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Abstract

Mechanisms of Translation in Cellular Dynamics and Molecular Regulation of Advanced Prostate
Cancer

Alexandre A. Germanos

Chair of the Supervisory Committee:
Andrew C. Hsieh, Associate Professor

Human Biology, Fred Hutch Cancer Center

Prostate cancer is one of the most common cancers in men, and advanced prostate cancer is
largely incurable and lethal. Mainstream treatment options for advanced prostate cancer all target the
androgen hormone signaling pathway. The androgen receptor (AR) is a ligand-activated nuclear
receptor that mediates widespread transcriptional changes in response to hormone signaling. AR-low
prostate cancer is a rising concern as this subtype is incurable and lethal. Understanding how cellular
populations respond to hormone independence can help us define essential characteristics of AR-low
proliferation/survival. By scRNAseq of mouse prostates, we find that an intermediate epithelial cell type
expands in cancer and AR loss. This cell state is castration resistant and has multiple potential cellular
origins which create a highly heterogeneous epithelial compartment. Cellular subsets in human
metastatic cancers exhibit striking similarities to these intermediate cells, suggesting a conserved role
in mediating cancer aggressiveness and treatment resistance. We also find a highly pro-tumorigenic
immune environment, likely recruited via a signaling cascade involving epithelial cells and tumor-
associated macrophages. In addition, we characterize the dependence of AR-low castration-resistant
prostate cancer (CRPC) on high translation initiation and find that inhibiting elF4F function results in cell
cycle arrest and apoptosis. To investigate molecular mechanisms of translation regulation in this

system, we examined transcripts upregulated by elF4F activity in AR-low mouse prostates. We find a



guanine-rich translational element (GRTE) enriched in the 5’ UTRs of these mRNAs. We test the role of
the GRTE in regulating translation of the candidate gene KFL5 and find it is required to maintain high
elF4F-dependent translation. We also find a similar G-rich functional element in 5 UTRs of mRNAs
translationally regulated by an HRAS oncogenic variant and elF2B5 in murine skin cancer. We then
confirm that the GRTE is functional in human cells and conduct a genome-wide analysis to characterize
its conservation. Finally, we generate stable reporter cell lines to facilitate future high-throughput

experiments.
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Chapter 1. Introduction

1.1.1 Prostate Cancer: Diversity of Etiology and Hormone Dependence

The prostate is an important male sexual organ responsible for producing key components of the
seminal fluid (Frick et al., 1991). Prostate cancer is the most diagnosed and second leading cause of
cancer death in men in the US (Siegel et al., 2021). Incidence rates of prostate cancer rose
dramatically in the early 1990s mainly due to more widespread use of prostate-specific antigen (PSA)
testing to detect asymptomatic disease (Potosky et al., 1995). This partially explains the relatively low
lethality of this disease: the 5-year survival rate is 98%, highest of all cancers in 2021. This is also
reflected in the gap between diagnosis rate (26% of all male cancers) and death rate (11% of all male
cancers) in 2021. Accordingly, prostate cancer is largely lethal in older men with more advanced
disease. In fact, prostate cancer is the second most lethal cancer for men aged 60 or older but is

outside of the top five most lethal cancers for men under 60 (Siegel et al., 2021).

Additionally, mortality due to prostate cancer has decreased 52% since 1993 thanks to earlier
detection and advances in treatment (Etzioni et al., 2008). Mainstream treatment modalities are largely
centered around interrupting androgen hormone signaling, a critical pathway for prostate development
and homeostasis as well as prostate cancer progression. Androgen hormones influence gene
expression programs in male sexual organs via the androgen receptor (AR), a ligand-dependent
nuclear transcription factor. Unbound AR resides in the cytoplasm and requires binding by androgen
hormones such as testosterone or its more active form dihydrotestosterone (DHT) to localize to the
nucleus, where it binds DNA elements dubbed Androgen Response Elements (ARES). These specific
binding sites allow the activated AR to enact a host of transcriptional changes in developing and adult
tissues (Davey et al., 2016). AR function is essential for prostate cancer growth and survival: inhibition
of testosterone production, known as androgen deprivation therapy (ADT) interrupts AR activity and
significantly halts cancer progression (Huggins and Hodges, 1941; Grossmann et al., 2013). More
recently, drugs directly targeting the AR have come into mainstream use and complemented ADT in the
clinic, leading to stronger repression of androgen signaling (de Bono et al., 2011; Schur et al., 2012).

These treatments significantly extend patient survival in the context of advanced disease.

However, advanced prostate cancer commonly recurs despite androgen deprivation, and full
remission is rare (Beltran et al., 2011). Surprisingly, most recurrent cancers remain androgen-
dependent, demonstrating the ability of this disease to overcome ADT and AR inhibitors (ARIs) to
maintain robust hormone signaling. Drug-resistant cancer is commonly called castration-resistant
prostate cancer (CRPC) and is largely incurable and lethal (Beltran et al., 2011). Genetic and genomic

characterization of CRPC samples has revealed multiple mechanisms by which androgen signaling is

1



maintained. These include AR amplification or overexpression, mutations in its ligand-binding domain,
aberrant post-transcriptional AR activation, and intratumor androgen production (Knudsen et al., 2009).
However, androgen independent CRPC exists, and constitutes a rising proportion of cases in the past
decade, potentially due to evolutionary pressure caused by more effective therapeutic suppression of
androgen signaling (Bluemn et al., 2017). While neuroendocrine CRPC (NEPC) is a known variant
etiology that resembles other small cell cancers and is androgen independent, the observed increase
consists largely of non-NE, non-AR cancer phenotypes also called double-negative prostate cancer
(DNPC). These CRPC subtypes are both incurable and poorly understood, highlighting the need for
further characterization of the molecular pathways involved in prostate cancer maintenance and

progression.
1.2 Cellular Heterogeneity in Healthy and Malignant Prostate

Prostate development and physiology is complex. This organ is composed of a series of glands, or
acini, which generate seminal fluid (Frick et al., 1991). Interestingly, the prostate is physiologically
distinct in humans compared to other mammals. While the human prostate sports a tubuloalveolar
morphology extending from the urethra, mouse prostates are compact and composed of anterior,
ventral, dorsal, and lateral lobes. These significant deviations in tissue architecture must invite caution
in drawing concrete conclusions about human prostate cancer from mouse models of the disease. In
fact, only about 5% of all cancer drugs tested in mice have shown promise in human clinical trials
(Hutchinson and Kirk, 2011). Of course, differences in prostate physiology do not fully account for this
high failure rate. Most drug trials in mice are conducted on xenografts, where tumors lack the proper
cellular and molecular context of their original tissue and are artificially homogeneous across samples
compared to the diversity of human disease. Other factors such as genomic differences lead to
significant limitations of mouse models overall (Valkenburg and Pienta, 2015). However, many of the
most effective tools at our disposal to study the cellular and molecular basis of prostate cancer, from
genetically engineered models to lineage tracing methods, are naturally unavailable in human contexts.
While some experiments may be conducted in human cells via tissue culture methods, including three-
dimensional models such as organoids and spheroids, a full view of prostate development, cellular

composition, and homeostasis is impossible outside model organisms.

Lineage tracing experiments are a primary example of highly useful methods that are only feasible
in model organisms. Lineage tracing studies in the mouse prostate have precisely outlined the cellular
origins of each epithelial cell type present in the prostate. The principal prostate cell types are basal
cells, which compose the basement membrane of prostate acini and exhibit stemlike features, and
luminal cells, which line these acini and perform secretory functions (Oliveira et al., 2016). Recent

studies have shown that basal cells are not progenitors of luminal cells, but that they each represent
2



distinct self-renewing lineages (Choi et al., 2012). Other less-abundant epithelial lineages exist and
contribute to prostate homeostasis, such as neuroendocrine cells and rare “luminal progenitors,” so
called because they express luminal biomarkers and high stemness rather than because they are
progenitors to canonical luminal cells (Xin et al., 2005; Kwon et al., 2016; Kwon et al., 2020). These
findings are of particular relevance in the context of cancer, as the question of which prostatic cell types
are responsible for tumor initiation is a long-standing one in the field (Shen and Abate-Shen, 2010). For
instance, while common consensus holds that luminal cells are the main agents of tumorigenesis, there
is evidence in mice that basal cells can initiate cancer, but only by first transdifferentiating into luminal
cells (Goldstein et al., 2010; Choi et al., 2012; Lu et al., 2013). Again, due to experimental limitations,
this phenomenon has not been shown in human prostate cancer. Neuroendocrine cells are also
implicated both in rare AR-low prostate cancers similar to other small-cell tumors and in promoting
adenocarcinoma proliferation (Salido et al., 2000; Patrawala et al., 2006; Simon et al., 2009; Puca et
al., 2019). Finally, luminal progenitor cells are castration-resistant and participate in tissue regeneration
post androgen deprivation, making them a potential source of treatment resistance in advanced CRPC
(Karthaus et al., 2020; Mevel et al., 2020; Guo et al., 2020; Kwon et al., 2021). Overall, the prostate is a
morphologically complex organ that exhibits significant cellular plasticity in both normal and cancer
contexts. While mouse models remain the most tractable organismal systems to study this disease,

care must be taken not to over-interpret how findings might translate to the clinic.
1.3 Prostate Cancer Responds Poorly to Immunotherapy Approaches

Immune surveillance is a major mechanism against malignant transformation and growth (Lv et al.,
2020). This is generally mediated via recognition of neoantigens on cancer cells by CD8+ T cells, which
infiltrate tumors and perform cytotoxic functions to help clear out malignant cells (Pages et al., 2005;
Galon et al., 2006). There is growing evidence that high tumor mutational burden increases neoantigen
presentation and therefore antitumor immune response (Snyder et al., 2014; Rizvi et al., 2015;
McGranahan et al., 2016). However, cancer frequently evades the immune response by inhibiting or
co-opting immune signaling (Gajewski et al., 2013). This can occur via inhibiting CD8+ cytotoxic T cells
through direct signaling towards receptors that mediate exhaustion signals or by recruitment of
regulatory CD4+ T cells which restrict CD8+ T cell function (Mortarini et al., 2003; Gajewski, 2007). In
these cases, inhibiting the immune checkpoint receptors CTLA4 and PDCD1 has proven an effective
form of tumor immunotherapy by reactivating CD8+ cytotoxic activity (Hodi et al., 2010; Zou et al.,
2016). More recently, the advent of chimeric antigen receptor T (CAR-T) cells has revolutionized the
cancer immunotherapy field (Lin et al., 2021). CAR-T cells are T cells isolated from patients and

engineered to target cancer-specific neoantigens, stimulating antitumor immunity without generating



autoimmune side effects (Labanieh et al., 2018). Overall, targeting cytotoxic T cell activity has proven a

highly successful therapeutic approach to several cancers.

However, tumor immune signaling is not limited to inhibiting CD8+ T cell function. Cancers also
express chemokines and cytokines that can recruit immunosuppressive cells to build a favorable tumor
microenvironment (TME) (Mukaida et al., 2014; Ozga et al., 2021). These cell types include both
myeloid cells such as tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells
(MDSCs) and lymphoid cells in the form of regulatory T cells (Treg) (Coussens et al., 2013; Hua and
Bergers, 2019; Ozga et al., 2021). These cells create a pro-tumaorigenic microenvironment around the
tumor, protecting it from acute anticancer immune responses. Interestingly, tumors exhibit highly
heterogeneous levels of CD8+ T cell infiltration, which is partly due to differences in tumor-secreted
chemokines (Harlin et al., 2009; Gajewski et al., 2013; Olga et al., 2021). Thus, the recruitment of
immunosuppressive immune cells to the TME may significantly contribute to protecting cancer cells

from antitumor immune responses.

Prostate cancer responds poorly to immunotherapy. Checkpoint inhibitors have had limited effects
in clinical trials, leading this disease to be considered an “immune cold” cancer (Cham et al., 2020;
Stultz and Fong, 2021). Even the most successful immunotherapy approach against prostate cancer
only shows a 22% decrease in mortality risk, and no improvement in halting disease progression,
demonstrating the difficulty of decreasing prostate tumor burden via immunotherapy (Kantoff et al.,
2010). Additionally, the prostate cancer TME contains multiple immunosuppressive cell types including
MDSCs (Garcia et al., 2014). This may cause exhaustion or exclusion of CD8+ cytotoxic T cells, thus
inhibiting antitumor immunity. Strikingly, AR loss in CRPC models increases MDSC abundance,
implying AR independent prostate cancer may more strongly resist immunotherapy approaches (Lopez-
Bujanda et al., 2021). More complete characterization of the prostate immune landscape and its
changes in the context of tumorigenesis and hormone loss may enable further advances in designing

effective immunotherapies for this disease.
1.4 Translation Initiation: Functions in Disease

Changes in genomic DNA sequence or mRNA expression have been deeply studied in normal and
disease contexts. It is commonly accepted that these processes can drive tumorigenesis. However,
protein synthesis was assumed to be automatic and unregulated until relatively recently, and as a result
its roles in cancer have not been studied extensively (Fabbri et al., 2021). However, recent
technological advances have enabled much closer examination of protein synthesis processes (Ingolia
et al., 2009; Floor and Doudna, 2016). In fact, translation is highly heterogeneous and can vary

between cell and tissue types, leading to context-specific regulation (Buszczak et al., 2014). Each
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phase of translation is a tightly regulated process, from initiation to elongation, termination, and
recycling of ribosomes and other factors (Song et al., 2021). mMRNA sequence can act in cis to
modulate translation levels via regulatory motifs in untranslated regions (UTRs) or codon usage in the
coding sequence (CDS) (Schuster et al., 2019; Liu et al., 2021). In addition, many external factors
including RNA-binding proteins (RBPs) or noncoding RNAs (ncRNAs) act in trans to regulate ribosome
binding, scanning, elongation, and recycling (Djuranovic et al., 2012; Meijer et al., 2013; Dassi, 2017,
Hentze et al., 2018). Recent studies have even found that translation machinery can impact translation
rates, in the form of tRNA abundance or heterogeneous ribosomes (Shi et al., 2017; Torrent et al.,
2018). In short, translation regulation is multifaceted, complex, and can drastically impacts gene

expression, often causing protein levels to deviate significantly from mRNA levels (Franks et al., 2017).

Translation initiation is a particularly complex process as it involves ribosomal recruitment,
loading and scanning towards the translation start site (Ho et al., 2021). Initiation is canonically
mediated by the elF4F translation initiation complex, which consists of the 5’ cap-binding subunit
elF4E, the scaffolding subunit elF4G, and the helicase elF4A (Silvera et al., 2010). The elF4F complex
provides a platform for ribosomal loading and helicase activity to unwind structured mRNA and allow
scanning (Jackson et al., 2010). This complex is itself heavily regulated, as elF4E can be
phosphorylated to enhance its activity and elF4E binding proteins (4EBPs) compete with elF4G to
prevent complex formation (Uttam et al., 2018; Hao et al., 2020). 4EBP1 is itself regulated by mTORC1,
linking translation initiation to a major oncogenic pathway (Peter et al., 2015). mRNA 5’ UTR regions
are also a major source of regulation and can provide binding sites for RBPs as well as complex RNA
structures (Schuster et al., 2019). Given this highly granular, multifaceted regulation of initiation rates, it
is unsurprising that translation initiation is implicated in multiple cancer contexts (Biffo et al., 2018). In
breast cancer, MYC oncogenic activation triggers increased translation initiation of SF3A3 via an elF3-
dependent mechanism and modulates tumor stemness and recurrence phenotypes (Ciesla et al.,
2021). A mouse model of melanoma showed HRAS-dependent increases in translation initiation
increase proliferation (Cai et al., 2020). Finally, multiple studies implicate elF4F function in prostate
cancer. Aberrant mTOR signaling regulates elF4F via 4EBP1 phosphorylation and promotes prostate
cancer progression (Hsieh et al., 2012; Hsieh et al., 2015). Interestingly, a separate mechanism also
associates elF4F hyperactivity with increased proliferation of AR-low disease. Indeed, AR directly
activates 4EBP1 transcription, androgen loss results in increased elF4F complex assembly and
function, and hyperproliferation can be rescued by re-expression of 4EBP1 (Liu et al., 2019). The
finding that translation initiation is crucial for AR-low CRPC progression offers a new avenue for
therapeutic approaches against this cancer subtype, but we still lack a full understanding of how
proliferation and other processes are mediated by elF4F. A more complete mechanistic picture of the

role of initiation would likely benefit patients with this currently incurable disease.
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In this dissertation | will address two main questions:

1. How do cellular populations in mouse prostates respond to cancer initiation and hormone-

independent progression?

In Chapter 2, | describe a single-cell RNA sequencing atlas of mouse prostates. This atlas includes
WT mice as well as a prostate cancer model based on prostate-specific deletion of Pten under normal
and castrated conditions, as well as a castrated Pten;4ebp1™ double mutant with inhibited translation
initiation activity. | detail the changes in cellular populations under these conditions, finding epithelial
and immune cell states that expand in cancer, mediate castration resistance and AR-low proliferation,
and suppress antitumor immune responses, and characterize the role of translation rates in this

system. Finally, we present our dataset as a resource to the field via an interactive website.

2. How does elF4F hyperactivity in AR-low prostate cancer regulate a subset of mMRNAs to

maintain high proliferation?

In Chapter 3, | examine the molecular mechanisms of translation regulation in AR-low prostate
cancer. | discover a novel sequence element in the 5° UTRs of mRNAs affected by elF4F hyperactivity
and use a series of reporter assays to establish its functionality in several candidate genes. | also
evaluate the conservation of this motif in candidate genes and genome-wide, investigate possible

mechanisms of action, and generate a stable reporter system for future high-throughput experiments.



Chapter 2. Defining cellular population dynamics at single-cell resolution

during prostate cancer progression

This work was originally published in ELIFE. Germanaos AA, Arora S, Zheng Y, Goddard ET, Coleman
IM, Ku AT, Wilkinson S, Song H, Brady NJ, Amezquita RA, Zager M, Long A, Yang YC, Bielas JH,
Gottardo R, Rickman DS, Huang FW, Ghajar CM, Nelson PS, Sowalsky AG, Setty M, Hsieh AC. 2022.
Defining cellular population dynamics at single-cell resolution during prostate cancer progression. Elife
11. doi:10.7554/elife.79076

2.1 Abstract

Advanced prostate malignancies are a leading cause of cancer-related deaths in men, in large part
due to our incomplete understanding of cellular drivers of disease progression. We investigate prostate
cancer cell dynamics at single-cell resolution from disease onset to the development of androgen
independence in an in vivo murine model. We observe an expansion of a castration-resistant
intermediate luminal cell type that correlates with treatment resistance and poor prognosis in human
patients. Moreover, transformed epithelial cells and associated fibroblasts create a microenvironment
conducive to pro-tumorigenic immune infiltration, which is partially androgen responsive. Androgen-
independent prostate cancer leads to significant diversification of intermediate luminal cell populations
characterized by a range of androgen signaling activity, which is inversely correlated with proliferation
and mRNA translation. Accordingly, distinct epithelial populations are exquisitely sensitive to translation
inhibition, which leads to epithelial cell death, loss of pro-tumorigenic signaling, and decreased tumor
heterogeneity. Our findings reveal a complex tumor environment largely dominated by castration-

resistant luminal cells and immunosuppressive infiltrates.
2.2 Introduction

Prostate cancer is the most diagnosed malignancy and second leading cause of cancer-related death
in men in the United States (Siegel et al., 2021). This is largely due to the development of treatment
resistant disease termed castration resistant prostate cancer (CRPC). Historically, CRPC has been
considered a singular disease entity. However, this viewpoint has significantly evolved with the advent
of next generation sequencing and the characterization of many distinct etiologies (Watson et al.,
2015; Bluemn et al., 2017; Labrecque et al., 2019). Intratumoral heterogeneity is also common in
prostate cancer, as several studies have highlighted both the complex cellular architecture of the
prostate and multiple potential cell-of-origin models (Goldstein et al., 2010; Shen and Abate-Shen,
2010). For instance, while prostate epithelial cells canonically present as either basal cells or highly

differentiated luminal cells, a distinct, more stemlike luminal population (Psca+/Krt4+/Tacstd2+) that
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primarily resides in the proximal prostate has previously been described (Xin et al., 2005; Wang et al.,
2006; Korsten et al., 2009; Kwon et al., 2016; Sackmann Sala et al., 2017; McAuley et al., 2019). While
the nomenclature for this cell type has varied, most studies have observed a similar set of biomarkers
and characteristics, including increased stemlike and inflammatory/immunogenic signatures (Liu et al.,
2016). These cells also appear to be castration-resistant; indeed, some studies show canonical
prostatic luminal cells may undergo phenotype switching towards a more stemlike Krt4+ cell state in
castrate conditions, reverting and helping repopulate the prostate during castration and regeneration
cycles (Karthaus et al., 2020; Mevel et al., 2020; Guo et al., 2020; Kwon et al., 2021).

This novel cell type was further verified using lineage tracing and single-cell technologies (Liu et al.,
2016; Crowley et al., 2020; Joseph et al., 2020; Karthaus et al., 2020; Kwon et al., 2020; Mevel et al.,
2020; Guo et al., 2020). Krt4+ cells are also found more rarely in the distal prostate, where they localize
to invagination tips (Guo et al., 2020). These cell types remain incompletely characterized, including in
their origin; some studies point to proximal luminal cells originating from the urethra, and therefore not
being prostatic in nature (Joseph et al., 2020). Others recognize the presence of urethral cells but draw

a distinction between them and prostatic Krt4+ proximal cells (Crowley et al., 2020).

There is evidence that Krt4 + cells may contribute to tumor initiation in the prostate (Xin et al.,

2005; Wang et al., 2006; Korsten et al., 2009; Kwon et al., 2016; Sackmann Sala et al., 2017; Guo et
al., 2020). For instance, several studies find these cells enriched in precancerous lesions upon genetic
perturbations in murine models (Wang et al., 2006; Korsten et al., 2009). Additionally, proximal cells
appear less able to contribute to tumor initiation than those residing in distal prostate lobes (Korsten et
al., 2009; Guo et al., 2020). These findings, combined with studies characterizing the role of Krt4+ cells
in castration and regeneration, suggest they may contribute to treatment resistance in advanced

cancer. However, this has yet to be established in CRPC models.

While tumor heterogeneity contributes to treatment resistance, another source of poor clinical outcomes
can be found in the consistent lack of response of CRPCs to immunotherapy. Prostate cancer has
generally been described as ‘immune-cold’ due to the presence of multiple immunosuppressive cell
types (Stultz and Fong, 2021). For example, tumor infiltration by myeloid-derived suppressor cells
(MDSCs) has been implicated as an immunosuppressive phenotype (Garcia et al., 2014; Lopez-
Bujanda et al., 2021). Metastatic CRPC also responds poorly to immune checkpoint inhibition and other
immunotherapies (Cham et al., 2020). This has been confirmed clinically with autologous active cellular
immunotherapy which only demonstrated a small (~4 month) improvement in survival in patients
(Kantoff et al., 2010). Therefore, characterizing the immune microenvironment in advanced prostate
cancer may be crucial to better understand this disease and inform potential therapeutic vulnerabilities

or combinatorial strategies.



Here, we have created an atlas of prostate cellular composition and phenotypic evolution
through tumor initiation, progression, and hormone independence using a Pten loss murine model as
an archetype. We observe a dramatic expansion of an intermediate luminal cell type in cancer and link
this epithelial population to treatment resistance in multiple human cohorts. We also characterize
increased pro-tumorigenic immune cell recruitment and define cell-cell signaling patterns that contribute
to lymphoid and myeloid cell expansion. In addition, using a tissue-specific transgenic model, we
demonstrate that cell type specific protein synthesis is essential for the maintenance of tumor
heterogeneity in both basal and intermediate cells in the context of AR-low prostate cancer. Finally, we
make our data available for further study through an interactive portal, with the aim of providing a broad
resource for the cancer research community. Together, our findings highlight the cell type-specific and
patient relevant features of prostate cancer progression and demonstrate the utility of single-cell

technologies to uncover novel cell-specific paradigms of treatment resistance.
2.3 Results
2.3.1 Characterization of WT and Pten™ ventral prostates at single cell resolution

To determine the cellular architecture of prostate cancer initiation, we conducted single-cell
RNA sequencing (scRNAseq) of the ventral prostates of 6-month-old wild-type (WT) and PB-
Cre4;Pten™ ROSA26-rtTA-IRES-eGFP (herein referred to as Pten™", see Methods) prostate cancer
mice (Figure 2.3.1A). We chose the ventral lobe because it has been well-characterized throughout
prostate cancer progression at a deep molecular level and for the abundance of cellular populations
(Hsieh et al., 2012; Hsieh et al., 2015; Liu et al., 2019). In the Pten™ model, exon 5 of the tumor
suppressor Pten is deleted within basal and luminal epithelial cells of the prostate and mice uniformly
develop prostate cancer (Wang et al., 2003). PTEN is a negative regulator of the oncogenic PI3K-AKT-
mMTOR signaling pathway, which is deregulated in nearly all advanced prostate cancer patients (Taylor
et al., 2010).

Quiality control and filtering (read count thresholds and excluding cells with high mitochondrial
content) resulted in transcriptomes from 24,079 total cells across five samples. Using SingleR, we
identified epithelial, stromal, and immune cell types (Aran et al., 2019; Fig. 2.3.S1A). To confirm that the

" model underwent Cre-mediated recombination, we measured the

epithelial cells in the Pten
frequency of rtTA-eGFP fusion mRNA in WT and Pten™ mice. The rtTA-eGFP transcript was present in
14.5% of Pten" epithelial cells (Fig 2.3.S1B). Given that on average ~1200 genes/cell were detected

and ~24,000 genes were identified overall, we expect the average transcript to be found in ~5% of cells

in the dataset. Therefore, our finding suggests widespread recombination, and therefore loss of Pten,



within the epithelial compartment. Importantly, recombination was not observed in WT mice or non-
epithelial cell types (Fig 2.3.S1B).

We further defined the epithelial population in WT mice via signatures and biomarkers obtained
from the Strand (Basal, Urethral, and VP), Sawyers (Basal, L1, and L2), and Xin (Sca-1+) groups
(Joseph et al., 2020; Karthaus et al., 2020; Liu et al., 2016). We found canonical basal (Krt5+/Sox4+)
and luminal (Nkx3-1+/Sbp+) cells, as well as two distinct clusters expressing luminal progenitor
markers (Psca+/Tactsd2+/Krt4+) (Fig 2.3.S1C-D). These clusters were mainly distinguished by
different basal, L2, and luminal (VP/L1) signature scores. In addition, one cluster clearly expressed
previously identified urethral markers Aqp3 and Ly6d, and was negative for other progenitor markers
(Ppp1rlb, Clu; Fig. 2.3.S1C; Crowley et al., 2020). Accordingly, we designated this cluster as urethral.
The other Krt4+ cluster likely represents progenitor prostatic cells, either from the proximal or distal
prostate (Crowley et al., 2020; Guo et al., 2020). Therefore, we refer to this cluster as luminal
progenitor hereafter (Fig 2.3.S1D).

flAfl

We then examined epithelial cell subtypes in Pten™ mice. We identified basal, urethral, and

canonical luminal cells, as well as a large cluster of cells similar to WT luminal progenitor cells,
characterized by expression of Krt4/Tacstd2/Ppplrlb but not Psca (Fig. 2.3.S1E-F). Clustering urethral

cells with luminal progenitor and this new Pten™"

cluster, we find that the urethral cells cluster apart
from the other cell types and express significantly lower levels of prostate luminal or pan-epithelial
markers (Krt8, Krtl8, Epcam) (Fig. 2.3.S1G—H). This supports the hypothesis that we have identified

fll

both urethral and prostate cells, and likely indicates a prostatic origin for the Pten™" cluster. We

designated Krt4+/Tacstd2+/Ppplrlb+ cells in Pten” mice as ‘intermediate’ cells (Fig. 2.3.S1E).

2.3.2 Pten loss generates differentially proliferating populations and a dominance of intermediate

luminal cell states from multiple cellular origins

Next, we sought to determine how the epithelial compartment is remodeled in the context of
tumor initiation. We excluded the urethral cluster because it is not prostatic in origin and therefore is

less likely to significantly impact cellular dynamics in prostate cancer. We observed a dramatic increase

fll

in the proportion of intermediate cells in Pten™ mice compared to luminal progenitor abundance in the

WT setting (Fig. 2.3.1B-C). To investigate potential mechanisms of this expansion of the intermediate

population, we identified differentially expressed genes (DEG) and performed gene set enrichment

fll

analysis (GSEA) on each epithelial subtype, comparing the WT and Pten™ epithelial compartments

(Pten™ basal:WT basal, Pten"" intermediate:WT luminal progenitor, Pten™ luminal:WT luminal). We

fll

noted enrichment of oncogene and tumor suppressor pathways in the Pten™" mice, including

upregulation of AKT and mTOR, which are expected in this model. We also observed
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increased Wnt signaling and metabolic processes across all epithelial cell types. Interestingly, both
epithelial cell migration and proliferation were enriched in most epithelial cells (Fig. 2.3.1D). These
findings suggest that intermediate cell expansion could be mediated by increased proliferation of
luminal progenitors, or by increased transdifferentiation of other cell types, which has been widely
characterized in WT settings (Karthaus et al., 2020; Mevel et al., 2020; Kwon et al., 2021).

To evaluate the possibility of increased proliferation of different epithelial cell types, we used the
Cell Cycle Progression (CCP) score, a proliferation gene signature developed and validated in human
prostate cancer patients (Cuzick et al., 2011), and generated a composite score (see Materials and
methods) in our dataset. Surprisingly, while there was a significant increase in CCP score in basal cells

in Pten™"

mice compared to WT, we observed no significant change in intermediate cells compared to
luminal progenitor cells (Fig. 2.3.1E). To further characterize epithelial proliferation, we performed cell
cycle scoring, assigning one of three phases (G1, G2/M, or S) to each cell in the dataset, and found a

striking split in the basal compartment of Pten™"

mice, but not WT mice. In Pten" mouse prostates,
18.6% of basal cells were hyper-proliferative, with 99.7% of these cells in a proliferative phase (G2/M or
S phases). The rest of the basal compartment only had 52.2% of cells in a G2/M or S phase, lower than
WT basal cells (68.5%) (Fig. 2.3.1F, Fig. 2.3.S2A). We also verified that the increase in basal cell CCP
score was specifically due to this hyper-proliferative cluster (Fig. 2.3.S2B). One possibility for this
differential increase in basal cell proliferation is higher Cre-mediated recombination efficiency in some
clusters over others. We analyzed transgene abundance in our basal subclusters and found that in

the Pten™ mouse, 13.6% (12.0%-15.7%) of hypo-proliferating and 19.6% (19.1%—20.3%) of hyper-
proliferating basal cells express the rtTA-eGFP transgene. This <1.5-fold difference does not account
for the >twofold increase in cycling cells, or the ~threefold increase in CCP score observed between the
subclusters. As such, we conclude that Pten loss in the murine prostate promotes a dual phenotype in
basal cells, with most cells displaying decreased proliferation while a subset becomes hyper-

proliferative.

We further characterized the basal subclusters in Pten™"

mice by performing DEG analysis
followed by GSEA. As expected, we observed several cell-cycle-related pathways enriched in the
hyper-proliferative cluster. However, the hypo-proliferative basal cluster was enriched for several
migration, development, and differentiation signatures (Fig. 2.3.1G). Transdifferentiation of basal cells
to luminal cells in the context of malignant transformation has previously been reported in prostate
cancer (Goldstein et al., 2010; Choi et al., 2012; Lu et al., 2013; Wang et al., 2013). As such, we
hypothesized that the hypo-proliferative basal subcluster might transition into intermediate luminal cells,
thus providing one potential mechanism for the expansion of this cell type in the absence of increased

proliferation. To verify this, we generated pseudotime trajectories using Monocle3 (Cao et al., 2019),

11



which confirmed a direct path from hypo-proliferative basal cells to intermediate luminal cells (Fig.
2.3.52C). We also performed RNA velocity, a technique to visualize differentiation dynamics on a per
cell basis (La Manno et al., 2018). This analysis revealed significant movement from hypo-proliferative,
but not hyper-proliferative basal cells to intermediate cells (Fig. 2.3.1H). Finally, we used a pseudotime
algorithm (Setty et al., 2019) to identify two potential trajectories starting from the hypo-proliferative
basal cells and ending either in the hyper-proliferative basal cluster or in the intermediate luminal cell
compartment (Fig. 2.3.11). We generated clusters of genes with similar expression patterns across
these pseudotime axes (Fig. 2.3.52D) and performed GSEA on the clusters. We found that several
genes involved in cell fate decisions including Pdgfb, Trp63, and Shh are highly expressed early but
rapidly decrease over the trajectories. Conversely, genes implicated in differentiation such

as Notchl increased over the basal-intermediate path, but not the basal-basal path (Fig. 2.3.1J). This
suggests that hypo-proliferating basal cells strongly express development markers associated with cell
fate choice, but these genes are not expressed in hyper-proliferative basal cells or intermediate cells.
Moreover, intermediate cells express higher levels of differentiation-associated genes than either basal
subcluster. Together, these findings support the idea that hypo-proliferative basal cells
transdifferentiate into intermediate luminal cells during tumorigenesis, while the basal compartment

may be replenished by a hyper-proliferative, non-differentiating population.

Multiple studies have suggested that prostate luminal cells can phenotype switch to
intermediate-like states under conditions such as castration (Karthaus et al., 2020; Guo et al., 2020). To
verify whether luminal populations may contribute to the intermediate cell state, we plotted the
expression of genes canonically expressed in prostate luminal cells and found that while luminal cells

did express these genes most strongly, there was overlap with a population of intermediate cells

fll

immediately adjacent to the luminal cells in Pten™" mice (Fig. 2.3.S2E). This suggests that luminal cells

may phenotype switch into an intermediate state and retain some identity markers in the context
of Pten loss. It is also possible that luminal progenitor cells contribute to the intermediate population,
as Krt4+ cells within the proximal and distal prostate have been described as tumor initiating cells

after Pten loss (Guo et al., 2020). Overall, our findings support multiple cells of origin

flAfl

for Krt4+ intermediate cells in Pten™ mice, including phenotype switching of basal and luminal cells, as

well as potential expansion of luminal progenitor cells. In vivo lineage tracing studies using highly

precise Cre-drivers will likely be necessary to fully disentangle the cellular origins of intermediate cell

flifl

states in the Pten™ prostate cancer model.

2.3.3 Immune infiltration increases in Pten™ mice and is pro-tumorigenic

Our GSEA of all three epithelial cell types showed an enrichment for immune-related pathways

flAfl

in Pten™ mice, suggesting increased immunogenic signaling relative to WT mice (Fig. 2.3.2A). To
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determine the impact of epithelial Pten loss on immune cells, we calculated the relative abundance of

flfl

immune cells in WT and Pten™ mice. We found that T cells, macrophages, neutrophils, and dendritic

cells were all significantly expanded in the Pten""

mouse; in fact, only B cells were not expanded
compared to WT (Fig. 2.3.S3A-B). Immune infiltration has previously been characterized as
immunosuppressive in PTEN null prostate tumors (Garcia et al., 2014). Therefore, we expected these
expanding immune populations to be immunosuppressive and therefore pro-tumorigenic. To test this
hypothesis, we assigned activation states or subtypes to immune cells based on known biomarkers
(Fig. 2.3.2B, Fig. 2.3.S3C-E). First, we characterized the neutrophil population as myeloid-derived
suppressor cells (MDSCs) based on published biomarkers (Alshetaiwi et al., 2020; Fig. 2.3.S3C). We
also found three macrophage cell states: tumor-associated macrophages (TAMs), M2-activated
macrophages, and M1-activated macrophages. Interestingly, the M1 cells expressed the AR-dependent
markers Sbp and Defb50 and as a result, we termed them tissue-resident macrophages (TRM, Fig.
2.3.S3D). Finally, we characterized three T cell subtypes: CD8* T cells, gamma-delta T cells, and
natural killer T (NKT) cells. CD8* and gamma-delta T cells expressed the markers of exhaustion and
immunosuppression Pdcdl1 and Ctla4, suggesting their cytotoxic activity may be dampened in the
context of Pten loss (Fig. 2.3.S3E). All these cell types except for NKT cells and TRMs are expanded

fl/Al

in Pten™ mice, implying a potential role for these immune cells in establishing or maintaining a pro-

tumorigenic prostate tumor microenvironment (Fig. 2.3.2C).

M2 macrophages, TAMs, and MDSCs are generally pro-tumorigenic (Zaynagetdinov et al.,
2011; Chanmee et al., 2014; Garcia et al., 2014). Together with exhausted CD8* T cells, this suggests
a broadly pro-tumorigenic immune environment. We hypothesized that cell-cell signaling originating
from tumor epithelial cells may play an important role in recruiting immune cells to the prostate. To
probe cell-cell interactions in our system, we used a ligand-receptor database and interaction algorithm
that classifies the strength of specific ligand-receptor interactions between cell groups (Efremova et a.,
2020). We found key interactions between epithelial subtypes and M2 macrophages and TAMs, such
as interactions targeting the Cd74 receptor, that point to active recruitment (Fig. 2.3.2D). Ligands in the
epithelial basal, intermediate, and differentiated cell populations were more highly expressed

fl/l

in Pten™ mice than in WT mice, which corresponds to the increased macrophage abundance

in Pten" mice (Fig. 2.3.2E).

Additionally, we observed increased Ccl2/7/11-Ccr2 interactions between fibroblasts and
M2/TAMs upon Pten loss, suggesting that fibroblasts in prostate cancer may also play an active role in
macrophage recruitment (Fig. 2.3.S3F). Ccl2/7/11 are all significantly upregulated in Pten™ fibroblasts
(Fig. 2.3.S3G). Interestingly, Ccr2 is expressed highly in M2 and TAMs in cancer, but not in TRMs (Fig.

2.3.S3H). The lack of fibroblast signaling to TRMs provides a possible cellular explanation for the lower
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abundance of this macrophage subtype in Pten™"

mice compared to WT. Another possibility is that
TRMs polarize and transition into M2/TAM macrophages, potentially in response to epithelial signaling.
Overall, these findings highlight a role for epithelial cells and fibroblasts in recruiting pro-tumorigenic

macrophages to the prostate in the context of Pten loss.

While we observed significant epithelial to macrophage signaling, the top interactions between
epithelial cells and MDSCs were characterized by receptors expressed in epithelial cells and ligands
expressed in MDSCs. As such, it is unlikely that epithelial cells are responsible for the expansion of
MDSC:s in the prostate (Fig. 2.3.S3l). Instead, we noted increased expression of the Ccrl receptor in
MDSCs, and a concomitant increase in Ccl6/7/8/9 expression in M2 macrophages. These genes are
known Ccrl ligands (Korbecki et al., 2020), which suggests that MDSCs are recruited by M2-activated
macrophages (Fig. 2.3.2F). Interestingly, Ccl6/7/8/9 are not expressed in TRMs or TAMs, highlighting
the specificity of M2-MDSC signaling.

Finally, we examined interactions between epithelial cells and T cells. We found both attractive
(Cxcr6-Cxcl16) and pro-exhaustion (Pdcd1l-Fama3c) interactions between CD8* T cells and epithelial
cells. We found these same interactions between macrophages and CD8" cells, as well as Cd86-
Ctla4/Cd28 interactions (Fig. 2.3.2G). Ctla4 and Cd28 belong to the same family of T cell co-stimulator
receptors. Ctlad has a suppressive effect while Cd28 is activating, and both receptors are targeted by
the Cd86 ligand (Gminder and Lesslauer, 1984; Salomon and Bluestone, 2001; Boesteanu and
Katsikis, 2009). These findings imply a synergistic signaling pattern with both tumor epithelia and
macrophages recruiting and mitigating the cytotoxicity of T cells. We noted that TAMs exhibited
particularly robust expression of Cxcl16 and Cd86, suggesting that similar to M2-mediated MDSC
recruitment, TAMs may specifically be responsible for modulating T-cell abundance and function (Fig.
2.3.2H).

Overall, our data suggests that pro-tumorigenic macrophages are recruited by epithelial and
fibroblast signaling in Pten null tumors. These macrophages then assist tumor signaling in remodeling
the immune environment, including recruiting and exhausting cytotoxic CD8* T cells and attracting pro-
tumorigenic MDSCs. Given ligand expression data, M2 macrophages may be mainly responsible for
MDSC recruitment and TAMs for CD8* T cell recruitment. These findings reveal a complex signaling
system with multiple coordinated sources of ligand expression working in tandem to build a

microenvironment favorable to tumor escape from immunological suppression.
2.3.4 Castration-induced intermediate cell heterogeneity drives resistance to androgen deprivation

Having examined epithelial and immune populations in prostate cancer initiation, we sought to
determine how these cells reorganize over the course of castration resistance. It has been shown that
14
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castration of Pten™ mice leads to the emergence of AR-low tumors (Liu et al., 2019). As such, we

conducted scRNAseq in 6 months old Pten™"

mice with and without castration at 4 months of age and
evaluated the changes that occurred in the epithelial compartment (Fig 2.3.3A). Castration caused the
intermediate luminal cell population to expand while the differentiated luminal cells disappeared entirely
(Fig. 2.3.3B-C). We hypothesized that androgen deprivation may differentially affect epithelial
subtypes. To investigate this, we generated an AR activity score using a 20-gene signature
(Hieronymus et al., 2006) and found that WT luminal progenitor cells had high AR activity,

but Pten" intermediate cells exhibited very low AR activity in both intact and castrated Pten-null

conditions. On the contrary, differentiated luminal cells retained high AR activity in Pten™

mice (Fig.
2.3.3D). This suggests that loss of Pten in intermediate luminal cells decreases their reliance on AR
signaling and induces expansion of this compartment upon castration. While it is possible that
castration is lethal to differentiated luminal cells, previous studies have shown that they are able to
phenotype switch into an intermediate state in AR-low conditions (Karthaus et al., 2020). Therefore, it is

likely that this increase in intermediate cell abundance in Pten™

castrate mice is due to lineage
plasticity in luminal cells. Notably, there were no significant changes in proliferation between the intact

and castrate conditions in basal or intermediate cells (Fig. 2.3.S4A).

Given the increase in intermediate cells associated with castration resistant tumor growth, we

next asked how castration modulates phenotypic diversity in this population. We isolated and re-

flAfl

clustered intermediate cells from Pten™" intact and castrated mice and found six distinct clusters (Fig.

2.3.3E). The majority of intact Pten"" intermediate cells (62.8%) congregated in a single cluster (cluster
3), while castrated Pten™"
1, 2, and 4) (Fig. 2.3.3F). DEG analysis showed high expression of AR-dependent genes Sbp, Defb50,

and Spink1 in cluster 3, suggesting this cell population may have high AR signaling activity relative to

intermediate cells were widely distributed over four unique groups (clusters 0,

other intermediate cells (Fig. 2.3.S4B). This cluster represents cells close to differentiated luminal cells
on the epithelial UMAP (Fig. 2.3.3B) and may indicate a luminal origin that could explain retaining high
AR activity. Similarly, we observed high expression of the basal cell markers Krt5 and Krtl5 in cluster 1
(Fig. 2.3.54B; this cluster corresponds to the intermediate cells proximal to basal cells on the epithelial
UMAP (Fig. 2.3.3B)). This supports our hypothesis that some intermediate cells are derived from basal
transdifferentiation in the context of cancer, while others may have luminal origins. We also noted
multiple ribosomal genes upregulated in clusters 1 and 4, suggesting increased translational signatures
in these clusters (Fig. 2.3.54B). GSEA confirmed enrichment of multiple translation pathways in
clusters 1 and 4 (Fig. 2.3.S4C). We also investigated whether castration leads to increased
translational signatures in basal cells. We found that several genes encoding ribosomal proteins were
overexpressed in castrated basal cells compared to intact Pten” mice (Fig. 2.3.S4D). Together, these

findings demonstrate that castration promotes increased heterogeneity of the intermediate cell
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populations and potentially diversifies cell-type-specific translation dependence in both basal and

intermediate cells in the context of Pten loss.

To further characterize the functional differences in castration resistant intermediate cells, we
generated AR activity, proliferation, and translation scores for each intermediate cell cluster. We found
a gradient of residual AR signaling activity, with cluster 3 having the highest score (Fig. 2.3.3G).
Importantly, proliferation and translation activity scores were inversely correlated with AR signaling, with
clusters 1 and 4 exhibiting high proliferation and translation scores and low AR scores (Fig. 2.3.3G).

We designated the clusters as AR-high, -medium, or -low and noted that intact Pten™

mouse prostates
contain mostly AR-high intermediate cells (Fig. 2.3.S4E-F). Upon castration the number of AR-medium
and -low cells increase substantially (Fig. 2.3.S4E—F). These findings suggest that castration may
select for lower AR expressing cell types with high proliferation, but also conserve some ‘intact-like’
regions with relatively high AR activity and low proliferation. We also conclude that AR activity in
intermediate cells may be correlated with cell of origin, as clusters expressing basal markers (clusters 1
and 4) exhibit low AR activity while cluster 3, which expresses luminal markers, has AR activity
comparable to differentiated luminal cells (Fig. 2.3.3G, Fig. 2.3.S4B). Given these correlations, an
alternate hypothesis might be that increased basal transdifferentiation, rather than a selection event, is
responsible for the increased abundance of AR-low intermediate cells. Lineage-tracing experiments

fl/fl

evaluating proliferation and transdifferentiation differences between intact and castrated Pten™" mice

will be necessary to fully establish a mechanism for increasing AR-low intermediate cell populations.

Our findings raise the question of what aspects of intermediate cell heterogeneity are driven by
castration versus loss of Pten? To address this question, we performed single-cell RNA sequencing on
9 WT castrated mouse prostates, which we binned into three replicates to overcome small tissue yields
due to atrophy in castrated WT prostates. We found that non-basal cells in WT castrate mice aggregate

into one clustered region separate from both WT intact luminal cells and Pten™"

intermediate cells, but
interestingly were closest to WT luminal progenitor cells (Fig. 2.3.54G). We evaluated the changes in
AR activity, translation, and proliferation in basal and luminal cells between WT intact and castrated

flAfl

cells. We found that similar to Pten™ intermediate cells, lower AR activity was associated with an

M intermediate cells we observed a

increase in a translation signature. However, unlike the Pten
decrease in the proliferation signature (Fig. 2.3.3H). These findings demonstrate that castration plays
an important role in translational heterogeneity in intermediate cells. However, the change in

proliferation is likely related to loss of Pten.

2.3.5 Castrate intermediate cell signature correlates with advanced prostate cancer and worse patient

outcomes
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Given the widespread use of the Pten" model (Ding et al., 2011; Svensson et al., 2011; Hsieh
et al., 2012; Garcia et al., 2014; Hsieh et al., 2015; Ku et al., 2017; Allott et al., 2018; Antoch et al.,
2020; Morel et al., 2021; Quaglia et al., 2021) and our new understanding of cellular dynamics in the
context of disease progression, we sought to determine which cell type and context most closely
correlated with human prostate cancers that went on to resist androgen deprivation therapy (ADT). To
this end, we used a gene signature of ADT resistance derived from human prostate tumors prior to
treatment with ADT plus the AR inhibitor enzalutamide, in a neoadjuvant setting (Fig. 2.3.4A)

(NCT02430480) (Karzai et al., 2021; Wilkinson et al., 2021; Ku et al., 2021). We generated DEG lists

flAl flAl

for each epithelial cell type (basal, intermediate, luminal) comparing WT and Pten™ or Pten™ intact and
castrated prostates and performed enrichment analysis using the ADT resistance signature. Out of all
the cell types, castrated intermediate cells compared to intact intermediate cells exhibited the most
enrichment for the resistance signature (Fig. 2.3.4B). The top five genes from the resistance signature
that were upregulated in castrated intermediate cells were ATP1B1, BST2, CP, IGFBP3, and PTTG1.
Importantly, these genes were downregulated in cluster 3 of our intact intermediate cells compared to
castrate clusters, demonstrating specificity for aggressive disease (Fig. 2.3.S5A). Furthermore, all five
genes were upregulated in human tumors that exhibited pathologic resistance to ADT (Fig. 2.3.S5B).
Lastly, we sought to investigate whether these genes were associated with worse outcomes for
prostate cancer patients. We examined disease-free survival (DFS) of patients stratified by high or low
expression of the five top genes across two major prostate cancer cohorts (Network, 2015; Taylor et al.,
2010). We found that patients whose tumor samples expressed high levels of any of these five enriched
genes experienced significantly shorter disease-free survival (Fig. 2.3.4C, Fig. 2.3.S5C). We also
analyzed patients with PTEN loss or PI3K/AKT pathway dysregulation from the TCGA dataset and
found the same trend (Fig. 2.3.S5D). These results suggest that the castrate intermediate cell state in

the Pten” may correlate with poor patient outcomes.

Given our finding that a 5-gene signature derived from castrate intermediate cells correlates to
human clinical phenotypes, we investigated if this signature is enriched in metastatic disease. We
integrated single-cell RNA sequencing data from primary prostate cancers (n=11) (Song et al., 2022)
and metastatic prostate cancers (n=6) (Dong et al., 2020) and found that primary and metastatic cells
clustered separately (Fig. 2.3.4D). We generated a composite score of our 5-gene signature on a per-
cell basis and visualized it on the UMAP. We observed an enrichment of the signature only in
metastatic patients (Fig. 2.3.4E). Importantly, the cluster containing this signature was composed of
cells from five out of the six metastatic samples. These findings show that our 5-gene signature is

enriched in human metastatic prostate cancer.
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Finally, a possible confounding factor in this model is that physical castration of
the Pten” model alone could be driving the expression of the 5-gene signature. To investigate this, we
examined single-cell sequencing data from an orthogonal non-castrated mouse model of cancer
progression (Brady et al., 2021). This study used prostate specific autochthonous models including a
double knockout Pten”/Rb1” mouse (PR) and a triple mutant Pten”/Rb1”/Nmyc* mouse (PRN). PRN
mice generate prostate tumors with significantly stronger castration resistance compared to PR mice
(Brady et al., 2021). Single-cell RNA sequencing data in this study was produced without castration in
both PR and PRN mice, resulting in a model of cancer progression outside of physical castration. We
overlaid our 5-gene resistance signature on UMAPs of both mouse models and found strong
enrichment of the signature in PRN mice compared to PR mice (Fig. 2.3.4F-G). These results reveal
that the 5-gene signature is likely not driven by castration alone. Together, our findings demonstrate
that a gene signature generated through a specific cell-type within murine prostate cancer closely

correlates with human CRPC and worse outcomes in patients.
2.3.6 Androgen deprivation decreases immune cell abundance but activates Tnf signaling

Androgen deprivation induces a host of physiological changes in the prostate, including
modulations of immune signaling (Sha et al., 2015; Lopez-Bujanda et al., 2021). Having observed

significant epithelial changes in castrated Pten™"

mice, we next investigated the consequences of
castration on the immune environment. We observed a significant decline in the abundance of all 3
macrophage subtypes, as well as CD8* T cells, relative to intact Pten" mice (Fig. 2.3.5A-B). We
performed ligand-receptor interaction analysis to understand how androgen deprivation disrupts cell-
cell signaling patterns. We found that epithelial signaling to macrophage cells was still intact, with
relatively little change in ligand or receptor expression (Fig. 2.3.S6A-B). However, the Ccl2/7/11-
Ccr2 signaling axis from fibroblasts to M2 macrophages and TAMs was entirely ablated in

castrated Pten™"

mice (Fig. 2.3.5C). Ccr2 expression was significantly decreased in macrophages,

and Ccl2/7/11 were all dramatically decreased in fibroblasts (Fig. 2.3.5D). This suggests that fibroblast-
mediated macrophage recruitment is interrupted by androgen deprivation. Indeed, androgen signaling
is known to promote pro-tumorigenic macrophage function as well as macrophage recruitment

via Ccr2 expression, lending credence to this hypothesis (Lai et al., 2009; Cioni et al., 2020; Becerra-
Diaz et al., 2020). TRMs also decreased in abundance, but they were not targeted by fibroblast
signaling and epithelial signaling was uninterrupted. Given the expression of AR-dependent genes in
this macrophage subtype (Fig. 2.3.S3D), we speculated that loss of androgen signaling could be
deleterious to this population. Indeed, in intact Pten " mice TRMs had high AR activity relative to other
macrophage subtypes, and this activity was decreased by castration (Fig. 2.3.S6C). This suggests that

castration interrupts fibroblast-mediated pro-tumorigenic M2 and TAM recruitment and depletes the
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androgen-dependent tissue-resident macrophage reservoir, leading to decreased macrophage

abundance in the prostate.

Macrophages likely contribute to CD8* T cell recruitment in intact Pten” mice (Fig. 2.3.2G—H);
we speculated that macrophage-mediated signaling might be interrupted in the context of castration
and cause a decrease in CD8" T cell abundance. Indeed, while epithelial-CD8* interactions were
mostly intact, Cd86-Cd28/Ctla4 signaling from M2 macrophages and TAMs was disrupted,
and Cd86 expression was greatly reduced in both M2s and TAMs (Fig. 2.3.5E). In addition, receptor
expression was decreased in CD8* T-cells, including suppressive markers Ctla4 and Pdcdl (Fig.
2.3.5F). These findings suggest that depletion of the macrophage population causes a decrease in both
CD8* T cell recruitment and suppression, possibly leading to more cytotoxic but less abundant CD8* T

fIAl

cells in castrated Pten™ mice.

Finally, Tnf signaling has previously been implicated as a pro-tumorigenic factor in AR low
prostate cancer (Mizokami et al., 2000; Sha et al., 2015). Accordingly, we examined Tnf interactions in
our ligand-receptor analysis and found a striking enrichment of Tnf pathway activity in castrated mice.
Specifically, pro-tumorigenic myeloid cells (M2 macrophages, TAMs, and MDSCs)
expressing Tnf interact with multiple receptors in epithelial cells and fibroblasts (Fig. 2.3.5G). To
investigate whether this association held true in human prostate cancer, we correlated a 200 gene
signature of Tnf activity (Griss et al., 2020) with AR signaling activity in the prostate cancer TCGA
dataset (Network, 2015). We found a significant inverse correlation between TNF and AR activity in
human patients, validating our finding that TNF signaling is induced in prostate cancer upon castration
(Fig. 2.3.5H). This correlation also held true when only considering patients with PTEN loss (Fig.
2.3.56D). We conclude that castration in the Pten” mouse provokes several large-scale cellular
signaling changes that result in decreased macrophage and CD8" T cell populations and

increased Tnf signaling.

2.3.7 Translation inhibition in AR-low prostate cancer is lethal to basal and intermediate cells and

disrupts pro-tumorigenic signaling

Deregulated mRNA translation rates have previously been implicated in aberrant gene

expression and aggressive AR-low prostate cancer in the Pten™

mouse (Liu et al., 2019; Lim et al.,
2021). However, understanding how the per cell requirement for aberrant translation enables tumor
heterogeneity has been technically challenging. Therefore, it remains to be determined which prostate
cancer epithelial cell types require increased translation for androgen independent growth. Given the
strong correlation between proliferation and translation observed in both basal and intermediate cells

(Fig. 2.3.3, Fig. 2.3.54D), we hypothesized that inhibiting translation in the Pten” mouse could be
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deleterious to both cell types. To investigate this possibility, we used the PB-Cre4;Pten”:ROSA26-
nTA-IRES-eGFP;TetO-4ebp1™ mouse model (herein referred to as Pten"™.4ebp1"). In this model, Cre-
mediated recombination leads to Pten loss and expression of the rtTA protein in both basal and
intermediate cells (Fig. 2.3.S1B). When mice are treated with doxycycline, a mutant Eif4ebpl transgene
(4ebp1M) is expressed (Hsieh et al., 2015). elFAEBP1 is a negative regulator of translation initiation and
functions via inhibition of elF4F complex assembly (Schuster and Hsieh, 2019). This mutant allele
cannot be inactivated via mTOR-mediated phosphorylation and its expression robustly inhibits elF4F
complex formation and translation initiation in prostate epithelia (Fig. 2.3.6A). Using this model, we
sought to determine the epithelial cell type specific dependencies of castration resistant prostate
cancer. Here, doxycycline was administered starting at 4 months of age, simultaneously with castration,

and prostates were collected at 6 months of age.

Initially, no major differences were observed in the UMAP comparing all epithelial cells in

castrated Pten ™

mice with or without 4ebp1™ (Fig. 2.3.6B). However, we noted a striking (~10-fold)
depletion of the tTA-eGFP transgene which is required for 4ebp1" induction in Pten"™4ebp1M basal
and intermediate epithelial cells compared to the Pten™ model (Fig. 2.3.6C, Table 1). We hypothesized
that translation inhibition in AR-low prostate cancer might be lethal or confer a competitive
disadvantage to AR low epithelial cells, and that the bulk of the remaining epithelia did not express the
4ebp1M and were simply castrate cells that did not express the transgene. To test this hypothesis, we
performed DEG analysis only on transgene-positive cells, comparing castrated cells with or without
4ebp1M. We found many more differentially expressed genes between these groups in basal cells (465

differentially expressed genes) than in the non-filtered analysis (56 DEGs). We did not observe a

flAfl flifl.

significant change in the number of DEGs between castrated Pten"" and Pten";4ebp1M intermediate
cells when filtering for rtTA-eGFP+ cells. This may be due to the high phenotypic diversity in this
compartment and the very low proportion of transgene-positive intermediate cells after

4ebp1Minduction (<1%, Table 1) causing a lack of robustness in the DEG analysis.

Interestingly, upon performing pathway analysis on basal cell DEGs we found enrichment of
pathways relating to translation, cell cycle arrest, and apoptosis, and observed downregulation of
mitochondrial function and mTORCL1 signaling pathways (Fig. 2.3.6D). These findings suggest that
remaining transgene-positive basal cells in the Pten":4ebp1™ mice may be undergoing cell cycle
arrest, interruption of growth processes such as inhibition of the mTOR pathway, and apoptosis. We
also noted that in the basal compartment, the proportion of hyperproliferative cells had decreased
drastically (Table 2). This suggests that highly proliferative basal cells are more dependent upon high

translation than less proliferative basal cells.
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Given the large-scale changes in epithelial populations caused by 4ebp1™ induction in

castrated Ptenf

mice, we next asked how cell-cell signaling between the remaining epithelial cells and
other compartments were affected by the loss of basal and intermediate cell populations through
translation inhibition. We found that Tnf signaling was greatly decreased between myeloid and epithelial
cells (Fig. 2.3.6E—F). In addition, epithelial-fibroblast and inter-epithelial Egfr signaling also decreased
significantly (Fig. 2.3.6G—H). Egfr activity is associated with worse cancer prognosis, and inhibition

of Egfr signaling has been proposed as a therapeutic approach in advanced prostate cancer (Kim et al.,
2006; Guérin et al., 2010; Xiong et al., 2020). Overall, these findings show that both basal and
intermediate cancer cell types require increased translation initiation to maintain castration resistance
and that aberrant mRNA translation is required for tumor heterogeneity. Furthermore, translation

inhibition of distinct epithelial populations can impact the local tumor microenvironment.
2.4 Discussion

Here, we demonstrated that Pten deletion in mouse prostate epithelial cells results in the
generation of an intermediate luminal subtype, which is phenotypically similar to but likely distinct from
the Psca+/Krt4+/Tacstd2+ luminal progenitor populations in the WT prostate. In this model,
the Pten™ intermediate cells likely derive from three cellular pools: basal cells, luminal progenitor cells,
and differentiated luminal cells. Our findings support the idea that basal cells can transdifferentiate into
intermediate cells upon loss of Pten. This corresponds well with lineage tracing studies (Choi et al.,
2012; Wang et al., 2013; Lu et al., 2013) that showed that basal cells can be cells of origin for prostate
cancer and transition to luminal phenotypes during transformation in mice. We also identify common
luminal markers expressed in some intermediate cells, suggesting luminal cells may also phenotype
switch to an intermediate state upon Pten loss. Lastly, the close proximity of luminal progenitor cells to
intermediate cells and the fact they can express AR and form neoplasia in the context of Pten loss (Guo
et al., 2020) reveal another potential source of intermediate cells. Our study is limited by the fact that
the Cre driver is active in all epithelial subtypes. To observe transdifferentiation or phenotype switching,
cell type specific lineage tracing will be required. New techniques such as DNA Typewriter may offer
flexible multiplexed platforms to track multiple cell lineages in the same system simultaneously (Choi et
al., 2022).

We observed that intermediate cells undergo significant cell state changes upon castration
which increases their heterogeneity. This heterogeneity is characterized by a spectrum of AR signaling
inversely correlated with both proliferation and translation activity. Within this spectrum, clusters with
high AR activity and low proliferation and translation express some luminal markers, while low AR, high
proliferation, high translation clusters express basal markers. This finding supports the hypothesis that

both basal and luminal cells can transdifferentiate to intermediate cells in cancer and suggests that
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basal-originating intermediate cells may represent more aggressive cancer phenotypes. These specific
intermediate clusters may be responsible for the increased tumor growth previously observed at the

flfl

whole-prostate level in castrated Pten™ mice (Liu et al., 2019). This lends importance to the question of

whether increased AR-low intermediate populations in Pten™

castrate mice are due to the expansion of
an existing cell state, or renewed lineage plasticity events from basal cells. Comparative lineage tracing
experiments measuring basal transdifferentiation and proliferation dynamics in intact and

flAl

castrated Pten™ mice will be necessary to fully address this question. Overall, we speculate that the

flAl

intermediate cell compartment is highly heterogeneous in Pten™ mice partly due to multiple cellular

origins converging on a common phenotype.

We further characterize the effects of intermediate cell expansion by showing that a 5-gene
signature enriched in this cell type correlates with poor patient outcomes, advanced human CRPC, and
castration resistance in an orthogonal mouse model. Specifically, we observe that upregulation of these
5 genes significantly correlates with shorter disease-free survival in two datasets of bulk RNA-seq from
patients. We also find that the 5-gene signature is specifically enriched in a subset of metastatic, but
not primary, human prostate cancer cells (Song et al., 2022; Dong et al., 2020). Finally, we
demonstrate the enrichment of the signature in an orthogonal murine model of prostate cancer
progression and castration resistance (Brady et al., 2021). Our findings suggest that intermediate cells
are enriched for a gene signature of treatment resistance in human tumors and pose the intriguing
guestion of whether detection of this population in patients can provide a useful prognostic tool. Further
in vivo studies will be necessary to validate the role of intermediate cell states in human disease and

their potential implications in clinical medicine.

The prostate tumor environment is typically described as immunosuppressive and does not
readily respond to immunotherapies (Kantoff et al., 2010; Cham et al., 2020; Dong et al., 2020).

Correspondingly, we show that the immune environment of the Pten™

mouse prostate is highly
enriched for pro-tumorigenic immune cells, specifically immunosuppressive myeloid cells and
exhausted CD8" T cells. We carefully delineated cell-cell signaling patterns and found that epithelial
cells, fibroblasts, and macrophages contribute to immune recruitment. Since M2 and tumor-associated
macrophages most significantly contribute to recruitment of other immune cells, macrophages are likely
activated and recruited first during tumorigenesis, and subsequently emit chemokines and other ligands
that help attract and exhaust CD8" T cells as well as pro-tumorigenic MDSCs. Interestingly, specific
macrophage subtypes seem differentially responsible for distinct recruitment patterns: M2
macrophages express very high levels of MDSC-associated chemokines, while TAMs recruit CD8* T
cells via high expression of Cxcl16 and Cd86. Given these results, interrupting the recruitment of tumor-

associated macrophages may be a valid strategy for depleting pro-tumorigenic immune populations
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and overcoming immunotherapy resistance in prostate cancer. In vitro studies utilizing co-cultures of
epithelial and immune cells will be required to validate these in silico results and confirm whether the

epithelia-macrophage signaling axis is an appropriate therapeutic target.

Androgen deprivation in the Pten"

mouse leads to a decrease in macrophage and CD8" T cell
abundance, likely due to ablation of fibroblast-mediated chemokine signaling. Androgen signaling is
active in tissue-resident macrophages and can induce pro-tumorigenic behaviors including increased
migration and proliferation in prostate cancer cells (Cioni et al., 2020). In addition, AR can

promote Ccr2 expression and facilitate macrophage activity and recruitment (Lai et al., 2009). This
corresponds well to our finding that fibroblast-mediated signaling towards Ccr2 contributes to
macrophage recruitment and is interrupted upon castration, and suggests that androgen deprivation
decreases macrophage abundance in the prostate tumor environment. Conversely, castration
increased Tnf signaling from myeloid cells to epithelial cells and fibroblasts. TNF signaling has been
described as pro-tumorigenic in AR-low prostate cancer (Mizokami et al., 2000; Sha et al., 2015), and
we confirmed that TNF activity was inversely associated with AR activity in human patients. This
paradigm supports the role of macrophages and neutrophils in maintaining a favorable tumor
environment even in the context of androgen loss and suggests a mechanistic relationship between

castration and pro-tumorigenic immune signaling.

Finally, we tested the hypothesis that high translation rates were important to maintain AR-low
prostate cancer heterogeneity using the Pten":4ebp1™ mouse model. We discovered that
4ebp1Minduction severely depleted both basal and intermediate cells. Interestingly, hyper-proliferative
basal cells were preferentially depleted, leading to a decrease in overall basal cell proliferation. In
addition, Egfr and Tnf signaling were decreased in the tumor microenvironment. We conclude that high
translation rates are essential to maintain tumor heterogeneity in AR-low prostate cancer and may play
a role in pro-tumorigenic cell-cell communication pathways. Based on these findings, we speculate that
translation inhibitors may represent a therapeutic modality to decrease tumor heterogeneity, and that
additional studies may uncover further druggable targets. Overall, our work highlights multiple epithelial
and immune cell types crucial to prostate cancer initiation and progression and elucidates interactions
between specific cell populations that may facilitate castration resistance. Lastly, this work aims to

provide a broad, searchable resource to the cancer research community. To this end, we have

developed a publicly accessible and interactive website (available at https://atlas.fredhutch.org/hsieh-
prostate/) that allows for cell- and gene-specific queries through all 50,780 cells analyzed in this study
(Fig. 2.3.57).

2.5 Figures and Legends
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Figure 2.3.1: Proliferative Split in Basal Cancer Cells Enables Expansion of Intermediate Cells

flAfl

A) Simplified schematic of single-cell RNA sequencing of WT and Pten™ ventral prostates. B) UMAP of

flfl

WT and Pten" epithelial cells. Left, both conditions superposed; middle, WT only; right, Pten™ only.

Epithelial cell types are demarcated by color (red = basal, light blue = luminal progenitor, dark blue =

flfl

intermediate, green = differentiated). C) Relative abundance of epithelial cells in WT and Pten™ mice.

Y-axis shows the % composition of each sample by cell type (***p<0.001, negative binomial test). Data

flAl

presented as +/- SD. D) Top GSEA results enriched in Pten™ compared to WT for each epithelial

" were compared to luminal progenitor cells in WT. All pathways are

subtype. Intermediate cells in Pten
enriched with FDR < 0.05. E) Proliferation signature (CCP) composite score in epithelial cells, clustered
by condition (Data presented as +/- SD, *p<0.05, n.s. = not significant, permutation test). N/A indicates
missing data due to no cells being present in the condition. F) UMAP visualization of cell cycle phase
assignment per cell, showing % cells in non-G1 (S or G2/M) (black border = WT basal cells, blue

flAfl

border = hypo-proliferative basal cells in Pten™, and red border = hyper-proliferative basal cells in

Pten™. *p<0.05, chi-square test). G) GSEA between hyper- and hypo-proliferative basal clusters in

Pten™. All pathways are enriched with FDR < 0.05. H) RNA velocity analysis of Pten™

epithelial cells;
highlighted section shows intersection of basal and intermediate cells. 1) Pseudotime trajectories drawn
by Palantir through the basal and intermediate compartments, with hypo-proliferating basal cells as the
designated start point. J) Expression of important cell fate and differentiation regulators along basal-

intermediate trajectory.
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Figure 2.3.2: Immune Recruitment in Pten™ Prostates is Mediated by both Epithelial and

Immune Cell Sighaling

fll

A) Top immune-related GSEA results enriched in Pten™ compared to WT mice for each epithelial

subtype. All pathways are enriched with FDR < 0.05. B) UMAP visualization of immune cells labeled by

flAl

cell subtype or state. C) Relative abundance of immune cells in WT and Pten™ mice. Y-axis shows the

% composition of each sample by cell type (Data presented as +/- SD, ***p<0.001, n.s. = not
significant, negative binomial test). D) Dot plot of signaling interactions between macrophages and
epithelial cells. Y-axis, ligand-receptor pairs from CellphoneDB database. X-axis, cell-cell pairings.

Interactions are directional: the first gene in a pair is expressed in the first cell in the cell-cell interaction.

flAfl

E) Dot plot of epithelial ligand and macrophage receptor gene expression in WT and Pten™ mice. F)

fll

Dot plot of Ccrl and Ccrl ligand expression in MDSCs and macrophages in WT and Pten™ ventral

prostates. MDSCs are only present in Pten™"

and therefore do not have a WT row (denoted by
asterisk). G) Plot of signaling interactions between CD8+ T cells and epithelial cells and macrophages.
H) Dot plot of CD8* T cell receptors and epithelial and macrophage ligand gene expression in WT and

Pten" ventral prostates.
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Figure 2.3.3: Intermediate Cells are Primed for Survival and Diversification in the Context of

Castration

flAfl

intact and Pten™

A) Simplified schematic of setup for single-cell sequencing of Pten castrated (cx)

fll flAl

ventral prostates. B) Split UMAP visualizations of Pten™ and Pten™ cx epithelial cells. C) Relative

abundance of epithelial cells in Pten™"

intact and cx prostates. Y-axis shows the % composition of each
sample by cell type (Data presented as +/- SD, ***p<0.001, n.s. = not significant, negative binomial
test). D) Androgen Receptor (AR) gene signature composite score in epithelial cells, clustered by
condition (Data presented as +/- SD, *p<0.05, permutation test). N/A indicates missing data due to no

M intact and cx

cells being present in the condition. E) UMAP visualization of intermediate cells in Pten
prostates. Left, colored by condition; right, colored by clusters 0-5. F) Relative abundance of
intermediate clusters. Top, intact Pten"; bottom, Pten"" cx (Data presented as +/- SD). G) Heatmap of
composite score for AR, CCP, and Reactome translation gene signatures in intermediate clusters. H)
Heatmap of composite score for AR, CCP, and Reactome translation gene signatures in WT intact and

castrate basal and luminal cells.

26
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Figure 2.3.4: Intermediate Cells are Enriched for a Signature of Treatment Resistance that

Correlates with Advanced Human Disease

A) Diagram of clinical trial used to establish gene signature of androgen deprivation treatment
resistance (NCT02430480). B) Enrichment plot of ADT resistance gene signature relative to
intermediate cell DEGs between Pten™ and Pten™ cx (adjusted p-value = 0.00381). C) Kaplan-Meier
curve of disease-free survival for prostate cancer patients in TCGA database with or without high RNA
expression of top correlated genes from Figure 4B. Red line, patients with normal expression of all
genes; blue line, patients with expression of at least 1 gene with TPM (transcripts per million) in the 80™
percentile or above. D) UMAP of tumor cells from human patient samples. Red, primary cancer; blue,
metastatic cancer. E) UMAP visualization of per-cell computed score for 5-gene signature from Figure
4B-C in human cancer samples. F) UMAP visualization of per-cell computed score for 5-gene signature
from Figure 4B-C in PR and PRN mouse models. Pie charts indicate proportion of cells with zero, low,
intermediate, or high signature scores. G) Stacked bar chart showing proportion of cells from PR or

PRN mice in each scoring category for the 5-gene signature.
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Figure 2.3.5: Castration Remodels Immune Environment via Fibroblast Signaling and Increases
TNF Pathway Activity

flAl flAl

A) Combined UMAP visualization of immune cells in Pten™ and Pten

fll

cx ventral prostates. B) Relative

abundance of immune cells in Pten™ intact and cx mice. Y-axis shows the % composition of each

sample by cell type (Data presented as +/- SD, *p<0.05, **p<0.01, ***p<0.001, n.s = not significant,
negative binomial test). C) Dot plot of signaling interactions between macrophages and fibroblasts. D)

Dot plot of Ccr2 expression in M2 macrophages and TAMs (left). Dot plot of Ccr2 ligand expression in

flAl

fibroblasts in Pten™ intact and cx mice (right). E) Dot plot of signaling interactions between CD8" T cells

flfl

and epithelial and macrophage cells in Pten™ intact and cx mice. F) Dot plot of epithelial and

macrophage ligands and CD8* T cell receptor gene expression in Pten™

intact and cx mice. G) Dot plot
of Tnf signaling interactions between myeloid and epithelial/fibroblast cells in Pten"" intact and cx
prostates. H) Scatter plot of TCGA PRAD study patient signature composite scores. Y-axis, TNF

signaling signature score; X-axis, AR signaling signature score (Pearson’s correlation).
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Figure 2.3.6: 4EBP1M Expression is Lethal in Epithelial Cells and Decreases EGFR and TNF
ligands in Epithelial Cells and Fibroblasts

A) Simplified schematic of the elF4F translation initiation complex and how the 4EBP1M protein
functions in the Pten":4ebp1™ mouse model when treated with doxycycline. B) UMAP visualization of
epithelial cells in Pten" cx and Pten";4ebp1 cx prostates, colored by genotype. C) Violin plot of rtTA-

"M condition. Plot shows only cells

eGFP transgene expression in epithelial cells in each Pten
expressing the transgene; each dot represents a cell. Percentages represent the proportion of
transgene-positive cells in each condition. D) Dot plot of top GSEA results from DEG analysis of

transgene-positive basal cells in Pten"™:4ebp1™ cx mice compared to Pten”"

cx ventral prostates. All
pathways are enriched with FDR < 0.05. E) Dot plot of Tnf signaling interactions between myeloid and
epithelial/fibroblast cells in Pten™ cx and Pten"4ebp1™ cx mice. F) Dot plot of Tnf and Tnf ligand
expression in myeloid cells, epithelial cells, and fibroblasts in Pten™ cx and Pten"™;4ebp1M cx
prostates. Red boxes highlight ligands with decreased expression in Pten™:4ebp1™ cx mice. G) Plot of

U intact, Pten™"

Egfr signaling interactions between epithelial cells and fibroblasts in Pten cx, and
Pten:4ebp1 cx prostates. H) Dot plot of Egfr and Egfr ligand expression in epithelial cells and
fibroblasts in Pten" intact, Pten™ cx, and Pten™:4ebp1M cx ventral prostates. Red boxes highlight

ligands with decreased expression in Pten™:4ebp1M™ cx mice.
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Tables

Cell Type Pten™ Pten™ cx Pten; 4ebp1M
All 1795 2718 1565
Basal 255 422 41
rTA-eGFP+
(14.2%) (15.5%) (2.6%)
All 2391 8230 4760
Intermediate 438 1073 43
rtTA-eGFP+
(18.3%) (13.0%) (0.90%)

Table 1: Transgene abundance in PTEN mouse epithelia

Basal Subset

Hypo-proliferative

Hyper-proliferative

Ptenﬂ/ﬂ

188 (73.7%)

60 (23.5%)

Ptenff cx

313 (74.1%)

98 (23.2%)

Pten™:4ebp1M

38 (97.4%)

1 (2.6%)

Table 2: Basal proliferative subset proportions in tTA-eGFP+ cells
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Figure 2.3.S1: Epithelial Cells Contain Published Subtypes and Urethral Cells

A) UMAP visualization of all cells in WT and Pten"" ventral prostates, colored and labeled by cell ID. B)

flfl

Violin plots of rtTA-eGFP transgene expression. Left, transgene expression in WT and Pten™" mice.

flfl

Right, expression in Pten™" cell types. C) Heatmap of composite scores of published prostate epithelial

subtype signatures in basal, urethral, luminal progenitor, and differentiated cells in WT mice (left). Dot

plot of epithelial biomarker gene expression in WT mice (right). D) UMAP visualization of epithelial cells

in WT prostates, colored and labeled by cell ID. E) UMAP visualization of epithelial cells in Pten™

prostates, colored and labeled by cell ID. F) UMAP visualization of published intermediate cell

biomarkers in WT and Pten™"

mice. G) UMAP visualization of urethral, luminal progenitor, and
intermediate cells in WT and Pten" mice, colored and labeled by cell ID. H) UMAP visualization of

Psca, pan-epithelial and luminal biomarkers in urethral, luminal progenitor, and intermediate cells in WT

flAl

and Pten™ mice.
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Figure 2.3.52: Basal Proliferation is Subset-Specific and Intermediate Cells Express Luminal

Markers

"M hyper- and hypo-proliferative

flAl

A) Bar plot of cell cycle phase assignments in WT basal cells and Pten

basal cells. B) Bar plot of CCP signature composite score in WT basal cells and Pten™ hyper- and

hypo-proliferative basal cells (Data presented as +/- SD). C) Trajectory analysis of Pten™"

fll

epithelial
cells. D) Top 3000 highly variable genes in Pten™ basal and intermediate cells, clustered by expression
pattern along the basal-intermediate (top) or hypo-proliferative basal-hyper-proliferative basal (bottom)

trajectories drawn via Palantir (Figure 11). E) UMAP visualization of luminal biomarkers in epithelial cells

in WT and Pten™ mice. Black circles indicate luminal-intermediate transition zone.
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Figure 2.3.S3: Immune Cells Contain Pro-Tumorigenic Subtypes and Macrophages are

Recruited by Fibroblast Signaling

A) UMAP of immune cells in WT and Pten™ prostates, labeled by cell types. B) Relative abundance of

flAl

immune cell types in WT and Pten™" mice (***p<0.001, n.s. = not significant, negative binomial

regression test). C) Heatmap of immune cell type biomarker expression in WT and Pten"" mice;
neutrophil cells express MDSC markers. Log-transformed read counts. D) Heatmap of marker
expression in macrophage cell subtypes. Log-transformed read counts. E) Heatmap of marker
expression in T cell subtypes. Log-transformed read counts. F) Plot of ligand-receptor interactions
between fibroblast and macrophage subtypes. G) Dot plot of Ccr2 ligand expression in fibroblasts in
WT and Pten" ventral prostates. H) Dot plot of Ccr2 expression in macrophage subtypes in WT and

Pten" ventral prostates. |) Dot plot of signaling interactions between epithelial cells and MDSCs.
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Figure 2.3.S4: Castration-Resistant Intermediate Cells are Phenotypically Diverse

fIAl flAl

A) Composite score of CCP signature in WT, Pten™ intact, and Pten™ cx epithelial cells (Data

presented as +/- SD, *p<0.05, permutation test) B) Heatmap of top differentially expressed genes
across intermediate clusters 0-5. Blue arrows, basal markers; green arrows, AR-dependent genes; red
arrows, ribosomal or translation machinery genes. C) Top GSEA results for genes upregulated in
intermediate clusters 1 and 4. All pathways are enriched with FDR < 0.05. D) Heatmap of ribosomal

gene expression in basal cells in Pten™ intact and Pten™ cx mice. E) UMAP visualization of AR

flAl flAl

signaling status in intermediate cells in Pten™ intact and Pten™" cx mice. F) Relative abundance of

fl/fl flfl

intermediate cells with high, medium, or low AR signaling in Pten™ intact and Pten™ cx mice (Data

presented as +/- SD, *p<0.05, **p<0.001, negative binomial regression test). G) UMAP visualization of

flAl flAl

epithelial cells in WT intact, WT cx, Pten™ intact, and Pten™ cx mice, colored and labeled by cell ID.

34



15 Condition
Igfbp3 I ’ Castrate
1 Intact

Atp1b1 0.5 AR Status

0 AR-High
c AR-Med
p -05 AR-Low
Pttg1 -1
1.5
Bst2
4 0 5 2 3
TCGA Dataset Filtered by PTEN Loss
Taylor Dataset or PI3K/AKT Pathway Dysregulation
1.00 4 ~Low -High 1.004 +~Low -High
S 0754 S 0754
: :
3 >
(%] w
© 050 ® 050
& &
202 $
® .25 4 . 4
2 p = 0.044 § 0251 o017
a a
0.00+ 0.00
0 50 100 150 0 50 100 150
Number atrisk ~ Time (months) Numberatrisk  Time (months)
Low { 61 16 1 0 Low { 64 27 5 0
High { 76 1 2 0 High { 76 31 4 0
0 50 100 150 0 50 100 150

Time (months) Time (months)



Figure 2.3.S5: 5 Genes Expressed in Intermediate Cells Correlate with Poor Disease outcomes

in Human Patients

A) Heatmap of top 5 resistance genes in intermediate clusters, labeled by AR status and condition
(intact or castrate). B) Heatmap of the top 5 genes enriched in castrated intermediate cells (Fig. 4B)
and their expression in ADT non-responder (NR), intermediate responder (IR), and excellent responder
(ER) patients. C) Kaplan-Meier curve of disease-free survival of patients in the Taylor et al. (2010)
cohort, separated by expression of the top 5 resistance genes in castrated intermediate cells. Red line,
normal expression of top 5 genes; blue line, patients with expression of at least 1 gene with TPM in the
80™ percentile or above. D) Kaplan-Meier curve of disease-free survival of patients in the TCGA
database, filtered for PTEN loss or PISK/AKT pathway dysregulation, separated by expression of the
top 5 resistance genes in castrated intermediate cells. Red line, normal expression of top 5 genes; blue
line, patients with expression of at least 1 gene with TPM (transcripts per million) in the 80" percentile

or above.
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Figure 2.3.S6: Epithelial-Mediated Macrophage Recruitment is not Interrupted by Castration
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A) Plot of signaling interactions between macrophage subtypes and epithelial cells in Pten™ intact and

Pten" cx prostates. B) Dot plot of epithelial ligand and macrophage receptor gene expression in Pten"
intact and Pten™ cx ventral prostates. C) Composite score of AR signaling signature in macrophage
subtypes in Pten™ intact and Pten™ cx prostates (Data presented as +/- SD). D) Scatter plot of TCGA
PRAD study patient signature composite scores, filtered for patients harboring PTEN mutations. Y-axis,

TNF signaling signature score; X-axis, AR signaling signature score (Pearson’s correlation).
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Defining cellular population dynamics at single cell resolution during prostate cancer progression

Advanced prostate cancer is 2 leading cause of malignancy-related deaths in men, in large part due to our poor understanding of advanced castration-
resistant prostate cancer (CRPC). Of particular interest is CRPC lacking androgen receptor (AR) activity, or AR-low CRPC, which is uniformly lethal.
While many studies have identified a complex cellular architecture in the prostate, we still lack a unified view of the cellular interactions and phenotypes
that facilitate advanced prostate cancer initiation, maintenance, and survival, particularly without AR signaling. To better understand the cellular
changes that drive CRPC, we have generated single-cell RNA sequencing data from mouse ventral prostates under multiple normal and cancer
conditions (Pten loss [PtenM)), and Pten loss with castration [Pten x]), resulting in 50,780 cells from 10 mice. We identified 12 cell types and 16
cellular activation states in our dataset and were able to delineate the influence of tumorigenesis and androgen deprivation on these populations. Our
findings reveal a subset of the epithelial compartment that is primed for AR-low survival during tumorigenesis, as well as a complex picture of lineage
plasticity to facilitate expansion of this subtype. Castration confirms this cell type’s role in conferring resistance to androgen deprivation and adverse
clinical outcomes and broadly remodels the epithelial compartment. In addition, we observe a dramatic increase in immune cell population upon
transformation. We identify this immune influx as pro-tumorigenic and employ a novel ligand-receptor database and prediction software to pinpoint
unique signaling phenotypes from individual epithelial subtypes, demonstrating a multifaceted process of immune recruitment and remodeling by the
tumor. Androgen signaling is crucial for maintaining immune populations; castration dramatically remodels the tumor environment and activates major
pro-tumorigenic signaling pathways. Finally, we uncover the importance of protein synthesis regulation in maintaining these complex mechanisms via the
Pten™M cx mouse model, in which we can toggle a genetic inhibitor of translation (Ptenﬂ"/ﬂ;4ebp1M)A These findings shed new light on the cellular
dynamics of prostate cancer evolution and highlight the importance of employing high-throughput technologies to provide a complete picture of tumors
and their microenvironments. Here, we provide access to our dataset through an interactive portal enabling gene- and cell-specific comparisons
between all conditions tested in Germanos et al. In revision.
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Figure 2.3.S7: Interactive Portal, Enabling Gene- and Cell- Specific Comparisons Across the

Spectrum of Prostate Cancer Initiation and Progression in vivo.

Interactive website can be found at https://atlas.fredhutch.org/hsieh-prostate/
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2.6 Methods
2.6.1 Mice

PB-Cre4 mice which express a Cre recombinase transgene under the control of the
rat Pbsn (probasin) promoter in the prostate epithelium were obtained from the Mouse Models of
Human Cancer Consortium (now Jax #026662). Pten™ (Jax #006440) and Rosa-LSL-rtTA (Jax
#005670) mice were obtained from the Jackson Laboratory. TetO-4ebp1M mice which express an
inducible mutant Eif4ebpl transgene were generated as previously described (Hsieh et al., 2010). All
mice were maintained in the C57BL/6 background under specific pathogen—free conditions, and
experiments conformed to the guidelines as approved by the Institutional Animal Care and Use

Committee of Fred Hutchinson Cancer Research Center.
2.6.2 Surgical castration and activation of the 4EBP1M transgene

Surgical castrations were performed in 4- to 5-month-old mice under isoflurane anesthesia.
Postoperatively, mice were monitored daily for 5 days. To activate the 4EBP1M transgene, doxycycline
(Sigma-Aldrich) was administered in the drinking water at 2 g/liter immediately after castration, and

euthanasia was performed 8 weeks after castration.
2.6.3 Tissue dissociation for single-cell RNA sequencing

Ventral prostate lobes from C57BL/6 J WT, Pten™ Pten"™4ebp1M mice were dissected,
washed with chilled 1 X PBS, and then minced with a scalpel into small pieces (~1 mm) in a petri dish.
Paired lobes from a single mouse were collected and dissociated into one sample for scRNA-seq. The
tissue was digested with DMEM/F12/Collagenase/Hyaluronidase/FBS (StemCell technologies,
Vancouver, Canada) for 1 hr at 37 °C on a slowly shaking/rotating platform. The tissue was further
digested in 0.25% Trypsin-EDTA (Invitrogen, Carlsbad, CA) on ice for 30 minutes, and followed by
suspension in Dispase (Invitrogen, Carlsbad, CA, 5 mg/mL) and DNase | (Roche Applied Science,
Indianapolis, IN, 1 mg/mL). Any cell clumps were dissociated by gently pipetting up and down. The
dissociated cells were then passed through 70 um cell strainers (BD Biosciences, San Jose, CA) to
achieve single cell suspension. The suspension was resuspended with 3 ml PBS (Life Technologies)
with 2% fetal calf serum (FCS) (Gemini Bioproducts, West Sacramento, CA) and immediately placed on
ice. Viable cells were counted by Vi-Cell XR Cell Viability Analyzer (Beckman Coulter, Brea, CA) and

then diluted accordingly to reach the targeted cell concentration.
2.6.4 Single-cell RNA sequencing library preparation

3’ single-cell RNA libraries were generated according to the protocol outlined in Single Cell 3’

Reagent Kits v2 User Guide 10 X Genomics. Briefly, cells and reverse transcription reagents were
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partitioned into oil-based Gel Beads in Emulsion (GEMSs), with each GEM containing a unique 10 x
barcode. Cells were then lysed and underwent reverse transcription resulting in barcoded cDNA. The
cDNA was then collected and amplified prior to undergoing library construction in which P5, P7, and a

unique sample index were added.

At least two mouse prostates were prepared and sequenced for each condition in order to
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obtain >10,000 cells/condition, resulting in n=3 for WT mice, n=2 for Pten™" mice, n=3 for Pten™ mice,
and n=2 for Pten"™:4ebp1™ mice. Individual mouse prostates were considered biological replicates. The
10 libraries generated in this manner were pooled and sequencing was performed on an lllumina
NovaSeq 6000 using the v1.5 S1-100 flow cell and reagent kit. Sequencing configuration was paired-
end 26x8 x 96 and Illlumina RTA version v3.3.5 was used. This generated a median of 58.7 million
reads/sample with a median 54.60% saturation, median 90.70% Q30 fraction, 13,746 average

reads/cell, and 6.2 reads/UMI.
2.6.5 Alignment and filtering of reads

Two transgene transcripts (Cre, rtTA-eGFP) were added to the mm10 transcriptome to detect
transgenes expressed in the Pten™ and Pten"":4ebp1™ mice. Kallisto v0.45.1 (Bray et al., 2016) was
used to demultiplex all samples into FASTQ files and align reads to the modified mm10 transcriptome.
DropletUtils package (Lun et al., 2019; Griffiths et al., 2018) was used to filter out empty or duplexed
cell droplets. Cells with fewer than 200 or greater than 5000 detected genes, fewer than 500 or greater
than 25,000 detected UMIs and cells with >15% mitochondrial reads were filtered from subsequent

analysis.
2.6.6 PCA, UMAP, and clustering

R package Seurat v4.0.4 (https://satijalab.org/seurat/) was used to construct a Principal
Component Analysis (PCA) for the entire dataset using the 2000 most variable genes as features. The
Uniform Manifold Approximation and Projection (UMAP) dimension reduction technique was used for

visualization and the R function ‘FindClusters()’ with resolution = 0.2 was used to generate 43 clusters.
2.6.7 Cell type identification

The SingleR package v1.6.1 was used to assign initial cell type identities to each cluster. These
IDs were verified and refined using expression patterns of published biomarkers. For epithelial cells,
cell subtypes (basal, intermediate, differentiated) were assigned using published gene signatures from
other single-cell RNA sequencing projects. For immune cells, broad cell types (T cells, macrophages)
were divided into activation states via known biomarkers (e.g. Cd8a for CD8 T cells and Mrc1 for M2-

activated macrophages). Stromal cell types were also determined via biomarkers.
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2.6.8 Relative cell abundance

To compare the abundance of specific cell populations while controlling for sample library size,
the percentage composition of each sample was calculated by cell type. Statistical significance was
generated via a negative binomial regression test to determine whether a given cell type was over- or

under-represented between conditions.
2.6.9 Gene signature enrichment

The GSVA package v1.40.1 (Hanzelmann et al., 2013) was used to generate composite scores
for gene signatures such as a 20-gene AR activity signature or the 30-gene CCP proliferation signature.
Due to the sparse nature of single-cell transcriptomes, the data was pseudo-bulked by sample and cell
type to generate more robust analyses. Statistical analysis was performed via permutation test with

10,000 permutations.
2.6.10 Differential expression and gene set enrichment analysis

Differential gene expression was computed using Seurat functions with a threshold log2 fold-
change >0.25 or<-0.25 and FDR <0.05. Upregulated and downregulated genes were further filtered by
setting a log2 fold-change threshold = log2(1.25) = ~0.32. Gene names were converted from mouse to
human via the biomaRt package (Durinck et al., 2009) and GSEA was performed using the MsigDB
database with the C2, C5, C6, C7, Hallmark, KEGG, BioCarta, and Reactome gene sets. Resulting
enriched pathways were filtered via a threshold of FDR <0.05.

2.6.11 Trajectory, RNA velocity, and pseudotime

Monocle3 (Cao et al., 2019; Qiu et al., 2017; Trapnell et al., 2014) and velocyto (La Manno et
al., 2018) were used to draw trajectory paths and RNA velocity maps, respectively, through the

flAfl

epithelial compartment of the Pten™ intact mice. Palantir (Setty et al., 2019) was used to delineate

M intact mice.

gene expression dynamics across pseudotime in basal and intermediate cells in Pten
2.6.12 Ligand-receptor interactions

Ligand-receptor interactions between cell types were determined via the CellphoneDB package

v2.0.0 (Efremova et al., 2020). Only interaction with p-value <0.05 were included in the final analysis.
2.6.13 Cell cycle assignment

Cell cycle phases for single cells were determined using the Seurat cell cycle function, which
includes gene lists denoting the G2M and S phases. Gene names were converted from human to

mouse using the biomaRt package to match our data, then the CellCycleScoring function was used to
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assign each cell either S, G2M, or G1 phase. Chi-squared test was used to determine whether the

proportions of G1 cells were significantly different between clusters or conditions.
2.6.14 Human gene signature of ADT resistance and correlation to mouse data

Tumor samples were laser capture microdissected from prostate cancer biopsies prior to
undergoing six months of neoadjuvant androgen deprivation therapy plus enzalutamide and ranked
based on volume of residual tumor in each patient, as previously described (Karzai et al.,

2021; Wilkinson et al., 2021; Ku et al., 2021). Separately, differentially expressed genes (DEGS)
derived from the PTEN null intact and castrate basal or intermediate cells were converted from mouse
to human gene symbols using getLDS function from the biomaRt package v2.48.3 for R/Bioconductor
(Durinck et al., 2009). Gene set enrichment analysis (GSEA) was performed on the basal vs.
intermediate DEGs set against the top 50 genes associated with treatment resistance, and the top five
leading edge genes from GSEA were used to stratify samples. Survival analysis was performed using
the survival package in R on the TCGA prostate adenocarcinoma (Network, 2015) (n=490) and
MSKCC (Taylor et al., 2010) (n=140) datasets. A cancer sample was considered “altered” if the
expression of at least one of the five leading edge genes was greater than the 80th percentile for the
entire cohort (TCGA or MSKCC, respectively).

2.6.15 Integration of single-cell data from human patients

Sequencing data from human primary tumor samples was contributed by Dr. Franklin Huang.
Data from human metastatic tumor samples was obtained from the GEO repository of Dong et al.,
2020. All primary and metastatic samples were processed individually via the standard Seurat
workflow. The primary sample object was filtered to only retain confirmed malignant cells. All objects
were integrated into a Seurat object using a standard workflow (available here) and visualized via the
UMAP dimension reduction method. The AddModuleScore function was used to compute the 5-gene

signature score for every cell and was visualized via the FeaturePlot function.
2.6.16 Orthogonal mouse model

Data from individual Pten”/Rb1” (PR) and Pten’/Rb1”/Nmyc* (PRN) mice were aggregated
using the cellranger aggr pipeline and visualized using Loupe Cell Browser. Quantification of gene
expression signatures was performed using the sum of log 2 -transformed normalized UMI counts
across all genes in the signature. Cells were stratified into equal-sized tertiles (low, intermediate, high)
based on the maximum value of the signature score. Cells with no detectable UMI counts of any

signature genes were assigned to the zero category.

2.6.17 TCGA analysis of TNF activity
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The Cancer Genome Atlas (TCGA) PRAD cohort containing 493 primary prostate tumor
samples with RNA-seq expression values was utilized for analysis of signature scores. We used the
RSEM values hosted by the cBioPortal (http://www.cbioportal.org, study:
prad_tcga_pan_can_atlas_2018.) Single sample enrichment scores were calculated using GSVA
(Hanzelmann et al., 2013) with default parameters using genome-wide log2 RSEM values as input. The
pathways used were from MSigDBv7.4 (HALLMARK _TNFA_SIGNALING_VIA_NFKB) and the 10-gene
androgen-regulated (AR) signature from Bluemn et al., 2017. In analyses restricted to samples with
PTEN biallelic loss, 94 samples were used which had either 2 copy loss or 1 copy loss and a non-
synonymous mutation annotated as a putative driver mutation in cBioPortal. Pearson’s correlation
coefficient was used to study the relationships between signature scores shown in scatterplots using

the cor.test function in R.
2.6.18 Data and code availability

The single-cell RNA sequencing data files are available on the GEO database at GSE171336
and can be accessed using token: ijmfokccrhepvub. The code used to process and analyze the data is
available at https://github.com/sonali-bioc/GermanosProstatescRNASeq/, (copy archived
at swh:1:rev:5a376d7b77d034e9bd09ce4787337ee33fda8448; Arora, 2022). All other data associated
with this study are present in supplementary materials and tables.

2.6.19 Interactive website

The web-based data Atlas was developed utilizing open-source technologies, including React
for the application framework, Material Ul for interface components, and Apache EChart for
visualizations. All data were extracted from Seurat HDF5 files into web-optimized CSV, Arrow, and
Binary files. All site data and assets are stored in Amazon S3 and served through Amazon CloudFront,
a global content delivery network (CDN) service built for high-speed, low-latency performance and

security. The site is hosted at https://atlas.fredhutch.org/hsieh-prostate/.
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Chapter 3. A G-Rich Sequence Motif in 5 UTRs Sensitizes mRNAs to elF4F-

Mediated Regulation of Translation Initiation

3.1 Introduction

Prostate cancer is the second leading cause of cancer-related death in men (Siegel et al., 2021),
thus improving treatment options remains a primary concern for the field. While ADT is highly effective
in decreasing tumor burden in advanced prostate cancer patients, resistance and recurrence are
inevitable over the long term and lead to incurable castration-resistant prostate cancer (CRPC) (Watson
et al., 2015; Labrecque et al., 2019). The relatively recent adoption of AR inhibitors (ARIs) in the clinic
has improved therapeutic suppression of the androgen signaling pathway and has proven effective in
extending patient survival (de Bono et al., 2011; Scher et al., 2012). However, this has coincided with a
rising incidence of cancers that eschew androgen signaling altogether, possibly due to evolutionary
pressure applied by more comprehensive inhibition of AR signaling and function over the past decade
(Bluemn et al., 2017). Androgen hormone signaling is considered essential for prostate development
and homeostasis, as well as prostate cancer progression (Dai et al., 2017). Thus, these AR-low or AR-
null cancer subtypes, which are entirely resistant to ADT and ARI approaches, offer a puzzling and

concerning problem for the field.

In particular, there is an urgent need to characterize how AR-low prostate cancer can survive and
progress without androgen hormone signaling. Understanding whether alternate molecular pathways
are activated to compensate for this loss is crucial question that may uncover new therapeutic
vulnerabilities. Recent studies have found that one such pathway may be translation initiation, as AR
loss leads to elF4F hyperactivity in a mouse model of prostate cancer (Liu et al., 2019). Other work has
described a role for high translation rates in castration-resistant epithelial cell states that may contribute
to disease aggressiveness and treatment outcomes and confirms that AR-low prostate cancer is

dependent on high elF4F activity (Germanos et al., 2022).

Aberrant protein synthesis is a hallmark of many diseases (Tahmasebi et al., 2018; Hsieh et al.,
2010; Cai et al., 2020; Lim et al., 2021). Translation initiation, canonically modulated by the elF4F
translation initiation complex, controls this crucial aspect of cellular function and is frequently
dysregulated in cancer and other diseases (Schuster et al., 2019; Hsieh et al., 2012; Hsieh et al.,
2015). While previous studies have shed light on the requirement for high translation initiation to
maintain aggressive AR-low prostate cancer, questions remain around the precise factors regulated by
this phenotype, and the molecular mechanisms by which given genes are targeted. In this work, we
show that a specific subset of the translatome is upregulated in AR-low prostate cancer in mice, and

that a G-rich motif is enriched in the 5 UTRs of these mRNAs. We validate the functionality of this
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motif, establish its relevance in another mouse model of cancer, and show that it is conserved and
functional in humans. Finally, we propose that the motif regulates translation by generating specific
RNA structures that may serve as binding sites for RNA-binding proteins, and thus facilitate interactions
with the elF4F complex. Finally, we generate stable reporter lines as a tool for future mechanistic

experiments.
3.2 Results

To investigate the effects of elF4F hyperactivity in AR-low prostate cancer, we performed ribosome

profiling on intact and castrate Pten""

mice. We found that 697 mRNAs were translationally upregulated
in the prostates of castrate mice, suggesting that increased translation initiation driven by loss of

4EBP1 specifically targets a subset of the transcriptome (Fig. 3.4.1A) (Liu et al., 2019).

We hypothesized this may be due to a shared sequence maotif that could mediate interactions
between the mMRNA and the elF4F complex. 5’ UTRs are a major source of regulatory sequences
important for translation (Schuster et al., 2019). As a result, we conducted a de novo motif search on
the 5 UTR sequences of upregulated genes (Fig. 3.4.1B). Strikingly, we found exactly one motif
enriched in upregulated 5 UTRs compared to all 5 UTRs in the mouse genome (Fig. 3.4.1C). We
named this motif Guanine-Rich Translational Element (GRTE). To validate whether this sequence motif
was functional and whether it is able to mediate translational regulation by elF4F, we generated an
inducible 4EBP1 mutant (4EBP1M) transgene in PC3 prostate cancer cells (PC3-4EBP1M). These cells
are derived from metastatic CRPC and are AR-low, recreating the molecular conditions of the castrate
Pten” mouse (Liu et al., 2019). The 4EBP1" transgene is a doxycycline-inducible 4EBP1 allele with
mutated phosphosites, making it insensitive to inactivation via mTORC1-mediated phosphorylation (Fig.
3.4.1.D). 4EBP1 expression inhibits elF4F activity, allowing us to modulate translation initiation rates in

this system.

We used this cell line to perform reporter assays to test whether 5 UTRs of upregulated genes
containing GRTE maotifs functionally regulated translation in an elF4F-dependent manner. We chose
KIf5 and Denr as candidate genes. KIf5 is a transcription factor implicated in breast and other cancers
and proliferation (Chen et al., 2006; Nandan et al., 2008; Jia et al., 2016), and contains three GRTE
motifs in its 5’ UTR, whereas Denr is a translation reinitiation factor also associated with multiple
cancers (Schleich et a., 2014) and contains one GRTE motif. Both genes were found to be
translationally upregulated in AR-low Pten™ mice. We inserted the 5 UTRs of both KIf5 and Denr into a
pGL3 reporter plasmid. This plasmid expresses the Firefly luciferase (Fluc) gene behind the SV40 viral
promoter. We generated two reporter constructs for each gene: one construct contained the WT 5’ UTR

inserted between the SV40 promoter and the Fluc gene, and one with all GRTE maotifs deleted from the
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5 UTR. We transfected these constructs into PC3-4EBP1M cells with or without doxycycline, measured
Fluc output via luminescence intensity, and normalized to RNA level via gPCR to examine differences
in translation efficiency. We found that for both KIf5 and Denr, the WT 5’ UTR construct resulted in
much higher translation than the control vector with no inserted 5" UTR. In addition, both WT constructs
were highly sensitive to elF4F activity, as inducing 4EBP1M expression significantly decreased
translation of these reporter constructs. Finally, deleting the GRTE motifs from both 5° UTRs resulted in
a striking decrease of both translation level and elF4F sensitivity (Fig. 3.4.1E-F). These results

confirmed that the GRTE is functional and mediates translation regulation by elF4F in KIf5 and Denr.

Translation regulation is dysregulated in multiple disease contexts, and initiation is a crucial
regulatory step in proper translation. Finding that a G-rich motif may mediate AR-low prostate cancer-
driven translation initiation phenotypes, we asked whether such motifs could be found in other cancer
contexts. A mouse model of epidermis examining how this tissue balances progenitor self-renewal and
proliferation to inhibit tumorigenesis found that the oncogenic variant HRAS®'?V drives a decrease in
renewal by increasing translation (Fig. 3.4.2A-B). This is mediated via increased levels of the
translation initiation factor elF2B5, which drives high translation of a set of mRNAs including the
ubiquitin ligase FBX0O32. These mRNAs inhibit renewal and drive oncogenic hyperproliferation (Fig.
3.4.2C) (Cai et al., 2014). We performed the same de novo motif search in the 5 UTRs of HRASG!2V-
and elF2B5-dependent translationally upregulated genes and found that a G-rich motif highly similar to
the GRTE is enriched in both gene sets (Fig. 3.4.2D). Using FBXO32 as a candidate gene, reporter
assays revealed that the GRTE-like motif was required for HRAS®?V-mediated translation in mouse
epidermis (Fig. 3.4.2E). This finding suggests that G-rich motifs may be widely required to mediate pro-

tumorigenic translation initiation dysregulation in multiple cancer contexts.

While GRTE and GRTE-like motifs are enriched in translationally upregulated genes in mouse
prostate and skin cancer models, we found that overall about 40% of 5° UTRs in the mouse genome
contain at least one GRTE motif, which means that many non-upregulated genes also contain these
motifs. To investigate whether GRTE motifs in non-upregulated genes are also functional, we
generated reporter constructs using Tceal, as this gene was not upregulated in AR-low Pten™ mice
but its 5’ UTR does contain a GRTE maotif. Interestingly, we found that deleting the GRTE in the Tceal
5 UTR did not result in decreased translation of Fluc, implying that this motif is not functional (Fig.
3.4.3A). This result suggests that not all GRTE motifs are functional, and that GRTE motifs in non-

upregulated genes specifically might not mediate translation initiation phenotypes.

Many noncoding elements are conserved, implying regulatory function (Turner et al., 2014;
Polychronopoulos et al., 2017). To further investigate the distinctions between functional and

nonfunctional GRTE motifs, we measured their conservation across 100 vertebrate species via two
46



independent scoring algorithms (Siepel et al., 2005; Pollard et al., 2010). Strikingly, all three GRTE
motifs in KIf5 and the single GRTE in Denr are highly conserved, while the non-functional GRTE in
Tceal is not (Fig. 3.4.3B). Given this suggested correlation between conservation and function, we
asked whether GRTE motifs could be found in human 5 UTRs. We tested the human KLF5 5’ UTR and
found three GRTE motifs. Two of these motifs were conserved and one was not conserved (Fig.
3.4.3B). To understand whether conservation implies function and vice versa for motifs within the same
5 UTR, we generated one WT and three mutant reporter constructs with the human KLF5 5’ UTR,
scrambling the sequence of each GRTE separately The sequences were scrambled systematically via
transition mutation, which consists of interchanging purines with each other and pyrimidines with each
other (A-G, C-T). We found that while the two highly conserved motifs were required to maintain high
translation of the Fluc reporter, mutating the unconserved motif did not have a significant effect on
translation compared to the WT (Fig. 3.4.3C). In addition, we observed that inducing 4EBP1M
expression in PC3 cells decreased endogenous KLF5 at the protein level, confirming that the human
KLF5 gene remains elF4F-dependent (Fig. 3.4.3D). Having observed a direct link between
conservation and function for every GRTE motif we tested, we next asked if GRTESs in elF4F-sensitive
genes were more highly conserved than those in non-upregulated genes. We performed a genome-
wide conservation analysis of GRTE motifs in the human genome and found that GRTES in
translationally upregulated genes were longer and more highly conserved relative to all human 5 UTRs
(Fig. 3.4.3E-F). This finding suggests that conservation may be an important clue to indicate the

relevance and function of regulatory sequence motifs.

The finding that not all GRTE motifs are functional highlights the importance of understanding the
molecular mechanisms by which these motifs interact with elF4F or 4EBP1 to drive translation initiation.
5" UTR regulatory sequences commonly function by forming structural elements or binding sites (Wang
et al., 2021). We used the RNA fold online software (Lorenz et al., 2011) to generate a predicted
structure of the KLF5 5" UTR, finding it to be a highly structured sequence with stable base pairing.
Interestingly, the first functional GRTE motif facilitates branching and base pairing near the 5’ cap, while
the second functional GRTE forms a double stem loop in the middle of the structure (Fig. 3.4.4A). To
understand the degree to which these motifs contribute to the structure of this 5 UTR, we generated
predicted structures with either GRTE scrambled via transition mutation, reproducing the mutations
induced in the earlier reporter assay (Fig. 3.4.3C). The mutations caused significant changes to the
local structure and relatively minor distal changes. For instance, mutating the first GRTE created a
larger branching near the 5’ cap but maintained the stem loops formed by the second GRTE, while
scrambling the second GRTE eliminated the stem loop without affecting the branch point (Fig. 3.4.4B).
Scrambling both motifs together recapitulated the individual changes, resulting in a complex branching

structure with no central stem loops (Fig. 3.4.4C). These results suggest that both functional GRTE
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motifs in the KLF5 5" UTR are required to form specific local structures but do not significantly affect

distal structures in the rest of the UTR.

To test whether GRTE motifs could serve as binding sites for RNA-binding proteins (RBPs), we
predicted binding affinities for the sequences of the two GRTEs in the KLF5 5’ UTR. Using the CISBP-
RNA software (Ray et al., 2013), we found multiple candidate RBPs predicted to bind to one or both
sequences. We then validated these candidates using eCLIP data on the ENCODE database
(Nostrand et al., 2020; Luo et al., 2020) and confirmed that three RBPs (FUS, TAF15, and SRSF1) bind
to the second GRTE in KLF5 (Fig 3.4.4D). FUS and TAF15 both belong to the FET protein family and
are known to bind stem-loop RNA structures (Andersson et al., 2008; Hoell et al., 2011; Kashyap et al.,
2015). As the second GRTE forms a double stem loop, these findings strongly suggest that this motif
can indeed serve as a binding site for RBPs that may affect translation rates and interact with the elF4F
complex. It is unclear whether the first GRTE is not a binding site, as the lack of RBP hits may be due
to incomplete eCLIP data. However, the difference in local RNA structure may mean the two motifs do

not function through the same molecular mechanism.

Finally, in order to facilitate further study of the GRTE, we generated reporter cell lines expressing
the mCherry and eYFP fluorescent reporters. We inserted both the WT KLF5 5’ UTR and a double
mutant with both functional GRTEs scrambled via transition mutation between eYFP and its
doxycycline-inducible TetO promoter, with mCherry as an internal control (Fig. 3.4.4E). We stably
integrated these reporter constructs into a safe harbor locus in HEK293T cells to generate isogenic WT
and mutant reporter lines (see Methods). We then confirmed by flow cytometry that the KLF5 mutant
line yielded two-fold less eYFP signal, with no change in mCherry, recapitulating the strong influence of
the GRTE motifs in this context (Fig. 3.4.4F). This system will enable future work delineating the
precise mechanisms of these motifs, including comparative RNA structure experiments as well as
screens to uncover additional RBP candidates. Specifically, we plan to perform a CRISPR screen to
detect RBPs that modulate eYFP intensity in the WT but not mutant line, demonstrating they function
through the GRTE motifs.

3.3 Discussion

Here, we demonstrated that a specific subset of mMRNAs is translationally upregulated in AR-low
prostate cancer in mice due to elF4F hyperactivity. Further, we uncover a novel sequence element
enriched in the 5 UTRs of these mRNAs that is required for maintaining high elF4F-mediated
translation efficiency. We also find a similar motif in a murine model of skin cancer and confirm it
mediates translation regulation by an HRAS oncogenic variant. This suggests that G-rich motifs may

have a conserved role in modulating translation initiation in multiple cancer contexts. We corroborate
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this idea by showing that functional GRTE motifs are highly conserved across vertebrate species,
including in humans, and that these motifs are more conserved in cancer-dysregulated mRNAs. As a
result, we hypothesize that G-rich tracts in 5 UTRs have important roles in regulating translation

initiation in disease contexts.

We also explore potential mechanisms by which the GRTE mediates translation initiation and find
that both functional GRTESs in KLF5 significantly contribute to RNA structure. Importantly, these effects
are highly local and do not influence distal structural features, suggesting that these motifs may form
precise structural elements dedicated to specific functions, rather than constituting the structural
backbone of the 5" UTR. RNA sequence and structural elements frequently generate binding sites for
RBPs. We found that the second GRTE motif forms a double stem loop and used publicly available
eCLIP data to confirm that two proteins (FUS and TAF15) known to bind RNA stem loops bind this
motif (Hoell et al., 2011; Kashyap et al., 2015). This finding exemplifies the link between RNA structure
and function, and strongly suggests that the second GRTE serves as an RBP binding site via the stem
loop structure it creates. FUS and TAF15 are primarily splicing factors but have multiple roles in mRNA
processing, including in transcription and mRNA transport (Andersson et al., 2008) Interestingly, FUS
has been shown to co-localize with active RNPs to stress or stress-like granules, where it can both
enhance or suppress translation (Yasuda et al., 2013; Kamelgarn et al., 2018; Sevigny et al., 2021).
These findings imply FUS could recruit mRNAs with stem loops to granules containing RNP complexes,
allowing for efficient translation. Whether FUS interacts directly with elF4F via binding 5’ UTR stem
loop, or more generally helps recruit a suite of translation factors, is unclear and could be an area of
further research to clarify its mechanism of action in the context of translation initiation. Future work
includes RNA immunoprecipitation (RIP) assays to confirm that FUS and TAF15 bind to KLF5 via its
second GRTE motif, knockdown by pooled shRNAs to validate their effect on KLF5 translation, and
high-throughput experiments to characterize additional translation targets containing stem loop-forming
GRTEs.

It is notable that the first GRTE does not form a stem loop and did not have any binding partners
found in eCLIP datasets. This motif is also considerably shorter (20nt) than the second GRTE (32bp)
which may affect its function. For instance, it is possible that GRTE motifs that form more complex
structure are necessarily longer, while simpler base-pairing arrangements require fewer nucleotides to
be functional. These striking differences between GRTE motifs demonstrate the diversity of these
sequence elements and hints at different roles in regulating translation. One possibility is that the first
GRTE maotif, being only 3nt away from the 5’ cap, directly interacts with the elF4F complex. The G-rich
nature of the motif may strengthen base-pairing around the cap, which could stabilize it for binding by

elF4E, or increase its dependence on helicase activity by elF4A to unwind the RNA and permit
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ribosome scanning. This function has previously been described for G-quadruplexes, another G-rich
motif highly similar to the GRTE (Wolfe et al., 2014). Another hypothesis is that as not all RBPs have
been examined by eCLIP, this GRTE has binding partners that remain unknown. Cap-binding assays to
determine the importance of this motif in facilitating elF4E binding to the KLF5 mRNA would elucidate
the first proposed mechanism, while knockdown of elF4A could reveal whether a scrambled GRTE
mutant is more easily translated in the absence of helicase activity.

Finally, we used a WT and a double GRTE mutant version of the KLF5 5’ UTR to generate isogenic
stable fluorescent reporter lines. We validated that the double mutant decreases translation in these
reporter lines and propose that this system will facilitate further investigation of the function of the
GRTE. These reporter constructs offer a controlled platform to conduct RNA structure experiments
using reagents such as DMS or SHAPE (Tijerina et al., 2007; Wilkinson et al., 2006), with no
differences in the mRNA transcripts aside from the scrambled GRTE motifs. In addition, the dual
reporter system allows for systematic CRISPR or shRNA screens to uncover additional RBPs that
interact with one or both GRTES. Interestingly, due to the different structures formed by the two motifs,
we expect different RBPs to bind to each GRTE. We may be able to differentiate their binding partners
via published data on the RNA-binding domains of each RBP. In addition, validating screen candidates
through RNA footprinting experiments (Hafner et al., 2021), of simple knockdowns in the presence of
reporter constructs with either GRTE mutated, can shed light on which maotif is required for an RBP to

affect KLF5 translation.

Overall, we have uncovered a novel conserved sequence motif that is active in multiple cancer
contexts and may provide important binding sites by contributing specific RNA structural features to the
5" UTRs of key oncogenic regulators. Future work is still needed to understand precisely how these
motifs function, and to characterize multiple possible mechanisms that may be dependent on the

structure formed by the motif or its location within the 5° UTR.

3.4 Figures and Legends
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Figure 3.4.1: The GRTE is Enriched in Translationally Dysregulated mRNAs in AR-low Prostate

Cancer

A) Probability density graph of 697 translationally up-regulated mRNAs between intact (n = 2) and
castrate (n = 3) Pten"" ventral prostates. Translation efficiency, ribosome-bound mRNA/total mMRNA (P
< 2.2 x 107, Kolmogorov-Smirnov test). B) Diagram of de novo motif search nusing the MEME
software suite C) The guanine-rich translational element (GRTE) consensus sequence. FIMO analysis
reveals that the GRTE is significantly enriched in 5’UTRs of mMRNAs that are translationally upregulated

in castrated Pten™"

mice, in comparison to the entire mouse genome (control). D) Diagram of inducible
4EBP1M function in PC3 cells E) Luciferase assay of the control vector, wild-type KIf5 5'UTR luciferase
construct, and its GRTE deletion mutant with or without 4EBP1M induction. Luciferase assay was
normalized to luc and RPS19 mRNA (n.s., not statistically significant; n > 3 biological replicates per
condition, t test). F) Luciferase assay of the control vector, wild-type Denr 5'UTR luciferase construct,
and its GRTE deletion mutant with or without 4EBP1M induction. Luciferase assay was normalized to

luc and RPS19 mRNA (n.s., not statistically significant; n > 3 biological replicates per condition, t test).
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Figure 3.4.2: A GRTE-Like Motif Mediates HRAS®!2Y Oncogenic Activity in Skin Cancer

A) Progenitor cell renewal probability in IFE basal cells transduced with control shRNA. n = 4 Hras®'?V
and 3 WT animals. Approximately 100 cell divisions were scored per animal. B) Translation rate as
measured by in vivo puromycin incorporation. Hras®*?V and WT epidermis were transduced with control
shRNA. Puromycin intensity in transduced IFE basal cells was normalized to underlying dermal
puromycin intensity. n = 12 Hras®?¥ and 11 WT imaging fields containing epidermis and dermis. 3
animals per condition were assessed. C) Diagram of the effect of the HRAS®'?Y oncogenic variant
leading to renewal inhibition in mouse epidermis. D) The guanine-rich translational element (GRTE)-like
consensus sequence. FIMO analysis reveals that the GRTE-like motif is significantly enriched in
5’UTRs of mRNAs that are translationally upregulated in Hras®'?V and dependent on elF2B5, in
comparison to the entire mouse genome (control). E) Luciferase reporter assay in primary keratinocytes
to test translation initiation using the full length Fbxo32 5’'UTR (Fbxo32VT) or a GRTE deletion mutant
(Fbx032CRTEd)  Translation level is quantified by normalizing luciferase RLU to mMRNA level. n=4

biological replicates.
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Figure 3.4.3: Functional GRTEs are Conserved in Mice and Humans

A) Luciferase assay of the control vector, wild-type Tceal 5'UTR luciferase construct, and its GRTE
deletion mutant. Luciferase assay was normalized to luc and RPS19 mRNA (n.s., not statistically
significant; n > 3 biological replicates per condition, t test). B) Extracts from UCSC Genome Browser
showing conservation of GRTE motifs in the mouse KIf5, Denr, and Tceal 5 UTRs, and the human
KLF5 5’ UTR. Green track shows PhastCons score. Blue track shows PhyloP score. Green rectangles
and light blue highlights show conserved GRTE motifs. Gray rectangles show nonconserved GRTE
motifs. C) Luciferase assay of the control vector, wild-type human KLF5 5'UTR luciferase construct, and
its three GRTE transition mutants. Luciferase assay was normalized to luc and RPS19 mRNA (n.s., not
statistically significant; n > 3 biological replicates per condition, t test). D) Western blot showing
endogenous KLF5 protein levels in PC3-4EBP1M cells with or without 4EBP!1M induction. GAPDH is
used as a loading control. E) Box plot of GRTE motif conservation in the human genome compared to
genes upregulated in castrated Pten™ mice (***p<0.001, Chi-square test). F) Box plot of GRTE motif
length in the human genome compared to genes upregulated in castrated Pten™ mice (***p<0.001,

Chi-square test).
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Figure 3.4.4: GRTEs in KLF5 Contribute to RNA Structure and Form Binding Sites for RBPs

A) Predicted structure of the WT human KLF5 5" UTR. Color scale shows base-pairing probability.
GRTE #1 and #2 are circled in blue and labeled. B) Predicted structure of human KLF5 5" UTR with
scrambled GRTE #1 (left) or GRTE #2 (right) mutants. Color scale shows base-pairing probability. C)
Predicted structure of the human KLF5 5 UTR with scramble mutations of both GRTE motifs. Color
scale shows base-pairing probability. D) Diagram of RBP prediction and validation via eCLIP data. E)
Diagram of stable reporter lines. F) Line plot of mCherry and eYFP expression in KLF5 WT and mutant
reporter cell lines. Data collected via flow cytometry (***p<0.001, student’s t-test)
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3.5 Methods
3.5.1 Ribosome profiling

Flash frozen intact and castrate PtenL/L ventral prostates dissected from each animal were
manually pulverized using liquid nitrogen and a biopulverizer and lysed in 1 ml mammalian lysis buffer
according to the TruSeq Ribo Profile (Mammalian) protocol (lllumina). To impede post-lysis translation,
the lysis buffer was supplemented with cycloheximide (Sigma) dissolved in EtOH, at a final
concentration of 0.1 mg/ml. For complete tissue lysis, the samples were further mechanically
dissociated using a gentleMACS Dissociator (Miltenyi Biotec). Lysates were centrifuged, and the
supernatant was used to isolate both total RNA and ribosome-bound fractions using the TruSeq Ribo
Profile (Mammalian) kit (lllumina) in accordance with the manufacturer’s protocol. Ribosome footprints
were generated by treating part of the lysate with the TruSeq Ribo Profile nuclease for 45 min at room
temperature. Resulting monosomes were purified using S400 columns (GE Healthcare), from which
ribosome-protected mRNA fragments were isolated and used to prepare ribosome footprint libraries per
the manufacturer’s protocol (lllumina). Barcodes were used to generate pooled libraries. The pools

were sequenced on a HiSeq 2500 platform using the SR50 protocol.
3.5.2 Ribosome profiling analysis

Raw sequence data were uncompressed, followed by clipping the 3' adaptor sequence
(AGATCGGAAGAGCACACGTCT). Next, the trimmed sequence reads were aligned to mouse rRNA
reference using Bowtie. The unaligned reads were collected while the rRNA alignments were discarded
to reduce rRNA contamination. TopHat2 was used to align the non-rRNA sequencing reads to hg19
and counted for gene associations against the UCSC gene database with HTSeq. R/Bioconductor
package Xtail was used to find differentially expressed genes at the translational level using both
ribosome-bound and mRNA samples (47). For each of the statistical analyses, a statistical cutoff of
FDR< or > 0.75 was used (minimum read count of 5). Alkaline-digested total mMRNA reads were aligned
to the UCSC mm10 assembly using Tophat2 and counted for gene associations against the UCSC
genes database with HTSeq. Differential expression analysis was performed using R/Bioconductor
package DESeq2. R/Bioconductor package, riboseqR was used to calculate triplet periodicity in all
samples. GSEA analysis was done using the Broad website for GSEA

(http://software.broadinstitute.org/gsea/index.jsp).
3.5.3 De novo motif search

The MEME suite was used for motif discovery and analysis in the 187 genes found to be

upregulated in ribosome profiling (FDRO0.75) (45). 5 UTRs for each gene were obtained from the UCSC
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Genome Browser (mm210) and inputted into the MEME pipeline (default settings, output of 15 motifs) to
discover the GRTE. We entered the GRTE position weighted map into FIMO to determine the
prevalence of the GRTE in translationally upregulated mRNAs (46). A list of all 5° UTRs from the mouse
genome (n=19009) was also obtained from UCSC and used as a control dataset. Enrichment was
calculated using Pearson’s c2 -test, counting genes with at least one occurrence of the GRTE as

successes.
3.5.4 Transgenic cell line generation

Lentiviruses were packaged by co-transfection of an envelope plasmid and a packaging plasmid
along with the 4EBP1M plasmid in 293T cells. PC3 cells were transduced with these lentiviruses and
selected with puromycin for 5 days. PC3- 4EBP1M cells were cultured in RPMI-1640 with 10% FBS

3.5.5 Quantitative PCR

Total RNA was isolated using RNeasy Plus Mini Kit (Qiagen) and reverse-transcribed with iScript
Reverse Transcription Supermix (Bio-Rad). cDNA was diluted 1:1 with water. Quantitative PCR was
performed with 1 pl cDNA using SsoAdvanced SYBR Supermix (Bio-Rad) with primer sets specific for
luciferase, YFP, mCherry, and RPS19. Normalized mRNA expression was calculated using the

comparative Ct method.
3.5.6 Cloning of GRTE-containing 5’ UTRs into luciferase reporter plasmid

The 5 UTRs of KIf5, Denr, and Tcea1 were obtained through PCR of C57BL/6 mouse cDNA using
oligonucleotides which contain extensions complementary to the pGL3 reporter plasmid (see table S3).
The 5 UTR PCR products were subsequently isolated by gel purification. The pGL3 vector was
digested with Ncol, which cuts immediately upstream of the luciferase translation start site. The KIf5,
Denr, and Tcea1 5 UTRs were cloned into the linearized pGL3 vector using the Gibson Assembly
Master Mix (NEB). The GRTE moitif(s) in each of the 5' UTRs were deleted using the Q5 Site-Directed
Mutagenesis Kit (NEB).

3.5.7 Luciferase reporter assays

6-well plates were seeded with PC3-4EBP1M (2x105 cells/well) in RPMI medium. After 24 hours,
medium was replaced with either normal RPMI medium or RPMI with 0.5 pg/ml doxycycline. 6 hours
later, each plate was transfected with either empty pGL3 vector or test vectors. Cells were collected 18
hours after transfection. Half of each well was used for RNA extraction, and half for protein extraction.
RNA was extracted using the Qiagen RNEasy kit and used for normalization by qPCR. Protein lysates

were used to delineate luciferase activity with the ONE-Glo EX reagent (Promega). Luminescence was
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detected on a Synergy 2 multi-detection Microplate Reader (Biotek) with an integration time of 2 s and

sensitivity of 150.
3.5.8 Murine epidermal translation and renewal assays

Basal cell renewal probability was quantified based on nucleoside incorporation and differentiation
marker expression as previously described (Ying et al., 2018). Since we can uniquely label a population
of epidermal progenitor cells (EdU+ BrdU-) that have undergone division within the initial 2 hours as
described above, we can also assess the differentiation state of their daughter cells based on
expression of differentiation marker keratin 10 (K10). 50mg/kg EdU (Invitrogen) was administered
intraperitoneally, followed by 100mg/kg BrdU (Invitrogen) injection 2 hours later, before assessing
nucleoside incorporation by immunofluorescence 6 hours post-BrdU injection. We calculated the
probability of progenitor cell renewal during the first 2 hours using the following equation:

Renewal probability = (number of EJU + BrdU- K10 - cells) / (total number of EAU + BrdU - cells).

Translation rate assay was adapted from previous protocol (Goodman and Hornberger, 2013).
Animals were transduced at E9.5 by in utero injection of lentivirus. At E18.5, maternal mice were
injected intraperitoneally with 50mg/kg puromycin (Thermo Fisher) and euthanized after 30 min to
collect E18.5 embryos. Headskin was fixed in 4% paraformaldehyde and paraffin-embedded. Sections
were de-waxed and stained using the immunofluorescence procedure described above with the
following modifications: antigen retrieval was performed using citrate-based antigen unmasking solution
(Vector) at 95C for 30 min. Sections were subjected to incubation with puromycin antibody (12D10,
Millipore) followed by incubation with secondary antibody conjugated to Alexa Fluor 594 (Invitrogen).
Puromycin intensity in transduced epidermal basal cells was quantified by (Alexa Fluor 594 total
fluorescence intensity)/(surface area) in K5+GFP+ regions of tissue cross-sections using Imaris
software (Bitplane). To normalize for potential differences in puromycin administration or incorporation
between animals, we employed the following internal controls: 1) In partially transduced tissues,
puromycin intensity in K5+GFP+ transduced basal cells was normalized to puromycin intensity in
neighboring K5+ GFP- un-transduced WT basal cells in each tissue section; and 2) In fully transduced
tissues, puromycin intensity in K5+ epidermal basal cells was normalized to puromycin intensity in the

immediate underlying dermis in each tissue section.
3.5.9 Candidate gene conservation analysis

Conservation scores for the GRTE motifs in the mouse KIf5, Denr, and Tceal 5 UTRs as well
as the human KLF5 5" UTR were generated via the UCSC Genome Browser. For mouse genes, the

m10 mouse genome assembly was used. For the human KLF5 gene, the hg38 genome was used. The
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PhyloP and PhastCons (Siepel et al., 2005; Pollard et al., 2010) tracks were selected and genomic

locations of the GRTE motifs were selected to evaluate conservation.
3.5.10 Genome-wide conservation analysis

5 UTR sequences for every gene in the human genome were obtained using the UCSC Table
Browser utr5 table. Multiple isoforms existed for most genes; to simplify the analysis, the longest
sequence was chosen. GRTEs were found using the MEME suite as described above. Genomic
locations of the GRTEs were computed using the GenomicRanges package in R (Lawrence et al.,
2013). Conservation scores for each GRTE were computed using the Phastcons algorithm via the
phastCons100way.UCSC.hg38 package in R (Siepel et al., 2005).

3.5.11 Western blots

Cells were lysed for 30 min on ice in lysis buffer containing 150 mM NacCl, 50 mM Tris, 4 mM KCI, 1
mM MgCI2, 1 mM Na3VvO4, 10% glycerol, 1% Nonidet P-40, supplemented with phosphatase and
protease inhibitor cocktails (Roche). Lysates were cleared by centrifugation at 12000 rpm for 15 min at
4°C. Supernatants were removed and assayed for protein concentration using the Protein Assay Dye
Reagent (Bio-Rad). Equal amounts of proteins were subjected to SDS-PAGE and transferred to PVDF
membranes (Bio-Rad). Membranes were blocked with 5% non-fat milk in PBS-Tween and were
subsequently incubated with the following antibodies at 4°C overnight: KLF5 and GAPDH. Membranes
were washed in PBS-Tween and then incubated with HRP-tagged anti-rabbit or antimouse secondary
antibodies (Thermo Fisher) for 1 hour at room temperature and developed using Pierce blotting

substrates. Signal detection was performed using the ChemiDoc Touch Imaging System (Bio-Rad).
3.5.12 RNA structure prediction

Four RNA sequences were entered into the RNAfold web server (Lorenz et al., 2011) and the
minimum free energy (MFE) model of each was calculated. The sequences consisted of the full human
KLF5 mRNA with no changes, one of two GRTE motifs scrambled, or both motifs scrambled. The
GRTE motifs were scrambled by transition mutation, where every purine is changed to the other purine
and every pyrimidine is changed to the other pyrimidine. Changes to predicted RNA structure were

assessed from visualization of the MFE.
3.5.13 RBP affinity prediction

Two functionally validated GRTE sequences from the human KLF5 5" UTR were entered into the
CISBP-RNA online software (Ray et al., 2013) and predicted RBP gene names were collected. eCLIP
data (Nostrand et al., 2020) was queried from the ENCODE dataset (Luo et al., 2020) for each

predicted RBP. If eCLIP data was available, the genomic location of each GRTE was entered into the
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field viewer and checked for peaks. The presence of peaks was interpreted as biological evidence that
the RBP binds the motif.

3.5.14 Dual fluorescent reporter line generation and testing

Dual fluorescent mCherry-KLF5-eYFP reporter lines were generated by co-transfecting the
reporter plasmid and an integrase plasmid in 293T cells containing a landing pad construct in the
AAVS1 safe harbor locus. The landing pad contains attP and attB sites, allowing integration of the
reporter system. Two reporter lines were made, with either the WT human KLF5 5" UTR or a mutant
with both GRTE motifs scrambled inserted between eYFP and its promoter. The cells were selected
with hygromycin for 10 days then sorted for mCherry+/YFP+ via flow cytometry on the Sony MA900
sorter. After verifying the cells were over 95% double positive for the reporters, flow cytometry analysis
was conducted on the Celesta analyzer. mCherry and YFP expression in WT and mutant lines was

calculated using the flowCore package in R (Hahne et al., 2009).
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Chapter 4. Discussion

4.1 A castration-resistant epithelial cell state that expands in a murine prostate cancer model

likely drives progression and treatment resistance in human disease

Here we describe the expansion of a Krt4+ epithelial subtype upon murine prostate cancer initiation
and progression. This cell state has been extensively studied in normal prostate and is implicated in
disease. Interestingly, it is central to cell plasticity in the prostate: while Krt4+ “luminal progenitors”
constitute a distinct lineage within the prostate, canonically differentiated luminal cells can phenotype
switch and take on a Krt4+ state to survive androgen deprivation, retaining the capacity to switch back
to their original phenotype during regeneration (Kwon et al., 2020; Karthaus et al., 2020). These cells
can also initiate tumorigenesis, although their role in cancer is not as fully characterized (Guo et al.,
2020).

In this work we find that multiple prostate cell types likely converge to increase abundance of Krt4+
cells even absent increased luminal progenitor proliferation. Specifically, we observe transdifferentiation
of basal cells into Krt4+ “intermediate” cells as well as depletion of differentiated luminal cells that is
likely due to phenotype switching. Strikingly, unlike luminal cells, basal cell abundance is maintained by
a highly proliferative subset of the compartment which does not exist in WT prostates. This implies that
basal cell homeostasis is important for prostate cancer. Murine prostate cancer can originate in basal
cells if these cells transform into luminal cells first, which corresponds well with our observed
phenotype; however, compensatory basal hyperproliferation has never been described in the field.
Understanding the molecular factors that trigger this proliferative split in the basal compartment could

shed light on the process of tumorigenesis in basal cells.

We further confirm that basal and intermediate cells, but not luminal cells, are castration-resistant.
Castration increases intermediate heterogeneity, which we characterize by showing a spectrum of
residual AR expression inversely correlated with both translation and proliferation signatures. This
recapitulates previous whole-tissue findings that hyperproliferation is driven by elF4F hyperactivity in
AR-low Pten™ mice. Interestingly, intermediate cells with the lowest AR activity and highest
proliferation and translation also express the basal markers Krt5 and Krt15, which suggests basal-
originating intermediate cells are chiefly responsible for driving hyperproliferative AR-low phenotypes.
The same translation signature is also highly expressed in basal cells in the castrate mouse, validating
the correlation between basal cell identity and high translation rates. We speculate that basal cells may
be intrinsically more plastic than luminal cells and therefore may more easily transition to tumor-

initiating phenotypes.
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As previously expressed in Chapter 1, physiological, genomic, and technical differences between
mouse models and human disease must advise caution in applying murine findings to clinical contexts.
To understand the human significance of intermediate cells, we applied a patient-derived signature of
ADT resistance to our scRNAseq data (Wilkinson et al., 2021) and found that it is specifically enriched

in intermediate cells of castrate Pten

mice. Five genes from this signature were especially highly
expressed in these cells, and their overexpression correlates with poor patient outcomes. In addition,
we analyzed single-cell RNAseq data from human primary and metastatic prostate cancer samples. We
found a striking enrichment of this 5-gene signature and of intermediate markers in a specific cluster of
the metastatic samples, but not the primary. This suggests that intermediate-like cells exist in advanced
human prostate cancer and may contribute to aggressive phenotypes and treatment resistance.
Importantly, this metastatic cluster contained cells from five out of the 6 patients in the dataset,
demonstrating that this may be a generalizable observation. We speculate that lineage plasticity
caused by tumorigenesis may lead to phenotypic convergence towards a stemlike luminal phenotype

able to proliferate rapidly and endure androgen-low environments in both human and mouse contexts.

Finally, we inhibit elF4F activity in AR-low Pten"

mice by expressing the 4EBP1M transgene. We
show that while overall cell abundance does not change, transgene-containing cells are depleted and
express apoptotic and cell cycle arrest gene pathways, suggesting that high translation initiation is
necessary for prostate cancer survival in androgen-low conditions. We therefore hypothesize a double-
edged mechanism for the role of elF4F hyperactivity in AR-low CRPC, which is able to promote
proliferation and progression but may create an addiction to high translation of select mMRNAs.
Experiments in WT castrated mice show that androgen deprivation alone is sufficient to induce high
translation rates, which is logical as AR loss depletes 4EBP1 levels. However, this high translation does
not trigger hyperproliferation in a non-cancer context. One possibility to explain this discrepancy is that
castration of WT mice causes rapid atrophy of the prostate. As a result, global transcription my be
halted, decreasing the bioavailability of the mRNA transcripts necessary for protein synthesis and

proliferation.

Overall, we observe complex cellular dynamics in the mouse prostate upon cancer and androgen
loss, which result in a convergence towards an intermediate luminal cell state. This cell state is
castration-resistant, highly heterogeneous and likely drives AR-independent progression and treatment
resistance in both mice and humans. elF4F hyperactivity is triggered upon androgen loss and is
necessary for cancer proliferation and survival. Further studies should focus on the prognostic value of

detecting intermediate-like cells in patients and the potential benefits of therapeutic inhibition of elF4F.

4.2 Prostate cancer epithelial cells trigger a recruiting cascade to form an immunosuppressive

tumor microenvironment
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Evasion of the antitumor immune response is a requirement for tumorigenesis and progression
(Hanahan and Weinberg, 2011). Prostate cancer is notoriously unresponsive to immunotherapy
approaches, highlighting the need to characterize its tumor microenvironment more completely (Stultz
and Fong, 2021). Here, we examined the changes in immune cell abundance and recruitment signaling
in mouse prostates upon tumorigenesis and AR deprivation. We find that both lymphoid and myeloid

cell types expand in the Pten™"

mouse compared to the WT; the myeloid cells consist of
immunosuppressive cell states such as TAMs and MDSCs, while the lymphoid expansion is largely due
to cytotoxic CD8+ T cells expressing exhaustion markers. We conclude that prostate cancer creates a
pro-tumorigenic environment that inhibits anticancer activity by exhausting CD8+ T cells. Further, we
use ligand-receptor analysis to characterize the signaling landscape of the tumor and find that epithelial
cells express chemokines that recruit immunosuppressive macrophages and cytotoxic CD8+ T cells.
We also observe targeted fibroblasts signaling towards immunosuppressive macrophages, suggesting
that stromal cells contribute to building the TME. Interestingly, the recruited macrophages also contact
T cells, but emit exhaustion signals. In addition, MDSCs seem to be recruited exclusively by
macrophage-mediated signaling, with very few ligands expressed by epithelial cells. We therefore
hypothesize that pro-tumorigenic macrophages are a lynchpin of immune recruitment by prostate
cancer in the Pten" mouse model and help attract additional immunosuppressive factors while
contributing to T cell exhaustion. The fact that fibroblasts specifically recruit macrophages but not other
cell types supports their importance to the tumor homeostasis. While our dataset cannot account for
temporal dynamic, we speculate that macrophages may be recruited early in tumorigenesis to assist
the creation of a favorable tumor microenvironment. Further experiments will be needed to establish
whether depleting macrophages from the prostate, or inhibiting chemokines expressed by epithelial

cells, can restore anticancer CD8+ activity.

Interestingly, castrating the Pten™"

mouse decreases macrophage and CD8+ T cell abundance. We
observed that fibroblast-mediated chemokine signaling was interrupted by androgen deprivation, likely
causing the depletion of macrophages. Decreased signaling from macrophage may in turn decrease
CD8+ T cell abundance. We hypothesized that androgen signaling may be deleterious for tissue-
resident macrophages and validated this by showing that TRMs exhibit high AR activity in intact Pten™
mice. This finding suggests that a large contingent of the pro-tumorigenic macrophage species present
in the TME is derived from tissue-resident macrophages, instead of being recruited from outside of the
tissue. We also found a dramatic increase in TNF signaling from both macrophages and MDSCs
towards tumor cells. TNF signaling is pro-tumorigenic in AR-low prostate cancer (Mizokami et al., 2000;
Sha et al., 2015). This may represent a compensatory mechanism to balance the decrease in
immunosuppressive macrophages upon androgen loss. Overall, we describe large-scale changes in

immune cell populations in the prostate likely leading to immunosuppressive phenotypes and a
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favorable tumor microenvironment. Future work should include depletion of tissue-resident
macrophages in pre-cancer models to determine the precise origin on immunosuppressive macrophage
species, as well as TNF knockdown to characterize the roles of this signaling pathway in maintaining a
favorable TME in AR-low prostate cancer. These experiments should also be attempted in human 3D
tissue culture systems featuring co-culture of multiple cell types, to validate whether murine immune

mechanisms can apply to human disease.

4.3 A G-rich motif mediates translation dysregulation of specific mMRNAs by elF4F hyperactivity
in AR-low prostate cancer

We have shown here and in previous work that aberrant translation initiation mediated by elF4F
hyperactivity is an essential phenotype for AR-low CRPC proliferation and survival and regulates
translation of a specific subset of MRNAs (Liu et al., 2019). In Chapter 3, | investigated the molecular
mechanisms that enable this specificity. | discovered that a novel guanine-rich motif enriched in the 5’
UTRs of these mMRNAs. This GRTE motif is functional in multiple candidate genes including the
transcription factor KIf5 which contains three of these motifs. Deletion of the GRTESs in KIf5 not only
decrease protein synthesis but also render the 5 UTR insensitive to changes in elF4F activity. In
addition, two of these motifs are conserved and functional in the human KLF5 5" UTR. We find that
overall, GRTE conservation correlates with function, and that these motifs are more highly conserved

" mouse. These

and longer in mMRNAs dysregulated by elF4F in AR-low prostate cancer in the Pten
findings argue for a length-dependent conserved function of GRTE motifs in the 5 UTRs of elF4F-

dependent mRNAs.

The GRTE is highly diverse across genes and best described as a G-rich tract of variable length.
Importantly, a similar, if longer, G-rich motif is found in translationally dysregulated mRNAs in a murine
model of melanoma which also features high proliferation rates. This result showed potential interaction
with the translation initiation factor elF2B5, suggesting a functional role for G-rich sequences in
regulating translation initiation of MRNAs relevant to malignant growth in multiple tissue types. It is
intriguing to observe that multiple initiation factors may interact with these G-rich motifs. Considered
alongside the diversity in length and sequence of these motifs, and the multiple cancer contexts in
which they are found, these findings lead us to speculate that G-rich sequences may be a fundamental
feature in mMRNAs highly sensitive to regulation by initiation factors. G-rich tracts could be required for
fine-tuning of protein synthesis for genes important in proliferation pathways, and their dysregulation

may be a crucial aspect of malignant growth.

We investigated possible mechanisms by which the GRTE might function and found that the KLF5
5 UTR is highly structured. Mutating either functional GRTE motif heavily disrupts this structure albeit
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in very different ways. One motif is positioned 3nt away from the transcription start site and contributes
to stable base-pairing near the 5’ cap, while the other forms a double stem loop in the middle of the &’
UTR structure. RNA structural features frequently serve as binding sites for RBPs, and we indeed
found that three proteins bind to the stem loop created by the second GRTE. Two of these proteins,
FUS and TAF15, are known to have stem loop-binding domains (Hoell et al., 2011; Kashyap et al.,
2015), validating the hypothesis that the GRTESs generate functionally important structures. Given the
known functions of FUS in mRNA transport, we speculate that it may function by sequestering the KLF5
MRNA to subcellular locations where it can associate with ribosomal complexes, thus promoting KLF5
protein synthesis (Yasuda et al., 2013). However, more work is hecessary to understand how this
mechanism might interact with the elF4F complex. One possibility is that elF4F co-localizes to the
same subcellular locations and relies on FUS-mediated transport to bind the appropriate transcripts.
This could be tested by expressing fluorescent protein-tagged elF4E and FUS and observing whether
they colocalize in the cell only with an intact stem loop structure. Pulldown of the KLF5 mRNA might

also reveal co-binding of elF4F and FUS.

Interestingly, we found no proteins that bound the first GRTE motif of KLF5. While it is possible that
there exist such RBPs for which eCLIP data was not available, the lack of defined structural features
beyond base-pairing and the proximity of this motif to the 5’ cap suggests a different mechanism of
action. Given its position, it is likely that this GRTE directly interacts with the elF4F complex. It may
stabilize the 5’ cap to facilitate binding by elF4F or increase dependence on elF4A helicase activity, or
even mediate interactions with another RBP or protein complex. Overall, we speculate that both GRTE
position and the structures it forms are likely to influence its functions. This also leads to the question of
how the GRTE-like motif in murine melanoma (Cai et al., 2020) might function. We hypothesize that this
motif will also form specific RNA structures that contribute to translation regulation by initiation factors
and that its specific mechanisms may be just as varied as the prostate GRTE across different genes
and positional contexts. In sum, we speculate that 20-40nt G-rich tracts may contribute important
structural features to specific MRNAs and thereby help fine-tune translation initiation rates.
Dysregulated or mutated initiation factors in cancer contexts may rely on these structure to drive
aberrant growth. Further work will be necessary to confirm this hypothesis and will necessarily include
experiments to define and mutate RNA structure to understand precisely how these sequences interact

with translation machinery.

Finally, we generate stable reporter lines using the candidate 5’ UTR KLF5. We show that
scrambling both GRTE motifs decreases fluorescent reporter expression twofold without changing
expression of the internal control, setting the stage for future high-throughput experiments. Specifically,

a CRISPR-based knockout screen will reveal additional binding partners of the GRTE. This will set the
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stage for experiments featuring other candidate genes that contain GRTEs such as DENR, as we will
be able to test candidate RBPs and validate whether they interact with GRTES in a genome-wide
manner, thus potentially elucidating a general mechanism. Further, these isogenic lines containing WT
and scrambled GRTE motifs are an ideal model for comparative RNA structure experiments, allowing
experimental validation of the predicted structure of the KLF5 5 UTR and the contributions of the
GRTEs to this structure.

Overall, in this work we have demonstrated that G-rich sequences are crucial to maintain high
translation rates via dysregulation of initiation factor and may represent a general mechanism wherein
RNA structure modulates gene expression in proliferation pathways. We identify likely protein cofactors

and provide experimental tools to further interrogate these mechanisms.
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