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Abstract
Background: Angiogenesis plays a crucial role in tumor development and metastasis, and several clinical
trials of anti-angiogenic agents have been conducted in advanced and recurrent endometrial cancer. Both
bevacizumab and cediranib have demonstrated activity as single agents, though subsequent studies of
bevacizumab combined with chemotherapy failed to improve outcomes compared to chemotherapy
alone. Our group has previously established that chemotherapy plus an angiokinase inhibitor promotes
catastrophic cell death in a xenograft model of endometrial cancer. Our objective was to compare the
e�cacy of cediranib and bevacizumab in endometrial cancer models.

Methods: The cellular effects of the bevacizumab and cediranib were examined in endometrial cancer
cell lines using ERK phosphorylation, ligand shedding, cell viability and cell cycle progression as
readouts. Cellular viability following exposure to bevacizumab or cediranib as single agents or in
combination with chemotherapy was also tested in eight patient-derived organoid models of endometrial
cancer. Finally, we performed a phosphoproteomic array of 875 phosphoproteins to de�ne the signaling
changes related to bevacizumab versus cediranib.

Results: Whereas both bevacizumab and cediranib effectively blunted tyrosine kinase receptor signaling
in human vascular endothelial cells, only cediranib blocked ligand-mediated ERK activation in
endometrial cancer cells. In both cell lines and patient-derived organoid cultures, neither bevacizumab nor
cediranib alone had a notable effect on cell viability, even at 1-10 µM concentrations. By contrast,
cediranib but not bevacizumab promoted marked cell death when combined with chemotherapy. Cell
cycle analysis demonstrated an accumulation in mitosis after treatment with cediranib+chemotherapy,
consistent with abrogation of the G2/M checkpoint and subsequent mitotic catastrophe. Molecular
analysis of key controllers of the G2/M cell cycle checkpoint con�rmed its abrogation. Phosphoproteomic
analysis revealed that bevacizumab and cediranib had both similar and unique effects on cell signaling
that underlie their shared versus individual actions as anti-angiogenic agents.

Conclusions: Based on these data, we conclude that an anti-angiogenic tyrosine kinase inhibitor such as
cediranib has the potential to be superior to bevacizumab in combination with chemotherapy. These data
set the stage for future clinical studies of the combination of standard chemotherapy with cediranib in
advanced and recurrent endometrial cancer.

Background
Endometrial carcinoma is the most common gynecologic malignancy in the United States. In 2020, over
65,000 women were diagnosed with endometrial cancer and nearly 13,000 women died of this disease
[1]. Although the 5-year survival rate of patients with early-stage endometrial cancer is relatively high,
patients with advanced or recurrent endometrial cancer have a poor prognosis. Additionally, population
studies have shown that endometrial adenocarcinoma is one of the only cancers in which prevalence and
mortality are increasing [2]. Recent progress has been made in de�ning the molecular biology of

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 4/23

endometrial carcinoma, which has led to the use of targeted agents to treat this disease. The addition of
targeted therapies including anti-angiogenics in conjunction with chemotherapy may be more effective
than chemotherapy alone, as we have recently reported (Leslie et al., accepted for publication by
Gynecologic Oncology on Jan. 20, 2021; ePub not yet available).

The Gynecologic Oncology Group (GOG, now NRG Oncology) has evaluated a series of anti-angiogenic
agents in recurrent endometrial carcinoma. Bevacizumab (Avastin®, Genentech) is a recombinant
humanized antibody against vascular endothelial growth factor-A (VEGF-A), and it has been studied as a
single agent in women with recurrent endometrial cancer in study protocol GOG-229E [3]. From this study,
bevacizumab signi�cantly improved PFS compared to additional treatment with chemotherapy [3]. GOG-
229G, a Phase II trial of combination bevacizumab and temsirolimus (an mTOR inhibitor) was also
deemed active in the treatment of recurrent endometrial carcinoma; however, the combination showed
signi�cant toxicity [4].

Cediranib is a small molecule multi-tyrosine kinase receptor inhibitor that targets VEGF receptors
(VEGFR1/2/3), platelet-derived growth factor receptors (PDGFRα/β and c-Kit) and �broblast growth factor
receptor (FGFR1) [5, 6]. GOG-229J was a study of cediranib as monotherapy in advanced endometrial
carcinoma that, like bevacizumab, met the criteria for being considered an active agent in advanced
endometrial cancer [7]. It was also found to be tolerable when administered as a single agent [7]. Other
anti-angiogenic agents have also been investigated, but they have shown limited activity as single agents
in unselected patients [8-11]. The GOG-86P trial of bevacizumab with chemotherapy in patients with
advanced endometrial carcinoma did not show a statistically signi�cantly increased PFS relative to
historical controls when patients were analyzed as an entire cohort [12].  

Preclinical studies have clearly demonstrated activity of single-agent bevacizumab on a variety of tumor
models, including endometrial carcinoma. In an orthotopic mouse model of endometrial cancer,
bevacizumab signi�cantly reduces tumor volume compared to control [13]. A previous study by our group
also showed that bevacizumab inhibits growth of endometrial cancer in a mouse xenograft model [14].
Anti-tumor activity of cediranib has been demonstrated in tumor xenograft models of various types of
cancers including colon, lung, prostate, breast, and ovarian cancer [5, 6, 15]. In addition, cediranib
decreases tumor vessel density and promotes vascular regression [5].

The vast majority of studies of antiangiogenic agents in endometrial cancer have focused on the
inhibitory effects on the tumor vasculature. We hypothesized that therapeutic e�cacy could also be
derived from effects on the tumor cells. To date, cediranib has not been studied in combination with
chemotherapy in endometrial cancer despite the documentation from GOG0229J that it has single agent
activity. The studies reported herein were designed to compare the impact of cediranib to bevacizumab to
assess whether cediranib may also be effective as an anti-angiogenic and as an adjuvant to
chemotherapy. Hence, we compared the e�cacy of the two most active anti-angiogenic agents in
endometrial cancer, bevacizumab and cediranib, on tumor cell survival and signaling.

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 5/23

Methods
Chemicals

Ge�nitib, cediranib, bevacizumab and paclitaxel were purchased from Selleck Chemicals, LLC (Houston,
Texas, USA) and suspended in DMSO.

Patient-derived organoid models of endometrial cancer

All studies using human tissues have been approved by the University of Iowa Institutional Review Board
(IRB), protocol #201809807. Patient tumor specimens were obtained within 30 min of surgical resection.
Organoids were created per our protocol for ascites �uid [16], with modi�cations to digest tissue and
isolate single cells. Speci�cally, freshly resected tissue was washed with 10 ml PBS and cut into small
pieces. The minced fragments were collected in a 50 ml tube and digested in 5ml AdDF+++ media
(Advanced DMEM-F12 with1X Glutamax,10mM HEPES and Pen strep) supplemented with 2U/ml Dispase
, 1mg/ml collagenase P and 50µg/ml Dnase I, then incubated at 37°C for 0.5-1 h. Dissociated cells were

�ltered through a 40 μm cell strainer, centrifuged at 300 x g for 10 min, washed twice with PBS and
pelleted. Erythrocytes were removed by incubating the dissociated cells with 2 ml red blood cell lysis
buffer for 5 min at room temperature followed by an additional wash with 10 ml AdDF+++ and
centrifugation at 300 x g for 5 minutes. Finally, the cells were counted and embedded in Matrigel on ice
and seeded on pre-warmed 24-well cell culture plates; 500 µl AdDF+++ media was added on the top of the
Matrigel to each well.

Cell culture

Hec50 cells were kindly provided by Dr. Erlio Gurpide (New York University) [17] and grown in high-glucose
Dulbecco’s Modi�ed Eagle Medium (DMEM; Gibco Corporation, USA) supplemented with 10% fetal bovine
serum. KLE cells were purchased from ATCC and grown in RPMI-1640 medium supplemented with 10%
fetal bovine serum. Human umbilical vascular endothelial cells (HUVEC) were purchased from ATCC and
grown in EGMTM -2 MV Microvascular Endothelial Cell Growth Medium (2 BulletKit, Lonza, GA, USA). To
ensure rigor and reproducibility, the identity of all cell lines was con�rmed using the CODIS genotyping
test (Cat. No. CL1003, Bio-Synthesis).

Western blot

Cells were collected and lysed with NP-40 lysis buffer with protease inhibitors. Lysates were analyzed for
protein expression/phosphorylation as described previously [18, 19]. The following antibodies were used
at the indicated dilutions; all antibodies were purchased from Cell Signaling: anti-p-AKT-S473 (1:1000,
#4060), anti-AKT (1:1000, #4685), anti-p-p44/42 MAPK (Erk1/2) -Thr202/Tyr204 (1:1000, #4370), anti-
p44/42 MAPK (Erk1/2) (1:1000, #4695), anti-p-p38 MAPK-Thr180/Tyr182 (1:1000, #9211), anti-p38
MAPK (1:1000, #8690), anti-p-cdc2-Tyr15 (1:1000, #4539), anti-cdc2 (1:1000, #9116), anti-p-CDC25C-
Ser216 (1:1000, #4901), anti-CDC25C(1:1000, #4688), anti-p-Histone H3-ser10 (1:1000, #53348).
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Cell viability assay

Organoids: Viability of the tumor organoids following drug treatment was performed as previously
described [16]. Brie�y, patient-derived organoids were collected with organoid harvesting solution (Cultrex,
USA), and then digested to single cells with TrypLE Express supplemented with 4 µl 10 mg/ml DNAse I
stock and 4 µl 10 mM Y-27632 stock. Single cells were suspended in AdDE+++ medium with 10%
Matrigel and seeded at a density of 10,000 cells/well (50 μl/well) in an ultra-low attachment 96-well U-
bottom white plate. After 24 hrs, cells were exposed to paclitaxel (10 nM), bevacizumab (1 µM), or
cediranib (1 µM) for 72h at 37°C. At the end of incubation, equal volume of CellTiter-Glo 3D reagent
(Promega) was added to each well and incubated for 25 min at room temperature. The luminescence
was measured using the Gen5 Microplate Reader (BioTek, Vermont, USA). All the tests were conducted in
triplicate and data normalized to untreated control (set at 100% viability).

Cell lines: Cell viability was determined by WST-1 assay as previously described [20]. Brie�y, Hec50 and
KLE cells were seeded into 96-well plates (10,000 cells per well) for 24 hrs and then cultured with
increased concentrations of the drugs for an additional 72 hrs. Cell viability was evaluated using the cell
proliferation reagent WST-1 (Roche, Germany) according to the manufacturer’s protocol. The absorbance
was measured with a micro-plate reader (Biorad). All the tests were conducted in triplicate and data
normalized to untreated control (set at 100% viability).

Cell cycle analysis

Cell cycle analysis was performed by �ow cytometry as described previously [18]. Equal number of cells
were plated in 10 cm plates and treated with different drugs for 24 hrs as for cell viability assays. Cell
pellets were harvested and suspended separately in Krishan’s solution (3.8 mM sodium citrate, 0.014 mM
propidium iodide, 1% NP-40 and 2.0 mg/ml RNase A). Cell suspensions were analyzed using a FacScan
Flow Cytometer (Becton, Dickinson and Company, San Jose, CA) and data were analyzed by CellQuest
software version 3.3. 

Shedding assay

HUVEC, Hec50, and KLE cells were grown to 70-80% con�uence and serum-starved in Opti-MEM for one
hour prior to transfection. Transfection of 1 µg alkaline phosphatase (AP)-tagged transforming growth
factor (TGF)-α were performed according to manufacturer’s protocols using Lipofectamine2000
(Invitrogen, Carlsbad, CA). Cells were starved for at least four hours before the stimulation. Recombinant
human vascular endothelial growth factor (VEGF-A) was obtained from R&D Systems (Minneapolis, MN)
and used at a concentration of 100 ng/ml. The concentration of bevacizumab was 1µg/ml. PMA
(phorbol-12-myristate-13-acetate) and the AP-tagged TGF-α plasmid have been previously published [21].
Evaluation of AP activity was determined by colorimetric assay as described previously [22]. Brie�y, the
ratio between the total AP activity in the supernatant and the total AP activity in the cell lysate plus
supernatant was computed for normalization. The presented ratios re�ect the relative proteolytic activity
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of a given sheddase toward the AP-tagged ligand TGF-α. No AP activity was detected in the conditioned
media of untransfected cells.

Phosphoproteomic microarray

Hec50 cells were plated in 15 cm plates and treated with DMSO, 1µM bevacizumab or 1µM cediranib for
24 hrs. Cell pellets were collected and lysed with Kinexus Lysis Buffer with chemical cleavage. The
microarray assay and data analysis were performed with Kinex™ KAM-1325 Antibody Microarray Kit by
Kinexus Bioinformatics Corporation. To qualify as a lead, the percent change from control (%CFC) value
should be at least 45% higher or lower with �uorescent signals that were at least 1,000 counts [23].

Statistical analysis

Data were analyzed using GraphPad Prism software. Statistical signi�cance of differences was
determined using one-way ANOVA with Sidak’s post-hoc test or two-way ANOVA with Tukey’s post-hoc
test, as speci�ed. All values are expressed as mean ± standard deviation (SD) of at least three
independent experiments unless otherwise indicated.

Results
Tyrosine kinase receptor signaling pathways are downregulated by cediranib but not bevacizumab

We �rst established the inhibitory potential of bevacizumab and cediranib on ligand-stimulated ERK
activation in HUVEC cells by Western blot (Figure 1A). In contrast to robust inhibition of ERK
phosphorylation at Thr202/Tyr204 by both bevacizumab and cediranib in HUVEC cells, the
phosphorylation form of ERK displayed no signi�cant induction with VEGF-A treatment and no obvious
change with the addition of bevacizumab, suggesting that the intracellular signaling impact of VEGF-A is
not robust in these tumor cells as compared to the known impact of VEGF-A on the vasculature of the
surrounding tumor microenvironment [5].

Bevacizumab acts by selectively binding circulating VEGF, thereby inhibiting VEGFR1/2 activation [24].
Cediranib also inhibits VEGFR1/2/3 as well as PDGFRs and FGFR1 [5]. Previous studies have shown that
activation of VEGFR2 by VEGF triggers a disintegrin and metalloprotease (ADAM) 17-dependent release
of EGFR ligands such as TGF-α in a variety of different cells [25]. To monitor the effect of bevacizumab
and cediranib on activation of ADAM17, we stimulated AP-TGF-α expressing cells with VEGF-A. PMA, a
well-known activator of ADAM17-mediated shedding events served as a positive control [26, 27]. As
anticipated, VEGF-A promoted a substantial increase in AP-TGF-α shedding in HUVEC cells, indicative of
VEGFR2 activation (Figure 1B). This effect was blunted by both bevacizumab and cediranib. By contrast,
VEGF-A did not signi�cantly increase shedding of AP-TGF-α in Hec50 and KLE cells (Figure 1B). These
data are in alignment with the lack of ERK phosphorylation in Hec50 and KLE cells in response to VEGF-
A. Similar to the Western blot results, cediranib decreased basal, unstimulated shedding of AP-TGF-α in
all cells.
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Cediranib but not bevacizumab synergizes with chemotherapy

Based on the differential responses of bevacizumab and cediranib in our cell-based assays, we next
examined the impact of these agents on cell viability in endometrial cancer models. Studies were �rst
performed in eight patient-derived organoid models of endometrial cancer (Supplemental Table S1). The
models represent the spectrum of endometrial cancer, from early stage/grade endometrioid
adenocarcinoma to stage IV serous adenocarcinoma.

We previously reported that the combination of tyrosine kinase inhibitors (TKIs) or anti-angiogenic TKIs
with the chemotherapy paclitaxel induces massive cell death via mitotic catastrophe [18-20]. We therefore
screened the endometrial cancer organoid models for sensitivity to paclitaxel alone or in combination
with bevacizumab or cediranib (Figure 2). As compared to untreated control, six of the eight patient-
derived organoids exhibited a signi�cant decrease in viability when treated with the paclitaxel, with a
maximal decrease in viability of 57% by 72 hrs (Patient #ONC-6099) (Figure 2A). Both cediranib and
bevacizumab as single agents had no impact on cell viability. The decrease in viability of combinatorial
regimens was calculated relative to paclitaxel as a single agent (Figure 2B). Cediranib but not
bevacizumab synergized with paclitaxel, as evidenced by a decrease in viability when combined with
paclitaxel as compared to paclitaxel alone (Figure 2B). 

Studies were then extended to well-characterized cell models of advanced endometrial cancer with
varying baseline sensitivity to paclitaxel [19, 20] (Figure 3). As in the organoid models, bevacizumab did
not provide any additional cell killing when combined with paclitaxel (Figure 3A). Dose-response curves
using either paclitaxel or cediranib in the presence of a set concentration of the opposing drug indicates
synergy when the two agents are combined as compared to single-drug alone (Figure 3B, C). This trend
was most pronounced in Hec50 cells, with no synergy observed in KLE cells treated with equivalent doses
of the drugs (Figure 3B, C). 

The combination of cediranib but not bevacizumab with paclitaxel increases the percentage of cells in
mitosis

Flow cytometric measurements were performed to determine the effects of paclitaxel, cediranib,
bevacizumab, and the combination treatment on cell cycle in Hec50 cells, which were more sensitive to
the combination of cediranib and paclitaxel in Figure 3. Treatment with cediranib or bevacizumab alone
had little effect on cell cycle distribution as compared to control treatment (Figure 4). Paclitaxel is a
microtubule stabilizing agent and thus is most effective in mitosis (M phase of the cell cycle). As
expected, treatment with paclitaxel alone resulted in a marked shift in cells to the G2/M phase. The
combination of paclitaxel and cediranib produced a profound increase in the accumulation of cells in
mitosis as assessed by the percentage of cells in G2/M by �ow cytometry compared to paclitaxel alone
(Figure 4B). Yet there was minimal change in the percentage of cells in G2/M in bevacizumab+paclitaxel-
treated cells (Figure 4A). These �ndings indicate that paclitaxel treatment in the presence of cediranib
results in a signi�cant enhancement of the G2/M population by �ow cytometry – the predominance of
the cells being in M.Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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To better understand the mechanism of the mitotic cell death induction by paclitaxel and cediranib, we
next examined the expression and post-translational modi�cation of critical regulators of the G2/M
checkpoint including cdc2 and CDC25C. The effect of ge�tinib, a tyrosine kinase inhibitor speci�c for
EGFR, in combination with paclitaxel serves as a positive control based upon our previous work that
ge�tinib and paclitaxel promote premature entry to mitosis, especially in Hec50 cells that are devoid of
functional p53 [19].

Treatment of Hec50 cells with cediranib in combination with paclitaxel decreased phosphorylation cdc2.
De-phosphorylation of cdc2 is the �nal signaling step that opens the G2/M checkpoint, thereby allowing
cells to enter mitosis. Cells that stop at G2/M have the potential to repair DNA prior to mitosis; however,
when the checkpoint is abrogated as re�ected by the dephosphorylation of cdc2, cells with damaged DNA
enter mitosis and are more vulnerable to paclitaxel (Figure 5A). The active form of CDC25C, a protein
phosphatase responsible for dephosphorylating cdc2 (abrogating the G2/M checkpoint), was
signi�cantly increased by this treatment regimen as demonstrated by a loss of phosphorylation at Ser216
and a slower migrating band in the total CDC25C blot. These same signaling events were not observed
with bevacizumab was combined with paclitaxel (Figure 5A), indicating a lack of G2/M checkpoint
abrogation.

We also examined the effect of combinatorial treatment on KLE endometrial cancer cells, which we
previously found to be resistant to paclitaxel+ge�tinib [19]. Treatment with anti-angiogenic agents or
ge�tinib in combination with paclitaxel failed to override the G2/M cell cycle checkpoint, consistent with
our previous �ndings.

To better understand why bevacizumab has no impact on cell survival or cell cycle progression in cancer
cells, we performed a phosphoproteomic array using a panel of over 800 phosphorylation sites [23]. We
detected similar trends in Akt and ERK/MAPK signaling and G2/M cell cycle checkpoints in response to
bevacizumab or cediranib as single agents in Hec50 cells (Figure 5B). Changes in other cell cycle
controllers included in the phosphoproteomic array are depicted in Figure 6A. Interestingly, bevacizumab
as a single agent promoted more signaling events than cediranib, with only �ve changes shared between
the two treatment groups (Figure 6B, C). Additionally, cediranib largely promoted decreased
phosphorylation of signaling molecules, the expected therapeutic effect of a multi-TKI, whereas
bevacizumab both increased and decreased phosphorylation events. We hypothesize that increased
phosphorylation on pro-growth signaling molecules in response to bevacizumab treatment indicates a
potential signal of developing cellular resistance.

Discussion
Angiogenesis plays a crucial role in tumor development and metastasis, and many cancer cells
upregulate VEGF-A expression to promote angiogenesis. VEGF-A binds to VEGFR1 and VEGFR2, and it is
the main stimulator of tumor growth and dissemination. Accordingly, many inhibitors of angiogenesis
have been tested in clinical trials for a range of cancers, with FDA approval for 11 agents that inhibit

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 10/23

either VEGF ligands or receptors [28]. Bevacizumab, which has been approved for cervical and ovarian
cancers, speci�cally binds to the VEGF-A protein and thereby inhibits vessel growth in the tumor. Indeed,
our group has observed that higher expression levels of VEGF-A in tumor may be associated with
improved outcomes when patients with advanced endometrial cancer were treated with bevacizumab.
Cediranib is a tyrosine kinase inhibitor which targets VEGFR-1, -2, -3, PDGFR, and FGFR. It is thought to be
effective in prevention of tumor progression, not only by inhibiting VEGFR-2 activity and angiogenesis,
but also by concomitantly inhibiting VEGFR-3 activity and lymphangiogenesis.

While role of anti-angiogenic agents on tumor vascularization and endothelial cell growth been well-
documented, few studies have interrogated the impact of anti-angiogenic agents on the properties of
tumor cells themselves. In the present study, our objective was to compare the impact of angiogenic
inhibitors on endometrial cancer cells. First, we found that cancer cells were not signi�cantly responsive
to VEGF-A. Bevacizumab, a monoclonal antibody speci�cally raised against VEGF-A, had little impact on
cell viability or cell cycle progression alone.  

In addition, bevacizumab did not synergize with chemotherapy as we had previously found for other
agents that target TKI signaling [18-20]. We show evidence that synergy was related to the impact on cell
cycle when comparing bevacizumab, with its narrow range of activity, to a multi-targeted anti-angiogenic
TKI such as cediranib. Thus, we propose that the ability of cediranib, but not bevacizumab, to inhibit
multiple kinases and to de-phosphorylate the G2/M gatekeeper cdc2, results in G2/M checkpoint
abrogation, premature entry of tumor cells with damaged DNA into mitosis, and cell death through mitotic
catastrophe. The signi�cant enhancement of the percent of cells in G2/M when cells are treated with
cediranib and paclitaxel signi�es this as a mechanism of synergy.

The phosphoproteomic array results reported are valuable as a readout of the numerous signaling events
in response to bevacizumab and cediranib treatment at a single time point, 24 hrs. The inhibition of
phosphorylation of multiple targets related to cediranib activity likely underlies its therapeutic effects as a
tyrosine kinase inhibitor. In contrast, we found the phosphorylation events were more often induced after
bevacizumab treatment. Enhanced phosphorylation, most commonly associated with signaling
activation and proliferative signals, may suggest that cells treated with bevacizumab are able to induce
resistance pathways by 24 hrs. Knowing these potential resistance phosphorylation events may be a
powerful tool. They are interesting to consider and analyze in subsequent studies as they shed light on
therapeutic agents that could block the resistance phosphorylation events when added to bevacizumab.

While no direct comparison of e�cacy between cediranib and bevacizumab has been reported, we
predicted cediranib would have greater bene�t due to the additional blockade of all VEGFR isoforms as
well as PDGF and FGF receptors. Isoforms of PDGFR and FGFR are expressed in endometrial tumors [29,
30], with FGFR2 mutations occurring in ~13% of endometrial cancer cases [31]. We found that cediranib,
as a multi-TKI inhibitor, had greater therapeutic effects, including blunting baseline ERK activation,
synergizing with paclitaxel in organoid models and cell lines and the anticipated abrogation of the G2/M
cell cycle checkpoint.
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Findings from this preliminary study in preclinical models should be expanded to determine the
mechanisms of differential sensitivity at the molecular level to cediranib, as evidenced by the lack of
synergy when cediranib was combined with paclitaxel in KLE endometrial cancer cells as well as some
organoid models. We originally hypothesized that the mutations in p53, a well-established controller of
the G1/S and G2/M cell cycle checkpoints, would predict for enhanced synergy. This hypothesis follows
our recently published translational study of GOG-86P in which patients with mutations in TP53 had
signi�cantly improved outcomes when bevacizumab was combined with chemotherapy as compared to
other experimental agents (Leslie, accepted for publication). However, the majority of endometrial
organoid models used in this study had WT p53, precluding a de�nitive analysis of the role of p53 in
sensitivity.

Conclusions
The standard of care for endometrial cancer has not changed beyond chemotherapy, incidence is on the
rise due to the obesity epidemic, and outcomes are worse now than in the 1970s. The data presented in
this report are designed to identify agents that should be advanced into clinical trials to improve outcome
for women with endometrial cancer. Based on our �ndings, we put forth that cediranib should be
investigated in future clinical trials in endometrial cancer in the upfront setting in combination with
chemotherapy. Speci�cally, our data suggest that the anti-angiogenic agent cediranib may have
additional advantages over bevacizumab as an anti-cancer therapeutic due to its dual effects on tumor
cells and the vasculature. Our use of endometrial tumor tissue cultured as functional 3D organoids
provides highly translational information on the e�cacy of anti-angiogenic agents in tumor cells. These
data set the stage for future clinical trials to evaluate cediranib in combination with chemotherapy as a
treatment for women with endometrial cancer. 
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SD: standard deviation

TGF-α: transforming growth factor-α

TKI: tyrosine kinase inhibitors

VEGF-A: vascular endothelial growth factor-A
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Figure 1

Impact of bevacizumab and cediranib on VEGFR signaling endothelial cells and endometrial cancer cells.
(A) HUVEC, Hec50 and KLE cells were treated with vehicle control (CT), 1 µM bevacizumab (Bev), 100
ng/ml VEGF-A, or 1 µM cediranib (Ced) for 1 hr, followed by assessment of ERK1/2 phosphorylation at
Thr202/Tyr204 or total ERK expression by Western blotting. β-actin: loading control. (B) Cells were
transfected with the alkaline phosphatase (AP)-tagged ADAM17 substrate TGF-α, and treated as in (A) for
1 hr. The change in soluble AP-TGF-α was assessed and presented as fold change compared to CT. PMA
(25 ng/ml) served as a positive control for induction of AP-TGF-α shedding. ** p<0.01; *** p<0.001 vs. CT
by one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 2

Effect of cediranib and bevacizumab on sensitivity to paclitaxel in patient-derived organoid cultures of
primary endometrial tumors. Organoid cultures were treated with 10 nM paclitaxel, 1 µM bevacizumab, 1
µM cediranib, or the combination of paclitaxel with bevacizumab or cediranib for 72 hrs, followed by
assessment of cell viability. (A) Data were calculated the percent (%) cell viability as compared to vehicle
control and plotted left-to-right by increasing sensitivity to single-agent paclitaxel. (B) The change inLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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viability with the combination of paclitaxel with either bevacizumab or cediranib was calculated relative
to paclitaxel alone. * p<0.05, ** p<0.01, *** p<0.001 vs. control; †† p<0.01, ††† p<0.001 vs. paclitaxel
alone;

p < 0.01,

$ p<0.001 vs. anti-angiogenic agent alone (bevacizumab for bevacizumab+paclitaxel or cediranib for
cediranib+paclitaxel treated samples) by ordinary one-way ANOVA with Tukey’s multiple comparisons
test.
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Figure 3

Cediranib but not bevacizumab increases sensitivity to paclitaxel in Hec50 endometrial cancer cells. (A)
Hec50 (left) or KLE cells (right) were treated with increasing concentrations of paclitaxel in the absence or
presence of 1 µM bevacizumab for 72 h; cell viability was determined using WST-1 assay relative to
untreated control. (B) Hec50 (left) or KLE cells (right) were treated with increasing concentrations of
paclitaxel in the absence or presence of 1 µM cediranib for 72 hrs; cell viability was determined using
WST-1 assay. (C) Hec50 (left) or KLE cells (right) were treated with increasing concentrations of cediranib
in the absence or presence of 5 nM paclitaxel for 72 hrs; cell viability was determined using WST-1 assay.
Statistical signi�cance was assessed by two-way ANOVA with Sidak’s post-hoc test.

Figure 4

Comparison of the effect of cediranib and bevacizumab on cell cycle distribution in Hec50 cells treated
with paclitaxel. (A) Cell cycle distribution in Hec50 cells treated with DMSO (Control), 14 nM paclitaxel, 1
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μM bevacizumab, or a combination of paclitaxel and 1 μM bevacizumab for 24 hrs. (B) Cell cycle
distribution for Hec50 cells treated with vehicle (DMSO), 14 nM paclitaxel, 1 μM cediranib, or a
combination of 14 nM paclitaxel and 1 μM cediranib. Insets denote the percentage of cells in G2/M
phase of the cell cycle.

Figure 5
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Molecular effects of anti-angiogenic agents on G2/M cell cycle controllers in endometrial cancer cell
models. (A) Hec50 (left) or KLE cells (right) were treated with the indicated agents either alone or in
combination with paclitaxel for 24 hrs, followed by assessment of cell cycle controllers by Western
blotting. Drug concentrations: 10 μM ge�tinib, 1 μM cediranib, 1 μM bevacizumab,14 nM paclitaxel. (B)
Expression or phosphorylation of indicated proteins was assessed by Kinex™ KAM-1325
Phosphproteomic Antibody Microarray in Hec50 cells treated with 1 µM bevacizumab or 1 µM cediranib
for 24 hrs. Data are calculated as the percent change from control (%CFC). Phosphosites corresponding
to those queried in (A) are indicated with boxes. Pan: antibody total protein expression.
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Figure 6

Bevacizumab regulates more signaling events than cediranib in endometrial cancer cells. Signaling
events in response to single-agent bevacizumab or cediranib were analyzed by Kinex™ KAM-1325
Phosphproteomic Antibody Microarray after treatment of Hec50 cells with 1 µM bevacizumab or 1 µM
cediranib for 24 hrs. (A) Depiction of changes in select cell cycle controllers. Data are calculated as the
percent change from control (%CFC); “pan” indicates total protein expression. (B) Venn diagram of leadLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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candidates in response to either bevacizumab or cediranib. Overlap indicates signaling events that were
shared between the two treatment groups. Up = increased expression/phosphorylation; down = decreased
expression/phosphorylation. (C) Table of all lead candidates identi�ed based on the %CFC [23]. Negative
%CFC indicates a decrease as compared to control. Full results are provided as Supplemental Table S2.
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