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Abstract

Due to the increased utilization of next generation anti-androgens to treat
prostate adenocarcinoma (AdPC), therapy-induced neuroendocrine prostate cancer (t-
NEPC) has become more prevalent. Although the mechanisms by which t-NEPC is
established are not fully understood, emerging evidence suggests that AAPC cells can
gain an intermediate pluripotent stem cell (SC)-like phenotype that can promote t-NEPC
development. However, it remains unclear whether the core embryonic stem cell genes
(ESCs) (LIN28, POUS5SF1, SOX2, and NANOG) regulate the stem-like state of prostate
cancer cells and the switch from luminal epithelial to neuroendocrine lineage during the
transition from AdPC to t-NEPC. We hypothesize that LIN28B plays a key role in the
transition from AdPC to t-NEPC, and that the overexpression of LIN28B may promote

proliferation and trans-differentiation, which may contribute to t-NEPC progression.

By comparing the published RNA-seq data on AdPC and t-NEPC, we found that
approximately 50% of t-NEPC patient tumors have gained LIN28B and SOX2
expression. Standard molecular and cellular biology techniques were applied to
characterize the functions of LIN28B and its relationship with SOX2 using t-NEPC cell
and xenograft models. We found that the mRNA levels of LIN28B and SOX2 are
positively correlated in patient tumors, patient derived xenografts, transgenic mice, and
multiple cell models. LIN28B and SOX2 expression was confirmed to be co-upregulated
in a subset of t-NEPC patients by immunohistochemistry. Using our clinically relevant t-
NEPC cell/xenograft model, DUNE, we demonstrated that LIN28B is essential for stem
cell-like and neuroendocrine marker expression and cell morphology. LIN28B gene

depletion by CRISPR inhibited DUNE xenogratft initiation and tumor growth. These



LIN28B functions are mainly mediated by its inhibitory effects on the microRNA let-7d,

which resulted in the upregulation of HMGA2 and HGMA2 mediated SOX2 transcription.

Overall, this thesis work adds to the understanding that the LIN28B/let-7/SOX2
axis is an important signaling pathway that regulates a cancer stem-like phenotype to
promote t-NEPC development. Ultimately, this knowledge pertains to the clinical
implications of LIN28B in informing future therapies that will be effective for managing t-

NEPC.



Lay Summary

Prostate cancer is the most commonly diagnosed cancer among males and is
the third leading cause of death from cancer in males in Canada. Currently, the primary
treatment for advanced prostate cancer is hormonal therapy. However, recent findings
indicate that this treatment can cause tumors to transform into a more aggressive
cancer called treatment-induced neuroendocrine prostate cancer (t-NEPC). |
investigated a novel mechanism where the development of a subset of t-NEPC tumors
is driven by the gene LIN28B and the microRNA let-7d, which are known to contribute to
embryogenesis and stem cell development. | also demonstrated a positive correlation
between LIN28B and a gene called SOX2. LIN28B expression was sufficient to
enhance SOX2 expression and stem cell properties in a prostate cancer cell model. |
also identified the gene HMGAZ2 as a downstream effector of LIN28B and a key

regulator of SOX2 expression.
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Chapter 1: Background, Hypothesis, and Objective
1.1 Prostate cancer

1.1.1 Overview

According to a 2018 report from Canadian Cancer Statistics, prostate cancer
(PCa) is the most commonly diagnosed cancer among males and is the third leading
cause of death from cancer in males in Canada (1). As of 2018, 1 in 7 Canadian men
will develop PCa, and 1 in 29 will die from the disease (2). While the mortality rate of
PCa has declined since the 1990s as a result of improved treatments and methods for
early detection of the disease, PCa continues to place an immense financial burden not
only on the patients themselves, but on their family members as well as society as a
whole (3). As of 2000, the annual direct medical costs alone from PCa in Canada
totalled $3.89 billion (4). This thesis aims to expand upon previously solidified

knowledge on PCa to increase the scientific community’s understanding of the disease.

1.1.2 The Prostate

The prostate is a small, walnut-sized gland that is part of the male reproductive
system. It is located below the bladder, above the pelvic floor, and surrounds the
urethra (Figure 1.1) (5). To initiate the process of sexual differentiation, the sex-
determining region of the Y chromosome (SRY) directs a network of genes to begin
testes development (6). During week six of embryonic development Leydig cells, which
are located in the testes, secrete testosterone (6). Testosterone secretion then leads to
the release of anti-Mullerian hormone (AMH) from the Sertoli cells during week seven of

embryonic development, which in turn leads to the atrophy of the paramesonephric, or



Mullerian, ducts (6, 7). In humans, prostate development begins during week ten of
gestation (5, 8). In order for the prostate to develop, the urogenital sinus mesenchyme
(UGM) must first signal to the epithelium, which causes the formation of epithelial buds
(5). Androgen receptors (AR) that are located in the UGM are stimulated by
testosterone, which causes epithelial budding, morphogenesis, and differentiation into
basal and epithelial subtypes (9, 10). By the end of week fifteen of gestation, the
prostate is comprised of stromal and epithelium compartments, the latter of which
consists of three fully distinguishable cells types: basal epithelial cells, luminal epithelial
cells, and neuroendocrine cells (Figure 1.2) (8). Basal cells are located alongside the
basement membrane, are AR negative, and express cytokeratin (CK) 5, CK14, CD44
and p63 (8). There is also evidence that basal cells are partially comprised of a
regenerative stem cell population (11, 12). Luminal epithelium (LE) cells are found
adjacent to basal cells, are tall and columnar, and express AR, prostate specific antigen
(PSA), CK8, CK18, CD24, and CD26 (8). Neuroendocrine (NE) cells express

chromogranin A (CHGA) and are characterized by their lack of AR and PSA (8).
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Figure 1.1 Human prostate location and zones. A depiction of the location of the
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Original drawing adapted from https://www.cancer.ca/en/cancer-information/cancer-
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In males 1 to 10 years of age, the average weight of the prostate is 2 grams (5).
However, the prostate will continue to grow throughout a male’s lifetime. At puberty, the
prostate will grow exponentially to be approximately 20 grams (5). This increase in size
is positively correlated with an increase in serum testosterone levels (5). Anatomically,
the adult prostate is divided into three histological zones: the peripheral zone (PZ),
central zone (CZ), and transition zone (TZ) (Figure 1.1) (13, 14). The PZ is derived from
the urogenital sinus, comprises 70% of the prostatic tissue, and is the region where
most PCa develops (15). The CZ is derived from the Wolffian duct, comprises 20-25%
of the prostatic tissue, and has a very low incidence of PCa (16). Lastly, the TZ
surrounds the urethra, is derived from epithelial cells and fiboromuscular stroma, and is

more likely to develop benign prostatic hyperplasia (BPH) (16).

Physiologically the prostate, along with the seminal vesicle, is primarily
responsible for producing ejaculate as well as secretions that are related to semen
gelation, coagulation, and liquefaction (5, 17). The secretory proteins that the prostate
releases are involved in coating the ejaculated spermatozoa as a way to increase
sperm motility (17). An important secretory glycoprotein that is released by the prostate
gland is PSA, also known as kallikrein-3, which is used as a biomarker to diagnose PCa
(8). PSA is a serine protease of the kallikrein-related peptidase family and is secreted

from the epithelial cells of the prostate gland (8).



1.1.3 The Role of AR in the Prostate

As mentioned, the prostate gland will grow exponentially at puberty (5). This
growth is regulated by the activation of the AR by steroid hormones, which are also
known as androgens. AR is a ligand dependent transcription factor (18). As a member
of the nuclear receptor family, the AR consists of a constitutively active N-terminal
domain (NTD), DNA binding domain (DBD), and a ligand dependent C-terminal ligand
binding domain (LBD) (18). The DBD binds the AR to promoter and enhancer regions of
AR-regulated genes through DNA binding, which causes the activation of the NTD,
LBD, and the subsequent transcription of AR-regulated genes (18).

In the adult prostate, AR-signalling occurs in the LE cells (19). Through the
hypothalamus-pituitary-gonadal (HPG) axis, gonadotropin-releasing hormone (GnRH) is
secreted from the hypothalamus, which in turn stimulates the anterior pituitary to
secrete luteinizing hormone (LH) (19). LH then binds to receptors on Leydig cells in the
testis which stimulates the release of testosterone (19). Testosterone is the main
androgen found in males. Testosterone is then taken up by prostate stromal cells and is
converted into dihydroxytestosterone (DHT). DHT will then bind to the AR in the
cytoplasm of LE cells (18). The binding of DHT to AR will cause it to dimerize, activate,
and translocate into the nucleus, where it will interact with chromatin remodeling
complexes. Activated AR dimers will recruit co-factors and bind to androgen response
elements within the enhancer regions of its target genes. This will then activate the
transcription of AR-target genes that encode for growth factors and secretory proteins,
such as PSA. During adulthood, AR-signaling is regulated in stromal cells, and its role is

to maintain homeostasis of the prostate epithelial cells. Therefore, androgens and AR



signalling play a key role not only in the development of the prostate, but in the growth

and survival of primary PCa.

1.1.4 Prostate Cancer

Currently, the confirmed risk factors that contribute to PCa development are age,
race, genetics, and family history (20). After PSA screening was introduced, the
average age of men diagnosed with PCa was 67 (21). There is a positive correlation
between older age at diagnosis and high-risk prostate cancer (22). Based on a cohort
study completed using a nationwide prostate cancer registry in the United States of
America, approximately 25% of men older than 75 had feature that were characteristic
of high-risk prostate cancer, whereas the proportion of men younger than 75 that
presented with features associated with high-risk prostate cancer was less than 15%
(22). Race and ethnicity have also been found to impact an individual's probability of
developing PCa. Studies have reported that African-Americans or men of black African
heritage have a higher incidence of the disease and are more likely to die from PCa
compared to white males (21, 23). Despite these consistent observations, it is also
known that the ability to access adequate medical care varies by geography and
socioeconomic status (24). These variables confound the ability to make strong
inferences about the relationship between race, ethnicity, geography, socioeconomic
status, and prostate cancer diagnosis. Additional research should be completed to
determine if socioeconomic status, race, and geography contribute to the disparity in
PCa outcomes. Furthermore, having a family history of PCa may result in an increased

risk of developing the disease (25). However this has been found to vary with the



degree of relatedness and the number of relatives that have been affected (25). Men
with a family history of PCa have a 30%-60% probability of developing the disease by

age 75, compared to a 4.8% probability in those who did not have a family history (26).

While obesity is not a confirmed risk factor that contributes to PCa development,
recent studies have observed a causal relationship between diet, obesity, and a higher
incidence of aggressive PCa. Obese men have a higher risk of being diagnosed with
high-grade aggressive PCa, a higher incidence of PCa recurrence after surgery or
radiation, and an increased risk of PCa-specific mortality (27, 28). Furthermore,
epidemiological evidence suggests that men whose diets are high in saturated fats, red
meats, and calcium have a higher probability of developing PCa (21). Other studies
suggest that eating foods such as tomatoes, pink grapefruit, and watermelon are
correlated with a decreased risk of PCa (29). However, more research needs to be
completed to understand the underlying mechanisms and correlations between these

specific foods and the development of PCa.

Like other cancers, PCa has an infinite potential to replicate its cells, resist
apoptosis, invade local tissues, and spread to distant sites. One of the challenges of
diagnosing PCa is that the early stages of the disease are usually asymptomatic due to
the small size of the tumor (30). As the tumor grows in size, signs and symptoms will
begin to appear such as changes in bladder habits (30). As the PCa becomes more
invasive and metastatic, the signs and symptoms that are associated with the disease
are difficultly urinating, blood in the urine, fatigue, and pain or stiffness of the hips, back,
or chest. However, if an individual is tested regularly, early signs of PCa can be

detected from digital rectal examinations or serum PSA levels (30, 31). As previously



mentioned, PSA is a glycoprotein made by the prostate gland that is mainly responsible
for promoting sperm motility and dissolving cervical mucus (32). Elevated PSA levels
have been hypothesized to be a result of the disruption of the prostate cellular
architecture, which in turn results in the diffusion of PSA into circulation (33). If a patient
is suspected to have PCa, both the American Urological Association (AUA) and the
European Association of Urology (EAU) recommend that a prostate biopsy be
performed and ten to twelve long narrow pieces of tissue called cores will be extracted
and used to confirm a PCa diagnosis (30, 31). These cores should be taken bilaterally
from the apex to the base of the prostate, and as far posteriorly and laterally as possible
from the peripheral gland (30, 31). Pathologists will then evaluate the tissue samples
from these biopsies via histological assessment (30, 31). Lastly, a urological pathologist
will provide a report that includes information on histopathological type and Gleason
grades (30, 31). The Gleason grading system is based on the histological arrangement
of cancer cells in haematoxylin and eosin stained prostate tissue sections (34). The
Gleason scoring system uses 5 grading categories (Gleason 1-5) (34). A primary grade
is given to describe the cells in the largest area of the tumor and a secondary grade is
given to describe the cells in the next largest area (34). The grades are then combined
to obtain a Gleason score that ranges from 2-10 (34). For example, if a pathologist gave
the cancer cells in the largest area of the tumor a 4, and the cancer cells in the next
largest area a 2, then the total Gleason score would be 6. A patient with a Gleason
score of 6 is considered to be low risk, Gleason 7 is intermediate risk, and Gleason 8-10
is high risk (35). Patients that have higher Gleason scores have undifferentiated cancer

cells, poor prognosis, and an increase risk of metastasis (36). In addition to Gleason



groups, the Tumor Node Metastasis (TNM) system is used to describe the staging,
location, and spread of the tumor (37). T (1-4) is used to describe the size and location
of the tumor within and adjacent to the prostate, N (0-1) describes lymph node
metastasis, and M (0-1) describes any metastasis to organs such as the lungs or to the
bones (37). According to the newest guidelines, nucleotide-based tests such as PCA3
level, Genomic Prostate Score, and Cell Cycle Progression Score may also be taken

into consideration when evaluation the PCa (38-43).

For patients with low and intermediate grade PCa with a Gleason score less than 6,
the AUA and EAU recommend active surveillance, surgery, or radiation therapy (44). A
physician will also monitor patients by testing their PSA levels either quarterly or semi-
annually, as well as by completing annual prostate biopsies (44). For patients with high
grade PCa with a Gleason score greater than or equal to 8, the AMA and EAU
recommend that patients receive either radiation therapy with neoadjuvant androgen-
deprivation therapy or a radical prostatectomy with salvage radiation therapy (45).
Together, this information suggests that receiving various therapies in combination is
more effective in cases of high risk PCa. Although surgery and radiation therapies
effectively cure most localized PCa, some cases that undertake these therapies will
reoccur and progress to advanced stages of the disease within 5 years (46). PCa
reoccurrence is defined by re-rising PSA levels after radical prostatectomy or by
metastasis of the disease (47-50). First line treatment for locally advanced, recurrent, or
metastatic PCa is androgen receptor pathway inhibition (ARPI) (48-50). ARPI targets
AR-mediated functions by suppressing androgen production or androgen binding to the

AR ligand-binding domain to achieve medical or surgical castration (51-55).



Unfortunately, most patients with metastatic PCa will become unresponsive and
resistant to ARPI within 2 to 3 years and will develop castration-resistant prostate

cancer (CRPC) (55).

1.1.5 Castration Resistant Prostate Cancer

After patients are exposed to ARPIs for a prolonged period of time, relapse will
inevitably occur and CRPC will emerge. Upon diagnosis, CRPC patients usually have a
median survival rate of 18-24 months (56). At this stage, current therapies are limited to
enzalutamide, abiraterone acetate, or taxane chemotherapies such as cabazitaxel (57).

These CRPC tumors can emerge both as AR-dependent and AR-independent tumors.

To date, there are three main mechanisms through which CRPC tumors can
evade first and second-line therapies: androgen-dependent AR signaling, receptor-
dependent AR signaling, and the bypass of AR signaling. Tumor cells can restore the
AR signalling pathway by increasing the amount of circulating androgens or by
acquiring AR gene overexpression, amplification, or mutations which allow for AR
activation (58-62). Tumor cells can also regain AR signalling through methods that are
independent of androgen ligand-mediated activation of the AR by: (1) producing
constitutively active splice variants of the AR (12, 63, 64); (2) altering the mode of
actions of the AR in a receptor-dependent manner (65); or (3) relying on the
downstream signaling of other hormone receptor pathways such as the glucocorticoid
receptor (66). AR splice variants are alternatively spliced isoforms of the AR mRNA.
While full-length AR and AR splice variants both have and NTD and a DBD, AR splice

variants lack a LBD (67). Because there is no LBD, therapies such as enzalutamide and
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abiraterone acetate, which use the LBD to block AR synthesis, are impractical (67).
Functionally, these isoforms can remain active and promote the expression of
endogenous AR-dependent genes (68). For example, the AR splice variant AR-v7,
which lacks a LBD, has been shown to be strongly associated with decreased success
when patients are treated with enzalutamide or abiraterone (69). CRPC tumors that can
restore their AR signalling pathways and maintain their LE lineage and AdPC phenotype
are known as castration-resistant prostate adenocarcinoma (CRPC-Ad) tumors.
However, a subset of tumor cells will develop mechanisms that will allow them to grow
and develop independently of AR signalling, and progress into AR “indifferent” tumors
(70). One subtype of AR-indifferent CRPC that was recently reported by Bluemn et al. is
double negative for AR and NE markers (41). These tumours have hyperactive
fibroblast growth factor (FGF) and mitogen-activated protein kinase (MAPK) pathways,
which have been reported to promote ARPI resistance and facilitate tumour
progression. However, the phenotype of this double-negative prostate cancer subtype
has not yet been characterized. Another subtype of AR-indifferent CRPC, which is
induced by the selection pressures of ARPI, chemotherapy, or radiation is called
treatment-induced neuroendocrine prostate cancer (t-NEPC), which is a subtype of

neuroendocrine prostate cancer (NEPC) (71-73).

1.2 Treatment-Induced Neuroendocrine Prostate Cancer
Primary, or de novo, NEPC is extremely rare and accounts for 0.50-2.0% of all
cases of PCa (74). T-NEPC is distinctive from de novo NEPC because patients with

these tumors usually have a history of typical prostate adenocarcinoma and have
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received single or multiple rounds of ARPI. (75). It is estimated that t-NEPC accounts
for 13-17% of total CRPC cases (41,63). Current therapies for t-NEPC are limited to
platinum-based chemotherapies or etopside (57). However, targeted therapies such as
an aurora kinase-A (AUKRA) inhibitor and an EZHZ2 inhibitor are currently being studied.
These CRPC tumors can emerge both as AR-dependent and AR-independent tumors.
T-NEPC is an emerging clinical challenge for the following reasons. 1) T-NEPC is
under-diagnosed. The diagnosis of t-NEPC requires evaluating histological features and
NE markers using tumor biopsies. However, patients with metastatic PCa rarely
undergo biopsies. 2) T-NEPC is highly aggressive and metastatic. Once a patient’s
diagnosis is confirmed, the median survival of said patient is only approximately 7
months (8). 3) T-NEPC is under studied. Because t-NEPC is under-diagnosed, the
disease has not been a focus of many research groups. The increasing frequency of an
aggressive and fatal disease with no effective detection or therapeutic regimens
emphasizes the need to understand the molecular underpinnings of t-NEPC

development.

Today, t-NEPC has not yet been clearly defined. In a clinical setting, a t-NEPC
diagnosis is confirmed based on the presence of low or no levels of PSA, aggressive
tumor growth, a history of typical prostate adenocarcinoma, and single or multiple
rounds of ARPI, radiation therapy, or chemotherapy (75). However, there have been
cases of t-NEPC that present with high PSA and AR, and yet are positive for and NE
markers. It is possible that these cases represent an early stage of NEPC development
that is nearing the end of an AR-dependent state (76). Pathologically, the definition of t-

NEPC is based on the presence of small neuroendocrine carcinoma (SCNC)
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morphological features, such as a scant cytoplasm, finely granular “salt and pepper”
chromatin, absent or inconspicuous nucleoli, poorly defined borders, and a high mitotic
count (75, 77, 78). However, diagnosing t-NEPC using morphological characteristics
can be challenging because the transition from AdPC to t-NEPC is not an acute
process, and involves sequential molecular alternations, which ultimately results in
multiple intermediate transitional phenotypes. By utilizing immunohistochemistry (IHC),
t-NEPC tumors can also be defined by the expression of NE markers such as
synaptophysin (SYP), chromogranin A (CHGA), chromogranin B (CHGB), CD56, and
neuron-specific enolase (NSE) (62). T-NEPC is positive for one or more NE markers in
almost 90% of cases (79). Lastly, pathologists can use PSA levels to diagnose PCa.
Usually there is low, or no, PSA /AR expression in NEPC. However, during the NEPC

trans-differentiation process, AR and PSA can be positive (79).

Because PSA has a limited specificity, the need for biomarkers that can
distinguish between inactive and aggressive forms PCa are imperative. In recent years,
the prognostic capacity of CHGA as a biomarker of prostate cancer has been
extensively evaluated (80-87). In 2009, Appetecchia et al. analyzed the incidence of
preoperative CHGA levels in 486 patients with nonmetastatic prostate cancer and found
that preoperative CgA could supplement PSA in the selection of more aggressive cases
of prostate cancer, particularly in the presence of a high Gleason score (80). Overall,
these findings suggest that there may be a potential prognostic capacity for CHGA in
prostate cancer, however they also highlight the importance of identifying other reliable

NE markers of t-NEPC.
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1.2.1 T-NEPC is Derived from AdPC

While it has been confirmed that NEPC is prostatic in origin, there is not a
consensus on how t-NEPC is generated (88). Multiple hypotheses have been proposed
suggesting that t-NEPC originates from either benign prostatic neuroendocrine cells that
acquire tumorigenic capacity, AdPC cells that undergo NE differentiation followed by t-
NEPC tumor establishment, or PCa stem-like cells that retain traits of self-renewal,
invasion, and resistance to apoptosis under hormone therapy (79, 89-92). These
mechanisms of therapeutic resistance and tumour cell heterogeneity can be facilitated

by a cellular process termed lineage plasticity.

1.2.2 Lineage Plasticity in t-NEPC Development

Lineage plasticity can be defined as a fundamental developmental process that
enables a single genotype to give rise to different phenotypes in response to
environmental changes (93). Lineage plasticity can cause AdPC cells to dedifferentiate
into a NE-like cell lineage (93). The mechanisms involved in lineage plasticity may
utilize the dedifferentiation of AAPC to stem-like cells to NE-like cells, NE differentiation
via a pluripotency network, or direct NE transdifferentiation of AAPC cells to NE-like

cells (94).

Whole-genome sequencing has revealed that, compared to 15-40% of CRPC-Ad
tumors, 55-75% of t-NEPC cases have concurrent functional mutations or deletions of
the retinoblastoma 1 (RB1) and tumor protein 53 (TP53) genes (89, 95). It has been
found that cancer cells that are RB1/TP53 deficient have the flexibility to adapt

alternative lineages. For example, one of the genetically engineered mouse models
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(GEMMSs) of prostate cancer progression called TRAMP reveals how these genes
played an important role in the emergence of t-NEPC tumors (96). TRAMP GEMMs
mice express the transforming region of SV40 large T antigen, which inactivates Trp53
and Rb1 (97, 98). Researchers found that TRAMP mice spontaneously develop
prostate cancer that closely resembled the characteristics and progression of metastatic
CRPC-Ad to t-NEPC under castration conditions (96). Furthermore, a recent study by
Mu et al. reported that the knockdown of the RB1 and TP53 genes in the human LNCaP
AdPC cell line facilitated resistance to ARPI and promoted t-NEPC progression via a
pluripotency gene network mediated by SOX2 (99). SOX2 is a putative developmental
factor that is essential for self-renewal and pluripotency of embryonic stem cells.
Moreover, they suggested that the SOX family of transcription factors (i.e. SOX2, SOX9,
and SOX11) are temporally regulated to promote lineage plasticity of LE cells to the NE
cell lineage fate in the emergence of t-NEPC (99). They also found that, in

their LNCaP/AR and CWR22Pc-EP cells with a combined TP53/RB1 shRNA
knockdown, there was a significant enrichment of basal-signature genes (99). Ku et al.
reported a similar resistance mechanism in their Pten/Rb1/Trp53 triple knock-out (TKO)
GEMMs (100). Together, these findings led to a proposed model of lineage plasticity
whereby LE cells undergo dedifferentiation reprogramming into a stem-like intermediate

cell that can differentiate into NE, basal, or mesenchymal lineages.

Recently, our laboratory created the NEPC cell models LnNE and DuNE, which
are unigue SRRM4-driven transformations of LNCaP and DU145 AdPC cells to NEPC
tumors, respectively (65, 101). The previously established LnNE model illustrates the

long term progression from AdPC to t-NEPC as demonstrated by its gradual decrease
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in PSA as well as its neuronal-like phenotype, whereas the DUNE model recapitulates
the phenotypes of clinical t-NEPC tumors expressing stem-like characteristics (65, 101).
We found that there was an increase in the expression of embryonic stem cell genes,
such as SOX2, in the DUNE cell model (101). We also found distinct expression of
SOX2 within a subgroup of t-NEPC tumors from the 2016 Beltran cohort (101). There
were 5 t-NEPC tumors with low SOX2 expression, similar to that of CRPC-Ad tumors,
while the remaining 10 t-NEPC tumors expressed a ~17.5-fold increase in SOX2 levels
(101). These findings demonstrate that different subgroups of t-NEPC tumors exist,
where a division of the two subgroups is evident based a robust difference

in SOX2 expression levels. There are several possibilities for the development of two
distinct subgroups of t-NEPC. One is that the upregulation and downregulation of these
genes occurs because these cases of t-NEPC actually present at different stages of
NEPC progression and are therefore presenting with different phenotypes. Another
possible reason is that complex mechanism can overlap and work together to cause the

increase and decrease in SOX2, which contributes to t-NEPC progression.

Currently, therapy induced plasticity of PCa cells falls into three categories:
neuroendocrine transdifferentiation (NEdT), epithelial-mesenchymal transition (EMT),
and basal cells that have stem-like potential. NEdT requires prostate adenocarcinoma
cells to differentiate into a neuroendocrine-like cell without becoming an intermediate a
stem cell (90). EMT is a process by which adherent cells with an epithelial phenotype
develop more migratory and invasive properties through altered gene expression (102-
104). EMT is characterized by the loss of epithelial markers, such as E-Cadherin and

epithelial cytokeratins, the gain of mesenchymal markers such as N-Cadherin, vimentin,
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and fibronectin, and Twistl, and the gain of transcriptional repressors of E-cadherin,
such as Snail, Snai2, Zeb1, and Zeb2 (66). Lastly PCa, like other human malignancies,
can harbour a subset of tumour cells that display characteristics similar to those found
in normal human stem cells. These characteristics include the expression of core
embryonic developmental genes, such as NANOG, LIN28, POU5F1, SOX2, and the
ability to proliferate in culture with an unattached spheroidal morphology (105-108). For
these reasons, this subpopulation of cells are referred to as cancer stem-like cell (CSC)
(11, 107). Currently, the origins of cancer stem-like cells are unknown. While some
believe that they are remnants of an original oncogenic event that occurred in tissue
stem cells, others believe that evidence suggests that they can arise through a process

of de-differentiation from differentiated cancer cells (109).

While researchers generally agree that lineage plasticity contributes to the
acquisition of the CSC-like phenotype, its involvement in t-NEPC development is
contested. Currently, there is no direct evidence that supports the idea that t-NEPC
arises from CSCs and/or neuroendocrine cells. However, acute androgen deprivation
has been shown to drive the neuroendocrine transdifferentiation of AR-driven cell lines
through an intermediary metastable stem-like state (109). Although this is not direct
evidence of CSCs, neuroendocrine transdifferentiation from adenocarcinoma represents

a similar phenotypic plasticity.

The selective expression of CD44, a cell surface marker for prostate CSCs, in
NEPC further supports the idea that there is a relationship between lineage plasticity
and neuroendocrine differentiation. CD44 was initially identified as a receptor for

hyaluronic acid and as a lymphocyte-homing receptor (110, 111). Its expression has
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since been correlated with cell invasion, cell migration, and the ability of cells to self-
renew, thus connecting the EMT and CSC phenotypes (110, 111). For example,
researchers found that knocking down the expression of EMT transcription factor ZEB1
in the PCa cell line DU145 decreased CD44 expression (110-112). Furthermore,
analysis of PCa cell lines LNCaP, DU145, and PC3 found that CD44 expression is
positively correlated with the expression of NSE, a neuroendocrine marker (103). While
evidence has not been fully elucidated yet, there is clearly a relationship between NEdT,

EMT, CSCs and t-NEPC.

1.2.3 Clinical Challenges

Currently, there are several challenges that prevent clinicians from effectively
managing t-NEPC. First, because PSA is used as the “gold-standard” to monitor PCa
progression, and t-NEPC tumors do not or express low levels of this biomarker, early
detection of t-NEPC is difficult. Moreover, the heterogeneity of t-NEPC tumors is not
fully understood due to the lack to biopsies that have been collected from CRPC
patients. Recently, Beltran et al. found varied genomic, epigenetic, and transcriptomic
characteristics among t-NEPC patients, which supports the idea of the complexity of the
heterogeneity of t-NEPC (90). This also highlights the idea that there may be different
mechanisms or stages when tumor biopsies were performed, which adds to the
complex heterogeneity of the disease. The concept of many subtypes of t-NEPC
suggest that many treatment options will be required to treat t-NEPC tumors, thus
possibly hindering the development of t-NEPC treatment with high efficacy. Currently,

treatment options are limited to platinum-based chemotherapies or etopside. The gravity
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of an increasing frequency of an aggressive and fatal disease, whereby no effective
detection or therapeutic regimens have been defined, emphasizes a need for the

understanding of the molecular underpinnings of t-NEPC development.

1.3 LIN28B Pathway

1.3.1 LIN28B Gene and Protein Structure

The Lin28 gene was first characterized in Caenorhabditis elegans and
Drosophila melanogaster as a highly conservative RNA-binding protein. There are two
Lin28 homologs in all vertebrates: lin-28 homolog a (Lin28a) and lin-28 homolog b
(Lin28b) (113, 114). In humans, the LIN28A gene is located at chromosome 1p36 and
can be translated into a 209 amino acid protein, whereas the LIN28B gene is located at
chromosome 6g21 and can be translated into a 250 amino acid protein (115). LIN28A
and LIN28B proteins are highly conserved and share a high degree of homology in their
structural domain, as depicted in figure 1.3 (116). LIN28 proteins are unique in that they
are the only animal proteins that contain both a cold shock domain (CSD) and two
cysteine cysteine histidine cysteine (CCHC) zinc finger domains, both of which can bind
ribonucleic acid (RNA) (113, 116, 117). The CSD, which was first discovered in bacterial
cold shock proteins, binds to single-stranded nucleic acids to regulate ribosomal
translation, messenger RNA stability and degradation, transcription, and termination
(118). The CSD works with CCHC zinc finger domains, which were first identified in the
nucleocapsid protein (NCP) of HIV-1 virus, to increase the binding specificity and
enzymatic activity of LIN28B (80). Unique to LIN28B is a nucleolar localization signal

(NoLS) that is located between the CSD and the first zinc finger domain, as well as a
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nuclear localization signal (NLS) at the C-terminus (119). Throughout an individual's
lifetime, LIN28B is primarily expressed in undifferentiated, pluripotent cell types, as well
as in the testis and placenta in males and females, respectively (93). LIN28 is primarily
expressed in the cytoplasm and is associated with various organelles such as the
ribosomes and stress granules (120). However, the subcellular distribution of LIN28B is
not fully understood. To date, one report has demonstrated that in non-small cell lung
cancer cells, LIN28B has distinct nucleolar and nuclear localization signals. However,
many other studies have found that in neuroblastoma and hepatocellular carcinoma
tissue arrays, LIN28B is a cytoplasmic protein that is shuttled into the nucleus in a cell-
cycle dependent manner (116, 119-121). One study reported that the subcellular
localization of LIN28B is cell-cycle regulated, where it is prominently expressed in the
cytoplasm of G1 phase cells and in the nucleus of S and G2 phase cells (122). Additional
studies should be completed to further elucidate the exact subcellular location of

LIN28B, as it is hypothesized that it may vary depending on cell type.

1 29 102 127 144 149 166 250
NH, — CsD NoLS CCHC-1|[CCHC-2| | NLS | — COOH
112 RRPKGKTLQKRKPK 125 239 KKGPSVQKRKKT 250

Figure 1.3 Schematic representation of LIN28B protein in humans. -NHz, N
terminus; -COOH, C terminus; CSD, cold shock domain; NoLS, nucleolar localization
signal; NLS, nuclear localization signal. Original drawing adapted from Balzeau et al
“The LIN28/let-7 pathway in cancer” (2017). Frontiers in Genetics
(10.3389/fgene.2017.00031).
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1.3.2 Biological Functions of LIN28B
1.3.2.1 Embryogenesis

In vertebrates, LIN28B is first expressed during the two-cell stage of
embryogenesis (113, 123, 124). By embryonic day 6, LIN28B is not only expressed
throughout the entire embryo, but also in the extra-embryonic tissue (124). Between
embryonic days 42-63, LIN28B expression is significantly decreased (123). This
decrease in LIN28B expression is concurrent with the onset of meiotic germ cell
differentiation, and it remains low for the remainder of embryonic development (123). As
the embryo continues to develop, progenitor cells begin to differentiation, and the
previously broad expression of LIN28B becomes restricted to a subset of epithelial cells
including those of the branchial arches, the lungs, the kidney, the cardiac muscle cells
of the myocardium, and the neuroepithelium (124). The steadily decreasing expression
of LIN28B allows for the formation of mature let-7 microRNAs (miRNAS). In turn,
members of the let-7 miRNA family bind to the 3' UTR of LIN28 mRNA, which
negatively regulates its expression. Thus, the introduction of let-7 inhibits the self-

renewal of undifferentiated cells and promotes differentiation (125).

One population of cells that expresses high amounts of LIN28B are embryonic
stem cells (ESCs). ESCs are pluripotent cells that are derived from the inner cell mass
(ICM) of the preimplantation mammalian embryo and can become the cells and tissues
of the three germ cell lineages of the developing embryo (126). Because of their
pluripotent nature, ESCs can maintain their phenotype and genotype through self-
renewal without losing their ability to differentiate. Along with SOX2, NANOG, and
POUSF1, LIN28 has been cited as a marker of “stemness” where its expression is high

in human and mouse ESCs and is dramatically decreases during ESC differentiation
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(126-128). Strikingly, LIN28 is one of four genes (the others being OCT4, NANOG, and
SOX?2) that can reprogram human fibroblast cells into induced pluripotent stem cells
(IPSCs) (129). Collectively referred to as Thompson Factors, Yu et al. found that these
four genes in various combinations are necessary and sufficient to reprogram human
ESC-derived somatic cells with a mesenchymal phenotype (129). Furthermore, in ESCs
LIN28B is responsible for regulating growth, translation, cell number, and proliferation
(120). LIN28 also regulates neural precursor cell proliferation promoted by MASH1
(ASCL1) via its inhibition of the miRNA let-7 (130). The proliferation of neural precursor
cells is promoted by SOX2 through high LIN28B expression (130). Accordingly, the loss
of LIN28 in neural progenitor cells results in fewer cells due to a reduction in

proliferation (131).

At the organismal level, LIN28B expression causes an increase in body size
which is associated with a proportional increase in organ size (114). This is likely due to
an increase in cell number and proliferation (114). In contrast, LIN28B loss results in
embryonic lethality, reduced growth and fat accumulation, and reduced brain size (131).
Overall, LIN28B plays an important role in facilitating early embryonic growth and

development, and maintaining ESC populations.

1.3.2.2 Stem Cell Pluripotency

As mentioned, LIN28B is highly expressed in undifferentiated ESCs and denotes
part of a pluripotency network that is also made up by transcription factors such as
LIN28A, SOX2, NANOG, and POUSF (132). When LIN28B expression decreases, this

leads to a subsequent increase in miRNA let-7 expression which will in turn inhibit the
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self-renewal properties of the undifferentiated cells and cause them to become
differentiated (125). Furthermore, LIN28B is well known for its role in generating iPSCs
by introducing the key pluripotency transcription factors into somatic cells (133, 134).
This observation, along with evidence that inhibiting let-7 expression using antisense
oligonucleotide inhibitors can reprogram mouse fibroblasts to iPSCs, demonstrates that
LIN28B mediated inhibition of let-7 promotes cell de-differentiation during
reprogramming (125). Additionally, the overexpression of LIN28B in mice in a tissue
regeneration study resulted in increased digit repair, epidermal hair regrowth, and pinnal
tissue regrowth (135). It is hypothesized that the ability for the tissue to regenerate is a
result of LIN28B-mediated control of proliferation of stem cells and transit-amplifying
populations, and the overexpression of LIN28B would lead to an increase in tissue size
and regrowth of damaged regions (114). Together, these results suggest that the
LIN28B/let-7 axis operates to maintain either a differentiated or undifferentiated ESC

fate that can be manipulated in order to maintain cellular pluripotency.

1.3.2.3 Growth and Metabolism

Several recent reports have also discovered that LIN28B plays an important role
in regulating growth. Regarding proliferative growth, LIN28B has been reported to
increase the expression of a number of cell-cycle regulators by inhibiting microRNA let-
7 expression, including MYC, RAS, cyclin D1/2, and HMGAZ2 (136-138). LIN28B has
also been reported to control cellular growth via the regulation of ribosomal synthesis of
proteins by binding directly to the messenger RNA (mRNA) of ribosomal peptides in
human ESCs (139). When analyzing growth on a broader scale, genome wide

association studies (GWAS) found that LIN28B was one of several genes that was
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associated with human height, age of puberty onset, age of menopause, and body-
mass index (BMI) (139-141). Generally, emerging evidence supports the idea that
LIN28B plays an important role in the growth of not only individual cells, but of

organisms as a whole.

LIN28B has also been reported to coordinate metabolism, both via the microRNA
let-7 and by directly promoting mRNA translation. Through let-7, LIN28B has been
reported to upregulate the insulin/PI3K, Ras, and Myc pathways, all of which are
characteristic oncogenic regulators of metabolism (133). Related to the insulin/PI3K
pathway, transgenic animals that overexpress LIN28B have been found to be more
sensitive to insulin and to have reduced peripheral glucose levels (142). Additionally,
LIN28B has been found to regulate glucose metabolism; its overexpression increased
the ability of muscle cells to take up glucose, while its loss results in insulin resistance
(142, 143). It seems that the association between LIN28B, let-7, and metabolism
indicates that this axis is largely controlled through let-7 dependent
pathways/regulations. Yet, in many of these experiments, the cellular basis and the
mechanism of action of LIN28B are not fully understood, and further studies are
required. Overall, given how growth signalling pathways are interrelated with cellular
metabolism, it is not surprising that LIN28B influences self-renewal and reprogramming.
Furthermore, while the LIN28B and let-7 pathway has been associated with rapid stem
cell proliferation, the dysregulation of this regulatory pairing has been implicated in
tumor development (144). Based on LIN28B’s intricate role in cellular development, a
new model has been proposed to argue that LIN28B programs metabolism and

proliferative growth to regulate stem cell self-renewal (143).
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1.3.3 LIN28B Signalling Pathways

There are two unigue pathways through which LIN28B regulates its downstream
targets. Here, these two pathways will be described, as well as illustrated in figure 1.4,
to demonstrate how LIN28B downstream targets can be expressed or inhibited in the

absence or presence of let-7, respectively.

1.3.3.1 The let-7 Dependent Pathway

Currently, the regulation of let-7 miRNAs is the best characterized mechanism of
LIN28B. The let-7 gene was initially discovered as a developmental gene and as a
MiRNA in C. elegans (143, 145, 146). The mature let-7 family members are highly
conserved, however the total number of let-7 genes varies between species (147). In
humans, the let-7 family consists of: let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-
7i, and mir-98 (148). In the human genome, the let-7 family members can be encoded
individually or as clusters with other family members (149). In the human, let-7g and let-
7i are located individually on chromosomes 3 and 12, respectively, while the other let-
7 family members are distributed among four clusters (Table 1.1) (148). While it has
been reported that let-7a and let-7c are involved in hematopoietic stem and progenitor
cell homeostasis, the exact role of other let-7 family members in mammalian
development has not yet been fully elucidated (150-153). This is due to the fact that it is

technically difficult to knock out multiple let-7 family members at once (150-153).

One of the major functions of let-7 is to promote cell differentiation (129, 148,
154). This has been reported in C. elegans, where let-7 prevented the division of stem

cells, which caused the cells to become fully differentiated (145). In more complex
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species, let-7 levels rise during embryogenesis (152). In addition, a decrease in let-7
expression has been associated with human cancers and CSCs (129, 154). These
findings have led scientists to propose that let-7 genes function to promote terminal

differentiation in development and function as tumor suppressors.

Table 1.1 Genomic Location and Conserved Clusters of the let-7 Family in
Humans

Let-7 Family Genomic Location Cluster #

Member

hsa-let-7c Chromosome 21: 16539828-
16539911 + 1

hsa-let-7e Chromosome 19: 51692786-
51692864 +

hsa-let-7a Chromosome 9: 94175957-
94176036 +

hsa-let-7d Chromosome 9: 94178834- 5
94178920 +

hsa-let-7f Chromosome 9: 94176347-
94176433 +

hsa-let-7b Chromosome 22: 46113686- 3
46113768 +

miR-98 Chromosome X: 53556223-

53556341 -

hsa-let-7g Chromosome 3: 52268278- 4
52268361 -

hsa-let-7i Chromosome 12: 62603686-
62603769 +
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Figure 1.4 LIN28B/let-7 regulatory axis. In undifferentiated cells, LIN28B is highly
expressed and blocks let-7 biogenesis by binding to pri-let-7 or pre-let-7, neither Drosha
nor Dicer, respectively, can process let-7. LIN28B recruits TUT4/TUT7 to pre-let-7 and
promotes its oligo-uridylation and degradation. When cells are differentiated LIN28B
expression decreases, which leads to increased levels of mature let-7. The latter
silences gene expression of proto-oncogenes (Ras, c-Myc, HMGA2), cell cycle
progression factors (Cyclin D1 and D3, Cdk4), and components of the insulin-PI3K-
MTOR pathway. Original drawing adapted from Mayr F and Heinemann U “Mechanisms
of Lin28-mediated miRNA and mRNA regulation — a structural and functional
perspective” (2013). International Journal of Molecular Sciences.
(10.3390/ijms140816532).
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The molecular mechanisms involved in the LIN28/let-7 axis have been studied in
great detail and have been well documented (6, 155, 156). In brief, LIN28B can bind to
both pri- and pre-let-7 and block their processing by binding to a conserved motif,
GGAG, which is found in the let-7 stem loop (117, 155, 157, 158). In the nucleus,
LIN28B can bind to pri-let-7 to inhibit it from being processed by the miRNA-processing
enzyme Drosha (159). However, the mechanisms of let-7 suppression remain poorly
understood, because LIN28B recognition depends on coordinated targeting by both the
zinc knuckle domain and the CSD, whose binding sites have not been systematically
characterized (113, 116, 117). Studies have also found that in human ESCs and
neuronal stem/progenitor cells, the RNA-binding protein musashi 1 (MSI1) can enhance
the localization of LIN28B to pri-let-7 found in the nucleus (160). LIN28B has also been
found to localize in the nucleolus where it sequesters pri-let-7 and blocks its processing
(119). In the cytoplasm, LIN28B binds to pre-let-7 to inhibit it from being processed by
Dicer, and encourages terminal uridyl transferase 4 and 7 (TUT4, TUT7) to catalyze the
oligo-uridylation and degradation of pre-let-7 (161, 162). Upon differentiation, when
LIN28B expression is silenced, pri-let-7 is cut by Drosha and subsequently moved to the
cytoplasm (156). Here Dicer, with the help of TUT4, TUT7, and TUTZ2, will create single
stranded mature let-7 miRNAs (156). Let-7 will silence the expression of proto-
oncogenes (Ras, c-Myc, HMGAZ2), cell cycle progression factors (Cyclin D1 and D3,
CDK4), components of the insulin-PI3BK-mTOR pathway, and LIN28B itself, thereby

establishing a positive feedback loop (156).
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1.3.3.2 The let-7 Independent Pathway

To date, a number of studies have found that LIN28B can operate through
pathways that are independent of let-7. Zhu and colleagues found that transgenic mice
with a LIN28 knockout presented with impaired glucose tolerance and insulin
resistance, despite no significant change in let-7 levels (142). Furthermore, research
completed by Peng et al. and Xu et al. showed that LIN28 promotes ESC proliferation in
part by binding to, and increasing the translation of, cell cycle-related mRNAs (120,
163). Together, it is clear that let-7-independent roles of LIN28 are important in
developmental contexts. However, the exact targets that are relevant for the biological
function of LIN28, and more specifically LIN28B, and how LIN28 confers specificity
when targeting these RNAs, is still unclear. While it has been noted that LIN28 primarily
targets mature mRNAs in the gene ontology (GO) categories of cell cycle regulation,
nuclear RNA-binding proteins, and genes involved in translation, further research must

be completed to understand the LIN28B/let-7 independent pathway.

1.3.4 LIN28B/let-7 Pathway in Cancer

An oncogenic role for the LIN28B/let-7 pathway has been established in a
number of cancers. Studies have demonstrated that an increase in LIN28B expression
and a loss of let-7 expression is correlated with poor prognosis and advanced
malignancies (164). In fact, studies have found that about 15% of cancers have high
LIN28A/LIN28B and low let-7 expression, including glioblastoma, ovarian, gastric,
prostate, and breast cancer (164-167). Acting as tumor suppressors, let-7 miRNAs

repress several oncogenes such as K-RAS, C-MYC, HMGAZ2, and cell cycle factors

29



such as Cyclin D1 and D2 (148). When in a state of metastasis, the loss of let-7
expression triggers the de-repression of these oncogenes which leads to tumorigenesis,
tumor growth, and advanced malignancy (164). This relationship between LIN28B and
let-7 has been demonstrated in human leukemia cells, where the depletion of LIN28B
caused a subsequent increase in let-7, which in turn decreased proliferation in the

expression of the oncogene Myc (164).

Recent studies have implicated LIN28B upregulation in a growing list of cancers,
and in some cases expression correlates with advanced tumor-stage and poor
prognosis. For example in breast cancer, LIN28B expression is positively correlated
with aggressive invasive ductal carcinoma (168). Furthermore, LIN28 can repress let-
7a, inducing EMT and facilitating breast cancer metastasis (169). In human lung cancer
cells, the overexpression of LIN28 has been found to encourage cell cycle progression
and inhibit cell proliferation by mediating let-7-g repression (170). Multiple human
hepatocellular carcinoma (HCC) cell lines and clinical patient samples have been
reported to overexpress LIN28B (171). Hyperexpression of LIN28B correlated with
decreased survival and increased tumor recurrence in patients with colorectal cancer
(172). Furthermore, LIN28B can reportedly promote ovarian cancer cell growth by
targeting insulin-like growth factor 2 (IGF2) (173). LIN28B was also found to promote
cancer cell progression in head and neck cancer cells by repressing let-7 miRNAs and
subsequently activating let-7 targets such as HMGA2, CCND2, IGF1R, and IGF2BP2
(174). Contrary to the reactivation of LIN28B in adult cancers, some cancers seen in

children may be a consequence of cells that failed to silence LIN28B expression (115).
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These childhood cancers include teratoid/rhabdoid tumors, pediatric CNSPNET, Wilms

tumors, medulloblastoma, and neuroblastoma (115).

Emerging evidence suggests that the overexpression of LIN28B in pathological
conditions plays an important role in the formation of CSCs. CSCs are cancer cells that
have characteristics that are associated with normal stem cells which gives them the
ability to initiate tumor relapse, promote metastasis, and become resistant to cancer
therapies such as chemotherapy and radiation. CSCs have characteristic cell surface
markers: CD44*, CD24*, and E-cadherin negative, with LIN28B being selectively
expressed in these cells (175). CSCs acquire an EMT phenotype through the induction
of SOX2, NANOG, OCT4, LIN28B and/or NOTCHL1 expression. These cells also exhibit
enhanced clonogenic and sphere forming ability and in vivo tumorigenicity (176).
Further functional experiments have identified a double-negative feedback loop
between LIN28 and let-7, in which LIN28 negatively regulated let-7 expression, and the
decreased expression of let-7 in turn resulted in an increased expression of LIN28
(125). This suggests a “reprogramming-like” mechanism to be responsible for

transforming CSCs (131).

1.3.5 LIN28B/let-7 Pathway in Prostate Cancer

The characteristics of the LIN28B/let-7 pathway in prostate cancer has not been
studied in depth. While several papers have published research elucidating possible
explanations on how the LIN28B/let-7 pathway promotes the development of prostate

cancer, there are no conclusive theories agreed upon in the literature.
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To date, LIN28A and LIN28B expression has been detected in some prostate
cancer cell lines (154-156). While LIN28 is not normally expressed in prostate tissues,
researchers have reported LIN28A and LIN28B expression in various prostate cancer
cell lines such as PC3, DU145, C4-2B, LNCaP, and VCaP (177-179). However, LIN28B
has only been detected in the PC3 cell line (178). While general consensus is that
LIN28B acts through let-7 in prostate cancer, there has been some disagreement as to
which let-7 miRNA is repressed. For example, while Albino et al. reported that pri-let-7b
and let-7b expression was reduced when LIN28B expression was increased in Dul45
cells, Kang et al. and Kong et al. reported that when LIN28B was overexpressed, there
was a significantly decreased expression of all let-7 miRNA family members in PC3
cells (176, 178, 180). Furthermore, Fu et al. reported a decrease in let-7a and let-7c in
Dul45 cells and Nadiminty et al. found there to be a decrease in let-7c in C4-2B cells
(176, 178, 180-182). However, a serious limitation to these experiments is that no
researchers have ever determined the expression of the entire let-7 family. Further work
needs to be performed to establish how the results from these various studies coincide,
which may be elucidated by using a prostate cancer cell panel to determine the

expression of the entire let-7 family.

Many hypothesis have been proposed to elucidate how LIN28B functions to
promote prostate cancer growth. LIN28A/B staining is strong in benign prostate tissues
is seen almost exclusively in the basal cell layer with no staining in the luminal epithelial
compartment (179). This can be explained by the following: LIN28A/B is highly
expressed in progenitor cells, and the basal cell compartment is generally considered to

harbor putative prostate stem cells. Therefore, it is logical that the benign prostate gland
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highly expresses LIN28A/B in the basal cell layer. Furthermore, a shift from mostly
nuclear localization in benign prostate to a nuclear/ cytoplasmic or mostly cytoplasmic

localization occurs in prostate cancer (179).

LIN28B expression has been reported to increase prostate cancer cell
proliferation and promote prostate tumor growth through various downstream targets.
For example, studies have reported that, through the upregulation of LIN28B and the
repression of let-7, various downstream oncogenic markers such as c-Myc and cyclin
D1 are upregulated (178, 179). Most notable is the finding that prostate cancer cells
overexpressing platelet derived growth factor (PDGF), which contributes to an EMT
phenotype, is strongly associated with cancer cell invasion and tumor metastasis, and is
consistent with characteristics that are known to be associated with cancer stem-like
cell (176). This study also found that the expressions of SOX2, NANOG, POUS5F, and
LIN28B were dramatically up-regulated in PC3 PDGF-D cells. More importantly, the
knockdown of SOX2, NANOG, POUS5F, and LIN28B by siRNA transfection repressed
prostasphere-forming capacity of PC3 PDGF-D cells (176). Other studies have shown
that, LIN28B expression is elevated in the CSC subpopulation of prostate cancer cell

lines compared with the bulk tumor cell population (180).
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1.4 Hypothesis

Analysis of the Beltran 2016 cohort of tumors from patients with NEPC, available
through cBioPortal, allowed us to distinguish two classes of t-NEPC tumors; one with
high LIN28B expression and the second with low LIN28B expression. Based on this
information, as well as the theory that the transition from AdPC to NEPC may occur as a
result of an intermediate stem-like phenotype, we hypothesized that LIN28B may
promote proliferation and trans-differentiation, which contributes to t-NEPC progression.
In this study, we aimed to investigate LIN28B expression in prostate cancer cells, as
well as study the molecular mechanisms that may contribute to the overexpression of

LIN28B in t-NEPC.

Aim 1: Investigate the expression of the LIN28B and let-7 gene in prostate tumors and
cancer cells.
Aim 2: Determine the role of LIN28B in regulating SOX2 in neuroendocrine prostate

cancer progression.

Aim 3: Determine the role of LIN28B in regulating key cancer stem-like properties in

neuroendocrine prostate cancer progression.

Aim 4: Determine how LIN28B expression affects the development and growth of

xenograft tumors.
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Chapter 2: Materials and Methods

2.1 Cell Lines and Cell Culture

Human PCa cell lines C4-2, DU145, LNCaP, NCI-H660, PC-3, VCaP, and 22RV1
were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA).
The androgen-independent human PCa cell line LNCaP95 (LN95) was kindly provided
by Dr. Alan Meeker (Johns Hopkins University; Baltimore, MD, USA). Human PCa cell
line RWPE-1 and embryonic kidney cell line 293T were kindly provided by Dr. Michael
Cox and Dr. Ralph Buttyan, respectively, from the Vancouver Prostate Centre (VPC;
Vancouver, BC, Canada). The small cell lung cancer (SCLC) cell line NCI-H69 was
kindly provided by Dr. YZ Wang from the VPC. The LnNE and DuNE cell models, along
with their control cells, were previously established by our group (65, 101). To create
these cell lines, lentiviral expression vectors (pFUGWBW) encoding Flag-SRRM4 and
empty control vectors were used to package lentivirus in 293T cells and transduce
target LNCaP and DU145 cells (65, 69). The transduced cells were then selected by
blasticidin (Gibco Life Technologies), and the expression of SRRM4 was confirmed by

real-time gPCR and immunoblotting assays (65, 69).

DU145, DuNE, PC-3, VCaP, and 293T cells were cultured in Dulbecco's Modified
Eagle Medium, high Glucose/L-glutamine, (DMEM; Hyclone, Logan, UT, USA) with 10%
fetal bovine serum (FBS; Gibico, Waltham, MA, USA). C4-2, LNCaP, and 22RV1 cells
were cultured in Roswell Park Memorial Institute 1640 (RPMI-1640; Hyclone) medium
with 10% FBS. LNP95 cells were cultured in phenol-free RPMI-1640 medium with 10%
charcoalstripped serum (CSS; Hyclone). NCI-H660 cells were cultured in HITES

medium (RPMI-1640 medium containing 0.005 mg/ml Insulin, 0.01 mg/ml transferrin, 30
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nM sodium selenite, 10 nM hydrocortisone, 10 nM beta-estradiol, and 2 mM L-
glutamine) with 10% FBS. NCI-H69 suspension cells were cultured in RPMI-1640
medium with 10% FBS, 100 pug/ml streptomycin, and 100 units/ml penicillin. RWPE-1
cells were cultured in Keratinocyte-SFM (1X) medium with human recombinant
epidermal growth factor 1-53 and bovine pituitary extract supplements (Gibco). Cells
were incubated in 5% COz at 37°C. All cell lines used tested negative for mycoplasma

contamination and were authenticated by short tandem repeat assays.

2.2 DNA and RNA Transfections

Cells were transfected with miRIDIAN microRNA human hsa-let-7d-5p mimic
(cat#: C-300478-07-0002, Dharmacon; Lafayette, CO, USA), miRIDIAN microRNA
mimic negative control (cat#: CN-001000-01, Dharmacon), or TRC LIN28B shRNA
(cat#: RHS4533-EG389421, Dharmacon) using Lipofectamine 3000 (Life Techologies;
Burlington, ON, Canada) according to the manufacturer’s protocol. Transient DNA
plasmid transfections also used Lipofectamine 3000. Detailed information on plasmid

DNA and mimicRNA is listed in table 2.1.

Table 2.1 RNA and Plasmid Information

Reagent Provider Catalogue #
MiRIDIAN microRNA
human hsa-let-7d-5p Dharmacon C-300478-07-0002
mimic

”?'R.'D'AN mlcroRNA Dharmacon CN-001000-01
mimic negative control

TRC LIN28B shRNA Dharmacon RHS4533-EG389421

Addgene; pcDNA3-FLAG-
pcDNA3-FLAG-Lin28B | Lin28B was a gift from Narry 51373
Kim
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Addgene; pGL3-IRES-

pGL3-IRES-Lin28b-P3 Lin28b-P3 was a gift from 64794
Joshua Mendell
Addgene: MSCV puro let-7
MSCV puro let-7 sponge | sponge was a gift from Phil 29766
Sharp
Addgene; pMXS-hs-HMGA2
pMXS-hs-HMGA2 was a gift from Shinya 52727
Yamanaka
Addgene; pCCLc-U6-
pCCLc-U6-shHMGA2.3- | shHMGAZ2.3-PGK-dTomato 89606
PGK-dTomato was a gift from Fernando
Fierro
Addgene; pGL3-Sox2 was a
PGL3-Sox2 gift from Yuh-Shan Jou 101761
2.3 gPCR

Gene expression was analyzed using real-time quantitative polymerase chain

reactions (QPCR).

RNA Extraction: Total RNA was extracted using Trizol® (Ambion; Waltham, MA,

USA) reagent according to the manufacturer’s protocol. Specifically, cell medium was

vacuumed and 1 mL of Trizol® reagent was added to the plate of cultured cells. After 5

minutes, the cell lysate and Trizol® mixture was transferred to a 1.50 mL Eppendorf
tube and allowed to homogenize for 5 minutes at room temperature. Then, 200 uL of
chloroform was added to the tube, and the tube was shaken by hand for 30 seconds.
After incubating the tube at room temperature for 5 minutes, the cell lysates were
centrifuged at 12,000 g for 15 minutes at 4°C. The upper aqueous phase was then
removed and transferred to a new tube without disturbing the interphase or lower
phase. Then, 500 pL of 100% isopropanol was added to the upper aqueous phase,

incubated for 10 minutes at room temperature, and centrifuged at 12,000 g for 10
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minutes at 4°C. After centrifuge, the supernatant was removed, and the RNA pellet was
washed with 1 mL of 70% ethanol. After the ethanol was removed, the RNA pellet was
allowed to air dry for 10 minutes or until becoming transparent. 20-50 uL of RNase-free
water was added to each Eppendorf tube to dissolve the RNA pellet, followed by
incubation for 10 minutes at 65°C. The RNA concentration and purity (260/280 > 1.9

and 260/230 > 2.0) was measured by NanoDrop2000.

Reverse Transcription: 2 ug of total RNA was reverse transcribed using 1 pL of
10 mM dNTP mix and 1 pL of 10 uM Random Hexamers. This solution was incubated at
65°C for 5 minutes. When reverse transcribing miRNA samples, 1 pL of a specifically
designed 10 uM stem loop primer was added to the solution instead of the Random
Hexomers. Then, a 7 ul of master mix containing 4 pL of 5X First Strand Buffer, 2 uL 0.1
M dithiothreitol (DTT), 0.5 yL SuperScript Il Reverse Transcriptase (Invitrogen;
Waltham, MA, USA), and 0.5 yL double-distilled water (ddH20) was added to the

mixture to create cDNA.

Real-Time gPCR: Reactions were prepared using SYBR® Green reaction mix
(Roche; Basel, Switzerland). Real-time gPCR was performed using an ABI ViiA7
machine (Applied Biosystems; Burlington, ON, Canada). The default cycle settings on
the machine were used: 2 minutes at 50°C and 10 minutes at 95°C, followed by 40
cycles of 15 seconds at 95°C and 1 minute at 60°C. Relative quantification of gene
transcription was measured by comparing the AACt values of the housekeeping gene
GAPDH to the gene-of-interest. All real-time gPCR experiments were carried out with at
least three technical replicates and three independent biological replicates. Primer

information is listed in Table 2.2.
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Table 2.2 RT-qPCR Primer Information

I:\lr::]ir Forward Primer Sequence (5’-3’) Reverse Prlmgl")Sequence (5™
ALDH1A2 | TTGCAGGGCGTCATCAAAAC | ACACTCCAATGGGTTCATGTC
ASCL1 CCCAAGCAAGTCAAGCGACA | AAGCCGCTGAAGTTGAGCC
CCNF AGGACAAGCGCTATGGAGAA | TCTGTCTTCCTGGAGGCTGT
CDH1 ATTTTTCCCTCGACACCCGAT TCCCAGGCGTAGACCAAGA
CDH2 TGCGGTACAGTGTAACTGGG | GAAACCGGGCTATCTGCTCG

CDK6 CCAGATGGCTCTAACCTCAGT | AACTTCCACGAAAAAGAGGCTT
CHGA | TAAAGGGGATACCGAGGTGATG | TCGGAGTGTCTCAAAACATTCC
CHGB | CGAGGGGAAGATAGCAGTGAA | CAGCATGTGTTTCCGATCTGG
FOXC1 | TGTTCGAGTCACAGAGGATCG | ACAGTCGTAGACGAAAGCTCC
FOXD3 TCACGCACCAATTCTAACGC CACGGCTTGCTTACTGAAGG
GAPDH | GGACCTGACCTGCCGTCTAGAA GGTGTCGCTG(;TGAAGTCAGA
HEY1 GTTCGGCTCTAGGTTCCATGT | CGTCGGCGCTTCTCAATTATTC
HMGA2 AGTCCCTCTAAgGCAGCTCAAAA GCCATTTCCTAGGTCTGCCTC
ID4 GGCCACTCAAGCAGCATTTG | TCTGGTTGCCTGGTTAGGAC
IGDCC3 TCATCGGCATCCACATCG GAGGACCCTGCCCCTTTG
IGF2BP1 | GGCCATCGAGAATTGTTGCAG | CCAGGGATCAGGTGAGACTG
INTS2 GTCTCTTGGTGGCCAATGTT | AGGGCCTGAGAAGGATTCAT
KRTS | TCCTCAGGCAGCTATATGAAGAG GGTTGGCAATATT CCTCGTACTG
LIN28B | TGTAGTCTACCTCCTCAGCCAA | ATTCTGCTTCCTGTCTTCCCTG
. CCAGCTGGGTGAGGTAGTAGGT | CTGGTGTCGTGGAGTCGGCAA
miR-let-7a TGT T
. CCAGCTGGGTGAGGTAGTAGGT | CTGGAGCTAGTTTCGTCGTAG
miR-let-7b
TGT GG
miR-let-7¢ CCAGCTGGGTT%ATGGTAGTAGGT TCCAGTGCAGGGTCCGAGGTA
. CCAGCTGGGAGAGGTAGTAGGT | CTGGTGTCGTGGAGTCGGCAA
miR-let-7d TGC o
. CCAGCTGGGTGAGGTAGGAGGT | CTGGTGTCGTGGAGTCGGCAA
miR-let-7e TGT T
. CCAGCTGGGTGAGGTAGTAGAT | CTGGTGTCGTGGAGTCGGCAA
miR-let-7f1 TGT T
. CCAGCTGGGTGAGGTAGTAGTT | CTGGTGTCGTGGAGTCGGCAA
miR-let-7g
TGT T
miR-let-7i CCAGCTGGGTF%ATGGTAGTAGTT TCCAGTGCAGGGTCCGAGGTA
. CCAGCTGGGTGAGGTAGTAAGT | CTGGTGTCGTGGAGTCGGCAA
miR-98
TGT T
SCGN GGCCATTTCTGAGGCTAAACT | CCCCTCCTGTTTIACTAACATC

A
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SIX2 AAGGCACACTACATCGAGGC CACGCTGCGACTCTTTTCC
SOX2 GCCGAGTGGAAACTTTTGTCG GGCAGCGTGTTACTTATCCTTC
SYP TTAGTTGGGGACTACTCCTCG GGCCCTTTGTFLATTCTCTCGG
SYT4 ATGGGATACCCTACACCCAAAT TCCCGAGAGA.\F(.?FGAATTAGAAC
U6 GCTTCGGCAGCACATATACTAAAA | CGCTTCACGAATTTGCGTGTC
T AT
I:‘lr:rnneer Stem Loop Primer Sequence (5’-3’)
miR-let-7a | CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAACTATAC
miR-let-7b | CTCAACTGGAGCTAGTTTCGTCGTAGGGCAGTTGAGAACCACAC
. GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACA
miR-let-7¢ ACCAT
miR-let-7d | CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAACTATGC
miR-let-7e | CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAACTATAC
miR-let-7f1 | CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAACTATAC
miR-let-7g | CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAACTGTAC
. . | GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACA
miR-let-7i ACAGC
miR-98 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAACAATAC
U6 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAAAAATATG

2.4 Western Blot

After being washed with PBS and centrifuged at 8000 g for 3 minutes at 4°C,

cells were lysed in lysis buffer containing 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1%

NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS) with

proteinase and phosphatase inhibitors (Roche) in 1.50 mL Eppendorf tubes. The cell

lysate was then sonicated and centrifuged at 12,000 g for 10 minutes at 4°C. The

supernatant was then collected and transferred to a new 1.50 mL Eppendorf tube.

Protein concentration was then measured with the Pierce BCA Protein Assay Kit

(ThermoFisher Scientific; Missisauga, ON, Canada) according to the manufacturer’s

protocol. Approximate equal weights of total protein (40-60 pg) were then mixed with
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and denatured by SDS and boiled for 5 minutes at 95°C. Protein samples were loaded
onto a 8-15% SDS polyacrylamide gel and separated by electrophoresis and transferred
onto a polyvinylidene difluoride (PVDF) membrane (Millipore; Bedford, MA, USA).
Transfers were performed using the semi-dry transfer method (40-60 minutes at 25 V at
room temperature with the Trans-Blot® SD Semi-Dry Transfer Cell). Membranes were
blocked with Odyssey Blocking Buffer for 1 hour at room temperature. The membranes
were then immunoblotted with specific primary antibodies (1:500 to 1:2000 dilution)
listed in table 2.3 overnight at 4°C. After 3 x 10 minute washes with the tris-buffered
saline plus TWEEN-20 (TBS-T) buffer, the membranes were washed in secondary
antibodies (rabbit/mouse IgG-HRP, Santa Cruz; Dallas, TX, USA) at a dilution of
1:10,000 for 1 hour at room temperature. After three additional 10 minute washes in
TBS-T, the membranes were probed by Pierce ECL Western Blotting Substrate
(ThermoFisher Scientific) and imaged and developed using autoradiography films and a
film processor (EL-RAD; Vancouver, BC, Canada). All Western blot experiments were
carried out with at least three technical replicates and three independent biological

replicates.
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Table 2.3 Antibody Information

Antibody Vendor Catalogue Application Dilution
Number
CD44 APC eBioscience 17-0441-82 FC 1:10
CD133 APC Miltenyi Biotec | 130-098-829 FC 1:10
E-Cadherin Santa Cruz Sc-7870 WB 1:1000
N-Cadherin Abcam ab76011 WB 1:1000
Histone H3 Abcam ab1791 WB 1:1000
HMGA2 Thermo Fisher PA5-21320 WB 1:1000
Lin28B Proteintech 16178-1-AP IF, IHC 1:25
Lin28B Abcam ab71415 WB 1:500
Snai2 (Slug) Abcam ab27568 WB 1:1000
Snail Cell Signaling 3895 WB 1:1000
SOX2 Novus NB110-37235 IHC 1:25
Biologicals
SOX2 Cell Signaling 3579S WB 1:1000
Tubulin Abcam ab18251 WB 1:1000
Vinculin Sigma Aldrich V9131-2ML WB 1:2000
7-AAD BD 51-68981E FC 1:10
Pharmingen

* FC = Flow Cytometry

* |F = Immunofluorescence

* [HC = Immunohistochemistry
* WB = Western blot

2.5 Luciferase Reporter Assay

DU145, DuNE, H69, LNCaP, and LnNE cells were transiently transfected with

either pGL3-IRES-Lin28b-P3, pGL3-Sox2, or control, as well as a Renilla luciferase

vector. 24 hours post transfection, cells were collected, washed with PBS, and lysed

with passive lysis buffer. The luciferase activity of the cell lysates were determined

using the Dual-Luciferase Reporter Assay System (Promega; Madison, WI, USA) on the

Tecan Infinite 200 Pro (Tecan Group Ltd.; M&nnedorf, Switzerland) according to the

manufacturer's protocol. Renilla values were used as transfection controls and

transfection efficiency was normalized to renilla luciferase activities. All luciferase
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reporter assays were carried out with at least three technical replicates and three

independent biological replicates.

2.6 MTS Incorporation Assay

2D proliferation rates were measured using the CellTitre® 96 AqueousOne kit
(Promega) according to the manufacturer’s protocol. 2D-proliferation rates were
measured at an OD of 490nm every other day for 9 days post-seeding. Each
experiment contained six technical replicates, and three independent experiments were

performed.

2.7 3D In vitro Tumorsphere Formation Assays

Matrigel® (Corning; New York, NY, USA) was thawed overnight on ice at 4°C.
Using ice-cold DMEM medium with 10% FBS, Matrigel® was diluted to 5 mg/mL. Then,
a 48-well plate was coated by adding 50 uL of Matrigel matrix to each well. The plate
was then incubated at 37°C for 30 minutes to form a gel. During this time, following
standing passaging protocol, cells were centrifuged into a pellet and re-suspended in
DMEM medium with 10% FBS to adjust the cell density to 3x10° cells/mL. 15 pL of the
prepared cell suspension was then added to 135 pL of Matrigel® for a final density of
3x10% cells/mL. 150 pL of the matrix cell mix was added into each well, and the plate
was incubated at 37°C for 30 minutes, where 250 yL of DMEM medium with 10% FBS
was added to each well. Cells were maintained in culture for 7 days, with the medium

refreshed every 2 days. Tumorspheroids were imaged using the Zeiss AxioObserver Z1
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light microscope (Carl Zeiss AG) at 35x magnification. Two technical replicates and

three independent biological replicates were performed.

2.8 Flow Cytometry and Fluorescence-Activated Cell Sorting (FACS)

Flow Cytometry: Cells were first detached from 10.0 cm non-coated plates by
adding 3.0 mL of 1 mM ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich; St.
Louis, MI, USA) to the dish and subsequently incubating it for 2 minutes at 37°C. To
ensure that each 1.50 mL Eppendorf tube had 1.0x10° cells/mL in it, a TC20™
Automated Cell Counter (Bio-Rad Laboratories; Hercules, CA, USA) was used to count
the cells. Eppendorf tubes were then labelled as one of the following: unstained control,
isotype control (one tube with all isotypes), positive control(s) (one tube for each
fluorophore), and 7-Aminoactinomycin D (7-AAD). A fluorophore is a fluorescent protein
that is often co-expressed with the protein of interest. Antibodies that were used as
positive controls are listen in table 2.3. Samples were then centrifuged at 1500 g for 5
minutes at 4°C, and the supernatant was suctioned off using a pipette to avoid
damaging the cells. 400 pL of FACSWASH (0.5% BSA in PBS) was then added to each
sample and the centrifugation process was repeated, with the supernatant suctioned off
using a pipette. 10.0 pL of Fc Blocker (BD Biosciences; San Jose, CA, USA) was added
to each sample, and the samples were incubated for 10 minutes at room temperature.
Then, 50.0 pL of a 1:1600 dilution of Biotin-EpCAM (Abcam) was added to the positive
control samples, and the Eppendorf tubes were incubated for 30 minutes on ice. While
the samples were incubating, 1:10 positive control antibodies were made by diluting the

antibodies with FACSWASH, and 40.0 pL of the antibody solution was added to each
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sample and incubated for 30 minutes on ice. Cells were then washed three times with

300 pL of FACSWASH and subsequently resuspended in 400.0 uL of FACSWASH.

FACS Analysis: Relative DNA contents from 2.0x10° cells were analyzed by
FACSCanto Il flow cytometer (BD Biosciences) and data were analyzed using FlowJo
software (TreeStar; Woodburn, OR, USA). Each experiment contained two technical

replicates, and three independent experiments were performed.

2.9 Fluorescence Microscopy Immunofluorescence (IF)

2.0 x 10% DuUNE cells were seeded on coverslips and fixed after 24 hours for
immunofluorescence (IF). After the blocking solution was aspirated, diluted LIN28B
(Proteintech) primary antibody was applied to the cells and incubated for 1.5 hours at
room temperature. Antibody information is listed in table 2.3. After washing with 1x PBS
3 times for 3 minutes, Rhodamine-Goat anti-Rabbit IgG (Invitrogen) was applied to the
cells and incubated for 1 hour at room temperature in a dark, moist environment. After
washing with 1x PBS 3 times for 3 minutes, coverslips were mounted with Vectashield®
mounting medium with DAPI (Vector Laboratories; Burlingame, CA, USA). Cells were
imaged using the Zeiss AxioObserver Z1 (Carl Zeiss AG; Oberkochen, Germany)
microscope. Each experiment contained two technical replicates, and three independent

experiments were performed.

LIN28B subcellular localization was also confirmed by Western blotting nuclear
and cytoplasmic extracts from cells transfected with Flag-tagged LIN28B using a

nuclear protein extraction kit (Sigma) according to the manufacturer’s instructions.
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2.10 Tissue Microarray (TMA)

The CRPC tissue microarray (TMA) containing 100 tissue cores from 50 patients
that had undergone hormonal therapy, chemotherapy, or radiotherapy was obtained
from the tissue bank at VPC. This TMA was used for Chapter 3. The histopathology of
the primary tumors (n=16), CRPC (n=54), and t-NEPC tumors (n=30) have been

previously reported and characterized (65).

2.11 IHC Assays and Digital Image Analysis
IHC Assays: IHC staining was conducted with the Discovery XT autostainer
(Ventana Medical Systems; Oro Valley, AZ, USA) and examined with their UltraMap™

DAB kit (Ventana Medical Systems). Antibodies used for IHC are listed in table 2.3.

Digital Image Analysis: All stained slides were digitalized with the SL801
autoloader and Leica SCN400 scanning system (Leica Microsystems; Wetzlar,
Germany) at a magnification equivalent to 40X (scale bar, 100 um). The images were

subsequently stored in the VPC SlidePath digital imaging hub (Leica Microsystems).

2.12 lon AmpliSeq Transcriptome Sequencing and Gene Set Enrichment Analysis
(GSEA)

lon AmpliSeq Transcriptome Sequencing: DUNE shCntl and DuNE shLIN28B
cells were extracted using the mirVana™ RNA Isolation Kit (Ambion) according to the
manufacturer’s protocol. The quality of the RNA samples was assessed by Nanodrop™
2000 and 2100 Bioanalyzer (Caliper Life Sciences; Hopkinton, MA, USA). Samples
were then sent for lon AmpliSeq Transcriptome Sequencing. Next, lon AmpliSeq

transcriptome library preparation, sequencing, and primary analyses were completed by
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the UBC-DMCBH Next Generation Sequencing Centre (Vancouver, BC, Canada)
following the protocol detailed by Li et al. (65). In summary, cDNA was synthesized from
100 ng of total RNA using the SuperScript® VILOTM cDNA Synthesis kit (Invitrogen)
and amplified with lon AmpliSeq™ technology (ThermoFisher Scientific). cDNA libraries
were diluted to 100 pM and amplified on lon Torren OneTouch™ 2 instrument
(ThermoFisher Scientific) using emulsion PCR. Templated libraries were then subjected
for sequencing of >20,000 RefSeq transcripts using the lon Torrent Proton™

sequencing system (ThermoFisher Scientific).

Gene Set Enrichment Analysis (GSEA): GSEA was carried out to determine
whether a defined set of genes showed concordant enrichment between two sample
groups (e.g. shLIN28B vs Cntl) or two clinical phenotypes (e.g. t-NEPC with high vs low
LIN28B expression). The analyses in Chapter 3 were performed using the latest
MSigDB database for each gene set collection or using gene sets curated based on
published data. Heatmaps were constructed based on the results of the AmpliSeq data.
GSEA analyses in Chapter 3 used whole transcriptomic data with a p-value cut-off as

0.01.

2.13 Construction of prostate cancer cell lines by GeneArt™ CRISPR technology
DuNE cells with destructed exon 1 of LIN28B were generated using the
GeneArt™ Precision gRNA Synthesis Kit (Invitrogen A29377) and GeneArt™
Platinum™ Cas9 Nuclease (Invitrogen B25640) according to the manufacturer’s
protocol. The sequences for the guide RNA (gRNA) synthesis were designed using the

GeneArt™ CRISPR Search and Design tool (thermofisher.com/crisprdesign). Cells
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underwent selection for single cell colonies in 96 well plates. Successful depletion of
LIN28B was confirmed by immunoblotting assays using LIN28B antibody and Sanger

sequencing on PCR products amplified from genomic DNA extracted selected colonies.

2.14 Clinical and PDX Datasets

Clinical cohorts used in Chapter 3 include the following: RNA-seq data for the
Beltran 2016 cohort (CRPC-Ad, n=34; t-NEPC, n=15) was from Weill Medical College of
Cornell University (New York, NY, USA) and was accessed through cBioPortal (89).
RNA-seq dataset of the DUNE and LnNE cell models were previously reported by our
lab, and were accessed under the accession number GSE118104 and GSE86942 in the
Gene Expression Omnibus (GEO) database, respectively (101, 183). cDNA samples
from the LTL patient derived xenograft (PDX) models were shared by Dr. Yuzhuo Wang
from the VPC and were accessed under the accession number GSE41193 in the GEO
database. Microarray data from the Living Tumor Laboratory (LTL) 331-7 and 331-7-R
castration time-series PDX model was accessed under the accession number
GSE59986 from the GEO database (184). Sequencing data for the GEMMs including
the Ku et al. (WT; wild-type, SKO; single knock-out, DKO; double knock-out, TKO; triple
knock-out) (100) was accessed under the accession number GSE90891 and Zou et al.
NPp53 cohorts (92) was accessed under the accession number GSE92721 from the
GEO database. Lastly, RNA-seq dataset for the Stand Up 2 Cancer (SU2C) data was
obtained from cBioPortal. Descriptions on how data was collected for each database

and key findings from the studies are located in table 2.1.
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Table 2.4 Clinical and PDX Dataset Information

Model Description of Samples Characteristics of Samples
e Tumors and germline DNA was Tumors were classified
collected from 81 male subjects based on
either from peripheral blood histomorphology as
mononuclear cells or benign tissues adenocarcinoma (A) or
CRPC-NE (B-E)
A: Usual prostate
adenocarcinoma without
neuroendocrine
differentiation
Beltran ,
2016 B: Usual prostate
Cohort adenocarcinoma W|_th
>20% neuroendocrine
differentiation
C: Small-cell carcinoma
D: Large-cell
neuroendocrine
carcinoma
E: Mixed small-cell
carcinoma-
adenocarcinoma
e Lentiviral expression vectors Reduced E-Cadherin and
(PFUGWBW) encoding Flag-SRRM4 pan-cytokeratin levels,
and empty control vector were used compared to its
to package lentivirus in 293T cells respective control
and transduce Du145 cells Strong expression of the
e Transduced cells were selected by NE marker SYP
blasticidin Ki-67 positive
e Expression of SRRM4 was Cells grew in high density
confirmed by real-time gPCR and with minimal stromal
immunoblotting assays components
DuNE Cell The phenomenon that
Model occurred are similar to

what occurs when tumors
form from NCI-H660
cells, which is a known
NEPC model

The DuNE model
represents a clinically
relevant model to study
the SRRM4-SOX2 axis
during t-NEPC
progression
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Lentiviral expression vectors
(pPFUGWBW) encoding Flag-SRRM4
and empty control vector were used
to package lentivirus in 293T cells
and transduce LNCaP cells
Transduced cells were selected by
blasticidin

30% decrease in REST,
130-fold increase in
REST4 mRNA levels,
compared to its
respective control

Strong expression of the
NE markers CHGB, SYP,

"”I\')'fd;e" Expression of SRRM4 was SCG3, SCGN, NSE,
confirmed by real-time gPCR and ASCL1, and SYT4
immunoblotting assays These results indicate

that SRRM4 alternatively
splices the REST gene,
and that contributes
additively to NEPC
transdifferentiation
Fresh primary or metastatic prostate The adenocarcinoma
cancer samples were collected from tumors preserved their
18 patients directly after surgery or glandular structure and
biopsy and were transplanted into retained AR and PSA
male SCID mice supplemented with expression
testosterone The NEPC tumors
Tumor lines were established and presented as oval tumor
expanded for a minimum of five cells with minimal

LTL PDX ) : :

Model generations of gerlal passaging cy.top'lasfm and frequent
The two tumor lines with the shortest mitotic figures
latency before line establishment The NEPC tumors were
and the fastest tumor volume negative for AR and PSA
doubling time were derived from but positive for CHGA
metastatic NEPC and SYP
The remaining tumor lines represent
adenocarcinoma
Upon host castration, primary LTL331/331R is the first-
adenocarcinoma (LTL331) initially PDX model of AdPC-to-
regressed, but then relapsed as NEPC transdifferentiation

LTL331/33 typical NEPC (LTL331R) The transdifferentir_:\tion

1R AdPC- process observed in the

to-t-NEPC LTL331/331R model is

Model predlctlve of dlse_ase

progression and is
recapitulated in the donor
patient, which suggesting
a strong clinical relevance

WT/SKO/ 2? mouse samples; 4 WT and 23 SKO cancer was similar

DKO/TKO with floxed alleles to human AdPC

GEMMs
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The gene expression profile of
prostate tumors from mice with

different genotypes were compared

using the following mice models:
PBCre4:Ptenfl/,
PBCre4:Ptenfl/fl:Rb1fl/fl, and
PBCre4:Ptenfl/fl:Rb1fl/fl: Trp53fl/fl,
where fl = floxed alleles of the
indicated genes

DKO and TKO cancers
were similar to human
NEPC

TKO mice developed
aggressive prostate
cancer with a median
survival of 16 weeks

TKO mice expressed high
SYP and low AR and
AKT

These observations
support the conclusion
that Rb1 and Trp53 co-
operate to suppress
prostate cancer lineage
plasticity, underlying the
development of NEPC

NPp53
GEMMs
Cohort

Prostate tissue or tumor from: 9
month old Nkx3.1CreERT2/+ mice,
14 month old Nkx3.1CreERT2/+;
Ptenflox/flox mice, 16 month old
Nkx3.1CreERT2/+; Ptenflox/flox
mice, 12 month old
Nkx3.1CreERT2/+;
Ptenflox/flox;P53flox/flox mice, 13
month old Nkx3.1CreERT2/+;
Ptenflox/flox;P53flox/flox mice
Tissues or tumors were harvested,
and snap frozen for subsequent
molecular analysis

SOX11 expression was
significantly up-regulated
in high Gleason grade
primary tumors, as well
as in CRPC-NE relative
to CRPC-Ad

CRPC-NE tumors had
increased levels of NSE
and SYP, relative to
CRPC-Ad

Treatment-

related NPp53 CRPC
phenotype shares
molecular features in
common with human
CRPC-NE

Both focal and overt
neuroendocrine
differentiation arises by
transdifferentiation of
luminal prostate
adenocarcinoma cells
TP53 and PTEN
inactivation plays a role in
the progression of
adenocarcinoma to
CRPC-NE by
transdifferentiation
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sSu2C
2015
Cohort

High quality DNA and RNA was
obtained from 150 bone or soft
tissue biopsies

Central pathology revealed high-
grade adenocarcinoma with four
cases showing neuroendocrine
differentiation

Deviations in AR, TP53
and PTEN occurred in
40-60% of cases

TP53 and AR alterations
were the highest in
metastatic CRPC
compared to primary
prostate cancer

2.15 Statistics

Statistical analyses were carried out using R (version 3.3.2). All results are

expressed as the mean + SD. Statistical analyses were done using GraphPad Prism

(version 6). One-way ANOVA or unpaired Student’s t-tests were carried out to

determine differences between groups. Correlation between two expression groups

were measured by Pearson’s r correlation coefficient. The level of significance was set

at P<0.05, P<0.01, P<0.001, P<0.0001 denoted as *, **, *** and **** respectively.

2.16 Technical Support

| would like to thank Ms. Sonia Kung for her help and persistence with the IHC

staining. | would also like to thank Dr. Mannan Nouri for sharing his flow cytometry

protocol and his expertise in analyzing FACS data.
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Chapter 3: Results

3.1 LIN28B expression is positively correlated with t-NEPC progression

The relationship between LIN28B, plasticity, and stemness in cancer
development has recently become an area of interest as its role in RNA regulation has
been linked to altered miRNA expression during ESC differentiation and somatic cell
reprograming (185). While other core embryonic stem cell factors, such as SOX2 and
POUS5F1, have been implicated in tumorigenesis, advanced malignancy, and stemness
properties in prostate cancer, the role of LIN28B in t-NEPC development and how it
relates to stemness is unclear (99, 186). We previously reported that, through the
upregulation of a pluripotency gene network, there are distinct subgroups of t-NEPC
tumors that express stem-like characteristics (101). To expand upon these findings and
define the clinical relevance of these core ESC genes in t-NEPC development, we
examined LIN28A, LIN28B, SOX2, POU5F1, and NANOG expression in the RNA-seq
data of the Beltran 2016 patient cohort as well as in the NEPC cell models LhnNE and
DuNE (Fig. 3.1A). Tumors in the 2016 Beltran cohort could be distinguished by
distinctive expression levels of LIN28B. There were 7 t-NEPC tumors with low LIN28B
expression, t-NEPC(LIN28B'"), similar to that of the CRPC-Ad tumors, while the
remaining 8 t-NEPC tumors expressed a ~98.6-fold increase in LIN28B expression, t-
NEPC (LIN28BM") (Fig. 3.1A, Appendix Ai). The t-NEPC(LIN28B"9") tumors overlapped
with the previously reported t-NEPC(SOX2"9") tumors (101), but not with any of the
other embryonic stem cell genes, signifying a potential positive correlation between
LIN28B and SOX2 expression. We also found that the DuNE, but not the LnNE, cell
model had a significant increase in both LIN28B and SOX2 expression, compared to

their respective control cell lines (Fig. 3.1A). The previously established LnNE model

53



illustrates the long term progression from AdPC to NEPC as demonstrated by its
gradual decrease in PSA as well as its neuronal-like phenotype, whereas the DUNE
model recapitulates the phenotypes of clinical t-NEPC tumors expressing stem-like
characteristics (65, 101). This data demonstrates that different subgroups of t-NEPC
tumors exist, where the division of the two subgroups is evident based on the robust
difference in LIN28B expression levels. While exploring RNA-seq data reported by
Beltran et al. (2016) and SU2C from cBioPortal (2016), we observed a negative

showed positive associations between NEPC and LIN28B expression (Fig. 3.1B), and
the LTL331/331R PDX model that demonstrates the progression of AdPC to t-NEPC
after castration surgery showed that LIN28B was positively correlated with SOX2 and
SYP, but negatively correlated with AR expression (Fig. 3.1C). Furthermore, analyses of
the recently reported WT/SKO/DKO/TKO GEMMs model by Ku et al. (2017) revealed
that LIN28B was positively expressed in the TKO/DKO samples (Fig. 3.1D). In the
NPp53 GEMMs model by Zou et al. (2017) LIN28B expression was significantly
increased in the overt NE, but not the focal NE samples (Appendix Aiv). Interestingly,
LIN28A expression was not statistically increased in the Beltran et al. (2016), cBioPortal

(2016), or LTL331/331R PDX models (Appendix B).

We then analyzed and compared the expression level of LIN28B among prostate
cancer cell lines. Absolute real-time qPCR, immunoblotting (Fig. 3.2A), luciferase
assays (Fig. 3.2B), and IHC (Fig. 3.2C) showed that LIN28B expression was low in all
AdPC cell lines, but high in the well-established NEPC cell model, NCI-H660, as well as

in the SCLC cell line H69. This data is similar to that obtained from the Barretina cell
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lines (2012) (Appendix Av). Interestingly, these results also demonstrated a significant
increase in LIN28B expression in the DUNE, but not the LnNE, cell model. Together
these findings support the idea that LIN28B is a major component of the intermediate

pluripotency stem cell network that develops in a subset of t-NEPC tumors.
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Figure 3.1
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Figure 3.1 A subset of clinical t-NEPC tumors and the DUNE model have high
LIN28B expression. (A) LIN28B expression was compared among CRPC tumor
samples from the Beltran et al. (2016) cohort and separated into three groups: CRPC-

Ad (n=34), t-NEPC expressing low levels of LIN28B, t-NEPC(LINZSBIOW) (n=7), and t-

NEPC expressing high levels of LIN28B, t-NEPC(LINZSBh'gh) (n=8). LIN28B expression
was also compared among the LnNE and DuNE cell models and their respective control
cell lines, LNCaP and Du145. Expressions of the core enrichment stem cell signatures
genes in each patient sample (patient ID: “WCMC-") and cell line are indicated as high,
red, or low, blue. (B) The expression of LIN28B during the progression of PCa (n=15) to
NEPC (n=3) after castration in the LTL PDX model are shown. (C) The expressions of
LIN28B, SOX2, AR, and SYP during the progression of AdPC (LTL331) to t-NEPC
(LTL331R_NE) after castration in the PDX LTL331/331R model are shown. (D) LIN28B
expression in WT/SKO/DKO/TKO GEMMs is shown. Statistical analyses were
performed by one-way ANOVA or unpaired student's t test with **, ***,

denoting P<0.01, P<0.001, respectively). ADPC, adenocarcinoma prostate cancer;
CRPC-Ad, castration-resistant prostate adenocarcinoma; CRPC, castration-resistant
prostate cancer; DKO, double knock-out; GEMMs, genetically engineered mouse
models; PCa, prostate cancer, PDX, patient-derived xenograft; SKO, single knock-out;
TKO, triple knock-out; t-NEPC, treatment-induced neuroendocrine prostate cancer; WT,
wild-type.
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Figure 3.2
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Figure 3.2 LIN28B expression is positively correlated with t-NEPC progression.
(A) The expression of LIN28B in AdPC, NEPC, and SCLC cell lines, as well as the
newly established LnNE and DuNE models was measured by real-time qPCR for
absolute quantification using a standard curve and immunoblotting. (B) H69, Du145,
DuNE, LNCaP, and LnNE cell lines were transfected with LIN28B expression vector for
24 hours. Luciferase activities were measured and calibrated with Renilla luciferase
activity. (C) AdPC, NEPC, and the LnNE and DuNE cell models were used to stain
against LIN28B by IHC. Scale bars represent 100 um. Three independent technical
replicates were performed for each experiment. Only one set of the representative
immunoblots is shown. All results are presented as mean + SD. Statistical analyses
were performed by unpaired student's t test with **, denoting P<0.01). AdPC,
adenocarcinoma prostate cancer; NEPC, neuroendocrine prostate cancer; SCLC, small
cell lung cancer; IHC, immunohistochemistry.
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3.2 LIN28B and SOX2 expressions are positively correlated within a subgroup
clinical NEPC tumors

It has been well documented that the transition from AdPC to t-NEPC can be
through an intermediate SC-like state. Throughout this state, the expression of
pluripotency genes, including SOX family members such as SOX2 and SOX11, is
increased (92, 99-101, 187). These pluripotency genes are well known for their role in
early embryogenesis, embryonic SC pluripotency, and neurogenesis (92, 99-101, 187).
Furthermore, the proliferation of neural precursor cells is promoted by SOX2 through
high LIN28B expression (130). Based on this information, we reasoned that co-
expression of LIN28B and SOX2 may be vital for a subset of t-NEPC tumors to progress

from and intermediate pluripotency phenotype to NE differentiation.

To study the association between LIN28B and SOX2 expression in t-NEPC, we
applied IHC on a human CRPC TMA containing 100 cores: 16 primary tumors, 54
CRPC, and 30 t-NEPC (Fig 3.3A). We first confirmed that, in our prostate cancer model,
LIN28B is expressed in the cytoplasm (Appendix Ci). Using the human CRPC TMA, we
found that LIN28B and SOX2 were significantly reduced in the primary tumor and CRPC
cores (Fig 3.3A). Statistical analyses indicated that the expression of both LIN28B and
SOX2 were significantly increased in t-NEPC (P < 0.001) (Fig 3.3A-B). We found that
LIN28B was expressed in 14 out of 30 t-NEPC tissue cores, whereas SOX2 was
expressed in 15 out of 30 t-NEPC tissue cores (Fig 3.3A). Moreover, when the t-NEPC
cores were subdivided into t-NEPC(LIN28B'") and t-NEPC(LIN28B"9") groups, we
found that both LIN28B and SOX2 expression were significantly higher in the t-
NEPC(LIN28B"9") cores, and that their expression showed a significant positive

correlation (P < 0.001) (Fig 3.3B). This finding was consistent with data from both
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these findings support the idea that LIN28B and SOX2 are both part of a pluripotency

network that promote CRPC progression to t-NEPC in a specific subset of tumors.

To further elucidate a relationship between LIN28B and SOX2 expression in t-
NEPC we utilized the DuNE cell model which is AR- and PSA-negative, TP53- and
RB1-null, exhibits striking neuronal-like morphologies, and mimics the molecular
signatures of a subset of clinical t-NEPC (i.e. small-cell prostatic carcinoma) that
present stem-like characteristics. While SOX2 was downregulated when the DuNE cells
were challenged with LIN28B-targeted shRNA (Fig 3.3C), SOX2 overexpression in
DU145 cells did not cause a significant increase in LIN28B expression (Appendix Civ).
Collectively, these findings recognize two distinct subgroups of t-NEPC tumors
classified by LIN28B and SOX2 expression. Our results support that t-NEPC
development may be driven through different mechanisms, and that the upregulation of

both LIN28B and SOX2 may be complimentary in inducing a pluripotent stem-like state.
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Figure 3.3
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Figure 3.3 LIN28B and SOX2 expression are positively associated within a
subgroup clinical NEPC tumors. (A) Ahuman CRPC TMA (n=100 cores) was stained
against SOX2 and LIN28B by IHC. One representative core from each of the

low

histologically diagnosed primary tumor (n=16), CRPC-Ad (n=54), t-NEPC(LIN28B )
(n=16), and t—NEPC(LINZSBh'gh) (n=14) cores is shown. Scale bars represent 100 um.

low

(B) Average IHC scores within the tumor subtypes CRPC, t-NEPC(LIN28B ) and t-

NEPC(LINZSBh'gh) are shown as well as the Pearson's r correlation coefficient (0.60)
between LIN28B and SOX2 expressions. (C) DuUNE cells were transfected with control
or shLIN28B and extracted for RNA and protein to detect the expression levels of
indicated genes using qPCR and immunoblotting assays. Three independent technical
replicates were performed for each experiment. Only one set of the representative
immunoblots is shown. All results are presented as mean + SD. Statistical analyses
were performed by one-way Anova or unpaired student's f test with *, ** *** ****
denoting P<0.05, P<0.01, P<0.001, P<0.0001, respectively). CRPC-Ad, castration-
resistant prostate adenocarcinoma; CRPC, castration-resistant prostate cancer; IHC,
immunohistochemistry; TMA, tissue microarray; t-NEPC, treatment-induced
neuroendocrine prostate cancer.
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3.3 LIN28B pathway promotes the development of a stem-like pluripotency gene
network in DUNE model

Stem cells and cancer stem cells share similar properties such as their ability to
self-renew and express core embryonic stem cell signatures (134), which have been
found to promote the induction of cancer stem-like properties and tumor development
(188-190). Based on this information, Yu et al. (2003) reported that by using a
combination of the core embryonic stem cell sighature genes, human somatic cells can
be reprogrammed into induced pluripotent stem cells (129). Due to the fact that SOX2
mediates the ESC/stem-like transition, we investigated the role of LIN28B signaling by

inducing a pluripotent stem-like state in DUNE cells.

To understand which signaling networks are regulated by LIN28B expression, we
developed a CRISPR/Cas9 knock-in strategy in DUNE cells to inhibit LIN28B expression
and confirmed its deletion by immunoblotting and Sanger sequencing (Appendix Di-ii).
Using lon AmpliSeq Transcriptome analyses, we profiled and compared the
DuUNE(gLIN28B) transcriptome to the Beltran t-NEPC(LIN28B-*") subgroup (n=3291 and
3302 genes, respectively; Fig 3.4A). The transcriptomes were mostly distinct, with the
exception of 550 genes in common (Fig 3.4A). To investigate the biological differences
between the DuNE(gControl) and DUNE(gLIN28B) transcriptomes, we carried out
GSEA and compared the two phenotypes. We found that the DUNE(gLIN28B)
transcriptome had a reduction in the expression of gene sets related to cell lineage
plasticity and embryogenesis (Fig 3.4B). For example, the silencing of LIN28B was
negatively associated with well-defined gene sets named “Oishi Cholangioma Stem Cell
Like Up”, “Ramalho Stemness Up”, and “Benporath ES 2” (Fig 3.4B). Furthermore, the

top 10 genes that were associated with the DUNE(gLIN28B) cell lines were also
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associated with the Beltran t-NEPC(LIN28B-°") subgroup (Fig 3.4B; Appendix Diii).
Together, these findings further suggest that LIN28B plays a role in reprogramming the
AdPC phenotype towards a stem cell-mediated phenotype by activating a pluripotency

gene network.

To determine the functional significance of LIN28B, we used flow cytometry and
our DUNE(gLIN28B) CRISPR cell line and found that, in comparison to the control cells,
removing LIN28B decreased the percentage of CD44*CD133* cells (Fig 3.5A). To
assess the effects of LIN28B on cellular tumor initiation and growth, we employed 3D
sphere formation and MTS assays which indicated that knocking down LIN28B
expression reversed the ability for LIN28B to create spheroids and maintain cell viability,
resulting in a decrease of sphere formation and survival, respectively (Fig 3.5B-C).We
then validated the mRNA expression of 10 genes, including SOX2, using qPCR (Fig
3.5D). LIN28B depletion resulted in the reduced expression of several pluripotency
genes and NE markers (Fig 3.5E). These results demonstrated that LIN28B mediates
the regulation of tumorigenesis and stemness-derived reprogramming properties in
DuNE cells. Western blot results demonstrate that depleting LIN28B caused a decrease
in N-cadherin and Snai2, and an increase in E-cadherin, suggesting that LIN28B causes
an EMT in DuNE cells (Fig 3.5F). These results demonstrate that LIN28B regulates a

pluripotency gene network in the DUNE model.
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Figure 3.4

<

Baltran LINZEE" vu Baltran LinzasMe
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Figure 3.4 LIN28B mediates stemness properties in the DuNE cell line. (A)
Compared to control, genes unique to the transcriptomes of DUNE(gLIN28B) (n=3291)

or Beltran LIN28B™*" (n=3302) overlapped (n=550) using a fold change threshold of 1.5
and P<0.05 cut-off. (B) Transcriptome data of the DUNE(gLIN28B) cell model and its
respective control, DUNE (p-value cut-off as 0.01) were analyzed by GSEA based on
the latest MSigDB database for each collection. GSEA revealed a decreased
enrichment of genes associated with lineage plasticity/embryogenesis when LIN28B
expression was knocked down in the DuUNE cells. Genes that are blue indicates that the

expression of these genes is also upregulated in the LIN28B™" cohort from Beltran et al.
(2016). GSEA, gene set enrichment analysis; GO, gene ontology; NES, normalized
enrichment score.
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Figure 3.5

>

Relative Cell Number

)

Relative mRNA Expression

gLIN2SB

B
DuNE DuNE
m glntl B gCntl
4000 [ gLIN28B O gLIN28B
‘ ’
' i M
IJIE_‘ | Ik I[ IL'
2000, |\ '.l B
[ |
Irll \ I‘l .‘J I‘
SN oY
10° 10°  10*10° 10?7  10°
CDA44 APC-H CD133 APC-H
O Dul45
H DuNE gControl

E DuNEgLIN28B

0.5

0
VoD 0? U b O O 1ok

ORARR NGO Sl SaPeosR K g\

ENALNRIS w‘\@w\ 0 B)

SC Markers

Relative mRNA Expression

C

T 20 DUNE gCntl

= Du145 (LIN28B) $

] 15 *E kX

o L2 E 23

Z10 } —

8 Du145 Cntl DuNE gLIN288

> 5

T

o]

2 4 6 Days O 2 4 6 Days
E
C1Dul145 Du145 DuNE
M DuNE gControl —_
EDuNEgLIN28B shLIN28B - + - +
E-Cadherin w.g"' =4 120kDa
1
SNai2 | e —— <29 kDa
0.5
B-Actin | emememe= | 447 kDa

0
.S P o L AN Q B
O 20 C‘?‘G Co\:\ e :-\(\

NE Markers




Figure 3.5 LIN28B mediates stemness and tumorigenic properties in NEPC. (A)
FACS analyses indicate that removing LIN28B expression decreases the population of

CD44" and CD133" cells. (B) The DuNE(gLIN28B) cells and its respective control cells
were seeded in 3D Matrigel. Representative phase-contrast images of DUNE(gControl)
and DuNE(gLIN28B) spheroids after 4-days of culture. Scale bars represent 100 ym.
(C) The DUNE(gLIN28B) cells and its respective control cells, as well as Du145 cells
transiently transfected with 4 ug LIN28B and its respective control cells were seeded in
a 96-well plate for MTS assays to determine cell viability over a 7-day time course. (D)
DuNE(gLIN28B) cells and its respective control cells and were cultured and RNA was
extracted to detect expression levels of ten SC- or pluripotency-related genes that were
selected from the leading-edge groups associated with the DUNE phenotype in the
GSEA gene sets under the ‘lineage plasticity’ subgroup. (E)DuNE(gLIN28B) cells and its
respective control were cultured, and RNA was extracted to perform real-time gPCR to
measure the expression of NE markers. (F) Cell protein lysate from DuNE(gLIN28B)
and its respective control were extracted to measure E-Cadherin, N-Cadherin, Slug, and
Snail protein levels by immunoblotting. Three independent technical replicates were
performed for each experiment. Only one set of the representative immunoblots is
shown. FACS, fluorescent activated cell sorting; NE, neuroendocrine; SC, stem cell.
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3.4 LIN28B accelerates xenograft tumor take and formation

It is well known that, in PCa, cancer stem cells have the ability to initiate
tumorigenesis, stimulate invasion, and promote metastasis (191, 192). Furthermore,
cancer stem cells and their progeny have significant plasticity, which has been
proposed as a means for cells to maintain their resistance to treatments (192, 193). We
determined that high LIN28B expression was correlated with poor prognosis in patients
after receiving hormone therapies in both the TCGA provisional and the Grasso et al.
(2012) CRPC cohorts (Fig 3.6A), which were obtained from cBioPortal (194). To study
the impact of LIN28B on tumor take, we transplanted DuNE(gControl) or
DuNE(gLIN28B) cells subcutaneously into immunocompromised mice (n=16).
Compared to the DUNE(gControl) mice, it took a significantly longer time for the
DuNE(gLIN28B) tumors to begin to grow (Fig 3.7A). The difference between these two
groups might be attributed to the fact that LIN28B expression was only partially
supressed in the CRISPR knockout cell lines (Appendix Di). Interestingly, 6 of the
DuNE(gLIN28B) cell injections failed to develop into tumors. It is possible that the
number of cells transplanted into the mice was less than expected. This would cause
the injection to fall below a critical number whereby a tumor would not form. This may
possibly account for the differences in the 10 gLIN28B tumors that grew, albeit at a
slower rate, and the 6 gLIN28B tumors that did not grow. Once the control tumors
formed, they grew from 100 mm?2 to 200 mm? in 4 days, which was significantly faster
than the time it took the DUNE(gLIN28B) tumors to grow from 100 mm?2to 200mm?,
which was 7.5 days (p<0.001) (Fig 3.7B-C). The control tumors also doubled in volume
from 200mm3 to 400mma3 significantly faster than the DUNE(gLIN28B) tumors did
(p>0.05) (Fig 3.7B-C). Immunoblotting assays validated that exogenous LIN28B
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expression was decreased in the DUNE(gLIN28B) xenografts and found that if the
gLIN28B tumors were actually established, it expressed a lower amount of LIN28B (Fig
3.7D). We also confirmed that the LIN28B depletion in xenografts was associated with a
reduced expression of NE maker SYP and stem cell marker CD44 (Fig 3.7E). Taken
together with the results from figure 3.6, these results confirm that LIN28B promotes

prostate xenograft take and formation.
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Figure 3.6
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Figure 3.6 LIN28B decreases overall survival (A) Overall survival Kaplan-Meier
between low and high expression of LIN28B in CRPC tumors from the TCGA
provisional cohort and Grasso et al. (2012) were analyzed using cBioportal.Statistical
analyses were performed by one-way ANOVA followed by Tukey test was used in
pairwise comparison among different groups. CRPC, castration resistant prostate
cancer; TCGA, The Cancer Genome Atlas.
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Figure 3.7
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Figure 3.7 LIN28B accelerates xenograft tumor take and formation. Control
DuNE(gControl) or DUNE(gLIN28B) cells cells were transplanted subcutaneously in two

sites of immunocompromised mice (n=16; each mouse was injected by 1.0x10° cells).

(A) Tumor take and (B) Tumor volumes of the xenografts (mean tumor volume cm’ +
SEM) were measured by a caliper and monitored up to 9 weeks. (C) Tumor doubling

time was calculated during tumor growth from 100 to 200mm° and from 200 to 400

mm°. (D) Total protein lyses were collected from DuNE(gControl) and DuNE(gLIN28B)
xenografts. LIN28B, SOX2, SYP, CD44, and N-Cadherin expressions were confirmed
by immunoblotting assays. (E) IHC detected LIN28B, N-Cadherin, and SYP expression
in DUNE(gControl) and DuNE(gLIN28B) xenografts. Three independent technical
replicates were performed for each experiment. Only one set of the representative
immunoblots is shown. All results are presented as mean + SD. Statistical analyses
were performed student ¢ test was used to compare results between two groups with *,
**** denoting P<0.05, P<0.0001, respectively). IHC, immunohistochemistry.
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3.5 Let-7d is a negative downstream effector of LIN28B in NEPC

An oncogenic role for the LIN28B/let-7 pathway has been established in a
number of cancers (164-167). Studies have demonstrated that an increase in LIN28B
expression and a loss of let-7 expression is correlated with poor prognosis and
advanced malignancies (164). Furthermore, LIN28B-mediated inhibition of let-7 has
been reported to play a critical role in regulating tumor-initiating and self-renewal
properties of CSCs in human cancers (130, 195-197). We investigated whether let-7 is
one of the major downstream effectors of LIN28B in regulating CSC-like properties and
a pluripotency network in NEPC. To first elucidate if the let-7 miRNA was repressed in
NEPC, we used Beltran et al. (2016) miRNAseq datasets to determine that there was
substantial downregulation of let-7 (Fig 3.8A; Appendix Ei). Consistent with the results
of microarray analyses, we analyzed the expression of nine members of the let-7 family
(let-7a, let-7b, let-7c, let7d, let-7e, let-7f1, let-7g, let-7i, miR-98) using gPCR and
confirmed that the expression of let-7d was the most significantly reduced (Fig 3.8B).
Interestingly, we also found that the inhibition of let-7 consequently caused the
upregulation of its downstream targets such as IGDCC3, CCNF, and INTS2 in the
Beltran 2016 patient cohort, LTL PDX model, LTL331/331R PDX model, and, most
importantly, the DUNE cell model (Fig 3.8C). We discovered that the expression of
these three downstream targets was only de-repressed in the cell models that had
increased LIN28B and decreased let-7 expression - DUNE, and H69, which served as
our positive control (Fig 3.8D). Furthermore, we confirmed that depleting LIN28B in
DuNE cells by transfecting them with LIN28B shRNA resulted in an increased

expression of let-7d and a decreased expression of the let-7 targets (Fig 3.8D). A
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similar relationship was observed when we transfected DU145 and DuNE cells with let-
7 SPONGE (spg-let-7), which "absorbs” let-7 in cells and relieves the targets of let-7
from being suppressed, or a let-7d mimic, respectively. qPCR results indicate that the
LIN28B-elevated mRNA levels of IGDCC3, CCNF, and INTS2 were increased upon the
transfection of the let-7 sponge, and that the delivery of the let-7d mimic had opposite
results (Fig 3.8E, Appendix Eii-iv). These results demonstrated that let-7d is one of the

key downstream effectors of LIN28B in NEPC.

71



Figure 3.8
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Figure 3.8 Let-7d is a negative downstream effector of LIN28B in NEPC. (A) GSEA
revealed that “Putative let-7 family” is enriched in the DUNE model (B) The relative
expression of let-7 family members was profiled using ADPC, SCNC, and the LnNE and
DuNE models. (C) The expression of putative let-7 family targets, specifically LIN28B,
IGDCC3, CCNF, and INTS2, was compared among CRPC tumor samples from the
Beltran et al. (2016) cohort and separated into three groups, CRPC-Ad (n=34), t-NEPC

low

expressing low level of LIN28B, t-NEPC (LIN28B ™) (n=7), and t-NEPC expressing high

level of LIN28B, t-NEPC(LIN28B™") (n=8). The expression of putative let-7 family
targets was compared among the LnNE and DuNE cell models and their respective
controls, LNCaP and Du145, and in the LTL PDX model. Expressions of the putative let-
7 family targets is indicated as high, red, or low, blue. (D) The expressions of IGDCC3,
CCNF, and INTS2 in AdPC, NEPC, and SCNC cell lines were measured by gPCR.
DuNE cells were transfected with control or shLIN28B expression vector and RNA was
extracted to detect the expression levels of indicated genes using qPCR. (E) Du145
cells were transfected with sponge-control or sponge-let-7 expression vector and
extracted for RNA to detect the expression levels of indicated genes using gPCR. (F)
DuNE cells were transfected with control or let-7d mimic expression vector and
extracted for RNA to detect the expression levels of indicated genes using gPCR. All
results are presented as mean = SD. Statistical analyses were performed by student’s t-
test with **, *** **** denoting P<0.01, P<0.001, P<0.0001, respectively.
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3.6 HMGAZ2 is a downstream target of LIN28B/let-7 signaling that regulates SOX2
in NEPC

After determining that there was a relationship between LIN28B and SOX2, we
sought to determine the mechanism by which LIN28B may mediate the expression of
the important stemness factor. Currently, there are specific pathways that are known to
be target oncogenic signalling pathways of let-7 including HMGA, MYC, RAS, EZH?2,
and REST (162, 198-201). We then utilized our let-7 SPONGE to see if the expression
of any of these genes would increase in the DUNE model when let-7d expression was
decreased (Appendix F). We identified HMGAZ2, which is a member of the high-mobility
group AT-hook protein family and a reported let-7 target (196) that directly binds to the
SOX2 promoter in glioblastoma cells to induce SOX2 expression (202). HMGAZ2 is also
an oncofetal protein that is highly expressed during embryonic development and is
expressed minimally in normal adult tissues. HMGA2 has been demonstrated to be
involved in tumor cell development and differentiation, stem cell self-renewal of cancer
stem cells, and EMT (203). To validate this hypothesis, we first treated DU145 and
DuNE cells with shLIN28B or spg-let-7. We found that, in DUNE cells, the depletion of
LIN28B decreased the protein and mRNA levels of HMGA2 and SOX2, and decreased
the levels of let-7d (Fig 3.9A), whereas the loss of let-7 increased the expression of
LIN28B, HMGAZ2 and SOX2, (Fig 3.9B). Overexpressing let-7d mimic in DUNE cells
dramatically decreased the expression of the three molecules, but it did not alter the
expression of SC and NE markers (Fig. 3.9C; Appendix G). Moreover, we dissected the
regulatory causal effects between HMGA2 and SOX2 by enhancing and knocking down
HMGAZ2 expression. Overexpression of HMGAZ2 in DUNE cells enhanced the protein

and mRNA levels SOX2, whereas the overexpression of SOX2 did not affect the levels
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of HMGAZ2 (Fig. 3.9E, Appendix Ciii). Knockdown of HMGAZ2 in DuNE cells supressed
SOX2 expression (Fig. 3.9D). To investigate whether HMGA2 directly regulates SOX2
expression through direct promoter binding, we used luciferase reporter plasmids to
confirm that HMGAZ2 bound to and increased the activity of SOX2 promoter (Fig 3.9E).
Furthermore, when HMGAZ2 expression was knocked down, there was a decrease in the
activity of SOX2 promoter (Fig 3.9E). Collectively, these findings recognise two distinct
groups of t-NEPC tumors that arise from the same AdPC tumors after treatments with
APRIs (Fig 3.9F). Taken together, these results demonstrate the causal effect of

LIN28B/ let-7d driven HMGA2-SOX2 pathway in NEPC.
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Figure 3.9
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Figure 3.9 Let7 is a negative downstream effector of LIN28B in the regulation of
HMGA2/SOX2 in NEPC. (A) Du145 and DuNE cells were transfected with control or
shLIN28B and extracted for RNA or protein to assess the expression level of LIN28B,
HMGAZ2, SOX2, and vinculin using real-time qPCR and immunoblotting assays,
respectively. (B) Du145 and DuNE cells were transfected with control-spg or let-7-spg
and extracted for RNA or protein to assess the expression level of LIN28B, HMGAZ2,
SOX2, and vinculin using gPCR and immunoblotting assays, respectively. (C) Du145
and DuNE cells were transfected with scrambled miR-mimic control or Let -7-mimic and
extracted for RNA or protein to assess the expression level of LIN28B, HMGA2, SOX2,
and vinculin using gPCR and immunoblotting assays, respectively. (D) Du145 and
DuNE cells were transfected with control or shHMGAZ2 and extracted for RNA or protein
to assess the expression level of LIN28B, HMGA2, SOX2, and vinculin using gPCR and
immunoblotting assays, respectively. (E) Du145 and DuNE cells were transfected with
control or HMGAZ2 and extracted for RNA or protein to assess the expression level of
LIN28B, HMGA2, SOX2, and vinculin using qPCR and immunoblotting assays,
respectively. Three independent technical replicates were performed for each
experiment. Only one set of the representative immunoblots is shown. All results are
presented as mean + SD. Statistical analyses were performed by one-way ANOVA or
unpaired student's t test with **, ***, **** denoting £<0.01, P<0.001, P<0.0001,
respectively). AdPC, prostate adenocarcinoma; ARPI, androgen receptor pathway
inhibitors; t-NEPC, treatment-induced neuroendocrine prostate cancer.
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Chapter 4: Discussion

Within this study we found that a subgroup of t-NEPC tumors in the Beltran et al.
(2016) cohort could be distinguished by the expression of LIN28B (Fig. 3.1A). We also
found that LIN28B expression was significantly increased in the DuNE cell model, when
compared to other PCa cell models, which recapitulates the phenotypes of clinical t-
NEPC tumors that promote lineage plasticity and express stem-like characteristics (Fig.
3.1A; 3.2A-C). Furthermore, SOX2 expression was increased within the same subgroup
of t-NEPC tumors (Fig. 3.1A). IHC was used to determine that LIN28B and SOX2 were
expressed in the same subgroup of t-NEPC tumors from a human CRPC TMA (Fig.
3.3A-B). Together, our findings suggest that LIN28B and SOX2 may be complimentary
in inducing a pluripotent stem-like state. We then identified an inverse relationship
between LIN28B and let-7d in DUNE cells; increased LIN28B expression causes a
subsequent decrease in let-7d expression (Fig. 3.8). Furthermore, we demonstrated
that the LIN28B/ let-7d pathway regulates cancer stemness, viability, and an EMT
phenotype in DUNE cells (Fig. 3.5A-F). Our data also confirmed that let-7d targets
HMGAZ2, which upregulates SOX2 expression through its promoter in response to
LIN28B overexpression (Fig. 3.9). While the importance of SOX2 and its role in
promoting lineage plasticity have been well documented, none have comprehensively
determined a signal pathway upstream of SOX2 that provides further insight on the

complex stemness regulatory network (99, 101, 204).

To date, clinical evidence suggests that cancer cells with stem cell-like

characteristics may contribute to the failure of conventional therapy options, since stem
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cells are more resistant to these therapies than differentiated tumor cells (193, 205-
207). Studies have shown that stem cell-like characteristics, such as the ability to self-
renew, promote EMT, and maintain pluripotency are analogous to that of ESCs,
indicating that stem cell reprogramming factors may function as regulators to induce a
temporary pluripotent stem cell-like state during the transition from AdPC to t-NEPC
(204, 208, 209). While the upregulation of SOX2 has been well documented when p53
and Rb1 expressions are lost (99, 101), our novel finding suggests that the co-
expression of LIN28B and SOX2 is sufficient to promote NEPC development and the
gain a pluripotency phenotype. While LIN28B and SOX2 upregulation has been well
documented in other cancers that progress in a similar manner to prostate
neuroendocrine tumors, such as hepatocellular and oral squamous cell carcinoma (195,
210), this is the first time that increased expression of the LIN28B/SOX2 axis is
associated with NEPC progression. The fact that LIN28B and SOX2 are only
upregulated in half of clinical samples suggests that there are multiple pathways
through which AdPC cells can develop into NEPC. Perhaps LIN28B and SOX2 act as
regulators that push AdPC cells that are subjected to APRIs towards a pathway that
promotes NE differentiation rather than transdifferentiation as a means to develop into t-
NEPC (Fig 6G). While the AdPC cells begin as a heterogeneous population, the
selective pressures that they face will drive the cells towards a pathway that will most
promote their survival. Furthermore, the upregulation of LIN28B and SOX2 expression
only occurs in the AR-/RB1-/TP53- DUNE model, but not the AR+/Rb1+/Trp53+ LnNE
cell model. Furthermore, AR-/TP53-null PC-3 cells do not demonstrate the same

results, indicating that additional complex mechanisms may contribute to the t-NEPC
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progression driven by a pluripotency gene network. This data demonstrates that
different subgroups of t-NEPC tumors exist, where a division of two subgroups is
evident based on a robust difference in LIN28B expression levels. Lastly, knocking
down LIN28B expression demonstrated a dynamic exchange of stem-like and non—
stem-like states in the DUNE and DuNE knockout cells, respectively (Fig 3.4). The role
of LIN28B signaling in stemness pathways and pluripotency regulation during cell
reprogramming echoes its role in cancer stemness, and it would be interesting to
investigate the demethylation mechanism of stemness gene promoters in the LIN28B-
modulated reprogramming process.

While ADPC and t-NEPC are very similar genomically, treatment with ARPIs,
genomic abnormality, and transcription reprogramming may create many transcriptional
differences between the tumors and result in the development of a NE differentiation.
These transcriptional differences may also be a result of epigenetic or post-
transcriptional modifications, such as those brought about by microRNAs (miRNAs). An
interesting aspect about mMiRNAs acting as key post-transcriptional regulators is that
their role in altering cellular pathways is dynamic, yet reversible. There is also evidence
suggesting that some miRNAs could upregulate gene expression in specific cell types
and conditions with distinct transcripts and proteins. Let-7, which was identified
originally in C. elegans, is a highly conserved miRNA, and the role of let-7 as a tumor
suppressor has been reported because its defects can result in over-proliferation and
lack of terminal differentiation in human cancers. Our results provide the first evidence
of a correlation between high expression of LIN28B and down-regulation of let-7d in a

prostate cancer plasticity model (DUNE). While we demonstrated that let-7d was integral
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in regulating downstream factor HMGAZ2 that is not to say other members of the let-7
family may not play a role in t-NEPC progression. While the downregulation of let-7d
was the most significant in the DUNE model, let-7a, b, and f were also downregulated.
Perhaps these let-7 family members could play a role in regulating other targets such as
EZH2, REST, and MYC.

In conclusion, the LIN28B-let-7d pathway is upregulated in a subset of clinical t-
NEPC tumors that express stem-like characteristics through HMGA2-mediated SOX2
signaling. This pathway increases the ESC-stemness properties, viability, pluripotency,
and EMT characteristics of t-NEPC. Together, this data greatly contributes to a deeper
understanding of cancer reprogramming and ESC-stemness acquisition in t-NEPC and

the complex nature in which ADPC progresses to t-NEPC.
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Chapter 5: Conclusions

5.1Summary of Findings

While primary de novo NEPC is rare and accounts for approximately 1% of PCa
cases, it is becoming increasingly prevalent in patients who have a history of AdPC and
receive radiation, chemo-, or hormone therapy (71-73, 161). T-NEPC is highly
aggressive and metastatic, and accounts for approximately 25% of prostate cancer
related deaths (71). Currently, there are no targeted therapies available to treat patients
with t-NEPC, which reflects the limited knowledge on the molecular underpinnings of t-
NEPC progression. Given the increasing occurrence of t-NEPC it is necessary to

develop novel therapeutic agents that can be used to treat the disease.

In chapter 3, the idea that the transition from AdPC to t-NEPC can be through an
intermediate pluripotent SC-like state was further developed. By comparing the whole
transcriptomes of AdPC and t-NEPC tumors, a subset of t-NEPC tumors that express
elevated levels of core embryonic stem cell genes SOX2 and LIN28B was identified. |
demonstrated a novel positive correlation between LIN28B and SOX2 in clinical data as
well as in the DUNE cell model. LIN28B expression was sufficient to enhance both
SOX2 expression in CRPC-TMAs and stem cell properties in DUNE cells. HMGA2 was
identified as a downstream effector of LIN28B/let-7d signaling that regulated SOX2
expression. In conclusion, | discovered a novel signalling pathways in a subset of
clinical t-NEPC tumors that is upstream of SOX2 and expresses stem-like
characteristics through HMGA2-mediated SOX2 signaling. This pathway increases the
stemness properties, pluripotency, and EMT characteristics of t-NEPC. Together, this

data greatly contributes to a deeper understanding of cancer reprogramming and ESC-
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stemness acquisition in t-NEPC and the complex nature in which AdPC progresses to t-

NEPC.
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Figure 5.1 Schematic representing a graphical summary of the thesis.
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5.2 Limitations

Currently, there are a limited number of in vitro NEPC cell models that can be
used to study the molecular mechanisms that advance AdPC to NEPC. NCI-H660 is the
only bona fide NEPC cell line that is derived from a patient and is available for in
vitro study. The NCI-H660 cell line grows slowly as floating attached clusters with an
approximate doubling time of 100 hours (211). Recent publications state that instead
of passaging the cells, new medium should be added to flasks as the cell density
increases and that the medium should be renewed every 2-3 days (211). The fact
that the NCI-H660 cells are very difficult to culture makes regular in vitro cell
assays such as transfections, proliferation assays, and colony formation assays very
challenging to perform. While | found that it | could substitute the NCI-H660 cell line for
the small cell lung cancer cell line NCI-H69 when performing in vitro experiments, it
would improve future study results if there were a way to utilize the clinically relevant

NCI-H660 cell model.

One of the biggest challenges in understanding the molecular mechanisms of t-
NEPC development is the fact that the transition from AdPC to t-NEPC is a chronic
process that involves many intermediate phenotypes and molecular events. Even if the
molecular underpinnings of the disease were to be delineated, the role epigenetic
modifications and the microenvironment play in inducing lineage plasticity and
differentiation makes fully understanding the disease a near impossible task (212). The
heterogeneity of patient samples that have been collected suggests that there are many

complex mechanisms involved in the development of t-NEPC. Furthermore, the disease
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progression of t-NEPC is difficult to monitor due to the short survival expectancy after

diagnosis (213).

Another limitation is the fact that the CRISPR cell lines that were created did not
completely eliminate LIN28B expression. Even after single cell selection was
completed, LIN28B was still expressed in the cell model. Therefore, a completely
LIN28B independent system was not created. There are multiple ways through which a
complete LIN28B knockout could be achieved. One option would be to repeat single cell
selection again. The colonies that do not express any LIN28B should be selected for
and cultured. Another method that could be applied is the Lenti CRISPR lentiviral
CRISPR/Cas9 system. The Lenti CRISPR lentiviral CRISPR/Cas9 system works by
utilizing an integrated lentiviral vector. Unlike the short term transient transfection
approach, cell lines that are generated from lentiviral vectors are ideal for long-term
protein expression studies. Moreover, repeating experiments in a stable cell line as
opposed to transiently-transfected cells increases reproducibility, as it eliminates the

variation associated with repeated transient transfection.

5.3 Future Directions
5.3.1. Drug Development

In the future, developing a small molecular weight inhibitor may be a useful
therapeutic tool for NEPC patients. While LIN28 has been widely researched, there is
currently only one LIN28 inhibitor, Lin28 1632, available, and there are no small-
molecule inhibitors that are specific for LIN28B (214). Hypothetically, this inhibitor

blocks LIN28 from binding to let-7 pre-micro RNA, which in turn inhibits stemness,
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inhibits growth of tumor cell lines and tumor-sphere formation in vitro, and induces
differentiation of ESCs (214). However, since this drug was developed in 2016 there
have been no publications on LIN28 that have used this inhibitor. This suggests that this
drug may have been effective for preclinical cancer models, however its effectiveness in
cellular models remains unclear. Preliminary experiments in our laboratory confirmed
that, when transiently transfected at a concentration of 8 uM, the Lin28 inhibitor 1632
did in fact increase let-7d mRNA and let-7-luciferase reporter activity in DUNE cells
(Figure 5.2). By taking advantage of the available crystal structure of the LIN28B/let-7
complex, we can utilize an in silico guided drug design method to screen potential
chemicals that could inhibit or interfere with LIN28B/let-7 interactions. As completed by
Roos et al., we too can perform RNA ELISA, protein target capture using biotinylated
chemical of interest, luciferase assays, and RT-qPCR to ensure that our develop drug

effectively inhibits LIN28B and subsequently increases let-7d expression (214).
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Figure 5.2 Impact of small molecule inhibitors Lin28 1632 and Lin28 LI71 on let-7
expression. DUNE and Dul45 cells were treated with 250 uM of Lin28 inhibitors Lin28
1632 and Lin28 LI71 for 48 hours. Relative expression levels of let-7b and let-7d were
measured by real time g-PCR.

5.3.2 Elucidating the Role of Other Let-7 Downstream Targets

In this research, | perused studying HMGA?2 because it was reported to be a let-7
target that directly binds to the SOX2 promoter in glioblastoma cells to induce SOX2
expression (196, 202). Furthermore, HMGAZ is also an oncofetal protein that is highly
expressed during embryonic development, and the oncogenic properties of HMGA2
have been shown to be involved in tumor cell development, cancer stem-like cell self-
renewal, and EMT (203). However, as mentioned in chapter one, there are many
downstream targets of let-7. It would be interesting to expand upon this research and
study other known let-7 targets that are upregulated in other neuroendocrine cancers,
as well as how both the let-7 dependent and independent pathways may contribute to
NEPC progression and pluripotency. For example, one of the well-known downstream
targets of let-7 is c-Myc. While c-Myc is not constitutively expressed in NEPC, other
studies have shown that c-MYC helps to regulate ductal-neuroendocrine plasticity of
pancreatic ductal adenocarcinoma, and that it supports a colon cancer cell line,
COLO 320, to develop neuroendocrine properties (215, 216). By studying how c-Myc
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expression, or other well established let-7 targets, are influenced by LIN28B in other
neuroendocrine cancers, we may be able to further elucidate important let-7 targets
that are important in NEPC development. Furthermore, it would be interesting to
modify let-7d expression and investigate how it could be used as a therapeutic to
reduce tumor growth. Overall, there are many future directions that can be taken to

improve upon and expand this research project.

5.4 Overall Significance

In summary, we report a novel finding that the LIN28B-let-7d pathway is
upregulated in a subset of clinical t-NEPC tumors that express stem-like characteristics
through HMGA2-mediated SOX2 signaling. This pathway increases the ESC-stemness
properties, viability, pluripotency, and EMT characteristics of t-NEPC. Together, this
data greatly contributes to a deeper understanding of cancer reprogramming and ESC-
stemness acquisition in t-NEPC and the complex nature in which AdPC progresses to t-

NEPC.
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Appendices

Appendix A. LIN28B expression is positively correlated with t-NEPC
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Appendix A. LIN28B expression is positively correlated with t-NEPC progression.
(i) LIN28B expression was compared among CRPC tumor samples from the Beltran et
al. (2016) cohort and separated into three groups, CRPC-Ad (n=34), t-NEPC expressing
low levels of LIN28B, t-NEPC(LIN28B"*) (n=7), and t-NEPC expressing high levels of
LIN28B, t-NEPC(LIN28B"d") (n=8). (ii) LIN28B and AR are negatively correlated in
human CRPC cohorts. Pearson’s r coefficient (-0.70) between LIN28B and AR
expressions was obtained from Beltran et al. (2016). (iii) LIN28B and AR are negatively
correlated in human CRPC cohorts. Pearson’s r correlation coefficient (-0.46) between
LIN28B and AR expressions obtained from SU2C from cBioPortal (2015). (iv) LIN28B
expression in different phenotypic subcategories of the NPp53 GEMMSs (Zou et al.
2017) are shown. (AdPC, n=8; Focal NE, n=3; Overt NE, n=2). (v) LIN28B expression in
different PCa cell lines from Barretina et al. (2016). All results are presented as

mean = SD. Statistical analyses were performed by one-way ANOVA or unpaired
student's t test with **, *** **** denoting P<0.01, P<0.001, P<0.0001, respectively.
AdPC, adenocarcinoma prostate cancer; CRPC-Ad, castration-resistant prostate
adenocarcinoma; CRPC, castration-resistant prostate cancer; GEMMs, genetically
engineered mouse models; NE, neuroendocrine; PCa, prostate cancer; t-NEPC,
treatment-induced neuroendocrine prostate cancer.
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Appendix B. LIN28A is not differentially expressed among CRPC and NEPC
tumors

SuU2C 2015 from cBioPortal PDX LTL331/331R
p > 0.001 AdPC-to-t-NEPC Model Beltran CiR:gSCDhW‘
15 LIN2BB LIN2BA - AR -+ SYP p=e
- .
g
3 . ———— 06
‘s s .
=% 10 P 5
2 8 S o4 .
w o 35 EX
23 <2 m T
2. 05 Z2 s 8= .
33 tE - 2% o2
o O % ) *
o S ‘! -
= 00— CRPC-Ad  CRPCNE ’ o0 "
- - T ~+ >
(n=113) (n=5) SR R tﬁﬂﬁq,;@& CRPC NEPC
3 G+fo+fc,+/°+/°+/°+/0+/°+, @\w%,b'\
o

Appendix B. LIN28A is not differentially expressed among CRPC and NEPC
tumors. (i) LIN28B expression was compared among CRPC tumor samples from SU2C
from cBioPortal (2015) and separated into two groups, CRPC-Ad (n=113) and t-NEPC
(n=5). (ii) The expressions of LIN28A, LIN28B, SOX2, AR, and SYP during the
progression of AdPC (LTL331) to t-NEPC (LTL331R_NE) after castration in the PDX
LTL331/331R model are shown. (iii) LIN28A expression was compared among CRPC
tumor samples from the Beltran et al. (2016) cohort and separated into two groups,
CRPC-Ad (n=34) and t-NEPC (n=15). Statistical analyses were performed by student's t
test with *, *** denoting P<0.05, P<0.0001, respectively.
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Appendix C. LIN28B and SOX2 are positively correlated in CRPC cohorts
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Appendix C. LIN28B and SOX2 are positively correlated in CRPC cohorts. (i)
DuNE cells were used to separate cytoplasmic and nuclear protein fractions. LIN28B
protein was detected by immunoblotting. H3 and tubulin were used as markers to
confirm the efficacy of protein fractionation. (ii) Pearson's r correlation coefficient (0.73)
between LIN28B and SOX2 expressions obtained from Beltran et al. (2016). (iii)
Pearson's r correlation coefficient (0.71) between LIN28B and SOX2 expressions
obtained from SU2C from cBioPortal (2016). (iv) Du145 cells were transiently
transfected with SOX2. Cells were then extracted for RNA. Relative quantifications of
LIN28B, let-7d, HMGAZ2, and SOX2 were compared to GAPDH via qPCR. Three
independent technical replicates were performed for each experiment. Only one set of
the representative immunoblots is shown. All results are presented as mean * SD.
Statistical analyses were performed by one-way ANOVA with **** denotes P<0.0001.
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Appendix D. LIN28B mediates stemness and tumorigenesis properties in NEPC
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Appendix D. LIN28B mediates stemness and tumorigenesis properties in NEPC.
(i) GeneArt CRISPR technology was used to mutate and knockout the LIN28B gene in
the DUNE cell line. (ii) Validation of CRISPR efficacy was confirmed by immunoblotting

and Sanger sequencing. (iii) GSEA enrichment plots shows the correlation of

DuNE(gLIN28B) dataset (n=3302) with the GSEA gene sets in the lineage
plasticity/embryogeneis subgroup from subfigure 3A. Three independent technical
replicates were performed for each experiment. Only one set of the representative
immunoblots is shown. GSEA, gene set enrichment analysis; GO, gene ontology; NES,

normalized enrichment score.
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Appendix E. Let-7d is a negative downstream effector of LIN28B in NEPC
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Appendix E. Let-7d is a negative downstream effector of LIN28B in NEPC. (i) The
relative expression of mature miRNA levels of individual let-7 family members was
profiled among CRPC tumor samples from SU2C from cBioPortal (2015) and separated
into two groups, CRPC-Ad (n=113) and t-NEPC (n=5). (ii) Du145 cells were transfected
with sponge-control or sponge-let-7 expression vector and extracted for RNA to detect
the expression levels of individual let-7 family members using gPCR. (iii) Du145 cells
were transfected with sponge-control or sponge-let-7 expression vector and extracted
for RNA to detect the expression level of let-7d using gPCR. (iv) DuNE cells were
transfected with control or let-7d mimic expression vector and extracted for RNA to
detect the expression level let-7d using QPCR. Three independent technical replicates
were performed for each experiment. All results are presented as mean £ SD. Statistical
analyses were performed by student’s ¢t test with *, **, *** **** denoting P<0.05,
P<0.01, P<0.001, P<0.0001, respectively.
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Appendix F. Altering LIN28B expression does not affect REST, NMYC, or EZH2
expression
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Appendix F. Altering LIN28B expression does not affect REST, NMYC, or EZH2
expression. Du145 and DuNE cells were transiently transfected with shLIN28B and

LIN28B, respectively. RNA was extracted to measure the expression level of (i) REST,

(i) NMYC, and (iii) EZH2.Three independent technical replicates were performed for
each experiment.
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Appendix G. Altering let-7d expression does not affect stem cell or
neuroendocrine markers
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Appendix G. Altering let-7d expression does not affect stem cell or
neuroendocrine markers. DUNE cells were transfected with Let-7-mimic and extracted
for RNA to assess the expression level of (i) stem cell markers or (ii) neuroendocrine
markers. Three independent technical replicates were performed for each experiment.
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