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1. Introduction

Endometrial Cancer (EC) is the most common gynecologic malignancy worldwide.
Over the last decade incidence and fatalities have been rising continually bringing EC
into the spotlight as a major public health concern [1], [2]. EC accounted for 12,650
deaths in the United States in 2020 a 15% increase from 2012 [3]. The cases of
Endometrial Cancer likely continue to rise as risk factors for its development such as

obesity and advanced age become more prevalent in Western society [4].

Endometrial Cancer commonly is detected at an early stage with abnormal
vaginal bleeding or menstrual irregularities making a timely diagnosis in most cases
possible. In early stages Endometrial cancer can be cured with resection, radiation
and hormonal therapy with 5-year survival rates reaching up to 90%[5]-[7]. A subset
of patients presents with advanced stage disease and an often-underlying aggressive
histologic phenotype resulting in poor overall survival [8]. Aggressive phenotype and
advanced stage disease necessitate the addition of chemotherapy therapy next to
surgery. Several studies have shown that systemic chemotherapy reduces disease
recurrence and prolongs overall survival in advanced endometrial cancer [8]. The most
frequently used chemotherapeutic regimen consists of a combination of platin- and a
taxol-based agents. This combination has been shown to results in an overall
response in advanced endometrial cancer of up to 50% [9]. Despite progresses in the
usage of chemotherapy over the last two decades, chemotherapy is associated with
significant side effects impacting the quality of life for patients and leading to significant
morbidity in endometrial cancer patients [10]. Moreover, repetitive chemotherapy
cycles have been shown to induce chemoresistance in endometrial cancer cells [11].
For patients with systemic disease chemoresistance is a key driver of disease

progress and mortality [12]. Hence, identifying escape pathways and targeting
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mechanism mediating chemoresistance is essential to further improve care for
patients with EC. Several biochemical pathways facilitating chemoresistance have
emerged as potential therapeutic targets in endometrial cancer opening promising

avenues for EC treatment.

The biology of Endometrial Cancer is complex and the disease itself is
extremely heterogenous [13]. Pathologically EC is commonly classified into two
subtypes type | and type Il endometrial cancer [14]. Type | Endometrial Cancer is by
far more common representing approximately 80% - 85% of EC cases. Its histology
typically shows an endometrioid appearance [15]. Type | is typically associated with
a less aggressive slower growing phenotype which is often only minimally invasive
and thought to be estrogen dependent [16]. A clear molecular distinction can be made
between both subtypes. [17] PTEN loss, K-Ras mutation and microsatellite instability
are the most commonly observed genomic aberrations in Type | [18]-[20]. Type II, on
the other hand, has histologically often a clear cell or serous appearance and appears
less differentiated [21]. Type Il is less common than type | while accounting for more
deaths highlighting its clinical aggressiveness. It often presents at a later stage and is
significantly associated with poorer prognosis compared to type | EC. Genetically,
alterations in p53, pl6, HER2 and E-Cadherin are observed in type Il EC [22].
Nevertheless, distinct molecular overlap exists between both subtypes. For example,
increased expression of various heparin-binding growth factors (HB-GFs) including
FGF, HGF, VEGF and HB-EGF and their respective receptors, tyrosine kinases
embedded in the cellular membrane, are known to promote angiogenesis and are
associated with worse survival in EC [23], [24]. Therefore, growth factors and their
cognate receptors emerged as promising therapeutic target in Endometrial Cancer

research [25], [26].

11



Cells meticulously regulate their growth and division through tightly controlled
signaling cascades. These are typically initiated by growth factors binding to receptor
tyrosine kinases (RTKs). Overexpression or dysregulation of components of signaling
pathways such as the RTK pathway has been described as one of the hallmarks of
cancer [27]. By overriding regulating inhibitory signals and conferring a selective
advantage to cancer cells aberrant RTK-signaling is a key driver of tumorigenesis in
many cancers. In EC, various growth factors and RTK signaling have been linked to
tumorigenesis, angiogenesis, and metastasis [28]. Furthermore, growth factors,
particularly involving RTK pathways, significantly contribute to chemoresistance in EC
[29]. Loss of PTEN, a tumor suppressor gene or inhibitor in the growth promoting PI3K
signaling pathway is by far the most observed mutation in endometrial cancer. Noted
in up to 91% of EC cases, PTEN loss results in subsequent upregulation of PI3K, a
intracellular signal transducer activated via tyrosine kinases and their ligands, most
notably EGF, hEGF (HER2 ligand) and FGF [30], [31]. Uninhibited PI3K activation
leads to increased levels of phosphorylated AKT in the cancer cell. Once
phosphorylated AKT acts as a mediator of chemoresistance via mitochondrial
apoptotic pathways and upregulation of mTOR [32], [33]. Mutations in AKT mediated
signaling pathway have been shown to be linked to chemoresistance of EC cells to
the most frequently used chemotherapeutic agents in EC: Cisplatin, Paclitaxel and
Doxorubicin[32], [34], [35]. Additionally, RTK pathways exhibit significant
interdependence and crosstalk, hence dysregulation in one lead to activation in others
such as the Ras-MEK-MAPK-ERK (or simply MAPK-pathway) further promoting
chemoresistance when pAKT is upregulated [36]. The MAPK-pathway is another
tyrosine kinase induced pathway promoting cell proliferation and tumorigenesis. With

regards to chemoresistance it has been shown to attenuate effects of chemotherapy
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in EC through atypical activation of ERK1 and mediating dysregulated signaling [37]-
[39]. Simultaneous mutations in the pathway appear to particularly facilitate

chemoresistance to platin agents [36].

Based on the link to tumor biology and chemoresistance described above main
therapeutic targets in recent or ongoing clinical trials have been the by PTEN loss
upregulated PIBK/mMTOR/AKT pathway or aforementioned growth factors and their
associated receptor [29] . Hopes for targeting these pathways are to either inhibit EC
growth or to sensitize endometrial cancer cells to cytotoxic therapy. Despite PI3K
pathway mutations being the most common associated alteration in EC, the use of
approved or experimental mTOR inhibitors has been overall disappointing [40].
Upregulation of compensatory feedback loops such as the MAPK, AKT and
RAS/RAF/MEK pathways have been discussed as potential escape mechanisms as
these same pathways are frequently altered in EC [31], [41], [42]. HERZ2, a tyrosine
kinase receptor, appears to be upregulated in 17-33% of Endometrial cancer [43].
Signal induction via tyrosine kinase receptor HER2 (ERBB2) results in activation of
PI3K and MAPK pathways. Both specific inhibition of HER2 as well as non-specific
inhibition of Tyrosine kinases via EGFR inhibitors have been trialed in EC [44]-[46].
Results are mixed as no significant response rate was observed in type | EC, but
progression free survival improved in serous uterine carcinoma [47]. While in EC type
1 response was not correlating with HER2 or EGFR status of the tumors, HER2 status
was a positive predictor of therapeutic response in serous EC. This highlights how
complex and unpredictable the interaction between biology and targeting of single
molecular targets is. Lastly, non-EGFR tyrosine kinase inhibitors were used, targeting
cascades activated by VEGF, FGF, PDGF. Again, with similar modest outcomes

despite using agents such as sunitinib which multitargets tyrosine kinase receptors
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including VEGF1,2,3 and PDGF [44], [48]. In summary the outcome of these trials
brings into question whether therapeutic targeting of single tumor promoting pathways
or mutations can lead to substantial clinical responses in Endometrial Cancer.
Biological Heterogeneity and distinct resistance mechanisms in EC may represent
obstacles too complex to overcome for single pathway targeting [49]. An alternative
approach in EC therapy may represent to use agents or combinations of drugs, which
target various tumor promoting mechanisms simultaneously, targeting several
pathways at the same time by doing so potentially inhibit EC more effectively than

single pathway agents are able to.

Heparan sulfate (HS) proteoglycans (HSPG) have been described to play a role
in various aspects of tumorigenesis [50]. Through their covalently bound heparan
sulfate chain HSPGs structure and regulate the extracellular matrix (ECM). HSPGs
bind via their HS portion many ligands in the extracellular space including
aforementioned heparin binding growth factors [51]. Heparanase, a f-
endoglucorinadase located intra- and extracellularly, enzymatically cleaves HSPGs
releasing the heparin-binding growth factors attached to the proteoglycans [52].
Through its enzymatic activity it releases the ligands bound to HSPGs such as hEGF,
FGF, VEGF and HB-EGF thereby supporting proliferation and vascular formation of
the tumor in its surrounding tissues. Reversely, when heparanase is silenced tumors
demonstrate reduced angiogenic and proliferative capabilities [53]. Furthermore, by
degrading HSPGs, heparanase breaks down the ECM, reducing structural barriers
surrounding the tumor and leading to further infiltration and seeding of cancer cells in
the adjacent tissue [54]. HSPGs can also be found on the tumor cell surfaces [55].
Perlecan, a proteoglycan binding VEGF, is cleaved by heparanase releasing VEGF

for further vascularization [56]. Syndecan-1, another transmembrane proteoglycan,
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has been shown to be shed by heparanase. The shed form of syndecan then
stimulates VEGFR2 receptors and downstream signaling molecules including PI3K,
AKT isoforms and ERK [57]. Heparanase not only promotes tumor invasion
extracellularly, it has also been linked intracellularly to tumor-promoting features.
Activation of EGFR has been shown to promote nucleolar translocation of heparanase
inducing topoisomerase | transcription and therapy supporting cell proliferation [58]. In
Endometrial Cancer heparanase is found to be significantly increased [59]. Specimen
of endometrial cancer with increased heparanase expression were more likely to
penetrate the myometrium deeper and are also more likely to have infiltrated lymph
nodes [60]. Increased heparanse expression has been linked to less differentiated,
generally more aggressive histological subtype [61]. Certain HSPGs, i.e. syndecan-1
are downregulated in EC and other cancers [60]. Normally they act as messenger for
differentiation, as barrier to the epithelial-mesenchymal transition, a pivotal step for
metastasis in cancer[62], [63]. In EC they are commonly altered on tumor cells,
indicating a more profound role of the heparanase-HSPG system in tumorigenesis in
EC [64]. As demonstrated through its multifaceted activity in modulating the tumor’s
microenvironment this system plays a potentially vital role in carcinogenesis of EC and
other cancers [65]. Therefore, inhibiting the interplay between heparanase and HSPGs
and the resulting effects on ECM, growth factors and intracellular cascades appears

to be a promising multitargeting approach in cancer therapy [66].

Several compounds have been described to inhibit heparanase. One of them
is PG545 is a fully sulfated heparan mimetic. It is currently under investigation in a
Phase I clinical trial [67]. It was selected among a group of pharmacologic candidates
for its potent inhibition of heparin binding growth factors like VGEF and FGF [68]. It

also binds and subsequently inhibits heparanase. PG545 is a fully sulfated
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oligosaccharide resembling the anticoagulant heparin. Through a functional
attachment of cholestanol glycol to the saccharide portion, PG545 is able to prevent
enzymatic activity of heparanase without significant anticoaguable side effects [66].
By targeting the heparanase-HSPG system PG 545 has been shown to inhibit
proliferation, angiogenesis and prevent metastasis in preclinical models [69]. Our
group demonstrated that PG545 effectively blocks HBGF signaling in ovarian cancer
[70]. Synergistic effects with cisplatin and paclitaxel were demonstrated in preclinical
models highlighting the attenuating effects of PG545 to chemoresistance. These
effects were demonstrated in athymic as well as immunocompetent mouse models
[70]. By blocking HBG PG545 induces DNA single- and double- strand breaks and
inhibits homologous repair, potentiating the effect of poly (ADP-ribose) polymerase

(PARP) inhibitors) and chemotherapy in ovarian cancer [71]. We demonstrated that

VEGF levels in patients treated with PG545 were increased after drug administration,
suggesting reduced bioavailability of VEGF in patients [70]. In preclinical pancreatic
tumor studies, similar synergistic effects were observed between PG545 and
chemotherapeutic agents [72], [73]. Furthermore, PG545 administration effectively
inhibits Wnt and hence Beta-Catenin activation, another signaling cascade impacted
by heparanase. PG545 not only inhibits heparanase and HS-mediated growth factor
signaling functions, it also has been recently described as an immunomodulator by
activating NK cells via dendritic cells [74]. In a phase 1B trial, PG545 administration
resulted in increased levels of TNF, IFN-y and other immune cytokines, which
correlates with the immunostimulatory effects described in in vitro models [67]. Lastly,
PG545 was shown to inhibit autophagy via inhibition of heparanase in cancer cells

[75].
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Autophagy is a catabolic process serving cell homeostasis by degrading
intracellular material [76]. Autophagy is upregulated in conditions of nutritional
starvation to preserve cellular functioning. By maintaining homeostasis in unfavorable
conditions, autophagy is linked to cell survival and chemoresistance in cancer cells
[77]. Nevertheless, autophagy is viewed as “double edged sword”, as early tumor
development seems to be inhibited by autophagy [78]. Furthermore, excessive
induction of authophagic processes has been shown to overwhelm cell homeostasis
and induce autophagic cell death [79]. Hence autophagy has been linked to both
carcinogenesis and antitumor effects. The relationship between the chemo sensitizing
properties of PG545 and induction of autophagy via heparanase-HSPG has not yet

been characterized.

In summary PG545 shows several antitumor activities along several
tumorigenic pathways. Its multitargeting properties, particularly along growth factor
induced tyrosine kinase activation, make it a promising candidate for treating
endometrial cancer. This notion is further supported by its strong antitumor effects in
ovarian cancer, which demonstrates genotypic similarities when compared to
aggressive type Il endometrial cancer. PG545 also shows synergistic properties with
chemotherapy demonstrated across various tumor models. Given the frequent failure
rate of chemotherapy in EC, adjuncts to cytotoxic therapy are urgently needed.
Therefore, our study aims to investigate PG545 in endometrial cancer and its effects

to proliferation and chemoresistance in endometrial cancer.

The objective of this study was to evaluate the efficacy of PG545 alone and in
combination with the chemotherapeutic agents cisplatin and paclitaxel in both type |
and type Il endometrial cancer. Additionally, to cell culture studies, we also used a

mouse xenograft model to describe the effects of PG545 in vivo. To my knowledge
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this is the first study to describe the effects of PG545 or any heparan mimetic in
endometrial cancer. By using a total of four different cell lines consisting of both type |
and Il we try to account for the disease’s known heterogeneity. Mechanistically this
study aims to describe PG545 downstream effects on growth factor signaling in type
and type Il EC. As highlighted above PG545 has been shown to exhibit significant
chemosensitizing properties in various carcinomas cell lines. Autophagy is a known
mediator of chemoresistance, therefore we wanted to investigate the effects of PG545
on autophagy in EC. A subsequent hypothesis of ER stress linking autophagy and
chemosensitivity arose when autophagy was observed, despite PG545's
chemosensitizing properties. Therefore, additional experiments were conducted to

study ER stress response to PG545 treatment.

Results listed in chapter 3.1. — 3.13 of this dissertation are previously published in
“Sulfated glycolipid PG545 induces endoplasmic reticulum stress and augments
autophagic flux by enhancing anticancer chemotherapy efficacy in endometrial
cancer” by R. Hoffmann et al, Biochemical Pharmacology, August 2020,
https://doi.org/10.1016/j.bcp.2020.114003 [80]. The experiments demonstrated in
Figure 12 were conducted by Dr. Bhattarchayan. | provided input on cell handling and

drug mixing.
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2. Materials and Methods

5.1. Chemical reagents

Zucero Therapeutics (Melbourne, Australia) kindly supplied PG545. PG545
was refrigerated in powder form and freshly mixed with phosphate buffer saline (PBS,
Gibco, USA) shortly before each in vitro or in vivo application. Cisplatin was acquired
from EMD Millipore (Calbiochem, Millipore, Billerica, MA) and stored accordingly in
15-25 Celsius degree protected from light. Paclitaxel (30 mg/5mL) from Hospira (Lake
Forest, IL) was stored at room temperature and under protection from light as well.
Similarly, to PG545 both compounds were freshly mixed before each in vitro or in vivo
administration. Both compounds were mixed in phosphate buffer saline (PBS, Gibco,
USA). We obtained primary antibodies directed against total- and phosphor- ERK,
total- and phosphor-Akt, LC3BI/lIl, CHOP, Bip, GAPDH, IRE1a, from Cell Signaling
Technology (Danvers, MA). Antibodies were supplied and stored in 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt (HEPES; pH 7.5), 150 mM
sodium chloride, 100 pg/ml Bovine Serum Albumin (BSA) and 50% glycerol at —20°C.
Antibodies were mixed prior to application in 1:1000 dilution with 5% Bovine Serum
Albumin in TBST 1x as per Cell Signaling Technology protocol. Secondary antibodies
of mouse and rabbit IgG were also bought from Cell Signaling Technology. Primary
antibodies against PCNA, Calnexin and p62 were obtained from Santa Cruz (Santa
Cruz, CA). Antibodies were obtained in 200 pug 1gG2a kappa light chain in 1.0 ml of
PBS with < 0.1% sodium azide and 0.1% gelatin and was stored in 4°C. Antibodies
were mixed according to protocol in 1:1000 dilution with 5% Bovine Serum Albumin in

Tris Buffered Saline with Tween (TBST) 1x prior to application.
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5.2. Cell lines

We used four different endometrial cancer cell lines in vitro, each representing
a pathohistological subtype of endometrial cancer [81]. The four cell lines are
Ishikawa, RL95-2, Hec1B and ARK2 cells. Ishikawa cells are described as slower
growing, more differentiated and endometrioid in appearance [82]. RL95-2 are less
differentiated and tend to be more aggressive [83]. HeclB cells are referred to as
endometrioid type | cells which show significant cisplatin resistance [84]. ARK2 cells
are serous carcinoma cells [85]. Dr. Paul Goodfellow from Washington University in
St Louis kindly provided our laboratory with Ishikawa and RL95-2 cells. The serous
carcinoma ARK2 cells were generously supplied by Professor Shi-Wen Jiang (formerly
affiliated with Dr. Karl Podratz, Mayo Clinic, Rochester, MN). The platin resistant
Hec1B cells were acquired from ATCC (American Type Culture Collection, Manassas,
VA). DMEM/F12 media (Thermo Fisher, Waltham, MA), was used for incubation of
HeclB, ARK2 and RL95-2. Ishikawa cells were cultured in DMEM media (Thermo
Fisher, Waltham, MA). 10% FBS (Fetal Bovine Serum) was added in conjunction with
an antibiotic-antimycotic solution. All cell lines were furthermore tested for viral
colonization by the Mayo Clinic Microbiology Laboratory (Rochester, MN). Cells were
kept in an incubation chamber providing humidified atmosphere of 37°C with 5% COs-.
Cells were regularly split to avoid overcrowding. Prior to each experiment cells were
harvested when approximately 80% to 90% confluent. Cells were washed with PBS,
then incubated with Trypsin 0.05% (Thermo Fisher, Waltham, MA) for ca. 1-2 min to
promote cell detachment. Cells were then harvested in cell media and counted under
a microscope with a Neubauer chamber. If not used for immediate experiments or for
ongoing cell culturing cells were cooled down to -80°C in culture media and 10%

DMSO (Dimethyl Sulfoxide) and transferred to a liquid nitrogen tank after 24 hours.
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5.3. Colony Formation Assay (CFA)

For our Colony Formation Assay we plated 1X102 cells in round 6-well plates
with 3.5 cm diameter (Thermo Fisher, Waltham, MA) with 1.5 mL culture medium.
Cells were then incubated for 24 hours. Cell attachment and viability were assured
prior to adding PG545. PG545 was then added with new cell media in triple replicates
resulting in concentrations of 2.5, 5, 10, 20 and 40 pM. The Solution was removed
after 24 hours and replaced with cell media. Colonies were incubated for another 5
days. Media was then removed, and colonies were subsequently fixated with methanol
(Thermo Fisher, Waltham, MA). We used 0.5% crystal violet (Millipore-Sigma USA) to
stain each colony [86]. Colony numbers were measured using Quantity One (Bio-Rad,

California, USA) software. Each Assay was repeated at least three times.
5.4. Cell Viability Assay

In order to assess in vitro cell viability and cytotoxicity of various drug regimen
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Millipore-Sigma
USA) assay was applied. 5 X102 cells were added per well of a 96 well plate (Thermo
Fisher, Waltham, MA). After a 24-hour incubation period, media with indicated drug
concentrations of PG545, Cisplatin and paclitaxel were added. Cells were then
incubated for 48 hours unless indicated otherwise. Each drug concentration was
applied in five wells. After the incubation period 20 ul of MTT was pipetted into the
drug containing media. After four hours the solution was carefully removed with a glass
pipette under suction. 200 uL Dimethyl Sulfoxide (DMSQO) were then applied to each
well. After a brief incubation period of three to five minutes plates were then placed in
a microplate reader. Absorbance was measured by a spectrophotometer (Fischer

Scientific, Waltham, MA) at 490 nm wavelength for each well. Absorbance values were
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then normalized to each group’s control wells. Each experiment was replicated at least

3 times.
5.5. Synergy calculations

The readings from the spectrophotometer were imported into the analysis
program Prism (GraphPad Software, La Jolla, CA) and CalcuSyn (Biosoft, USA). 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 was added for 48 hours and assessed via MTT assay. Out of these data
sets, IC50 values were determined through a dose-response curve calculated by

Prism software [87].

The IC50 concentrations were then used to assess synergy between PG 545
and the chemotherapeutic agents Cisplatin and Paclitaxel according to the Chou-
Talalay method [88]. We conducted MTT assays with a constant ratio (multiples of
ICs0: 1Cs0 ratios) between PG545 and each chemotherapeutic agent. Combination Index
(CI) values were then determined via a Chou-Matrtin plot calculated by the CalcuSyn
software. 95% confidence intervals were also calculated. The Combination Index (Cl)
is used to classify drug interactions into synergy (Cl < 0.9), addition (Cl >0.9; <1.1) or
antagonism (CI > 1.1). Synergy can be further described as strong with Cl values
ranging from 0.3-0.7, as moderate when CI values ranged 0,7 — 0.85 and as weak if

Cl values range from 0.85 — 0.9 [87].
5.6. Western Blots

Western Blots were performed as previously described [89]. Western blot
experiments were conducted from 1 x 10° cells growing in 60 mm petri dishes for 24

hours (Fisher Scientific, Waltham, MA) unless otherwise indicated in the specific
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method sections. Cells were incubated with growth factor, PG545 and melatonin with
each time course being indicated in the result section. Lysis buffer containing a
protease inhibitor (Roche, Indianapolis, IN) and containing freshly added 2.5% [3-
mercaptoethanol, was added and cells were scraped off. Cells were sonicated for
protein extraction with Ultrasonic Processor (Cole-Palmer, Vernon Hills, IL) at 40%
output for 10 seconds, and boiled for 5 minutes. Cells were then cooled on ice and
centrifuged. Protein concentration was determined for each sample via Bradford
Assay (BioRad, Hercules, CA). Whole-cell lysates containing equal amounts of
protein were separated via gel electrophoresis using polyacrylamide gels (Novex,
Thermo Fischer) in buffer with SDS (Sodium dodecyl sulfate). Proteins were
transferred to nitrocellulose membrane via electroblotting (Transfer cassettes from
Bio-Rad, CA). Membranes were blocked with 3% Fetal Bovine Serum to prevent non-
specific cross reaction. Incubation period for 24 hours with primary antibody solution
(1:1000 dilution) was followed by secondary mouse or rabbit antibody incubation
(Santa Cruz, CA) for one hour. Image was obtained via LI-COR Imaging system (LI-
COR, NE). 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.
5.7. Migration (Wound Scratch) Assay

1 x 10° Cells were plated on 12-well plates with a culture area of 3.85 cm?. At
80%-90% confluency cells were scratched with a 200 pl pipette tip. The medium was
then changed to not containing any serum. Cells were incubated with FBS equal to
10% of the volume, HB-EGF resulting in a concentration of 50 ng/mL and FGF-2

resulting in a concentration of 10 ng/mL (all Gibco, USA). Treatment groups received
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10 uM of PG545 and were incubated for 24 hours. Pictures were obtained at 10 x

magnification. The area of migration was then assessed via ImageJ software.
5.8. Invasion Assay

We used 1x 10° Hec1B and ARK2 cells (1x 10°) per chamber of a 12-well plate
containing Fluorimetric Invasion Assay (FIA) chamber (Corning, NY). Each well
consists of two chambers separated by a Matrigel layer. The inner compartment
contained medium lacking any growth factors, while the outer compartment contained
FBS equal to 10% of the volume or HB-EGF in 50 ng/mL concentration acting as
chemoattractant. PG545 was added in a concentration of 10 uM to the treatment
groups. Cells were then incubated for 48 hours. After fixation cells were stained with
Coomassie Staining (BioRad, CA). The cells were then counted per well in replicates
of three via Quantity One (Bio-Rad, CA) software to assess invasion of the outer

surface membrane.
5.9. Apoptosis Staining via Annexin V/PI double staining

We plated 1x10° cell on 60 mm petri dishes and incubated them for 24 hours.
When confluency of 80%-90% was achieved we treated samples for 24 hours with 20
MM PG545 and/or 20 uM cisplatin and 50 nM paclitaxel. We harvested the cells and
washed them 3x with PBS to remove any residual media or treatment agents. The EC
cells were stained with an Apoptosis detection kit (Roche, USA) and labeled with
Annexin V-FITC and Propidium lodide according to the instructions by the
manufacturer. Cells were then quantified by FACSCalibur (Becton Dickinson, USA)
measuring Annexin V-FITC and Pl-positive cells. All experiments were repeated at

least three times.
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5.10. Xenograft models

Prior to all in vivo experiments approval by the Institutional Animal Care and
Use Committee of Mayo Clinic (IACUC) was obtained. We generated HeclB (type |
EC) and ARK?2 (type Il EC) xenograft models by injecting 2.5x108 Hec1B and 1.5x10°
ARK2 subcutaneously in 6-8-week-old female nude, athymic mice obtained from
Harlan Laboratories (Indianapolis, IN). Based on prior studies with HEC 1B and ARK2
cells we decided to reduce the number of cells in the ARK2 xenograft model due to
the aggressive behavior of these cells in vivo. Prior to injection cells were cultured to
80%-90% confluency. After counting the appropriate number of cells, they were
suspended in 0.2 mL of PBS and subsequently injected into the right flank of each
mouse. Tumor progress was monitored every other day. Once all tumors reached a
minimal volume of 3 mm x 3mm x 3mm, all mice were randomly assigned into four
groups of ten animals each. Tumor size was assessed every four days using a caliber.
The tumor size was approximated based on an assumed ellipsoid volume via the
following formula: volume=Tr /6 x length x width?. Treatment was initiated in both
xenograft models 7 days after inoculation. The event criteria for the survival study
were defined according to IACUC protocols as follows: 1. Ulceration of the tumor site
2. Tumor is measuring more than 1200 mm? 3. Any tumor diameter exceeding 20 mm.
4. Loss of weight >10% from baseline weight. The study concluded on day 72 after

inoculation when no further endpoint criterion was met at the time.

Both Hecl1B and ARK2 xenograft models were divided into the following four
treatment groups: Control, 200 yl of PBS were administered every third day as

placebo. Chemotherapy: The regimen consisting of (4mg/kg) Cisplatin plus (16 mg/kg)

paclitaxel was given via intraperitoneal injection on days 7, 12, and 16 as previously

described by our group in [73] PG545: 20 mg/kg of PG545 was administered every
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third day until the conclusion of the study [70], [87]. Combination: PG545 with

equivalent dosing from the single treatment group (20 mg/kg) was combined with the

dosing regimen form the chemotherapy group (Figure 1).
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injected

|

Control

PBS twice weekly from D7

D7 D12 D16
CPT+PTX CPT+PTX CPT+PTX
! ' 4
CPT +PTX | \
PG545 only ’ PG545 twice weekly from D7 ‘
D7 D12 D16
CPT+PTX CPT+PTX CPT+PTX
! ! !

Combination

PG545 twice weekly from D7

CPT + PTX + PG545

Figure 1: Visualization of the treatment regimen used for Hec1B and ARK2 xenograft models.

5.11. Immunohistochemistry

The immunohistochemistry staining for all xenograft tumors was conducted by

the Pathology Research Core Laboratory at Mayo Clinic, Rochester, MN, following the

standard protocol. Tissue sections embedded in paraffin were specifically stained for

Ki67 and CD31 and subsequently analyzed. CD31, a marker indicative of vascular

endothelium, was utilized to evaluate intratumoral microvessel density (iMVD). After

scanning with 20 x magnification the entire tumor section representative areas,

numbering three per tumor, were identified, and captured using a Zeiss LSM 510
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microscope. Microvessel structures were then quantified, and comparisons were
made among the various treatment groups [90]. The assessment of Ki67 staining
employed the freely available ImageJ Add-on ImmunoRatio [91]. Pictures were
obtained using 40x magnification. For every imaging session we also obtained a blank
image to allow the software to correct background image color and illumination. With
the Camera Adjustment Wizard, included in the ImmunoRatio software color
deconvolution is performed separating diaminobenzidine and hematoxylin both stains
of the immunohistochemistry. One separated the software calculates with a watershed
algorithm the hematoxylin-stained nuclei able to determine the ratio of ki67 positive

nuclei.

5.12. Cyto-ID staining and detection of autophagosomes

We plated 1 x 10* Hec1B and ARK2 cells in 4-well chambered slides (BD
Falcon, USA) and treated with O uM, 10 uM or 20 uM of PG545. After 24 hours, cells
were washed 2x with PBS and a Cyto-ID autophagy detection kit (Enzo Life Sciences)
was used to detect autophagic vesicles [92]. In brief cells are being incubated for 30
min with the fluorescent Cyto-ID dye, a marker specifically attaching to autophagy
compartments in the cells. In order to identify nuclei cells were with 4’,6-diamidino-2-
phenylindole (DAPI) which was included in the detection kit. Cells were then washed
x2 with PBS to remove any residual dye. Images were taken with a Zeiss LSM 510
microscope. Quantification of Corrected Total Cell Fluorescence (CTCF) was
assessed as integrated density-(area of selected cell x mean fluorescence of

background reading) as average of 25 cells via ImageJ software.
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5.13. Quantification of autophagic flux by monomeric (m) Cherry-GFP-LC3

transfection and confocal microscopy

We plated 1 x 10* Hec1B in 4-well chambered slides. The cells were transfected
for 48 hours with mCherry-GFP-LC3B plasmid which was kindly provided by Dr. Daniel
Billadeu (Mayo Clinic, Rochester, MN) [93]After x2 wash with PBS, DMEM/F12 with
10%FBS was reapplied and the cells were treated with 0 uM, 10 uM or 20 puM of
PG545 with or without 50 nM of the autophagic flux inhibitor bafilomycin [94]. Cells
were then washed three times and fixated. Confocal microscopy was performed with
a Zeiss LSM 510 microscope. Confocal microscopy was performed to visualize the
green-fluorescent labelled GFP and red-fluorescent labelled mCherry proteins.
Changes in the ratio of these markers represent autophagic flux. Quantification was

performed with ImageJ software.

5.14. Detection of ER activity by ER tracker Blue-White DPX staining

ER activity and stress were assessed by fluorescence microscopy using an ER-
tracker blue/white DPX stain [95]. Hec1B and ARK2 cells (5 x 10%) were plated in 8
chambered polystyrene culture slides (BD Falcon, USA) per well in DMEM/F12
medium with 10% FBS. After 24 hours, media was removed and with 1x HBSS (Gibco,
USA) with Mg*™ (0.10 gm/L) and Ca** (0.14 gm/L) substituted. PG545 with a
concentration of 20 yM was added to all treatment groups. ER activity was investigated
in a time-dependent manner. When the predetermined time point was reached the
cells were x2 washed with 1x HBSS. ER-Tracker Blue-White DPX (Thermo Fisher,
Waltham, MA) staining (500 nM) was administered together with the 1x HBSS
Magnesium and Calcium solution and incubated for 30 mins at 37 °C at 5% COa.

Afterwards the solution containing the dye was removed and the cells were washed
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again with 1x HBSS. Samples were then evaluated under an EVOS fluorescent

microscope. CTCF was determined via ImageJ software.

5.15. Statistical Analysis

Results are shown as mean * standard deviation (S.D.) of at least three
independent experiments unless otherwise indicated. Graph Pad Prism software (San
Diego, CA) was used for statistical analyses. CalcuSyn (BioSoft, USA) software was
used for calculation of combination indices as outlined above. Differences between
groups sets were analyzed via paired t-test. Survival data were analyzed by using Log-
Rank tests based on Kaplan Meyer curves. P-values < 0.05 were considered

significant unless determined otherwise.
5.16. Laboratory

All experiments were conducted in the laboratory facilities of the Department
for Experimental Pathology at Mayo Clinic Rochester, MN, USA. Laboratory facilities
were kindly provided by Professor Viji Shridhar. Supervision of all experiments was
ensured by Doctor Debarshi Roy, Doctor Sayantani Bhattacharia and Professor Viji

Shriddhar.
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3. Results

6.1. PG545 inhibits downstream signaling of heparin-binding growth factors.

First, we established that the known mechanism of action by PG545 to block
heparin-binding growth factor signaling, pertains in endometrial cancer cell lines. For
this we treated Hec1B cells, starved for 12 hours in serum free media, supplemented
only with 50 ng/mL of FGF2 with 10 yM PG545 from 10 — 60 minutes. Both
phosphorylation of Akt at Ser473 and ERK at Thr 202/204 are markedly reduced
(Figure 2A). The attenuation of the signaling is prominent at the 60-minute mark. We
then treated ARK2 cells with the same concentration of PG545 in serum starved
medium supplemented with 50 ng/mL of HB-EGF. Western blot in phosphorylation of
both Akt Ser 473 and ERK Thr202/204 is downregulated prominently at the 10-minute
and 30-minute time point returning to near baseline levels (Figure 2B). We have

published this result in our report to the activity of PG545 in endometrial cancer [80].

HeclB ARK2
Time o 100 30" 1hr Time (1g 100 30 1hr

[ L ‘ Phospho Akt-ser-473 | - - | Phospho Akt-ser-473

T N G ——— — — | _ser-
I-—— D G S — — — — -.‘ Total Akt-ser-473 | Total Akt-ser-473

| - s | Phospho ERK [ e = Phospho ek

== w=s = ——|
|-------—| Total ERK | - - == Total ERK

lmJ PCNA LWI PCNA
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- 4+ - + -
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Figure 2: PG545 blocks downstream effects of HB-GFs. Hec1B and ARK2 cells were straved for 12
hours in serum-free media and then exposed to FGF2 (A) and HB-EGF (B) with and without 10 uM of
PG545. Cells lysates were collected at 10, 30 and 60 minutes. Western blot demonstrated a reduction
of phospho- Akt and phospho-ERK.
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6.2. PG545 blocks growth factor mediated migration and invasion in Hec1B

and ARK2 cells.

We investigated the effects of PG545 on in vitro cell migration assessed though
wound scratch assay. After being scratched with the tip of a 200 pl pipette we exposed
Hec1B and ARK2 cells to 10 uM of PG545 in media supplemented either with normal
saline, FGF2, HB-EGF or 10%. We observed a significant reduction of the migrated
area in all groups (p<0.001) when they were treated with PG545 (Figure 3A and B).
The highest reduction compared to the untreated group was observed in HeclB cells

supplemented with HB-EGF (~60%) and ARK2 (~65%) cells supplemented with FGF2.

We used a Matrigel invasion assay to investigate the impact of PG545 of cell
invasion in both cell lines (Figure 3 C and D). For this we added 10 uM of PG545 to
the chamber with the chemoattractant, which was in our case media supplemented
with normal saline,10% serum, FGF2 or HBEGF. ARK2 were found to be more
invasive than HEC1B cells. In both cell lines invasion was markedly reduced when
PG545 was added in both cell lines (p<0.05). This result was published in our report

to the activity of PG545 in endometrial cancer [80]
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Figure 3: PG545 effectively blocks cell migration and invasion in vitro. Scratch assay assessed
migration over 24 hours in HeclB and ARK2 cells in presence and absence of PG545 with various
stimulating environments (A, B). Invasion of cells to a chemoattractant separated by a matrigel layer
was reduced by the addition of PG545 (C, D). NS: Not significant; *p<0.05, **p<0.01, ***p<0.001.

6.3. PG545 inhibits growth in a dose-dependent manner in Type | and Type Il

EC.

The ICso values of PG545 after 24 hours of treatment in Hec1B and ARK2
were determined by MTT assay. The ICso of Hec1B cells was ~63.5 yM and 70.8
MM in ARK2 cells, (Figures 4 A and B). The values were calculated with GraphPad
software. PG545 significantly blocked colony formation at 5 uM PG545 in both
HeclB and ARK2 cells (p<0.05). Maximum inhibition of colony-forming behavior was

determined to be reached at 20 yM PG545 in Hec1B and 40 pM PG545 in ARK2
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cells (Figures 4 C and D). This result was published in our report to the activity of

PG545 in endometrial cancer [80]
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Figure 4: Cell viability of Hec1B an Ark2 cells decreases when being exposed to increasing doses of

PG545. Approximated IC 50 values are highlighted by a dotted line. (A, B). Colony formation is equally

inhibited with increasing concentrations of PG 545 (C, D). NS: Not significant; *p<0.05, **p<0.01,

*p<0.001.
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6.4. PG545 sensitizes EC type | and Il cells to standard chemotherapeutic

agents.

Chemo sensitizing properties of PG5455 have been demonstrated by our group
in pancreatic cancer and in ovarian cancer [70], [73]. Hence, we investigated chemo
sensitizing behavior in EC type and type Il cells. Added to the chemotherapeutic
agents cisplatin and paclitaxel 25 yM PG 545 decreased cell viability in both Hec1B
and ARK2 cells (Figures 5 A-D). This result indicates that synergy between the drug
combinations may be present. This result was published in our report to the activity of

PG545 in [80]
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Figure 5: HeclB and ARK2 cells were exposed to escalating doses of cisplatin and paclitaxel with
(purple graph) and without (red graph) the presence of 25 yM PG545. Chemo sensitizing properties of
PG545 were detected in all combinations.
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6.5. PG545 exhibits strong synergistic effects with the chemotherapeutic

agents cisplatin and paclitaxel in vitro.

Next, we assessed whether PG545 synergizes with regards to cell viability with
both cisplatin and paclitaxel. We calculated the combination indices (Cl) between the
drugs by using constant drug ratios (multiples of the 1Cso-values for each drug; i.e.for
PG545 in ARK2 cells: 11,25 uM, 22.5 yM, 35 uM, 70 uM, 140 uM) [88]. The IC50

values for each cell and drug used to determine the presence of synergy are outlined

in table 1.
PG545 Cisplatin Paclitaxel
HeclB 60 pM 100 puM 100 nM
ARK-2 70 uM 20 M 30 nM

Table 1. Half maximal inhibitory concentration (IC50) used for synergy experiments.

As outlined in the method section, the lower the Combination Index (Cl) at a
given biological effect (Fraction affected) the stronger synergistic effects are
described. Very strong synergistic effects can be observed in HEC1B at lower drug
concentrations and along the entire spectrum of increasing concentrations of each
combination for ARK2 cells (Figures 6 A-D). It is important to highlight that the
demonstrated values in Figure 6 are a product of mathematical calculation and
therefore are extrapolations of the experimental values. Hence the confidence
intervals are increasing with more extreme biological effects. The experimental values
used to determine the Cl-curves range from 0.171 — 0.984 in Hec1B cells 0.22 to 0.64
in ARK2 cells. Observed and calculated synergy of PG54 were similar for both
chemotherapeutics in Hec1B and ARK2 cells. This result was published in our report

to the activity of PG545 in endometrial cancer [80]
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Figure 6: PG545 synergizes with the chemotherapeutic agents cisplatin and Paclitaxel in vitro. Hec1B
and ARK2 cells were treated alone with each compound and in the combinations indicated. Constant
ratios of predetermined IC50 values for each drug were used. Combination values are shown for each
combination and represent mathematical calculation based on experimental values. Synergistic effects
were quantified via the Chou-Talalay method. Values from 0.3-0.7 indicate strong synergy, 0.7-0.85
moderate synergy, 0.85-0.9 slight synergy, while values from 0.9-1.1 (indicated by the dotted line)

describe additive and greater than 1.1 antagonistic effects.

6.6. PG545 potentiates apoptotic cell death of chemotherapy in vitro.

After demonstrating that PG545 synergizes with both chemotherapy drugs with
regards to cell viability, we assessed whether apoptotic cell death would be
increasingly observed with PG545 and its combination with cisplatin and paclitaxel.
For this we used a Annexin V/ Propodium lodine (PI) assay and treated cells for 24

hours with 20 uM PG545 alone or in combination with 20 uM cisplatin or paclitaxel (50
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nM). The treatment with a single drug component showed a small, but significant

difference of each compounds in both cell lines (p<0.05; Figures 7 C,B,E,F).
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Figure 7: PG545 induces apoptosis in Hec1B and ARK2 cell alone and in combination with cisplatin
and paclitaxel. Cells were stained with Annexin V/ Propodium lodine (PI) after 24h treatment with the
given drug concentration and analyzed by flow cytometry. Graphs are an illustration of the results of

Figure A and D and show percentage of cells stained positive. P-values: ns = not significant, * < 0.05,
** < 0.01.

When PG545 was combined with either cisplatin or paclitaxel the apoptotic
fraction increased substantially compared to treatments with a chemotherapeutic

agent alone (p<0.01). Fraction of cells in early or late apoptotic cell death increased in

37



the platin-resistant Hec1B cells treated with cisplatin from 9.65% to 31.28% and in
ARK2 cells from 11.17% to 22.5% when PG5545 was added (Figures 7A, B, C).
Similarly, did the fraction of apoptotic cells increase in both cell lines when paclitaxel
was combined with PG545 (p<0.01; Figure 7 D,E,F). This result was published in our

report to the activity of PG545 in endometrial cancer [80]

6.7. PG545 alone and in combination with cisplatin and paclitaxel inhibits EC

tumor growth in vivo and prolongs survival.

After demonstrating antitumor and chemo sensitizing effects of PG545 in vitro,
we assess its effect in vivo. We established two xenograft models of type | and type Il
EC after injecting athymic, female nude mice subcutaneously in the right flank 108
HeclB and 1.25 x 10 ARK2 cells. One week after inoculation and establishing that
each tumor had reached a minimum size, the mice were randomized into four groups
(Figure 1). We measured the Tumor volume every three days (in mm?3) in all four
groups until the first study subject met study endpoint criteria as defined in the method
section. Tumor growth was significantly inhibited by PG545 administration (20 mg/kg)
compared to the PBS control (given on the same day as PG545) and
chemotherapeutic regimen (given on day 7, 14 and 21 after inoculation) in both
xenograft models (p<0.001, Figures 8 A, B). Furthermore, the combination of PG545
and the chemotherapy inhibited tumor growth more effectively compared to either the
chemotherapeutic regimen alone (p = 0.001) or PG545 alone (p = 0.05 in Hecl1B and

p=0.01 in ARK2 cells).

We furthermore followed the survival of the mice in the different treatment
groups. In both cell lines the control had the worst survival, followed by the
chemotherapy group (CPT + PTX), the PG545 group and the combination group

(Figure 8 C,D). In the Hec1B xenografts the median survival was 33 days for mice in

38



the control group, 50 days for mice receiving chemotherapy and 58 days for the
PG545. A median survival for the Heclb xenografts treated with the combination
regimen (PG545 + CPT + PTX) could not be determined since no substantial tumor
growth was recorded in the surviving seven mice. The study was terminated on day
72. The survival depicted in the Kaplan-Meier curve was significantly improved for all
treatment groups compared to the control group (p<0.001). No significant difference
was found in the Hecl1B xenograft between the chemotherapy group and the PG 545
group (p<0.09). Mice in the combination group survived significantly longer than both

mice in the PG545 group (p<0.001) and chemotherapy group (p<0.001).

For ARK2 cells median survival for the control group was 31 days compared to
37.5 days in the chemotherapy group, 47 days in the PG545 group and 58 days in the
combination group. Survival was significantly prolonged in the chemotherapy group
compared to the control group (p<0.01) 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. 8D). This result was published in our report to the activity of

PG545 in endometrial cancer [80]
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Figure 8: PG545 reduced tumor volume (A,B) and prolonged survival (C,D) alone and in combination
with chemotherapy in Hec1B and ARK2 xenografts. Per Hec1B and ARK2 xenograft model ten mice
were divided into four different treatment groups: Control (PBS), chemotherapy (cisplatin at 20 mg/kg
and paclitaxel at16 mg/kg, PG545 (20 mg/kg) and a combination of PG545 and the chemotherapeutic
agents at the same concentrations. All compounds were administered intraperitoneally. P-values: ns =
not significant, * < 0.05, ** < 0.01, ***<0.001.

40



6.8. PG545 inhibits the expression of the angiogenic CD31 and proliferative

Ki67 markers.

To evaluate the effect of PG545 on angiogenesis, paraffin-embedded tumor
samples were assessed via immunohistochemistry for the presence of CD31, a known
marker of angiogenesis. By evaluating the presence of CD31 positive cells, indicative
of angio-epithelial cells, we were able to determine the intratumoral Micro Vessel
Density (iMVD) [90] All PG545 treated groups displayed a reduced level of iMVD in
both xenografts (p<0.001; Figure 9A). There was no significant difference observed
between then control and chemotherapy groups in HeclB (p = 0.32) and ARK2 (p =
0.18) cells. There was also no significant difference between the PG545 group or the
combination group. Hence the reduction of angiogenesis is most likely due to the
effects of PG545 rather than chemotherapy in the combination group. Similar results

have been published previously in other solid tumor types[70], [72], [73].

We also assessed ongoing proliferation in both xenograft models at the time of
death (Figures AF and 9D, E). Ki67 is a well-known marker for proliferation in tumors
[96]. Ki67 showed was significantly higher in both the control and the chemotherapy
group compared to the PG545 groups (p<0.01) and ARK2 (p<0.01) models. Notably,
chemotherapy treatment did not induce a significant alteration in Ki67 expression in
HeclB tumors (p=0.15) relative to its control, whereas a significant change was
observed in the ARK2 xenograft (p<0.01) potentially reflecting of the platin-resistant
attributes of HeclB cells. Parallel to CD31 expression patterns, the combined
administration of PG545 and chemotherapy did not yield a significant reduction in Ki67
expression compared to PG545 alone in either xenograft model. This lack of

significance is likely attributable to the time between the last chemotherapy
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administration, leading to different treatment du rations between the two groups. This

result was previously published by our group [80]
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Figure 9: PG545 demonstrates antiangiogenic and antiproliferative effects in vivo based on

immunohistochemistry. Tumor samples of both Hec1B and ARK2 xenografts were analyzed after

immunostaining with ki67 and CD31 (A). Intratumoral Micro Vessel Density (iMVD) was assessed in

20X magnification based on 3 fields per analyte (B,C). The ratio of ki67 psotive cells was determined

based on 5 fields per analyte via ImageJ software and the ImmunoRatio Add-on (D,E). P-values: ns =
not significant, #< 0.05, ##< 0.01.
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6.9. PG545 induces autophagy in EC.

We sought to further explore potential mechanisms for the synergy observed
between PG545 and chemotherapy. Since autophagy is a known mediator of
chemoresistance, we decided to investigate the effects of PG545 on autophagic flux
in EC cells. When exposed to increasing concentrations of PG545 both HeclB and
ARK2 cells demonstrated an increase of LC3BII, a protein present in the membranes
of autophagosomes and hence a marker for autophagic processes in the cell (Figures
10 A, B). To better quantify the upregulation of LC3BI to LC3BIl densitometric
measurements below the blots were provided. In concordance with the elevation in
LC3BII levels, immunofluorescence (IFC) analysis of autophagy utilizing cyto-ID
staining demonstrated that PG545 induced autophagy in Heclb and ARK2 cells
(Figure 10 C) [97]. Quantification of the autophagosome fluorescence displayed in
Figure 10 E illustrates via the Corrected Total Cell Fluorescence (CTCF) an increase

of autophagy in both cell lines (p<0.001).
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Cell Fluorescence (CTCF) was calculated p-values: ns = not significant, * < 0.05, ** < 0.01, ***<0.001.
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Although LC3BII was initially described as a marker for autophagy, it has also
been shown that upregulation in LC3BII could be due to inhibition of the last step of
autophagy, the fusing of the autophagosome with a lysosome [98], [99]. Hence, we
investigated the levels of p62 (SQSTM1) another marker of autophagy. We incubated
Hec1B, ARK2, RL95 and Ishikawa cells for 24 hours with 20 yM of PG545 with and
without 20 uM of the established autophagy inhibitor chloroquine (CQ) to determine
whether the autophagic processes induced by PG545 would be reversible. The
administration of PG545 to Hec1B and ARK2 cells led to reduced levels of p62 and an
increase in the levels of LC3BII (Figures 11A, B). Addition of CQ to PG545 reversed
the expression of both these proteins, providing clear evidence of PG545 induced
autophagic flux. Similarly, RL95 and Ishikawa cells exhibited an autophagic response
to PG545 treatment, mirroring the observations in HeclB and ARK2 cells (Figures
11C, D). However, it is worth noting that in the Ishikawa cell line, CQ failed to rescue
p62 levels, suggesting a differential response to autophagy modulation in distinct

cellular contexts (Figure 11D).

Another reliable monitoring method involves the use of a fluorescent-tagged
Cherry-GFP-LC3B construct following autophagy induction [100]. By measuring the
fluorescence of the pH-sensitive GFP, which is degraded by the acidic content of
autolysosomes and the stable mCherry protein, autophagic flux in a cell can be
visualized at different stages. Early autophagic processes with the presence of the
less acidic autophagosomes exhibit more green fluorescence with this construct, while
later stages of autophagy characterized by an increase autolysosome, are reflected in

a less green fluorescence in
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in autolysosome formation. Quantification of Corrected Total Cell Fluorescence (CTCF) was determined

by using ImageJ software (E,F). P values: ns = not significant, * < 0.05, ** < 0.01, ***<0.001, ****<0.0001.
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and comparatively more red fluorescence. Following transient transfection of Hec1B
cells with Cherry-GFP-LC3B for 48 hours, treatment with 10 and 20uM PG545 resulted
in increased mCherry-positive signals in treated cells compared to untreated controls,
indicating activated autophagic flux (p<0.0001). Co-treatment with Bafilomycin A,
preventing autophagosome-lysosome fusion, exhibited more GFP staining in the
merged panel, suggesting reduced autolysosomal activity. This result was published

in our report to the activity of PG545 in endometrial cancer [80]
6.10. PG545 elicits ER stress and unfolded protein response.

We have shown that PG545 induces autophagy. Interestingly, PG545 has been
shown to inhibit autophagy in cervical and glioblastoma cell lines by inhibiting
heparanase-induced autophagic activation a mechanism of chemoresistance and
tumor proliferation in these cells [75]. To further investigate the differences between
the result of this study and the prior study we investigated possible mechanism by
which PG545 may induce autophagy rather than inhibit it in EC cell lines. Based on
prior literature endoplasmatic reticulum stress is a well described inducer of autophagy
[101]. Autophagy is triggered as survival mechanism by ER stress trying to salvage
unfolded protein response (UPR), which ultimately leads to cessation of function and
cell death [102]. As previously established PG545 alters growth factor signaling, which
is a known potent trigger of ER stress. Hence, we sought to examine whether PG545
would induce ER stress and therefore activate autophagy as adaptive response
signaling [103], [104]. For this we first treated HeclB and ARK2 cells with 20 uM
PG545 for 15, 30 and 60 min and then stained the cells with Blue-White-DPX dye, a
photostable probe selective to ER in live cells. Increased absorption of the dye reflects
increased ER activity and indicates ER stress in the cells. We observed a significant

increase in dye uptake in both HeclB and ARK2 cells demonstrating that PG545
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triggers ER stress in these cells compared to the control (Figure 12A-C).

Fluorescence was quantified as CTCF.

Since PG545 treatment results in increased ER activity indicating ER stress in
both HeclB and ARK2 cell lines, we conducted an analysis on several molecular
markers associated with ER stress to confirm that PG545 indeed acts as a trigger. On
western blot analysis PG545 alters well-established ER stress pathways within a time
frame of 6 to 24 hours (Figure 12D). One prominent mechanism involves the
phosphorylation of the eukaryotic initiation factor 2 (elF2) a subunit by protein kinase
R-like endoplasmic reticulum kinase (PERK) [105], [106]. This process is recognized
for downregulating protein synthesis in response to cellular stress conditions. Once
activated it triggers the expression of stress-induced transcription factors C/EBP
homologous protein (CHOP) or growth arrest and DNA damage 153 (GADD153) [107].
In PG545-treated EC cells, the activation of PERK, evidenced by phosphorylation at
Thr980, coupled with an increase in CHOP/GADD153 levels, signifies the inhibition of
protein synthesis and the initiation of apoptosis in response to ER stress. PG545
treatment resulted in a substantial increase of the ER chaperone, GRP78/BIP,
indicating that unfolded ER proteins, a sign of ER stress, are increasingly accumulated
under PG545 treatment [108]. Notable differences between the cell lines are that the
activation of PERK and inositol-requiring enzyme 1 (IRE) was considerably more

pronounced in ARK2 cells compared to Hec1B cells (Figure 12E).

Additionally, the calcium-dependent chaperone, Calnexin, well-documented for
its involvement in apoptosis, exhibited an upregulation after 24 hours of PG545

treatment in both cell lines, providing further evidence of prolonged ER stress [109].
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This also connects PG545 treatment mechanistically to apoptotic cell death observed
in earlier experiments. Lastly, we also see concomitant upregulation of LC3BII seen in
earlier experiments linking PG545 to autophagy via induction of ER stress. This result

was published in our report to the activity of PG545 in endometrial cancer [80]

6.11. ER stress caused by PG545 induces autophagy as homeostatic

response.

The ER holds an important role in protein synthesis and maintaining cellular
homeostasis. When ER stress accumulates proteins that are misfolded or remain
unfolded in the Unfolded Protein Response [101]. Several salvaging pathways are
activated including autophagy as we have established. In PG545 treatment we have
seen that marker of ER stress increase. We have seen that an indicator of autophagy
LC3BIl increases as well. Hence, we sought to determine whether the autophagic flux
observed is caused by PG545 induced ER stress and whether it would be reversible
when ER homeostasis is reinstated despite PG545 treatment. For this we
supplemented HeclB and ARK2 cells, treated with or without 20 uM of PG545, with
an additional 1 uM of melatonin for 30 min, a known promoter of ER homeostasis and
suppressor of ER stress [110]. We subsequently used the previously used staining
techniques of the ER tracker Blue-White-DPX (blue) and the autophagy tracker cyto
ID (green). While we see an upregulation of ER activity and autophagic flux in Hec1B
(Figure 13 A,C) and ARK2 (Figure 13 B,D) cells under PG545 treatment alone,
melatonin reverses this effect. Integral fluorescence of five representative fields
marking ER activity decreases significantly for Hec1B (p<0.01) and ARK2 (p<0.01)
cell lines. Autophagic flux simultaneously decreases significantly for both cell lines (p
<0.01 in HeclB and p<0.05 in ARK2 cells) providing further proof next to LC3BII

upregulation that autophagy is induced by ER stress under PG545 treatment. Parallel
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western blots assessing the presence of ER stress markers show a similar pattern.
PG545-mediated upregulation of CHOP, BiP/Grp78 and LC3B are reversed when
cells are treated with melatonin (Figure 12 E). This result was published in our report

to the activity of PG545 in endometrial cancer [80]
6.12. PG545 in combination with cisplatin escalates ER stress in EC cells.

At this point we have demonstrated that PG545 shows strong synergy with both
chemotherapeutic compounds, cisplatin and paclitaxel. Furthermore, we showed that
autophagy is likely a cell preserving mechanism to salvage misfolded proteins induced
by ER stress. To further link drug synergy with the proposed mechanism, we combined
PG545 and cisplatin to investigate the effects on ER stress and autophagic markers
(Figure 13 F). When we combined 5 uM of cisplatin with 20 yM of PG 545 we
encountered increased expression of the well- established ER stress markers
BiP/Grp78 and CHOP with simultaneous upregulation of LC3BIIl. This shows that

synergy between both drugs is likely mediated through ER stress.
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Figure 13: PG545 induced autophagy by ER stress. ER activity marked by Blue-White DPX stain
decrease simultaneously with autophagy (cyto ID) signals when treated with 1 yM melatonin for 30 min
(A, B). Integrated fluorescence density was measured via ImageJ software (B and D). P values: ns =
not significant, * < 0.05, ** < 0.01. Immunoblots of Hec1B and ARK2 cells exposed to PG545 for 12
hours and/or melatonin demonstrate reduced expression of BiP/Grp78, CHOP and LC3BII (E). Addition
of cisplatin (6 uM) to PG545 escalates expression of ER stress markers BiP/Grp78 and CHOP (F).
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6.13. The effect of PG545 can be potentiated when chloroquine, a known

autophagy inhibitor is added.

Autophagy can act as a double-edged sword, in most cases a mechanism promoting
cell homeostasis and survival, in some case inducing autophagic cell death [111]. In
PG545 we demonstrated that it is triggered by ER stress as a mechanism of
homeostasis and to promote cell survival. Hence, we hypothesized that if autophagy
were inhibited the antitumor effects of PG545 could be increased. For this we
combined the known autophagy inhibitor chloroquine, for which we demonstrated
that it blocks autophagic flux in the cell when added to PG545 (Figure 8). We added
20 uM chloroquine to increasing concentrations of PG545 in Hec1B, ARK2, Ishikawa
and RL95 cells for 48 hours and analyzed cell viability in MMT assays. (Figure 14 A-
D). Co-treatment with CQ significantly enhanced the cytotoxicity of PG545 as seen in
the change in the IC50 values to a significantly lower levels in all four cell lines
(p<0.001). and lowered up to 3.5-fold in the Ishikawa cell line from 112 pM to 33 puM.
The least shift in IC50 could be observed in the Hecl1B cell lines whose IC50 was
reduced from 66 uM to 36 pM. Only at 100 uM PG545 in Hec1B we did not see a
significant difference likely due to the high biological impact of PG545 alone at this

concentration.

To determine if combination of PG545 + CQ resulted in cell death, we incubated the
four EC cell lines for 24 hours with 20 uM of PG545 and/or 20 uM chloroquine and
analyzed cell lysates for PARP cleavage an established marker for late apoptosis. All
four cell lines demonstrate a marked increase of cleaved PARP compared to the
control or each drug alone (Figure 14 E). This demonstrates that the addition of the
autophagy inhibitor chloroquine increases the antiproliferative properties of PG545 in

vitro.
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Figure 14. Addition of chloroquine potentiates antitumor effects of PG545. Cell viability of ARK2,

RL95, Ishikawa and Hec1B cells measured by MTT assay with increasing concentrations of PG545

with and without Chloroquine (20 uM, A-D). E. Immunoblot analysis of cell lysates harvested from
ARK2, RL95, Ishikawa and Hec1B cells treated with PG545 (20 uM) alone and/or treated with
Chloroquine (20 uM) for 24 hours with anti-cleaved PARP and anti-PCNA antibodies (E). P values:

ns = not significant, * < 0.05, ** < 0.01.

54



6.14. PG545 synergizes with chloroquine in EC cell lines.

Parallel to our experiments regarding synergistic effects between PG545 and

the chemotherapeutic regimen cisplatin and paclitaxel, we then investigated the
interaction of both drugs on cell proliferation measured via MTT assay. For this we

used the ICso listed table 2 determined by MTT assays.

Chloroquine PG545
Ishikawa 160 puM 100 uM
Hec-1B 80 uM 60 uM
RL95 100 uM 100 puM
ARK-2 160 pM 70 pM

Table 2. Half maximal inhibitory concentration (IC50) used for synergy experiments

When combining multiples of ICso-ratios we found that PG545 and Chloroquine

are synergizing in all four cell lines (Figure 15). Effects were least pronounced in

HeclB cells with Cl-values ranging from 0.5 to 1.6. Notably, in ARK2, Ishikawa and

RL95 strong synergism was observed between PG545 and chloroquine. The Cl values

at 50% fraction affected are 0.574 for Hec1B; 0.264 for ARK2 RL95: 0.147 for RL95

and 0.181 for Ishikawa cells.
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Figure 15: PG545 and chloroquine synergize in EC cells. Combination indices (Cl) were
determined via the Chou-Talalay Method between PG545 and choloroquine an autophagy

inhibitor. CI between 0.3—-0.9 shows synergism, 0.9-1.1 additive effect, and 1.1 — 2
antagonism

6.15. Synergy between PG545 and Cisplatin or paclitaxel is preserved under

Autophagy inhibition.

As we established PG545 triggers autophagy in endometrial cancer cells. In
this context, autophagy serves as a compensatory mechanism to preserve cellular

homeostasis, given that PG545 induces significant endoplasmic reticulum (ER)

56



stress in the cells. We experimentally confirmed that the combination of PG545 and
cisplatin escalates ER stress in Hec1B and ARK2 cells. Our findings further indicate
that inhibiting autophagy with chloroquine enhances the effects of PG545 alone in
endometrial cancer cells. In our final experiment, we aimed to investigate whether
blocking autophagy would impact the synergistic drug combination of PG545 with the
chemotherapeutic drug cisplatin and paclitaxel. Our hypothesis was that blocking
autophagy could further potentiate the synergistic effects of cisplatin with PG545.
The concept of combining multiple drugs targeting pathways interacting with each

other refers to synthetic lethality [112].

In order to assess whether the combination between CQ and PG545 could
potentiate chemotherapy induced cytotoxicity over PG545 induced sensitization of
chemotherapy induced cytotoxicity, we determined synergism in a three-drug-
combination with PG545/CQ treated as a single drug with paclitaxel and/or cisplatin
alone as drug #2. To be able to calculate CI values between three drugs, it is
necessary to reformulate the equation by considering (cisplatin and /or paclitaxel as
drug A and consider the combination of drug B (PG545) + drug C (CQ) as drug D as
one drug[113]. Therefore, the equation will consider the combination indices for drugs
A+D. This maneuver enables the CalcuSyn software to calculate Cl values involving

all three components.

Initially we assessed areas of great synergy between PG545 and CQ in order
to confirm that varying concentrations would synergize with each other (Figure 15 A).
We used ARK2 cells for assessment. Therefore, we plotted multiples of the IC50
concentrations of PG545 and CQ against each other to assess the experimental Cl
values of each combination with the Chou-Talalay method. Starting with IC50 for

PG545 at 70uM and for Chloroquine at 80uM respectively to have CI values in the

57



synergistic range. Cl values at 0.3-0.9 represent synergism (Green), at 0.9-1.1
represent the additive effect (Yellow), and at 1.1 — 1.7 values indicate antagonism
(Red). Interestingly, synergistic effects could only be observed when the concentration
of PG545 was 8.75 uM or higher and reflects autophagic responses to PG545
treatment in our previous experiments when autophagy was observed only at

concentration of 10 pM and higher.

Based on our detailed and extensive analyses as described above, we defined
a new fixed ratio of PG545 and CQ of 35 uM and 20 uM respectively, which solely
showed CI values below ranging from 0.012 to 0.749, as compound D (Figure 16).
This new compound D was assessed for its synergy with cisplatin and paclitaxel via
the Chou-Talalay-Method (Figures 17 A and C). All experimental values for cisplatin
and paclitaxel containing combinations were below 1. The calculated CI value curve
for cisplatin and compound D was below 0.9 from 0.05 (0.346) Fraction affected to
0.90 (0.876). The calculated CI values for Paclitaxel and compound D ranged from
Fraction affected 0.3 (0.819) to 0.9 (0.623) below one. Synergy remains between
compound D and the chemotherapeutic agents just as in PG545 and chemotherapy
(Figure 6). To further illustrate what this means with a “compound” which is more
effective than PG545 alone, we plotted the MTT data values indicating cell viability
with each concentration used (Figures 17 B and D). With addition of CQ to the
combination of PG545 and cisplatin or paclitaxel, IC50 values could be significantly
reduced. Therefore, based on this data, we conclude that autophagic inhibition by CQ
does not negatively influence the synergism between PG545 and chemotherapy, but

rather potentiates its effects.
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Figure 16: Experimental combination indices (Cl) values were determined via the Chou-Talalay
Method between PG545 and chloroquine in ARK2 cells across 49 different experimental concentrations.
Cl between 0.3-0.9 shows synergism (Green), 0.9-1.1 additive effect (Yellow), and 1.1 — 1.7
antagonism (Red). The drug ratio of PG545 (70 uM) and chloroquine (40 uM) used for experiments in
Figure 16 are bolded.

59



A ARK2 B ARK2

-— CPT/ (PG-CQ) Constant Ratio
29 125+ o Cisplatin

g * Cisplatin/PG
. 5 v Cisplatin/CQ
) 3 s+ Cisplatin/PG/CQ
G 11 Ny 2
4 =
z
©
B
©
5}
c L} L) L) L]
0.00 0.25 0.50 0.75 1.00 CPT 25 5 10 20 40 M
Fraction afffected PG545 438 875 175 35 70 M
ca 25 5 10 20 40 M
C ARK2 D ARK2
2a —— PTX/(PG-CQ) Constant Ratio
= 1004 o Paclitael
E | 1 Paclitaxel PG
g 75 Pacitaxel CQ
\ g + Paciitaxel PG/CQ
G 14 N 2 504
= | \T Freeeeeaa.. -
1] .
'S 25+ . I
E, .
c L] L L] c L] T L 1
0.00 0.25 0.50 0.75 1.00 PTX 375 715 15 30 60 nM
Fraction affected PG545 4.3758.75 175 35 70 uM
ca 25 5 10 20 40 M

Figure 17: Synergy in a three-drug regimen of PG545, chloroquine and cisplatin or paclitaxel
is observed. Combination values between a fixed ratio of PG545 and Chloroquine (70 pM and 40 pM)
and cisplatin (CPT) and /or paclitaxel (PTX) were calculated using the Chou Talalay method. Synergy
between all three compounds was demonstrated (A and C). For illustration purposes cell viability

values used for synergy calculation are shown (B and D).

60



4. Discussion

Significant evidence links alterations of the heparanase-heparansulfate-
proteoglycan (HSPG)-system to nearly every facet of tumor evolution, including
tumorigenesis, progression, metastasis, resistance to chemotherapy, and recurrence
[52], [57], [59], [75], [114]. Additionally, individuals with elevated heparanase levels in
cancer exhibited a reduced lifespan compared to those with lower heparanase levels
[115]. Collectively, these findings propose a general implication of heparanase in the
progression of cancer, indicating its potential as a viable target for the development of
anticancer drugs. In this study we investigated the effects of the heparan mimetic
PG545, a compound targeting the heparanase-HSPG system in endometrial cancer.
We demonstrated its effectiveness in both type | and Il endometrial cancer uncovering
potential avenues how autophagy as cellular response to targeting the HSP-

heparanase system may lead to novel combinations of drugs in endometrial cancer.

PG545 is a fully sulfated glycolipid, which has immunomodulatory properties
and acts as inhibitor of the heparanase-HSPG system. It has been studied in
approximately 30 xenograft and 20 syngeneic models. It is currently undergoing
preliminary clinical evaluation under the synonym Pixatimod for its potential application
in cancer treatment [116]. To our knowledge this is the first preclinical study to describe
the effects of PG545 in endometrial cancer. The therapeutic potential of heparan
mimetics, of which PG545 is an example, has garnered increasing attention over the
past decade. PG545 is shown to have significant antiproliferative effects in various
cancer models [72], [73], [117]. Given the complexity of the heparanase-HSPG-system
PG545 acts as multitargeting compound rather than targeting only one very specific
genetic alteration in cancers. By binding heparin-binding growth factors (HBGFs),

inhibiting heparanase, and impeding growth factor-mediated signaling PG545 is a
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promising candidate for addressing the complex biology of a heterogeneous disease
such as endometrial cancer. In our study, we demonstrated that PG545 inhibits
downstream signaling of HB-GFs in endometrial cancer cells and decreases growth
factor mediated migration and invasion in both cell types in vitro. PG545 had promising
antiproliferative and proapoptotic effects in both type | and type Il endometrial cancer
cells in vitro. Parallel to other cancers PG545 effectively reduced tumor growth in
athymic xenograft models and prolonged survival. Clinical markers, including Ki67 and
the microvessel density index (iMVD), evaluated through CD31 staining, witnessed
marked reductions under PG545 treatment. This suggests a potential inhibition of
angiogenesis mediated by FGF2, VEGF, or HB-EGF. These findings underscore the
promising therapeutic potential of PG545 in addressing endometrial cancer through
its intricate modulation of various key pathways involved in tumorigenesis and

angiogenesis.[20], [118]

An additional aspect for therapeutic use of PG545 is its potential to enhance
the efficacy of chemotherapeutic regimens [70]. The systemic side effects associated
with chemotherapy constitute a significant contributor to morbidity and impact the
overall quality of life for cancer patients [10]. Consequently, enhancing the
effectiveness of chemotherapy represents an important facet for improving patient
outcomes. In alignment with findings observed in various cancer types, our
investigations reveal that PG545 demonstrates a synergistic relationship with the
chemotherapeutic drugs cisplatin paclitaxel in vitro and in vivo. In HeclB cells,
recognized as cisplatin-resistant type | cancer cells, as well as ARK2 cells,
representative of the more aggressive and typically more chemo resistant type Il
cancer PG545 sensitized cells to the chemotherapeutic regimen in vitro and prolonged

survival of the EC xenografts in vivo. Furthermore, the addition of PG545 significantly
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amplifies the apoptotic effects induced by cisplatin and paclitaxel in vitro. This dual
enhancement of both proliferative and apoptotic responses reinforces the potential of

PG545 as a valuable adjunct to conventional chemotherapy.

From a mechanistic standpoint, our study has revealed that the initiation of
autophagy in EC cells is prompted by PG545-induced endoplasmic reticulum (ER)
stress. The well-established interplay between drug-induced ER stress and the
activation of autophagy to maintain ER homeostasis has been extensively reported in
scientific literature [117]. Furthermore, PG545 has been demonstrated to block growth
factor signaling and induce single- and double-strand DNA breaks, both known
triggers of ER stress [69], [119], [120]. By exploring one of the underlying mechanisms
of PG545, our findings suggest that PG545 serves as a trigger for autophagy in EC,
acting as a defensive mechanism to clear unfolded proteins. This observation aligns
with prior research indicating that the inhibition of heparanase-HSPG system can
induce ER stress in cancer cells [121]. The concept of autophagy has evolved to be
recognized as a double-edged sword [78]. While it traditionally functions as a cellular
recycling process that primarily promotes cell survival in nutrient-deficient conditions,
its role in cancer cells reveals various forms of autophagy-dependent cell death.
Various studies have outlined the different modes of autophagy and apoptosis,
emphasizing the coordinated interplay of both processes in parallel [111]. In our
specific context, we have demonstrated that PG545, induces ER stress, followed by
autophagy as an adaptive response, ultimately culminating in apoptotic cell death. To
partially validate our assertion that PG545-induced autophagy is ER stress-
dependent, we introduced melatonin, a broad-spectrum ER stress inhibitor. As a
result, we observed a reduction in autophagy, substantiated by the decrease in

LC3BII. This experimental manipulation further supports our hypothesis regarding the
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intricate relationship between PG545, ER stress and autophagy. Similarly, our findings
demonstrate that melatonin, an antioxidant and known ER stress inhibitor secreted
from the pineal gland, plays a suppressive role in autophagy induced by PG545.
Expanding on this, it's noteworthy that a functional inhibitor and close homolog of
heparanase-1, namely heparanase-2 (HpaZ2), exhibits tumor-suppressive properties
by inhibiting heparanase enzymatic activity and fostering ER stress stimulation [122].
Our data 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 in vitro compared to treatment of PG545 and/or cisplatin alone.

With PG545 treatment we observed a pronounced induction in autophagy, as
indicated by the simultaneous upregulation of LC3BIl and downregulation of p62. This
underscores that the induction of this intracellular mechanism, akin to the response
observed with ER stress, occurs following treatment with PG545 in EC cells. While
Shteingautz et al. have demonstrated that PG545 attenuates in HelLa cells, and
thereby inhibits growth, our current data contribute to the prevailing understanding that
drug-induced autophagy is contingent on context and, more crucially, the specific cell
type [75], [79]. Autophagy conventionally serves as a cellular survival mechanism
during nutrient deprivation, and typically, the basal level of autophagy tends to be
disproportionately elevated compared to normal cells [123]. However, unlike the brief
and transient surge in ER stress-induced autophagy, which exerts a cytoprotective
role with potential survival benefits, a prolonged and profound ER stress-induced
autophagy, surpassing the basal threshold, has the capacity to initiate apoptotic cell

death.

In endometrial cancer it appears that autophagy acts as response mechanism

of the PG545-induced ER stress. Consequently, the inhibition of autophagy through
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chloroquine (CQ) treatment may exacerbate cellular stress by overwhelming cells with
an unprocessed protein burden, thereby triggering apoptosis. We demonstrated this
by further potentiating the efficacy of PG545 by adding the known autophagy inhibitor
chloroquine. We were able to demonstrate that chloroquine sensitizes cells to the
effects of PG545. Additionally, it escalates the expression of markers of late apoptosis
in cells treated with both compounds. When combined we were able to detect strong
synergy between both compounds showing that the cellular response to the heparan
mimetic PG545 can be targeted. Additionally, we were able to show that synergy
between PG545, chloroquine, cisplatin and paclitaxel persist and are not attenuated
when combined. Chloroquine has been demonstrated to independently attenuate
chemoresistance in endometrial cancer cells [124]. However, given that PG545 is a
multitargeting compound, drug interactions are likely more intricate than demonstrated
in our in vitro, single-cell experiments. Therefore, the combination of PG545 with
chloroquine and the chemotherapeutic regimen serves as proof of concept and
represents an initial step in establishing a multidrug regimen to inhibit autophagy as a
response mechanism. Nevertheless, we did not test the other EC cell lines with this
combination, hence many more steps both in vitro and in vivo are necessary to

substantiate the benefit of this combination.

To further put the findings of this study in a wider context, we have shown
previously that PG545 interferes with Wnt/Bcatenin pathway and dislplays antitumor
effects in pancreatic cancer cells [73]. This finding reinforces the notion that diminished
mitochondrial ATP production and hypoxia contribute to the downregulation of Wnt
signaling. This downregulation occurs through the decreased levels of B-catenin,
which is a consequence of heightened ER stress. Simultaneously, the hindrance of

FGF2 signaling prompts an increase in ER stress within endometrial cancer (EC) cells,
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underscoring the intricate interplay between the PG545-induced inhibition of growth

factor signaling and the activation of ER stress, subsequently leading to autophagy.

There are important limitations to this study. First, most experiments were only
conducted with two cell lines, Hec1B and ARK2 cells. Although we tried to select cells
of both type | and type Il EC, single cell experiments of both cell lines hardly represent
the complex biology of EC. More experiments in vitro on i.e. patient-harvested cells
may be necessary to determine the effectiveness of PG545. Similar avenues should
be explored for further in vivo experiments. PG545 demonstrates efficacy in the
xenograft model of both type | and Il EC. However, the subcutaneous model employed
in this study utilizes a monocellular approach, employing only a single distinct cell line
per xenograft. Consequently, this model fails to consider intratumoral heterogeneity,
thereby reducing its predictive value. Additionally, PG545, which is currently in phase
| clinical trials, has a variety of anti-cancer effects and recently also emerged as an
immunomodulatory drug (also called Pixatimod), showing potential in activating
natural killer cells [67]. Our xenograft models were nude mice, not capable of
mobilizing a T cell immune response. The effect of these immunomodulating
properties on the progression of endometrial cancer is unclear. Our group showed that
PG545 demonstrates similar antiproliferative and chemo enhancing effects in the
immunocompetent ovarian cancer xenograft ID8 [70]. Still, studies in Endometrial
Cancer are necessary to further determine whether PG545 is a candidate for clinical
trials in endometrial cancer. Additionally, autophagy itself is known to have multiple
immunomodulatory effects in the microenvironment further complicating the picture
[125]. Therefore, it seems reasonable to explore the effects of PG545 in patient-

derived xenograft models in the future.
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Furthermore, PG545 is a multitargeting compound and we did not describe in
this study the impact of PG545 on other signaling pathways known to be altered by
PG545. While we outline the effects on HB-EGF and FGF signaling in our
investigation, the effects of PG545, as demonstrated in other studies, on other
pathways such as the Beta-Catenin pathway, proteoglycans, or extracellular
heparinase remain unexplored in EC. As we were focusing on growth factor signaling,
we did not explore the heparanase status of the cell lines used. Hence the interplay of
PG545 with heparanase is not further described in this study but should play an
important role in further investigations. Moreover, the effects of PG545 on
chemoresistance warrant further explorations. While the observed chemo sensitizing
properties of PG545 are promising, the exact mechanism underlying these properties
in Endometrial Cancer nevertheless remains elusive and requires further investigation.
Various pathways have been described as mediating chemoresistance in EC, many
of which are direct targets of PG545 [11], [34], [75], [126]. Escalating ER stress is a
possible mechanism of chemo sensitization with PG545 treatment, and our data adds
to this notion. Nevertheless, we did not investigate the effect of ER stress inhibition on
chemoresistance and therefore cannot prove that the heightened ER stress observed
with the combination of PG545, and cisplatin is responsible for the observed
synergistic effects. Similar experimental setups for melatonin, a known ER stress
inhibitor, compared to our chloroquine experiments, could provide further guidance on

how ER stress inhibitions impacts PG545 and chemo sensitizing properties.

Lastly, in vitro and in vivo therapeutic markers need to be established to
optimize therapeutic regimen containing PG545. ICso-values varied significantly
between cell lines in this study. RL95 cells and Ishikawa (ICso = 100 uM) appeared to

be more resistant to PG545 than HeclB (ICso = 70 uM) and ARK2 cells (ICso = 60 pM).
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The underlying mechanism for this remains unclear. All four cell lines showed
induction of autophagic flux with PG545 treatment, but with different biochemical
consequences. We demonstrated that autophagy acts as response-mechanism in EC
based on the escalating effects of the chloroquine. Despite the autophagic markers
LC3BII and p62 not being rescued in Ishikawa cells when chloroquine was added, we
still observed an increase of apoptosis and synergistic effects between PG545 and
chloroquine in Ishikawa cells like the other three cell lines. This could be due to several
reasons: A suboptimal time point when the lysates were analyzed and effective
reduction of autophagic flux had occurred at a different timepoint. Unaccounted off-
target interactions between both drugs or a more complex role of autophagy as
response mechanism to PG545. Additionally, no reliable in vivo autophagy marker
exists, which continues to raise the question whether the effects of PG545 remain in

vivo. Hence there is a need to further explore response markers in vitro and in vivo.

In summary, PG545 blocks growth facto-mediated signaling and demonstrates
antiproliferative effects in type | and type Il EC cells. PG545 synergizes with the
chemotherapeutic drugs cisplatin and paclitaxel in vitro and in vivo. Mechanistically,
PG545 induces autophagy as response-mechanism to ER stress. The autophagic
response may be exploited as an additional therapeutic target in PG545 treated cells.
This is the first study to show PG545’s efficacy alone or in combination with
chemotherapy in endometrial cancer. These findings support the future exploration of

PG545 alone or in combination with chemotherapy in phase I/ll clinical trials.
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Abstract

Endometrial carcinoma is one of the most common tumors of the female genital tract.
Despite advancements in treatment, the prognosis for metastatic endometrial
carcinoma remains poor. Current chemotherapeutics often lose clinical efficacy due to
the development of chemoresistance during therapy. A potential approach for treating
endometrial carcinoma involves the use of "multi-targeting therapies," substances that
inhibit multiple biologically relevant signaling pathways. The sulfated glycolipid PG545
is a compound that inhibits several carcinogenic mechanisms and has shown

promising antiproliferative effects against various carcinomas.

This study investigates the effects and underlying mechanisms of PG545 application
in endometrial carcinoma. It is demonstrated that PG545 inhibits the signaling
pathways induced by FGF and HBEGF. Additionally, PG545 exhibits antiproliferative
effects in vitro and in vivo against endometrial carcinoma cells. In vitro, PG545 shows
strong synergies with the chemotherapeutic agents cisplatin and paclitaxel in both
Type | (Hecl1B) and Type Il (ARK2) cells. Moreover, the combination with cisplatin and
paclitaxel results in a significant reduction in tumor mass in xenograft mouse models,
ultimately leading to extended survival rates in the combination group compared to the

monotherapy arms. This underscores the chemotherapy-enhancing effect of PG545.

Mechanistically, PG545 application induces endoplasmic reticulum stress,
subsequently triggering autophagy, a process of cellular homeostasis. The
simultaneous increase in autophagy-related proteins, including pERK, Bip/Grp78,
IRE1a, Calnexin, and CHOP/GADD153 within 6-24 hours after PG545 administration,
supports this observation. The addition of melatonin, known to reduce ER stress,

results in a reduction of observed autophagy. Adding chloroquine, an autophagy

69



inhibitor, further enhances the effect of PG545 without abolishing its synergistic action
with cisplatin. This highlights the role of autophagy as a potential rescue mechanism

against PG545 and opens up new therapeutic combinations.

Further studies on PG545 and its effects on endometrial carcinoma are needed.
Specifically, experiments on patient-derived xenograft mouse models could provide
insightful preclinical findings. In summary, it can be demonstrated that PG545
potentiates the effects of the chemotherapeutics cisplatin and paclitaxel in vitro and in
vivo in endometrial carcinoma. These findings suggest that PG545 as a combination
partner with chemotherapy for endometrial carcinoma holds promise. This presented
work is the first study describing the effects of PG545 in endometrial carcinoma. And

is previously published in Hoffmann et al., Biochemical Pharmacology, 2020 [80].
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Zusammenfassung

Das Endometriumkarzinom zahlt zu den haufigsten Tumoren des weiblichen
Genitaltraktes. Trotz Fortschritten in der Behandlung ist die Prognose des
metastasierten Endometriumkarzinoms schlecht. Aufgrund von sich entwickelnder
Chemoresistenz verlieren derzeitige Chemotherapeutika oft klinische Wirksamkeit im
Laufe der Therapie. Ein mdglicher Ansatz zur Therapie des Endometriumkarzinoms
besteht in der Nutzung sogenannter “multi-targeting therapies”, also Wirkstoffen die
mehrere biologisch relevante Signalwege inhibieren. Das sulfatierte Glycolipid PG545
ist ein Wirkstoff, der mehrere karzinogene Mechanismen inhibiert. PG545 zeigt
vielversprechende antiproliferative Wirkung gegen verschiedene Karzinome. Die
vorliegende Arbeit untersucht die Auswirkungen und zugrundeliegenden
Mechanismen der Anwendung von PG545 im Endometriumkarzinom. Es kann gezeigt
werden, dass PG545 die von FGF und HBEGF induzierten Signalwege hemmt.
AulRerdem PG545 besitzt antiproliferative Wirkung in vitro und in vivo gegen
Endometriumkarzinomzellen. PG545 zeigt In vitro bei sowohl Typ | (Hec1B), als auch
Typ Il (ARK2) Zellen des Endometriumkarzinoms starke Synergismen mit den
klassichen Chemotherapeutika Cisplatin und Paclitaxel, welche die derzeitigen
Standardchemotherpaeutika beim Endometriumkarzinom sind. Zudem resultiert die
Kombination mit Cisplatin und Paclitaxel in signifikanter Reduzierung an Tumormasse
in Xenograft-Mausmodellen und fihrt letztendlich zu verlangertem Uberlebensraten in
der Kombinationsgruppe im Vergleich zu den Monotherapiearmen. Dies unterstreicht
die Chemotherapie verstarkende Wirkung von PG545. Mechanistisch betrachtet flihrt
PG545-Applikation zu Endoplasmatischen-Retikulum-Stress. Dieser wiederum |6st
Autophagie, ein Prozess der Zellhomdostase, aus. Gleichzeitiger Anstieg der
Autophagie relevanten Proteine pERK, Bip/Grp78, IREla, Calnexin und
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CHOP/GADD153, innerhalb von 6-24 Stunden nach der Administration von PG545
belegen dies. Durch Hinzugeben von Melatonin, welches bekanntlich ER Stress
reduziert, kommt es zu einer Reduzierung von beobachteter Autophagie. Durch
Zugabe von Chloroquine, enen Autophhagiehemmer kann die Wirkung von PG545
zusatzlich gesteigert werden ohne die synergistische Wirkung mit Cisplatin
aufzuheben. Dies unterstreicht zum einen die Rolle von Autophagie als
Rettungsmechanismus gegeniiber PG545, zum Anderen ermoglicht es die neue
Kombinationen von Therapeutikern. Dennoch bedarf es weiterer Studien zu PG545
und dessen Effekte beim Endometriumkarzinom. Speziell Experimente auf patienten-
basierten = Xenograft-Mausmodellen  konnten  aufschlussreiche  praklinische
Erkenntnisse liefern. Zusammengefasst kann gezeigt werden, dass PG545 die
Wirkung von den Chemotherapeutika Cisplatin und Paclitaxel in vitro als auch in vivo
bei Endometriumkarzinom potenziert. Diese Erkenntnisse zeigen, dass PG545 als
Kombinationspartner zu klassischer Chemotherapie beim Endometriumkarzinom
vielversprechend ist. Die vorgelegte Arbeit beschreibt als erste Studie die Wirkung von

PG545 im Endometriumkarzinom.
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