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ABSTRACT

Prostate cancer (PCa) is the second leading cause of cancer related deaths in American men. In
this study, | identify two combinational therapeutics to treat PCa — the combination of
enzalutamide and simvastatin, and the combination of GSK126 and metformin, both of which
strongly suppress PCa cell growth in vitro and in vivo via inhibiting androgen receptor (AR), an
important oncogenic driver for the PCa progression. Simvastatin leads to more AR degradation
when combined with enzalutamide. For the combination of GSK126 and metformin, the
interaction between enhance of zeste homolog2 (EZH2) and AR is interrupted by GSK126, re-
sensitizing EZH2 to metformin. Meanwhile, GSK126 inhibits EZH2’s activity.

Polo-like kinase 1 (PLK1), a cell cycle regulator, is usually overexpressed in non-small-cell lung
cancer (NSCLC). Here, we report that PLK1 overexpression promotes the development of
Kras®'?P and Trp53"M (KP)-driven lung adenocarcinoma (LADC). KP mice harboring transgenic
PLK1 (KPPI) display heavier tumor burden, poorer tumor differentiation, and lower survival than
KP mice. Mechanistically, PLK1 overexpression enhances the activity of MAPK pathway, via
upregulating RET expression in a kinase-dependent manner. Supporting our findings, PLK1
knockout in KP mice reduces RET gene expression, inhibits MAPK pathway activity, and strongly
delays LADC development. Therefore, these data reveal that PLK1 functions as an oncogene in
KP-driven LADC.
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CHAPTER 1. INTRODUCTION

1.1 Prostate cancer (PCa)

PCa is the second leading cause of cancer related death in American men (1). The incidence of it
is closely correlated with age, and most patients are diagnosed beyond the age of fifty (2).
Androgen deprivation therapy (ADT) becomes the first-line treatment for metastatic PCa, due to
the important role androgens play in PCa progression (3). ADT exerts its function either through
suppressing androgen synthesis or through inhibiting AR’s activity. For example, LHRH agonists
and antagonists are used to inhibit PCa progression by downregulating testosterone production in
testicles, while another class of drugs, including bicalutamide, flutamide and enzalutamide,
inhibits PCa progression by preventing androgen binding to AR (2). Although patients usually
benefit from the effectiveness of ADT at the beginning of the treatment, acquired drug resistance
usually occurs. When the disease continues to progress despite ADT, the condition is referred to

as castration resistant prostate cancer (CRPC) (2, 4).

1.2 Androgen receptor

Androgen receptor (AR) is a ligand-dependent transcription factor, and composed of three domains:
a ligand binding domain, a DNA binding domain and an N-terminal domain (2). It is activated
after binding to androgen. Activated AR translocates into the nucleus, recruits co-activators and
then binds to androgen response elements (ARE), inducing transcription of androgen-regulated
genes which play important roles in PCa progression, such as PSA, TMPRSS2, CDK1, CDK2,
FGF8 and PMEPAL (2). Treatments for PCa usually targets androgen biosynthesis or activity of
AR. However, Reactivation of AR, including AR overexpression, site mutation, and AR splice

variants, can confer PCa cells resistance to the treatments (5-7).

1.3 ARsignaling in PCa

Abnormal AR signaling plays a vital role in PCa development. It has been shown that AR is
necessary for tumor cell growth, survival and metastasis in both benign and advanced PCa (8).

There is a balance between proliferation and apoptosis in normal prostate cells, but it is broken in
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PCa tumor cells (9). The mechanism underlying transformation of AR signaling in PCa still
remains obscure. Gene fusions of AR targeted genes often happens in PCa tumor cells. For instance,
the androgen response elements of TMPRSS2 can fuse to the coding sequence of proteins from
Ets family (10), which results in high expression of Ets members driven by AR.

Given that PCa is a disease characterized by activation of AR signaling pathway, it is urgent to
develop novel therapeutic methods targeting AR signaling. Despite patients benefit from these
treatments initially, acquired drug resistance usually occurs, which is intractable. four major
mechanisms underlying the drug resistance often occur (11, 12): (1) De-differentiation to
neuroendocrine tumors; (2) AR independent activation of AR downstream signaling pathways, for
instance glucocorticoid receptor can take place of AR to regulate its downstream signaling; (3) AR
reactivation, including AR site mutations, AR amplification and AR splice variants; and (4) the
aberrant metabolism, such as enhancement of endocrine androgens and increasing glycolysis.
There might be potential involvement of activation of PI3K signaling in the mechanisms

mentioned above.

1.4 HMGCR and cholesterol

3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR) is the rate-limiting enzyme of the
mevalonate pathway, which produces cholesterol and other isoprenoids (13). Cancer cells require
cholesterol for their rapid growth and survival due to its following roles: 1) cholesterol is one of
the most important components of most cellular membranes; 2) cholesterol is also a component of
lipid rafts, which regulate a variety of signaling pathways (14); 3) cholesterol is the precursor of

hormones, including androgens, which can drive progression of PCa (15).
Inhibition of HMGCR is the most promising way to block the mevalonate pathway (13). The

inhibitors targeting HMGCR are collectively called statins. Statins have been safely used for

decades to treat patients with hyper-cholesterolaemia, and they may have anti-tumor function (16).
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1.5 PI3Ksignaling in PCa

Aberrant activation of PI3K signaling pathway has been identified in 42% patients with benign or
localized tumors, and in 100% patients with advanced or metastatic tumors (17). The higher PI3K
activation is usually closely correlated with PCa progression, drug resistance and poor patient
survival rate (18). It has been demonstrated that PCa could be initiated by PTEN loss of function,
which results in high activation of PI3K pathway. Several mouse models to study PCa are designed
based on this mechanism, and the mice carrying either heterozygous or homozygous mutations of
PTEN can be used to cross with other mice with interest genes to investigate their functions in PCa
progression (19). In addition, it has been shown that the PI3K pathway can be activated mainly
through the p110p isoform of the PI3K subunit in PCa (20). Blocking p110p, instead of p110a,
can downregulate the downstream signaling of PI3K pathway. However, p110p inhibition alone
can only be effective for a short time, and fail with emergence of re-activation of PI3K pathway.
This is because inhibiting p110p induces feedback upregulation of downstream signaling via
pl110a (21). Furthermore, compared with inhibiting p110p alone, the combination of inhibitions
on both p110a and p110f can induce more persistent inhibition on PI3k signaling, as well as

stronger inhibition on tumor growth.

The activation of PI3K signaling pathway is closely associated with the progression of CRPC,
indicating that there might be potential interaction between PI3K signaling and AR signaling. In
addition, the activation of PI3K determines tumor cells’ response to AR antagonists in PCa cancer
with PTEN mutation.

1.6 Metformin

Metformin (N, N-dimethylbiguianide), with limited side effects and good safety profile, has been
used to treat type Il diabetes for decades. Recently, accumulating observational and cohort studies
have indicated that diabetes patients treated with metformin exhibited lower incidence of cancer
(22), suggesting metformin might be repurposed as an anti-cancer drug. For PCa, a growing
amount of evidence shows that metformin decreased PCa incidence and slowed down CRPC

progression (23, 24). In a phase Il trial, it was observed that PSA secretion was reduced upon
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metformin in metastatic CRPC (25). Moreover, encouraging results from a population-based
cohort study found that treatment of metformin after diagnosis of PCa increased patients’ survival

(26). Taken together, metformin is likely to be a useful medication for PCa, but more research is
still needed to further confirm the notion.

1.7 EZH2

Enhancer of zeste homolog 2 (EZH2), the functional enzymatic subunit of the Polycomb
Repressive Complex 2 (PRC2), inhibits expression of a variety of genes through catalyzing
histone-3 lysine 27 trimethylation (H3K27me3) (27). Recently, a growing number of evidence
shows that EZH2 plays a vital role in oncogenesis and tumor progression (28), and blocking
EZH2's activity can slow down tumor growth. EZH2 can be targeted for inhibition by GSK126
(GSK2816126), an S-adenosyl-methionine-competitive inhibitor, which has recently been shown
effective and well tolerated in lymphoma in a Phase | clinical trial (29). Besides EZH2’s
conventional function, it also acts independently of its methyltransferase activity. For example,
EZH2 was reported to form a complex with RelA and RelB to activate nuclear factor kB, in which
methylation is not involved (30). Additionally, EZH2 enhances the expression of AR by binding to
its promoter, which also doesn’t rely on methylation (31). Therefore, novel therapeutics should be
identified to decrease EZH2’s protein level, although several EZH2 methyltransferase inhibitors,

including GSK126, are proved effective.

1.8 Lung cancer

Lung cancer is the leading cause of cancer-related death in the United States, with 228,150 new
cases and 142,670 deaths estimated in 2019 (32). Among all cases, non-small-cell lung cancer
(NSCLC) amounts for the vast majority. Until now, various molecular targets or oncogenic driver
mutations has been identified, including EGFR, ALK, Kras, p53, RET (33). Although drugs
designed as inhibitors targeting these molecules has significantly benefited the patients of NSCLC,
acquired or de novo resistance often occurs. Therefore, a better understanding of the molecular
mechanisms of the disease is needed to develop more effective therapeutics.
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19 PLK1

Polo-like kinase 1(PLK1) is a serine/threonine kinase which plays an important role in cell cycle
regulation. PLK1 is responsible for mitosis entry (34), spindle assembly (35), kinetochore function
(36), centrosome maturation (37), cytokinesis (38), APC/C activity (39), and other additional
functions. Given the nature of PLK1 and its involvement in mitotic process, much interest has been
raised in basic and clinical study of PLK1. PLK1 is reported to be overexpressed in a wide
spectrum of human cancers (40). In NSCLC, PLK1 is expressed at higher levels in NSCLC cell
lines or tumors compared to normal human bronchial epithelial cell line or non-tumor tissues, and
overexpression of PLK1 is correlated with unfavorable patient outcomes (41, 42). Although small-
molecule inhibitors targeting PLK1 have been widely studied in in vitro experiments or clinical
trials (43), how PLK1 promotes NSCLC still remains unclear.

1.10 MAPK signaling in NSCLC

MAPKSs are members of a family of serine and threonine protein kinases. MAPK plays a critical
role in cell proliferation, differentiation and survival (44), by regulating signaling transduction
from the cell cytoplasm to the nucleus, which is stimulated by binding of extracellular molecules
to their receptors, including cytokines, hormones and growth factors. MAPK have three main
subfamilies: (1) Ras/Raf/MEK/ERK, which is regulated by extracellular molecules; (2) INK (the
c-Jun N-terminal kinases); and (3) MAPK14 (45). Among these three subfamilies,
Ras/Raf/MEK/ERK plays the most important roles in cell proliferation and differentiation.

MAPK signaling dysregulation is closely correlated with the development of NSCLC. In NSCLC,
MAPK plays an important role in cell apoptosis, growth and differentiation (44). It has been
reported that aberrant MAPK signaling is a frequent event in the development of a variety of
cancers, including NSCLC (46). Recently, increasing evidence has shown that MAPK can be used
as a prognostic marker of NSCLC, as the high level of MAPK activation is closely associated with
high tumor cell proliferation rate, poor tumor cell differentiation, as well as poor patient outcome.
Furthermore, MAPK also determines drug resistance by preventing tumor cells from apoptosis
(47).
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1.11 RET signaling

RET is a tyrosine kinase receptor, which plays a vital role in neurons’ survival and differentiation.
It can be activated by glial cell-line derived neurotrophic family ligands (GFL) (48). The activation of
RET is initiated by extracellular stimulus: the binding of GFLs to their glycosylphosphatidylinositol (GPI)-
anchored co-receptors which belongs to GDNF receptor-o family (GFRa) (49). Then, RET can be recruited
to the GFL- GFRa complex, inducing activation of RET’s kinase domain, followed by auto-
phosphorylation (49). Like other tyrosine receptor kinases, RET can regulate a variety of signaling
pathways, mainly including MAPK pathway, PI3K pathway, and JINK-STAT pathway (50). Interestingly,
all the three important pathways are activated by the same phosphorylated site-tyrosine 1062 (51, 52). It
has been shown that RET regulates tumor cell proliferation, differentiation, and metastasis (53). Aberrant
RET signaling, including RET point mutations, RET fusions and RET overexpression, is found involved
in the development of various human cancer (thyroid, breast, lung) (49). In lung adenocarcinoma, RET
fusions, such as CCDC6-RET, TRIM33-RET and KIF5B-RET were identified in ~2% cases (54, 55).
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CHAPTER 2. MATERIAL AND METHODS

2.1 Cell culture, chemicals and reagents

LNCaP, C4-2, 22Rv1, MR49F, C4-2R, PC3-Neo and PC3-AR were used in this study. LNCaP
and 22Rv1 were purchased from ATCC. C4-2 was obtained from M. D. Anderson Cancer Center.
MR49F and C4-2R were kindly provided by Dr. Amina Zoubeidi at the VVancouver Prostate

Cancer Center and Dr. Allen Gao at University of California at Davis, respectively. PC3-Neo and
PC3-AR were kindly provided by Dr. Kerry Burnstein (University of Miami). Mouse lung tumor
cell lines were isolated from transgenic mice 12-14 weeks after Ad-Cre infection. All cells were
grown in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) in a humidified
incubator at 37°C with 5% CO>. C4-2R and MR49F cells were maintained in previously described
medium containing 20 and 10 uM enzalutamide, respectively. All cells were within 50 passages
and Mycoplasma were detected every 3 months using MycoAlert™ PLUS Mycoplasma Detection
Kit (Lonza, LT07-705). Enzalutamide and simvastatin were purchased from Medchem Express.

R1881 was purchased from Sigma, metformin and GSK126 were obtained from Selleckchem.

2.2 Antibodies

Antibodies against androgen receptor (5153S), cleaved-PARP (9541L), p-AKT (S473) (4051S),
AKT (4691S), p-S6 (S235/236) (2211S), p-S6 (S240/244) (5364S), S6 (2317S), p-4EBP1 (T37/46)
(2855S), GAPDH (2118L) and cleaved-caspase 3 (9661S) were purchased from Cell Signaling
Technology. Antibody Millipore. Antibody against SREBP-2 (sc-5603) was obtained from Santa
Cruz Biotechnology.

2.3 Immunoblotting (IB)

Upon harvest, cells were suspended with TBSN buffer (20 mmol/L Tris-HCI, pH 8.0, 0.5% NP-
40, 5 mmol/L EGTA, 1.5 mmol/L EDTA, 0.5 mmol/L sodium vanadate and 150 mmol/L NaCl)
with protease inhibitors and phosphatase inhibitors, sonicated and then collected, followed by
protein concentration measurement by Protein Assay Dye Reagent from Bio-Rad. Equal amounts
of protein lysates from each sample were mixed with SDS loading buffer, resolved by SDS-PAGE,
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transferred to PVDF membranes, followed by incubations with appropriate primary and secondary

antibodies.

2.4 RNA isolation and quantitative real-time PCR (gQRT-PCR)

Total RNA was extracted from tissues or cells using RNeasy® mini kit (Qiagen) and reverse
transcribed into cDNA using miScript 11 RT kit (Qiagen). FastStart Universal SYBR Green Master
(Roche) was used to measure the expression level of mRNA. Primers used are EZH2,
tcectagtccegegeaatgage (forward), ttgttggcggaagegtgtaaaatce (reverse); B-actin,
agaactggcccttcttggagg (forward), gtttttatgttctatggg (reverse). For the detection of microRNAsS,
specific primers (MS0029239, MS00008372, MS00031220, MS00003122, MS00003129) were
purchased from Qiagen, and cDNA was amplified using miScript® SYBR® Green PCR Master
Mix (Qiagen). The relative expression level of miRNA or mMRNA was normalized to RNUG6-2 or

B-actin, respectively.

2.5 Colony formation assay

~500 tumor cells used in this study were seeded in 6-well plates with 2ml RPMI 1640
supplemented with 10% FBS. One day later, the medium was replaced with new medium
containing different drugs. After 12 days, the colonies were fixed by 10% formalin and stained

with 5% crystal violet. Colony numbers were counted by using Image J software.

2.6 Cell viability assay

2500 — 5000 tumor cells used in this study were seeded into 96-well plates, and treated with
different drugs with indicated concentrations for 72 hours, followed by incubation with the
tetrazolium dye MTT 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide for 4 hours.
After the purple formazan was dissolved by DMSO, absorbance at 570 nm was measured by a

plate reader.
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2.7 Combination index

Cytotoxicity of the drugs was evaluated via determining viability by MTT assay. Combination
indice (CI) were calculated by the multiple drug effect equation of Chou (17). Cl = (D)1/(Dx)1 +
(D)2/ (Dx)2, where (Dx)1 and (Dx)2 in the denominators are the doses for metformin and GSK126
alone that gives x% inhibition, whereas (D)1 and (D)2 in the numerators are the doses of metformin
and GSK126 in combination that also inhibited x%. Antagonism is indicated when CI >1,Cl =1

indicates an additive effect and Cl < 1 means synergy.

2.8 ChlIP and Re-ChIP

A ChIP assay was performed by using a commercial kit (Millipore, #17-10085) following the
manufacturer’s instructions. AR binding sites were predicted by PROMO (18,19), and the PCR
generated ~200 bp products from the miR-26a-5p proximal (<2,000 bp) promoter containing sites.
Antibodies against AR (#39781) and EZH2 (#39901) were purchased from Active Motif. For Re-
ChIP, the immunoprecipitated protein-DNA complexes were eluted with Re-ChlIP elution buffer
(1x TE, 2% SDS, 15 mM DTT) at 37 °C for 30 minutes, and the elutes were diluted 20-fold with
ChIP dilution buffer for further incubation with the secondary antibodies and beads. The primers
used are: P1, gttgtgggtccaagtacaaatagttttcc (forward), caatatcacctgcctggcctcaa (reverse); P2,
gaatttcagaagtttccgtatcccccac (forward), cttttgggotgggtatttgctaaagat (reverse); P3,
aattaaaatgaaaattccagtctcctgectcc  (forward),  gatggcttttaaaagcatgaagtgtgga  (reverse); P4,

gcaatagaatgcagaccgatggg (forward), ctatgggagctttctgtccttgge (reverse).

2.8.1 Luciferase assay

HEK?293T or PC3 cells were transfected with the indicated plasmids using lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Briefly, 0.1 pg of reporter plasmids
containing the sequence of interest, together with 5 ng of an internal control plasmid pRL-TK,
were transfected into the cells cultured in a 24-well plate. For the expression of AR, EZH2 (S21D)
and EZH2 (S21A), the indicated amounts of plasmids were co-transfected into the cells. Total

plasmid DNA was normalized to 0.6 pg per well by using an empty plasmid. Luciferase activity
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was assayed after 24 hours of transfection using a Dual Luciferase reporter assay system (Promega).
The firefly luciferase activities were corrected by the corresponding Renilla luciferase activities

and presented as means = S.D.

2.9 22Rvi-derived mouse xenograft model

All the animal experiments were approved by the Purdue University Animal Care and Use
Committee (protocol 1111000133E001). 22Rv1 cells (2.5 x 105 / mouse) were mixed with
Matrigel (Collaborative Biomedical Products), and the mixture was injected subcutaneously into
right flanks of castrated nude mice (Harlan Laboratories). After two weeks, the tumor-bearing

mice were randomized into control and treatment groups (four mice / group).

In the first week, enzalutamide (25 mg/kg body weight) was gavaged, and simvastatin was
intraperitoneally injected every 2 days; from the second week, both drugs were administered every

day.

Metformin was dissolved in water and administered to mice via oral gavage (30mg / kg body
weight / day). GSK126 in 20% captisol with PH adjusted to 4-4.5 was injected intraperitoneally
into mice (50mg / kg body weight / day).

Tumor volumes were calculated from the formula V = L x W2/2 (where V is volume [cubic

millimeters], L is length [millimeters], and W is width [millimeters]).

2.10 LuCaP35CR xenograft model

Mice bearing LuCaP35CR tumors were obtained from Dr. Robert Vessella at the University of
Washington. Tumors were implanted and amplified in pre-castrated NSG mice. When tumor size
was big enough, tumors were harvested and cut into ~25 mma3 pieces, followed by implantation
into 16 pre-castrated NSG mice. After tumor size reached ~200 mma3, mice were randomized into

four groups, followed by similar treatment and measurement as described above.
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Histology and immunohistochemistry. Xenograft tumors were fixed in 10% neutral buffered
formalin, paraffin-embedded, sectioned to 5 mm, and stained using conventional hematoxylin and
eosin (H&E) staining. Immunofluorescent chemistry staining was accomplished with the
M.O.M.TM kit from Vector Laboratories.

2.11 PSA measurement

Blood was collected from mice by retro-orbital bleeding, followed by centrifuge to collect serum.
PSA levels were determined using a PSA ELISA kit (Abnova KA0208) as manufacturer instructed.

2.12 Statistical analysis

All numerical data are presented as mean £ SD. The statistical significance of the results was
analyzed by using unpaired two-tailed Student’s t test. P values of <0.05 indicate statistical

significance.

2.13 Mouse models

Rosa26-"<Y* mice have been described previously (56). PIk1™"" and PIk1™* mice were a kind gift
from Dr. Guillermo de Carcer from Spanish National Cancer Research Centre (CNIO), Madrid,
Spain (57). Kras-St62Di* n53fifl (KP) mice were kindly provided by Dr. Andrea Kasinski from
Purdue University, USA. A mixture of male and female mice was utilized in all experiments. For
studies using adenovirus, Ad-Cre was purchased from University of lowa, and instilled into mice
via intratracheal delivery at a viral titer of 2.5 x 10’ PFU per mouse according to the protocol by
DuPage et al (58).
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2.14 RNAseq

Total RNA was extracted from whole tumors of mice by using RNeasy Mini kit (#74104, Qiagen)
according to the manufacturer’s instructions. To be specific, only one tumor was harvested from
each mouse, and six mice were selected from either group (KP group: 6 tumors; KPPI group: 6
tumors). Then samples were sent to Novogene Biotechnology Company (CA, USA) for RNA
quality assessment, RNAseq library construction, Illumina sequencing and data analysis.
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CHAPTER 3. INHIBITION OF CHOLESTEROL BIOSYNTHESIS
OVERCOMES ENZALUTAMIDE RESISTANCE IN CASTRATION-
RESISTANT PROSTATE CANCER (CRPC)

3.1 Introduction

Prostate cancer (PCa) is the second-leading cause of cancer related death in American men.
Because its progression is androgen dependent, androgen deprivation therapy (ADT) is the primary
approach for the treatment of PCa. Although patients benefit from ADT at the beginning of
treatment, most of them will relapse with castration-resistant prostate cancer (CRPC), which is
currently incurable. Enzalutamide is a nonsteroidal second-generation antiandrogen that has
recently been approved for the treatment of metastatic CRPC both in the post-docetaxel and
chemotherapy-naive settings. It can inhibit androgen binding to the androgen receptor (AR), AR
translocation into the nucleus, AR binding to DNA and coactivator recruitment (59). While

enzalutamide is efficient initially, acquired drug resistance usually occurs inevitably.

Accumulated experimental research suggests that activation of de novo cholesterogenesis induces
PCa cell proliferation and promotes cancer development and progression (60-62). Men with higher
cholesterol are usually in greater risk of developing high-grade prostate cancer. Mevalonate
pathway is known to synthesize cholesterol, and 3-hydroxy-3-methyl-glutaryl-CoA reductase
(HMGCR) is the first rate-limiting enzyme of it. Thus, inhibiting HMGCR is traditionally used to
lower serum cholesterol as a means of reducing the risk for cardiovascular disease. Inhibitors
targeting HMGCR, known collectively as statins, are generic drugs for the treatment of
hypercholesterolemia. In addition to statins’ efficacy in treating cardiovascular disease,
accumulating evidence suggests that statins also exert an anti-neoplastic effect in many types of
cancer, including breast, prostate, ovarian, lymphoma, renal cell carcinoma and colorectal cancer
(63). In PCa, both in vitro and in vivo experiments showed that statins could significantly reduce
the level of prostate-specific antigen (PSA) (64-66). Furthermore, it was reported that such down-
regulated PSA levels might be caused by proteolysis of AR induced by statins (67). All these

studies suggest that statins may suppress PCa progression through inhibiting AR.
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In our study, HMGCR was found to be overexpressed in enzalutamide-resistant cell lines (MR49F
and C4-2R). Furthermore, knocking down HMGCR re-sensitized C4-2R to enzalutamide, and
HMGCR overexpression renders C4-2 resistant to it. Next, we identified simvastatin could be used
to overcome enzalutamide resistance both in vitro and in vivo. Mechanistically, the combination
of simvastatin and enzalutamide exerts a synergistic effect on AR protein turnover, which may be

induced by simvastatin’s inhibition on PI3K pathway.

3.2 Results

3.2.1 Identification of aberrant HMGCR expression in enzalutamide-resistant protate
cancer cell lines

To investigate the molecular mechanism underlying enzalutamide resistance, RNA-seq analysis
was conducted with LNCaP and MR49F cells. As shown in Fig. 1A, MR49F displayed higher
HMGCR expression than LNCaP. To verify it, western blot was performed with LNCaP and
MR49F, as well as C4-2 and C4-2R (another pair of cell lines to study enzalutamide resistance,
C4-2R is derived from C4-2). As shown in Fig. 1B-D, MR49F and C4-2R showed higher
expression levels of HMGCR than their parental cell lines respectively. In addition, such
differences became larger and more significant when cells underwent 4-hour enzalutamide
treatment (Fig. C and D). Besides HMGCR, we also examined the protein levels of SREBP2,
another important molecule of cholesterol synthesis. Upon enzalutamide treatment, MR49F and
C4-2R exhibited higher levels of cleaved SREBP2 (the active status) than their parental cell lines
respectively (Fig. 1B). Next, we investigated the levels of cholesterol, the product of mevalonate
pathway, using the PCa cell lines mentioned above. As shown in Fig. 1F and 1G, significantly
higher cholesterol levels were observed in the enzalutamide-resistant cell lines than their parental
cell lines after enzalutamide treatment. Collectively, our data demonstrated that HMGCR
expression, as well as the amount of cholesterol, was elevated in enzalutamide-resistant cells. To
further validate this finding in clinic, the bioinformatics analysis was performed with 72 patient
specimens (described under “Experimental procedures”). Accordingly, we found that cholesterol
biosynthesis pathway gene set was enriched in high HMGCR-expressing group, indicating that
cholesterol biosynthesis pathway was activated as HMGCR expression was elevated (Fig. 1G).
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Furthermore, gene set enrichment analysis (GSEA) of the HMGCR expression profile showed that

steroid biosynthesis pathway-related gene set is also positively enriched (Fig. 1H).

3.2.2 The HMGCR expression level affects cellular response to enzalutamide

Having demonstrated enzalutamide-resistant PCa cell lines harbored higher HMGCR expression,
we want to know whether the cellular response to enzalutamide could be affected by HMGCR. To
investigate this, we knocked down HMGCR in C4-2R using shRNA, and HMGCR protein level
was determined by IB (Fig. 2A). Due to the low efficacy of single ShRNA, a mixed pool of both
shRNAs was used to construct stable HMGCR-KD cell line, followed by growth assay to examine
cells’ response to enzalutamide. As shown in Fig. 2B, C4-2R cells, after HMGCR being knocked
down, displayed decreased viability upon enzalutamide treatment. Furthermore, restoration of
HMGCR in HMGCR-KD cells apparently rescued cells from enzalutamide-induced growth
inhibition (Fig. 2C and D). Consistently, compared with control cells exhibiting no significant
difference in colony numbers after enzalutamide treatment (Fig. 2E), fewer colonies were formed
by HMGCR-KD cells (Fig. 2F), and the phenotype was largely reversed upon reintroduction of
HMGCR (Fig. 2G). Furthermore, immunoblotting against cleaved PARP was conducted to
examine cells’ apoptosis. As expected, knockdown of HMGCR promoted C4-2R’s apoptosis upon
enzalutamide resistance (Fig. 2H). To further confirm HMGCR’s role, C4-2 was transiently
transfected with HMGCR, followed by a 3-day cell-growth assay under enzalutamide treatment.
As indicated, more C4-2 cells with HMGCR overexpression survived than the cells carrying
pcDNA3.0 (Fig. 2I). Also, we noticed that MR49F and C4-2R, in which the aberrant expression
of HMGCR contributes to enzalutamide resistance, were more sensitive to mevastatin, an inhibitor
targeting HMGCR, than their parental cell lines respectively (Fig. 2, J and K), providing a possible

new approach to overcome enzalutamide resistance.

3.2.3 Simvastatin treatment overcomes enzalutamide resistance in vitro

Simvastatin, one of the marked statins, was used to identify whether it could restore inhibitory

effect of enzalutamide on enzalutamide-resistant PCa cells. Firstly, colony formation assay was
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performed with MR49F, C4-2R and 22Rv1. As shown in Fig. 3A, 3B, and 3C, fewer colonies were
formed by all three cell lines upon the combination of enzalutamide and simvastatin, implying
simvastatin can enhance enzalutamide efficacy. To further verify this, proliferation assay was
conducted with MR49F and C4-2R. Simvastatin alone slightly slowed down cell growth, while
the combination of the two drugs significantly inhibited cell proliferation (Fig. 2D and E).
Meanwhile, representative images were taken with C4-2R cells after 5-day treatments to compare
potential morphology change. As shown in Fig. 3F, no apparent difference was observed when
cells were treated with enzalutamide, but simvastatin induced shrinkage. C4-2R upon the
combinational treatment displayed further reduced cell number, as well as the same morphological
modification induced by simvastatin alone (Fig. 3F). Next, apoptosis was examined after indicated
treatments. The single treatment of simvastatin resulted in relatively weak apoptosis, but the
combination of enzalutamide and simvastatin led to higher levels of apoptosis than either treatment
alone (Fig. 3G and H).

3.2.4 Simvastatin treatment overcomes enzalutamide resistance in vivo

Next, a 22Rv1l xenograft model was used to investigate whether statins can overcome
enzalutamide resistance in vivo. As shown in Figs. 4A, B, and C, compared with control group,
22Rv1 tumors upon enzalutamide treatment displayed limited change of growth rate or tumor size.
Simvastatin alone partially inhibited tumor growth, but the combination of simvastatin and
enzalutamide strongly inhibited it (Fig. 4A, B and C). Meanwhile, there was no significant
difference in mice body weight among all groups (Fig. 4D), implying that the combination of the
two drugs didn’t induce severe side effects. Histologically, the cells in control and enzalutamide
groups were arranged compactly, but loosely upon simvastatin treatment. In contrast, scattered cell
groups were found after tumors being treated with the combination of enzalutamide and
simvastatin (Fig. 4E, H&E). Furthermore, immunostaining of Ki67 and cleaved caspase-3
substantiated that the combination of enzalutamide and simvastatin exhibited the strongest
inhibitory effect on tumor cell proliferation, and led to the most apoptosis compared with other
three groups (Figs. 4F, G, H, and I). Collectively, our in vivo results support the notion that

enzalutamide’s tumor-killing effect was restored by simvastatin.
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3.2.5 Simvastatin induces AR degradation

Enzalutamide resistance has been reported to be induced by AR reactivation (6). Considering AR
usually plays a vital role in PCa progression and drug resistance, we tried to investigate whether
AR is affected by simvastatin. As shown in Fig. 5A, AR protein level was reduced by simvastatin
in a dose-dependent manner in C4-2R. Furthermore, our quantitative real-time PCR result showed
that there was no significant difference in mRNA expression of AR upon simvastatin treatment
(Fig. 5B), indicating that transcription of AR is not affected by simvastatin. Next, cycloheximide
(CHX) was utilized to examine simvastatin’s effect on protein turnover of AR. After CHX was
added to the cells, simvastatin treatment enhanced AR degradation (Fig. 5C). Thus, it is likely that
AR degradation can be induced by simvastatin via the ubiquitin-proteasome system. To confirm
this, MG132, a 26S proteasome inhibitor, was used to test whether it can reverse the simvastatin-
induced AR degradation. As shown in Fig. 5D, AR protein level was partially rescued by MG132

from the degradation induced by simvastatin.

3.2.6 Enzalutamide and simvastatin decrease AR protein expression synergistically

Having established that simvastatin alone enhanced AR protein degradation, we then asked
whether the combination of enzalutamide and simvastatin would synergistically affect AR protein
level. To investigate this, C4-2R, 22Rv1, and MR49F were treated with enzalutamide, simvastatin
at the indicated concentrations or combinations of the two drugs, and harvested for western blot.
As shown in Figs. 6A — C, AR protein levels of all cell lines, as well as AR-Vs of 22Rv1, were
further decreased by the combinational treatment than simvastatin treatment aloe. In addition, we
aimed to confirm that the apoptosis induced by enzalutamide plus simvastatin is due to degradation
of AR. Toward that end, AR was overexpressed in all three cell lines mentioned above, followed
by the combinational treatment for 48 hours. As shown in Fig. 6D, less apoptosis was observed in
cells overexpressing AR, indicating that overexpression of AR can prevent enzalutamide-resistant
cells from apoptosis induced by the combination of the two drugs. Finally, to test whether the
effects seen above are specific to HMGCR, we examined AR protein expression after knocking
down HMGCR. As shown in Fig. 6E, AR level was significantly reduced after treatment of

enzalutamide.
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3.2.7 Gene expressions of AR and mTOR are positively correlated with HMGCR

Our previous study showed that positive feedback loops exist among mTOR pathway, AR
signaling pathway, and lipid biosynthesis pathway (68). Thus, we wanted to test whether such
interaction is still active after anti-hormone therapy or even in enzalutamide-resistant cells. To
investigate this, Pearson correlation analysis, using 72 anti-hormone treatment patients’ samples,
was performed to detect the gene expression interaction between HMGCR and mTOR, AR and
mTOR, as well as AR and HMGCR. As shown in Fig. 7A-C, all three genes were positively
correlated with each other, indicating they are likely to be overexpressed in enzalutamide-resistant
cells. Moreover, the mTOR pathway gene set was enriched in high-HMGCR group (Fig. 7D) or
high-AR group (Fig. 7E), implying that the whole mTOR pathway is potentially activated in
enzalutamide-resistant cells. To confirm our finding from the above analysis, the lysates of LNCaP,
MR49F, C4-2 and C4-2R were used to test the molecular change. As shown in Fig. 7F, MR49F
and C4-2R displayed higher expression of cleaved SREBP2, HMGCR, AR and critical proteins of
mTOR pathway, compared with their parental cell line respectively. Moreover, knockdown of
HMGCR inhibited mTOR pathway (Fig. 7G). Then, we asked whether simvastatin can affect
mMTOR pathway. To investigate this, C4-2R cells were treated with simvastatin at indicated
concentrations. After 48-hour treatment, both p-AKT and p-S6 were decreased (Fig. 7H),
suggesting simvastatin is capable to inhibit mMTOR pathway. More interestingly, the combination
of enzalutamide and BKM120, an AKT inhibitor, could induce obvious degradation of AR (Fig.
71), which can potentially explain why the combination of enzalutamide and simvastatin reduces

AR significantly.
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3.3 Discussion

Enzalutamide, which has been recently approved by FDA, can significantly improves the
therapeutic effect for late-stage CRPC patients (59, 69, 70). However, drug resistance usually
occurs. In our study, HMGCR, a key enzyme of mevalonate pathway, was found to be
overexpressed in enzalutamide-resistant cell lines (MR49F and C4-2R). Furthermore, knocking
down HMGCR re-sensitized C4-2R to enzalutamide, and HMGCR overexpression made C4-2
resistant to it. Next, we identified simvastatin could be used to overcome enzalutamide resistance
both in vitro and in vivo. Mechanistically, the combination of simvastatin and enzalutamide
exerted a synergistic effect on AR protein turnover, which may be induced by simvastatin’s

inhibition on PI3K pathway.

Accumulating evidence shows the aberrant biosynthesis of lipid or cholesterol is associated with
lethal PCa (71-74), and the lipid biosynthesis induced by AR reactivation can result in resistance
to androgen-deprivation therapies (75). For enzalutamide resistance, intracrine androgen synthesis,
which provides ligand for AR, was reported to be one of the reasons (76). Consistently, we
identified that expression of HMGCR, the first rate-limiting enzyme of cholesterol synthesis, was
elevated in enzalutamide-resistant cell lines, and more cholesterol, which might be used to

synthesize androgen, was produced to support survival of cells upon treatment of enzalutamide.

Statins’ inhibitory effect on PCa cell proliferation has been investigated by several studies. Sekine
et al. reported that simvastatin inhibited PC3’s proliferation and induce apoptosis (77).
Additionally, Hong et al. showed that the proliferation of LNCaP could be suppressed by lovastatin
(78). These are consistent with our finding that simvastatin also slowed down the cell growth rate
and led to apoptosis of enzalutamide-resistant cells. Meanwhile, we were trying to investigate
whether the inhibition on HMGCR could overcome enzalutamide resistance, and our data
exhibited that the combination of simvastatin and enzalutamide exerted strong inhibitory effect on
MR49F, C4-2R, and 22Rv1, which is consistent with Syvéla et al (79).

In order to investigate the underlying mechanism, we tested the effect of the combinational

treatment on AR. Syvél4 et al. revealed that simvastatin slightly decreased AR protein level in
LNCaP (79), and Yokomizo et al. found AR was downregulated by mevastatin and simvastatin in
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RWPE-1, 22Rv1 and LNCaP cells (67). Consistently, our finding shows that simvastatin resulted
in slight AR protein degradation via the proteasome system instead of affecting mRNA
transcription. Furthermore, we found that the combination of simvastatin and enzalutamide
induced more degradation of AR than simvastatin alone. The strong degradation of AR was also
observed in HMGCR-KD cells upon enzalutamide treatment. Considering AR site mutation and
AR amplification still play vital roles in drug resistance, the combination of enzalutamide and

simvastatin, both of which are FDA-approved, can be considered as treatment for CRPC patients.
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Figure 1. Cholesterol biosynthesis is elevated in enzalutamide-resistant PCa cells

(A) Heat map displaying patterns of gene expression in LNCaP versus MR49F. (B)
Indicated PCa cells were treated with DMSO or enzalutamide (10 uM for LNCaP and
MR49F; 20 uM for C4-2 and C4-2R) for 4 hours, and then harvested for western blot. (C
and D) Quantification of HMGCR in Fig. 1C. Results are represented as mean = SD, n =
3. (E and F) After cells underwent 4-hour enzalutamide treatment, total cholesterol was
extracted and measured by a kit following the manufacturer's instruction. Results are
presented as means = SD. (G) GSEA shows that the gene set of cholesterol biosynthesis
pathway is enriched in the high HMGCR-expressing group. (H) GSEA shows that the gene
set of steroid biosynthesis pathway is enriched in the high HMGCR-expressing group.
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Figure 2. HMGCR confers resistance to enzalutamide in PCa cells

(A) C4-2R was stably transfected with control shRNA or shRNA targeting HMGCR, and
harvested for IB. (B) HMGCR-KD C4-2R cells, as well as control cells, were treated with

enzalutamide at the indicated concentrations for 72 hours. Then, the cell number was counted.

Results are presented as means = SD. (C) HMGCR-KD C4-2R cells, as well as control cells, were
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cultured in the media with DMSO, enzalutamide (20 puM) for 14 days. Then, colonies were fixed
using 10% formalin, and stained with crystal violet staining. Results are presented as means + SD.
(D) HMGCR-KD C4-2R cells and control cells were treated with 20-uM enzalutamide or DMSO
for 48 hours, and harvested for IB. Bands intensities are quantified and presented as means * SD.
(E) C4-2 cells were transiently transfected with pcDNA3.0 or HMGCR, then treated with
enzalutamide at the indicated concentrations for 72 hours, and harvested for cell number
determination. Results are presented as means = SD. Meanwhile, cell lysates were collected for IB
to examine the expression of HMGCR. (F and G) The indicated PCa cells were treated mevastatin
(Meva) at the indicated concentrations for 72 hours, followed by MTT assay. Results are presented

as means £ SD. *, p < 0.05.
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Figure 3. Simvastatin treatment overcomes enzalutamide resistance in vitro
(A-C) MR49F, C4-2R and 22Rv1 (~1000/well) were cultured in the media with enzalutamide,
simvastatin, or both drugs at the indicated concentrations. Media was changed every 3 days for
10 days. Then the cells were fixed and stained with crystal violet. Results are presented as means
+ SD. (D) MR49F cells (~5000/well) were cultured in the media with enzalutamide (10 uM),
simvastatin (1 uM), or both drugs. A 5-day Growth assay was perfomed with cell number being
counted every day. (E and F) C4-2R cells (~5000/well) were cultured in the media with
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enzalutamide (20 uM), simvastatin (1 uM), or both drugs. A 5-day Growth assay was performed
with cell number being counted every day. Representative images were taken on the fifth day to
display the morphology of the cells. (G and H) C4-2R or 22Rv1 cells were treated with simvastatin,
enzalutamide or both drugs at the indicated concentrations for 48 hours, followed by western blot.
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Figure 4. Simvastatin treatment overcomes enzalutamide resistance in vivo

(A-D) Mice bearing 22Rv1 tumors were treated with simvastatin, enzalutamide or the combination

of two drugs as described in Materials and Methods. After 4 weeks, tumors are harvested. Tumor
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volumes were measured every 2 days (results are presented as mean = SD; n = 4 mice in each
group). Mice were weighed before sacrifice. Fresh tumors were weighed after sacrifice. **, P <
0.01. (E) Representative images of H&E staining on formaldehyde-fixed, paraffin-embedded
22Rv1 xenograft tumor sections. (F and H) Representative images of anti-cleaved caspase 3 and
anti-Ki67 immunofluorescence staining of tumor sections. (G and I) Quantification of Ki67 and

cleaved caspase 3 staining. *, P<0.05. **, P<0.01.
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Figure 5. Simvastatin treatment suppresses AR protein level

(A) C4-2R was treated with simvastatin at the indicated concentrations for 2 days, followed by 1B
against AR and GAPDH. (B) Cells were treated with simvastatin at the indicated concentrations
for 2 days and harvested for quantitative RT-PCR. (C) C4-2R cells were treated with simvastatin
at the indicated concentrations and 50 pug/ml cycloheximide (CHX), followed by IB against AR.
(D) C4-2R cells were treated simvastatin at the indicated concentrations for 48 hours, further
incubated with MG132 (5 uM) for 8 hours, and harvested for 1B against AR and GAPDH.
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Figure 6. The combination of enzalutamide and simvastatin further decreases AR protein level

(A) C4-2R was treated with enzalutamide (20uM), simvastatin at the indicated concentrations or
various combinations of the two drugs for 48 hours, followed by IB against AR and PSA. (B)
22Rv1 was treated with enzalutamide (20uM), simvastatin at the indicated concentrations or
various combinations of the two drugs for 48 hours, followed by IB against AR. (C) MR49F was
treated with enzalutamide (10uM), simvastatin at the indicated concentrations or different
combinations of the two drugs for 48 hours, followed by IB against AR and PSA. (D) C4-2R,
MR49F, and 22Rv1 were transiently transfected with AR or pcDNA3.0 as control, cultured in
medium with the combination of enzalutamide (20uM) and simvastatin (5uM) for 48 hours, then
harvested for western blot against AR and cleaved PARP. (E) Indicated cells were treated with
enzalutamide (20uM) or DMSO for 48 hours, and harvested for western blot to test AR, cleaved
PARP, and B-Actin.
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Figure 7. Gene expression of mTOR pathway coreelated with HMGCR and AR expression

(A) Correlation between HMGCR and mTOR expression. (B) Correlation between AR and
HMGCR expression. (C) Correlation between AR and mTOR expression. (D) GSEA shows that
mTOR pathway gene set is enriched in high-AR group. The enrichment plot shows the distribution
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of genes in the set that are correlated with AR expression. (E) GSEA identifies that mTOR pathway
gene set is enriched in high-HMGCR group. The enrichment plot shows the distribution of genes
in the set that are correlated with HMGCR expression. (F) Indicated cells were cultured in RPMI-
1640 media for 48 hours, and harvested for IB. (G) C4-2R was treated with enzalutamide and
simvastatin at indicated concentrations for 48 hours, followed by IB. (H) C4-2R was treated with
enzalutamide (20uM) or simvastatin at indicated concentrations, followed by IB. (1) C4-2R was

treated with enzalutamide and BKM120 at indicated concentrations for 48 hours, followed by IB.
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CHAPTER 4. INHIBITION OF EZH2 ENHANCES THE ANTITUMOR
EFFICACY OF METFORMIN IN PROSTATE CANCER

4.1 Introduction

Metformin (N, N-dimethylbiguianide), the most commonly used oral drug to treat type |l diabetes,
has a good safety profile and limited side effects. Increasing observational and cohort studies
have shown that diabetes patients who were treated with metformin usually exhibited lower risk
of cancer (22), indicating that it is feasible to repurpose metformin as an anti-cancer drug. In PCa,
metformin was observed to reduce PCa incidence and slow down the development of CRPC (23,
24). Moreover, a phase Il trial observed prostate-specific antigen (PSA) secretion was decreased
by the use of a high-dose metformin in progressive metastatic CRPC (25). Recently, a population-
based cohort study showed encouraging results that metformin use after diagnosis of PCa might
increase survival of patients (26). All of these suggest that metformin could be a useful medication

for PCa therapy, but more studies are still needed to further evaluate such a notion.

Enhancer of zeste homolog 2 (EZH2), the catalytic subunit of Polycomb Repressive Complex 2
(PRC2), suppresses expression of a number of genes via catalyzing histone-3 lysine 27
trimethylation (H3K27me3) (27). Accumulating evidence has shown that EZH2 plays an important
role in tumor oncogenesis and progression (28). GSK126 (GSK2816126) (80) is an S-adenosyl-
methionine-competitive inhibitor targeting EZH2, and it has recently been shown effective and
well tolerated in lymphoma (29). However, EZH2 also acts independently of its methyltransferase
activity. For instance, EZH2 can activate nuclear factor kB by forming a complex with RelA and
RelB, in which methylation isn’t involved (30). In PCa, EZH2 can increase AR’s expression by
binding to its promoter, which is also methylation-independent (31). Therefore, although several
EZH2 methyltransferase inhibitors, including GSK126, are proved effective, suppression of

EZH2’s protein level by drugs should be considered to enhance therapy targeting EZH2.

In our study, we found that the combination of metformin and GSK126 exerts a synergistic anti-
proliferative effect in PCa cell lines and in human prostate tumor explants. Furthermore, we
demonstrate that metformin can induce downregulation of EZH2 via upregulating miR-26a-5p in

LNCaP. Although metformin’s role was strongly hampered by the interaction between androgen
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receptor (AR) and EZH2 in 22Rv1, it can be restored when combined with GSK126. All of these
suggest that the combination of metformin and GSK126 is effective, and acts, at least partially,

through inhibition on both EZH2'’s expression and methyltransferase activity.
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4.2 Results

4.2.1 Metformin and GSK126 synergistically inhibit growth of PCa cells

To investigate whether metformin and GSK126 act synergistically to inhibit the growth of PCa
cells, colony formation assay was conducted with LNCaP, 22Rv1 and RWPE-1. Compared with
treatment of metformin or GSK126 alone, the combination of two drugs exerted a stronger
inhibitory effect on colony formation by LNCaP and 22Rv1 (Figs. 8A and 8B), but not the colony
formation by RWPE-1 (Fig. 8C), a non-transformed prostate epithelial cell line. In comparison
with mono-treatments, the combination of metformin and GSK126 also led to a greater inhibitory
effect on cell survival of LNCaP and 22Rv1 (Figs. 8D and 8E), but RWPEL cells were not affected
(Fig. 8F). Moreover, the role of apoptosis was investigated upon different treatments. In LNCaP,
the treatment with metformin or GSK126 as a single agent could induce slight apoptosis, but no
combinational effect was observed (Figs. 8G). In contrast, neither metformin nor GSK126 alone
induced apoptosis in 22Rv1, but there was a dramatic increase of apoptosis induced by the
combination (Figs. 8H). Finally, Cls were measured to determine the types of drug interactions.
As shown in Figs. 81 and 8J, the combinations exhibited slight to moderate synergy in LNCaP (Cl
range, 0.87 — 0.72), and moderate to strong synergy in 22Rv1 (CI range, 0.67 — 0.33). Altogether,
these results demonstrate that the combination of metformin and GSK126 exerts synergistic
inhibitory effect on PCa cell growth.

4.2.2 Metformin is capable to suppress EZH2 expression in PCa cells

Increasing evidence shows that EZH2 is usually upregulated in PCa, and closely associated with
progression, invasion and metastasis (81, 82). Therefore, we were prompted to investigate the role
of EZH2 in the anti-proliferative effect induced by the treatments. As shown in Fig. 9A, metformin
alone significantly suppressed EZH2’s expression in androgen-sensitive LNCaP cells, and notably,
the combined treatment resulted in enhanced inhibition on EZH2’s activity indicated by the level
of H3K27me3. In contrast, 22Rv1 cells, which are androgen-independent, displayed a limited
reduction of EZH2 when treated with metformin alone, but it was decreased significantly by co-
treatment of metformin and GSK126 (Fig. 9B), indicating that GSK126 restored metformin’s
ability of downregulating EZH2. To further explore how EZH2 was degraded, the relative mRNA
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level was measured by qRT-PCR. Consistently, metformin alone significantly reduced EZH2
MRNA level in LNCaP (Fig. 9C), but the combination of metformin and GSK126, instead of
mono-treatments, was required to decrease EZH2 mRNA level in 22Rv1 cells (Fig. 9D). It is
worthy noticing that the EZH2 expression displayed a similar changing trend with the cell growth
upon indicated treatments in both cell lines, so we wondered whether the growth inhibition of PCa
cells is indeed due to EZH2 reduction. To test this hypothesis, we expressed exogenous EZH2 in
LNCaP and 22Rv1, and then treated them with indicated drugs. We found that overexpression of
EZH?2 partially rescued the cells from the growth inhibition induced by the treatments (Figs. 9E
and 9F). In summary, these results indicate metformin-induced downregulation of EZH2
expression is antagonized in 22Rv1 cells, but such an ability can be restored by co-treatment with
GSK126. Also, downregulation of EZH2 is one of the reasons contributing to the anti-proliferative
effect induced by the treatments.

4.2.3 Metformin suppresses EZH2 expression via upregulating miR-26a-5p

Next, we aimed to further dissect the underlying mechanism for metformin-mediated EZH2
downregulation. Metformin has been reported to target a variety of microRNAs (83, 84), and some
of them, including miR-26a, miR-101, let-7a, let-7b and let-7c, directly regulate EZH2 expression
in PCa (85). To examine whether these microRNAs are responsible for metformin-induced
inhibition on EZH2’s expression, RT-PCR was used to determine their expression levels in LNCaP
treated with metformin. As shown in Figs. 2G and 2H, metformin, instead of GSK126, enhanced
the expression of miR-26a-5p and miR-101-3p. However, LNCaP cells treated with metformin
exhibited decreased expression levels of let-7a-5p, let-7b-5p and let-7c-5p (Fig. 91), which could
not explain metformin-induced EZH2 downregulation. To further verify these observations,
LNCaP cells were transfected with miRNA inhibitors, which are small, double-stranded RNA
molecules designed to inhibit specific mature miRNAs, and then treated with metformin. As shown
in Fig. 9J, metformin-induced reduction of EZH2 was restored by miR-26a-5p inhibitor, but not
by the inhibitors targeting miR-101-3p (Fig. 9K), let-7a-5p, let-7b-5p and let-7c-5p (Fig. 9L),
indicating that miR-26a-5p is the mediator of metformin-induced EZH2 downregulation.
Moreover, the miR-26a-5p level was also assessed in 22Rv1 upon indicated treatments, and we

found that although metformin alone failed to upregulate miR-26a-5p, the combined treatment
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enhanced it (Fig. 9M). To further validate this finding, we applied the miRNA inhibitor to block
the function of miR-26a-5p. We found that the reduction of EZH2 expression level induced by the
combination treatment was restored upon addition of miR-26a-5p inhibitor (Fig. 9N). Also, as
EZH2 increased, more 22Rv1 cells survived upon the combination treatment (Fig. 90).
Collectively, we conclude that metformin-induced downregulation of EZH2 is through
upregulating miR-26a-5p in LNCaP and 22Rv1.

4.2.4 Metformin-induced EZH2 downregulation is affected by AR

To investigate which factors regulates metformin’s effect on EZH2 level in PCa cells, we
compared the responses to metformin in several PCa cell lines, including PC3, DU145, LNCaP
and 22Rv1. As indicated, the low-concentration metformin was capable to significantly decrease
EZH2 protein levels in PC3 and DU145 (Figs. 10A and 10B), both of which are AR negative. In
LNCaP, which is AR positive and androgen sensitive, metformin inhibited EZH2 expression as
well, but with a lower inhibition efficiency (Fig. 10C). However, metformin failed to reduce EZH2
of 22Rv1, which is AR positive and androgen-refractory (Fig. 10D). Since AR, as well as its
cofactors, plays a key role in PCa progression and acquisition of drug resistance, we hypothesized
that AR might impede metformin’s ability of downregulating EZH2. To test this hypothesis, we
assessed the effect of synthetic androgen (R1881) stimulation of AR on EZH2 expression upon
metformin treatment. As shown in Fig. 10E, EZH2 protein level was significantly decreased by
metformin, accompanied by a reduction of AR activity in LNCaP. However, metformin-induced
downregulation of EZH2 in LNCaP was partially restored by addition of R1881. Meanwhile, we
also detected the level of miR-26a-5p, and found that treatment of LNCaP with R1881 significantly
abolished metformin induced re-expression of miR-26a-5p (Fig. 10F). To further confirm this, two
engineered PC3 cell lines were used. PC3-AR contains the coding region of human AR and stably
expresses it, while PC3-Neo contains the same vector without the AR cDNA sequence. PC3-AR
and PC3-Neo cells were treated with metformin, followed by western blot to determine EZH2
protein levels. As shown in Fig. 10G, PC3-Neo, rather than PC3-AR, displayed a remarkable
decreasing trend of EZH2 expression as metformin concentration increases. Accordingly, miR-
26a-5p was upregulated upon the treatment of metformin in PC3-Neo, but not in PC3-AR (Fig.

10H). Finally, we constructed two 22Rv1 cell lines with stable knockdown of AR, and treated
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them with metformin. As expected, depletion of AR led to a significant decrease of EZH2 protein
level (Fig. 101) and an increase of miR-26a-5p in response to metformin treatment (Fig. 10J),

further supporting the notion that AR affects metformin-induced EZH2 downregulation.

4.25 AR directly suppresses miR-26a transcription by binding to its promoter

Next, we investigated whether AR could bind to the promoter of miR-26a-5p and directly regulate
its expression in PCa cells. After assessing the 2-kb region of genomic DNA upstream of miR-
26a-5p using PROMO, we identified eight potential binding motifs for AR lying within -1955 to
-1903, -1136 to -1128, -488 to -449 regions on chromosome 3, and -189 to -12 regions on
chromosome 12 (Fig. 11A). To examine whether AR could physically bind to the promoter of
miR-26a-5p, chromatin immunoprecipitation (ChIP)-PCR assays were performed in 22Rv1 and
LNCaP. Two AR-binding sites, P1 and P2, of miR-26a-5p promoter regions exhibited significant
enrichment upon immunoprecipitation with the AR antibody, but no bands were evident for other
two sites, P3 and P4 (Fig. 11B). We then sub-cloned the promoter region including both P1 and
P2 upstream of luciferase gene into a reporter plasmid. The dual-luciferase assay showed that the
transcriptional activity was reduced when AR bound to the sites, and treatment of R1881 further
decreased it (Figs. 11C and 11D), indicating that AR binds to the promoter of miR-26a-5p and
inhibits its expression as predicted. Furthermore, we asked whether metformin and GSK126
affected the AR binding to the promoter of miR-26a-5p. As shown in Figs. 11E and 11F, either
metformin or GSK126 alone reduced the AR binding to the promoter within limited extent, but

the combination of metformin and GSK126 almost completely removed AR from the regions.

It is well known that metformin can reduce AR recruitment to the promoters of its target genes
(86), but we asked how GSK126 could also reduce it. Recently, EZH2 was shown to interact with
AR to regulate its binding to its target genes, in a manner dependent on EZH2’s methyltransferase
activity (87). In addition, the interaction between AR and EZH2 is mediated by phosphorylation
at S21 of EZH2 (87). Therefore, we further hypothesized that AR cooperates with EZH2 to
suppress miR-26a-5p expression. To test this, the miR-26a promoter construct was co-transfected
with empty vector, AR, EZH2-S21D and EZH2-S21A either alone or in combination with AR plus
EZH2-S21D and AR plus EZH2-S21A in HEK293T cells. We found that EZH2-S21D, instead of
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EZH2-S21A, promoted AR’s inhibition on the transcriptional activity (Fig. 11G), suggesting that
EZH2 interacts with AR to regulate the expression of miR-26a-5p. To further validate this point,
re-ChlP assay was performed, and revealed that AR, bound to the miR-26a-5p promoter region,
was significantly associated with EZH2 in 22Rv1 cells (Fig. 11H), but not in LNCaP cells (Fig.
111). Altogether, these results suggest that expression of miR-26a-5p was suppressed by AR in
PCa cells, and that the AR/EZH2 complex reinforced the suppression in advanced androgen-

refractory PCa cells.

4.2.6 Metformin and GSK126 act synergistically in a 22Rv1-derived xenograft model

To further validate our in vitro finding, we evaluated the effect of metformin and GSK126 alone
or in combination with a 22Rv1-derived xenograft mouse model. After a 24-day treatment, we
found that metformin alone could barely affect the tumor growth, and GSK126 alone only exerted
a limited inhibitory effect on it (Figs. 12A-C). In contrast, the combination of metformin and
GSK126 significantly blocked the tumor growth and decreased the tumor weight. Meanwhile, no
significant body weight loss was observed among all four groups (Fig. 12D), implying that the
combination of the two drugs with the indicated doses has little toxic side effect. To confirm the
responses, we conducted histological analyses of these tumor samples. H&E staining showed that
single agent metformin, as well as GSK126, slightly reduced the tumor cell content (Fig. 12E);
however, tumor cell content was markedly decreased after the combination therapy with
metformin and GSK126 (Fig. 12E). Furthermore, the immunostaining of Ki67 and cleaved
caspase-3 also showed that the combination of metformin and GSK126 led to a significant
decrease in overall proliferation and a dramatic increase of apoptosis (Figs. 12F-1). Finally,
proteins were extracted from the harvested tumors and subjected to western blot against EZH2.
We also found that co-therapy of metformin and GSK126 significantly lowered EZH2 expression
than the mono-therapies (Figs. 12J-L). These results are consistent with what we observed in the

cell-based experiments, thus confirming the synergistic effect between metformin and GSK126.
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4.2.7 Metformin and GSK126 act synergistically in a patient-derived xenograft model

To better mimic the growth and situation of CRPC, a patient-derived xenograft study was
conducted by using of LuCaP35CR, which could represent the major genomic and phenotypic
features of the disease in humans. As predicted, the combination of GSK126 and metformin
resulted in a more pronounced tumor-inhibitory effect than did monotherapies (Figs. 13A-C). Also
of note, the serum PSA, which is often elevated with the progression of PCa, displayed significant
reduction upon the combination treatment (Fig. 13D). Moreover, histological analyses of these
tumors showed that there was not a significant difference between control group and metformin
group. GSK126-treated tumors exhibited some apoptotic bodies and morphological changes
including cytoplasm reduction, nuclear pyknosis and karyorrhexis (Fig. 13E). Remarkably, the
tumors treated with both metformin and GSK126 showed increasing number of apoptotic bodies
with pyknotic or fragmented nuclei, as well as condensed cytoplasm (Fig. 13E). Immunostaining
of Ki67 and cleaved caspase-3 also revealed that the combination of metformin and GSK126 led
to a significant decrease in overall proliferation and a dramatic increase of apoptosis (Figs. 13F-1).
Finally, we also analyzed EZH2 protein levels in all the tumor samples, and found that co-
treatment of metformin and GSK126 led to a lower expression of EZH2 compared with either drug
alone (Figs. 13J-L). In summary, these results are consistent with that of 22Rv1-derived xenograft

study, further confirming that metformin and GSK126 can act synergistically in CRPC.
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4.3 Discussion

Currently, there are no curative therapies for CRPC, and novel therapeutic methods are urgently
needed. In our study, we investigated whether metformin and GSK126 could be combined for
treatment of PCa. We investigated the potential of metformin plus GSK126 based on the
hypothesis that their different inhibitory effects on EZH2 could combine to exert a synergistic anti-

tumoral effect.

We demonstrated that the combination of metformin and GSK126 synergistically inhibited
proliferation of LNCaP and 22Rv1, but not RWPEL. Compared with LNCaP, we noticed that the
combination is more synergistic in 22Rv1; meanwhile, 22Rv1 is much more resistant to metformin,
suggesting that GSK126 strongly enhances the potency of metformin and re-sensitizes 22Rv1 to
it. Previous studies of our laboratory also showed that different PCa cells have different
sensitivities to metformin, and advanced AR-positive PCa cells are usually resistant (88, 89),
which is in agreement with our finding in this study. Similar to most malignancies, prostate tumors
are usually composed of multiple cell types, with complexed characteristics and biological features,
resulting in intra-tumoral heterogeneity; therefore, it seems that metformin is not a promising anti-
cancer monotherapy for CRPC, and combinations of metformin with other drugs potentiating its

function should be more viable.

It has been well documented that EZH2 is critical for PCa growth, development and progression
(28). Recent studies revealed EZH2 could act independently of its methyltransferase activity (31),
indicating additional approaches inhibiting EZH2 expression should also be considered. In our
study, metformin could downregulate EZH2 through upregulating miR-26a-5p in LNCaP, but not
in 22Rv1. Considering that 22Rv1 is more resistant to metformin than LNCaP, we aimed to dissect
the underlying mechanism. We found that metformin’s effect on EZH2 was actually antagonized
by AR, which impeded metformin-induced re-expression of miR-26a-5p, and modification of AR
changed metformin’s effect on EZH2. We also noticed that metformin could decrease EZH2 by
eliminating AR’s inhibitory effect on miR-26a-5p in LNCaP, but it could also reduce EZH2 in
PC3 and DU145 as well, indicating that additional molecules besides AR are involved in

metformin’s regulation on EZH2.
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It has been reported AR could inhibit gene expression by directly binding to its promoter (90).
Also, previous studies showed that AR could directly bind to the promoters of miRNASs to regulate
their expression (91, 92). Consistently with these findings, we observed AR bound to the promoter
of miR-26a and suppressed its expression. Furthermore, we proved that the gene inhibition induced
by AR could be reinforced by EZH2-S21D, which is consistent with previous research
demonstrating that EZH2 promoted AR recruitment to its sites via directly methylating it (87, 93).
Also, we found that GSK126 decreased AR’s recruitment at the promoter of miR-26a, further
supporting the interaction between AR and EZH2 we observed.

We also tested the combination of the two drugs by in vivo experiments, and found it could inhibit
tumor growth, induce apoptosis, and downregulate EZH2 in both 22Rv1-derived tumors and
LuCaP35CR xenografts. Meanwhile, the dosage we used did not cause any toxic effect. The safe
dosage of metformin for patients should be below 3,000 mg per day (94, 95). The dosage used in
our mice experiments is 30 mg/kg body weight/day, which is within safe medication range. In the
phase | study, GSK126 was escalated to maximum dose of 3,000 mg twice a week for patients
with no dose limiting toxicity observed (29). However, the dosage used in our experiments is 50
mg/kg body weight/day, which was slightly higher and more frequent than the dosage in the
clinical trial. Till now, the safety limit of GSK126 is still undetermined, so our results are valuable

to define the appropriate dosage range of medication of GSK126 for clinical use.

In summary, as shown in Fig. 13M, miR-26a-5p is negatively regulated by AR in LNCaP, which
can be easily eliminated by metformin. Moreover, EZH2 reinforces AR’s inhibition on miR-26a-
5p expression in 22Rv1, which results in the resistance. However, inhibition of EZH2’s
methyltransferase activity with GSK126 can inhibit the interaction between AR and EZH2,
restoring metformin’s effect in 22Rv1. Therefore, our results suggest that the combination of
metformin and GSK126 would be an effective approach targeting EZH2 for future PCa therapy,
in particular, for AR-positive CRPC patients.
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Figure 8. Metformin and GSK126 in combination synergistically inhibit growth of PCa cells.
(A-C) LNCaP, 22Rv1 or RWPEL cells were plated into 6-well plates, and treated with metformin

(0.5 mM), GSK126 (2.5 uM), or both for 12 days, followed by crystal violet staining to monitor
colony formation. Data shown are representative of data from three repeats. The numbers of
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colonies were quantified by using Image) software (means * standard deviations; n = 3
independent experiments). *, P <0.05; ** P <0.01. (D - F) LNCaP, 22Rv1 or RWPEL cells were
treated with DMSO, metformin (1 mM), GSK126 (5 uM) or both for 72 hours, followed by MTT
assay. The results represent the mean of three independent experiments. *, P <0.05; ** P <0.01.
(G and H) LNCaP and 22Rv1 cells were treated with DMSO, metformin (1 mM), GSK126 (5 uM)
or both for 48 hours, followed by IB against pro- and cleaved-PARP and caspases. (I and J)
Combination indice of metformin and GSK126 in 22Rv1 and LNCaP cells.
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Figure 9. Metformin downregulates EZH2 expression by regulating miR-26a-5p.

(A and B) LNCaP or 22Rv1 cells were treated with DMSO, metformin (1 mM), GSK126 (5 uM)
or both for 48 hours, followed by IB. (C and D) LNCaP and 22Rv1 cells were treated with
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metformin (1 mM), GSK126 (5 uM) or both for 48 hours, followed by qRT-PCR. (E and F)
LNCaP and 22Rv1 cells were transfected with EZH2 and pcDNAS3.0, followed by 72-hour cell
viability assay with indicated treatments (metformin: 1 mM; GSK126: 5 uM; means * standard
deviations; n = 3). *, P <0.05; **, P <0.01. Meanwhile, some cells were harvested for western
blot to test EZH2 level after the treatments. (G - 1) qRT-PCR shows the expression of miR-26a-
5p, miR-101-3p, let-7a-5p, let-7b-5p and let-7c-5p of LNCaP cells treated with metformin (1 mM),
GSK126 (5 uM) or combination of the two drugs for 48 hours, with all microRNA expressions
being normalized to RNU6-2. (J) LNCaP cells were transfected with the miR-26a-5p inhibitor or
negative control miRNA inhibitor, then treated with metformin (1 mM), GSK126 (5 uM) or both
for 48 hours, followed by IB. (K) LNCaP cells were transfected with the miR-101-3p inhibitor or
the negative control miRNA inhibitor, then treated with metformin (1 mM) for 48 hours, and
harvested for IB. (L) LNCaP cells were transfected with inhibitors targeting let-7a-5p, let-7b-5p
and let-7c-5p or the negative control miRNA inhibitor, then treated with metformin (1 mM) for 48
hours, and harvested for IB. (M) gqRT-PCR shows the expression of miR-26a-5p of 22Rv1 cells
treated with metformin (1 mM), GSK126 (5 uM) or both for 48 hours, with miR-26a-5p expression
being normalized to RNU6-2. (N) 22Rv1 cells were transfected with miR-26a-5p inhibitor or
negative control miRNA inhibitor, then treated with metformin (1 mM), GSK126 (5 uM) or both
for 48 hours and harvested for IB. (O) 22Rv1 cells were transfected with miR-26a-5p inhibitor or
negative control miRNA inhibitor, treated with DMSO or the combination of metformin (1 mM)
and GSK126 (5 uM) for 72 hours, followed by MTT assay (means * standard deviations; n = 3).
* P <0.05; ** P<0.01.
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(A - D) PC3, DU145, LNCaP and 22Rv1l cells were treated with metformin of indicated
concentrations for 48 hours, and harvested for IB. (E and F) LNCaP cells were treated with 10
nM R1881 or metformin or metformin plus R1881 for 48 hours, followed by IB. Meanwhile,
MRNA was extracted for the detection of levels of miR-26a-5p. (G) PC3 (-AR or -Neo) cells were
treated with metformin of indicated concentrations, as well as 10 nM R1881 to activate AR, and
subjected to IB. (H) mRNA was extracted from PC3-Neo and PC3-AR cells treated with 1 mM
metformin for 48 hours, followed by gRT-PCR to test the levels of miR-26a-5p. (I and J) 22Rv1

Figure 10. AR affects PCa cells’ response to metformin.
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cells were stably transfected with sh-control, sh-AR #3 and sh-AR #4, and treated with 1 mM
metformin for 48 hours, followed by IB to test EZH2 protein level and gRT-PCR to detect miR-
26a-5p level.
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Figure 11. The miR-26a-5p is directly regulated by AR.
(A) Scheme representing the binding sequences within the miR-26a promoter relative to the

designed primers. (B) ChIP analysis of AR binding to the miR-26a promoter region in 22Rv1 and
LNCaP cells. (C and D) HEK293T cells and PC3-Neo or PC3-AR cells were co-transfected with
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the miR-26a promoter construct with empty vector or AR for 24 hours, treated with R1881 (10
nM) for additional 24 hours, and harvested for luciferase assays. Values are means * standard
deviations; n = 3. *, P < 0.05; ** P < 0.01. (E and F) 22Rv1 cells were treated with DMSO,
metformin (1 mM), GSK126 (5 uM) or both for 48 hours, and harvested for anti-AR ChlP using
gPCR to measure the binding of AR to the promoter of miR-26a. Values are means + standard
deviations; n= 3. *, P <0.05; **, P <0.01. (G) HEK293T cells were transfected with the miR-26a
promoter construct in the presence of AR, EZH2-S21D or EZH2-S21A, and harvested for
luciferase assays. Values are means + standard deviations; n=3. *, P <0.05; ** P <0.01. (H and
1) Chromatin was precipitated with anti-AR antibody, and re-precipitated with anti-AR or anti-
EZH2 antibody or IgG, followed by gPCR. Values are means + standard deviations; n=3. * P <
0.05; **, P <0.01.
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Figure 12. Combination of metformin and GSK126 reduced cell proliferation, increased
apoptosis and inhibited EZH2 expression in 22Rv1-derived xenograft tumors.

(A) Tumor growth curves of 22Rv1-derived mouse xenografts. After nude mice were innoculated

with 22Rv1 cells (2.5 x 10°/ mouse) for two weeks, the mice were treated with drugs as described

in the method. The sizes of the tumors in each group were measured every 4 days (mean + S.D.;

n=4 mice for each group). *, P < 0.05; ** P <0.01. (B) Images of the 22Rv1-derived xenograft
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tumors at the end of study. (C) Measurement of tumor weight upon harvest. (D) Measurement of
mice body weight upon tumor harvest. (E) Representative images of H&E staining on
formaldehyde-fixed, paraffin-embedded, 22Rv1-derived tumor sections. (F) Representative
images of anti-Ki67 IHC staining of tumor sections. (G) Quantification of Ki67 signals as
percentages of Ki67-positive cells compared to the total numbers of cells. Multiple tumor sections
were calculated (means = standard deviations; n=4). *, P <0.05; ** P <0.01. (H) Representative
images of anti-cleaved caspase-3 IHC staining of tumor sections. (1) Quantification of cleaved
caspase-3 signals as percentages of cleaved caspase-3-positive cells compared to the total numbers
of cells. Multiple tumor sections were calculated (means =+ standard deviations; n=4). *, P <0.05;
** P <0.01. (J and K) Protein lysates extracted from 22Rv1-derived tumors were subjected to
western blot for EZH2 and H3K23me3, as well as H3 and B-actin expression. (L) Quantification
of EZH2 protein levels in J and K.
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Figure 13. Combination of metformin and GSK126 reduced cell proliferation, increased
apoptosis and inhibited EZH2 expression in LuCaP35CR xenograft tumors.

(A) Tumor growth curves of LuCaP35CR xenografts (mean = S.D.; n=4 mice for each group). *,
P <0.05; **, P <0.01. (B) Images of the LuCaP35CR xenograft tumors at the end of study. (C)
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Measurement of tumor weight upon harvest. (D) Blood was collected immediately when the mice
were sacrificed, and a PSA enzyme-linked immunosorbent assay kit was used to measure the
serum PSA levels. (E) Representative images of H&E staining on formaldehyde-fixed, paraffin-
embedded, LuCaP35CR tumor sections. (F) Representative images of anti-Ki67 IHC staining of
tumor sections. (G) Quantification of Ki67 signals as percentages of Ki67-positive cells compared
to the total numbers of cells. Multiple tumor sections were calculated (means * standard deviations;
n=4).* P <0.05; ** P <0.01. (H) Representative images of anti-cleaved caspase-3 IHC staining
of tumor sections. (I) Quantification of cleaved caspase-3 signals as percentages of cleaved
caspase-3-positive cells compared to the total numbers of cells. Multiple tumor sections were
calculated (means =+ standard deviations; n=4). *, P <0.05; ** P <0.01. (J and K) Protein lysates
extracted from LuCaP35CR tumors were subjected to EZH2 western blotting. (L) Quantification
of EZH2 protein levels in J and K. (M) Proposed working model based on the results of this study.
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CHAPTER 5. PLK1 OVEREXPRESSION PROMOTES
DEVELOPMENT OF KRASC!?P/TRP53FLFL-DRIVEN LUNG
ADENOCARCINOMA

5.1 Introduction

Lung cancer is the leading cause of cancer-related death in the United States, with 228,150 new
cases and 142,670 deaths estimated in 2019 (32). Among all cases, non-small-cell lung cancer
(NSCLC) amounts for the vast majority. Till now, various molecular targets or oncogenic driver
mutations has been identified, including EGFR, ALK, Kras, p53, RET, etc (33). Although drugs
designed as inhibitors targeting these molecules has significantly benefited the patients of NSCLC,
acquired or de novo resistance often occurs. Therefore, a better understanding of the molecular
mechanisms of the disease is needed to discover new molecules to be targeted, as well as to develop

more effective therapeutics.

Polo-like kinase 1(PLK1) is a serine/threonine kinase which plays an important role in cell cycle
regulation. PLK1 is responsible for mitosis entry (34), spindle assembly (35), kinetochore function
(36), centrosome maturation (37), cytokinesis (38), APC/C activity (39), etc. Given the nature of
PLK1 and its involvement in mitotic process, much interest has been raised in basic and clinical
study of PLK1. PLK1 is reported to be overexpressed in a wide spectrum of human cancers (40).
In NSCLC, PLK1 is expressed at higher levels in NSCLC cell lines or tumors compared to normal
human bronchial epithelial cell line or non-tumor tissues, and overexpression of PLK1 is correlated
with unfavorable patient outcomes (41, 42). Although small-molecule inhibitors targeting PLK1
have been widely studied in in vitro experiments or clinical trials (43), how PLK1 promotes

NSCLC still remains unclear.

In this study, we found that elevated levels of PLK1 promoted NSCLC tumor growth launched by
classical oncogenic mutations as Kras®*?® and homozygous loss of P53, and knockout of PLK1
inhibited it. Mechanistically, PLK1 further activated MAPK pathway mainly through increasing

gene expression of RET.
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5.2 Results

5.2.1 PLK1 overexpression in LADC correlates with poor patient survival

To explore PLK1’s role in LADC, a large-scale analysis of PLK1 mRNA expression was firstly
performed using data from LADC patients (96). As shown in Fig. 14A, high expression of PLK1
significantly lowered patients’ survival, whereas the patients with low PLK1 levels had better
survival. Furthermore, high PLK1 expression was significantly correlated with large tumor size
(Fig. 14B), as well as poor tumor differentiation (Fig.14C). Taken together, these results indicate
that PLK1 overexpression promotes LADC development, and it may also be used as a biomarker
of prognosis of lung cancer. Therefore, we are prompted to study the underlying mechanism for
PLK1’s regulation in LADC.

5.2.2 Modification of PLK1 in KP mouse model

To investigate the contribution of PLK1 to LADC development in vivo, we performed genetic
crosses to incorporate a PLK1 overexpressing gene or floxed PLK1 alleles into a KP (Kras®?P;
P53"™ mouse model that develops LADC (Fig. 15A). PLK1’s role was determined primarily
through comparison between KPPI and KP, and KPPO was examined in contrast to the KP model
to solidify the results of this study. The KP, KPPl and KPPO mice were infected with adenovirus-
expressing Cre (Ad-Cre) recombinase via intratracheal instillation (Fig. 15B). PCR and
Immunoblotting verified that Rosa-LSL-PLK1 was inserted into the genome of KP mice and
expressed successfully (Fig. 15C and D). Following Ad-Cre infection, KPPI mice could develop
LADC with PLK1 overexpression (Fig. 15E). Moreover, PLK1%/flox ¢coyld also be successfully
inserted (Fig. 15F), and PLK1 was eliminated completely after Ad-Cre infection (Fig. 15G). These
data definitively show that modification of PLK1 in KP mice was successful, and could be used to
study PLK1’s roles in KP-initiated LADC.
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5.2.3 PLK1 overexpression accelerates development of LADC

Following Ad-Cre infection, we found that KPPI mice developed significantly larger lung tumors
than KP mice, with average tumor burden increased from 33.41% for KP mice to 54.36% for KPPI
mice (Fig. 16A-C). Also, KPPI mice became moribund earlier, with 91 days of median survival
compared with 113.5 days in KP mice (Fig. 16D). Two weeks after MRI imaging, fresh tumors
were harvested for further analyses (Fig. 16E). Immunoblot analysis, IHC and
immunofluorescence staining verified higher PLK1 protein levels in the tumors from KPPI mice
infected with Ad-Cre (Fig. 16F and G). H&E staining confirmed NSCLC (adenocarcinoma)
histology of KP tumors, and PLK1 overexpression did not change the histological subtype in KPPI
tumors (Fig. 16H). In detail, the WT model showed histologically unremarkable alveolated lung
parenchyma with a notable absence of tumor. The alveoli spaces in this model were open and
contained thin septa with a single capillary containing red blood cells and small luminal
pneumocytes that were flat, lacked an appreciable cytoplasm, and had small nuclei. In contrast,
the KP model displayed multiple foci of hyperchromatic tumor nodules that were comprised of
papillary proliferations of atypical pneumocytes with increased eosinophilic cytoplasm and
enlarged nuclei with irregular nuclear contours, nuclear grooves, and vesicular chromatin,
consistent with a well-differentiated adenocarcinoma, papillary type. The KP-PI model, of note,
exhibited an increased overall tumor burden which nearly completely replaced the lung
parenchyma. The tumor cells in this model were forming sheets and clusters with no overt
glandular or papillary differentiation. The carcinoma cells showed increased nuclear to
cytoplasmic ratios, markedly irregular nuclear contours, variations in nuclear size and shape, and
significant nuclear hyperchromasia (Fig. 16H). These findings of KPPl model are consistent with
a poorly differentiated adenocarcinoma. Finally, we also tried to test tumor growth rate by
immunostaining against Ki67. As shown in Fig. 161 and J, KPPI tumors displayed higher average
percentage of Ki67 (19.07%) compared with that of KP tumors (11.30%), indicating KPPI tumors
proliferate faster than KP tumors. These data definitely show that PLK1 functions as an oncogene
in NSCLC.
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5.2.4 PLK1 overexpression results in increased RET expression and enhanced MAPK
pathway

RNA sequencing (RNA-seq) analyses were performed to compare KP tumors versus KPPI tumors,
and the result showed significantly differential expression of 134 genes, in which 37 were
upregulated (Fig. 17A), and 97 were downregulated. Furthermore, Reactome enrichment analysis
revealed that upregulated RET, Pbp2 and Psma3 were involved in MAPK pathway activation (Fig.
17B). Besides, we also identified Rhou and EPS8, which regulate Ras protein signal transduction
(97, 98), were upregulated upon PLK1 overexpression (Fig. 17A). Among all the genes mentioned
above, the gene expression pattern of RET is most similar to that of PLK1 (Fig. 17A), implying it
is most likely to be regulated by PLK1. Thus, we decided to select RET as our major study target
to decipher the mechanism underlying PLK1’s effect on LADC. KPPI tumors displayed an average
2.7-fold change in RET expression compared with KP tumors (Fig. 17C), which was also verified
by qRT-PCR (Fig. 17D). To further validate our findings, immunoblots and IHC staining were
conducted with KPPI and KP tumors. As shown in Fig 17E and F, RET protein level was higher
in KPPI tumors than KP tumors. Notably, p-RET (1086), which is responsible for MAPK pathway
and PI3K pathway activation, was also enhanced as RET protein increases (Fig. 17E), resulting in
higher levels of p-ERK and p-AKT in KPPI tumors (Fig. 17E).

5.2.5 Elimination of PLK1 results in slower LADC growth and decrease RET expression

Having established that PLK1 elevation promoted progression of LADC and increased RET
expression, we tried to validate our findings by knocking out PLK1 in KP model (KPPO). At the
12th week after Ad-cre infection, lung tumors of both KP and KPPO mice were monitored by MRI.
Compared with KP mice, KPPO’s lungs displayed significantly less tumor burden, with mean
value decreased from 54.78% for KP mice to 18.14% for KPPO mice (Fig. 18A and B). Moreover,
RET protein levels in tumors were examined by immunoblots and IHC staining. As shown in Fig.
18D and E, less RET was expressed in tumors of KPPO than KP, and the lower level of p-ERK
indicates that MAPK pathway activity was reduced as RET decreased (Fig. 18D). Thus, all these
data further confirm that PLK1 acts as an oncogene in LADC harboring KP, and promotes MAPK
pathway activation, likely via regulating RET.
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5.2.6 RET is regulated by PLK1 and necessary for PLK1-overexpressed NSCLC growth

To further study PLK1’s role in regulating RET and RET’s effect on cell proliferation, we
established cell lines from tumors of KP and KPPI mice (MLAC and mLAP, respectively) (Fig.
19A). Consistent with our in vivo data, mLAP displayed higher mRNA level of RET (Fig. 19B),
and immunoblots showed increased protein levels of RET and p-ERK caused by PLK1
overexpression (Fig. 19C). Then, we tried to test PLK1’s effect on RET by inhibiting it using either
ShRNA or GSK461 in mLAP. As expected, PLK1 knockdown led to reduced protein level of RET
(Fig. 19D), suggesting that RET is regulated by PLK1. Also, RET protein levels gradually
decreased as GSK461 concentration increasede (Fig. 19E), indicating that PLK’s regulation on
RET is kinase-dependent. Next, we asked whether RET was necessary for the growth of PLK1-
overexpressed lung tumor cells. As shown in Fig. 19F, mLAP exhibited higher growth rate than
mLAC. Notably, RET’s ligand GDNF (glial cell line-derived neurotrophic factor) accelerated
growth of both cell lines, but with a larger extent in mLAP (Fig. 19F), indicating more RET
expression renders cells more sensitive to its ligand. Furthermore, we also observed GDNF
strongly increased p-RET and p-ERK in mLAP, but its stimulating effect on RET in mLAC was
much weaker (Fig. 19G). To further confirm RET’s role, shRNA was used to remove partial RET
from mLAP (Fig. 19H). After RET being knocked down, mLAP cells grew more slowly both in
vitro and in vivo (Fig. 191 and J). After one-month growth, mLAP-derived tumors with RET
knockdown displayed smaller sizes and lighter weights (Fig. 19K and L). Taken together, all these
data demonstrate that PLK1 promotes LADC development via regulating RET.
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5.3 Discussion

PLKZ1 has well documented roles in many mitotic related events, such as centrosome maturation,
bipolar spindle formation, sister chromatid segregation and cytokinesis (40). Overexpression of
PLKZ1 has been found in various human malignancies (99-105), and it is generally believed that
PLK1 elevation is oncogenic. High PLK1 protein level was found to be correlated to poor tumor
differentiation, advanced clinical stages and low survival rate in NSCLC patients (41), which is
consistent with our bioinformatics analysis (Fig. 1A-C). In order to study PLK1’s function in
NSCLC, we knocked PLK1 into KP mice model. Compared with KP mice, KPPI displayed lower
survival rate, as well as larger tumors with poorer differentiation and higher proliferation rate,
which recapitulates the characteristics of human NSCLC progression driven by enhanced PLK1.
In addition, we also knocked out PLK1 form KP mice. After elimination of PLK1, it was difficult
for KP mice to develop tumors in their lungs, with only a few small tumors found. All together,

these data indicate that PLK1 functions as an oncogene during NSCLC development.

Although PLKZ1 is well-known for its role in cell cycle regulation, increasing evidence suggests
that PLK1 might have many functions beyond mitosis (106). Some studies showed that PLK1
positively regulated MAPK pathway (107-109), but the mechanisms underlying it still remains not
entirely clear. In our study, one major pathway we identified affected by PLK1 is RET signaling.
Overexpression of PLK1 upregulates RET gene expression, while knockout of PLK1
downregulates it. The RET proto-oncogene encodes a receptor tyrosine kinase, whose activation
upon binding to its ligand GDNF leads to subsequent activation of MAPK pathway(110). It is well
known that Kras and p53 mutations are the most frequent mutations in NSCLC patients, and
NSCLC cell lines with Kras®!?P mutation preferably activate MAPK and PI3K signaling (111). In
our study, the upregulation of RET induced by PLK1 cooperates with Kras®'?P to further activate
MAPK pathway, promoting lung tumor development. Therefore, combining inhibitors targeting
PLK1 or RET with traditional medication of inhibiting MAPL may help the treatment of NSCLC.
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Figure 14. Overexpression of PLK1 correlates with low survival rate of LADC patients,
increased tumor size, and poor differentiation.

(A) PLK1 mRNA expression versus the survival rate of LADC patients. The data used in this study
was obtained from Oncomine, and it is from Director's Challenge Consortium for the Molecular
Classification of LADC. The median split was used to dichotomize the continuous expression
levels of PLK1. (B) PLK1 mRNA was higher in T3-4 tumors compared with that in T1 or T2
tumors. (C) PLK1 mRNA was higher in poorly-differentiated tumors compared with that in well-
differentiated or moderate-differentiated tumors.
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mouse genomic DNA was analyzed in each PCR to identify banding patterns of indicated
transgenes. (D) Immunoblotting results showing amounts of PLK1 in KP and KPPI mice. Tumors
are harvested 12 weeks after Ad-Cre infection. (E) Representative H&E stained sections showing
tumor formation in KPPI mice after Ad-Cre infection, and immunofluorescence staining against
PLK1 of KPPI tumors. The KPPI mouse without Ad-Cre was used as control. Scale bars, 50 um.
(F) 50 ng of mouse genomic DNA was analyzed in each PCR to identify banding patterns of
indicated transgenes. (G) Immunoblotting results showing amounts of PLK1 in KP and KPPO
mice. Tumors are harvested 14 weeks after Ad-Cre infection.
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Figure 16. PLK1 overexpression accelerates development of LADC.

(A and B) Representative MRI images of the thorax regions of mice 10 weeks after infection with
Ad-Cre. (C) Quantification of MRI. (D) The survival rate of KPPI mice versus KP mice. (E)
Representative photographs of lungs 12 weeks after Ad-Cre infection. (F) Representative
immunoblotting results of PLK1 protein levels in 5 tumors of either cohort (KP vs. KPPI). (G)

Representative IHC staining and immunofluorescence staining for PLK1. Scale bars are 250 um
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and 50 um respectively. (H) Representative H&E-stained section of tumors. (KP vs. KPPI). Scale
bars are 1mm, 250 um and 100 um respectively. (I) Representative IHC staining of phospho
histone H3 (Ser 10) in primary tumors of mice. Scale bars: 250 um. (J) Data is presented as ration

of positively stained cells to total cells. The p value was calculated using unpaired student t test.

74



-2.00 0.00 2.00 KPPIvsKP_up
The role of GTSET ... 4
- 0N 0o
_______ oM T DD The citric acid (TCA) ... 4
EEE8EEcaanas y ;
MY Y Y YT LELYY id Signaling by Interleukins 4
. DUI . Fam4Te Regulalion of mitolic cell cycle
I ] Tiparp Regulation of APC/C activators ... Count
| H EER Pbnados1 RAF/MAP Kinase cascade .0
B _ HENE NN B630019K06RK Phospharylation of the APG/C | .15
l.. = =.=.l Elek11 Mitotic Telophase/Cylokinesis { @20
@®:s
HE B EEEEEN smm3 MAPK family signaling cascades {
30
.= D= B g - MAPK1/MAPK3 signaling{ ®
m -~
] i EEEEE Fam110h MAP2K and MAPK activation padi
..D . ....l Zadh2 Interleukin-20 family signaling . 1.00
| H BN BN Pbpe— Formation of ATP by chemiosmotic coupling 0.75
A E BN BN Eg‘;-g Ethanol oxidation { 050
..= ....=..E Gm1£:5¢87 Cyclin A/B1/B2 associated events ... { 0.25
EEE B EEEE Aldh2 Cristae formation { . 000
L] HEEENE RhOU == APC/C-mediated degradation of cell cycle proteins{
| ===. O =l=. ;‘3&111';: APC/C:Cdh1 mediated degradation of ...
- ..H. .= .. F|b1u Antigen processing: Ubiquitination & ...
| (1 B ] B Reeps Activation of APC/C and ...
— . | BN [ Pardsg 0.10 015 0.20
| ] HEEEREN Coxd GeneRatio
EEY B EEEN Gm20629
HEE B HEN B 1500011K16Rik Cc D
| | | BENE ApSk qRT-PCR
NN SEEEECE Rabig 5 6o RNA-seq 451
HEE || W Foxi7 o 40
.= HEEE N Pomp G 5.0 .
| I | L] | EpsS 4w ®
N NN EE N N Rabs 4
ERCEEERN B Psma3d e g 3.0
| | ] Bpgm Z 5,
| | | Glo1 s
EEEEEEELE W FamiTé £ 10
—L— "l e 3o
nd| -
LI | EENEE Cndp. [ p oo
E F
KP tumors i KPPI tumors
H RET
RET == == = == = am =
p-RET|-----.‘q‘ R _KP_‘ _
(i 3 g LT ’&'*‘ 2 |Ad e
: o~ S
P-ERK e e g ! Yl \3"?:{* 'g . o 2
P ——Y J-"i" 3 "’:\'t"',»"i."'-&".'. AT
N o
: O Saess % A
S LaEL 3 B CRE ]
" rr'.'*' ..“u o ki }'
1 S -'J‘ €] ) g}‘ A4
e e a—— ¥tz P
! WSSV v g, W A »
- p K‘p"_ S o B L - ¥
¥ r !‘%J*Vf\yﬁﬁd A'.‘._ . F
N ¥ Vs pes, ra 21
V) \‘"b.“:aah~. .ﬂ’q
H3 (- n | Lot *"f'.q\;‘i ‘i“' Y
: | R N ‘-a?-‘.rkzmi v
GAPDH | e o s | s o s . Ak L E R

Figure 17. RET expression is enhanced by PLK1.

(A) Heat map of the 37 upregulated genes with PLK1 overexpression in primary tumors. The
clustering method is based on the similarity of the gene expression. Blue denotes low expression
and red denotes high expression. Green (RNAseq) and red (publication) arrows indicate genes
involved in MAPK pathway activation. (B) Histogram of reactome enrichment analysis (KPPI
versus KP). Count: the number of differentially expressed genes related to the pathway. Padj:
adjusted p-value. (C and D) RNAseq FPKM (fragments per kilobase of transcript sequence per
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millions base pairs sequenced) values and qRT-PCR validation of RET in tumors. (E) Western
blots on single primary tumor lysates. 4 mice in either cohort were selected. (F) Representative

images of IHC staining for RET in KP and KPPI tumors. Scale bars: 100 pum.
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Figure 18. Elimination of PLK1 results in slower LADC growth and decreased RET expression.

(A) Representative MRI images of the thorax regions of mice 12 weeks after infection with Ad-
Cre. (B) Quantification of MRI. (C) Representative photographs of lungs 14 weeks after Ad-Cre
infection. (D) Western blots on single primary tumor lysates. 3 mice in either cohort were selected.

(E) Representative images of IHC staining for RET in KP and KPPO tumors. Scale bars: 100 um.
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Figure 19. PLK1 promotes LUAC cell growth iva upregulating RET.
Ensure all information remains on the same page as the figure.
(A) Schematic showing that LADC cells were established from KP and KPPI mice 12 weeks after
Ad-Cre infection. (B) gRT-PCR analyses of RET mRNA from mLAC and mLAP cells (n=3).

Values were normalized to -actin expression and then to mLAC. (C) Western blots showing
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amounts of indicated proteins in mLAC and mLAP cells. (D) Western blots showing decreased
amount of RET after PLK1 was knocked down in mLAP cells. (E) mLAP was treated with
GSK461364 at the indicated concentrations. After 48 hours, cell lysates were harvested for
immunoblotting. (F) Cell viability assay of untreated and GDNF-treated mLAC and mLAP cells.
GDNF, 20ng/ml. (G) mLAC and mLAP were treated with vehicle or GDNF (20ng/ml) for 24
hours. Then cell lysates were collected for western blot. (H) Validation by immunoblotting
showing knockdown of RET in mLAP cells. (1) Cell viability assay of shRNA-mediated RET
knockdown in mLAP cells. (J) 2x10% mLAP cells transfected with control ShARNA or RET shRNA were
subcutaneously incubated into mice. The tumor volumes were measured every 3 days (meash £ S.D.; n=6
for each group) for 30 days. (K) Visualization of fresh tumors harvested from the three groups. (L) The

final weights of the harvested xenograft tumors.
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CHAPTER 6. SUMMARY AND FUTURE DIRECTION

6.1 Improvement of treatment for PCa

Since Hodges and Huggins observed that CRPC patients benefited from castration, blocking the
function of AR has remained the treatment-objective in clinical therapeutics of the disease. In the
future, the existing antiandrogens, used both alone and combined with other treatments, have great
potential to strongly promote patients’ outcomes in the future. In my study, | found the
combination of HMGCR inhibition and enzalutamide inhibited PCa cell growth significantly, and
inhibiting HMGCR led to AR degradation. However, the deeper mechanism still remains elusive.
It has been shown that PTEN inactivation enhanced AR phosphorylation, promoting p300’s
acetylation on AR, therefore preventing its ubiquitination and degradation (112). Moreover, AKT
has also been demonstrated to promote p300’s activity through phosphorylation (113). Thus, it is
likely that AR’s degradation is mediated by PI3K pathway. Furthermore, Cholesterol is one of the
important molecules of lipid rafts which regulate signal transduction, including PI3K pathway and
MAPK pathway (14). Therefore, inhibiting HMGCR may downregulate the activity of PI3K
pathway, reducing p300’s acetylation and increasing AR’s degradation. However, more

experiments are needed to test this.

Recently, accumulating evidence has shown that EZH2 plays an important role in tumor
oncogenesis and progression (28). Also, targeting EZH2 has been shown to be effective to treat
prostate cancer (114, 115). Here, I found that AR antagonized EZH2’s degradation upon
metformin treatment, and this further confirms AR’s therapeutic objective in clinical therapy for
PCa. Given that metformin can inhibit AR (86), it is also intriguing to test whether the combination

between AR antagonists and EZH2’s inhibitors is efficient to treat PCa in the future.

6.2 PLKI’s role in lung carcinoma

Although PLK1 is well-known for its role in cell cycle regulation, increasing evidence suggests
that PLK1 might have many functions beyond mitosis (106). Some studies showed that PLK1
positively regulated MAPK pathway (107-109), and we also identified that PLK1 promoted
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MAPK pathway through upregulating RET. However, it still remains elusive that how PLK1
regulates RET expression, and what RET overexpression induces besides activation of MAPK

pathway.

The whole process of RET transcription is complicated, in which dynamic interaction occurs among
transcription factors and major promoters, and the aberrant RET expression can be resulted from any
alternation in this mechanism. The transcription factors, including NKX2.1 (also known as TTF-1),
PHOX2B, SOX10, and PAX3, are reported to regulate RET transcription (116). Therefore, it is interesting
to investigate whether they are mediators in PLK1’s regulation on RET. Given that RET’s upregulation
induced by PLK1 is kinase dependent, the kinase assay can be conducted in the future to test whether these

transcription factors are substrates of PLK1.

Activation of RET, which is glial cell-line derived neurotrophic family ligands (GFL) dependent, occurs in
both lung cancer and thyroid cancer via point mutations or rearrangement. However, increasing amount of
evidence found that the wild-type RET activation mediated by GFL promoted tumor growth (117), which
is consistent with our finding. It has been reported that GFL promoted the development of various neurons,
and RET played a vital role in regulating the differentiation and survival of neurons via binding of GDNF
(118). Given that neuroendocrine tumors contain comparable properties to neurons (119), it is likely that
GFL-RET receptor system regulates the transformation to neuroendocrine carcinoma and the development
of neuroendocrine tumors in lung cancer. To study this, morphologic analyses, or molecular analyses
targeting CD56, SYN, and CgA can be used. Also, GFL-RET receptor system can considered to be an

important molecular target for novel therapeutic methods for NSCLC patients in future.
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