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ABSTRACT

Endometrial cancer (EC) is the most common neoplasm of the female reproductive tract in the developed world.
Patients usually are diagnosed in early stage having a good prognosis. However, up to 20-25% of patients are
diagnosed in advanced stages and have a higher risk of recurrence, making the prognosis worse. Previously
studies identified ANXA2 as a predictor of recurrent disease in EC even in low risk patients. Furthermore,
Circulating Tumor Cells (CTC) released from the primary tumor into the bloodstream, are plasticity entities
responsible of the process of metastasis, becoming into an attractive clinical target. In this work we validated
ANXA2 expression in CTC from high-risk EC patients. After that, we modelled in vitro and in vivo the tumor cell
attachment of ANXA2-expressing CTC to the endothelium and the homing for the generation of micrometastasis.
ANXA2 overexpression does not provide an advantage in the adhesion process of CTC, but it could be playing an
important role in more advanced steps, conferring a greater homing capacity. We also performed a high-
throughput screening (HTS) for compounds specifically targeting ANXA2, and selected Daunorubicin as candi-
date hit. Finally, we validated Daunorubicin in a 3D transendothelial migration system and also in a in vivo model
of advanced EC, demonstrating the ability of Daunorubicin to inhibit the proliferation of ANXA2-overexpressing
tumor cells.

Abbreviations: EC, endometrial cancer; ER, estrogen receptor; PR, progesterone receptor; ANXA2, Annexin A2; LICAM, L1 cell adhesion molecule; CTC, circulating

tumor cells; ENITEC, European Network for Individualized Treatment in EC; EVs, extracellular vesicles; EMT, epithelial to mesenchymal transition; MET, mesen-
chymal to epithelial transition; HTS, high-throughput screening; FIGO, International Federation of Gynecology and Obstetrics; EpCAM, epithelial cell adhesion
molecule; IK, Ishikawa; H, HeclA; qPCR, quantitative real time reverse transcription polymerase chain reaction; GAPDH, glyceraldehyde-3- phosphate dehydro-
genase; IP, intraperitoneally; DMSO, dimethyl sulfoxide.
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1. Introduction

Endometrial cancer (EC) is the most common gynaecological cancer
in developed countries. The majority of cases are diagnosed at early
stage, mainly due to symptomatic abnormal uterine bleeding, with a
favorable five-year survival rate of over 95%, but this rate drastically
drops when there exists regional spread (69%) or distant disease (16%)
[1]. Approximately 2-15% of women diagnosed with early stage EC will
present recurrent disease, but this recurrence rate increases up to 50% at
advanced stages and aggressive histologic conditions [2]. Surgery rep-
resents the primary treatment, involving removal of the uterus, fallopian
tube and ovaries and surgical staging with lymphadenectomy based on
stage, myometrial invasion, and histological grade; in addition, patients
with high risk of recurrence receive adjuvant radiotherapy. Chemo-
therapy, including platinum compounds and taxanes, is restricted to
metastatic/recurrent disease and advanced stages or high-risk histo-
logical types such as serous [3]. However, traditional chemotherapy
regimens are less effective in comparison with cancers of other organs
due to resistance to chemotherapy acquired by cancer cells, the
non-selectivity of current treatments and the biologic heterogeneity of
EC [4-6]. Several immunohistochemical markers have been studied for
the prediction of recurrences, like reduced expression of the estrogen
receptor (ER) or progesterone receptor (PR), or the enhanced expression
of the L1 cell adhesion molecule (L1CAM), described as predictor for
distant recurrence and overall survival in EC [7,8], but none of them
have been implemented into clinical practice due to limited sensitivity
and/or specificity. All this emphasizes the importance of improving the
management of advanced disease in EC by identifying new molecular
targets and biomarkers associated with a high risk of recurrence and/or
with response to therapy. To this regard, we have previously identified
and validated Annexin A2 (ANXAZ2) in a retrospective study including 93
patients showing ANXA2 effectively predicting those endometrioid
endometrial carcinomas that finally recurred [9]. Importantly, ANXA2
demonstrated a predictive value also among low risk Stage I endome-
trioid endometrial carcinomas, highlighting the clinical utility of
ANXA2 biomarker as predictor of recurrent disease in EC. We have
further extended these findings by demonstrating ANXA2 levels in
circulating extracellular vesicles (EVs) being associated with high risk of
recurrence and non-endometrioid histology [10].

In parallel, enumeration and molecular characterization of circu-
lating tumor cells (CTC) represent a promising clinical tool for the real-
time monitoring of patients under treatment, as one of the liquid biopsy
solutions allowing personalized medicine [11]. The quantification of
CTC has been demonstrated as independent prognostic factor in
advanced breast [12,13], prostate [14] and colorectal cancer [15]. Of
interest, the evolution of CTC enumeration during treatment correlate
with response to therapy and improved survival [16]. In EC, the findings
consistently point to a small percentage of high-risk EC patients pre-
senting with EpCAM positive CTC in circulation at the time of diagnosis,
although limited cohort studies have been conducted [17]. The ENITEC
(European Network for Individualized Treatment in EC) Consortium
described a 22% (n = 32) CTC-positive high-risk EC patients, and
characterized these CTC with a plasticity phenotype associated with
high-risk of recurrence [18].

In addition to the clinical value of CTC as diagnostic and prognostic
biomarker in advanced disease, from a biological perspective CTC that
originate from the primary lesion or the existing loco-regional or distant
secondary lesions are considered responsible for the generation of new
tumor metastasis and an attractive pharmacological target for the
impairment of the process of metastasis. The molecular characterization
of the CTC also allows to understand better the biology of metastasis and
resistance to established therapies [19]. Recent discoveries describing
the stepwise process of metastasis interpret these CTC as highly plas-
ticity entities that must efficiently attach to preferred sites that will
colonize and result in micrometastasis [20-22]. The epithelial to
mesenchymal transition (EMT), resulting in the downregulation of
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epithelial markers and the acquisition of mesenchymal properties, in-
creases the capacity of tumor cells to migrate and invade the sur-
roundings and favors their intravasation into the blood stream, and the
reverse process, the mesenchymal to epithelial transition (MET), would
allow CTC to attach at preferred tissues generating micrometastasis [23,
247. An association between CTC and ANXA2 has been described in
early breast cancer, related to EMT [25]. Based on these premises, we
aimed to develop a novel therapeutic strategy in EC that might impair
CTC attachment at these pre-metastatic niches. For this, we (i) validated
ANXA2 expression in CTC from high-risk endometrial cancer patients,
(ii) modelled CTC in circulation and homing, (iii) performed a
high-throughput screening (HTS) for compounds specifically targeting
ANXA2, and (iv) validated the potential candidates in appropriate in
vitro and in vivo models of advanced endometrial cancer.

2. Materials and methods
2.1. Patients

A total of 57 endometrial cancer patients with high-risk of recurrence
were recruited at three hospitals in Spain (University Clinical Hospital of
Santiago de Compostela, Vall d’Hebron University Hospital and MD
Anderson Cancer Center Madrid). All patients signed the informed
consent approved by the ethical committee (RLL-ANT-2014-01; 17
October 2014; Rede Galega de Comités de Etica da Investigacién). In-
clusion criteria for participation in the study were patient with high-risk
of recurrence: FIGO stage III or IV endometrioid endometrial carci-
nomas, Grade 3 carcinomas, >50% myometrial invasion, clear cell or
serous carcinomas (Supplementary Table 1).

2.2. ANXA2 expression in CTC from high-risk endometrial cancer
patients

CTC were isolated based on the expression of epithelial cell adhesion
molecule (EpCAM) using the CELLection™ Epithelial Enrich kit (Invi-
trogen, Dynal, Oslo, Norway), as described [18]. ANXA2 expression in
CTC was determined by qPCR upon total RNA extraction with the
QIAmp viral RNA mini kit (Qiagen, Valencia, CA). cDNA was synthe-
sized using SuperScriptlll (Invitrogen, Carlsbad, CA, USA) according to
the user’s guide. ANXA2 and CD45 genes were pre-amplified using
TaqMan PreAmp Master Mix kit (Applied Biosystems, Foster City, CA)
with 14 reaction cycles. qPCR was carried out using TagMan Gene
Expression Master Mix kit (Applied Biosystems, Foster City, CA) and a
7.500 quantitative Real-time PCR Machine. Data were analyzed with
StepOne Software v.2.1 (Applied Biosystems, Foster City, CA) and
normalized to protein tyrosine phosphatase receptor type C (PTPRC,
CD45), as a previously validated marker of non-specific isolation [26].
Data are represented as the Cq value of ANXA2 normalized to 40
(maximum number of cycles) (40 - Cqanxa2), and this value was
normalized to the 40-Cqcp4s (40 — Cqanxa2) — (40-Cqcpas))-

2.3. Data evaluation and statistical analysis

The median value of ANXA2 expression in the CTC population of
endometrial cancer patients was defined as the cutoff to classify the
patients as Low or High ANXA2 CTC levels. Kaplan-Meier with log-rank
test were used to determine progression-free survival and overall sur-
vival curves.

2.4. Cell lines

2.4.1. Endometrial cancer cell lines

Human EC cell lines Ishikawa (IK; HPA Culture Collections) and
HeclA (H; ATCC), were maintained in DMEM-F12 (Gibco, Grand Island,
NY, USA) and McCoy’s 5A medium (Gibco, Grand Island, NY, USA),
respectively, supplemented with 10% FBS and 1% penicillin-
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streptomycin at 37 °C in 5% CO,. Both cell lines were previously
infected with luciferase expressing pLenti CMV V5-LUC Blast (w567-1)
(Addgene, Cambridge, MA) vector in the presence of polybrene (8 pg/
ml; Sigma, St. Louis, MO, USA). The pmCherry-N1 (Clontech Labora-
tories, CA, USA) empty vector (Supplementary Fig. 1A) or the con-
struction for ANXA2 gene overexpression were transfected using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), to obtain IK-Ctrl
and H-Ctr]l or IK-ANXA2 and H-ANXAZ2 cells, respectively. Cells were
selected using geneticin (0.5 mg/ml, Sigma, St. Louis, MO, USA) and
blasticidine S HCI (3 mg/ml, Invitrogen, Carlsbad, CA, USA).

IK cells infected with lentiviral particles containing the empty vector
(pLKO.1-puro; Sigma, MO) to obtain IK-pLKO cells or the ANXA2 shRNA
vector (5-CC GGCCTGCTTTCAACTGAATTGTTCTCGAGAACAATTCA
GTTGAAAGCAGGTTTTTG-3’; Sigma Mission NM_001002857, Sigma,
MO, USA) to stably silence ANXA2 expression (IK-shANXA2) were
previously characterized [9] and were used for the High Throughput
Screening assay.

2.4.2. Endothelial cell line

EAhy926 human endothelial cell line (ATCC) was maintained in
DMEM medium supplemented with 10% FBS and 1% penicillin-
streptomycin at 37 °C in 5% CO,. EAhy926 cells were infected with
lentiviral particles with the GFP reporter gene (MISSION® TurboGFP™
Control Vector; Sigma, MO, USA), in the presence of polybrene (8 pg/ml;
Sigma, St. Louis, MO, USA), to obtain EAhy926-GFP cells, and selected
with puromycin (0.5 pg/ml Sigma, MO, USA).

2.5. RNA isolation and real-time quantitative PCR (qPCR)

Total RNA was isolated from IK-Ctrl, IK-ANXA2, H-Ctrl and H-
ANXA2 cells using High Pure RNA Isolation Kit (Roche, Applied Science,
Indianapolis, IN) and c¢DNA synthesis was carried out using MuLV
reverse transcriptase (Applied Biosystems, Foster City, CA), according to
the manufacturer. qPCR was performed using TagMan assays (ANX-
A2#Hs01561520_m1; GAPDH#Hs99999905_m1; Applied Biosystem,
Foster City, CA) in a 7500 Real-Time PCR Machine. Data were analyzed
with StepOne Software v.2.1 (Applied Biosystems, Foster City, CA). The
results were represented as the fold change in gene expression relative to
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression
(2"“01). Values were expressed as Mean+SEM from at least three in-
dependent experiments in triplicate.

2.6. Western blot

IK-Ctrl and IK-ANXA2 cells were washed with PBS and lysed in lysis
buffer [0.1% SDS, 150 mM NacCl, 50 mM Tris-HCI (pH 8.5), 0.5% DOC,
1% NP-40, 2 mM Na3VO4, 4 mM NaF, 13 PIC]. 30 pg of the cell lysates
were resolved by 12% SDS-PAGE and transferred to a PVDF membrane
(Amersham Bio- science, Buckinghamshire, UK). After blocking, the
membrane was incubated with anti-ANXA2 (1:500 dilution; Abcam,
Cambridge, UK), anti-Vimentin (1:1000 dilution; Dako, Sant Just Des-
vern, Barcelona) or b-Actin (1:1000; Abcam, Cambridge, UK) anti-
bodies, overnight at 4 °C followed by each corresponding secondary
antibody at room temperature for 1 h. Immobilon Western Blotting Kit
(Millipore, Billerica, MA) was used to detect protein signal.

2.7. Transwell migration assay

24-well transwell plate (8.0 um pore size polycarbonate membrane;
Corning, NY, USA) was used as previously described [9] Briefly, 5 x 10*
cells were seeded on the upper side of the transwell in 200 pl of
serum-free DMEM F-12 medium. The lower side of the chamber was
filled with DMEM F-12 supplemented with 10% FBS, to form a gradient.
After incubation at 37°C for 48 h, migrated cells were trypsinized,
collected, stained with 4 pM/1 calcein acetoxymethyl ester (Invitrogen,
Paisley, UK) and visualized at 485 nm using a fluorimeter. Results were
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presented as relative percentage of migrated cells respect to IK-Ctrl cells,
defined as 100%. Values were expressed as Mean+SEM from at least
three independent experiments in triplicate.

2.8. Tumor cells adhesion to the endothelium

4 x 10° EAhy926-GFP cells were seeded in a commercial system of
parallel channels (u-Slide A ibiTreat, Ibidi GmbH, Grafelfing, Ger-
many), mimicking the creation of an artificial blood vessel. 10° cells/ml
IK-Ctr]l and IK-ANXA2 tumor cells or H-Ctrl and H-ANXA2 cells were
previously DiD dyed (Vybrant™ DiD Cell-Labeling Solution, Thermo-
fisher, MA, USA), according to the manufacturer. Once the monolayer of
endothelial cells was formed, each tumoral cell line was recirculated in a
different channel for 2 h using a perfusion pump (Tubing pump, REGLO
digital, ISMATEC®, Wertheim, Germany). Adherent cells were observed
using a fluorescence microscopy (Zeiss, Axio Vert. Al, Jena, Germany)
and the fluorescence was quantified using the ImageJ program. Values
were expressed as Mean+SEM from at least three independent experi-
ments in triplicate.

2.9. Modeling circulating tumor cells homing

A 35 mm Petri dish (u-Dish®® ™™ bigh jhiTreat, Ibidi GmbH, Gra-
felfing, Germany) and a silicone tube (Cole-Parmer Instrument Com-
pany, Illinois, USA) were used to perform an artificial blood vessel
through the dish. The tube was placed inside the dish, and then was
filled with 1.8% agarose (Agarose Low Melting Point Analytical,
Promega, Wisconsin, USA) and polymerized during 1 h at 4 °C. After
polymerization, the tube was removed to create a hollow channel
through the dish and 100 pl of 2% Laminin (Laminin from Engelbreth-
Holm-Swarm murine sarcoma, Sigma, MO, USA) was injected through
the channel. 2 x 10° H-Ctrl or H-ANXA2 cells were DiD or DiO
(Vybrant™ DiO Cell-Labeling Solution, Thermofisher,MA,USA) dyed,
respectively, according to the manufacturer. Tumor cells were recircu-
lated for 1 h using a Tubing perfusion pump. The system was cleaned
using McCoy’s 5a Medium Modified (Gibco, Grand Island, NY, USA) to
remove unattached tumoral cells. The dish was maintained at 37 °C in
5% COg, recirculating McCoy’s 5a Medium Modified overnight.

Images from different areas of the channel were taken at 24 h and 4
days using a fluorescence microscopy (Zeiss, Axio Vert. Al, Jena, Ger-
many) and the fluorescence was quantified using the ImageJ program.
Values were expressed as Mean+SEM. from at least three independent
experiments in triplicate.

2.10. Primary screening: IK-pLKO cell viability

Prestwick Chemical Library® composed by a collection of 1120 small
molecules was tested during a primary screening. The ability of the
compounds to inhibit IK-pLKO cells proliferation in an anchorage in-
dependent colony formation assay, was evaluated. Briefly, 50 pl of 0.6%
low melting point agarose (Promega, Wisconsin, USA) solution con-
taining 10% FBS was used to overlaid the bottom of 96-well plates. 100
ul of 0.3% agarose solution containing 10% FBS and 4 x 10° IK-pLKO
cells were added per well using a multichannel micropipette. Next
day, 50 pl of DMEM F-12 or the 1120 different compounds (final con-
centration of 10> M in culture medium) were added using a multi-
channel micropipette. After 5 days of incubation at 37 °C with 5% CO,
colonies were stained with Alamar Blue (Invitrogen, Carlsbad, CA), ac-
cording to the manufacturer, and the fluorescence was measured at an
excitation wavelength of 531 nm and an emission wavelength of 590
nm.

Positive (cells without treatment) and negative (cells treated with
Docetaxel 1.2 pM) controls were included in all plates, as well as points
with the reference compound at a concentration equivalent to its ICso
(17 nM).

In a confirmatory screening 34 compounds selected from the primary
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screen were re-assayed in three different experiments and finally 27
compounds were considered as confirmed hits. Validated hits were
defined as those compounds that inhibited the IK-pLKO cells prolifera-
tion with at least an ICsq ten times lower than the one for IK-shANXA2
cells.

Dose-response curves were calculated using GraphPad Prism 4.00
software (GraphPad Software, San Diego, CA) to determine the ICsg
values for each cell line. Values were expressed as Mean+SEM from at
least three independent experiments in triplicate.

2.11. 3D transendothelial migration assay

A clear bottom 96-well plate (Perkin Elmer, MA, USA) was covered
with 3D Culture Matrix™ Rat Collagen I (Cultrex, Abingdon, UK), using
7.5% (w/v) Sodium Bicarbonate for neutralization, and culture medium
to a final concentration of 1.6 mg/ml. The plate was centrifuged for 10
min at 300xg and 4 °C. After 45 min polymerization at 37° in 5% COq, a
RAFT absorber plate (TAP Biosystems, Wilmington, USA) was placed on
top of the collagen to absorb the medium for 15 min. The collagen layer
was then treated with 2% Laminin (Laminin from Engelbreth-Holm-
Swarm murine sarcoma, Sigma, MO, USA) for 30 min and 6 x 10*
EAhy926-GFP cells were seeded on top of the layer. The next day, 12 x
103 cells IK-ANXA2 cells, previously dyed with DiD (Vybrant™ DiD Cell-
Labeling Solution, Thermofisher, MA, USA), according to the manufac-
turer, were seed in the presence or not of Daunorubicin at 107 M, 3 x
107 M and10~°M.

At baseline and seven days after incubation at 37°C in 5% CO», four
fields in each individual well were automated imaged using the Oper-
etta® High Content Imaging System (PerkinElmer, MA, USA), taken
planes every 5 pm. Excitation: 460-490 nm, emission: 500-550 nm to
measure GFP and excitation 620-640 nm emission 660-760 nm to
measure DiD. Images were analyzed using ImageJ program. Values were
expressed as Mean + SEM from at least three independent experiments.

2.12. Mice model of endometrial cancer recurrence

For experimental in vivo assay, 20 female CB17-SCID CD-17/lcr/
Prkdc scid/Rj mice aged 28 weeks (Janvier Labs, Le Genest-Saint-Isle,
France) were divided in four groups and inoculated with 2 x 10° H-
Ctrl or H-ANXA2 endometrial cancer cells, intraperitoneally (IP). At the
time of injection, the control group received placebo (saline solution
with DMSO) via intraperitoneal injection and the treated group received
Daunorubicin IP (1 mg/kg in saline solution). Daunorubicin hydro-
chloride was purchased from Sigma (ref. 30450) and dissolved in DMSO.
The treatment was repeated on day 5. Tumor metastasis were detected
by bioluminescent imaging with a Xenogen IVIS (Xenogen, Caliper Life
Sciences, PerkinElmer, Waltham, MA) system coupled to Living Imaging
software 4.2 (Xenogen Corporation) at day 6. Luciferin (150 mg/kg in
PBS; Firefly Luciferin, Caliper Lifescience Corp, Hopkinton, MA) was
injected IP as the substrate for the luciferase. Mice were housed and
maintained under specific pathogen-free conditions. All animal experi-
ments were carried out in accordance with the EU Directive 2010/63/
EU for animal experiments and approved by the Use Committee for
Animal Care from University of Santiago de Compostela (USC).

3. Results

3.1. Validation of ANXA2 expression in CTC from high-risk of recurrence
endometrial cancer patients

The expression of ANXA2 in EC patients was analyzed by qPCR in
purified circulating tumor cells (CTC). Briefly, EpCAM-based immu-
noisolation was used to purify CTC from peripheral blood from EC pa-
tients at high-risk of recurrence (n = 57; see Supplementary Table 1 for
clinical variables of the cohort included in this study). DNA was
extracted and processed as described [18], and the expression levels of
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ANXA2 in CTC relative to the background of unspecific non-tumor cell
isolation were used to evaluate the correlation of CTC load with
progression-free survival (PFS) and overall survival (OS). As shown,
patients with high ANXA2 expression levels in CTC were associated with
shorter time to progression, with a mean of 34.85 months, whereas in
those patients with low levels of ANXA2, PFS times increased up to
45.52 months (Fig. 1A; p = 0.108;). Overall survival was also decreased
in patients with high ANXA2 expression levels in CTC (Fig. 1B; p =
0.208). These results confirmed the clinical utility of CTC monitoring in
advanced EC [18], and the value of ANXA2 for the stratification of pa-
tients [9].

3.2. ANXAZ2 overexpression on EC cell lines promotes a mesenchymal
phenotype

Once clinically validated, we next explored the impact of ANXA2
expression on the fate of CTC during circulation in blood and homing at
sites of future metastasis. For this, we modelled in vitro and in vivo the
sequential steps of tumor cell attachment and extravasation, and
initially recreated endometrial CTC by increasing ANXA2 expression in
the Ishikawa (IK-ANXA2; Fig. 1C) and HeclA (H-ANXA2; Supplemen-
tary Fig. 1B) human EC cell lines. Of note, the enhanced ANXA2
expression resulted in a transition from an epithelial to a more mesen-
chymal phenotype, characterized by an increased Vimentin expression
(Fig. 1G; **p = 0.002 (Supplementary Fig. 1B) and Fig. 1D (Supple-
mentary Fig. 1C)), and a cell migratory promotion as analyzed by
transwell migration assay after 48 h of incubation compared to control
Ishikawa cells (Fig. 1E; p = 0.062). These evidences are in agreement
with previous results, proposing an association of endometrial cancer
CTC with a metastasis-supporter plasticity phenotype [18].

3.2.1. ANXA2 overexpression on CTC promotes metastasis process

To model in vitro the stepwise process that CTC must accomplish
once incorporated into the circulation, including the efficient attach-
ment to the endothelium and the homing for the generation of micro-
metastasis, we set up microfluidic systems to perfuse EC tumor cells
within simulated endothelial vessels (scheme in Fig. 2A, upper panel).
We first analyzed the impact of ANXA2-expression in EC CTC that
eventually contact an endothelium to generate a cell-cell interaction
that may result in tumor cell homing. For this, a monolayer of green
fluorescent protein-expressing human endothelial cells (EAhy926-GFP)
were seeded coating the perfusion channels and individualized Cherry-
expressing EC tumor cells were physiologically perfused on a humidified
atmosphere at 37°C and 5% CO», for two hours. After perfusion, ANXA2-
overexpressing Ishikawa cells (IK-ANXA2) adhered to the endothelium
were quantified by fluorescent imaging, showing an endothelial adhe-
sion efficiency similar to that of control Ishikawa cells (Fig. 2A, histo-
gram; p = 0.222). Similar results, with no significant differences
between control (H-Ctrl) and ANXA2-overexpressing (H-ANXA2), were
observed with HeclA cells (Fig. 2A, histogram, p = 0.474). This is in
accordance with the mesenchymal phenotype characterizing endome-
trial CTC resulting in a limited efficiency to establish focal contacts with
endothelial cells [27], but in apparent contradiction of a more aggres-
sive tumor cell line.

We thus improved the complexity of the model system by integrating
the dynamic homing of CTC (scheme in Fig. 2B). We incorporated a
polymerized agarose matrix as the basement for CTC homing to the
microfluidic system, and performed a competitive tumor cell attachment
assay with DiD dyed control Hec1A EC cell line (H-Ctrl red tagged cells
in Fig. 2B), that showed a more competent cell attachment performance
compared to Ishikawa cells (see Fig. 2A), and DiO dyed ANXA2-
overexpressing HeclA EC cell line (H-ANXA2; green tagged cells in
Fig. 2B). Individualized cells were perfused for an hour and further
incubated for up to four days to study the next step of tumor cell homing
upon attachment to the endothelium. As above, HeclA cells over-
expressing ANXA2 demonstrated less efficiency at initial attachment to
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Fig. 1. Analysis of ANXA2 expression in CTC from endometrial cancer patients at high-risk of recurrence and IK endometrial cancer cells characterization. Kaplan-
Meier survival curves among 57 endometrial cancer patients stratified by ANXA2 expression levels in CTC. (A) Progression-free survival (Long-rank test; p = 0.108)
and (B) Overall survival curves (Long-rank test, p = 0.208). (C) Overexpression of ANXA2 in IK cell line raised VIM in mRNA level (Mean+SEM; Mann-Whitney test;
**p = 0.002) and (D) protein level. (E) Effect of IK cell line ANXA2 overexpression on transwell migration assays (Mean + SEM; Mann-Whitney test; p = 0.062).

the endothelial monolayer, resulting in a reduced percentage of these
aggressive tumor cells at 24 h after circulation as quantified by fluo-
rescence imaging (Fig. 2B; histogram; t = 24 h). More interestingly,
after four days of incubation ANXA2-overexpressing Hec1A cells showed
a more competent micrometastasis formation as quantified by fluores-
cence imaging (Fig. 2B; histogram; t = 4 days). Overall, these results
suggested that ANXA2 expression in endometrial CTC promotes the
transition to a more mesenchymal phenotype associated with improved
invasive capabilities but limited adhesion properties consistent with
CTC plasticity; this results in a more efficient process of dissemination
and homing at distant sites for the generation of micrometastasis in
targeted organs.

We finally analyzed the impact of ANXA2 overexpression in a pre-
clinical in vivo model of endometrial cancer dissemination. Endometrial
metastatic cells present both hematogeneous and peritoneal dissemi-
nation, resulting in loco-regional and distant recurrences. We thus
modelled CTC attachment to a mesothelium by injecting luciferase-
expressing HeclA cells with or without ANXA2 enhanced expression,
in the peritoneal cavity of immunodeficient mice (scheme in Fig. 2C).
After injection, the efficiency of Hec1A cell attachment was evaluated by
bioluminescence with no significant differences between groups at
t=0h (t=0h in Fig. 2C; upper histogram; n=5; p = 0.413), in
accordance with in vitro results. By contrast, bioluminescence signal was
significantly enhanced in those animals injected with ANXA2-
overexpressing HeclA cells at six days after tumor cell injection (t =6
days in Fig. 2C; lower histogram; n = 5; **p = 0.008), indicative of an
improved capability to generate peritoneal micrometastasis, and also

consistent with the invasive properties that favours homing in dynamic
conditions shown in vitro. In addition to validate the metastatic potential
of EC cells with enhanced expression of ANXA2, these results support the
potential of ANXA2 as an attractive target for the impairment of CTC
homing and metastasis.

3.3. High-throughput screening (HTS) for compounds specifically
targeting ANXA2

To identify compounds specifically targeting ANXA2, we performed
a high-throughput screening (HTS) with the Prestwick Chemical Library
(PCL) collection of 1120 compounds comprising mostly approved off-
patent drugs (FDA, EMEA and other agencies) selected for their high
chemical and pharmacological diversity, with known bioavailability and
safety data in humans. The workflow to conduct the HTS was as follows
(Fig. 3A, lower panel): in a first screening, we evaluated the efficacy of
the compounds to inhibit the proliferation of control Ishikawa cell line
(IK-pLKO) in a 3D colony formation assay that mimics the formation of
micrometastasis. Briefly, control Ishikawa cells were seeded in 96-well
plates on top of a 0.6% low melting point agarose coating, embedded
onto a 0.3% agarose layer (see scheme in Fig. 3A), and incubated with
each of the 1120 PCL compounds at 10> M concentration for five days,
as described in Materials and Methods. The threshold for identifying
active compounds was fixed to the standard criteria of a percentage of
inhibition higher than the mean+ 3 *standard deviation of the whole
chemical library, being fixed at a 60% inhibition of IK-pLKO colony
growth compared to control culture media (Fig. 3B). With this criteria,
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Fig. 2. Effect of ANXA2 overexpression on endometrial cancer cells adhesion and micrometastasis formation. (A) Schematic image of adhesion assay (upper panel).
Representatives images of IK and HeclA cancer cells stained with DiD (red) adhered to an EAhy926-GFP endothelial cells (green) monolayer in a commercial system
of parallel channels (middle panel). Magnification x10. Quantification of the total area of fluorescent adhered cells (Histogram; Mean + SEM; Mann-Whitney test; IK
cells p = 0.222 and HeclA cells p = 0.474). (B) Schematic image of agarose micrometasis formation assay (upper panel). Representative images of H-Ctrl (DiD
stained, red) and H-ANXA2 (DiO stained, green) cells 24 h (upper middle panel) and 4 days (lower middle panel) after perfusion. Quantitative data of the total area of
H-Ctrl and H-ANXA2 fluorescence 24 h and 4 days after perfusion (Histogram; Mean + SEM; Kruskal-Wallis test; p = ns). (C) Schematic image of intraperitoneal mice
mode (upper panel). IVIS bioluminescence images of an in vivo peritoneal metastasis assay after injection (t = 0 h; middle panel) and 6 days after intraperitoneal
injection of H-Ctrl and H-ANXA2 EC cells (t = 6d; lower panel). Quantification of bioluminescence images (Histogram; Mean + SEM; Mann-Whitney test; p = 0.413
and **p = 0.008, respectively) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

thirty-four (34) potential inhibitory compounds were identified, being
twenty-seven (27) hits confirmed in an independent assay. These 27
confirmed hits were assayed in a secondary screening based on 3D
colony formation comparison between control IK-pLKO cells and Ishi-
kawa cells with silenced ANXA2 expression (IK-shANXA2). From this
screening two validated hits showing ICs values at least 10-fold lower at
IK-pLKO vs IK-shANXA2 cells were found: Daunorubicin with ICgg
=8.062 x 107 M and ICsy =8.421 x 10°® M for IK-pLKO and IK-
shANXA2 cells, respectively (Fig. 3C); and Novobiocin, with ICsg
=1.310 x 107 M and ICsy = 2.004 x 10°® M in IK-pLKO and IK-
shANXA2 cells, respectively (Supplementary Fig. 2A). The in vitro
micrometastasis inhibitory efficacy of these two compounds were
interrogated with the ANXA2-overexpressing Ishikawa cell line, con-
firming the specific targeting of ANXA2 with Daunorubicin with an ICsg
=4.765 x 107 M and IC50 = 6.884 x 1078 M in IK-Ctr] and IK-ANXA2
cell lines, respectively (Fig. 3D). By contrast, Novobiocin was not vali-
dated with an ICso = 1.589 x 107® M and ICsp = 2.888 x 107° M in IK-
Ctrl and in IK-ANXA2 cell lines, respectively (Supplementary Fig. 2B),
and was excluded for further validation. Daunorubicin was then selected
as candidate hit for in vitro and in vivo targeting of CTC in EC.

3.4. Validation of Daunorubicin in a 3D transendothelial migration
system and in vivo model

To evaluate in vitro the efficacy of Daunorubicin in a clinically
relevant context that reproduce the interaction of CTC with an endo-
thelial monolayer, we generated a 3D culture system by disposing a
compressed high-density collagen layer on top of which GFP-expressing
endothelial cells were seeded. Once the endothelial monolayer was
formed, DiD dyed IK-ANXA2 tumor cells were added and their attach-
ment and micrometastasis formation was evaluated with time (Fig. 4A).
This preclinical in vitro model permitted the dynamic evaluation of the
endothelial layer disintegration upon CTC attachment and the coloni-
zation capabilities of these CTC by real-time analysis with the Operetta®
High Content Imaging System, acquiring semi-confocal images at
different planes at sequential times. As shown in Fig. 4B, Ishikawa cells
overexpressing ANXA2 (IK-ANXA2) were able to attach to and impair
the endothelial monolayer before colonizing the underneath collagen
basement matrix to generate tumor colonies and micrometastasis. This
complete sequence of events recapitulating the attachment and homing
of endometrial CTC in circulation were dynamically investigated in the
timeframe of seven (7) days. More interestingly, this sequential meta-
static colonization was precluded by the addition of Daunorubicin in a
concentration-dependent manner, confirming the results described in
the HTS targeting ANXA2-expressing cells (Fig. 4C). Of note, the
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Fig. 3. Identification of ANXA2 inhibitors by high throughput screening (HTS) in a 96 well plate colony formation assay. (A) Schematic image of HTS assay (upper
panel) and workflow design for HTS (lower panel). (B) Proliferation inhibition rate (>60%). (C) Dose-response curves comparing the cytotoxic activity of Dauno-
rubicin in IK-pLKO (ICsp = 8062 x 107 M) and IK-shANXA2 (ICso = 8421 x 10® M) cells and (D) in IK-Ctrl (ICsp = 4765 x 107 M) and IK-ANXA2 (ICso

= 6884 x 10° M) cells for 5 days.

impairment of CTC attachment and further colonization occurred
without altering the integrity of the endothelial monolayer further
indicating that Daunorubicin acted specifically on the ANXA2-
expressing tumor cells while not affecting normal endothelial cells
(Supplementary Fig. 3).

We finally assessed the ability of Daunorubicin to impair in vivo the
attachment of CTC to the peritoneal mesothelium and to avoid loco-
regional metastasis by using the preclinical model of intraperitoneal
injection of HeclA EC cells. The efficiency of control HeclA cells with
basal levels of ANXA2 compared to that of HeclA cells over-expressing
ANXA2 (H-ANXA2) to generate tumor implants under Daunorubicin
treatment was analyzed by bioluminescence at six (6) days after peri-
toneal injection of tumor cells (Fig. 4D). Daunorubicin (1 mg/kg) was
administered intraperitoneally at day 0 and day 5, and total biolumi-
nescence signal was quantified by live imaging upon injection of lucif-
erin substrate using the Xenogen IVIS system. Daunorubicin
demonstrated an improved ability to inhibit tumor cell proliferation
depending on ANXA2 expression, in this preclinical model of peritoneal
dissemination of advanced EC. As shown, the pattern of peritoneal

metastasis was drastically reduced in those mice injected with the
ANXA2 over-expressing HeclA cells upon Daunorubicin treatment
(Fig. 4D), further confirmed by the quantification of bioluminescence
signal from the peritoneal metastatic implants (Fig. 4E). All these results
reinforce the validity of a therapeutic strategy specifically targeting the
population of disseminating tumor cells responsible of metastasis. They
also confirm the potential of Daunorubicin for the inhibition of tumor
cell adhesion associated with the plasticity phenotype resulting from the
enhanced expression of ANXA2, for the prevention of recurrent disease
in EC.

4. Discussion

The acquisition of a mesenchymal phenotype is associated with cell
migratory and invasive properties that might be translated into the
resulting circulating tumor cells (CTC). This plasticity phenotype can be
detected in CTC immunoisolated from endometrial cancer (EC) patients
with high-risk of recurrence [18], with mesenchymal traits participating
in micrometastasis formation [28]. Furthermore, previous studies have
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shown that ANXA2 is involved in the EMT process, contributing to the
acquisition of cellular capacities related to the promotion of metastasis,
and with clinical utility in primary endometrial carcinomas as a pre-
dictor biomarker of recurrent disease [9]. In this new work, we have
translated this clinical value to the liquid biopsy context, with a corre-
lation of ANXA2 expression in CTC with progression free survival and
overall survival in a cohort of advanced EC patients. The impact of
ANXA2 enhanced expression in CTC was associated with a deficient cell
adhesion, compensated with a more efficient invasive and colonization
capabilities, as demonstrated both in vitro and in vivo model systems
mimicking the clinically relevant events that CTC may accomplish to
effectively result in micrometastasis. These clinical and functional val-
idations, indicative of ANXA2 as an attractive molecule to monitor
recurrent disease, also suggest that ANXA2 could be further exploited as
a target to impair the colonization abilities of endometrial CTC. ANXA2

is a Ca2+-dependent lipid binding protein, member of the annexin
family, localized in the nucleus, cytoplasm and extracellular space, and
participates in various cellular processes including signal transduction,
endocytosis and exocytosis, proliferation, differentiation and apoptosis
[29]. ANXA2 plays a relevant role in various types of cancer [30], and
enhanced ANXA2 expression has been correlated with angiogenesis,
tumor invasion and progression in breast cancer [31,32]. Also, high
ANXA2 expression has been associated with a worse survival rate in
hepatocellular carcinoma [33], and an increased serum concentration of
ANXAZ2 has been related to chemotherapy resistance in gastric cancer
[34].

These evidences are representative of a biomarker with prognostic
value in advanced disease. We now propose that in addition, ANXA2
may serve as therapeutic target as well as companion biomarker in the
monitoring of response for its specific therapy in personalized medicine
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in EC. To validate this hypothesis, we screened the Prestwick Chemical
Library to identify potential hit compounds specifically targeting
ANXA2, and validated Daunorubicin in model systems specifically
designed to evaluate its efficacy to impair attachment of CTC to an
endothelium, and prevent further metastasis both at distant and loco-
regional sites. Daunorubicin is an anthracycline widely used in the
treatment of leukaemia. This compound exerts its cytotoxic effect by
intercalating in the DNA strands, interacting with molecular oxygen to
produce reactive oxygen species (ROS), inhibiting the topoisomerase II,
and producing apoptosis [35,36]. The standard treatment of advanced
EC is cytoreductive surgery followed by radiotherapy, chemotherapy or
both. EC is a relatively chemosensitive disease being platinum-based
drugs (carboplatin) and taxanes (paclitaxel) the most active agents
[37]. Regarding anthracyclines, doxorubicin has also been shown to be
active in EC, but presenting an unfavorable toxicity profile. The com-
bination of cisplatin and doxorubicin showed a better response to
treatment compared to doxorubicin alone but with a higher level of
toxicity and no benefits in OS [38]. In addition, the comparison of car-
boplatin and paclitaxel versus the combination of doxorubicin, cisplatin,
and paclitaxel chemotherapy demonstrated no difference in terms of PFS
and OS but having less toxicity in the absence of doxorubicin [39]. A
recent randomized study by the Japanese Gynecologic Oncology Group
reached similar conclusions, with no significant difference of survival
among patients receiving doxorubicin plus cisplatin, docetaxel plus
cisplatin, or paclitaxel plus carboplatin as postoperative adjuvant
chemotherapy for endometrial cancer [40]. Currently efforts to mitigate
the doxorubicin-induced cardiotoxicity includes liposomal doxorubicin
and pegylated liposomal doxorubicin (PLD) formulations [41]. PLD
should be explored in phase II and phase III studies of endometrial
carcinoma [42]. Regarding Daunorubicin, this anthracycline is of clin-
ical use in acute myeloid leukemia, whose liposomal encapsulated
formulation ameliorates its safety profile [43]. Some benefits have been
observed in the therapeutic response of daunorubicin compared to
doxorubicin including less cardiotoxicity [44,45], but more data is
needed to conclude on the clinical benefit of Daunorubicin.

5. Conclusion

In conclusion, we have confirmed, in the liquid biopsy context, the
clinical value of ANXA2 in advanced EC. We also functionally validated
in complex in vitro and in vivo model systems that reproduce the stepwise
process of dissemination and micrometastasis formation, the impact of
ANXAZ2 on CTC attachment and homing at distant sites. And finally, we
investigated through HTS the potential of ANXA2 as therapeutic target
to specifically impair these critical steps of metastasis dissemination in
endometrial cancer. These evidences should be now appropriately
translated into the clinical setting by, for example, selecting ANXA2-
overexpressing advanced EC patients’ candidates to liposome formula-
tions of daunorubicin that could maximize its therapeutic benefit while
minimizing its toxicity profile.
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