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Abstract
Endometrial cancer is the most frequent gynecologic cancer in women. Long-term outcomes for
patients with advanced stage or recurrent disease are poor. Targeted molecular therapy against the
vascular endothelial growth factor (VEGF) and its receptors constitute a new therapeutic option
for these patients. The goal of our study was to assess the potential effectiveness of inhibition of
VEGF/VEGFR signaling in a xenograft model of endometrial cancer using bevacizumab (Avastin,
a humanized antibody against VEGFA). We also aimed to identify molecular markers of
sensitivity or resistance to this agent. We show that bevacizumab retards tumor growth in athymic
mice by inhibiting molecular components of signaling pathways that sustain cell survival and
proliferation. We also demonstrate that resistance to bevacizumab may involve up-regulation of
anti-apoptotic genes and certain proto-oncogenes. We propose that down-regulation of ARHGAP6
and MMP15 transcripts indicates that tumors are sensitive to bevacizumab whereas inhibition of
PKCδ- or S6K-dependent signaling and up-regulation of TNFRS4 or MMP13 and MMP14 mark a
developing resistance to bevacizumab therapy. Interestingly, the significant activation of c-Jun
oncogene detected in bevacizumab-treated tumors suggests that, in endometrial cancers, the c-Jun-
mediated pathway(s) contribute to bevacizumab resistance.
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Introduction
Endometrial (uterine) cancer is the fourth most common cancer in women and the most
frequent gynecologic malignancy with approximately 43000 new cases and 7950 American
women lost every year (1). The lifetime risk for developing endometrial cancer is 2.4% and
it is on the rise (2). Surprisingly, relative 5-year survival for endometrial cancer has
decreased from 88% in 1975 to 84% in 2003 according to the American Cancer Society (3).
In comparison, 5-year survival for breast and prostate cancers now exceeds 90%. Thus,
finding new therapies for recurrent or advanced endometrial cancer is a priority in cancer
research.
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Inhibitors of VEGF/VEGFR pathway constitute a novel therapy to treat endometrial cancer.
For example, VEGF expression is associated with elevated tumor vascularization, measured
by microvessel density in endometrial cancer tissues (4), and is a predictive marker for
decreased 5-year survival in patients with advanced endometrial carcinoma (5–7). Current
VEGF-targeted therapeutics have shown promise in animal models and clinical trials of
endometrial cancer. Using an orthotopic mouse model of endometrial carcinoma, Kamat et
al, found that bevacizumab (a monoclonal antibody against VEGFA), reduced tumor volume
by 77% compared to control treatment (4). Mechanistically, it is hypothesized that
bevacizumab mimics the differentiating effects of progesterone on endometrium and inhibits
growth of endometrial cancers through down-regulation of a number of angiogenic and
proliferative signaling pathways (8).

In a retrospective study of nine patients with recurrent endometrial carcinoma, partial
response was observed in two patients and three individuals demonstrated stable disease
with a median survival of 8.7 months (9). A Phase II trial, GOG (Gynecologic Oncology
Group)-229E, evaluated bevacizumab single-agent therapy in recurrent or persistent
endometrial carcinoma. Early results from this study of 53 patients include one complete
and seven partial responses (15.1% response rate) and 35.8% of subjects demonstrated 6-
month progression-free survival (10).

While these preclinical and clinical results are encouraging, longer studies in other types of
cancer have detected disease progression, which suggests eventual resistance to
bevacizumab therapy (11–14). Understanding the pathways that are responsible for
resistance is crucial for extending progression-free survival. In this study we aimed to
investigate the effects of bevacizumab in a xenograft model of human endometrial cancer at
the transcriptional and protein signaling levels and to identify potential markers of
sensitivity and resistance to bevacizumab-based therapy. Defining potential biomarkers of
bevacizumab sensitivity and resistance has immediate application for clinical trials now
underway in patients with endometrial cancer.

Materials and methods
Cells and reagents

Hec50 endometrial cancer cells were provided by Dr Erlio Gurpide (New York University).
An aggressive sub-clone, Hec50co, has been previously characterized and validated in a
model for advanced endometrial cancer by our laboratory (15,16). Cells were cultured in
DMEM (Sigma, St Louis, MO) supplemented with 10% FBS (Gemini Bio Products, Inc.,
Calabasas, CA) and antibiotic/antimycotic solution containing 100 units/ml penicillin-G,
100 μg/ml streptomycin and 0.25 μg/ml amphotericin B (Gibco Life Technologies, Grand
Island, NY).

Mouse xenograft of human endometrial cancer
The experimental procedures for the creation of tumor xenografts and injection of
therapeutic agents were reported previously (17). The experimental protocols were approved
by the University of New Mexico Health Sciences Center Institutional Animal Care and Use
Committee. Briefly, 6–8 week old, Crl: NU/NU-nuBR female athymic mice (NCI, Frederic,
MD) were injected subcutaneously with 5×106 cancer cells in 0.1 ml of RPMI cell culture
medium using a syringe with a 22G5/8 needle. Bevacizumab reconstituted in saline was
given at a dose of 0.2 mg/mouse through intraperitoneal (i.p.) injection twice a week,
starting the day of cancer cell injection. The control group was given saline i.p. Tumors
were measured weekly with a caliper, and tumor cross-sectional areas (mm2) were
calculated using the formula: length (mm) × width (mm) × π/4. The experiment was
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terminated when a tumor reached 2 cm in any dimension, and animals were then euthanized
in a CO2 chamber. The control group had 8 mice and the treatment group had 16 mice. Data
were analyzed by one-way ANOVA and Holm-Sidak t-test to compare the tumor sizes
between control and treatment groups with a p-value of ≤0.05 considered to be significant.
At sacrifice, tumors from control animals as well as those tumors that grew in the presence
of bevacizumab were collected and snap-frozen in liquid nitrogen for RNA and protein
extraction.

RNA extraction
RNA was extracted using RNeasy spin columns (Qiagen Corp., Valencia, CA). The RNA
quality was checked using the Agilent 2100 Bioanalyzer (Agilent Technologies, Foster City,
CA) and the concentration determined with the Nanodrop spectrophotometer (Thermo
Scientific, Wilmington, DE).

Affymetrix data analysis
Functional replicate Affymetrix microarrays were performed for two independent
experiments using the human HG-U133A plus 2.0 chips (Santa Clara, CA), which queries
the expression of 54000 transcripts. All procedures for the chip preparation and cDNA
production were performed per manufacturer’s instructions (v. 701025 Rev.5). Briefly, total
RNA was used to generate double-stranded cDNA with an oligo dT-primer containing the
T7 RNA polymerase promoter site and the One-Cycle Target Labeling kit. cDNA was
purified via a column using the GeneChip Sample Cleanup Module and biotinylated cRNA
was synthesized by in vitro transcription using the GeneChip IVT Labeling kit. Biotin-
labeled cRNA was purified (GeneChip Sample Cleanup Module) and the absorbance
measured at 260 nm to determine yield (Nanodrop spectrophotometer). Twenty micrograms
of the labeled cRNA was fragmented, and its quality was assessed for purified cRNA and
fragmented cRNA using the Agilent 2100 Bioanalyzer and the RNA 6000 Nano LabChip
kit. The labeled fragmented cRNA was hybridized to Affymetrix GeneChip HG-U133A plus
2.0 arrays for 16 h at 45°C. Array washing and staining was performed on the Affymetrix
fluidics (450) station according to the antibody amplification protocol (Fluidics script:
EukGE-WS2v5). The GeneChips were scanned using the Affymetrix GeneChip Scanner
3000 (a wide-field, epifluorescent near-confocal microscope with a patented flying
objective).

Analysis approaches and data interpretation
Initial data analysis was performed using Affymetrics Microarray Suite v 5.0 software,
setting the scaling of all probe sets to a constant value of 500 for each GeneChip. Silicon
Genetics’ (now Agilent Technologies) GeneSpring 7.3 (Redwood City, CA) was used to
filter data using several criteria. First, only transcripts with a fluorescent signal above the
background level were retained for the subsequent 2-fold change filter. Starting with over
54000 transcripts this eliminated all but 5592 transcripts. Next, we used an ANOVA
calculation to identify transcripts with a p-value <0.05. Four hundred and fifty-four
transcripts meet these stringent criteria. Data (GSE18195) were deposited at
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE18195. Affymetrics microarray
data were additionally analyzed by the University of Iowa DNA Facility Molecular Biology
Computing Service.

Real-time RT-PCR
cDNA was synthesized from 1 μg of total RNA and PCR reactions were carried out in 50 μl
reaction mixtures using 50 ng of template per well. Amplification of GADPH was used as
an endogenous control to standardize the amount of RNA in each sample. The Assay on

DAVIES et al. Page 3

Oncol Rep. Author manuscript; available in PMC 2012 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE18195


Demand™ protocol was carried out as directed in the ABI manual (Applied Biosystems,
Foster City, CA). The raw data were presented as the cycle number associated with initial
amplification. The data were then normalized to an endogenous control (GAPDH) to allow
for variance in RNA template amounts added to the reverse transcription reaction. The data
could then be compared to a calibrator and analyzed using the 2−ΔΔCT method (18).

Isolation of tissue lysates
Protein was extracted according to the Kinetworks’ guidelines (Kinexus, Victoria, BC).
Tumor tissues were incubated in 0.5% Triton X-100 lysis buffer (0.5% Triton X-100, 10
mM Tris-HCl pH 7.4, 5 mM EDTA, 50 mM NaCl, 50 mM NaF, 20 μg/ml aprotinin, 1 mM
PMSF and 2 mM Na3VO4), homogenized and disrupted using a rotor-stator homogenizer
for 90 sec. The samples were then sonicated for 10 sec on ice to rupture the cells. Cell
lysates were ultra-centrifuged for 30 min at 100000 × g at 4°C. The supernatant was then
transferred to fresh tubes, and protein concentrations determined by the Bradford assay (Bio-
Rad Laboratories, Hercules, CA).

Kinetworks signal transduction profiling
Phosphoproteomic analysis of lysates from control and bevacizumab-treated tumors was
performed in duplicate. Briefly, tissue lysates (400 μg) were mixed with 4X sample buffer
(125 mM Tris-HCl, pH 6.8, 4% w/v SDS, 50% v/v glycerol, 0.08% w/v bromophenol blue
and 5% β-mercaptoethanol) in a ratio of 1:4 sample to buffer, boiled for 4 min and analyzed
using Kinetworks Phospho-Site Screen 1.3, which tracks the abundance of 31
phosphoprotein targets (Kinexus Bioinformatics Corp., Vancouver, Canada). The results
were reported as the percent of binding compared with control, and peptide densities that
vary (±25% from the controls are considered to be legitimate signaling targets reliably
detected using this method.

Western blotting
Tissue lysates were re-suspended in Laemmli’s buffer (Bio-Rad Laboratories) at 1:1 dilution
and 100 μg of total protein extract was separated on Criterion™ XT precast 4–12% gradient
gels (Bio-Rad Laboratories) at a 150 V for 1 h. The proteins were then transferred to a
nitrocellulose membrane (Bio-Rad Laboratories) for 1 h at 100 V. The membrane was
blocked for 1 h in 5% non-fat dry milk and incubated with the anti-phospho-c-Jun antibody
(Upstate Cell Signaling, Lake Placid, NY) overnight at 4°C. Subsequently, the membranes
were incubated with the HRP-conjugated secondary antibody (Bio-Rad Laboratories) at
room temperature for 1 h. Signal was visualized using Pierce® ECL Western blotting
developing solution (Thermo Scientific, Rockford, IL). Anti-actin rabbit polyclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA), overnight at 4°C, was used to assess equal
loading of samples.

Results
Bevacizumab controls tumor growth in mouse xenograft model of endometrial cancer

Bevacizumab has been shown to be effective in limiting the tumor growth in several types of
cancers, although it is unclear whether it exerts the same effects in endometrial cancers.
Therefore, we examined the effect of bevacizumab on tumor growth in a xenograft model of
endometrial cancer using Hec50co cells, an aggressive endometrial cancer cell line (15,16).
Animals were implanted with Hec50co cells subcutaneously, and treatment with
bevacizumab began on the day of tumor cell implantation and was repeated twice per week
for the duration of the study. The data in Fig. 1 demonstrate that bevacizumab treatment
alters the rate and extent of endometrial tumor formation. The bevacizumab-treated animals
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had a statistically reduced tumor volume (Fig. 1, bevacizumab, open circles; mean cross-
sectional area 23.2 mm2) compared to control animals (control, closed circles; mean cross-
sectional area 79.5 mm2, p≤0.05), indicating that some sensitivity to bevacizumab treatment
occurs. Interestingly, we observed a 19% reduction in tumor incidence in the bevacizumab-
treated animals compared to controls: 75% of control animals developed tumors, whereas
only 56% of bevacizumab-treated animals had measureable tumors (data not shown).
However, the fact that tumors are present at all in the treated group indicates some degree of
resistance to bevacizumab.

The results from this experiment suggest that two distinct events mediating sensitivity and
resistance are occurring in the bevacizumab-treated tumors: i) bevacizumab exerts an
inhibitory effect in human endometrial cancers and this effect may be mediated by the
intracellular pathways that confer sensitivity to the drug; and ii) tumor growth, albeit slow,
in bevacizumab-treated animals implicates the activation of escape mechanisms that may
ultimately lead to the resistance to this agent. Therefore, we next sought to identify the
divergent signaling pathways that are responsible for the sensitivity and resistance to
bevacizumab treatment.

Bevacizumab regulates expression of putative sensitivity and resistance genes in tumors
Since the endometrial tumors displayed differing responses to bevacizumab therapy, it is
imperative to identify putative pathways of sensitivity and resistance that are activated in
response to bevacizumab. Therefore, an array strategy was employed to identify genes that
changed in expression following exposure to bevacizumab (microarray data, GSE18195,
have been deposited at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE18195).
Many genes of interest were regulated, including TNFRSF4, MMP13, MMP14, TP53BP1
and COL5A2 that were up-regulated (Table I) and ARHGAP6, PDCD14, MMP15,
PRDM16 and COL9A3 that were down-regulated (Table II). The regulation of these genes
was confirmed by quantitative real-time RT-PCR (Fig. 2). Transcript levels of TNFRSF4
and MMP13 genes were 8 and 9.5 times higher in bevacizumab-treated animals,
respectively, and expression of MMP14, TP53BP1 and COL5A2 genes was ~2–2.5 times
higher than in control animals (Fig. 2A). In bevacizumab-treated tumors ARHGAP6,
PDCD14, MMP15, PRDM16 and COL9A3 genes showed 20–50% lower expression levels
compared to non-treated controls (Fig. 2B). Full names and accession numbers of these
genes are given in Tables I and II.

Bevacizumab activates putative signaling pathways of sensitivity and resistance in tumors
The changes at the mRNA level led us to investigate how bevacizumab affects post-
translational modifications of proteins, such as phosphorylation, using the Kinetworks
phosphoproteomic assay. The Kinetworks multilane immunoblotting is a phosphoproteomic
assay that assesses phosphorylation levels of multiple signal transduction molecules. An
increase in phosphorylation of intracellular signaling pathways indicates that activation has
occurred in response to therapeutic/experimental interventions; therefore, we used this
approach to compare activation of tumor signaling pathways between control and
bevacizumab-treated animals. Data indicate that an increase as well as a decrease in
phosphorylation occurred following bevacizumab treatment. In particular, signaling
pathways that respond with increased phosphorylation include proliferative and pro-survival
pathway components, such as c-Jun, MEK 1/2, Akt/PKBα, STAT-3 and SMAD 1/5/9 (Fig.
3, Table III). In contrast, p70S6Kα and PKCδ demonstrated reduced phosphorylation levels
(Fig. 3, Table III).
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The activation of c-Jun was of particular interest
c-Jun is a proto-oncogene of the AP-1 family of proteins that is most frequently associated
with tumor progression in endometrial cancers (19). Differential phosphorylation of c-Jun in
non-treated vs. treated animals was verified by immunoblotting (Fig. 4). Consistent with the
phosphoproteomic data, we detected an increase in phosphorylation of c-Jun in
bevacizumab-treated tumors compared to control tumors. Quantitation of immunoblotting
signals indicate that compared to the vehicle-treated mice, a 3- to 10-fold increase in
phosphorylation levels of c-Jun was detected in experimental animals. These data suggest
that elevated c-Jun phosphorylation is one mechanism by which bevacizumab-treated
tumors continue to grow. Furthermore, inhibition of components of the c-Jun signaling
pathway may represent one approach to circumvent the resistance to bevacizumab.

In conclusion, our results demonstrate that, in an animal model of endometrial cancer,
bevacizumab induces both the activation and the inhibition of proteins downstream of
VEGFR. Further studies would be required to validate the use of these molecules as markers
of therapeutic response or resistance to VEGF inhibitors.

Discussion
The interest in anti-angiogenic therapy is due to the proven effectiveness of bevacizumab
(the anti-VEGFA antibody) in treating several solid tumors, for example lung, prostate and
breast (20–22). It is unclear however whether malignant lesions of endometrium respond to
bevacizumab and whether resistance to bevacizumab-based therapy is an issue in
endometrial cancers. This study aimed to identify potential molecular indicators of
sensitivity and/or resistance to bevacizumab. Specifically, in a xenograft model of
endometrial cancer, we used mRNA expression profiling and a phosphoproteomic approach
to assess the regulation of intracellular signaling pathways at both the mRNA and protein
levels. The potential markers of response would be the pro-growth genes or signaling
molecules for which bevacizumab is inhibitory and, alternatively, the pro-growth factors up-
regulated/activated by bevacizumab treatment may be used as markers of resistance.

At the level of transcription, bevacizumab inhibits the expression of proliferative genes,
such as ARHGAP6 and MMP15. MMP15 is a transmembrane metalloproteinase involved in
the breakdown of extracellular matrix and induction of transmigration thus propagating
metastasis (23,24). ARHGAP6 activates RhoA GTPases of the ras superfamily of oncogenes
and promotes cell migration via inhibition of focal adhesion molecules and actin remodeling
(25,26). We hypothesize that these genes may represent molecular markers of sensitivity;
down-regulation of each of these transcripts would be an indicator(s) of the inhibition of
tumor growth by bevacizumab.

However, there was a significant enhancement of phosphorylation of targets downstream of
ras, including c-Jun, MEK 1/2, Akt/PKBα, STAT3 and SMAD1/5/9, suggesting a Rho/
ROCK-independent compensatory activation of pro-oncogenic pathways (27–30). Other
findings from the gene expression and phosphoprotein immunoblotting assays also suggest
augmentation of intracellular signaling that favors survival of cancer cells. Both PDCD4 and
PRDM16, which were down-regulated in bevacizumab-treated tumors, have been previously
shown to possess tumor suppressor activity (31–34). PDCD4 phosphorylation by p70S6Kα
and subsequent degradation by the proteasome serve to regulate protein synthesis and cell
growth (35). Combined, up-regulation of PDCD4 and decreased p70S6Kα activity would
contribute to indefinite cell proliferation that is characteristic of cancer growth and therefore
may be one marker of resistance to bevacizumab.
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We also detected an up-regulation of the anti-apoptotic gene TNFRS4 and
metalloproteinases MMP13 and MMP14. In normal endometrium, progesterone inhibits
MMP13 gene expression (36), thus the up-regulation of MMPs in these studies suggests that
the tumors may be insensitive to progesterone. Therefore, elevated MMP13 expression may
represent a compensatory effect in response to bevacizumab treatment. MMP14 plays a role
in the regulation of angiogenesis, and increased expression may indicate a developing
resistance to anti-angiogenic therapy such as bevacizumab (37,38).

PKCδ functions as a pro-apoptotic gene in multiple cell types (39,40). In endometrial
cancers, in particular, a loss of PKCδ expression or function is associated with a higher
grade of cancer and possibly is an indicator of malignant transformation of endometrial
epithelium (41). In accord with previously published results, our study suggests that the loss
of PKCδ function, as indicated by the attenuated phosphorylation of Thr507 in the enzyme
activation loop, has occurred and this may be a result of the inhibitory effect of bevacizumab
on VEGFA-stimulated PKCδ activation (42,43). The signaling pathways that depend on
PKCδ for activation include, among others, Akt/mTOR/p70S6K and STAT3.
Phosphorylation of Thr389 on p70S6Kα by PKCδ regulates the Akt/mTOR/p70S6K
pathway to inhibit ERK1/2 signaling, thereby decreasing cell proliferation (44,45). Hence,
combined inhibition of PKC and p70S6Kα may mark the escape mechanism that would
contribute to the cancer growth despite the administration of bevacizumab.

The finding that bevacizumab activates the oncogene c-Jun is particularly interesting. c-Jun
is overexpressed in poorly differentiated human endometrial cancer cells and is down-
regulated by chemotherapeutic agents (19). An increase in phosphorylation of c-Jun in
animals that received bevacizumab is another potential indicator of developing resistance to
treatment. Further studies are necessary to investigate whether changes in phosphorylation
levels of c-Jun can be used as molecular markers of sensitivity/resistance to bevacizumab
therapy.

The role of STAT3 Ser727 phosphorylation for transcriptional activity in general and in
endometrial cancers in particular, is unclear. Conflicting data report both an increase and a
decrease in transcriptional activity of STAT3 upon phosphorylation of Ser727, and in some
cancers, PKCδ-dependent Ser727 phosphorylation results in an inhibition of cell
proliferation (46,47). Thus, whether augmented phosphorylation of STAT3 Ser727 indicates
developing resistance to bevacizumab in endometrial cancers or whether this is a marker of
sensitivity requires further elucidation. Similarly, the importance of increased
phosphorylation of SMAD1/5/9 is unclear since, depending upon the location of the cancer;
both induction and inhibition of tumor growth have been linked to the activation of this
pathway (48,49).

In conclusion, these studies confirm that the VEGF pathway is a promising target for new
therapies against endometrial cancer. The inhibition of this pathway results in changes in
gene expression that enhance apoptosis and reduce cellular proliferation and tumor invasion.
This study also suggests that endometrial cancers have the potential to become resistant to
bevacizumab-based treatments and identify potential markers of resistance that include the
induction of compensatory phosphoproteins and transcripts involved in cell survival. We
propose that ARHGAP6 and MMP15 transcripts are putative markers of sensitivity of
endometrial cancers to bevacizumab, and down-regulation of these factors correlates with
tumor responsiveness to therapy. We also suggest that differential regulation of PDCD4,
PRDM16, TNFRS4 and MMP13 and MMP14 transcripts and inhibition of p70S6Kα and
PKCδ signaling indicate that tumors have become resistant to bevacizumab. The exact role
of activation of c-Jun, MEK1/2, Akt/PKB, STAT3 and SMAD 1/5/9 in endometrial cancers
requires further elucidation.
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Figure 1.
Bevacizumab inhibits growth of endometrial cancer in mouse xenograft model. Athymic
mice injected with Hec50co endometrial cancer cells were treated with vehicle control
(saline, n=8) or bevacizumab (n=16) for 5 weeks. Tumor growth in mice in control (closed
circles ●) and bevacizumab (open circles ○) treated groups was estimated weekly for 5
weeks. Differences in tumor size (mm2) were assessed by ANOVA and post-hoc
Bonferroni’s test. *Indicates statistically significant differences between groups (p≤0.05)
and #indicates that tumor sizes differ significantly between control and experimental groups
at week 5 of treatment (p≤0.05).
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Figure 2.
Identification of putative biomarkers for bevacizumab resistance and sensitivity. Nude mice
were injected with Hec50co endometrial cancer cells and subsequently treated with
bevacizumab or saline (controls) as in Fig. 1. Following a 5-week treatment tumors were
extracted and RNA content analyzed by quantitative RT-PCR. Expression levels of genes
(A) up-regulated or (B) down-regulated by bevacizumab treatment, normalized to an
internal control. A value of 0 on the y-axis represents basal (control) levels. Grey bars
denote predicted markers of sensitivity to bevacizumab treatment; black bars represent
predicted markers of resistance to bevacizumab.
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Figure 3.
Phosphoproteomic analysis of putative pathways involved bevacizumab sensitivity and
resistance. Nude mice were injected with Hec50co human endometrial cancer cells and
treated with bevacizumab or vehicle (controls) for 5 weeks. Subsequently, tumors were
excised and total cell lysates were isolated. Phosphorylation levels of signaling molecules
from two independent experiments were assessed using Kinetworks immunoblotting
approach. Results obtained from bevacizumab-treated mice were averaged, normalized to
controls and presented as a fold increase/decrease in phosphorylation levels. A value of 0 on
the y-axis indicates the phosphorylation levels in vehicle-treated mice.
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Figure 4.
Bevacizumab activates c-Jun. Nude mice were injected with Hec50co endometrial cancer
cells and treated with bevacizumab or saline (controls) for 5 weeks. Subsequently, tumors
were excised and total cell lysates were isolated. Signaling pathways identified as activated/
inhibited by Kinetworks immunoblotting were further tested by immunoblotting lysates
from control and bevacizumab-treated tumors. Representative immunoblot shows an
increase in phosphorylation levels of c-Jun (upper panel, 45 kDa) in bevacizumab-treated vs.
vehicle-treated control group. Actin (lower panel, 40 kDa) was used as a loading control.
Densitometric analysis was performed on phospho-c-jun blot, normalized to actin
expression, and the relative c-jun phosphorylation (to control, lane 1) is listed below
phospho-c-jun blot.

DAVIES et al. Page 14

Oncol Rep. Author manuscript; available in PMC 2012 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

DAVIES et al. Page 15

Ta
bl

e 
I

G
en

es
 u

p-
re

gu
la

te
d 

in
 r

es
po

ns
e 

to
 b

ev
ac

iz
um

ab
 tr

ea
tm

en
t.

G
en

e
A

bb
re

vi
at

io
n

A
cc

es
si

on
 n

o.

F
ol

d-
ch

an
ge

P
ro

po
se

d 
re

as
on

 f
or

 r
eg

ul
at

io
n

A
ff

ym
et

ri
x

qR
T

-P
C

R

T
um

or
 p

ro
te

in
 p

53
 b

in
di

ng
 p

ro
te

in
 1

T
P5

3B
P1

N
M

_0
01

14
19

80
.1

2.
62

2.
41

Se
ns

iti
vi

ty

T
um

or
 n

ec
ro

si
s 

fa
ct

or
 r

ec
ep

to
r 

su
pe

rf
am

ily
 m

em
be

r 
4

T
N

FR
SF

4
N

M
_0

03
32

7.
2

11
.8

0
8.

40
R

es
is

ta
nc

e

M
at

ri
x 

m
et

al
lo

pe
pt

id
as

e 
13

 (
co

lla
ge

na
se

 3
)

M
M

P1
3

N
M

_0
02

42
7.

2
11

.3
0

10
.2

5
R

es
is

ta
nc

e

M
at

ri
x 

m
et

al
lo

pe
pt

id
as

e 
14

M
M

P1
4

N
M

_0
04

99
5.

2
1.

61
1.

64
R

es
is

ta
nc

e

C
ol

la
ge

n,
 ty

pe
 V

, α
 2

C
O

L
5A

2
N

M
_0

00
39

3.
3

3.
13

2.
09

R
es

is
ta

nc
e

Oncol Rep. Author manuscript; available in PMC 2012 September 04.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

DAVIES et al. Page 16

Ta
bl

e 
II

G
en

es
 d

ow
n-

re
gu

la
te

d 
in

 r
es

po
ns

e 
to

 b
ev

ac
iz

um
ab

 tr
ea

tm
en

t.

G
en

e
A

bb
re

vi
at

io
n

A
cc

es
si

on
 n

o.

F
ol

d-
ch

an
ge

P
ro

po
se

d 
re

as
on

 f
or

 r
eg

ul
at

io
n

A
ff

ym
et

ri
x

qR
T

-P
C

R

R
ho

 G
T

Pa
se

 a
ct

iv
at

in
g 

pr
ot

ei
n 

6 
tr

an
sc

ri
pt

 v
ar

ia
nt

 1
A

R
H

G
A

P6
N

M
_0

13
42

7.
2

−
1.

15
−

0.
49

Se
ns

iti
vi

ty

M
at

ri
x 

m
et

al
lo

pe
pt

id
as

e 
15

M
M

P1
5

N
M

_0
02

42
8.

2
−

6.
70

−
0.

36
Se

ns
iti

vi
ty

C
ol

la
ge

n,
 ty

pe
 I

X
, α

 3
C

O
L

9A
2

N
M

_0
01

85
3.

3
−

1.
27

−
0.

25
Se

ns
iti

vi
ty

PR
 d

om
ai

n 
co

nt
ai

ni
ng

 1
6

PR
D

M
16

N
M

_0
22

11
4.

2
−

2.
47

−
0.

40
R

es
is

ta
nc

e

Pr
og

ra
m

m
ed

 c
el

l d
ea

th
 4

PD
C

D
4

N
M

_1
45

34
1.

2
−

1.
56

−
0.

23
R

es
is

ta
nc

e

Oncol Rep. Author manuscript; available in PMC 2012 September 04.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

DAVIES et al. Page 17

Table III

Phosphoproteomic comparison of bevacizumab-treated and control tumors.

Phosphorylated protein Phosphorylation site(s) Accession no.(s)

c-Jun S73 NP_002219.1

MEK1/2 S218, S222 NP_002746.1

AKT/PKBα T308 NP_005154.2

STAT3 S727 NP_644805.1

SMAD 1/5/9 S463 NP_00589.1

S465 NP_005894.3

S467 NP_001120689.1

p70S6Kα T389 NP_003152.1

PKCδ T507 NP_006245.2
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