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ABSTRACT

Platinum-based therapy following tumor-debulking surgery has been the backbone of
treatment for high-grade serous ovarian cancer (HGSOC) since the 1970s; however, high
recurrence of platinum-resistant disease necessitates the development of improved alternative
therapies. Repurposing market-available drugs as cancer therapeutics carries the prospect of
reducing the timeframe and cost of drug development, posing potential benefits to drug-resistant
as well as financially underprivileged patients. Nelfinavir (NFV), an orally available anti-HIV
drug, has shown promising effects against diverse cancers as demonstrated through a myriad of
preclinical studies and clinical trials; however, its remedial benefits against HGSOC are unknown.

In this study, we explored the therapeutic efficacy of NFV on HGSOC cells generated from
patients when platinum-sensitive or resistant. Acute drug toxicity was assessed by total cell count,
percent viability, and the level of hypo-diploid DNA content following 72 hours (h) of treatment
with NFV. Living cells that tolerated 72 h of NFV exposure were subjected to further drug-free
re-incubation for 14-21 days, to assess the residual anti-clonogenic potential of the drug. NFV
triggered a concentration-depended reduction of total cell number and viability, with a parallel
increase in hypo-diploid DNA content in HGSOC cells of differential platinum sensitivity. A
concentration-dependent reduction in the number of colonies — originating from cells that evaded
acute toxicity — suggested long-term residual toxicity of NFV.

Western blot analysis of underlying molecular mechanisms revealed activation by NFV of
the three signaling arms of the unfolded protein response (UPR): PERK, IREla and ATF6 —in a
similar manner to classical endoplasmic reticulum (ER) stressor tunicamycin (TN). Modulation of
the UPR in response to NFV was accompanied by the inhibition of global protein synthesis as
analyzed through a non-radioactive method by labelling the nascent polypeptides with puromycin.
A time-course experiment revealed that inhibition of mRNA translation is a late effect during NFV
treatment, as suggested from a sustained level of puromycylation during the early stages of NFV

treatment. Continuous mRNA translation during the early stages of NFV treatment was associated



with concurrent splicing of XBPI mRNA and transient dephosphorylation of elF2a, which were
abrogated by protein synthesis inhibitor cycloheximide. These observations suggested that protein
accumulation in the presence of NFV is causative, at least in part, of the induction of NFV-
mediated ER stress. Modulation of the UPR and the protein synthesis machinery was associated
with a proapoptotic environment, evidenced by the enhanced expression of ATF4, CHOP,
proapoptotic protein Bax and cleavage of executioner caspase-7. Western blot analysis further
revealed enhanced phosphorylation of YH2AX, suggesting NFV-mediated induction of DNA
damage, which was associated with decreased proliferation signals driven by the AKT and ERK
pathways. NFV increased the level of autophagosome-associated protein LC3II in HGSOC cells
of varying platinum sensitivities; however, the autophagic flux was not increased during co-
treatment with NFV and lysosomal inhibitor bafilomycin A1, suggesting a likely impairment of
the lysosome by NFV, which impeded autophagosome clearance. Drug interaction between NFV
and cisplatin was assessed by the Chou-Talalay method utilizing the combination index (CI)
measured from the total cell count. On cells of low cisplatin sensitivity, the combination of NFV
and cisplatin showed no synergistic interaction. Conversely, the combination of NFV with the
proteasome inhibitor bortezomib (BZ) caused a synergistic drug interaction in HGSOC cells with
high or low sensitivity to cisplatin; however, NFV did not promote inhibition of the proteasome
as a singular agent. Cell cycle analysis indicated an arrest at Gl phase during NFV and BZ
combination in HGSOC cells with high or low sensitivity to cisplatin. This phenomenon was
associated with enhanced expression of cell cycle inhibitor p27%P! and increased phosphorylation
of YH2AX, contributing to the potentiation of effects between NFV and BZ.

Our study collectively demonstrates that NFV can therapeutically target HGSOC cells of
differential platinum sensitivities via multipronged mechanistic approaches, suggesting its
prospective repurposing benefit either as a singular agent or in combination with a proteasome

inhibitor.
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RESUME

La chimiothérapie a base de platine est le pilier du traitement du cancer séreux de haut
grade de I'ovaire (HGSOC) depuis les années 1970. Cependant, la récidive fréquente d’une
maladie résistante au platine nécessite le développement de thérapies alternatives. La réutilisation
de médicaments disponibles sur le marché en tant que thérapies contre le cancer offre la possibilité
de réduire le délai et le colit du développement, ce qui présente des avantages potentiels pour les
patients. Nelfinavir (NFV), un médicament anti-VIH, a montré des effets prometteurs contre divers
cancers, mais ses avantages curatifs contre HGSOC sont inconnus.

Dans cette étude, nous avons exploré I'efficacité thérapeutique du NFV sur des cellules
HGSOC générées a partir de patients sensibles ou résistants au platine. La toxicité aigué du
médicament a été évaluée par le nombre total de cellules, le pourcentage de viabilité et le niveau
d’ADN hypo-diploide aprés 72 heures (h) de traitement avec NFV. Les cellules vivantes qui ont
toléré 72 h d'exposition au NFV ont été soumises a une nouvelle incubation sans traitement pendant
14 a 21 jours, afin d'évaluer le potentiel anti-clonogénique du médicament. NFV a déclenché une
réduction, dépendante de la concentration, du nombre total de cellules et de leur viabilité, avec une
augmentation de I’ADN hypo-diploide dans les cellules HGSOC. Une réduction, dépendante de la
concentration, du nombre de colonies, provenant de cellules qui ont échappé a la toxicité aigué, a
suggéré une toxicité résiduelle a long terme du NFV. L'analyse par Western blot des mécanismes
moléculaires de NFV a révélé 1'activation des trois bras de signalisation de la réponse de la protéine
dépliée (UPR) - PERK, IREla et ATF6 - d'une maniére similaire a la tunicamycine (TN),
déclencheur de stress du réticulum endoplasmique (RE). La modulation de 1'UPR en réponse au
NFV était accompagnée de l'inhibition de la synthése protéine globale telle qu'analysée en
marquant les polypeptides naissants avec de la puromycine. La traduction continue de ' ARNm au

cours des premiers stades du traitement par NFV était associée a un épissage de 'ARNm de XBP1
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et a une déphosphorylation de elF2a. Ces observations suggerent que 1'accumulation de protéines
est responsable de l'induction du stress RE médié par NFV. La modulation de 'UPR et de la
synthese des protéines a été associée a un environnement pro-apoptotique, mis en évidence par
l'expression accrue d'ATF4, CHOP, l'augmentation du rapport Bax: Bcl2 et le clivage de caspase-
7. L'analyse par Western blot a révélé une phosphorylation accrue de YH2AX, suggérant une
induction de dommages a 'ADN médiée par NFV, associée a une diminution des signaux de
prolifération entrainés par les voies AKT et ERK. NFV a augment¢ le niveau de protéine LC3II
associée a l'autophagosome dans les cellules HGSOC, cependant, le flux autophagique n'a pas été
augmenté pendant le co-traitement avec le NFV et un inhibiteur lysosomal, suggérant une
altération probable du lysosome par NFV. L'interaction entre NFV et cisplatine a été évaluée par
la méthode de Chou-Talalay en utilisant I'indice de combinaison (IC) mesuré a partir du nombre
total de cellules. Sur les cellules de faible sensibilité au cisplatine, la combinaison de NFV et de
cisplatine n'a montré aucune interaction synergique. A l'inverse, la combinaison du NFV avec le
bortézomib (BZ), un inhibiteur du protéasome, a provoqué une interaction synergique dans les
cellules HGSOC, mais le NFV n'a pas favorisé¢ l'inhibition du protéasome en tant qu'agent
singulier. L'analyse du cycle cellulaire a indiqué un arrét a la phase G1 avec la combinaison NFV
et BZ dans les cellules HGSOC avec une sensibilité élevée ou faible au cisplatine. Ce phénomeéne
était associé a une expression élevée de l'inhibiteur du cycle cellulaire p27%P' et une
phosphorylation accrue de YH2AX.

Notre étude démontre que NFV peut cibler les cellules HGSOC de sensibilités différents
au platine via des approches mécanistes a plusieurs volets, suggérant son avantage potentiel de

réaffectation, en tant qu'agent singulier ou en combinaison avec un inhibiteur du protéasome.
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ORIGINAL CONTRIBUTION TO KNOWLEDGE

In this study, we report for the first time a comprehensive account of the anti-cancer effects
of nelfinavir against high-grade serous ovarian cancer (HGSOC) cells having differential
platinum sensitivity. The cells were derived from and traced back to original HGSOC
patients who evolved from platinum-sensitive to platinum-resistant disease. We
investigated the effect of nelfinavir on multiple pathways in HGSOC cells, namely, cell
cycle, cell death, cell survival and proliferation, DNA damage, endoplasmic reticulum (ER)
stress, autophagy, and proteasome inhibition. Prior to this current study; nelfinavir has been
tested against 23 types of cancers [1]; however, only one study by Delaney et al
investigated the role of nelfinavir against HGSOC using a single cell line (OVCAR3) in
the context of a single mechanism— autophagy [2].

We provide mechanistic evidence for the first time about the early protein synthesis status
of HGSOC cells in response to nelfinavir. By using a non-radioactive method of tagging
nascent polypeptides with a drug named puromycin [3,4], we were able to visualize the
status of mMRNA translation in HGSOC cells in response to nelfinavir. We report that during
the early phase of nelfinavir treatment, sustained mRNA translation is associated with the
cleavage of XBPI, indicating the initiation of ER stress, which can be reversed upon
blocking the mRNA translation by cycloheximide. This result indicates that early sustained
mRNA translation by nelfinavir is causative of ER stress. With increasing time of
treatment, we observed that nelfinavir eventually diminished protein synthesis. Most
studies that investigated nelfinavir-mediated ER stress so far have reported the inhibition

of protein synthesis, which is the late effect during nelfinavir-treatment on cancer cells [5].
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. We report long-term residual toxic effects of nelfinavir HGSOC cells upon drug
withdrawal on HGSOC cells, which is separate from the acute toxicity induced by
nelfinavir. We first treated HGSOC cells with different concentrations of nelfinavir for 72
hours (h) and isolated 1000 viable cells that withstood the treatment. We then subjected
those 1000 alive cells to colony-forming assay by incubating in drug-free media for 14-21
days. We were able to observe a decrease in the number of colonies even when the drug
was absent, indicating sustained residual effects of nelfinavir in HGSOC cells likely due
to sustained DNA damage. This method is different from the traditional colony forming
assays, in which the long-term effect of a drug is measured by observing the number of
colonies directly generated from cells treated continuously for 10-14 days [6], which does
not indicate residual toxicity.

Guan and colleagues identified site-2 protease (S2P) as a putative target of nelfinavir that
inhibited the proteolysis of ATF6 [7]. In HGSOC cancer cells, we observed the cleavage
of ATF6 in response to nelfinavir that excluded S2P as a possible upstream target of
nelfinavir in these cells.

. In summary, we report the mechanistic processes associated with nelfinavir-induced
toxicity against HGSOC cells of different sensitivities to platinum; we report that the
toxicity involves DNA damage, reduced survival and proliferation signals, lysosomal
inhibition, and a proapoptotic shift of the unfolded protein response associated to the ER

stress pathway.
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CHAPTER 1

LITERATURE REVIEW AND INTRODUCTION



1.1 Ovarian cancer: current status and challenges to address
1.1.1 Epidemiology

Ovarian cancer is currently the seventh most common form of cancer and the eighth
leading cause of cancer-related death among women worldwide [8]. In 2020, the estimated new
cases for ovarian cancer were 313,959 worldwide, among which the number of predicted deaths
was 207,252 [9]. In the United States, the estimated new cases were 21,750 in 2021, whereas the
estimated deaths due to ovarian cancer were 13,940 [10]. According to Canada Cancer Statistics
2019, 1 in 75 women run the risk of developing ovarian cancer in their lifetime and 1 in 90 women
has the probability of dying from it [11]. The median age of diagnosing ovarian cancer is at 63
years, and the majority of cases appear at 55 years and older [12]. Despite considerable
advancement in cancer diagnostics and therapeutics, the 5-year survival rate of ovarian cancer has
remained unimproved since the breakthrough diagnosis of platinum-based drugs for chemotherapy
in the 1970s. According to the Surveillance, Epidemiology and End Results Program (SEER) of
the United States National Cancer Institute (NCI), the 5-year relative survival adjusted between
2011-2017 is 49.1%. [12]. The lack of improvement in 5-year survival can be attributed to the
emergence of treatment resistance disease and inefficient screening and early diagnostic methods
leading to late occurrences. Consequently, ovarian cancer remains a global health challenge to

women worldwide to this day, which requires improved diagnostic and therapeutic options.

1.1.2 Histological subtypes of ovarian cancer
From the perspective of a pathologist, ovarian cancer has been regarded as a neoplasm
of multiple distinct entities rather than a unitary disease [8]. Histologically, 90% of all ovarian

cancer are considered to be of epithelial origin, and the rest appear from germ cells or sex-cord-



stromal tissue [13]. Epithelial ovarian cancer (EOC) can be further subdivided into four categories
according to the histological appearances: serous, mucinous, clear-cell, and endometrioid [14].
Depending on the cellular aberration, the serous and endometrioid ovarian cancers are stratified
into low- and high-grade cancers. Low-grade serous ovarian cancer is characterized by tumors of
borderline malignancy with abnormalities in the RAS pathway (KRAS, BRAF and ErbB?2). High-
grade serous ovarian cancer (HGSOC) rarely demonstrates aberration in the RAS pathway and
carries distinct molecular and histological features. Similarly, low-grade endometrioid cancer
demonstrates a frequent activating mutation in the WNT-B-catenin pathway, unlike its high-grade
counterpart [15]. Aside from the clinically delineated four histotypes, rarer subtypes are also
diagnosed at times, namely, malignant transitional cell (Brenner) tumors, mixed type and
undifferentiated carcinoma [16].

Vaughan and colleagues correlated the origins of invasive ovarian carcinoma
according to the histological similarity with non-ovarian tissues. Mucinous invasive carcinomas
resemble the tissue of the gastrointestinal tract, and are often metastasized from the stomach, colon
and appendix. Endometrioid and clear cell carcinomas resemble the morphology of endometriosis
and are considered to derive from retrograde menstruation. High-grade serous ovarian cancer cells
are derived from the distal fallopian tube or ovarian surface epithelium [14].

Kurman and Shih proposed the dualistic model of ovarian carcinogenesis, which led
to a paradigm shift in the understanding of the pathogenesis [16]. According to the model, EOC
can be divided into Type I and Type II carcinomas. Type I cancers usually present in an indolent
fashion with a unilateral cystic neoplasm. These tumors are genetically stable and p53 wild type;
however, they demonstrate frequent mutations in RAS-MAPK and PI3K-AKT pathways. This

category includes the low-grade serous, mucinous, and Brenner’s subtype and accounts for 10%



of ovarian cancer-related deaths. Conversely, type II ovarian carcinomas are high-grade and
aggressive and present in advanced stages in 75% of cases. 90% of all ovarian cancer deaths occur
through type II lesions. Widespread genomic instability due to chromosomal copy number
alterations, frequent mutations of TP53, and deficient homologous recombination repair pathway

are the hallmarks of type II ovarian carcinomas [16].

1.1.3 Histopathological presentation of high-grade serous ovarian cancer

High-grade serous ovarian cancer (HGSOC) is the most aggressive subtype of EOC
and accounts for approximately 70% of all ovarian cancer-related deaths [17]. Analysis of stained
tissue sections demonstrates heterogeneous histopathological features (Figure 1.1), typical of
HGSOC [8,18]. The tumor can present as a solid mass—with or without slit-like presentation.
Glandular, papillary, and cribriform presentations are also common, resembling the epithelium of
the fallopian tube. Necrosis may present among the solid masses [8,16,19]. An HGSOC tissue
section loaded with tumor-infiltrating lymphocytes is known as SET (Solid, pseudo-Endometrioid
and/or Transitional cell carcinoma-like)—-typically associated with mutation of the gene BRCA1
[20]. Cytology of HGSOC is characterized by large hyperchromatic and pleomorphic nuclei,
suggestive of high-grade nuclear atypia. A plethora of visible mitotic figures results in high mitotic
index of HGSOC cells. Areas of calcification known as psammoma bodies are also typical of

HGSOC [19].



Figure 1.1: Representation of heterogeneity in the histopathological presentation of HGSOC: (A)
solid architecture, (B) glandular architecture with slit-like appearances, (C) papillary features, (D)
cribriform and pseudoendometrioid appearance, (E) necrosis in a solid structure, (F) infiltration of

lymphocytes. Image adopted from [8].

Frequently used immunohistochemical markers for detecting HGSOC tissues include
p53, WT-1, and pl6. Mutation of p53 is almost invariably present in HGSOC, and
immunohistochemistry usually renders strong nuclear positivity in nearly all the cells. However,
if cells carry nonsense mutation of p53, instead of the frequent missense mutation generally
detected in the case of HGSOC, the resultant truncated protein is usually undetectable,
confounding the diagnosis [19]. High Ki-67 staining suggests a high proliferation index, which is

a characteristic of HGSOC when compared with low-grade cancers [19]. Positive staining is also



detected in the case of epithelial marker CK7, ARID1A, and marker of Miillerian origin PAXS.
80% of HGSOC tissues carry estrogen receptor (ER), while 30% stain positive for progesterone

receptor (PR) [8,19].

1.1.4 Genetic alterations in high-grade serous ovarian cancer

The cancer genome atlas (TCGA) unraveled the genomic landscapes of HGSOC by
whole-exome sequencing of samples obtained from 316 patients. The result indicated high
chromosomal instability, with frequent DNA gain and losses. Other than frequent TP53 mutations,
point mutations in other genes were rare, which was in contrast with type I EOCs having wild-
type TP53 and frequent mutations in BRAF, KRAS, PTEN, CTNNBI, and PIK3CA [17]. Mutation
in TP53 has been suggested as an early event in the development of HGSOC, and 96% of HGSOC
seemed to carry somatic TP53 mutations [21]. One study demonstrated that missense mutation in
TP53 happens in 70.4% of cases, whereas the contributions of frameshift, nonsense, and splice
mutations were 12%, 8.67%, and 5.1%, respectively [22].

Depending on the nature of the mutation, the functionality of p53 differs. 80% of total
mutations are located in the central DNA binding domain leading to a loss of function of the
transcriptional activity. Missense mutation may result in dominant-negative protein being unable
to participate in tetramerization. Furthermore, mutant p53 may be stabilized within the cells due
to the lack of proteasomal degradation because of diminished interaction with HDM2. Increased
stability may also paradoxically confer a gain of function oncogenic activity. Nevertheless, mutant
TP53 is an important genetic signature of HGSOC, even present in the early precursor lesions [22].

The second common genetic alteration found in HGSOC is the somatic, germline, or

epigenetic mutation in BRCA I and/or BRCA2, and to a lesser extent, other proteins involved in the



homologous recombination pathway [23]. The TCGA study reported that 12.5% of HGSOC
patients carry BRCA1 mutation, whereas 11.5% carry BRCA2 mutations, and the percentage of
germline mutations is higher than somatic mutations in both cases. By contrast, instead of point
mutations, the HGSOC genome carries significant copy number variation due to genomic
instability that results in the amplification or loss of many genes. Prominent genes undergoing
focal amplification in HGSOC are CCNEI, MYC and MECOM. PTEN, RAD51C, RADI15, ATM,
and 4TR—components of the homologous recombination pathway have also been reported to be
altered [17]. Aside from the impaired homologous recombination DNA repair pathway, other
pathways chronically altered in HGSOC are RB1 (67%), PI3K/Ras (45%), and NOCTH (22%)
[17].

Tothill ef al. analyzed 285 predominantly high-grade serous ovarian tumor samples to
identify molecular subtypes within the vast molecular diversity observed in large genomic datasets
of ovarian cancer [24]. The authors segregated differential gene expressions in six clusters (C1-C6)
and correlated with patient prognosis. Cluster C3 and C6 were described to be unrelated to
HGSOC. Cluster 1 was characterized by reactive stromal signature and increased expressions of
genes participating in extracellular matrix production, tissue remodeling, cell signaling,
angiogenesis and cell adhesion. Histologically, tissues carrying C1 signature showed desmoplastic
reaction characterized by myofibroblast infiltration within the stroma. Clinically, patients from
whom the tumors representing the C1 cluster were obtained reported to have poor overall
prognosis. C2 was described as “immunoreactive” due to enhanced expression of genes associated
with immune cell activation and high percentage of tumor-infiltrating CD3+ T-lymphocyte present
in tumor samples. C2 was associated with better overall survival. C4 was described to show low

stromal response with a similar gene expression pattern to C2; however, these samples showed



enhanced CA-125. C4 was also correlated with a better prognosis. C5 demonstrated a
mesenchymal feature with enhanced expression of certain HOX genes, high-mobility group
members, WNT/catenin and cadherin signaling pathways. C5 was associated with poor overall
survival [24]. Based on the finding of Tothill et a/., subsequent studies by the TCGA subcategorized
HGSOC into four molecular subtypes: immunoreactive, differentiated, proliferative, and
mesenchymal [17,25]. Similar to the previous study, the immunoreactive subgroup was associated
with good prognosis, the mesenchymal and proliferative subtypes were associated with poor
prognosis, and the differentiated subgroup was associated with an intermediary level of prognosis

[25].

1.1.5 Tissue of origin in high-grade serous ovarian cancer

For decades, determining the precise source of origin of the most prevalent and fatal
ovarian cancer subtype—HGSOC—has been debated. Initially, Fathalla et al. suggested the
hypothesis of “incessant ovulation” characterized by the female ovulatory cycles undergoing
chronic repair and regeneration promoting the ideal proinflammatory and pro-oxidative
environment for carcinogenesis [26,27]. Multiple studies supported the idea that suppressing
ovulation by pregnancy, breastfeeding, or the use of hormone-containing oral contraceptives,
reduced the risk factor of developing HGSOC, which bolsters the hypothesis of the ovarian surface
epithelium (OSE) as the primary source of HGSOC [26,28,29]. It has also been demonstrated that
the OSE has the tendency to invaginate the surface of the ovary and create cortical inclusion cysts
(CIC), which are exposed to hormonal changes sufficient for metaplastic transitioning [28].

Two findings contended the idea establishing metaplastic OSE as the root cause of

HGSOC, which are: 1) Absence of any identifiable precursor lesion or in sifu carcinoma in the



ovaries in a number of HGSOC patients [29,30]; 2) The histological resemblance of HGSOC tissue
with the extra-ovarian tissues originating from the Miillerian duct, especially the fallopian tube
[31]. Positive outcomes in risk-reducing prophylactic salpingo-oophorectomy in BRCA mutated
patients suggest the possible involvement of the fallopian tube in the pathogenesis of HGSOC [16].

Piek et al. identified small dysplastic changes in the fallopian tube of BRCA mutation
carriers [32]. These lesions were later described as serous tubular intra-epithelial carcinomas
(STICs). STICs were described to be devoid of ciliated cells and located at the fimbriated region
of the fallopian tube, close to the ovaries [28]. Studies showed 38% of BRCA mutant women
carried STICs [33], and the frequent presence of p53 mutation and DNA damage marker YH2AX
within the STICs correlated with HGSOC incidence [30,34]. Kindelberger ef al. demonstrated that
52% of patients in advanced stage HGSOC carry STICs, strengthening the claim of the fallopian
tube as a source of HGSOC [34]. Karnezis ef al. suggested the stem-like properties of the cells at
the fimbriated end of the fallopian tube acts as a transitional zone, like that of the cervix, prone to
carcinogenesis [35].

In order to better characterize the early precursor lesion in the risk-reducing salpingo-
oophorectomy specimen of BRCA mutated patients, a new pathological protocol has been
developed known as Sectioning and Extensively Examining the Fimbriated End (SEE-FIM), in
which the tube is extensively sectioned and entirely submitted or histologic assessment. Routine
SEE-FIM has helped to detect lesions preceding STIC, p53-signature, and serous tubal
intraepithelial lesion (STIL) [36]. pS3 signature bearing cells are normal-looking tubal epithelia
that overexpress p53, whereas STIL shows cytological atypia that falls short of STIC [18,37,38].

While p53 signature, STIL, and STIC show similar strong and diffuse p53 immunoexpression in



at least 12 consecutive secretory cells in the standard tissue section, the proliferation index measure
by Ki-67 is much lower in p53 signature in STIL (<3%) than STIC (>10%) [36].

A new unifying theory connects both OSE and the fallopian tube as the primary source
of HGSOC via a process called “endosalpingiosis”, where early implantation of secretory
epithelial cells of the distal fallopian tube (FTSEC) within the OSE may lead to the incorporation
of fallopian tube tissue in the cortical inclusion cysts (CIC) of the ovaries, promoting metaplasia
[35,39]. Recently two studies indicated the dualistic origin of HGSOC (Figure 1.2). Zhang et al.
reported the formation of HGSOC phenotype in genetically engineered mouse models carrying
organoids generated from RB inactivated and 7P53 mutated fallopian tube epithelium (FTE) as
well as OSE; however, the tumors derived from FTE and OSE carried distinct transcriptome and
differential chemosensitivity patterns. Tumors originating from OSE showed longer latency on
metastasis and lower penetrance to metastatic tissue [40]. Lo Riso and colleagues utilized a DNA
methylation tracer to identify the variance between FTE and OSE, and correlated the identified
criteria with formalin-fixed paraffin-embedded (FFPE) HGSOC tumor samples. The authors
observed that the HGSOC cells from the FFPE samples retained DNA methylation trace of two

different cells of origin: FTE and OSE [41], suggesting dual sites of origins for HGSOC.
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Figure 1.2: Origin of HGSOC: A. At the fimbriated end of the fallopian tube, precancerous lesion
is formed. (From left to right) Normal tubal ciliated epithelium transitions by losing cilia, acquiring
pS53 signature (blue cells), forms serous tubal intraepithelial lesion (STIL) and serous tubal
intraepithelial carcinoma (STIC). STICs can become invasive within the fallopian tube and can
detach and invade surrounding tissues like the ovaries and the peritoneum. (B) Cortical inclusion
cysts at the surface of the ovaries may undergo hormonal and inflammatory changes leading to
metaplasia. (C) Early implantation of secretory fallopian tube epithelium in the cortical inclusion

cyst, known as endosalpingiosis, may undergo metaplasia. (Diagram created on

https://biorender.com/)
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1.1.6 Staging of ovarian cancer

The Gynecologic Oncology Committee of FIGO revised the staging of ovarian cancer,

which incorporated the ovarian, fallopian tube, and peritoneal cancers [42]. Previously, the staging

protocol considered the ovary as the sole primary site for ovarian cancer, which confounded

accurate diagnosis as many ovarian cancers may present without any primary lesion in the ovaries.

Furthermore, incorporating the fallopian tube in the staging of ovarian cancer has been essential

due to the emerging perspective establishing the fallopian tube as important primary sites of origin

for more than 80% of cases of HGSOC [43].

Table 1.1 enlists the different stages of 2014 International Federation of Gynecology

and Obstetrics staging classification of ovarian, fallopian tube, and peritoneal cancer [42].

Table 1.1: FIGO staging classification for cancer of the ovary, fallopian tube, and

peritoneum
Stage Staging criteria
Stage I Tumor confined to ovaries or fallopian tube

IA Tumor limited to one ovary with the capsule intact or fallopian tube; no tumor on
the surface of the ovary or fallopian tube, no malignant cells in the ascites or
peritoneal washing

1B Tumor limited to both ovaries with the capsule intact or fallopian tubes; no tumor
on the surface of the ovary or fallopian tubes, no malignant cells in the ascites or
peritoneal washing

IC Tumor limited to one or both ovaries or fallopian tubes with any of the following:

IC] -Surgical spill

1C2 -Capsule ruptured before surgery or tumor on ovarian or fallopian tube surface

1C3 -Malignant cells in the ascites or peritoneal washings

Stage I | Tumor involves one or both ovaries or fallopian tubes with pelvic extension

(below pelvic brim) or peritoneal cancer

ITA Extension and/or implants on the uterus and/or fallopian tubes and/or the ovaries

1IB Extension to other pelvic intraperitoneal tissues

Stage III | Tumor involves one or both ovaries or fallopian tubes, or peritoneal cancer,
with cytologically or histologically confirmed spread to the peritoneum
outside of the pelvis and/or metastasis to the retroperitoneal lymph nodes
IIJA1 Positive retroperitoneal lymph nodes only (cytologically/ histologically)

12



11141(i) -Metastasis up to 10 mm in the greatest dimension

1A (i) -Metastasis more than 10 mm in the greatest dimension
IITIA2 Microscopic extra-pelvic (above the pelvic brim) peritoneal involvement with or
without positive retroperitoneal lymph nodes
I11B Microscopic peritoneal metastasis beyond the pelvis up to 2 cm in greatest
dimension, with or without metastasis to the retroperitoneal lymph nodes
IcC Macroscopic peritoneal metastasis beyond the pelvis more than 2 cm in greatest

dimension, with or without metastasis to the retroperitoneal lymph nodes
(includes extension of the tumor to the capsule of the liver and spleen without
the parenchymal involvement of either organ)

Stage IV | Distant metastasis excluding peritoneal metastasis

IVA Pleural effusion with positive cytology

IVB Parenchymal metastases and metastases to extra-abdominal organs (including
inguinal lymph nodes and lymph nodes outside of the abdominal cavity)

The 5-year survival rates of patients according to the stages, regardless of the
histology, are as follows: 89% for stage I EOC, 71% for stage Il EOC, 41% of stage III EOC, and
20% for stage IV EOC [44]. Unfortunately, symptoms are generally detected at the advanced stages
in 75-80% of cases of EOC [19]. Only 13% of the serous ovarian cancers are diagnosed at the early
stages: stage [ or II. In the case of HGSOC, early detection of the disease results in 55% of patients
with 10-year survival, whereas late-stage diagnosis leads to 15% of patients with 10-year survival

[45].

1.1.7 Dissemination of ovarian cancer within the body

A unique feature of epithelial ovarian cancer (EOC) metastasis is the lack of spread
through hematogenous or lymphatic routes like other cancers of epithelial origin. In particular, the
spreading of HGSOC is orchestrated toward the adjacent organs within the peritoneal cavity by
either direct extension or detachment of cells from the primary tumor [30]. Notably, there is no
anatomical barrier between the fluid-filled peritoneal cavity and the tumors located in the ovaries

or fallopian tubes, which could aid in restricting the spread of the disease through the transcoelomic
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route [46,47]. Exfoliated cells from the primary tumor site become suspended in the peritoneal fluid
and are spread through the passive force of gravity and diaphragmatic movement during respiration
to reach the secondary deposit sites [30]. The fatty omentum has been documented to be the most
invaded, approximately in 80% of HGSOC cases. The reliance of HGSOC cells toward -
oxidation of fatty acids has been demonstrated during co-culturing of adipocytes with ovarian
cancer cells, which could explain the predilection for the omentum, wherein proinflammatory
cytokines and IL-8 released from the adipocytes promoted homing and invasion of cancer cells
[48].

The development of malignant ascites is a key presenting feature in advanced stage
HGSOC, which has been correlated with secondary blockage of the lymphatic system and release
of angiogenic factors promoting vascular permeability [30]. Release of vascular endothelial growth
factor (VEGF) has been associated with the development of ascites during transcoelomic
metastasis of EOC, and the use of VEGF antagonists reduced the volume of accumulated ascitic
fluid and the frequency of required drainage of ascites [47,49,50].

One lingering question in the pathobiology of HGSOC has been understanding the role
of the multicellular clusters found in the ascitic fluid of patients. Recently, it has been demonstrated
that the three-dimensional floating clusters obtained from HGSOC patients during different stages
of the disease are able to replicate the disease in animal models with histological features
resembling HGSOC; this study indicates the necessity of considering the role of multicellular
deposits and the interactions within the tumor microenvironment as a potential therapeutic target
for HGSOC [51].

Understandably, hematogenous metastasis has been grossly disregarded in the

metastasis of EOC due to the absence of disease in advanced-stage patients who received
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peritoneovenous shunts spilling a considerable amount of tumor cells in the circulation [52].
However, the presence of cancer cells in the circulation of EOC challenges the existing paradigm
of intraperitoneal dissemination only [53]. Furthermore, the recent emergence of in vivo studies has
demonstrated that tail-vein introduction of ovarian cancer cells may preferentially deposit into the
ovaries and replicate the clinical presentation of EOC, which underpins the need for further

understanding of possible hematological dissemination in ovarian cancer [54].

1.1.8 Disease presentation of high-grade serous ovarian cancer

Early-stage EOCs are either asymptomatic or non-specific, which contributes to the
delayed diagnosis. Aggressive EOC subtype HGSOC is rarely detected during early stages; the
median age of diagnosis is 63 years in the US [12]. Patients typically present with abdominal pain,
bloating, diarrhea or constipation, nausea, weight loss, and acid reflux. Depending on the spread
of the disease, more symptoms may arise, like, fatigue, back pain, tenesmus, elevated urinary
frequency, vaginal bleeding, and respiratory symptoms of cough and dyspnea. Specific signs in
advanced stages include ascites, increased abdominal girth, palpable abdominal masses, and
pleural effusion due to distant metastasis [13,19].

To date, no singular screening method has proven to be sufficiently effective in the
early detection of EOC and contributing to reducing mortality [8]. Elevation of blood CA125-a
transmembrane glycoprotein of the membrane-associated mucin class—in the blood plasma, along
with positive transvaginal ultrasonography, has provided benefit in early detection, but failed to
improve patient outcome [55,56]. Furthermore, early detection of heritable BRCA mutation and
associated prophylactic salpingo-oophorectomy has been reported to be positive in preventing the

onset of ovarian cancer [57]. An international collaborative endeavour has been in place for
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developing an early detection methodology of endometrial and ovarian cancer. In this study, the
authors analyzed DNA extracted from the fluid obtained during the routine Papanicolaou (PAP)
test. Out of 245 ovarian cancer patients, 34% demonstrated early-stage disease. The group further
reported that intrauterine sampling with a TAO brush—a small flexible brush utilized to span the
entire inside of the uterus for a complete sampling of the endometrium [58] — showed higher
detection than endocervical sampling with a PAP brush, which was 45% percent out of 51 ovarian
cancer patients. Furthermore, circulating tumor DNA was assessed from the blood plasma of 83
ovarian cancer patients and 43% of them were reported to carry circulating tumor DNA. The
authors suggested that the combination of PAP brush samples and plasma samples increases the
sensitivity of detecting ovarian cancer [59].

Initial diagnosis is made via radio imaging by CT, MRI, or PET following pelvic and
rectovaginal examination and transvaginal sonography [8]. Radio-imaging typically presents
hyper-vascular peritoneal masses with omental or peritoneal nodules. Serum CA125 is usually
significantly high in advanced-stage disease ranging 500-1000 U/mL; however, serial detection of
CA125 has more prognostic value than its role in diagnosis. Following the initial favourable
response to platinum-based drugs, CA125 is decreased; however, a relapse of disease is usually
associated with re-elevation of CA125 in the serum. As long as the patient remains sensitive to
platinating agents, CA125 is decreased following each chemo-cycle; however, elevated CA125
despite re-challenging with platinum indicates initiation of clinical resistance to platinum-based

treatment [8,23].
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1.1.9 Treatment modalities of high-grade serous ovarian cancer
1.1.9.1 Surgery

Surgery followed by cytotoxic chemotherapy is the mainstay treatment protocol for
HGSOC. Upon initial diagnosis of the disease, debulking surgery is performed that involves
laparotomy through a midline incision, with a full exploration of the abdominal cavity in an attempt
to remove all the visible tumor growth with concomitant hysterectomy, salpingo-oophorectomy
and omentectomy [60].The aim of the surgery is to achieve complete resection, which is defined
by the absence of any macroscopic residual disease. The aggressive surgical technique also
involves systematic dissection of the pelvic and para-aortic lymph nodes; however, the recent
LION (Lymphadenectomy In Ovarian Cancer) study suggested the omission of the resection of
clinically negative lymph nodes to reduce postoperative morbidity and mortality in patients with
advanced EOC [61]. The debulking surgery in HGSOC is performed preferably by a gynecologic
oncologist, not by a general surgeon, if feasible, as the level of macroscopic residual disease has
been established as the most relevant prognostic factor of progression-free survival (PFS) and
overall survival (OS) [8]. In practice, due to the prevalence of patients presenting initially with
advanced metastatic disease, achieving complete resection is difficult, and the objective of the
surgeon is to establish the optimal degree of cytoreduction—defined by the presence of residual
cancer with a diameter no more than 1 cm. The presence of any macroscopic disease with a
diameter greater than 1 cm is termed as suboptimal cytoreduction [8,60]. In 2009, Du Bois et al.
conducted a meta-analysis of three clinical trials on patients receiving debulking surgery (AGO-
OVAR 3, 5, and 7), and observed a 63.5% and 70.1% reduction in the survival of patients receiving
optimal and suboptimal cytoreduction, respectively, in comparison with the patients receiving

complete resection [62], The superiority of complete resection over optimal and suboptimal
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cytoreduction resulting in improved patient survival was further proven in subsequent analyses of
newer clinical trials [63-65].

Due to extensive disease or logistical inaccessibility, the primary debulking surgery
may be withheld, and the patients are generally treated with three cycles of chemotherapy prior to
the surgery. The practice of chemotherapy before surgical reduction of tumor is known as
neoadjuvant chemotherapy (NACT), and the debulking surgery after NACT is termed as interval
debulking surgery (IDS) [60]. Two randomized trials indicated no survival benefits between
primary debulking surgery and IDS [66,67]; however, criticism has been arisen due to potential
recruitment bias of advanced-stage patients and low frequency of complete resection [60]. As such,
an additional clinical trial is ongoing to assess the efficacy between NACT followed by IDS and
primary debulking surgery with complete resection (NCT02828618), in order to fine-tune the
current surgical protocol.

The prospect of secondary debulking surgery in patients having a recurrence of the
disease has been debated. In randomized trial DESKTOP III/ ENGOT OV20, patients with a
relapsed disease but still sensitive to traditional chemotherapy, showed improved survival by 5
months when complete resection was achieved than the patients without undergoing surgery
[60,68]. However, in the Gynecology Oncology Group (GOG) 0213 study on patients with
platinum-sensitive recurrence treated with targeted therapy bevacizumab, patients with secondary
surgery showed no survival benefit over the patients without surgery [69]. Since the inclusion
criteria and study protocol varied between these two trials, the benefit of secondary surgery in
recurrent EOC needs to be further evaluated in newer studies. In an alternate approach, studies are
ongoing to test the feasibility of imaging and laparoscopy to achieve resection and surgical staging

during the management of EOC patients [70-72].
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1.1.9.2 Evolution of systemic therapy in ovarian cancer

Patient management of EOC with surgery is associated with systemic therapy, which
has been evolved extensively over the years. The chronology of adapting systemic therapies started
when ovarian cancer was successfully treated with cytotoxic chemotherapy [8]. In the 1950s, the
first class of chemotherapeutic drugs introduced in the treatment regimen were alkylating agents.
The alkylating agents added bulky alkyl groups to guanine nucleotide bases, physically inhibiting
the DNA synthesis and causing DNA damage response. Some important alkylating agents used in
ovarian cancer are melphalan, thiotepa, and cyclophosphamide [73]. Later, other types of cytotoxic
agents were introduced in the treatment regimen of ovarian cancer, namely, methotrexate, 5-
fluorouracil, doxorubicin, and hexamethylmelamine [74]. Initially, the mentioned cytotoxic agents
were used as a single agent; however, it was soon realized that combining different therapies
having diverse mechanistic approaches may provide with synergistic benefits and may reduce the
risk of chemoresistance. The common combination regimen used to treat ovarian cancer prior to
the 1970s consisted of cyclophosphamide and doxorubicin, with the addition of methotrexate and
5-fluorouracil [74].

The discovery of the biological functions of cisplatin drove a paradigm shift in the
systemic therapeutics of many cancers, including that of the ovaries. Cisplatin—cis-
diamminedichloroplatinum—is a platinum compound originally synthesized by Michele Peyrone
in 1845, hence known as Peyrone’s salt [75]. In 1965, Dr. Barnett Rosenberg discovered the growth
inhibitory properties of cisplatin on Escherichia coli [76] and, by 1968, he demonstrated marked
regression of murine sarcoma-180 in response to non-lethal dosing of cisplatin at 8 mg per kg [77].

Following Dr. Rosenberg’s experiment, interest around cisplatin gained traction, and the first
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cancer patient was treated by 1971—ultimately leading to the first approval against testicular and
bladder cancers by the US Food and Drug Administration (FDA) in 1978 [75].

In 1976, cisplatin demonstrated considerable efficacy in a phase II study in patients
with advanced adenocarcinoma of the ovary refractory to the then conventional chemotherapy. 9
out of 34 patients showed therapeutic responses ranging from 3 to 15 months [78]. From 1984 to
1986, multiple randomized clinical trials were conducted in patients with ovarian cancer, which
tried combining cisplatin with the conventional chemotherapeutic regimen available at the time
[79-82]. In 1986, a phase III trial conducted by the Gynecologic Oncology Group (GOG) tested the
efficacy of cyclophosphamide and doxorubicin with or without cisplatin in EOC patients, where
the cisplatin receiving group showed nearly doubled complete response rate and progression-free
survival (PFS), and better overall survival (OS) compared to the group not receiving cisplatin [81].
Later, the same group demonstrated that the combination of cisplatin and cyclophosphamide was
equally effective with or without doxorubicin against EOC, displacing doxorubicin from the
existing treatment protocol [82]

In the late 1980s, the group of drugs called taxanes, isolated from the bark of the
pacific yew tree (Taxus brevifolia), were emerging as cancer therapeutic—of which paclitaxel was
the prototypical drug [83]. The taxanes inhibit the depolymerization of the 3 tubulin, leading to the
stabilization of the microtubular cytoskeleton and halting the formation of the mitotic spindle
[83,84]. As a result, the treated cells undergo mitotic failure, accumulating in the metaphase [85]. It
is believed that the microtubule-stabilizing effect is associated with taxane-mediated cell death
[86]. Paclitaxel showed promising efficacy against ovarian adenocarcinoma by 1992 [87]. In a
landmark study in 1996, ovarian cancer patients were treated with either cisplatin or

cyclophosphamide with or without paclitaxel. The cisplatin-paclitaxel group demonstrated better
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PFS, OS and higher response rate, prompting the displacement of cyclophosphamide in the ovarian
cancer treatment regimen [88]. In the meantime, due to the increasing toxicity of cisplatin, a new
platinum derivative, carboplatin, has been developed as a better alternative resulting in improved
renal function [89]. Finally, in subsequent clinical trials, patients were tested with carboplatin or
cisplatin with or without paclitaxel [90-93], and the combination of carboplatin or cisplatin with

paclitaxel has been established as the standard of care since then [74].

1.1.9.3 Modes of administration of systemic therapy and associated toxicity

Ovarian Cancer Practice Guideline by the National Comprehensive Cancer Network
(NCCN) provided the latest recommendations for treating HGSOC patients following upfront
primary debulking surgery [94]. For stage I disease, paclitaxel and carboplatin combination is
preferred. The standard dosing is paclitaxel 175 mg/ m? intravenously over 3 hours followed by
carboplatin area under the plasma concentration-time curve (AUC) 5-6 intravenously over 30
minutes. The cycle is repeated every 3 weeks for 6 cycles [94]. For stage II to stage IV diseases,
intraperitoneal (IP) or intravenous (IV) drug administration can be performed. The IP protocol is
paclitaxel 135 mg/m? IV over 3 hours or continuous infusion over 24 hours on day 1, followed by
cisplatin 75-100 mg/m? IP infused as rapidly as possible via IP port on day 2. On day 8, paclitaxel
60 mg/ m? IP infusion is given via IP port as rapidly as possible. This cycle is repeated every 3
weeks for 6 cycles. The IV protocol for stage 1T to IV HGSOC recommends paclitaxel 175 mg/m?
IV over 3 hours followed by carboplatin AUC 5-6 IV over 30-60 minutes, every 3 weeks for 6
cycles. Variations of these protocols are: 1) paclitaxel 80 mg/m? over 1 hour on days 1, 8, and 15.
Carboplatin is given on day 1 following paclitaxel, AUC 5-6 over 30-60 minutes. The cycle is

repeated every 3 weeks for 6 cycles; 2) paclitaxel 60 mg/m? over 1 hour followed by carboplatin
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AUC 2 IV over 30 minutes, weekly for 18 weeks [94]. Variations of the existing protocol are
provided in the NCCN guideline for adjustment with patients’ needs and to be administered under
physicians’ discretion, which include different dosage and scheduling as well as other drug
combinations; however, platinum derivatives are considered the base drugs for all protocols of
systemic therapy for HGSOC [94].

Although the current NCCN guideline suggests the use of carboplatin for HGSOC
patients because of its low toxicity profile, cisplatin is still administered routinely throughout the
world, and the target concentration is 75 mg/m? [60]. The current therapeutic protocol has been
established from the inferences of multiple clinical trials aimed at optimizing the combination of
multiple drugs. Bookman et al. suggested from a 5-arm phase III randomized controlled trial
combining paclitaxel and cisplatin regimen with either gemcitabine, pegylated liposomal
doxorubicin, or topotecan, that doublet chemotherapy is optimal [95]. Weekly dose-dense
chemotherapy with paclitaxel with carboplatin once every three weeks showed promising
improvement in PFS and OS in Japanese women [96,97]. However, two similar studies, the
Multicenter Italian Trials in Ovarian Cancer (MITO-7), and the ICON8 (NCT01654146), did not
recapitulate the improvement of PFS, indicating possible inter-racial variation of sensitivity toward
platinum-paclitaxel therapy [98,99]. In the GOG-0262 study, (NCT01167712) weekly dose-dense
paclitaxel and carboplatin once every three weeks was given with or without antiangiogenic agent
bevacizumab. The arm not receiving bevacizumab resulted in a small improvement of PFS of 3.9
months [100].

A classic presentation of advanced stage HGSOC is intraperitoneal dissemination; as
such, it is conceivable that direct exposure of the intraperitoneal metastatic deposits toward

chemotherapy might be beneficial. Studies have shown a 20-fold increase in the local
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concentration of cisplatin and a 1000-fold increase in the local concentration of paclitaxel through
the IP route [101,102]. Several randomized trials showed significant improvement in PFS and OS
through IP administration [103,104]; however, trials giving cisplatin at a dose of 100 mg/m? showed
significant toxicity in patients [105]. As such, the cisplatin IP dose has been targeted at 75 mg/m?
up till now [60], since the first recommendation of IP cisplatin by the US National Cancer Institute
in 2006 [106]. Replacing cisplatin for carboplatin for IP infusion improved the tolerability;
however, it is yet to be cleared whether the regimen is as efficacious as IP cisplatin infusion [104].
A randomized, multicenter phase III trial on 245 patients demonstrated the efficacy of adding a
cycle of hyperthermic IP chemotherapy (HIPEC) to the abdominal cavity at the time of surgery.
The median recurrence-free survival of the group receiving cytoreductive surgery without HIPEC
was 10.7 months, whereas it was 14.2 months in the group undergoing surgery with HIPEC. The
median OS in the non-HIPEC group with surgery was 33.9 months, whereas the median OS in the
HIPEC group with surgery was 45.7 months [107]. Nevertheless, IP administration of cisplatin
induces considerable toxicity, although the benefits outweigh the risks in advanced patients, and
routine hydration with supplemental electrolytes pre- and post-administration of cisplatin is
recommended [94]

Administration of cisplatin is associated with several toxic reactions to the patients
and requires additional management pre- and post-chemotherapy. Standard-dose (50-100 mg/m?)
IV cisplatin undergoes a rate of elimination of 25% within 24 hours and 50% within 5 days, among
which 90% of elimination is achieved through renal excretion [108]. Single dose of 50 mg/m?
results in renal toxicity in 28-36% patients [109] . Hydration with at least 3 liters of isotonic saline
solution per day and post-hydration mannitol reduces the risk of renal failure due to cisplatin-

induced renal injury [108]. Antioxidants selenium and vitamin E have been suggested to reduce
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cisplatin-induced reactive oxygen species (ROS) associated ototoxicity [110], hepatotoxicity [111]
and neurotoxicity [112]. Marked nausea and vomiting is expected in most of the patients, with
diarrhoea, loss of appetite, metallic taste, and mucositis [109]. Supportive medications for
gastrointestinal side effects are famotidine, ondansetron, olanzapine, and aprepitant. To reduce
allergic reactions, dexamethasone and diphenhydramine are added. Routine administration of

magnesium sulphate is preferred to avoid hypomagnesemia [113].

1.1.9.4 Treatment of relapsed and resistant disease

Approximately 80% of HGSOC patients develop relapsed disease after the first
administration of platinum-based chemotherapy, among which almost 50% remain responsive to
platinum [13]. However, the sensitivity to platinum eventually diminishes over time, leading to
platinum-resistant disease [8,13]. By definition, a platinum-free interval for more than 6 months is
known as platinum-sensitive disease, whereas a platinum-free interval of less than 6 months is
considered platinum-resistance [60]. During remission, 2 to 4 monthly follow-ups of CA-125 is
performed to monitor for disease relapse [13]. The disease can be asymptomatic at the beginning,
despite an increment of the level of CA-125, which is considered as an early sign of disease relapse
[13]. The doubling of CA-125 level above the upper limit of normal is confirmatory for disease
relapse [114]. Rustin and colleagues have shown no improvement in patient outcome if standard
therapy is re-commenced early during the asymptomatic phase, compared to delayed treatment
[115]. Unless the disease has recurred with a discreet, localized mass diagnosed through
radioimaging, a second cytoreductive surgery is not common [8]. Palliative surgery is required in
some patients to relieve intestinal obstruction [114]. In platinum-sensitive patients, standard

platinum-based therapy can be re-initiated; however, it may lead to a potential life-threatening
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platinum hypersensitivity reaction [13]. In platinum-resistant patients, disease recurrence is
managed by salvage therapy with a 10-15% average response rate and PFS of 3-4 months. Salvage
therapy is provided with the use of the following drugs: pegylated liposomal doxorubicin,

topotecan, gemcitabine, etoposide, and vinorelbine [13].

1.1.9.5 Targeted therapy

The principle of targeted therapy is based upon targeting altered signaling pathways
leading to cancerous changes in normal cells. Two small-molecule inhibitors have been approved
as targeted therapies against HGSOC: poly (ADP-ribose) polymerase (PARP) inhibitors and
bevacizumab [60]. Bevacizumab, a humanized monoclonal antibody against vascular endothelial
growth factor (VEGF), was approved for ovarian cancer on June 13, 2018 by the FDA [116].
Bevacizumab, acting as an antiangiogenic agent, has proven to be effective in reducing ascites due
to VEGF induced capillary leakiness [60]. Two landmark trials prompted the approval of
bevacizumab for ovarian cancer: GOGO0218 [117] and ICON7 [118], showing significant
improvement in PFS to concurrent and maintenance administration of bevacizumab. In the ICON7
trial, the high-risk group with inoperable stage III and stage IV disease showed maximum benefit
with a median overall survival of 9 months with bevacizumab therapy [119]. A recent randomized
phase III trial MITO16B-MaNGO OV2B-ENGOT OV17 suggested that bevacizumab increases
PFS at recurrence, following initial first-line therapy including bevacizumab [120]. Pujade-Laurine
and colleagues reported significant improvement in PFS during platinum-resistant recurrence
when bevacizumab was given with weekly paclitaxel, doxorubicin, or topotecan [121]. Despite
beneficial effects, bevacizumab induces considerable toxicities resulting in delayed wound

healing, bowel perforation and fistula formation, and hypertension [60].
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Other antiangiogenic agents currently on trials are pazopanib, sorafenib, sunitinib,
cediranib, aflibercept, and AMG386 [60]. Among these, cediranib has shown single-agent activity
in both platinum-sensitive and -resistant disease and has shown improved PFS when combined
with the standard cytotoxic therapy or as maintenance therapy [122,123].

PARP inhibitors utilize the phenomenon of “synthetic lethality”, where the loss of
function of a single gene is withstood by the cells; however, additional loss of function of another
gene results in lethality [124]. PARP enzymes are required for base excision repair (BER) of DNA
single-strand breaks (SSB). Inhibition of PARP results in the accumulation of a multitude of SSBs,
which leads to the collapse of the replication forks and ultimately leads to the DNA double-strand
breaks (DSB) that need to be repaired by homologous recombination [125]. A majority of HGSOC
patients are deficient in the homologous recombination DNA damage repair pathway, especially
the group harbouring mutations to the genes BRCA I/2—important mediators of the homologous
recombination pathway [126]. Several PARP inhibitors are available for the treatment of HGSOC:
olaparib, niraparib, and rucaparib [60]. Early phase I trial showed a 28% radiologic response in
patients receiving 200 mg olaparib twice daily [127]. Subsequent phase II trial suggested better
efficacy of olaparib than pegylated liposomal doxorubicin in BRCAI mutated patients [128]. A
second phase II study reported a 50% objective response rate in BRCA-wild type cohort of
recurrent HGSOC and a 60% objective response rate in BRCA-mutated cohort of platinum-
sensitive recurrent HGSOC [129]. In 2014, olaparib was approved by the European Medicines
Agency (EMA) for use as a maintenance therapy in platinum-sensitive recurrent disease in BRCA
mutated patients [13]. A phase III study SOLO2 also confirmed the efficacy of olaparib as
maintenance therapy in BRCA mutant patients with platinum-sensitive recurrent disease [130].

Based on two clinical trials, rucaparib and niraparib have been approved to treat relapsed HGSOC
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irrespective of BRCA mutations. In these phase Il trials, rucaparib and niraparib were administered
as maintenance therapy, which prolonged the PFS of both BRCA wild type and BRCA mutant

patients of platinum-sensitive recurrent HGSOC disease [131,132].

1.1.10 Emergence of platinum-resistance in cells

Cisplatin resistance phenotype may develop at different levels of the mechanism of
action of cisplatin. The anti-cancer mechanism of cisplatin can be divided into two modules:
cytoplasmic and nuclear [133]. Plasma resided cisplatin enters the cells via passive diffusion or
active transport by copper transporter protein (CTR1) [134]. Within the cells, the chloride
concentration is lower (4-20 mM) than that of the extracellular milieu (100 mM), which causes
displacement of the chlorides within the cisplatin molecule by water—a process known as aquation
[135]. Mono- and di-aquated cisplatin are active compounds and potent electrophiles, which can
bind with endogenous nucleophiles like reduced glutathione (GSH), metallothioneins, cysteine
residues of intracellular proteins, methionine, etc.; exhausting the cytoplasmic reduced equivalents
and inducing oxidative stress [133]. Parallelly, the intracellular antioxidant system inactivates the
aquated cisplatin [133].

Inside the nucleus, aquated cisplatin can bind with the DNA with a predilection for the
N7 site of the imidazole ring of guanine, leading to the formation of platinum-DNA mono-adducts,
intra- and interstrand adducts [75,136]. Previously, most of the cisplatin-induced cytotoxicity had
been attributed to platinum-DNA adducts, especially 1,2-intrastrand ApG and CpG crosslinks
[137]; however, it has been proven afterwards that only 1% of cisplatin can bind with genomic
DNA [138], and cisplatin is also cytotoxic within the cells without the nucleus— containing only

the cytoplasts, likely by targeting the mitochondria [139]. The formation of platinum adducts
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creates distortion of the DNA recognizable by multiple DNA damage repair systems, especially
the nucleotide excision repair (NER) and the mismatch repair (MMR) systems [133]. Initially, and
when the damage is not extensive, cells are arrested at the S and G2 phase of the cell cycle to
maintain DNA integrity and halt mitosis [140]. However, cisplatin-induced irreparable DNA
damage leads to apoptotic death, which involves the activation of the ataxia telangiectasia, mutated
(ATM) and RAD3-related protein (ATR) and their downstream effector checkpoint kinase 1
(CHK1). CHK1 phosphorylates the tumor suppressor protein p53 at serine 20, which stabilizes the
protein [141]. Activated p53 leads to activation of cell death through a variety of mechanistic
pathways, which may involve mitochondrial outer membrane permeabilization or death receptor
mediated signaling [142,143]. Cisplatin adducts have also been shown to modulate p73, JUN-amino
terminal kinase (JNK), and p38 mitogen-activated protein kinase [133].

Pre-target resistance to cisplatin may arise due to decreased intracellular accumulation
of cisplatin or enhanced intracellular sequestration of cisplatin [133]. Knockdown of CTRI1 in
mouse embryonic fibroblasts led to decreased accumulation of cisplatin [134]. Holzer and Howell
demonstrated that clinically relevant concentrations of cisplatin mediate the downregulation of
CTRI via proteasome-mediated degradation, which may contribute to acquired cisplatin resistance
[144]. Over the past decade, multiple transporters for intracellular cisplatin influx have been
proposed, like, OCT2, OCTN1, OCTN2, volume regulated anion channels (VRAC), and their roles
in cisplatin resistance are emerging [145]. For instance, VRACs are composed of leucine-rich
repeat containing 8§ (LRRCS8) motifs [146]. A CRISPR-Cas9 mediated genome-wide knockout
screen for cisplatin resistance in BRCA /-mutated ovarian cancer cells showed a significant hit on
LRRCS8D [147]. Among the multidrug-resistant proteins (MRP), MRP2 has shown significant

efflux of cisplatin from the cisplatin-resistant cells [148]. Sequestration of cisplatin by intracellular
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antioxidant reserves limits the level of reactive cisplatin. As such, elevated GSH, glutathione S-
transferase and y-glutamylcysteine synthetase have been associated with cisplatin resistance [133].

On target resistance to cisplatin is mediated by the repair of intra- and inter-strand
DNA adducts of cisplatin, which can be achieved by increased recognition of adducts, increased
rate of reparation, or increased tolerability to cisplatin-induced DNA lesions [133]. The majority of
cisplatin-mediated intra-strand DNA lesions are removed by NER to maintain DNA integrity [133].
Among at least 20 protein participants in NER, the role of ERCC1 has been extensively studied,
which forms a heterodimer with ERCC4 and incises DNA at the 5’ end of the bulky cisplatin-
induced DNA lesion [149]. ERCC1 has been negatively correlated with cisplatin sensitivity in
multiple neoplasms [133]. The MMR system can also participate in cisplatin-induced DNA damage
repair [133]. Mutations in genes involved in MMR pathways, especially MSH2 and MLH, have
been implicated in acquired cisplatin resistance in multiple studies [133]. Translesion synthesis, a
replicative bypass process, has been implicated in the continuation of DNA replication in spite of
the cisplatin-induced DNA lesion [145]. Wojtaszek et al. demonstrated that a small molecule that
inhibits translesion synthesis may increase cisplatin sensitivity [150].

Inter-strand DNA adducts by cisplatin can lead to double-strand breaks and induce the
homologous recombination (HR) DNA damage repair pathway [133]. HR deficiency, especially
via mutation of BRCAI and BRCA2, has been reported to confer cisplatin sensitivity to cancer cells
[151]. Sakai et al. demonstrated that restoration of HR proficiency via secondary mutation in the
BRCA2 gene was responsible for 50% of cisplatin-resistant clones of pancreatic cancer cells in
vitro [152]. Furthermore, in mouse models of BRCA /-deficient mammary tumor, the maximum
tolerated dose of cisplatin was not able to elicit secondary drug resistance, implicating a major role

of HR deficiency in cisplatin sensitivity [153,154]. Pajic et al. suggested that drug-tolerant cells
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remained in a quiescent state in the BRCA /-mutated tumor, which was not completely eradicated
by the maximum tolerated dose of cisplatin. Tumor regrowth eventually happened from the drug-
tolerant cells; however, the cisplatin sensitivity persisted due to HR deficiency [154]. On the other
hand, Cooke et al. reported that drug-resistant clones preexist in the heterogenous ovarian tumor
mass without giving rise to newer mutations for acquired resistance [155].

Post-target resistance may be elicited due to alteration of signal transduction pathways
required for apoptosis in response to DNA-damage response [133]. Elevated levels of antiapoptotic
proteins Bcl-2, Bel-xL, and Mcl-1 have been correlated with cisplatin resistance in squamous cell
carcinoma of the oropharynx [156] and non-small cell lung carcinoma [157]. Increased level of
caspase inhibitory protein survivin has been negatively correlated with cisplatin response and
patient outcome [133]. Furthermore, survival pathways, such as — autophagy and activated
PI3K/AKT, can also confer non-specific resistance to cisplatin [133].

Recent reports indicate novel resistance mechanisms toward cisplatin elicited by tumor
microenvironment and the immune system [145]. Wang et al. demonstrated that cancer-associated
fibroblasts (CAF) protected the cancer cells from cisplatin-induced apoptosis in tumors harboring
both cancer cells and CAFs; the mechanism involved the release of glutathione and cysteine from
the CAFs [158]. Cells from innate and adaptive immune system can also modulate the sensitivity
to cisplatin [145]. For instance, in a co-culture of tumor cells with monocytes, cisplatin and
carboplatin activated IL-10 secreting M2 macrophages, which activated the tolerogenic STAT3
pathway [159]. Furthermore, CpG oligonucleotides, which are agonists of toll-like receptor 9,
increased the anti-tumor effects of cisplatin by downregulating DNA repair genes, XPC, XRCCb6,

XRCC?2 [160].
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1.2 Prospect of drug repurposing in developing novel and adjunct chemotherapy

The drug discovery and development pipeline underwent massive improvement over past
decades by structure-based drug discovery, launching of newer biotechnology companies,
increased R&D investment and expenditure in pharmaceutical companies [161]. However, the
current scenario of cancer drug development is not adequate to the real-life need of the patients.
Out of 5000-10000 prospective anti-cancer drug candidates, only one receives approval from the
United States Food and Drug Administration (FDA), and 5% of the cancer-related drug
compounds may be ready for entering a Phase 1 trial [162]. Most of the currently available cancer
drugs are still highly expensive with minimal improvement to the overall patient survival and are
associated with multiple side effects and possible drug resistance, which necessitates alternative
efforts for drug development [163,164].

Drug development comprises of design and production of compounds, examining the
efficacy, toxicity, pharmacokinetic, and pharmacodynamic profiling on in vitro and in vivo studies,
prior to testing the efficacy in humans in four Phases (I-IV). Most drugs fall short on efficacy in
the Phase II trials, despite proving efficacy in the Phase I trial, which likely means that the drug
did not hit the target effectively during Phase II [161]. However, diverse diseases demonstrate
common molecular origins, which suggests that almost 90% of the approved drugs and the
compounds that nearly missed approvals could provide secondary off-target efficacy to newer
indications [161]. The strategy to provide newer indications to already approved and market-
available drugs is called drug repositioning, drug repurposing, therapeutic switching, indication
switching, drug reprofiling, etc. This strategy has garnered considerable attention over the past
decades. The advantage of drug repurposing is that the pharmacokinetics, pharmacodynamics, and

toxicity profiles of the drugs are already approved via preclinical and Phase I studies, allowing
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rapid translation into Phases II and III clinical studies [161,165]. Currently, basic drug development
requires an average of 13 years of research (Figure 1.3), and an investment of US$1.8 billion for
transitioning a single chemical compound from the bench to the patient’s bedside [166]. The
prospect of drug repurposing significantly reduces the time and associated cost, providing chances
to the pharmaceutical companies to maximize their return on investments. It has been estimated
that the rate of molecular entities that enter the market through a regular drug development route
is 10% and 50% from Phase II and Phase III clinical trials, respectively, whereas the rates are 25%

and 65% for repurposed compounds [161].

Basic Drug In vitro In vivo FDA
research design efficacy efficacy Phase | Phase Il Phase Il filing
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Figure 1.3: Estimated time required for each step of drug development. Major steps of drug
development are basic research, drug design, preclinical toxicity and efficacy testing in vitro and

in vivo, and human trials up to FDA filing. Modified from [161].

The idea of drug-repurposing is not new, and historically a handful of drugs have been
repurposed to the market for newer indications. A derivative of glutamic acid, thalidomide, was
initially approved in the 1950s to be used as sedative-hypnotic to tackle morning sickness during
pregnancy [167]. However, in 1961, the drug was withdrawn from the market due to reports of
widespread teratogenic effects [168]. Further investigations associated antiangiogenic [169] and
DNA-damaging properties [170] of thalidomide with the lethal teratogenic effect; however,

paradoxical implication of the anti-angiogenic effect of thalidomide was described in case of
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refractory myeloma by Singhal and colleagues [171]. As such, a large number of multicenter
clinical trials were launched to test the anti-cancer efficacy of thalidomide, leading to its approval
by the FDA for multiple myeloma [167]. Similarly, a synthetic steroid mifepristone was developed
in the early 1980s as an inhibitor of the glucocorticoid receptor to treat Cushing’s syndrome [172].
However, during preclinical assessment, mifepristone—then termed RU-38486—was found to
terminate pregnancy [173], rapidly acquiring a different identity as an abortifacient drug. It was
discovered that mifepristone exerted its abortifacient activity by inhibiting the uterine progesterone
receptors [174], which led to its fast FDA approval for medical termination of pregnancies in 2000
in combination with prostaglandin analogues [175]. After 12 more years, mifepristone was finally
approved for its initially intended use—Cushing’s syndrome, on February 12, 2012 [175]. In
another example, systematic review and metanalyses indicated that chronic usage of metformin
had been associated with lower risk and incidences of diverse cancers in diabetic patients [176].
Metformin has been in use to manage type II diabetes for over four decades and has been shown
to activate a key regulator of cellular metabolism, the AMP-activated protein kinase (AMPK),
which is a negative regulator of mammalian target of rapamycin (mTOR)—a master gene for
cancer cell survival [161]. Metformin has been shown to downregulate mTOR via activating AMPK
[177] as well as Ras-related GTPase (Rag) [178], which may contribute to its secondary anti-cancer
effects. With a daily dosage of 500 mg/day, which is within the range of anti-diabetic dosing (250-
500 mg/day), a reduction in the incidence of gastroenterological cancers in diabetic patients has
been reported [179]. Moreover, the discovery and approval of bortezomib (BZ) for cancer is another
success story of rapid translational research of chemical compounds—originally developed for a
different indication. Bortezomib is a boronic acid compound with the propensity to bind with the

26S proteasomal subunit, which can specifically diminish the chymotrypsin-like activity of the
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proteasome [180]. The development of bortezomib, the first in class proteasome inhibitor, was part
of a project led in the company Myogenics in 1993, which focused on targeting the ubiquitin-
proteasome pathway to inhibit cancer-related muscle wasting (cachexia) due to fast protein
degradation [181]. Prior to that, drugs containing the boronate group were generally disregarded
within the medicinal chemists, due to failed phase II trials as anti-inflammatory agents against
emphysema. However, in the meantime, bortezomib was proven efficacious against tumor models
of lung cancer by reducing the tumor size and metastasis. Thus, the focus of bortezomib was shifted
towards its anti-cancer properties, especially via inhibiting the NF-kB pathway [180]. Bortezomib
was one of the compounds which were fast-tracked within a record time for the approval against
relapsed or refractory multiple myeloma in 2003 [181]. To date, usage of bortezomib has been
further approved for previously untreated multiple myeloma, light chain amyloidosis,
lymphoplasmacytic lymphoma, mantle cell lymphoma, and peripheral T-cell lymphoma.
Bortezomib is also potentially effective against other hematologic malignancies like acute myeloid
leukemia, acute lymphoblastic leukemia, diffuse large B-cell lymphoma, and plasmablastic
lymphoma [180].

Parvathaneni and colleagues have aptly divided the repurposing approaches into two broad
categories: 1) Serendipitous, and 2) Hypothesis driven (Figure 1.4) [165]. Repurposing of
sildenafil-an anti-hypertensive drug of the group phosphodiesterase type 5 inhibitor group—has
been a classic example of a coincidental finding of novel usage, which was later FDA approved
for erectile dysfunction disorder and pulmonary hypertension [182]. Hypothesis-driven repurposing
approaches are considered more structured and can be divided into two more subcategories: 1)
Experimental approach, and 2) Computational approach. Experimental approaches include

binding assays and phenotypic approaches. Targets enabled through proteomics and mass
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spectrometry can be further validated by utilizing binding assays to determine newer therapeutic
indications. For instance, quinone reductase 2—a new target determined for tyrosine kinase
inhibitor crizotinib—is considered a binding partner of acetaminophen in cell culture [165]. The
phenotypic approach utilizes traditional in vitro and in vivo disease modeling to determine newer
indications and mechanisms of action for approved drugs. One recent example of the phenotypic
approach for screening a compound library is identifying the filopodia inhibiting properties of L-
type calcium channel blocker anti-hypertensive drugs within cancer cells to prevent cancer cell
invasion [183]. Computational approaches involve data mining and bioinformatic analyses to
determine newer usage for available chemical compounds. The approach can be more focused as
being drug-centric and target-centric, or can start from a larger data set in knowledge-based,
pathway- or network-based and genetic-signature based approaches (Figure 1.4) [165]. In our
current study, we employed a hypothesis-driven experimental phenotypic approach to repurposing
the anti-infective agent nelfinavir against HGSOC, based on the available information on the anti-

cancer properties of nelfinavir [1].

@ Strategies for drug repurposing
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-@- Serendipity Hypothesis-driven
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Binding
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Drug Discovery Today

Figure 1.4: Schematic representation of multiple approaches to repurpose drugs. Adopted from

[165]

35



The prospects of repurposing drugs come with its own set of positive significances as well
as challenges. On one hand, approval for newer indications broadens the scope of better managing
patients who are suffering from orphan diseases as well as treatment-refractory stages of cancer.
Orphan diseases, according to the US criteria, are diseases that have low prevalence affecting less
than 200,000 people (Orphan drug act, 1983) [184]; as such, less R&D is dedicated toward these
diseases from traditional pharmaceutical companies. A number of cancers and rare genetic
disorders fall within the category of orphan diseases contributing to high mortality rate due to lack
of sufficient treatment options, for which drug-repurposing may be a viable solution [175].
Nevertheless, successful drug-repurposing can provide a higher global revenue stream for the
pharmaceutical companies as well as out-licensing probability for a new indication while retaining
the patent for the original indications, ultimately stimulating market growth [165]. Additionally, in
a resource-limited setting, drug repurposing may create low-cost alternatives for financially
underprivileged patients. On the contrary, repurposing for newer indications is not free from the
challenges of financial liabilities within the industry, stringent regulatory requirements, rigorous
market analysis, and preservation of intellectual properties [161,165]. The US National Center for
Advancing Translational Sciences (NCATS) has been advocating for discovering new therapeutic
uses of existing molecules for nearly a decade, by allocating financial incentives for small
pharmaceutical companies or academic research as well as promoting public-private sector
interactions. Overall, at present, it seems upon overcoming the bureaucratic and financial
challenges from the pharmaceutical companies, drug-repurposing may ultimately benefit patients
with diverse backgrounds of clinical history and socioeconomic patterns by providing viable

therapeutic options fast and with less cost.
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Table 1.2: Examples of successful drug repurposing events (modified from [185])

Drug name  Original indication New indication Year of approval

Zidovudine Cancer HIV/AIDS 1987

Minoxidil Hypertension Hair loss 1988

Thalidomide Morning sickness Multiple myeloma 2006

Mifepristone Cushing’s Termination of 2000
syndrome pregnancy

Sildenafil Angina Erectile dysfunction 1998

Celecoxib Painand  Familial adenomatous 2000
inflammation polyposis coli

Rituximab Cancers Rheumatoid arthritis 2006

Ketoconazole Fungal infection Cushing syndrome 2014

Aspirin Analgesia Colorectal cancer 2015

Raloxifene Osteoporosis Breast cancer 2007

Atomoxetine Parkinson disease Attention deficit 2002
hyperactivity disorder

Duloxetine Depression Stress urinary 2004
incontinence

Dapoxetine Analgesiaand  Premature ejaculation 2012

depression
Topiramate Epilepsy Obesity 2012

Fingolimod Transplant rejection Multiple sclerosis 2010




1.3 The anti-cancer properties of the anti-HIV drug nelfinavir
1.3.1 Introduction

Aspartyl protease inhibitors (PIs) are a group of drugs designed to target the aspartyl
protease enzyme of the human immunodeficiency virus (HIV). The ribonucleic acid (RNA) in HIV
encodes for two polyproteins—gag and gag-pol—which are cleaved at specific regions by an
aspartyl protease for the maturation of the nascent virions through morphologic changes and
condensation of the nucleoprotein core [186]. To date, ten HIV-PIs have been approved by the
FDA; they contain a synthetic analogue of the gag-pol polyprotein, having a sequence of
phenylalanine-proline at 167 and 168 regions (Figure 1.5) [187,188]. The HIV-PIs currently
available in the market are nelfinavir, saquinavir, ritonavir, indinavir, amprenavir, fosamprenavir,
lopinavir, atazanavir, darunavir, and tipranavir [188,189]. The HIV-PIs exert their therapeutic
benefit by inhibiting subsequent HIV infection in a patient; however, they do not exert any action
on cells already carrying integrated proviral DNA [186]. Thus, HIV-PIs have been in use in
combination with reverse transcriptase inhibitors to treat HIV-infected patients, constituting the

standard protocol of highly active antiretroviral treatment (HAART) [190].
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transcriptase,
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structural
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protease

HIV
protease

gag/gag-pol
Figure 1.5: Nelfinavir (NFV) competitively binds with the specific sequence of HIV-aspartyl

protease to inhibit the required cleavage of gag/gag-pol polypeptides for the maturation of the

virion.
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Rational drug designing of the HIV-PIs as peptidomimetics—based on the amino acid
sequence recognized by the HIV aspartyl protease—was intended to drive competitive binding of
the drug at the active site of the enzyme and disrupt the enzyme-substrate reaction [191].
Mammalian aspartyl proteases are weaker in cleaving and inhibiting the maturation of HIV
polyproteins than the HIV-residing enzyme; thus, it was expected that the HIV-PIs would spare
the human proteases and induce minimal toxicity. However, soon after the introduction of the HIV-
PIs in the HAART protocol, pleiotropic off-target effects of the HIV-PIs were reported. The
emergence of reports of remission from AIDS-associated cancers suggested anti-neoplastic
properties of HIV-PIs to be a potentially important off-target effect. For instance, Niehuse et al.
reported a case of complete regression of AIDS associated Kaposi’s Sarcoma (KS) in a 5-year old
child undergoing HAART regimen consisting of HIV-PI nelfinavir and reverse transcriptase
inhibitors zidovudine and lamivudine [192]. Lebbé [193] and Krischer [194] also reported
regression of KS in HIV-infected adults undergoing combination therapies of HIV-PIs and reverse
transcriptase inhibitors. Initially, the reduction in AIDS-associated cancers was attributed to the
immune-reconstitution of the body because of improved CD4+ T cell count and the reduction of
overall viral load; however, later reports suggested that direct off-target anti-cancer action by HIV-
PIs could be possible. Sgadari et al. suggested that the antiangiogenic properties of indinavir and
saquinavir contributed to the regression of KS in mice models [195,196], whereas Schmidtke et
al. demonstrated that ritonavir could affect the cellular proteasome activity in addition to its
immunomodulatory and virus-reducing actions [197]. Thus, multiple preclinical reports
suggesting the pleiotropic effects of HIV-PIs initiated the research for their possible anti-neoplastic

properties.
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Nelfinavir is a first-generation HIV-PI, which was approved by the FDA in March
1997 [198,199] for treating HIV infection. Due to the emergence of second and third generation
HIV-PIs, nelfinavir has been progressively displaced from the HAART protocol [200]; however,
nelfinavir exhibited maximum anti-neoplastic efficiency among the HIV-PIs. Wu et al. suggested
that a unique cis-decahydroisoquinoline-2 carboxamide moiety may be responsible for the higher
anti-neoplastic efficiency of nelfinavir. Analysis through a bioinformatical virtual docking system
suggested that nelfinavir can potentially bind at the ATP binding site of the EGFR (ERBBI)
protein, which was structurally compared with the same-site binding of the EGFR inhibitor
lapatinib [201]. Further molecular docking approaches predicted the probability of binding of
nelfinavir with cellular kinases [202] and Hsp90p protein [203], which may also contribute to its
anti-cancer properties. In 2007, in a landmark paper by Gills et al., the preclinical anti-neoplastic
efficiency of nelfinavir was demonstrated in the NCI60 cancer cell panel [204].

Long-term treatment with nelfinavir in HIV-infected patients led to adverse events
such as hyperglycemia, insulin-resistance, and lipodystrophy, denoting mechanisms of action of
nelfinavir disparate from its anti-viral activity [186]. One of the mechanisms by which insulin
resistance is triggered in the body is by the inhibition of the IGF/Akt pathway, which is upregulated
in many cancers. Thus, from the observation of insulin resistance, it was postulated that nelfinavir
could act as an inhibitor of the Akt pathway in cancer, which was later demonstrated in preclinical
studies [204]. To date, multiple research groups have used multi-pronged approaches to understand
and implement the anti-cancer properties of nelfinavir in preclinical settings and clinical trials,
with the aim of repurposing the drug as a potential chemotherapeutic agent against a multitude of

cancers.
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Data available from preclinical studies and toxicity profiling may contribute to the
rapid repurposing of nelfinavir in the clinical setting. Furthermore, the recent emergence of
nelfinavir in generic form [205] following patent expiration may reduce the cost of treatment
because of drug repurposing. Minimal toxicity in clinical trials and ease of introduction through

oral route may also be an important consideration for repurposing nelfinavir.

1.3.2 Potential mechanisms whereby Nelfinavir exerts its anti-cancer effect
1.3.2.1 Cell cycle arrest

Nelfinavir has been shown to inhibit cellular proliferation in multiple cancers, and a number
of studies focused on the ability of nelfinavir to regulate the cell cycle. Bruning et al. reported that
nelfinavir reduced the level of cell cycle proteins cyclin A, cyclin B, cyclin D3, cyclin dependent
kinase (CDK) 1, CDK2, and proliferating cell nuclear antigen (PCNA) in ovarian cancer cell lines
in a time-dependent manner [206]. The authors further reported nelfinavir-mediated reduction of
cyclin B and CDK1 in leukemia cells, which was associated with a reduction of cells in the G2/M
phase of the cell cycle and a striking increase of cells with sub-G1 DNA content, suggesting an
effect of nelfinavir on both the apoptotic pathway and the cell cycle [207]. A similar result was
observed in cervical cancer cells, where nelfinavir-treated cells showed a decrease in S phase with
a marked increase in sub-G1 DNA content. The changes were accompanied by decreased
expression of cyclins D3 and B in nelfinavir-treated cells. The authors further observed an increase
of the cell-cycle regulatory and proapoptotic protein p53 in nelfinavir-treated cervical cancer cells
carrying the wild-type p53 gene [208]. Chow et al. demonstrated that nelfinavir caused
accumulation of liposarcoma and fibrosarcoma cells in the G1 phase of the cell cycle, which was

associated with increased expression of cell cycle inhibitor p21°P!, and decreased level of PCNA
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[209]. Jiang and colleagues [210] reported a significant accumulation of nelfinavir-treated
melanoma cells also in the G1 phase; a dose of 15 uM nelfinavir caused a time-dependent decrease
in the kinase activity of CDK2 in the melanoma cells, which was attributed to the reduced activity
of CDK2-specific phosphatase Cdc25A, because removal of the inhibitory phosphate groups at the
Thr'* and Thr!® positions by Cdc25A renders CDK2 fully active. These authors suggested that
proteasome-mediated degradation of Cdc25A was responsible for the reduced activity of CDK2,
resulting in the Gl-arrest of the melanoma cells. A reduced CDK2 activity resulted in reduced

phosphorylation of the Rb protein at the Ser®®

position. Reduced phosphorylation of Rb inhibits
its dissociation from the transcription factor E2F—making it impossible for the cells to cross the
restriction point and enter the S phase [210]. Jensen et al. reported G1-arrest of thyroid cancer cells
in response to nelfinavir in a dose-dependent manner with a concomitant reduction in the level of
CDKA4, cyclin D1, and phospho-Rb [211]. Sato and colleagues reported dose-dependent reduction
of cyclin DI and CDK4 in bladder cancer cells in response to nelfinavir monotherapy. A robust
increase in sub-G1 DNA content was observed during combination therapy with nelfinavir and
ritonavir in such cells [212]. In similar experiments, Okubo et al. described nelfinavir-mediated
dose-dependent accumulation of sub-G1 DNA content in renal cancer cells with concomitant
reduction of cyclin D1 and CDK4—a phenomenon further aggravated by the addition of
panobinostat, an inhibitor of histone deacetylases (HDAC) [213,214]. Soprano et al. reported slight
accumulation of breast cancer cells in the G1 phase following treatment with nelfinavir for 24
hours, associated with a clear reduction of cell cycle regulatory proteins cyclin D, E, A, B and
phospho-Rb, and with an increase of the cell cycle inhibitory protein p21°¢P!; strikingly, the cell

cycle regulatory effects of nelfinavir observed in breast cancer cell lines were not evident in

healthy breast epithelial cells [215]. In hepatocellular carcinoma cells (HCC), a 24-hour treatment
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with varying doses of nelfinavir resulted in G1 arrest; however, the changes in underlying
regulatory proteins were not explored [216]. Veschi et al. observed nelfinavir-mediated G1-arrest
of pancreatic cancer cells in a cell-type-specific manner; protein levels of cyclin D3 and B1 were
downregulated in response to nelfinavir monotherapy in pancreatic cancer cells, and were further
decreased when nitroxoline and erlotinib were added to the treatment [217]. Xiang and colleagues
observed a dose-dependent Gl-arrest of cervical cancer cells in response to nelfinavir with a
concomitant dose-dependent reduction in cell proliferation observed through a BrdU incorporation
assay. The authors suggested a role of oxidative stress in cell cycle regulation following nelfinavir
treatment, as they observed a reversal of the inhibition of nelfinavir-mediated cell proliferation
during co-treatment with the reactive oxygen species (ROS) scavenger N-acetylcysteine (NAC)
[218]. It was also reported that cervical cancer cells accumulate in the G2/M phase following co-
treatment with nelfinavir and metformin, which was associated with increased expression of p53
and p21°P! [219]. Taken together, the reports indicate that the effects of nelfinavir on the cell cycle
may be specific to the cancer cell type, and, in most instances, is an early event during treatment,
which precedes the induction of cell death pathways.
1.3.2.2 Cell death

Nelfinavir-induced cell death in cancer cells is evident in many studies; however, the death
modalities seem to be different depending on the cancer cell types and the experimental conditions
used. Flow cytometric analysis of nelfinavir-treated lung cancer cells H157 and A549 revealed
that nelfinavir increased the percentage of sub-G1 DNA contents more potently than in cells treated
with ritonavir and saquinavir, indicating a superior anti-cancer potency of nelfinavir compared to
other HIV-PIs. Increased sub-G1 DNA contents and pyknotic nuclei in the nelfinavir-treated lung

cancer cells were associated with the cleavage of caspase-8 and caspase-9, suggesting the
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activation of both extrinsic and intrinsic apoptotic pathways. At the downstream level, the
activation of caspase 9 and 8 converged into the cleavage of executioner caspases—caspase-3 or
caspase-7 or both, which further cleaved the apoptotic target poly ADP-ribose polymerase (PARP)
[204,220]. To determine if caspase activation is imperative to cell death induced by nelfinavir
treatment on cancer cells, a pan-caspase inhibitor, zZVAD, was applied during treatment with
nelfinavir on lung cancer cells; zZVAD reduced nelfinavir-induced sub-G1 DNA content, at least
in part confirming a nelfinavir-induced caspase-dependent cell death mechanism.

Cell death induced by nelfinavir in lung cancer cells was also associated with the induction
of endoplasmic reticulum (ER) stress and autophagy, while the inhibition of autophagy by 3-
methyladenine (3MA) further increased the number of dead cells, suggesting a compensatory
protective role of autophagy [204,220]. It is possible that a shift in the balance of the pro-death
and pro-survival mechanisms during nelfinavir treatment commands the ultimate fate of the cancer
cells, which could explain the parallel activation of autophagy during nelfinavir-induced cell death
[204]. Collateral activation of cell-protective mechanisms during impending death has also been
reported in nelfinavir-treated ovarian and leukemia cells. The authors demonstrated the
upregulation and increased phosphorylation of mitochondrial protective antiapoptotic protein Mcl-
1 in cancer cells in response to nelfinavir, which was decreased during co-treatment with
sorafenib—a known downregulator of Mcl-1, contributing to further reduction of cell survival
[207,220]. Mitochondrial membrane potential was unaltered in both ovarian cancer and leukemia
cells during nelfinavir treatment; however, activation of caspases 8, 9, 7, and 3, and the cleavage
of downstream PARP were evident in leukemia cells [207,220]. Contrary to the reports of Bruning
et al. [207,220], Xiang and colleagues observed a reduction of the mitochondrial membrane

potential during nelfinavir inflicted death on cervical cancer cells [218]. The increased number of
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apoptotic cervical cancer cells treated with nelfinavir was associated with an increased production
of ROS, which predominantly originated from the membrane-compromised mitochondria. The
addition of a mitochondria-targeted antioxidant reduced the number of apoptotic cervical cancer
cells treated with nelfinavir, indicating an important role of mitochondrial ROS in nelfinavir-
induced cell death.

Immunoblots revealed the localization of apoptosis-inducing factor (AIF)—a proapoptotic
mitochondrial flavoprotein—in the nucleus and the reduction of its level in the mitochondrial
extracts of cervical cancer cells treated with nelfinavir [218]. Translocation of AIF from the
mitochondria to the nucleus has been implicated in caspase-independent cell death [221]. Xiang et
al. concluded that nelfinavir was able to induce apoptosis in a caspase-independent manner through
ROS production and AIF translocation. Additionally, the nelfinavir-mediated apoptosis, in this
case, was not abolished when the pan-caspase inhibitor zZVAD was added, which further proved
the concept of caspase-independent cell death [218]. Soprano and colleagues also observed a
concomitant rise in ROS production during nelfinavir-induced death in breast cancer cells. In
response to nelfinavir, the cells had an increased level of proapoptotic Bak protein and a reduction
of the level of procaspase-9, which was associated with an increased level of mitochondrial
cytochrome c in cytosolic lysates, indicating the activation of the intrinsic apoptotic pathway [215].

Activation of classical apoptotic pathways following nelfinavir treatment has been reported
in a number of studies. Cleavage of caspase-3 has been reported after nelfinavir monotherapy in
multiple myeloma (MM), and thyroid cancer cells [211,222,223]. Bruning et al. described
apoptosis in both estrogen receptor positive and negative breast cancer cells associated with PARP
cleavage during nelfinavir therapy [224], which was also evident in chemotherapy sensitive and

resistant breast cancer cells [225]. The combination of nelfinavir and dimethylcelecoxib (DMC)—
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a close structural analog of celecoxib that lacks cyclooxygenase-2 (COX2) inhibitory function—
resulted in enhanced cleavage of caspase-7 and PARP in breast cancer cells [225]. During triple
therapy with nelfinavir, DMC, and chloroquine, Thomas et al. observed a reduction in colony
formation in triple-negative breast cancer (TNBC) cells, which was associated with the cleavage
of caspases 3 and 7. The authors further observed an increase of apoptotic cells in tumors derived
from TNBC xenografts identified by the positive terminal deoxynucleotidyl transferase (TdT)
dUTP Nick-End Labelling (TUNEL) assay [226]. Davis and colleagues reported cleavage of
caspase-7 in nelfinavir-treated cisplatin-sensitive and resistant cervical cancer cells, which
corroborated similar findings in breast cancer cells [227,228]. In pediatric leukemia cells treated
with nelfinavir, PARP cleavage was associated with the cleavage of upstream apoptosis initiator
caspase-9 [229]. Liu et al. observed a re-sensitization of doxorubicin-resistant chronic myeloid
leukemia (CML) cells during co-treatment of suboptimal doses of nelfinavir with doxorubicin,
which resulted in increased apoptosis associated with caspase-3 cleavage, increased proapoptotic
protein Bax, and decreased antiapoptotic protein Bcl-2 [230]. In castration-resistant prostate cancer
cells, nelfinavir did not activate caspase-3 at low doses; however, in combination with docetaxel
and curcumin, caspase-3 was activated, which resulted in DNA fragmentation and cleavage of
PARP [231]. Positive TUNEL cells were enhanced in tumors derived from castration-resistant
prostate cancer xenografted mice treated with nelfinavir, curcumin, and docetaxel, compared to
untreated controls [231]. Yang et al. also observed potentiation of toxicity among nelfinavir and
docetaxel in non-small cell lung carcinoma (NSCLC) cells, which was associated with increased
TUNEL positive cells and a reduction of the antiapoptotic protein Bel-2 [232]. Increased TUNEL
positive cells were also observed during nelfinavir treatment in prostate cancer cells in vitro and

in vivo [233]. In HCC, dual treatment of nelfinavir and proteasome inhibitor oprozomib resulted
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in enhanced activation of caspase 3/7 compared to individual therapy with oprozomib. Increased
TUNEL positive cells were present in diethylnitrosamine (DEN) induced hepatotoxic model of
HCC xenografted mice having received nelfinavir and oprozomib treatment, compared to the
control group [234]. Nelfinavir, alone and in conjunction with nitroxoline (antibiotic with
anticancer properties) and erlotinib (EGFR inhibitor), resulted in reduced cell viability, PARP
cleavage, and colony formation in pancreatic cancer cells [217]. Gupta and colleagues
demonstrated that nelfinavir reduced the level of pro-survival protein survivin and increased
proapoptotic protein Bax in meningioma cells, and that the effects were synergistically aggravated
in combination with tyrosine kinase inhibitor imatinib. In vivo, tumors from meningioma
xenografts showed increased TUNEL positive cells in groups receiving dual treatment of
nelfinavir and imatinib [235]. In renal cancer cells, Okubo et al. observed that nelfinavir induced
cell death associated with PARP cleavage, enhanced protein level of proapoptotic NOXA, and a
gradual decrease of pro-survival protein survivin [213]. A high dose of nelfinavir further
potentiated renal cancer cell death by the HDAC inhibitor panobinostat [214].

Activation of death receptor-mediated extrinsic apoptotic pathways has been implicated
during nelfinavir therapy on multiple cancer types. The transmembrane death receptors belong to
the tumor necrosis factor gene (TNF) superfamily. Among different ligands, tumor necrosis factor
related-apoptosis inducing ligand (TRAIL) has been characterized to induce death upon binding
with corresponding death receptors (DR)—DR4/TRAIL-R1 and DR5/TRAIL-R2 [236]. Receptor-
ligand interaction leads to downstream recruitment of adaptor protein—Fas-associated protein
with death domain (FADD), and promotes subsequent recruitment and activation of initiator
caspase-8. Aggregation and activation of caspase-8 culminate with the activation of executioner

caspases to drive apoptosis. TRAIL has been considered an important addition to the anti-cancer
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drug inventory, and recombinant human TRAIL and monoclonal antibodies targeting TRAIL
receptors have been promoted as chemotherapeutics [236,237]. Nelfinavir has been shown to
enhance the expression of DR5 receptors in p53 mutant glioblastoma cells; however, it was not
sufficient to induce death as a monotherapy. Nonetheless, the combination of nelfinavir and
TRAIL promoted potent transactivation of DRS, which induced cell death in glioblastoma cells
evidenced by increased sub-G1 DNA content, activation of caspases 8,9,3, and cleavage of PARP.
The authors further demonstrated that nelfinavir-mediated potentiation of TRAIL involved ER-
stress related transcription factors ATF4 and CHOP [237]. DRS is a downstream target of the p53
protein; thereby, p53 mutation may render resistance to TRAIL in cancer cells. However, the
ability of nelfinavir to increase DRS in a p53 independent manner can be used as a tool to increase
TRAIL sensitivity in p53 mutated cancer cells [237]. Okubo et al. also demonstrated nelfinavir-
mediated potentiation of TRAIL in renal cancer cells, where the decrease in viability during the
combination of TRAIL and nelfinavir was reversed by the addition of DR4 and DRS5 blocking
antibodies. The authors also demonstrated dose-dependent upregulation of both DR4 and DRS5
receptors in response to nelfinavir in renal cancer cells [213]. Bruning et al. demonstrated that
nelfinavir increased the mRNA level of DRS in ovarian cancer cells within 48 hours while the
level of membrane resident DRS increased after 48 to 72 hours. Nelfinavir was also shown to
potentiate the cytotoxic effects of TRAIL in ovarian cancer cells [238]. Similarly, nelfinavir-
mediated upregulation of DRS and sensitization to TRAIL was observed in cervical cancer cells
[208]. Chow et al. observed an increased level of Fas—another death receptor that initiates
extrinsic apoptosis upon binding with Fas ligand—and proapoptotic protein Bax in liposarcoma

cells treated with nelfinavir [209].
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1.3.2.3 Endoplasmic reticulum (ER) stress and unfolded protein response (UPR)

ER stress is a cellular condition induced by an imbalance in cellular protein homeostasis.
Internal and external noxious stimuli can lead to the accumulation of misfolded proteins in the ER
lumen, which instigates an adaptive unfolded protein response (UPR) aiming at reducing the
protein load, and restoring cellular homeostasis by correct refolding of proteins (Figure 1.6)
[239,240]. ER-resident chaperone of 78 kDa, glucose-regulated protein (GRP78) is responsible for
detecting intraluminal misfolded proteins, leading to the activation of ER-stress sensors inositol-
requiring enzyme 1-a (IREla), protein kinase RNA-like endoplasmic reticulum kinase (PERK),
and activating transcription factor 6 (ATF6), which are the upstream components of the UPR. At
the downstream level, three outcomes can be expected initially: global inhibition of protein
synthesis to reduce overall protein load, enhanced and selective synthesis of chaperone proteins to
facilitate protein re-folding, and degradation of proteins mediated by the proteasome. Late-stage
or exhaustive ER stress shifts from a pro-survival to a lethal mode initiating cell death [240]. ER
stress has been frequently associated with cancer cells because glucose shortage and cellular
hypoxia—two factors stimulating ER stress—are also known as important facilitators of tumor
growth. Elevated ER stress in surviving cancer cells provides a therapeutic window for ER stress-
stimulating chemotherapeutic drugs, as the drug-amplified ER stress can lethally target the cancer

cells sparing the healthy cells, having no or minimal ER stress [240].
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Figure 1.6: Schematic representation of the unfolded protein response pathway (UPR) in response

to the endoplasmic reticulum (ER) stress developed as a result of misfolded or unfolded proteins

in the ER. Adopted from [241].

Nelfinavir has demonstrated to have potent ER stress modulating effects against cancer

cells in multiple studies. In time-dependent experiments, Gills et al. demonstrated phosphorylation

of eukaryotic initiation factor 2o (elF2a), a downstream effector of PERK, and enhanced

expression of ER stress-related proteins such as transcription factor 3 (ATF3) and CCAAT-

enhancer-binding protein homologous protein (CHOP) in nelfinavir-treated lung, breast, and
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prostate cancer cells [204]. The authors also reported synergistic aggravation of ER stress markers
in NSCLC and multiple myeloma (MM) cells during combined treatment of nelfinavir and the
proteasome inhibitor bortezomib. It was implicated that ER stress played a crucial role in inducing
cytotoxicity, since the silencing of ER stress-related proteins ATF3, CHOP, and PERK resulted in
the reduction of cell death [242]. Bono et al. reported that nelfinavir, as a monotherapy, also
increased the expression of CHOP and ATF4 in MM cells [222]. Further, in a NSCLC xenograft
model, combined treatment of nelfinavir and bortezomib showed increased protein levels of ER
stress markers GRP78, CHOP, p-elF2a., and X-box binding protein-1 (XBP-1) [243]. In malignant
glioblastoma cells, Pyrko et al. discovered nelfinavir-mediated increase in the expression of
GRP78, CHOP, and ER stress-related death mediator caspase-4; the importance of ER stress in
nelfinavir derived cytotoxicity was further underscored when siRNA-mediated silencing of
GRP78 reduced clonogenic survival [244]. Cho et al. also observed dose-dependent increase in the
ER stress-related proteins GRP78 and CHOP in breast cancer cells (MCF7, BT-474) and in their
chemotherapy-resistant counterparts. The authors also observed that siRNA-mediated reduction of
GRP78 contributed to reduced colony formation in nelfinavir-treated chemo-sensitive and resistant
breast cancer cells underpinning the ER stress-driven cytotoxicity of nelfinavir [225]. Furthermore,
Bruning et al. reported that nelfinavir treatment increased ER stress markers in breast and ovarian
cancer cells [206,224]. More recently, Mahammeed et al. reported that nelfinavir was highly
effective to inhibit the growth of HCC cells in vitro and in vivo when combined with the PERK
inhibitor ISRIB, which is an experimental drug that inhibits the integrated stress response (ISR);
the ISR is a term that encompasses the phosphorylation of elF2a not only by PERK, but also by

other kinases including PKR, GCN2 and HRI [245].
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At the downstream level of nelfinavir-mediated ER stress, ATF4 inhibited the activity of
the mammalian target of rapamycin (mTOR) by activating sestrin-2 (SESN2) protein, which
contributed to the inhibition of protein translation [228]. In TNBC cells, dual treatment by ER
stress-aggravating compounds, nelfinavir and celecoxib, resulted in increased levels of GRP7S,
ATF3, and CHOP, which were further enhanced when the autophagy inhibitor chloroquine was
added to the combination [226]. Chakravarty et al. suggested that nelfinavir sensitizes
doxorubicin-resistant breast cancer cells back to doxorubicin via upregulation of ER stress proteins
ATF4 and CHOP. ATF4 and CHOP further upregulated a death sensor, tribbles homolog-3 (TRIB-
3), which inhibited Akt phosphorylation and activated the apoptotic pathway facilitating
chemosensitization [246]. Mathur et al. further demonstrated ER stress and TRIB-3 mediated
chemosensitization of castration-resistant prostate cancer cells to docetaxel during the combination
of nelfinavir and curcumin [231]. In liposarcoma and prostate cancer cells, nelfinavir led to the
accumulation of sterol regulatory binding protein-1 (SREBP-1) and ER stress protein ATF6
[7,247]. SREBPI is a key regulator of adipocyte differentiation and lipid synthesis in cells [248].
Both SREBP-1 and ATF6 are ER-resident transcription factors that are translocated and cleaved
in the Golgi apparatus by site-1 protease (S1P) and site-2 protease (S2P) in a process named
regulated intramembrane proteolysis (RIP) to release the active transcription factors [249]. Guan
et al. mechanistically demonstrated that the nelfinavir-mediated accumulations of full-length
SREBP-1 and ATF6 in prostate cancer cells were the outcome of inhibition of the enzyme S2P by
the drug [250]. Additionally, nelfinavir and nelfinavir analogues increased the level of GRP78 in
prostate cancer cells and decreased the level of the SREBP-1 target enzyme fatty acid synthase

(FAS). At the mRNA level, a time-dependent increase of the mRNAs coding for ER stress-related
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genes ATF6, GRP78, and XBP-1 was observed during treatment by nelfinavir in castration-
resistant prostate cancer cells [250].

Protein synthesis machinery is exploited by tumor cells to generate oncogenic signals; as
such, targeting the components of mMRNA translation can be beneficial to halt tumor growth [251].
De Gassart et al. mechanistically demonstrated that nelfinavir could inhibit protein synthesis in
two possible ways—by inhibiting translation initiation and elongation [251]. Nelfinavir was shown
to activate the eukaryotic elongation factor 2 kinase (eEF2K) and interfere with protein synthesis
by phosphorylating and inhibiting the eukaryotic elongation factor 2 (eEF2) [252]. The authors
further observed that nelfinavir promoted phosphorylation of elF2a and activated downstream
ATF4, CHOP, and growth arrest and DNA damage inducible protein 34 (GADD34) in cervical
cancer cells and mouse embryonic fibroblasts (MEFs) [5]. Initial phosphorylation of eIF2a inhibits
global synthesis of proteins; however, in case of prolonged and irreversible proteotoxic damage,
activated GADD34 recruits protein phosphatase 1 and dephosphorylates elF2a to restart mRNA
translation and facilitate the synthesis of proteins necessary for cell death.

Hyperactivated mTOR complex has been implicated in many cancers, mostly as a
consequence of the inhibition of the upstream regulator protein tuberous sclerosis complex (TSC).
Loss of function mutations in Tscl or Tsc2 withdraw the inhibitory action over mTOR and leads
to excessive and aberrant protein synthesis [253]. Johnson et al. demonstrated that basal ER stress
was elevated in Tsc2”- MEFs, which was further aggravated by nelfinavir, evidenced from
increased mRNA level of CHOP and spliced XBP-1 and increased protein levels of GRP78 and
IREla [253]. The authors also observed that nelfinavir-mediated increase in mRNA and protein
levels of ER stress markers were further increased by the addition of bortezomib in Tsc2”- mTOR-

hyperactive cells. Dual therapy by nelfinavir and bortezomib resulted in increased expression of
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CHOP and ATF4 in the tumors derived from xenograft models of mTOR hyperactive cells [254].
Moreover, combined therapy of nelfinavir and mefloquine (an analogue of chloroquine) or
salinomycin (an anti-cancer antibiotic) resulted in activation of the ATF4-CHOP-GADD34 arm
of the ER stress pathway in Tsc2”- mTOR-hyperactive cells [255,256]. Tian et al. also reported
phosphorylation of elF2a and increased protein levels of ATF4 and CHOP in response to
nelfinavir in glioblastoma cells [237]. Phosphorylation of elF2a was also reported in nelfinavir-
treated pediatric refractory leukemia cells [229]. In renal cancer cells, ER stress was shown to be
induced by nelfinavir, as evidenced by the increase of GRP78, ER resident protein 44 (ERp44),
and endoplasmic oxidoreductin-1 like protein o (ERO1-La) [213]. Dual treatment by nelfinavir
and HDAC inhibitor panobinostat also activated ER stress in renal cancer cells [214]. Sato et al.
demonstrated aggravation of ER stress during combined treatment of nelfinavir and ritonavir in
bladder cancer cells evidenced from increased GRP78, ERp44, and ERO-1La [212].

Kawabata et al. reported that dual therapy of nelfinavir and bortezomib involves ER stress
induction and aggravation of proteotoxic stress in NSCLC and leukemia cells. The authors
observed that a dose of 10 uM nelfinavir was not sufficient to activate caspases; however,
combined treatment of nelfinavir and bortezomib induced strong cleavage of caspases-8, 9, 3, and
7, with subsequent cleavage of the downstream effector PARP. Inhibition of protein synthesis by
cycloheximide reduced the percentage of dead cells during combination therapy of nelfinavir and
bortezomib, suggesting the necessity of proteotoxic pressure for apoptosis [242]. This concept was
further demonstrated in malignant glioma cells during nelfinavir monotherapy and in renal cancer
cells during combination therapy of nelfinavir and panobinostat. In both instances, inhibition of
protein synthesis by cycloheximide rescued the cells from nelfinavir-induced cell death [214,244].

Pyrko et al. also observed ER stress-related death in nelfinavir-treated malignant glioblastoma
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cells, which was associated with activation of ER stress-related caspase-4 [244]. Kraus et al.
observed ER stress-related death and caspase-4 activation in MM cells during the combination of
nelfinavir and bortezomib. Furthermore, nelfinavir showed higher synergistic lethal potency with
bortezomib and carfilzomib than other HIV-PIs in MM cells and facilitated overcoming
bortezomib and carfilzomib resistance [257]. Likewise, in leukemia cells, nelfinavir reduced
viability alone and in a synergistic manner when combined with bortezomib [258]. Bruning et
al.observed a similar synergistic cell death by dual treatment of nelfinavir and bortezomib in
cervical cancer cells with activation of ER stress proteins GRP78 and ATF3 [208].

Activation of ER stress following chemotherapy with nelfinavir as a single agent or in
combination with other chemotherapy, such as bortezomib, has been reported in patient samples.
Blumenthal et al. reported phosphorylation of elF2a. at serine 51 and enhanced levels of CHOP
and ATF3 in the peripheral blood mononuclear cells (PBMC) of patients receiving nelfinavir to
treat solid cancer at the maximum tolerated dose of 3125 mg twice daily [243]. Driessen et al.
reported increased GRP78, CHOP, and ER stress-related protein disulfide isomerase (PDI) in
PBMC of MM patients receiving both nelfinavir and bortezomib [259]. Hitz and colleagues
observed enhanced levels of CHOP and IREla in PBMC of lenalidomide-refractory multiple
myeloma patients receiving combination therapy of nelfinavir, lenalidomide, and dexamethasone
[260].

Morphologically, vacuolization and expansion of the ER have been demonstrated in ER
stress-activated cells treated with nelfinavir. Bruning et al. reported increased vacuolization of the
cytoplasm in ovarian cancer cells following treatment with nelfinavir, which colocalized with ER-
resident proteins and GRP78 observed through immunofluorescence microscopy [206]. Gills et al.

also observed nelfinavir mediated vacuolization in lung cancer cells, which colocalized with
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immunofluorescent aggregates containing ER-targeted sequence of calreticulin [204]. Mahoney
and colleagues reported ER swelling following the treatment of nelfinavir in chronic lymphocytic
leukemia cells with increased accumulation of fluorescent calnexin protein, suggesting
accumulation of misfolded ER proteins [261]. In glioblastoma cells, Pyrko et al. observed, through
transmission electron microscopy, swelled ER cisternae during nelfinavir treatment [244].
Kawabata et al. observed that nelfinavir-mediated vacuolization was reduced during treatment
with protein synthesis inhibitor cycloheximide [242]. Notably, cycloheximide treatment inhibited
the cytotoxicity towards renal cancer cells receiving the combination of panobinostat and
nelfinavir, underscoring the role of protein overload in nelfinavir-associated toxicity [214].
1.3.2.4 Autophagy

Autophagy is an evolutionarily conserved catabolic process involved in digesting
misfolded proteins or cellular organelles, and recycling cellular compounds or macromolecules to
overcome energy and nutrient deprivation [262] (Figure 1.7). Different assays are utilized to
assess the autophagic status of cells, among which tracking the expression of the microtubule-
associated ubiquitin-like light chain protein 3 (LC3) is performed frequently [263]. In
immunoblots, endogenous LC3 is visualized as two protein bands: a cytosolic component LC3I
and a membrane-bound phosphatidylethanolamine (PE) conjugated component LC3II. The
membrane-bound LC3II is a component of autophagosomes, and its enhanced expression indicates
an increase in their numbers. Increased autophagosomes, however, maybe the outcome of either
acceleration of the autophagic process or impairment of lysosomal activity. Thus, enhanced LC3II
at a given time point may not readily indicate an increased rate of autophagy. Instead, the increased
rate of autophagy is assessed by measuring autophagic flux. To determine the autophagic flux, the

expression level of LC3II is studied in the presence of a lysosome inhibitor; an additive increase
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of LC3II expression in the presence of a lysosome inhibitor such as bafilomycin A1, will indicate
increased flux in contrast to a lack of change in LC3II expression—which will indicate lysosome
impairment. Alternatively, time-sensitive tracking of degradation of p62—a ubiquitinated
substrate of autophagy—can confirm autophagic flux [263]. Visualization of autophagosomes
under the electron microscope, measurement of LC3 labelled puncta through immunofluorescence,
and measurement degradation of green fluorescent protein (GFP) labelled LC3 by FACS are also

ways to determine the autophagic status of cells [262].
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Figure 1.7: The process of autophagy starts with the engulfment of the cytosolic debris and
misfolded proteins to form autophagosomes. The autophagosome binds with the lysosome to

create an autolysosome. Lysosomal enzymes aid in degrading the internal content. LC3II is the
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membrane-associated protein in the autophagosome that can be used to assess the autophagic
process within the cell. (Diagram created on https://biorender.com/).

Gills et al. described the autophagy-inducing properties of nelfinavir in NSCLC cells. The
authors observed an increase in the membranous form of LC3, known as LC3II, suggesting
increased formation of autophagosomes [204]. Nelfinavir also increased the GFP labelled
fluorescent LC3 aggregates, which was abrogated by the addition of autophagy inhibitor 3-MA.
Transmission electron microscopy of nelfinavir treated human oral squamous cell carcinoma H157
cells revealed evidence of organelle containing degradative autophagosomes. The authors linked
ER stress as an upstream activating factor of autophagy and concluded that the induced autophagy
could be a compensatory survival mechanism, as the inhibition of autophagy by 3-MA resulted in
enhanced cytotoxicity [204]. Enhanced apoptosis due to combined treatment of nelfinavir and 3-
MA was also observed in refractory pediatric leukemia cells [229]. Gill et al. later highlighted four
possible mechanisms by which nelfinavir could exert its autophagy-inducing properties. Firstly,
nelfinavir-mediated mTOR inhibition could be linked with autophagy as a consequence of
transient Akt inhibition. Secondly, ER stress induced by nelfinavir likely induces pro-survival
autophagy through phosphorylation of elF2a and increased expression of ATF4. Thirdly,
enhanced eukaryotic elongation factor 2 kinase (eEF2K) mediated phosphorylation of elongation
factor 2 (EF2) by nelfinavir possibly activates autophagy. Finally, nutrient starvation resulted from
the blockade of growth factor receptor signaling by nelfinavir can promote autophagy [264].
Bruning et al. reported that nelfinavir increased the expression of the autophagosome marker
LC3B in estrogen receptor-negative breast cancer cells [224]. They also demonstrated that
nelfinavir promoted ATF4 driven SESN2 expression in different cells. SESN2 inhibits the mTOR

complex—a master down-regulator of cellular autophagy. Thus, by upregulating SESN2,
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nelfinavir enhanced the formation of autophagosomes, which were visualized by fluorescent
microscopy using an autophagic vesicle detection marker [228]. Guan et al. suggested enhanced
autophagy by quantifying the turnover of GFP labelled LC3, utilizing FACS in nelfinavir treated
androgen-dependent and castration-resistant prostate cancer cells [7]. Escalante et al. reported
reduced co-localization of LC31I and LAMP2 (a lysosomal marker) during nelfinavir monotherapy
and in combination with bortezomib in MM cells, suggesting impaired autophagy—Ilikely due to
impaired fusion of autophagosomes and lysosomes. The authors further observed a decrease in the
level of calpain activity following nelfinavir treatment in MM cells [265]. Calpains are Ca**
dependent cysteine proteases involved in the cleavage of cytoskeletal proteins, signal transducers,
and membrane receptors [266]. Calpain deficiency has been shown to be involved in impaired
autophagy and activation of the apoptotic switch [266], which was suggested to be a reason for the
synergistic lethal interaction between bortezomib and nelfinavir in MM cells [265]. Kushchayeva
et al. observed enhanced expression of LC3II in nelfinavir treated medullary thyroid cancer cells
with a concomitant degradation of lysosomal substrate p62, indicating an increase in the
autophagic process [223]. A similar outcome of enhanced LC3II and decreased p62 was observed
in mTOR hyperactive tumorigenic mouse embryonic fibroblast cells—lacking tuberous sclerosis
gene (Tsc2”")—during nelfinavir monotherapy [253]. In a multidrug-resistant (MDR) breast
cancer model (MCF-7/Dox), it was observed an increase of LC31I during combined treatment with
nelfinavir and doxorubicin [246]. In nelfinavir treated cisplatin-sensitive ME-180 and cisplatin-
resistant (CPR) ME-180 cervical cancer cells, LC3II was also increased [227]. Increased LC3II
expression was also seen in PBMC of nelfinavir/lenalidomide/dexamethasone-treated

lenalidomide-refractory MM patients [260].

59



Beclin-1 is a critical regulator of autophagy at the early stage, and changes in beclin-1
expression are monitored to assess the autophagic status in cells [264]. However, change in beclin-
1 was not observed during nelfinavir monotherapy [223,229] or combined therapy with other
autophagy inhibitors [226]. Gills et al. opined that nelfinavir mediated autophagy may be beclin-
1 independent [264].

Autophagy is generally known as a pro-survival mechanism; thus, it has been hypothesized
that inhibiting the pathway may provide benefits by aggravating cytotoxicity during cancer
therapy. To explore this hypothesis, nelfinavir has been tested in combination with autophagy
inhibiting drugs to induce heightened cytotoxicity in the cancer cells. Enhanced cytotoxicity due
to the combination of nelfinavir and a class III PI3K and autophagy inhibitor 3-MA in NSCLC
and pediatric leukemia cells has been described before, where 3-MA resulted in reduced LC3II
[204,229]. A widely used anti-malarial drug chloroquine is an inhibitor of late-stage autophagy
and has been used in combination with nelfinavir to demonstrate enhanced cytotoxicity in chronic
lymphocytic leukemic cells [261], tuberous sclerosis negative (Tsc2”) MEF cells, and human lung
cancer cells (NCI-H460) [253]. Thomas et al. reported that chloroquine further increased the
cytotoxicity of dual treatment of nelfinavir and DMC selectively in TNBC cells [226].

As stated earlier, bafilomycin A1 is an inhibitor of autophagy; it works via inhibition of v-
ATPase transporter—preventing entry of protons in lysosomes; thereby, it decreases acidification
and functionality of lysosomes. According to Jonhson et al. the combination of nelfinavir and
bafilomycin-A1l did not induce cytotoxicity to the same extent as the combination of nelfinavir
and chloroquine derivatives in Tsc2”- MEFs. Furthermore, autophagy was not suppressed during
the combination of nelfinavir and chloroquine-derivative mefloquine in Tsc2”~ cells, which implies

that mechanisms other than autophagy may be involved while inducing cytotoxicity by combining
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putative autophagy-inhibitors of different chemical natures with nelfinavir [253]. Autophagy-
inhibitor mefloquine was shown to enhance nelfinavir mediated cytotoxicity in breast cancer
(MCF7), colon cancer (HCT116), lung cancer (NCI-H460), and Tsc2”~ cells. The cytotoxicity
induced by the combined treatment of mefloquine and nelfinavir was rescued by the addition of
methyl pyruvate, indicating energy deprivation as a possible mechanism of the heightened
cytotoxicity [254]. Collectively, the reports suggest that nelfinavir can modulate the autophagic

process in cancer cells in a cell type-specific manner.

1.3.2.5 Inhibition of the proteasome

The proteasome is a cytoplasmic and nucleoplasmic high molecular weight structure
geared towards degrading proteins—tagged with ubiquitin or other ubiquitin-like molecules—to
maintain cellular proteostasis [267]. The 26S proteasome contains a cylindrical catalytic 20S core,
which is capped on each end by 19S regulatory components. The 20S catalytic core is comprised
of a and 3 subunits, among which 3 subunits are responsible for specific proteolytic activities:
B1/B1i for caspase-like, f2/B2i for trypsin-like, and B5/B5i for chymotrypsin-like activities. The
first-generation proteasome inhibitor bortezomib constitutes the mainstay treatment for MM.
Second-generation proteasome inhibitors, like carfilzomib, are also available with demonstrated
lesser neurotoxicity [268].

Nelfinavir was shown to affect the proteasome in selective cancer cell lines. Bono et al.
reported that nelfinavir inhibited the chymotrypsin-like activity of the proteasome of MM cells
(U266) and showed enhanced ubiquitination in immunoblots—a surrogate marker of proteasome

inhibition—of U266 cells treated for 24 hours with 5 uM nelfinavir [222]. Driessen et al.

demonstrated a moderate decrease in the 2 and B1/B5 activities of the proteasome after nelfinavir
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treatment in PBMC of patients having refractory-MM and other hematologic cancers [259].
Bortezomib targets the 5 subunit of the proteasome and inhibits protein degradation [269]. In
contrast, enhanced 2 activity of the proteasome is associated with bortezomib-resistance in MM
patients, whereas a concomitant decrease in 2 activity during bortezomib treatment can confer
re-sensitization to bortezomib [259,270]. Indeed, a combination of nelfinavir and bortezomib
showed a positive response in bortezomib-refractory cancer [205,259]. Kraus et al. also
demonstrated proteasomal inhibitory effects of nelfinavir on bortezomib-resistant MM cell lines
in vitro, where nelfinavir showed expected bortezomib sensitizing effects [257]. The same group
also demonstrated that the proteasomal inhibitory properties of nelfinavir on acute myeloid
leukemia (AML) cells especially contributed to the cytotoxic effects of the drug [258]. Kawabata
et al. observed proteasome inhibitory effects of nelfinavir on MM (RPMI8226) and NSCLC
(H157) cells indicated by enhanced ubiquitination via immunoblot. Although the ubiquitination
was moderate during nelfinavir monotherapy, it was considerably enhanced when combined with
bortezomib, suggesting a synergistic interaction [242].

Combined treatment of nelfinavir and second-generation proteasome inhibitor carfilzomib
was shown to re-sensitize carfilzomib-resistant MM cells to carfilzomib-mediated cytotoxicity and
facilitated re-inhibition of proteasomal subunits. The reason for nelfinavir mediated carfilzomib
re-sensitization was attributed to the ability of nelfinavir to inhibit the expression of ABCB1—a
multidrug-resistant efflux pump—resulting in the reduced efflux of intracellular carfilzomib [271].
Pyrko et al. showed nelfinavir-driven enhanced ubiquitination in glioblastoma cells (U251),
indicating proteasome inhibition, which was reversed by the use of protein synthesis inhibitor
cycloheximide [244]. Similarly, proteasome inhibition through the dual treatment of nelfinavir and

bortezomib was decreased by the addition of cycloheximide [242].
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Conversely, some studies reported non-inhibitory effect of nelfinavir on the proteasome.
Escalante et al. did not observe a decrease in the chymotrypsin-like activity of the proteasome in
response to a pharmacologically relevant concentration of nelfinavir (10 uM) in MM cells;
however, it did not hinder the synergistic cytotoxic effect of bortezomib and nelfinavir [265].
Bruning et al. did not observe, in response to nelfinavir, any change in the chymotrypsin, trypsin,
or caspase-like activities of the proteasome in cervical cancer cells and human B-lymphoblastoid
cells [208], or any decrease in the chymotrypsin-like activity of the proteasome in breast cancer
cells [224]. Moreover, Sato et al. observed an unexpected reduction in the accumulation of
ubiquitinated protein during dual therapy of nelfinavir and ritonavir in bladder cancer cells [212].
Jiang et al. reported that nelfinavir promoted the degradation of CdC25A phosphatase—a substrate
of the proteasome—in melanoma cells and addition of the proteasomal inhibitor MG-132 halted
the degradation. This phenomenon, in fact, suggests an enhancement of proteasomal activity in
response to nelfinavir [210].

One possible explanation of the discrepancy in study findings reporting the proteasome
inhibitory function of nelfinavir is that the mechanism of action could be diverse and cell-type
specific. It is important to address whether nelfinavir targets the mature 26S proteasome or the free
20S subunit, which may not be fully efficient to impair overall proteasomal activity. According to
Bono et al., nelfinavir decreased the 26S proteasomal activity in MM cells [222], while other
studies reported that nelfinavir targeted the 20S proteasome in breast cancer [272], and head and
neck cancer cells [273].

Importantly, it has been reported that the mammalian 20S proteasome can cleave the same
site targeted by the HIV-proteases in HIV [186]. Pajonk et al. reported inhibition of the 20S

proteasome by the HIV-PI saquinavir in non-HIV associated cancer cells, which was accompanied
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by apoptosis and radio-sensitization [274]. Piccinini reported that nelfinavir and saquinavir
decreased both the 26S and 20S proteasomal activity in human red blood cells [275]. Recently,
Fassmannova et al. proposed that nelfinavir can inhibit proteasome synthesis by inhibiting the
transcription factor TCF/Nrfl. Reactivation of TCF/Nrfl during treatment with proteasome
inhibitors results in increased proteasome synthesis—known as the bounce-back response—
eliciting resistance to proteasome inhibitors in MM [276]. Nelfinavir possibly inhibits the
translation and maturation of TCF/Nrfl, leading to the repression of re-synthesis of the
proteasome, which can explain the better outcome in clinical trials administering nelfinavir in
bortezomib refractory MM [205,260]. The study by Fassmannova et al. [276] further elicits the
possibility that the proteasomal inhibitory property of nelfinavir may not be due to the direct
repression of the proteasomal subunits, but rather via an indirect phenomenon.
1.3.2.6 Signal Transduction Pathways

Aberrant signaling pathways are common in cancers and dampening atypical signaling
feedback—developed through mutations in the components of the signaling cascades—is a well-
established pharmacological strategy against cancer. Multiple studies have demonstrated that
nelfinavir can target different cellular signaling pathways. The primary intracellular target of
nelfinavir—responsible for its anti-cancer properties—has not yet been identified definitively;
however, some groups suggested heat shock protein 90 (HSP90) as a putative primary target
through in silico and in vitro methods. Arodola et al. suggested nelfinavir as a more potent binding
molecule for HSP90 than other HIV-PIs, through homology modeling, molecular docking
simulation, and analysis of binding affinity [203]. Shim et al. demonstrated selective anti-tumor
activity of nelfinavir in human epidermal growth factor receptor 2 (HER2) positive breast cancer

cells [272]. To identify the molecular target, the authors conducted a genome-wide screening of
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nelfinavir using haploinsufficiency yeast strains, which revealed HSP82—the yeast orthologue of
mammalian HSP90—to be a possible binding partner. Co-immunoprecipitation and trypsin
digestion profiling in mammalian cells indicated that nelfinavir might affect HSP90 in a different
manner than known HSP90 inhibitors—e.g., geldanamycin and novobiocin. Nelfinavir also
decreased the protein level of HSP70 and HSP90 in HER2 positive breast cancer cells, which may
have contributed to interrupted protein folding leading to ER stress—suggested from the enhanced
phosphorylation of elF2a [272]. Kuschayeva et al. reported an increase in the level of HSP90
protein in patient samples of hereditary thyroid medullary carcinoma, which was associated with
significant metastasis and RET mutation [223]. Although the authors did not observe a change in
the protein level of HSP90 in response to nelfinavir in RET mutated thyroid cancer cells in vitro,
the signaling of HSP90 client proteins—E-cadherin, tyrosine kinase Src (SRC) and connexin-34—
was downregulated, suggesting nelfinavir mediated post-translational modification of HSP90
[223]. Mutation of the proto-oncogene RET is common in medullary thyroid cancer, and RET
protein is a substrate to HSP90 mediated protein folding and processing. Mutant RET can exploit
HSP90 for stability, and inhibition of HSP90 can be used as a potential strategy to induce 26S
proteasome-mediated degradation of wild type and mutant RET [277,278]. In medullary thyroid
cancer cells, nelfinavir decreased the expression of RET and its downstream signaling effectors
Akt, ERK1/2 and p70S6K [223].

Akt is an important client protein of HSP90, and Soprano et al. demonstrated that nelfinavir
promotes dissociation of HSP90-Akt complex without affecting the total Akt at the mRNA and
protein level in breast cancer cells [215]. Nelfinavir was shown to decrease both phosphorylated
and total levels of Akt in breast cancer cells, along with decreased expressions of downstream

proteins of the Akt signaling cascade [215]. Decreased phosphorylation of Akt client proteins
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PRAS40, FOXO3a and Bad was also seen in mTOR hyperactivated (7sc2”) cells in response to
nelfinavir monotherapy and in combination with salinomycin [255]. Shim et al. reported decreased
phosphorylation of Akt and ERK 1/2 in response to nelfinavir in HER2 positive and negative breast
cancer cells. In HER2 positive breast cancer cells, nelfinavir dissociated the interaction between
HSP90 and HER2, and downregulated total protein levels of Akt and HER2 [272]. Decreased Akt
phosphorylation in response to nelfinavir was also evident in MM [222,257], AML [258], pediatric
refractory leukemia [229], diffuse B-cell lymphoma [279], doxorubicin-resistant breast cancer [246],
prostate cancer [231,233], and NSCLC [204,232].

Downregulation of Akt signaling has been a widely mentioned effect of nelfinavir in cancer
cells and has been proposed as a radiosensitizing strategy [6,280,281]. Chronic usage of nelfinavir
in HIV infected patients, results in impaired glucose metabolism, insulin resistance, and
lipodystrophy, which suggests a probable role of nelfinavir via inhibition of the PI3K-Akt-mTOR
pathway. Gupta ef al. demonstrated Akt dephosphorylation and radiosensitization by nelfinavir in
bladder cancer and head and neck carcinoma cells and animal models [6]. The authors further
suggested that nelfinavir works mechanistically via proteasome inhibition leading to the activation
of the UPR, which forms and activates the phosphatase complex PP1/GADD34 responsible for
dephosphorylating elF2a and Akt [273]. Infection by human papillomavirus (HPV) has been
associated with better response to radiation in head and neck cancer; Gupta and colleagues showed
that nelfinavir sensitized both HPV infected and non-infected head and neck carcinoma cells to
radiation with a concomitant decrease in phosphorylated Akt [282]. Jiang ef al. demonstrated that
glioblastoma cells lacking wild-type phosphatase and tensin homologue (PTEN) are resistant to
radiation and temozolomide, which can be overcome by nelfinavir. Nelfinavir-mediated

radiosensitization in PTEN deficient glioblastoma cells was associated with decreased
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phosphorylation of Akt [283]. Kimple and colleagues showed that KRAS mutation confers
resistance to radiation in pancreatic cancer cells, likely due to failure to downregulate Akt
phosphorylation. Both nelfinavir and the PI3K-inhibitor LY294002, decreased phosphorylation of
Akt in pancreatic cancer cells—expressing either wild-type or mutant KRAS, and sensitized them
to radiation [284]. Cuneo and colleagues observed decreased angiogenesis in response to nelfinavir,
which was associated with decreased Akt phosphorylation in endothelial cells. Additionally, the
combination of nelfinavir and radiation showed an additive effect in decreasing angiogenesis in a
mouse xenograft tumor model of Lewis lung carcinoma [285]. Nelfinavir mediated reduction of
vascular endothelial growth factor (VEGF) and hypoxia-inducible factor 1o (HIF1a) through
inhibition of PI3K/Akt pathway has been observed by Pore ef al. in head and neck carcinoma, lung
cancer, and glioblastoma cells which contributed in reduced angiogenesis and potentiation of
radiotherapy [286,287]. Potentiation of radiotherapy via nelfinavir was also demonstrated in
pituitary adenoma cells, which was associated with reduced phosphorylation of ribosomal S6
protein—a downstream effector of the PI3K/Akt/mTOR cascade [288].

Plastaras et al. observed a decreased level of Akt phosphorylation in PBMC of HIV-
infected patients treated with nelfinavir and saquinavir. The authors suggested that the level of
phospho-Akt in PBMCs could be used as a surrogate biomarker to assess pharmacological efficacy
in targeting Akt signaling by HIV-PIs [289]. Blumenthal and colleagues reported anti-tumor
activity of nelfinavir in patients with solid tumors, which was associated with decreased phospho-
Akt in PBMCs [243]. Similarly, Brunner et al. reported the radiosensitizing effects of nelfinavir in
patients having locally advanced pancreatic cancer, with associated decreased level of

phosphorylated Akt in PBMCs of the treated patients [290].
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Nelfinavir-mediated decrease of Akt phosphorylation with concomitant anti-tumor
activities— observed through cell culture experiments—has not always been translated in vivo and
in clinical trials. In one study nelfinavir was effective in eliciting anti-cancer effects in the adenoid
cystic carcinoma cells, which was associated with Akt dephosphorylation, justifying the usage of
nelfinavir in clinical trials [291]. However, Hoover et al. did not observe a meaningful positive
outcome in a Phase II clinical trial testing the beneficial effects of nelfinavir in patients having
adenoid cystic carcinoma [292]. Moreover, Leibscher et al reported nelfinavir-mediated
downregulation of phosphorylation of Akt at the Ser473 position in PC-3 prostate cancer cells;
however, nelfinavir failed to improve the efficacy of radiation therapy in prostate cancer in vivo
[293]. Gills and colleagues reported decreased phosphorylation of basal and growth factor activated
Akt in response to nelfinavir in lung cancer cells; however, nelfinavir-mediated reduction in Akt
phosphorylation was not evident in tumor samples from xenograft models of lung cancer cells. Of
notice, despite the discrepancy in Akt phosphorylation status, the anti-tumor efficacy of nelfinavir
against lung cancer cells was similar both in vitro and in vivo [204]. Tumor growth impairment by
nelfinavir in xenograft models of HER2 positive breast cancer cells was not associated with
reduced phosphorylation of Akt, although decreased Akt phosphorylation by nelfinavir in HER2
positive breast cancer cells was evident in vitro [272]. In contrast, activation of Akt has been
reported in estrogen receptor-negative breast cancer cells and melanoma cells during the short-
term treatment of nelfinavir, which did not hamper the antiproliferative effects of the drug [210,224].
To date, no evidence pointed at a direct interaction of nelfinavir with Akt; however, modulation
of Akt in response to nelfinavir indicates upstream signaling activity. Xie et al. based on
computational prediction and kinase assays proposed binding of nelfinavir to 51 off-target protein

kinases, the majority of which belong to the tyrosine kinase, cAMP-dependent, cGMP-dependent
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and protein kinase C families—suggesting broad spectrum poly-pharmacological role of
nelfinavir, i.e. the possibility of binding of nelfinavir with multiple targets with varying affinity
[294,295]. Gills and colleagues demonstrated reduced activation of epidermal growth factor receptor
(EGFR) and insulin-like growth factor receptor (IGFR) in response to nelfinavir, leading to
downstream inactivation of Akt in NSCLC cells [204].

Nelfinavir has also been demonstrated to target other proliferative signaling cascades.
Downregulation of mitogen-activated protein kinase pathway (MAPK)—by decreased
phosphorylation of ERK—in response to nelfinavir has been reported in medullary thyroid cancer
[223], adenoid cystic carcinoma [291], MM [222,296], and breast cancer cells [272]. However,
decreased phosphorylation of ERK in cancer cells is not a universal response to nelfinavir
treatment, as nelfinavir did not downregulate ERK phosphorylation in NSCLC [232], pancreatic
cancer [284], and pituitary adenoma [288]. Downregulation of phospho-ERK in response to
nelfinavir was further observed during combination with doxorubicin in doxorubicin-resistant
chronic myeloid leukemia cells [230], and with bortezomib against MM cells [257]. Nelfinavir
sensitized BRAF mutated melanoma cells to MEK inhibitors and BRAF inhibitors via SMAD-
mediated downregulation of PAX and MITF, and decreased phosphorylation of ERK during
combination with inhibitors of MEK or BRAF [297]. Conversely, Bruning et al. reported enhanced
phosphorylation of ERK in ovarian cancer and cervical cancer cells carrying wild-type p53, which
possibly led to the activation of antiapoptotic Mcl-1 protein [208,220]. Enhanced ERK
phosphorylation was also reported during the combination of nelfinavir and tamoxifen in estrogen
receptor-negative breast cancer cells [224].

Decreased phosphorylation of signal transducer and activator of transcription 3 (STAT3)

in response to nelfinavir was observed in MM [222,296] and prostate cancer [233]. Nelfinavir has
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also shown to inhibit HDAC [212] and has been shown to synergize with the HDAC inhibitors
panobinostat [214] and valproic acid [222]. Of note, inhibition of HDAC6 by nelfinavir leads to
enhanced ER stress following inhibition of HSP90 through acetylation leading to protein
misfolding, which suggests HDAC inhibitors as potential ER stress aggravating chemotherapeutic
agents [298].

Nelfinavir has also been suggested to be involved in altering metabolic signaling. Depletion
of ATP has been reported in nelfinavir-treated doxorubicin-resistant chronic myeloid leukemia
cells, which can be restored by the addition of exogenous glucose, resulting in the withdrawal of
nelfinavir-mediated sensitization to doxorubicin. Metabolic stress incurred by nelfinavir results in
the activation of 5°~-AMP-activated protein kinase (AMPK) [212,223,253]. AMPK leads to inhibition
of mTOR and activates autophagy at the downstream level, facilitating synergism between
nelfinavir and autophagy inhibitors, such as chloroquine [253]. Activation of AMPK and
downregulation of mTOR also occurred following dual treatment of nelfinavir and salinomycin or
mefloquine [255,256]. The addition of the energy substrate methyl pyruvate inhibited nelfinavir and
mefloquine-mediated AMPK activation and rescued the cells from cell death [256]. Nelfinavir
promotes inhibitory phosphorylation of eEF2 through eEF2K, which leads to the arrest of protein
synthesis [251,252]. Nelfinavir-driven activation of eEF2K may or may not be dependent on AMPK
[252,264]. Nelfinavir can also inhibit mTOR via activation of ATF4-mediated SESN2, which can

also lead to metabolic stress and autophagy [228].
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1.3.2.7 Oxidative stress and mitochondria

Regulated production of ROS is crucial for critical cellular functions such as cell growth,
differentiation and apoptosis, by promoting oxidative modification of proteins involved in these
pathways. However, high production of ROS is detrimental to the cells as it induces damage to the
DNA, proteins, and lipids. It has been demonstrated that cancer cells tend to produce excess ROS
and have a higher level of basal oxidative stress than normal cells, which suggests a therapeutic
benefit of aggravation of oxidative stress through pharmacological intervention, leading to
selective cytotoxicity in cancer cells [299]. Anti-cancer properties exerted by nelfinavir has been
linked to enhanced oxidative stress. Bruning et al. demonstrated that nelfinavir reduced the level
of the intracellular antioxidant glutathione (GSH) in TNBC cells in a dose-dependent manner.
Nelfinavir-mediated enhanced oxidative stress contributed to reduced cell viability, which was
rescued by the addition of exogenous antioxidants—GSH or NAC [224]. Kushchayeva et al.
showed that nelfinavir reduced the mitochondrial membrane potential in medullary thyroid cancer
cells in a dose-dependent manner, with a concomitant increase of YH2AX—a marker of DNA
damage. Enhancement of YH2AX was mitigated by the addition of exogenous antioxidant NAC,
indicating a direct cytotoxic role of nelfinavir-induced oxidative stress in these cells. In a
comparative gene expression study, both nelfinavir and hydrogen peroxide (H202) induced the
expression of genes regulating the production of superoxide [300]. Liu and colleagues corroborated
nelfinavir-mediated depolarization of the mitochondrial membrane in doxorubicin-resistant CML
cells, which resulted in a loss of adenosine triphosphate (ATP)—suggesting induction of metabolic
stress. The authors further observed an increase in ROS levels upon the combination of suboptimal
doses of doxorubicin and nelfinavir in doxorubicin-resistant CML cells [230]. Xiang et al. showed

enhanced intracellular and mitochondrial ROS production in cervical cancer cells; nelfinavir-
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mediated cellular apoptosis was rescued by the addition of antioxidant NAC and a mitochondria-
targeting superoxide and alkyl-radical scavenger Mito-TEMPO, which indicates the role of
oxidative stress in nelfinavir induced cytotoxicity [218]. Xia ef al. demonstrated that nelfinavir,
combined with metformin, induced ROS production in cervical cancer cells, with a concomitant
increase of NAD-dependent deacetylase sirtuin-3 (SIRT3), which is a primary mitochondrial
acetyl-lysine deacetylase required to maintain energy homeostasis in the electron transport chain
[219,301,302]. Besse et al. showed nelfinavir and lopinavir mediated ROS production in carfilzomib
resistant MM cells, which was rescued by the addition of mitochondrial permeability transition

pore antagonist decylubiqinone [271].

1.3.2.8 Tumor microenvironment

Nelfinavir plays a role in modulating the tumor microenvironment by inhibiting abnormal
angiogenesis, improving oxygenation of the tumor tissue, inhibiting the growth of tumor stem
cells, reducing the release of matrix metalloproteinases, and inhibiting cellular invasion. Pore et
al. demonstrated decreased expression of VEGF in head and neck squamous cell carcinoma, lung
cancer and glioblastoma cells in response to nelfinavir, which was associated with reduced
angiogenesis in vivo [286,287]. Nelfinavir-mediated reduction of VEGF was attributed to decreased
phosphorylation of Akt and the transcription factor SP1, and further reduction of HIF1a. Of note,
both SP1 and HIF1a can bind to the promoter region of VEGF and transactivate the gene [286].
Functionally, decreased VEGF and HIF1a was associated with increased radiosensitivity during
treatment with nelfinavir in vivo. The authors further observed a decrease in the hypoxia marker
EF5 in nelfinavir-treated tumors, which suggested increased tissue oxygenation despite reduced

angiogenesis. As previous studies associated improved tissue oxygenation with radiosensitization
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[303], Pore et al. speculated that the reduction in VEGF might have led to the normalization of the
vascular bed and a reduction in abnormal vessels formation, which promoted better tissue
oxygenation and enhanced radiosensitivity [286]. Cuneo et al. demonstrated in vitro that
nelfinavir—alone or in combination with radiotherapy—inhibited the growth of human umbilical
vein endothelial cells (HUVEC), and reduced cell migration and invasion. Potent reduction of
angiogenesis was also evident in a xenograft model of lung carcinoma in response to the
combination of nelfinavir and radiotherapy [285]. Qayum et a/. demonstrated that nelfinavir altered
the abnormal phenotype of the tumor vasculature by decreasing vessel tortuosity and showed
physical similarity with the normal vascular system in xenografts of EGFR mutated cells having
constitutively active PI3K/Akt signaling. The authors further observed that nelfinavir promoted
increased tissue oxygenation and demonstrated anti-proliferative properties [304]. Since hypoxia
has been linked with reduced radiation-sensitivity in tumor cells, and increased tumor perfusion is
deemed as a way to overcome radiation-resistance [303], the role of nelfinavir in enhancing tissue
oxygenation has garnered significant interest.

Yang et al. showed nelfinavir-driven downregulation of matrix metalloproteinase-2
(MMP-2) in NSCLC cells [232]. It was shown that protease inhibitors have the potential of
downregulating matrix metalloproteinase-9 (MMP-9) and MMP-2 during adipocyte differentiation
and in glioblastoma cells [305,306]. Matrix metalloproteinases are important modulators of tumor
cell invasion and metastasis; thus, nelfinavir could potentially be used to inhibit tumor progression
and metastasis. In functional assays, Xia et al. showed that nelfinavir inhibited cell migration and
invasion of cervical cancer cells in vitro, which was enhanced in combination with metformin
[219]. In medullary thyroid carcinoma cells, nelfinavir reduced the level of HSP90 client proteins

E-cadherin, SRC, and connexin-43, which was associated with an inhibited adhesive property of
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the cancer cells, leading to the reduced spheroid formation and induction of anchorage-dependent
cell death (anoikis) [223]. Nelfinavir was also shown to inhibit the invasive property of papillary,
follicular, and anaplastic thyroid cancer cells with concomitant reduction of the expression of gap-
junction protein connexin-43 and reduced mitochondrial membrane potential [211].

Pancreatic stellate cells are important drivers of desmoplastic reaction—a fibrotic and
inflammatory patho-histological change—in pancreatic ductal adenocarcinoma, which is believed
to raise radiation resistance in pancreatic cancer [307]. Nelfinavir was reported to sensitize
pancreatic cancer cells to radiation with or without the presence of human pancreatic stellate cells
(hPSC). Nelfinavir reduced the phosphorylation of focal adhesion kinase (FAK) and Akt in hPSCs.
Following administration of nelfinavir in vivo, pancreatic tumors, despite being mixed with hPSC,
showed improved response to radiotherapy and delayed their growth kinetics [307]. Cancer stem
cells possess self-sustaining capacity and are responsible for relapse and dissemination of disease.
Darini et al. demonstrated that nelfinavir, along with ritonavir, saquinavir, and lopinavir, was able
to kill Oct-4 expressing cancer stem cells [308]. Nelfinavir was also able to decrease the expression
of CD209 in monocyte cells, a target required for HIV virions to invade T cells, which could be

added to the immunomodulatory anti-cancer properties of the drug [309].

1.3.2.9 Multidrug-resistant efflux pumps

ATP-binding cassette (ABC) transporters are transmembrane proteins responsible for
expelling endogenous substrates (amino acids, inorganic anions, hydrophobic metabolites), and
exogenous drugs and their toxic metabolites from the cell. Among the 48 members of the ABC-
transporter family, p-glycoprotein (P-gp/MDR1/ABCB1) has been extensively studied and shown

to be associated with the emergence of resistance to chemotherapy in multiple cancers by
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decreasing intracellular concentration of drugs [310]. Nelfinavir has been proposed to be a
chemosensitizing agent based on its P-gp modulatory function. Besse et al. reported
overexpression of P-gp in carfilzomib-resistant MM cell lines and primary cells, which was
associated with the limited proteasome-inhibitory activity of carfilzomib. Nelfinavir and lopinavir
reduced P-gp mediated efflux of carfilzomib in MM cells indirectly via inhibiting the mitochondria
permeability transition pore (mPTP) [271]. Previous attempts to develop and combine P-gp
inhibitory drugs in the chemotherapy regimen of MM resulted in undesirable pharmacokinetic
events. However, nelfinavir demonstrated positive results in combination with proteasome
inhibitors (bortezomib, carfilzomib) against MM patients in clinical trials [205,259,260]. Besse et al.
suggested that the P-gp inhibitory property of nelfinavir could play a role during the chemo-
sensitization of MM patients to proteasome inhibitors. Furthermore, the level of P-gp in patients
could be used as a prognostic marker to stratify MM patients, likely to be benefitted from
nelfinavir-proteasome inhibitor combination [271].
The upregulation of P-gp has been associated with the activation of the PI3K/Akt/mTOR survival
pathway [311]. Nelfinavir increased the intracellular level of doxorubicin in doxorubicin-resistant
breast cancer cells via inhibiting the function and membrane localization of P-gp, which was
associated with the downregulation of the PI3K/Akt pathway and activation of ER stress [246].
Kim et al. observed nelfinavir-mediated chemo-sensitization of vincristine-resistant oral squamous
cell carcinoma cells back to the antimitotic agent vincristine, which was associated with the
induction of late apoptosis and inhibition of P-gp [312].

Increased expression of P-gp confers chemo-resistance in CML. Liu ef al. demonstrated
nelfinavir-mediated sensitization of doxorubicin-resistant CML cells back to doxorubicin and

other drugs transported by inhibiting P-gp (colchicine, paclitaxel, imatinib) [230]. Nelfinavir also
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increased the intracellular concentration of doxorubicin in doxorubicin-resistance CML cells,
which was associated with inhibition of P-gp. Although the mRNA and protein levels of P-gp were
unaltered in response to nelfinavir, the reduction in intracellular ATP level and mitochondrial
potential was deemed to be associated with the functional inhibition of ATP-dependent P-gp
transporters. Co-administration of glucose during nelfinavir and doxorubicin treatment in
doxorubicin-resistant CML cells reduced nelfinavir-mediated sensitization to doxorubicin, further
confirming the possible role of ATP-depletion in inhibition of P-gp and efflux of doxorubicin.
Additionally, molecular docking simulation indicated the possibility of competitive binding of
nelfinavir at the ATP binding site of P-gp, inhibiting its function [230]. Paradoxically, nelfinavir
has also shown to act as a substrate of P-gp efflux pump, which can increase the activity of P-gp
as a compensatory mechanism [313,314] warranting caution while considering the role of nelfinavir
as a P-gp inhibitor for drug sensitization. Among other members of ABC transporter proteins,
nelfinavir was shown to interact with breast cancer resistant protein (BCRP/ABCG?2) [315] and

multidrug-resistant protein 4 (MRP4/ABCC4) [316].
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1.3.2.10 Summary of mechanisms of action of nelfinavir as an anti-cancer agent
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Figure 1.8. (A) Nelfinavir inhibits the Nrfl dependent synthesis of proteasome subunits and
inhibits the proteasome, leading to the accumulation of misfolded proteins that activate IRE1a and
PERK arms of the UPR. PERK activation leads to modulation of protein synthesis and cell death.
Nelfinavir also inhibits S2P in the Golgi apparatus causing accumulation of un-cleaved ATF6 and
SREBP; (B) Nelfinavir activates autophagy by inhibiting mTOR and by activating eEF2K;
however, nelfinavir mediated inhibition of calpain may impair autophagy as well; (C) Nelfinavir

can inhibit HSP90 and its interaction with client proteins Akt, RET and HSP70. Nelfinavir can
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also cause inhibition of P-gp efflux pump and receptor protein tyrosine kinases (RPTK). Inhibition
of PI3K-Akt pathway leads to inhibition of VEGF hindering angiogenesis; (D) Nelfinavir inhibits
phosphatase CReP, STAT3, MMP-2/9, and SMAD2 pathway; (E) Nelfinavir promotes DNA
damage and can lead to cell cycle arrest by modulating components of cell cycle; (F) Nelfinavir
increases the expression of DR4/5 to enhance TRAIL sensitivity and activates the extrinsic
apoptotic pathway. Nelfinavir also inhibits the MAPK pathway; (G) Nelfinavir decreases the
mitochondrial membrane potential and activates the intrinsic apoptotic cascade. Nelfinavir also
inhibits glutathione to increase the production of ROS, leading to cell cycle arrest. Nelfinavir
mediated translocation of the apoptosis-inducing factor (AIF) from the mitochondria to the nucleus
contributes to cell death; (H) Nelfinavir inhibits the expression of antiapoptotic proteins facilitating

apoptosis and contributing to caspase-independent cell death.

1.3.3 Antitumor effects of Nelfinavir: preclinical evidence in vivo

The antitumor effects of nelfinavir have been tested on different mouse xenograft models
in order to assess the translatability of the evidence obtained through cell-based experiments. The
data regarding nelfinavir treatment, with or without a co-treatment, on in vivo cancer models, are

compiled in Table 2.
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Table 1.3. Antitumor effects of nelfinavir in animal models

Cells and Dosing of
Publications Cancer t Animal method of Nelfinavir Time Main result(s)
(et al.) ancertype Background erhoco * Co- ain resuits
xenograft
treatment
20 mg/kg Overcoming
Al Assar, 2016  Pancreatic v 1 de mi PSN-1, SCt, P2 20d ra;;:hc;prfotectlve
[307] cancer emaie nude mice 1o nk +RT33.5 ettecto .
G pancreatic
y stellate cells
Bono, 2011 i -Luc’, SC, ,
oo Multiple NOD/SCID! mice ~ D200Luey SC - 7S mefkg, ) 4 Reduced tumor
[222] myeloma Flank IP
burden
MCF-Dox®¢
! 2
. 4% inguinal 0 gk, Reduced tumor
Chakravarty, Breast cancer Female athymic mammar P 6w rowth and p-
2016 [246] nude BALB/c mice y + Dox & P
gland me/k AKT
(orthotopic) &/%8
Reduced
Lewis lung 30 mg/kg, .
C , 2007
Ztér;eo Lung cancer C7/BL6 mice carcinoma, SC, oral 3-5d Zizcular density
[285] hind limb +RT 2Gy . .
angiogenesis
ME-180, ME- 250 Reduced tumor
Davis, 2016 Cervical Female athymic 180 CPR’, SC,  mg/kg/d, 21d growth of both
cancer nude mice alternate astric cisplatin
227 de mi 1 gastri isplati
flanks gavage sensitive and
resistant cells
eEF2K8 WT? Tumor growth
IMmUNOcomprom HRasV12, inhibition in
De Gassart, Spontan ised AGR 12 913 eEF2k+ 100 mg/kg, response to
2016 [252] pontaneous 1: HRasV12,SC.  IP nelfinavir in
ce Alternate eEF2K WT mice
flanks but not in eEF2K
deficient mice
50 mg/kg,
oral Until C lete t
Escalante, Multiple SCID mi MM.1S, gavage * 10% B} OTP ? en il;mor
2013 [265] myeloma e sC BZ1 wtil egressior
combination
mg/kg, IV loss rou
tail vein group
Gills. 2007 Bulb/cAnCrnu/nu  H157, A548; Tumor growth
20 4' Lung cancer mice, athymic SC, shoulder 50-100 10-20d  delay, ER stress,
[204] nude mice and rear flanks mg/kg, IP; autophagy
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Guan, 2011
[247]

Gupta, 2007
[235]

Gupta, 2005
[6]

Jiang, 2007
[283]

Johnson, 2018
[254]

Kawabata,

2012 [242]

Kimple, 2010
[284]

Liposarcoma

Meningioma

Head-neck
cancer,
bladder cancer

Glioblastoma

Tuberous
Sclerosis
Complex

NSCLC2,
multiple
myeloma

Pancreatic
cancer

SCID mice

Male athymic
nu/nu mice

NCr-nu/nu mice

Female NCr-nu/nu
mice

NOD/SCID
female mice

Athymic NCr
nu/nu mice

Athymic BALB/c
nude mice

Lisa-2, SC,
heterotopic
model

IOMM-Lee,
SC, right flank

SQ20B (EGFR
mutated), T24
(HRas
mutated), SC,
hind flank

Us7MG
(PTEN
deficient), SC,
flank

ELT3-V3 (Tsc2-

"), SC, right
flank

H157,
RPMI8226, SC,
both rear
flanks

Capan-2, SC,
flanks

or 100
mg/kg
gastric
gavage

500
mg/kg/d,
diet

150
mg/kg/d,
oral +
Imatinib
100
mg/kg/d

0.6
mg/day,
continuous
release
pellets

+ RT 6-8
Gy

79
mg/kg/day,
Diet +
RT 6Gy

30-50
mg/kg, IP
+BZ0.3-0.5
mg/kg

50mg/kg,
P *
BZ2 0.5

mg/kg

150 mg/kg,
Oral
gavage

+ RT 200
cGy/day

41d

23d

Time to
reach
1000

Time to
reach
1000
mm?3

17d

11-17d

10d

Reduced tumor
growth

Combined
treatment
caused tumor
growth
reduction, ER
stress, apoptosis
and reduced
level of survivin

Combined
treatment
caused tumor
regrowth delay

Combined
treatment
caused tumor
growth delay;
nelfinavir
reduced p-Akt

Combined
treatment
caused tumor
growth
reduction, ER
stress, apoptosis

Combined
treatment
caused tumor
growth
reduction, ER
stress, apoptosis

Combined
treatment
caused tumor
growth
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reduction;
nelfinavir
reduced p-Akt

DTX®3
. (10mg/kg), Triple
Castration * combination
Mathur, 2014 i i inavi
athur, resistant A’Ehyrmc nude C4-2B, SC [nelfinavir dw caused tumor
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cancer and 4
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curcumin
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25mg/ke, Cl;eljs::le’lmor
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and histone
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Lung cancer, 79mg/kg/d, Time to Z?Lt:;znttumor
Pore, 2006 head neck BALB/c NCr Ab549, SQ20B, diet; reach rowth:
[286] squamous cell  nu/nu mice SC, flank +RT8Gy 1000 Browtl
5 nelfinavir
cancer mm
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angiogenesis
and VEGF?®
Pore, 2006 Glioblastoma ~ BALB/c NCr U87, SC io /lgfgéiet >d ifdi‘éceeiesis
[287] nu/nu mice &e 808
40 mg/kg/d  96h
(short- (short- Tumor growth
Pyrko, 2007 Male athymi t , 12 t , .
yreo Glioblastoma alea .ymlc us7, SC erm), 120 erm) reduction, ER
[244] nu/nu mice mg/kg/d 6w .
stress, apoptosis
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term); term)
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. hypoxia,
F HT1
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[304] yng 00 O P blood flow,
cancer hind leg .
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Shim, 2012 B "
[272] reast cancer
Smith, 2016 Mel
[297] elanoma
Thomas, 2012 B "
reast cancer
[226] east cance
Vandewynckel Hepatocellular
, 2016 [234] carcinoma
Cervical
Xia, 2017 [219] . i€a
cancer

BABL/c NCr
nu/nu mice

Nude mice

Athymic mice

WT
129s2/SvPasCrl
mice injected with
DEN?" (orthotopic
model); Athymic
nude mice:
Foxnlnu/foxnlnu
(Xenograft model)

Female BALB/c
nude mice

HER216
positive:
HCC1954,
BT474; HER2
negative:
HCC1937,
MDA-MB-231,
SC

A375, M249-
R4, SC

MDA-MB-468
(TNBC2),
MCE-7, SC,
flank

HepG2, SC,
right flank

SiHa, SC, left
flank

25 mg/kg,
1P;
40 mg/kg,

oral

25
mg/kg/qd,
oral
gavage

+ MEKi"”
(25
mg/mg/qd)
or BRAFi8
(25 mg/kg/
qd)

5 mg/kg/d,
gavage

+ Celecoxib
(2mg/kg/d)
+CQx(10
mg/kg/d)

0OZ2(30
mg/kg/d),
intragastric
+ nelfinavir
(250
mg/kg/d),
P

or
salubrinal
(Img/kg/d)
,IP

04
mg/kg/d,
1P

*
metformin
100
mg/kg/d

30d

21-33d

3-5d

Aw

24d

Nelfinavir
selectively
inhibited the
growth of HER2
positive tumors
and decreased
expression of
HER2

Combined
treatment
caused
reduction of
tumor growth
and expression
of PAX and
MITF?

Triple
combination
caused tumor
growth
reduction, ER
stress and
apoptosis

Decreased
tumor growth
and increased
apoptosis in
both orthotopic
and xenograft
models

Reduced tumor
growth and
PI3K*
expression and
increased
expression of
p53 and p21 in
response to
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either
monotherapy or

combined
therapy
Combined
treatment
0.4 caused tumor
mg/kg/d, growth
. Cervical Female BABLB/c SiHa, SC, left 1P reduction and
Xia, 2019 [301] cancer nude mice flank + 25d enhanced level
metformin of sirtuin-3 and
100 MICAZ%,
mg/kg/d suggesting NK2
cell mediated
lysis
Tumor
growth
. . reduction,
Xiang, 2015 Cervical BALB/c nude mice HelLa, 5C, Img/ 20d increased
[218] cancer back mouse, IP )
apoptosis,
nuclear
localization of
AIF?6
Yang, 2006 BAF}.S/C triple NCI-H460, SC, 60 mg/kg, Tumor growth
NSCLC deficient male . oral 3w .
[232] . bilateral reduction,
nude mice gavage .
apoptosis
Tumor growth
reduction,
Yang, 2005 Prostate Immunodeficient LNCaP, SC, 60 rlng/kg, reduced serum
[233] cancer BALB/cnude mice bilateral ora Sw level of PSAZ,
gavage .
increased
fibrosis and
inflammatory
cells
5 uM, oral .
Zeng, 2011 Pituitary Female nude mice GHS3, SC, right  gavage tLlllrrl:cl)r Eii??:if;owm
[288] adenoma flank +RT 6Gy ’

size 4x  reduced
phospho-56

'Subcutaneous, ZIntraperitoneal, *Radiotherapy, “Non-obese diabetic/severe combined
immunodeficiency, Luciferase, Doxorubicin, 'Cisplatin resistant, *Eukaryotic elongation factor
2 kinase, *Wild type, '“Bortezomib, ''weight, >Non-small cell lung carcinoma, '*Docetaxel,
4Panobinostat, *Vascular endothelial growth factor, !Human epidermal growth factor receptor
2, "Mitogen-activated protein kinase inhibitor, '8 BRAF inhibitor, "Microphthalmia-associated
transcription factor; melanoma transcription factor, 2°Triple negative breast cancer, 2!Chloroquine,
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220prozomib, *Phosphoinositide-3 kinase, *Major histocompatibility complex class I chain-
related gene A, »Natural Killer, 26Apoptosis-inducing factor, 2’Prostate-specific antigen

1.3.4 Current status of clinical trials

Promising preclinical data regarding nelfinavir, as a single agent or in combination
with other cancer therapies, on multiple cancers, prompted a series of clinical trials. For instance,
Rengan and colleagues reported the outcome of a Phase I/II trial of nelfinavir with concurrent
chemoradiotherapy on locally advanced unresectable stage Illa/ IIIb NSCLC [317,318]. In the
Phase I study, the maximum tolerated dose of nelfinavir was determined to be 1250 mg per oral
route twice daily. Nelfinavir was administered 7 to 14 days prior to and concurrently with cisplatin,
etoposide and radiotherapy at a 66.6 Gy dose. No significant predetermined dose-limiting toxicity
was observed. Five of the nine evaluable patients showed complete response, whereas the
remaining four patients showed partial response in post-treatment positron emission tomography
(PET) derived metabolic evaluation [317]. The Phase I study progressed into a Phase II study
where 35 patients with locally advanced unresectable stage IIla/ IIIb NSCLC were treated with
nelfinavir with concurrent chemoradiotherapy. Observed median survival was 41.1 months, and a
median progression-free survival was 11.7 months without any unexpected grade 3 or 4 toxicities
beyond those of standard chemoradiotherapy [318].

Radiotherapy is a front-line management option for inoperable locally advanced pancreatic
cancer (LAPC); however, resistance to radiation is frequent and local disease progression leads to
the demise of patients. In the preclinical setting, nelfinavir was shown to increase the sensitivity
to radiation via the downregulation of Akt [6], reducing hypoxia [286], and improving tumor
microvasculature [304]. Brunner et al. first reported a Phase I trial with the use of nelfinavir in

conjunction with chemoradiotherapy in inoperable LAPC patients [290]. In this study, 12 patients
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started nelfinavir three days before the initiation of radiation therapy and chemotherapy with
cisplatin and gemcitabine. Of the 10 evaluable patients, 5 showed complete metabolic response in
PET and 6 underwent secondary resection. The median overall survival was 18 months, and most
patients showed downregulation of p-Akt in PBMCs; nelfinavir did not contribute to additional or
unexpected toxicity to the regimen [290]. The study escalated into Phase II, where 23 patients with
an estimated life expectancy >12 weeks received nelfinavir 1250 mg twice daily prior to and
concurrently with radiotherapy and chemotherapy (cisplatin and gemcitabine) [319]. In this study,
the median overall survival time-length was 17.4 months, (90% CI: 12.8-18.8%) and one-year
overall survival rate was 73.4% (90% CI: 54.5-85.5%). Four of the 6 recruited patients for a sub-
study showed reduced hypoxia in 18F-fluoromisonidazole positron emission tomography
(FMISO-PET) with a concurrent increase in computed tomography (CT) perfusion denoting
increased blood flow. Additionally, 8 of 13 evaluable patients demonstrated the downregulation
of p-Akt following initial nelfinavir treatment. However, a high incidence of grade 3 or above
gastrointestinal toxicity raised concern, which was attributed to the gemcitabine-cisplatin
combination with concurrent large field radiotherapy [319,320]. To address the need to optimize the
chemoradiation regime for LAPC, a large-scale multicenter randomized study SCALOP-2 began
in March 2016. The study aims at investigating the benefit of induction-chemotherapy by
gemcitabine and nab-paclitaxel followed by escalating doses of radiation with or without the
radiosensitizer nelfinavir [320]. Recently, Lin et al. reported two trials testing the simultaneous use
of nelfinavir with stereotactic body radiotherapy (SBRT) on patients having locally advanced or
unresectable pancreatic adenocarcinoma [321,322]. In the Phase I study, patients received 3-week
cycles of gemcitabine/leucovorin/fluorouracil followed by combinations of nelfinavir and

escalating doses of radiation therapy. In this study, a median overall survival was estimated to be
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14.4 months, and the maximum tolerated dose combination was deemed SBRT (40Gy)/ nelfinavir
(1250 BID) [321]. Additionally, in a prematurely terminated trial, Lin et al. tested a
chemoimmunotherapy combination gemcitabine/leucovorin/fluorouracil/ oregovomab followed
by SBRT (40Gy)/nelfinavir (1250 BID) in LAPC patients [322].

In few studies, nelfinavir was tried as a monotherapy, unlike the mostly tested regimen of
nelfinavir in combination with chemotherapy and with or without radiation therapy. Hoover et al.
reported a phase II clinical trial in patients with recurrent adenoid cystic carcinoma who no longer
responded to the available standard therapeutic options. Patients received doses of 1250 mg of
nelfinavir twice daily; however, the progression-free survival did not improve significantly [292].
Conversely, in a Phase I study conducted by Pan et al., 6 patients out of 20 (30%), having recurrent,
metastatic or unresectable liposarcoma, showed clinical benefits at different dose levels of
nelfinavir [323]. Nelfinavir was reasonably tolerated without any dose-limiting toxicity, and dose
escalation was effective up to 3000 mg due to auto-induction of increased plasma clearance at
higher doses [323]. Blumenthal ef al. investigated the effects of nelfinavir monotherapy on adults
having advanced solid refractory tumors of different origins [243]. Patients showed well tolerability
to nelfinavir with manageable toxicities and the maximum tolerated dose was determined at 3125
mg. Dose-limiting toxicity was reported as grade 4 neutropenia at a high dose level (3750 mg),
which was reversible quickly upon temporary discontinuation of the treatment. Out of 28 patients,
1 showed partial response, 3 showed minor response, and 6 showed stable disease on tumor
evaluation. Importantly, this study reported the beneficial effect of nelfinavir on a neuroendocrine
tumor (NET). Patients showed decreased p-Akt, enhanced p-elF2a, and enhanced expression of

ATF3 and CHOP analyzed from PBMCs following nelfinavir treatment [243].
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Decreased UPR, especially silencing of IRE1o/XBP1 in MM cells, has been shown to confer
resistance to proteasome inhibitor bortezomib [324]. In a phase I study, Driessen et al. observed
the upregulation of UPR proteins in response to nelfinavir—with or without bortezomib—in
PBMCs of advanced MM patients [259]. Among 6 bortezomib and lenalidomide refractory MM
patients, 3 showed partial response, and 2 demonstrated minor response to the combination of
nelfinavir (2x2500 mg) and bortezomib. Nelfinavir also showed mild inhibition of proteasome
activity, which was further enhanced by bortezomib [205,259]. In a phase II trial, 34 patients of
bortezomib-refractory MM, a twice-daily dose of 2500 mg of nelfinavir led to an objective
response rate of 65% (90% CI, 49%-76%), and was observed with 12 weeks of progression-free
survival and a median overall survival of 12 months [205]. Recently, Hitz et al. reported a regime
of nelfinavir/lenalidomide/dexamethasone, a triad of orally given drugs, tried on 29 patients with
lenalidomide refractory MM [260]. Ten of the 29 patients had lenalidomide-bortezomib double-
refractory MM; 16 patients showed minor response or better (55%, 95% CI 6-74%), and 9 patients
showed partial response (31%, 95% CI 15-51%), with median overall survival of 21.6 months.
Lenalidomide and nelfinavir both act as substrates for multidrug resistant 1 (MDR-1) pump, which
may have caused competing interactions and inhibited drug efflux, thereby increasing intracellular
concentration and clinical effects [260].

Hill et al. conducted a clinical trial combining nelfinavir and radiotherapy on 10 patients
having advanced metastatic rectal cancer. Unlike previous studies, nelfinavir (1250 mg twice
daily) was combined with hypo-fractionated radiotherapy without the addition of chemotherapy.
Five patients demonstrated tumor regression as per MRI imaging, and dynamic imaging (p-CT,
DCI-MRI) hinted increased perfusion in the tumor area [325]. In another small cohort of 11

patients, Buijsen et al. investigated the tolerability of nelfinavir with standard radiotherapy and
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capecitabine (825 mg/m? twice daily) in locally advanced rectal cancer patients. Three patients
showed pathological complete response and 4 other patients showed major response. Diarrhea
appeared to be the most frequent adverse event, which was speculated to be related with high
plasma level of nelfinavir due to inhibition of CYP2C9—a metabolizer enzyme of nelfinavir—by
capecitabine. The maximum tolerated dose of nelfinavir was deemed 750 mg twice daily [326]. In
patients diagnosed with glioblastoma multiforme (GBM), in order to determine the dose-limiting
toxicity and maximum tolerated dose of nelfinavir, in conjunction with temozolomide and
radiotherapy, Alonso-Basnata and colleagues conducted a phase I trial on 21 patients. Nelfinavir
was deemed to be safe when administered with temozolomide (75 mg/m?) and radiotherapy (6000
cGy to the gross tumor volume), and the maximum tolerated dose was 1250 mg, similar to the
standard dose given to HIV infected patients [327]. The bulk of clinical trial data are compiled in

Table 1.4.

Table 1.4. Updated clinical trial list including nelfinavir (2020)

Concurrent Timelin Total

NCT number  Phase Cancer type Status . Objective Ref
therapy e patients
Jan .
. Estimate of
NCT01485731 I Cervical Cisplatin, RT! 2012- C2 8 adverse event,
cancer Feb MTD?
2015
Jun
Stage III Cisplatin, 2007- .
NCTO00589056  I/II NSCLCH etoposide, RT Mar C 55 DLT5, MTD [318]
2012
Jun
— 6 7
NCT01079286 1 Renal cancer  Temsirolimus 2008 C 18 P, PI.D s Dose
May escalation
2011
Feb
LAS® Cervical Cisplatin, Pelvic ~ 2015- Number of
TO02 2! I
NCT02363829 Cancer RT Feb ¢ 6 AE®
(Stage II-VA) 2020

88



Locally

advanced May
NCT01086332  I/MI vaneee Gemcitabine, RT  2009- T 7 DLT
pancreatic
Jul 2015
cancer
(LAPC)
Colorectal Capecitabine Sep
T00704 § 2008 —
NCT00704600 cancer Preoperative RT ]310 gO 13 C 15 DLT, MTD [326]
Feb
1 - 11 -
NCT01447589 I/ NSCLC Radical 2012- W MID, AE
radiotherapy Oct
2012
Dec MTD, DLT,
2006 - PK, PD
NCT01445106 I Solid tumors ~ _ 006 C 28 o [243]
May antitumor
2011 response,
blood markers
Adenoid ZOOC(;(9— Tumor
NCTO01065844 11 cystic head _ C 15 . [292]
and neck Nov progression
. 2017
carcinoma
DLT, MTD,
Pancreatic Gemcitabine Nov evaluate
NCT01068327 I cancer . hydrochl.orlde, 2007- C 46 surglc.al [321]
(adenocarcin  leucovorin Feb resection rate,
oma/ Stage calcium, 2015 pathological
III) fluorouracil, RT and
radiological
response
. . Mar
NCT04169763 1 Vulvar Cisplatin, 2020 NR2  18est’® DLT, safety,
cancer (Stage external beam
I-IVA) radiation Dec Dose for
2023 Phase I
Inoperable C;s;lniltz;t;ni gf);jllg MTD, toxicity,
NCT01108666  II NSCLC paciaxey T 8 feasibility of
(Stage III) etoposide, Dec proton beam,
proton beam 2018 .. ’
- clinical
radiation .
efficacy
Mar
Non- RT, nab- 2016 - OS5, PES'S,
NCT02024009 I/II metastatic paclitaxel, R4 289 est. L [320]
o Aug toxicity, QLY
LAPC gemcitabine,
i 2020
capecitabine,

89



Aug

Ixazomib MTD,
NCT03422874 1 Lymphoma (MLN9708) 2016- W _ Toxicity, PK,
Aug PD
2017
Evaluate
Gemcitabine Sep efficacy and
hydrochlorid 2013- fety of
NCT01959672  1I LAPC ydrochloride, - 2013- - 11 satery o [322]
leucovorin Dec neoadjuvant
calcium, 2018 chemotherapy
fluorouracil, followed by
oregovomab, RT RT+ nelfinavir
Jul
Ad d
NCTO01164709 1 Vaneee  Bortezomib 20100 C 18 DLT, objective  [259]
hematologic
malienancies Nov response, AE
& 2013
Advanced Atezolizumab, Jun RR™, OS, PFS,
NCT03050060  1I melanoma, mvolum.ab, 2017- gis 120 est AE, 1mrpune
lung and pembrolizumab, Dec correlative
kidney RT 2021 studies
cancer
Lytic
Gamma- Jul 2014 activation of
NCT02080416 I herpes _ —Feb T 1 viral gene
related 2016 expression by
tumor nelfinavir
Jul
NCT01925378 11 Cerv1ca¥ _ 2012- R 10 est. Efficacy of
dysplasia Dec nelfinavir
2022
NCT00791336  II NSCLC RT, cisplatin, Aug g 1 Pathologic
. 2008 - complete
etoposide
Mar response
2011
Temozolomide, ~ -F¥ MTD, DLT
20 4 _ 7 ’
NCT00915694 1 GBM RT 2009 T 15 PES, OS [328]
Dec
2015
Carcinoma Cisplatin, pelvic Jan Improvement
NCT03256916  III . p /P 2018 - R 300 . P .
cervix (Stage RT Sep in 3-yr disease
1) 2025 free survival
. MTD, AE,
NCT03829020 I Bortezommib, Apro g 36est.  hematological
metformin 2019 -
response

90



Relapsed or Aug
refractory 2021
multiple
myeloma
Dec
Proteasome Bortezomib, 2014 -
NCT02188537 1I inhibitor- dexamethasone Apr C 34 RR, AE, QL [205]
refractory 2018
myeloma
Feb
2012 - DLT, ORR22
NCT01555281  I/II Multiple Lenalidomide, 0 AnR2 33 s ORR?, [260]
myeloma dexamethasone Dec OS, PFS
Y 2021
. Mar DLT, MTD,
NCT00233948 I/1I Liposarcoma 2006 — T 29 ORR
Jul 2013
K i fet d
NCT00002185  II apost - - C 20 Safety an
sarcoma efficacy
Head and I;;fs,elzllatmum- Jul 2014 Determine
NCT02207439 I neck. chemotherapy - Dec AnR 28 locoregional
carcinoma 2020 control
. Mar .
NCT03077451  II Kaposi _ 2017-  AnR 36 Efficacy of
sarcoma dose
Oct escalation
2020
. Mar ..
NCT00694837 1 GBM Temozolomide, 2009- C 6 MTD, toxicity
RT
Jan
2013
. . Apr
NCT01020292 I Glioma Temozolomide, 2009- C 31 MTD, DLT,
RT PES, OS
Dec
2017
Jun Role of HIV-
NCT00003008  1I Sarcoma Indinavir, 1997- ¢ 33 Pls in plasma
saquinavir, Jun
. . clearance of
ritonavir, 2006 .
. paclitaxel
paclitaxel

91



! Radiotherapy, 2 Completed, > Maximum tolerated dose, * Non-small cell lung carcinoma, > Dose
limiting toxicity, ¢ Pharmacokinetics, ’ Pharmacodynamics, 8 Locally advanced, * Adverse events,
19 Terminated, '' Withdrawn, '? Not recruiting, '* Estimated, '* Recruiting, '> Overall survival, '
Progression free survival, ! Quality of life, '® Suspended, '° Response rate, 2° Glioblastoma
multiforme, 2! Active, not recruiting, 2> Overall response rate

1.3.5 Conclusions

Nelfinavir can target a number of mechanisms in mammalian cancer cells; however,
definitive identification of the primary cellular target responsible for anti-tumor efficacy is still
needed. Analysis of reports indicating probable intracellular pathways suggests that the
mechanisms to impart anti-cancer properties by nelfinavir may be cell type and cancer-specific. A
number of phase I and II clinical trials have proven the safety, tolerability, and positive outcome
of nelfinavir in cancer patients, with or without co-treatments, especially against pancreatic cancer,
NSCLC, and MM [259,290,318]. So far, the completed clinical trials have been single arm and
open-labelled involving small cohorts and the available data warrants randomized controlled trials
on larger population groups. Accordingly, two large-scale randomized trials are currently ongoing
to test the efficacy of nelfinavir with radiotherapy against locally advanced pancreatic cancer
(NCT02024009) and cervical cancer (NCT03256916).

Anti-infective dosing of nelfinavir in HIV-infected patients results in maximum
plasma concentration of 7-9 pumol/L, and reports have shown that anti-cancer effects can be
achieved within this range [201,204,206]. However, higher plasma concentration may be needed
to elicit anti-cancer properties by nelfinavir against some cancers [226]. As nelfinavir is an inducer
and substrate of metabolic enzyme CYP34A, autoinduction of plasma clearance in high doses is
initiated, which prevents increment of plasma concentration during dose escalation, leading to non-

linear pharmacokinetics [323]. Enhanced plasma concentration and tissue availability of nelfinavir
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can be achieved through molecular modification, drug combination, or nano-particle based
administration. Molecular modification through nitric oxide (NO) hybridization of HIV-PIs has
emerged as an alternative strategy to increase the anti-cancer efficacy of lower doses, especially
in the case of saquinavir [189]. Metabolism of nelfinavir by the enzyme CYP2C19 yields the
pharmacologically active metabolite M8 responsible for suppressing the viral replication. M8 has
also shown comparable anti-tumor activity to nelfinavir [247]. Kattel et al. reported enhanced
systemic exposure of nelfinavir due to genetic polymorphism of CYP2C19 in locally advanced
pancreatic cancer patients, suggesting that stratification of patients according to the genotype could
identify the population likely to benefit from nelfinavir treatment [329].

Overall, the anti-tumor effects of nelfinavir have been tested on an array of cancers
with positive results rationalizing its suitability as a potential candidate for drug-repurposing in

cancer.
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1.4 THESIS RATIONALE AND OBJECTIVES

Ovarian cancer remains a significant source of morbidity and mortality, being the seventh most
common cancer among women and the eighth leading cause of gynecologic-cancer-related death
in the world [8]. Despite increasing advancement in diagnostics and therapeutic avenues, platinum-
based treatment following tumor-debulking surgery persists as the backbone of ovarian cancer
treatment for over fifty years. Although 70% of patients respond favourably to the initial platinum-
based therapy, flaring of microscopic residual disease and emergence of platinum-resistance are
inevitable within 18-24 months, which has contributed to an unimproved 5-year survival rate
(47%) since the 1980s [46,330-332]. A maintenance therapy during the window of time between the
primary standard of care and the relapse of the disease may lead to improved patient survival.

Repurposing of market-available drugs is a viable alternative to accelerate the availability
of newer therapeutic options to patients in urgent need, instead of relying on the prolonged
traditional drug development pipeline. We selected a market-available anti-HIV drug, nelfinavir,
which has been safely in use as an anti-infective agent for more than two decades. Nelfinavir has
demonstrated off-target anti-cancer effects against a variety of cancers, via a multitude of
molecular mechanistic avenues. To date, the possible therapeutic efficacy of nelfinavir has not
been investigated against HGSOC.

Among nine mechanistic pathways whereby nelfinavir exerts cytotoxic effects in different
cancer, the endoplasmic reticulum (ER) stress and the associated unfolded protein response (UPR)
have been the most cited ones. The UPR is the cellular adaptive process aimed at relieving the
cells from the ongoing proteotoxic stress in the ER due to the accumulation of misfolded or
correctly folded proteins. Moderate levels UPR is life-saving and promotes proteostasis [333].

Elevated ER stress can be manifested as a survival mechanism within the cancer cells due to the
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suboptimal environment, e.g. hypoxia, low nutrient supply, providing a vulnerable target for
exploitation, from which the normal cells thriving in optimal conditions may be spared [334]. For
instance, Samanta et al. observed elevated ER stress related markers in the tissue samples of serous
ovarian cancer [335]. On the other hand, prolonged or aggravated ER stress exhausts all reparation
machinery to re-establish proteostasis and shifts the cell fate to death. Aggravation of existing
elevated basal ER stress within the cancer cells can be a potent pharmacological strategy to induce
cell death. Therefore, we asked the question as to whether nelfinavir can aggravate ER stress in
HGSOC cells and lead to cell death.

An important component of the prosurvival UPR is the endoplasmic reticulum-associated
degradation (ERAD), where misfolded ubiquitinated protein may be retrotransloacted to the
proteasome for degradation, in an attempt to reduce the overall protein load [334]. In theory,
blocking of the proteasome might cause retrograde enhancement of protein load, which will further
aggravate an already activated ER stress pathway, tipping the cell fate towards cell death. In
agreement with this idea, our laboratory had demonstrated previously that induced ER stress in
response to mifepristone in ovarian cancer cells was unbalanced toward its proapoptotic fate by
combining it with a proteasome inhibitor bortezomib [336]. As such, we raised our second question,
similar to the ER stressor mifepristone, whether nelfinavir can potentiate the cytotoxic effect of
the proteasome inhibitor bortezomib.

Based on the above rationale, we developed our overall hypothesis, “Anti-HIV agent
nelfinavir, acting as an ER stressor, is cytotoxic toward high grade serous ovarian cancer cells and
potentiates the toxicity of the proteasome inhibitor bortezomib.”

The hypothesis was tested in our study by investigating the following objectives:
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Objective 1: To determine if nelfinavir acts as an ER stress aggravator and induces

cytotoxicity in high-grade serous ovarian cancer cells;
Objective 2: To investigate the molecular mechanism underlying nelfinavir mediated

cytotoxicity against high-grade serous ovarian cancer;

Objective 3: To explore if nelfinavir, acting as an ER stress aggravator, can potentiate

the cytotoxicity of the proteasome inhibitor bortezomib.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Cell culture and reagents

PEO1/PEO4/PEO6 and PEO14/PEO23, two sequentially obtained and spontaneously
immortalized polyclonal series of cell lines, were utilized to explore the effects of nelfinavir [337]
(Figure 2.1). The original patients demonstrated different levels of disease progression and
platinum sensitivity during the establishment of each cell line. The first patient was sensitive to
cisplatin when the PEOI cell line was developed from the ascitic fluid following 22 months of the
last cisplatin-based therapy. Later, the patient was deemed clinically resistant to cisplatin while
PEO4 and PEOG cells were obtained respectively 10 months and 3 months after the last cisplatin-
based therapies. PEO14 cells were established from the ascitic fluid of a second patient during the
chemo-naive stage, and PEO23 cells were developed during the cisplatin-resistant stage of that
patient 7 months after the last cisplatin-based therapy [155]. With the written consent from Dr.
Langdon (Edinburgh Cancer Research Center, Edinburgh, UK), PEO1, PEO4 and PEOG cell lines
were obtained from Dr. Taniguchi (Fred Hutchinson Cancer Center, University of Washington,
Seattle, WA, USA). PEO14 and its longitudinally patient-matched pair PEO23, were obtained
from Culture Collections, Public Health England (Porton Down, Salisbury, UK).

To study the effect of nelfinavir on artificially acquired cisplatin-resistance in vitro the
cancer cell line OV2008 and its cisplatin-resistant pair OV2008 C13 [338] were utilized. OV2008
cells have more recently been disputed of their ovarian origin, suggesting to have a cervical cancer
origin instead[339]. However, since the pair OV2008 and OV2008 C13 has been used extensively
in previous publications from our laboratory [336,340,341], especially in the context of cisplatin
resistance, we utilized them for providing proof of concept and optimizing experimental designs
and protocols. OV2008 and its sibling OV2008 C13 were obtained from Dr. Stephen Howell

(University of California, San Diego). Finally, the cell line we termed PEO1X was generated from
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PEOL1 cells following an in vitro challenge with cisplatin for 1 h. Following the cisplatin challenge,
the damaged cells were washed away, and the remaining clones were allowed to repopulate to

generate the PEO1X cell culture (Figure 2.1).

Cells isolated from ascites

g n
PEO14 —»PE023 W PEQO1 ——» PEO4 — PEO6
0 6 12 24 36 months
| | | I | | »
Platinum-based Platinum-based Platinum-based
therapy therapy therapy

Cells selected in vitro with CDDP

10 uM CDDP/ 1 hour
PEO1 > PEO1X

Figure 2.1: The schematics represent at the top paired cell lines derived from the ascites of two
different patients [155,337]. We proceeded to utilize one cell line (PEO1) and challenge it with
cisplatin (cis-diamminedichloroplatinum / CDDP) for 1 h. Thereafter, the toxic agent was
removed, the dead cells were eliminated, and the repopulated cells with slightly different

morphology were termed PEO1X. (Diagram created on https://biorender.com/).
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All cells were cultured in RPMI-1640 (Mediatech, Manassas, VA, USA) supplemented
with 5% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA), 5% bovine serum
(Life Technologies, NZ), 1 mM sodium pyruvate (Mediatech), 4mM L-glutamine (Mediatech), 10
mM HEPES (Mediatech), 0.01 mg/mL human insulin (Roche, Indiananpolis, IN, USA), 100 TU
penicillin (Mediatech), and 100 pg/mL streptomycin (Mediatech). Cell culture was carried out at
37°C in a humidified incubator of 95% air/5% CO?2 in standard adherent plastic plates. Autosomal
short tandem repeat (STR) profiling markers were utilized for authentication, which demonstrated
>80% match between the cell lines used in our study and the genotype of the original patients. The
STR was carried out in the authentication core facility of the University of Arizona (Tucson, AZ,
USA) [51]. Cells were stored via cryopreservation in liquid nitrogen. Cryopreservation was carried
out by immersing the cells (usually 1 million/vial) in commercially available Cryostor® media or
in a mixture of fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA) and dimethyl
sulfoxide (DMSO) in a ratio of 9:1. Prior to transferring the vials of cells to liquid nitrogen, the
cells were gradually pre-frozen at -80°C in a freezing container with isopropanol (Mister
Frosty™). The maximum passage number for the cell lines used in the experiments was limited to
10.

The drugs used in this study were as follows: nelfinavir mesylate hydrate (NFV) (Sigma
Chemical Co., St. Louis, MO, USA), cis-diamminedichloroplatinum II (cisplatin, Sigma),
bortezomib (BZ) (Velcade®, Millennium Pharmaceuticals, Cambridge, MA, USA), tunicamycin
(Sigma), puromycin dihydrochloride (Sigma), bafilomycin Al (Cell Signaling Technology,
Danvers, MA, USA), salubrinal (EMD 100hemilumi) and cycloheximide (Sigma). Nelfinavir and
tunicamycin were vehiculized in dimethyl sulfoxide (DMSO) to yield 50 mM and 5 mg/ml stock

solutions, respectively, and were stored at -20°C. Puromycin dihydrochloride was dissolved in
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cell-culture grade water to make an 18.37 mM stock solution, aliquoted, and stored at -20°C until
use. Bafilomycin, cycloheximide, and salubrinal were commercially delivered in ready-made stock
solutions and were stored at -20°C, 4°C and -80°C, respectively. Bortezomib was dissolved in
0.9% sodium chloride solution to generate a 2.6 mM stock solution which was stored at -20°C.
Cisplatin powder was dissolved in isotonic saline solution to generate a stock of 3.33 mM right
before starting an experiment. During an experiment, the stock solutions were serially diluted in
respective vehicles or culture media to reach the desired treatment doses. The maximum

concentration of DMSO in the cell culture was maintained at < 0.1% (v/v).

2.2 Cell proliferation and viability assay

Cell proliferation and viability were assessed via microcapillary cytometry. We described
this methodology previously in detail [341]. Briefly, HGSOC cells were subjected to different
treatments in triplicates or quadruplicates for different times. After each treatment, cells were
trypsinized and centrifuged to yield cellular pellets, which were washed and resuspended in
phosphate-buffered saline (PBS), and mixed with the Muse™ Count & Viability Reagents
(Luminex Corporation, Austin, TX, USA). The stained samples were analyzed with a
microcapillary fluorescence cytometer (Guava® Muse® Cell Analyzer, Luminex), and the data
were calculated by the Guava® Muse® Software (Luminex).

The proprietary solution of the Muse® Count & Viability Reagent consists of two dyes: 1)
a nuclear DNA binding dye that tags all the nucleated cells, and 2) a viability dye that penetrates
the cells with compromised cell membrane, thus tagging all the damaged/dying cells. Upon laser

excitation, the Guava® Muse® Cell Analyzer distinguishes between the viable and dying cells
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while excluding debris, providing a quantitative estimate of the total number of cells and percent

viability.

2.3 Assessment of the sensitivity of the PEO cell line series to cisplatin

The sensitivity of the PEO cell lines to cisplatin was determined using a combination of
short-term exposure of the cells to the drug followed by a long-term incubation of remaining live
cells in cisplatin-free media. This assay allows determining the long-lasting toxic effects of
cisplatin. The drug was introduced into the media to reach final concentrations in the range of 1 to
50 uM. Saline was provided to vehicle-treated cells. Cells received cisplatin-infused media for 1
hour (h), after which time media was removed, cells were washed with PBS, and media without
cisplatin was provided for 72 h. The 1 h treatment time with cisplatin was selected to mimic the
amount of time cisplatin is typically provided to a patient in a clinical setting. Thereafter, floating
and adherent cells were collected and assayed for number and percent viability using fluorescence
cytometry as explained above. Subsequently, 1000 viable cells for each treatment group were
seeded in 6-well plates and cultured for 10-15 days until the number of cells/colonies in the
vehicle-treated plates was > 50. At the end of the incubation period in cisplatin-free medium, the
medium was aspirated, the cells were washed with PBS, and then fixed with 4% paraformaldehyde
(PFA) for 30-45 minutes and stained with 0.5% (w/v) crystal violet (Sigma) for 20 minutes before
being rinsed with tap water and dried at room temperature. Colonies having > 50 cells were scored
manually in an AmScope inverted light microscope with AmScope Software 3.7 (XD Series,
United Scope LLC, Irvine, CA, USA) using 10x and 20x objectives. These values were imputed
into the CalcuSyn software (Biosoft, Cambridge, UK), which calculated the half-maximal

inhibitory concentration or ICso (in uM) for each cell line. The average of two independent
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experiments performed in triplicate was used in the determination of the final ICs value for each

cell line.

2.4 Cell cycle analysis

Following treatment, single-cell suspensions were fixed with 4% PFA at room temperature
for 1 h. Suspensions were centrifuged at 300 g for 5 min, and pelleted cells were washed twice
with PBS. A suspension containing 2 x 10° cells was re-pelleted and resuspended in 0.2 ml of
propidium iodide (PI) solution containing 7 U/ml Rnase A, 0.05 mg/ml PI, 0.1 % v/v Triton X-
100, and 3.8 mM sodium citrate (Sigma) for 20 min at room temperature or overnight at 4°C
protected from light. Cells were analyzed with the Guava® Muse® Cell Analyzer (Luminex),
which takes advantage of the capacity of PI to stain DNA, allowing detecting different DNA
contents along the cell cycle. The cell cycle application of the Guava® Muse® software was used
to analyze the results and to determine relative stages within the cell cycle. The PI-stained particles
found containing hypo-diploid DNA content were considered to be in a Sub-Gl state, likely

representing apoptotic bodies.

2.5 Clonogenic survival assay

HGSOC cells were treated with increasing concentrations of nelfinavir in triplicates or
quadruplicates for 72 h; thereafter, the cells were trypsinized and counted using the method
described in the cell proliferation and viability assay. For each treatment group, 1000 live cells
were re-plated sparingly in 6-well plates in drug-free media and were incubated for 14-21 days to
observe the colony-forming capacity of the cells withstanding the treatment. When the number of

cells reached > 50 per colony in the vehicle group, the experiment was terminated by discarding
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the media and fixing the cells with 4% PFA. The fixed cells were further stained using 0.5 %
crystal violet, and the colonies were counted manually using an inverted light microscope (Figure

2.2)

A Experimental Design of Clonogenic Survival Assay
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Figure 2.2: (A) Experimental approach to observe residual cytotoxicity following acute exposure

to nelfinavir (NFV). (B) Visual representation of a dose-response clonogenic survival assay

performed on the PEO1 cell line.

2.6 Measure of XBPI mRNA splicing

RNA was isolated using RNAqueous™ - 4PCR DNA-free™ RNA Isolation for RT-PCR
kit (Invitrogen by Thermo Fischer Scientific) following the manufacturer’s instructions. Briefly,
drug-treated cells were mixed with lysis solution and 64% ethanol, scraped, and collected at 4°C.

The collection was filtered 3 times via high-speed centrifugation at 15,000 g for 1 min. The filtered
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material trapped within the filtration cartridge was mixed with wash solutions and was subjected
to high-speed filtration for 3 times. Finally, the RNA was extracted by serially adding 50 ul of
elution solution at 28°C. The collected RNA was flash frozen in liquid nitrogen and then stored at
-80°C. Throughout the process of isolation, the level of ribonuclease was kept low by spraying the
Rnase Zap ® RNAase Surface Decontamination solution.

cDNA was synthetized using iScript (BioRad Laboratories, Inc, Hercules, USA) and quantified
in a NanoDrop 2000 (Thermofisher, Waltham, MA, USA). The forward primer for PCR
amplification of spliced and total human Xbpl mRNA was 5°-CCTGGTTGCTGAAGAGGAGG-
3’ and the reverse primer was 5’CCATGGGGAGTTCTGGAG-3’. For ACTB (B-actin), the
primers were 5’ACAGAGCCTCGCCTTTG-3’ (forward) and 5’-CCTTGCACATGCCGGAG-3’
(reverse). The size of amplified unspliced Xbpl mRNA is 145 base pairs (bp), the size of amplified
spliced Xbpl mRNA is 119 bp, and the size of amplified ACTB (B-Actin) is 110 bp. All primers
were purchased from ID Technologies (Coralville, IA, USA). PCR reactions were performed in a
20 ul total volume reaction using SsoAdvanced Universal SYBR Green supermix (BioRad), 900
nM primer, 20 ng sample, and RT-PCR Grade Water (Invitrogen, Carlsbad, CA, USA). Using a
C100 thermal cycler (BioRad), the following cycling profile was applied: 95°C for 3 min, followed
by 35 cycles at 94°C for 30 s, 58°C (60°C for B-Actin) for 30 s, and 72°C for 30 s, with a final
extension at 72°C for 5 min. No template control and no reverse transcriptase control were also
included in each assay. The PCR products were visualized in 2% agarose gels, which were run at
100V and then imaged in a ChemiDoc MP (BioRad). The gels were stained with SYBR Safe DNA
gel stain (Invitrogen). A Low DNA Mass Ladder (Invitrogen) was used to determine the size of

the PCR products.
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2.7 Western blot analysis

Following treatment, HGSOC cells were washed with ice-cold PBS, scraped, collected, and
centrifuged to yield pellets, which were stored in -80°C. Protein lysates were extracted from the
pellets using NP40 lysis buffer, and 20 pg of proteins per sample were resolved in 10 or 12% gels
(TGX™ FastCast™ Acrylamide kit, Bio-Rad) via electrophoresis. The resolved proteins were
transferred to Immuno-Blot® PVDF membranes using a Trans-Blot® Turbo™ Transfer System
(BioRad). Membranes were incubated at 4°C overnight in primary antibodies against GRP78,
CHOP, IRE1a, PERK, p-elF2a, elF2a, ATF4, ATF6, p-CDK2, total CDK2, LC3II, Bcl-2, Bax,
Caspase-3, Caspase-7, PARP, p-AKT (Ser-473), p-ERK, p27%P!, yH2AX, ubiquitin, puromycin,
and B-actin (see Table 2.1 for details about the origin and dilutions of the used antibodies).
Thereafter, membranes were washed and re-incubated with secondary antibodies, and protein
detection was performed via a ChemiDoc Imaging System (BioRad) using chemiluminescence
(Clarity Western ECL Imaging System, BioRad). Ultraviolet activation of the TGX stain-free gels
on a ChemiDoc MP Imaging System (BioRad) was used to control for proper loading; in short,
the pre-cast gels include unique trihalo compounds that allow rapid fluorescence detection of
proteins without staining. The trihalo compounds react with tryptophan residues in a UV-induced
reaction to produce fluorescence that is detected on the PVDF membranes [342]). The original
membranes containing detailed information from where the immunoblots images in key results

were obtained, are shown in Appendix 1.
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Table 2.1: Source and dilutions of antibodies utilized in this work

Antibody Clone or catalogue = Company Concentration
PERK 31928 Cell Signaling Technology 1:1000
GRP78 31778 Cell Signaling Technology 1:1000
IREla 32948 Cell Signaling Technology 1:1000
p-elFla 3398S Cell Signaling Technology 1:1000
elF2a 97228 Cell Signaling Technology 1:1000
ATF4 11815S Cell Signaling Technology 1:1000
CHOP 55548 Cell Signaling Technology 1:1000
ATF6 NBP1-40256 Novus™ Biologicals 1:1000
Anti-puromycin ~ MABE343 EMD Millipore Corp. 1:20000
p-Akt 4058L Cell Signaling Technology 1:1000
Akt 29208 Cell Signaling Technology 1:1000
p-ERK 9106L Cell Signaling Technology 1:1000
ERK 9102L Cell signaling Technology 1:1000
p-CDK2 25618 Cell Signaling Technology 1:1000
CDK2 SC-6248 Santa Cruz Biotechnology 1:500
p27 610242 BD Biosciences 1:1000
YH2AX 05-636 EMD Millipore Corp. 1:1000
LC3B 3868S Cell Signaling Technology 1:1000
Ubiquitin 39338 Cell Signaling Technology 1:1000
B-Actin A5441 Sigma Lifescience 1:10000
PARP 9542L Cell Signaling Technology 1:1000
Caspase-3 9662S Cell Signaling Technology 1:1000
Caspase-7 12827S Cell Signaling Technology 1:1000
Bax 50238 Cell Signaling Technology 1:1000
Bcl-2 150718 Cell Signaling Technology 1:1000
Anti-mouse 170-6516 BioRad Laboratories Inc. 1:8000
Anti-rabbit 170-6515 BioRad Laboratories Inc. 1:10000
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2.8 Puromycin incorporation assay

The puromycin incorporation assay is a non-radioactive method of quantifying mRNA
translation rate. Puromycin is an aminoacyl-tRNA mimetic that can occupy the site A of the
ribosome during mRNA translation and thereby terminates the process prematurely. However,
short-term exposure enables conjugation of puromycin with the nascent polypeptide chains
generating short-lived puromycylated peptides that are released from the ribosome and can be
detected by an anti-puromycin antibody on immunoblots. As one molecule of puromycin is
incorporated into each released nascent polypeptide, puromycin incorporation is deemed as a
sensitive indicator of ongoing mRNA translation rate [3,4]. In our experiments, puromycin was
added to the culture media at a final concentration of 1 uM at 37°C, 30 min prior to the termination
of the experiments. Thereafter, the cells were collected and processed for the detection of

puromycylated proteins by immunoblot.

2.9 Autophagic flux

We studied autophagic flux as previously described in our laboratory [336]. Briefly,
autophagic flux assay is performed by tracking the expression of the autophagosomal membrane-
associated protein LC3II in response to a drug treatment, with or without the presence of an
inhibitor of the lysosomal function. An increase in the levels of LC3II in response to a drug
treatment may indicate either increased autophagy induction or impaired autophagosome removal
by the lysosomes. Hence, autophagic flux is a better measure of the autophagic process, as it
determines LC3II turnover in the presence or absence of the lysosome inhibitor bafilomycin Al.

If LC3II level rise further in the presence of the studied drug plus bafilomycin A1 when compared
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to cells treated only with the experimental drug, this means that the rate of autophagy or autophagic
flux is increased. In contrast, no change in the expression of LC3II during co-treatment with the
lysosome inhibitor indicates accumulation of autophagosomes because of lysosome impairment
caused by the drug under study. In our experiments, nelfinavir-treated HGSOC cells were further
exposed or not to 100 nM bafilomycin Al for 1 h before the termination of the experiment.

Thereafter, the cells were collected and processed for the detection of LC3II by immunoblot.

2.10 Drug interaction analysis

To determine whether there is pharmacological interaction between nelfinavir and
bortezomib, a drug-interaction assay was performed on platinum-sensitive PEO1 cells, and on the
less-sensitive to platinum, PEO4. Using total number of cells as a variable, data were analyzed
through algorithms in the CalcuSyn software (Biosoft), which uses the combination index (CI)
method for predicting drug interaction [343]. We previously described in detail the calculation of
the CI [344]. In brief, for a specific drug association, a CI>1 is considered antagonistic, CI=0

means no drug interaction, CI=1 indicates additivism, whereas CI<1 denotes synergism.

2.11 Statistical analysis

For tests involving western blot analysis, the experiments were repeated at least twice with
similar outcomes. Numerical data are expressed as the mean + SEM. Differences were
considered significant if P < 0.05. GraphPad Prism 9 (Graphpad Software, La Jolla, CA, USA)
allowed for statistical analysis of data using one-way ANOVA followed by Tukey’s multiple

comparison test, or two-way ANOVA followed by Bonferroni’s multiple comparison test.

109



CHAPTER 3

RESULTS
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3.1 Nelfinavir inhibits growth, reduces viability, increases hypo-diploid DNA content, and
blocks clonogenic survival of high-grade serous ovarian cancer (HGSOC) cells regardless of
platinum sensitivity

The overall cytotoxicity of nelfinavir was assessed on HGSOC cells of varying cisplatin
sensitivities, which are depicted in Table 3.1. Of the five tested cell lines, PEO1, PEO4 and PEO6
were derived from one patient, whereas PEO14 and PEO23 were derived from a second patient.
PEOI demonstrated to be the most sensitive to cisplatin, whereas PEO6 showed to be the least
sensitive. Our results also indicate that the cell lines, established at different stages of disease
progression, recapitulated in vitro the cisplatin sensitivity of the original patients during the time
of procuring the cells from ascites, with PEO1>PEO4>PEQ6 for patient one, and PEO14>PEQO23
for patient two.

Bright-field microscopy was utilized to assess the morphological features of the HGSOC cell
lines belonging to two patient-matched series (PEO1/4/6 and PEO14/23) (Figure 3.1). While
incubated within standard cell culture conditions, PEO1 demonstrated sheets of spindle-shaped
cells grown in monolayers with islands of compact cells. PEO4 cell-line primarily demonstrated
two-dimensional islands of polygonal cells and spindle-shaped cells. PEO6 showed clusters of
epithelial cells with a tendency to grow in three-dimensional layers and form spheroids. Both
PEO14 and PEO23 demonstrated layers of polygonal cells, with PEO23 showing a tendency to
grow three-dimensional floating structures in culture. Despite originating from the same patient,
these in vitro morphological differences are indicative of disease progression and phenotypical
heterogeneity—a classical feature of HGSOC. These observations are commensurate with the
findings of Langdon and colleagues, who developed and characterized the cell line series back in

1988 [337].
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Table 3.1 Concentration of cisplatin needed to achieve 50% reduction in clonogenic survival

(ICs0) of the HGSOC cell lines studied

Cell Line ICs0 (LIM)
PEO1 0.56 £ 0.08
PEO14 0.65+0.06
PEO23 3.36+0.14
PEO4 6.79 £ 0.51
PEO6 8.66 +0.25

PEOI1, PEO4, and PEOG are siblings cell lines developed from one patient, whereas PEO14 and
PEO23 are sibling cell lines developed from a different patient. All cell lines were generated along
disease progression before and after the patients became clinically resistant to cisplatin-based
therapy. 1Csos are arranged from the more sensitive to the less sensitive to cisplatin in vitro
regardless of the patient’s origin. The sensitivity to cisplatin the cells displays in vitro correlates
with the clinical response of the patient of origin, with PEO1>PEO4>PEO6 and PEO14>PEO23

[155,337].
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Figure 3.1: Representative images demonstrating in-culture morphological features of PEO1 (A),
PEO4 (B), PEO6 (C), PEO14 (D), and PEO23 (E) cells. PEOL1 cells demonstrate a monolayer of
elongated cells, PEO4 shows islands of polygonal cells, and PEO6 shows three-dimensional
cellular clusters. PEO14 and PEO23 demonstrate compact layers of polygonal cells, with PEO23

releasing floating three-dimensional structures in the media. Scale bar=50 pm
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In this study, we assessed cell toxicity in a broad manner, including abrogation of their
reproductive capacity (cytostasis), and the actual dying of the cells (lethality), which can be acute
and visualized upon short-term incubation (within 72 h), or long-lasting irreversible reproductive
impairment visualized in long-term incubations (as observed in clonogenic survival assays). Acute
cytotoxicity of nelfinavir towards HGSOC cells was investigated via cell-proliferation and
viability assays following 72 h of treatment. We observed that nelfinavir decreased the total
number of cells and the percent viability of all the cell lines in a concentration-dependent manner
regardless of their platinum sensitivity (Figure 3.2 A and B). We further determined that higher
concentrations of nelfinavir reduce cellular viability in association with the accumulation of hypo-
diploid DNA content (a.k.a. Sub-G1 DNA content), denoting that the cells are likely dying by
apoptosis (Figure 3.2 C). Finally, the long-lasting reproductive impairment caused by nelfinavir
in HGSOC cells was reflected by the fact that cells that remained alive after 72 h exposure to
nelfinavir had reduced clonogenic capacity when incubated in nelfinavir-free media for 15-21 days
depending on the cell lines (Figure 3.2 D). In summary, nelfinavir is toxic towards HGSOC cells
regardless of their sensitivities to cisplatin, involving short-term reduction in viability and leading

to a long-lasting impairment of their reproductive capacities.
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Figure 3.2

HGSOC cells of differential platinum sensitivities were plated in six-well plates in triplicate and,
when exponentially growing, were subjected to treatment with the depicted concentrations of
nelfinavir (NFV) for 72 h. At the end of the experiment, the cells were trypsinized and subjected
to microcytometry analysis to attain the total number of viable cells (A), and percent viability (B).
A fraction of the cellular content collected at the end of the incubation with NFV was stained with
propidium iodide (PI) and subjected to cell cycle analysis to determine hypodiploid DNA content
(C). Finally, 1000 viable cells obtained at the end of the experiment were subjected to a clonogenic
survival assay in the absence of treatment to determine delayed toxicity of NFV (D). *p<0.05;
*#%p<(0.001 vs. control (One-way ANOVA followed by Tukey’s Multiple Comparison Test). The
gray area that goes from higher to lower signifies that the cells are depicted in the order of their

decreasing sensitivity to the toxic effects of cisplatin as depicted in Table 3.1.
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3.2 Sensitivity toward nelfinavir is enhanced over time when compared with the short-term
toxicity

Although nelfinavir was able to elicit cytotoxicity in all the tested HGSOC cell lines despite
their differential sensitivity toward cisplatin, the range of nelfinavir-mediated effects varied. As
such, it was essential to estimate the sensitivity of the tested cell lines toward nelfinavir. We
assessed the nelfinavir sensitivity of the cell lines by two approaches; firstly, by utilizing the
inhibition of cell growth following 72 h treatment to estimate the ICso, which illustrates nelfinavir
sensitivity during short-term therapy. Afterwards, we measured the ICso by utilizing the reduced
number of colonies at the end of 14-21 days of drug-free incubation of the cells surviving acute
treatment (72 h), which demonstrates the sensitivity of HGSOC cells toward nelfinavir during
long-term therapy. We observed that during short-term therapy the PEO14/PEO23 series showed
less sensitivity toward nelfinavir (ICso~20uM) when compared to the PEO1/PEO4/PEQO6 series
(ICs0~10uM) (Table 3.2); however, during long-term therapy PEO14/PEO23 demonstrated
enhanced sensitivity to nelfinavir (IC50~15uM). The sensitivity of the cells from the series
PEO1/PEO4/PEO6 did not change between short-term and long-term toxicities. The status of
cisplatin sensitivity of the cell lines did not seem similar to their sensitivity toward nelfinavir; for
instance, PEO14 showed high sensitivity to cisplatin (Table 3.1); however, it was less sensitive to

nelfinavir when compared with the other tested HGSOC cells (Table 3.2).

117



Table 3.2 Comparison of concentrations of nelfinavir (NFV) required to achieve 50% reduction
in the total number of cells during short-term studies (72 h), and 50% reduction in the clonogenic

survival during long-term therapy

Cell Line ICs0 (L/M) Short-term ICs0 ({/M) Long-term
PEO1 10.13 + 1.68 10.05+0.75

PEO4 12.88+1.91 124+2.6

PEO6 10.80 £3.3 11.4+0.4

PEO14 22.9+5.18 16.07 +4.9

PEO23 21.5+£0.02 11.14+£0.71

Comparison of sensitivities of PEO1/PEO4/PEO6 and PEO14/PEO23 by determining the ICsos
toward nelfinavir following short-term therapy (72 h) and long-term clonogenic assay in
nelfinavir-free media. ICso during short-term therapy was calculated via the Calcusyn software by
utilizing the total cell count of 4 treatment groups (5, 10, 20, and 40 uM) as the variable. Following
72 h of treatment, 1000 alive cells were incubated in drug-free media for 14-21 days, and the
resultant numbers of positive colonies (>50 cells) of 4 treatment groups (5, 10, 20, and 40 uM)
were utilized to determine the long-term ICsos. Sensitivity of the PEO1/PEO4/PEOG6 series towards
nelfinavir remained unaltered in short-term and long-term therapies; however, the sensitivity of
the PEO14/PEO23 series toward nelfinavir increased during long-term incubation compared to

short-term therapy.
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3.3 Nelfinavir triggers the unfolded protein response, enhances the expression of cell-cycle
inhibitor protein p27“P!, and induces cell death in high-grade serous ovarian cancer cells of
differential platinum sensitivities

To determine whether the impaired cell proliferation induced by nelfinavir is in the short-
term associated with cell cycle arrest, we incubated HGSOC cells of different platinum
sensitivities with increasing concentrations of nelfinavir for 72 h. We measured the expression of
the cell cycle inhibitor p27%P! and found it increased in a concentration-dependent manner in all
cell lines studied (Figure 3.3 A). Moreover, we decided to explore whether nelfinavir-associated
cell growth inhibition involves the induction of the ER stress response because this pathway has
been reported to be ubiquitously activated by nelfinavir in multiple cancers [1]. We observed that,
in all cell lines, nelfinavir upregulates GRP78 (glucose-regulated protein, 78 kDa), which is a
member of the family of heat shock proteins of 70 kDa, also termed heat shock 70 kDa protein 5
(HSPAS), and considered a master chaperone [345]; concomitantly, we detected nelfinavir-induced
upregulation of CCAAT-enhancer-binding protein homolog protein (CHOP) [346] (Figure3.3 A).
Both GRP78 and CHOP are postulated to balance the stress of the ER in opposite manners, with
CHOP being a pro-cell death factor and GRP78 a pro-survival factor [334]. This is consistent with
the concept that ER stress is primarily a pro-survival mechanism, yet in excess, facilitates cell
death [333]. In the previous result, a dose-dependent reduction in the percent viability and colony-
forming capacity, and an increase in the hypodiploid DNA contents in response to nelfinavir were
suggestive of induction of cell death, which correlates with the induction of proapoptotic ER stress
related protein CHOP. Hence, we explored the cleavage of cell-death executioner caspase-3 and
its downstream substrate poly (ADP) ribose polymerase (PARP) (Figure 3.3 B) in HGSOC cells

subjected to increasing concentrations of nelfinavir.
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Figure 3.3

PEO cells with different sensitivities to cisplatin were exposed to 5, 10, 20, 30, or 40 uM nelfinavir
(NFV) for 72 h. In all cell lines, NFV (A) increased the expression of cell cycle inhibitor p27XiP!,
and ER stress related proteins GRP78 and CHOP, and (B) mediated the cleavage of cell-death
executioner caspase-3 and its downstream substrate poly (ADP) ribose polymerase (PARP). The
gray area that goes from higher to lower signifies that the cells are depicted in the order of their
decreasing sensitivity to the toxic effects of cisplatin, as shown in Table 3.1. All results presented

are representative of at least two independent experiments that had similar outcomes.
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3.4 Nelfinavir triggered the unfolded protein response in association with lysosomal
impairment but without affecting the autophagic flux

To maintain homeostasis, when the load of unfolded proteins exceeds the folding capacity
of the ER, GRP78 detaches from the ER membrane sensors PERK, IREla, and ATF6, and
activates the UPR [240,347-350]. These pathways are an adaptive response aimed at restoring
homeostasis by inhibiting global protein synthesis, promoting enhanced expression of chaperone
proteins, and favoring the degradation of misfolded proteins in the proteasome. We show that the
PERK/elF20/ATF4/CHOP pathway of the UPR is stimulated by nelfinavir in a concentration-
dependent manner in parallel to the up-regulation of GRP78 (Figure 3.4 A). We also compared
members of the UPR in response to nelfinavir against that caused by a recognised activator of the
UPR, tunicamycin (TN), which is a glycosidase inhibitor causing accumulation of non-
glycosylated proteins in the ER [351,352]. We found that similarly to TN, nelfinavir increased
GRP78, CHOP, and the other two pathways of the UPR, one involving the endonuclease IREla.,
and another mediated by activation of ATF6 formed upon its trafficking from the ER to the Golgi

apparatus where it is cleaved to release the soluble transcription factor (sATF6) (Figure 3.4 B).
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Figure 3.4

(A) PEOI and its less platinum-sensitive sibling PEO4 were exposed to 5, 10, or 20 uM nelfinavir
(NFV) for 72 h. In both cell lines, NFV increased the expression of GRP78, ER stress related
proteins of the PERK/elF2a/ATF4/CHOP pathway and mediated the cleavage of ATF6. (B) PEO1
cells were exposed to 20 uM NFV for 72 h or to 2 pg/ml tunicamycin (TN) for 24 h. NFV elicited
UPR in PEOI1 cells in a similar manner to canonical ER-stressor TN by increasing GRP78, CHOP,
and IR 1 a, and mediating cleavage of ATF6. All results presented are representative of at least two

independent experiments that had a similar outcome.
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Multiple studies have reported activation of autophagy in cancer cells in response to
nelfinavir treatment [204,211]. Autophagy is an evolutionarily conserved biological mechanism
aimed at disintegrating cellular organelles and bulky misfolded proteins, and recycling
macromolecules to compensate for energy and nutrient deprivation [353,354]. Furthermore, the
PERK-elF2a arm of ER stress has been associated with the modulation of autophagy [333]. To
investigate if the ER stressor nelfinavir affects autophagy in HGSOC cells, we treated platinum-
sensitive PEO1 cells and its less sensitive patient-matched pair PEO4 with increasing
concentrations of nelfinavir for 72 h. We observed a concentration-dependent increase in the level
of LC3II protein in both cell lines in response to nelfinavir, suggesting accumulation of
autophagosomes (Figure 3.5 A). Increased level of LC3II, however, can indicate either a true
increase in the dynamic process of autophagy (a.k.a. autophagic flux), or instead, an impairment
of the lysosomal activity [355]. To differentiate between these two outcomes, we performed an
autophagic flux assay by co-treating the cells with nelfinavir in the presence or absence of the
lysosome inhibitor bafilomycin Al. Nelfinavir did not further enhance the level of LC3II when
bafilomycin Al was added to the treatment (Figure 3.5 B), suggesting that nelfinavir likely

impairs lysosomal function instead of enhancing autophagic flux.
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Figure 3.5

(A) In PEOI1, PEO14, PEO23, and PEO4 cells treated with various concentrations of nelfinavir
(NFV) for 72 h, the autophagosome-related protein LC3II increases in response to NFV in a dose-
dependent manner. (B) PEO1 and PEO4 cells were treated with 5 or 10 puM NFV for 72 h, in the
absence or presence of 100 nM of the lysosome inhibitor bafilomycin A1 (BAF), which was added
1 h before the termination of the experiment. In both PEO1 and PEO4 cells, the induction of LC3II
triggered by NFV was not augmented further by the presence of BAF. All results presented are

representative of at least two independent experiments that had a similar outcome.
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3.5 Nelfinavir induced unfolded protein response (UPR) is not associated with the inhibition
of the proteasome

The proteasome is a vital part of the process of endoplasmic reticulum-associated protein
degradation (ERAD)-a critical step of the UPR-—whereby the misfolded proteins are
retrotranslocated to the cytosol, polyubiquitinated, and ultimately degraded by the proteasome in
order to reduce the overall protein load in the ER [356,357]. On the other hand, pharmacological
inhibition of the proteasome has been associated with counter accumulation of protein load,
leading toward enhanced proapoptotic ER stress—a strategy that has been utilized against highly
secretory MM cells [358]. Although nelfinavir has been identified as a potent ER stressor against
several cancers, its role in modulating the proteasome has been variable and is likely dependent on
the type of cancer [1]. For instance, multiple studies demonstrated that nelfinavir could inhibit the
2 and B5/B5i subunits-associated proteolytic activities of the proteasomes in hematological
cancers, especially MM [222,259]. Conversely, several studies reported unaltered or even enhanced
proteasomal effects in response to nelfinavir on various cancer cell types [208,210,212,265]. Notably,
the mammalian 20S proteasome can cleave the same site targeted by the HIV-protease enzymes
within the HIV polypeptides, insinuating a possible cross-talk between the proteasome and HIV-
protease inhibitor drugs [186].

Since the proteasome is an integral part of the UPR and cellular proteostasis, and
accumulating evidence indicates that NFV can likely modulate proteasomal functions, we deemed
it essential to explore whether NFV represses the proteasomal functions in HGSOC cells. We
treated HGSOC cells having various levels of platinum sensitivities with increasing concentrations
of nelfinavir for 72 h to determine if the proteasome was inhibited. Blockage of the proteasome

leads to the accumulation of non-degraded poly-ubiquitinated proteins, the level of which can be
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visualized and estimated from the appearance of ubiquitin-carrying polypeptides in an immunoblot
using anti-ubiquitin antibodies. Thereby, the accumulation of poly-ubiquitinated polypeptides can
be used as a surrogate marker of proteasome inhibition.

In nelfinavir treated HGSOC cells, we did not observe an increase of protein poly-
ubiquitination in response to increasing concentrations of nelfinavir when compared to the vehicle-
treated samples, and a known positive control (OV2008 cells treated with 20 nM BZ for 72 h [336]
(Figure 3.6). A lack of the appearance of increased polyubiquitination when compared with
untreated cells suggests that nelfinavir did not have an inhibitory effect on the proteasome in the

HGSOC cells.
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Figure 3.6

Platinum-sensitive PEO1 and PEO14 cells, and their less sensitive-to cisplatin patient-matched
siblings PEO4 and PEO23, were exposed to the depicted concentrations of NFV for 72 h. At the
end of the experiment, whole cell extracts were obtained, electrophoresed, and western blotted
using an anti-ubiquitin antibody. The immunoblots demonstrate an absence of increased poly-
ubiquitination in the treated cells compared to the positive control (+). Positive control was a
protein extract obtained from OV2008 cells treated with 20 nM of proteasome inhibitor bortezomib
(BZ) for 72 h [336]. All results presented are representative of at least two independent experiments

that had a similar outcome.
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3.6 ER stress response induced by nelfinavir is associated with cleavage of executioner
caspase-7 and increased proapoptotic Bcl-2 family member Bax in a time- and
concentration-dependent manner

To characterize further the nelfinavir-induced ER stress and associated UPR in HGSOC
cells, we conducted a time-course experiment utilizing a single concentration (20 uM) of
nelfinavir. As predicted, the anti-HIV drug caused a time-dependent increase of ER stress-related
proteins GRP78, IREla, ATF4 and CHOP, which was concomitant to the cleavage of executer
caspase-7 and the increase in the proapoptotic protein Bax, while the level of antiapoptotic protein
bcl-2 was unaltered (Figure 3.7 A); this result is in agreement with the attributed proapoptotic
function of ATF4 and CHOP during ER stress [240]. We also found that the activation of caspase-
7 and the increase in the level of proapoptotic Bax by nelfinavir is concentration-dependent and
occur in both PEO1 and PEO4 sibling cells, which, however, display highly different sensitivities
to platinum (Table 3.2) (Figure 3.7 B). Of note, although the level of proapoptotic protein Bax
was increased in both PEO1 and its less platinum-sensitive sibling PEO4, the level of antiapoptotic
protein bcl-2 was unaltered in NFV-treated PEO1 cells in response to increasing concentrations,

while the level of bel-2 decreased in PEO4 cells treated with high concentrations of nelfinavir.
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(A) PEOL cells treated with 20 uM nelfinavir (NFV) for 72 h depict a time-dependent increase in
ER stress related proteins GRP78, IREla, ATF4 and CHOP, while inducing the cleavage of
executer caspase-7, and an increase in the level of proapoptotic Bax. (B) NFV treatment of both
PEOI1 and PEO4 cells for 72 h cause a dose-dependent increase in cleaved capsase-7 while
increasing the level of proapoptotic protein Bax in both cell lines and decreasing the antiapoptotic
protein bcl-2 in PEO4 cells. All results presented are representative of at least two independent

experiments that had a similar outcome.
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3.7 Nelfinavir toxicity is associated with short-term sustained mRNA translation that
contributes to the UPR, followed by long-term concentration-dependent inhibition of global
protein synthesis

One of the primary aims of the UPR is to reduce further protein load in the ER by shutting
down global protein synthesis yet resume selective cap-independent translation to facilitate cellular
recovery from the ongoing proteotoxic stress [240,333]. To understand the effect of nelfinavir on
the dynamics of protein synthesis, nelfinavir-treated PEO1 cells were subjected to a puromycin
incorporation assay to assess mRNA translation. Nelfinavir inhibited mRNA translation in a
concentration- (Figure 3.8 A) and time-(Figure 3.8 B) dependent manner. However, protein
synthesis declined only after 4 h of exposure to nelfinavir because puromycin incorporation was
abrogated by the presence of the protein synthesis inhibitor cycloheximide (CHX) (Figure 3.8 C).

Reduction of global protein synthesis upon ER stress induction occurs because of the
phosphorylation of e[F2a. This is a polypeptide chain translation initiator factor that limits protein
synthesis under conditions of cellular stress based on its capacity to become phosphorylated on
serine 51 [359], thus limiting the availability of e[F2a needed for translation initiation [360]. The
basal levels of elF2a phosphorylation on serine 51 (p-elF2a) are elevated, but are rapidly yet
temporarily diminished by nelfinavir for about 4 h without affecting total eIF2a levels (Figure 3.8
D), and concurrently with sustained incorporation of puromycin (Figure 3.8 C). This sustained
protein synthesis at the beginning of the treatment with nelfinavir is confirmed by the sharp
increase in p-elF2o and downstream transcription factor ATF4, and reduced puromycin

incorporation after 4 h of treatment with nelfinavir in the presence of cycloheximide (Figure 3.8

CandE).
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Nelfinavir (NFV), in a dose- (A) and time-dependent manner (B), triggers a decrease in the

incorporation of puromycin (Puro) into newly synthesized peptides. (C) The incorporation of Puro

is sustained in the presence of 20 uM NFV during the first 4 h of treatment, but it is abrogated by

the simultaneous presence of 10 pg/ml of the protein synthesis inhibitor cycloheximide (CHX).

(D) Effect of 20 uM NFV on the phosphorylation of elF2a on Serine 51 (p-elF2a) along a 72h

incubation period. (E) A short-term (4 h) treatment with 20 uM NFV associates with low

expression of p-elF2a and downstream transcription factor ATF4, yet both p-elF2a and ATF4

dramatically increase with the simultaneous presence of CHX (10 pg/ml). All results presented
were performed in PEO1 cells and are representative of two experiments that had a similar

outcome.
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Despite in the long-term nelfinavir-induced ER stress leads to a decline in global protein
synthesis (Figure 3.8 B), we asked the question as to whether the sustained levels of protein
synthesis during the first 4 h following NFV treatment corroborated by reduced p-elF2a and
sustained puromycin incorporation, further induces ER stress. We answered this question by
exposing PEO1 cells to nelfinavir for 4 h, and measuring a non-translatable readout of ER stress,
the total, and spliced mRNA coding for XPB1 in the presence or absence of cycloheximide. RT-
PCR revealed nelfinavir-mediated early splicing of XBP/ mRNA, the downstream target of
IREla, which was similar to early XBP/ mRNA splicing induced by the known ER stressor
tunicamycin (TN) (Figure 3.9 A). This cleavage, however, was prevented by the presence of
cycloheximide (Figure 3.9 B), suggesting that proteins accumulated during the first 4 h of
nelfinavir treatment participate, at least in part, in the causation of ER stress and the unleashing of
the UPR. Taken together, these results provide evidence for a cross-talk between ER stress and the

modulation of protein synthesis dynamics in HGSOC cells in response to nelfinavir.
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Figure 3.9

(A) Effect of 20 uM nelfinavir (NFV) on the splicing of XBPI mRNA assessed by RT-PCR; TN,
tunicamycin (2 pg/ml). Arrows indicate total and spliced XBP/ mRNA variants. (B) Splicing of
XPBI mRNA in cells co-incubated for 4 h with NFV and cycloheximide (CHX,10 pg/ml); NFV20,
20 uM; NFV30, 30 uM. All results presented were performed in PEO1 cells and are representative

of two experiments that had a similar outcome.
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In order to answer if restoring the phosphorylation of eIF2a in the early phase of nelfinavir
treatment reverses the initial sustained of mRNA translation, we treated HGSOC cells with
nelfinavir and a small molecule inhibitor of elF2a. dephosphorylation termed salubrinal-a
selective phosphatase inhibitor, which has been described as a cytoprotector against ER stressors
[361-363]. We observed a reduction in the nelfinavir-induced early elevation of protein synthesis by
salubrinal, with the concomitant restoration of phosphorylation of elF2a (Figure 3.10 A).
Expression of ATF4 was reduced in response to co-treatment with nelfinavir and salubrinal.
Previously our laboratory had demonstrated similar restoration of p-elF2a with the associated
reduction in protein synthesis and ATF4 in OV2008cells by the ER stressor mifepristone [336]. To
determine the functional implication of nelfinavir and salubrinal co-treatment, HGSOC cells were
subjected to a cell viability assay, which revealed that salubrinal partially abrogated nelfinavir-
induced cytotoxicity by improving the deterioration of viability triggered by nelfinavir (Figure
3.10 B).

Taken together, our data indicate that nelfinavir modulates the mRNA translation in

HGSOC cells by targeting the eIF2a/ATF4 pathway of the UPR.
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PEOI cells were subjected to (A) NFV 20 uM, and salubrinal 50 uM (SAL50) were added
individually or concurrently for 4 h in a culture of PEO1 cells. The culture was pulsed with 1 uM
puromycin for 30 minutes at 37°C before stopping the experiment; puromycylated proteins were
detected with the mouse antibody clone 12D10. IB: immunoblot. Puro: puromycin. (B) PEO1 cells
were treated with 20 uM NFV, with or without concurrent 50 uM salubrinal (SAL) for 72 h. At
the end of the experiment, the cells were trypsinized and subjected to microcytometry analysis to
attain their viability. SAL partially improved the viability of the NFV-treated cells. *p<0.05 vs.

NFV (One-way ANOVA followed by Tukey’s Multiple Comparison Test).
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3.8 Nelfinavir inhibits AKT and ERK phosphorylation and triggers DNA damage

Elevation of cell survival and proliferation are typically favoured by an upregulation of
AKT and ERK signaling pathways. Nelfinavir has been shown to reduce the phosphorylation of
AKT and ERK in various cancers [272,286]. In this study, we observed a concentration-dependent
reduction of phosphorylation of both AKT and ERK in the siblings PEO1 and PEO4 cell lines
carrying different sensitivities to cisplatin (Figure 3.11 A). In a time-course experiment, it was
revealed that nelfinavir mediated an early dephosphorylation of ERK (1-4 h), while
downregulation of AKT was visible at a later stage of the treatment (4-48 h) (Figure 3.11B).

The concentration-dependent decline in the activation of the AKT and ERK pathways was
associated with nelfinavir-mediated DNA damage response in both PEO1 and PEO4 cells,
evidenced by a concentration-dependent increase of phosphorylated H2AX (yH2AX) (Figure
3.11C). Induction of DNA damage in PEO4 cells is significant as this cell line has a restoration of
a DNA-damage repair mechanism [364], which is inherently deficient in its patient-matched pair
PEO1, thus conferring the reduced sensitivity to cisplatin observed in PEO4 cells (Table 3.1). We
further demonstrate that the induction of YH2AX by nelfinavir is time dependent with high levels
detected after 48 and 72 h of exposure to the drug (Figure 3.11D).

Previously, in thyroid cancer cells, ROS scavenger N-acetyl cysteine (NAC) reduced
nelfinavir-mediated phosphorylation of H2AX, suggesting ROS-dependent DNA damage [223].
We did not observe an improvement in nelfinavir-mediated reduction of the total number of cells
and viability, when PEO1 cells were concomitantly treated with NAC (Figure 3.11 E, F), which
suggests that nelfinavir-mediated cytotoxicity associated with enhanced YH2AX may not be ROS-

dependent.
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Figure 3.11

(A) PEO1 and PEO4 cells were incubated with the depicted concentrations of nelfinavir (NFV)
for 72 h. Protein expression studied by western blot demonstrates concentration-dependent
decrease of phosphorylation of AKT and ERK in both sibling cell lines carrying different
sensitivities to cisplatin. (B) PEOL1 cells were treated with 20 uM NFV for the indicated time-
points. NFV mediated an early decrease (1-4 h) in the phosphorylation of ERK and a late decrease
(8-48 h) in the phosphorylation of AKT; (C) Concentration-dependent increase of [/H2AX in both
PEOI and PEOA4 cells; (D) PEO1 cells were treated with 20 puM NFV for the indicated time-points.
NFV mediated enhanced phosphorylation of H2AX at 48- and 72-h suggesting DNA damage; (E)
PEOL1 cells in culture were treated with 5 mM N-acetylcysteine (NAC) for 2 h, prior to the
treatment with 10 or 20 uM NFV, with or without 5 mM NAC for 48 and 72 h. At the end of the
experiment, the cells were trypsinized and subjected to microcytometry analysis to attain the total
number of viable cells. NAC did not improve NFV mediated reduction of the number of cells and

percent viability.
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3.9 Nelfinavir induced G1 arrest associated with increased p27%P! and concomitant reduction
of cyclin-dependent kinase 2

One of the early steps of mounting DNA damage response is the arrest of the cell cycle at
the checkpoints in order to engage the DNA damage repair machinery [365]. Nelfinavir has shown
cell type dependent effects on the cell cycle, and, in most instances, the effects manifested as an
early event during treatments—preceding the induction of cell death pathways [1]. Notably,
nelfinavir-mediated arrest of cancer cells at the G1 phase of the cell cycle has been attributed to
reduced cyclin-dependent kinase-2 (CDK2) activity in melanoma cells [210]. Since nelfinavir is a
DNA damaging agent against HGSOC, according to our observations, we decided to study if the
cells accumulate at any point of the cell cycle. Platinum-sensitive PEO1 and its patient-matched
siblings PEO4 and PEO6—showing less sensitives to cisplatin—were subjected to cell cycle
analysis following 72 h of treatment with increasing concentrations of nelfinavir. We observed
that the anti-HIV agent arrested PEO1 cells at the G1 phase during treatment with 5 uM of
nelfinavir, and PEO4 and PEO6 at 5 uM and 10 uM concentrations (Fig. 3.12A).

CDK2 is critical for G1-S transition [366]-which requires a progressive decline of the CDK
inhibitor p27%P! [367]. Upregulation of p27%P! has been demonstrated to be essential for G1 arrest
following DNA damage [368], and downregulation of p27%P! has been reported to be associated
with advanced disease and poor survival [369]. We observed a dose-dependent reduction of the
phosphorylated and total form of CDK2 in HGSOC cells (Figure 3.12B). The reduction of CDK2
was associated with a concomitant increase of p27?! (Figure 3.12B), suggesting that nelfinavir-
mediated G1 arrest might be associated with reduced activity of CDK2 and enhanced levels of

CDK inhibitor p27XiP!, The time-course experiment done with a single concentration of nelfinavir
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(20 uM) revealed a time-dependent increase of p27%P! with a concomitant decrease of both the

phosphorylated and total form of CDK2 (Figure 3.12 C).
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Figure 3.12

(A) PEO1, PEO4, and PEO6 were plated in six-well plates in triplicates and, when exponentially
growing, were subjected to treatment with the depicted concentrations of nelfinavir (NFV) for 72
h. At the end of the experiment, the cells were trypsinized, and a fraction of the cellular content
was stained with PI and subjected to cell cycle analysis. NFV mediated the accumulation of cells
at the G1 phase of the cell cycle at lower concentrations and increased the sub-G1 DNA contents
at higher concentrations. (B) Platinum-sensitive PEO1 and less sensitive PEO4 were incubated
with the depicted concentrations of NFV for 72 h. At the end of the experiment, whole-cell extracts
were obtained, and 20 pg of protein per sample were electrophoresed. Western blot demonstrates
a decrease in the level of p-CDK2 and total CDK2, and an increase in the level of cell cycle
inhibitor p27XP! in response to increasing concentrations of NFV in both PEO1 and PEO4 cells.
(C) PEOL cells were treated with 20 uM NFV for the indicated time points. NFV mediated time-
dependent reduction of the level of p-CDK2 and total CDK2 with a concomitant increase of
p278Pl, ¥P<(.05 and ***P<0.001 compared against VEH. All results presented are representative

of two experiments that had a similar outcome.
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3.10 Bortezomib is cytotoxic against high grade serous ovarian cancer cells of differential
platinum sensitivity

Bortezomib (BZ) is the first in generation drug of the proteasome inhibitor group, currently
approved to treat hematological malignancies, especially multiple myeloma and mantle cell
lymphoma [370]. A dipeptidyl boronic acid by structure, BZ has the propensity for high-affinity
binding with the 26S catalytic core of the proteasome and primarily inhibits its B5 subunit,
resulting in a cascade of mechanistic proteotoxic pathways leading to anti-cancer effects
[180,370]. To understand the effect of BZ monotherapy on HGSOC cells, platinum-sensitive
PEO1 and its patient-matched sibling less sensitive to platinum, PEO4, were exposed to increasing
concentrations of BZ for 72 h. BZ monotherapy resulted in the reduction of the total number of
cells and percent viability with increasing concentrations in both PEO1 and PEO4 cells (Figure
3.13 A and B). Western blot analysis of BZ monotherapy in PEO1 and PEO4 cells depicted
concentration-dependent increase of the poly-ubiquitination, indicating that BZ reached the target
in HGSOC cells. BZ increased the level of p27%P! and GRP78 in PEO4 cells but not in PEO1 cells.
The cleavage of caspase-3 and its downstream substrate PARP indicated BZ-mediated caspase-

related cell death in both PEO1 and PEO4 cells (Figure 3.13 C).
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Figure 3.13

PEOI and PEO4 cells were subjected to the depicted concentrations of bortezomib (BZ) for 72 h.
At the end of the experiments, the cells were: (A, B) trypsinized and subjected to microcytometry
analysis to attain the total number of cells and percent viability. The number of cells and the percent
viability were reduced with increasing concentrations of BZ in both PEO1 and PEO4 cells. (C)
Whole cell extracts of BZ-treated PEO1 and PEO4 cells were obtained, and 20 ng of total proteins
per sample were electrophoresed. Western blot demonstrates increased ubiquitination in both
PEO1 and PEO4 cells in response to the higher concentration of BZ (20 nM), suggesting inhibition
of the proteasome. BZ mediated the cleavage of caspase-3 and of its downstream substrate PARP
when used at a high concentration (20 nM) in both PEO1 and PEO4 cells. The levels of ER stressor
GRP78 and cell cycle inhibitor p27XiP! were increased in response to increasing doses of BZ in
PEO4 cells but not in PEO1 cells. *p<0.05; ***p<0.001 vs. control (One-way ANOVA followed

by Tukey’s Multiple Comparison Test)
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3.11 Nelfinavir potentiates the toxicity of the proteasome inhibitor bortezomib without

modifying its proteasome inhibitory capacity

During the pro-survival phase, the ER stress is relieved by activating ER-associated
degradation (ERAD), whereby misfolded proteins are ubiquitinylated and translocated to the 26S
proteasomes to undergo protein degradation, thus contributing to a reduction in protein overload
[333]. Previous studies have shown that the blocking of the 26S proteasomes may further increase
the level of misfolded proteins and push the ER stress elicited by ER stressors from a pro-survival
phase toward a proapoptotic one [336]. Likewise, we rationalized that nelfinavir, acting as an ER
stressor, could potentiate the toxicity of the proteasome inhibitor bortezomib (BZ).

PEO1 and PEO4 cells were exposed to a combination treatment of varying concentrations
of BZ and nelfinavir, used at a fixed ratio (1:1000), to assess drug interactions via the combination
index of Chou and Talalay by utilizing the total cell count as a readout [343]. Drug synergism was
predicted in PEO1 cells at a combination of 10 uM of nelfinavir and 10 nM of bortezomib (CI =
0.72). Similarly, drug synergism was predicted in PEO4 cells at a combination of 5 uM of
nelfinavir and 5 nM of bortezomib (CI= 0.56), and 10 uM of nelfinavir and 10 nM of bortezomib

(0.55) (Table 3.3).
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Table 3.3 Analysis of drug interaction between nelfinavir and bortezomib

PEO1
NFV pM + BZ nM Combination index Interpretation
5+5 1.2 Antagonism
10 +10 0.72 Synergism
20+ 20 0.94 Nearly additive
40 + 40 2.08 Antagonism
PEO4
NFV uM + BZ nM Combination index Interpretation
5+5 0.56 Synergism
10+ 10 0.55 Synergism
20+ 20 0.99 Nearly additive
40 + 40 1 Nearly additive

PEOI and PEO4 cells were exposed to fixed ratio (1:1000) combination of bortezomib (BZ) and

nelfinavir (NFV) for 72 h. The estimate of total cell number was utilized to calculate the

combination index (CI) via the Chou-Talalay method of drug interaction in the Calcusyn software.

For a specific drug association, CI<I indicates synergism, CI>1 indicates antagonism, CI=1

indicates additivism, CI=0 indicates no interaction [343].
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Cell proliferation assay demonstrated potentiation of toxicity in the predicted combinations
of nelfinavir and BZ in PEO1 (Figure 3.14A) and PEO4 cells (Figure 3.14D). By studying cell
cycle distribution, we found that in both cell lines, the combination of nelfinavir and BZ caused
the accumulation of cells in the G1 phase of the cell cycle (Figure 3.14B and E). When we
subjected the cells that remained alive after 72 h of treatment with nelfinavir, BZ, or the
combination nelfinavir and BZ —shown in Figure 3.14 A and B—to a clonogenic survival assay
in the presence of drug-free media, we found that the cells that were still alive at the end of the
treatment, were devoid of reproductive capacity as manifested by a reduction in their clonogenic
survival, an effect manifested maximally when nelfinavir was combined with BZ, when compared

to the results of the drugs studied separately (Figure 3.14C and F).
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Figure 3.14

PEOI cells were exposed to 10 uM nelfinavir (NFV), 10 nM of the proteasome inhibitor
bortezomib (BZ), or a combination of 10 uM NFV and 10 nM BZ for 72 h. PEO4 cells were
exposed to 5 uM NFV, 5 nM of BZ, or a combination of 5 uM NFV and 5 nM BZ for 72 h. The
total number of PEO1 (A) or PEO4 (D) cells were assessed using a viability cell count reagent as
described in materials and methods. In the same experiment, a fraction of cells obtained at the end
of the experiment was stained with PI and subjected to cell cycle distribution analysis (B, PEO1
cells; E, PEO4 cells). Furthermore, 1000 live cells were collected at the end of the experiment and
subjected to a clonogenic survival assay in drug-free media for 21 days (C, PEO1 cells; F, PEO4
cells). In A, C, D and F *P<0.05 and ***P<0.001 compared against VEH, and #P<0.05 when

compared NFV+BZ versus NVF or BZ alone. In B and E, ***P<0.001 compared to VEH.
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3.12 Nelfinavir and bortezomib combinedly exert cytostatic effects on HGSOC cells by
enhancing cell cycle inhibitor p27irl

To understand the mechanism underlying the synergistic effects of nelfinavir and BZ on
HGSOC cells, western blot analysis was performed on PEO1 and PEO4 cells subjected to
combined treatment of nelfinavir and BZ. We observed that the G1 arrest demonstrated in the
previous experiments (Figure 3.14 B and E) was associated with the accumulation of cell cycle
inhibitor p27%P! and DNA damage marker YH2AX (Figure 3.15 A). Synergistic combinations
between nelfinavir and BZ have been reported before in lung cancer and MM cells, which was
associated with the potentiation of ER stress [242]. To determine if the combination of nelfinavir
and BZ activate the UPR, we explored the expression of ER associated proteins GRP78, IREla,
and CHOP, in PEO1 and PEO4 cells. The combination therapy did not additively increase the level
GRP78, IREla, and CHOP, compared to cells receiving monotherapy (Figure 3.15 A).
Furthermore, combined treatment with nelfinavir and BZ did not cleave executioner caspase-7
(Figure 3.15 B). To determine whether the potentiation of the toxicity with the combination
nelfinavir/BZ was a consequence of an enhanced inhibition of the proteasome by the drug
combination compared with BZ alone, we measured the accumulation of poly-ubiquitinated
proteins as a surrogate marker. At the concentrations that cause synergistic effect in terms of
growth inhibition, decreased clonogenic survival, and increased levels of p275P!, we observed that
BZ-induced increase in poly-ubiquitinated proteins was not increased further by the presence of
nelfinavir (Figure 3.15 C). In summary, these results suggest that the potentiated toxicity between
BZ and nelfinavir is not the consequence of furthering proteasome inhibition, yet it is associated

with a potentiation in cell cycle arrest and reduced long-term clonogenic capacity.
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Figure 3.15

Cisplatin-sensitive PEO1 cells were subjected to combined treatment with 10 uM nelfinavir (NFV)
and 10 nM bortezomib (BZ) for 72 h. PEO4—sibling of PEO1 with less sensitivity to cisplatin—
were subjected to combined treatment with 5 uM NFV and 5 nM BZ for 72 h. At the end of the
experiments, whole-cell extracts were isolated and electrophoresed. Western blots demonstrated:
(A) Potentiation of expression of cell cycle inhibitor p27XP! during the combination of NFV and
BZ in both PEO1 and PEO4 cells. The combination of NFV and BZ did not increase the ER stress,
evidenced by the lack of enhanced expression of GRP78, IRE1a and CHOP along the combination
treatment. The combination of NFV and BZ showed enhanced phosphorylation of H2AX in both
PEOI and PEO4 cells; however, it was not higher than the monotherapy with either NFV or BZ.
(B) The combination of NFV and BZ did not promote caspase-7 mediated cell death, evidenced
by the lack of cleavage of the executioner caspase-7 in PEO1 and PEO4 cells during the drug
combination, compared to the positive control-PEOI1 treated with 20 uM of NFV for 72 h. (C)
NFV does not enhance the proteasome inhibitory function of BZ in PEO1 cells; BZ did not inhibit
the proteasome in PEO4 cells at 5 nM dose, evidenced by the lack of poly-ubiquitination. 5 uM
NFV did not promote the inhibition of the proteasome in PEO4 cells treated with 5 nM BZ for 72
h. OV2008 treated with 20 nM BZ for 72 h was used as the positive control (+) to detect poly-

ubiquitination in the blot.
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3.13 Nelfinavir targets cells that have acquired resistance to cisplatin upon long-term culture
in the presence of the DNA damaging agent

The emergence of cross-resistance to a second drug following chemotherapy with the first
line of treatment is common due to the physiological changes conferred by the first drug [371]. So
far in our study, we have observed that nelfinavir can effectively target cells which are less
sensitive to cisplatin (Table 3.1), which were previously described to be selected from pre-existing
platinum-resistant sub-clones within the same patient during advanced stages (PEO4, PEO6,
PEO23) [155]. These data indicate that cross-resistance to nelfinavir is unlikely in HGSOC clones
obtained from patients when clinically resistant to cisplatin. To prove the idea further, we
investigated the cytotoxicity of increasing doses of nelfinavir against a cell line made highly
insensitive to cisplatin in vitro. OV2008/C13 was generated in culture from the parent cell line
OV2008 by chronic and intermittent incubation to cisplatin over 13 months until it reached 15-
fold less sensitivity to cisplatin compared to OV2008 [338]. OV2008 and its less sensitive to
cisplatin pair OV2008/C13 were treated with increasing concentrations of nelfinavir for 72 h. We
observed that nelfinavir was cytotoxic to both the cell lines demonstrating a dose-dependent
decrease of the total cell number (Figure 3.16 A), suggesting nelfinavir is cytotoxic toward
mechanistically acquired resistance to cisplatin in vitro.

To make the mentioned finding relevant to the research of HGSOC, we decided to test the
efficacy of nelfinavir against an HGSOC cell line that has diminished sensitivity to cisplatin in
vitro. PEO1 cells were exposed to a single dose of cisplatin (10 pM) for 1 h to mimic the clinical
mode of cisplatin administration and the range of initial plasma concentrations in patients [372] .
Following the treatment, the damaged cells were washed and replaced with fresh media

periodically, and the healthy cells that resisted the cisplatin treatment were allowed to repopulate
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the culture to generate the new cell line we termed PEO1X [373]. The platinum sensitivity of
PEO1X was tested and was compared with the parent cell line PEO1, which showed significantly
lower sensitivity to cisplatin in vitro, than that of PEO1 (Figure 3.16 C). Light microscopy
revealed that PEO1X showed distinct morphological features with homogenous polygonal cells,
unlike the heterogenous mesenchymal appearance of PEO1, demonstrating a mixture of spindle-
shaped cells and polygonal cells (Figure 3.16 B).

PEOI1X cells were exposed to increasing concentrations of nelfinavir for 72 h to obtain the
total number of cells, percent viability, and hypodiploid DNA content. We observed a
concentration-dependent reduction in the total cell count and the percent viability (Figure 3.16 D,
E), and a concentration-dependent increase of the hypodiploid DNA content in PEO1X cells
during acute treatment with nelfinavir (Figure 3.16 F). Clonogenic survival assay of nelfinavir-
treated PEO1X cells surviving the acute treatment revealed a concentration-dependent reduction
of the number of clones (Figure 3.16 G). Taken together, these data provide evidence that
nelfinavir can target cells with different sensitivities to cisplatin, either acquired in the patient
while becoming clinically resistant to platinum (results from previous sections), or in vitro upon

sustained exposure to the drug in cell culture (results of this section).
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Figure 3.16

(A) Platinum-sensitive OV2008 and its less sensitive to platinum sibling developed in vitro
OV2008/C13 were exposed to the depicted concentrations of nelfinavir (NFV) for 72 h. At the end
of the experiment, the cells were trypsinized and subjected to microcytometry analysis to attain
the total number of viable cells. NFV reduces the number of cells in both cell line pairs. (B) PEO1
cells were challenged with 10 uM cisplatin for 1 h. Thereafter, the toxic agent was removed, the
dead cells were eliminated, and the repopulated cells with slightly different morphology were
termed PEO1X. (C) PEO1X demonstrates reduced sensitivity to cisplatin than PEO1 and PEO4
cells. (D, E) Following 72 h of treatment with increasing concentrations of NFV, PEO1X cells
were trypsinized and subjected to microcytometry analysis to attain the total number of viable cells
and percent viability. NFV reduced the total number of cells and viability in PEO1X cells in a
concentration-dependent manner. (E) Following 72 h of treatment with increasing concentrations
of NFV, PEOI1X cells were trypsinized, and a fraction of the cellular content was stained with PI
and subjected to cell cycle analysis to determine the hypodiploid DNA content. NFV increased the
level of hypodiploid DNA content in a concentration-dependent manner in PEO1X cells. (F)
Decreased number of colonies was observed with increased concentrations of NFV in PEOIX
cells. *p<0.05; ***p<0.001 vs. control (One-way ANOVA followed by Tukey’s Multiple

Comparison test).
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3.14 Nelfinavir does not re-sensitize cisplatin-resistant cells to short-term cisplatin therapy
within physiologically relevant concentrations

To investigate cisplatin re-sensitizing capacity of nelfinavir, we subjected two HGSOC cell
lines PEO4 and PEO1X with low platinum sensitivity to drug interaction assays utilizing different
combinations of concentrations of nelfinavir and cisplatin, in order to determine the combination
index (CI) via the Chou-Talalay method [343].

Determination of doses for drug interaction on each cell line was done based on the ICsos.
The ICso of nelfinavir on PEO4 is 12.4 + 2.6 uM, and the ICso of cisplatin on the same cell line
was determined to be 6.79 + 0.51 uM. Thus, a dose range between 3.75 uM to 15 uM, with the
median dose of 7.5 uM, was used for a drug interaction assay. Both ICsos of nelfinavir and cisplatin
on PEO4 fall within this range. Similarly, the ICso of nelfinavir on PEO1X is 7.56 + 0.16 uM, and
the 1Cso of cisplatin on the same cell line was determined to be 10.75 + 3.01 uM; this means that
the ICsos of nelfinavir and cisplatin on PEO1X also falls within the dose range of 3.75 uM to 15
uM. As such, we proceeded to conduct a fixed ratio (1:1) drug-interaction assay with nelfinavir
and cisplatin on PEO4 and PEO1X cells, utilizing three concentrations, 3.75, 7.5, and 15 uM.

For a specific drug, a physiologically relevant concentration would be dependent on the
peak plasma concentration and the maximum tolerated dose. Nagai and colleagues determined a
plasma concentration of 2.56 pug/ml (~8.5 uM) to be the maximum tolerated dose after a 2 h
infusion of 100 mg/m? cisplatin [372]. On the other hand, Kattel and colleagues reported the peak
plasma concentration of nelfinavir ranging between 4.4 mg/L to 11.3 mg/L (7.7 uM-20 uM),
obtained from the standard anti-infective dosing of 1250 mg twice daily [329]. As such, the
physiologically relevant concentration for cisplatin should be < 10 uM, whereas for nelfinavir the

physiologically relevant dosing should be <20uM.
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Drug interaction analysis revealed that the CI for the three dose-combinations of nelfinavir
and cisplatin were higher than 1, in both PEO4 and PEO1X, suggesting that nelfinavir does not
synergistically interact with cisplatin in HGSOC cells less sensitive to cisplatin (Table 3.4).
Furthermore, cell proliferation assay on PEO1X utilizing a single dose nelfinavir (7 pM) and
different concentrations of cisplatin, within the clinically relevant range, show that nelfinavir did
not additively reduce the total number of cells during the combination of nelfinavir and cisplatin
(Figure 3.17), suggesting a lack of interaction between the drugs during short-term exposure

within pharmacological relevant concentrations.
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Table 8 Analysis of drug interaction between nelfinavir and cisplatin

NFV uM + CDDP uM Combination index: PEO4  Combination Index:

PEO1X
3.75+3.75 1.08 1.56
75+75 1.5 1.2
15+15 2.5 1.7

PEOI and PEO4 cells were exposed to fixed ratio (1:1) combination of cisplatin (CDDP) and
nelfinavir (NFV). The cells were exposed to different concentrations of cisplatin for 1 h, after
which the CDDP was replaced by media or NFV and incubated for 72 h. The estimate of total cell
number was utilized to calculate combination index (CI) via Chou-Talalay method of drug
interaction in the Calcusyn software. For a specific drug association, CI<1 indicates synergism,

CI>1 indicates antagonism, CI=1 indicates additivism, CI=0 indicates no interaction [343]
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Figure 3.17

PEO1X, low platinum-sensitive sibling of PEO1 selected in vitro, were exposed to different
concentrations of cisplatin (CDDP) (A) 2.5, (B) 5, or (C) 10 uM, with or without a fixed
concentration of NFV (7 uM). CDDP treatment was carried out for 1 h before replacement with
drug-free media or media carrying NFV (7uM). The total length of treatment was 72 h. At the end
of the experiment, the cells were trypsinized and subjected to microcytometry analysis to attain
the total number of cells. NFV did not synergistically reduce the total number of CDDP-treated
cells. *p<0.05; ***p<0.001 vs. control (One-way ANOVA followed by Tukey’s Multiple

Comparison test).
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CHAPTER 4

DISCUSSION AND CONCLUSION
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HGSOC is the most prevalent subtype of ovarian cancer, demonstrating heterogeneous
phenotype and leading to the inevitable emergence of platinum resistance, which warrants the
development of novel therapeutic avenues in the treatment protocol of this disease. In this study,
we explored the anticancer drug-repurposing potential of the HIV-PI drug nelfinavir, which has
been in use to treat AIDS for over 20 years, demonstrating good tolerability as an anti-infective
agent. Although nelfinavir was demonstrated to be efficacious against multiple cancers [1], its role
against HGSOC has not been explored.

We explored the efficacy of nelfinavir in HGSOC by conducting our study in two parts, in
order to reach three objectives. In the first part of the study, nelfinavir was tested as a monotherapy
on HGSOC cells to assess its cytotoxicity and investigate the putative mechanistic pathways—
especially, endoplasmic reticulum stress—leading to those toxic effects. In the second part,
nelfinavir was tested as a combination therapy along with a proteasome inhibitor bortezomib, to
assess the possible potentiating effects of nelfinavir.

One of the challenges hindering the preclinical testing of novel treatments against HGSOC
has been the lack of genomic similarity with the actual disease in the most-cited HGSOC cell lines
[374]. One significant aspect of this study is the usage of patient-derived cell lines established
longitudinally at different stages of disease progression and platinum sensitivities. These cell lines
demonstrated differential morphological and genetic patterns in vitro [155,337], and matched the
genomic landscape of HGSOC [375]. We further describe that the cell lines recapitulated in vitro
the status of the intrinsic cisplatin-sensitivity of the original patients (Table 3.1), providing clinical
relevance to our study.

We report that nelfinavir elicited effective cytotoxicity in all patient-matched HGSOC cell

lines irrespective of their differential cisplatin sensitivity, evidenced by the concentration-
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dependent reduction in the total number of cells and percent viability, with the concomitant
increase in hypodiploid-DNA content. Following short-term treatment with nelfinavir for 72 h, the
cells that remained alive were subjected to clonogenic survival assay in drug-free media to assess
whether the cells recovered from the nelfinavir-inflicted cytotoxicity. A concentration-dependent
reduction in the number of clones suggested that the cells had sustained irreparable damage caused
by nelfinavir. This chronic toxicity may be explained by the induction, by nelfinavir, of
concentration- and time-dependent DNA damage as reflected by the increased phosphorylation of
the DNA double-strand breaks marker H2AX (a.k.a. YH2AX) [376].

Since nelfinavir demonstrated cytotoxicity in HGSOC cells originated from different
patients, with different disease progression and cisplatin-sensitivity, we hypothesized that similar
mechanistic pathways could be responsible for the generalized cytotoxic effects. Indeed, we
observed a concentration-dependent increase in the expression of ER stress sensor GRP78, ER-
stress related apoptosis mediator CHOP, and cell cycle inhibitor p275P!, suggesting that ER stress
and cell cycle arrest are mechanisms activated in nelfinavir-treated HGSOC cells, which contribute
to the generalized cytotoxicity. Previously, Jiang ef al. reported nelfinavir-mediated upregulation
of cell cycle inhibitor p27XP! in melanoma cells, which accompanied reduced cyclin-dependent
kinase-2 (Cdk2) activity due to reduced Cdc25A phosphatase [210]. Furthermore, activation of the
UPR upon ER stress has been associated with nelfinavir-mediated cytotoxicity against multiple
cancers, such as lung cancer, glioblastoma, MM, and breast cancer, to mention some
[204,222,225,244].

The UPR represents a series of signaling transduction events that ameliorate the
accumulation of unfolded/misfolded proteins in the ER. It can have either a pro-survival or a

proapoptotic role in the cells, depending on the intensity or the length of the stress [334,348,377-
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381]. Cancer cells have been reported to exploit ER stress for survival within unfavourable
conditions, such as nutrient shortage, hypoxia, acidosis, and energy deprivation. As such, two
pharmacological approaches can be used to take advantage of the chronically enhanced ER stress
in cancer cells, either by shutting down the pro-survival mode of the UPR, or by tilting the cellular
environment toward its proapoptotic phase [334,349]. Our study demonstrated a concentration-
dependent and temporal proapoptotic shift of the UPR in HGSOC cells in response to nelfinavir
treatment, which was evident from the enhanced expression of ER stress-related apoptosis
mediators ATF4 and CHOP, accompanied by the increase of the proapoptotic protein Bax and a
concomitant cleavage of executioner caspase-7. These results corroborate previous findings in
non-small cell lung cancer and MM cells, demonstrating the activation of the ATF4-CHOP
pathway, and resulting in a proapoptotic shift of ER stress in response to nelfinavir; the authors
additionally reported a reduction of nelfinavir-induced cell death during siRNA-mediated
inhibition of CHOP, underpinning a key role of CHOP in the apoptotic process [242].
Pharmacological aggravation of constitutive ER stress by nelfinavir in cancer cells has also been
utilized as a chemosensitizing strategy against doxorubicin-resistant breast cancer and castration-
resistant prostate cancer [231,246].

A recent study shows high expression of GRP78, PERK, and ATF6 in patients’ tumors,
which correlated with poor patient survival in HGSOC [335]. Elevated basal expression of ER
stress-related proteins in ovarian cancer suggests the existence of a possible therapeutic window
whereby further pharmacological aggravation of ER stress may induce apoptosis in ovarian cancer
cells without triggering similar outcomes in normal cells. We observed that nelfinavir might
achieve such a goal as it activates all three arms of the UPR: IRE1a-XBP1, PERK-ATF4-CHOP

and ATF6 in HGSOC cells, to a comparable level as that caused by the classical ER stressor
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tunicamycin. Previously, it was reported an accumulation of non-cleaved ATF6 in prostate cancer
cells due to nelfinavir-mediated inhibition of site-2 protease (S2P) enzyme, which interrupted the
regulated intramembrane proteolysis (RIP) of ATF6 in the Golgi apparatus for the release of the
active soluble form [250]. Our result demonstrating nelfinavir-associated increase in soluble ATF6
in HGSOC cells excludes the Golgi-resided S2P enzyme as a likely target of nelfinavir in the
HGSOC cells.

In this study, we reported a concentration- and time-dependent inhibition of protein
synthesis by nelfinavir, which was further abrogated by the presence of the protein synthesis
inhibitor CHX. These results support the validity of the non-radioactive method for assessing
mRNA translation that we used in this study and termed puromycin incorporation assay. Global
protein synthesis inhibition was clearly the long-term outcome of nelfinavir treatment in HGSOC
cells; such effect, however, did not take place until after 4 h of nelfinavir treatment. This was
associated with a transient dephosphorylation of elF2a and the cleavage of XBP/ mRNA,
providing proof-of-principle that the initial sustained protein synthesis in the presence of nelfinavir
is, at least in part, responsible for triggering the UPR in HGSOC cells. We observed similar results
in OV2008 cancer cells treated with the anti-progestin/anti-glucocorticoid agent mifepristone,
which killed the cells because of an increase in ER stress that was associated with a short-term
spike in protein synthesis that preceded the global abrogation of mRNA translation that concurred
with the dying of the cells [336].

Other studies have shown that nelfinavir can increase autophagy [204,264]. In ovarian cancer
cells, we have shown previously with the non-canonical ER stressor mifepristone that it caused
ER stress-mediated toxicity by increasing autophagic flux and synergized with the lysosome

inhibitor chloroquine in killing the cells [336]. In the case of nelfinavir, while we observed an
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increase of LC3II in nelfinavir-treated HGSOC cells of differential platinum sensitivities,
suggesting an increase of the level of autophagosomes, we did not observe a further enhancement
in the level of LC3II during co-treatment with the lysosomal inhibitor bafilomycin Al. This
signifies that nelfinavir does not affect autophagic flux, but that the number of autophagosomes
actually increases likely because of inhibition of lysosomal function.

We further report the reduction of survival and proliferation signals marked by the decline
in p-AKT and p-ERK in HGSOC cells with high or low sensitivity to cisplatin, upon treatment
with nelfinavir. Downregulation of AKT is a well-known effect of nelfinavir and has been
associated with impaired glucose metabolism, insulin resistance, and lipodystrophy during chronic
treatment, which are reversible upon discontinuation of the therapy [186]. This is relevant from a
therapeutic standpoint, as an amplified expression of components of the PI3K-AKT pathway has
been correlated with reduced overall survival of HGSOC patients [17]. In patients with advanced
HGSOC, amplification of the phosphatidylinositol 3-kinase (PI3KCA) and AKT2 has been
observed in 12% and 10% of samples, respectively [382], while reduced expression or loss of PTEN
has been correlated with advanced staging in HGSOC samples [383,384]. The inhibition of p-AKT
by nelfinavir was reported in other cancers, such as breast cancer [215,255], MM [222,257], acute
myeloid leukemia [258], pediatric refractory leukemia [229], diffuse B-cell lymphoma [279], prostate
cancer [233], and non-small cell lung carcinoma [232]. The reduction in p-AKT by nelfinavir has
also been proposed as a radiosensitizing strategy in glioblastoma, bladder, lung, and head and neck
cancers [6,283,286,287]. It is interesting to note that the reduction in p-AKT in peripheral blood
mononuclear cells (PBMCs) was proposed as a surrogate biomarker to assess the pharmacological

efficacy in targeting AKT signaling by nelfinavir [289]. Also, p-AKT was decreased when
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nelfinavir was combined with doxorubicin in doxorubicin-resistant chronic myeloid leukemia cells
[230], and with the proteasome inhibitor bortezomib in MM cells [257].

In terms of p-ERK inhibition, our data are commensurate with previous reports where
reduction of ERK phosphorylation was observed in response to nelfinavir in MM [222,296], HER2-
positive and —negative breast cancer cells [272], medullary thyroid cancer [223], and adenoid cystic
carcinoma [291].

Another significant finding in this study is the increase, upon nelfinavir treatment, in the
phosphorylation of H2AX (YH2AX)—a marker of DNA double-strand breaks—in PEO1 and PEO4
cells having different sensitivities to cisplatin. HGSOC cells frequently present with TP53
mutations (97%) and a defect in the homologous recombination (HR) DNA repair mechanism
(50%) primarily due to germline or somatic mutation of BRCA1/2 [23]. A deficient HR mechanism
prevents error-free repair of DNA double-strand breaks induced by platinum adducts, thus confers
sensitivity of cancer cells to platinating agents. PEO1 cells carry a germline inactivating mutation
to BRCA2 and are sensitive to platinating agents, whereas PEO4 that were obtained when the
patient was resistant to platinum showed a functional restoration to the BRCA2 due to a secondary
mutation [155,385]. Deficiency in HR forces ovarian cancer cells to be over-reliant on the base-
excision repair mechanism by poly (ADP-ribose) polymerase (PARP) classically utilized to repair
single-strand DNA breaks. As such, targeting PARP has been a desirable pharmacologic approach
to induce synthetic lethality in ovarian cancer cells [125]. It has also been implicated that restoration
of BRCAZ2 confers cross-resistance to PARP inhibitors in parallel to reduced cisplatin sensitivity
[152]. Since nelfinavir was able to elicit enhanced YH2AX in HGSOC cells independent of their
BRCA status and sensitivity to cisplatin, a different mechanism of DNA damage may be involved,

whereby the cells may not rely on the HR pathway to repair their DNA.
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DNA damage response may be elicited to generally elicit two fates for the cells undergoing
the stress, 1) cell cycle arrest while the repairing machinery re-establish the DNA integrity and
evade abnormal mitosis; 2) initiation of apoptosis when the extent of DNA repair is beyond
reparation [140,386]. In this study, we observed the accumulation of HGSOC cells in the G1 phase
of the cell cycle at lower concentrations of nelfinavir (5 to 10 uM), while higher concentrations
elicited cell death. We further report the downregulation of protein levels of p-CDK2/CDK2, with
concomitant upregulation of p27 in nelfinavir-treated HGSOC having varying sensitivity towards
cisplatin. Here, our data corroborate the finding by Jiang et al. indicating decreased protein levels
of p-CDK2/CDK2 in nelfinavir-treated melanoma cells [210].

In the second part of the study, we explored the combinatorial effects of nelfinavir and
proteasome inhibitor bortezomib on HGSOC cells having differential platinum sensitivities. We
report that nelfinavir can potentiate the effects of proteasome inhibitor bortezomib by affecting the
cell cycle in combination with sustained DNA damage. Inhibition of the proteasomes leads to the
accumulation of ubiquitinated proteins, which in turn can increase the protein load in the ER and
push the effect of an ER stressor to lethality. Based on this rationale, we demonstrated that the
non-canonical ER stressor mifepristone potentiates the effect of bortezomib in OV2008 cancer
cells by significantly inhibiting the activity of the proteasome leading to cell death [336]. In the
present study using PEO1 and PEO4 HGSOC cells, however, nelfinavir, despite causing ER stress
similarly to mifepristone, it did not inhibit the proteasome beyond the inhibition caused by
bortezomib alone. This is not surprising as previous reports suggested that the effect of nelfinavir
on the proteasome may be cancer and cell-type specific; for instance, nelfinavir did not
demonstrate an inhibitory effect on the proteasome in cervical cancer cells [208]. What we found

when combining nelfinavir and bortezomib in the current HGSOC cells was an increase in the
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expression of the cell cycle inhibitor p27P!, which was higher than the expression induced by
each drug individually; this was associated with a potentiation among the drugs in causing cell
cycle arrest at the G1 phase of the cell cycle. In the long-term, likely because of sustained DNA
damage, the combination of nelfinavir and bortezomib caused reduced clonogenic survival,
suggesting a potentiation among the drugs irreversibly abrogating the reproductive capacity of the
cells.

Platinum resistance is one of the primary reasons that has interrupted the improvement of
patient survival in advanced stage HGSOC. Hence, a drug targeting the platinum-resistant
phenotype is highly desirable in research for newer therapies for this disease. Our data demonstrate
that nelfinavir induces toxicity toward HGSOC cells of a wide range of platinum sensitivities,
possibly through a DNA-damaging mechanism, which is likely different from that caused by
cisplatin as we did not find cross-resistance among the drugs. In PEO1X cells —siblings of highly
platinum-sensitive HGSOC cell PEOL1 selected via in vitro challenge of cisplatin—demonstrated
15-fold less sensitivity to cisplatin compared to that of PEOI; however, they remained highly
sensitive to nelfinavir, which suggested an absence of cross-resistance between nelfinavir and
cisplatin. One possible reason underlying the lack of synergism observed in HGSOC cells treated
with low dose combination of nelfinavir and cisplatin during short-term treatment could be that
both drugs act on the same pathway — sparing any additive effect on cytotoxicity. Mechanistically,
both nelfinavir and cisplatin have shown induction of ER stress in cancer cell lines contributing to
cytotoxicity [1,139]. Mandic et al. provided evidence of cisplatin-induced apoptosis coinciding with
ER stress in enucleated cancer cells in the absence of DNA damage [139]. It would be worth

investigating the possible activation of ER stress in response to short-term low-dose treatment of
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cisplatin in HGSOC cells. Furthermore, it is also likely that higher concentrations or prolonged
effects of nelfinavir and cisplatin may lead to additive effects.

Several clinical trials have tested the combination of nelfinavir and cisplatin with or
without the application of radiotherapy. For instance, Rengan et al. reported administration of 1250
mg nelfinavir twice daily, prior to and concurrently with cisplatin, etoposide and 66Gy radiation
beam, which resulted in partial response in post-treatment PET-derived metabolic evaluation and
improvement in PFS of 11.7 months in locally advanced stage Illa/Illb non-small cell lung
carcinoma [317,318]. However, in most of the clinical trials, nelfinavir has been utilized as a
radiosensitizing agent based on in vitro findings [1]; as such, it is not clear whether nelfinavir plays
any role in the efficacy of cisplatin in the trials administering cisplatin and radiotherapy
concurrently. In the context of our study, it would be important to ask at which time point of the
treatment regimen of HGSOC would it be feasible to introduce nelfinavir. Since we did not observe
cross-resistance between nelfinavir and cisplatin, in theory, it would be safe to introduce nelfinavir
as a maintenance therapy following standard platinum-based therapy in HGSOC with the aim to
prolong disease-free survival before the disease relapses. Fortunately, nelfinavir has shown a
tolerable toxicity profile in clinical trials against cancers; for instance, Blumenthal er al.
determined the maximum tolerated dose at 3125 mg with reversible toxicities upon
discontinuation, when nelfinavir was given as a monotherapy to adults with advanced solid
refractory tumors of varying origins [243].

One challenge in introducing nelfinavir in the clinical practice for treating HGSOC would
be maintaining the desired plasma concentration that achieves anticancer effects. The anti-
infective dosing of 1250 mg twice daily yielded a wide range of variability in the peak plasma

concentration (4.4 -11.3 mg/L), likely due to genomic polymorphism in the metabolizing enzyme
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CYP2C19 [329]. Other authors have reported the concentration reached in circulation by nelfinavir
of being in the 7.7 to 20 uM range [211], which is within the range of concentrations we used in
the current study. Chemical hybridization and combination with other drugs may be used to keep
optimal plasma concentrations of nelfinavir to achieve greater anticancer efficacy. For instance,
recently, nitric oxide hybridization of HIV-PIs has been promoted as an alternative strategy to
improve pharmacokinetics and anticancer efficacy [189].

There are several limitations associated with this study. All the inferences were drawn from
in vitro studies on HGSOC cell lines, although the origins of the cells were matched with the
genotype of the original patients via autosomal short tandem repeat, and multiple approaches were
utilized to reach a single inference. Yet, the in vitro data needs to be validated through a more
complex system, like three-dimensional culture, organoid studies, in vivo studies, or on patients.
Due to technical and resource limitations, the western blots were performed at least on two
biological replicates with similar outcomes. The interpretations of the protein expression data
could be improved by increasing the number of replicates and determining statistical significance
via densitometry. However, the total protein loading per western blot was visualized on TGX stain-
free gels upon ultraviolet activations and on unstained membranes, which was compared with the
expression of house-keeping protein -actin (Appendix). This dual assessment of equal protein
loading per western blot validated the expression of the investigated proteins on duplicate samples.
Furthermore, we observed certain mechanistic avenues related with nelfinavir-induced toxicity in
HGSOC; however, overlapping between signaling pathways is common, which leaves room for
exploration into other signaling cascades in relation to nelfinavir toxicity. Immunogenic cell death
(ICD) has emerged as a novel paradigm to be utilized in cancer therapy whereby pharmacological

agents modulate programmed cell death in cancer cells via a tumor-specific adaptive immune
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response, leading to long-term benefit [387]. Components of ER stress, especially p-elF2a has
proven to be a central determinant of ICD; rationalizing a possible role of nelfinavir in eliciting
ICD, since we have observed that nelfinavir can act as a potent modulator of elF2a
phosphorylation [388]. In future, it would be beneficial to investigate the likely ICD modulating
role of nelfinavir in HGSOC cells and the outcome of the long-term combinations of nelfinavir
and cisplatin on ICD.

Additionally, the primary target of nelfinavir within in the cells is not clear, which elicits
the downstream mechanisms we have observed. So far, three putative binding sites have been
suggested for nelfinavir via in silico and in vitro methods: HSP90 [272], S2P [250] and kinases [202].
Since we excluded S2P as a potential target, the observed mechanism may be initiated through
HSP90 or binding of nelfinavir with a particular kinase or kinases. Disruption of HSP90 can alter
the functionality of its binding partner HSP70, which is required for the correct folding of proteins
for intracellular protein homeostasis [389,390]. We have demonstrated a critical role of ER stress in
eliciting nelfinavir-mediated cytotoxicity, which may be related to the putative binding of
nelfinavir with HSP90 at the upstream level. Furthermore, modulation of AKT and ERK signals
by nelfinavir in HGSOC cells may be an outcome of post-translational modification of HSP90 as
reported previously [223], or due to the direct yet weak binding of upstream kinases [202]. Precise
understanding of the target and its binding partners within the cancer cells may further help in the

clinical application of nelfinavir against cancer.

Conclusion

Despite promising advancement in cancer therapeutics, emergence of novel mutations and

resistance to chemo-radiotherapy results in low survival rates. Additionally, increased cost and
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requirement of highly efficient set-up for chemo-radiotherapy hinders patient access to efficacious
treatments within low-income populations and areas with limited resources. Drug-repurposing for
cancer therapy can maximize the optimal use of the existing drug repertoire and lower the time
and cost of developing new therapies. Nelfinavir has been in use as an anti-infective agent against
HIV for more than two decades, demonstrating good safety profile [1]. In this study, we
demonstrated multipronged mechanisms whereby nelfinavir targets HGSOC cells independent of
their platinum sensitivities. The proposed mechanistic model is depicted in Figure 4, based upon
our findings of nelfinavir as a monotherapy and a combinatorial agent with a proteasomal inhibitor
bortezomib on HGSOC. As an oral anti-infective drug with a well-documented history of tolerable
side effects, the observed anticancer effects of nelfinavir suggest its potential repurposing benefit

against HGSOC as an additional adjuvant chemotherapeutic agent.
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Figure 4

Schematic representation of the proposed mechanism of nelfinavir (NFV)-mediated cytotoxicity
in HGSOC cells regardless of platinum sensitivity. NFV triggers DNA damage, reduces survival
and proliferation signaled by AKT and ERK, and activates the three arms of the UPR: 1) IREla-
XBP1, 2) PERK-elF2a-ATF4-CHOP, and 3) ATF6 cleavage. Phospho-elF2a leads to inhibition
of global protein synthesis, and at the downstream of it, ATF4-CHOP-mediated proapoptotic shift
triggers the cleavage of executioner caspase-7 to elicit cell death. Additionally, NFV impairs the
autophagic clearance, likely via lysosome inhibition. Finally, NFV potentiates the cytotoxicity of
proteasome inhibitor bortezomib (BZ) by increasing the level of cell cycle inhibitor p27%P!, while
reducing clonogenic survival (not shown), denoting a long-lasting toxicity likely consequence of

sustained DNA damage.
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APPENDIX

Raw western blot data corresponding to the figures shown in the results section.

NEVM)>0 5 10 20 30 40 MW (kDa) NEV (uM)> 0 10 20 MW (kDa)
€ 250
H crrres — e €
(78 kDa)
- €75
- 50
€37 50 kDa~> amm
= Rl -acti =
s = - 1 - €25 B-actin __ w e — — — —
— e g S == €20
1 - s b be ap =

D27 b o - — - €25 kDa

Blot 1. Proteins extracted from PEOI1 cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (12%). After the run, the gel was activated by UV light.
Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, the total protein
load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After 1 h of
blocking with 5% non-fat dry milk, blot 1 was cut between 37 and 25 kDa, and between 25 and 20
kDa. The top part above 37 kDa was incubated for GRP78, and the bottom part above 25 kDa for
p27%iP! (B). After that, the area between 50 kDa and 37 kDa was cut and incubated for B-actin (B).
Two stained molecular weights (MW) on each side were used for cutting accuracy. Data from blot

1 were presented in Figure 3.3A.

177



NFV(uM)>0 5 10 20 30 40 MW (kDa)
< 250
€ 150
€ 100
€75

< 50
< 37

w—c 25
€20

<15
<10

NFV (uM)-> 0 5 10 20 30 40
50 kDa>
[-actin (42 kDa)-> — —— — —

37kDa> g y
CHOP (29 kDa)> :'_ Rl - ‘

25 kDa->

Blot 2. Proteins extracted from PEOI1 cells treated with 5-40 uM NFV were run for 30 min at 200V

on TGX stain-free fast cast acrylamide gel (12%). After the run, the gel was activated by UV light.

Proteins on the gel were transferred using TransBlot Turbo for 7 minutes. After transfer, the total

protein load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After

1 h of blocking with 5% non-fat dry milk, blot 2 was cut below 75 kDa, at 37 kDa and at 25 kDa.

The part below 75 kDa and above 37 kDa was incubated for -actin, the part between 37 kDa to

25 kDa was incubated for CHOP. Two stained molecular weights (MW) on each side were used

for cutting accuracy. Data from blot 2 were presented in Figure 3.3A.
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Blot 3. Proteins extracted from PEO14 cells treated with 5-40 uM NFV were run for 30 min at 200V

on TGX stain-free fast cast acrylamide gel (12%). After the run, the gel was activated by UV light.

Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, the total protein

load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After 1 h of

blocking with 5% non-fat dry milk, blot 3 was sequentially incubated for GRP78 (B), p27¢P! (C),

and B-actin (D). Data from blot 3 were presented in Figure 3.3A. MW=molecular weight.
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Blot 4. Proteins extracted from PEO14 cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain free fast cast acrylamide gel (12%). After the run, the gel was activated by UV light.
Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, the total protein
load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After 1 h of
blocking with 5% non-fat dry milk, blot 4 was cut below 75kDa and below 20kDa, and the middle
part was sequentially incubated for f-actin and CHOP (B). Two stained molecular weights (MW)

on each side were used for cutting accuracy. Data from blot 4 were presented in Figure 3.3A.
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Blot 5. Proteins extracted from PEO4 cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (12%). After the run, the gel was activated by UV light.
Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, the total protein
load was visualized in the unstained membrane using BioRad chemiDoc imager (A). After 1 h of
blocking with 5% non-fat dry milk, blot 5 was cut below 75 kDa and the top part was incubated for
GRP78, and the bottom part was incubated for -actin (B). After that, the bottom blot was cut at the
level of 37 kDa and the bottom part was sequentially incubated for p27%P! and CHOP (B). Two
stained molecular weights (MW) on each side were used for cutting accuracy. Data from blot 5 were

presented in Figure 3.3A.
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Blot 6. Proteins extracted from PEO23 cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (12%). After the run, the gel was activated by UV light.
Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, the total protein
load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After 1 h of
blocking with 5% non-fat dry milk blot 6 was cut between 75 and 50 kDa, at 37 kDa and below 20
kDa. The part of the membrane above 75 kDa was incubated for GRP78, the part between 50 and
37 kDa was incubated for B-actin and the part below 37 kDa was incubated for p27%P! (B). Data

from blot 6 were presented in Figure 3.3A. MW=molecular weight.
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Blot 7. Proteins extracted from PEO23 cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (12%). After the run, the gel was activated by UV light.
Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, the total protein
load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After 1 h of
blocking with 5% non-fat dry milk, blot 7 was cut at 50 kDa and at 37 kDa and at 20 kDa. Two
stained molecular weights (MW) on each side were used for cutting accuracy. The area between 50
and 37 kDa was incubated for B-actin, and the area between 37 kDa to 20 kDa was incubated for

CHOP (B). Data from blot 7 were presented in Figure 3.3A.
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Blot 8. Proteins extracted from PEOI1 cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (12%) in two identical sets. After the run, the gel was
activated by UV light. Proteins on the gel were transferred using TransBlot Turbo for 7 min. After
transfer, total protein load was visualized in the unstained membrane using BioRad ChemiDoc
imager (A). After 1 h of blocking with 5% non-fat dry milk, the blot was cut in the middle along
the molecular weight ladder to yield two identical sets of blots. The blots were cut at 75 kDa and
below 25 kDa. The top part was incubated for IREla and PERK (B). The middle blots were
incubated for p-AKT (Ser 473)/AKT, p-ERK/ERK (B) and B-actin (A). The left middle blot was
incubated for ATF4 and the bottommost part was incubated for Bax (B). Two stained molecular

weights (MW) on each side were used for cutting accuracy. Data from blot 8 were presented in

Figure 3.4A, 3.7B, and 3.11A.
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Blot 9. Proteins extracted from PEOI1 cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (12%) in two identical sets. After the run, the gel was
activated by UV light. Proteins on the gel were transferred using TransBlot Turbo for 7 min. After
transfer, total protein load was visualized in the unstained membrane using BioRad ChemiDoc
imager (A). After 1 h blocking with 5% non-fat dry milk, the blot was cut in the middle along the
molecular weight ladder to yield two identical sets of blots. The blots were cut below 75 kDa. The
bottom part was incubated for p-elF2a/elF2a (B), caspase-7 (B), Bcl-2 (B) and B-actin (A).
Multiple stained molecular weights (MW) were used for cutting accuracy. Data from blot 9 were

presented in Figure 3.4A and 3.7B.
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Blot 10. Proteins extracted from PEOI1 cells treated with 0 or 20 uM NFV for 72 hours, and 0 or 2

pg/ml tunicamycin (TN) for 24 h were run for 30 min at 200V on TGX stain-free fast cast acrylamide
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gel (12%) in two identical sets. After the run, the gel was activated by UV light. Proteins on the gel
were transferred using TransBlot Turbo for 7 min. After transfer, total protein load was visualized
in the unstained membrane using BioRad ChemiDoc imager (A). After 1 h of blocking with 5%
non-fat dry milk, blot 11 was cut in the middle along the molecular weight ladder to yield two
identical sets of blots. The left blot was again cut below the mark of 75 kDa. The top part was
incubated for IRE1a and GRP78 (B), and the bottom part was incubated for CHOP (B). The right
blot was incubated for ATF6 (C). Finally, both blots were incubated for B-actin (B, C). Multiple
stained molecular weights (MW) were used for cutting accuracy. Data from blot 10 were presented

in Figure 3.4B.
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Blot 11. Proteins extracted from PEOI cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (12%). After the run, the gel was activated by UV light.
Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, total protein
load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After 1 h of
blocking with 5% non-fat dry milk, blot 1 was cut below 75 kDa and below 25Kda. The area below
75 to 25 kDa was incubated for -actin, and the area below 20 kDa was incubated for LC3 (B). Two
stained molecular weights on each side were used for cutting accuracy. Data from blot 11 were

presented in Figure 3.5A.
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Blot 12. Proteins extracted from PEO4 cells treated with 5-40 uM NFV were run for 30 min at 200V

on TGX stain-free fast cast acrylamide gel (12%). After the run, the gel was activated by UV light.

Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, total protein

load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After 1 h of

blocking with 5% non-fat dry milk, blot 1 was cut below 75 kDa and below 25Kda. The area below

75 to 25 kDa was incubated for -actin, and the area below 20 kDa was incubated for LC3 (B). Two

stained molecular weights on each side were used for cutting accuracy. Data from blot 12 were

presented in Figure 3.5A.
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Blot 13. PEOI cells were treated with 5 or 10 uM of NFV for 72 h. One h before terminating the
experiment, the cells were incubated with or without 100 nM of bafilomycin A1 (BAF). Extracted
proteins from the samples were run for 30 min at 200V on TGX stain-free fast cast acrylamide gel
(12%). After the run, the gel was activated by UV light. Proteins on the gel were transferred using
TransBlot Turbo for 7 min. After transfer, total protein load was visualized in the unstained
membrane using BioRad ChemiDoc imager (A). After 1 h blocking with 5% non-fat dry milk, blot
12 was cut above 50 kDa and the bottom art was incubated for LC3 (B). After that, the area between
50 and 37 kDa was cut and incubated for -actin (B). Two stained molecular weights (MW) on each

side were used for cutting accuracy. Data from blot 13 were presented in Figure 3.5B.
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Blot 14. PEO4 cells were treated with 5 or 10 uM of NFV for 72 h. One h before terminating the
experiment, the cells were incubated with or without 100 nM of bafilomycin A1 (BAF). Extracted
proteins from the samples were run for 30 min at 200V on TGX stain-free fast cast acrylamide gel
(12%). After the run, the gel was activated by UV light. Proteins on the gel were transferred using
TransBlot Turbo for 7 min. After transfer, total protein load was visualized in the unstained
membrane using BioRad ChemiDoc imager (A). After 1 h blocking with 5% non-fat dry milk, blot
13 was cut above 50 kDa, and the bottom part was incubated for LC3 (B). After that, the area
between 50 and 37 kDa was cut and incubated for B-actin (B). Two stained molecular weights (MW)

on each side were used for cutting accuracy. Data from blot 14 were presented in Figure 3.5B.
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Blot 15. Two identical sets of samples (PEOI1 treated with NFV 20 uM at the demonstrated time
points were run for 30 min at 200V on TGX stain-free fast cast acrylamide gel (12%). After the run,
the gel was activated by UV light. Proteins on the gel were transferred using TransBlot Turbo for 7
min. After transfer, total protein load was visualized in the unstained membrane using BioRad
ChemiDoc imager (A). After 1 h of blocking with 5% non-fat dry milk, blot 14 was cut in the middle
along the molecular weight ladder to yield two identical sets of blots. The blots were further cut at
between 75 kDa and 50 kDa. The top left blot was incubated for GRP78 (B). The bottom two blots
were incubated for ATF4 and CHOP, respectively (B). Afterwards, the left bottom blot was

incubated for Bax and Bcl-2 sequentially. Finally, the blots were incubated for -actin (A). Multiple
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stained molecular weights (MW) were used for cutting accuracy. Data from blot 15 were presented

in Figure 3.7A.
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Blot 16. Two identical sets of samples (PEOI1 treated with NFV 20 uM on the demonstrated time
points were run 30 min at 200V on TGX stain-free fast cast acrylamide gel (12%). After the run, the
gel was activated by UV light. Proteins on the gel were transferred using TransBlot Turbo for 7 min.
After transfer, total protein load was visualized in the unstained membrane using BioRad ChemiDoc
imager (A). After 1 h of blocking with 5% non-fat dry milk, blot 15 was cut in the middle along the
molecular weight ladder to yield two identical sets of blots. Both blots were again cut below the
mark of 75 kDa and above the mark of 20 kDa. The top blots were incubated for IRE1a, and the
bottom blots were incubated for yH2AX. Finally, the blots were incubated for B-actin. Data from

blot 16 were presented in Figures 3.7A and 3.11D.
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Blot 17. Two identical sets of samples (PEO1 treated with NFV 20 uM on the demonstrated time
points were run 30 min at 200V on TGX stain-free fast cast acrylamide gel (12%). After the run,
the gel was activated by UV light. Proteins on the gel were transferred using TransBlot Turbo for
7 min. After transfer, total protein load was visualized in the unstained membrane using BioRad
ChemiDoc imager (A). After 1 h of blocking with 5% non-fat dry milk, blot 11 was cut in the
middle along the molecular weight ladder to yield two identical sets of blots. Both blots were again
cut below the mark of 75 kDa. The bottom blots were incubated for p-elF2a (left), eIF2a (right)
and casapase-7. Finally, the blots were incubated for B-actin. Data from blot 17 were presented in

Figures 3.7A and 3.8D.
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Blot 18. PEOI cells were treated with 5-40 uM of NFV for 72 h. 30 min before terminating the
experiment, the cells were incubated with puromycin at 37°C to a final concentration of 1 uM.
Extracted proteins from the samples were run for 30 min at 200V on TGX stain-free fast cast
acrylamide gel (10%). After the run, the gel was activated by UV light. Proteins on the gel were
transferred using TransBlot Turbo for 7 min. After transfer, total protein load was visualized in the
unstained membrane using BioRad ChemiDoc imager (A). After 1 h blocking with 5% non-fat dry
milk, the blot was incubated with anti-puromycin antibody (B). Finally, the blot was incubated for

B-actin (A). Data from blot 18 were presented in Figure 3.8A.
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Blot 19. PEOI cells were treated with or without 20 uM of NFV for the indicated time points in

the blot (0-72 h). 30 min before terminating the experiment, the cells were incubated with puromycin
at 37°C to a final concentration of 1 uM. Extracted proteins from the samples were run for 30 min
at 200V on TGX stain-free fast cast acrylamide gel (10%). After the run, the gel was activated by
UV light. Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, total
protein load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After
1 h of blocking with 5% non-fat dry milk, the blot was incubated with anti-puromycin antibody (B).

Finally, the blot was incubated for B-actin (A). Data from blot 19 were presented in Figure 3.8B.
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Blot 20. PEOI cells were treated with 20 uM NFV with or without 10 pg/ml cycloheximide (CHX)
for 0.5, 1, or 4 h. 30 min before terminating the experiment, the cells were incubated with puromycin
at 37°C to a final concentration of 1 uM. Extracted proteins from the samples were run for 30 min
at 200V on TGX stain-free fast cast acrylamide gel (10%). After the run, the gel was activated by
UV light. Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, total
protein load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After
1 h of blocking with 5% non-fat dry milk, the blot was incubated with anti-puromycin antibody.

Finally, the blot was incubated for B-actin (A). Data from blot 20 were presented in Figure 3.8C.
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Blot 21. Two identical sets of samples (PEOI1 treated with NFV 20 pM with or without
cycloheximide (10 pg/mL) for 4 h were run 30 min at 200V on TGX stain-free fast cast acrylamide
gel (12%). After the run, the gel was activated by UV light. Proteins on the gel were transferred
using TransBlot Turbo for 7 min. After transfer, total protein load was visualized in the unstained
membrane using BioRad ChemiDoc imager (A). After 1 h of blocking with 5% non-fat dry milk,
the blot was cut in the middle along the molecular weight ladder to yield two identical sets of blots.
The blots were cut above 50 kDa and below 25 kDa, and the area in between was incubated for p-

elF2a, elF2a, ATF4, and B-actin (B). Data from blot 21 were presented in Figure 3.8E.
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Blot 22. Proteins extracted from PEOI1 cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (12%) in two identical sets. After the run, the gel was
activated by UV light. Proteins on the gel were transferred using TransBlot Turbo for 7 min. After
transfer, total protein load was visualized in the unstained membrane using BioRad ChemiDoc
imager (A). After 1 h of blocking with 5% non-fat dry milk, the blot was cut in the middle along the
molecular weight ladder to yield two identical sets of blots. The blots were cut below 75 kDa and
below 25 kDa. The top left part was incubated for p-KAP1 (Ser 824), and the bottom parts were
incubated for p-AKT (Thr 308)/ total AKT (B). Finally, the blots were incubated for B-actin (A).
Multiple stained molecular weights (MW) were used for cutting accuracy. Data from blot 22 were

presented in [391].

199



A B

NFV (uM)> 0 5 10 20 30 40

NEFV
(M)> 0 5 10 20 30 5 10 20 30 40

> i
- -

250 >
150 >

100 >
75 >%

50 >
37 >

L
o i
.

B-actin > . S — - —

Blot 23. Proteins extracted from PEOI cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (12%). After the run, the gel was activated by UV light.
Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, total protein
load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After 1 h of
blocking with 5% non-fat dry milk, the membrane was cut in the middle along the molecular weight
marker to yield two identical sets of blots, and the right blot was incubated for yH2AX and B-actin

sequentially (B). Data from blot 23 were presented in Figure 3.11C.
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Blot 24. Proteins extracted from PEO4 cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (12%) in two identical sets. After the run, the gel was
activated by UV light. Proteins on the gel were transferred using TransBlot Turbo for 7 min. After
transfer, total protein load was visualized in the unstained membrane using BioRad ChemiDoc
imager (A). After 1 h of blocking with 5% non-fat dry milk, the blot was cut in the middle along the
molecular weight ladder to yield two identical sets of blots. The blots were cut at 75 kDa and below
25 kDa. The middle parts were incubated for p-AKT (Ser 473)/total AKT, p-ERK/total ERK and -
actin (B). The bottom left blot was incubated for Bax, and the bottom right blot was incubated for

YH2AX (B). Data from blot 24 were presented in Figures 3.7B and 3.11A.
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Blot 25. Proteins extracted from PEO4 cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (12%) in two identical sets. After the run, the gel was
activated by UV light. Proteins on the gel were transferred using TransBlot Turbo for 7 min. After
transfer, total protein load was visualized in the unstained membrane using BioRad ChemiDoc
imager. After 1 h blocking with 5% non-fat dry milk, the blot was cut in the middle along the
molecular weight ladder to yield two identical sets of blots. The left blot was incubated for Bcl-2
(B), p-AKT (Thr 308) (D) and p-KAP1 (Ser 824) (E), and the right blot was incubated for caspase-
7 (C), Total AKT (D) and p-KAPI (Ser 824) (E), sequentially. Finally, both blots were incubated

for B-actin (A). Data from blot 25 were presented in Figures 3.7B and 3.11A.
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Blot 26. PEOI treated with NFV 20 uM at the demonstrated time points were run for 30 min at
200V on TGX stain-free fast cast acrylamide gel (12%). After the run, the gel was activated by UV
light. Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, total
protein load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). The
blot was cut below 75 kDa, and the top part was incubated for p-KAP1 (Ser 824) and the bottom

part was incubated for (-actin. Data from blot 26 were presented in [391].
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Blot 27. PEO1 cells were treated with 5, 10, or 20 nM bortezomib (BZ) with or without 10 uM NFV

for 72 h. Extracted proteins from the samples were run for 30 min at 200V on TGX stain-free fast

cast acrylamide gel (12%). After the run, the gel was activated by UV light. Proteins on the gel were

transferred using TransBlot Turbo for 7 min. After transfer, total protein load was visualized in the

unstained membrane using BioRad ChemiDoc imager (A). After 1 h of blocking with 5% non-fat

dry milk, the blot was cut below 75 kDa, and the bottom part was incubated for p27%iP! (B). After

that, the area between 50 and 37 kDa was cut and incubated for B-actin (A). Data from blot 27 were

presented in Figure 3.15A.
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Blot 28. PEO4 cells were treated with 5, 10, or 20 nM bortezomib (BZ) with or without 5 uM NFV
for 72 h. Extracted proteins from the samples were run for 30 min at 200V on TGX stain-free fast
cast acrylamide gel (12%). After the run, the gel was activated by UV light. Proteins on the gel were
transferred using TransBlot Turbo for 7 min. After transfer, total protein load was visualized in the
unstained membrane using BioRad ChemiDoc imager (A). After 1 h blocking with 5% non-fat dry
milk, the blot was cut below 75 kDa and 37 Kda. The part below 37 kDa was incubated for p27Xip!
(B), and the part between 50 and 37 kDa was incubated for B-actin (A). Data from blot 28 were

presented in Figure 3.15A.
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Blot 29. PEO1 cells were treated with 10 nM bortezomib (BZ) with or without 10 uM NFV, and
PEO4 cells were treated with 5 nM bortezomib (BZ) with or without 5 uM NFV for 72 h. Extracted

proteins from the samples were run for 30 min at 200V on TGX stain-free fast cast acrylamide gel
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(12%). After the run, the gel was activated by UV light. Proteins on the gel were transferred using
TransBlot Turbo for 7 min. After transfer, total protein load was visualized in the unstained
membrane using BioRad ChemiDoc imager (A). After 1 h blocking with 5% non-fat dry milk, the
blot was cut at 50 kDa and incubated for B-actin (A). Afterwards, the blot was cut at 37 kDa, and
was incubated for phosphorylated H2AX (B). Multiple stained molecular weights (MW) were used

for cutting accuracy. Data from blot 29 were presented in Figure 3.15A.
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Blot 30. PEO1 cells were treated with 10 nM bortezomib (BZ) with or without 10 uM NFV, and
PEO4 cells were treated with 5 nM bortezomib (BZ) with or without 5 pM NFV for 72 hours.
Extracted proteins from the samples were run for 30 min at 200V on TGX stain-free fast cast
acrylamide gel (12%). After the run, the gel was activated by UV light. Proteins on the gel were
transferred using TransBlot Turbo for 7 min. After transfer, total protein load was visualized in the
unstained membrane using BioRad ChemiDoc imager (A). After 1 h blocking with 5% non-fat dry
milk, the blot was cut below 75 kDa, and the top part was incubated for p-KAP1 (Ser 824) (B), and

the bottom part was incubated for B-actin (A). Data from blot 30 were presented in [391].
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Blot 31. Proteins extracted from PEOI1 cells treated with 5-40 uM NFV were run for 30 min at 200V
on TGX stain-free fast cast acrylamide gel (10%). After the run, the gel was activated by UV light.
Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, the total protein
load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After 1 h of
blocking with 5% non-fat dry milk, the blot was incubated for ubiquitin (B) and B-actin (A). Data

from blot 31 were presented in Figure 3.6.
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Blot 32. Proteins extracted from PEOI cells treated with 5-40 nM BZ were run for 30 minutes at
200V on TGX stain-free fast cast acrylamide gel (10%). After the run, the gel was activated by UV
light. Proteins on the gel were transferred using TransBlot Turbo for 7 min. After transfer, the total
protein load was visualized in the unstained membrane using BioRad ChemiDoc imager (A). After
1 h of blocking with 5% non-fat dry milk, the blot was incubated for ubiquitin (B) and B-actin (A).

Data from blot 32 were presented in Figure 3.13C.
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Blot 33. Proteins extracted from PEOL1 cells treated with 5, 10, or 20 nM BZ with or without 10 uM

NFV for 72 h, were run for 30 min at 200V on TGX stain-free fast cast acrylamide gel (10%). After

the run, the gel was activated by UV light. Proteins on the gel were transferred using TransBlot

Turbo for 7 min. After transfer, total protein load was visualized in the unstained membrane using

BioRad ChemiDoc imager (A). After 1 h of blocking with 5% non-fat dry milk, the blot was

incubated for ubiquitin (B) and B-actin (A). Data from blot 33 were presented in Figure 3.15C.
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