1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochem Pharmacol. Author manuscript; available in PMC 2021 August 01.

-, HHS Public Access
«

Published in final edited form as:
Biochem Pharmacol. 2020 August ; 178: 114003. doi:10.1016/j.bcp.2020.114003.

Sulfated glycolipid PG545 induces endoplasmic reticulum stress
and augments autophagic flux by enhancing anticancer
chemotherapy efficacy in endometrial cancer

Robert Hoffmann2&1, Sayantani Sarkar Bhattacharya®P.l, Debarshi Roy2¢, Boris
Winterhoffd, Ralf Schmidmaier®, Keith Dredgef, Edward Hammond?, Viji Shridhara"

aDepartment of Laboratory Medicine and Pathology, Mayo Clinic, Rochester, United States
bDepartment of Medical Oncology, Mayo Clinic, Rochester, United States

CAlcorn State University, Lorman, MS, United States

dDivision of Gynecologic Surgery, Mayo Clinic, Rochester, United States

eMedizinische Klinik und Poliklinik IV, Munich University Hospital, Ludwig-Maximilians-University
Munich, Germany

fZucero Therapeutics, Brisbane, Queensland, Australia

Abstract

The sulfated glycolipid PG545 shows promising antitumor activity in various cancers. This study
was conducted to explore the effects and the mechanism of PG545 action in endometrial cancer
(EC). PG545 exhibited strong synergy as assessed by the Chou-Talalay-Method /n vitro when
combined with cisplatin, or paclitaxel in both type | (Hec1B) and type 1l (ARK2) EC cell lines.
While PG545 showed antitumor activity as monotherapy, a combination of PG545 with paclitaxel
and cisplatin was highly effective in reducing the tumor burden and significantly prolonged
survival of both Hec1B and ARK2 xenograft bearing mice. Mechanistically, PG545 elicits ER
stress as an early response with resultant induction of autophagy. Our data demonstrated an
increase in pERK, Bip/Grp78, IREla, Calnexin and CHOP/GADD153 within 6-24 hrs of PG545
treatment in EC cells. In parallel, PG545 also blocked FGF2 and HB-EGF mediated signaling in
EC cells. Moreover, melatonin-mediated ER stress inhibition reduced PG545-mediated autophagy
and PG545 in combination with cisplatin further heightened this stress response. Collectively these
data indicate that PG545 exhibits strong synergistic effects with chemotherapeutics /n vitro and
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showed promising antitumor activity /n vivo. Our preclinical data indicates that in future studies
PG545 can be a useful adjunct to chemotherapy in endometrial cancer.
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1. Introduction

Endometrial Cancer (EC) is the most common malignancy of the female reproductive tract
in developed countries with an estimated 10,920 deaths in the United States in 2017 [1].
There is an increase in the rate of EC in recent years. Two major risk factors, obesity and
advanced age account for the increase in the rate of EC which is emerging as a major public
health concern [2,3].

The majority of women with EC are diagnosed at an early stage and can be cured with
resection, chemotherapy or radiation [4,5]. Still, there is a subset of patients with
unfavorable histology, advanced disease and severe comorbidities for which long-term
prognosis remains poor [6]. For these patients, chemotherapy represents an important
treatment modality next to the surgery. The standard chemotherapy regimen includes
platinum and taxol-based agents achieving at best moderate overall response of up to 50%
percent in advanced-stage disease [7].

Endometrial cancer itself is a very heterogeneous disease [8], making patient-adjusted
therapy extremely challenging. EC can be generally classified into two types showing
distinct histological and molecular features [9]. Type | appears to be more differentiated with
endometroid-like histology and slower disease progression. PTEN loss, K-Ras mutation and
microsatellite instability are frequently seen in Type | [10,11]. Type II, however, is less
differentiated and often resulting in a clear or papillary serous cell appearance. It commonly
harbors alterations in p53, p16, HER2 and E-Cadherin and shows a more aggressive course
of the disease. Additionally, upregulation of several heparin-binding growth factors (HB-
GFs) such as FGF, VEGF, HGF and HB-EGF and their cognate receptors are significantly
linked to enhanced tumor vascularization and poor survival outcome in EC implicating
growth factors and their receptors as novel therapeutic targets [12—16]. However, response
rates are at best moderate (6.8-28.9%), raising the question of whether targeted therapy of
single pathways is the right course to pursue, specifically considering the tumor’s
heterogeneity and evolving resistance mechanisms [17]. Combinations of different drugs or
agents that simultaneously target multiple pathways may represent a reasonable and
promising alternative.

Heparan sulfate (HS) proteoglycans (HSPG) are involved in several aspects of
carcinogenesis [18]. HSPGs structure stabilizes the extra-cellular matrix (ECM) and
provides binding sites to various molecules including the heparin-binding growth factors
mentioned above [19]. Heparanase is a B-endoglucorinadase, which cleaves HSPGs and
releases the molecules bound to them including VEGF, FGF and HB-EGF. Its expression is
significantly increased in endometrial neoplasias [20]. Degradation of the ECM exacerbates
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invasion and dissemination of cancer cells in the surrounding tissue and the released growth
factors induce further proliferation and angiogenesis of cancer [21]. In endometrial cancer,
heparanase expression is associated with increased myometrial invasion, lymph-vascular
space involvement and is correlated with less differentiated histological subtypes [22,23]. In
addition to the increase in heparanase expression, HSPG levels on the cell surface are
commonly upregulated in EC, indicating a more profound role of HSPGs in tumorigenesis
[18,24]. Thus, the heparanase-HSPG system represents a promising therapeutic target for
multi-targeted therapy in endometrial cancer.

PG545 is a fully sulfated glycolipid and is currently in Phase | clinical investigation [25]. It
functions as an immune stimulator that activates NK cells via dendritic cells [26] and also
inhibits heparanase and HS-mediated growth factor signaling [27]. PG545 has shown
antiproliferative, antimetastatic and antiangiogenic properties in various carcinoma cell lines
[28,29]. Our group further demonstrated that PG545 synergizes with Gemcitabine and
Paclitaxel in pancreatic and ovarian cancer respectively, highlighting its potential use in
combination therapy [30,31].

This study was conducted to evaluate the anti-tumor activity of PG545 in type | and type Il
EC cells alone and in combination with taxane and platin-based agents. By using both types
I and 1l cells, we show that PG545 modulates GF signaling /n vitro and can be used alone
and in combination with chemotherapeutic agents to prolong survival in an /n vivo model.
This is the first report to show the potential use of PG545 in EC. Additionally, we also show
that ER stress is an early response to trigger autophagy after PG545 treatment. Taken
together, we show that PG545, in combination with chemotherapy can effectively elicit an
ER stress-mediated increase in autophagy that can be therapeutically targeted. Thus
combinations of PG545 with known chemotherapies may be promising options to be
considered in future clinical trials of endometrial cancer.

2. Materials and methods

2.1. Chemical reagents

PG545 was generously provided by Zucero Therapeutics (Melbourne, Australia). Cisplatin
was purchased from EMD Millipore (Calbiochem, Millipore, Billerica, MA) and paclitaxel
(30 mg/5ml) from Hospira (Lake Forest, IL). All compounds were dissolved in phosphate
buffer saline (PBS, Gibco, USA). Primary antibodies anti-cleaved PARP, anti-LC3BI/Il,
anti-phospho- and total-PERK, anti-Bip, anti-CHOP, anti-GAPDH, anti-IREla, anti-
phospho- and total-ERK, anti-phospho- and total-AKT and secondary rabbit and mouse IgG
were purchased from Cell Signaling Technology (Danvers, MA); anti-PCNA, anti-p62 and
anti-Calnexin were purchased from Santa Cruz (Santa Cruz, CA).

2.2. Celllines

Four cell lines representing different histological grades of EC were used for the /n vitro

studies [32]. Ishikawa (well-differentiated endometrioid, less aggressive), RL95-2 (poorly
differentiated endometrioid) [both cell lines were kindly provided by Dr. Paul Goodfellow
(Washington University, St. Louis, MO)] and Hec-1B (cisplatin-resistant) [purchased from
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American Type Culture Collection (ATCC)] were used as representatives for type EC. As
type Il cells we chose ARK2 [kindly gifted by Prof. Shi-Wen Jiang who was affiliated with
Prof. (Dr.) Karl C. Podratz, (Mayo Clinic, Rochester, MN)] representing serous cell
carcinoma. Hec1B, ARK2 and RL95-2 were cultured in DMEM/F12 media and Ishikawa
cells were in DMEM media (Thermo Fisher, Waltham, MA), supplemented with 10% heat-
inactivated Fetal Bovine Serum and 1% antibiotic—antimycotic (Thermo Fisher, Waltham,
MA). All cells were incubated in a humidified atmosphere at 37 °C with 5% CO,.

2.3. Colony formation assay (CFA)

1x103 cells were plated in 6-well plates in triple replicates and incubated with increasing
concentrations of PG545 (2.5, 5, 10, 20 and 40 uM) for 24 h. The media was removed after
24 h and replaced. Colonies were fixed in methanol (Thermo Fisher, Waltham, MA) and
stained with 0.5% crystal violet (Millipore-Sigma USA) on day 7. Several colonies were
assessed using Quantity One (Bio-Rad) software. Each experiment was repeated at least
thrice.

2.4. Cell viability assay

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Millipore-Sigma
USA) assay was used to assess the cell viability of PG545 treated cells. Five thousand cells
per well were plated in a 96 well plate. After 24 h media was removed and the treatment
regimen of various drug combinations was added for 48 h. After a 48-hour incubating period
20 pl of MTT was added. After four hours remaining media was removed and 200 pl
Dimethyl Sulfoxide (DMSQ) were added. Absorbance was measured at 490 nm wavelength
in a microplate reader.

2.5. Synergy calculations

For all MTT experiments, five thousand cells per well of a 96 well plate were plated as
replicates of five. The half-maximal Inhibitory Concentrations (IC50) were then determined
for all drugs and cell lines used in synergy studies. Increasing concentrations of PG545,
cisplatin, paclitaxel, chloroquine and quinacrine were added for 48 h and assessed via MTT
assay. Out of these data sets, IC50 values were determined by Prism software (GraphPad
Software, La Jolla, CA) as previously described in [33]. Constant ratio (multiples of ICsgp:
ICs0 ratios) Were conducted between PG545, each of quine and Quinacrine. Cl values were
calculated by the CalcuSyn software (Biosoft, USA) using the Chou-Talalay method as
previously described [34,35]. The Combination Index (CI) classifies the drug interaction into
synergy, addition or antagonism. CI values < 0.9 indicate synergy, while a range of 0.3-0.7
can be considered as strong; 0.7-0.85 as moderate; 0.85-0.9 slight synergy. Values from 0.9
to 1.1 show additive effect, and values > 1.1 depict antagonism [34]. Non-constant ratio
combinations, i.e. IC50 of PG545 with various Chloroquine concentrations were also
determined via the Chou-Talalay-Method [34].
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2.6. Immunoblot

Western Blots were performed as previously described [36]. Every western blot was
performed at least three times and a representative blot image was shown in the figures. The
densitometric quantification of the western blots was shown in the figures.

2.7. Migration (wound scratch) assay

80-90% confluent 1 x 10° EC cells were incubated with 0% serum medium and were
scratched with a 200 ul pipette tip. Heparin-binding growth factors (HB-EGF at 50 ng/ml,
FGF-2 at 10 ng/ml, FBS equal to 10% volume) (Gibco, USA) were added with or without 10
UM of PG545. The area of migration was then assessed via ImageJ software.

2.8. Invasion assay

Hec1B and ARK2 cells (1 x 10°) were plated into Fluorimetric Invasion Assay (FIA)
chambers (Corning, NY). The outer compartment contained FBS or 50 ng/mL HB-EGF as a
chemoattractant. The plate was incubated for 48hrs letting cells invade the Matrigel layer
and reach the surface membrane. Cells were fixed and stained with Coomassie Staining
(BioRad, CA) and counted per well in replicates of three. EC cell invasion was assessed in
the absence and presence of PG545.

2.9. Apoptosis staining via Annexin V/Pl double staining

Apoptosis of EC cells treated with PG545 and/or cisplatin and paclitaxel was assessed as
previously described [30]. EC cells were stained with an Apoptosis detection kit (Roche,
USA) labeled with Annexin V-FITC and Propidium lodide. cells were then quantified by
FACSCalibur (Becton Dickinson, USA) measuring Annexin V-FITC and PI-positive cells.

2.10. Xenografts

All animal protocols were reviewed and approved by the Institutional Animal Care and Use
Committee of Mayo Clinic (IACUC). Xenograft model of HEC-1b cells (Type I) and ARK2
(Type 1) Endometrial Cancer were established injecting 2.5 x 10% Hec1B Cells and due to
their more aggressive behavior 1.5 x 106 ARK2 subcutaneously into the right flank of 6-8
week old female athymic nude mice (Harlan Laboratories, Indianapolis, IN). Cells were
suspended in a total volume of 0.2 ml PBS. Once tumors were measuring at least 3 x 3 mm
in all groups, mice were randomized into four groups of ten animals each. Treatment was
initiated in Hec1B and ARK2 cells on day 7 after injection. Tumor size was measured every
four days with calipers for 28 days after which the xenografts were monitored for meeting
endpoint criteria for an ongoing survival study. Endpoint criteria were defined as follows: 1.
Ulceration of tumor site 2. The tumor is larger than 1200 mm?3 3. Tumor diameter greater
than 20 mm 4. Weight loss greater than 10%. For assessment of Tumor size the modified
ellipsoid volume was calculated by the following formula: volume = 1t/6 x length x width?,
All xenografts models of Hec1B and ARK2 were assigned to following treatment groups:
Control: receiving 200 ml every third day as placebo control; Chemotherapy: Cisplatin plus
paclitaxel via intraperitoneal injection at 4 mg/kg and 16 mg/kg, respectively on days 7, 12,
and 16 as previously described in [31]; PG545 alone: 20 mg/kg every three days as
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previously described in [30,31]. Combination: cisplatin plus paclitaxel equally dosed as
chemotherapy group) plus PG545 (20 mg/kg, same dosing as PG545 alone).

2.11. Immunohistochemistry

The Pathology Research Core Laboratory (Mayo Clinic, Rochester, MN) performed
immunohistochemistry staining on all xenograft tumors as per standard protocol. Paraffin-
embedded tissue sections were stained for Ki67, and CD31 and subsequently analyzed.
CD31, a marker for vascular endothelium was used to assess intratumoral microvessel
density (iMVD). Representative areas of three per tumor were taken with a Zeiss LSM 510
microscope. Microvessel structures were then counted in 20X magnification and compared
among different treatment groups. Ki67 staining was assessed using freely available ImageJ
Add-on ImmunoRatio as previously described in [37].

2.12. Detection of autophagosomes by Cyto-ID staining

HeclB and ARK?2 cells were plated in the 4-well chambered slides and treated with 0 pM,
10 uM or 20 pM of PG545. After 24 h, cells were washed 2x with PBS and a Cyto-1D
autophagy detection kit (Enzo Life Sciences) was used to detect autophagic vesicles. Images
were taken with a Zeiss LSM 510 microscope and fluorescence was analyzed via ImageJ
software.

2.13. Detection of ER activity by ER tracker blue-white DPX staining

ER activity was visualized by fluorescence microscopy stained with ER-tracker blue/white
DPX as stated earlier [38,39]. Briefly, Hec1B and ARK2 cells (5 x 103) were seeded in 8
chambered polystyrene culture slides [BD Falcon, USA] per well in DMEM/F12 medium
supplemented with FBS (10%). After 24 hrs of seeding, cells were incubated with 1x HBSS
[Gibco, USA] supplemented with Mg** (0.10 gm/L) and Ca** (0.14 gm/L) and
subsequently exposed to PG545 (20 uM) along with vehicle control in a time-dependent
manner. Cells were washed with HBSS and processed for ER staining. Pre-warmed ER-
Tracker Blue-White DPX (Thermo Fisher, Waltham, MA) staining (500 nM) was added to
the cells and incubated for 30 mins at 37 °C at 5% CO, incubator. The loading solution was
removed and cells were then washed in HBSS. The samples were visualized and images
were recorded using an EVOS fluorescent microscope.

2.14. Statistical analysis

Results are depicted as mean + standard deviation (S.D.). Unless mentioned otherwise data
was gathered from three independent experiments. Graph Pad Prism software (San Diego,
CA) was used for statistical analyses. Data sets were analyzed via paired #test. Survival data
were analyzed by using Log-Rank tests based on Kaplan Meyer curves. The significance
level was set at 0.05 (p < 0.05) unless determined otherwise.

Biochem Pharmacol. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoffmann et al.

Page 7

3. Results

3.1. PG545

3.2. PGb45
EC cell lines

3.3. PG545

inhibits growth in a dose-dependent manner in type | and type Il EC

The ICsq values of PG545 in Hec1B and ARK2 cell lines as evaluated by MTT assay (24hr)
were ~63.5 uM for Hec1B and 70.8 uM for ARK2 cells, respectively (Fig. 1A and B).
Increasing concentrations of PG545 effectively inhibited colony-forming ability with
maximal inhibition of PG545 at 20 uM in Hec1B and 40 puM in ARK2 cells (Fig. 1C and D).

sensitizes and shows strong synergy with known chemotherapeutic drugs in

We have previously shown that PG545 synergizes with gemcitabine in pancreatic cancer and
with cisplatin and paclitaxel in ovarian cancer [30,31]. Having determined that PG545
treatment inhibits the growth of EC cells, we then sought to determine if PG545 will
sensitize and synergize with cisplatin and paclitaxel in EC. The study shows that PG545 (25
uM) sensitizes EC cells strongly to both cisplatin and paclitaxel (Fig. 1E-H) with the ARK2
cell line showing comparatively stronger synergy.

To this end, we evaluated Combination Indices (Cl) between PG545 and the
chemotherapeutic agents using the Chou-Talalay method as previously described [35].
Constant ratios of drug concentrations, in this case of the respective IC50 values for each
compound, are plotted alone and in combination. The lower the Combination Index (CI)
values at a given biological effect (Fraction affected or Inhibition in this case) indicates very
strong synergy between the two tested compounds. Thus CI values between 0.1 and 0.3
indicate extremely strong synergy, 0.3-0.7 strong synergy, 0.7-0.85 moderate synergy, 0.85—
0.9 slight synergy and CI values between 0.9 and 1.0 are considered nearly additive).
Synergy was seen across all combinations. Very strong synergy was seen in Hec1B cells at
low concentrations (Fig. 2A and B). In ARK2 cells, the ClI values ranged from 0.3 to 0.5 and
did not alter significantly with increasing Fraction affected (Fig. 2C and D) as seen in
HeclB cells. Since the curves represented in Fig. 2A-D are mathematical calculations, it
should be noted that the experimental combination values determined by the CalcuSyn
Software range from 0.171 to 0.984 in Hec1B and 0.220-0.64 in ARK2 cells. All
experimental values were below 1 indicating that the combination is almost synergistic.

enhances apoptotic cell death of chemotherapy in vitro

Having established synergistic interaction between PG545 and the chemotherapeutic agents,
we further investigated apoptotic cell death by Annexin V/PI assay after treating cells with
PG545 (20 pM) alone or in combination with cisplatin (CPT, 20 uM) and/or paclitaxel
(PTX, 50 nM) (Fig. 2E and H). While single treatments alone showed a mild increase in
early and late apoptotic markers (9.02-10.56%), a combination of PG545 with cisplatin
showed 35% of HEC1B and 22% of ARK2 cells undergoing cell death (Fig. 2F and G). The
ARK?2 cells were more sensitive to paclitaxel (Fig. 2J) and the combination of PTX with
PG545 was more effective in inducing apoptosis compared to PTX treatment alone in both
cell lines (p < 0.01) (Fig. 2I and J). Specifically, the addition of PG545 to PTX in Hec1B
cells dramatically increased apoptosis from 11.79 to 39.32% (Fig. 2I).
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3.4. PGb545 alone and in combination with cisplatin and paclitaxel inhibits EC tumor
growth in vivo and prolongs survival

To investigate the effects of PG545 in combination with chemotherapy /7 vivo, we used two
xenograft models in female athymic nude mice: one with Hec1B cells and one with ARK2
cells (Fig. 3A). We injected 2.5 x 10% Hec1B and 1.25 x 108 ARK2 cells subcutaneously
[37] in the right flank of female athymic nude mice. The mice were randomized into 4
groups before commencing the treatment, one week after tumor cell injection as described in
the methods section. Tumor volume (in mm3) is shown until the first endpoint criteria were
met in the survival study. PG545 (20 mg/kg, given twice a week till the end of the study)
treatment as a single agent alone significantly reduced the tumor burden more compared to
control and to the chemotherapy regimen alone (given on days 7. 14 and 21) (p = 0.001)
(Fig. 3B and C). While the chemotherapy regimen alone also inhibited tumorigenesis (p = <
0.05), the combination of PG545 and chemotherapy was very effective in inhibiting tumor
formation compared to either treatment alone (p = < 0001), (p < 0.05 in Hec1B and p < 0.01
in ARK?2).

We also evaluated the effect of PG545 and chemo (CPT + PTX) alone and the combination
of PG545 and chemo (CPT + PTX) treated mice bearing Hec1B and ARK2 xenografts on
the overall survival of these mice. All treatment groups in both cell xenograft models
showed significantly better survival compared to the controls. In the Hec1B median survival
was 33 days in the control group, this was followed by a median survival of 50 days in the
chemotherapy group and 58 days in the PG545 group (Fig. 3D). PG545 treatment alone did
not significantly prolong survival compared to the chemotherapy (p = 0.09) alone group.
However, the combination of both regimens significantly increased survival compared to
either treatment alone (p < 0.001). The survival study was terminated after 72 days. Two of
the three mice in the Hec1B combination group died due to tumor ulceration and not due to
tumor burden.

The median survival in the chemotherapy group was only 37.5 days and was comparatively
less than PG545 alone with a median survival of 47 days (p < 0.05) or the combination of
both regimens with a median survival of 58 days (p < 0.001). Still, after 63 days all ARK2
xenograft tumors met the sacrificing criteria(Fig. 3E).

We confirmed the enhancing effects of PG545 in mouse-derived xenografts reducing tumor
volume and prolonging survival in combination with chemotherapy. Enhancing effects could
not only be seen by analyzing the survival data but also upon monitoring tumor growth in
the first 30 days (Fig. 3B and C).

3.5. PGb545 downregulates the angiogenic CD31 and proliferative Ki67 markers upon

treatment

Paraffin-embedded xenografts were stained with CD31 antibody, an established marker for
angiogenesis in order to determine the intratumoral Micro Vessel Density (iMVD). The
iMVD can be measured by counting CD31 positively stained angio-epithelial tissue [41].
The iIMVD was significantly reduced in all PG545 treated groups compared to control or the
chemotherapy groups (p < 0.001) (Fig. 3F and 3G-H). Chemotherapy alone had no
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significant impact on vascular formation in either Hec1B (p = 0.32) or ARK2 (p = 0.18)
xenografts compared to the controls. Furthermore, the iMVD of the combination-treated
groups were also not significantly reduced compared to the PG545 groups alone, indicating
that the observed effect of CD31 downregulation is caused by PG545 treatment. The results
are consistent with previous studies in other tumor types [29-31].

Similarly, expression of the proliferation marker Ki67 was downregulated by PG545
treatment in both xenograft models (Fig. 3F and 1-J). Ki67 expression was significantly
downregulated upon PG545 treatment compared to control in Hecl1B (p < 0.01) and ARK2
(p < 0.01). Surprisingly, chemotherapy treatment did not alter Ki67 expression in Hec1B
tumors (p = 0.15) compared to its control whereas it did in the ARK2 xenograft (p < 0.01).
Similar to CD31 expression, the combination of PG545 and chemotherapy did not
significantly reduce Ki67 expression compared to PG545 alone in either xenograft model,
most likely due to the time elapsed between the last administration of chemotherapy and
therefore the difference in treatment between the two groups.

3.6. PGb545 induces autophagy in EC

In order to investigate the mechanistic basis of the synergy that we observed between PG545
and CPT and PTX, we assessed the impact of PG545 on autophagy. Western blot analysis of
lysates from PG545-treated Hec1B and ARK2 cells showed an increase in the lipidated form
of LC3BII in both the cell lines (Fig. 4A and B) respectively. The densitometric
quantification provided in Fig. 4C reveals the upregulation of LC3BII over LC3BI.
Consistent with the increase in LC3BI|I levels, immunofluorescence (IFC) analysis of
autophagy using cyto-1D [42] staining also showed that PG545-induced autophagy in a
dose-dependent manner (Fig. 4D). Fig. 4E shows the Corrected Total Cell Fluorescence
(CTCEF) of the fluorescence of the autophagosomes quantified using ImageJ software. CTCF
values are significantly increased (p < 0.001) in ARK2 cells treated for 24 h in a dose-
dependent manner (p = 0.07). Hec1B cells also showed a significant increase (p < 0.01, p <
0.001) in CTCF following PG545 treatment although it was less than that seen in the ARK2
cells (Fig. 4D and E).

As the increase in LC3BII levels alone is not a sufficient indication that the cells are
undergoing autophagy since the increase in LC3BII levels could be due to autophagy
induction or inhibition of the final steps of autophagosome fusing with the lysosome, we
determined the levels of p62 (SQSTM1), another important autophagy marker in the
presence and absence of chloroquine (CQ), a well-known inhibitor of autophagy to
determine if the cells were undergoing autophagic flux. PG545 treatment of Hec1B and
ARK?2 cells resulted in the downregulation of p62 and an increase in the levels of LC3BII,
and CQ treatment rescued the expression of both these proteins, clearly indicating that the
cells were undergoing autophagic flux (Fig. 4F and G). The densitometric quantification
provided in Fig. 4H also demonstrates significant loss of p62 in PG545 treated Hec1B and
ARK?2 cells (without CQ), and rescue of p62 in the presence of CQ respectively. In parallel,
endometrial cell line RL95 also showed a similar phenomenon, however, CQ could not
rescue p62 in the Ishikawa cell line (Fig. 41-K).
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Although the increase in LC3BII and a decrease in p62 levels are indicative of autophagic
flux, autophagic flux is reliably monitored with the use of fluorescent-tagged Cherry-GFP-
LC3B construct [43,44] following autophagy induction. Since the pH-sensitive GFP signal is
quenched in the lysosomes, the autophagosomes light up as both red and green (seen as
orange to yellow in merged images), while autolysosomes light up as mostly red. Following
transient transfection for 48 h of Hec1B cells with Cherry-GFP-LC3B, cells were treated
with 10 and 20 uM PG545 resulted in an increase in the mCherry positive signals in the
treated cells (Fig. 4L, rows 2-3, Fig. 4M respectively) compared to untreated control cells
(Fig. 4L, row 1, Fig. 4M) clearly indicated the activation of autophagic flux. Importantly, co-
treatment with Bafilomycin A that prevents the fusion of autophagosomes to lysosomes
showed more GFP staining in the merged panel (Fig. 4L, row 4, Fig. 4M) indicating
inhibition of lysosomal activity.

3.7. PGb545 elicits ER stress as an early response

Our data suggest that PG545 induces autophagic flux in EC cells. In contrast to our studies,
Shteingauz et al. have shown that PG545, by inhibiting heparanase-induced autophagy
impedes cell growth /n vitroand in vivo in cervical and glioblastoma cell lines [45]. To
understand this contradictory result between the two studies, we set out to determine if
autophagy could be induced as a defense mechanism to overcome ER stress-induced
unfolded protein response (UPR) as previously reported in other cancers [46-48]. To
understand whether inhibition of GF-mediated signaling by PG545 mechanistically could
alter and/or activate ER stress, a known trigger of autophagy [49,50], we sought to
determine if PG545-induced ER stress as an activator of adaptive response could play a role
in PG545 induced autophagy. To study the activity of ER stress, Hec1B and ARK2 cells
were stained with ER-Tracker Blue-White DPX dye following 20 uM PG545 treatment in a
time-dependent manner (15, 30 and 60 mins). This photo-stable dye is specific for the ER
and provides blue staining in live cells. PG545 treated cells exhibited significantly increased
blue staining compared to the control untreated cells indicating an accelerated activity of ER
leading to ER stress /n vitro (Fig. 5A). The increase in fluorescent signal was again
quantified as CTCF. A significant rise of CTCF was observed in both Hec1B and ARK2
cells (Fig. 5B).

Given that PG545 treatment leads to increased ER abundance in both cell lines, we analyzed
a number of ER stress-related molecular markers to assess if any were modulated by PG545.
Data shown in Fig. 5C and D revealed that PG545 could modulate the three canonical ER
stress pathways within 6-24 h. Protein kinase R-like endoplasmic reticulum kinase (PERK)
mediated phosphorylation of the eukaryotic initiation factor 2 (elF2) a subunit is a well-
established mechanism to downregulate protein synthesis under a variety of stress
conditions, which subsequently upregulates cellular stress-induced transcription factor
C/EBP homologous protein (CHOP) or growth arrest and DNA damage 153 (GADD153)
[51]. The activation of PERK by phosphorylation at Thr980 and upregulation and
accumulation of CHOP/GADD153 level in the PG545 treated EC cells conferred the
attenuation of the translational initiation and the commencement of apoptosis upon ER stress
respectively. However, the PERK and IRE activation was comparably much pronounced in
ARK?2 cells Fig. 5C (i—iii) and D (i-iii). The synthesis of the major ER chaperone, GRP78/
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BiP, was markedly induced after PG545 treatment which suggests the accumulation of
unfolded polypeptides in the ER. Another the Ca** dependent chaperone, Calnexin, which is
also substantially documented for involvement in apoptosis [52], was also upregulated at 24
h of PG545 treatment in both cell lines further confirmed prolonged ER stress.

3.8. PGb545-induced ER stress triggers autophagy in EC cell lines

ER stress more recently has been implicated as a potent initiator of autophagy, a self-
degradative procedure that also has an early adaptive function [46]. In order to determine
whether PG545 induced ER stress is driving autophagy, EC cells were pretreated for 30
mins with 1 uM of melatonin, which is involved in ER homeostasis [26], with and without
subsequent cotreatment of 20 uM PG545 for 2 h. The live cells were visualized under EVOS
fluorescent microscope Fig. 6A. A representative image of this study showed enhanced ER
activity after PG545 treatment both in Hec1B (Fig. 6A panel 2) and ARK2 (Fig. 6C panel
2), which is substantially decreased in melatonin pretreated cells. The significant differences
in integrated fluorescence density among the experimental groups are shown in Fig. 6B and
D for Hec1B and ARK 2 respectively. Correspondingly, western blot data also showed
PG545 mediated upregulation of BiP and CHOP consequently reduced in melatonin treated
cells Fig. 6E (i-ii). These data further confirmed that PG545 mediated ER stress is a
potential autophagy inducer in EC cells 6E (iii).

3.9. PGb545in combination with cisplatin escalates ER stress in EC cell lines

We have so far established that PG545 synergizes with chemotherapeutic drugs, triggers ER
stress and consequently promotes autophagy in EC cell lines. Therefore, we hypothesized
that this compound may escalate ER stress and autophagy in combination with known
chemotherapeutics. PG545 in combination with cisplatin treatment for 12 h demonstrated
heightened ER stress and autophagy in EC cell lines. Both BiP and CHOP were upregulated
along with LC3BII (Fig. 6F i-iii).

3.10. PGb545 blocks growth factor-dependent signaling of EC cell lines

Similar to our previous reports in ovarian cancer, PG545 attenuated heparan sulfate-binding
growth factor signaling both in Hec1B treated with FGF2 and ARK2 treated HB-EGF under
serum-starved conditions (Fig. 7A and B). PG545 treatment resulted in decreased
phosphorylation of ERK at Thr202/Tyr204 or of Akt at Ser473 after the addition of growth
factors. Activation of ERK and Akt was observed after ten minutes of HB-EGF treatment in
ARK?2 cell lines, whereas full activation of these two proteins was noted after 1 h of FGF2
stimulation of Hec1B cells. Upon PG545 treatment activation of these pathways was
significantly attenuated in both cell lines at all examined time points [Fig. 7A (i—ii) and 7B

(i-ii)].

3.11. PG545 inhibits growth factor-stimulated migration and invasion in EC

Type I and Type 11 EC cell lines, Hec1A and ARK2, also demonstrated growth factor
triggered migration and invasion. The effect of PG545 on migration was examined by a
scratch wound cell migration assay. As shown in Fig. 7C and D, maximum inhibition of
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wound closure was observed in HB-EGF-stimulated Hec1B (~60%) and FGF2-stimulated
ARK2 (~65%) after 10 uM PG545 treatment.

The effects of PG545 on cell invasion were assessed by an /n vitro matrigel cell invasion
assay. ARK?2 cells were found to be highly invasive in comparison to Hec1B. A significant
inhibition (~200% in Hec1B and ~ 75% in ARK2) of cell invasion was also observed after
PG545 (10 uM) treatment (Fig. 7E and F).

4. Discussion

Considerable evidence associates increased heparanase activity with almost all aspects of
tumor development such as tumor initiation, progression, metastasis, chemoresistance and
relapse [53,54]. Furthermore, heparanaseM9" cancer patients had a shorter life span in
comparison to heparanase!®V patients [54,55]. Together, these reports suggest that
heparanase is generally involved in cancer progression and hence may be an effective target
for anticancer drug development.

PG545 is a fully sulfated glycolipid immunomodulatory agent and inhibitor of heparanase
and angiogenesis [27], which is undergoing early clinical investigation for the treatment of
cancer. This is the first preclinical study to describe the effects of PG545 in endometrial
cancer. Heparan mimetics have received increasing attention in recent years due to their
therapeutic potential. PG545 displayed significant anticancer effects in pre-clinical models
of a variety of cancers [29,31,56]. Given its multi-targeting approach of sequestering
heparin-binding growth factors (HBGFs), blocking heparanase and blocking growth factor-
mediated signaling, PG545 is a promising candidate for targeting a heterogeneous disease
such as endometrial cancer. In our study, PG545 displayed strong anti-tumorigenic potential
in both Types | and Type Il EC and effectively blocked FGF2 and HB-EGF mediated
signaling in lower concentrations and also significantly interfered with FGF2- and HB-EGF-
induced migration and invasion of EC cells /n vitro. PG545 also significantly reduced tumor
growth /n vivo in both cancer types. Important clinical markers, namely Ki67 and the iMVD
(assessed with CD31 staining) were markedly reduced by PG545 treatment potentially
inhibiting FGF2, VEGF or HB-EGF -mediated angiogenesis [11,57].

Another important aspect of the therapeutic potential of PG545 seems to be its effect to
enhance the chemotherapeutic regimen. Similar to reports in other cancers [31,58] we found
that PG545 synergizes with paclitaxel /n vitro and with cisplatin both 7n vitro and in vivo.
Notably, PG545 synergized with paclitaxel and cisplatin in Hec1B cells, commonly referred
to as cisplatin-resistant type | cancer cells, and also in ARK2 cells, representative of the
more aggressive and usually more chemoresistant type 11 cancer [59]. Besides its
synergizing effects on cell viability and proliferation, we also showed that the addition of
PG5455 significantly increases the apoptotic effects of cisplatin and paclitaxel /n vitro.

Mechanistically, we have uncovered that autophagy is initiated in EC cells in response to
PG545-induced ER stress. The cross-talk between drug-induced ER stress and the induction
of autophagy to maintain ER homeostasis is well documented [48]. Exploring the
mechanism behind PG545-induced autophagy seen in EC cells, we discovered that PG545
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induces autophagy as a defense mechanism to clear unfolded proteins. This observation is
consistent with the previously reported finding that inhibition of heparanase enzymatic
activity can stimulate ER stress in cancer cells [60]. In this study, we have established that
PG545 elicits ER stress as an early response with resultant induction of autophagy.
Autophagy is now known as a two-edged sword. Apparently, autophagy is a cellular
recycling process mainly leads to cell survival in nutrient-deficient condition [61]. However,
in cancer cells, many variations of autophagy-dependent cell death are evident. A recent
review clearly demonstrates the different modes of autophagy and apoptosis [62] including a
coordinated action of both apoptosis and autophagy in parallel. In this context, we showed
that PG545, as a potential heparinase inhibitor, triggers ER stress and subsequent autophagy
as an adaptive response which terminally leads to apoptotic cell death. To prove it partially
i.e. PG545 induced autophagy is ER stress-dependent, we introduced Melatonin, a pan ER
stress inhibitor, which consequently reduced autophagy as evident in less LC3BII in Fig. 6E.
Likewise, our observation, melatonin, an antioxidant and gross ER stress inhibitor, secreted
from the pineal gland, has a suppressive function on autophagy [63,64]. A functional
inhibitor and a close homolog of heparanase-1, heparanase-2 (Hpa2), can also promote
tumor suppression via inhibition of heparanase enzymatic activity and stimulation of ER
stress.

Our data also highlight that a likely consequence of excess ER stress is cell death since the
combination of PG545 with cisplatin in EC cells induces significantly more ER stress /n
vitro compared to treatment of PG545 and/or cisplatin alone.

Substantial increase in autophagy as evident with concurrent upregulation of LC3BII and
downregulation of p62 signifying that this intracellular mechanism, similar to ER stress, is
also evoked after PG545 treatment in EC cells. While PG545 has been shown to inhibit
autophagy in HeLa cells to inhibit growth [45], our data add to the more accepted notion that
drug-induced autophagy is context- and more importantly cell type-dependent. Autophagy is
supposed to aid cell survival during starvation, and usually, the basal level of autophagy is
aberrantly high compared to normal cells [65]. However, unlike a brief and transient surge in
ER stress and concomitant autophagy which exhibits cytoprotective role with potential
survival benefits, a prolonged and profound ER stress-induced autophagy, beyond the basal
threshold, can initiate apoptotic cell death. Therefore, inhibition of autophagy with CQ
treatment also can overwhelm the cells with unprocessed protein burden which can trigger
apoptosis (data not shown). In addition, we also observed PG545 triggers excessive ER
stress in combination with known chemotherapeutics in EC.

In a previous study, we showed that PG545 interferes with Wnt/Bcatenin pathway and
attenuates tumor growth in pancreatic cancer [30]. This observation further supported that
impaired mitochondrial ATP production, hypoxia or deubiquitinase inhibitor can
downregulate Wnt signaling via the reduction of B-catenin through elevated ER stress [66—
68]. In parallel, inhibition of FGF2 signaling can also drive the EC cells to the escalation of
ER stress [69] which substantiates the dichotomy of the crosstalks between PG545-mediated
inhibition of growth factor signaling and activation of ER stress with subsequent autophagy.
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Nevertheless, there are a few limitations to this study. PG545 is effective in the EC xenograft
model of type | and 1l EC, but the subcutaneous model we used in both cell lines is a
monocellular model, only using one distinct cell line per xenograft. Therefore, it does not
account for intratumoral heterogeneity, limiting its predictive value. PG545’s effects on
autophagy /n vivo also remain unknown, since reliable /n vivo autophagy marker is yet to be
established. Furthermore, PG545, which is currently in phase I clinical trials, has a variety of
anti-cancer effects and recently also emerged as an immunomodulatory drug, showing
potential in activating natural killer cells [26]. Our xenograft models were nude mice, not
capable of mobilizing a T cell immune response. Also, autophagy itself is known to have
multiple immunomodulatory effects in the microenvironment further complicating the
picture [70]. It seems reasonable to explore the effects of PG545 patient-derived xenograft
models in the future.

In summary, PG545 exhibited synergistic effects when combined with the chemotherapeutic
agents, paclitaxel and cisplatin /n vitro and in vivo through inhibition of growth factor-
stimulated signaling and extended ER stress-mediated autophagy (Fig. 8). This is the first
study to show PG545’s efficacy alone or in combination with chemotherapy in type I and
type Il endometrial cancer. These findings support the future exploration of PG545 alone or
in combination with chemotherapy in phase I/11 clinical trials.
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Fig. 1.
Cell viability assays show PG545 inhibits proliferation (A, B) and colony-forming abilities

(C, D) of Hec1B and ARK?2 cells in a dose-dependent manner respectively. E-H, ARK2 and
Hec1B cells were incubated with increasing concentrations of cisplatin or paclitaxel alone
(red) or in combination with 25 uM PG545. 1C40 values for all four different combinations
were significantly reduced by the addition of PG545 NS: Not significant; *p < 0.05, **p <
0.01, ***p < 0.001.
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Fig. 2.

Sygnergism between PG545 with Cisplatin and Paclitaxel in equipotent combinations (IC50:
1C50) was assessed using the Chou-Talalay method. Hecl1B (A, B) and ARK2 (C, D) cells
were treated alone and in combination with each drug for a time course of 48 h.
Combination indices were calculated by the Calcusyn software and accordingly shown with
GraphPad. Cl between 0.3 and 0.7 shows strong synergism, 0.7-0.85 moderate synergism,
0.85-0.9 slight synergism, 0.9-1.10 nearly additive effect and greater than 1.10 antagonism.
The area of additive effect is depicted by dotted lines at 0.9 and 1.1. E-J: Incubation with
PG545 and or Cisplatin and or paclitaxel alone and in combination induces apoptosis Cells
were stained with Annexin V- Propodium lodine (PI) after 24 hr treatment with the given
drug concentration and analyzed by flow cytometry. Graphs show the percentage of cells
stained positive. P-values: ns = not significant, * < 0.05, ** < 0.01.
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PG545 reduced tumor progression alone and in combination with chemotherapy in Hec1B
and ARK2 cell line. Treatment is shown schematically (A). Each xenograft model, Hec1B

and ARK2, was studied in four different groups. 2.5 x 106 Hec1B cells and 1.25 x 106

ARK2 were injected in 10 mice/group. PG545 20 mg/kg was injected intraperitoneally every
72 h beginning on D7. Cisplatin/paclitaxel was administered via i.p. injection at 20 mg/kg
and 16 mg/kg, respectively on days 7, 12, and 16 as per Materials and Methods. Tumor

volume was recorded every four days after treatment start and depicted until the first

sacrifice of a xenograft. All treatment groups differ significantly from each other across both
HeclB (B) and ARK?2 (C) xenografts. P-values: ns = not significant, * < 0.05, ** < 0.01,

*** < 0.001. PG545 significantly prolongs survival alone and in combination with
chemotherapy in type | and Il endometrial cancer. Kaplan-Meier Curve depicts Hec1B
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xenograft (D) and ARK2 xenograft (E). Each xenograft model was studied in four different
groups. 2.5 x 106 Hec1B cells and 1.25 x 10"6 ARK2 were injected in 10 mice/group.
PG545 20 mg/kg was injected intraperitoneally every 72 h beginning on D7. Cisplatin/
paclitaxel was administered via i.p. injection at 20 mg/kg and 16 mg/kg, respectively on
days 7, 12, and 16 as per Materials and Methods. P-values: ns = not significant, * < 0.05, **
<0.01, *** < 0.001. Immunohistochemical analysis of ki67 and CD31 staining in
endometrial tumor tissues (F). Quantification of microvessels was performed in 20X
magnification with 3 fields per analyte (G, H). Quantification of ki67 was performed using 5
fields per analyte using ImageJ software and ImmunoRatio Add-on (I, J). P-values: ns = not
significant, # < 0.05, ## < 0.01.
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PG545 induces autophagy Hec1B (A) and ARK?2 (B) cells. Immunoblot analyses are shown
for Hec1B and ARK2 cell lysates treated with 10, 20 and 40 uM PG545 for 24 h. The ratio
of LC3BII over LC3BI was measured in 4C. Cyto ID staining was used to demonstrate the
autophagosome formation in ARK2 and Hec1B cells (4D). Quantification of Corrected Total
Cell Fluorescence (CTCF) was conducted by using ImageJ software (E). Autophagic flux
was also investigated in Hec1B (F) and ARK2 (G) cells. Cells were either treated with 20
UM PG545 and/or with chloroquine. Both compounds were added for 24 h. Cell lysates were
analyzed by Western blot using antibodies to LC3BI/II, p62 and PCNA. The level of p62
over PCNA was measured in H. P values: ns= not significant, *< 0.05, **< 0.01, ***<
0.001. Autophagic flux was investigated in RL95-2 (1) and Ishikawa (J) cells similarly to
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Fig. 4 F, G. The level of p62 over PCNA was measured in K. L, Transient expression of
Cherry-GFP-LC3B (48 h of incubation), autophagic flux was determined in Hec1B cells
incubated with 10 pM and 20 pM PG545 for 24 h and co-treated with Bafilomycin 1A for 12
h. Confocal microscopy analysis depicts alterations in the autolysosome formation.
Quantification of Corrected Total Cell Fluorescence (CTCF) for both GFP and m-Cherry
was conducted by using ImageJ software (M).
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PG545 (20 uM, 0-60 mins) escalates ER activity as measured in blue-white DPX staining in
HeclB and ARK?2 cells (A). Cells were incubated in Hanks balances salt solution and
incubated with PG545 as mentioned in the materials and methods section. The corrected
total cell fluorescence was shown in B, P values: *< 0.05, **< 0.01. C-D. PG545 treated
(20 uM) cell lysate was analyzed by Western blot using ER stress marker antibodies to p-
PERK (Thr980), t-PERK, Bip/Grp78, CHOP/GADD153, GAPDH, IREla, Calnexin, LC3B

and PCNA.
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Fig. 6.

P3545 mediated ER stress triggers autophagy. PG545 (20 uM, 2 hrs) escalates ER activity
(blue-white DPX staining) and autophagy (cyto-1D staining) which were subsequently
inhibited by melatonin (1 pM, 30 mins) pre-incubation as measured in Hec1B and ARK2
cells (A and C). The integrated fluorescence density was analyzed using ImageJ software (B
and D). P values.: ns= not significant, * < 0.05, ** < 0.01. Western blot analysis in
melatonin pretreated (1 uM) Hecl1B and ARK?2 cells demonstrated inhibition of Bip/Grp78,
CHOP/GADD153 and LC3BII in figure E. PG545 treated (20 uM) EC cells in combination
with cisplatin (5 UM) enhances ER stress as evident in western blot analysis using Bip/
Grp78, CHOP/GADD153 and LC3BI!I (F).
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A and B: PG545 inhibits growth factor-mediated signaling. The cells were grown in a
growth factor free medium for 12 h. 50 ng/ml of FGF2 (A i.) or HB-EGF (B i.) were then
added in the presence and absence of PG545 to Hec1B and ARK2 cells respectively. Cells
were harvested at specified time points. Western blot analysis showed reduced
phosphorylation of ERK and AKT (A ii-B ii). PCNA, total ERK and total Akt are shown as
loading controls. PG545 reduced migration, evaluated by wound scratch assay (C-D), and
invasion (E-F) significantly reduced growth factor-induced cell motion in Hec1B and ARK2.
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Fig. 8.
Schematic model of human endometrial cancer cell death mechanism activated by PG545 in

combination with known chemotherapeutics.
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