate the 
amount of VEGF protein secreted when tumor cells are 
exposed to SNP.

Hypoxia induces VEGF promoter activity and HIF1‑α 
expression in vitro. DFX is a potent iron chelator (17) and 
previous studies demonstrated that the addition of DFX to 
growth media mimics hypoxic conditions (18,19). Exposure 
of pmVP‑EGFP‑expressing 4T1 cells to DFX for 24 h led 
to a mild but significant increase in GFP (P<0.05, Fig. 3A), 
VEGF mRNA (P<0.05, Fig. 3B) and HIF‑1α mRNA (P<0.05, 
Fig. 3D) expression, although the changes were not overtly 
dose‑dependent. By contrast, the VEGF protein expression 
was little affected by DFX (Fig. 3C).

Effects of H2O2, acidity, heat shock and serum starvation on 
mVEGF promoter activity in vitro. GFP intensity and VEGF 
mRNA expression were investigated in pmVP‑GFP‑expressing 
4T1 cells that were heat‑shocked for 15 or 30 min, starved for 
24 or 36 h, or cultured in media with various pH levels or 
concentrations of H2O2. Treating the cells with H2O2 induced 
increases in GFP and VEGF mRNA expression with little 
correlation between H2O2 concentration and the degree of 
change observed (Fig. 4A). However, heat shock, acidifica-
tion and serum deprivation had little effect on VEGF mRNA 
expression (Fig. 4B).

Discussion

In this study, it was hypothesized that stresses associated 
with compromised blood and oxygen supply, such as nutrient 
deprivation, acidification and accumulation of free radicals, 
regulate VEGF expression. In order to investigate the effects of 
these microenvironmental stresses we isolated a 1.2 kb‑DNA 
fragment proximal to the transcriptional start site of mouse 

Figure 1. In vivo analysis of mVP promoter activity in tumors. Bright‑field (A, C and E) and epifluorescence (B, D and F) microscopy (magnification, x12.5) 
revealing a pmVP‑GFP 4T1 cell tumor mass on days 1 (A and B), 5 (C and D) or 8 (E and F) following subcutaneous injection of tumor cells into the ear. The con-
tour of the tumor appears as a non‑transparent area in the bright‑field images. Green fluorescent protein expression is present in the tumor core. Scale bar, 500 µM.
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Figure 3. Vascular endothelial growth factor (VEGF) promoter activity and VEGF expression in response to hypoxia in vitro. The values show the  
mean ± standard error of the mean normalized to the control in each treatment group. (A) Green fluorescent protein (GFP) fluorescence intensity measured 
by flow cytometry revealed that mVP promoter activity was increased following deferoxamine mesylate (DFX) treatment. (B) VEGF mRNA expression was  
significantly increased in response to DFX. (C) The concentration of VEGF protein secreted into the growth medium was increased in a dose‑dependent 
manner in the presence of sodium nitroprusside (SNP) but was not affected by DFX. (D) Exposure of 4T1 cells to SNP significantly increased hypoxia‑inducible  
factor 1α (HIF‑1α) mRNA expression, whereas DFX caused only minor changes in HIF‑1α expression.

Figure 2. Vascular endothelial growth factor (VEGF) promoter activity and VEGF expression in response to nitric oxide in vitro. The values represent the 
mean ± standard error of the mean normalized to the control in each treatment group. (A) Green fluorescent protein (GFP) fluorescence intensity measured 
by flow cytometry revealed that mVP promoter activity was increased following treatment with different concentrations of sodium nitroprusside (SNP). 
(B) A similar profile of responses was observed in the expression of VEGF mRNA in 4T1 cells in response to SNP. (C) The concentration of VEGF protein 
secreted into the growth medium increased in a dose‑dependent manner in the presence of SNP. (D) Exposure of 4T1 cells to SNP significantly increased 
hypoxia‑inducible factor 1α (HIF‑1α) mRNA expression.
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VEGF and fused it with GFP. This fragment possesses 
three activator AP‑1 sites, two AP‑2 sites, one trans‑acting 
transcription factor 1 (SP1)  site, two NFκB binding sites, 
one HRE and likely several other consensus sequences. 
This fragment mediated an upregulation of GFP in cultured 
4T1 cells grown under low oxygen conditions (Figs. 2A, 3A 
and 4A) and in vivo within the core of pmVP‑GFP‑expressing 
4T1‑cell  tumors (Fig. 1). These responses were similar to 
the dynamic changes in endogenous VEGF expression in 
tumors (16) and cells otherwise grown under hypoxic condi-
tions (Fig. 3) (21), suggesting that regulatory elements within 
the fragment are sufficient to promote hypoxia‑induced 
VEGF transcription (20).

VEGF and mVP promoter activities were increased in the 
cultured 4T1 cells in the presence of H2O2 and high concen-
trations of the NO donor SNP. These findings are consistent 
with those of a previous study on VEGF expression in ovarian 
cancers (21) and suggest that free radical levels in the tumor 
microenvironment regulate VEGF expression. High levels of 
SNP also increased the level of VEGF protein, demonstrating 
that free radical loading directly affects the amount of VEGF 
secreted from the 4T1 carcinoma cells. However, exposure 

to the oxygen chelator DFX had little effect on the level of 
VEGF protein, a finding that was not consistent with what 
was observed in brain tumors  (12,16). This inconsistency 
may reflect differences among cell lines. For example, in the 
4T1 cells but not in other cell lines, hypoxia may decrease the 
stability of VEGF protein, whereas high levels of free radi-
cals may increase protein stability. However, this possibility 
requires further investigation.

Heat shock, pH level alterations and serum deprivation had 
little effect on VEGF mRNA expression and mVP‑driven GFP 
expression in cultured 4T1 cells. These differential responses 
suggest that there are enhancer elements outside the mVP 
sequence that interact with pH and nutrient response elements 
within the mVP fragment. For example, our findings suggest 
that the proximal 5' region contains an element (or elements) 
that supports the upregulation of VEGF in periods of starva-
tion. However, this activity is usually inhibited by interactions 
with other elements located further upstream or downstream of 
the coding region. Consistent with this possibility, a previous 
study demonstrated that a complex containing transcription 
factor ATF4 binds to an element located 1,767 bp downstream 
of the VEGF coding sequence and that ATF4 activity regulates 

Figure 4. Vascular endothelial growth factor (VEGF) promoter activity and VEGF expression under conditions of cellular stress such as H2O2, heat, pH imbalance 
and serum deprivation. The values represent the mean ± standard error of the mean normalized to the control in each treatment group. (A) Green fluorescent 
protein (GFP) fluorescence intensity measured by flow cytometry revealed that mVP promoter activity was increased following treatment with H2O2 and long‑term 
serum starvation but was not affected by temperature changes. Lowering or elevating the pH of the growth medium led to minor changes in GFP expression. 
(B) An elevated level of VEGF mRNA expression was observed in response to H2O2; however, heating, pH changes and serum starvation led to minor changes.
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the expression of VEGF expression in response to oxidative 
stress in a HIF‑1‑independent manner (22). Findings of that 
study support our conclusion that the VEGF locus contains 
binding sites outside the proximal 5' non‑coding region that 
regulate VEGF expression in cells exposed to different micro-
environmental stressors. The identification of physiological 
and genetic factors that affect VEGF transcriptional regula-
tion in tumor cells, as well as understanding the organization 
of the VEGF regulatory regions may be critical for the design 
of treatment strategies aiming at mitigating VEGF expression 
during tumor growth and metastasis (20,23).
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