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Abstract

Background: Targeting tumor vasculature is a strategy with great promise in the treatment of many cancers.
However, anti-angiogenic reagents that target VEGF/VEGFR2 signaling have met with variable results clinically.
Among the possible reasons for this may be heterogeneous expression of the target protein.

Methods: Double immunofluorescent staining was performed on formalin-fixed paraffin embedded sections of
treated and control SW480 (colorectal) and WM239 (melanoma) xenografts, and tissue microarrays of human
colorectal carcinoma and melanoma. Xenografts were developed using RAG1-/- mice by injection with WM239 or
SW480 cells and mice were treated with 20 mg/kg/day of cyclophosphamide in their drinking water for up to 18
days. Treated and control tissues were characterized by double immunofluorescence using the mural cell marker
a-SMA and CD31, while the ratio of desmin/CD31 was also determined by western blot. Hypoxia in treated and
control tissues were quantified using both western blotting for HIF-1a and immunohistochemistry of CA-IX.

Results: VEGFR2 is heterogeneously expressed in tumor vasculature in both malignant melanoma and colorectal
carcinoma. We observed a significant decrease in microvascular density (MVD) in response to low dose
metronomic cyclophosphamide chemotherapy in both malignant melanoma (with higher proportion VEGFR2
positive blood vessels; 93%) and colorectal carcinoma (with lower proportion VEGFR2 positive blood vessels; 60%)
xenografts. This reduction in MVD occurred in the absence of a significant anti-tumor effect. We also observed less
hypoxia in treated melanoma xenografts, despite successful anti-angiogenic blockade, but no change in hypoxia of
colorectal xenografts, suggesting that decreases in tumor hypoxia reflect a complex relationship with vascular
density. Based on a-SMA staining and the ratio of desmin to CD31 expression as markers of tumor blood vessel
functionality, we found evidence for increased stabilization of colorectal microvessels, but no such change in
melanoma vessels.

Conclusions: Overall, our study suggests that while heterogeneous expression of VEGFR2 is a feature of human
tumors, it may not affect response to low dose metronomic cyclophosphamide treatment and possibly other anti-
angiogenic approaches. It remains to be seen whether this heterogeneity is partly responsible for the variable
clinical success seen to date with targeted anti-VEGFR2 therapy.

Background
Solid tumors rely on a robust vascular supply for growth
and spread to distant sites, thus blocking tumor growth
by disrupting angiogenesis is a rational anti-cancer
strategy and several targeted therapies are currently
approved or are in clinical trial [1]. Conventional

cytotoxic chemotherapy is administered at maximum
tolerated doses (MTD) every 2-3 weeks, but when the
same agents are administered on a low does metro-
nomic (LDM) schedule (i.e. more frequently and at 10
fold or lower concentration), an anti-angiogenic effect
occurs [2]. For example, vinblastine at ultra low doses
(≤ 1 pmol/L) inhibits endothelial cell proliferation,
migration and metalloproteinase secretion in vitro and
in vivo. Paclitaxel, cyclophosphamide, and docetaxel
exhibit similar effects on endothelial cells when given as
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LDM treatments [3,4]. Low dose metronomic cyclopho-
sphamide has been shown to exert its effect through the
induction of thrombospondin-1 (TSP-1), which presum-
ably exerts its anti-angiogenic effects via binding to the
receptor CD36 on the surface of endothelial cells [5].
TSP-1 can also bind and sequester VEGF, effectively
inhibiting its pro-angiogenic effects [6]. VEGF activation
of VEGFR2 (KDR; flk-1) is considered to be the major
signal transduction event leading to both physiological
and pathological angiogenesis [7].
Tumor blood vessels are structurally and functionally

abnormal, resulting in relatively inefficient tissue perfu-
sion despite high vascular density [8,9]. Administration
of anti-angiogenic drugs should induce a reduction in
tumor vessel density, due to destruction of unstable ves-
sels and/or prevention of new sprouting. Anti-angio-
genic agents may also generate a normalization window,
where the tumor vasculature reverts to a more regular
and organized state characterized by increased tumor
oxygenation, improved drug penetration, and decreased
interstitial fluid pressure[10-13]. While LDM cyclopho-
sphamide did not induce significant blood vessel nor-
malization in the RIP1-Tag2 pancreatic insulinoma
model [14], it is not known whether vessels recruited to
xenografted human cancer will be normalized by this
therapeutic approach.
Previous work in our laboratory reported heteroge-

neous vascular expression of the Tie2/TEK receptor tyr-
osine kinase in some xenografted tumors, which were
refractive to Tie2 inhibition[15]. Since variation in other
receptor molecules could impact the effectiveness of
anti-angiogenic agents, here we evaluate patterns of
VEGFR2 expression by tumor vasculature, and explore
the therapeutic impact of heterogeneous VEGFR2
expression during response to low dose metronomic
cyclophosphamide using colorectal cancer and malig-
nant melanoma tumors.

Methods
Cell Lines
Human malignant melanoma (WM239) and colorectal
carcinoma (SW480) cell lines were obtained from the
American Type Culture Collection (Manassas, VA,
USA). Cells were cultured in DMEM (Sigma-Aldrich,
Oakville, ON, Canada) containing 10% fetal bovine
serum (FBS) (Invitrogen, Burlington, ON, Canada), 1%
sodium pyruvate (Sigma-Aldrich), and 0.5% gentamicin
(Invitrogen) and maintained in a humidified atmosphere
at 37°C and 5% CO2.

Xenografts
All animal studies were performed according to regula-
tions of the Canadian Council on Animal Care as super-
vised by the local Animal Care Committee of the

University of Guelph. Xenografts were established in
male and female RAG1-/- mice by injecting 2 × 106

WM239 or SW480 cells in 100 μL of 0.5% BSA/PBS
subcutaneously into the right flank. Tumor size was
monitored through caliper measurements taken every
third day, and volume calculated using the formula
(length × width2)/2. Tumors were allowed to grow to
approximately 200 mm3, and then mice were rando-
mized into treatment and control groups. Treatment
consisted of 20 mg/kg/day of cyclophosphamide mono-
hydrate (Sigma-Aldrich) in their drinking water[16].
Water for all mice was changed twice weekly for a per-
iod of up to 18 days, mice were euthanized by CO2

asphyxiation and cervical dislocation, and tissue samples
were collected for analysis.

Blood Vessel Assessment
Formalin-fixed paraffin embedded sections of treated
and control SW480 and WM239 xenografts, and tissue
microarrays of human colorectal carcinoma (Tissue
Array Research Program, Centre for Cancer Research,
NCI, Frederick, MD, USA), and melanoma (Imgenex,
San Diego, CA, USA) were de-paraffinized and subjected
to a 10 mM sodium citrate buffer, pH 6.0 for antigen
retrieval. Sections were then incubated in DAKO Pro-
tein Block (DAKO, Mississauga, ON, Canada) for 1
hour. Antigen detection was performed sequentially by
first using goat polyclonal anti-CD31 primary antibody
(1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
then donkey anti-goat FITC-conjugated secondary anti-
body (1:200; Santa Cruz Biotechnology) for 30 minutes.
Sections were washed and then incubated with rabbit
anti-VEGFR2 (1:100; Cell Signaling, Boston, MA, USA)
overnight at 4°C, followed by goat anti-rabbit Cy3
(1:200; Jackson ImmunoResearch, West Grove, PA,
USA) for 30 minutes. Antigen detection was performed
sequentially (as described above). For mural cell quanti-
fication, antigen retrieval was in Tris-EDTA buffer solu-
tion (pH 9.0), followed by DAKO Protein Block and 5%
donkey serum each for 30 minutes. Sections were incu-
bated with goat polyclonal anti-CD31 (1:100; Santa Cruz
Biotechnology) for 1 hour then donkey anti-goat FITC-
conjugated (1:200; Santa Cruz Biotechnology) for 30
minutes, followed by anti-smooth muscle actin, directly
conjugated to Cy3 (1:400; Sigma-Aldrich) for 30
minutes.
Five random fields of view at 200X magnification for

each xenograft specimen were captured in a blinded
fashion using QCapture software calibrated to a Leica
DMLB microscope with an attached Q imaging QICAM
fast1394 digital camera. One image/spot at 200X magni-
fication was captured from each specimen in human tis-
sue microarrays. Images were overlaid using Adobe
Photoshop 7.0 (Adobe, Toronto, ON, Canada). VEGFR2
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positive and negative, anti-smooth muscle actin positive
and negative, and total blood vessels per field were
quantified from overlaid images as previously reported
[15]. Briefly, positive blood vessels were characterized by
staining for both VEGFR2 or anti-smooth muscle actin
antibodies, and the pan-endothelial cell marker, CD31.
Vessel profiles with discontinuous CD31 staining were
counted as separate vessels. Branched vessels were
counted as a single vessel as long as staining for CD31
and/or VEGFR2 was continuous for the extent of the
visible blood vessel profile. Microvessel density was cal-
culated by dividing the total number of blood vessels
per field area to determine the number of blood vessels
per mm2.

Immunohistochemistry for Hypoxia
Formalin-fixed paraffin embedded sections were de-par-
affinized, rehydrated and incubated in 3% H2O2 (Fisher,
Ottawa, ON, Canada) for 15 minutes, followed by anti-
gen retrieval with acidic citrate buffer as described
above. Sections were incubated in DAKO Protein Block
for 20 minutes followed by 5% normal goat serum (Vec-
tor, Burlington, ON, Canada) for 45 minutes and rabbit
anti-carbonic anhydrase-IX (1:500; Abcam, Cambridge,
MA, USA) overnight at 4°C. Slides were washed, incu-
bated in biotinylated goat anti-rabbit (1:500; Vector) for
30 minutes then treated with RTU Vectastain Elite,
ABC reagent (Vector) for 30 minutes followed by AEC
chromogen (Vector) for 5 minutes. Sections were coun-
terstained with Mayer’s hematoxylin (Sigma-Aldrich).
Relative hypoxic tissue (as CA-IX positive regions) to
total section surface area was calculated using the soft-
ware ImageScope (Aperio, Vista, CA, USA). Sections
were evaluated in a blinded fashion.

Western Blotting
Tissues were lysed with Cell Lysis Buffer (Cell Signaling
Technology) with added aprotinin, PMSF and Phospha-
tase Inhibitor Cocktail II (all from Sigma-Aldrich).
SDS-PAGE was performed with 90 micrograms of total
protein loaded into 7.5% polyacrylamide gels and pro-
teins were transferred to PVDF membranes (Roche) and
blocked in 5% milk/TBST. Membranes were probed
with the following primary antibodies overnight at
4ºC: rabbit anti-VEGFR2 (1:1000; Cell Signaling Tech-
nology), mouse anti-TSP-1 (1:500; Lab Vision), mouse
anti-tubulin (1:200,000; Sigma-Aldrich), mouse anti-
HIF1a (1:400, R&D Systems, Minneapolis, MN), rabbit
anti-desmin (1:1500; Abcam), goat anti-CD31 (1:800;
Santa Cruz Biotechnology), followed by secondary anti-
bodies goat anti-rabbit POD (1:5000 - 1:20,000), goat
anti-mouse POD (1:20,000) or rabbit anti-goat (1:20,000,
all from Sigma-Aldrich) for 30 minutes at room tem-
perature. Protein bands of interest were detected with

Chemiluminescence Blotting Substrate (Roche), and
densitometry performed by normalization to tubulin
signal. For desmin blots, signal was normalized to CD31
for each sample.

In Vitro Cyclophosphamide Toxicity
Briefly, 1 × 104 cells were plated into each well in a 96
well plate in complete medium for 48 hrs then serum
starved for 24 hrs. Plates were then exposed to 0-
100,000 ng/ml 4-HC (4-hydroperoxycyclophosphamide;
HCNiomech/IIT GmbH, Bielefeld, DE; the precursor of
4-hydroxycyclophosphamide, the metabolically active
metabolite of cyclophosphamide) and incubated for 72
hours. MTT cytotoxicity assay was performed with a
Cell Growth Determination Kit using the manufacturer’s
protocol (Sigma-Aldrich, Oakville, ON) and absorbance
was read at 570 nm with an ELX800 Universal Micro-
plate Reader (BIO-TEK Instruments Inc, Winooski, VT).
Three independent replicates were preformed with each
dose done in triplicate.

VEGF-A ELISA
WM239 and SW480 cells were seeded into 6-well plates
at a density of 5.0 × 105 cells. The following day, media
was changed to DMEM and 2% FBS. 24 hours later,
media was replaced to DMEM and 2% FBS ± CoCl2
(100 μM), ± 4-HC (100 nM) or a combination of both.
24 hours after treatment, condition media was collected
and cell free supernatant was used to measure VEGF-A
levels with ELISA using a commercially available ELISA
kit (R & D Systems). Cells were counted to standardize
VEGF levels. Two independent experiments were per-
formed, and each sample analyzed as duplicates. Results
were presented as pg VEGF per 10,000 cells.

Quantification of TUNEL Reaction
Apoptosis was detected in paraffin embedded tissues
with the In Situ Cell Death Detection Kit, POD
(Roche), according to manufacturer ’s instructions.
TUNEL-positive nuclei were identified with DAB sub-
strate chromogen system (DAKO) and counterstained
with Mayer’s hematoxylin (Sigma-Aldrich). Quantifica-
tion was performed in a blinded fashion by scoring the
number of positive nuclei/10 high power fields of non-
necrotic tissue. Five sections per group were analyzed
and averaged.

Statistical analysis
Comparison of means was performed using either the
Student’s t-test, or ANOVA followed by post-hoc analy-
sis using the Bonferroni and Tukey’s LSD methods. Dif-
ferences were considered significant when p ≤ 0.05.
Data are expressed as the mean and standard error of
the mean (SEM).
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Results
VEGFR2 Status of Blood Vessels in Human Tumors
Dual immunofluorescence staining for VEGFR2 and
CD31 was performed on formalin-fixed paraffin
embedded tissue microarrays to determine the heteroge-
neous nature of VEGFR2 expression within the vascula-
ture of clinically relevant tumors. Colorectal carcinoma
(n = 36; on average approximately 20 blood vessels/tis-
sue core), and metastatic malignant melanoma (n = 14;
approximately 15 blood vessels/tissue core) were evalu-
ated. Heterogeneous expression of VEGFR2 was
observed in both tumor types (Figure 1; Table 1). Color-
ectal carcinoma had a significantly lower average per-
cent VEGFR2 positive blood vessels (60% VEGFR2

positive blood vessels) than malignant melanoma (93%
VEGFR2 positive blood vessels) (p < 0.05).

Conserved VEGFR2 Expression Patterns between
Xenograft and Human Clinical Tumors
The VEGFR2 status of vessels in colorectal carcinoma
and melanoma was compared between human clinical
samples and mice xenografted with human cancer cells
of the same type, and there were no significant differ-
ences in vascular phenotype between xenografts and
clinical cases within a cancer type (Table 1) (p < 0.05).
We consistently found that colorectal carcinoma xeno-
graft tumors had significantly fewer VEGFR2 positive
blood vessels than malignant melanoma xenografts.

Figure 1 Heterogeneous expression of VEGFR2 in melanoma and colorectal cancer. Dual immunofluorescent staining for VEGFR2 (red) and
CD31 (green) in human cancer specimens shows VEGFR2 negative blood vessels (arrows) and VEGFR2 positive blood vessels (asterisks). (A-C)
Metastatic malignant melanoma and (D-F) colorectal carcinoma have been divided into their respective channels (overlaid; green; red images).
Scale bar = 50 μm.
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Xenograft Responses to Low Dose Metronomic
Cyclophosphamide
To study the influence of this VEGFR2 heterogeneity on
response to low dose metronomic cyclophosphamide
therapy (CTX), we evaluated xenografts from treated
mice. No significant differences in tumor volume
between treated and control groups were observed for
either SW480 or WM239 xenografts (Figure 2A). Can-
cer cell toxicity to CTX was evaluated in vitro (Figure
2C), and the approximate LC50 of 3000 ng/ml is well
above the expected tissue levels of CTX under this
metronomic schedule[16]. Consistent with this we found
no significant difference in the incidence of cancer cell
apoptosis as detected by TUNEL positive nuclei (Figure
2D). Sections of tumors immunostained for CD31 were
then scored for microvessel density (MVD). CTX ther-
apy induced a significant reduction in MVD in both
SW480 and WM239 xenografts (p < 0.05; Figure 3A).
CTX treatment also induced a significant increase in the
levels of endogenous anti-angiogenic protein thrombos-
pondin 1 (TSP-1) in SW480 xenografts, but a significant
decrease in TSP-1 levels was seen in WM239 tumors
treated with CTX compared to control (p < 0.05; Figure
3C).

Influence of CTX on VEGFR2 Vascular Status
The effect of low dose metronomic cyclophosphamide
therapy on VEGFR2 expression was also characterized
(Figure 4A-D). There was a significant decrease in mean
density of VEGFR2 positive blood vessels between con-
trol and treated tumors for both SW480 and WM239
xenografts (p < 0.05; Figure 4E). Western blotting of
tumor proteins demonstrated a significant reduction in
total VEGFR2 between SW480 control and CTX tumors
(p < 0.05), but no significant changes in total VEGFR2
in WM239 (p < 0.05; Figure 4G).

Hypoxia in CTX and Control Tumors
We expected to see that successful angiogenic blockade
of SW480 and WM239 xenografts would result in
increased tumor hypoxia. However, we found no signifi-
cant differences in HIF1-a levels between control and
CTX for either tumor type (Figure 5A), although the

average hypoxic area as demonstrated by CA-IX immu-
nostaining was significantly reduced in WM239 CTX
compared to control (p < 0.05; Figure 5C-G). While in
vitro induction of HIF1a in WM239 and SW480 cells

Table 1 Patterns of endothelial VEGFR2 expression in tumor blood vessels in xenografted tumors and clinical cancer

Tumor Type # of Tumors % VEGFR2 Positive % VEGFR2 Negative

SW480 xenograft 4 60 ± 10.57a 40 ± 12.61c

Clinical colorectal carcinoma 36 60 ± 3.06a 40 ± 2.54c

WM239 xenograft 10 91.96 ± 3.01b 8.04 ± 0.41d

Clinical metastatic melanoma 14 93 ± 3.29b 7 ± 0.33d

Table I - VEGFR2 heterogeneity was assessed in human clinical specimens and xenografts of both colorectal carcinoma and metastatic malignant melanoma
using dual immunofluorescence staining for VEGFR2 and CD31. The mean values for average percentage of VEGFR2 positive and VEGFR2 negative vessels were
calculated along with SEM. Values with the same superscript (a-m) are significantly different from the same vessel class in different cancer types, but not from
each other (p < 0.05).

Figure 2 Mice were treated orally with 20 mg/kg/day of
cyclophosphamide in their drinking water. Tumor growth curves
of low dose metronomic cyclophosphamide (CTX) treated and
control xenografts of (A) SW480, and (B) WM239 cells; Mean (SEM) is
plotted. No significant differences in growth rates were observed
between control and treated mice for either SW480 or WM239
xenografts. Cancer cell toxicity to CTX was evaluated in vitro using
the MTT assay (C). Apoptosis was quantified in tumor sections by
TUNEL reaction, and while rare TUNEL positive nuclei were seen in
cancer cells (white arrow in D), we did not find any TUNEL positive
endothelial cells (black arrows), nor any significant differences in
apoptotic cells between control and CTX tumors (E). Scale bar = 25
μm.
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(by CoCl2 exposure) lead to expected increases in
VEGF-A production, no significant difference were
observed between cells co-incubated with or without
CTX (Figure 5H) hence difference in response to CTX
between cell lines is not due to differential regulation of
VEGF-A expression.

Blood Vessel Alterations in Response to CTX
Our finding of reduced MVD but no increase in tumor
hypoxia suggests that tumor vessel functionality (i.e. per-
fusion) may have been improved in CTX treated tumors.
We found significant increases in the proportion of
a-SMA positive (i.e. “mature”) vessels in SW480 tumors
(p < 0.05; Figure 6A). There was also evidence that the
relative expression of the mural cell protein desmin was
increased in SW480 tumors treated with CTX compared
to control but not in WM239 xenografts (Figure 6).

Discussion
Targeting tumor vasculature as a cancer therapy is now
an established concept with the potential to benefit
patients with a wide variety of tumor types. However,
despite success in preclinical rodent studies this
approach had variable results in patients [17-23]. It is
now apparent that there are degrees of complexity in
the anti-angiogenic process, that the response to
its blockade is still not well understood and that cancer
cell specific factors influence tumor angiogenesis in

unexpected ways [24,25]. For instance, ‘resistance’ to
anti-angiogenic therapy could arise due to redundancy
of angiogenic factors, intrinsic or induced co-option of
surrounding vasculature, preferential recruitment of
bone marrow derived cells that facilitate vascular survi-
val, etc.[26,27]. We have previously demonstrated that
heterogeneity of endothelial cell Tie2 expression influ-
ences anti-angiogenic responses [15]. Here, we explore
the impact of VEGFR2 expression patterns in vascula-
ture of colorectal carcinoma (CRC) and malignant mela-
noma on responses to angiogenic blockade induced by
low dose metronomic (LDM) cyclophosphamide.
LDM scheduling of standard cytotoxic agents exerts

its therapeutic effect by targeting the endothelial cells of
the tumor vasculature, rather than the rapidly dividing
cancer cells [4,28-30]. LDM cyclophosphamide (CTX)
may exert its anti-angiogenic effect through the up-reg-
ulation of TSP-1, shown to target the VEGF/VEGFR2
signaling axis by binding and displacing VEGF
[4,6,31-33]. Since SW480 CRC xenografts contained sig-
nificantly lower proportions of VEGFR2 positive vessels
(compared to malignant melanoma), we predicted that
superior anti-tumor responses to LMD CTX would
occur in WM239 malignant melanoma xenografts. How-
ever, despite effective angiogenic blockade in both
tumor types, no decreases in tumor volume were seen.
Increased progression of experimental tumors during
LDM chemotherapy has previously been reported
[29,30,34,35], and recent studies indicate that VEGF sig-
naling blockade can also increase cancer cell invasive-
ness and metastasis [24,25]. Interestingly, although
melanoma and CRC xenografts showed significant
decreases in MVD in our study, only CRC demonstrated
concomitant increases in TSP-1 expression. This sug-
gests that response to LDM CTX is cancer cell specific.
The higher percentage of VEGFR2 positive blood ves-

sels observed here in malignant melanoma may be indi-
cative of greater reliance on VEGF signaling for tumor
angiogenesis in this cancer type. Circulating serum
levels of VEGF are significantly higher in melanoma
patients compared to controls [36], and VEGF-TRAP
induced robust anti-vascular and anti-tumor effects in
xenografted human melanoma [37]. In fact, WM239
cells themselves express VEGFR2 [Additional file 1: Sup-
plemental Figure S1], thus VEGFR2 detected in tumor
lysates is of dual cell origin, which probably accounts
for the lack of significant change in VEGFR2 levels over-
all, despite significant alterations in the proportion of
VEGFR2 positive vessels. Tip cells at the leading edge of
vascular sprouts express low levels of the Notch-1 and
-4 receptors, high levels of their ligand Delta like 4
(Dll4), and low levels of their ligand Jagged, while stalk
cells, which form the bulk of the growing sprout are low
in Dll4, low in Notch, and high in Jagged[38-40]. This

Figure 3 Microvessel density (MVD) as CD31 positive profiles
in SW480 and WM239 subcutaneous xenografts; Mean (SEM)
are plotted. There were significant reductions in MVD in both
SW480 (A) and WM239 (B) xenografts between CTX and control
groups (*p < 0.05). Western blotting of tumor lysates for TSP-1
revealed significant increases in TSP-1 levels in CTX treated SW480
tumors compared to control (C; *p < 0.05), but significant decreases
in CTX treated WM239 tumors compared to control (D; *p < 0.05).
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Figure 4 Effect of low dose metronomic cyclophosphamide therapy on vascular VEGFR2 status. Examples of VEGFR2 positive blood
vessels (chevrons) and VEGFR2 negative blood vessels (arrows) are shown in WM239 (A) treated and (B) control and SW480 (C) treated and (D)
control subcutaneous xenografts. Scale bar = 50 μm. Quantification of immunofluorescence showed significant decreases in the density of
VEGFR2 positive vessels in CTX treated SW480 (E) and WM239 (F) tumors (*p < 0.05). Total VEGFR2 protein levels in tissue lysates were
significantly reduced in SW480 tumors treated with CTX (*p < 0.05), but not in treated WM239 tumors (G, H).
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system is thought to function by differential repression
(via Notch/Dll4) or stimulation (via Notch/Jagged) of
development of tip cell phenotype and hence formation
of sprouts[40]. Interestingly, Dll4 signaling through
Notch-1 or -4 leads to reduced expression of VEGFR2

in stalk cells[38,41], thus the VEGFR2 free vascular pro-
files we report here in CRC may represent the stalks of
sprouting microcirculation.
Indirectly targeting VEGF in murine xenografts may

lead to blood vessel normalization [6,42]. When tumor

Figure 5 Effect of low dose metronomic cyclophosphamide therapy on tumor hypoxia. HIF1-a levels in tumor lysates were not
significantly different between CTX and control tumors for either SW480 (A) or WM239 (B). Representative images of tumor cross sections
immunostained for CA-IX (dark reaction product) and counterstained with hematoxylin: WM239 CTX (C) and control (D); SW480 CTX (E) and
control (F). Insert of panel (C) is negative control without primary antibody. Scale bars = 300 μm. G) Quantification of hypoxic regions (Mean;
SEM) in SW480 and WM239 xenografts from CTX and control mice. Treated WM239 xenograft tumors had significantly lower average percent
hypoxic regions than control (*p < 0.05). No significant difference was observed between CA-IX staining in SW480 CTX and control tumors. H, I)
Measurement of conditioned medium by ELISA demonstrates that 24 hour treatment in vitro with CoCl2 induced up-regulation in VEGF
expression in both cell lines (H; SW480; I, WM239), while treatment with low dose 4-HC does not. Combining these treatments had no additive
effect over the induction produced by CoCl2 alone.
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vasculature is normalized, there is pruning of superfluous
‘immature’ vessel sprouts, modulation of the pathologi-
cally thick basement membrane via activation of matrix
metalloproteinases, and increased pericyte coverage
mediated by the upregulation of angiopoietin-1[42].
These morphological changes are accompanied by func-
tional alterations such as decreased interstitial fluid pres-
sure, increased tumor oxygenation and improved drug
penetration into tumors[11,13,43-46]. In our study, we
did not see clear-cut evidence for vascular normalization.
While LDM CTX induced several morphological features
consistent with enhanced vessel stabilization (increased
desmin expression and a-SMA positive mural cell
recruitment) in CRC, this did not occur in malignant
melanoma tumors despite significant angiogenic blockade
in both systems. The lack of increase in TSP-1 produc-
tion by WM239 cells in response to LDM CTX may
have led to altered VEGF signaling in tumor endothelial
cells, and hence no changes in mural cell recruitment or
vessel stability in these xenografts.
Tumor blood vessels are abnormal in function and

structure [10,47,48], leading to regions of transient and
chronic ischemia within solid tumors including our
CRC and melanoma xenografts. Since microvessel den-
sity was significantly decreased in treated WM239
tumors, we expected to see concomitant increased
tumor hypoxia [49]. Instead, hypoxic regions decreased,
but in the absence of detectable vessel “normalization”,
suggesting that vessel responses to LDM CTX in mela-
noma may differ from that of carcinomas. Vessel nor-
malization is transient[42] and the time frame and
kinetics of vessel normalization in malignant melanoma
has yet to be determined. Further studies are required
to determine whether blood flow is increased in the
remaining melanoma vasculature after LDM CTX
induced angiogenic blockade, which would account for
reduced regions of tumor hypoxia.
Most studies of experimental anti-angiogenic treat-

ment report reduced vessel density with parallel reduc-
tions in tumor volume, which was not seen here for
either cell line. Our previous work demonstrated that
WM239 cells can develop a reduced requirement for
vascular dependence and hence enhanced survival
despite reduced vessel density[50], which may account
for the lack of tumor shrinkage seen here. It has also
been well documented that ischemic conditions within
solid tumors can lead to genetic instability and subse-
quently tumor progression[51,52]. We have previously
shown that 48 hrs exposure to ischemia in vitro could
induce de novo KRAS mutations in human CRC cells
[53]. Accelerated CRC tumor progression due to KRAS
mutation was also induced in LDM CTX treated xeno-
grafts despite a significant anti-angiogenic effect[35]. A
similar event whereby increased ischemia leads to

Figure 6 Effect of low dose metronomic cyclophosphamide
therapy on vascular mural cell recruitment. A) Dual
immunofluorescent staining for vascular alpha smooth muscle actin
(a-SMA; red) and CD31 (green) showing blood vessels positive
(chevrons) and negative (arrows) for this mural cell marker. Scale bar
= 50 μm. B) CTX treated SW480 xenograft tumors had significantly
increased proportion of a-SMA positive blood vessels compared to
control (*p < 0.05). No significant difference was observed between
CTX and control WM239 tumors. The ratio between the mural cell
marker protein desmin and pan endothelial marker CD31 was
assessed by western blotting of whole tumor lysates (C) LDM CTX
treatment resulted in increased desmin content realtive to CD31 for
SW480 but not WM239 xenografts.
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development of additional mutations driving tumor pro-
gression may be occurring in SW480 tumors here.

Conclusions
Based on the variable results observed clinically when
targeting angiogenesis to treat cancer, we hypothesized
that heterogeneous VEGFR2 expression could be
responsible for some of the therapeutic outcomes
reported to date[54]. Here we demonstrate significant
heterogeneity in endothelial VEGFR2 expression in
human colorectal carcinoma and CRC xenografts.
Despite this, there was robust anti-angiogenic response
to metronomic cyclophosphamide chemotherapy,
thought to indirectly target the VEGF/VEGFR2 pathway
via TSP-1 upregulation. WM239 malignant melanoma
xenografts, which display more consistent VEGFR2 vas-
cular expression, also underwent significant reductions
in vascular density despite no appreciable change in
TSP-1 production. Our findings thus indicate that
responses to LDM anti-angiogenic therapy may be
highly cancer cell dependent. Further studies are
required to determine whether endothelial VEGFR2 het-
erogeneity, rather than the cancer cell response per se, is
mediating anti-angiogenic effects in LDM therapy. The
mechanisms controlling heterogeneous VEGFR2 expres-
sion patterns in different types of cancer also call for
investigation, as these potentially could impact
responses to targeted anti-angiogenic approaches in a
cancer specific fashion.

Additional material

Additional file 1: Supplemental Figure S1. Analysis of VEGFR2
expression by WM239 malignant melanoma cells

Acknowledgements
The authors would like to thank Jackie Rombeek of the Central Animal
Facility at the University of Guelph for her maintenance and care of the
mice used in this study, and Helen Coates for her assistance with the
preparation of histological samples. We would also like to thank Drs. Jim
Petrik, Roger Moorehead and Geoff Wood for helpful discussions, Mackenzie
Smith and Dr. Ifat Sher for assistance with protocol development, and other
members of the Coomber laboratory for advice and support. This study was
supported by an Operating Grant from the Canadian Institutes for Health
Research to BLC (grant #MOP-81213).

Authors’ contributions
SGP carried out the xenograft portion of this study, performed
immunostaining and data analysis, and drafted the manuscript; UA and KS
performed western blotting, ELISA and data analysis; KL performed western
blotting and cytotoxic analysis; KM performed a-sma and CAIX analysis; BLC
participated in study design and coordination and helped to draft the
manuscript. All authors assisted with manuscript preparation and read and
approved the final manuscript

Competing interests
The authors declare that they have no competing interests

Received: 3 March 2010 Accepted: 15 December 2010
Published: 15 December 2010

References
1. Ribatti D: The discovery of antiangiogenic molecules: a historical review.

Curr Pharm Des 2009, 15(4):345-352.
2. Gasparini G: Metronomic scheduling: the future of chemotherapy? Lancet

Oncol 2001, 2(12):733-740.
3. Vacca A, Iurlaro M, Ribatti D, Minischetti M, Nico B, Ria R, Pellegrino A,

Dammacco F: Antiangiogenesis is produced by nontoxic doses of
vinblastine. Blood 1999, 94(12):4143-4155.

4. Kerbel RS, Kamen BA: The anti-angiogenic basis of metronomic
chemotherapy. Nat Rev Cancer 2004, 4(6):423-436.

5. Dawson DW, Pearce SF, Zhong R, Silverstein RL, Frazier WA, Bouck NP:
CD36 mediates the In vitro inhibitory effects of thrombospondin-1 on
endothelial cells. J Cell Biol 1997, 138(3):707-717.

6. Gupta K, Gupta P, Wild R, Ramakrishnan S, Hebbel RP: Binding and
displacement of vascular endothelial growth factor (VEGF) by
thrombospondin: effect on human microvascular endothelial cell
proliferation and angiogenesis. Angiogenesis 1999, 3(2):147-158.

7. Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L: VEGF receptor
signalling - in control of vascular function. Nat Rev Mol Cell Biol 2006,
7(5):359-371.

8. Carmeliet P: Manipulating angiogenesis in medicine. J Intern Med 2004,
255(5):538-561.

9. Jain RK: Barriers to drug delivery in solid tumors. Sci Am 1994,
271(1):58-65.

10. Jain RK: Normalization of tumor vasculature: an emerging concept in
antiangiogenic therapy. Science 2005, 307(5706):58-62.

11. Tong RT, Boucher Y, Kozin SV, Winkler F, Hicklin DJ, Jain RK: Vascular
normalization by vascular endothelial growth factor receptor 2 blockade
induces a pressure gradient across the vasculature and improves drug
penetration in tumors. Cancer Res 2004, 64(11):3731-3736.

12. Wildiers H, Guetens G, De Boeck G, Verbeken E, Landuyt B, Landuyt W, de
Bruijn EA, van Oosterom AT: Effect of antivascular endothelial growth
factor treatment on the intratumoral uptake of CPT-11. Br J Cancer 2003,
88(12):1979-1986.

13. Willett CG, Boucher Y, di Tomaso E, Duda DG, Munn LL, Tong RT,
Chung DC, Sahani DV, Kalva SP, Kozin SV, Mino M, Cohen KS, Scadden DT,
Hartford AC, Fischman AJ, Clark JW, Ryan DP, Zhu AX, Blaszkowsky LS,
Chen HX, Shellito PC, Lauwers GY, Jain RK: Direct evidence that the VEGF-
specific antibody bevacizumab has antivascular effects in human rectal
cancer. Nat Med 2004, 10(2):145-147.

14. Pietras K, Hanahan D: A multitargeted, metronomic, and maximum-
tolerated dose “chemo-switch” regimen is antiangiogenic, producing
objective responses and survival benefit in a mouse model of cancer. J
Clin Oncol 2005, 23(5):939-952.

15. Fathers KE, Stone CM, Minhas K, Marriott JJ, Greenwood JD, Dumont DJ,
Coomber BL: Heterogeneity of Tie2 expression in tumor microcirculation:
influence of cancer type, implantation site, and response to therapy. Am
J Pathol 2005, 167(6):1753-1762.

16. Emmenegger U, Shaked Y, Man S, Bocci G, Spasojevic I, Francia G, Kouri A,
Coke R, Cruz-Munoz W, Ludeman SM, Colvin OM, Kerbel RS:
Pharmacodynamic and pharmacokinetic study of chronic low-dose
metronomic cyclophosphamide therapy in mice. Mol Cancer Ther 2007,
6(8):2280-2289.

17. Folkman J: Tumor angiogenesis: therapeutic implications. N Engl J Med
1971, 285(21):1182-1186.

18. Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J,
Heim W, Berlin J, Baron A, Griffing S, Holmgren E, Ferrara N, Fyfe G,
Rogers B, Ross R, Kabbinavar F: Bevacizumab plus irinotecan, fluorouracil,
and leucovorin for metastatic colorectal cancer. N Engl J Med 2004,
350(23):2335-2342.

19. Kabbinavar F, Hurwitz HI, Fehrenbacher L, Meropol NJ, Novotny WF,
Lieberman G, Griffing S, Bergsland E: Phase II, randomized trial comparing
bevacizumab plus fluorouracil (FU)/leucovorin (LV) with FU/LV alone in
patients with metastatic colorectal cancer. J Clin Oncol 2003, 21(1):60-65.

20. Saltz LB, Rosen LS, Marshall JL, Belt RJ, Hurwitz HI, Eckhardt SG,
Bergsland EK, Haller DG, Lockhart AC, Rocha Lima CM, Huang X,
DePrimo SE, Chow-Maneval E, Chao RC, Lenz HJ: Phase II trial of sunitinib

Patten et al. BMC Cancer 2010, 10:683
http://www.biomedcentral.com/1471-2407/10/683

Page 10 of 11

http://www.biomedcentral.com/content/supplementary/1471-2407-10-683-S1.JPEG
http://www.ncbi.nlm.nih.gov/pubmed/19199962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11902515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10590059?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10590059?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15170445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15170445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9245797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9245797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14517432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14517432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14517432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14517432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16633338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16633338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15078497?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8066425?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15637262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15637262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15172975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15172975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15172975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15172975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12799646?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12799646?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14745444?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14745444?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14745444?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15557593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15557593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15557593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16314485?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16314485?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17671082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17671082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4938153?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15175435?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15175435?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12506171?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12506171?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12506171?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17947727?dopt=Abstract


in patients with metastatic colorectal cancer after failure of standard
therapy. J Clin Oncol 2007, 25(30):4793-4799.

21. Burstein HJ, Elias AD, Rugo HS, Cobleigh MA, Wolff AC, Eisenberg PD,
Lehman M, Adams BJ, Bello CL, DePrimo SE, Baum CM, Miller KD: Phase II
study of sunitinib malate, an oral multitargeted tyrosine kinase inhibitor,
in patients with metastatic breast cancer previously treated with an
anthracycline and a taxane. J Clin Oncol 2008, 26(11):1810-1816.

22. Kulke MH, Lenz HJ, Meropol NJ, Posey J, Ryan DP, Picus J, Bergsland E,
Stuart K, Tye L, Huang X, Li JZ, Baum CM, Fuchs CS: Activity of sunitinib in
patients with advanced neuroendocrine tumors. J Clin Oncol 2008,
26(20):3403-3410.

23. Socinski MA, Novello S, Brahmer JR, Rosell R, Sanchez JM, Belani CP,
Govindan R, Atkins JN, Gillenwater HH, Pallares C, Tye L, Selaru P, Chao RC,
Scagliotti GV: Multicenter, phase II trial of sunitinib in previously treated,
advanced non-small-cell lung cancer. J Clin Oncol 2008, 26(4):650-656.

24. Ebos JM, Lee CR, Cruz-Munoz W, Bjarnason GA, Christensen JG, Kerbel RS:
Accelerated metastasis after short-term treatment with a potent
inhibitor of tumor angiogenesis. Cancer Cell 2009, 15(3):232-239.

25. Paez-Ribes M, Allen E, Hudock J, Takeda T, Okuyama H, Vinals F, Inoue M,
Bergers G, Hanahan D, Casanovas O: Antiangiogenic therapy elicits
malignant progression of tumors to increased local invasion and distant
metastasis. Cancer Cell 2009, 15(3):220-231.

26. Yu JL, Coomber BL, Kerbel RS: A paradigm for therapy-induced
microenvironmental changes in solid tumors leading to drug resistance.
Differentiation 2002, 70(9-10):599-609.

27. Bergers G, Hanahan D: Modes of resistance to anti-angiogenic therapy.
Nat Rev Cancer 2008, 8(8):592-603.

28. Browder T, Butterfield CE, Kraling BM, Shi B, Marshall B, O’Reilly MS,
Folkman J: Antiangiogenic scheduling of chemotherapy improves
efficacy against experimental drug-resistant cancer. Cancer Res 2000,
60(7):1878-1886.

29. Emmenegger U, Morton GC, Francia G, Shaked Y, Franco M, Weinerman A,
Man S, Kerbel RS: Low-dose metronomic daily cyclophosphamide and
weekly tirapazamine: a well-tolerated combination regimen with
enhanced efficacy that exploits tumor hypoxia. Cancer Res 2006,
66(3):1664-1674.

30. Man S, Bocci G, Francia G, Green SK, Jothy S, Hanahan D, Bohlen P,
Hicklin DJ, Bergers G, Kerbel RS: Antitumor effects in mice of low-dose
(metronomic) cyclophosphamide administered continuously through the
drinking water. Cancer Res 2002, 62(10):2731-2735.

31. Hamano Y, Sugimoto H, Soubasakos MA, Kieran M, Olsen BR, Lawler J,
Sudhakar A, Kalluri R: Thrombospondin-1 associated with tumor
microenvironment contributes to low-dose cyclophosphamide-mediated
endothelial cell apoptosis and tumor growth suppression. Cancer Res
2004, 64(5):1570-1574.

32. Bocci G, Francia G, Man S, Lawler J, Kerbel RS: Thrombospondin 1, a
mediator of the antiangiogenic effects of low-dose metronomic
chemotherapy. Proc Natl Acad Sci USA 2003, 100(22):12917-12922.

33. Bocci G, Falcone A, Fioravanti A, Orlandi P, Di Paolo A, Fanelli G, Viacava P,
Naccarato AG, Kerbel RS, Danesi R, Del Tacca M, Allegrini G: Antiangiogenic
and anticolorectal cancer effects of metronomic irinotecan
chemotherapy alone and in combination with semaxinib. Br J Cancer
2008, 98(10):1619-1629.

34. Klement G, Baruchel S, Rak J, Man S, Clark K, Hicklin DJ, Bohlen P, Kerbel RS:
Continuous low-dose therapy with vinblastine and VEGF receptor-2
antibody induces sustained tumor regression without overt toxicity. J
Clin Invest 2000, 105(8):R15-24.

35. Shahrzad S, Shirasawa S, Sasazuki T, Rak JW, Coomber BL: Low-dose
metronomic cyclophosphamide treatment mediates ischemia-
dependent K-ras mutation in colorectal carcinoma xenografts. Oncogene
2008, 27(26):3729-3738.

36. Tas F, Duranyildiz D, Oguz H, Camlica H, Yasasever V, Topuz E: Circulating
levels of vascular endothelial growth factor (VEGF), matrix
metalloproteinase-3 (MMP-3), and BCL-2 in malignant melanoma. Med
Oncol 2008, 25(4):431-6.

37. Holash J, Davis S, Papadopoulos N, Croll SD, Ho L, Russell M, Boland P,
Leidich R, Hylton D, Burova E, Ioffe E, Huang T, Radziejewski C, Bailey K,
Fandl JP, Daly T, Wiegand SJ, Yancopoulos GD, Rudge JS: VEGF-Trap: a
VEGF blocker with potent antitumor effects. Proc Natl Acad Sci USA 2002,
99(17):11393-11398.

38. Lohela M, Bry M, Tammela T, Alitalo K: VEGFs and receptors involved in
angiogenesis versus lymphangiogenesis. Curr Opin Cell Biol 2009,
21(2):154-165.

39. Suchting S, Eichmann A: Jagged gives endothelial tip cells an edge. Cell
2009, 137(6):988-990.

40. Benedito R, Roca C, Sorensen I, Adams S, Gossler A, Fruttiger M, Adams RH:
The notch ligands Dll4 and Jagged1 have opposing effects on
angiogenesis. Cell 2009, 137(6):1124-1135.

41. Jakobsson L, Bentley K, Gerhardt H: VEGFRs and Notch: a dynamic
collaboration in vascular patterning. Biochem Soc Trans 2009, 37(Pt
6):1233-1236.

42. Winkler F, Kozin SV, Tong RT, Chae SS, Booth MF, Garkavtsev I, Xu L,
Hicklin DJ, Fukumura D, di Tomaso E, Munn LL, Jain RK: Kinetics of vascular
normalization by VEGFR2 blockade governs brain tumor response to
radiation: role of oxygenation, angiopoietin-1, and matrix
metalloproteinases. Cancer Cell 2004, 6(6):553-563.

43. Dickson PV, Hamner JB, Sims TL, Fraga CH, Ng CY, Rajasekeran S,
Hagedorn NL, McCarville MB, Stewart CF, Davidoff AM: Bevacizumab-
induced transient remodeling of the vasculature in neuroblastoma
xenografts results in improved delivery and efficacy of systemically
administered chemotherapy. Clin Cancer Res 2007, 13(13):3942-3950.

44. Ellis LM: Mechanisms of action of bevacizumab as a component of
therapy for metastatic colorectal cancer. Semin Oncol 2006, 33(5 Suppl
10):S1-7.

45. Miller DW, Vosseler S, Mirancea N, Hicklin DJ, Bohlen P, Volcker HE, Holz FG,
Fusenig NE: Rapid vessel regression, protease inhibition, and stromal
normalization upon short-term vascular endothelial growth factor
receptor 2 inhibition in skin carcinoma heterotransplants. Am J Pathol
2005, 167(5):1389-1403.

46. Vosseler S, Mirancea N, Bohlen P, Mueller MM, Fusenig NE: Angiogenesis
inhibition by vascular endothelial growth factor receptor-2 blockade
reduces stromal matrix metalloproteinase expression, normalizes stromal
tissue, and reverts epithelial tumor phenotype in surface
heterotransplants. Cancer Res 2005, 65(4):1294-1305.

47. Morikawa S, Baluk P, Kaidoh T, Haskell A, Jain RK, McDonald DM:
Abnormalities in pericytes on blood vessels and endothelial sprouts in
tumors. Am J Pathol 2002, 160(3):985-1000.

48. Baluk P, Morikawa S, Haskell A, Mancuso M, McDonald DM: Abnormalities
of basement membrane on blood vessels and endothelial sprouts in
tumors. Am J Pathol 2003, 163(5):1801-1815.

49. Kuwai T, Kitadai Y, Tanaka S, Onogawa S, Matsutani N, Kaio E, Ito M,
Chayama K: Expression of hypoxia-inducible factor-1alpha is associated
with tumor vascularization in human colorectal carcinoma. Int J Cancer
2003, 105(2):176-181.

50. Yu JL, Rak JW, Carmeliet P, Nagy A, Kerbel RS, Coomber BL: Heterogeneous
vascular dependence of tumor cell populations. Am J Pathol 2001,
158(4):1325-1334.

51. Bindra RS, Glazer PM: Genetic instability and the tumor
microenvironment: towards the concept of microenvironment-induced
mutagenesis. Mutat Res 2005, 569(1-2):75-85.

52. Huang LE, Bindra RS, Glazer PM, Harris AL: Hypoxia-induced genetic
instability-a calculated mechanism underlying tumor progression. J Mol
Med 2007, 85(2):139-148.

53. Shahrzad S, Quayle L, Stone C, Plumb C, Shirasawa S, Rak JW, Coomber BL:
Ischemia-induced K-ras mutations in human colorectal cancer cells: role
of microenvironmental regulation of MSH2 expression. Cancer Res 2005,
65(18):8134-8141.

54. Casanovas O, Hicklin DJ, Bergers G, Hanahan D: Drug resistance by
evasion of antiangiogenic targeting of VEGF signaling in late-stage
pancreatic islet tumors. Cancer Cell 2005, 8(4):299-309.

Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2407/10/683/prepub

doi:10.1186/1471-2407-10-683
Cite this article as: Patten et al.: VEGFR2 heterogeneity and response to
anti-angiogenic low dose metronomic cyclophosphamide treatment.
BMC Cancer 2010 10:683.

Patten et al. BMC Cancer 2010, 10:683
http://www.biomedcentral.com/1471-2407/10/683

Page 11 of 11

http://www.ncbi.nlm.nih.gov/pubmed/17947727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17947727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18347007?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18347007?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18347007?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18347007?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18612155?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18612155?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18235126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18235126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19249681?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19249681?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19249680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19249680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19249680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12492501?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12492501?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18650835?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10766175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10766175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16452226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16452226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16452226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12019144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12019144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12019144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14996710?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14996710?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14996710?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14561896?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14561896?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14561896?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18443598?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18443598?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18443598?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10772661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10772661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18223682?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18223682?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18223682?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18363112?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18363112?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18363112?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12177445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12177445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19230644?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19230644?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19524499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19524514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19524514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19909253?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19909253?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15607960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15607960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15607960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15607960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17606728?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17606728?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17606728?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17606728?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17145519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17145519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16251423?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16251423?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16251423?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15735015?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15735015?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15735015?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15735015?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15735015?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11891196?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11891196?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14578181?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14578181?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14578181?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12673675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12673675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11290550?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11290550?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15603753?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15603753?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15603753?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17180667?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17180667?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16166287?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16166287?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16226705?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16226705?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16226705?dopt=Abstract
http://www.biomedcentral.com/1471-2407/10/683/prepub

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell Lines
	Xenografts
	Blood Vessel Assessment
	Immunohistochemistry for Hypoxia
	Western Blotting
	In Vitro Cyclophosphamide Toxicity
	VEGF-A ELISA
	Quantification of TUNEL Reaction
	Statistical analysis

	Results
	VEGFR2 Status of Blood Vessels in Human Tumors
	Conserved VEGFR2 Expression Patterns between Xenograft and Human Clinical Tumors
	Xenograft Responses to Low Dose Metronomic Cyclophosphamide
	Influence of CTX on VEGFR2 Vascular Status
	Hypoxia in CTX and Control Tumors
	Blood Vessel Alterations in Response to CTX

	Discussion
	Conclusions
	Acknowledgements
	Authors' contributions
	Competing interests
	References
	Pre-publication history

