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Abstract

The basic Helix-Loop-Helix/PER-ARNT-SIM (bHLH-PAS) domain family of proteins
mediates cellular responses to a variety of stimuli. The bHLH-PAS proteins are
heterodimeric transcription factors that are further sub-classified into sensory and aryl
hydrocarbon receptor nuclear translocator (ARNT) proteins. The ARNT protein is
constitutively expressed and heterodimerizes with hypoxia-inducible factors (HIFs) to
mediate oxygen-sensing mechanisms and heterodimerizes with the aryl hydrocarbon
receptor (AHR) to combat environmental contaminant exposure. Firstly, a reciprocal
disruption relationship exists between AHR ligands, like 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) and estrogen receptor (ER) ligands, like 173-estradiol (E2). Ligand-bound
ER tethers to the AHR/ARNT transcription factor complex and represses TCDD-
inducible gene transcription. However, the tethering paradigm and molecular
mechanisms employed by AHR and ARNT at ER-regulated genes remains to be
determined. Secondly, thyroid hormone receptor/retinoblastoma-interacting protein 230
(TRIP230) interacts with ARNT and is a coactivator required for hypoxia-regulated
transcription. The retinoblastoma protein (Rb) is a negative regulator of the cell cycle
and also negatively regulates TRIP230 coactivator potential. Thus, Rb may influence
ARNT transcription factor functions via TRIP230. Rb-loss in many solid tumours directly
precedes the activation of HIF-regulated genes and correlates with increased
angiogenesis and metastasis. As most solid tumours contain regions of hypoxia and only
correlative data between HIF/ARNT activity and Rb-loss has been gathered, we have
identified a need to rigorously examine the role of Rb-loss in concert with hypoxia in
breast and prostate cancer models. In this thesis, | used siRNA technology to
knockdown ARNT and AHR expression and found that TCDD-mediated disruption of
ER-signalling is AHR-dependent and that ARNT is a coactivator in MCF7 cells and a
corepressor in ECC1 cells. Additionally, | used siRNAs and shRNA technology in concert
with microarray analysis in LNCaP prostate cancer cells and MCF7 breast cancer cells
to delineate the role of the ARNT-TRIP230-Rb transcriptional complex in hypoxia-
regulated transcription. | found that Rb-depletion in conjunction with hypoxia
exacerbates HIF1-mediated transcription and promotes a more invasive and late stage
phenotype in both breast and prostate cancer models. The molecular mechanisms and
gene pathways described herein should prove useful for developing chemotherapies for
late stage breast and prostate cancers.
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Chapter 1. Introduction

Deoxyribonucleic acid (DNA) carries the genetic information of almost all living
organisms and is the primary component of chromosomes. In 1962, Francis Crick,
James Watson and Maurice Wilkins shared the Nobel Prize in Physiology and Medicine
for determining that DNA has a double helix structure composed of two complimentary
polynucleotide chains with sugar-phosphate backbones and cytosine-guanine or
thymine-adenine base pairs holding the chains together [1]. Although they made
groundbreaking observations that identified the molecular structure of DNA and
postulated how traits may be passed on from generation to generation, the mechanisms
of heredity and gene expression remained elusive. Subsequently, it was determined that
the basic unit of the genetic code is the codon (a triplet sequence of nucleotides) and
that codons are degenerate, do not overlap, and are read from a specific starting point
[2]. In addition, Jacob and Monod produced mechanistic insight of DNA regulation
through studies involving the lac operon in E. coli. They showed that enzyme protein
expression could be either repressed or induced via DNA-interacting proteins and that a
transient molecule was required to facilitate ribosome-mediated protein synthesis from
DNA templates [3]. This work was one of the first to recognize messenger ribonucleic

acid (mRNA) and amassed compelling evidence for the DNA-RNA-Protein paradigm.

Eukaryotic systems were more difficult to study; however, the identification of
RNA polymerase Il [4], the isolation of the general transcription factors for RNA
polymerase Il (TFIIB, D, E, F and H) [5] and the establishment of DNA promoter and
enhancer sequences [6,7] inspired Roger Kornberg, who detailed the mechanisms of
eukaryotic transcription using Baker’'s yeast as a model system. Importantly, he outlined
the roles of RNA polymerase Il in eukaryotic systems and determined that the mediator
complex links gene-specific, DNA-binding transcription factors to RNA polymerase Il and
the general transcription factors [8-10]. Together, these seminal works laid the

foundation for investigating the molecular control of eukaryotic transcription and opened



new avenues of research examining gene- and transcription factor-specific regulatory

mechanisms.

The general basic premise of this thesis is to elaborate on the ability of
transcription factors to not only act by DNA-binding interactions but to also differentially
regulate other transcription factors by protein-protein interactions. In the following
sections of this chapter, | provide background information on the aryl hydrocarbon
receptor nuclear translocator (ARNT) protein and discuss its roles in the transcriptional
control of hypoxia and dioxin-mediated disruption of estrogen signaling. Additionally, |
describe the retinoblastoma (Rb) protein and the thyroid hormone
receptor/retinoblastoma-interacting protein-230 (TRIP230) protein and how they relate to
ARNT transcription factor functions. Finally, | introduce prostate and breast cancer as
our research models and outline the rationales, hypotheses and objectives of this thesis.
Sections 1.1, 1.2, 1.2.2, 1.5, and 1.6 and Table 1-1 have been modified to fit this thesis

but resemble sections presented in:

Labrecque, MP, Prefontaine, GG, and Beischlag, TV (2013). The aryl hydrocarbon
receptor nuclear translocator (ARNT) family of proteins: transcriptional modifiers with
multi-functional protein interfaces. Curr Mol Med 13: 1047-1065.

1.1. The aryl hydrocarbon receptor nuclear translocator
(ARNT) family of proteins

The PER-ARNT-SIM (PAS) family of transcription factors act as environmental
sensors and are key regulators of growth, development and cellular homeostasis. The
discovery of the circadian rhythm regulator period (per) in Drosophila melanogaster [11]
was a catalyst for a plethora of research aimed at understanding mechanisms governing
gene regulation and protein interactions. The per locus was first cloned and
characterized by Michael Young, Jeffrey Hall and Michael Rosbash in 1984 [12-14]. A
comprehensive analysis of the per locus identified a 0.9 kb RNA transcript that was
crucial for normal circadian rhythmicity [14]. Elucidation of molecular mechanisms in the
dioxin-signaling pathway and in regulation of development and neurogenesis in flies,

revealed 250-300 amino acid sequences of homology to PER between the human aryl



hydrocarbon receptor nuclear translocator (ARNT) and the fly single-minded (sim)
transcript [15,16]. This approximately 270 amino acid sequence was termed the PAS
sequence and contains tandem ~70 amino acid repeat regions known as the PAS-A and
PAS-B domains [17,18]. The hallmarks of the PAS domain are that it represents a
dimerization motif that allows interactions between PAS [19] and non-PAS domain
containing proteins [20]. The subject of this thesis, the ARNT protein, also referred to as
hypoxia-inducible factor-1 (HIF1p), is the dimerization partner for a large number of

these structurally related transcription factors.

Another structural feature common to ARNT and its dimerization partners is the
basic Helix-Loop-Helix (bHLH) domain (Figure 1.1A). This region is defined by an N-
terminal basic region that is required for DNA binding adjacent to a hydrophobic C-
terminal region with two amphipathic a-helices separated by a variable loop region
required for dimerization [21]. The archetypical DNA binding sequence for bHLH proteins
is known as an E-Box, which has the sequence CANNTG and contains either CG or GC
dinucleotides at the variable positions [22]. Typical bHLH-PAS proteins operate as
DNA-binding heterodimeric protein complexes with the most conventional pairing
composed of one constitutively expressed protein and the other protein whose
expression relies on tissue specificity, time or the presence of activating agents [23]
(Figure 1.1B). The ARNT protein and related ARNT2 (also hamed HIF23), ARNT-like
protein 1 (ARNTL, also named BMAL1, MOP3 or ARNT3) [24-26] and ARNT-like protein
2 (ARNTL2, also named BMAL2, MOP9 or CLIF) [27-29] proteins are some of the most
broadly expressed bHLH-PAS proteins in eukaryotic systems and are involved in three
major biological pathways; i) oxygen sensing through dimerization with hypoxia inducible
factors (HIFs) [30]; ii) circadian rhythm regulation through dimerization with CLOCK [31];
and iii) metabolic responses to environmental contaminant exposure through
dimerization with the aryl hydrocarbon receptor (AHR) [16]. Pathways that are not as
well understood but have implicated the ARNT family of proteins as transcriptional
modifiers include embryogenesis and neurogenesis through dimerization with SIM1 or
SIM2 [32,33], neurogenesis through dimerization with NPAS1 [34], NPAS3 [35], or
NPAS4 [36] and heme binding and carbon monoxide sensing [37] (Table 1-1).
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Figure 1.1.

The ARNT family of proteins

(A) A schematic depicting the molecular domains of the ARNT family of proteins, bHLH =
basic Helix-Loop-Helix domain, PAS = PER-ARNT-SIM domain, Q-rich = glutamine rich
domain. (B) A summary of the bHLH-PAS transcription factors associated with the ARNT
family of proteins.

Table 1.1. Summary of bHLH-PAS transcription factors and associated
signaling pathways.
Gene Full Name Alternative Binding Pathways
Name Name(s) Partner(s)
AHR Aryl hydrocarbon | Dioxin ARNT, Environmental contaminant
receptor Receptor ARNT2 metabolism, immune system
AHRR Aryl hydrocarbon ARNT Represses AHRC signaling
receptor repressor
CLOCK ARNTL, ARNTL2 | Circadian rhythm regulation
NPAS2 | Neuronal PAS MOP4 ARNTL Circadian rhythm regulation
domain protein 2 CO sensing
HIF-1o. | Hypoxia inducible | MOP1 ARNT, Hypoxia response
factor 1a. ARNT2
Endothelial PAS HIF-2a, ARNT, Hypoxia response
EPAS1 | domain-containing | MOP2 ARNT2
protein 1 ARNTL Bone development




Gene Full Name Alternative Binding Pathways
Name Name(s) Partner(s)
HIF-30. | Hypoxia inducible | MOP7 ARNT Hypoxia response
factor 3a
NPAS1 | Neuronal PAS MOP5 ARNT,
domain protein 1 ARNT2
NPAS3 | Neuronal PAS MOP6 ARNT Neurogenesis
domain protein 3
NPAS4 | Neuronal PAS NXF ARNT, ARNT2
domain protein 4 ARNTL
SIM1 Single-minded ARNT
homolog 1 ARNT2 Embryogenesis and
SIM2 Single-minded ARNT Neurogenesis
homolog 2
AHR, AHRR
Aryl hydrocarbon HIF-1/2/3a
ARNT receptor nuclear HIF-1p NPAS1,NPAS3
translocator NPAS4,
SIM1, SIM2,
Aryl hydrocarbon AHR
ARNT2 | receptor nuclear HIF-2p HIF-1a, HIF-2a
translocator 2 NPAS4
Aryl hydrocarbon | BMAL1, CLOCK
ARNTL | receptor nuclear MOP3, HIF-2a
translocator- like ARNT3 NPAS2, NPAS4
Aryl hydrocarbon | BMAL2,
ARNTL2 | receptor nuclear MOP9, CLOCK
translocator- like 2 | CLIF

*Modified from Labrecque, MP et al. Current Molecular Medicine, 2013. [38]

1.2. The aryl hydrocarbon receptor (AHR)

The aryl hydrocarbon receptor (AHR) is a ligand activated bHLH-PAS
transcription factor [39] that activates transcription of several genes upon association
with polycyclic aromatic hydrocarbons and halogenated aromatic hydrocarbons,
including its most potent activator 2,3,7,8-tetrachlorodibenzo-p-dioxin (dioxin, TCDD)

[40,41]. Several AHR target genes are involved in environmental contaminant



metabolism, such as Cytochromes P450 1A1l, 1A2 and 1B1 (CYP1Al, CYP1A2 and
CYP1B1). AHR is also required for development, homeostasis and certain functions of
the immune response [42]. Until recently, no known endogenous activators of AHR had
been identified that work at biologically relevant concentrations. However, the tryptophan
catabolite kynurenine was recently identified as a bona fide AHR ligand that promotes
tumor cell survival and suppresses anti-tumor immune responses [43]. Further
examination of the relationship between kynurenine and AHR will likely increase our

knowledge of the true physiological role of AHR.

Unliganded AHR exists in the cytoplasm as part of a multimeric complex
including two molecules of HSP90, the HSP90 co-chaperone p23, and a 36-kDa protein
termed hepatitis B virus X-associated protein 2 (XAP2) [44-47]. Once activated through
ligand binding, AHR moves to the nucleus where it associates with ARNT to form a
functional transcription factor complex that recruits coactivators, such as the SRC/p160
family of coactivators, to initiate transcription [48,49] (Figure 1.2). The interaction
domains essential for AHR and ARNT dimerization have been the subjects of numerous
in vitro and in vivo assays with conflicting results. The first and second a-helices in the
mouse ARNT bHLH domain are essential for dimerization with AHR [50] whereas the
ARNT PAS domains appear to be important for dimer stabilization [51] but are not
required [50]. Intriguingly, a murine AHR deletion mutant termed DRALBD, that lacks
the PAS-B domain cannot associate with ARNT or induce transcription of a xenobiotic
response element (XRE) driven reporter construct [52]. However, a constitutively active
form of AHR (CA-AHR/DRAPASB) lacking the minimal PAS-B ligand binding and HSP90
interaction motifs, is able to heterodimerize with ARNT and activate transcription of

reporter constructs and endogenous AHR target genes [52,53].

Although the canonical AHR signaling pathway involves AHR:ARNT
heterodimerization, in vitro studies looking at ARNT2 showed that ARNT2 could
heterodimerize with AHR and induce transcription of a catalase-reporter construct driven
by the CYP1A1 promoter sequence [54]. However, Sekine and colleagues used Hepal-
c4 cells, which are deficient in ARNT protein, and determined that ectopically expressed
ARNT2 and 3MC-activated AHR could not induce transcription of XRE-driven reporter

constructs [54]. Additionally, Dougherty and Pollenz also used Hepal-c4 cells and



showed that expression of ectopic ARNT and TCDD-activated AHR induced expression
of CYP1A1 protein but expression of ectopic ARNT2 and TCDD-activated AHR could not
induce CYP1ALl protein expression [55]. Thus, ARNT2 may heterodimerize with AHR in

vitro but it is not involved in the activation of endogenous AHR-target genes.
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Figure 1.2.  Schematic of AHR signal transduction

AHR is kept inactivated in the cytoplasm by chaperone proteins heatshock protein 90 (Hsp90),
p23 and hepatitis B virus x-associated protein (XAP2). TCDD enters the cell and binds the
chaperoned AHR complex. The ligand-bound receptor complex translocates into the nucleus and
discards the chaperone proteins. AHR dimerizes with ARNT and the activated transcription factor
complex then binds xenobiotic response elements (XRESs) within the genome. Recruitment of
transcriptional coactivators (SRC1,2, CBP) leads to transcriptional activation of target genes.

1.2.1. Endocrine disruption and the estrogen receptor (ER)

The production of chemicals and their release into the environment has
exponentially increased due to industrialization. Several of these exogenous chemicals
are able to interfere with endogenous hormone signaling pathways and thus have
become known as endocrine disrupting chemicals (EDCs). Endocrine disruption may
occur through direct or indirect mechanisms. EDCs with direct mechanisms may mimic
an endogenous hormone or antagonize a receptor while examples of indirect
mechanisms include blocking hormone synthesis or interfering with receptor turnover or
transport [56]. The most established endocrine disrupting pathways involve hormone
receptors from the nuclear receptor family of transcription factors, such as the estrogen
receptor (ER).

The nuclear receptors (NRs) are ligand-binding transcription factors activated by

lipid-soluble compounds that freely traverse the plasma membrane, such as steroid



hormones and vitamins [57]. In humans, the superfamily is composed of 48 NRs that are
further sub-classified according to sequence homology [58]. The catalysts for nuclear
receptor research occurred over 30-years ago when the glucocorticoid receptor (GR)
and the estrogen receptor were first isolated and characterized [59,60]. Comparison of
cDNA sequences revealed several structural features common to the majority of NRs,
including an N-terminal domain containing activation function-1 (AF-1), a highly
conserved DNA-binding domain (DBD), a hinge domain, and a ligand-binding domain
(LBD) containing activation function-2 (AF-2) [57,61] (Figure 1.3A). The ligand-
dependent AF-2 domain found near the carboxy-terminus is strictly conserved
throughout the NR family and recruits pl60 coactivator proteins required for
transcriptional activation through LXXLL-motifs [62,63]. The ligand-independent AF-1
domain is the most variable region between family members in both size and sequence
homology. However, the AF-1 domain also interacts with p160 coactivator proteins and
synergizes with AF-2 functions, but does so through an LXXLL-independent mechanism
[64,65].

ERa/B are from the steroid receptor subfamily of NRs and bind 17B-estradiol (E2)
to regulate genes involved in reproduction and cellular growth and proliferation [66]. Like
most nuclear receptor family members, two classical models describe transcriptional
activation of ER (Figure 1.3B). The first model is similar to activation of AHR in that in
the absence of an agonist, ER is associated with chaperone proteins and kept
inactivated in the cytoplasm. Upon ligand binding, ER homo- or heterodimerizes,
translocates to the nucleus and binds estrogen response elements (ERES) in target
gene promoters to initiate transcription [66,67]. The second model suggests that ERs are
continuously bound to their cognate response elements in the DNA of target genes and
that inactivated ERs are associated with corepressors, such as nuclear receptor
corepressor 1 (NCOR1) and histone deacetylases (HDACs), which leaves them
transcriptionally repressed. Ligand binding causes a conformational change that
facilitates the exchange of corepressors for coactivators, such as CBP/p300 and steroid

receptor coactivator 1 (SRC1), and this leads to transcriptional activation [68].
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Figure 1.3.  Nuclear receptor structure and ER signal transduction.

(A) Linear schematic of a nuclear receptor and classical structural domains; activation function-1
(AF-1); DNA binding domain (DBD); ligand binding domain (LBD), activation function-2 (AF-2).
(B) In the absence of an agonist, ER is associated with chaperone proteins and kept inactivated
in the cytoplasm. Upon ligand binding, ER homo- or heterodimerizes, translocates to the nucleus
and binds estrogen response elements (ERES) in target gene promoters to initiate transcription. A
second mechanism of signal transduction includes inactive ER constantly bound to estrogen
response elements (ERES) within the genome and associated with transcriptional corepressors
(NCOR, HDAC). Ligand binding causes a conformational change that facilitates the exchange of
corepressors for coactivators, which in turn activates transcription.

1.2.2. AHR, ER and ARNT crosstalk

The observation that glucocorticoid receptor (GR) null mutations are lethal in
mice [69] juxtaposed to the subsequent finding that DNA-binding/dimerization deficient
GR mutant mice are viable [70] suggests the intriguing possibility that protein-protein
interactions and not DNA binding properties of GR are essential for survival [70].
Similarly, several studies over the last decade suggest that AHR may mediate off-target
or DNA-binding independent transcription factor function. The most compelling evidence
for this is provided by the ability of diverse classes of AHR ligands to disrupt ER-

regulated signaling. Interestingly, there is a ligand-dependent reciprocal disruption



between ER and AHR signaling [71-73]. TCDD inhibits the expression of several E2-
inducible genes, including pS2 [74], cathepsin D [75,76] and c-fos [77] while E2 inhibits
expression of the TCDD inducible gene CYP1AL1 [73,78,79]. One explanation for TCDD-
induced disruption of ER signaling included a TCDD-dependent increase in aryl
hydrocarbon-hydroxylase enzymatic activity which mediated rapid metabolism of E2
[80]. Subsequent studies supported a transcriptional down-regulation of ER-target genes
through upstream inhibitory dioxin response elements [71] and AHR-mediated activation
of a proteasome complex that degrades ER proteins essential for E2-induced
transcription [81]. Furthermore, AHR has been identified as a ligand-dependent E3-
ubiquitin ligase and part of a CUL4B proteosome complex which targets sex steroid
receptors for degradation [82].

Another possible mode of AHR-dependent disruption of ER signaling is through
direct protein-protein interactions [72]. However, experiments using 3-
methylcholanthrene (3MC) as an AHR ligand produced some perplexing results because
3MC can also serve as an ER agonist and drive ERE-driven reporter assays [83].
Nevertheless, chromatin immunoprecipitation (ChlP) assays have confirmed that ligand
co-treatments recruit ERs to XREs at CYP1A1 and AHR and ARNT to EREs at ER-
regulated genes [73,84-86] and sequential ChiPs showed a direct or extremely close
ER-AHR association [73]. In addition, GST-pull-down assays and in vivo co-
immunoprecipitation assays have demonstrated a direct interaction between ARNT and
ER [73,84] or AHR and ER [72,73]. Furthermore, E2-activated ERa dampens AHR
transcriptional activity at CYP1A1 through direct protein-protein interactions in MCF7
breast cancer cells [73]. Thus, a reciprocal protein-protein interaction at ER-regulated
genes seems probable. Interestingly, ER-mediated disruption of CYP1Al and CYP1B1
transcription can occur through either ERa or ERB depending on the tissue or type of ER
or AHR activating agents [87,88]. For example, resveratrol is a putative cardioprotective
and chemopreventive phytoalexin found in red wine [89] and low doses (100 nM)
decreases AHR-mediated CYP1A1 mRNA accumulation through ERa in MCF7 and
BEAS-2b breast cancer cells but attenuates CYP1A1 accumulation through both ERa
and ER in Caco-2 colon cancer cells [88]. However, resveratrol used at higher doses
(10 pM) inhibits AHR-dependent transcription independent of ERa in certain breast

cancer cell lines [90]. This suggests that multiple mechanisms are responsible for
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resveratrol-mediated repression of AHR signaling and a more in-depth analysis of the

transcriptional machinery involved during low and high dose exposures is warranted.

Distinguishing individual protein partners recruited by AHR or ARNT to modulate
estrogen signaling has revealed a more complex crosstalk model than previously
thought. ARNT physically interacts with ligand activated ERa and ERB and displays
coactivator properties independent of AHR ligands [84]. Follow-up studies using ERE-
driven reporter constructs and siRNAs directed towards endogenous ARNT in murine
and human cancer cell lines, support ARNT coactivator function during ER-mediated
transcription but highlight a significantly greater effect during ERB signaling [91].
Although endogenous ER-mediated gene activation was not rigorously tested, it was
proposed that AHR-mediated disruption of ER-transcriptional activities occurs through
AHR and ER competition for ARNT as a transcriptional coactivator and the lack of ARNT

availability reciprocally disrupts AHR- and ER-mediated transcription [91].

1.3. Carcinogenesis

Cancer, also known as malignant neoplasia, is defined as the uncontrolled
growth of cells in a particular area of the body. Cancerous cells rapidly divide to form
tissue masses known as tumours and these cells have the potential to spread or invade
to other parts of the body through a process called metastasis. Benign tumours are a
collection of neoplastic cells without metastatic capabilities, and are thus non-cancerous,
but may develop cancerous characteristics through tumour progression [92]. In the
1970’s, two important classes of genes were discovered that related to cancer initiation
and progression: oncogenes and tumour-suppressor genes. Oncogenes induce
tumourgenesis and acquire mutations that either confer constitutive activity or promote
aberrant protein expression patterns. Oncoprotein perturbations may arise through gene
duplications, retroviral transduction or integration, chromosomal translocations or
intragenic mutations that affect crucial post-translational modification residues or protein-
protein interaction interfaces [93]. In addition, oncogenes typically require only one
mutated allele to confer oncogenic activity and are thus considered dominant. Classical
examples of oncogenic pathways include; Receptor tyrosine  kinase
(RTK)/RAS/RAF/MAPK proteins and maintenance of mitogenic growth signals [93,94];
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PISK/AKT/CREBB proteins and stimulation of cellular proliferation and survival [95]; Bcl-
2 and resistance to apoptosis [94,96]; and Wnt/B-catenin and acquisition of metastatic

potential through epithelial-to-mesenchymal transition [97,98].

Conversely, mutations occurring in tumour-suppressor genes reduce or silence
protein activity. Genetic alterations typically include non-sense mutations that introduce
premature stop codons, missense mutations that change the amino acid structure of
important functional domains, deletions or inversions at the intragenic or chromosomal
level and epigenetic silencing through DNA methylation marks [93]. Tumour suppressor
genes are typically recessive in nature and require both alleles to be altered in order to
permit tumour initiation or progression. Classical examples of tumour suppressors and
the canonical pathways they control include; P53 and cell cycle checkpoint for DNA
damage [99]; Retinoblastoma protein (Rb) and inhibition of the E2F family of pro-mitotic
transcription factors [100]; and Von Hipel Lindau (VHL) and degradation of HIF proteins

in the presence of oxygen [101].

Interestingly, while examining retinoblastoma and inheritance patterns, Alfred
Knudson observed that tumours only occurred in people with two distinct mutational
events and this led to his seminal paper on the “two-hit hypothesis” [102]. He postulated
that in inherited forms of cancer, the first mutational event happens in one or both of the
parents and is passed on to offspring in germ cells and the second mutation is acquired
in somatic cells. In sporadic cases of cancer, both “hits” are mutations that arise in
somatic cells and since these are random mutations, retinoblastoma occurs at a much
lower frequency [102]. This hypothesis of cancer initiation and progression has since
been expanded and experimentally supported [103,104] but the general understanding
is that in most cases it is the culmination of multiple mutational events in both tumour
suppressors and oncogenes over an organisms lifetime that eventually leads to rapidly

proliferating, metastatic and lethal disease.

The dawn of the 21st century used technological advancements, such as high
throughput sequencing to delineate the mechanisms of cancer etiology. It is within this
timeframe that the genetic landscapes of cancer have slowly become available and have

highlighted crucial biological pathways that contribute to the disease. Hallmarks of
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cancer include; sustaining proliferative signaling, evading growth suppressors, activating
invasion and metastasis, enabling replicative immortality, resisting cell death and
inducing angiogenesis [105]. These rapidly growing, immortal cells can also evade host
defense systems and often arise from an accumulation of genetic mutations that select
for hallmark characteristics [105]. In addition, the identification of genetically
heterogeneous cell populations within tumours and the theories that cancer may arise
from cancer stem cells or that differentiated cells can transform back to stem-like or
mesenchymal-like states have radically changed ideologies and approaches to research
and clinical treatment [106-109]. Despite a wealth of new information regarding cancer

initiation and progression, several questions and mechanistic knowledge gaps remain.

1.4. Tumour Microenvironment

The tumour microenvironment is defined as the environment in which tumour
cells exist, including the availability of nutrients, pH levels, exposure to paracrine,
autocrine or hormone signalling molecules, interactions with the extracellular matrix and
oxygen tension. The microenvironment contributes to tumour heterogeneity and strongly
influences cancer cell evolution through natural selection [110]. Additionally, a chronic
inflammatory response induced by invading immune cells and low oxygen availability
within the tumour promote tumour growth and metastatic progression. Necrotic tissues,
tumour associated macrophages and cells under hypoxic stress release growth factors,
interleukins, chemokines, cytokines and reactive oxygen species that increase cancer
cell motility and activate angiogenesis [111]. Hence, inflammatory angiogenesis and de
novo vascularization due to hypoxia support metastasis by providing avenues to the

circulatory system whereby invading cancer cells can reach distant organs.

1.4.1. Normoxia and Hypoxia

The atmosphere contains ~21% oxygen, however, alveolar air in the lungs
contains ~14% oxygen [112]. Oxygen from the alveoli diffuses into the blood and
saturates haemoglobin at ~13% where it then travels throughout the body to be
distributed. Not surprisingly, the oxygen tensions of tissues within the body vary greatly

depending on the degree of vasculature, the barriers of oxygen dissociation and the
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cellular demands for oxygen. For example, the O, concentration experienced by cells in
the upper respiratory tract is near atmospheric oxygen whereas an O, concentration of
~1% can be measured in perisinusoidal bone marrow [113]. Thus, normal oxygen
tension (hormoxia) is measured in a tissue specific fashion. Normal oxygen tensions in
tissues pertinent to this thesis include pO, of 52 mmHg in healthy breast tissues [114]
and pO; of 30.5 mmHg in prostate tissue [115] (corresponding to ~6.5% and ~4% O
respectively). Interestingly, the conventional definition of normoxia is in regards to tissue
culture and is ~20% O, which has recently been criticised due to the fact that “physoxia”
(normal physiological oxygen tension) averages ~5% throughout the body [112,115].
Nevertheless, this thesis primarily deals with experiments surrounding cultured cells so
the standard definition of normoxia at 20% O applies to following sections.

As with normoxia, hypoxia is a relative term that is defined as a deficiency in the
amount of O available to tissues. Additionally, hypoxia can be intermittent or continuous
and can be divided into acute, chronic or cycling phases. Acute hypoxia occurs during
short periods of low oxygen (20 minutes to several hours) and cells respond through
posttranslational modifications of existing proteins [116,117]. Conversely, chronic
hypoxia occurs during prolonged exposure to low oxygen (days) and results in altered
gene transcription and protein synthesis [116,117]. Cycling hypoxia may occur in
instances with fluctuating levels of red blood cells such as temporally regulated blood
vessel diameters (vasomotion) or due to dramatic and rapid shifts in microvasculature
geometry which is often observed during tumour growth [118]. Hypoxia occurs for a
variety of reasons and plays a critical role in pathophysiological conditions such as
ischemia, altitude sickness, inflammation and cancer [112,116,119]. Again, the body
experiences compartmental physoxia so O partial pressures can fluctuate for
physiological definitions of hypoxia depending on the tissue. However, several studies
have determined that the majority of tumours experience oxygen levels between 0-2%
[114,120,121]. Furthermore, the master regulators of the hypoxic response are hypoxia
inducible factor (HIF) proteins who sense low oxygen levels and induce transcriptional
programs to combat the effects of hypoxia [116]. Maximal stabilization and
transcriptional activation of HIF1a is observed at 0.5% O with half maximal achieved at

1.5-2% 0O, [122]. Thus, hypoxia in the context of tumour biology is an O content <2%.
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1.5. Hypoxia Inducible Factors (HIFs)

There are three bHLH-PAS hypoxia-inducible factor (HIF)-a proteins, specifically
HIF1a (also named MOP1), HIF2a (also named EPAS1 or MOP2), and HIF3a that
dimerize with ARNT when transcriptionally active [30,123-125]. HIF1a is expressed in all
tissues whereas HIF2a and HIF3a are restricted to specific tissue types and may have
more specialized roles in hypoxic signaling [126]. During normoxia, HIF1a and HIF2a
proteins do not accumulate and are inactivated by the presence of prolyl hydroxylases
(PHDs) [127-129] and factor inhibiting HIF (FIH) [130,131]. PHDs and FIH use oxygen
as a substrate and hydroxylate HIFs at oxygen-dependent degradation domains (ODDs)
and C-terminal transactivation domains (C-TADs), respectively (Figure 1.4A). The Von
Hippel-Lindau tumor suppressor E3-ligase complex recognizes hydroxylated proline
residues within the oxygen-dependent degradation domain [132]. This in turn targets
HIF1a for ubiquitination and proteasomal degradation [133-135]. FIHs are asparaginyl
hydroxylases that prevent the recruitment of p300/CBP by the C-terminal transactivation
domain of HIF, thereby rendering HIF-a transcriptionally inactive under normoxic
conditions [130,136]. Although HIF1a and HIF2a share many homologous domains and
activities [137], the HIF3a paralog lacks the C-terminal transactivation domain [124] and
has several splice variants that have no known role in transcriptional activation. Indeed,
the human HIF-3a4 splice variant lacks the oxygen-dependent degradation and C-
terminal transactivation domains and is thought to be a dominant-negative regulator of
HIF1a activity [138]. In this respect, HIF activity in normal, oxygenated tissues is tightly

regulated at the post-translational level (Figure 1.4B).

A characteristic of many solid tumors is that they contain areas that are
chronically hypoxic and express elevated levels of HIFs [139,140]. During hypoxia, loss
of PHD and FIH activity permit HIF-o proteins to accumulate, translocate to the nucleus,
and bind ARNT [30]. Intriguingly, ARNT2 can dimerize with either HIF1a or HIF2a and
the HIF1/20/ARNT2 complexes appear to be the dominant hypoxia sensors in the
central nervous system [141-143]. Molecular and computational analyses show that
HIF2a and ARNT heterodimerize and associate through analogous PAS-B domain
central B-sheets in an anti-parallel manner [144]. In the case of HIF2a, the PAS-B

domain is essential for dimerization with ARNT and hypoxic responses are significantly

15



attenuated without it [144,145]. The HIF complex then binds to hypoxia response
elements and recruits coactivators to activate the expression of genes, such as vascular
endothelial growth factor (VEGF) and erythropoietin (EPO) [146-148]. Thus the micro-
environment of solid tumors is conducive to the activation of HIF-regulated

transcriptional programs and these support tumor growth, angiogenesis and metastasis.
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Figure 1.4. Regulation of HIF1a in mammalian systems.

(A) Schematic representation of the HIF1a protein and associated domains; bHLH, PAS A and B,
oxygen dependent degradation (ODD) domain and C-terminal activation domain (C-TAD). (B)
During normoxia, HIF1a is kept inactivated in the cytoplasm by factor inhibiting HIF (FIH) and
programmed for degradation by prolyl hydroxylases (PHD). Ubiquitination by the Von Hippel-
Lindau E3 ligase complex (VHL) leads to degradation of HIF1a proteins. During hypoxia, the
HIF1a/ARNT complex binds to hypoxia response elements (HREs) and recruits coactivators such
as CBP, SRC, and TRIP230 with its associated coregulator Rb to initiate transcription of hypoxia
inducible genes.
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1.6. Thyroid hormone receptor/retinoblastoma-interacting
protein 230 (TRIP230)

The thyroid hormone receptor/retinoblastoma-interacting protein 230 (TRIP230)

is a constitutively expressed protein that was originally identified as an activator of
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thyroid hormone receptor (TR)-mediated signaling [149]. Investigators in Wen Hwa-
Lee’s laboratory determined that TRIP230 bolsters TR-mediated transcriptional
responses and is negatively regulated by the Rb protein [149]. Rb-mediated attenuation
of TR transcription is significant when Rb is over-expressed and is not due to
competition for TRIP230 binding between Rb and TR, although each has a distinct
TRIP230 binding region [149]. However, this effect could be due to TRIP230 being
functionally inactivated by associating with Rb, which ensures specific and appropriate
expression of TR-regulated genes [42,149]. Structurally, TRIP230 is part of the coiled-
coil coactivator family and contains an LXXLL motif in its C-terminal domain [150]. This
relates well to TRIP230 coactivator function as LXXLL motifs mediate both receptor
specific and ligand specific assembly of transcriptional coactivator complexes [151].

The promiscuous nature of TRIP230 has been demonstrated as it is also
involved in functions of the cis-Golgi network [152,153] and is an essential coactivator
for dioxin and hypoxic signaling [150]. TRIP230 (also known as the Golgi microtubule-
associated protein-210; GMAP-210) is important for normal Golgi apparatus morphology
and connects the minus ends of microtubules to the cis-Golgi network [152,154].
TRIP230 interacts with microtubules through its basic C-terminus whereas interactions
with Golgi membranes occur through its acidic N-terminus [154]. In addition, over-
expression of TRIP230 disrupts microtubule networks and results in an enlargement of
the Golgi apparatus [154]. Finally, and most importantly, we have demonstrated that
TRIP230 is an absolute requirement for AHR and HIF-regulated gene transcription and
that it does not interact with either AHR or HIF1a [150]. Thus, TRIP230 represents an
attractive therapeutic target because of the roles that AHR and HIFs play in multiple
disease states. Although TRIP230 is required for TR-mediated signal transduction and
for proper Golgi apparatus morphology, the potential off-target effects of anti-TRIP230
therapeutic strategies may be ameliorated with further characterization of the molecular
interactions governing TRIP230 coactivator functions that may highlight specific and

targetable differences for biological functions.
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1.6.1. TRIP230 and interactions with ARNT

Recruitment of TRIP230 during hypoxia is mediated through the ARNT PAS-B
domain interacting with the coiled-coil C-terminal domains of TRIP230 [150,155]. The
coiled-coil coactivators bind the same but opposite interface as HIF2a thus mutations
affecting the ARNT PAS-B a-helix disrupt coactivator recruitment but still allow HIF2a
dimerization [155]. Furthermore, TRIP230 interacts with ARNT through a LXXLL-like
nuclear receptor box and mutation of this motif abolishes the TRIP230-ARNT PAS-B
interaction [155]. Hence, ARNT represents multiple platforms for the scaffolding of

coregulator complexes.

1.7. The Pocket Proteins

The pocket protein family is composed of the retinoblastoma protein (Rb/p105)
and the related retinoblastoma-like 1 protein (Rbl1/p107) and retinoblastoma-like 2
protein (Rbl2/p130). The Rb protein was the first pocket protein family member identified
and it occurred through studies of inherited retinoblastoma, a malignant retinal cell
cancer. Isolation and molecular characterization of the Rb protein laid the groundwork
for research identifying tumour suppressor proteins and oncoproteins and was vital to
the current understanding of carcinogenesis. Subsequent cloning and functional assays
determined that Rb negatively regulates the cell cycle and that it controls the G1-
restriction point and blocks S-phase entry by inhibiting E2F transcription factors
[100,156]. In parallel, p107 and p130 are also negative regulators of the cell cycle and
act through inhibition of E2F transcription factors [157,158]. Although p107 and p130
have several overlapping functions with Rb, p130 activity seems to be restricted to GO
[159] and pl07 activity seems to accentuate or support Rb-function, especially during

the G1-S phase of proliferating cells [160].

1.7.1. Molecular components of Rb, p107 and p130

The Rb protein has ~30% homology to p107 and p130 whereas p107 and p130
share ~50% homology [161]. Importantly, all family members have a conserved “pocket”

domain that mediates interactions with cellular factors such as E2Fs as well LXCXE-
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containing proteins such as cyclins and viral oncoproteins [162,163]. The pocket domain
consists of A and B subdomains that associate through non-covalent interactions to form
a single structural interface [164,165]. Members of the E2F transcription factor family
and LXCXE-containing proteins can bind the Rb proteins at the same time as they have
distinct pocket domain interaction sites [163]. Additionally, Rb proteins contain an amino-
terminal domain (RBN) required for recruitment of chromatin modifying proteins
[166,167], an unstructured carboxy-terminal domain (RBC) required for high affinity E2F
binding [168] and phosphorylatable linker regions that dictate Rb function [169] (Figure
1.5).
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Figure 1.5. Rb structure and the locations of important residues targeted for
phosphorylation.

A) A schematic representation of Rb structural domains, amino terminal domain (RBN), pocket

domains A and B, carboxy terminal domain (RBC). Rb phosphorylation sites regulating E2F/DP1

and HDAC associations and important locations for coregulator interactions are also highlighted.

1.7.2.  Rb and cell cycle control.

The pocket protein family members are posttanslationally modified through
phosphorylation and the canonical ideology is that gradual phosphorylation leads to
functional inactivation [161,169]. This theory stems from the cell cycle-dependent
regulation of the pocket protein family members through cyclin/cyclin dependent kinase
(CDK) complexes. CDK and cyclin protein family members are the most important
factors regulating the cell cycle. Cyclins A, B, D and E and their respective homologs are

LXCXE-containing proteins that have fluctuating expression patterns depending on the
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phase of the cell cycle [170]. The cyclins dimerize with CDK1-6 proteins and then cyclin-
CDK complexes phosphorylate proteins that ultimately turn on transcriptional programs
that promote cell growth and proliferation. Knockout mice studies have highlighted the
differences between some of the cyclin-CDK complexes and their functions in cell cycle
control and tissue development. For example, Cdk2, Cdk3, Cdk4 and Cdk6 knockout
mice are viable whereas Cdkl knockout is lethal [171-176]. Furthermore, cyclin B1
knockout mice are embryonic lethal, cyclin B2 knockout mice are normal and knockout
of any of the D-cyclins (1,2 or 3) causes death mid gestation due to severe
hematopoietic and cardiac defects [177,178]. With the exception to CDK1 and cyclin B1
functions, this suggests that some of the CDKs and cyclins have redundant functions
that can compensate for deficiencies in the signal transduction cascades of closely
related family members. In addition, both CDKs and cyclins exhibit tissue-specific

expression and are required for normal development.

The oscillating cyclin protein expression patterns and different CDK dimerization
partners have been extensively studied to develop a general theory of cell cycle control
in mammalian systems. Cyclin D proteins dimerize with CDK4 or CDK6 in G1 and
control the early stages of the cell cycle. Cyclin E-CDK2 complexes mediate S-phase
initiation whereas cyclin A-CDK1 and cyclin A-CDK2 complexes mediate S-phase
completion. Finally, cyclin B-CDK1 complexes control G2, mitosis and cell cycle exit
[170]. Mitogenic stimuli induce transcription of cyclins and initiate the appropriate phases
of the cell cycle. For example, growth factor induced activation of the mitogen-activated
protein kinases (MAPKSs) stimulates AP-1 transcription factor expression and AP-1
stimulates the transcription and expression of cyclin D proteins that control the G1 phase
[179]. Fluctuations in cyclin protein expression are regulated by ubiquitin-mediated
proteasomal degradation and this allows for the appropriate expression of cyclin proteins
throught the cell cycle [180,181]. Since Rb regulates the G1-restriction point, the critical
complexes involved in Rb phosphorylation are D-cyclins and CDK4/6 and E-cyclins and
CDK2 [182,183]. Additionally, cyclin A-CDK2 complexes are important for
phosphorylating p107 and p130 [161]. Taken together, cyclin and CDK proteins are
tightly regulated oscillating factors that control a stepwise progression through the cell

cycle.
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Canonical Rb-function suggests that hypophosphorylated Rb directly interacts
with and sterically hinders the transactivation domain of E2F transcription factors to
inhibit transcription of genes required for transition from G1 to S phase [184-186]. The
Rb-E2F complex binds to the promoters of mitogenic genes and sequential
phosphorylation of Rb on approximately 13-15 conserved consensus sites by cyclin-
CDK complexes dissociates Rb from E2F [182,183,187,188] (Figure 1.6). A complete
picture of the biochemical outputs and structural effects due to Rb phosphorylation
remains to be determined, however, serine and threonine sites important for modulating
Rb activity include; S249/T252 phosphorylation disrupts Rb interactions with chromatin
modifiers [166]; T373 phosphorylation and S608/S612 phosphorylation inhibits the
binding of E2F transactivation domains to the Rb pocket domain [189]; S780 and
S788/S795 phosphorylation inhibits Rb binding to E2F-DP1 heterodimers [168,190];
T807/T811 phosphorylation is required to facilitate the phosphorylation of other residues
important for dissociating the E2F complex [169]; and T821/T826 phosphorylation
inhibits HDAC and viral oncoprotein binding to the pocket domain [191]. More work is
necessary to determine the degree that each phosphorylated species is expressed and

how mono-, di-, tri-, etc., phosphorylation marks change Rb-function.
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Figure 1.6. Schematic of RB in cell cycle control.

Mitogenic signals stimulate the expression of D-type cyclins (Cyc) and a concomitant increase in
cyclin-dependent kinase 4 (CDK4) and CDK®6 activity. These factors initiate RB phosphorylation,
which is augmented by the activity of CDK2 complexes with cyclins A and E. The phosphorylation
of RB disrupts its association with E2F. This inactivation of RB allows for the expression of a
transcriptional programme that enables progression through S-phase and mitosis. At the
transition from mitosis to G1, RB is dephosphorylated through the action of phosphatases.
Importantly, a large number of anti-mitogenic signals function to prevent RB phosphorylation
either by limiting the activity of CDK4, CDK6 and CDK2 complexes or by inducing the activity of
CDK inhibitors. Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Cancer,
Knudsen, ES. and Knudsen, KE., copyright (2008). [192]

1.7.3. Rb function in apoptosis and the DNA damage response.

The role of Rb in the cell cycle is the most well understood Rb-regulatory
pathway, however several research groups have uncovered activities for Rb outside of
cell cycle regulation, namely DNA damage repair and apoptosis. With regards to
apoptosis, the literature supports both pro- and anti-apoptotic functions for Rb. It has
been observed that E2F1 directly regulates the pro-apoptotic gene p73 and induces its
expression in response to DNA damage [193]. Additionally, aberrant E2F1 signalling in
Rb-deficient cells induces p53-mediated apoptosis through the stabilization of pl4ARF
and that re-expression of Rb reduces E2F1-mediated apoptosis [194,195]. Furthermore,
Hsieh and colleagues determined that the pro-apoptotic activity of E2F1 was blocked in
cells expressing DNA-binding-deficient E2F1 and that Rb-binding-deficient E2F1

induced apoptosis as effectively as wild type E2F1 [196]. Moreover, overexpression of
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Rb inhibited apoptosis in cells expressing wild type E2F1 but had no effect on cells
expressing Rb-binding-deficient E2F1 [196]. Taken together, this suggests that anti-
apoptotic functions of Rb are E2F1-dependent and that molecular safeguards are

present to remove cells from the population that have lost normal Rb function.

Conversely, Rb has been shown to exacerbate apoptosis in an E2F1-dependent
fashion. Rb and E2F1 are recruited to the Caspase-7 (CASP7) gene in response to
doxorubicin [197], a DNA intercalating chemotherapeutic. Rb-depletion using shRNA
technology showed that Rb-deficient cells had reduced CASP7 mRNA accumulation and
less doxorubicin-induced apoptosis compared to Rb-positive control cells [197],
suggesting that Rb is a positive regulator of DNA-damage induced apoptosis.
Additionally, nonnuclear Rb positively regulates tumour necrosis factor-a (TNF-a)-
mediated mitochondrial apoptosis [198]. Apoptosis may occur through an extrinsic
pathway, an intrinsic pathway or a combination of the two pathways together. The
extrinsic pathway is receptor-mediated and includes activation of death receptors at the
plasma membrane and subsequent signal transduction cascades to increase production
of pro-apoptotic factors, like caspases [199]. The intrinsic pathway is mitochondria-
mediated and relies on BAX and BAK, members of the Bcl-2 protein family, to facilitate
mitochondrial outer membrane permeabilization and release of pro-apoptotic factors,
such as cytochrome c, that ultimately lead to caspase production and apoptosis [199].
With regards to Rb and mitochondria-mediated apoptosis, cytoplasmic Rb is associated
with mitochondria and directly binds and activates BAX to induce mitochondrial outer
membrane permeabilization [198]. Interestingly, nonnuclear Rb also includes
hyperphosphorylated Rb associated with the mitochondrion [198], suggesting a tumour
suppressor function for phosphorylated Rb in a pathway independent from E2F
transcription factors. The role of Rb in apoptosis is not the only example of a tumour
suppressor role for Rb independent from E2F and the cell cycle. For example, Rb is also
known to be involved DNA damage repair and directly participates in non-homologous
end-joining (NHEJ) of DNA double strand breaks [200]. Rb associated NHEJ involves
the N-terminal domain of Rb interacting with XRCC5 and XRCC6 and this tumour
suppressor function for Rb occurs independent of the cell cycle and E2F-transcription
factors [200].
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In summary, the role of Rb in apoptosis includes both E2F-dependent and E2F-
independendt mechanisms. Furthermore, context and cell-specific roles for Rb exists in
apoptosis and both the pro- and anti-apoptotic Rb activities provide evolutionary
advantages in situations where Rb function is lost. For anti-apoptotic functions, loss of
Rb allows cells with a dysregulated cell cycle to be removed from the population
providing a molecular safeguard to prevent cancer from occurring. On the other hand,
loss of Rb in situations where it displays pro-apoptotic tendencies would be selected for
in cancer cells as this would allow for continued genome instability (e.g. aberrations in
NHEJ) and lack of cell cycle regulation. Further investigation looking at Rb perturbations
and the effects on apoptosis are required, however, these studies highlight the
importance of Rb-regulation in pathways distinct from the cell cycle and elaborate on
roles for Rb independent of E2F-transcription factors.

1.7.4. Rb and cancer

The Rb protein is the prototypical tumour suppressor protein and loss of Rb
function is consistently observed in cancer cells leading to aberrant cell proliferation,
tumourigenesis and tumour progression. Deletion, mutation or allelic loss of Rb confers
increased susceptibility to cancers of the breast [201], prostate [202], brain and lung.
Classical Rb function suggests that the lack of Rb in cancer cells results in loss of the
G1-restriction point and permits constitutive E2F-mitogenic signalling, thus explaining
the observed increase in cancer susceptibility and tumour progression [203]. However,
several studies have shown that Rb has tumour suppressor functions independent from
E2F transcription factors and the cell cycle. For example, Sun and colleagues
determined that mice expressing an E2F binding-deficient Rb protein (Rb854654) fail to
prevent prostate cancer initiation but retain Rb tumour suppressor activity as Rb®*
prevents progression to invasive and lethal prostate cancer [204]. Thus, Rb/E2F
interactions are crucial for preventing tumourigenesis but Rb can use context-dependent
mechanisms to restrain tumor progression outside of E2F mechanisms. Finally, loss of
Rb in many solid tumours is concomitant or directly precedes the activation of HIF1-
regulated genes and correlates with increased VEGF expression, microvascular
hyperplasia and metastasis [205,206]. This suggests that Rb and HIF1 signaling

pathways may be linked. As most solid tumours contain regions of hypoxia and only
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correlative data between HIF1 activity and loss of Rb has been gathered, there is a need

to rigorously examine the role of Rb-loss in concert with hypoxia.

1.8. Prostate Cancer

According to the Canadian Cancer Society, prostate cancer is the most common
cancer among Canadian males and the 3@ most lethal with an estimated 24,000 new
cases and 4,100 deaths in 2015 [207]. The normal prostate is a walnut sized gland
surrounding the urethra and is located just below the urinary bladder. Its main functions
are to secrete an alkaline fluid to protect and sustain sperm and to facilitate ejaculation
through smooth muscle contractions. In general, primary prostate cancers are
heterogenous and several histological and molecular subtypes exist. Histologically,
adenocarcinomas are the most common prostate cancer variant and account for 90-95%
of all cases [208]. On a molecular level, a recent study by the Cancer Genome Atlas
Network identified seven distinct prostate cancer subtypes that fall into either gene
fusions (ERG, ETV1/4 and FL1) or mutations (IDH1, SPOP and FOXA1) [209]. However,
more research is required to delineate the exact molecular mechanisms driving cancer
cell transformation as ~26% of prostate cancer primary tumours do not fall into these

molecular categories [209].

1.8.1. The androgen receptor and roles in prostate cancer.

Prostate cells require androgens, like testosterone and its metabolite
dihydrotestosterone (DHT), for growth, maturation and development. Thus, a key
transcription factor involved in the normal functions of the prostate gland is the androgen
receptor (AR). The AR protein is a member of the nuclear receptor superfamily. Ligand
binding activates AR and induces the transcription of genes involved in male secondary
sex characteristics, cell growth and proliferation [210]. Additionally, AR signalling is
required for the maintenance of the structural and functional integrity of the prostate
gland. In prostate cancer, aberrant AR function is commonplace and first line treatments
include androgen deprivation therapies (ADTS) that act to interfere with AR signaling and

repress AR-target gene expression [211]. However, ADTs are not curative and most
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early stage prostate cancers that initially respond to ADT eventually recur as castration-

resistant prostate cancer (CRPC), an incurable and ultimately fatal iliness.

1.8.2. Neuroendocrine differentiation in prostate cancer

Neuroendocrine (NE) cells are cells that respond to neurotransmitters and other
stimuli and release hormones into the blood or in autocrine or paracrine fashions. The
normal prostate contains NE cells in all areas of the gland but the highest density of cells
tends to localize in the major ducts. In addition, two types of NE cells exist in the
prostate; the open-type and closed-type NE cells. Open-type cells have apical processes
that extend to the lumen [212]. Closed-type cells do not reach the lumen and are
encapsulated by epithelial cells [212]. Both cell types have dendritic extensions that
invade adjacent cells and release a multitude of hormones such as serotonin, bombesin
and somatostatin [212-214]. Closed-type cells can only receive stimuli from underlying
stromal cells (autocrine/paracrine signals), neurotransmitters or hormones from nearby
blood vessels whereas open-type cells can also respond to luminal signals such as
chemicals and pH [214]. Interestingly, prostatic NE cells are AR negative and appear to
be non-proliferative [215,216]. Indeed, androgens are the most important growth-
stimulating factor in the prostate and the mechanisms controlling NE cell maintenance
remain unclear [217]. Although many similarities between open and closed cell types
exist, they are generally regarded as functionally distinct entities. However, research
defining individual roles is lacking and further research regarding cell-specific functions
and mechanisms of regulatory control may reveal insights into new therapeutic options

for neuroendocrine prostate cancers.

In prostate cancer, neuroendocrine differentiation (NED) is a term used to
describe conventional adenocarcinomas that display scattered or small nests of NE cells
upon histopathologic examination [218]. However, neuroendocrine prostate tumours are
heterogeneous in the population and can be classified as exhibiting focal NED (where a
small subset of tumour cells display NE features) or pure NED (where every tumour cell
displays NE features) [214,218]. Pure NE tumours are represented in cases of small cell
carcinoma and carcinoid tumours of the prostate whereas focal NED is represented in

cases of adenocarcinoma with neuroendocrine features [218]. Regardless of tumour
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composition, neuroendocrine prostate cancer (NEPC) is typically hormone-refractory,
has a poor clinical outcome and may represent ~25% of late stage prostate cancer
[219,220]. There are two prevailing hypotheses of how NEPC arises: (i) NEPC cells and
normal NE cells of the prostate are derived from the same progenitor cell or (i) NEPC
cells are derived from adenocarcinoma cells through the process of neuroendocrine
transdifferentiation [221]. The latter model is supported by an abundance of research
and hypothesizes that NEPC develops from adenocarcinomas as a mechanism of

resistance to androgen-deprivation therapy (ADT).

The prostate cancer NE transdifferentiation model is well characterized and
supporting evidence includes clinical specimens [222], genetic and cytological studies
comparing NEPC cells and prostate carcinoma cells [223,224] and in vitro and in vivo
observations documenting the transdifferentiation process [225-228]. Firstly, archived
tumour specimens and retrospective studies illustrate that patients receiving ADT will
eventually develop castration resistant prostate cancer (CRPC) [229,230] and develop
significantly higher rates of NED the longer that they are on therapy [222,230]. CRPC is
a common progression after surgical resection or ADT. The CRPC stage is
characteristically hormone refractory (androgen-insensitive) due to constitutively active
AR activity or selection of cells that bypass requirements for AR-mediated growth and
proliferation [231]. CRPC and NEPC share many similarities but are also distinct
diseases and questions remain over the biologic mechanisms driving progression from
CRPC to NEPC. Importantly, not all CRPC progresses to NEPC and NEPC may arise
before CRPC but it is generally implied that at least a subset of patients on ADT will go
from a hormone responsive state at initial presentation to a CRPC/mixed tumour to
NEPC in the final stages [214,221,230,232].

Further support for the transdifferentiation model is displayed by the observation
that normal prostatic NE cells and NE tumour cells have different protein expression
profiles. For example, NE tumour cells and non-NE tumour cells express the B-oxidation
enzyme a-methylacyl-CoA-racemase (AMACR) whereas normal NE cells do not,
suggesting a close relationship between NE tumour cells and prostate adenocarcinoma
cells [223]. Genetic clustering of NE tumour cells, non-NE tumour cells and normal NE

cells from clinical specimens determined that NE tumour cells and non-NE tumour cells
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are more closely related than NE tumour cells and normal NE cells [224]. Indeed,
TMPRSS2-ERG gene fusions frequently occur in prostate cancer [233] and individuals
with concurrent adenocarcinoma and small cell carcinoma display identical perturbations
of the TRMPRSS2-ERG protein suggesting clonal evolution [234]. In addition, human
LNCaP prostate cancer cells are androgen-dependent and epithelial in nature [235],
however, transdifferentiation to a NE phenotype occurs after chronic culturing in
hormone-deprived media [225,227,236]. Androgen deprived LNCaP cells express
characteristic NE markers like ENO2 and show significant decreases in AR and PSA
expression [225,227,236]. Finally, patient- derived prostate adenocarcinoma xenograft
models showed complete transformation of adenocarcinoma to small cell NEPC after
medical-castration [228]. Genomic profiling of the tumour at various time-points during
transdifferentiation suggests clonal evolution of adenocarcinoma cells rather than
selection of pre-existing NEPC cells [228]. In summary, several avenues of research
provide strong evidence for epithelial plasticity in NEPC. However, both the molecular
pathways involved and the biomolecules responsible for inducing NED in prostate

cancer remain and active area of investigation.

1.8.3. NED and Rb

Rb-loss occurs in 25-50% of cases of prostate cancers [237,238]. Specifically,
loss of Rb protein expression occurs in ~90% of small cell prostate cancer cases
whereas Rb is normally present in high-grade acinar tumours [239]. Furthermore, mouse
models with functional ablation of either p53 or Rb display prostatic intraepithelial
neoplasia but functional ablation of both p53 and Rb leads to invasive NEPC [240-242].
Indeed, shRNA-mediated knockdown of Rb in LNCaP and LAPC-4 prostate cancer cells
is sufficient to induce a CRPC phenotype [202]. Deregulation of the Rb/E2F1 pathway
leads to upregulation of AR mRNA and protein levels and bypass of hormonal therapy
[202]. Taken together, this suggests that Rb-loss in prostate cancer is a critical step
preceding NED and tumour progression, however, the molecular mechanisms and gene
pathways responsible for cancer cell transformation after Rb-ablation remain poorly

understood.
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1.9. Breast Cancer

According to the Canadian Cancer Society, breast cancer is the most common
cancer among Canadian females and the 2" most lethal with an estimated 25,000 new
cases and 5,000 deaths in 2015 [207]. Although males may develop breast cancer, it is
rare and occurs in less than 1 case per 100,000 people with an estimated 60 men
succumbing to the disease in 2015 [11]. The primary function of the normal female
breast is to produce and store milk. The breasts are composed of glandular, milk-
producing tissue called lobules, milk-transporting ducts and fatty tissue. Like most
cancers, breast cancer is a heterogenous group of diseases that are categorized
according to location of the tumour, level of invasiveness and gene expression profiles.
Histologically, the most prevalent carcinomas of the breast fall into two distinct
categories: ductal or lobular. These classifications are further subcategorized as either in
situ or invasive. Breast carcinomas are also categorized according to gene expression
profiles and these include the luminal A, luminal B, HER2-enriched or basal-like
subtypes [243]. Luminal subtypes are estrogen receptor (ER)-positve and/or
progesterone receptor (PR)-positive, HER2- enriched subtypes have extra copies of
herceptin receptor 2 (HER2) and the basal subtype is also known as triple-negative

breast cancer and does not express any PR, ER or HER2 proteins [243].

1.9.1. Breast cancer and Rb

In breast cancers, familial and sporadic forms of triple-negative breast cancer
often display a functional loss of Rb expression [244-246]. Loss of Rb is frequent in
aggressive basal-like breast tumours and may contribute to unique therapeutic
responses [201]. In addition, DNA microarray data from primary breast tumours paired
with patient history determined that an Rb-loss signature in ER-positive primary tumours
is associated with worse response to chemotherapy and shorter relapse-free survival
compared to ER-positive, Rb-expressing and ER-negative subpopulations [247].
Interestingly, mutations in RB1 have been identified as a bona fide driver of neoplastic
initiation and progression in ER-negative breast cancer [248]. Mutations in RB1, as well
as CDKN2A, MAP3K1, PTEN, MAP2K4, ARID1B, FBXW7, MLLT4 and TP53 account

for a significant proportion of recessive driver mutations in breast cancer [248]. Although
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several studies have highlighted the importance of Rb-loss in breast cancer initiation and
progression, few studies have examined the molecular underpinnings of tumourigenesis
and progression. Thus, like prostate cancer, further examination of Rb-loss and hypoxia

is warranted in breast cancer models.

1.10. Rationales, Hypotheses and Objectives of this thesis

It has been well established that ARNT is a multifaceted transcriptional
coregulator involved in multiple cell signalling pathways. However, the two aspects this
thesis will focus on are: 1) The roles of ARNT and AHR in disruption of estrogen
receptor mediated signalling; and 2) The role of the ARNT-TRIP230-Rb transcription

factor complex in HIF1-regulated transcription.

1.10.1. Theroles of ARNT and AHR in disruption of estrogen
receptor mediated signalling

Rationale

Polycyclic aromatic hydrocarbons and halogenated aromatic hydrocarbons are
ubiquitous in the environment and are well known for their mutagenic and carcinogenic
activities. Activators of AHR have been linked to developmental abnormalities, reduced
fertility, altered birth sex ratios, and increased incidence of several cancers including
breast and prostate [42]. The roles of AHR and ARNT with regards to endocrine
disruption are actively being characterized. However, several mechanisms of AHRC-
mediated disruption of ER-transcription have been proposed, including competition for
ARNT and other transcriptional coactivators [91]. We have previously shown that ER
tethers to AHR and ARNT to disrupt TCDD-inducible transcription [73], therefore a
reciprocal model at ER-regulated genes is likely. In addition, few novel targets for the
amelioration of the toxic affects of AHR activators have yet to emerge. The role of
selective modulators for AHR may hold some promise, however elucidation of AHR-
ARNT-ER cross-talk will provide us with additional information concerning endocrine
disruption, in particular, the molecular determinants regulating these events and

identification of potential targets for therapeutic intervention.
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Hypothesis

We believe that AHR and ARNT tether to ER at ER-regulated genes to abrogate
E2-inducible transcription and that competition for ARNT is not the primary mechanism

of AHR-mediated disruption of estrogen signaling.

Objectives

1. Characterize AHRC-mediated disruption of ER-regulated transcription in an ER-
positive cell model other than breast cancer cells.

2. Determine the transcriptional and functional consequences of AHR and ARNT
knockdown in estrogen signalling.

1.10.2. The role of the ARNT-TRIP230-Rb transcription factor
interactions in HIF1-regulated transcription

Rationale

Current chemotherapy tactics have focused on preventing angiogenesis to slow
tumour growth and combat metastasis in the hopes of extending patient survival rates.
However, these approaches are limited because metastasis is not entirely dependent on
angiogenesis. For example, the VEGF antibody bevacizumab (Avastin) has been
severely scrutinized due to the lack of evidence supporting an extension or improvement
in the quality of life in patients with metastatic breast cancer [249]. Thus, there is a need
for a more complete understanding of the molecular mechanisms governing a cancer
cell’'s potential for intravasation and metastasis. A novel approach may involve HIFs,
which control the hypoxic response and regulate both cell invasion and angiogenic
programs [116,250,251] through the recruitment of TRIP230 and its coregulator Rb. The
second part of this thesis focuses on the potential for Rb to regulate cell invasion by
virtue of its direct effects on the hypoxia inducible factor 1 complex (HIF1). The benefits
of this research are that we intend to use this knowledge to develop better cancer

therapeutic agents.
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Hypothesis

We believe that the loss of Rb in breast and prostate cancer unmasks the full
coactivation potential of TRIP230 and this leads to a dysregulation of HIF1
transcriptional activity that results in angiogenesis, cancer cell invasion and metastatic

transformation.

Objectives

1. Delineate the molecular interactions between ARNT, HIF1, TRIP230 and Rb in
hypoxia signaling.

2. ldentify the transcriptional consequences of Rb knockdown at HIF1-regulated
genes.

3. Elucidate the functions and gene signalling pathways that Rb regulates in
conjunction with hypoxia in breast and prostate cancer models.

Chapters 2, 3 and 4 contain published work that directly addresses these objectives
and are presented in a form as close as possible to the original publication. Chapter 2
uses siRNAs to ablate AHR and ARNT protein levels, real-time PCR, immunoblots and
chromatin immunoprecipitation assays in MCF7 and ECC-1 cells to examine AHR and
ARNT function at ER-regulated genes. Chapter 3 describes the consequences of Rb-
loss at HIF1-regulated genes in cancer cells by knocking down Rb protein with SiRNAs
and outlines a model for the transcriptional regulation of HIF1 by TRIP230 and Rb.
Chapter 4 details the global gene networks affected by Rb-loss and hypoxia in prostate
cancer through the use of microarray technology and stably transformed shRNA prostate
cancer cell lines that either expressed a shRNA to Rb or a shRNA to a negative control
sequence. Finally, chapter 5 contains material in preparation for publication that parallels
chapter 4 material but in breast cancer models. Additionally, we use chemical inhibitors

of targets identified in our array to ameliorate the loss of Rb in breast cancer cells.
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Chapter 2.  Distinct roles for aryl hydrocarbon receptor
nuclear translocator and Ah receptor in estrogen-mediated

signaling in human cancer cell lines.

Published in PLoS ONE January 3, 2012, DOI: 10.1371/journal.pone.0029545
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2.1. Abstract

The activated AHR/ARNT complex (AHRC) regulates the expression of target
genes upon exposure to environmental contaminants such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). Importantly, evidence has shown that TCDD
represses estrogen receptor (ER) target gene activation through the AHRC. Our data
indicates that AHR and ARNT act independently from each other at non-dioxin response

element sites. Therefore, we sought to determine the specific functions of AHR and
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ARNT in estrogen-dependent signaling in human MCF7 breast cancer and human ECC-
1 endometrial carcinoma cells. Knockdown of AHR with siRNA abrogates dioxin-
inducible repression of estrogen-dependent gene transcription. Intriguingly, knockdown
of ARNT does not effect TCDD-mediated repression of estrogen-regulated transcription,
suggesting that AHR represses ER function independently of ARNT. This theory is
supported by the ability of the selective AHR modulator 3’,4’-dimethoxy-a-
naphthoflavone (DiIMNF) to repress estrogen-inducible transcription. Furthermore, basal
and estrogen-activated transcription of the genes encoding cathepsin-D and pS2 are
down-regulated in MCF7 cells but up-regulated in ECC-1 cells in response to loss of
ARNT. These responses are mirrored at the protein level with cathepsin-D.
Furthermore, knock-down of ARNT led to opposite but corresponding changes in
estrogen-stimulated proliferation in both MCF7 and ECC-1 cells. We have obtained
experimental evidence demonstrating a dioxin-dependent repressor function for AHR
and a dioxin-independent coactivator/corepressor function for ARNT in estrogen
signaling. These results provide us with further insight into the mechanisms of
transcription factor crosstalk and putative therapeutic targets in estrogen-positive

cancers.

2.2. Introduction

Elucidating the mechanisms underlying transcription is crucial to our
understanding of how cells and organisms respond to physiological signals and
environmental stimuli. The aryl hydrocarbon receptor (AHR) and the aryl hydrocarbon
receptor nuclear translocator (ARNT) are members of the basic helix-loop-helix/PER-
ARNT-SIM (bHLH-PAS) family of proteins and form a heterodimeric transcription factor
upon binding a variety of environmental contaminants, including 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) [41]. The activated AHR/ARNT complex (AHRC)
plays key roles in carcinogenesis and regulates the expression of Cytochrome P4501A1
(CYP1Al) and other xenobiotic target genes to combat the effects of environmental
contaminants [41]. In addition, AHR has been shown to be important for normal
development and physiological homeostasis [252-254] and is essential for certain

functions of the immune response, such as regulation of interleukin-17 producing T-
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helper cells [255] and induction of the cytokine interleukin-6 in MCF7 breast cancer cells
[256].

Unliganded AHR exists in the cytoplasm as part of a multimeric complex
containing two molecules of HSP90, the HSP90 co-chaperone p23, and hepatitis B virus
X-associated protein 2 (XAP2) [44-47]. Upon ligand binding, AHR translocates to the
nucleus where it associates with ARNT to form a functional transcription factor complex,
the AHRC. As an activated complex, the AHRC is capable of recruiting regulatory
proteins, such as steroid receptor coactivator-1 (SRC-1), CREB binding protein
(CBP/p300), NCoA2/GRIP1 [49,73], receptor-interacting-protein 140 (RIP140) [257],
CoCoA [258], GAC63 [259], NcoA4 [260] and TRIP230 [150], which play significant roles
in determining the activity of TCDD-induced gene transcription. These coactivators and
corepressors incorporate themselves into multimeric complexes that modify chromatin
structure, stabilize core transcriptional machinery, and mediate RNA chain elongation
[42]. In addition to these classic transcriptional coactivators and corepressors, AHR is
recruited by other transcription factors during transcription, including estrogen receptor-a
(ERa) [72,73,261] and NF-kB [262] to modify their intrinsic activities.

ERa/p are ligand activated transcription factors that belong to the superfamily of
nuclear hormone receptors (NR) [263] and bind 17B-estradiol (E2) to regulate genes
involved in reproduction and cellular growth and proliferation [264]. Upon ligand binding,
ER forms a functional homodimer and binds its cognate response elements.
Interestingly, there is a ligand-dependent reciprocal disruption between ER and AHR
signaling. For instance, it has been shown that activated ERa inhibits AHRC activity at
CYP1A1 through direct protein-protein interactions, termed transrepression [73].
Conversely, TCDD’s anti-estrogenic properties are well documented as it represses the
E2-inducible genes pS2 and cathepsin-D (CAT-D) [74,265,266]. However, the
mechanisms of repression occurring at E2-responsive genes are unclear. Proposed
theories for this repression include: (i) competition for a common pool of coactivators
[91]; (i) a direct down-regulation of CAT-D transcription through upstream inhibitory
xenobiotic response elements [267]; (iii) activation of a TCDD-inducible inhibitory factor
[267]; (iv) an AHR-dependent E3-ligase that degrades proteins crucial for ER-signaling

[82], or; (v) a direct transrepression interaction between AHR and ER [73,261].
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In this study, we examined the role of AHR and ARNT on ERa-dependent target
gene transcription in the human MCF7 breast cancer and the human ECC-1
endometrial-cervical cancer cell lines. Our data suggest that AHR and ARNT act
independently from each other at off-target sites and we revealed that ARNT is not
essential for TCDD-dependent repression of ER-signaling. In addition, we have
demonstrated that ARNT acts as a cell specific coactivator in MCF7 cells, and as a
corepressor in ECC-1 cells. Finally, we show that ARNT knockdown not only affects
accumulation of mMRNA and protein of ERa-target genes, but also has phenotypic

consequences by influencing ERa-mediated cell proliferation.

2.3. Results

2.3.1. AHR-dependent repression of estrogen signaling in ECC-1
cells

The presence of AHR, ARNT and ERa at the dioxin-inducible CYP1A1 enhancer
and the E2-inducible pS2 promoter has already been documented in MCF7 cells and
other breast cancer cell lines [72,73,84,261]. Although preliminary studies have identified
ECC-1 human endometrial cells as an ideal system to study dioxin disruption of estrogen
signaling [268,269] very little is known concerning the roles of AHR, ARNT and ER and
their respective interactions in this cell line. We employed the ChIP assay to ascertain
the status of these proteins at the pS2 promoter and CYP1A1l enhancer in both the
presence and absence of E2 and TCDD. ECC-1 cells were treated with DMSO, 10 nM
E2, 2 nM TCDD or a combination of E2 and TCDD for 45 min. After chemically cross-
linking protein to DNA with formaldehyde, cells were harvested and sonicated. Sheared
DNA-protein complexes were precipitated with antibodies specific to AHR, ARNT or ERa
and then isolated complexes were reverse-crosslinked and subjected to PCR
amplification. Consistent with other investigators’ observations in breast cancer cells, we
observed the recruitment of AHR and ARNT on the human CYP1Al enhancer in a
TCDD-dependent fashion and ERa was greatly enriched only after treatment with a
combination of 2 nM TCDD and 10 nM E2 (Figure 2.1A). Furthermore, the recruitment of
ERa to the pS2 promoter occurs in an E2-dependent fashion while AHR and ARNT are
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present after either E2 or TCDD treatments but are enriched during ligand co-treatment
(Figure 2.1B).

We have previously shown that ERa associates with the AHRC to mediate
estradiol-dependent transrepression of dioxin-inducible gene transcription [73].
Therefore, we set out to determine the functional significance of AHR in estrogen-
inducible gene transcription. We transfected ECC-1 cells with small inhibitory RNA
directed towards either AHR (siAHR) or a GFP negative control (SiGFP). After
transfection, cells were serum starved for 24 h, ligand treated for an additional 24 h and
then harvested for total mMRNA which was quantified through quantitative PCR. As
expected, ablation of AHR and co-treatment with 2 nM TCDD and 10 nM E2 results in
the loss of TCDD-induced repression of pS2 transcription (Figure 2.1C). However, loss
of AHR had no measurable effect on basal, or estrogen activated pS2 mRNA
accumulation. As a control for siRNA specificity, Western blots of AHR protein show a
greatly reduced expression of AHR protein after transfection and unchanged protein
levels of ERa and XAP2 which served as a loading control (Figure 1E). These
demonstrate the specificity of the siRNA’s to AHR, and that loss of AHR does not affect
accumulation or turnover of basal ERa protein levels. Furthermore, the induction of
CYP1AL1 transcription with TCDD after AHR knockdown is attenuated when compared to
the siGFP negative control (Figure 2.1D). Thus, AHR is a requirement for TCDD-induced
repression of E2-responsive gene transcription and the increased transcriptional
response with combinatorial treatment is due solely to the loss of AHR and other
putative transcriptional modifiers associated with its presence. Finally, we obtained
essentially identical results in both MCF7 and ECC-1 cell lines under serum-starved or
charcoal-stripped serum conditions suggesting that differences in the cell lines’ ability to
go through cell cycle does not impact this phenomenon. Together, these results support
the concept that the ECC-1 cell line is an excellent alternative cell model to study dioxin-

induced disruption of estrogen receptor signaling.
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Figure 2.1. AHR s required for TCDD-mediated repression of E2-induced gene
transcription.
Chromatin immunoprecipitation assays of the CYP1ALl enhancer (A) and pS2 promoter (B)
regions in ECC-1 cells using antibodies targeting AHR, ARNT or ERa. Cells were treated for 45
min with either DMSO, E2 (10 nM), TCDD (2 nM) or a combination of E2 and TCDD. (C and D)
The functional role of AHR in TCDD-mediated transcription. ECC-1 cells were transfected with
siRNAs to either GFP (siGFP) as a negative control or AHR (siAHR#3 or siAHR#4) 24 h prior to
ligand treatment, then cells were treated with DMSO, E2 (10 nM), TCDD (2 nM) or a combination
of E2 and TCDD. The mRNA levels for pS2 (C) and CYP1A1 (D) were determined through real-
time RT-PCR and normalized to constitutively active GAPDH expression. (E) ECC-1 cells were
transfected with siRNA’s to AHR and harvested for whole cell lysates for Western Blot analysis of
AHR, ERa and XAP2 protein levels.
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2.3.2.  ARNT has cell specific coactivator/corepressor functions

The identification of ARNT as a coactivator in estrogen signaling [84,91],
juxtaposed with the known transrepressor effects of TCDD, led us to investigate the role
played by ARNT in TCDD-mediated transrepression of ER function in various human
cancer cell lines, namely MCF7 and ECC-1 cells. Through siRNA directed towards
ARNT and a scrambled negative control (siSCX), and subsequent gPCR analysis of
endogenous pS2 and CAT-D gene transcription, we made several interesting
observations. First, ARNT displays corepressor properties in ECC-1 cells. Accumulation
of pS2 (Figure 2.2A) and CAT-D (Figure 2.2B) mRNA levels are exacerbated during E2
treatments after loss of ARNT suggesting a cell specific function for ARNT independent
of AHR. Furthermore, we observed this phenomena with three separate siRNAs directed
towards ARNT (siRNA’s 1 and 3 are shown in Figure 2.1A). We used at least two
siRNA’s for all other experimental parameters with essentially identical results, but for
brevity, hereafter we only present data depicting the use of one siRNA. Secondly,
consistent with the findings of several other investigators, ARNT displayed coactivator
properties in MCF7 cells [84,91]. Indeed, knockdown of ARNT protein dampens E2-
induced transcription of pS2 (Figure 2.2C) and CAT-D (Figure 2.2D). Finally, in a dose
response experiment, we observed a concomitant decrease of CAT-D protein levels with
increasing concentrations of TCDD in both ECC-1 and MCF7 cells (Figure 2.2E). These
data indicate that ARNT function as it relates to ER signaling is likely dictated by other

factors specific to the cellular environment.
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Figure 2.2. Loss of ARNT shows a cell specific coactivator or corepressor
transcriptional function.
ECC-1 cells (A and B) and MCF7 cells (C and D) were transfected with either scrambled siRNA
(siSCX) or siRNA directed to ARNT (siARNT#1 or sSiARNT#3). Twenty-four hours after
transfection, cells were treated with vehicle (DMSO), E2 (10 nM), TCDD (2 nM) or a combination
of E2 and TCDD. Gene expression was determined by real-time RT-PCR after isolation and
reverse transcription of total RNA. CAT-D and pS2 expression was normalized to constitutively
active 36B4 gene expression. (E) Western blot analysis of CAT-D protein levels in MCF7 and
ECC-1 cells. Cells were treated with DMSO or E2 (10 nM) and varying concentrations of TCDD
(10 pM, 50 pM, 100pM, 500pM, 1 nM or 5 nM). After 24 hours of treatment, whole cell lysates
were harvested, and Western Blot assays were performed using antibodies directed against CAT-
D and a-tubulin. Error bars represent + S.D. * p < 0.05.
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To determine if the modulation of transcriptional activity translated into similar
protein expression profiles, we used Western blot analysis to visualize the level of CAT-
D protein after ARNT knockdown. Cells were transfected and ligand treated under
identical conditions as the gqPCR parameters. When compared to the scrambled
negative control, CAT-D protein expression after E2 treatment is blunted in ECC-1 cells
with ARNT knockdown (Figure 2.3A). Conversely, MCF7 cells transfected with ARNT
SiRNA resulted in an exacerbated expression of CAT-D protein during E2 treatment.
Furthermore, ERa levels remained consistent, regardless of ARNT status (Figure 2.3C
and 2.3D). Most importantly, dioxin-induced repression of ER signaling was maintained
at the protein level after ARNT knockdown (Figure 2.3A and C). The representative blots
were normalized to a-tubulin and fluorescence was measured using GeneTools 4.01.2
software (Syngene). These normalized values showed a two-fold induction of CAT-D in
ECC-1 cells with ARNT knockdown after E2 treatment (Figure 2.3B, Lanes 2 and 6),
whereas in MCF7 cells, knock-down of ARNT resulted in a 40% decrease in E2-
dependent CAT-D expression (Figure 2.3D, Lanes 2 and 6). These results provide
concrete evidence that the level of protein expression mirrors the transcriptional
response in both cell lines and that physiological consequences must ensue with loss of
ARNT.
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Figure 2.3.  Effect of ARNT knockdown on ARNT, CAT-D and ERa protein levels.
ECC-1 (A and B) and MCF7 (C and D) cells were transfected with either siSCX or siARNT and
ligand treated as described in Figure 2.2. (A and C) Representative Western blots of ARNT,
CAT-D, ERa and o-tubulin protein levels. Bar graphs of CAT-D protein levels in ECC-1 (B) and
MCF7 (D) cells after normalizing fluorescence values to a-tubulin. Open bars represent ligand
treatments after siRNA to scrambled negative control (siSCX) and closed (black) bars represent
ligand treatments after sSiRNA to ARNT (SIARNT). Experiments were performed three times with
essentially identical outcomes.

These surprising results were coupled with the observation that TCDD-induced
repression of ER-signaling is maintained in both cell lines after ARNT knockdown
(Figure 2.2 and 2.3) thus providing evidence that ARNT is not required for TCDD/AHR-
dependent repression of ERa signaling. This hypothesis is supported by the ability of a

selective aryl hydrocarbon receptor modulator (SAHRM) to repress estrogen signaling.
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We examined the ability of the known SAHRM, DIMNF [270,271] to repress E2-mediated
transcription by RT-PCR in MCF7 and ECC-1 cells (Figure 2.4). One uM DIMNF was as
effective at repressing CAT-D mRNA accumulation as TCDD. DIMNF is a potent
antagonist of AHR and effectively displaces TCDD from the receptor at 1 uM [271]. In
addition, DIMNF fails to induce AHR-ARNT-dioxin response element formation in an
electrophoretic mobility shift assay, suggesting that AHR-ARNT dimerization may not

occur [271], thus, it seems likely that AHR’s transrepressor function is entirely ARNT-

independent.
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Figure 2.4.  Effect of selective aryl hydrocarbon receptor modulators on
estrogen-inducible transcription.

The effect of 1 uM DIMNF on E2-inducible CAT-D expression in MCF7 and ECC-1 cells. Cells

were treated with the indicated ligands for 24 h prior to RNA isolation. Gene expression was

determined as described above. Error bars represent £ S.D. * p < 0.05.
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2.3.3. ARNT knockdown causes increased proliferation in ECC-1
cells and decreased proliferation in MCF7 cells.

Sensitivity to estrogen has been linked to proliferation and cell transformation in
ER-positive carcinoma cells [272]. To establish if ARNT can influence E2-dependent
cellular proliferation, we performed proliferation assays on ECC-1 and MCF7 cells after
ARNT siRNA treatment. Consistent with our quantitative PCR and Western blot data,
ECC1 and MCF7 cells displayed altered rates of proliferation after ARNT knockdown
compared to cells transfected with the scrambled negative control siRNA (Figure 2.5A
and B). Knockdown of ARNT was monitored for 72 h and the significant knock-down
observed was unchanged essentially at each time point (Figure 2.5C). Neither cell line
displayed altered growth patterns until the 48 hour time point. At 48 hours, ECC-1 cells
in both the siSCX and siARNT conditions showed a modest response to E2 treatments.
At the 96 hour time point, there was a highly significant increase in E2-inducible
proliferation of ECC-1 cells treated with sSiARNT, compared to scrambled control treated
cells. Intriguingly, ARNT knockdown increased basal growth rates and caused an
exacerbated response to E2 with the cell number nearly doubling in the SiARNT E2
treatments compared to the siSCX E2 treatments. Conversely, MCF7 cells showed a
decreased proliferation rate after ARNT knockdown (Figure 2.5B). The growth rates
were not significantly different until the 48 h time point, when the E2-inducible
proliferative response in the scrambled negative control was apparent. The siARNT
transfected cells had a blunted growth response during both control and E2 conditions.
At 96 hours, the cells began losing sensitivity to E2 and entered into a senescent state.
Whether or not this was due to the growth conditions is unclear. However, these data
further support the hypothesis that ARNT has corepressor properties in ECC-1 cells and
coactivator properties in MCF7 cells. Moreover, the sensitivity to E2 and the reciprocal
growth responses exhibited by the two cell lines are bona fide phenotypic consequences
of ARNT ablation.
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Figure 2.5. Loss of ARNT promotes cell proliferation in ECC-1 cells and
attenuates growth in MCF7 cells.
ECC-1 (A) and MCF7 (B) cells were transfected with either siSCX or siARNT for 6 hours and
then trypsinized and reseeded at 10,000 cells/well in 12-well dishes. Twenty-four hours after
seeding, cells were treated with either DMSO or E2 (10 nM) and cell counts were conducted at 0,
48 and 96 hours after treatments with a Fuchs-Rosenthal Counting Chamber. At the 48 h time
point, cells were treated a second time with 10 nM E2. Experiments were done in triplicate and
each trial was counted three times. (C) Western blot analysis of ARNT after sSiRNA knock-down
reveals that significant knock-down was achieved and persists over a 72 h period. Error bars
represent + S.D. * p < 0.05.
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2.4. Discussion

Many environmental contaminants that serve as activators of the aryl
hydrocarbon receptor are known as putative endocrine disrupting compounds.
Exposure to many of these compounds occur on a daily basis and represents significant
risks to human health. In particular, the repressive effects elicited by ligands of the AHR
on ER signaling have been well documented [73,261,273-275]. Other reports have
described the coactivator potential of ARNT for ER-mediated transcription [91]. Despite
the growing body of evidence to support roles for AHR and ARNT in ER function, little is
known about the normal physiological role of these proteins as they relate to estrogen
signaling or the molecular determinants of toxicant-induced transrepression of ER
function by AHR. Finally, this investigation revealed that ARNT is not essential for AHR-
mediated off-target transrepression. In order to delineate the molecular mechanisms
underlying AHR-mediated transrepression we sought to uncouple AHR and ARNT
function in ER-positive human cancer cell lines. In doing so, we discovered that ARNT
attenuates activated ER-target gene transcription in ECC-1 cells, in direct contrast to its
coactivator function described in MCF7 cells [91].

ARNT was originally identified as a bona fide transcription factor [16] and
dimerization partner of AHR [276]. Beyond its canonical transcription factor function,
ARNT can interact with several other transcription factors, including ERa [73] and its
coactivator function for ER signaling has been well described [84,91]. Therefore, we
expected that knockdown of ARNT in ECC-1 endometrial-cervical cancer cells would
result in a diminution of ER target gene expression. The resulting increase in mRNA
accumulation, protein expression and E2-inducible proliferation strongly suggests that
ARNT acts as a transcriptional corepressor in this cell line. The molecular mechanism(s)
underlying the differences observed in MCF7 and ECC-1 cells likely is related to
differences in the nature and composition of the ancillary transcriptional machinery
recruited by ARNT in each cell line. ARNT presents several different protein-protein
interaction domains for the recruitment of coactivator proteins, including a carboxy-
terminal transactivation domain [42], its PAS-B region [277] and its basic-helix-loop-helix
domain [49]. In addition, an association between ARNT and the transcriptional

corepressor protein, SMRT has been demonstrated [278]. However, we believe that this
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is the first demonstration that ARNT has dual coactivator/corepressor function in a cell-
specific fashion (Figure 2.6). In addition, the repercussions of these transcriptional

effects can be observed at the translational and phenotypic levels.

Several models have been hypothesized to explain the molecular mechanisms
underlying transcription factor mediated cross-talk, particularly the ability of one
transcription factor to repress another’s function [42]. Reugg and colleagues, among
others, have suggested that transcription factor-mediated transrepression might be the
result of competition for a limited pool of coactivator proteins [91]. However, the
identification of ARNT as a corepressor in ECC-1 cells unmasks a more complex
mechanism of transrepression at E2-inducible genes than the coactivator competition
model suggests. While these data do not definitively disprove this model, we believe that
our data suggest that it is unlikely because coactivator competition cannot account for
TCDD-inducible repression in ECC-1 cells as activated AHR should squelch ARNT’s
corepressor function. In addition, ARNT, a protein that has demonstrated the ability to
recruit numerous coactivators [49,150,155,259,277,279] should elicit an effect similar to
ligand-activated AHR if coactivator pools were in such limited supply that competition
would hinder individual transcription factor function. This clearly is not the case in the
ECC-1 cell line.

The experimental evidence presented above indicates that AHR does not require
ARNT to mediate its off-target transrepressor effects. Loss of ARNT in both MCF7 and
ECC-1 cells failed to abrogate the repressive effects of TCDD on E2-inducible
transcription and protein expression (Figures 2.2 and 2.3). DRE-binding independency
for the effects of DIMNF-bound AHR has been clearly established as DIMNF does not
retard the movement of a labeled dioxin response element probe in gel shift assays
[271]. Furthermore, AHR-ARNT dimerization is a requirement for DNA binding,
suggesting that this may not occur in the presence of DIMNF. This represents a
paradigm shift in our understanding of AHR function and has implications for the use and
effectiveness of selective AHR modulators. Indeed, a novel AHR antagonist has proven
to be a potent promoter of AHR-dependent stem cell expansion [280]. Thus, antagonists
that do not elicit AHR-ARNT dimerization might be more effective repressors of ER

function than pure agonists as AHR would not be squelched by ARNT binding. The
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SARHM DIMNF is a potent AHR-dependent repressor of cytokine signaling [270,271].
Furthermore, DIMNF was effective in repressing ER-regulated target gene expression
(Figure 2.4). Molecular modelling studies suggest that DiIMNF forms an extra hydrogen
bond with AHR at Thr289 [271], a characteristic not shared with the partial agonist o-
naphthoflavone suggesting that the DIMNF-AHR adopts a unique confirmation. Thus,
the flavonoids represent a class of compounds that may be attractive targets for further
testing and development to determine their effects on ER target gene expression.

Our experimental evidence demonstrates a TCDD-dependent repressor function
for AHR and a TCDD/AHR-independent coactivator/corepressor function for ARNT in
estrogen signaling. These results provide us with further insight into the mechanisms of
transcription factor crosstalk and putative therapeutic targets in estrogen-positive
cancers. Taken together, our data suggest a more complex mechanism of ARNT
function and AHR-mediated transrepression of ER-signaling than previously suggested.
The clinical utility of these findings remains to be tested and will be the subject of future

investigations.
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Figure 2.6. A schematic representation of estrogen signaling, describing the
transcriptional functions of ER, AHR and ARNT in ECC-1 and MCF7
cells.

The presence of E2 facilitates the assembly of transcriptional modifiers that induce transcription

of E2-responsive genes. Ligand activated AHR represses ER-signaling independent of ARNT.

The loss of ARNT in ECC-1 cells, where it acts as a corepressor, leads to increased sensitivity to

E2 and increased transcriptional activity at ER regulated genes. The loss of ARNT in MCF7 cells,

where it acts as a coactivator, leads to decreased sensitivity to E2 and decreases transcriptional

activity at ER regulated genes.

2.5. Materials and Methods

2.5.1. Materials and Cell Culture

3’,4’-dimethoxy-a-naphthoflavone (DIMNF) was obtained commercially (Indofine
Chemical Co., Hillsborough, NJ). ECC-1 and MCF7 cells (ATCC) were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM; BioWhittaker, Lonza,) with 10% fetal

bovine serum (FBS; HyClone, PerBio, Thermo Fisher Scientific Inc.) and supplemented
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with 100 units/ml potassium penicillin-100 pg/ml streptomycin sulphate (BioWhittaker,
Lonza) at 37°C, 20% O, and 5% CO,. Twenty-four h before any experimental
perturbation, cells were washed 2x with PBS, and maintained in Phenol-Red-free media
without FBS [88].

2.5.2.  Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChlP) assays were performed as described
previously [150]. Briefly, cells were plated into 150 cm? dishes and serum-starved 24 h
before treatment. Treatment of cells was done in serum-free media supplemented with 3
mg/mL bovine serum albumin for 45 min. Chromatin complexes were chemically cross-
linked using a 1% formaldehyde/0.7 mol/L HEPES solution (final concentration), and
complexes were sonicated to yield DNA fragments of 200 to 900 bp size. Complexes
were precleared with protein A agarose resin (CalBiochem) and incubated overnight with
specific antibodies [ERa rabbit polyclonal or ARNT goat polyclonal (Santa Cruz) or AHR
rabbit polyclonal described previously [281]]. Immunoadsorbed complexes were
captured on protein A agarose resin and washed twice with 0.5X RIPA, followed by three
washes with 10 mmol/L Tris-HCI (pH 8.0) and 0.5 mol/L EDTA. Samples were eluted off
of the resin using 100 mmol/L NaHCO3 and 1% SDS, and cross-links were reversed at
65°C overnight. Immuno-adsorbed DNA was analyzed by PCR. Primers for the CYP1Al

enhancer and pS2 promoter have been described previously [72,282].

2.5.3. Transient transfections

MCF7 and ECC-1 cells were cultured in the conditions described above until
approximately 70% confluent before siRNA transfection. Cells were transfected with
either Green Fluorescence Protein (GFP) siRNA (Dharmacon), scrambled (SCX) siRNA
(DS Scrambled negative control siRNA, Integrated DNA Technologies Inc.), AHR
siRNAs (Dharmacon) or ARNT siRNAs (Integrated DNA Technologies Inc., Cat. No.
HSC.RNAI.N187426.11.1, HSC.RNAI.N178426.11.2, HSC.RNAI.N178426.11.3; SIARNT
1, siARNT 2, and siARNT 3 respectively). Cells were transfected with 10 — 15 nM siRNA
using 0.3% (v/v) Trifectin (Integrated DNA Technologies) according to manufacturer’s

protocol. The cells were allowed to incubate in transfection mix for 6 h at 37°C, and 5%
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CO2 after which the transfection mix was removed and replaced with serum free

medium.

2.5.4. Reverse transcription and Real-Time PCR

Reverse transcription and real-time PCR were performed as described previously
[73]. In brief, cells were treated either with DMSO (Me2SO), TCDD (2 nM), E2 (10 nM),
or a combination of TCDD and E2, for 24 h. For studies involving the selective AHR
modulator 1 uM 3’,4’-dimethoxy-a-naphthoflavone (DiIMNF) with either DMSO, E2 (10
nM), diMNF (1 uM) or E2 and diMNF in combination. Cells were harvested in TRI
Reagent (Sigma) and total RNA was isolated and subjected to reverse transcription
using a High Capacity cDNA Archive kit (Applied Biosystems). Complimentary DNA was
amplified by real-time PCR using a Power SYBR Green PCR kit (Applied Biosystems)
according to manufacturer’s protocols. Oligonucleotide pairs used to amplify human
cDNA sequences were described previously [73]. DNA was amplified for 45 cycles in a
StepOne Plus Real-Time PCR System (Applied Biosystems). Oligonucleotides for
amplification of CYP1Al enhancer chromatin isolated using the ChIP assay were

identical to those reported by Hestermann and Brown [282].

2.5.5. Western blot analysis

In order to determine the effects of TCDD on E2-inducible protein levels, MCF7
and ECC-1 cells were treated either with vehicle (Me>SO), TCDD (2 nM), E2 (10 nM), or
a combination of TCDD and E2 for 24 h. For protein analysis that included siRNA
treatment, cells were transfected for 6 h and then starved in serum free media for 24 h
prior to ligand treatments. Cells were harvested and the protein concentration estimated
by the RC DC protein assay (Bio-Rad). Equal amounts of proteins from the samples
were resolved on a SDS-acrylamide gel then transferred to polyvinylidene fluoride
(PVDF) membrane. Upon completion of transfer, the membrane was wetted with 100%
methanol then probed with anti-ARNT (goat polyclonal IgG; Santa Cruz Biotechnology,
Inc.), anti-AHR (rabbit polyclonal, Biomol, GmbH), anti-CAT-D (rabbit polyclonal 1gG;
Santa Cruz Biotechnology, Inc.), anti-ERa (rabbit polyclonal 1gG; Santa Cruz

Biotechnology, Inc.), anti-a-tubulin (mouse monoclonal 1gG; Santa Cruz Biotechnology,
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Inc.). or anti-XAP2 mouse monoclonal antibody. The detection was performed using
horseradish peroxidase conjugated anti-mouse or anti-rabbit or anti-goat IgG and ECL
detection kit (GE Healthcare).

2.5.6. Proliferation Assay

MCF7 cells and ECC-1 cells at 75-80% confluency were transfected with either
ARNT or scrambled negative control siRNA. After 6 h, cells were washed 2 times with
PBS, trypsinized and seeded into 12-well plates at 10,000 cells/well in DMEM with 2.5%
charcoal-stripped FBS. Twenty-four hours after plating, E2 was added directly to half
the wells to a final concentration of 10 nM. Cells were counted at; O (control), 12, 24, 48
and 96 h following E2 administration. A second treatment of E2 (10 nM) was added to
the cells at 48 hrs. Determinations were performed in triplicate and each sample was

counted three times.

2.5.7.  Statistical analysis

Statistical analyses were performed using GraphPad Prism 4.0. For multiple
comparisons (i.e. siRNA experiments) statistical significance was determined using a 2-
way ANOVA with Tukey’s Multiple Comparison test. Values are presented as means +/-

standard error of the mean (SEM). A P value < 0.05 was considered to be significant.
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3.1. Abstract

Localized hypoxia in solid tumours activates transcriptional programs that
promote the metastatic transformation of cells. Like hypoxia-inducible hyper-
vascularization, loss of the retinoblastoma protein (Rb) is a trait common to advanced
stages of tumour progression in many metastatic cancers. However, no link between
the role of Rb and hypoxia-driven metastatic processes has been established. We
demonstrated that Rb is a key mediator of the hypoxic response mediated by HIF1a/p,
the master regulator of the hypoxia response, and its essential coactivator, the thyroid
hormone receptor/retinoblastoma-interacting protein (TRIP230). Furthermore, loss of Rb
unmasks the full coactivation potential of TRIP230. Using small inhibitory RNA
approaches in vivo, we established that Rb attenuates the normal physiological
response to hypoxia by HIFla. Notably, loss of Rb results in hypoxia-dependent
biochemical changes that promote acquisition of an invasive phenotype in MCF7 breast
cancer cells. In addition, Rb is present in HIF1a-ARNT/HIF1p transcriptional complexes
associated with TRIP230 as determined by co-immunoprecipitation, GST-pulldown and
ChIP assays. These results demonstrate that Rb is a negative modulator of hypoxia-
regulated transcription by virtue of its direct effects on the HIF1 complex. This work
represents the first link between the functional ablation of Rb in tumour cells and HIF1a-

dependent transcriptional activation and invasion.

3.2. Introduction

Hypoxia inducible factor-1a (HIF1a), its orthologue HIF2q, and their dimerization
partner the aryl hydrocarbon receptor nuclear translocator, (ARNT or HIF1() which make
up the HIF1 complex [126,283] regulates a cell’'s response to conditions of low oxygen.
In healthy tissue, the HIF1 complex directs the ordered and tightly regulated expression
of genes controlling the de novo synthesis of new vasculature to support tissue growth
or tissue re-perfusion. During hypoxia, HIF1la accumulates, translocates to the nucleus,
and binds ARNT. The HIF1 complex recruits coactivators including CBP/p300 [279], and
Brm/Brg-1[284] and activates the expression of genes, such as vascular endothelial
growth factor (VEGF), erythropoietin (EPO) and the metastatic markers, CXCR4 and
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procollagen lysyl hydroxylase 2 (PLOD2) [126,285,286]. Evidence suggests that the
HIF1 complex can activate gene expression independently or in concert with other
transcription factors [287,288]. Demonstration that HIF1a is capable of interacting with
c-Myc, Notch and more recently FOXA2 to direct ordered transcription and enhance
tumour formation [289-291] leaves open the possibility that the HIF1 complex is a core
transcriptional unit that modulates multiple intracellular signaling networks, many of
which may be involved in metastatic transformation. Thus, many of the molecules that

control different aspects of HIF1 function have yet to be identified.

The HIF1 complex carries out this function by recruiting transcriptional
coactivator proteins including the thyroid hormone receptor/retinoblastoma protein-
interacting protein-230 (TRIP230) to the regulatory regions of hypoxia-responsive genes
to activate transcription [150]. TRIP230, was initially identified as a thyroid hormone
receptor (TR)-interacting protein that enhanced TRs activity [292]. In addition, TRIP230
has been isolated as part of the pl160 coactivator complex [293], a bona fide ARNT
coactivator complex [49]. Importantly, we have demonstrated that TRIP230 is recruited
by ARNT as a transcriptional coactivator and it is essential for the transcriptional activity
of the HIF1 complex [150]. Furthermore, it was shown that TRIP230 interacts with Rb
and that Rb attenuates TRIP230-enhanced TR-driven transcription [149]. A subsequent
study demonstrated that only the hyper-phosphorylated form of Rb interacts with
TRIP230 [153] highlighting a function for Rb distinct from its canonical E2F-dependent

regulation of cell cycle, specific to its hypo-phosphorylated form.

Loss of RB1, the gene that codes for Rb [156], and or loss-of-function of Rb is
associated with the development and metastatic progression of many other solid
tumours including cancers of the ovary, lung, breast, prostate and brain [202,205,294-
296]. The best understood function of Rb is that of cell cycle regulator repressing E2F
transcription factor function thereby mediating cell proliferation and differentiation [297].
Hypo-phosphorylated Rb blocks cell cycle progression by binding to E2F transcription
factors and effecting E2F-dependent transcriptional outcomes. It does so by recruiting
chromatin-remodeling transcriptional repressor proteins such as Sin3a/b, HDACS,
SUV39H1 and DNMT1 [298-300]. Hyper-phosphorylated Rb fails to repress E2Fs and

allows them to activate or repress various gene expression programs [297].
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Recent studies suggest that Rb may have physiologic roles in addition to its
canonical E2F function [301]. Previously, we demonstrated a direct interaction between
TRIP230 and ARNT [150]. In addition, we demonstrated that TRIP230 was
indispensable for transcription mediated by two distinct dimerization partners of ARNT,
namely the aryl hydrocarbon receptor and HIF1la [150]. In this report, we provide the
first evidence for the existence an Rb-TRIP230-ARNT complex that mediates HIF1
transcription.  In addition, we demonstrate that Rb attenuates the activity of ARNT
transcriptional complexes by virtue of its association with TRIP230 and independent of
E2F. Ultimately, this work reveals the ability of Rb to modulate HIF1l-activated gene

expression with consequences for cancer cell transformation.

3.3. Results

3.3.1. HIFl-regulated gene expression is enhanced by siRNA
knock-down of Rb

TRIP230 is known to bind directly to TR and ARNT [149,150]. Given that hyper-
phosphorylated-Rb represses TRIP230 coactivated TR activity [153] and that TRIP230
expression is required for transcriptional activity of the ARNT partners, AHR and HIF1a
[150], we hypothesized that Rb might attenuate hypoxia-inducible gene transcription. In
order to examine the role of Rb on the accumulation of hypoxia-inducible target gene
MRNA species, we depleted Rb in human cancer cell lines by siRNA-mediated gene
knock-down. MCF7 and LNCaP cells were transfected with either scrambled (SCX)
control siRNA or two Rb-specific siRNAs and mRNA accumulation of HIF1 target genes
exposed to normoxia and hypoxia were compared (Figure 3.1). Rb RNA and protein
levels were equivalently suppressed under both normoxic and hypoxic conditions
(Figures 3.1A, E and 3.3A). No change was observed in CXCR4 or VEGF expression in
Rb siRNA transfected cells under normoxic conditions, however an increase in PLOD2
MRNA accumulation under normoxic conditions was observed in MCF7 cells (Figure
3.1D) but not in LNCaP cells (Figure 3.1E). In addition, MCF7 cells transfected with the
Rb-specific siRNAs exhibited significantly increased mRNA accumulation of the HIF1
target genes CXCR4, VEGF and PLOD2 under hypoxic conditions (Figure 3.1B-D). A
similar hypoxia-dependent effect on, CXCR4, VEGF and PLOD2 induction was observed
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in response to suppressed Rb expression in LNCaP prostate cancer cells (Figure 3.1E)

suggesting that this observation is not cell type specific.
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Rb represses HIF1-regulated target gene mRNA in MCF7 human

breast cancer cells and LNCaP human prostate cancer cells.
MCF7 cells (A,B, C and D) and LNCaP cells (E) were transfected with either scrambled siRNA
(SCX) or Rb siRNAs siRb 1, and siRb 2. Twenty-four hours after transfection cells were either
maintained under normoxic conditions or 1% O: for a further 24h. Gene expression was
determined by quantitative real-time PCR after isolation and reverse transcription of total RNA.
VEGF, CXCR4, PLOD2 and Rb expression were normalized to constitutively active 36B4 gene
expression. Open bars represent normoxia (20% O3) and closed (grey) bars represent hypoxia

(1% Oz). Error bars represent + S.D. * p < 0.05.
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3.3.2. Rb and Rb-associated repressor proteins are recruited to the
regulatory regions of hypoxia inducible genes during
activated transcription.

We observed that loss of Rb resulted in exaggerated expression of HIF1 target
genes in a hypoxia-dependent fashion. Thus, we were interested to determine if the
presence of Rb could be recorded over the regulatory regions HIF1-regulated genes
harboring well characterized hypoxia response elements during activated transcription;
namely the VEGF promoter and EPO enhancer. A schematic of these regions and the
placement of oligonucleotides for PCR amplification of chromatin are depicted in Figure
3.2A. Chromatin immunoprecipitation (ChlP) analysis revealed that Rb associates with
regulatory regions of the HIF1-regulated genes, VEGF and EPO in a hypoxia-dependent
fashion in MCF7 cells (Figure 3.2B). To ensure that our experimental conditions
produced the appropriate response to hypoxia, we also precipitated chromatin with
antibodies to HIF1a, ARNT, TRIP230 or a control rabbit IgG. Control IgG was incapable
of precipitating chromatin containing the VEGF and EPO regulatory regions. As we
have demonstrated previously [150], we were more readily able to amplify chromatin
precipitated from hypoxia treated lysates than from those derived from lysates
maintained under normoxic conditions using the HIFla, ARNT, TRIP230 and Rb
antibodies. We could amplify low levels of the VEGF promoter and EPO enhancer under
normoxic conditions (Figure 3.2B) when precipitating chromatin with our TRIP230
antibody, therefore, we cannot discount the possibility that TRIP230 associates with
HREs at low levels despite normal oxygen tension. However, our inability to detect
HIF1lo or HIF2a under these conditions (Figure 3.2C) suggests the possibility that Rb is

not recruited to these HRE regions under normoxic conditions.

We expanded our investigations in an attempt to determine if TRIP230 and Rb
have the ability to interact with individual DNA elements in concert with HIF1a and ARNT
at hypoxic response elements. We performed a sequential two-step ChlIP assay, first
isolating chromatin with affinity-purified antibodies to ARNT or HIFla followed by
precipitation of these purified chromatin fractions with antibodies to TRIP230 and Rb. In
each case VEGF promoter DNA was amplified by PCR in a hypoxia-dependent fashion
(Figure 3.2D and E) strongly suggesting that HIF1a, ARNT, TRIP230 and Rb are
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present at HREs in a multi-protein complex. In addition, knockdown of Rb as assessed
by immuno-blot (Figure 3.2G), did not result in further enrichment of TRIP230 at the
VEGF promoter (Figure 3.2F) suggesting that Rb does not interfere with TRIP230

recruitment to HIF1 responsive elements.

Finally, we were interested to see if known Rb-associated repressor complexes
[299,300] were present at these elements during hypoxia-driven transcription. ChIP
analysis revealed the Sin3a/b, HDAC1 and HDAC3 were enriched at the HIF-responsive
regulatory regions of both the VEGF and EPO genes under hypoxic conditions (Figure
3.2H) supporting our hypothesis that Rb is part of transcriptional repressor complex
acting on HIF1-regulated transcription. In contrast, HDAC2 behaved in a more canonical
fashion and was dismissed from these regions in a hypoxia-dependent fashion (Figure
3.2H). These data suggest that transcriptional repressor proteins are recruited to
hypoxia-regulated genes during activated transcription. Furthermore, these
observations support the hypothesis that transcription must be attenuated to ensure the

appropriate transcriptional response.
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occupy hypoxia responsive regulatory regions of HIF1-regulated
genes in a hypoxia-dependent fashion.
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(A) A schematic of the VEGF proximal promoter and EPO enhancer and the relative location of
oligonucleotides used for PCR amplification. (B) The status of HIF1a, ARNT, TRIP230, and Rb at
the VEGF promoter and EPO enhancer in MCF7 cells as assayed by chromatin-immuno-
precipitation (ChlP) and polymerase chain reaction (PCR) and compared to amplification
reactions derived from lysates precipitated with control IgG. All ChlPs were performed at least
three times except where indicated. (C) HIF1a and HIF2a protein levels are dramatically enriched
during hypoxia in MCF7 cells. MCF7 cells were maintained in culture in either 20% or 1% O for
24 h. Nuclear extracts were analyzed by immuno-blot and membranes were probed with affinity-
purified antibodies to HIF1a and a-tubulin. Sequential ChIP of the proximal VEGF promoter and
EPO enhancer using either anti-HIF1a (D) or anti-ARNT (E) affinity purified antibodies followed
by immuno-precipitation with anti-TRIP230 and anti-Rb antibodies. (F) ChIP of the VEGF
promoter after in MCF7 cells after transfection with either scrambled siRNA or siRb1 and
immuno-precipitation with anti-TRIP230 antibody. Values are expressed as fold enrichment over
control and were determined by quantitative real-time PCR. Each experimental value was
corrected for input and experiments were performed twice. (G) Immuno-blot analysis of SIRNA-
transfected MCF7 cell lysates used in ChIP experiments. (H) ChIP of Rb-repressor complex
proteins in MCF7 cells. Cells were treated as described above and chromatin complexes were
isolated with affinity-purified antibodies directed to Sin3a, Sin3b, and HDACs 1-3.

3.3.3.  ARNT and TRIP230 are essential for Rb-regulation of HIF1
activity.

Since Rb and TRIP230 are interacting proteins, the quantitative RT-PCR
experiments were repeated using a siRNA directed to TRIP230. Hypoxic gene induction
of CXCR4 mRNA accumulation was severely impaired upon knock-down of TRIP230
(Figure 3.3A and B). Knock-down of Rb under these conditions, as evidenced by
immuno-blot analysis (Figure 3.3B) did not result in any significant increase in CXCR4
MRNA, providing further evidence that this effect is TRIP230-dependent. Images of
whole immuno-blots can be found in Supplemental Figure S1. Furthermore, loss of Rb
did not lead to an increase in CXCR4 mRNA accumulation in cells ablated for ARNT by
siRNA-mediated knock-down further suggesting that the effect mediated by Rb is
hypoxia-dependent (Figure 3.3C and D). In addition, sSiRNA-mediated suppression of
DP1 expression in MCF7 cells responded to hypoxia as readily as control cells (Figure
3.3C and E) indicating that the modulatory function of Rb on HIF-regulated genes is

independent of E2F and uncoupled from Rb’s canonical role as a cell cycle mediator.
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Figure 3.3. ARNT and TRIP230 are essential for Rb-regulation of HIF1.
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(A) MCF7 cells were transfected with either scrambled siRNA (SCX) or Rb siRNAs siRb 1, and
siRb 2, or a combination of TRIP230 siRNA and siRb1. Twenty-four hours after transfection cells
were either maintained under normoxic conditions or 1% Oz for a further 24h. Gene expression
was determined by quantitative real-time PCR after isolation and reverse transcription of total
RNA. CXCR4 expression was normalized to constitutively active 36B4 gene expression. (B)
Immunoblot analysis of TRIP230 and Rb after siRNA transfection with either scrambled siRNA, or
a combination of siTRIP230 and siRb. Alpha-tubulin (a-tubulin) was used as a loading control.
(C) MCF7 cells were transfected with either scrambled siRNA (SCX) or Rb siRNAs siRb 1, and
siRb 2, or ARNT, or DP1 siRNA or a combination of ARNT/Rb1 siRNA and treated as described
above. (D) Immuno-blot of ARNT and a-tubulin after transfection with either scrambled control of
SsiRNA directed to ARNT. (E) Immuno-blot of DP1, TRIP230 and a-tubulin. MCF7 cells were
transfected with either scrambled control (SCX) or siRNA directed to DP1. Data in figure 3A and
3C were analyzed using a two-way-ANOVA. *p < 0.01.

3.3.4. Loss of Rb leads to an increase in HIF1 target gene protein
expression.

We were interested to determine if the effect of Rb-loss on mRNA accumulation
was reflected at the protein level of HIF1 target genes and, in particular if pro-metastatic
factors were affected. Thus, we also examined the role of Rb in the expression of
downstream metastatic markers that are sensitive to hypoxia. Loss of Rb resulted in a
concomitant increase in CXCR4 protein levels after 48 h of hypoxia and PLOD2 after 96
h of hypoxia (Figure 3.4A). Furthermore, a 24 h exposure to hypoxia with Rb knock-
down also resulted in an increase in the expression of the mesenchymal marker,
vimentin (Supplemental Figure S2A). In addition, loss of Rb did not increase
endogenous levels of HIF1a (Figure 3.4A), suggesting that the observed hypoxic effect
was not due to an increase in HIFla expression or stability. Finally, previous reports
demonstrated that TRIP230 associates with hyper-phosphorylated Rb [149,153].
Immuno-blotting lysates from MCF7 and LNCaP cells with antibodies directed to Rb, Rb-
phospho-serine780 and Rb-phospho-serine807/811 demonstrate that there is a
significant amount of phosphorylated Rb in MCF7 and LNCaP cells (Figure 3.4B).
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Figure 3.4. Rb represses HIF1-regulated target gene protein accumulation in
MCF7 human breast cancer cells and is phosphorylated at serines
780 and 807/811.
MCEF7 cells (A) were transfected with either scrambled siRNA (SCX) or Rb siRNAs siRb 1, and
siRb 2. Rb, CXCR4, HIF1a, PLOD2 and a-tubulin protein levels were assessed by immuno-blot
after exposure to atmospheric Oz or 1% Oz for 48 h (Rb and CXCR4) or 96 h (HIFla, and
PLOD2). (B) Immuno-blots of whole cell lysates from MCF7 and LNCaP cells either left at
normoxia (N) or treated with 1% O2 for 6 h (H). Blots were probed with primary antibodies to total
Rb, Rb-phospho-serine’® (Rb-pS8%), Rb-phospho-serine®®”/811 (Rb-pS8°7/81Y), or a-tubulin as a
loading control.
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3.3.5. Loss of Rb Promotes an Invasive Phenotype in MCF7 Breast
Cancer Cells.

The ability of Rb knock-down to enhance HIF1 complex transcriptional activity
and protein expression led us to assess whether Rb suppression might also enhance
hypoxia-induced cell invasion in traditionally non—invasive MCF7 breast cancer cells
[302]. For cells with a complete complement of Rb (i.e. cells transfected with SCX
control siRNA), hypoxia had no effect on invasion of MCF7 cells into the matrigel (Figure
3.5A and B). However, siRNA knock-down of Rb led to increased invasion of MCF7
cells under hypoxic conditions but had no effect on invasion under normoxic conditions
(Figure 3.5A and B). These data support the role of Rb as a tumour suppressor of
hypoxia-regulated metastatic programs.

We were concerned that the increased invasiveness might be due to a dramatic
increase in cell proliferation due to loss of Rb control of the cell cycle. To avoid periods
of prolonged, severe hypoxia, we demonstrated that the HIF1a stabilizing agent CoCl,
would mimic the effects of hypoxia in the matrigel assay (Supplemental Figure S2C).
These data further support our hypothesis that the observed effects are mediated via the
HIF1 complex. With CoCl, established as an effective mimic of hypoxia after knock-
down of Rb in the matrigel assay, we were able to determine if the observed increase in
cell invasion was due to an increase in cell proliferation (Figure 3.5C). MCF7 cell growth
dynamics were monitored at regular intervals by counting viable cells over a 72 h period.
In cells transfected with either SCX control siRNA or Rb siRNA and with separate
samples of each maintained either in the presence or absence of CoCl,, we observed
that loss of Rb decreased proliferation in both un-treated and CoCl,-treated cells (Figure
3.5C) with no significant difference between the other treatments. Likewise, matrigel
invasion of SCX control cells was indistinguishable under either condition. Cell sorting
after propidium iodide staining revealed a larger proportion of the Rb knock-down cells in
the sub-G1 phase of the cell cycle (Figure 3.5D and E). Taken together, these data
strongly suggest that loss of Rb promotes cell invasion in a hypoxia-dependent fashion

and that these effects are not due to increased cell number or proliferation.
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Figure 3.5. Loss of Rb promotes hypoxia-dependent invasiveness in MCF7 cells
in a Matrigel Invasion Assay.
MCF7 cells were transfected with scrambled siRNA (SCX) or Rb siRNA as described above.
Twenty-four hours after siRNA transfection, the cells were subjected to the Matrigel™ invasion
assay. Plates were incubated in normoxic (20% O3) or hypoxic conditions (1% O2) at 37°C for 24
h and invading cells were fixed and visualized with toluidine blue. (A) Photomicrographs of
matrigel-embedded MCF7 cells. (B) Numerical representation of relative invasion of matrigel-
embedded MCF7 cells after treatment with SCX or siRb and exposure to normoxic or hypoxic
conditions (n=6), (C) Knock-down of Rb in MCF7 cells does not alter cell proliferation in response
to CoClz. Cells were transfected with siRNA’s as described above. Twenty-four h after
transfection, cells were treated with vehicle or 100 uM CoClz2 to activate HIF1a and cells were
counted at 0, 6, 12, 24, 36 48, and 72 h later. Error bars represent £+ S.E.M. * p < 0.01. (D) Cell
cycle and (E) Sub-G1 status was determined by propidium iodide (PI) staining and flow
cytometry. MCF7 cells with a scrambled negative control or with Rb ablated, were treated with
hypoxia or left at normoxic conditions for 36-hours. The percentage of cells in each stage of the
cell cycle was determined using FlowJo analysis software based on the PI staining profile of
FSC/SSC-gated population. Assay was performed three times and each sample was read in
triplicate. Error bars represent + S.E.M.

3.3.6. Rb associates with the PAS-B/TRIP230-interaction domain of
the ARNT protein.

The possibility that ARNT, TRIP230 and Rb could be part of a multimeric

complex was explored by immuno-precipitation of TRIP230 associated complexes from
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the nuclear extracts of MCF7 cells incubated for 6 h under hypoxic conditions (Figure
3.6A). Immuno-blot analysis revealed ARNT and Rb to be present in the anti-TRIP230
immuno-precipitate while none of the three factors were detected in precipitates of
lysates performed with non-immune IgG. These results provide strong evidence that

native TRIP230 protein is capable of protein-protein interactions with ARNT and Rb.

Given that previous in vitro interaction studies determined that Rb does not
directly interact with ARNT [303], we therefore were interested to determine if the
TRIP230 interaction domain within ARNT could be used to isolate Rb from MCF7 cell
nuclear extracts. Partch and colleagues have identified that the TRIP230 interaction
domain within ARNT is located in its PAS-B region [155]. We fused amino acids 344-
479 harboring the expanded PAS-B domain of mouse ARNT to GST. Using this minimal
interaction domain was done in part to reduce the potential for ARNT to interact with
other nuclear proteins. Pull-down of TRIP230 and Rb from nuclear extracts of hypoxia-
conditioned MCF7 cells was dramatically enriched using the GST-ARNT-PAS-B domain
compared to GST alone (Figure 3.6B). Thus, it is possible that an ARNT complex
including TRIP230 and Rb is formed through the ARNT PAS-B domain. This domain
mediates the interaction between ARNT and multiple coactivators that are essential for
ARNT-mediated transcription: namely, TRIP230 [150], the p160/NCoA/SRC-family of
transcriptional coactivators [49], and CoCoA [304].

Finally, we wished to determine specifically, if hyper-phosphorylated Rb was
involved in HIF1-regulated gene transcription. We probed immuno-blots with an anti-
phospho-serine’® Rb-specific antibody after pull-down using GST-PAS-B. In this
fashion, we observed hyper-phosphorylated Rb in blots generated from normoxic and
hypoxic MCF7 cell nuclear extracts (Figure 3.6C). In addition, interrogation of the
transcriptional regulatory regions of the HRE-containing VEGF promoter and EPO
enhancer revealed the presence of Rb-pSer’® in a hypoxia-dependent fashion (Figure
3.6D).
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Figure 3.6. Rb mediates its transcriptional effects on hypoxia-inducible gene
regulation through an ARNT-TRIP230-Rb complex.
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(A) Immuno-blot of complexes precipitated using either a mouse monoclonal antibody directed to
TRIP230 or mouse control IgG from the nuclear extracts of MCF7 cells. Blots were probed for
the presence of TRIP30, ARNT and Rb. The left hand lane of each blot contains nuclear extract
representing 10% of input. (B) GST-ARNT-PAS-B is capable of pulling down TRIP230 and Rb.
Immuno-blot analysis of GST-ARNT-PAS-B pull-down and GST pull-down of TRIP230 and Rb
from MCF7 nuclear extracts. GST moieties were fixed to glutathione-agarose beads and
incubated for 90 min at 4 degrees C with 500 pug of MCF7 cell nuclear extract. Input lanes were
loaded with 250 pg of nuclear extract. Complete blots for panels A and B can be found in
Supplemental Figure S1. GST-ARNT-PAS-B is capable of pulling down phosphorylated Rb. (C)
Immuno-blot analysis of GST-ARNT-PAS-B pull-down and GST pull-down of Rb-phospho-
serine780 (Rb-pS780) from MCF7 nuclear extracts harvested from cells left at normoxia (N) or
treated with 1% O2 for 6h (H). (D) Chromatin immunoprecipitation assay of EPO enhancer and
VEGF promoter regions in MCF7 cells using control or Rb-phospho-serine780 antibodies. Cells
were treated as described above. Rb attenuates TRIP230-mediated coactivation of ARNT-
dependent transcriptional activity. The Rb- and ARNT-interaction domains are indicated. Hepa-
1clc7 cells (E) and MCF7 cells (F) were transfected with a hypoxia responsive 4xHRE-driven
luciferase construct as a reporter, expression plasmids for TRIP230, TRIP230ARB and Rb as
indicated and subjected to 1% O2 or atmospheric (20%) O2 for 24 h. Whole cell lysates were
assayed for luciferase activity. (G) A schematic of the TRIP230ARB mutant. (H) TRIP230 protein
levels are unaffected by transfection of Rb expression plasmid into Hepalclc? cells. Whole cell
lysates were analyzed by immuno-blot and membranes were probed with affinity-purified
antibodies to TRIP230, Rb and a-tubulin. * p<0.05.

3.3.7. TRIP230 mediates the repressive effects of Rb on HIF-
regulated transcription.

We have established that Rb co-purifies with TRIP230 and that Rb attenuates
the accumulation of hypoxia-inducible target gene mRNA and protein levels. In order to
determine if the ability of Rb to modulate HIF1-regulated transcriptional activity was
mediated via TRIP230, we examined effects of Rb on the expression of a hypoxia-
responsive reporter construct using deletion mutants of TRIP230 in Rb-negative and —
positive cell lines. Rb-negative Hepalclc7 cells were transfected with an expression
plasmid encoding TRIP230, or a transcriptionally competent deletion-mutant of TRIP230
(TRIP230ARDb; schematic in Figure 3.6G) lacking the Rb-interaction domain [153], an Rb
cDNA expression plasmid, and a synthetic luciferase reporter construct containing a
multimerized hypoxia-responsive element (HRE) promoter (Figure 3.6E). Rb abrogated
hypoxic induction of reporter activity in cells transfected with wild-type TRIP230, but was
ineffective in cells transfected with the mutant TRIP230. Transfection of Rb into the
Hepalclc?7 cell line had no effect on levels of endogenous TRIP230 protein (Figure
3.6H). Indeed, titration of increasing amounts of Rb-expression plasmid repressed
hypoxia-inducible reporter activity in a dose-dependent manner (Supplemental Figure

S2B). Transfection of the mutant TRIP230 into Rb-positive MCF7 human breast cancer
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cells further enhanced expression of the reporter gene (Figure 3.6F), thus acting as a
dominant negative likely by competing for HREs with the endogenous wild-type
TRIP230. These data collectively suggest that Rb’s attenuating effects on HIF1
transcriptional activity appear to be mediated by TRIP230.

3.4. Discussion

We have determined that Rb attenuates the physiological response to hypoxia by
HIFla and that it is an integral and indispensable part of the HIF1 transcriptional
complex by virtue of a direct interaction with TRIP230. This effect is independent of other
protein-protein interactions as the repressive effect of Rb was lost in cells over-
expressing a transcriptionally competent mutant of TRIP230 lacking the Rb-interaction
domain (Figure 3.6E and F) and in cells depleted of TRIP230 (Figure 3.3A). In addition,
siRNA-mediated knock-down of Rb led to a concomitant increase of known HIF1 target
genes in a hypoxia-dependent fashion in human breast MCF7 and in human prostate
LNCaP cancer cell lines (Figure 3.1). Furthermore, we were able to record Rb over well-
characterized HREs in the EPO and VEGF regulatory regions (Figure 2) suggesting that

Rb may regulate expression of these genes at the transcriptional level.

The TRIP230 coactivator was cloned and characterized based on its ability to
interact with the thyroid hormone receptor (TR) and enhance its transactivation function
[149,292], and by virtue of its ability to interact with Rb [149]. In this latter report,
evidence was presented that supported a role for Rb as a transcriptional attenuator of
thyroid hormone receptor function, likely mediated through the TRIP230 transcriptional
coactivator. TRIP230 was later found to act as an essential coactivator for ARNT-
dependent transcriptional activities, including hypoxia-inducible gene expression [150].
Importantly, we found that TRIP230 did not interact with HIF1la in a yeast two-hybrid
assay (T. Beischlag, unpublished data). Our immuno-precipitation studies employing
antibodies directed to TRIP230 demonstrate that endogenous ARNT and Rb interact
with TRIP230 in MCF7 cells (Figure 3.6A) further supporting our hypothesis that Rb is

part of a HIF1 transcriptional complex.
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To further delineate the nature of this putative complex and to determine if
ARNT, TRIP230 and Rb exist in a single complex, we eliminated other known protein-
protein interaction interfaces within ARNT and used a GST pull-down strategy to affinity
capture TRIP230 and Rb. The comprehensive analysis by GST pull-down performed by
Elferink and colleagues failed to demonstrate a direct interaction with ARNT and Rb in
vitro [303]. In addition, based on our previous studies characterizing the interaction
between ARNT and TRIP230 [150], Partch and colleagues identified amino acids within
the ARNT PAS-B domain that mediate the ARNT-TRIP230 interaction [155]. We
designed a GST-ARNT-PAS-B fusion thus eliminating other protein interaction domains
within ARNT. The ability of the ARNT-PAS-B region to pull-down Rb supports the
existence of a multimeric complex containing ARNT, TRIP230 and Rb (Figure 3.6B).
Indeed, the PAS-B domain has emerged as a bona fide platform for the recruitment of
multiple forms of transcriptional co-regulatory complexes [49,150,155,259].

The HIF1 complex regulates the cell’'s adaptive response to low oxygen
mediating angiogenesis and alternative energy utilization via glucose metabolism.
Hypoxia is also a hall-mark of solid tumours and has been implicated in tumour cell
transformation. We found an exacerbated hypoxia-dependent accumulation of PLOD2
and CXCR4 mRNA in MCF7 and LNCaP cells depleted of Rb (Figure 3.1) and a

concomitant increase in protein in MCF7 cells (Figure 3.4A).

This work represents the first link between the functional ablation of Rb in tumor
cells and HIF1a-dependent invasion. These data support a hitherto unrecognized mode
of action for Rb that is uncoupled from its canonical cell cycle/tumour suppressor
function. Loss-of-function of Rb or genetic ablation of RB1 has been implicated in
advanced stages of brain cancers [305,306], prostate cancer [307,308], breast cancer,
and lung cancer [294]. Furthermore, the loss of Rb and the activation of HIF1-regulated
genes such as increased VEGF expression, microvascular hyperplasia and metastasis
are traits that are common to progression in many solid tumours [205], however no direct
link between the Rb and HIF pathways has been established. As a result, we were
interested in further investigating the physiological connection between Rb function and
hypoxia inducible gene expression, especially HIF1-regulated transcriptional programs

involved in cancer cell transformation.
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The observation that CXCR4 and PLOD2 protein (Figure 3.4A) and vimentin
MRNA (Supplemental Figure S2A) levels were elevated upon depletion of Rb from
MCF7 cells led us to investigate the effects of Rb-loss on the invasive phenotype of
MCF7 cells. CXCR4 expression is likely to be a key effector of the invasive phenotype
observed in Figure 5 [309,310]. CXCR4 promotes many key steps in epithelial to
mesenchymal transition (EMT) and metastasis including detachment from neighboring
cells, extra-vasation, metastatic colonization, angiogenesis and proliferation [311].
Furthermore, Gilkes and colleagues recently demonstrated that the metastatic marker
PLOD?2 is a hypoxia-inducible gene and is required for breast cancer metastasis to
lymph and lung [312]. PLODZ2 is an enzyme required for collagen production and plays a
role in extracellular matrix re-modelling [313]. Under normoxic conditions MCF7 cells
maintain an epithelial and non-invasive phenotype regardless of Rb status. Upon knock-
down of Rb, hypoxia and CoCl, treatment triggered invasion in nearly 3% of the cells
seeded in the matrigel assay (Figure 3.5A, B and Supplemental Figure S2C). This
represents a change in the invasive potential of the MCF7 cells and it seems likely that
loss of Rb contributes to HIF1-inducible tumour cell transformation. Our data suggests
that Rb attenuates HIF1 function to ensure the appropriate levels of HIF1-target gene
expression. Thus, we propose that loss of Rb or breakdown of this pathway primes
cancer cells for metastatic transformation by allowing for the over-expression of pro-
metastatic factors such as PLOD2 and CXCRA4.

In addition, we were interested to see if known Rb-associated repressor
complexes [299,300] could be recorded over well-characterized HREs during hypoxia-
driven transcription. ChlIP analysis revealed the presence of Sin3a/b, HDAC1l and
HDAC3 on the HIF-responsive regulatory regions of both the VEGF and EPO genes
(Figure 3.2H). In light of the abundance of data suggesting that HDACs are required for
HIF1-mediated transcription [314-316], we do not dismiss the theory that HDACs are
essential for the initiation and maintenance of HIF1-regulated transcription. However, we
are also cognizant that they may have pleiotropic effects and be recruited in a different
fashion to attenuate the hypoxic response. Whether targeting these factors has any
functional or therapeutic utility remains to be seen and will be the focus of future

research efforts.
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The hypothesis that ARNT, TRIP230 and Rb act in concert to regulate hypoxia-
inducible gene transcription is supported by several lines of investigation. First, our data
derived from the sequential chromatin immuno-purifications using ARNT, HIFla,
TRIP230 and Rb affinity purified antibodies (Figure 3.2D and E) suggest that all 4
proteins are present at HIFl-regulatory elements at the same time. Second, a
transcriptionally competent mutant of TRIP230 (TRIP230ARDb) overcomes the repressive
effect of Rb over-expression on hypoxia-inducible transcription in Rb-negative Hepal
cells (Figure 3.6E). Third, TRIP230ARb was more efficacious in coactivating hypoxia-
inducible transcription in Rb-positive MCF7 cells (Figure 3.6F). Finally, loss of Rb did
not exacerbate the hypoxic response in cells depleted of TRIP230 (Figure 3.3A). Taken
together, there is strong evidence that Rb is a negative regulator of the TRIP230-HIF1
complex and that loss of Rb unmasks the full coactivation potential of TRIP230 (Figure
7).

While we have not ruled out the involvement of hypo-phosphorylated Rb in HIF1
function, the presence of hyper-phosphorylated Rb at HIF regulatory elements and after
GST pull-down by the ARNT-PAS-B domain (Figure 3.6C and D) supports the
observations of other investigators [149,153]. Since there was no appreciable difference
in the ability of the GST-ARNT-PAS-B moiety to pull-down Rb from either normoxic or
hypoxic extracts, it seems as if neither HIF1a nor HIF2a is essential for this interaction.
Additionally, it seems clear that the modulatory effect of Rb on HIF function is uncoupled
from E2F as evidenced by the unaltered transcriptional response observed after knock-
down of DP1 (Figure 3.3C). Furthermore, the abundance of phospho-Rb (serine”® and
serine87/811) (Figure 3.4B) indicates that Rb is in a permissive state for uncoupling from
E2F [317]. Thus, our data suggest that Rb plays an essential role in regulating the
amplitude of the hypoxic response for genes regulating both angiogenesis and
metastasis and that loss of Rb leads to exacerbated expression of HIF1la target genes

that regulate tumour progression.

Targeting angiogenesis has been an attractive strategy for combating cancer
[318] however, there are caveats to anti-angiogenic therapies. Avastin, a monoclonal
antibody to VEGF failed to extend survival rates in patients suffering from breast cancer

[319], and is of limited benefit in other types of cancer [320]. Furthermore, there is
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experimental evidence that anti-angiogenic drugs exacerbate tumour progression [321].
Therefore, a novel approach to combating tumour progression may involve specifically
targeting the HIF1la/B-TRIP230-Rb complex that regulates both angiogenic and cell
invasion programs [322]. We have demonstrated that Rb represses or attenuates the
coactivation function of TRIP230 and thereby regulates the transcriptional response to
hypoxia. In addition, this work demonstrates that Rb plays a hitherto unidentified role in
tumour suppression by virtue of effects on HIF1la/p that are distinct from its classic
tumour suppressor role mediated through repression of E2F transcription factors. These
data provide the first direct link between the loss of Rb and HIF1-regulated pro-
metastatic and pro-angiogenic processes. Therefore, targeting this pathway could yield

novel therapies to better combat solid tumour progression and metastasis.

A B
Activated Nuclear Complex
+ Rb => regulated, appropriate - Rb => exaggerated, uncontrolled
transcriptional response transcriptional response

Nucleus Nucleus
(Hypoxia) (Hypoxia)
Figure 3.7.  lllustration describing the transcriptional regulation of HIF-target

genes in cells either expressing or lacking Rb.
(A) In cells that are Rb-positive, the full transcriptional activation capacity of the HIF1-TRIP230
complex is repressed or muted resulting in regulated expression of HIF1 target genes. (B) In
cells lacking Rb, gene expression mediated by HIF1 becomes uncontrolled.
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3.5. Materials and Methods

3.5.1.  Cell culture, transient transfections, luciferase assays and
RNA interference.

Hepalc1c7 and HEK293T cells (ATCC) were maintained in Dulbecco’s Modified
Eagle’'s Medium (DMEM; BioWhittaker, Lonza) with 10% fetal bovine serum (FBS;
HyClone, Perbio, Thermo Fisher Scientific Inc.). MCF7 cells were maintained under
similar conditions but were supplemented with 100 units/ml potassium penicillin-100
ug/ml streptomycin sulphate (BioWhittaker, Lonza), and 4.5 g/L glucose and 4.5 g/L L-
glutamine at 37°C, 20% O, and 5% CO.. LNCaP cells were maintained in RPMI 1640
medium with L-Glutamine (BioWhittaker, Lonza) supplemented with 10% FBS and 100
units/ml potassium penicillin-100 pg/ml streptomycin sulphate. Transient transfections
and luciferase assays were performed as described previously [150]. Rb, and TRIP230
wild-type and TRIP230 mutant expression plasmids were generously provided by Dr. Y.

Chen (Univ. of Texas, San Antonio) and were described previously [149].

MCF7 or LNCaP cells were transfected with either scrambled (SCX) siRNA (DS
Scrambled negative control siRNA, Integrated DNA Technologies Inc.), Rb siRNAs
(Integrated = DNA  Technologies Inc., Cat. No. HSC.RNAI.N000321.9.1,
HSC.RNAI.N000217.9.2; siRb 1, and siRb 2, respectively), ARNT siRNA (Integrated
DNA Technologies Inc., Cat. No. HSC.RNAI.N178426.11.3), TRIP230 siRNA (Integrated
DNA Technologies Inc., Cat. No. HSC.RNAI.N004239.12.1) or DP1 siRNA (Integrated
DNA Technologies Inc., Cat. No. HSC.RNAI.NO07111.11.1). MCF7 cells were
transfected with 10 — 15 nM siRNA using 0.3% (v/v) Lipofectamine RNAIMAX (Invitrogen
Inc) according to manufacturer’s protocol. The cells were allowed to incubate in
transfection mix for 6 h at 37°C, 20% O, and 5% CO. after which the transfection mix

was removed and replaced with complete media.

3.5.2. Antibodies

The mouse anti-TRIP230 1gG was kindly provided by Dr. Y. Chen (University of
Texas, San Antonio). Anti-Rb (rabbit polyclonal, Santa Cruz Biotechnology Inc., SC-
7905), anti-phospho-Rb (Ser’®) (Cell Signaling, 9307), anti-phospho-Rb (Ser87811) (Cell
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Signaling, 9308), anti-PLOD2 (mouse polyclonal, Abnova, H00005352-B01P), anti-
HIF1a (rabbit polyclonal, Santa Cruz Biotechnology Inc., SC-10790), anti-DP1 (rabbit
polyclonal, Santa Cruz Biotechnology Inc., SC-610), anti-ARNT (goat polyclonal, Santa
Cruz Biotechnology Inc., SC-8076), anti-CXCR4 (rabbit polyclonal, Abcam Inc., ab2074),
anti-a-tubulin (mouse monoclonal, Santa Cruz Biotechnology Inc., SC-8035), anti- HIF2a
(mouse monoclonal, Santa Cruz Biotechnology Inc., SC-46691), goat anti-rabbit IgG-
HRP (Santa Cruz Biotechnology Inc., SC-2004), goat anti-mouse IgG-HRP (Santa Cruz
Biotechnology Inc., SC-2005), donkey anti-goat IgG-HRP (Santa Cruz Biotechnology
Inc., SC-2020)

3.5.3. Quantitative Real-Time PCR

For quantitative real-time PCR (RT-PCR) experiments, MCF7 or LNCaP cells
were incubated under hypoxic conditions (1% O>) for 24 h in a humidified CO; incubator.
The mRNA levels of VEGF, EPO, CXCR4, vimentin, PLOD2, RB1, and 36B4 were
determined using quantitative real-time PCR. The primer pairs for VEGF EPO and 36B4
were described previously [284]. The other primer pairs used were; CXCR4: 5'-
CAGTGGCCGACCTCCTCTT-3’ and 5-GGACTGCCTTGCATAGGAAGTT-3’; RB1: 5'-
CATCGAATCATGGAATCCCT-3 and 5'- GGAAGATTAAGAGGACAAGC -3’; PLOD2 5'-
GCGTTCTCTTCGTCCTCATC-3 and 5-GTGTGAGTCTCCCAGGATGC-3, and;
Vimentin: 5-TTCCAAACTTTTCCTCCCTGAACC-3’ and 5-
TCAAGGTCATCGTGATGCTGAG-3’; Total RNA was isolated using TRI reagent
(Sigma, Cat. No. T9424-200ML) according to the manufacturer’'s protocol. Reverse
transcription was performed using High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Part N0.4368814) according to the manufacturer's protocol. A
total of 2 — 4 pug of RNA was used in a 20 uL reaction amplified by cycling between 25°C
for 5 min, 37°C for 120 min, and 85°C for 5 min (Veriti 96 Well Thermal Cycler, Applied
Biosystems). From each experiment, a sample that was both transfected with Rb-
specific siRNA and pre-conditioned with hypoxia was used to generate a relative
standard curve in which the sample was diluted 1:10 in five serial dilutions resulting in
dilutions of 1:10, 1:100, 1:1,000, 1:10,000, and 1:100,000 whereas the samples were
diluted 1:30; the analysis was done using StepOnePlus System (Applied Biosystems).
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3.5.4. Chromatin immunoprecipitation assays

Chromatin immuno-precipitations (ChIPs), and sequential ChIP assays were
performed as described previously [73,150]. Oligonucleotide sequences for PCR
amplification of human VEGF and EPO regulatory regions were as described previously
[150]. All antibodies were supplied by Santa Cruz Biotechnology Inc. or as described

above.

3.5.5.  Immuno-blotting

Protein analysis was performed by immuno-blotting as described previously [86].
Briefly, MCF7 cells were incubated under hypoxic conditions (1% O) for either 48 h or
96 h. Cells were harvested and the protein concentration estimated by the Bradford
assay. Equal amounts of proteins from the samples were resolved on a SDS-acrylamide
gel then transferred to polyvinylidene fluoride (PVDF) membrane. Membranes were
incubated with diluted primary antibodies in 5% w/v skim milk powder, 1X TBS, 0.1%
Tween-20 at 4°C with gentle shaking, overnight. The detection was done using
horseradish peroxidase conjugated anti-mouse or anti-rabbit IgG (Santa Cruz

Biotechnology Inc.) and ECL Prime detection kit (GE Healthcare).

3.5.6. Matrigel invasion and cell proliferation assays

MCF7 cells were transfected with scrambled siRNA or Rb siRNA as described
above. Twenty-four hours after siRNA transfection, the cells were washed, trypsinized,
and re-suspended in culture medium, and subjected to invasion assay using BD BioCoat
Matrigel Invasion Chamber (BD Sciences, Cat. No. 354480) according to the
manufacturer’'s protocol. Briefly, the suspended chambers were rehydrated in warm
bicarbonate-based medium for 2 h. MCF7 cells were reverse transfected according to
manufacturer’s protocols and seeded into invasion chambers in DMEM without FBS at a
density of 10,000 cells/chamber. Chambers were placed in 24-well plates with chemo-
attractant (complete medium containing 10% FBS) in the well. The plates were
incubated in normoxic (20% 0O2) or hypoxic conditions (1% 0O2) at 370C for 24 h or

treated with vehicle or 100 uM CoClI2 for 24h. Before mounting the invasion membrane
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to microscope slides, the non-invading cells were removed by cotton swab and invading
cells in the membrane were fixed with 100% methanol and stained with 1% toluidine
blue. All the cells in the invasion membrane were counted using light microscopy at 10-
40 x magnification. Assays were performed in triplicate and each membrane was

counted three times.

MCF7 cells grown to 75-80% confluence were transfected with either Rb or
scrambled negative control siRNA (SCX). Media was changed after eight hours.
Twenty-four h post-transfection, cells were washed 2 times with PBS, trypsinized and
seeded into 6-well plates at 10,000 cells/well. Twenty-four h after plating, CoCI2 was
added directly to half the wells to a final concentration of 100 uM. Cells were counted at;
0 (control), 6, 12, 24, 36, 48 and 72 h following CoCI2 administration. Determinations

were performed in triplicate and each sample was counted three times.

3.5.7. Flow cytometry and sub-G1 status

Cell cycle status was determined by propidium iodide (PIl) staining and flow
cytometry. MCF7 cells treated with a scrambled negative control or with Rb knocked-
down, were treated with hypoxia or left at nhormoxic conditions for 36-hours and then
harvested using trypsin. Biological triplicates of 5x105 cells were fixed in 70% ethanol
on ice for 15 minutes and then cells were centrifuged for 3 minutes at 1500 rpm to
remove the ethanol and incubated in 0.5 ml of propidium iodide staining solution (50
pg/mL Pl, 0.05% Triton X-100, 0.1 mg/mL RNase A, in PBS) for 40 min at 37°C.
Following staining, cells were washed with PBS then run on a BD FACSCanto Il flow
cytometer (488 nm excitation, 617 emission, 375 volts, Pl) where 20,000 events were
collected. The percentage of cells in each stage of the cell cycle was determined using

FlowJo analysis software based on the PI staining profile of FSC/SSC-gated population.

3.5.8. Co-immuno-precipitation and glutathione-s-transferase pull-
down assays

Immuno-precipitation of complexes from MCF7 cell nuclear extracts was

performed essentially as described previously [49], with minor modifications. MCF7 cells
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were maintained in 1% O, for 6 h in a humidified CO2 incubator and nuclear extracts
were prepared following our established protocol [323]. Approximately, 1 mg of nuclear
extract was incubated with 5 ug of either affinity purified anti-TRIP230 or control mouse
IgG at 4° C for 90 min on a spinning wheel. Approximately, 50 ul of pre-cleared Protein-
G sepharose beads were added to each mixture and incubated for a further 90 min.
Samples were washed vigorously and fractionated by SDS-PAGE. Precipitates were
transferred to nylon membrane for immuno-blotting and blots were probed with
antibodies to TRIP230, ARNT and Rb.

Glutathione-s-transferase (GST) pull-down assays were performed as described
previously with minor modifications [49]. In order to construct the GST-ARNT-PAS-B
fusion moiety, a mouse ARNT cDNA encoding amino acids 344-479 was PCR-amplified
and cloned into pGEX-5X-1 using Bam H1 and Xhol. Approximately 30 ul of GST or
GST-ARNT-PAS-B beads were incubated with 250 pg of nuclear extract at 4° C for 90
min on a spinning wheel, washed and eluted as described previously [49]. Eluted
samples were fractionated by SDS-PAGE, transferred to PVDF membrane and analyzed
by immuno-blot for the presence of TRIP230, Rb or phospho-Rb (Ser’).

3.5.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism 4.0. For multiple
comparisons (i.e. sSiRNA experiments) statistical significance was determined using a 2-
way ANOVA with Tukey’s Multiple Comparison test. Values are presented as means +

standard deviation (S.D.). A P value < 0.05 was considered to be significant.
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3.6. Supporting Information
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Figure 3.8. Supplemental Figure 1

Complete digital images of (A) immuno-blots depicted in manuscript Figures 4A, (B) 6A, (C and
D) 6B (E) 6H and (F) 2C. When necessary, blots were cut into strips at encompassing the
appropriate molecular weights to that different proteins of interest of different molecular weights
could be analyzed from the same sample and expt. For GST pull-down experiments, the entire
blot cut into two sections is shown. However, we used the pull-down of TRIP230 from another
identical experiment (Supplemental Figure 1B) as a representative blot because the signal was
stronger. In some cases, brightness and contrast of the images have been altered (*) in order for
the boundary of the cut blots or for the molecular weight markers to be clearly visible.
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Figure 3.9. Supplementary Figure 2

(A) Relative mRNA levels of vimentin under similar conditions described in Figure 1. Open bars
represent normoxia (20% O2) and closed (grey) bars represent hypoxia (1% O2). * p < 0.05. (B)
Titration of Rb expression vector into HepalC1C7 cells. Increasing amounts of Rb expression
vector was co-transfected with pCMV-TRIP230 and an HRE-driven luciferase vector (see
Materials and Methods and Figure 6 legend). (C) Numerical representation of relative invasion of
matrigel-embedded MCF7 cells after treatment with SCX or siRb and treatment with the HIF1
activator, CoClz (100 uM).
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4.1. Abstract

Loss of tumor suppressor proteins, such as the retinoblastoma protein (Rb),
results in tumor progression and metastasis. Metastasis is facilitated by low oxygen
availability within the tumor that is detected by hypoxia inducible factors (HIFs). The
HIF1 complex, HIF1a and dimerization partner the aryl hydrocarbon receptor nuclear
translocator (ARNT), is the master regulator of the hypoxic response. Previously, we
demonstrated that Rb represses the transcriptional response to hypoxia by virtue of its
association with HIF1. In this report, we further characterized the role of Rb in hypoxia-
regulated genetic programs by stably ablating Rb expression with retrovirally-introduced
short hairpin RNA in LNCaP and 22Rv1 human prostate cancer cells. DNA microarray
analysis revealed that loss of Rb in conjunction with hypoxia leads to aberrant
expression of hypoxia-regulated genetic programs that increase cell invasion and
promote neuroendocrine differentiation. For the first time, we have established a direct
link between hypoxic tumor environments, Rb inactivation and progression to late stage
metastatic neuroendocrine prostate cancer. Understanding the molecular pathways
responsible for progression of benign prostate tumors to metastasized and lethal forms

will aid in the development of more effective prostate cancer therapies.

4.2. Introduction

A characteristic of many solid tumors is that they contain regions of low oxygen
availability (hypoxia) and express elevated levels of hypoxia inducible factors (HIFs)
[139]. The HIF1 complex, HIF1a and dimerization partner the aryl hydrocarbon receptor
nuclear translocator (ARNT/HIF1pB), is the master regulator of the hypoxic response.
During hypoxia, HIFs accumulate, translocate to the nucleus, and bind ARNT [38]. The
HIF1 complex then binds to hypoxia response elements and recruits coactivators such
as the thyroid hormone receptor/retinoblastoma-interacting protein 230 (TRIP230) [150],
CBP/p300 [279] and Brm/Brg-1[284] to modulate the expression of genes. Typical HIF1-
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regulated genes include angiogenic and metabolic targets, such as vascular endothelial
growth factor (VEGF) [148] and GLUTL1 [324] but also include metastatic markers, like
CXCR4 [325] and procollagen-lysine 2-oxoglutarate 5-dioxygenase 2 (PLOD2) [326].
Thus, the microenvironment of solid tumors is conducive to the activation of hypoxia-

regulated genetic programs and these support tumor growth.

Rb is a tumor suppressor protein with a well characterized and canonical function
as a cell cycle regulator by repression of E2F-mediated transcriptional activity [161].
Hypo-phosphorylated Rb binds E2F and prevents transcription of E2F-dependent mitotic
and cell cycle programs. Thus, loss of Rb expression or function is a crucial step
preceding tumor development [161,297]. However, we recently demonstrated that
TRIP230 and Rb form a complex with HIF1 and that hyper-phosphorylated Rb represses
the function of TRIP230 and the transcriptional response to hypoxia [327]. Additionally,
loss of Rb combined with hypoxia led to exacerbated HIF1-mediated transcriptional
responses and concomitant increases in target protein expression and invasion in MCF7
breast cancer cells [327]. Interestingly, loss of Rb function is also associated with
progression of several other cancers, including brain [306], lung [296] and prostate
[202,237,328].

In prostate cancer, Rb-loss occurs in 25-50% of cases [237,238]. Despite the
high frequency of Rb inactivation, few studies have addressed the impact of this on the
cellular response to hypoxia. In this study, we examined the consequences of Rb-loss
and hypoxia in two different prostate cancer cell lines, 22Rv1 and LNCaP. Using short-
hairpin RNA in LNCaP cells to knockdown Rb expression in concert with DNA micro-
array technology, we found that Rb-loss deregulates the expression of hypoxia-mediated
transcriptional programs that govern angiogenesis, metastasis and neuroendocrine
differentiation (NED). Ultimately, this leads to acquisition of a more invasive phenotype

and expression of bona fide NED protein markers in human prostate cancer cells.
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4.3. Results

4.3.1. Loss of Rb leads to deregulation of hypoxia-regulated genes
and hypoxia-dependent acquisition of an invasive
phenotype.

Previously, we demonstrated that ARNT, TRIP230 and Rb form a complex and
that Rb represses the function of TRIP230 and the transcriptional response to hypoxia
[327]. To more clearly define the role of Rb in hypoxia-mediated signaling, we used a
retroviral vector expressing a short-hairpin (sh) RNA directed to Rb to permanently
knockdown Rb expression in LNCaP prostate cancer cells. Stably infected LNCaP cells
had either wild type Rb expression from a scrambled negative control vector (sShSCX) or
a stably ablated Rb protein (shRb). Total Rb mRNA and protein levels were significantly
attenuated in the LNCaP-shRb cells during both normoxia and hypoxia (Figure 4.1A and
B). In addition, VEGF and CXCR4 mRNA accumulation in LNCaP-shSCX cells displayed
typical hypoxia induction profiles, however, significantly exacerbated transcriptional
responses occurred in LNCaP-shRb cells subjected to 24 hours of hypoxia when
compared to scrambled controls (Figure 4.1C and D). Taken together, this data supports
our notion that loss of Rb leads to dysregulation of hypoxia-inducible transcriptional
processes in prostate cancer and reinforces the shRNA LNCaP lines as appropriate

models to study this paradigm.
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Figure 4.1. Ablation of Rb leads to transcriptional dysregulation of HIF1-target
genes involved in metastasis and angiogenesis
(A) LNCaP cells stably infected with either a shRNA to Rb (shRb) or a scrambled negative
control shRNA (shSCX) were maintained in normoxic conditions or at 1% O: for 24h then gene
expression was determined by quantitative real-time PCR after isolation and reverse transcription
of total RNA. Rb expression was normalized to the constitutively active 36B4 gene expression.
(B) Immunoblot analysis of whole cell extracts from shSCX and shRb LNCaP cells using anti-Rb
or anti-a-tubulin primary antibodies. a-tubulin is the loading control. (C) CXCR4 and (D) VEGF
MRNA accumulation was determined by RT-PCR after shSCX and shRb LNCaP cells were
treated as described in (A). Open bars represent normoxia (20% O2) and closed black bars
represent hypoxia (1% Oz). Error bars represent £ S.D. * p < 0.05.

Exacerbated expression of the metastatic marker CXCR4 with Rb-loss and
hypoxia led us to hypothesize that LNCaP cells lacking Rb may acquire a more invasive
phenotype compared to control cells. In order to determine this, we used Matrigel
invasion chambers in concert with 36 hours of hypoxia or normoxia and shRb or shSCX
LNCaP cells to test cell-line specific invasive potentials. A significant increase in invasion
occurred only in cells depleted of Rb that had been exposed to hypoxia (Figure 4.2A).
Next, we monitored cell growth over a 72-hour period to ascertain if increased growth
characteristics contributed to the observed increase in invasion. Indeed, loss of Rb alone
did not affect proliferation rates when compared to scrambled controls (Figure 4.2B).
However, proliferation was significantly inhibited in both shSCX and shRb cells after 72-
hours of hypoxia (p<0.05) supporting the findings of others [329,330]. Furthermore,
subjecting shRNA LNCaP cells to hypoxia and then FACS sorting after propidium iodide
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staining revealed no significant differences between treatments and any of the stages of
the cell cycle [G1, G2, S or sub-G1] (Figure 4.2C). Hence, these data strongly suggest
that loss of Rb in LNCaP cells promotes cell invasion in a hypoxia-dependent fashion

and that this effect is not due to increased cell growth or proliferation.
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Figure 4.2. Hypoxia-inducible increase in invasion but not cell cycle or
proliferation in LNCaP prostate cancer cells lacking Rb
(A) shRNA LNCaP cells (1x10%) were seeded in Matrigel invasion chambers and then maintained
in normoxic conditions or at 1% O: for 36h. Chambers were then prepared according to
manufacturers protocols and cells were counted under a microscope. Assays were performed in
triplicate. (B) Knock-down of Rb in LNCaP cells does not alter cell proliferation in response to
hypoxia. Cells were either left at normoxia or treated with 1% Oz and cells were counted at 0, 12,
24,36 48, and 72 h later. Error bars represent + S.E.M. * p < 0.05. (C) Knock-down of Rb in
LNCaP cells does not alter cell cycle in response to hypoxia. Cell cycle status was determined by
propidium iodide (PI) staining and flow cytometry. LNCaP cells with a scrambled negative control
or with Rb ablated, were treated with hypoxia or left at normoxic conditions for 36-hours. The
percentage of cells in each stage of the cell cycle was determined using FlowJo analysis software
based on the PI staining profile of FSC/SSC-gated population. Assay was performed three times
and each sample was read in triplicate. Error bars represent + S.E.M.
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4.3.2. Rbregulates specific hypoxia-regulated genetic programs.

With the shRNA cell lines validated, we next used Agilent Genome-Wide human
expression arrays and shRNA LNCaP cells either left at normoxia or treated with 1% O2
to delineate the role of Rb in hypoxia-regulated transcriptional programs. We narrowed
our scope to focus only on genes whose expression was further exaggerated by loss of
Rb in a hypoxia-dependent fashion as these are the genes that are most likely regulated
by the HIF1-Rb complex. Thus, we selected genes from the shRb-hypoxia-treated data
set that were up- or down-regulated significantly (p<0.05) at least 2.0 fold when

compared to the other treatments.

For all up-regulated genes (Hyp-Rb vs. all other conditions; > 2-fold increase),
micro-array analysis revealed that there are 383 genes that are significantly up-regulated
by loss of Rb and hypoxia (Supplementary Data File 1, Table 1). In addition, of the 383
up-regulated genes, 69 are hypoxia inducible (Hyp-SCX vs Norm-SCX; > 2-fold
increase), 27 are sensitive to loss of Rb (Norm-Rb vs Norm-SCX; > 2-fold increase) and
10 genes are both hypoxia inducible and sensitive to Rb-loss. Thus, 297 up-regulated
genes are not sensitive to either loss of Rb or hypoxia alone but have exacerbated
transcriptional responses with Rb-loss and hypoxia in combination (Figure 4.3A). We
realize that due to our arbitrary 2-fold increase cut-off, many of these 297 genes are
likely regulated by hypoxia or are sensitive to Rb-loss but these changes are ignored in
this analysis. Nevertheless, the analysis narrowed our focus so that only the most
sensitive targets were highlighted for subsequent investigation, as these targets are
likely the true effectors of cancer cell transformation via the Rb-HIF1 transcriptional
complex. The complete dataset from the arrays can be viewed at

(http://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE78245).

Evidence in the literature suggests that Rb may mediate transcriptional
repression by recruiting chromatin modifiers to manipulate chromatin structure [327,331-
334]. Furthermore, knockdown or loss of epigenetic regulators can affect distinct
chromosomes or modulate specific gene clusters [335-337]. Thus, we were interested to
determine if Rb attenuates hypoxia-regulated transcription in the same fashion. A pie
chart of all the up- and down-regulated genes and their associated chromosome is

presented in Figure 4.3B. A Fisher's exact test demonstrated that the total number of
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genes on each chromosome from our list is not significantly different from the normal
distribution of genes in the genome on each chromosome. However, we used the
BioMart program and Ensemble Genes 70 and Homo sapiens genes (GRCh37.p10)
databases to arrange significantly up- and down-regulated genes on chromosomes
according to their annotated start and stop base pairs. When genes were mapped in this
fashion, for example on chromosomes 1 and 21, a clustering pattern was observed
(Figure 4.3C) for a large number of genes. Graphical representation of all genes and
associated chromosomal start and stop locations are presented in the Supplementary
Data File 2. To test if these distributions are different the distance between genes was
calculated for genes on chromosome 1 and 21. This was done once for the genes of
interest and then for 65 randomly chosen genes from chromosome 1 and 21. For these
genes the median distance was calculated. The random choosing was repeated 100
times to generate a distribution of random medians. For both chromosome 1 and 21, the
difference between the distribution of genes on our list and the randomly chosen genes
was significantly different (p-value = 2.156e-05 and p-value < 2.2e-16, respectively).
This pattern was observed on many other chromosomes (Supplementary Data File 2)
suggesting that many of the Rb-sensitive hypoxia-regulated genes are in close proximity
to one another (over several million basepairs). Taken together, our data suggest that
the Rb regulates well-ordered hypoxia-inducible genetic programs. In addition, loss of
Rb function permits exaggerated expression of gene within specific genomic regions and

this may facilitate prostate cancer progression.
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Figure 4.3. Therole of Rb in HIF1-mediated transcription.

LNCaP cells infected with either a short-hairpin control RNA (shSCX) or a short-hairpin to Rb
(shRb) were maintained under hypoxic (1% Oz2) or normoxic (20% Oz) conditions for 24 h.
Extracted RNA was subjected to microarray analysis. Experiments were performed in triplicate
and only genes that were up- or down-regulated at least 2-fold under hypoxic conditions with a p-
value <0.05 were considered significant. (A) Venn diagram of up-regulated genes, showing the
overlap between hypoxia inducible genes, genes sensitive to loss of Rb and up-regulated genes
sensitive to Rb-loss and hypoxia in combination. Olive shaded area represents genes that are
from the shRb-hypoxia-treated data set that were up-regulated significantly (p<0.05) at least 2.0
fold when compared to the other treatments. Blue shaded area represents genes that are
hypoxia-inducible. Red shaded area represents genes that are up-regulated by Rb-loss. (B) A pie
chart was used to illustrate the percentage of genes on each chromosome that were up- or down-
regulated in Rb knockdown LNCaP cells. (C) Genes regulated by the Rb-HIF1 complex cluster at
certain loci on select chromosomes. Chromosome maps of all the up- and down-regulated genes
according to their annotated start and stop sites, chromosomes 1 and 21 are represented to
scale.
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4.3.3. Loss of Rb dysregulates hypoxia-mediated metastatic and
neuroendocrine transcriptional programs in human prostate
cancer cells.

We identified a cohort of genes whose hypoxia-inducible transcriptional activity is
either bolstered or activated by loss of Rb (383 genes). Conversely, we have also
identified a cohort of down-regulated genes whose transcription is further repressed by
Rb-loss and hypoxia (155 genes, Supplementary Data File 1, Table 2). Surprisingly, of
the top 25 genes identified whose transcription is enhanced after Rb-loss under hypoxic
conditions, 7 are neuronal markers or are associated with neuroendocrine differentiation
(NED), including HTR5A [338], RORA [339], KISS1R [340], ALDOC [341], and ENO2 (a
clinical hallmark of NED) [342]. Furthermore, 7 genes in the top 25 are associated with
metastasis and/or angiogenesis, such as CXCR4, ANGPTL4 [343], PLOD2 [250],
NDRG1[344] and STC1[345]. Finally, 15 of the top 25 up-regulated genes are directly
regulated by either HIF1a or HIF2a or are known to be hypoxia-inducible (Table 4.1)
[326,346-357]. For the 10 remaining up-regulated genes, we performed an in silico
consensus ARNT:HIF1a binding site analysis using reported DNA sequences and the
JASPAR database [358,359]. The analysis determined that all 10 genes contained
multiple consensus sequences for HIF1 binding sites that may bind the ARNT:HIF1a
transcriptional complex (Supplementary Data File 1). This data supports our previous
findings that Rb regulates the HIF1 transcriptional complex [327] and that Rb-loss under
hypoxic stress leads to aberrant expression of HIF1 target genes involved in metastases
and NED.
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Table 4.1. The top 25 up-regulated genes that are induced greater than 2-fold
by a combination of loss of Rb and hypoxia when compared to

negative controls. The (*) denotes genes containing putative HREs
identified in the in silico consensus ARNT:HIF1a binding sequence

analysis (Supplementary Data File 1).

Fold Induction (vs shSCX-N) Hypoxia
Inducible/HIF1-

Gene Name | Probe Name shRb-N | shSCX-HYP | shRb-HYP | regulated
HTR5A A_23_P42565 2.07 27.41 256.40 [353]
PLOD2 A_33_P3318581 | 2.53 24.26 219.02 [326,351,353]
SLC16A3 A_23_P158725 1.73 24.85 200.17 [354]
ATP4A A_23_P430728 2.46 12.53 157.93 *
PLA2G4D A_33_P3361611 | 1.15 10.05 97.72 *
NIM1 A_23_P254863 1.32 5.73 91.57 *
CYP26A1 A_23 P138655 1.15 2.87 68.51 *
CXCR4 A_23_P102000 1.30 2.65 62.56 [352]
KISS1R A_33_P3231357 | 0.61 8.51 61.94 *
ANGPTL4 A_33_P3295358 | 1.92 3.63 53.17 [348,353]
GPR26 A_23_P305581 0.98 9.84 53.00 *
MYBPC2 A_33_P3257182 | 1.18 3.74 50.39 *
FOS A _23_P106194 1.47 1.41 49.01 [353]
PPFIA4 A_23_P420692 1.61 8.32 39.76 [356]
CA9 A 23 P157793 1.18 2.09 28.63 [351,353,357]
NFATC4 A_33_P3250083 | 1.52 4.70 21.97 [351]
PFKFB4 A_24 P362904 1.53 2.94 21.82 [350,351,353]
PCP4L1 A_32_P214665 1.97 2.51 21.02 *
RORA A 23_P26124 1.40 2.57 20.81 [349]
AMPD3 A_24 P304154 0.91 0.89 19.43 *
ALDOC A_23_P78108 1.46 4.85 19.33 [351,353]
ENO2 A_24_P236091 1.80 2.61 19.09 [351]
SCNN1G A_23_P206626 1.10 1.30 19.01 *
STC1 A_23_P314755 1.10 4.42 19.00 [347]
NDRG1 A_23_P20494 1.19 6.80 18.60 [346,355]

Hierarchical clustering was performed using Ingenuity Pathway Assist (IPA) on
the top 50 genes whose expression was most up-regulated with Rb-loss and hypoxia

(Figure 4.4A). Interestingly, the top two diseases associated with the 50 genes are
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cancer (32 molecules) and neurological disease (17 molecules). Moreover, the top two
cellular and molecular functions associated with these genes are cell death and survival
(10 molecules) and cellular movement (17 molecules). Importantly, gene ontology
analysis revealed that the top two associated transcription factors were HIF1la (p-value
of overlap = 2.49E-15) and EPAS/HIF20 (p-value of overlap = 2.30E-14), thus
strengthening our hypothesis that this phenomenon is mediated via a HIF-regulated
mechanism and not an idiosyncratic effect of the short hairpin RNA. The summary of the
IPA analysis can be found in Supplementary Data File 3. Taken together, this analysis
indicates that the top 50 up-regulated genes support prostate cancer initiation or

progression through up-regulation of pro-metastatic and neuroendocrine programs.

Although the IPA analysis of the top 50 up-regulated genes provided valuable
insight on hypoxia-inducible oncogenic targets, the true consequences of Rb-loss on
hypoxia-regulated transcriptional programs were highlighted when the top 50 down-
regulated targets were also included in the analysis. IPA analysis determined that the
top physiological system development and function associated with these 100 genes are
1) nervous system development and function (21 molecules), 2) tissue morphology (24
molecules), 3) organismal development (32 molecules), 4) digestive system
development (12 molecules) and 5) organ morphology (23 molecules). The top
molecular functions are cell morphology (27 molecules) and cellular movement (24
molecules). For all physiological systems and molecular pathways involved, the —logP
values are all greater than 4 and this suggests a highly significant relationship between
the identified genes and associated pathways (Figure 4.4B). Finally, the top two
associated network functions are (1) Cellular Movement, Hematological System
Development and Function, Immune Cell Trafficking (Supplementary Data File 1, Figure
1) and (2) Neurological Disease, Psychology Disorders, Cardiovascular Disease (Figure
4.4C). The complete IPA analysis summary can be found in the Supplementary Data
File 3 and all identified networks can be found in the Supplementary Data File 1 (Figures
1-6). Analysis of the neurological disease network identified several key up-regulated
targets such as HTR5A, KISS1R and GPR146. Moreover, the network analysis
identified nodes in signaling cascades like PI3K, MAPK and NFkB as the ultimate
downstream targets for disease progression. There were no significantly down-

regulated genes identified in the neurological disease network however, the power of the
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analysis relies only on the known associations in the literature. We have confirmed the
array data for the putative neuroendocrine markers ENO2, KISS1R, HTR5A and PLOD2
through gRT-PCR (Figure 4.5A). Likewise, the array confirmed PLOD2 and CXCR4 as
bona fide targets of the Rb-HIF1 complex that we reported previously [327]. Importantly,
knockdown of DP1 protein with siRNA did not significantly alter the hypoxia inducible
accumulation of ENO2, KISS1R, HTR5A or PLOD2 in our shRb knockdown cells
(Supplementary Data File 1, Figure 7). This strongly suggests that these genes are not
E2F regulated.

LNCaP cells are classically defined as AR positive, hormone-responsive and
metastatic prostate cancer cells [360]. Furthermore, LNCaP cells can transition to a
neuroendocrine state through androgen deprived culturing methods [227]. Thus, we
were interested in determining if the observed transcriptional responses could be
recapitulated in another prostate cancer cell line that is already androgen-insensitive.
We therefore retrovirally introduced the shSCX and shRb constructs into 22Rv1 prostate
cancer cells and subjected transformed cells to normoxic or hypoxic conditions. The
shSCX 22Rvl cells expressed Rb protein while the shRb cells had significant Rb
knockdown. Notably, ENO2, KISS1R and PLOD?2 transcriptional levels in the shRNA
22Rv1 cells mirrored the LNCaP shRNA transcription profiles and were exacerbated
under hypoxic conditions with loss of Rb (Figure 4.5B). Interestingly, HTR5A did not
respond in the same fashion but this may be due to a cell-type specific response.
Nevertheless, this data suggests that Rb modulates hypoxia-regulated gene programs in

prostate cancer independent of clinical stage or cell-type.
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Figure 4.4. Rb-loss leads to transcriptional dysregulation of HIF1-target genes
involved in metastasis, angiogenesis and neuroendocrine
differentiation.

(A) Heat map of the 50 genes displaying the largest increase in fold gene expression in response
to hypoxia after knock-down of Rb. (B) The top systems and diseases identified by Ingenuity
Pathway Assist (IPA) analysis. The top 12 systems and diseases associated with the 50 most up-
regulated and 50 most down-regulated hypoxia sensitive genes after knock-down of Rb. The —
log of the p-value is represented on the ordinate. (C) Nervous system development and function
network identified by IPA analysis. Nodes identified are indicated with red circles. Up-regulated
genes identified in our micro-array screen are filled with varying shades of pink and red with the
most highly expressing genes shaded red and the lower expressing genes shaded pink.
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Figure 4.5. Confirmation of Rb-sensitive and HIF1-regulated neuroendocrine
targets identified through microarray analysis.
(A) LNCaP or (B) 22Rv1 cells infected with either a short-hairpin control RNA (shSCX) or a short-
hairpin to Rb (shRb) were maintained under hypoxic (1% O2) or normoxic (20% Oz) conditions
for 24 h. Extracted RNA was subjected to gRT-PCR. Transcriptional responses of ENO2,
KISS1R, HTR5A and PLOD? are displayed and expression was normalized to the constitutively
active 36B4 gene expression. Open bars represent normoxia (20% O3) and closed black bars
represent hypoxia (1% O3). Error bars represent + S.D. * p < 0.05.

4.3.4. Rb-loss results in a hypoxia-dependent increase in
expression of proteins involved in metastasis and
neuroendocrine differentiation in human prostate cancer
cells.

To further validate the array, we used the shRNA expressing LNCaP and 22Rv1
cells and immunoblotting to measure the level of protein expression for identified genes.
The shRNA cell lines were exposed to normal O levels or 1% O, for various times up to
7 days. Protein levels for the most highly expressing genes (HTR5A, KISS1R, PLOD?2,
ENO2, NDRG1 and RORa) imitated the transcriptional responses observed in the array
(Figure 4.6A and B). In addition, shRb cells exposed to chronic hypoxia (2-7 days)

exhibited a more exacerbated protein expression for the targets of interest than cells that
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were treated with acute hypoxia (24 hrs). This observation supports our hypothesis that
the key effectors of cellular transformation and metastasis require both transcriptional
and translational processes for exacerbated accumulation with Rb-loss and hypoxia.
Additionally, these data support a role for the Rb-HIF1 complex in the maintenance of
normal cell physiology and the loss of Rb leads to activation of hypoxia-regulated
networks involved in cellular movement and transformation that drive prostate cancer

cells to acquire metastatic and neuroendocrine phenotypes.
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Figure 4.6. Loss of Rb results in increased expression of proteins involved in

metastasis and neuroendocrine differentiation in prostate cancer
cells in a hypoxia-dependent fashion.
(A) LNCaP and (B) 22Rv1 shRNA cells were exposed to normal Oz levels or 1% O for various
times up to 7 days as indicated. Whole cell lysates were fractionated by SDS-PAGE and
examined by immunoblotting using affinity purified antibodies to a—tubulin, Rb, ENO2, KISS1R,
RORa, PLOD2, NDRG1 and HTR5A.

4.3.5. KISS1R is linked to intracellular calcium mobilization in

22Rv1 cells.

The significant increases in both mRNA and protein expression after Rb-loss and
hypoxia for several of our identified array genes suggests that functional consequences

specific to these genes may be present. Kisspeptin/KISS1R interactions and activation
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of the Gqa—p63Rh0GEF signaling cascade has been identified as a driver of metastasis
in breast cancer cells [361]. Additionally, activation of Gqa is canonically coupled to an
increase in cellular calcium mobilization. Thus, to establish if KISS1R expression can
influence sensitivity to kisspeptin in prostate cancer, we performed fluorescence based
calcium mobilization assays in control (shSCX) and shRb LNCaP and 22Rv1 cells after
normoxia or hypoxia treatments. Despite strong immunocytochemical staining of
KISS1R in the cytoplasm and cell membrane in hypoxia treated shRb LNCaP cells
(Supplementary Data File 1, Figure 8), 1 uM Kisspeptin-10 failed to produce a detectable
calcium mobilization response in LNCaP cells (Figure 4.7A). However, in shRb 22Rv1
cells subjected to 96 hours of hypoxia, application of 1 uM Kisspeptin-10 peptide led to a
significant increase in intracellular calcium levels compared to shSCX hypoxia cells and
to shRb and shSCX normoxia cells (Figure 4.7B). Many possible explanations exist for
why kisspeptin-10 failed to trigger intracellular calcium release in hypoxic shRb-LNCaP
cells. Most GPCRs require proper folding and targeting to the membrane in order to
function [362]. Indeed, many GPCRs exist in the membrane and are non-functional due
to improper folding [363]. Another possible explanation is that LNCaP cells do not
express the Gq subunit required for KISS1R coupling or that KISS1R is coupled to
another signal transducer. Taken together, these data suggest that PCa cells that lose
Rb in a hypoxic environment undergo dramatic molecular, biochemical, physiological
and phenotypic changes. These adaptations enable them to better tolerate an oxygen-
deprived environment and aid in the transformation to a more aggressive cancer

phenotype.

101



LNCaP
0.30
®shRb-H ®shSCX-H

0.25 ©shRb-N  ®shSCX-N
n
3 0.20 M ‘m 3“ . .“..”“.o."n-uuon
o o 00,
9 - sz AN AAARY R T P Pt ve o 1L
<t

0.15 T

0.10

0:00.0 0:43.2 1:264 2:09.6 2:52.8 3:36.0 4:19.2 5:02.4
Time (mm:ss)

22Rv1
0.301
® shRb - H © shSCX-H bqoéé,o .
0.25 OShRD-N  ©shSCX-N & T99%0945509%%0655 041

0.10 - - - - - - )
0:00.0 0:43.2 1:26.4 2:09.6 2:52.8 3:36.0 4:19.2 5:02.4

Time (mm:ss)

Figure 4.7.  Kisspeptin-10 activates calcium signaling in 22Rv1 cells.

Application of 1 uM Kisspeptin-10 peptide in (A) LNCaP or (B) 22rV1 cells lacking Rb (shRb) and
subjected to 96 hours of hypoxia led to a significant increase in intracellular calcium levels
compared to control scrambled (shSCX) hypoxia cells and to normoxia cells (both shRb and
shSCX) in 22Rv1 cells only. After hypoxia or normoxia treatment, cells were loaded with 2 uM
indo-1AM dye (30 min at 37°C) and then imaged on an inverted fluorescent microscope.
Application of 1 uM Kisspeptin-10 (indicated by red arrows) led to a significant increase
intracellular calcium levels in 22Rv1 cells as indexed by ratiometric fluorescence measurements
taken at 405 and 485 nm. Black arrow represents application of 2 uM ionomycin. One-way
ANOVA followed by post-hoc Tukey test. * p<0.05, ** p< 0.01 vs 1:20 time point, n = 5.
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4.4. Discussion

In healthy tissue, HIF proteins are tightly regulated and hypoxia via the HIF1
complex activates genetic programs regulating key physiological functions in a
coordinated fashion [126]. However, chronic hypoxia in solid tumor microenvironments
leads to activation of HIF1 transcriptional programs, microvascular hyperplasia and
metastasis and this promotes tumor progression [364]. In addition, loss of Rb function or
genetic ablation of RB1 has been implicated in advanced stages of brain cancers
[305,306], lung cancer [294] and in 25-50% of late stage prostate cancer cases
[237,238]. As a result, we were interested in further investigating the physiological
connection between Rb function and hypoxia-inducible gene expression, especially
hypoxia-regulated transcriptional programs involved in cancer cell transformation.
Previously, we demonstrated that Rb attenuates the HIF1l-mediated physiological
response to hypoxia and that it is an integral and indispensable part of the HIF1
transcriptional complex by virtue of a direct interaction with TRIP230 [150,327]. The
TRIP230 protein is a member of the coiled-coil coactivator family of proteins and was
first isolated as a thyroid hormone-dependent coactivator of TR-mediated signaling
[149]. In addition, Rb associates with TRIP230 through distinct interaction motifs and this
association dampens TRIP230 coactivator potential [149,327]. Subsequent studies have
established a function for Rb independent from its role in E2F-mediated regulation of cell
cycle by determining that only the hyper-phosphorylated form of Rb interacts with
TRIP230 [153,327]. Further characterization of TRIP230 revealed that it is also a part of
the pl60 coactivator complex [293] a bona fide transcriptional coactivator complex
associated with ARNT during activated transcription [49]. Finally, TRIP230 interacts with
ARNT as a coactivator in hypoxia signaling and HIF1-mediated transcriptional activity is
abolished in cells depleted of TRIP230 [150,155]. Thus, TRIP230 is a multifaceted

coactivator protein that is required for the physiological response to hypoxia.

In this study, we examined the consequences of Rb-loss and hypoxia in LNCaP
and 22Rv1 prostate cancer cells. Permanent Rb knockdown led to a concomitant
dysregulation of hypoxia-inducible transcriptional activity and increased invasiveness in
a hypoxia-dependent fashion (Figures 4.2 and 4.5). In addition, we used DNA microarray

technology to identify novel gene targets regulated by the Rb-HIF1 complex and to
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determine how Rb-loss and hypoxia affect the genetic landscape in prostate cancer
evolution. The micro-array analysis identified 383 up-regulated genes and 155 down-
regulated genes sensitive to Rb-loss and hypoxia (Figure 4.3A). Interestingly, these
genes highlight a function for Rb in the attenuation of hypoxia-regulated transcriptional
programs that govern both metastasis and neuroendocrine differentiation (NED). Thus,
loss of Rb expression or function in combination with hypoxia leads to up-regulation of
bona fide and newly discovered neuroendocrine and metastatic markers at the protein
level and highlights a hitherto unrecognized mode of cellular transformation in prostate
cancer models. Clinically, loss of Rb implies either ablation of gene/protein or loss-of
function. Loss-of-function of pRb while retaining protein immuno-reactivity is well
documented in prostate cancer and other solid tumor types [192,365,366]. We mimicked
loss of Rb using retroviral expression of short-hairpin RNAs to knock-down Rb in the
LNCaP and 22Rvl cells lines. Thus, attempts to correlate pRb levels with
neuroendocrine markers of any other gene candidates culled from our experiments likely

would be uninformative.

We recognize that a limitation to our analysis is that some bona fide hypoxia-
sensitive and Rb-sensitive targets are shifted to the hypoxia-insensitive or Rb-insensitive
classes due to the arbitrary 2-fold induction requirement. However, this analysis
narrowed the focus to targets that are most sensitive to Rb-loss and hypoxia and
elucidated four intriguing possibilities in our paradigm. Firstly, that many genes are
directly hypoxia-inducible and contain hypoxia response elements (HRES) in their
regulatory regions and that loss of Rb unmasks the full coactivation potential of TRIP230
during HIF1-mediated transcription. This permits exacerbated expression of pro-
metastatic and neuroendocrine markers in solid tumor microenvironments that are not
normally expressed or are expressed at low levels in oxygenated tissues or in cells
expressing functional Rb. Secondly, there is the possibility that the TRIP230-Rb
interaction exists with other transcription factors on the affected genes and these parallel
pathways are also affected by Rb-loss. This likelihood should be the focus of future
investigations. Thirdly, some of these genes may also be downstream effectors of
primary HIF1/Rb target genes. However, we exposed cells to hypoxia for only 24 hours
in an attempt to minimize noise from expression of downstream targets. Finally, Rb in

the context of the HIF1a-ARNT-TRIP230 complex, may be involved in long-range
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genomic interactions and genes in close proximity to HIF1a-ARNT-TRIP230-regulated
genes are significantly impacted by loss of Rb. Interestingly, the latter point is further
supported by statistical analysis and chromosome maps for up- and down-regulated
genes displaying base pair start and stop sites (Figure 4.3C). The analysis revealed that
many of the Rb-sensitive hypoxia-regulated target genes are relatively close to each
other on many chromosomes. This suggests that Rb may be important for maintaining
proper chromatin structure. The ability for Rb to recruit chromatin modifying proteins to
DNA-regulatory elements has been well established with confirmed interactions between
SUV39H1 [332], HDACs [327,333], DNMT1 [334] and SIN3a/b [327]. Moreover, 3-
dimensional chromatin interactions such as chromatin looping, constitute a primary
mechanism for regulating transcription in mammalian genomes and has been
demonstrated for ERa-regulated transcriptional programs [336] and CTCF-mediated
chromatin organization and transcriptional regulation [337]. It was previously determined
that ~15% of HREs in the genome are in long-range relationship to genes (>50 kb) and
this suggests that a significant number of HIF1-regulated genes could be affected by
long-range transcriptional activities [367]. Undoubtedly, more research is required to
determine the exact mechanisms Rb employs to attenuate HIF1 transcription, however
we speculate that the HIF1-TRIP230-Rb complex regulates some genetic programs
through long-range chromatin interactions, such as chromatin looping, and Rb-loss leads

to deregulation of these chromatin interactions.

One of the startling revelations of this research was the observation that certain
clinical and prognostic markers of advanced stages of prostate cancer were manifested
in hypoxic LNCaP and 22Rv1 cells after loss of Rb. The evolution of prostate cancer
from initial diagnosis and treatment ultimately determines clinical outcome.
Neuroendocrine prostate cancer (NEPC) is an androgen receptor-negative prostate
cancer subtype that can occur sporadically but most commonly evolves from primary
prostate adenocarcinoma [220]. In addition, NEPC has a poor clinical outcome and may
represent ~25% of late stage prostate cancer [219,220]. Recent molecular
characterization of NEPC showed up-regulation of AURKA and MYCN expression and
co-operative function to induce neuroendocrine differentiation in prostate cancer cells
[368]. However, molecular determinants of NED remain understudied and poorly

characterized. We have demonstrated that Rb-loss in conjunction with hypoxia leads to
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acquisition of a more invasive phenotype in LNCaP cells (Figure 4.2A) and expression of
neuroendocrine markers in prostate cancer cells (Figure 4.6A and B). Microarray
analysis using IPA identified a network of genes that may contribute to NED, namely
HTR5A, KISS1R and ENO2. ENO2 (neuron-specific enolase, NSE) is a marker that is
characteristically expressed in neuroendocrine prostate cancers and is used in clinical
settings to determine prostate cancer progression [342]. Thus, the exacerbated
expression of ENO2 in shRb cells exposed to hypoxia provides further support that Rb-
loss in late stage prostate cancers permits transformation to a neuroendocrine state
(Figure 6A and B).

A hallmark of NEPC is sensitivity to serotonin and other neuro-signaling
molecules that support cell growth and proliferation [369]. The striking up-regulation of
HTR5A mRNA and protein levels only in prostate cancer cells exposed to hypoxia and
lacking Rb expression (Figure 4.4 and 4.5) leads to the possibility that NE cells may
develop sensitivity to serotonin in this fashion. This is the first time HTR5A has been
implicated in prostate cancer progression and development of HTR5A antagonists may
prove to be a viable treatment option for men who develop neuroendocrine prostate
cancer. Moreover, we identified exacerbated expression of KISS1R protein in both
LNCaP-shRb and 22Rv1-shRb cells when exposed to hypoxia (Figure 4.5). The KISS1
molecule was originally identified as a metastasis inhibitor and potent activator of
KISS1R (GPR54) [370]. However, the KISS1/KISS1R signaling cascade is also critical
for controlling the gonadotropic axis by stimulating GnRH release from neurons in the
hypothalamus [371]. Chronic exposure to KISS1 analogs desensitizes KISS1IR and
attenuates GnRH release leading to decreased plasma testosterone levels [372,373].
Hence, the therapeutic potential of KISS1R agonists in treating men with prostate cancer
has recently been investigated. Phase 1 trials for TAK-448 revealed that it is an inhibitor
of the hypothalamic-pituitary-gonadal axis and that sustained exposure potently
decreased testosterone levels and prostate-specific antigen through KISS1R
desensitization [374]. However, therapeutic programs using KISS1 agonists to modulate
KISS1R-expressing neurons likely activate KISS1/KISS1R signaling in individual cancer
cells. KISS1R expression has been identified as a driver of metastasis in breast cancer
cells [361]. Activation of Gqoa—p63RhoGEF signaling cascade through autocrine
KISS1/KISS1R signaling [361] and transactivation of EGFR through direct association
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with KISS1R [375] are thought to be the key pathways involved in KISS1R-mediated
metastasis. Interestingly, our microarray analysis determined that shRb LNCaP cells
exposed to hypoxia led to a 7.56-fold increase in EGFR expression (Supplementary
Data File 1, Table 1). Additionally, our data suggests that KISS1R may be linked to Gq
to initiate intracellular calcium mobilization in at least some compromised prostate
cancer cells (Figure 7B). This may have implications for the therapeutic use of kisspeptin
agonists and antagonists in the treatment of metastatic castration resistance prostate
cancer (MCRPC), however the clinical significance and relationship between EGFR up-
regulation and pro-metastatic KISS1R-signaling remains to be determined. Our
observed increases in KISS1R expression in both LNCaP and 22Rv1 cells after Rb-loss
and hypoxia were surprising as a previous report suggested that KISS1 inhibits
metastasis and that both KISS1 and KISS1R protein levels appear to decrease with
prostate cancer progression [376]. However, Wang and colleagues suggest that the anti-
metastatic activity of KISS1 is likely elicited through pathways independent of KISS1R
[376]. Furthermore, our data suggests that KISS1R expression only occurs in hypoxic
tumor environments after Rb-loss and these parameters were not determined for the

tissue specimens in the previous report.

The identification of PI3K, MAPK and NFkB through IPA analysis as central
nodes of the Rb-dependent hypoxia signal in the neurological disease network leads to
the intriguing possibilities of new drug targets for late stage prostate cancer (Figure
4.4C). The NFkB system mediates the inflammatory response and is associated with the
invasive cancer cell phenotype [377]. Nuclear localization and activation of NFkB targets
is also associated with metastasis and prostate cancer progression [378,379].
Seventeen of the highest expressing genes in this network were identified in our screen
as being hypoxia-inducible and sensitive to loss of Rb. Nine of these seventeen genes
transduce signals to modulate NFkB activity. This suggests a role for Rb-loss and
hypoxia in NFkB signaling and that activation of the NFkB pathway in prostate cancer
may signal a progression to metastatic, castrate-resistant or neuroendocrine disease.
Likewise, the PI3K pathway is crucial for LNCaP survival in androgen deprived
environments and PI3K inhibition stabilizes p27kipl expression [380]. Lastly, eight of the
17 genes in this network that were identified in our screen directly activate the ERK1/2

pathway, which was identified as a major node of this network and is a mediator of
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neoplastic cell invasion and transformation [381]. The over expression of several Rb-
sensitive hypoxia-inducible factors promote invasion including CXCR4 [382], ANGPTL4
[343], PLOD2 [250], NDRG1[344] and STC1[345]. The identified nodes pose an avenue
of further research to determine if prostate cancer cell transformation can be blocked
through inhibitors of the MAPK signaling cascade or if targeting the individual up-
regulated factors with chemotherapeutic agents can effectively combat neuroendocrine

cancers.

Castration Resistant Prostate Cancer (CRPC) is a common progression after
surgical resection or hormone deprivation therapy for initial prostate tumors. The CRPC
stage is characteristically hormone refractory (androgen-insensitive) due to constitutively
active AR activity or selection of cells that bypass requirements for AR-mediated growth
and proliferation [231]. Furthermore, transition to metastatic CRPC is associated with a
poor prognosis and treatment options become limited and rarely curative [231]. We
determined that permanently ablated Rb expression in the 22Rvl cell line leads to
hypoxia-mediated increases in pro-metastatic genes (Figure 6B). This suggests that loss
of Rb in CRPC contributes to the progression and lethality of the disease and that
cellular transformation through the Rb-TRIP230-HIF1 complex is not just a function of
hormone-sensitive or early stage prostate cancers. A previous study determined that Rb-
loss in LNCaP cells is sufficient for progression to CRPC and that this was due to E2F-
mediated up-regulation of androgen receptor (AR) signaling [202]. However, the oxygen
status of these tumor xenografts is unknown. Nevertheless our array data revealed that
AR transcriptional levels were not affected by hypoxia or Rb-loss nor were protein levels
after 24 and 48 hours (Figure 4.6A). In addition, observations by several other groups
support our working paradigm in prostate cancer. Firstly, HIF1 expression may be
required for CRPC progression [383]. Second, previous in vivo experiments support a
tumor suppressor role for E2F-binding deficient Rb in prostate cancer [204]. Sun and
colleagues determined that the E2F/Rb interaction is critical for preventing tumor
initiation but that Rb can use context-dependent mechanisms to restrain tumor
progression outside of E2F mechanisms as Rb654 retains the ability to significantly
delay progression to invasive and lethal prostate cancer [204]. This strongly supports our
findings that progression to lethal and metastatic prostate cancer occurs independently

of E2F-mechanisms [327]. Finally, the tumor suppressor activities of Rb in neoplastic
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tissues may indeed be attributed primarily to the attenuation of TRIP230 coactivator
potential on HIF1-mediated transcriptional responses. Thus, we cannot discount the
evidence that supports a role for Rb as a regulator of HIF1l-mediated signaling via

TRIP230 in prostate cancer progression.

In summary, during the course of activated transcription Rb attenuates the
coactivation function of TRIP230 resulting in the appropriate magnitude of mRNA
production mediated by the HIF1 complex. Loss of Rb results in the unmasking of the full
coactivation potential of TRIP230 leading to exaggerated HIF1 transcriptional output and
concomitant up-regulation in target protein expression. The result of this failure is the
over-expression of specific hypoxia-regulated transcriptional programs mediating cell

transformation and metastasis.

4.5. Materials and Methods

45.1. Cell Culture

LNCaP (ATCC) and 22Rv1l cells were maintained in RPMI-1640 Media
(BioWhittaker, Lonza) with 10% fetal bovine serum (FBS; HyClone, Perbio, Thermo
Fisher Scientific Inc.) supplemented with 100 units/mL potassium penicillin-100 pg/mL
streptomycin sulphate (BioWhittaker, Lonza), and 4.5 g/L glucose and 4.5 g/L L-
glutamine at 370C, 20% 02, and 5% CO2. HEK293T cells (ATCC) were maintained in
similar conditions as describe above but in Dulbecco’s Modified Eagle’s Medium
(DMEM; BioWhittaker, Lonza) with 10% fetal bovine serum (FBS; HyClone, Perbio,

Thermo Fisher Scientific Inc.).

4.5.2. Quantitative Real-Time PCR

Real-time PCR (RT-PCR) experiments were performed as described previously.
Breifly, LNCaP cells were incubated under hypoxic conditions (1% O2) for 24 h in a
humidified CO2 incubator. The mRNA levels of VEGF, CXCR4, RB1, PLOD2, ENO2,
HTR5A, KISS1R, NDRGland 36B4 were determined using quantitative real-time PCR.
The primer pairs for VEGF, CXCR4, RB1, PLOD2 and 36B4 were described previously
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[284,327]. The other primer pairs used were; ENO2: 5-
AGCCATCGACACGGCTGGCTAC -3’ and 5- TGGACCAGGCAGCCCAATCATC -3,
KISS1R: 5'- CGTTCGGTGCAGTTTCGTTGTGAA -3 and 5’-
CTGGAATGATCCAGAAAGTCCTGTG -3’; NDRGH1: 5’-
CGCCAGGACATTGTGAATGAC -3’ and 5- TTTGAGTTGCACTCCACCACG -3’; and;
HTR5A: 5’- GGCGGACCGTGAACACCAT-3’ and 5-ACTCTCCGCTGTCATCTCTCTGG
-3’; Total RNA was isolated using TRI reagent (Sigma, Cat. No. T9424-200ML)
according to the manufacturer’'s protocol. Reverse transcription was performed using
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Part N0.4368814)
according to the manufacturer’s protocol. A total of 2 — 4 pg of RNA was used in a 20 pL
reaction amplified by cycling between 250C for 5 min, 370C for 120 min, and 850C for 5
min (Veriti 96 Well Thermal Cycler, Applied Biosystems). From each experiment, a
sample that was both infected with viral Rb-specific ShRNA and pre-conditioned with
hypoxia was used to generate a relative standard curve in which the sample was diluted
1:10 in five serial dilutions resulting in dilutions of 1:10, 1:100, 1:1,000, 1:10,000, and
1:100,000 whereas the samples were diluted 1:30; the analysis was done using

StepOnePlus System (Applied Biosystems).

45.3. Immunoblotting

Protein analysis was performed by immunoblotting as described previously [86].
Briefly, LNCaP or 22Rv1 cells were incubated under hypoxic conditions (1% O3) for 24 h
or up to 7 days as indicated. Cells were harvested and the protein concentration
estimated by the Bradford assay. Equal amounts of proteins from the samples were
resolved on a SDS-acrylamide gel then transferred to polyvinylidene fluoride (PVDF)
membrane. Membranes were probed with primary antibodies and the detection was
done using horseradish peroxidase conjugated anti-mouse or anti-rabbit 1gG (GE
Healthcare,) and ECL Prime detection kit (GE Healthcare).

45.4. Antibodies

Anti-Rb (rabbit polyclonal, Santa Cruz Biotechnology Inc., SC-7905), anti-PLOD2
(mouse polyclonal, Abnova, HO0005352-B01P), anti-KISS1R (rabbit polyclonal, Sigma,
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SAB2700212), anti-HTR5A (rabbit polyclonal, Sigma, SAB2101110), anti-NDRGL1 (rabbit
polyclonal, Santa Cruz Biotechnology Inc., SC-30040), anti-AR (rabbit polyclonal (PG-
21), EMD Millipore, 06-680), anti-RORa (goat polyclonal, Santa Cruz Biotechnology Inc.,
SC-6062), anti-ENO2 (rabbit polyclonal, Cell Signaling, 9536), anti-a-tubulin (mouse
monoclonal, Santa Cruz Biotechnology Inc., SC-8035), goat anti-rabbit IgG-HRP (Santa
Cruz Biotechnology Inc., SC-2004), goat anti-mouse IgG-HRP (Santa Cruz
Biotechnology Inc., SC-2005), donkey anti-goat IgG-HRP (Santa Cruz Biotechnology
Inc., SC-2020).

45.5. Short-hairpin RNA interference in prostate cancer cells

LNCaP or 22Rv1 cells were stably infected with short-hairpin RNAs (shRNA)
according to the method described by Wang et al [384]. The pQCXIPgfp vector was
obtained from Dr. Oliver Hankinson (UC, Los Angeles). Oligonucleotides encoding
short-hairpin RNAs directed to RB1 were annealed and cloned into the pQCXIPgfp
vector 3-prime of the mouse U6 promoter. The RB1 forward and reverse primers were;
RB1-CDS/13-14-F -
TTTGGGATCTCAGCGATAGAAACTTCAAGAGAGTTTGTATCGCTGTGATCCTTTTT,
and; RB1-CDS/13-14-R -
AATTAAAAAGGATCACAGCGATACAAACTCTCTTGAAGTTTCTATCGCTGAGATCC

Human embryonic kidney 293T cells were transfected with the shRNA vectors
and the pCL10Al packaging vector using Lipofectamine 2000 (Invitrogen) and
maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin.
Twenty-four h after transfection, media was replaced and viral supernatants were
collected 24 h later. LNCaP and 22RVlcells were seeded into 6-well plates (2x105
cells/well) and spin infections were performed using 2 mL of viral supernatant and
centrifugation at 2500 rpm for 90 min at 30° C. Twenty-four hours post-infections media
was supplemented with 3 pg/mL puromycin. Infection was monitored by

immunoflourescence of GFP and knockdown was determined by immunoblotting.
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45.6. Matrigel invasion and cell proliferation assays

shRNA LNCaP cells were washed, trypsinized, and re-suspended in culture
medium, and subjected to invasion assay using BD BioCoat Matrigel Invasion Chamber
(BD Sciences, Cat. No. 354480) according to the manufacturer’s protocol. Briefly, the
suspended chambers were rehydrated in warm bicarbonate-based medium for 2 h.
shRNA LNCaP cells were seeded into invasion chambers in DMEM without FBS at a
density of 10,000 cells/chamber. Chambers were placed in 24-well plates with chemo-
attractant (complete medium containing 10% FBS) in the well. The plates were
incubated in normoxic (20% O2) or hypoxic conditions (1% O2) at 370C for 36 h. Before
mounting the invasion membrane to microscope slides, the non-invading cells were
removed by cotton swab and invading cells in the membrane were fixed with 100%
methanol and stained with 1% toluidine blue. All the cells in the invasion membrane

were counted using light microscopy at 10 — 40 x magnification.

shRNA LNCaP cells either expressing Rb (shSCX) or lacking Rb (shRb) were
washed 2 times with PBS, trypsinized and seeded into 6-well plates at 10,000 cells/well.
Twenty-four h after plating, cells were either maintained at normal oxygen tensions or
treated with 1% O2. Cells were counted at; 0 (control), 12, 24, 36, 48 and 72 h following
02 treatments. Determinations were performed in triplicate and each sample was

counted three times.

45.7. Flow Cytometry

Cell cycle status was determined by propidium iodide (PIl) staining and flow
cytometry. shRNA LNCaP cells were either treated with hypoxia or left at normoxic
conditions for 36-hours and then harvested using trypsin. Biological triplicates of 5x105
cells were fixed in 70% ethanol on ice for 15 minutes and then cells were centrifuged for
3 minutes at 1500 rpm to remove the ethanol and incubated in 0.5 mL of propidium
iodide staining solution (50 pg/mL PI, 0.05% Triton X-100, 0.1 mg/mL RNase A, in PBS)
for 40 min at 37°C. Following staining, cells were washed with PBS then run on a BD
FACSCanto Il flow cytometer (488 nm excitation, 617 emission, 375 volts, Pl) where

20,000 events were collected. The percentage of cells in each stage of the cell cycle
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was determined using FlowJo analysis software based on the PI staining profile of
FSC/SSC-gated population.

45.8. Gene expression-array analysis

Gene expression microarray analysis was performed at the Laboratory for
Advanced Genome Analysis (Vancouver Prostate Centre, Vancouver, Canada).
Messenger RNA from LNCaP cells stably expressing either short-hairpin scrambled
RNA (shSCX) or shRb was isolated using TRI reagent (Sigma) according to the
manufacturer’s protocol. Total RNA was quantified using a NanoDrop ND-1000 UV-VIS
spectrophotometer to measure A260/280 and A260/230 ratios. We performed quality
control checks of total RNA using an Agilent 2100 Bioanalyzer. One hundred ng of total
RNA was converted to cRNA using T7 RNA polymerase in the presence of cyanine 3
(Cy3)-labeled CTP using an Agilent One-Color Microarray-Based Gene Expression
Analysis Low Input Quick Amp Labeling v6.0 kit. Experiments were performed in
triplicate and cRNAs were hybridized to Agilent GE Human Whole Genome 4x44Kv2
microarrays (Design ID 026652).

Arrays were scanned with an Agilent DNA Microarray Scanner at a 3 pum
resolution and data was processed using Agilent Feature Extraction 10.10 software.
Green processed signal was guantile normalized with Agilent GeneSpring 11.5.1. To find
significantly regulated genes, fold changes between the RB1 shRNA and the scrambled
shRNA control groups and p-values gained from t-test between the same groups were
calculated with a Benjamini-Hochberg multiple testing correction. The t-tests were
performed on log transformed normalized data and the variances were not assumed to
be equal between sample groups. The data discussed in this publication have been
deposited in NCBI's Gene Expression Omnibus [385] and are accessible through GEO
Series accession number GSE78245

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE78245)

Up- and down-regulated genes with P values < 0.05 and fold difference 22.0
compared to the control or to the hypoxia scrambled control group were selected for

further analysis. Heat maps were created using the Hierarchical clustering program from
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the GenePattern website (http://genepattern.broadinstitute.org). To map the genes to
chromosomal locations, we used the BioMart program located at
http://luswest.ensembl.org. The Ensemble Genes 70 and Homo sapiens genes
(GRCh37.p10) were chosen as databases for analysis. Selected genes from the
microarray analysis were mapped on chromosomes by filtering using the Agilent Human

Gene Expression 4x44K v2 Microarrays (Design ID 026652) probe's IDs.

45.9. Calcium mobilization assay

shRNA LNCaP and shRNA 22Rv1 cells were either left at normoxia or treated
with 1% O, for 96 hours. After hypoxia or normoxia treatment, cells were loaded with 2
MM indo-1AM dye (30 min at 37°C) and then imaged on an inverted fluorescent
microscope. Cells were then treated with Kisspeptin-10 peptide and intracellular calcium
levels were indexed by ratiometric fluorescence measurements taken at 405 and 485

nm.

4.5.10. In silico data and statistical analysis

DNA sequences for ATP4A, PLA2G4D, NIM1K, CYP26A1, KISS1R, GPR26,
MYBPC2, PCP4L1, AMPD3 and SCNN1G were located and defined using the UCSC
Genome Browser on Human Dec. 2013 (GRCh38/hg38) Assembly. Annotated DNA
sequences as well as 2 Kb upstream of indicated start sites and 2 Kb downstream of
indicated stop sites were analyzed for HIF1a:ARNT binding sites using the JASPAR
database (http://jaspar.genereg.net) [358,359]. A 95% relative profile score threshold
was used to screen for consensus sequence HIF1 binding sites. If DNA sequences were

longer than 20,000 bp then sequential DNA segments were analyzed.

Statistical analyses were performed using GraphPad Prism 4.0. Values for
transcriptional responses are presented as means + standard deviation (S.D.). A P
value < 0.05 was considered to be significant. Values for growth curves are presented
as means = standard error of the mean (S.E.M.). A P value < 0.05 was considered to be
significant. For our gene clustering analysis, we used a Wilcoxon rank test in addition to

a Student’s t-test to determine if the distance between target genes was different from
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the distance between all genes on chromosomes 1 and 21. This was done once for the
genes of interest and then for 65 randomly chosen genes from chromosome 1 and 21.
For these genes the median distance was calculated. The random choosing was

repeated 100 times to generate a distribution of random medians.
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4.9. Supplementary Data

Table 4.2. Supplementary Table 1: All up-regulated genes that are induced
greater than 2-fold by a combination of loss of Rb and hypoxia when
compared to all other treatments

Fold Increase (vs shSCX-N)
Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
LOC100128264 | A_33_P3375279 | 2.59 61.55 581.19 £ 63.98
HTR5A A_23_P42565 2.07 27.41 256.40 £ 202.60
PLOD2 A_33_P3318581 | 2.53 24.26 219.02 £ 25.25
SLC16A3 A 23_P158725 | 1.73 24.85 200.17 £ 48.02
ATP4A A_23_P430728 | 2.46 12.53 157.93 £ 32.25
PLA2G4D A_33_P3361611 | 1.15 10.05 97.72 £ 10.46
NIM1 A 23_P254863 | 1.32 5.73 91.57 £ 80.55
CYP26A1 A_23_P138655 | 1.15 2.87 68.51 £ 11.92
CXCR4 A_23_P102000 | 1.30 2.65 62.56 + 16.56
KISS1R A _33_P3231357 | 0.61 8.51 61.94 £ 13.15
ANGPTL4 A_33_P3295358 | 1.92 3.63 53.17 £13.27
GPR26 A_23_P305581 | 0.98 9.84 53.00 £ 14.08
MYBPC2 A 33_P3257182 | 1.18 3.74 50.39 £4.90
FOS A_23_P106194 | 1.47 1.41 49.01 £ 18.72
PPFIA4 A_23 P420692 | 1.61 8.32 39.76 + 5.66
CA9 A _23_P157793 | 1.18 2.09 28.63 £6.14
NFATC4 A_33_P3250083 | 1.52 4.70 21.97 £5.61
PFKFB4 A 24 P362904 | 1.53 2.94 21.82+£4.29
PCP4LA1 A_32_P214665 | 1.97 2.51 21.02£0.82
RORA A_23_P26124 1.40 2.57 20.81+£5.43
AMPD3 A 24 P304154 | 0.91 0.89 19.43 +4.15
ALDOC A_23_P78108 1.46 4.85 19.33 £ 3.21
ENO2 A_24_P236091 | 1.80 2.61 19.09 £ 2.99
SCNN1G A 23_P206626 | 1.10 1.30 19.02 + 6.66
STC1 A_23_P314755 | 1.10 442 19.00 £7.29
NDRG1 A_23_P2049%4 1.19 6.80 18.6 £ 1.61
TSPEAR A_23_P394972 | 597 1.71 17.31+£7.26
TMEM45A A_33_P3344831 | 1.46 2.61 17.07 £1.63
MAFF A_23_P103110 | 1.23 2.02 16.52 £ 2.85
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Fold Increase (vs shSCX-N)

Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
ATP8B3 A 23 P79108 1.92 2.36 15.52 £ 2.42
GPR146 A_23_P20035 1.35 2.14 15.1 £4.01
LOC728276 A _33_P3394362 | 1.93 1.29 14.94 £ 6.63
BARX1 A 23 P32279 1.50 3.12 14.9£1.80
BEND5 A_23_P904 1.27 2.58 14.25 +1.96
NTRK2 A_33_P3322804 | 1.45 2.36 13.14 £ 3.40
LOC100132354 | A_33_P3216282 | 1.20 1.55 12.94 £ 1.80
PREX1 A 23_P413641 | 3.01 1.54 12.93 £ 1.44
PAPSS2 A_24_P940166 | 3.87 2.51 12.81 £9.06
Cdorf47 A_33_P3247175 | 1.01 3.09 12.58 £ 3.01
C2orf72 A_33_P3227676 | 1.18 2.82 12.29 £ 2.69
COL13A1 A 23_P1331 1.37 2.27 12.17 £2.00
AFAP1L1 A 32 P167239 | 1.65 1.58 11.72 £1.89
SH3D21 A_23_P307536 | 0.68 2.72 11.46 £1.20
BHLHE40 A 24 P268676 | 0.94 1.99 11.38 £2.29
C200rf46 A 23 P120504 | 1.66 1.81 11.16 £2.12
PLEKHA2 A_33_P3339860 | 2.02 1.82 10.98 + 1.40
S1PR4 A _33_P3281273 | 1.09 4.34 10.62 £ 2.42
FOXD1 A_32_P34920 1.09 2.05 10.44 £0.70
LOC442132 A_33_P3406843 | 0.80 2.50 10.01 £5.01
LOC285965 A_33_P3432135 | 0.83 1.66 10.00 £4.16
LOC100291851 A_33_P3328410 | 1.03 1.80 9.98 £1.52
MYOD1 A _33_P3334773 | 1.03 1.13 9.69+0.80
MORNS5 A 24 P401491 | 3.43 1.81 9.61+£6.03
EPB41L4B A 23 P387656 | 2.14 0.93 9.59+1.28
PTX3 A 23_P121064 | 1.34 2.54 9.56 £2.18
WDR66 A 24 P179504 | 1.06 2.09 9.51+£2.11
INSIG2 A 33 P3321342 | 1.22 1.26 9.46 £1.53
BIRC3 A_23_P98350 2.90 143 943 +1.47
FLJ44715 A 33_P3671729 | 1.28 3.57 9.30 £0.90
RHOXF1 A 23 P85082 1.69 0.77 8.98 +3.28
ANKRD37 A 24 P237586 | 0.84 2.75 8.80 £1.97
BNIP3 A 33_P3419785 | 1.11 3.20 8.50+1.48
LDLRAD1 A 24 P491397 | 2.62 1.01 8.45+291
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Fold Increase (vs shSCX-N)

Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
STON1 A 23 P302005 | 2.13 1.09 8.26 £ 1.07
CYB5R2 A 23 P2181 1.13 1.72 8.14 £0.89
C8orf22 A_32_P80741 0.71 0.84 8.02 +11.98
NEDD9 A 23 P344555 | 2.04 1.85 7.84£3.40
P4HA1 A _33_P3214481 | 1.10 3.35 7.81+0.87
PHGR1 A _33_P3323501 | 3.23 1.84 7.78 £0.66
LGALSS A_33_P3349883 | 3.61 1.80 7.70£1.76
KRTAP10-12 A_33_P3357651 | 1.53 1.21 7.60 £2.00
EGFR A _23_P215790 | 0.80 1.96 7.57 £0.53
ITPKA A 23 P65918 2.21 1.28 7.53+0.30
CYS1 A_33_P3398156 | 1.01 1.11 7.44 +£1.63
PFKP A _33_P3413962 | 0.88 2.57 741+0.83
PFKFB3 A 24 P261259 | 0.89 1.80 7.28£0.82
HES7 A_33_P3368695 | 1.47 143 7.27 £1.28
LOC644192 A 24 P795371 | 0.96 143 720114
LOC154761 A 24 _P918907 | 1.06 2.39 718 £2.09
C10o0rf11 A _23_P113034 | 1.66 1.37 7.09+1.25
SYT17 A 23 P163697 | 1.34 2.14 7.06 £0.55
NPR3 A 23 P58676 0.99 2.18 6.99 + 2.53
CXCL12 A 24 P412156 | 3.22 2.68 6.92 +£3.48
TUBB2B A 24 P314477 | 2.04 2.05 6.88+£1.19
GREM2 A 24 _P40626 0.74 0.92 6.86 £ 1.47
BNIP3L A 23_P134925 | 1.00 242 6.82 £ 0.82
LOX A 23 P122216 | 1.11 1.92 6.79 £ 2.27
FLJ26484 A 33_P3741022 | 0.92 1.32 6.71£5.13
NRXN2 A 24 P261470 | 1.87 1.65 6.65+1.16
DLEC1 A 23 P18282 1.34 1.15 6.61+£1.76
VEGFB A 23 P1594 1.59 2.33 6.54 £ 0.37
LOC100128988 | A_32_P202125 | 1.23 1.06 6.53+1.75
DHRS3 A 23 _P33759 1.75 1.66 6.47 £0.57
TMEM45B A 23 P1682 1.67 1.61 6.35 + 0.66
TCP11L2 A _23_P419107 | 1.01 142 6.34 £1.20
CYBRD1 A 24 P345451 | 2.41 1.74 6.33+£0.44
LOC388242 A_32_P135336 | 1.67 1.29 6.33 £0.92
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Fold Increase (vs shSCX-N)

Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
FLJ37644 A 24 P497464 | 1.83 1.18 6.29 £ 2.58
PTH1R A 23 P167030 | 2.26 2.53 6.23 £2.31
FAM110C A_32_P47643 1.92 1.39 6.20 £ 1.06
KDM3A A 23 P395075 | 1.17 2.41 6.18+£1.78
PAQR5 A_33_P3368750 | 1.31 1.60 6.15+1.19
SGCE A_33_P3229617 | 2.95 1.78 6.05+1.95
RASGEF1A A 33_P3287760 | 1.87 1.58 6.03 +3.84
ARAP3 A _23_P167389 | 2.11 2.14 5.89+0.85
CYP1B1 A_23_P209625 | 1.02 2.45 5.87 £1.54
LOC399715 A_33_P3291619 | 0.55 2.14 5.86 £1.33
GAD1 A_23_P374689 | 0.56 1.73 5.84 £3.48
ASGR1 A 23_P118722 | 1.92 1.75 5.83+0.76
VNN2 A 23 P122724 | 155 1.41 577+£0.73
C150rf62 A_32_P183970 | 1.67 1.30 5.69 +1.64
PPP1R3B A 24 P201064 | 1.04 1.53 5.65+0.69
ODAM A _23_P58228 1.59 2.16 5.62 £ 0.64
WISP2 A _23_P102611 | 1.23 1.89 5.60 +£2.38
EPO A 23 P145669 | 0.95 2.16 557 £2.53
SEC14L5 A 24 P254850 | 1.00 1.03 557+1.48
DUSP5P A 24 P367602 | 1.09 2.23 5.56 £ 0.84
STAB1 A_23_P32500 1.36 2.65 5.56 +1.37
ASCL2 A 32 P171061 | 1.14 2.55 5.55+0.69
SH2D3C A_33_P3293918 | 2.61 2.02 5.36 £ 2.26
PADI2 A 24 P187970 | 1.99 1.42 535+0.44
CCDC147 A 33 _P3257297 | 1.59 1.37 535+£1.40
ATP8A2 A 23_P258612 | 1.35 1.52 5.34 +2.58
GATA5 A 23 P371835 | 1.16 1.86 5.31+£1.58
ANKZF1 A 23 P119907 | 1.16 2.03 523+0.93
SRRM3 A 23_P331700 | 2.12 1.73 522 +1.37
ZNF395 A 23 P146077 | 1.27 1.64 520+0.85
P4HA2 A 23 P30363 1.01 1.77 5.08+0.35
VIM A _23_P161190 | 0.59 2.22 5.01+0.30
MAP3K15 A 23 P308483 | 1.06 1.58 5.01+0.84
TCAM1P A_24_P68088 1.46 0.79 5.00£3.75
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Fold Increase (vs shSCX-N)

Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
C200rf195 A_33_P3405459 | 1.50 1.49 497 £0.42
KIAA2022 A 32_P169505 | 0.80 1.55 496 £1.17
STON1-GTF2A1L | A_23_P79488 0.71 0.93 491+3.19
SH3PXD2A A 23 P35456 1.59 1.41 491+0.23
ADAM12 A_33_P3310929 | 1.00 1.32 487 +0.75
DNAI2 A _33_P3419239 | 1.16 1.00 4.87+220
PGK1 A 23 P125829 | 0.98 2.00 4.85+0.30
AKAP12 A _23_P111311 | 0.62 1.72 4.82 +1.44
FAM115C A 24 P237912 | 0.98 1.73 4.81+1.03
SH3GL3 A_23_P48988 1.63 1.29 4.80 £ 0.46
TG A _23_P32454 0.95 1.61 4.79 £ 0.67
ARC A 23_P365738 | 0.80 1.98 4.77 £1.56
SCN4B A_23_P303833 | 0.89 1.65 4.75+0.68
DPYSL4 A 23_P331049 | 0.86 1.72 4.74 £0.82
GPR155 A 32_P132317 | 1.73 1.30 4.70+£0.40
FLJ31356 A_33_P3364062 | 1.02 1.26 4.68 £ 1.47
ZNF292 A _32_P113584 | 0.94 1.54 4.67 £0.50
EPAS1 A 23 P210210 | 1.49 1.06 4.65+0.69
RAB33A A 23 P147025 | 1.05 1.61 464 £0.77
PHF21B A 24 P113572 | 1.52 1.40 4.62 +2.65
CDKN1C A 23 P428129 | 1.32 1.65 4.61+0.47
C110rf96 A _32_P74409 1.08 1.32 460 £0.77
OSBPL7 A_33_P3358740 | 0.82 2.02 4.60 +1.43
MMP24 A_33_P3398331 | 0.91 1.74 4.56 +0.59
CACNA1H A 33_P3218960 | 0.72 1.20 455 +0.87
PDK1 A 24 _P37441 0.98 1.90 452 +0.19
IGFBP6 A 23 P139912 | 1.43 1.07 452 +0.92
CCDC110 A _23_P383325 | 1.54 1.68 451 +0.56
LCN15 A_33_P3263938 | 1.36 1.26 4.50 £ 0.50
MAP7D2 A 24 P367645 | 0.64 1.86 444 £4.22
TFF3 A 23 P393099 | 2.17 1.42 443 +0.33
FUT11 A 23_P413788 | 0.92 2.10 443 +0.49
TCF7L1 A 23 P142872 | 1.50 0.76 4.38 £3.43
MUC6 A_33_P3314500 | 1.36 1.10 4.38+1.10
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Fold Increase (vs shSCX-N)

Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
PLK5 A_32_P50223 1.20 0.96 432+0.70
GADD45B A 24 _P239606 | 1.12 1.52 4.30£0.23
SPRY1 A 23_P144476 | 0.83 1.47 4.28 +0.45
EFNA3 A 24 P114032 | 1.81 1.67 4.27 £1.51
DSP A_33_P3402565 | 1.21 1.53 4.23+0.62
ClB2 A _33_P3308914 | 1.76 1.26 4.22 +0.07
SEMA4G A 23 P127068 | 1.64 1.35 419 £0.51
LOC727869 A_32_P110016 | 1.09 1.57 417 £ 0.46
FAM167A A 23_P334955 | 1.79 1.18 415+ 1.31
RIMKLA A 23 P349406 | 0.84 1.52 415+ 0.41
CA8 A_23_P83838 2.03 1.01 4.14 +0.81
FAM13A A _33_P3691916 | 1.33 1.34 413+ 1.11
SLC1A1 A 23 P216468 | 1.10 1.75 413+£0.78
ZC3H6 A 24 P826348 | 1.21 1.17 410+ 0.49
YPEL2 A 24 _P787947 | 1.39 1.04 4.06 £0.55
RNF182 A 23 P399255 | 1.75 1.32 4.05+0.46
UNC5CL A 23_P428298 | 1.28 1.36 4.05+1.03
LRAT A _32_P113066 | 1.00 0.99 4.04 +0.56
ST3GAL6 A 23 P250800 | 1.05 0.74 4.01+£0.71
NCRNA00324 A 23_P362191 | 1.25 1.57 4.01+1.09
HES1 A_23_P6596 1.73 1.14 4.01£0.68
TGFB1 A 24 _P79054 0.94 0.94 3.98+1.41
S100A10 A 23_P137984 | 0.75 1.76 397043
HPCA A 33_P3246133 | 1.53 0.89 3.97+£0.77
TMPRSS2 A 23 _P29067 1.64 1.21 3.94£0.31
RAB6B A_24_P475349 | 1.58 1.32 3.90+0.18
CLIP3 A 23 _P50786 1.18 1.42 3.89+1.03
GPA33 A 24 P319374 | 1.88 1.51 3.88 £1.01
SLC2A1 A _23_P571 0.85 1.81 3.88+0.39
DUSP1 A 23 P110712 | 1.01 0.88 3.85+£1.10
ARMCX4 A 33 P3211864 | 1.21 1.27 3.85+£0.79
EFEMP2 A_33_P3367830 | 1.05 1.39 3.84 £0.62
GBE1 A 23 P121082 | 0.84 1.47 3.83+£0.41
ERO1L A_23_P106145 | 0.97 1.30 3.83+0.51
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Fold Increase (vs shSCX-N)

Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
LDHC A 23 P53039 0.95 1.57 3.82+0.78
NCAM1 A 33_P3363799 | 1.41 1.16 3.81+£1.27
ITGB2 A 23_P329573 | 1.00 1.80 3.80 £ 0.61
C4orf3 A_23_P388433 | 0.92 1.67 3.79+£0.12
NHEDC1 A_23_P415611 | 1.37 0.84 3.78£0.97
STBD1 A_23_P254079 | 1.20 1.30 3.77 £1.55
MVP A_33_P3294608 | 1.29 0.89 3.77£0.52
ZNF404 A_23_P90333 1.34 1.33 3.76 £0.35
PRPH A 23_P13713 0.90 1.65 3.74+£0.23
CCND2 A 24 P278747 | 0.98 1.57 3.72+£1.32
VEGFA A_24_P12401 0.94 1.86 3.72+£0.69
C1orf51 A _23_P410717 | 1.13 1.61 3.70£0.98
PCP2 A 24 P399500 | 1.14 1.21 3.67+£0.18
B3GNT4 A_23_P76071 1.36 1.50 3.65+0.38
ASB2 A_23_P205370 | 0.92 1.63 3.64+£0.10
GLDN A_24_P49199 1.76 1.54 3.64+£1.15
NOTCH3 A_33_P3313055 | 1.66 1.37 3.64 +£0.61
LOC100130691 A 24 P400172 | 1.46 1.01 3.63+£2.75
SPTB A 32 P134968 | 1.41 1.19 3.61+£0.24
FzD7 A_23_P209449 | 1.47 1.18 3.60 £0.59
MXI1 A_33_P3383029 | 0.90 1.43 3.57 £0.67
LOC100240735 | A 32_P170481 | 1.58 1.58 3.55+1.67
RNF165 A _33_P3319680 | 0.71 1.33 3.55+0.87
ARHGEF37 A 32 _P222695 | 1.19 1.71 3.53+£0.23
BEST4 A 33 P3244808 | 1.28 1.19 3.51+0.55
LRP1 A 23_P124837 | 1.24 1.32 3.51+0.71
MLLT3 A 23 P216693 | 1.14 0.91 351+0.35
CREG2 A 23 P394986 | 0.92 1.18 3.49+0.59
RNASE4 A_23_P205531 | 1.44 1.70 3.49+0.65
Chorf41 A 23 P404606 | 0.93 1.24 349+0.58
PNMA2 A 24 P389415 | 1.59 1.32 348+£0.41
ZNF511 A_33_P3384885 | 1.08 1.38 3.47+0.36
KIAA1984 A 33_P3293511 | 1.07 1.49 345+1.18
ARID3A A_33_P3272921 | 0.90 1.35 3.44 +£0.50
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Fold Increase (vs shSCX-N)

Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
KLHL3 A 23 P133543 | 1.49 1.70 344 £0.58
TTC6 A_33_P3226575 | 1.26 1.23 344 £0.29
FOSL2 A 23_P348121 | 1.09 1.10 344 047
LOC284998 A_24_P498854 | 0.62 1.58 3.43+0.53
VIPR2 A_32_P153071 | 1.50 1.64 3421044
RLF A_23_P126037 | 0.98 1.55 340+0.29
NLGN1 A 33_P3214690 | 1.66 0.87 340+1.02
VPS37D A_33_P3293573 | 1.12 1.30 3.38+0.24
SCNN1B A_32_P83098 0.98 0.87 3.33+0.66
Cdorf6 A _23_P7048 0.67 1.18 332+1.34
NOTUM A _33_P3257125 | 1.12 1.13 3.31£0.67
VSTM2A A _33_P3347193 | 1.03 1.42 3.31+0.38
LAMB2P1 A 33_P3413815 | 1.29 0.77 3.31+0.38
RNF112 A_23_P107116 | 0.65 1.44 3.26 £ 0.31
GRID1 A _23_P32805 1.31 1.37 3.25+0.76
LOC100129617 | A_33_P3343516 | 1.15 1.35 3.25+1.01
PNRC1 A _23_P145074 | 1.21 1.25 3.25+0.17
GLYAT A_23 P75749 1.06 1.06 3.24 £0.69
SLC35F3 A 23 P422212 | 0.98 1.27 3.24 £0.51
GLIS2 A _33_P3333224 | 1.35 1.01 3.23+0.31
CCNG2 A_24_P12065 1.37 1.53 3.23+0.86
ABTB1 A 33 P3297444 | 1.28 1.28 3.22+0.16
IL10RA A_23_P203173 | 1.06 1.55 3.22+0.71
JAK3 A_24_P59667 1.25 1.16 3.21+£0.46
TBC1D8B A 23 P325887 | 1.19 1.22 319+£042
TLE6 A_33_P3400147 | 1.24 1.23 3.18£0.37
RASD1 A 23 P118392 | 1.03 1.19 3.18+£0.98
TNNT1 A 33 _P3397865 | 1.18 1.42 317+£0.36
PPP2R5B A _23_P35796 1.26 1.19 317041
BCL3 A _23_P4662 0.97 1.02 3.16+£0.40
CLK3 A 32_P20691 0.94 1.18 315+£0.21
ZNF713 A_33_P3409710 | 1.39 0.86 3.14 £1.55
SEC31B A 23 _P35564 1.34 1.35 314 £0.70
BRSK2 A_33_P3273480 | 1.26 1.24 3.13+£0.30
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Fold Increase (vs shSCX-N)

Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
PRKAA2 A_32_P94160 1.27 1.25 312+£0.21
GATA2 A_33_P355089%4 | 1.12 1.11 312+0.51
MYO15A A _23_P27229 0.91 1.32 3.11+143
DUSP5 A_23_P150018 | 0.90 1.13 310+£1.13
CD300A A 24 P159434 | 0.89 0.85 3.10£0.77
CLRN3 A_23_P127107 | 1.09 0.92 3.09 £0.58
JUND A_33_P3324909 | 1.36 1.03 3.08 £1.00
IGFL3 A_33_P3243454 | 1.09 1.47 3.07+1.84
C7orf68 A _23_P20022 0.77 1.13 3.06 £0.11
HMOX1 A 23 P120883 | 0.82 0.99 3.04+£0.19
GUCY1A2 A_23_P350001 | 0.89 1.37 3.04 £1.39
ALOX5 A 23_P104464 | 1.42 1.26 3.03+0.32
TGFBI A 23 P156327 | 1.51 1.27 3.01£0.55
CLEC3B A_23_P69497 0.99 1.11 299+0.14
TSC22D3 A _33_P3237634 | 0.91 1.28 298+0.34
ZBTB20 A_23_P40866 1.02 0.87 297042
BLNK A _33_P3363637 | 1.41 1.29 297 +£0.19
FRY A_33_P3223495 | 0.97 1.46 2951043
PLTP A 23 P5983 1.26 1.34 2.95+0.23
COX8C A_33_P3372069 | 0.87 0.96 2.93+0.63
YPEL1 A_32_P88120 1.07 1.25 2.92£0.39
CRYM A 23 P77731 1.37 1.31 2.91+£0.26
SMCR6 A _33_P3877728 | 1.27 1.34 2.91+0.51
RNF122 A 23 P134744 | 0.86 1.37 290+£0.24
HERC3 A 24 P51201 0.51 0.86 2.87 £0.68
CAMK1D A_23_P124252 | 0.88 1.32 2.87 +£0.46
VASN A 23 P129695 | 1.14 1.35 2.84 £0.27
YEATS2 A 23 P69437 0.86 1.20 2.84 +£0.08
MTL5 A _23_P161507 | 1.14 1.30 283043
ZSWIM5 A 23 P383118 | 0.99 0.93 2.82+0.54
GAL3ST1 A 23 P120863 | 0.61 0.92 2.81+£0.98
CARHSP1 A_33_P3260307 | 1.30 1.19 281+0.15
LOC284930 A_33_P3436935 | 0.93 1.21 2.79+£0.54
MST1 A 24 P14879% | 1.14 1.26 2.79+0.29
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Fold Increase (vs shSCX-N)

Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
KIAA1467 A 23 P394567 | 1.13 1.22 279042
C170rf39 A 33_P3381771 | 1.25 1.29 2.79+£0.29
LOC283070 A_33_P3464555 | 0.87 1.32 2.78+0.44
IFITM10 A_33_P3358601 | 1.08 1.22 276+£0.74
KLHL24 A 24 P521994 | 0.82 1.26 2.76 £0.37
DDRGK1 A_33_P3299781 | 0.89 1.15 2.75+1.00
BHLHA15 A 33_P3312730 | 1.10 1.22 2.73+£0.33
PNCK A_23_P62377 0.82 1.16 2.71+£1.50
MICALL2 A 24 P303524 | 1.25 1.26 2.70£0.10
HIVEP2 A 23 P214766 | 1.19 0.98 2.70 £0.36
LPIN3 A_33_P3393341 | 1.07 1.30 270+0.24
RSBN1 A_33_P3888365 | 0.97 1.12 270+0.34
C7orf63 A_33_P3615922 | 0.93 0.86 268 +0.32
WSB1 A _23_P4353 1.03 1.19 2.67+0.48
PYGL A_23_P48676 0.98 1.17 2.67+0.35
ACLY A 33_P3415042 | 1.19 1.21 2.66 £0.44
MICAL3 A 24 P366082 | 1.20 1.15 2.66 £ 0.54
CCDC114 A_33_P3261054 | 1.22 1.32 2.65+0.42
DCDC2 A 33 P3212109 | 1.06 0.99 2.65+0.87
EIF2C4 A_23_P23171 1.00 1.25 2.65%0.39
SYNPO A_33_P3397658 | 1.14 1.06 2.63+0.64
HLA-A A 23 P408353 | 1.23 1.09 2.62+0.18
IRS1 A 24 P802145 | 1.28 0.99 261044
TNIP1 A 23 P30435 1.28 1.16 260+0.35
CITED2 A 23 P214969 | 1.02 113 259+0.24
IGSF21 A_32_P78101 0.72 1.28 258+0.15
PLXND1 A 24 P376391 | 1.24 1.18 2.57+£0.17
LUC7L3 A 33_P3246997 | 1.16 113 2.55+0.51
RIPK4 A 24 P125871 | 1.16 1.19 2.55+0.23
ANKRD12 A_33_P3294524 | 1.00 1.18 2.54 +£0.60
JUN A_33_P3323298 | 0.95 1.05 254 +£0.73
PTGER4 A_23_P148047 | 1.13 1.01 254 £0.20
DENND3 A 33_P3321130 | 0.99 1.06 252+0.84
CDKN1B A_24_P81841 1.20 1.06 2.52+0.31
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Fold Increase (vs shSCX-N)

Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
C8orf58 A_23_P310483 | 1.12 1.06 2.52£0.31
CHST6 A 23 P106922 | 1.21 0.94 2.52 £0.37
NRG3 A _33_P3229417 | 1.12 0.62 2.51£0.51
SAV1 A 24 P287473 | 1.05 1.16 2.50+0.22
SNTB1 A_23_P95029 0.92 0.93 249 +0.57
MRC2 A _33_P3364741 | 0.97 1.23 249 +0.57
PPP1R13L A 23 P119095 | 1.10 1.20 249+0.30
GSN A_33_P3423365 | 1.24 1.12 248 £0.37
YPEL5 A_33_P3281408 | 1.00 1.16 248 £0.37
PRTN3 A 23 P142345 | 1.04 0.87 248 £0.51
LOC100131346 | A_33_P3289338 | 1.15 1.05 248 +0.20
RIT1 A_33_P3394075 | 0.68 0.90 246 +£0.47
ARL4C A_33_P3323722 | 0.90 1.06 245+£0.34
C160rf89 A_33_P3296862 | 0.96 1.20 245+0.42
MKNK2 A 23_P142310 | 1.16 1.11 245+0.22
PIAS2 A 33_P3349269 | 0.93 1.11 244 £0.23
STC2 A _23_P416395 | 0.90 1.19 244 +0.28
MYO1E A_33_P3297978 | 1.09 1.07 244 £0.35
LOC100134285 | A_33_P3240972 | 0.82 0.92 243+0.96
EFCAB3 A_33_P3264042 | 0.86 1.15 243+0.29
LOC283050 A_33_P3394140 | 0.71 1.07 240£0.35
FLJ41455 A 33 _P3520835 | 0.95 1.15 240£0.41
CECR5-AS1 A _32_P131143 | 0.96 1.1 2.39+0.36
FLJ32224 A 33_P3694746 | 1.04 0.93 2.38+0.20
C170rf76 A 23 P368484 | 1.03 1.04 2.37+£0.34
MAPT A 24 P224488 | 0.66 1.10 2.37 £0.53
KIAA1958 A 33_P3404744 | 1.04 0.92 2.35+£0.24
EVC2 A_33_P3319880 | 0.90 0.83 2.32+£143
RNF24 A 24 P333019 | 1.11 1.09 2.32+£0.58
KIAA1715 A 32 P31771 1.03 1.16 2.32+£0.16
BRWD3 A 32 P489130 | 1.06 1.11 2.32+£0.52
DMGDH A_33_P3387716 | 0.95 0.81 2.31+0.52
EPB41L4A A 24 P257579 | 0.97 0.85 227043
WTIP A_33_P3381948 | 0.99 1.04 2.26 £0.47
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Table 4.3.

Fold Increase (vs shSCX-N)
Gene Name Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
TNFRSF10D A_33_P3326588 | 1.11 1.04 225+0.21
GRIN3B A_33_P3394213 | 0.98 0.91 224 +0.34
TNFRSF25 A_33_P3234530 | 0.85 0.76 222+1.20
CASC2 A_33_P3213362 | 1.05 0.83 220+0.32
GSDMB A_33_P3221999 | 1.10 1.07 219017
BBC3 A_23_P382775 | 0.93 1.00 214 +0.14
AQPEP A_33_P3251522 | 0.88 0.83 213+1.22
CRHR1 A_33_P3320443 | 0.94 1.02 212+0.18
FAM117B A_32_P195401 | 0.92 0.99 211+0.25
PAGE2B A_33_P3420862 | 0.91 1.02 2.11+0.26
PARD3 A_24_P35478 0.89 0.85 2.09 +£0.62
CDKL3 A_23_P110643 | 0.94 0.99 2.09+0.20
APOE A_33_P3223592 | 0.98 0.84 2.05+£0.23
LOC100127885 | A_33_P3278813 | 0.99 0.73 205+1.12
Supplementary Table 2: All down-regulated genes that are attenuated

greater than 2-fold by a combination of loss of Rb and hypoxia when

compared to all other treatments.

Fold Decrease (vs shSCX-N)
Gene Name | Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
SPIC A_32_P148275 | 2.00 0.95 8.55 +2.91
DSC1 A_23 P38696 2.24 0.89 7.92 £1.67
KBTBDS8 A_23_P431252 | 1.75 1.21 7.83£2.00
UGT2B4 A_23 P386912 | 1.65 1.09 7.66 + 3.60
PTPRQ A_33_P3309471 | 2.39 1.00 7.21+£1.32
EOMES A_24_P97374 1.50 1.03 6.84 +1.43
FLJ45684 A_33_P3288219 | 1.60 1.27 6.48 +1.82
CLEC2A A_33_P3295348 | 1.05 0.94 6.11+2.65
TARP A_33_P3225625 | 2.68 0.87 6.11+2.63
KLHL1 A_23_P2825 1.63 1.38 6.08 £ 0.96
TAF9B A_24 P391431 | 1.31 1.27 5.92+0.89
INSL5 A_23_P51479 1.11 1.15 5.77+2.23
LRRTM4 A 24 _P174294 | 2.61 0.99 5.63+0.77
TBX15 A_24 P128442 | 2.55 1.42 546 +£0.94

127




Fold Decrease (vs shSCX-N)

Gene Name | Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
NAP1L3 A_23 P125717 | 1.17 1.26 5.37 £1.07
CNGB3 A_23 P216376 | 1.57 1.68 4.89 £ 1.81
POLR3G A 33_P3396527 | 2.30 1.22 4.82 +0.46
KLB A_23 P350617 | 1.71 0.86 4.65+0.82
MARS2 A _23_P108492 | 1.04 1.27 4.32+198
ASZ1 A 33_P3217258 | 1.72 1.14 4.19 £ 0.56
ZNF365 A_24 P226970 | 1.13 1.20 417+0.78
GBX2 A _33_P3423969 | 1.15 1.31 416 +£0.44
ARHGAP9 A_23_P64661 1.64 1.09 4.04 £ 0.67
DPF3 A_33_P3240946 | 1.59 1.46 4.02 £ 1.81
PKHD1L1 A 33_P3254136 | 0.78 0.85 3.89+1.47
MPV17L2 A 23_P165130 | 1.19 1.31 3.87+£0.40
NCRNAQ0167 | A_24_P359030 | 0.83 1.04 3.84 £ 1.67
FLJ40606 A _33_P3388636 | 1.27 1.14 3.82+0.68
PSPC1 A 33_P3232173 | 1.65 1.05 3.73+£0.96
POP1 A_23 P341275 | 1.44 1.47 3.69+£0.37
CLEC7A A 24 P235988 | 1.66 0.92 3.60+0.85
HSPH1 A_33_P3348752 | 1.21 0.98 3.53+0.35
CNDP1 A_23 P9869 0.75 0.50 3.51+0.88
SCAF11 A 33_P3283196 | 1.29 1.07 3.49+0.52
CSMD1 A_33_P3230249 | 1.45 1.50 3.47+£0.98
FGFBP3 A_24 P201381 | 1.59 1.05 347 £0.79
AREG A _33_P3419190 | 1.00 1.09 3.43+1.04
MSMB A_24 P146683 | 1.09 1.18 3.39+0.64
UFSP1 A_33_P3327500 | 1.31 1.09 3.38+£043
LRRN4CL A 33_P3221129 | 1.00 1.23 3.35+0.78
CHAC2 A_32_P194264 | 1.00 1.09 3.34 £ 0.67
AGPAT9 A_23 P69810 1.36 1.21 3.33+£1.00
SLC2A13 A 33_P3354514 | 1.52 0.93 3.32+0.96
POLR1B A_24 P942112 | 1.39 1.27 3.27 £0.39
PIGW A 23 P379794 | 1.14 1.06 3.24 £0.57
SNAPC5 A 33_P3335746 | 0.95 1.12 3.19+£045
SFPQ A_33_P3318292 | 1.00 1.08 3.17+£0.19
FzZD8 A 23_P396858 | 1.40 1.03 3.16 £ 0.61
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Fold Decrease (vs shSCX-N)

Gene Name | Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
NUP98 A_23_P308032 | 1.18 1.10 3.15+0.20
MAPK10 A_23 P45025 1.05 1.24 3.14 £1.08
YIF1B A 23_P142239 | 0.93 1.41 3.13+£0.67
ZNF597 A_24 P378402 | 1.07 1.46 3.12+0.97
PNLIPRP3 A _33_P3368193 | 0.98 0.87 3.04+1.14
SLC30A1 A 23_P23815 1.29 143 3.03+£0.36
AP1S3 A_33_P3288995 | 0.98 1.28 3.03+0.41
GPATCH4 A 33_P3211263 | 1.08 1.11 3.00£0.19
SGOL1 A 23_P29723 0.98 1.03 2.94 +£0.59
ING3 A_33_P3356711 | 1.20 1.45 2.94 £0.32
SLC43A2 A 24 P296508 | 1.41 1.15 2.93+0.26
RRS1 A 23_P146187 | 1.24 1.31 2.88+0.14
WT1 A_23 P116280 | 0.98 1.27 2.87£0.48
FITM2 A 24 P203407 | 1.19 1.10 2.87+0.13
OXNAD1 A 24 P927189 | 1.38 1.27 2.86 £ 0.57
CROT A_33_P3355208 | 1.32 1.26 2.82+£0.30
TMEM177 A _23_P5339 0.89 1.12 2.80+£0.53
ELAC1 A_23 P15944 1.15 1.04 2.79+£0.30
HGD A_23 P250164 | 1.36 0.91 2.79+£0.29
CD244 A 33_P3234292 | 1.05 1.14 2.78 £0.43
MSGN1 A_33_P3291379 | 1.07 0.86 2.78 £1.58
GLRX2 A_23 P160503 | 1.37 1.05 2.78+£0.29
CYCSP52 A 33_P3261132 | 1.23 1.27 2.76+£0.74
CHORDC1 A_33_P3502037 | 1.18 0.99 2.75+0.35
STIM2 A 24 P180242 | 1.13 1.10 274 £0.95
GNRH2 A 24 P323072 | 1.09 1.08 2.74+0.30
SLC5A6 A_24 P247732 | 1.13 1.24 2.74 £0.53
TM4SF18 A_24 P120251 | 1.30 1.06 2.72+£0.89
MAGOHB A 24 P330112 | 0.92 1.12 2.71+0.30
PGAM5 A_23 P319719 | 1.25 1.13 2.70£0.30
KTI12 A_23 P103276 | 1.25 1.23 2.69+0.15
FLJ13744 A _33_P3806965 | 1.09 1.08 2.68 £0.33
NOP2 A_23 P204364 | 1.04 1.19 2.68 +0.55
SURF6 A_24_P21447 1.19 1.25 2.66+0.14
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Fold Decrease (vs shSCX-N)

Gene Name | Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
PNN A_33_P3218694 | 1.29 1.00 2.64 £0.25
PYCRL A_23 P383278 | 1.08 1.05 2.63+0.36
PCYT2 A 33_P3394809 | 1.11 113 2.63+0.30
ADAT1 A_23 P141100 | 0.91 1.03 2.62£0.40
PNO1 A 24 P336853 | 1.12 1.10 2.62+0.44
TRPM2 A 24 _P27977 1.02 1.05 2.61+0.26
SRSF7 A_24 P222911 | 1.20 0.91 2.61+0.27
ARL4A A_32_P806841 | 1.09 1.27 2.59+0.17
RPS6KL1 A 33_P3334419 | 1.13 1.07 2.58 £0.27
NCDN A_23 P97736 0.97 1.11 2.57+£0.32
UQCR10 A_24_P66001 1.25 1.15 2.57 £0.09
TIMM13 A 33_P3413845 | 1.24 1.18 2.56 £0.43
NDUFAF4 A_24 P171983 | 1.10 1.17 2.56 £ 0.21
SRPRB A _23_P80773 1.15 1.10 2.56 +£0.32
L1CAM A 33_P3374443 | 1.15 0.82 2.56+£0.76
ADRB1 A_33 P3310189 | 1.15 1.21 2.54 £0.32
PDSS1 A 23_P161152 | 1.22 1.12 2.53+0.34
AP4B1 A_23 P160729 | 1.03 1.07 2.52£0.22
FUS A _23_P106887 | 0.78 0.95 2.51+£0.43
FAM203A A 23_P61268 1.06 1.16 251+0.18
CLDN8 A_23 P427014 | 0.73 1.11 2.49 £ 0.67
JMJD4 A_33 P3306113 | 1.24 1.15 249+0.28
NDUFC2 A 24 P364236 | 1.11 0.99 249+ 0.11
HAS3 A_23 P393034 | 0.91 1.21 247+0.25
MSTO1 A_23 P630 1.23 1.13 247+0.35
TOE1 A 24 P19828 0.99 1.10 246 +£0.26
TOR3A A_24 P130962 | 1.01 1.02 2.45+0.30
NOP56 A_23 P79927 0.96 1.01 2.44 £ 0.51
RRP9 A 23_P6802 113 1.18 243+0.15
CDC25A A_24 P397107 | 1.00 1.08 2431044
TRAM1L1 A_23 P18518 1.02 1.06 242+0.17
CLN6 A 23_P117797 | 1.01 1.05 2411025
PLG A_23_P30693 0.73 0.80 240+£0.43
MKIB7IP A_23_P50897 1.19 1.05 2.38+0.25
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Fold Decrease (vs shSCX-N)

Gene Name | Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
ZBTB9 A_23 P8119 1.10 1.14 2371045
SLC27A4 A_24 P257971 | 0.91 0.99 2.37 £0.67
MUM1 A 23_P208961 | 0.92 1.04 2.37+£0.23
NOL6 A_24 P21410 0.99 1.15 2.37+£0.37
NRADDP A _33_P3386150 | 0.90 1.08 2.36 £ 0.46
SRSF3 A 33_P3232828 | 1.04 1.08 2.35+0.07
RPP30 A_33_P3233666 | 1.12 1.01 2.35+0.36
ABCA1 A 24 P235429 | 0.68 1.14 2.34+0.25
SLC25A20 A 23_P72025 0.98 1.11 2.34+0.23
CCNE2 A_33_P3217819 | 0.95 1.06 2.33+£0.42
DOLK A_23_P10870 0.91 1.11 2.32+0.18
FAM86FP A 33_P3339336 | 1.15 1.15 2.32+0.34
LSM10 A_24 P216681 | 1.07 1.15 2.31+£0.24
F2 A_23_P94879 0.95 0.88 2.30+0.18
ALG1 A 24 P586523 | 1.12 1.02 2.30+0.26
SRSF2 A_33_P3412945 | 0.90 1.00 2.28+0.33
CHAC1 A _33_P3376965 | 0.99 0.86 2.27 £0.40
LRRC31 A_24 P240259 | 0.71 0.89 2.26 £ 0.34
ANKRD42 A_33 P3224135 | 0.89 1.01 2.25+0.43
TBC1D30 A_32_P206050 | 0.92 0.99 2.25+0.71
KBTBD10 A_23 P17190 1.12 0.91 2.25+0.59
CLSPN A 23 P126212 | 1.09 0.94 2.24 £ 0.64
CHMP6 A _23_P10156 1.06 0.98 2.23+0.39
TPM3 A_32 P119197 | 1.04 0.92 221+£0.49
WDR77 A 23 P115149 | 1.03 1.05 219+£0.12
DCTPP1 A 23_P33613 0.92 1.04 2.18+0.33
NCRNA00292 | A_33_P3299811 | 0.92 1.07 217 £0.39
ALKBHS A_33 P3318357 | 0.99 1.03 217+0.21
IKZF3 A 23_P376060 | 0.63 0.79 2.16 £ 0.66
POLA2 A_23 P161615 | 0.94 0.94 214 £0.36
NPL A _33_P3316456 | 0.83 0.98 214 £0.34
NPY1R A_23_P69699 1.06 0.90 2131027
RFC3 A_23 P14193 0.97 1.06 213+£0.46
WDR5B A _33_P3259548 | 0.88 1.04 2.08+0.28
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Fold Decrease (vs shSCX-N)

Gene Name | Probe Name shRb-N | shSCX-HYP | shRb-HYP * S.D.
ZNF552 A_23 P38830 0.99 1.03 2.08+0.13
DSCC1 A_23_P252740 | 0.95 0.90 2.02+0.21
FEN1 A_24 P84898 1.00 0.95 2.02+0.28
FAM86B1 A _33_P3628675 | 0.98 0.99 2.01+0.31
FLJ30679 A_23_P346327 | 0.82 0.96 2.00 £ 0.66
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In silico consensus ARNT:HIF1a binding sequence analysis using the

JASPAR database:

ATP4A

GRCh38:¢chr19:35549443-35564658:

7 putative sites were predicted with these settings (35%) in sequence named
chromosome:GRCh38:19:35549443:35564658:-1

Model ID | Model name | Score | Relative score Start |End | Strand | predicted site sequence
MAO0259.1 | ARNT:HIF1A | 10.987 |0.993674439370933 | 544 551 -1 GCACGTGC
MAQ0259.1 | ARNT:HIF1A | 10.987 | 0.993674439370933 | 544 551 1 GCACGTGC
MAO0259.1 | ARNT:HIF1A | 10.321 | 0.973806031368894 |8723 |8730 |-1 CTACGTGC
MAQ0259.1 | ARNT:HIF1A | 10.184 | 0.969718986479586 | 10051 | 10058 |1 ACACGTGC
MAO0259.1 | ARNT:HIF1A | 10.987 | 0.993674439370933 | 12380 | 12387 |-1 GCACGTGC
MAGQ0259.1 | ARNT:HIF1A | 10.987 | 0.993674439370933 | 12380 | 12387 |1 GCACGTGC
MAO0259.1 | ARNT:HIF1A | 9.817 | 0.958770479367351 | 13501 | 13508 |-1 GGACGTGA

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction

PLA2G4D

GRCh38:¢chr15:42063009-42082008:-1

3 putative sites were predicted with these settings (95%) in sequence named PLA2G4D_GRCh38:42063009:42082008:-1

Model ID [ Model name | Score | Relative score Start |End | Strand | predicted site sequence

MAOQ0259.1 | ARNT:HIF1A | 9.694 | 0.955101088700307 | 11044 | 11051 |1 GTACGTGA
MAOQ0259.1 | ARNT:HIF1A [ 9.739 | 0.956443548700445 | 16508 | 16515 | -1 GCACGTGG
MAOQ0259.1 | ARNT:HIF1A | 10.232 | 0.971150943813066 | 16508 | 16515 |1 CCACGTGC

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction

133




GRCh38:¢chr15:42082009-42098554:-1

7 putative sites were predicted with these settings (95%) in sequence named PLA2G4D_GRCh38:15:42082009-
42098554:-1

Model ID | Model name | Score | Relative score Start |End | Strand | predicted site sequence
MAQ0259.1 | ARNT:HIF1A | 9.817 0.958770479367351 | 3899 | 3906 1 GGACGTGA
MAO0259.1 | ARNT:HIF1A | 10.232 | 0.971150943813066 |6727 |6734 -1 CCACGTGC
MAO0259.1 | ARNT:HIF1A |9.739 | 0.956443548700445 | 6727 |6734 |1 GCACGTGG
MAO0259.1 | ARNT:HIF1A 10.184 | 0.969718986479586 |8863 | 8870 1 ACACGTGC
MAO0259.1 | ARNT:HIF1A |9.657 |0.95399728825575 | 11047 | 11054 |-1 GAACGTGC
MAO0259.1 | ARNT:HIF1A | 10.184 | 0.969718986479586 | 13637 | 13644 | -1 ACACGTGC
MAQ0259.1 | ARNT:HIF1A | 9.951 0.962768026923317 | 14182 | 14189 |1 GGACGTGG

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction

NIM1K

hg38:chr5:43190068-43209000:+1

3 putative sites were predicted with these settings (95%) in sequence named NIM1K_hg38:chr5:43190068-43209000:+1

Model ID | Model name | Score | Relative score Start |End | Strand | predicted site sequence

MAO0259.1 | ARNT:HIF1A | 10.987 | 0.993674439370933 | 8988 |8995 |-1 GCACGTGC
MAOQ0259.1 | ARNT:HIF1A | 10.987 | 0.993674439370933 | 8988 |[8995 |1 GCACGTGC
MAO0259.1 | ARNT:HIF1A | 11.075 | 0.996299694482314 | 14160 | 14167 | -1 GTACGTGC

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction

hg38:chr5:43,209,01-43,228,000:+1

0 putative sites were predicted with these settings (25%) in sequence named
NIM1K_hg38:chr5:43209001:43228000:+1

Model ID | Model name | Score | Relative score | Start | End | Strand | predicted site sequence

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional
will be detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo.
A number of additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most
common. We recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site
prediction
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hg38:¢chr5:43228001-43247000:+1

3 putative sites were predicted with these settings (95%) in sequence named NIM1K_hg38:chr5:43228001-43247000:+1

Model ID | Model name | Score | Relative score Start |End | Strand | predicted site sequence

MAO0259.1 | ARNT:HIF1A | 10.321 | 0.973806031368894 |2882 |2889 |1 CTACGTGC
MAO0259.1 [ ARNT:HIF1A |9.828 |0.959098636256273 | 3940 |3947 | -1 GTACGTGG
MAO0259.1 | ARNT:HIF1A | 9.951 0.962768026923317 | 17317 | 17324 |1 GGACGTGG

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction

hg38:chr5:43247001-43266000:+1

0 putative sites were predicted with these settings (95%) in sequence named NIM1K_hg38:chr5:43247001-
43266000:+1

Model ID | Model name | Score | Relative score | Start | End | Strand | predicted site sequence

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional
will be detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo.
A number of additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most
common. We recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site
prediction

hg38:chr5:43266001-43282850:+1

2 putative sites were predicted with these settings (95%) in sequence named NIM1K_hg38:chr5:43266001-43282850:+1

Model ID | Model name | Score | Relative score Start |End | Strand | predicted site sequence

MAO0259.1 | ARNT:HIF1A | 9.590 |0.951998514477767 | 10481 | 10488 | -1 GGACGTGT

MAO0259.1 | ARNT:HIF1A | 10.184 | 0.969718986479586 | 14294 | 14301 (-1 ACACGTGC

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction
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CYP26A1

hg38:chr10:93071890-93079890:+1

3 putative sites were predicted with these settings (95%) in sequence named CYP26A1:hg38:chr10:93071890-
93079890:+1

Model ID | Model name | Score | Relative score Start | End | Strand | predicted site sequence

MAO0259.1 | ARNT:HIF1A | 9.817 | 0.958770479367351 |73 80 -1 GGACGTGA
MAO0259.1 | ARNT:HIF1A | 10.321 | 0.973806031368894 | 2928 | 2935 |1 CTACGTGC
MAO0259.1 | ARNT::HIF1A | 10.444 | 0.977475422035937 | 3153 | 3160 |1 CGACGTGC

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction

KISS1R

hg38:chr19:915342-923015:+1

11 putative sites were predicted with these settings (95%) in sequence named KISS1R_hg38:chr19:915342-923015:+1
Model ID [ Model name | Score | Relative score Start | End | Strand | predicted site sequence
MAO0259.1 | ARNT::HIF1A |9.817 |[0.958770479367351 | 3219 |3226 |1 GGACGTGA

MAO0259.1 | ARNT::HIF1A [9.828 |[0.959098636256273 | 3456 (3463 |1 GTACGTGG

MAO0259.1 | ARNT:HIF1A | 10.232 [ 0.971150943813066 |3508 |3515 |-1 CCACGTGC

MAO0259.1 | ARNT:HIF1A |9.739 | 0.956443548700445 | 3508 |3515 |1 GCACGTGG

MAO0259.1 | ARNT:HIF1A | 10.232 [ 0.971150943813066 | 3607 |3614 |-1 CCACGTGC

MAO0259.1 | ARNT:HIF1A | 9.739 | 0.956443548700445 | 3607 |3614 |1 GCACGTGG

MAO0259.1 | ARNT::HIF1A [9.694 |[0.955101088700307 |4202 (4209 |1 GTACGTGA

MAO0259.1 | ARNT::HIF1A | 9.542 [ 0.950566557144287 | 4240 | 4247 | -1 GGGCGTGC

MAO0259.1 | ARNT::HIF1A [9.590 |[0.951998514477767 |4321 |4328 | -1 GGACGTGT

MAO0259.1 | ARNT::HIF1A | 10.232 [ 0.971150943813066 |4476 |4483 |-1 CCACGTGC

MAO0259.1 | ARNT::HIF1A  [9.739 | 0.956443548700445 | 4476 |4483 |1 GCACGTGG

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction
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GPR26

hg38:chr10:123664355-123683000:+1

5 putative sites were predicted with these settings (95%) in sequence named GPR26_hg38:chr10:123664355-
123683000:+1

Model ID | Model name | Score | Relative score Start | End | Strand | predicted site sequence
MA0259.1 | ARNT:HIF1A | 9.951 |0.962768026923317 |411 |[418 |-1 GGACGTGG
MAOQ0259.1 | ARNT:HIF1A | 9.605 |0.952446001144479 | 2196 |2203 | -1 GCACGTGA
MAO0259.1 | ARNT::HIF1A | 11.075 | 0.996299694482314 | 2622 | 2629 | -1 GTACGTGC
MAO0259.1 | ARNT:HIF1A | 10.184 | 0.969718986479586 | 3960 |3967 | -1 ACACGTGC
MAO0259.1 | ARNT:HIF1A | 10.184 | 0.969718986479586 | 6350 | 6357 | -1 ACACGTGC

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction

hg38:chr10:123683001-123696607:+1

2 putative sites were predicted with these settings (95%) in sequence named GPR26_hg38:chr10:123683001-
123696607:+1

Model ID | Model name | Score | Relative score Start | End | Strand | predicted site sequence

MAO0259.1 | ARNT::HIF1A | 10.184 | 0.969718986479586 | 1330 | 1337 |1 ACACGTGC

MAO0259.1 | ARNT:HIF1A | 9.951 0.962768026923317 | 2025 |2032 | -1 GGACGTGG

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction
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MYBPC2

hg38:chr19:50430903-50450000:+1

50450000:+1

3 putative sites were predicted with these settings (95%) in sequence named MYBPC2_hg38:chr19:50430903-

Model ID | Model name | Score | Relative score Start |End |Strand | predicted site sequence
MAO0259.1 | ARNT:HIF1A | 9.951 |0.962768026923317 |5621 |5628 |1 GGACGTGG
MAO0259.1 | ARNT:HIF1A | 10.232 | 0.971150943813066 | 18793 | 18800 |-1 CCACGTGC
MAO0259.1 | ARNT:HIF1A | 9.739 | 0.956443548700445 | 18793 | 18800 |1 GCACGTGG

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction

hg38:chr19:50450001-50468321:+1

50468321:+1

6 putative sites were predicted with these settings (95%) in sequence named MYBPC2_hg38:chr19:50450001-

Model ID | Model name | Score | Relative score Start |End | Strand | predicted site sequencg
MAO0259.1 | ARNT::HIF1A | 9.951 0.962768026923317 | 4148 | 4155 1 GGACGTGG
MAO0259.1 | ARNT::HIF1A 10.987 | 0.993674439370933 | 9173 |[9180 |-1 GCACGTGC
MAO0259.1 | ARNT::HIF1A 10.987 | 0.993674439370933 | 9173 | 9180 1 GCACGTGC
MAO0259.1 | ARNT::HIF1A | 9.605 0.952446001144479 | 10330 | 10337 |1 GCACGTGA
MAO0259.1 | ARNT::HIF1A 10.987 | 0.993674439370933 | 10843 | 10850 | -1 GCACGTGC
MAO0259.1 | ARNT::HIF1A 10.987 | 0.993674439370933 | 10843 | 10850 |1 GCACGTGC
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Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction




PCP4L1

hg38:chrl:161256727-161273000:+1

3 putative sites were predicted with these settings (95%) in sequence named PCP4L1_hg38:chr1:161256727-
161273000:+1

Model ID | Model name | Score | Relative score Start |End | Strand | predicted site sequence

MAO0259.1 | ARNT::HIF1A | 9.590 |0.951998514477767 | 2771 |2778 |1 GGACGTGT
MAO0259.1 | ARNT:HIF1A | 10.987 | 0.993674439370933 | 14921 | 14928 | -1 GCACGTGC
MAO0259.1 | ARNT::HIF1A | 10.987 | 0.993674439370933 | 14921 | 14928 |1 GCACGTGC

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction

hg38:chrl:161273001-161287450:+1

0 putative sites were predicted with these settings (95%) in sequence named PCP4L1_hg38:chr1:161273001-
161287450:+1

Model ID | Model name | Score | Relative score | Start | End | Strand | predicted site sequence

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional
will be detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo.
A number of additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most
common. We recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site
prediction

AMPD3

hg38:chr11:10453320-10472000:1+

1 putative sites were predicted with these settings (95%) in sequence named AMPD3_hg38:chr11:10453320-
10472000:1+

Model ID | Model name | Score | Relative score | Start | End | Strand | predicted site sequence

MAO0259.1 | ARNT:HIF1A |9.657 |0.95399728825575 |2583 |2590 |-1 GAACGTGC

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will
be detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A
number of additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most
common. We recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site
prediction
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hg38:chr11:10472001-10490500:+1

3 putative sites were predicted with these settings (95%) in sequence named AMPD3_hg38:chr11:10472001-
10490500:+1

Model ID | Model name | Score | Relative score Start |End | Strand | predicted site sequence

MAO0259.1 | ARNT:HIF1A | 10.987 | 0.993674439370933 | 13390 | 13397 |-1 GCACGTGC
MAO0259.1 | ARNT:HIF1A | 10.987 | 0.993674439370933 | 13390 | 13397 |1 GCACGTGC
MAO0259.1 | ARNT:HIF1A | 9.605 |0.952446001144479 | 16429 | 16436 |1 GCACGTGA

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction

hg38:chr11:10490501-10509579:+1

3 putative sites were predicted with these settings (95%) in sequence named AMPD3_hg38:chr11:10490501-
10509579:+1

Model ID | Model name | Score | Relative score Start |End | Strand | predicted site sequence

MAO0259.1 | ARNT:HIF1A | 9.657 |0.95399728825575 (4343 |4350 |1 GAACGTGC
MAO0259.1 | ARNT:HIF1A | 10.184 | 0.969718986479586 (10160 | 10167 |1 ACACGTGC
MAO0259.1 | ARNT:HIF1A | 9.657 |0.95399728825575 |[10984 | 10991 |-1 GAACGTGC

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction

SCNN1G

hg38:chr16:23180715-23199500:+1

1 putative sites were predicted with these settings (95%) in sequence named SCNN1G_hg38:chr16:23180715-
23199500:+1

Model ID | Model name | Score | Relative score Start | End | Strand | predicted site sequence

MAO0259.1 [ ARNT:HIF1A | 9.542 [0.950566557144287 | 5513 |5520 |-1 GGGCGTGC

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will
be detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number
of additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site
prediction
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hg38:chr16:23199501-23218803:1+

23218803:1+

5 putative sites were predicted with these settings (95%) in sequence named SCNN1G_hg38:chr16:23199501-

Model ID | Model name | Score | Relative score Start |End | Strand | predicted site sequence
MAO0259.1 | ARNT::HIF1A | 9.951 0.962768026923317 | 3823 | 3830 1 GGACGTGG
MAO0259.1 | ARNT::HIF1A | 10.232 | 0.971150943813066 | 8501 8508 | -1 CCACGTGC
MAO0259.1 | ARNT::HIF1A | 9.739 | 0.956443548700445 | 8501 8508 1 GCACGTGG
MAO0259.1 | ARNT::HIF1A | 9.951 0.962768026923317 | 9428 |9435 |1 GGACGTGG
MAO0259.1 | ARNT::HIF1A | 9.542 | 0.950566557144287 | 18379 (18386 |1 GGGCGTGC

Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional will be
detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A number of
additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most common. We
recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr;5(4):276-87 gives a comprehensive overview of transcription binding site prediction
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Figure 4.8. Supplementary Figure 1.
Cellular Movement, Hematological System Development and Function, Immune Cell Trafficking

Network. A network identified after Ingenuity Pathway Assist analysis of the top 50 up-regulated
genes and top 50 down-regulated genes that are most sensitive to Rb-loss and hypoxia from the

ShRNA LNCaP microarray.
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Supplementary Figure 2.
network identified after Ingenuity Pathway Assist analysis of the top 50 up-regulated genes and

Cardiovascular System Organismal Development, Skeletal and Muscular System Network. A
top 50 down-regulated genes that are most sensitive to Rb-loss and hypoxia from the shRNA

Figure 4.9.

LNCaP microarray.
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Figure 4.10. Supplementary Figure 3.
Cardiovascular Disease Developmental Disorder, Hereditary Disorder Network. A network

identified after Ingenuity Pathway Assist analysis of the top 50 up-regulated genes and top 50
down-regulated genes that are most sensitive to Rb-loss and hypoxia from the shRNA LNCaP

microarray.
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Figure 4.11. Supplementary Figure 4.

Cardiac Arteriopathy, Cardiovascular Disease, Hematological Disease Network. A network
identified after Ingenuity Pathway Assist analysis of the top 50 up-regulated genes and top 50
down-regulated genes that are most sensitive to Rb-loss and hypoxia from the shRNA LNCaP

microarray.
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Figure 4.12. Supplementary Figure 5.

Organ Morphology, Organismal Development, Reproductive System Development and Function
Network. A network identified after Ingenuity Pathway Assist analysis of the top 50 up-regulated

genes and top 50 down-regulated genes that are most sensitive to Rb-loss and hypoxia from the
shRNA LNCaP microarray.
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Figure 4.13. Supplementary Figure 6.
Cellular Development, Cellular Growth and Proliferation, Hematological System Development and

Function Network. A network identified after Ingenuity Pathway Assist analysis of the top 50 up-
regulated genes and top 50 down-regulated genes that are most sensitive to Rb-loss and hypoxia

from the shRNA LNCaP microarray.
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MATERIALS AND METHODS:

Transient Transfections: LNCaP and shRb LNCaP cells were transfected with 10-15
nM of either scrambled (siSCX) siRNA or DP1 siRNAs (siDP1-i and siDP1-ii) using 0.3%
(v/v) Lipofectamine RNAIMAX (Invitrogen Inc) according to manufacturer’s protocol. The
cells were allowed to incubate in transfection mix for 6 h at 37°C, 20% 02, and 5% CO2

after which the transfection mix was removed and replaced with complete media.

Slide Preparation and Hypoxia Treatment: 18 mm round slides were soaked in 1 N
Nitric Acid overnight, then washed two- three times with mili-Q water and stored in 70%
Ethanol. Before use, the slides were washed twice with sterile PBS and coated with
polyethylenamine for 30 min at 37 °C. LNCaP shSCX and shRb cells were seeded at
62,500 cells/slide on 18 mm round glass slides in a 12-well plate. One of the plates was
placed into a hypoxia chamber set at 37 °C, 1% 02, and 5% CO2, while the other plate
was left at 37 °C, 20% O2, and 5% CO2 for 96 h.

Immunostaining: Following 96 h of hypoxia or normoxia the slides were washed two
times with ice cold PBS, and fixed with ice cold Methanol at -20 °C for 10 min. The slides
were then washed two times with ice cold PBS and blocked in 5% Normal Donkey
Serum (Jackson ImmunoResearch Laboratories) and 0.3 M Glycine in PBS for 30 min at
room temperature. Next, the slides were incubated with either PBS or KISS1R primary
antibody (1/100 dilution; abcam; ab140839) overnight at 4 °C. Following incubation,
the slides were washed two times with ice cold PBS for 5 min at room temperature. The
slides were then incubated with Alexa Flour® 680 donkey anti-rabbit 1gG (1/1000, Life
technologies; A10043) in PBS for 1 h at room temperature, then washed two times with
ice cold PBS for 5 min. Slides were stained with Hoescht (1/10,000) in PBS for 1 min,
followed by two washes of ice cold PBS. Lastly, the slides were mounted using
FlourSave (Calbiochem), and imaged at 60x using water and the Metamorph
software. *Number of Foci/cell was counted using the Metamorph software. (using a
threshold of 450 and dot range of 10-120)*

148



ENO2 HTR5A KISS1R PLOD2
15 15 15 15
1.0 1.0 1.0 1.0
0.5 05 05 05
+ ~ ™ + N Y + B R 0 + > B
< N R O N » O N N O N N
< Q N & Q N -2 L 2 P R
& Ee ‘.pgq & EY %\oq & & %\62 = F ®
Cyclin D1
5 B shSCX shRb
4 R R
5 & a 8§ 1 a
3 @ o 8 @ g g
w w w 2] 2] 2]
2
0 anti-Rb | e sess o

4+ N N
O N X9
& K R anti-DP1 | —

anti-a-tubulin | E=—cC— S— - — —

Figure 4.14. Supplementary Figure 7.

siRNA-mediated suppression of DP1 expression in shRb LNCaP cells does not affect HIF1-
regulated transcription of identified array genes. (A) shRb LNCaP cells were transfected with
either scrambled siRNA (siSCX) or DP1 siRNAs (siDP1-i and siDP1-ii). Twenty-four hours after
transfection cells were treated with 1% O2 for a further 24 h. Gene expression was determined by
guantitative real-time PCR after isolation and reverse transcription of total RNA. Target gene
expression was normalized to constitutively active 36B4 gene expression. Cyclin D1 expression
was used as a positive control as it is directly regulated by E2F-DP1 transcription factors. Error
bars represent + S.D. (B) Immunoblot of Rb, DP1 and a-tubulin. shRNA LNCaP cells were
transfected with either scrambled control (siSCX) or two siRNA directed to DP1. Forty-eight hours
after transfection, whole cell lysates were collected, analyzed and fractionated by SDS-PAGE.
Alpha-tubulin (a-tubulin) was used as a loading control.
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Figure 4.15. Supplementary Figure 8.

Cytoplasmic and membrane KISS1R protein expression is increased in Rb-ablated LNCaP cells
exposed to hypoxia. (A) Immunocytochemistry of ShRNA LNCaP cells treated with either
normoxia or hypoxia for 96 hours. Cells were stained with KISS1R primary antibody and Hoescht
and then imaged on a fluorescent microscope at 60x using water and the Metamorph software.
(B) Number of Foci per cell was counted using the Metamorph software and a threshold of 450
and dot range of 10-120. Error bars represent £ S.D. ***p<0.05.
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Chapter 5. A retinoblastoma protein-hypoxia-
inducible factor-1/2a complex regulates hypoxia
inducible transcriptional programs, actin
reorganization and cancer cell invasiveness in breast
cancer cells

This chapter is in preparation for publication.

Authors: Mark P. Labrecque, Mandeep K. Takhar, Samaneh Khakshour, Anne Haegert,
Robert H. Bell, Manuel Altamirano-Dimas, Colin C. Collins, Gratien G. Prefontaine,

Michael E. Cox, and Timothy V. Beischlag

Author Contributions: | performed all tissue culture and generated the shRNA cell lines
for both MCF7 and MDA-MB-231 cells. | conducted the immunoblot represented in
Figure 5.1A. Ann Haegert performed the microarray. Timothy Beischlag and | worked in
collaboration with Robert Bell, Manuel Altamirano-Dimas and Collin Collins to analyze
the microarray data and perform gene ontology analysis. | validated the microarray
results through gPCR in shRNA MCF7 and shRNA MDA-MB-231 cells shown in Figure
5.3. Mandeep Takhar produced the immunoblots represented in Figure 5.4. Samaneh
Khakshour constructed the optical tweezer and manipulated cells to measure the
normalized amplitude of resultant bead movement (NARBM) shown in Figure 5.5A. |
performed the migration assays represented in Figure 5.5B. Timothy Beischlag, Gratien
Prefontaine and Michael Cox conceived and designed the experiments. | wrote the initial
draft of the manuscript and Timothy Beischlag, Michael Cox and | wrote the final

published version of the manuscript.

5.1. Abstract

Localized hypoxia in solid tumors activates transcriptional programs that promote

the metastatic transformation of cells. Like hypoxia-inducible hyper-vascularization, loss
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of the retinoblastoma protein (Rb) is a trait common to advanced stages of tumor
progression in many metastatic cancers. We recently demonstrated that Rb is a key
mediator of the hypoxic response controlled by HIF1a/p, the master regulator of the
hypoxia response, and its essential coactivator, the thyroid hormone
receptor/retinoblastoma-interacting protein (TRIP230). Here, using short-hairpin RNA
approaches and microarray analysis, we identified hypoxia-inducible gene programs that
are further exacerbated with loss of Rb expression in MCF7 breast cancer cells.
Additionally, suppressed Rb expression in conjunction with hypoxia lincreases mRNA
and protein levels of identified array genes in shRNA MCF7 and MDA-MB-231 human
breast cancer cells. Finally, hypoxia and Rb-depletion significantly exacerbates actin
reorganization and cell migration in MCF7 breast cancer cells and chemical inhibitors of
ERK1/2 and AKT1/2 block these effects. These results demonstrate that Rb mediates
specific hypoxia-regulated transcriptional programs that promote both cell motility and

metastasis by virtue of its direct effects on the HIF1 complex.

5.2. Introduction

Targeting angiogenic factors has been an attractive strategy for the development
of anti-tumor therapies. However, such approaches are limited because metastasis is
not entirely dependent on angiogenesis and tumors progress to metastatic states
despite existing anti-angiogenic therapies [386]. Importantly, the de novo vascularization
of tumors, and cell transition from epithelial to invasive phenotypes that lead to
metastasis are determined by the tumor’s micro-environment [387]. In particular, all solid
tumors of significant size have regions of hypoxia that initiate angiogenesis and trigger
cells to become more invasive thereby promoting metastasis [387]. Thus, innovations in
cancer therapeutics require better understanding of the molecular determinants of cell

invasion that also contribute to metastasis.

Primary factors regulating angiogenesis and cell invasion include the hypoxia
inducible factor-1a (HIF1a), its homologue HIF2a, and their dimerization partner the aryl
hydrocarbon receptor nuclear translocator, ARNT or HIF1p which make up the HIF1

complex [126,283]. In healthy tissue, the HIF complex directs the ordered and tightly
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regulated expression of genes controlling the de novo synthesis of new vasculature to
support tissue growth or tissue re-perfusion. Cancerous tissue is characterized by
hypervasculature displaying aberrant structure and morphology, suggesting a
breakdown in the structured process of angiogenesis [205]. Furthermore, HIFla
stabilization is associated with increased micro-vessel density and VEGF expression in
various carcinomas and is correlated with increased risk of mortality in several cancers
[126]. During hypoxia, HIFla accumulates, translocates to the nucleus, and binds
ARNT. The HIF1 complex recruits coactivators including CBP/p300 [279] and Brm/Brg-1
[284] to activate the expression of genes, such as vascular endothelial growth factor
(VEGF) and erythropoietin (EPO) [126]. Additionally, The HIF1 complex recruits the
transcriptional coactivator thyroid hormone receptor/retinoblastoma protein-interacting
protein-230 (TRIP230) to the regulatory regions of hypoxia-responsive genes to activate
transcription [150]. TRIP230, was initially identified as a thyroid hormone receptor (TR)-
interacting protein that enhanced TRs activity [292]. In addition, TRIP230 has been
isolated as part of the p160 coactivator complex [293], a bona fide ARNT coactivator
complex [49]. Importantly, we have demonstrated that TRIP230 is recruited by ARNT as
a transcriptional coactivator and it is essential for the transcriptional activity of the HIF1
complex [150]. Furthermore, it was shown that TRIP230 interacts with Rb and that Rb
attenuates TRIP230-enhanced TR-driven transcription [149]. Subsequent studies
demonstrated that only the hyper-phosphorylated form of Rb interacts with TRIP230
[153] and that loss of Rb function unmasks the full coactivator potential of TRIP230 and
exacerbates HIF1 transcription factor functions [327], thus highlighting a role for Rb
distinct from its canonical E2F-dependent regulation of cell cycle, specific to its hypo-

phosphorylated form.

Loss of RB1, the gene that codes for Rb [156], and or loss-of-function of Rb is
associated with the development and metastatic progression of many solid tumors
including cancers of the ovary, lung, breast and brain [205,294-296]. The best
understood function of Rb is that of cell cycle regulator repressing E2F transcription
factor function thereby mediating cell proliferation and differentiation [297]. Hypo-
phosphorylated Rb blocks cell cycle progression by binding to E2F transcription factors
and modulating E2F-dependent transcriptional outcomes. It does so by recruiting

chromatin-remodeling transcriptional repressor proteins such as Sin3a/b, HDACS,
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SUV39H1 and DNMT1 [298-300]. Hyperphosphorylated Rb fails to repress E2Fs and

allows them to activate or repress various gene expression programs [297].

Recent studies suggest that hyperphosphorylated Rb may have physiologic roles
in addition to its canonical E2F function [301]. Previously, we demonstrated a direct
interaction between TRIP230 and ARNT [150]. In addition, we demonstrated that
TRIP230 was indispensable for transcription mediated by two distinct dimerization
partners of ARNT, namely the aryl hydrocarbon receptor and HIF1a [150]. Finally, we
showed that loss of Rb expression dysregulates HIF1-mediated transcription [327] and
that hypoxia in conjunction with Rb-loss promotes a more invasive and neuroendocrine
phenotype in prostate cancer cells [388]. In this report, we further characterize the role
that Rb plays in HIF-mediated signalling in breast cancer and identify gene networks
responsible for metastatic cell transformation. In addition, we demonstrate that Rb-loss
in combination with hypoxia significantly increases actin reorganization and cell
migration in breast cancer cells and that treatment with chemical inhibitors of MEK1/2
and AKT1/2 block these effects. Ultimately, this work reveals the ability of Rb to
modulate HIF1l-activated transcription, gene expression and cancer cell invasion and

metastasis in breast cancer.

5.3. Results

5.3.1. Rbregulates specific HIF1-regulated transcriptional
programs in human breast cancer cells

In order to more clearly understand the role of Rb in HIF1l-mediated gene
regulation, we interrogated the transcriptomes of Rb-positive and Rb-negative MCF7
breast cancer cells under normoxic and hypoxic conditions. Probes were made from
RNA derived from retrovirally infected MCF7 cells expressing either a scrambled control
(shSCX) shRNA or a shRNA directed to Rb (shRb) and maintained under either
normoxic or hypoxic conditions for 24 h. The shSCX control cells had high levels of Rb
while the shRb cells were deficient in Rb protein (Figure 5.1A). Previous studies
indicated that Rb acts to attenuate hypoxia-mediated gene expression [327,388],

therefore we focused on genes whose hypoxia-regulated expression was further
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exaggerated by loss of Rb. Genes from the shRb-hypoxia-treated data set that were up-
or down-regulated significantly (p<0.05) at least 1.5 fold compared to all other conditions
were selected. Hypoxia regulated genes whose expression patterns were accentuated
significantly (p<0.05) upon loss of Rb and Rb-regulated genes whose expression
patterns were accentuated upon exposure to hypoxia were selected for further analysis
(see Figure 5.1B).

Microarray analysis revealed that of the 914 annotated genes that were
significantly up-regulated by hypoxia, 100 were sensitive to loss of Rb (further up-
regulated) and of the 656 hypoxia down-regulated genes, 36 were sensitive to loss of Rb
regardless of oxygen status. Strikingly, of the top 25 upregulated genes from the shRb-
HYP dataset, 12 genes have known cell motility functions (migration, invasion or
metastasis) including; NDRG1 [389], SPAG4 [390], S1IPR4 [391] and STC1 [392] (Table
5-1). Moreover, 6 of the 25 genes have known roles in epithelial-to-mesenchymal
transition (EMT) including PLAC8 [393], LRP4 [394], and LOXL2 [395]. This data
implicates Rb-loss and hypoxia as drivers of metastatic transformation in breast cancer

cells.
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Table 5.1.

List of the top 25 genes significantly up-regulated in MCF7 cells in
response to a combination of hypoxia and Rb-depletion. *Epithelial-
to-mesenchymal transition (EMT)

Gene Name | Probe Number | Pathway Fold Induction (vs shSCX-N)
shRb-Norm | shSCX-HYP | shRb-HYP
SEMA5B NM_001031702 2.6819 12.192 45.9407
ASB2 NM_016150 Migration 1.665 23.8445 34.7281
NDRG1 NM_006096 Invasion/EMT 1.8595 20.7463 34.488
SPAG4 NM_003116 Migration 2.2649 9.4096 15.369
PLACS NM_016619 EMT 4.1006 3.9889 14.6663
FGD5 NM_152536 1.2365 3.4061 14.6056
S1PR4 NM_003775 Metastasis 2.4918 5.804 14.001
STC1 NM_003155 Migration/Invasion 1.7672 8.5651 13.8954
VTCN1 NM_024626 Metastasis 4,061 4.8074 13.1332
FAM13A NM_014883 1.5326 6.8521 12.6826
LRP4 NM_002334 EMT 0.8321 7.7775 12.1727
LDLRAD1 NM_001010978 1.7046 3.7053 11.5997
PADI1 NM_013358 4.3484 1.5704 11.2928
EPHA3 NM_005233 Metastasis/Angiogenesis | 3.5866 1.9329 10.6874
GAL3ST1 NM_004861 1.0588 3.3125 10.4002
TLE6 NM_001143986 3.6094 5.383 9.7791
LOXL2 NM_002318 EMT/Metastasis 2.2852 4.5204 9.5369
UCA1 NR_015379 5.1983 1.8198 9.3181
WNT11 NM_004626 Migration/Invasion 4.2943 1.7271 8.6906
HOXA13 NM_000522 EMT/Metastasis 2.329 4.0701 8.0788
SCNN1G NM_001039 1.4687 3.1485 7.9785
PTGS1 NM_000962 Metastasis 4613 1.6494 7.9169
HEY1 NM_001040708 | EMT/Metastasis 1.1653 4.0239 7.5989
EGLN3 NM_022073 1.144 5.3624 7.2161
EFCAB3 NM_001144933 1.8567 4.0265 7.0963
CPXM2 NM_198148 2.0749 1.3417 6.978

Of the 100 hypoxia-inducible genes sensitive to loss of Rb, 49 of these were up-
regulated after loss of Rb under normoxic conditions and demonstrated either an

additive or synergistic increase in mRNA accumulation under both conditions and the
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other 51 were sensitive to loss of Rb only in a hypoxia-dependent fashion (i.e similar to
the expression profile observed for CXCR4 and VEGF presented in Figure 5.1C).
Twenty-nine genes whose expression was significantly enhanced by loss of Rb under
normoxic conditions were not hypoxia inducible in short-hairpin-scrambled cells (shSCX)
genes but had significantly higher mRNA levels in the shRb expressing cells under
hypoxia. Venn diagrams for these relationships are presented in Figure 5.1B.
Furthermore, there were an additional 60 genes that were not significantly up-regulated
by loss of Rb or hypoxia alone, but demonstrated a significant increase in mRNA

accumulation when interrogated under both experimental conditions (Figure 5.1B).

Similarly, of the 83 genes down regulated by a combination of loss of Rb and
hypoxia, 36 of these were repressed by hypoxia alone (Supplementary Information,
Table 5-3). Many of these genes expression were repressed by loss of Rb under
normoxic conditions and demonstrated a multiplicative or synergistic effect when
exposed to a combination of low oxygen and Rb loss and 25 were sensitive to loss of Rb
only in a hypoxia-dependent fashion. Twenty-two genes whose expression was
significantly repressed by loss of Rb under normoxic conditions were not hypoxia-
repressible in short-hairpin-scrambled cells (shSCX) genes but had significantly lower
MRNA levels in the shRb expressing cells under hypoxia. Finally, there were 25 genes
that were not significantly repressed in either shRb expressing cells under normoxic
conditions, or in shSCX cells during hypoxia that showed significantly lower mRNA

levels in shRb cells under hypoxic conditions (Supplemental Information, Table 5-2).

Hierarchical clustering was performed using Ingenuity Pathway Assist. Ninety-
six up-regulated genes clustered into the 5 top networks identified. Interestingly, 82 of
the up-regulated genes were involved in 4 associated network functions that regulate
organ and tissue development and cellular movement. In addition, heat maps for these
96 genes demonstrating these relationships are presented in Figure 5.1D. Gene
ontology (GO) analysis reveals that hypoxia-regulated genes that are sensitive to loss of
Rb solely in a hypoxia-dependent fashion are not randomly dispersed but cluster
together (Figure 5.1D, purple shaded gene names). Similarly, hypoxia-regulated genes
that were sensitive to loss of Rb under normoxic conditions but demonstrated a

synergistic hyper-activation under both conditions (yellow shaded gene names, Figure
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5.1D) also segregated with genes that were sensitive to loss of Rb in a hypoxia
dependent fashion. Genes that were affected by both loss of Rb and hypoxia, but only
in an additive fashion are not shaded and were distributed in a more random fashion in
the map. Importantly, GO analysis revealed that the top two associated transcription
factors were HIF1la (p-value of overlap = 2.62E-08) and EPAS/HIF2a (p-value of overlap
= 5.81E-05), thus validating our results and our hypothesis that loss of Rb perturbs HIF-
controlled gene programs.
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Figure 5.1.  Specific hypoxia-regulated gene programs are sensitive to loss of
Rb.
MCF7 cells infected with either a short-hairpin control RNA (shSCX) or a short-hairpin to Rb
(shRb) were maintained under hypoxic (1% O2) or normoxic conditions for 24 h. Extracted RNA
was used to probe Agilent 60K Genome Wide Expression arrays. Experiments were performed
in triplicate and only genes that were up- or down-regulated at least 1.5-fold under hypoxic
conditions with a p-value <0.05 were considered significant. (A) Knock-down of Rb was
confirmed by immunoblotting with affinity-purified antibodies to Rb and a-tubulin as a loading
control. (B) Venn diagrams of all up regulated genes sensitive to hypoxia (blue) and /or loss of
Rb (red). (C) Results obtained from microarray analysis for alterations in mRNA accumulation for
VEGFC and CXCR4 and expressed as fold increase in expression. (D) Heat maps of the 96
genes sensitive to loss of Rb under hypoxic conditions that clustered into 5 associated network
functions identified by Ingenuity Pathway Assist gene ontology analysis. Hypoxia-regulated
genes sensitive to loss of Rb solely in a hypoxia-dependent fashion are highlighted in purple and
those that are sensitive to both Rb loss under normoxic conditions and hypoxia independently but
demonstrated a synergistic effect when examined in combination are highlighted in yellow.

5.3.2.  Rb-knockdown and hypoxia activates gene networks
involved in migration, invasion and cellular transformation.

The top two associated network functions identified by IPA were (1) organ
development, skeletal and muscular system development and function, cellular
movement with a network score of 47 (Figure 5.2A), and (2) drug metabolism, small
molecule biochemistry, cellular movement with a network score of 41 (Figure 5.2B). The
complete IPA analysis summary can be found in the Supplementary Information. Both
associated networks contained only genes that were hypoxia-inducible and further
sensitive to loss of Rb further supporting our hypothesis that Rb regulates specific HIF-
regulated transcriptional programs. In addition, the top molecular and cellular functions
identified in the IPA analysis were cellular movement (37 molecules), cell morphology
(19 molecules), cellular development (33 molecules), cell-to-cell signalling and
interaction (18 molecules) and cellular function and maintenance (20 molecules).
Interestingly, the network analysis identified NFkB, AKT and ERK1/2 as downstream
regulators of cancer cell transformation. No negatively regulated genes were identified in
any of the top associated network functions. We confirmed the array data for the
metastatic markers NDRG1, STC1, S1PR4 and GAL3ST1 through quantitative real-time
PCR (Figure 5.3A). The transcriptional responses to hypoxia for these genes mimicked
the array data and Rb-loss significantly bolstered the HIF1-mediated transcriptional

response to hypoxia.
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Figure 5.2. Rb-loss dysregulates hypoxia-inducible gene networks involved in
cell migration, invasion and metastasis
Gene ontology analysis using Ingenuity Pathway Assist (IPA) software identified gene networks
with modified expression under hypoxia and loss of Rb in shRNA MCF7 cells. Schematic
illustrations of the (A) organ development and cellular movement network and (B) drug

metabolism and cellular movement network. Hypoxia inducible genes up-regulated by Rb-loss
are presented in yellow. The genes presented in blue are absent from our list but are suggested

as part of the network by IPA.
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Cultured MCF7 cells are hormone sensitive and minimally invasive and represent
an early stage breast cancer phenotype [302,396]. Thus, we wanted to examine a more
advanced breast cancer cell type to determine if we could reproduce the observed
transcriptional profiles with loss of Rb and hypoxia. We retrovirally introduced the shSCX
and shRb constructs into triple negative MDA-MB-231 breast cancer cells and ablated
Rb protein levels (Figure 5.3B). Indeed, loss of Rb in conjunction with hypoxia imitated
the MCF7 cell data and significantly exacerbated STC1, NDRG1 and PLOD2 mRNA
expression when compared to all other conditions (Figure 5.3C). Taken together, this
data suggests that Rb modulates hypoxia-regulated gene programs in breast cancer
irrespective of clinical stage or cell-type. Additionally, these data unambiguously
demonstrate the requirement for Rb in the regulated and stringently controlled

expression of HIF1-regulated genes.
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Figure 5.3. Confirmation of Rb-regulated and hypoxia-inducible genes identified
by microarray analysis.
(A) MCF7 and (C) MDA-MB-231 shSCX and shRb cells were placed in hypoxia (1% O2) or
normoxia for 24 h. S1PR4, GAL3ST1, NDRG1, STC1 and PLOD2 transcript levels were
guantified by gRT-PCR following isolation and reverse transcription of total RNA. All mRNA levels
were normalized against 36B4. Grey bars represent normoxia and black bars represent hypoxia
(1% O3). Values are presented as means + S.D. (N=3). * p<0.05. (B) Immunoblot of shSCX and
shRb MDA-MB-231 cells using primary antibodies to Rb and a-tubulin.
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5.3.3. Rb-loss results in a hypoxia-dependent increase in
expression of proteins involved in metastasis in human
breast cancer cells.

To further validate the microarray, we used shSCX and shRb MCF7 cells and
immunoblotting to measure the level of protein expression for identified genes. The
shRNA cell lines were exposed to normal O2 levels or 1% O2 for various time points up
to 7 days. Protein accumulation for NDRG1 and S1PR4 reflected the transcriptional
responses observed in the microarray with Rb-depleted cells exposed to hypoxia
expressing significantly more protein compared to other conditions (Figure 5.4).
Furthermore, longer exposures to hypoxia (4-7 days) led to accumulation of more
protein for the targets of interest compared to cells that were treated with 2-3 days of
hypoxia. This observation supports our hypothesis and suggests that the key effectors of
cellular transformation and metastasis require both transcriptional and translational
processes for exacerbated accumulation with Rb-loss and hypoxia. Additionally, these

data support a role for the Rb-HIF1 complex in the maintenance of normal cell
physiology.

Normoxia Hypoxia

Normoxia Hypoxia
ShECX shRb shSZC‘)d(asythb Shsscgasyh;b Sh;C?(a{ﬁRb shSCX shRb sthc?(asyhlst shSSC)?asythb sth?(ays:Rb
Ry | =~ == — — Rb | e - — -
S1PR4 NDRG1 — — —— W —
C-tubulin | S ——— —— —— — a-tubulin

Figure 5.4. Loss of Rb and hypoxia increases expression of SIPR4 and NDRG1
protein levels in shRNA MCF7 cells.

shSCX and shRb MCF7 cells were exposed to normoxia or hypoxia (1% O3) for 2-7 days as

indicated. Cells were harvested and then whole-cell lysates were quantified, run on SDS-PAGE

and then transferred to PVDF membrane. Representative immunoblots were probed with primary

antibodies to Rb, NDRG1, S1PR4 and a-tubulin. a-tubulin was used as the loading control.

5.3.4. Hypoxia-inducible actin reorganization and cell migration is
dependent on AKT and ERK in Rb-depleted breast cancer
cells.

The gene ontology analysis suggests that Rb-deficient MCF7 cells exposed to

hypoxia are more invasive and migratory compared to the other conditions. Additionally,
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the analysis identified AKT and ERK1/2 signalling pathways as critical downstream
regulators of hypoxia-inducible invasion and migration in Rb-depleted MCF7 cells. To
test these observations, we examined the normalized amplitude of resultant bead
movement (NARBM) in response to an oscillating optical tweezer applied force in control
and Rb-deficient MCF7 cells under hypoxic and normoxic conditions [397]. NARBM
measures tripeptide Arg-Gly-Asp (RGD)-coated microbead displacement in cells after
manipulation with the optical tweezer and corresponds to cellular actin reorganization
[397]. We found that only the MCF7 cells lacking Rb and exposed to hypoxia were able
to significantly impede bead movement, suggesting a stiffer cytoskeletal structure
(Figure 5.5A). Additionally, phalloidin staining determined that Rb-depleted cells
conditioned with hypoxia had significantly more actin polymerization compared to all
other treatments (T.Beischlag, unpublished data). Treating cells with either 10 uM of the
MEKZ1/2 inhibitor U0126 or 2 uM of the AKT1/2 inhibitor A6730 blocked hypoxia inducible
actin reorganization in Rb-depleted cells (Figure 5.5A). Furthermore, to determine if actin
reorganization corresponds to increased cell migration, we treated shRNA MCF7 cells
with hypoxia or normoxia and used a cell migration assay to measure the total number of
migrating cells. Indeed, shRb MCF7 cells exposed to hypoxia migrated at a significantly
higher rate compared to scrambled negative controls and to normoxic shRb cells (Figure
5.5B). Additionally, treatment with 10 uM U0126 or 2 uM A6730 significantly impeded
hypoxia-inducible migration in shRb MCF7 cells compared to the untreated control. This
suggests that Rb-depleted MCF7 cells under hypoxic stress adopt a more migratory
phenotype through mobilization of actin filaments. In addition, blocking the AKT and ERK
signaling pathways inhibits hypoxia-inducible metastatic transformation in breast cancer

cells that have lost functional Rb.
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Figure 5.5. Rb-deficient breast cancer cells exposed to hypoxia exhibit AKT-
and ERK1/2-dependent changes in cell mechanical properties and
migration.

(A) MCF7 cells expressing Rb (shSCX) or lacking Rb (shRb) were treated with 4 days of hypoxia

or left at normoxia and treated with or without 10 pM U0126 or 2 uM A6730. Variation in NARBM

(Normalized Amplitude of Resultant Bead Movement) of shRb and shSCX MCF7 cells measured

through manipulations with an oscillating optical tweezer. Values are presented as means + S.D.

*p<0.05. (B)Total number of migrating MCF7 cells either expressing Rb (shSCX) or lacking Rb

(shRb) and treated as above. Values are presented as means + S.D. *p<0.05.

5.4. Discussion

Hypoxia via the HIF1 complex activates genetic programs regulating key
physiological functions in a coordinated fashion [126], and has been implicated in the
biochemical alterations underlying cell invasion and metastasis. In addition, loss-of-
function of Rb or genetic ablation of RB1 has been implicated in advanced stages of
brain cancers [305,306], lung cancer and breast cancer [294]. Furthermore, the loss of
Rb and the activation of HIF1-regulated genes such as increased VEGF expression,
microvascular hyperplasia and metastasis are traits that are common to progression in
many solid tumors [205]. We showed previously that siRNA-mediated knockdown of Rb
protein dysregulates HIF1-mediated transcription and increases cell invasion in MCF7
breast cancer cells [327]. We also determined that hypoxia in conjunction with Rb-loss
promotes a more invasive and neuroendocrine phenotype in prostate cancer cells [388].
However, we were interested in further investigating the physiological connection
between Rb function and hypoxia-inducible gene expression, especially HIF1-regulated

transcriptional programs involved in breast cancer cell transformation.
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We wanted to determine if Rb regulated HIF1 transcriptional programs that have
been implicated in tumor progression and metastasis in breast cancer. Towards these
ends, we interrogated the MCF7 transcriptome from cells deprived of Rb using
retrovirally expressed short-hairpin RNAs under normoxic and hypoxic conditions. A
large number of known HIF1 target genes were sensitive to loss of Rb (Figure 5.1, Table
5-1). Indeed, many established HIF1 target genes had significantly increased mRNA
accumulation in response to loss of Rb only under hypoxic conditions including VEGF,
CXCR4 and PDGFB, among others (Table 5-1). These and other genes that are
sensitive to loss of Rb in a hypoxia-dependent fashion are possible candidates for direct
regulation by the HIF-TRIP230-Rb transcriptional complex.

Gene ontology analysis of the sorted data suggests that loss of Rb selectively
regulates a specific set of hypoxia-inducible gene programs. The gene lists created
represent programs that regulate cellular movement, and cell development as well as
cellular biochemistry that likely underlies the former two processes. The two networks
identified with the highest gene ontology scores both mediate cellular movement (Figure
5.2A and B). Furthermore, the top molecular and cellular functions that many of the
genes fall into regulated cellular movement, development, morphology and cell-to-cell

signalling, all consistent with EMT and increased metastatic potential.

Loss of cellular adhesion is another hallmark of hypoxia-inducible transformation
of cancer cells [398]. MUCL1 [399], NOD2 [400], and DPP4 [401] contribute to a loss of
cell adhesion. Over-expression of ITGAS5 promotes metastasis [402], while PDGF-BB
supports cell migration [403]. Paradoxically, MTUS1 has been identified as a potential
tumor suppressor gene in breast and other carcinomas by virtue of its anti-mitotic
potential [404], however a deletion variant of MTUS1 is associated with poor prognosis
in breast cancer patients [405] and it is unknown whether MCF7 cells harbour this

variant. Regardless, loss of Rb up-regulates multiple pro-metastatic factors.

While none of the down-regulated genes (Supplementary Information, Table 5-2)
identified in our screens appear in the top functional networks identified by GO analysis,
several promote cell adhesion. TGM2 [406], and SCG5 help maintain the extra-cellular

matrix and SPRY4 inhibits prostate cancer cell motility [407], fibroblast cell invasion and
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EMT [408,409]. A loss or breakdown in these activities will compromise the integrity of
the extra-cellular matrix and facilitate the motility of transformed cells. Additionally,
TGM2 and SCG5 are epigenetically silenced in breast cancer [410] and
medulloblastomas [411], respectively. Thus, the Rb-HIF1 regulatory control of these
transcriptional programs is essential for the suppression of tumour transformation and
tumour cell motility and the loss of Rb culminates in a perfect storm of factors that drive
tumour transformation/EMT, invasion and metastasis. Taken together, these data
support our previous findings [327,388] and suggest that Rb mediates its repressor

function via a direct interaction with TRIP230.

The identification of CXCR4, NDRG1, SIPR4 and STC1 in our microarray
analysis upon depletion of Rb and hypoxia treatments in MCF7 cells led us to investigate
the effects of Rb loss on actin reorganization and the migratory phenotype of MCF7
cells. CXCR4 expression is likely to be a key effector of the migratory phenotype
[309,310]. CXCR4 promotes many key steps in epithelial to mesenchymal transition
(EMT) and metastasis including detachment from neighboring cells, extra-vasation,
metastatic colonization, angiogenesis and proliferation [311]. Additionally, CXCR4 is
highly expressed and well characterized in metastatic breast cancer models [412] and
mediates hypoxia-inducible invasion through ERK signaling in chondrosarcoma cells
[413]. Under normoxic conditions, MCF7 cells maintain an epithelial and non-migratory
phenotype regardless of Rb status. Upon Rb-depletion, hypoxia treatment triggered actin
reorganization and migration (Figure 5.6A and B). Inhibitors of AKT1/2 and MEK1/2
activation blocked hypoxia-inducible actin reorganization in Rb-depleted cells,
suggesting that ERK1/2 and AKT1/2 signalling have cooperative functions in metastatic
breast cancer cell transformation after functional ablation of Rb. To our knowledge, this
is the first study to report this phenomenon. Our data suggests that Rb attenuates HIF1
function to ensure the appropriate levels of HIF1-target gene expression. Thus, we
propose that loss of Rb or breakdown of this pathway primes cancer cells for metastatic

transformation by allowing for the over-expression of pro-metastatic factors.
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5.5. Materials and Methods

5.5.1. Reagents

RGD peptide, U0126 and A6730 were purchased from Sigma-Aldrich (ON,

Canada). The microbeads were purchased from Bangs Laboratory (ON, Canada).

5.5.2. Cell Culture

MCF7 and MDA-MB-231 cells (ATCC) were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM; BioWhittaker, Lonza) with 10% fetal bovine serum (FBS;
HyClone, Perbio, Thermo Fisher Scientific Inc.) supplemented with 100 units/ml
potassium penicillin-100 ug/ml streptomycin sulphate (BioWhittaker, Lonza), and 4.5 g/L
glucose and 4.5 g/L L-glutamine at 37°C, 20% O3, and 5% CO.,

5.5.3. Real-Time PCR

Real-time PCR (RT-PCR) experiments were performed as described previously
[327]. Breifly, shRNA MCF7 or MDA-MB-231 cells were incubated under hypoxic
conditions (1% Oy) for 24 h in a humidified CO; incubator. The mRNA levels of CXCRA4,
RB1, and 36B4 were determined using quantitative real-time PCR. The primer pairs for
PLOD2, RB1 NDRG1 and 36B4 were described previously [284,388]. Total RNA was
isolated using TRI reagent (Sigma, Cat. No. T9424-200ML) according to the
manufacturer’'s protocol. Reverse transcription was performed using High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Part N0.4368814) according to
the manufacturer’s protocol. A total of 2 — 4 ug of RNA was used in a 20 pL reaction
amplified by cycling between 25°C for 5 min, 37°C for 120 min, and 85°C for 5 min (Veriti
96 Well Thermal Cycler, Applied Biosystems). From each experiment, a sample that
was both Rb-depleted and pre-conditioned with hypoxia was used to generate a relative
standard curve in which the sample was diluted 1:10 in five serial dilutions resulting in
dilutions of 1:10, 1:100, 1:1,000, 1:10,000, and 1:100,000 whereas the samples were
diluted 1:30; the analysis was done using StepOnePlus System (Applied Biosystems).
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5.5.4. Immunoblotting

Protein analysis was performed by immunoblotting as described previously [86].
Briefly, MCF7 cells were incubated under hypoxic conditions (1% O) for 2-7 days. Cells
were harvested and the protein concentration estimated by the Bradford assay. Equal
amounts of proteins from the samples were resolved on a SDS-acrylamide gel then
transferred to polyvinylidene fluoride (PVDF) membrane. Membranes were probes with
anti-Rb (rabbit polyclonal IgG; Santa Cruz Biotechnology, Inc., SC-7905), anti-NDRG1
(rabbit polyclonal 1gG; Santa Cruz Biotechnology, Inc., SC-7905), anti-S1PR4 (mouse
monoclonal 1gG, Sigma-Aldrich, SAB1406707) or anti-a-tubulin antibodies (mouse
monoclonal 1gG; Santa Cruz Biotechnology, Inc., SC-8035). The detection was done
using horseradish peroxidase conjugated anti-mouse or anti-rabbit IgG (GE Healthcare,)
and ECL detection kit (GE Healthcare).

5.5.5.  Short-hairpin RNAs interference

MCF7 and MDA-MB-231 cells were stably infected with short-hairpin RNAs
(shRNA) according to the method described by Wang et al [384]. The pQCXIPgfp vector
was obtained from Dr. Oliver Hankinson (UC, Los Angeles). Oligonucleotides encoding
short-hairpin RNAs directed to RB1 were annealed and cloned into the pQCXIPgfp
vector 3-prime of the mouse U6 promoter. The RB1 forward and reverse primers were;
RB1-CDS/13-14-F —
TTTGGGATCTCAGCGATAGAAACTTCAAGAGAGTTTGTATCGCTGTGATCCTTTTT,
and; RB1-CDS/13-14-R -
AATTAAAAAGGATCACAGCGATACAAACTCTCTTGAAGTTTCTATCGCTGAGATCC

Human embryonic kidney 293T cells were transfected with the shRNA vectors
and the pCL10Al packaging vector using Lipofectamine 2000 (Invitrogen) and
maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin.
Twenty-four h after transfection, media was replaced and viral supernatants were
collected 24 h later. MCF7 cells were seeded into 6-well plates (2x105 cells/well) and
spin infections were performed using 2 ml of viral supernatant and centrifugation at 2500

rpm for 90 min at 30° C. Twenty-for h post-infections media was supplemented with 3
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pug/ml puromycin. Infection was monitored by immunoflourescence of GFP and knock-

down was determined by immunoblotting.

5.5.6. Gene Expression Array Analysis

Gene expression microarray analysis was performed at the Laboratory for
Advanced Genome Analysis (Vancouver Prostate Centre, Vancouver, Canada).
Messenger RNA from MCF7 cells stably expressing either shRb or the short-hairpin
scrambled RNA (scx) was isolated using TRI reagent (Sigma) according to the
manufacturer’s protocol. Total RNA was quantified using a NanoDrop ND-1000 UV-VIS
spectrophotometer to measure A260/280 and A260/230 ratios. We performed quality
control checks of total RNA using an Agilent 2100 Bioanalyzer. One hundred ng of total
RNA was converted to cRNA using T7 RNA polymerase in the presence of cyanine 3
(Cy3)-labeled CTP using an Agilent One-Color Microarray-Based Gene Expression
Analysis Low Input Quick Amp Labeling v6.0 kit. Experiments were performed in
triplicate and cRNAs were hybridized to Agilent GE Human Whole Genome 4x44Kv2
microarrays (Design ID 026652).

Arrays were scanned with an Agilent DNA Microarray Scanner at a 30m
resolution and data was processed using Agilent Feature Extraction 10.10 software.
Green processed signal was guantile normalized with Agilent GeneSpring 11.5.1. To find
significantly regulated genes, fold changes between the RB1 shRNA and the scrambled
(SCX) shRNA control groups and p-values gained from t-test between the same groups
were calculated with a Benjamini-Hochberg multiple testing correction. The t-tests were
performed on log transformed normalized data and the variances were not assumed to
be equal between sample groups. Up- and down-regulated genes with P values < 0.05
and fold difference 21.5 compared to the control or to the hypoxia scrambled control
group were selected for further analysis. Heat maps were created using the Hierarchical

clustering program from the GenePattern website (http://genepattern.broadinstitute.org).
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5.5.7.  Oscillating Optical Tweezer Mechanical Charaterization

The stiffness of MCF7 cells was measured using an oscillating optical tweezer
(OT) as described previously [397]. Briefly, the tripeptide Arg-Gly-Asp (RGD)-coated
microbeads bound to the cell surface were trapped by the laser tweezer and then moved
back and forth via oscillating laser trap with various frequencies of 0.1, 1, 10 Hz. As the
beads moved sinusoidally, the cell develops internal stress and resistance to the bead
motion that depends on the cell's mechanical properties. The resultant bead
displacement in response to the force applied by the tweezer was measured optically
and the bead motion equation was used to calculate the cell shear modulus and

viscosity in the frequency domain.

Data Analysis

In order to analyze the experimental data and calculate the changes in cell
mechanical properties, a bead motion equation was used as described previously [397].
The cell relaxation time was calculated by measuring fluctuations in the position of
trapped beads linked to the cell cytoskeleton. By analyzing the normalized position auto-
correlation function of trapped bead signal fluctuations in time domain, relaxation time

was determined. The trapped bead motion equation can be described by:

x4 (1/te)x =€)

_(r+p)
=

To

Y = 6TaNmeq

B = TeontNcent

where .4 and n..; are the viscosity coefficients of the surrounding medium
and the cell structure, and k, is the laser stiffness coefficient, and t, is the relaxation

time. Integrating both sides of the above equation with respect to time, we arrived at:
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Calculating the normalized position autocorrelation function, and using the

properties of £(t) we arrived at:
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Thus, by performing autocorrelation analysis on bead fluctuations and fitting the
experimental results to the exponential function, we can determine the cell relaxation

time.

5.5.8. Migration Assay

Control scrambled or shRb MCF7 cells were treated with hypoxia (1% O2) or
maintained at normoxic conditions and treated with either vehicle or drug (10 uM U0126,
or 2 yM A6730) for 96 h. After 96 h, cells were washed, trypsinized, counted on a
Haemocytometer and then seeded on ThinCerts (Greiner Bio-One) with 8.0 ym pore
size at 1X10* cells per cell culture insert. The cells were maintained in serum-free
DMEM with L-glutamine in the upper chamber whereas the lower chamber contained
DMEM media with L-glutamine and 50% FBS. Cells were treated as stated above for a
further 96 h and then total migrating cells were counted using an Olympus CKX41 light

microscope.

5.5.9. Statistical analysis

All Data are represented as means + standard deviation (SD), and for statistical
analysis we used an ANOVA test for comparing more than two groups of samples’

mean. P<0.05 was considered as statistically significant.

172



5.6. Supplementary Information

Table 5.2. List of up-regulated genes identified in the MCF7-shRNA microarray
used in the GO analysis.

Associated | Fold Induction (vs shSCX-Norm)
Gene
Name ID Number Pathway ;th- shSCX- shRb-

orm Hyp Hyp

SEMA5B NM_001031702 2.6819 12.192 45.9407
ASB2 NM_016150 1.665 23.8445 34.7281
NDRG1 NM_006096 MET 1.8595 20.7463 34.488
SPAG4 NM_003116 MET 2.2649 9.4096 15.369
PLAC8 NM_016619 EMT 4.1006 3.9889 14.6663
FGD5 NM_152536 1.2365 3.4061 14.6056
S1PR4 NM_003775 24918 5.804 14.001
STC1 NM_003155 MET 1.7672 8.5651 13.8954
VTCN1 NM_024626 MET 4.061 4.8074 13.1332
FAM13A NM_014883 1.5326 6.8521 12.6826
LRP4 NM_002334 0.8321 7.7775 121727
LDLRAD1 | NM_001010978 1.7046 3.7053 11.5997
PADI NM_013358 4.3484 1.5704 11.2928
EPHA3 NM_005233 ANGIO/MET | 3.5866 1.9329 10.6874
GAL3ST1 | NM_004861 1.0588 3.3125 10.4002
TLEG NM_001143986 3.6094 5.383 9.7791
LOXL2 NM_002318 EMT/MET | 2.2852 4.5204 9.5369
UCA1 NR_015379 5.1983 1.8198 9.3181
WNT11 NM_004626 MET 4.2943 1.7271 8.6906
HOXA13 NM_000522 2.329 4.0701 8.0788
SCNN1G | NM_001039 1.4687 3.1485 7.9785
PTGS1 NM_000962 MET 4.613 1.6494 7.9169
HEY1 NM_001040708 1.1653 4.0239 7.5989
EGLN3 NM_022073 1.144 5.3624 7.2161
EFCAB3 NM_001144933 1.8567 4.0265 7.0963
CPXM2 NM_198148 2.0749 1.3417 6.978
TARP NM_001003799 4.0711 1.0458 6.8714
PCP4L1 NM_001102566 2.1561 4.7972 6.6552
KIAA1199 | NM_018689 EMT/MET 3.1993 1.4493 6.6384
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Gene

Associated

Fold Induction (vs shSCX-Norm)

Name ID Number Pathway | STRE" shSCX- | shRb-
Norm Hyp Hyp

HK2 NM_000189 15134 3.8237 5.7508
SCNN1B | NM_000336 0.9725 16127 5.6789
LEPREL1 | NM_018192 3.2269 1.6239 5.67
PAM NM_000919 1.8663 4.1069 5.4283
CSRP2 NM_001321 1.5306 2.774 5.4259
DPP4 NM_001935 | MET 1.937 3.1657 5.2573
PTPRH NM_002842 2.4397 24199 5.2459
MDGA2 | NM_001113498 24756 1,596 4.9975
FAM105A | NM_019018 2.6705 1.6219 4.8526
HCG4 NR_002139 1,0056 3.3803 4.764
FAM26F | NM_001010919 1.0912 3.6116 47274
PAG1 NM_018440 | MET 1,0571 3.1666 4.6211
MUCH NM_002456 | MET 2.5799 1.9335 45387
TNFAIP8 | NM_014350 | MET 2.3231 2.0515 4.4647
PCDH7 NM_002589 | MET 2.8444 1.2074 4.4452
TH NM_199292 1.5694 15108 4.4419
KCTD12 | NM_138444 1.3874 3.3596 43913
DNAH7 NM_018897 15275 1.1218 4.3651
PGMS5 NM_021965 2.8558 1.0753 4.3581
MMAB NM_052845 1.4071 2.507 4.1558
CXCR4 NM_001008540 | MET 0.9313 2.8015 3.7357
BMPER | NM_133468 | EMT 1.7714 1.8844 2.9419
VEGFC | NM_005429 | ANGIO 1.1541 1.7151 25788
NOD2 NM_022162 | MET 14739 1.4085 2.2522
PDGFB | NM_002608 | MET 1.2460 1.6411 2.1481
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Table 5.3. List of down-regulated genes identified in the MCF7-shRNA
microarray

Actual Fold Repression (vs
shSCX-N)
Gene

Name ID Number | shRb-N | shSCX-H | shRb-H
SPANXA1 |NM_013453  [13.6027 |2.0888 27.1677
SCG5 NM_003020 |9.1948  |2.0533 26.9354
PLAC1 NM_021796  |11.6600 |2.9946 21.1190
CSF3 NM_000759  |11.3107 |1.9915 17.6488
KRT23 NM_015515  |7.4222  |1.8907 16.1761
ATP8A2  |INM_016529 |4.5767 |2.5873 11.2376
SPANXB2 [NM_145664 [6.4251  |1.8725 10.3385
PCDH11Y |NM_032973  |5.9627 |0.6347 10.0006
ATP8A2  |INM_016529 |4.8717 |1.6014 8.5669
ANKFN1 ~ |[NM_153228  |4.7831  |2.7295 8.0971
PLUNC NM_130852  |4.7067 |1.3556 7.4023
KLK7 NM_005046 |3.9284  |3.0449 7.2774
RBM24 NM_153020 |1.9015 |3.7043 6.0877
GUCY1B3 [NM_000857  (2.8484  (2.6880 5.3289
PHF21B  |NM_138415 |2.6890 [1.3772 5.2881
RDH12 NM_152443 |2.9952 [1.1319 5.0906
MARK1 NM_018650  |1.3871  |1.9403 4.9432
OSTalpha [NM_152672 |2.7360  |1.4800 49372
KRT4 NM_002272  |2.3539  |2.2994 4.7574
RPS6KL1 |NM_031464 |1.8111 [1.7332 4.7093
CACNG1 |NM_000727  |2.3270  |1.9075 4.6698
ZDHHC22 |NM_174976 |2.7026  |1.3002 4.5231
KCNMA1 |NM_002247  |1.7745 |1.0978 4.3308
BFSP2 NM_003571 |2.4121  |1.5846 4.2756
NFIA NM_001134673|1.8873  |1.0931 4.2339
H2BFXP  |NR_003238  |1.3687 |2.4694 4.0783
SLC24A3 |NM_020689  [2.0832  [1.7148 3.9980
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Actual Fold Repression (vs

Gene shSCX-N)

Name ID Number | shRb-N | shSCX-H | shRb-H
GIMAP2  |INM_015660 (25125  |1.1420 3.8355
ovoL2 NM_021220 [1.5042  |1.8924 3.6386
IRF2 NM_002199  |2.0929  |1.9656 3.5976
TAF9B NM_015975 |1.2663  |2.2646 3.5620
ZNF385B |NM_152520 |1.9410 |1.3492 3.5537
TAFT7L NM_024885 (1.8573  |2.0791 3.5518
LAMA4 NM_001105209|1.9850  |1.5422 3.5496
SECTM1  |[NM_003004  [1.8662 |1.3726 3.4147
STAT4 NM_003151  |1.2449  |1.7344 3.3856
SPRY4 NM_030964 |1.8788  |1.6637 3.3422
TGM2 NM_198951 [1.0475  |1.8359 3.2500
SHC3 NM_016848 [1.3116  |1.3749 3.2443
HLF NM_002126  |1.3677  |1.8209 3.1743
PDLIM3  [NM_014476  |2.0539  |2.0544 3.1280
CALB2 NM_001740 |1.4428  |1.0995 3.1226
EGR4 NM_001965 |1.8877  |1.6876 3.1219
SOBP NM_018013 [1.9826  |1.2792 3.0508
CPEB1 NM_030594 [1.2872  |1.9788 3.0360
GALNT5  |[NM_014568  [1.7247  |1.8264 3.0222
EPHAS8 NM_001006943|1.2708  |1.3104 3.0203
KCNAB3 |INM_004732  |1.4641 |1.0575 3.0132
PCDH11X |NM_014522  |1.4975 |0.9077 2.9754
CCNA1 NM_003914  |1.5694  |1.4168 2.9502
NLRC5 NM_032206 |1.3812  |1.3660 2.9235
LRFN4 NM_024036 |1.8066  |1.1766 2.7726
GPR68 NM_003485 |1.6858  |1.3447 2.7435
ADORA1 |NM_000674 |0.9010  |0.7098 2.6844
PAQR3 NM_001040202|1.2385 |1.3784 2.6797
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Actual Fold Repression (vs

Gene shSCX-N)

Name ID Number | shRb-N | shSCX-H | shRb-H
IL27RA NM_004843 [1.5084  |1.3077 2.6767
NEK10 NM_199347  |1.4418  |1.6547 2.6432
NANOG  [NM_024865 |1.2439  |1.7340 2.6396
PRDM16 (NM_022114  |1.7008  |1.2826 2.6213
LRRC52  [NM_001005214(1.7408  |1.0204 2.6185
BTC NM_001729  |1.6622  |1.2941 2.5672
KIF7 NM_198525 (1.6635 |1.1251 2.5639
THBS4 NM_003248 |1.4767  |1.4208 2.5008
LYSMD2 [NM_153374  |1.5664  |1.3877 2.4907
PPARGC1B(NM_133263  |1.0593  |1.4997 2.4556
MICALCL [NM_032867 |0.7531  |1.2830 24074
BMP8B NM_001720 |1.0633  |1.4737 2.4062
LOH3CR2A [NR_024065  |1.2926  [1.3931 2.3736
WDR4 NM_033661 |1.4433 |1.3511 2.3537
CLIP2 NM_003388 [1.0671  |1.2378 2.3406
URB2 NM_014777  |1.4037  |1.2986 2.3157
ASPHD2  |NM_020437 |1.2231 |1.0106 2.2231
LMCD1 NM_014583 [1.4531  |1.3186 22192
ZNF684  |NM_152373  |1.0844  |1.2350 2.1675
PKP1 NM_000299 |1.2899  |1.2085 2.1478
LRRC14B |NM_001080478|0.8893  |1.0576 2.1460
ST8SIA4  NM_005668  [1.3758  [1.3479 2.1221
FOXS1 NM_004118 |0.4076  |1.3597 2.1043
MYH3 NM_002470 |1.2156  |1.0697 2.0731
MRPL12  |NM_002949  |1.2903 |1.1708 2.0494
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Chapter 6. Conclusions and Future Directions

The penultimate goal of this work and as stated in chapter 1 of this thesis, was to
delineate the molecular mechanisms employed by ARNT to control transcription in
response to multiple environmental stimuli. To achieve this general objective, | studied
two dynamics of ARNT transcriptional control 1) AHR/ARNT and disruption of ER-
regulated transcription and 2) the role of the ARNT-TRIP230-Rb transcriptional complex
in HIF1-regulated signaling. The first paradigm involved the testing of sSiRNAs to ARNT
and AHR and investigating the impacts of ARNT knockdown on AHR-mediated
transrepression of estrogen signaling. The second paradigm investigated the role of the
ARNT-TRIP230-Rb complex in HIF1-regulated transcription. | used siRNAs to Rb to
determine the transcriptional consequences of Rb-loss in cells under hypoxic stress. The
latter paradigm also included the development of stable cell lines using shRNA
technology and delineating the components of the ARNT-TRIP230-Rb complex through
Rb-ablation. Additionally, we examined the HIF1-mediated gene regulatory networks
impacted by Rb-depletion in prostate and breast cancer models using microarray
technology and gene ontology analysis. It is hoped that these experiments will allow for
a number of future experiments that may provide further insights of the role of Rb in
HIF1-mediated signalling and cancer cell evolution. The following four sections of this
chapter will review each of the papers and suggest what questions still remain and the

potential for future research opportunities.

6.1. Chapter 2: Conclusions and Future Directions

In chapter 2 of this thesis, we used siRNAs to knockdown ARNT and AHR
protein levels and described AHR transcription factor function at E2-inducible genes in
both MCF7 and ECC-1 cells. Therein, it was shown that AHR-knockdown led to loss of
dioxin-induced transrepression at ER-target genes but that ARNT-knockdown had no

effect on TCDD-induced transrepression, suggesting that TCDD-induced disruption of
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ER-signaling is dependent on AHR but not on ARNT. Unexpectedly, we also showed
that ARNT acts as a coactivator in MCF7 cells and as a corepressor in ECC1 cells at
E2-inducible genes, suggesting cell-line specific roles for ARNT as a transcriptional

modifier.

Since the publication, the role of AHR and ARNT in ER-regulated transcription
has been investigated further and expanded upon. Ahmed and colleagues [414] used
zinc-finger nucleases to knockout AHR and ARNT protein expression and supported our
findings that ARNT is indeed a coactivator of ER-regulated transcription in MCF7 cells.
However, they also found that knockout of either AHR or ARNT abolished TCDD-
mediated repression of E2-induced pS2 and GREBL1 transcription, suggesting that both
ARNT and AHR are required for TCDD-induced transrepression at ER-regulated genes.
Undoubtedly, gene knockout techniques are far superior to siRNA-mediated knockdown
as it is nearly impossible to completely ablate protein expression with siRNAs. Thus, it is
possible that residual ARNT protein in our knockdown studies contributed to the
observed TCDD-dependent inhibition of ER-regulated transcription and that a functional
AHR/ARNT heterodimer is required for transrepression functions. Nevertheless, our data
still refutes the notion that it is competition for ARNT/coactivators that leads to TCDD-
induced disruption of ER-signaling since ARNT knockdown exacerbates ER-dependent
transcription in ECC-1 cells and because TCDD still dampens the expression of E2-
inducible targets in ECC-1 cells with depleted ARNT protein. Hence, a key question
becomes what other corepressors or factors are involved in TCDD-dependent disruption

of ER transcription factor function?

It has been well documented that nuclear receptor corepressor 1 (NCOR1)
silencing mediator of retinoic acid and thyroid hormone receptor (SMRT/NCOR2), switch
independent 3 (Sin3) and histone deacetylase (HDAC) corepressor complexes inhibit
nuclear receptor transcription factor functions [415]. Additionally, ligand-induced
activation facilitates the exchange of these corepressor complexes with coactivator
complexes harbouring acetyltransferase and chromatin remodeling capabilities [415].
However, this theory represents mechanisms of repression at a nuclear receptor’'s own
cognate response element and not the molecular mechanisms employed by the bHLH-

PAS transcription factors. Although studies investigating the roles of NCOR1 and SMRT
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in bHLH-PAS transcription factor functions are lacking, they remain attractive candidates
as corepressors involved in AHR-mediated transrepression of ER-signaling for a few
reasons; 1) NCOR1 and SMRT are crucial corepressors required for the transrepression
functions of many of the nuclear receptors with immune system functions [292]
suggesting that they may be involved in a similar capacity in other models of
transrepression; 2) a physical interaction exists between AHR and SMRT and SMRT
inhibits AHR-mediated transcriptional activities [278,416]; and 3) | have shown through
chromatin immunoprecipitation that NCORL1 is significantly enriched at the pS2 promoter
after combinatorial treatments with TCDD and E2 (Appendix A, Figure Al), suggesting
that activated AHR may recruit NCORL1 to the pS2 promoter to repress ER-regulated
transcription factor function. Taken together, this implies that NCOR1 and SMRT could
facilitate the transrepression functions of AHR/ARNT in ER-dependent signaling. To
further define the roles of NCOR1 and SMRT, future research efforts should focus on
targeted disruption of NCOR1 and/or SMRT (si/shRNA, CRISPR, etc.) and the resultant
transcriptional ramifications at ER-regulated genes with E2 and TCDD treatments. This
will not only further characterize AHR-mediated transrepression functions but may

potentially identify chemotherapeutic targets for ER-positive cancers.

6.2. Chapter 3: Conclusions and Future Directions

In Chapter 3 of this thesis, we set out to determine the role of Rb and TRIP230 in
HIF-mediated transcription factor functions. We used siRNA mediated knockdown of Rb
in MCF7 and LNCaP cells to determine the functional consequences of Rb-ablation in
cells under hypoxic stress. We demonstrated that a combination of hypoxia and Rb-
depletion led to concomitant increases in mRNA and protein for canonical HIF1-
regulated genes. Additionally, we characterized the molecular interactions between
ARNT, TRIP230 and Rb and further delineated the role of hyperphosphorylated Rb as a
negative regulator of TRIP230 coactivator function. Finally, we showed that Rb-loss in
conjunction with hypoxia led to significantly higher rates of cell invasion in MCF7 breast
cancer cells and that our observations likely occurred independent of E2F-regulated

mechanisms.
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Two important questions arose from this work. The first of which was what are
the broader implications of Rb-loss and hypoxia in the context of disease progression or
cancer cell transformation? This question was answered in detail in chapters 4 and 5 of
this thesis. The second question was does our molecular model of the ARNT-TRIP230-
Rb transcriptional complex accurately represent what is happening clinically?
Recapitulating results in gene knockout models using CRISPR-CAS9 would greatly
strengthen our arguments that Rb is required for the appropriate expression of HIF1-
regulated genes. As mentioned in the chapter 2 conclusions, siRNA has its pitfalls as
knockdown does not completely silence Rb expression and there may be off-target
effects occurring through the chemical treatments or through interactions with the siRNA
to miRNAs or related RNA sequences. If Rb knockout through direct DNA editing
phenocopies the siRNA results then that strongly supports our working hypothesis as
harsh chemical treatments and low levels of functional Rb protein are no longer an
issue. On the otherhand, we verified the transcriptional responses with two separate
siRNAs as well as through reporter assays using a TRIP230 deletion mutant incapable
of interacting with Rb thereby strengthening our observations that loss of Rb permits full
coactivator potential of TRIP230 at HIF1l-regulated genes. Moreover, loss of copy
number or deletion of Rb rather than point mutations or frameshift mutations represent
the majority of loss of function alterations occurring in clinical samples from patients
whose cancers transform to a more aggressive phenotype [202,417]. Thus, using siRNA
technology to deplete functional Rb in early stage cancer cell lines most accurately
reflects the conditions observed in clinical examples. The molecular characterization of
transcription factor function and the phenotypic consequences of Rb-loss and hypoxia in
cell-based systems is only a starting point and the most accurate models require
complete biological systems. However, in vivo experiments are intended for future

research and are discussed further below.

Additional avenues of future research that could come from this chapter include
determining the roles of putative corepressors identified in our chromatin
immunoprecipitation assays in HIF1-mediated transcription. We discussed the potential
for HDACs in activated HIF1 transcription factor function, however ChlIP assays also
identified SIN3A and SIN3B at the VEGF promoter and EPO enhancer after hypoxia

treatments. Despite its known roles as a transcriptional corepressor, SIN3A is a potent
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coactivator required for AHR transcription factor functions [418], suggesting it may play a
similar role in activated HIF1 functions. Thus, further delineating the roles of canonical
corepressors in activated transcription may provide further insight to genome-wide
transcriptional regulation and provide future targets for cell- or tissue-specific

chemotherapy.

6.3. Chapter 4. Conclusions and Future Directions

In chapter 4 of this thesis, we investigated the role that Rb plays in HIF1-
mediated transcription by examining prostate cancer cells that expressed either a
shRNA to a scrambled negative control RNA or a shRNA to Rb. Transformed LNCaP
cells were either treated with hypoxia or left at normoxia and then microarray analysis
was completed to determine the genetic programs controlled by the Rb-HIF1 complex.
We found that Rb-ablation exacerbates HIF1-regulated gene programs involved in
metastatic transformation and neuroendocrine differentiation. Additionally, factors
identified in the microarray analysis mirrored the transcriptional profiles at the protein
level. Finally. Rb-loss and hypoxia sensitized prostate cancer cells to kisspeptin-10, a
potent KISS1R agonist, suggesting therapeutic complications in men with advanced

stages of prostate cancer.

Collectively, this work represents the first in depth analysis of the loss of Rb
function and the consequences to HIF1-mediated metastatic transformation. However,
many guestions remain that require further investigation. Firstly, gene ontology identified
AKT, ERK1/2 and NFKB as key signaling nodes that control metastatic transformation
and neuroendocrine differentiation. Future research efforts should directly target AKT,
NFKB and ERK1/2 with chemical inhibitors to determine if we can block invasion and/or
neuroendocrine differentiation after Rb-loss and hypoxia treatments. Additionally,
receptors identified by the microarray that are upstream activators of ERK/AKT/NFKB,
such as KISS1R [419] and CXCR4 [413], can be pharmaceutically inhibited to determine
if receptor antagonism phenocopies inhibition of signaling nodes. These experiments
may identify new chemotherapies for advanced stages of prostate cancer. Finally, using
Rb-ablated cells in mouse models to see if we can recapitulate the array data would be

of extreme interest. Sharma et al. [202] depleted Rb expression in LNCaP cells and
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showed that mouse xenografts with Rb-loss had significant growth advantages and
displayed characteristics of CRPC when compared to control xenografts. They
suggested that CRPC progression after Rb-ablation was due to an E2F-mediated
increase in AR activity. However, intratumour oxygen status was not determined and
neuroendocrine markers were not investigated. Thus, determining these clinical
parameters may also help identify the molecular mechanisms governing CRPC or NED

progression.

6.4. Chapter 5: Conclusions and Future Directions

In chapter 5 of this thesis, we investigated the role of Rb in HIF1l-regulated
transcription by examining breast cancer cells that expressed either a shRNA to a
scrambled negative control RNA or a shRNA to Rb. Methodologically, this chapter was
very similar to chapter 4, however, here we investigated breast cancer models and
discovered that loss of Rb and hypoxia led to aberrant expression of hypoxia-inducible
gene programs involved in metastasis and cellular transformation. Furthermore, we
showed that Rb-loss and hypoxia led to increased actin reorganization and cell migration
and that blocking AKT and ERK1/2 signaling pathways significantly impeded actin

reorganization and migration in hypoxic cells with depleted Rb.

Moving forward, it is imperative that we move into mouse models. We
determined that Rb loss and hypoxia upregulated S1PR4, NDRG1 and CXCR4
expression. Orthotopic tumour implants of shSCX and shRb breast cancer cell lines in
female NOD-SCID mice and then subsequent tissue analysis for metastases and
expression of identified array genes may yield impactful results. For example, S1PR4 is
a putative marker for breast cancer metastasis [420] and is over-represented in brain
cancers. Thus, examining mouse brains for metastatic nodes after orthotopic implants
and staining for S1IPR4 expression may lead to valuable mechanistic insight on breast
cancers that metastasize to the brain. Furthermore, injecting shRNA cells via tail vein
and then determining if metastatic foci in the lungs increases in response to Rb-loss
would significantly strengthen our hypothesis that loss of Rb function leads to acquisition
of a metastatic phenotype. Furthermore, we showed that pharmacological inhibition of

ERK1/2 and AKT could block hypoxia inducible actin reorganization and cell migration in
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Rb-depleted cells. Thus, using U0126 and A6730 and the shRNA cell lines in mouse
xenograft studies to determine if we can significantly inhibit tumour progression or
metastasis in Rb-depleted xenografts would strongly support the microarray data
Finally, targeting identified array genes with known roles in metastasis or EMT, such as
NDRG1, STC1 and CXCR4 with chemical inhibitors or siRNAs to see if we can block
invasion and metastasis is also important as these targets may be candidates for future

treatments in advanced stages of breast cancer.
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Appendix A.

NCOR1 is enriched at the pS2 promoter after treatment
with TCDD and E2

CYP1A1 pS2
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Figure A1l. NCORL1lis enriched at the pS2 promoter after treatment with TCDD
and E2.

Chromatin immunoprecipitation assays of the CYP1A1 enhancer and pS2 promoter regions in

ECC-1 cells using antibodies targeting NCOR1 and SMRT .Cells were treated for 45 min with

either DMSO, E2 (10 nM), TCDD (2 nM) or a combination of E2 and TCDD.
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