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Abstract

The von Hippel-Lindau (VHL) tumor suppressor plays a pivotal role in maintaining cellular
homeostasis as a key component of E3 ubiquitin ligase complexes, which direct proteins for
proteasomal degradation. Loss of VHL function, through mutation or transcriptional silencing, is
a defining feature of most sporadic cases of clear cell renal cell carcinoma (ccRCC). VHL loss
leads to the constitutive stabilization of its E3 ligase substrates, most notably hypoxia-inducible
factor a (HIF-a), which drives ccRCC tumorigenesis through the activation of hypoxia-
responsive genes. While HIF-a is well established as a driver of ccRCC, the HIF-independent
functions of VHL in oncogenesis remain poorly understood. In this study, we sought to identify
novel VHL targets and evaluate their therapeutic potential in ccRCC. Using proximity labeling to
identify proteasome-sensitive VHL interactors, we discovered that retinoblastoma protein (pRb)
is a novel substrate of VHL. Immunoprecipitation experiments revealed that VHL binds nuclear
pRb under normoxic conditions in a phosphorylation-independent manner, facilitating its
ubiquitin-mediated proteasomal degradation. In VHL-deficient ccRCC cells, pRb becomes
hyperstabilized, leading to suppressed apoptosis and widespread transcriptional reprogramming
that promotes tumorigenesis. Proteomic analysis of VHL-pRb interactors revealed an enrichment
of proteins involved in genome-wide transcriptional remodeling, further implicating this pathway
in ccRCC progression. To explore therapeutic strategies, we investigated pharmacological
targeting of the VHL-pRbD axis. Our findings revealed a pRb-dependent interaction between the
CDK4/6 inhibitor Abemaciclib and the E2F1 activator B-lapachone, resulting in decreased
viability across various ccRCC cell lines. While these results suggest a promising therapeutic
approach, in vivo validation remains necessary. Overall, my work uncovers a previously
unrecognized VHL-pRb pathway, providing new mechanistic insights into ccRCC pathogenesis

and identifying a potential therapeutic strategy to mitigate tumor progression.
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Chapter 1: Introduction



1.1 The von Hippel Lindau (VHL) tumor suppressor
1.1.1 Discovery of VHL

In 1894, British ophthalmologist Treacher Collins first described familial retinal
hemangioblastomas in pathologic specimens obtained from two siblings'?. The term ‘von
Hippel Lindau disease’ is derived from the descriptions of two authors: Eugene von Hippel, who
studied the clinical appearance and progression of retinal lesions now referred to as retinal
hemangioblastomas, and Arvid Lindau who found the association between cerebellar
hemangioblastomas and retinal hemangioblastomas®*. VHL disease is a hereditary cancer
syndrome characterized by a range of benign and malignant tumors>~!!, Its clinical
manifestations include retinal and central nervous system hemangioblastomas, clear cell renal
cell carcinoma (ccRCC), pheochromocytomas, pancreatic neuroendocrine tumors, and
endolymphatic sac tumors'®2°. Among these, ccRCC—a tumor of the kidney—is considered the

most malignant and life-threatening complication of VHL disease.

The first hints about the identity and location of the VHL gene arose from cytogenetic studies of
several unrelated families with an inherited susceptibility to ccRCC!-3, and further supported by
a series of studies that used cytogenetics and restriction fragment length polymorphism analysis
to identify and characterize genetic abnormalities in sporadic ccRCC*®. These studies
consistently identified abnormalities in the short arm of chromosome 3 (3p) that were present in
ccRCC tumors but absent in normal tissue and in patients with other histologic subtypes, such as
papillary RCC®!°. Through genetic linkage analysis, researchers were able to narrow down the
location of the VHL gene to a relatively small region on the short arm of chromosome 3 (3p),
spanning approximately 4 centimorgans'!~!3. In 1993, the gene was successfully identified

through positional cloning and mapped to chromosome 3p25-26'4. VHL is a highly conserved



gene comprising three exons and encodes two ubiquitously expressed protein isoforms: pVHL30
(amino acids 1-213) and pVHL 19 (amino acids 54-213), generated via alternative translation
initiation'>'®, These isoforms differ in their subcellular localization—pVHL30 is predominantly

cytoplasmic, whereas pVHL19 is more evenly distributed between the nucleus and cytoplasm!'>.

1.1.2 Classifications of VHL disease

VHL disease is an autosomal dominant condition with an incidence rate between 1/27,000 to
1/43,000 of live births!”"'°. VHL disease conforms to the Knudson’s ‘two-hit” hypothesis?®22,
Germline mutations in VHL result in a defective allele, and this represents the first ‘hit’. The
second ‘hit’ is a somatic event that occurs in the second allele, leading to loss of heterozygosity
at the VHL locus. Inactivation of both VHL alleles can lead to tumor development in the affected
tissue. Missense mutations (27-38%) and nonsense mutations (13—-27%) are the most common
germline mutations, followed by rearrangements and large or microdeletions?*24. ‘Second hit’
events are typically caused by allelic loss (49%) or hypermethylation (35%) of the wild type
allele, but could also be caused by point mutations in the wild type allele?>6, However, missense
mutations in both alleles do not typically lead to ccRCC development, as VHL has been
described to form homotypic complexes that function in a complementary fashion?’. This
compensation may potentially explain why VHL-associated tumors with the first VHL allele
carrying a missense mutation are almost always accompanied by a second VHL allele containing

a gross truncation or deletion.

Genotype-phenotype correlations exist in VHL disease. Clinically, VHL disease is classified into

type 1 or type 2 depending on the absence or presence of pheochromocytomas (PCCs),



respectively?® (Table 1). Type 1 disease is typically associated with ccRCC and the absence of
pheochromocytomas?®. Type 2 VHL disease is further subdivided into type 2A (low risk for
ccRCC), type 2B (high risk for ccRCC), and type 2C (risk for PCCs only)3*34. Patients with
type 2 VHL disease usually have a germline missense VHL mutation (84%), that is not predicted
to remain conformationally intact?>33-3%, In contrast, type 1 disease is often associated with
truncating mutations or exon deletions, mutations that grossly alter VHL structure and function
or that lead to its complete absence?*3>3. These observations have led to the hypothesis that type
2 VHL mutants acquire a gain-of-function that promotes pheochromocytoma development, or

that complete loss of VHL function is incompatible with pheochromocytoma development®”-38,

Table 1. VHL disease subtypes, clinical phenotypes, and types of VHL mutations associated with each
subtype.

VHL Disease Subtype Clinical Phenotype Type of VHL mutation
1 ccRCC; hemangioblastoma Deletion, nonsense, frameshift,
missense
2A Hemangioblastoma; phaeochromocytoma Missense
2B ccRCC; hemangioblastoma; Missense
phaeochromocytoma
2C Phaeochromocytoma Missense

1.1.3  Other genetic mutations in clear cell renal cell carcinoma

RCC comprises a heterogeneous group of cancers originating from renal tubular epithelial cells,
and accounts for more than 90% of kidney cancers®*>*°. Major subtypes of RCC include clear cell
RCC (ccRCC)*, papillary RCC (pRCC)*, and chromophobe RCC (chRCC)*. Among these,

ccRCC is the most common, making up 70-80% of cases*, and is the leading cause of mortality



in VHL kindred®. The term ‘clear cell’ refers to the clear appearance of the cytoplasm following
histological preparation of ccRCC tissue. Although VHL disease is rare, somatic mutations in the
VHL gene are observed in up to 90% of sporadic ccRCC cases, highlighting its critical role in

renal tumorigenesis***3, However, VHL inactivation alone is insufficient to drive oncogenesis in

most ccRCC cases, suggesting a requirement for additional cooperating mutations*—!.

Mutations commonly observed in oncogenes and tumor suppressor genes associated with adult
epithelial cancers, such as B-Raf proto-oncogene (BRAF), KRAS proto-oncogene (KRAS), and
RB Transcriptional Corepressor 1 (RB1), are relatively rare in patients with ccRCC>2. Before the
development of massively parallel sequencing technology, VHL was the only known gene
frequently found to be mutated in ccRCC. However, since 2010, large-scale exome sequencing
studies have identified frequent recurrent mutations in genes encoding chromatin-modifying
proteins. These include PBRMI (Polybromo-1)>3, SETD2 (SET domain containing 2)**, and
BAPI (BRCA1 associated protein-1)>-¢ mutated in approximately 41-50%, 13-28%, and 11—
17% of ccRCC cases, respectively. Germline mutations in both BAPI and PBRM1 have been
linked to increased susceptibility to ccRCC>"8, Notably, PBRM1, SETD2, and BAPI are located
at the 3p21 locus on chromosome 3, close to VHL, which is located at the 3p25 locus™. This
evidence supports the hypothesis that deletion of the 3p chromosome and the subsequent loss of
heterozygosity at these loci plays a critical role in the development of ccRCC. Other frequent
recurrent mutational targets in ccRCC include the histone modifying genes KDMS5C and
KDM6A4°*, and genes involved in PI3BK-AKT-mTOR signaling (~20% of the ccRCC tumors)>2.
Hence, while VHL inactivation is a critical early event in ccRCC initiation, additional genetic or

epigenetic alterations may be required for full tumorigenic progression.



1.1.4 VHL targets cellular substrates for proteasomal degradation
1.1.4.1 The ubiquitin-proteasome pathway

Through a series of experiments in the late 1970s and early 1980s, Aaron Ciechanover, Avram
Hershko, and Irwin A. Rose discovered and characterized the ubiquitin-mediated protein
degradation system®-92, They later received the Chemistry Nobel prize for this discovery in
200453, Ubiquitin is a small globular 76 amino acid protein, which is highly conserved across
eukaryotes®t9. Ubiquitination, which involves the covalent attachment of a chain of ubiquitin
molecules to the target substrate, facilitates targeting of the substrate to the 26S proteasome for
rapid degradation. The 26S proteasome is a large, multi-catalytic ATP-dependent protease
complex that acts as the degradation machinery of the ubiquitin system, which plays a major role
in the regulated degradation of cytosolic, nuclear and membrane proteins across all eukaryotes®.
The ubiquitination reaction is a multistep process achieved by three enzymes: the ubiquitin-
activating enzyme (E1), the ubiquitin-conjugating enzyme (E2), and the ubiquitin ligase (E3)%463
(Figure 1). The E1 enzyme catalyzes the ATP-dependent formation of a covalent thioester bond
between the carboxy-terminal glycine of ubiquitin and an E1 cysteine residue. Subsequently, the
E1 transfers ubiquitin to the cysteine of an E2 enzyme forming another thioester bond. Finally,
the E3 ligase catalyzes the transfer of ubiquitin from the E2 to a lysine residue or free N-terminal

amino group of the target substrate, forming an isopeptide bond.
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Figure 1. Schematic of the ubiquitination process. Ubiquitination involves a sequential
cascade of enzymatic reactions. First, ubiquitin (Ub) is activated by the E1 Ub-activating
enzyme in an ATP-dependent process and subsequently transferred to an E2 Ub-conjugating
enzyme. Next, Ub is transferred from the Ub~E2 conjugate to a lysine residue of the
substrate, either directly as mediated by a RING (Really Interesting New Gene) E3 Ub ligase
or indirectly through an intermediate transfer to a HECT (homologous to the E6AP carboxyl
terminus) or RBR (RING-between-RING) E3 Ub ligase. Created using BioRender.

Polyubiquitin chains are formed by covalent linkage of ubiquitin molecules typically on the
Lys48 residue, or at the second most common position Lys63%7-"!, The specific lysine residue on
which polyubiquitination occurs is also important in determining the fate of the protein. For
instance, polyubiquitin chains linked at Lys-48 (well-studied) and Lys-29 (less studied) serve as
signals for proteasome-mediated degradation. In contrast, ubiquitination at other lysine residues,
such as Lys-63, may signal processes like DNA repair, transcription factor activation, etc.5.
Meanwhile, mono-ubiquitination of proteins serves different functions, including regulation of
endocytosis, histones, and virus budding’?. Polyubiquitinated proteins are directed to the 26S
proteasome, a large multi-subunit complex, where they are unfolded and channeled into its

catalytic core for rapid degradation into short polypeptides in an ATP-dependent process®*%°.



1.1.4.2 Classification of E3 ligases

The human genome encodes over 600 E3 ligases”. E3 ligases can be classified into three
categories depending on their structure and function: HECT, RBR, and RING E3 ligases’™
(Figure 2). HECT E3 ligases contain a conserved HECT domain located at the C-terminus, and
diverse N-terminal domains that confers substrate specificity’>. The N-terminal lobe of the
HECT domain interacts with the ubiquitin-conjugated E2 enzyme, whereas the C-terminal lobe
harbours the catalytic cysteine’®. The HECT E3 ligases catalyze ubiquitin transfer via a two-step
reaction: ubiquitin is first transferred to the catalytic cysteine on the C-terminal lobe and
subsequently to the target substrate. RBR E3 ligases contain 3 domains: a RING1 domain that
binds ubiquitin-charged E2, a RING2 domain with a cysteine residue that catalyzes a
transthioesterification reaction to accept ubiquitin from RING1, and an in-between-RING (IBR)
domain”’. The process of ubiquitination by RBR E3 ligases involves recognition of the E2~Ub
conjugate by RING1, transfer of ubiquitin onto the catalytic cysteine in RING2 to form the

thioester intermediate, and finally transfer of ubiquitin onto the substrate’s.
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Figure 2. Classes of E3 ubiquitin ligases and their mechanism of action. (A) HECT type
E3 ligases catalyze ubiquitin transfer through a two-step process: ubiquitin is transferred from
the E2 ligase bound to the HECT domain (at the C-terminus) to a catalytic cysteine on the E3
ligase; the second step is the transfer of ubiquitin from the E3 ligase to the substrate. (B)
RING E3 ligases mediate a direct transfer of ubiquitin from the E2 ligase to the substrate. (C)
RBR E3 ligases catalyze ubiquitin transfer through a two-step process: ubiquitin is first
transferred to a catalytic RING2 domain on the E3, the second step is the transfer of ubiquitin
to the substrate. Created using BioRender.

RING (Really Interesting New Gene) E3 ligases are the most abundant type of ubiquitin ligases
and are characterized by a zinc-binding domain called RING at the N-terminus’-®!. In contrast
to HECT E3s, RING E3s mediate the direct transfer of ubiquitin from the ubiquitin-charged E2
to the substrate, bypassing an E3-ubiquitin intermediate®>-#*, RING E3s are classified into two
families: monomeric RING finger and multi-subunit E3 ligases. The cullin-RING ligases (CRLs)

are a highly diverse class of multi-subunit RING E3 ligases with over 200 members, and may



contribute to ~20% of all ubiquitination in cells®>%6. They consist of a cullin scaffold (CULI,
CUL2, CUL3, CUL4A/4B, CULS, or CUL7), an N-terminal RING-box protein (RBX1 or
RBX2), an adaptor protein, and a substrate receptor at the C terminus that confers substrate

specificity®>87,

1.1.4.3 VHL as an E3 ubiquitin ligase

E3 ligases confer substrate specificity in the ubiquitin-proteasome system by directly binding to
their targets®?. VHL is one such E3 ligase component, composed of two functional domains: the
N-terminal f domain (residues 63—154), which is predicted to bind cellular substrates, and the o
domain (residues 155-213), which binds to the Elongin B/C heterodimer37#%8%. VHL associates
with adaptor proteins Elongin B/C, scaffold protein Cullin-2 (Cul2), and the RING finger protein

Rbx]1 to form the cullin-RING ligase complex, known as the ECV complex®*!

. This complex
facilitates ubiquitin transfer to target proteins. The ECV complex is structurally and functionally
analogous to the yeast SCF (Skp1/Cdc53/F-box protein) complex that targets substrates recruited
via the F-box protein®*? (Figure 3). Elongin C and Cul2 are similar to yeast Skpl and Cdc53,

respectively. Both complexes interact with Rbx1 and are classified as RING-type E3 ligases®!-3.

Within the ECV complex, VHL serves as the substrate recognition component that targets the a
subunit of the hypoxia inducible factor (HIF-a) for proteasomal degradation under normoxic
(normal oxygen) conditions®**>. This function is essential for cellular oxygen sensing. Notably,
tumorigenic mutations frequently occur in both the a and f domains of VHL, highlighting the
importance of its interactions with Elongin B/C and HIF-a in its tumor suppressor

function’”:8992.9 Beyond HIF-a, VHL also mediates the degradation of various other substrates,
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thereby conferring broader target specificity. These substrates include the Epidermal Growth
Factor Receptor (EGFR), Zinc finger and homeobox 2 (ZHX2), B2-adrenergic receptor (B2AR),
atypical protein kinase C (aPKC), Sprouty2 (Spry2), Scm-like with four malignant brain tumor

domains 1 (SFMBT1), and Regulatory-associated protein of mTOR (RAPTOR)?"-104,

SCF Complex ECV Complex
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Substrate

(@]
=
(=]
c
e,
i
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Figure 3. Schematic illustration of SCF and ECV complexes. The SCF and ECV
complexes share a similar overall architecture and are both involved in the ubiquitin-
dependent degradation of cellular proteins. Complex members that share sequence similarity
(Skp1 and Elongin C; Cdc53 and Cullin-2) are represented by the same color. Rbx1 is
common to both the SCF and VHL complexes. Created using BioRender.

1.1.5 VHL-mediated regulation of HIF and cellular oxygen sensing
1.1.5.1 HIF as an oxygen-dependent target of VHL

HIF is a heterodimeric transcription factor consisting of an oxygen-labile HIF-a subunit, and a
stable HIF-B subunit that is constitutively expressed in the nucleus!%-1%7, Three major HIF-o
isoforms exist: HIF-1a, HIF-2a, and HIF-30, of which HIF-1a and HIF-2a are the best
studied'®®. Under normoxia, prolyl-4-hydroxylases (PHDs) use co-factors: 2-oxoglutarate (2-
OQG), Fe?*, and ascorbate; and oxygen as a co-substrate to facilitate the hydroxylation of

11




conserved proline residues in the oxygen-dependent domain (ODD) of HIF-a4%>1% (Figure 4).
These conserved residues are P402 and P564 in human HIF-1a; and P405 and P531 in human
HIF-20°493110.111 "Hydroxylated proline residues on HIF-a serve as recognition sites for VHL,
which in association with the ECV complex, facilitates the polyubiquitination of HIF-a, leading

to its proteasomal degradation®*9>-110-111,

NORMOXIA HYPOXIA
0y, 2-0G, Fe* @ B, 2-06, Fe"*»Gi-D
reducing agent reducing agent
CO;, HO-P; P;
succinate HIF-a -N-OH HIF-a ‘N
HO-P- P>

O-P,
HIF-a -N-OH
HO-P*

y x
CBP/
| 1

Proteasomal Transcriptional
degradation activation

Figure 4. Regulation of HIF-a by the cellular oxygen sensors PHD and FIH. Prolyl-4-
hydroxylases (PHDs) use co-factors: 2-oxoglutarate (2-OG), Fe?* and ascorbate; and oxygen
(O2) as a co-substrate. Under normoxia, PHD-mediated hydroxylation of conserved proline
residues in HIF-a, leads to the binding of VHL and recruitment of the ECV complex.
Subsequently, HIF-a is polyubiquitinated and degraded by the proteasome, preventing
transactivation of HIF-responsive genes. Factor Inhibiting HIF (FIH) also promotes
hydroxylation of a specific asparagine residue on HIF-o, preventing the recruitment of
transcriptional co-activators CBP/p300 to HIF-a. Under hypoxia (low oxygen), PHD and FIH
can no longer catalyze the hydroxylation of HIF-a, allowing HIF-a to translocate to the
nucleus, dimerize with HIF-B, and recruit CBP/p300, to promote the transactivation of
hypoxia-responsive genes. Created using BioRender.
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Under hypoxia, PHDs are unable to efficiently hydroxylate key proline residues on HIF-a
(Figure 4). As such, HIF-a evades recognition by VHL and subsequent proteasomal degradation.
Accumulated HIF-a subunits translocate into the nucleus where they dimerize with HIF-3 (or
ARNT) to promote transcription of hypoxia-response genes, which possess a hypoxia responsive
element (HRE)'!2. The C-terminal activation domain (C-TAD) of HIF-a recruits co-activators
CREB-binding protein (CBP) and p300 to promote the transactivation of hypoxia-responsive
genes. The activity of the C-TAD domain is also regulated by FIH, a Fe**-dependent asparaginyl
hydroxylase!'!*!!*, FIH-mediated hydroxylation of a conserved asparagine residue (Asn803 in
human HIF-1a; Asn847 in human HIF-2a) within the C-TAD domain prevents the recruitment of
CBP/p300, further suppressing HIF transcriptional activity under normoxia''3-'!5 (Figure 4).
Dual regulation of HIF protein stability by PHD and FIH therefore controls the transcriptional

activity of HIF in response to varying oxygen levels.

1.1.5.2 Dysregulation of VHL-HIF signaling axis in ccRCC

Somatic VHL gene mutations are observed in up to 90% of sporadic ccRCC**, The best-
characterized function of VHL relates to its ability to target HIF-a for ubiquitination via the ECV
complex, promoting its proteasomal degradation under normoxia®*®>. Disruption of the VHL o,
domain, which nucleates the ECV complex, or the B domain, which binds HIF-a, results in the
stabilization of HIF!'6. Hence, in ccRCCs with ‘disruptive’ VHL mutations, constitutive HIF
stabilization is observed irrespective of oxygen levels!'!”-!!8, A significant proportion of ccRCC-
associated VHL mutants described either fail to bind HIF-a or to assemble the ECV ubiquitin

ligase complex, underscoring the importance of HIF in mediating the ccRCC phenotype!!'%120,
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Both HIF-1 and HIF-2 heterodimers activate the transcription of target genes by binding to the
same hypoxia-responsive element (HRE). However, they are not functionally redundant.
Transcriptomic analyses reveal that HIF-1 primarily induces apoptotic pathways and regulates
genes involved in glycolysis, whereas HIF-2 preferentially promotes growth and angiogenesis!?!~
123 Both paralogues also share similar targets such as Vascular Endothelial Growth Factor A
(VEGFA) and glucose transporter 1 (Glut-1)'?*. The activation of genes by HIF-1 and HIF-2 can
also be context-specific and temporally regulated such that in certain cell lines, HIF-1 drives the
acute response to hypoxia (< 24 hours), whereas HIF-2 regulates the chronic response (> 24

hours)!?>. As such, the relative contributions of HIF-1 and HIF-2 to the regulation of specific

HIF target genes can vary depending on the cellular context!'?3.

Growing evidence suggests that HIF-2, rather than HIF-1, is the key driver of renal cancer
progression'?%, Stable expression of a HIF-2a mutant lacking VHL recognition overrides VHL-
mediated tumor suppression in ccRCC cells'?’. Furthermore, shARNA-mediated knockdown of
HIF-20 was sufficient to suppress tumorigenesis in VHL-defective ccRCC cells!?®. Hence, HIF-2
is both necessary and sufficient for ccRCC tumorigenesis. HIF-2 also underlies much of the
pathology observed in genetically engineered mouse models (GEMM) with VHL inactivation in
specific tissues!2%130.130-134 HIF-1q on the other hand, may function as a tumor suppressor in the
context of ccRCC, as its expression is frequently lost in many VHL-defective ccRCC cell

linesl 19,120,122,127,128,134-137

. The overexpression of HIF-1a in VHL-defective ccRCC cell lines was
shown to suppress tumor formation'??, Furthermore, HIF-2a, but not HIF-1a, could override
VHL’s tumor suppressor activity'?>127-137 Thus, although similar, HIF-1a and HIF-2a may have

distinct and even opposing activities. HIF-driven expression of VEGF promotes the formation of

new blood vessels that supply the tumor with oxygen and nutrients'*8. Glut-1 facilitates the
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uptake of glucose into cancer cells to meet their increased metabolic demands'*°. Hence, the
transactivation of HIF targets promotes tumor adaptation to hypoxic environments. Furthermore,
HIF-activated genes not only facilitate the growth, survival, metastasis, and invasion of tumor

cells, but also promote their resistance to chemotherapy and radiation!“°,

1.1.6 Beyond HIF: Non-canonical functions of VHL
1.1.6.1 Non-HIF proteolytic functions of VHL

VHL has been reported to regulate additional substrates beyond the well-characterized HIF-a
family (Figure 5). VHL promotes the ubiquitination and proteasomal degradation of activated
EGFR?, which may be critical for tumor growth of VHL-defective ccRCC cells!'#"142, VHL also
mediates the ubiquitination and proteasomal degradation of activated aPKC'#, which is
important in the regulation of cell polarity and cell growth!#, cellular functions often
dysregulated in cancer cells. VHL promotes the degradation of f2AR, whose expression in
tumors is closely associated with poor patient prognosis'#>146, ZHX2, another proteasomal
substrate of VHL, may promote ccRCC tumorigenesis through activation of Nuclear factor-
kappa B (NF-kB)” and the MEK/ERK 1/2 signaling pathway'4’. VHL mediates the
ubiquitination and proteasomal degradation of SFMBT1!%3, which regulates epithelial-to-
mesenchymal transition and is linked to poor patient prognosis'®*. SFMBT1 also drives ccRCC
oncogenesis via regulation of sphingosine kinase 1'°%, In 2021, RAPTOR was identified as a
novel target of the VHL E3 ubiquitin ligase complex®’. Downregulation of RAPTOR by VHL
inhibits mMTORCI1 signalling, which plays a known role in the oncogenesis and progression of

ccRC(C7:148,
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Other proteasomal targets of VHL include Janus kinase 2 (JAK2)'%, erythropoietin receptor
(EpoR)"%, Myb-binding protein 1A (MYBBP1A)"!, Sprouty2 (Spry2)!??, and RNA polymerase
subunits RPB1'°2 and RPB7'33. In support of the biological relevance of HIF-independent VHL
regulation in ccRCC, a synthetic VHL mutant that retains HIF degradation but is deficient in the
regulation of some HIF-independent targets, was found to be incapable of suppressing ccRCC
tumorigenesis'>*!5. Hence, HIF-independent VHL activity may play a role in ccRCC
tumorigenesis. However, the extent to which these HIF-independent functions cooperate with

HIF dysregulation to drive ccRCC tumorigenesis remains unclear.

Non-proteolytic Substrates

Signaling ECM Cell Cycle/Growth
CARDS FN1 E2F1
CollV AKT1

Proteolytic Substrates

Cell Growth Signaling Differentiation Oxygen Sensing Blood cell production Others
RAPTOR ZHX2 aPKC HIF-1a JAK2 MYBBPIA
EGFR Spry2 HIF-2a EpoR RPBI
B2AR SFMBT1 RPB7

Figure 5. Proteolytic and non-proteolytic substrates of VHL. Grouping of proteolytic and
non-proteolytic substrates of VHL based on their functions. Non-proteolytic targets of VHL
are involved in cellular signalling, regulation of the ECM, cell growth, etc. Proteolytic targets
of VHL are involved in cellular growth and differentiation, signaling, oxygen sensing, blood
cell production, etc.
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1.1.6.2 Non-proteolytic VHL activity

Studies show that VHL also regulates the activity of proteins in a non-proteolytic manner (Figure
5). For example, VHL promotes microtubule stabilization and primary cilia formation'>%162, and
plays a critical role in controlling extracellular matrix (ECM) assembly by regulating the
deposition of fibronectin (FN1)!6* and collagen IV (CollV)!'®*, VHL directly binds and inhibits
AKT kinase activity in an E3 ligase-independent manner!®>. VHL acts as an adaptor to promote
the phosphorylation of the Caspase recruitment domain-containing protein 9 (CARD9) C
terminus by CK2 (Casein Kinase 2), leading to CARD?9 inhibition, and ultimately suppression of
NF-«B signalling!%®. VHL inhibits E2F1 expression at the mRNA and protein level'®” and binds
to E2F1 to inhibit its transcriptional activity'®®. VHL regulates apoptosis via activation of p53

166, and downregulation of

transcriptional activity'®17%, modulation of NF-kB activity
transcription factor Jun B Proto-Oncogene!’!. Finally, VHL regulates cellular senescence via the
retinoblastoma protein (pRb) and the SWI2/SNF2 chromatin remodeller p400#*-!72, These
findings highlight the diverse roles of VHL beyond the regulation of protein stability through

ubiquitination.

1.1.7 Epidemiology of RCC and treatment landscape

Kidney cancer ranks among the top 10 most common cancers in both men and women in the
United States, accounting for 3.7% of all new cancer diagnoses as of 201773, RCC is the most
prevalent type of kidney cancer, observed in up to 85% of cases, and with higher frequency in
men and the older population!”-175, Approximately one-third of kidney cancer patients present

with regional or distant metastases!’®, and among those with localized tumors who undergo
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nephrectomy with curative intent, about one-quarter experience relapses at distant sites!”’-17,
For patients with localized RCC, prognosis is favorable with 5-year survival rates of 93%!7°.
However, for patients with advanced disease, prognosis is poor, with 5-year survival rates

decreasing to 75% among patients with locally advanced disease (regional spread), and 18%

among patients with metastatic disease!”6.

1.1.7.1 Traditional therapies for RCC

For localized RCC, surgical excision remains the standard approach; however, up to 30% of
patients will present with advanced or metastatic disease at later stages!'3%-183, RCC is highly
resistant to traditional chemotherapeutic agents such as floxuridine and 5-fluorouracil (5-

FU)!180181 Dye to the limited efficacy of chemotherapy, systemic treatment for advanced RCC

shifted for decades towards the use of cytokine-based immunotherapy, with interferon-a (IFN-a.)

and interleukin-2 (IL-2), either alone or in combination, being the standard of care for the
treatment of advanced RCC'34135 (Figure 6). However, the significant toxicity associated with
these agents, coupled with their low response rates (~5 to 20%), limited their applicability in

185-193

clinical settings . As such, new and innovative approaches to RCC therapy were needed.

1.1.7.2 Emerging therapies for metastatic RCC

After decades of research, improved molecular characterization of RCC has led to the
development of therapies that are now used in combination with classical chemotherapeutics
(Figure 6). One of the consequences of VHL loss in ccRCC is HIF transactivation of VEGF,

which promotes blood supply to the growing tumor!38, Hence, inhibition of VEGF signaling
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became a novel strategy to treat ccRCC. One approach involves the use of a recombinant, human

monoclonal antibody such as bevacizumab that binds and sequesters VEGF, preventing it from

interacting with its receptors'®4.

2019
Pembrolizumab/Axitinib

2018

Ipilimumab/Nivolumab 2023

2021 Belzutifan
Tivozanib
2015 Nivolumab/Cabozantinib
Nivolumab Pembrolizumab/Lenvatinib
. 2016 Belzutifan

Cabozantinib Pembrolizumab
. Lenvatinib/Everolimus
T . l'2°°7 2012
emsIro |mus. Axitinib
2005 .

. 2006
Sorafenib
orafenib @) o | tinib

()
1992
High-dose IL-2

Figure 6. Timeline of FDA approved agents and combination treatments for metastatic
renal cell carcinoma (RCC). Created using BioRender.

An alternative strategy for disrupting signaling events downstream of the VHL/HIF pathway
involves targeting the receptor function rather than the ligand. Receptors for VEGF, PDGF
(Platelet-derived growth factor), TGF-a (Transforming growth factor alpha), and similar
molecules rely, at least partially, on tyrosine kinase activity for their signaling. Therefore,
another approach involves inhibiting this tyrosine kinase activity, effectively blocking
downstream signaling cascades initiated by these receptors'®>~1%7. Tyrosine Kinase Inhibitors

(TKIs) have significantly improved progression-free survival (PFS) and overall survival (OS) in
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both first-line and second-line RCC treatment settings!*®. The TKI sunitinib significantly
improved the objective response rate (ORR) of RCC patients by 25% and median PFS by 6

months compared to the IFN-o treatment group'®’.

Given that abnormalities in VHL leading to elevated HIF-a levels play a critical role in ccRCC,
another therapeutic approach involves lowering the levels of HIF-a by using inhibitors of mTOR,
positive regulators of HIF expression?%-2%4, A selective HIF-2a inhibitor, Belzutifan, has also
shown great promise in the clinical setting, demonstrating a 49% ORR in patients with VHL-
associated RCC, a well-tolerated toxicity profile, and longer progression-free survival compared
to mTOR inhibitor everolimus in pretreated advanced RCC?%-2%8, More recently, the focus has
shifted towards drugs targeting cytotoxic T-cell inhibitory molecules such as cytotoxic T-
lymphocyte—associated protein 4 (CTLA-4), PD-1 (programmed cell death 1), and PD-L1
(programmed cell death ligand 1)?%-2!!, These drugs, called immune checkpoint inhibitors,
enhance the body's immune system by blocking inhibitory signals that prevent immune cells

from attacking cancer cells.

In addition to immune checkpoint inhibitors, several novel immunotherapies are currently under
investigation, including T-cell agonists, tumor vaccines, T-regulatory antagonists, and adoptive

212 The introduction of immune checkpoint inhibitors has led to significant

cell therapy
advancements in the treatment of metastatic RCC, especially when used in combination with
other therapies?®2!!. These combinations have led to significant improvements in PFS, OS, and
ORR in patients with advanced and metastatic RCC?%2!1, For instance, the combination of
tyrosine kinase inhibitor lenvatinib and anti—-PD-1 monoclonal antibody pembrolizumab resulted

in PFS of 23.9 months, and an ORR of 71%, significantly outperforming sunitinib monotherapy,

which showed a PFS of 9.2 months and an ORR of 36.1%?2'3. While combination therapies have

20



provided significant clinical benefits for many patients, resistance remains a major clinical
challenge, and the long-term efficacy of these therapies is limited, spurring the search for novel
therapeutic strategies??2!4215, Novel strategies currently under investigation for the treatment of
advanced RCC include cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors?!%2!7  histone
deacetylase (HDAC) inhibitors?!322 glutaminase inhibitors??!, oncolytic viruses*?>?* and

antibody-drug conjugates??>22,

1.2 The multifaceted roles of the retinoblastoma protein (pRb) in cancer biology

Given the complexity and relevance of VHL’s non-canonical functions, efforts have focused on
identifying novel substrates and interacting partners of VHL that may contribute to ccRCC
development. Among these, pRb (encoded by RB1) has emerged as a previously unrecognized

substrate of VHL.

1.2.1 Discovery of the retinoblastoma susceptibility gene RB1

Retinoblastoma, a malignant tumor of the eye in children, can be inherited through a germline
mutation or can arise sporadically due to somatic mutation?*’-?2°, Evaluation of the epidemiology
of retinoblastoma led Alfred G. Knudson to postulate the “two-hit” hypothesis whereby two
separate mutational ‘hits” are required for the manifestation of retinoblastoma?*’. Early genetic
studies of retinoblastomas occasionally identified tumors with deletions on chromosome 13,
specifically in the 13q14 region®*'-234, Researchers then hypothesized that the alleles at this
"retinoblastoma locus" acted as tumor suppressors, with their loss of function linked to

malignancy?®. This hypothesis established a model for identifying other tumor suppressor genes.
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In 1986, two independent groups successfully cloned RB/ from the q14 segment of chromosome
13236237 RB] thus became the first described human tumor suppressor gene, with mutations at its

locus recognized as a critical event in the development of retinoblastoma?3%-237,

1.2.2 pRb structure and binding partners

RBI is a relatively large gene, spanning 178,143 base pairs and containing 27 coding exons and
26 introns?¥2%_ Tt encodes the protein pRb, which is composed of 928 amino acids, with a
molecular weight of approximately 110 kilodaltons. pRb belongs to a larger ‘pocket protein’
family that comprises two other genes: RB transcriptional corepressor like 1 (RBL/1) and RB
transcriptional corepressor like 2 (RBL?2), encoding proteins p107 and p130 respectively. pRb,
p107 and p130 share extensive structural homology, with a conserved ‘pocket’ domain that binds
various proteins®*. Structurally, pRb contains an amino-terminal domain (pRbN), pocket
domains A (pRbP A) and B (pRbP B), and a carboxy-terminal domain (pRbC)?3%2*! (Figure 7).
The A and B subdomains each form a single cyclin fold, separated by an unstructured flexible

242 and interact with each other to form the globular small pocket domain?#3-244, The large

linker
pocket consists of the small pocket and an unstructured C-terminal domain. The pocket domain
of pRb has been shown to interact with E2F transcription factors?#, as well as LXCXE motif-
containing proteins including HDACs?*, D-type cyclins**’, and viral oncoproteins?**. The C-

248

terminal domain of pRb contains binding sites for cyclin-CDK complexes=*® and protein

phosphatase 1 (PP1)?#24%250 and an E2F 1-specific binding site?>!2%2,
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Figure 7. Schematic illustration indicating the structural regions of pRb and their
associated residues. pRb comprises a N-terminal domain (aal-379), a small pocket domain
(aa379-793) and a C-terminal domain (aa793-928). The large pocket comprises the small
pocket and the C-terminal domain. Full length pRb protein is 928aa. Created using
BioRender.

1.2.3 pRb as a cell cycle regulator

Several lines of evidence indicate that the phosphorylation of pRb abrogates its cell cycle
inhibitory function. Oncoproteins produced by DNA tumor viruses specifically sequester
hypophosphorylated pRb, preventing its activity in controlling cell proliferation?%234,
Furthermore, conditions that lead to pRb phosphorylation also favor cell proliferation®. pRb
exists in its hypophosphorylated form throughout most of G1 and is predominantly found to be
hyperphosphorylated in late G1, S, G2, and M phases of the cell cycle?>. This oscillation
suggests that pRb plays a role in regulating progression through specific stages of the cell cycle.
Hypophosphorylated pRb prevents premature entry into the S phase by binding and inhibiting

the E2F transcription factors, preventing the transcription of genes required for cell division?>¢-

239 pRb may also recruit chromatin-modifying factors, such as histone deacetylases?*%-260-263 and

histone methyltransferases?®*, to promote active gene silencing at E2F-regulated promoters.
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Interaction of D-type cyclins (cyclins D1, D2, and D3) with CDK4 or CDK®6, cyclin E with

CDK2, or cyclin A with CDK 1 or CDK2, form complexes that are capable of phosphorylating

pRb?%%. During mid-to-late G1, phosphorylation of multiple serine and threonine residues on pRb

by mitogen-induced cyclin-dependent kinases (CDKs) inhibits the ability of pRb to sequester

E2Fs, thereby allowing transcription of E2F targets and progression into the S phase?36-266-270

CDK2
Cyclin E

(Figure 8).

CDK4/6

pRb

pRb

G1-S phase E2F

progression

Figure 8. Schematic representation of cell cycle regulation via pRb phosphorylation.

pRb, triggering release of the E2F transcription factor. The free E2F activates the
transcription of S phase genes, promoting cell cycle transition to the S phase. Created using
BioRender.

Active cyclin D-CDK4/6 and cyclin E-CDK2 complexes promote the phosphorylation (P) of
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pRb therefore regulates the G1 checkpoint in cells about to divide?’!. CDK-cyclin activity is
tightly regulated by two families of CDK inhibitors: the INK4 family and the Cip/Kip family?">.
The INK4 family, which includes p16™K42 p]15INKdb (] 8INKde qnd p]19INK4d gpecifically binds
and inhibits CDK4/6-cyclin D complexes, promoting cell cycle arrest in the G1 phase?”. In
contrast, the Cip/Kip family, comprising p21¢Pl/Wafl ' xy27Kipl "and p57%iP2, can bind not only
CDK4/6-cyclin D complexes but also CDK-cyclin A/B/E complexes, regulating multiple phases

of the cell cycle?’2274277,

1.2.4 Non-cell cycle functions of pRb

pRb is well known for its critical role in regulating the cell cycle by inhibiting E2F transcription
factors and preventing premature entry into the S-phase?3¢-2%°, However, accumulating evidence
demonstrates that pRb also performs several non-cell cycle functions that contribute to
senescence, differentiation, genomic stability, apoptosis, and cellular metabolism?’8. These
functions extend beyond its classical role as a cell cycle regulator and highlight its broader
significance in cellular regulation. Furthermore, the non-cell cycle functions of pRb highlight the
complexity of its tumor-suppressive properties and suggest that its disruption in cancer cells may
have far-reaching consequences beyond uncontrolled proliferation. Understanding these non-
canonical roles of pRb may open new avenues for therapeutic interventions in cancer and other

diseases associated with pRb dysfunction.
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1.2.4.1 Regulation of genome stability

Several studies have shown that defects in pRb function may lead to chromosomal instability, a
common feature of solid tumors?’*-?%7. Chromosomal instability resulting from pRb inactivation
may be due to changes in the expression of mitotic proteins, chromatin remodeling, and/or
defects in replication progression. pRb binding partners include HDACs, members of the
SWiltch/Sucrose NonFermentable (SWI/SNF) complex, heterochromatin protein 1 (HP1), DNA
methyltransferase (DNMT), and DNA topoisomerase Ila (Topo I1)?®. pRb interaction with these
chromatin remodeling factors may be important for the maintenance of genome stability. pRb
interaction with centromere-associated protein HEC1 (highly expressed in cancer protein 1)

289

suggests its involvement in chromosome segregation=*”. pRb is also necessary for the

maintenance of constitutive heterochromatin features at telomeric and centromeric regions286-287,
As a result, pRb can directly regulate chromosomal stability through the modulation of
chromatin structure. However, chromosomal instability arising from pRb loss of function may be
due to a secondary effect, caused by defects in cell cycle control?®. Indeed, loss of pRb activity
and activation of E2Fs, results in the overexpression of E2F target and mitotic checkpoint protein
MAD?2 (mitotic arrest deficient-like 2), whose overexpression results in mitotic defects leading to
aneuploidy *° and is sufficient to induce chromosomal instability in vitro and in vivo*°. pRb also
localizes to DNA double-strand breaks (DSBs) in an E2F1 and ATM (Ataxia-Telangiectasia

Mutated) kinase-dependent manner, to promote DSB repair through homologous recombination.

Consequently, its loss may impair this repair process and contribute to genomic instability?*!.
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1.2.4.2 Regulation of senescence

pRb plays a crucial role in the induction of cellular senescence, a state of irreversible growth
arrest?”?. Re-expression of pRb in osteosarcoma, bladder carcinoma, and breast carcinoma cell
lines deficient in both p53 and pRb led to growth arrest, inhibition of telomerase activity,
morphological changes characteristic of senescent cells, and increased expression of the
senescence-associated B-galactosidase biomarker SA-B-gal?®3. Similarly, ectopic expression of
pRb in osteosarcoma cells induced morphological changes characteristic of senescent cells?*42%,
pRb was shown to be sufficient to maintain a senescent state, as acute pRb inactivation in
senescent mouse embryonic fibroblasts (MEFs) promotes re-entry into the cell cycle?. Notably,
in senescent cells, pRb predominantly exists in its active, hypophosphorylated form, in part due
to high levels of p16 and p21, which inhibit the CDKs that phosphorylate pRb?*2. Consistently,
ectopic expression of p16 in human prostate cancer cell lines induces senescence in a pRb-

297

dependent manner="’. p16 therefore plays a central role in pRb-induced cellular senescence.

Furthermore, the pRb-p16 pathway plays a critical role in the formation of senescence-associated

heterochromatin foci, which is associated with the stable repression of E2F target genes?%3.

1.2.4.3 Regulation of cell death

Apoptosis is a type of programmed cell death characterized by distinct morphological features,
including cell shrinkage, membrane blebbing, chromatin condensation, and DNA
fragmentation®**3%, pRb can promote both pro-apoptotic and anti-apoptotic functions depending
on the cellular context. Several studies support the pro-apoptotic role of pRb. pRb-negative

prostate cancer cells were highly resistant to apoptosis induced either by radiation or the addition
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of ceramide®®?. pRb may promote apoptosis by inhibiting survivin, an antiapoptotic protein that

303, pRb acetylation by the transcriptional coactivator

is aberrantly expressed in many cancers
CBP/p300 allows trimeric complex formation with Mouse double minute 2 homolog (MDM2)
and p533%. This interaction prevents MDM2-dependent degradation of p53, thereby stabilizing

p53 and rescuing its apoptotic functions3%,

Despite having some pro-apoptotic roles, pRb is generally considered an anti-apoptotic protein,
and its inactivation through genetic mutations, sequestration by viral oncoproteins, or caspase-
dependent degradation, is associated with increased levels of apoptosis®*®. Homozygous Rb1
inactivation in mouse embryos leads to extensive apoptosis in the nervous system and the ocular
lens®?73%, Viral oncoproteins such as T antigen, E1A, and E7 sequester pRb, thereby releasing
E2F1, which drives apoptosis through the regulation of apoptotic peptidase activating factor 1
(APAF1) and caspases 3, 7, 8, and 93!%3!1, Furthermore, a caspase degradation-resistant form of
pRb can inhibit tumor necrosis factor-alpha (TNF-a))-mediated apoptotic induction in mice3!2.

pRb may also repress apoptosis by binding to and inhibiting E2F1 via an E2F 1-specific binding

site located in its C-terminal domain?31-232,

Several studies demonstrate that the phosphorylation of pRb may promote resistance to
apoptosis. Indeed, induction of apoptosis in some cell lines is associated with the transition of
pRb from its inactive hyperphosphorylated state to the active hypophosphorylated form3!3.
Furthermore, most sporadic cancers inactivate pRb through hyperphosphorylation, thus
promoting resistance to apoptosis’!4. Dephosphorylation of pRb, mediated by protein
phosphatase 1 alpha (PP1a), has been linked to the induction of apoptosis in leukemia cell

lines®!. Although the role that phosphorylation of pRb plays in protecting cells from apoptosis is

not well understood, a possible mechanism has been postulated whereby hyperphosphorylated
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pRb sequesters and inhibits the pro-apoptotic factor ANP32A (acidic nuclear phosphoprotein
32A), thereby preventing the induction of apoptosis®'#. In addition to apoptosis, pRb regulates
other types of cell death. For instance, pRb represses HIF-mediated transcription of Bcl-2
interacting protein 3 (BNIP3), thus limiting the induction of hypoxia-induced autophagic cell
death®'®, Furthermore, pRb restrains the induction of autophagic cell death in the VA/-null mouse

317

retina, specifically in photoreceptor cells”'’. These findings indicate that pRb plays a role in

regulating both apoptotic and non-apoptotic forms of cell death.

1.2.4.4 Regulation of cellular differentiation

pRb plays a crucial role in promoting cellular differentiation, which is marked by permanent cell
cycle withdrawal and activation of a cell-type specific gene program3!331°. In Rb1 knockout
mice, lens cell differentiation was impaired and accompanied by reduced expression of

294,320
3

differentiation markers3%. pRb was shown to be involved in osteoblast differentiation and

321 keratinocyte’??, monocyte/macrophage and

is necessary for differentiation of adipocyte
granulocyte cells*?. pRb regulates differentiation by interacting not only with canonical E2F
partners, but also tissue-specific transcription factors, inhibitors of differentiation, and chromatin
modifiers*?*. For instance, pRb promotes muscle differentiation by negatively regulating E2F -
responsive genes to maintain permanent cell cycle withdrawal, and by regulating the activity of
muscle-specific genes®?’. When pRb is present, myoblast determination protein 1 (MYOD), a
key transcription factor for muscle differentiation, stimulates the transcriptional activation of the
muscle differentiation factor MEF2 (myocyte enhancer factor 2)32°. Furthermore, the interaction

between pRb and MYOD was fundamental for the onset and maintenance of myogenesis*?’. pRb

disrupts transcriptional repression by the MYOD-HDACI complex by binding to HDACI,

29



thereby allowing muscle-specific gene expression®?®. pRb also promotes proteasomal
degradation of the E1A-like inhibitor of differentiation 1 (EID-1), a potent inhibitor of

differentiation32°,

1.2.4.5 Regulation of metabolism

pRb has been shown to regulate cellular metabolism in different ways. For instance, pRb inhibits

insulin production in pancreatic beta cells in response to glucose®*

. pRb inactivation by the
oncogenic E1A adenoviral protein induces PDK4, which leads to decreased mitochondrial
glucose oxidation®3!. Furthermore, Rb1 deletion in the mouse hypothalamus promotes glucose
intolerance and obesity*32. The acute deletion of Rb/ in mice erythrocytes led to reduced

333 Decreased

expression of oxidative metabolism genes and decreased mitochondrial biogenesis
mitochondrial biogenesis was also observed in human myocytes following RBI loss***. There is
likely some crosstalk between pRb and E2Fs in the regulation of cellular metabolism. For
instance, in the absence of pRb, transcription of the E2F-regulated genes dyhidrofolate reductase,
thymidylate synthase, ribonucleotide reductase, and thymidine kinase, which are involved in
nucleotide synthesis, is increased®3>33°, Furthermore, E2F1 has been shown to regulate several

genes involved in oxidative metabolism**’. Hence, pRb may regulate these metabolic pathways

through its antagonism of E2F1.

1.2.5 Context-dependent role of pRb in cancer

The first biochemical evidence that pRb may be crucial for tumor suppression in various tissues

came from studies on viral oncoproteins. Oncoproteins such as adenovirus early gene 1A (E1A),
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papillomavirus early gene 7 (E7), and simian virus 40 (SV40) large T (tumor) antigen, inactivate
pRb during oncogenic transformation of cells, suggesting a tumor suppressive function for
pRb?33:234:341.342 T geveral cancer cells, loss of pRb function was linked to a loss of cell
proliferation control as the exogenous expression of wild-type RB/ in cells with mutant RB/ led
to a significant reduction in proliferation, colony formation in agar, and tumorigenicity in nude

mice343*345.

The original tumor suppressive function described for pRb relates to its ability to inhibit cell
cycle progression in its hypophosphorylated state?>¢-25°, As such, tumors may employ
mechanisms that inactivate this tumor suppressive function of pRb. For example, cyclin D1
overexpression observed in VHL-defective ccRCC cells results in pRb hyperphosphorylation,
which supports abnormal proliferation in cells deprived of growth factors34¢. Furthermore, in
bladder tumors expressing abnormally high levels of pRb, pRb is functionally inactivated
through increased cyclin D1 expression and/or loss of expression of the cyclin-dependent kinase

inhibitor 2A (CDKN2A/p16)*%.

348-353 For

pRb can also regulate pathways that have the potential to contribute to oncogenesis
instance, pRb has been described to have anti-apoptotic functions, and its inactivation is
associated with increased levels of apoptosis®*®*1°. Homozygous RbI mutant mice die before the
16th embryonic day and massive cell death is observed in multiple tissues®?’. Caspase-resistant
pRb protects mice from tumor-necrosis factor-alpha type I receptor (TNFRI)-induced
apoptosis®'2. pRb has also been shown to inhibit hypoxia-mediated induction of autophagic cell
death3'6, and in VAl-/- mouse retinal cells, pRb restrained the induction of autophagic death of
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photoreceptors”'’. Hence, pRb may have the capacity to support oncogenesis depending on the

context. Accordingly, pRb overexpression has been observed in multiple cancer types including
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familial adrenocortical carcinomas and pancreatic adenocarcinomas>>*3>>, Furthermore,
transgene expression of phosphorylation-resistant constitutively active pRb in the mammary

gland led to the development of mammary adenocarcinoma3.

1.3 Interplay between VHL and pRb

Some functional links have been observed between VHL and pRb. One study showed that the
combined deletion of Vkl, Trp53 and Rb1, specifically in mouse renal epithelial cells gives rise to
ccRCC3¥’, Furthermore, conditional knockout of RbI was shown to be synthetically lethal with
Vhi loss in the murine retina—a tissue that models the retinal abnormalities observed in
individuals with VHL disease’!”. VHL regulates the expression of cyclin D134, which directly
affects the phosphorylation status of pRb and its ability to control the cell cycle, thereby linking
VHL dysfunction to cell cycle dysregulation in ccRCC. Furthermore, VHL inactivation in MEFs
induces a senescent-like phenotype that is dependent on pRb and p400%°. Overexpression of pRb

promoted the transcriptional activity of HIF-103%%

, whose abundance is regulated by VHL. pRb
has also been described to restrict HIF target gene expression in the Vhl-/~ mouse retina®!’, thus
creating a link between VHL and pRbD in the regulation of the hypoxia response. Finally, deletion

of Vhl suppressed retinoblastoma formation in murine RbI/Rb/1-null retina’!’

. In patients with
ccRCC, mutations of the RBI gene are rarely observed>?. However, the status and expression of
pRb in VHL-associated ccRCC are not well studied. Interestingly, mass-spectrometry-based
proteomic data obtained from the National Cancer Institute's Clinical Proteomic Tumor Analysis

Consortium (CPTAC)*3%3% revealed greater pRb protein abundance in ccRCC primary tumors

compared to normal tissue.
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1.4  Rationale and objectives

The relatively low success rate of current treatments for metastatic RCC, including conventional
approaches such as surgery, targeted therapy, and immunotherapy, has driven researchers to
explore novel, druggable targets of VHL beyond HIFs and their downstream targets. Loss of
VHL function, a hallmark of ccRCC, results not only in HIF accumulation, but also the
dysregulation of various cellular processes that contribute to tumor growth and survival. My
research aims to identify additional molecular pathways destabilized by VHL loss in ccRCC,
with the goal of developing more effective and targeted therapies. To this end, I first investigate
how the disruption of VHL-mediated regulation of pRb drives ccRCC progression. I then
conduct a detailed biochemical characterization of the VHL-pRb interaction to elucidate the
underlying molecular mechanisms. Finally, I explore pharmacological strategies aimed at
exploiting the vulnerabilities uncovered through this work, to inform the development of novel

therapeutic options for ccRCC.
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Chapter 2: Materials and Methods
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2.1 Cell Culture and Reagents

All cell lines used in cell culture were obtained from the American Type Culture Collection
(ATCC). 786-0, 769-P and RCC4 cells were grown in RPMI 1640 medium (350-000-CL,
Wisent) supplemented with 10% (vol/vol) fetal bovine serum (FBS). A-498, HEK293A and
U20S cells were grown in Dulbelcco’s modified Eagle’s medium (319-015-CL, Wisent)
supplemented with 10% (vol/vol) FBS (12483020, Thermo Fisher Scientific). All cells were
maintained in a humidified incubator at 37°C, 5% CO2, and 21% Oz (normoxia). Assays were
performed on arrested cultures grown to confluence in order to control for pRb cell cycle
function. Moreover, VHL-mediated pRb degradation was more prominent in confluent cells,
suggesting a confluence-dependent mechanism for VHL-pRb regulation. For hypoxic treatments,
cells were placed in a hypoxia chamber at 37°C, 5% COz, and 0.5% Oz for 24 hours. MG132
(Peptides International) was used at 10uM. Cell lines were routinely tested for mycoplasma

contamination.

2.2 Western Blot and Antibodies

Whole cell lysates were prepared by lysing cells in 1x Laemmli buffer. After boiling at 95°C for
10 minutes, samples were separated by Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes.
After blocking with 5% non-fat milk in TBST (Tris-Buffered Saline with 0.1% Tween 20,
membranes were incubated in primary antibody diluted in 5% bovine serum albumin (BSA) in
TBST. Membranes were washed with TBST and incubated with the appropriate horseradish

peroxidase (HRP)-conjugated secondary antibody diluted in 2% non-fat milk in TBST. After
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additional washes with TBST, blots were developed using a chemiluminescent substrate and

imaged with the Bio-Rad ChemiDoc imaging system.

Primary antibodies against pRb (9313, 1:1000), Hemagglutinin (HA) (2999, 1:1000), VHL
(68547, 1:500), and Ubiquitin (3936, 1:1000) were from Cell Signaling Technology. Antibodies
against Vinculin (V9131, 1:20000), B-actin (A5441, 1:15000), a-tubulin (T6199, 1:15000) and
Flag (A8592, 1:1000) were from Sigma Aldrich. HIF-2a (NB100-122, 1:500) antibody was from
Novus Biologicals. Glut-1 (115730, 1:5000) antibody was from Abcam. SKIDA1

(ARP69749 P050, 1:500) antibody was from Aviva Systems Biology. Peroxidase-conjugated
sheep anti-mouse (NB1206808) and donkey anti-rabbit (NB7185) antibodies were purchased
from Novus Biologicals. Antibodies used for co-immunoprecipitation include mouse anti-HA
(homemade, 1:500), anti-Flag M2 (A2220, Sigma), mouse anti-pRb (554136, BD Biosciences,
1:500), and mouse anti-VHL (556347, BD Biosciences, 1:500). High-Capacity Streptavidin

Agarose beads (20359, Thermo Fisher Scientific) were used for biotin affinity purification.

2.3 Subcellular fractionation

Cells were scraped from 10 cm plates into 500 pL fractionation buffer (20 mM HEPES pH7.4,
10 mM KCl, 2 mM MgClz, | mM EDTA, 1 mM EGTA), and incubated on ice for 15 min. The
cell suspension was passed through a 27-gauge needle 10 times and left on ice for 20 min. The
sample was centrifuged at 720 x g for 5 minutes. The pellet (nuclei) was washed once with 500
pL fractionation buffer and extracted using 0.1% SDS in TBS. The supernatant was centrifuged
at 10,000 x g for 5 minutes to remove the mitochondria. The remaining supernatant was used as

the cytoplasmic fraction.
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24 Quantitative real-time polymerase chain reaction (QRT-PCR)

Total RNA was extracted from cells using the PureLink RNA Mini Kit (12183018A, Invitrogen)
according to the manufacturer’s protocol. On-column genomic DNA digestion was performed
using the PureLink DNase Set (12185010, Invitrogen). First strand cDNA synthesis was
performed with the iScript cDNA Synthesis Kit (#1708891, Biorad) according to provided
protocol. qRT-PCR detection was performed using the Luna® Universal gPCR Master Mix
(M3003, New England Biolabs) and the CFX96 Real-Time PCR System. 10 ng of cDNA was
used as input for QRT-PCR reactions. Real-time PCR was performed in triplicate, and relative
gene expression was calculated using the 244 method?¢’ following normalization of Ct values
to a GADPH control. Gene-specific primers (Table 2) were designed using the IDT PrimerQuest
tool and obtained from Thermo Fisher Scientific. The final concentration of each primer in the

qRT-PCR reaction was 10 uM.

Table 2. Primer sets (forward and reverse) used for RT-PCR amplification of target genes.

Gene Forward primer (5’->3) Reverse primer (5°->3°)

RBI AATCAGATGGTATGTAACAGCGA | TGAAATTTGGACTCTCCTGGG

SKIDA1 GTCCTGAATTTGCTACGGATTTG | CAGGGATTCTCGGCTTTAGTT

ACATI TGAACAGGACGCTTATGCTATT CCACTACATCTGGTTGACCTTT
DECRI GTGATTCAACCAGGGCCTATAA CAGGGAATTCTGCCAATCATTTC
PSATI GCTTGGTTCTGGAGTGGATTA CTCCACTGGACAAACGTAGAA
PNPO TGATCGGGAGTATCTGAGAAAGA | ACCTGAGGGTACAGGACATAG
OAT GTAGATGGCTGGCTGTTGATTA CACTGCAGACACAGGGTATAAG
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E2F1 CCTGCAGAGCAGATGGTTAT GCTCTTAAGGGAGATCTGAAAGT

GAPDH GGTGTGAACCATGAGAAGTATGA | GAGTCCTTCCACGATACCAAAG

2.5  Lentivirus production and transduction

Lentiviral particles were produced using a third-generation packaging system in HEK293T cells.
Briefly, HEK293T cells were seeded at 40% confluency in 10 cm dishes 24 hours prior to
adherent transfection. Cells were co-transfected with the lentiviral transfer plasmid (pLVX-M-
puro (#125839, Addgene), lentiCas9-Blast (#52962, Addgene), or pCLIP-dual-SFFV-ZsGreen
(Transomic technologies)), and the packaging plasmids psPAX2 (#12260, Addgene) and
pMD2.G (#12259, Addgene) using PolyJet transfection reagent (#SL100688, SignaGen
Laboratories) according to the manufacturer’s instructions. The plasmids were used at a ratio of
4:3:1 (transfer:psPAX2:pMD2.G). After 68 hours, the transfection medium was replaced with
fresh DMEM supplemented with 10% FBS. Viral supernatants were collected at 48- and 72-
hours post-transfection, filtered through a 0.45 um PVDF filter, and immediately used to infect
target cells. Filtered viral supernatant was added to the cells in the presence of 8 pg/mL
polybrene (Sigma-Aldrich) to improve transduction efficiency. Cells were incubated with virus-
containing medium for 18 hours before replacing with fresh culture medium. Transduced cells
were selected with 2 pug/ml puromycin or 10 pg/ml blasticidin as appropriate for 3—7 days
beginning 48 hours post-transduction. Transduction efficiency was determined by western blot or

qPCR.
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2.6 Transfection and Co-immunoprecipitation assays

HEK?293 cells were transfected using polyethylenimine (PEI) (23966-1, Polyscience) reagent 48
hours prior to lysis. Transfection of 786-O cells was achieved by electroporation using the
Amaxa Nucleofector 2b device (Lonza) and the manufacturer’s recommended conditions.
Reverse siRNA transfection was performed using Lipofectamine RNAiIMAX transfection
reagent (13778030, Thermo Fisher Scientific) according to the manufacturer’s instructions.
Briefly, 3 pmol siRNA was diluted in 20 pl Opti-MEM Reduced Serum Medium (31985062,
Gibco) in one well of a 96-well plate and mixed gently. 0.25 ul Lipofectamine RNAIMAX was
added to each well containing the diluted siRNA molecules, mixed gently, and incubated for 10-
20 minutes at room temperature. To each well, added 100 pl of appropriate cells diluted in
complete growth medium without antibiotics, bringing the final siRNA concentration to 25 nM.
Cells were cultured for 48—96 hours post-transfection before being harvested for downstream

applications.

For immunoprecipitation, cells were harvested in mild lysis buffer (10mM Tris pH 7.5, 100mM
NaCl, 10mM EDTA, 50mM NaF, 1% NP-40) supplemented with complete protease inhibitor.
Lysates were clarified by centrifugation and then incubated with the appropriate antibody and
beads for 1 hour. Bound complexes were washed with mild lysis buffer and eluted by boiling in
I1x Laemmli buffer at 95°C for 10 minutes. Bound proteins were then resolved using SDS-PAGE

followed by western blot analysis.

For immunoprecipitation under denaturing conditions, cells were lysed in mild lysis buffer and
clarified by centrifugation. SDS was added to cell lysate to a final concentration of 1%, after
which the lysate was boiled at 95°C for 5 minutes to denature proteins and disrupt protein-

protein interactions. The cooled lysate was then diluted with mild lysis buffer to a final

39



concentration of 0.1% SDS prior to immunoprecipitation. Mouse anti-pRb antibody (554136, BD

Biosciences) was used to pull down denatured pRb.

2.7 Proximity labeling assay

Mammalian cells were transfected with plasmids encoding VHL-Flag-BirA, NTID-Flag-pRb, or
CTID-Myc-VHL (as indicated) and incubated for 24 hours. Cells were then treated with 10 uM
MG132 or dimethyl sulfoxide (DMSO) vehicle for 4 hours, followed by 50 uM biotin (as
appropriate) for an additional hour. Subsequently, cells were lysed using high-salt (500 mM
NaCl) RIPA buffer and snap-frozen in liquid nitrogen. For the split-TurbolD assay, the nuclear
fraction was isolated as described in section 2.3 and lysed using high-salt RIPA buffer. Lysates
were thawed rapidly in a 37°C water bath and clarified by sonication followed by centrifugation.
Salt concentration of lysates was halved using no-salt RIPA buffer. Lysates were then pre-cleared
using protein G agarose beads (16-266, Sigma Aldrich) at 4°C for 10 minutes. Pre-cleared lysates
were incubated with streptavidin-agarose beads (20359, Thermo Fisher Scientific) at 4 °C for 4
hours to affinity-purify biotinylated proteins. Bound proteins were eluted using 30 mM biotin
(B4639, Sigma-Aldrich). For complete protein denaturation, eluates were treated with
dithiothreitol (DTT) and iodoacetamide (IAA) to reduce and alkylate disulfide bonds. Samples
were then resolved on a NuPAGE 10% Bis-Tris gel (NP0315BOX, Thermo Fisher Scientific)
and visualized using the SimplyBlue SafeStain (465034, Thermo Fisher Scientific). Bands were

then excised and destained, followed by in-gel trypsin digestion.

An aliquot of each tryptic digest was analyzed by liquid chromatography—tandem mass

spectrometry on an Orbitrap Fusion Lumos system (Thermo Scientific) coupled to a Dionex
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UltiMate 3000 RSLC nano HPL. The raw files were searched against the Human UniProt
Database using MaxQuant software v1.2.4.0 and the following criteria were used: peptide
tolerance = 10 ppm, trypsin as the enzyme (2 missed cleavages allowed), and
carboxyamidomethylation of cysteine as a fixed modification. Variable modifications are

oxidation of methionine and N-terminal acetylation. The peptide and protein False Discovery

Rate (FDR) was 0.01.

2.8  Live/Dead cell staining

Live/dead cell staining was performed using the ReadyProbes® Cell Viability Imaging Kit
(Blue/Green) (R37609, Thermo Fisher Scientific). 2 drops of each reagent were added to 1 ml of
cell culture media. Cells on a 12-well plate were then incubated with reagent-containing media
for 15 minutes at room temperature. The NucBlue® Live reagent stains all nuclei, whereas the
NucGreen® Dead reagent stains only the nuclei of cells with compromised plasma membrane
integrity. Images were obtained using the EVOS M5000 microscope at 10x objective. The Fiji
(ImagelJ) software was used for image analysis — conversion to 8-bit grayscale, cell detection via
thresholding, and quantification using the ‘Analyze Particles’ function, with appropriate particle
size filters applied to exclude artifacts. For each well, average cell counts were determined from
10 randomly selected fields of view. All quantifications were performed on at least three

biological replicates, and images were processed uniformly across experimental groups.
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2.9 TUNEL assay

Adherent cells on a 96-well plate were rinsed twice with PBS and fixed with 4%
paraformaldehyde (PFA) for 1 hour at room temperature. Cells were rinsed with PBS, then
permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate for 2 minutes on ice. Cells were
rinsed twice with PBS. 50 ul TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling) reaction mixture (11684795910, Sigma Aldrich) was added to cell monolayer and
incubated for 60 minutes at 37°C in a humidified atmosphere in the dark. Cells were then rinsed
3 times with PBS and counterstained with 1 pg/ml 4',6-diamidino-2-phenylindole (DAPI)
reagent (D9542, Sigma Aldrich). For negative control, cells were incubated in 50 pl/well Label
solution (without terminal transferase) instead of TUNEL reaction mixture. For positive control,
cells were incubated with DNase I (3 U/ml in 50 mM Tris-HCI pH 7.5, 10 mM MgClz, 1 mg/ml
BSA) for 10 minutes at room temperature to induce DNA strand breaks prior to labeling. Images
were obtained using the EVOS M5000 microscope at 10x objective. The Fiji (ImageJ) software
was used for image analysis — conversion to 8-bit grayscale, cell detection via thresholding, and
quantification using the ‘Analyze Particles’ function, with appropriate particle size filters applied
to exclude artifacts. For each well, average cell counts were determined from 10 randomly
selected fields of view. All quantifications were performed on at least three biological replicates,

and images were processed uniformly across experimental groups.

2.10 Sulforhodamine B (SRB) assay

The SRB assay was used to determine cell density based on total cellular protein content. Cells

were fixed in media containing 10% trichloroacetic acid (TCA) (TB0968, Bio Basic) at 4°C for 2
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hours. After washing off fixation solution, cells were stained with 0.04% (wt/vol)
Sulforhodamine B sodium salt (HY-D0974, MedChemExpress) for 30 minutes. Cells were rinsed
with 1% (vol/vol) acetic acid to remove unbound dye. 150 pl of 10 mM Tris base solution (pH
10.5) was then added to solubilize the protein-bound dye. Dye absorbance (570 nm) and
background absorbance (650 nm) were obtained using a microplate reader. Final absorbance

reading was obtained by subtracting background absorbance from dye absorbance.

2.11 Soft-agar colony formation assay

The soft agar colony formation assay was done on 6-well plates. The bottom layers consisted of
1.5 ml of 1% low melting point agarose (16520050, Thermo Fisher Scientific) in 1X RPMI
media supplemented with FBS. The upper layers consisted of 7500 cells embedded in 1.5 ml of
0.5% agarose in 1X RPMI media supplemented with FBS. Both layers were allowed to solidify
for 5 minutes at 4°C, then placed in a 37°C incubator for the remainder of the assay. Every 3
days, 200 uL of complete media were added onto the semi-solid media to prevent desiccation.
After 5 weeks, colonies were stained with 200 pg/ml iodonitrotetrazolium chloride (IB0280, Bio
Basic) solution. Images were obtained using the Bio-Rad ChemiDoc imaging system and the
EVOS M5000 microscope, and analyzed using Fiji (ImagelJ). Total colonies (> 100 um) in each
field of view were manually counted, and average counts for each well were obtained based on at
least 10 fields of view. All quantifications were performed on at least three biological replicates,

and images were processed uniformly across experimental groups.
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2.12 Clonogenic assay

To assess colony formation, a total of 150 cells were seeded in each well of a 6-well plate and
cultured for 10 days. Cell culture medium was replaced every 3-4 days. After incubation, cells
were rinsed with PBS, fixed with a solution of 3 parts methanol to 1 part acetic acid for 5
minutes, and stained with 0.5% (wt/vol) crystal violet in methanol for 15 minutes. Excess stain
was removed by rinsing with tap water until the background was clear. Images of the stained
colonies were captured using the Bio-Rad ChemiDoc imaging system. Total colonies (> 1 mm)
in each well were manually counted and recorded. All quantifications were performed on at least
three biological replicates, and colonies were counted based on the same parameters across

experimental groups.

When drug treatment was combined with the clonogenic assay, the drug was applied to cells at
the indicated concentration for 72 h after 24 h of cell culture. Cells were then rinsed once with
PBS and replaced with complete media. After which, cells were incubated for an extra week

prior to fixation and staining.

2.13 p-galactosidase assay

Cells in a 12-well plate were stained using a senescence-associated -galactosidase (SA-B-gal)
staining kit (602010, Cayman Chemical), according to the manufacturer’s protocol. Briefly, cells
were washed twice with PBS and fixed with 500 uL Fixative Solution (1X) for 15 minutes at
room temperature. Cells were then washed twice with PBS, followed by incubation in cell
staining solution containing the X-gal substrate (pH 6) at 37°C overnight. Blue-stained cells

(caused by SA-B-gal cleavage of X-gal at pH 6) were marked as senescent. Brightfield images
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were then obtained using the EVOS M5000 microscope and analyzed using Fiji (ImagelJ). Total
and senescent (blue) cells in each field of view were manually counted, and average counts for
each well were obtained based on at least 10 fields of view. All quantifications were performed
on at least three biological replicates, and images were processed uniformly across experimental

groups.

2.14 RNA-sequencing and data analysis

Total RNA was extracted using Trizol reagent (15596026, Thermo Fisher Scientific). RNA was
initially quality-controlled by Qubit and Tapestation. Libraries were prepared using the Truseq

kit from Illumina using the manufacturer's protocol (https://www.illumina.com/products/by-

type/sequencing-kits/library-prep-kits/truseq-stranded-mrna.html). Quantity and quality of

libraries were assessed by qPCR and LabChip, respectively. All libraries were sequenced on 1

lane of NovaSeq S1 (PE100), to generate 50 million reads per condition.

Raw sequencing data was processed using GenPipes3®? with standard settings, which aligns reads
to GRCh37 (hgl9) with STAR 2-passes mode and counted to gene features using ‘htseq-count’
function from H7Seq. The raw count data was normalized and analyzed by DESeq2. RNA-
sequencing data are deposited in the Gene Expression Omnibus (GEO) under accession number
GSE293447. The differentially expressed genes (DEG) (adjusted p-value < 0.05, fold change >
1.5 or > 2.0) were compared to HIF-2a-activated genes (downloaded from GSE149005 and re-
analyzed by limma for significant DEGs with adjusted p-value < 0.05), downregulated genes in
ccRCC versus normal kidney tissues (downloaded from the International Cancer Genome

Consortium (ICGC) and analyzed by DESeq2), and E2F1-regulated genes (downloaded from
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TRANSFAC database from ChIP-X enrichment analysis®%3-*%4). The comparisons between the
DEGs in each group were visualized using ggvenn, and the pathway enrichment analysis was
done using pathfindR. The enriched pathways were filtered based on biological relevance and

visualized in a dot plot.

2.15 Patient samples

Snap-frozen tumor and matched normal kidney tissue samples from ccRCC patients were
obtained from the McGill/MUHC RCC Biobank. All samples were collected following informed
written consent from patients. Ethics approval was provided by MUHC REB (local REB
number: IRB00010120). Proteins were extracted from tissue samples using RIPA buffer and
mechanical lysis in a dounce homogenizer. Lysates were then clarified by centrifugation and 4x

Laemmli Sample Buffer added to 1x final concentration.

2.16 Tumor xenograft assay

For tumor xenografts, four male and four female NOD-scid IL2Rg™" (strain JAX:005557,
Jackson Labs) mice at 6-8 weeks of age and 20 — 23 g average body weight were used. The mice
were housed and maintained in laminar flow rooms under specific pathogen-free conditions. All
animal procedures were performed according to the guidelines of the Canadian Council on
Animal Care (CACC). The protocol for animal studies was approved by the Animal Care

Committee of the University of Ottawa (OHRI-1666).
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Briefly, 786-O control and RBI KO cells were harvested at exponential growth phase using
0.25% trypsin-EDTA (25200-056, Thermo Fisher Scientific). Cells were washed once and
resuspended in PBS. The number of viable cells was determined by trypan blue exclusion assay.
8 million viable cells were resuspended in 50% (vol/vol) Matrigel to a final volume of 100 pL.
and injected subcutaneously into the left or right flank of each mouse. Mice were randomly
allocated to control/RBI KO or RBI KO/RBI KO groups. Five control injections and ten RB/
KO injections were performed. The injection sites were manually palpated twice weekly until
tumors were established. Caliper measurements of tumor length and width were taken twice
weekly from the onset of tumor growth until the experimental endpoint (tumor diameter of 2
cm). Mice weights were recorded every 3 days. All mice were euthanized at 11 weeks post-
injection when the first mouse had reached the endpoint. Tumors from each group were excised
and weighed. Tumor measurements were performed by a collaborator who was blinded to the

expected results of the study.

2.17 Organoid culture and drug screening

Patient-derived xenograft (PDX) organoid cultures were enzymatically disrupted with an
organoid harvesting solution followed by 0.25% Trypsin. Partially fragmented organoids were
then plated on Matrigel-coated 384-well plates (~25 uL/well) in a 5% Matrigel/Organoid
medium in quadruplicate for 10 pint-concentration per component. After 4 days of growth,
organoids were treated with compounds using automated injections performed by Echo Acoustic
Liquid Handling. After 7 days (with one step of media and drug refresh on day 4), cell viability

was measured using the CellTiter-Glo 3D assay (Promega).
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2.18 Immunohistochemistry (IHC) and hematoxylin-eosin (HE) staining

Formalin-fixed tumor tissues were embedded in paraftin prior to IHC and HE staining. Cores
were obtained from various parts of the tumors and 4 um thick sections used to create a tumor
microarray (TMA), containing control and RB/ KO tumors. Before staining, the sections were
deparaffinized and rehydrated, followed by antigen-retrieval in citrate buffer (pH 6) or Tris-
EDTA (pH 9) as appropriate for 20 minutes. Tissue sections were blocked for 30 minutes using
10% goat serum (ab7481, Abcam), then incubated with primary antibody, followed by HRP-
conjugated secondary antibody. Slides were stained using 3, 3'-diaminobenzidine (DAB) as the
chromogen, counterstained with hematoxylin, mounted and cover-slipped. The staining intensity
was scored as follows: 0 (no staining), 1 (weak staining), 2 (moderate staining) and 3 (strong
staining). The proportion of positively stained cells was scored according to the following
criteria: 0 (< 10% positive cells), 1 (10-25% positive cells), 2 (26-50% positive cells), 3 (51—
75% positive cells) and 4 (> 75% positive cells). The final staining score was calculated as the
staining intensity score x the proportion score and ranged from 0 to 12. The following antibodies
were used for IHC staining: pRb (554136, BD Biosciences) and SKIDA1 (BS-9776R, Thermo

Fisher Scientific).

2.19 CRISPR/Cas9 Genome Editing

Monoclonal 786-O RBI KO cell lines were generated with CRISPR/Cas9 technology. 786-O
cells were transfected with PX458 plasmid (#48138, Addgene) containing RB/-targeting single
guide RNAs (sgRNAs). Transfected cells were selected by single-cell sorting of green

fluorescent protein (GFP)-expressing cells. Monoclonal cells were screened for target gene
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knockout by western blot and later, Sanger sequencing of the region of interest. Successful

knockout clones were then selected and expanded.

The following guide RNAs (Table 3) were used to create monoclonal RB/ knockout cell lines:

Table 3. Guides (without PAM sequence) used for the generation of monoclonal RB1 KO cell lines.

RBI sgRNA#1 (5°->3)

CGGTGGCGGCCGTTTTTCGG

RBI1 sgRNA #2 (5°->3)

GCTCTCTCTCTGACATGATC

Polyclonal knockout cell lines were generated by stable expression of Cas9 using lentiCas9-Blast

plasmid (#52962, Addgene) in target cells, followed by transduction with lentivirus containing

the corresponding guide RNAs in the pCLIP-dual-SFFV-ZsGreen vector backbone. Each pCLIP-

dual-SFFV-ZsGreen vector contains 2 guides (gRNA_ a and gRNA b) targeting the gene of

interest (Table 4). All guides were designed against human genes. pCLIP-dual-SFFV-ZsGreen

sgRNAs were obtained from transEDIT-dual CRISPR Whole Genome Arrayed Library from

Transomic technologies.

Target sequences were as follows:

Table 4. Guides (without PAM sequence) used for the generation of polyclonal gene knockout cell lines.

gRNA_a (5’->3°) gRNA b (5°->3")

SKIDAI sgRNAs #1 | GAAAATAAGCAGGGTCCGAG | AATCCACTGGCTCAAAGTCA

SKIDAI sgRNAs #2 | ACAACAAAGAATACTCCGAG | GCAACTCCTCCAGATCGCAG

E2F] sgRNAs #1 GCAGCAGGTCAGGGTCGCAG | CCACAGGTGTGAAATCCCCG

E2F1 sgRNAs #2 CAAGCCCTGTCAGAAATCCA | GGGCAGCCTGCGGGCTCCCG
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2.20 Plasmids and siRNA constructs

HA-VHL wt-pBabe-puro (#19234, Addgene) and pCMV HA hRB-wt (#58905, Addgene)
plasmids were used for transient transfections. HA-VHL-pRc/CMV (#19999, Addgene) plasmid
was used to create stable HA-VHL-expressing cell lines. Flag-pRb constructs for transient
transfections were obtained by cloning into the pLV X-M-puro vector (#125839, Addgene). The
Flag-VHL plasmid used for transient transfections was obtained by Gibson cloning into
pcDNA3.1(+) (V790-20, Addgene). For SKIDA1 overexpression studies, SKIDA1 was cloned
into the pLVX-M-puro vector using Gibson cloning. All plasmids were sequenced to confirm
validity. ON-TARGETplus Non-targeting Control siRNAs (D-001810-01-05) and siGENOME

Human RB1 siRNA smartpool (M-003296-03-0005) were purchased from Dharmacon.

2.21 Statistical analysis

Statistical analyses were performed using the GraphPad Prism 6 software. Data are presented as
mean + standard deviation (SD) unless otherwise indicated. Statistical significance was evaluated
by unpaired two-tailed t-test, ordinary one-way ANOVA or two-way ANOVA with Holm-Sidak’s
post-hoc test or Tukey’s post-hoc test as described in figure legends. p-values < 0.05 were
considered statistically significant. Statistical significance was represented as: * p < 0.05, ** p <
0.01, and *** p < 0.001. ‘ns’ denotes not significant. Experiments were performed in at least

three biological replicates in order to establish statistical significance (unless otherwise stated).
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Chapter 3:

Loss of VHL-mediated pRb regulation promotes clear cell renal cell

carcinoma
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3.1 pRb binds VHL in a proteasomal-sensitive manner

The interaction between VHL and HIF is stabilized in the presence of proteasome
inhibitors!'64363-366 " To identify novel proteasome-sensitive VHL substrates that might contribute
to disease, we performed a proximity-dependent biotin identification (BioID) assay using
HEK?293A cells expressing VHL fused to the biotin ligase BirA. Cells were pre-treated with the
proteasome inhibitor MG132 or vehicle control for 4 hours followed by 1 hour of biotin addition.
MG132 stabilizes ubiquitinated proteins marked for degradation by blocking the proteolytic
activity of the 26S proteasome complex, and this is known to stabilize the interaction of VHL

and its targets, including HIF-a!''®

. Biotinylated proteins were captured using streptavidin-
conjugated beads and resolved on a NuPAGE 10% Bis-Tris gel. Proteins were visualized
following a Coomassie stain. Protein-containing gel slices were then excised, trypsin-digested,
and analyzed by liquid chromatography-mass spectrometry (LC-MS) (Figure 9A). LC-MS
analysis revealed several proteins that were enriched in MG132-treated cells compared to vehicle
control. Interestingly, the tumor suppressor pRb was one of the proteins enriched following
MG132 treatment, raising the possibility that pRb is a proteasomal target of VHL. Despite the
apparent paradox of one tumor suppressor degrading another, the prior data describing the

synthetic lethality of VAl and Rb1 loss®'7, and pRb’s role in modulating hypoxic cell death3'¢ led

us to validate pRb as our top hit.

To validate our mass spectrometry results, we first sought to confirm the enrichment of pRb in
samples preferentially biotinylated by VHL-BirA in MG132-treated cells. Cells were transfected
with VHL-BirA and treated with biotin and MG132 or vehicle as described above. Biotinylated
proteins were pulled down with streptavidin beads and eluted proteins were resolved by SDS-

PAGE. Immunoblot for pRb in the eluent showed a significant stabilization of VHL interaction
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Figure 9. Proximity ligation analysis of VHL reveals pRb as a proteasome-sensitive VHL
interactor. (A) Schematic diagram illustrating BiolD assay used to identify VHL interacting
proteins. Figure was created with BioRender. In the experimental condition, 10 uM MG132
was added for 4 h, followed by 50 uM biotin for 1 h. In the control condition, 10 uM DMSO
vehicle was added instead of MG132. Biotinylated proteins were captured using streptavidin-
conjugated beads and resolved on SDS-PAGE gel. Gel chunks were then extracted separately
from control and experimental lanes, trypsin digested and analyzed by mass spectrometry. (B)
Affinity purification of biotinylated proteins using streptavidin-conjugated beads from
HEK293A cells transfected with VHL-Flag-BirA plasmid and treated with 10 uM MG132 and
50 uM biotin as indicated for 4 h and 1 h respectively. (C) Affinity purification of biotinylated
proteins using streptavidin-conjugated beads from RCC4 cells transfected with VHL-Flag-BirA
plasmid and treated with 10 uM MG132 and 50 uM biotin as indicated for4 hand 1 h
respectively. (D) Immunoprecipitation of Flag-tagged pRb from HEK293A cells transfected
with indicated plasmids and treated with 10 uM MG132 as indicated for 4 h. (E)
Immunoprecipitation of endogenous VHL from HEK293A cells treated with 10 uM MG132 for
4 h. An IgG1 isotype control was included. MG132-treated HEK293 A lysate was split equally
between IgG1 and VHL pulldown conditions. (F) Immunoprecipitation of VHL from 786-O
cells stably transfected with hemagglutinin (HA)-tagged VHL (HA-VHL), and treated with 10
uM MG132 for 4 h. An IgGl1 isotype control was included. MG132-treated lysate was split
equally between IgG1 and VHL pulldown conditions.

with pRb following proteasomal blockade (Figure 9B), consistent with our mass spectrometry
data. Similar results were observed in ccRCC-derived (RCC4) cells, wherein the exogenous
expression of VHL-BirA promoted endogenous pRb biotinylation in a MG132-sensitive manner
(Figure 9C). To determine if VHL and pRb interact, we exogenously expressed Flag-tagged pRb
and HA-tagged VHL in HEK293A cells in the presence or absence of MG132.
Immunoprecipitation of pRb revealed increased co-precipitation of VHL in the presence of
MG132, suggesting that inhibition of proteasomal degradation stabilizes the VHL-pRb
interaction (Figure 9D). To determine if VHL and pRb interact endogenously, we performed
immunoprecipitation on MG132-treated HEK293 A lysates using either an anti-VHL antibody or
a non-targeting isotype control antibody. Immunoblot analysis showed co-precipitation of pRb
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with endogenous VHL (Figure 9E). Similarly, a VHL-targeting antibody applied to lysates from
MG132-treated ccRCC (786-0) cells stably reconstituted with HA-VHL, specifically co-
precipitated pRb as compared to an isotype control (Figure 9F). Together, these findings indicate
that pRb is a novel binding partner of VHL that may be targeted by the ubiquitin-proteasome

pathway, similar to HIF-a.

3.2 VHL regulates pRb stability via the ubiquitin-proteasome pathway

To determine the effect of VHL on pRb expression, HA-tagged VHL was reconstituted into two
VHL-deficient ccRCC cell lines, 786-O and RCC4. Cells were lysed at confluence to mitigate
cell cycle variation in log-phase growth and any associated variability in pRb regulation by cell-
cycle-dependent factors. Western blot analysis in both ccRCC lines showed that VHL re-
expression leads to downregulation of pRb protein levels (Figure 10A). This effect was
determined to be post-transcriptional, as pRb mRNA levels were not affected by VHL
reconstitution, as measured by qRT-PCR (Figure 10B). Next, we sought to determine the impact
of endogenous VHL knockdown in HEK293 A and U20S cells, which have functional VHL
expression. In both cell lines, knockdown of VHL led to an increase in pRb protein expression
(Figure 10C). Consistent with our results in the ccRCC cell lines, VHL status did not affect pRb
mRNA levels (Figure 10D). Collectively, these results indicate that VHL regulates pRb at the

post-transcriptional level.

Given that VHL interaction with pRb is stabilized by proteasomal inhibition, we next asked
whether VHL could promote ubiquitination of pRb. To analyze VHL-mediated ubiquitination of

pRb, we immunoprecipitated pRb under denaturing conditions from VHL-null and VHL-
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reconstituted 786-0 cells treated with MG132. Immunoblot analysis showed significant pRb

ubiquitination only in cells expressing VHL (Figure 10E). Treatment of VHL-reconstituted 786-

O cells with MG132 resulted in pRb protein accumulation comparable to VHL-null 786-0 cells,

whereas MG132 treatment of VHL-null cells did not significantly affect pRb protein levels

(Figure 10F). Together, these data demonstrate that VHL promotes the ubiquitination of pRb,

thereby facilitating its proteasomal degradation.
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Figure 10. VHL promotes proteasomal degradation of pRb. (A) Immunoblot of
lysates from 786-O and RCC4 cells stably transfected with either control vector (-) or
HA- VHL. Quantification of pRb protein expression relative to tubulin is shown to
the right. Statistical significance was calculated using unpaired t test and Holm-Sidak
post-hoc test (n=3). (B) pRb mRNA expression (relative to GAPDH) in 786-O and
RCC4 cells stably transfected with either control vector or HA-tagged VHL. Fold
changes in gene expression were calculated using the delta delta Ct method and
normalized to the control condition. Statistical significance was calculated using
unpaired t test and Holm-Sidak post-hoc test (n=3). (C) Immunoblot of lysates from
HEK293A and U20S infected with lentivirus encoding either scrambled (Scr) or
VHL-targeting shRNA. Quantification of pRb protein expression relative to tubulin is
shown to the right. Statistical significance was calculated using unpaired t test and
Holm-Sidak post-hoc test (n=3). (D) pRb mRNA expression (relative to GAPDH) in
HEK293A and U20S cells infected with lentivirus encoding either scrambled (Scr) or
VHL-targeting shRNA. Fold changes in gene expression were calculated using the
delta delta Ct method and normalized to the control condition. Statistical significance
was calculated using unpaired t test and Holm-Sidak post-hoc test (n=3). (E)
Immunoprecipitation under denaturing conditions of pRb from 786-O cells stably
transfected with either control vector (-) or HA-tagged VHL and treated with 10 uM
MG132 for 4 h. (F) Immunoblot of lysates from 786-O cells stably transfected with
either control vector or HA-tagged VHL and treated as indicated with 10 uM MG132
or DMSO vehicle (-) for 4 h. Quantification of pRb protein expression relative to
tubulin is shown to the right. Statistical significance was calculated using ordinary
two-way ANOVA and Tukey’s post-hoc test (n=3). (A-F) Data are represented as
mean £ SD. *p <0.05, **p <0.01, ***p <0.001. ‘ns’ denotes not significant.

33 Transcriptional regulation by the VHL-pRb and VHL-HIF pathways are largely

distinct

The oxygen-dependent regulation of HIF-a stability is important in the transcriptional
reprogramming of cells under hypoxia*’. pRb has also been described to repress hypoxia-

regulated transcription®'®. However, the mechanism for oxygen-dependent pRb transcriptional

57



regulation is not clearly understood. This led us to investigate whether VHL regulation of pRb
was oxygen-sensitive. We analyzed the oxygen sensitivity of the pRb-VHL interaction in
transfected cells. Immunoprecipitation of VHL showed that binding to pRb is inhibited by
hypoxia (0.5% Oz for 24 hours), demonstrating that VHL interaction with pRb is oxygen-
dependent (Figure 11A). This suggests that VHL-mediated pRb regulation is involved in the

cellular adaptation to hypoxia.

In response to oxygen limitation, cells upregulate pathways involved in angiogenesis, glucose
metabolism and erythropoiesis to promote cellular adaptation to hypoxia®®. pRb has also been
described to regulate HIF-responsive genes in an oxygen-sensitive manner>'%3!7. We first asked
whether pRb and HIF coordinate to transcriptionally regulate the same target genes. To identify
pRb-regulated genes in ccRCC, we first created a monoclonal RB/ knockout (KO) cell line from
786-0 cells using CRISPR/Cas9. Next, we determined global mRNA expression in 786-O
control and RBI KO cells using RNA-sequencing. We were interested in genes that were
upregulated following RBI KO, as pRb is known to repress transcription. We found 707 genes
with significantly higher expression in RB/ KO cells compared to control cells (Appendix A,
fold change > 1.5, adjusted p-value (q) < 0.05) (Figure 11B). In contrast to pRb, HIF-a is a
transcriptional activator. HIF-2a target genes were obtained from published datasets of RNA-
sequencing analysis of 786-O control and EPAS1 (HIF-2a) KO in 786-0 cells*® (fold change >
1.5, 0 <0.05). Analysis of pRb-repressed and HIF-2a-activated genes showed little commonality,
indicating that pRb regulates a distinct set of genes from HIF-2a (Figure 11B). Despite having
few common targets at the level of individual genes, KEGG pathway analysis of HIF and pRb-
regulated gene sets showed enrichment of similar pathways such as focal adhesion, extracellular

matrix (ECM)-receptor interaction, cell cycle, cellular senescence, and apoptosis (Figure 11C).
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These results indicate that the transcriptional influence of VHL deletion in ccRCC is impacted by

a combined dysfunction in HIF-2a and pRb transcriptional regulation.

To assess pRb-regulated transcription in low vs high HIF-2a-expressing cells, we created RB/
knockouts in both VHL-reconstituted and VHL-null 786-O cells (Figure 11D). Following RNA-
sequencing, we analyzed transcripts that were significantly upregulated in RBI KO cells
compared to corresponding controls, to identify pRb-repressed genes. We identified 670 genes
that were significantly repressed by pRb in VHL-reconstituted cells (Appendix B, fold change >
1.5, 0 <0.05), compared to the 707 genes repressed in VHL-null 786-O cells as described above.
Interestingly, comparison of both gene sets showed roughly 6% overlap, suggesting that pRb
transcriptionally regulates a distinct set of genes based on HIF expression (Figure 11E).
However, KEGG pathway analysis of pRb-repressed transcripts in VHL-null and VHL-
reconstituted cell lines showed enrichment of similar pathways such as focal adhesion, ECM-
receptor interaction, necroptosis, oxidative phosphorylation, glycolysis, and cellular senescence
(Figure 11F). These tumor-associated pathways raise the possibility of the involvement of pRb in

ccRCC oncogenesis.

We next sought to identify which transcriptional targets of pRb may contribute to ccRCC
development. To narrow down the list of potential candidates, stricter selection criteria of fold
change > 2 and q < 0.05 were applied. We omitted the pRb-repressed genes in cells with low HIF
and VHL reconstitution, which is not a relevant state in most ccRCC, leaving 395 genes (Figure
11G). We then removed genes whose expression were not sensitive to VHL status (251 genes
removed), leaving 144 genes. Among these VHL and pRb differentially expressed genes, we
removed any that were not regulated by E2F1 (obtained from ChIP-X Enrichment Analysis

datasets®®3), as pRb has been described to repress apoptosis largely through E2F123! | leaving 45
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genes. Finally, we asked which of these genes were repressed in ccRCC tumors versus normal
tissue, which resulted in 6 genes (PNPO, ACAT1, DECRI, OAT, SKIDAI and PSATI) that
fulfilled the following criteria: (1) repressed by pRb in 786-O cells (2) downregulated in VHL-
deficient vs VHL-reconstituted 786-O cells (3) downregulated in ccRCC tumor vs normal tissue,

and (4) regulated by E2F1 (Figure 11G).

Among the selection criteria described above to identify physiologically relevant transcriptional
targets of the VHL-pRb pathway, we have not demonstrated a requirement for E2F1 in our cell
lines. To determine if the 6 narrowed down genes were regulated by E2F1 in ccRCC, we
knocked out E2F1 from 786-0 cells using CRISPR-Cas9 (Figure 11H) and examined the effect
on mRNA expression for each gene. qRT-PCR analysis demonstrated that SKI/DACH domain
containing protein 1 (SKIDAT1) is transcriptionally repressed in ccRCC cells in an E2F1-
dependent manner (Figure 11I). DECR1 and OAT mRNA levels were also increased upon E2F1
KO but did not reach statistical significance. We next confirmed that SKIDA1 expression was
upregulated by RB/ deletion via qRT-PCR and immunoblot analyses of lysates from 786-O
control and RBI KO cells (Figure 11J-K). These results suggest that SKIDA1 may be a
downstream target of the VHL-pRb pathway that is functionally repressed in ccRCC patients.

370 survival analysis of ccRCC patients revealed a positive correlation between

Kaplan-Meier
SKIDA1 expression in tumors and patient survival (Figure 11L). These findings highlight

SKIDALT as a putative pRb target with prognostic significance in ccRCC, and whose repression

upon VHL deletion may contribute to tumorigenesis.
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Figure 11. Transcriptional regulation by the VHL-pRb and VHL-HIF axes are
distinct. (A) Immunoprecipitation of Flag-tagged VHL from HEK293A cells transfected
with indicated plasmids and treated with 10 uM MG132 as indicated for 4 h. For
hypoxia treatment, cells were placed in 0.5% O: for 24 h. Glut-1 expression serves as
positive control to indicate HIF upregulation under hypoxia. (B) Venn diagram showing
overlap between genes upregulated by RB/ KO in 786-0 cells (red), and genes activated
by HIF2a as obtained from the GSE149005 RNA-sequencing dataset (grey). Fold
change > 1.5, adjusted p-value < 0.05. (C) Pathway enrichment analysis of pRb-
repressed (red) and HIF-activated (grey) genes in 786-0 cells using pathfindR. Enriched
pathways were filtered based on biological relevance and visualized in a dot plot. (D)
Immunoblot of lysates from 786-O control and RB/ KO cells stably transfected with
either control vector or HAVHL. (E) Venn diagram showing overlap between genes
upregulated by RBI KO in VHL-null (red) and VHL-reconstituted (yellow) 786-O cells.
Fold change > 1.5, adjusted p-value < 0.05. (F) Pathway enrichment analysis of pRb-
repressed genes in VHL-null (red) and VHL-reconstituted (yellow) 786-O cells using
pathfindR. Enriched pathways were filtered based on biological relevance and visualized
in a dot plot. (G) Four-way Venn diagram showing overlap between the indicated gene
sets, visualized using ggvenn. Fold change > 2, adjusted p-value < 0.05. E2F1-regulated
transcripts were obtained from TRANSFAC database from ChIP-X enrichment
analysis®®!!13, Downregulated transcripts in ccRCC vs normal tissue were obtained from
the International Cancer Genome Consortium (ICGC) data portal'? and analyzed by
DESeq2. (H) E2F1 mRNA expression (relative to GAPDH) in 786-O Cas9-expressing
cells stably infected with virus encoding either control vector or E2F[-targeting guides.
Fold changes in gene expression were calculated using the delta delta Ct method.
Statistical significance was calculated using unpaired two-tailed t test (n=3). (I) Analysis
of mRNA expression (relative to GAPDH) of indicated genes in 786-O Cas9-expressing
cells stably infected with virus encoding either control vector or E2F[-targeting guides.
Fold changes in gene expression were calculated using the delta delta Ct method and
normalized to the control condition. Statistical significance was calculated using
unpaired t test and Holm-Sidak post-hoc test (n=3).
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Figure 11 (continued). Transcriptional regulation by the VHL-pRb and VHL-HIF
axes are distinct. (J) SKIDA1 mRNA expression (relative to GAPDH) in 786-O
control, VHL-expressing and RBI KO cells. Fold changes in gene expression were
calculated using the delta delta Ct method and normalized to the control condition.
Statistical significance was calculated using ordinary one-way ANOVA and Tukey’s
post-hoc test (n=5). (K) Immunoblot of lysates from 786-O control, VHL-expressing and
RB1 KO cells. (L) Kaplan-Meier analysis showing the correlation between SKIDA1
expression in ccRCC and OS or PFS in corresponding patients. Kaplan—-Meier survival
plots were obtained directly from the publicly available University of Alabama at
Birmingham CANcer (UALCAN)® cancer analysis portal (http://ualcan.path.uab.edu),
which provides access to pre-processed TCGA (The Cancer Genome Atlas) clinical data.
Axes/texts were modified to increase legibility. Survival analysis was based on the
stratification of patients into high and low/medium SKIDA1 expression groups. High
expression was defined as the top 25% of patients with the highest gene expression
levels, while the low/medium group comprised the remaining 75% (i.e., the bottom 25%
and middle 50%). The log-rank test was used to evaluate statistical significance between
survival curves. (A-L) Data are represented as mean + SD. *p <0.05, **p <0.01,

*#%p <0.001. ‘ns’ denotes not significant.

34 pRb inhibits apoptosis in ccRCC cells

We have demonstrated that VHL promotes the degradation of pRb in a proteasomal-sensitive

manner. Therefore, pRb may be hyperstabilized in VHL-deficient tumors. Mass-spectrometry-

based proteomic data obtained from the National Cancer Institute's CPTAC*%36° confirmed that

pRb protein abundance is higher in ccRCC primary tumors (n=110) compared to normal tissue

(n=84) (Figure 12A). As expected, analysis of the same samples showed VHL protein

downregulation in ccRCC compared to normal tissue (Figure 12A). Consistent with CPTAC

data, immunoblot analysis showed that pRb was upregulated in the majority of ccRCC tumors

compared to patient-matched normal tissue (Figure 12B). These patient-derived data are
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consistent with our in vitro work in ccRCC cells, which showed a dramatic increase of pRb

levels in cells lacking functional VHL (Figure 10A).

To determine the effect of pRb hyperstabilization on viability in ccRCC cells, we depleted pRb
from several VHL-deficient ccRCC cell lines using pRb-targeting siRNAs (Figure 12C) and
analyzed cell viability using the SRB colorimetric assay. We observed a significant decrease in
cell viability following pRb depletion in all ccRCC cell lines (Figure 12D). By microscopy, we
observed morphological changes associated with cell death including cell shrinkage, rounding,
and increased cellular debris in pRb-depleted 786-O cells (Figure 12E). Live/dead cell staining
of 786-0 cells confirmed an increase in the proportion of dead cells upon siRNA-mediated
knockdown of pRb (Figure 12F-G). Several reports have shown that pRb can repress apoptosis,
while others have reported a repression of non-apoptotic cell death?31:30%-316.371-375 'To determine
if cell death induced by pRb depletion was apoptotic, we performed TUNEL staining on 786-O
control and pRb knockdown cells. We observed a significant increase in the proportion of
TUNEL-positive (or apoptotic) cells following pRb knockdown, suggesting that pRb inhibits

apoptosis in ccRCC cells (Figure 12H-I).

Of note, pRb loss does not contribute to cellular senescence, a pathway that was enriched in our
analysis of pRb transcriptional targets (Figure 12J-M). Interestingly, pRb knockdown in VHL-
reconstituted 786-0 cells did not lead to a similar decrease in cell viability, in stark contrast to
the effect of pRb depletion in VHL-null cells (Figure 12N-O). These findings suggest that the
anti-apoptotic function of pRb in ccRCC cells may be dependent on VHL or HIF expression,
which is consistent with the differential transcriptional regulation by pRb in the presence or

absence of VHL (Figure 11E) and the synthetic lethality observed between VAl and Rb13".
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We next asked whether the downstream VHL-pRD transcriptional target SKIDA1 contributes to
the induction of cell death following pRb knockdown. Since SKIDAT is upregulated upon
knockout of RB1, we knocked out SKIDA1 in 786-0 cells and analyzed the effect of pRb
depletion on cell viability as measured by the SRB assay. Knockout of SK/IDA1 rescued viability
of 786-0 cells depleted of pRb (Figure 12P). Next, we tested if overexpression of SKIDA1 alone
was sufficient to induce cell death. Two ccRCC cell lines were infected with lentivirus encoding
either control vector or SKIDA1 expression vector (Figure 12Q). Live/dead cell staining showed
a significant increase in the proportion of dead cells following SKIDA1 overexpression in both
cell lines (Figure 12R-S). Collectively, our results suggest that pRb suppresses cell death
specifically in VHL-deficient renal cells, likely via regulation of downstream transcriptional

targets such as SKIDA1 (Figure 12T).
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Figure 12. pRb suppresses apoptosis in ccRCC cells. (A) Analysis of pRb and VHL
protein expression in ccRCC primary tumors and normal tissue. Patient data were
obtained from Clinical Proteomic Tumor Analysis Consortium (CPTAC) dataset via the
UALCAN data analysis portal. Z-values represent standard deviations from the median
across normal and tumor samples. Log2 spectral count ratio values from CPTAC were
first normalized within each sample profile, then normalized across samples. (B)
Immunoblot of lysates from ccRCC primary tumor (T) and patient-matched normal
tissue (N). (C) Immunoblot of lysates from indicated ccRCC cell lines transfected with
either non-targeting control siRNA (siCtrl) or pRb targeting siRNA (sipRb). (D) Analysis
of cell viability (relative to control) in indicated ccRCC cell lines transfected with either
non-targeting control siRNA (siCtrl) or pRb-targeting siRNA (sipRb), measured via a
sulforhodamine B (SRB) assay. Statistical significance was calculated using unpaired t
test and Holm-Sidak post-hoc test (n>3). (E) Representative phase-contrast images of
786-0 cells transfected with either non-targeting control siRNA (siCtrl) or pRb-targeting
siRNA (sipRb). (F) Representative fluorescence images showing 786-0 cells transfected
with either non-targeting control siRNA (siCtrl) or pRb-targeting siRNA (sipRb), and
stained using the ReadyProbes® Cell Viability Imaging Kit. The blue stain represents the
total cells, while the green stain represents dead cells. Scale bar = 250 um. (G)
Quantification of percentage of dead cells relative to total number of cells in (F).
Statistical significance was calculated using unpaired two-tailed t test (n=3). (H)
Representative images showing TUNEL staining of 786-0 cells transfected with either
non-targeting control siRNA (siCtrl) or pRb targeting siRNA (sipRb). Scale bar =250
um. (I) Quantification of percentage of TUNEL-positive cells relative to total number of
cells in (H). Statistical significance was calculated using unpaired two-tailed t test (n=7).
(J) Representative images showing beta-galactosidase staining of 786-0 cells transfected
with either non-targeting control siRNA (siCtrl) or pRb-targeting siRNA (sipRb).
Positive control cells were obtained by treating 786-0 cells with 150 uM hydrogen
peroxide (H202) for 2 hours, followed by recovery for five days. Scale bar =250 um.
(K) Quantification of SA-B-gal positive cells in (J). Statistical significance was
calculated using unpaired two-tailed t test (n=3). (L) Immunoblot analysis of p16k4
expression in 786-0 control and RBI KO cells. HEK293A cells treated with 150 uM
H20: for five days, were used as positive control for senescence induction and p16mk4
expression.
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Figure 12 (continued). pRb suppresses apoptosis in ccRCC cells. (M) Immunoblot
analysis of pl6Ink4a expression in 786-0 cells transfected with either non-targeting
control siRNA (siCtrl) or pRb-targeting siRNA (sipRb) (final concentration 25 nM).
HEK293A cells treated with 150 pM H2O: for five days, were used as positive control
for senescence induction and p16™%42 expression. (N) Immunoblot of lysates from VHL-
expressing 786-0 cells transfected with either non-targeting control siRNA (siCtrl) or
pRb targeting siRNA (sipRb) (final concentration 25 nM). (O) Analysis of cell viability
(relative to control) in VHL-expressing 786-0O cells transfected with either non-targeting
control siRNA (siCtrl) or pRb targeting siRNA (sipRb) (final concentration 25 nM),
measured via the SRB assay. Statistical significance was calculated using unpaired two-
tailed t test (n=7). (P) Analysis of cell viability in 786-O Cas9-expressing cells
transduced with either empty vector (control) or sgSKIDA 1-containing vector, and
transfected with either non-targeting control siRNA (siCtrl) or pRb targeting siRNA
(sipRDb) (final concentration 25 nM). Cell viability was measured via the SRB assay and
normalized to the siCtrl condition. Statistical significance was calculated using unpaired
t test and Holm-Sidak post-hoc test (n=4). (Q) Immunoblot of lysates from 786-0O,
RCC4 and A-498 cells stably infected with lentivirus encoding either control plasmid (-)
or SKIDA1 cDNA containing plasmid. (R) Representative fluorescence images of 786-O
and RCC4 cells transduced with lentivirus containing either empty (control) plasmid
(Vector) or SKIDA1 cDNA-encoding plasmid. Cells were stained using the
ReadyProbes® Cell Viability Imaging Kit. The blue stain represents total cells, while the
green stain represents dead cells. Scale bar = 250 pm. (S) Quantification (relative to
control) of percentage of dead cells relative to total number of cells in (R). Statistical
significance was calculated using unpaired t test and Holm-Sidak post-hoc test (n=3). (T)
Schematic illustration showing the VHL-pRb-SKIDAT signalling axis and the effect on
cell death. (A-T) Data are represented as mean = SD. *p <0.05, **p <0.01,

*#%p <0.001. ‘ns’ denotes not significant.
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3.5 pRbD depletion inhibits ccRCC tumorigenesis

pRb-mediated repression of cell death in ccRCC may be indicative of oncogenic contribution of
hyperaccumulated pRb in ccRCC. Therefore, we sought to determine the effects of pRb
accumulation on ccRCC cancer phenotype. We first analyzed anchorage-independent growth of
ccRCC cells in soft agar, which is an important hallmark of cancer3’6-78, 786-O cells are known
to grow in an anchorage-independent manner®®-*%°, so in this background we created two
independent RBI KO cell lines using CRISPR-Cas9 (Figure 13A). Next, using 786-O control
and RBI KO cells, we measured anchorage-independent growth in the soft agar 3D culture
model. We found that knockout of RB/ significantly inhibited anchorage-independent growth of
786-0 cells (Figure 13B-C). In contrast, knockout of RB/ in VHL-reconstituted 786-O cells was
sufficient to induce anchorage-independent growth (Figure 13D-E). Interestingly, knockdown of
pRb in 786-0 cells to levels similar to VHL-reconstituted cells, was sufficient to inhibit
anchorage-independent growth (Figure 13F-H). These data are consistent with an oncogenic role

for hyperaccumulated pRb specifically in VHL-deficient ccRCC.

We next assessed the clonogenic capacity of 786-O control and RB1 KO cells by performing a
clonogenic assay, a survival assay based on the ability of a single cell to grow into a colony.
Consistent with our findings from the soft agar assay, we observed a significant decrease in
clonogenic outgrowth following pRb depletion (Figure 131-L). Together, these results indicate
that pRb is required to maintain the tumorigenic potential of ccRCC cells. We next looked
downstream at the potential impact of SKIDA1 on ccRCC clonogenicity and anchorage-
independent growth. We found that upregulation of the pRb target SKIDAT1 in ccRCC cells led to
a significant decrease in clonogenic outgrowth (Figure 13M-N) and anchorage-independent

growth in soft agar (Figure 130-P). Furthermore, depletion of SKIDAT in 786-O RBI KO cells
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resulted in partial rescue of colony formation (Figure 13Q-R) and anchorage-independent growth
in soft agar (Figure 13S-T). These results further emphasize that SKIDA 1 may be an important

downstream tumor suppressor target of the VHL-pRb pathway in ccRCC (Figure 13U).

To examine the effect of RBI knockout on ccRCC tumor growth in vivo, we injected 786-O
control and RBI KO cells subcutaneously into the flanks of immunodeficient NOD-scid IL2Rg™"
(NSG) mice. All mice were euthanized when the first tumor reached endpoint. Tumors were then
excised and weighed. One control injection which failed to grow was considered an outlier and
omitted during statistical analysis. We found that on average, tumors formed by 786-O control
cells were significantly larger compared to those formed by RB1 KO cells (Figure 13V).
Furthermore, immunohistochemical staining of SKIDA1 in extracted tumors revealed increased
SKIDAT expression in RB/ KO tumors compared to control tumors (Figure 13W-X). To further
validate SKIDA1 as a clinically relevant target in ccRCC, we performed immunoblot analysis of
additional ccRCC tumor and patient-matched normal samples, genotyped to confirm VHL
mutation in all tumor samples. As expected, pRb protein expression was upregulated in the
majority of tumors (Figure 13Y). And whilst SKIDAT1 expression varied significantly between
tumors, overall, we observed downregulation of SKIDAT protein levels in most tumors
compared to their matched normal tissue, further underscoring the clinical significance of our
findings. Collectively, our results indicate that pRb hyperstabilization promotes ccRCC
tumorigenesis, likely through transcriptional remodeling including the identified target SKIDA1

(Figure 14).
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Figure 13. pRb hyperstabilization promotes ccRCC oncogenesis.
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Figure 13 (continued). pRb hyperstabilization promotes ccRCC oncogenesis.
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Figure 13. pRb hyperstabilization promotes ccRCC oncogenesis. (A) Immunoblot of
lysates from 786-O control and RBI KO cells. (B) Representative images showing
colony formation of 786-O control and RB/ KO cells in soft agar. Scale bar = 500 um.
(O) Quantification (relative to control) of the number of colonies formed in (A).
Colonies >100 um were counted and quantified. Statistical significance was calculated
using ordinary one-way ANOVA and Tukey’s post-hoc test (n=3). (D) Representative
images showing colony formation in soft agar of 786-O control and RB1 KO cells stably
transfected with either control vector (Mock) or HA-tagged VHL. Scale bar = 500 um.
(E) Quantification (relative to control) of the number of colonies formed in (D).
Colonies >100 um were counted and quantified. Statistical significance was calculated
using ordinary two-way ANOVA and Tukey’s post-hoc test (n=3). (F) Immunoblot of
lysates from 786-O control, VHL-reconstituted, and pRb knockdown cells. For VHL
reconstitution, 786-0 cells were stably transfected with HA--VHL. pRb knockdown cells
were made by infecting 786-0O cells with lentivirus encoding pRb-targeting shRNA. (G)
Representative images showing colony formation in soft agar of 786-O control, VHL-
reconstituted, and pRb knockdown (shpRb) cells. Scale bar =250 pm. (H)
Quantification (relative to control) of the number of colonies formed in (G). Colonies
>100 um were counted and quantified. Statistical significance was calculated using
ordinary one-way ANOVA and Tukey’s post-hoc test (n=3). (I) Representative images
showing clonogenic outgrowth of 786-O control and RB1 KO cells. (J) Quantification
(relative to control) of the number of colonies in (I). Statistical significance was
calculated using ordinary one-way ANOVA and Tukey’s post-hoc test (n=3). (K)
Representative images showing clonogenic outgrowth of 786-O control and pRb
knockdown cells. (L) Quantification (relative to control) of the number of colonies in
(K). Statistical significance was calculated using unpaired two-tailed t test (n=3). (M)
Representative images showing clonogenic outgrowth of 786-O, RCC4 and A-498 cells
stably infected with lentivirus containing either control plasmid (Vector) or SKIDA1
cDNA containing plasmid. (N) Quantification (relative to control) of the number of
colonies in (M). Statistical significance was calculated using unpaired t test and Holm-
Sidak post-hoc test (n=3). (O) Representative images showing colony formation in soft
agar of 786-0O and A-498 cells stably infected with lentivirus containing either empty
(control) plasmid (Vector) or SKIDA1 cDNA-encoding plasmid. c. (P) Quantification
(relative to control) of the number of colonies formed in (O). Colonies >100 um were
counted and quantified. Statistical significance was calculated using unpaired t test and
Holm-Sidak post-hoc test (n=3). (Q) Representative images showing clonogenic
outgrowth of 786-0O control, RBI KO and RB1/SKIDAI double KO cells.
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Figure 13 (continued). pRb hyperstabilization promotes ccRCC oncogenesis. (R)
Quantification (relative to control) of the number of colonies in (Q). Statistical
significance was calculated using ordinary one-way ANOVA and Tukey’s post-hoc test
(n=3). (S) Representative images showing colony formation in soft agar of 786-O
control, RB1 KO and RB1/SKIDA1 double KO cells. Scale bar = 500 pm. (T)
Quantification (relative to control) of the number of colonies formed in (S). Colonies
>100 um were counted and quantified. Statistical significance was calculated using
ordinary one-way ANOVA and Tukey’s post-hoc test (n=6). (U) Schematic illustration
showing the VHL-pRb-SKIDA1 signalling axis and the effect on clonogenicity and soft
agar growth. The dotted line suggests alternate pathways. (V) Scatter dot plot showing
quantification of weights of tumors formed by 786-O control and RB1 KO cells injected
subcutaneously into the flanks of immunodeficient NOD-scid IL2Rg" mice, via a tumor
xenograft assay. The line indicates the mean. Five injections were performed with
control cells and ten injections with RBI KO cells (five for each clone). One control
injection which failed to grow was considered an outlier and omitted during statistical
analysis. Statistical significance was calculated using ordinary one-way ANOVA and
Tukey’s post-hoc test (n>3). (W) Representative images showing HE and IHC staining
of the indicated proteins on tumor sections from mice xenograft injections of 786-O
control or RB1 KO cells. Scale bar = 50 pm. (X) Box and whisker plot showing semi-
quantitative IHC scoring of SKIDA1 protein expression in tumor xenografts. Mean is
shown as ‘+’. Statistical significance was calculated using ordinary one-way ANOVA
and Tukey’s post-hoc test (n>3). (Y) Immunoblot of lysates from ccRCC primary tumor
(T) and patient-matched normal tissue (N). All tumors were genotyped and confirmed to
have VHL mutations. (A-Y) Data are represented as mean + SD. *p <0.05, **p <0.01,
**%p <0.001. ‘ns’ denotes not significant.
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Figure 14. Schematic illustration of pRb regulation by VHL and effects on downstream
targets. In normal kidney cells, VHL regulation of pRb promotes normal expression of genes
regulating oncogenic properties. In ccRCC, VHL loss promotes pRb hyperaccumulation, which
leads to the repression of genes regulating oncogenic properties. Created using BioRender.
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Chapter 4:

Biochemical Characterization of VHL-pRb Interaction
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4.1 Biochemical determinants of pRb regulation by VHL

To better understand pRb regulation by VHL, we sought to determine the conditions that favor
VHL binding to pRb. Considering the known cellular and environmental factors influencing
VHL-substrate interactions, as well as the established characteristics of pRb, we examined the

effects of oxygen levels, phosphorylation status, and subcellular localization on VHL binding to

pRb.

4.1.1 Effect of oxygen levels on VHL regulation of pRb

VHL has been described to regulate HIF-a (and other substrates) in an oxygen-sensitive
manner®*93-9%:110.111 We therefore asked whether VHL regulates pRb through a similar
mechanism. To test this, we exogenously expressed pRb and VHL in HEK293A cells and
performed VHL immunoprecipitation under normoxic and hypoxic (0.5% O: for 24 hours)
conditions. As expected, pRb co-precipitated with VHL when cells were treated with MG132
(Figure 15A). However, this interaction was disrupted under hypoxia, suggesting that VHL
targets pRb preferentially in normoxic conditions. Furthermore, in VHL-expressing 786-O cells,
which express lower levels of pRb compared to their VHL-null counterparts, we observed a
significant increase in pRb protein levels upon hypoxia treatment (Figure 15B). Together, these
findings indicate that, similar to HIF-a, VHL regulates pRb in an oxygen-dependent manner. The
oxygen-sensitive nature of this regulation suggests that pRb may play a critical role in the

cellular adaptation response to hypoxia.
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Figure 15. VHL targets pRb in an oxygen-dependent manner. (A) Immunoprecipitation of
Flag-tagged VHL from HEK293A cells transfected with indicated plasmids and treated with
10 uM MG132 as indicated for 4 h. For hypoxia treatment, cells were placed in 0.5% O: for
24 h. Glut-1 expression serves as positive control to indicate HIF upregulation under hypoxia.
(B) Immunoblot of lysates from 786-O cells stably transfected with either control vector or
HA-tagged VHL and treated as indicated with hypoxia (0.5% O2) for 24 h. Quantification of
pRb protein expression relative to tubulin is shown to the right. Statistical significance was
calculated using ordinary two-way ANOVA and Tukey’s post-hoc test (n=3). Data are
represented as mean = SD. *p <0.05, **p <0.01, ***p <0.001. ‘ns’ denotes not significant.

4.1.2 Effect of phosphorylation status on VHL regulation of pRb

The activity and function of pRb are largely governed by its phosphorylation state. In its

hypophosphorylated form, pRb acts as a cell cycle repressor, whereas hyperphosphorylated pRb
is strongly associated with uncontrolled cell division and cancer progression?%26¢-270_ Given the
critical role of phosphorylation in regulating pRb activity, we asked whether VHL targets pRb in
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a phosphorylation-dependent manner. To test this, we co-expressed VHL with either wild-type
(WT) pRb or a pRb mutant lacking all Ser/Thr CDK phosphorylation sites (ACDK) in HEK293A
cells. Immunoprecipitation of WT and ACDK pRb revealed similar levels of VHL co-
precipitation in the presence of MG132, suggesting that VHL binding to pRb is independent of
CDK-mediated phosphorylation (Figure 16A). To further validate this, we generated 786-O cell
lines stably expressing either Flag-tagged pRb or HA-tagged VHL and Flag-tagged pRb. In this
system, we found that CDK4/6 inhibition with Palbociclib®*%¢, which abrogates pRb
phosphorylation, did not significantly impact VHL-pRb interaction (Figure 16B). Collectively,
these findings indicate that pRb phosphorylation (at least by CDKSs) does not play a major role in

its recognition or targeting by VHL.
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Figure 16. VHL targets pRb in a phosphorylation-independent manner. (A)
Immunoprecipitation (IP) of Flag-tagged pRb wild-type (WT) or cyclin-dependent kinase
(CDK) phospho-mutant from HEK293A cells transfected with indicated plasmids and treated
with 10 uM MG132 as indicated for 4 h. (B) Immunoprecipitation of exogenous Flag-tagged
pRb from 786-0 cells stably transfected with either control vector (Ctrl) or HA-tagged VHL
and treated with 10 uM MG132 as indicated for 4 h or 5 uM Palbociclib for the indicated
time points.
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4.1.3 Effect of subcellular localization on VHL regulation of pRb

Although primarily recognized as a nuclear protein, pRb shuttles between the nucleus and
cytoplasm in response to factors such as mitotic phase and CDK activity37>3%, Similarly, VHL
has been reported to translocate between the nucleus and cytoplasm in a cell density-dependent
manner*¥!, Given these observations, we sought to determine whether VHL preferentially
regulates pRb in specific cellular compartments. To investigate the subcellular distribution of
VHL and pRb in VHL-reconstituted ccRCC cells, we performed immunoblot analysis on nuclear
and cytoplasmic extracts from 786-O cells stably transfected with HA-tagged VHL. The results
confirmed that VHL and pRb are present in both nuclear and cytoplasmic compartments (Figure
17A). To determine whether VHL binding to pRb was dependent on subcellular localization, we
fractionated nuclear and cytoplasmic extracts from VHL-expressing ccRCC cells treated with
MG132 and immunoprecipitated VHL under normoxic and hypoxic conditions. Notably, the
MG132-sensitive interaction between VHL and pRb was observed only in the nuclear fraction,
indicating that VHL preferentially targets nuclear pRb (Figure 17B). Consistent with previous
observations, treatment with hypoxia (0.5% O: for 24 hours) disrupted this interaction. Together,

our findings suggest that VHL specifically targets nuclear pRb for proteasomal degradation.
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Figure 17. VHL predominantly targets nuclear pRb. (A) Immunoblot analysis of nuclear
(N) and cytoplasmic (C) extracts from 786-O cells stably transfected with HA-VHL (B)
Subcellular fractionation followed by immunoprecipitation (IP) of HA-tagged VHL stably
transfected into 786-0 cells and treated with 10 pM MG132 for 4 h and hypoxia (0.5% O: for
24 h) as indicated. An IgG isotype control was included to control for non-specific binding to
primary (aHA) antibody. Tubulin was used as a cytoplasmic marker, while Histone (H3) was

used as a nuclear marker.

4.2

Determination of VHL binding site on pRb

pRb is composed of 3 distinct domains: a N-terminal domain (aal-379), a small pocket (aa380-

787) that comprises subdomains pocket A and pocket B, and a C-terminal domain (aa787-

928)238:241 "as depicted in Figure 18A. To identify the VHL binding site on pRb, we generated

truncated pRb constructs and co-expressed them with full-length VHL in HEK293A cells.

Immunoprecipitation of pRb was then performed to determine which fragments were capable of

binding VHL. By analyzing overlapping VHL-binding pRb fragments, we identified a common

region spanning amino acids (aa) 643-793 (pocket B), whose absence abolished VHL binding
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(Figure 18B-C). This suggests that the pocket B domain of pRb is crucial for VHL recognition.
To determine whether the pocket B domain is both necessary and sufficient for VHL binding, we
co-expressed full-length VHL with either a pRb pocket B truncation mutant (A643-793) or the
pocket B domain (aa643-793) alone. Immunoprecipitation of pRb revealed that the pocket B
truncation mutant failed to bind VHL, whereas the isolated pocket B domain interacted with
VHL to a similar extent as full-length pRb (Figure 18D). These findings demonstrate that the

pocket B domain of pRb is not only necessary, but also sufficient for VHL binding.

To further refine the VHL binding site within the pRb pocket B domain, we generated small
internal truncations within aa643-793 of pRb and assessed their interaction with VHL using
immunoprecipitation assays. Deletion of aa778-793 or an expanded aa778-807 from full-length
pRb was sufficient to disrupt VHL binding, indicating that this region is critical for VHL
targeting (Figure 18E-F). It is also worth noting that all immunoprecipitation assays (Figure
18B,D,E) were performed following MG132 treatment to stabilize the VHL-pRb interaction.
Collectively, our results demonstrate that VHL interacts specifically with the pocket B domain of
pRb, targeting residues aa778-807. Alignment of this region across multiple species—including
chicken (Gallus gallus), house mouse (Mus musculus), chimpanzee (Pan troglodytes), zebrafish
(Danio rerio), and cattle (Bos taurus)—revealed a high degree of conservation (Figure 19).
Among the fully conserved residues (highlighted in red), P781, P783, P786, P789, Y790, P796,
P800, N803, and Y805 are potential sites for post-translational hydroxylation. Given the oxygen-
sensitive regulation of pRb by VHL, hydroxylation of one or more of these residues may

therefore serve as a signal for VHL binding.
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Figure 18. VHL interacts with the pocket B domain of pRb.
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Figure 18. VHL interacts with the pocket B domain of pRb. (A) Schematic illustration of
pRb domains: N-terminal domain (RbN), small pocket domain (Pocket A + Pocket B), and C-
terminal domain (RbC); and associated amino acid residues. (B, D) Immunoprecipitation (IP)
of Glutathione S-transferase (GST)-tagged pRb constructs from HEK293A cells transfected
with indicated plasmids and treated with 10 uM MG132 for 4 hours. ‘FL’ denotes full length
protein; ‘A’ denotes fragment truncation. (C) Schematic showing the estimated VHL binding
site on pRb (pink box) based on the immunoprecipitation result from (B), and indicating the
pRb fragments that bound (Y) or did not bind (N) to VHL. (E) Immunoprecipitation (IP) of
Flag-tagged pRb constructs from HEK293A cells transfected with indicated plasmids and
treated with 10 pM MG132 for 4 hours. ‘FL’ denotes full length protein; ‘A’ denotes fragment
truncation. (F) Schematic illustrating narrowed down VHL binding site on pRb — yellow box.

SEQUENCE ALIGNMENT
778 807

Homo Sapiens TLSPIPHIPRSPYKFPSSPLRIPGG-NIYIS
Gallus gallus TLSPIPHIPRSPYQFSNSPRRVPAGNNIYIS
Mus musculus TLSPIPHIPRSPYKFSSSPLRIPGG-NIYIS
Pan troglodytes TLSPIPHIPRSPYKFPSSPLRIPGG-NIYIS
Danio rerio PLSPIPHIPCSPYK--NSPLRVPGSNNVYVS
Bos taurus TLSPIPHIPRSPYKFSSSPLRIPGG-NIYIS

Kk kkkkkk hkk Ckk kek  kek ek

Figure 19. pRb amino acid sequence alignment across different species. Sequence
alignment of aa778-807 of pRb across different species as indicated using Clustal Omega
Multiple Sequence Alignment tool. The asterisk ‘*’ indicates that the residue is completely
conserved across all the aligned sequences. The colon ‘:” indicates highly conserved residues
that have strongly similar properties. The dot ‘.’ indicates that the residues are weakly similar
but still share some chemical properties.
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4.3 Determination of the VHL-containing E3 ligase targeting pRb

VHL mediates the ubiquitin-dependent proteasomal degradation of HIF-a through the ECV
complex, which consists of Elongin B/C, Cullin-2, and Rbx-18%-!, We asked whether VHL
targets pRb via the same complex. To identify the E3 ligase complex associated with VHL and
pRb, we ectopically expressed VHL and pRb in HEK293A cells and performed a sequential
immunoprecipitation following MG132 treatment, as illustrated in Figure 20A. First, we
immunoprecipitated Flag-tagged pRb and subsequently eluted it using 3x Flag peptides. The
eluate was then subjected to a second immunoprecipitation for HA-tagged VHL, allowing us to
coprecipitate proteins interacting with the VHL-pRb complex. In parallel, we purified the VHL-
HIF-2a complex, which has a well-characterized E3 ligase, for comparative purposes. As
expected, immunoblot analysis of VHL-HIF-2a-associated proteins indicated the presence of
Elongin B, Cullin-2, and Rbx-1 (Figure 20B). However, these ECV complex proteins were
notably absent from the VHL-pRb complex. Our findings therefore suggest that VHL targets pRb

via a distinct, previously uncharacterized E3 ligase complex.
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Figure 20. VHL targets pRb via a novel E3 ligase complex.

87



- - - + - - - + :Flag-pRb

- - + - - - + - :Flag-HIF2a

-+ o+ 4 -+ + 4+ :HAVHL
. — — — = Cullin-2

e — —— -— Elongin B
S . —— Rbx-1

el - HAVHL
. . %@ Flag-HIF2a/pRb
—— D — — Tubulin
Input IP: (1) Flag

(2) HA

Figure 20. VHL targets pRb via a novel E3 ligase complex. (A) Schematic illustrating
sequential immunoprecipitation to purify the VHL-pRb complex.Created using BioRender.
(B) Immunoprecipitation (IP) of Flag-tagged HIF2a or pRb, followed by elution of Flag-
tagged protein and IP of HA-tagged VHL in HEK293A cells. Cells were treated with 10 uM
MG132 for 4 hours to stabilize VHL-pRb and VHL-HIF2a complexes.

4.4  Elucidation of VHL-pRb complex binding partners

To identify binding partners of the VHL-pRb complex, we employed the proximity labeling
technique split-TurboID?*2, with the N-terminal TurboID fragment (NTID) fused to Flag-tagged
pRb and the C-terminal TurbolD fragment (CTID) fused to Myc-tagged VHL. When pRb and
VHL interact, the inactive NTID and CTID fragments are brought into close proximity,
reconstituting enzymatic activity and enabling biotinylation of nearby proteins in the presence of
biotin (Figure 21A). Following expression of NTID-Flag-pRb and CTID-Myc-VHL in

HEK293A cells, and supplementation of the media with biotin, immunofluorescence analysis
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revealed biotinylation signals predominantly localized to the nucleus (Figure 21B-C; data
generated by Chenxuan Zhu). This observation aligns with our immunoprecipitation results,
confirming that VHL and pRb specifically interact within the nuclear compartment (Figure
17BTo identify proteins associated with the VHL-pRb complex and assess their functional
significance, we ectopically expressed NTID-Flag-pRb in HEK293A cells stably expressing
CTID-Myc-VHL (control). Cells were treated with MG132 for 4 hours followed by 1 hour of
biotin addition to promote the biotinylation of proteasomal-sensitive binding partners.
Streptavidin affinity purification of biotinylated substrates was performed using nuclear fractions
to minimize background protein contamination. As expected, immunoblot analysis of affinity-
purified substrates revealed more pronounced protein biotinylation in cells co-expressing NTID-
Flag-pRb and CTID-Myc-VHL compared to cells expressing CTID-Myc-VHL alone (Figure
21D; data generated by Chenxuan Zhu). Affinity-purified substrates were resolved on a NuPAGE
10% Bis-Tris gel and visualized following a Coomassie stain. Protein-containing gel slices were
then excised, trypsin-digested, and analyzed by LC-MS. LC-MS analysis of biotinylated peptides
enriched in cells co-expressing NTID-Flag-pRb and CTID-Myc-VHL, compared to those
expressing CTID-Myc-VHL alone, identified several core components of the canonical
BRG1/BRM-associated factor (¢BAF) chromatin remodeling complex3®3, including ARID1A
(AT-Rich Interaction Domain 1A), SMARCA4 (SWI/SNF related BAF chromatin remodeling
complex subunit ATPase 4), and DPF1/2 (D4, zinc, and double PHD fingers family members
1/2). This indicates a specific interaction between the VHL-pRb complex and chromatin
remodeling proteins. Our findings thus suggest that the VHL-pRb interaction may have broader
implications for global transcriptional regulation. Future studies employing techniques such as

CUT&RUN (Cleavage Under Targets and Release Using Nuclease)*¥*385 will enable precise
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mapping of the genomic binding sites of the VHL-pRb-cBAF complex and provide further

insights into its potential role in transcriptional regulation.
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Figure 21. Split-TurbolID reveals VHL-pRb complex interactors.
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Figure 21. Split-TurbolD reveals VHL-pRb complex interactors. (A) Split-TurbolD
consists of two TurbolD fragments (NTID, an N-terminal fragment, and CTID, a C-terminal
fragment), which can be brought together by protein—protein interaction (VHL-pRb
interaction in this case) to reconstitute an active enzyme. Created using BioRender. (B)
Immunofluorescence assay showing nuclear biotin staining (white) in HEK293A cells
transiently expressing NTID-Flag-pRb (red) and CTID-Myc-VHL (green) and treated with 10
uM MG132 for 4 hours and 50 uM biotin for 1 hour. DAPI stain (blue). Scale bar =5 pm.
(C) Immunofluorescence staining of biotin (white) in HEK293A cells transiently expressing
CTID-Myc-VHL alone or in combination with NTID-Flag-pRb, and treated with 10 pM
MG132 for 4 hours and 50 uM biotin for 1 hour. . DAPI stain (blue). DAPI and biotin signals
are merged. Scale bar = 20 um. (D) Immunoblot analysis showing protein biotinylation in the
nuclear lysates of untransfected HEK293A cells, and cells stably expressing CTID-Myc-VHL
alone or together with NTID-Flag-pRb as indicated. Cells were treated with 10 uM MG132
for 4 hours and 50 uM biotin for 1 hour before harvesting. Histone H3 was used as a nuclear
marker.
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Chapter 5:

Pharmacological targeting of clear cell renal cell carcinoma
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5.1 Abemaciclib in ccRCC

A synthetic lethal interaction exists between VHL loss and CDK4/6 inhibition across various
human ccRCC cell lines in vitro and in tumor xenografts3®, making CDK4/6 inhibition a
promising therapeutic avenue for ccRCC treatment. The CDK4/6 inhibitors Palbociclib,
Ribociclib, and Abemaciclib are clinically approved for the treatment of patients with Hormone
Receptor-Positive (HR+) / Human Epidermal Growth Factor Receptor 2-Negative (HER2-)
advanced breast cancer®®’. However, their efficacy in ccRCC remains relatively understudied
compared to other tumor types. Of the three approved CDK4/6 inhibitors, Abemaciclib was
tested against ccRCC and was shown to have some activity in vitro, particularly when combined
with the TKI Sunitinib?!”. To assess ccRCC sensitivity to Abemaciclib and its potential
dependence on target pRb, we performed a dose-response assay using increasing concentrations
of Abemaciclib to compare its activity in 786-O control cells versus RBI1 KO cells (Figure 22A).
RBI deletion resulted in reduced sensitivity to Abemaciclib, as indicated by the upward shift of
the curve (Figure 22B). However, this reduced sensitivity was only partial, suggesting that
Abemaciclib may also exert pRb-independent effects. Using a ‘drug-coupled’ clonogenic assay,
we further examined the effect of Abemaciclib on 786-O control, RB1 KO, and VHL-expressing
cells, which express significantly lower pRb levels compared to control cells. 24 hours after
plating, cells were treated with either vehicle or 0.25 uM Abemaciclib for 3 days. Following
treatment wash-off, cells were allowed to recover for an additional 7 days. Abemaciclib
significantly reduced clonogenic outgrowth in control cells but had little effect on VHL-
expressing and RBI KO cells (Figure 22C-D). These findings indicate that Abemaciclib may
preferentially target cells with high pRb expression. Therefore, Abemaciclib may represent an

effective therapeutic strategy for selectively targeting VHL-null, pRb-expressing ccRCC cells.
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Figure 22. Abemaciclib targeting of ccRCC cells is pRb-dependent. (A) Immunoblot of
lysates from 786-O control and RBI KO cells. (B) Analysis of cell viability in 786-O control
and RB1 knockout (KO) cells treated with increasing concentrations of Abemaciclib,
measured via the SRB assay. Statistical significance was calculated using ordinary two-way
ANOVA and Tukey’s post-hoc test (n=4). (C) Representative images showing clonogenic
capacity of 786-O control, RB/ KO and VHL-reconstituted cells treated with vehicle (Veh.) or
0.25 uM Abemaciclib for 3 days. Colonies were allowed to form for 7 days following drug
treatment and stained using crystal violet. (D) Quantification of the number of colonies in (C).
Data are represented as mean + SD. Statistical significance was calculated using ordinary two-
way ANOVA and Tukey’s post-hoc test (n=3). *p <0.05, **p <0.01, ***p <0.001. ‘ns’
denotes not significant.
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5.2 B-lapachone in ccRCC
5.2.1 E2F dependency of p-lapachone activity

B-Lapachone (3,4-dihydro-2,2-dimethyl-2H-naphtho[1,2-b]pyran-5,6-dione) is a natural ortho-
naphthoquinone compound extracted from the bark of the lapacho tree (7Tabebuia
avellanedae)®®®, and that has been shown to possess antitumor activity*%*2°°. However, its
mechanism of action is complex and not fully understood. Among the various proposed
antitumor mechanisms, one study reported that B-lapachone induces E2F1-driven checkpoint-
mediated apoptosis®®!. Given the well-established interplay between pRb and E2F1, we sought to
investigate this mechanism further in the context of ccRCC. To determine the role of E2F1 in
mediating B-lapachone sensitivity, we generated polyclonal E2F1 KO 786-0 cells using a
lentiviral system and performed a dose-response assay using increasing concentrations of 3-
lapachone to compare its activity in 786-O control cells versus E2F1 KO cells (Figure 23A).
Loss of E2F1 resulted in a significant reduction in B-lapachone sensitivity, as indicated by the
upward shift of the curve (Figure 23B). However, this effect was only partial, suggesting that 3-
lapachone also exerts E2F 1-independent effects. To further assess the dependence of B-lapachone
activity on E2F1 expression, we performed a ‘drug-coupled’ clonogenic assay using 786-O
control and £2F1 KO cells. 24 hours after plating, cells were treated with either vehicle or 1 uM
B-lapachone for 3 days. Following treatment wash-off, cells were allowed to recover for an
additional 7 days. E2FI knockout cells showed significant impairment in colony formation in
vitro, likely due to an underlying cell cycle defect (Figure 23C). B-lapachone significantly
inhibited clonogenic outgrowth in control cells but had little effect on E2F1 KO cells (Figure

23C-D). These findings suggest that B-lapachone anti-cancer activity is at least partially
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dependent on E2F1 expression. Therefore, B-lapachone may represent an effective therapeutic

strategy for selectively targeting E2F 1-expressing ccRCC cells.
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Figure 23. p-lapachone targeting of ccRCC cells is E2F1-dependent. (A) E2F1 mRNA
expression (relative to GAPDH) in 786-O Cas9-expressing cells stably infected with virus
encoding either control vector or E2F[-targeting guides. Fold changes in gene expression
were calculated using the delta delta Ct method. Statistical significance was calculated using
unpaired two-tailed t test (n=3). (B) Analysis of cell viability in 786-O control and E2F]
knockout (KO) cells treated with increasing concentrations of B-lapachone, measured via the
SRB assay. Statistical significance was calculated using ordinary two-way ANOVA and
Sidak’s post-hoc test (n=4). (C) Representative images showing clonogenic capacity of 786-O
control and E2F1 KO cells treated with vehicle (Veh.) or 1 uM B-lapachone for 3 days.
Colonies were allowed to form for 7 days following drug treatment and stained using crystal
violet. (D) Quantification of the number of colonies in (C). Data are represented as

mean £ SD. Statistical significance was calculated using ordinary two-way ANOVA and
Tukey’s post-hoc test (n=3). *p <0.05, **p <0.01, ***p <0.001. ‘ns’ denotes not significant.
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5.2.2 pRb dependency of B-lapachone activity

To our knowledge, no studies have previously linked B-lapachone activity to pRb. Given -
lapachone’s sensitivity to E2F1 and the well-established interaction between pRb and E2F1, we
sought to determine whether B-lapachone functions in a pRb-dependent manner. To investigate
this, we performed a ‘drug-coupled’ clonogenic assay to assess the effect of -lapachone on 786-
O control, RBI1 KO, and VHL-expressing cells, the latter of which exhibit markedly lower pRb
levels compared to control cells. 24 hours after plating, cells were treated with either vehicle or 1
uM B-lapachone for 3 days. Following treatment wash-off, cells were allowed to recover for an
additional 7 days. B-lapachone significantly inhibited clonogenic outgrowth in control cells but
had no substantial effect on VHL-expressing or RB1 KO cells (Figure 24B-C). Overall, our
findings suggest that B-lapachone activity may be dependent on pRb expression. Therefore, -

lapachone may represent an effective therapeutic strategy for selectively targeting pRb-

expressing ccRCC cells.
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Figure 24. B-lapachone targeting of ccRCC cells is pRb-dependent.
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Figure 24. p-lapachone targeting of ccRCC cells is pRb-dependent. (A) Representative
images showing clonogenic capacity of 786-O control, RB/ KO and VHL-reconstituted cells
treated with vehicle (Veh.) or 1 pM B-lapachone for 3 days. Colonies were allowed to form
for 7 days following drug treatment and stained using crystal violet. (B) Quantification of the
number of colonies in (A). Data are represented as mean + SD. Statistical significance was
calculated using ordinary two-way ANOVA and Tukey’s post-hoc test (n=3). *p <0.05,

*#p <0.01, ***p <0.001. ‘ns’ denotes not significant.

53 Abemaciclib and B-lapachone in ccRCC
5.3.1 Drug combination in ccRCC cell lines (in vitro work)

Given the observed individual effects of Abemaciclib and B-lapachone, we next aimed to
investigate their combined effects on ccRCC cell viability. To do this, we performed drug
combination dose-response assays on several VHL-deficient ccRCC cell lines (786-0, 769-P,
A498, and RCC4) using increasing concentrations of Abemaciclib, B-lapachone, or various
combination doses of both drugs. Briefly, 24 hours after plating, cells were treated with either a
single drug or a combination as indicated, and viability was assessed using the SRB assay after 3
days. To assess potential drug synergy, we analyzed the dose-response data using
SynergyFinder+3°2, identifying regions of synergy through the zero interaction potency (ZIP)**3
and Bliss independence (BLISS)*** synergy models. Strong synergy between Abemaciclib and B-
lapachone was observed in 786-0, 769-P, and A498 cells (Figure 25A-F). However, no
significant synergy was detected in RCC4 cells (Figure 25G-H). Additionally, we examined the
interaction between Abemaciclib and B-lapachone in primary Renal Proximal Tubule Epithelial
Cells (RPTEC), which are normal kidney cells expressing VHL. Interestingly, SynergyFinder+
analysis revealed an antagonistic interaction (low synergy scores) in these cells (Figure 251-J),

suggesting that the synergistic effects of Abemaciclib and B-lapachone may be specific to VHL-
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deficient cells. Further analysis using a clonogenic assay confirmed that combined treatment
with Abemaciclib and B-lapachone resulted in greater toxicity in VHL-deficient ccRCC cells
(786-0, 769-P, and A498) than either drug alone (Figure 26 A-B). However, in pRb-depleted 786-
O cells, the combined treatment showed no enhanced toxicity compared to single drug treatment
(Figure 26C-D). These findings further support our previous observations that both Abemaciclib

and B-lapachone exert their effects in a pRb-dependent manner.
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Figure 25. Synergy mapping of Abemaciclib and p-lapachone.
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Figure 25. Synergy mapping of Abemaciclib and p-lapachone. (A-J) Synergy scoring and
mapping between Abemaciclib and B-lapachone at increasing drug concentrations using the ZIP
(left) and Bliss (right) synergy scoring methods as indicated. Results are from 3 replicates (n=3).
Cells were treated for 3 days and cell viability was determined using the SRB assay. Strong
areas of synergy are indicated in red, while strong areas of antagonism are indicated in green.
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Figure 26. In vitro analysis of Abemaciclib and B-lapachone activity on ccRCC cells. (A)
Representative images showing clonogenic capacity of ccRCC cell lines - 786-0O, 769-P and
RCC-4 treated with vehicle (DMSO), 0.25 uM Abemaciclib, 1 uM B-lapachone, or 0.25 uM
Abemaciclib and 1 uM B-lapachone for 3 days. Colonies were allowed to form for 7 days
following drug treatment and stained using crystal violet. (B) Quantification of the number of
colonies in (A). Data are represented as mean + SD (n=3). (C) Representative images showing
clonogenic capacity of 786-O control and RB1 KO cells treated with vehicle (DMSO), 0.25
uM Abemaciclib, 1 uM B-lapachone, or 0.25 uM Abemaciclib and 1 uM B-lapachone for 3
days. Colonies were allowed to form for 7 days following drug treatment and stained using

crystal violet. (D) Quantification of the number of colonies in (C). Data are represented as
mean £+ SD (n=3).
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5.3.2 Drug combination in patient-derived organoids

Given the promising synergy observed between Abemaciclib and B-lapachone in ccRCC cells
(Figure 25A-F), we aimed to evaluate their effects on ccRCC patient-derived tissue organoids—a
three-dimensional model with greater complexity than traditional two-dimensional cell culture.
Using SynergyFinder+, we generated dose-response matrices based on the individual and
combined effects of Abemaciclib and B-lapachone on the ccRCC tissue organoid KP90T and its
matched normal kidney tissue organoid KP9ON (Figure 27A-B) (experiment performed by
Zohreh Mehrjoo) . Surprisingly, in contrast to our in vitro assays, drug combination dose-
response analysis on normal organoids revealed strong synergy, as determined by the ZIP and
BLISS synergy models (Figure 27C-D). Conversely, analysis on ccRCC organoids indicated
mild antagonism (ZIP) or a mix of mildly synergistic and mildly antagonistic regions (BLISS)
(Figure 27E-F). Overall, Abemaciclib and B-lapachone exhibited stronger synergy in normal
organoids compared to their patient-matched ccRCC-derived counterparts. These results were
unexpected based on our in vitro drug screening assays. However, it is important to note that this
organoid experiment was performed only once (n=1) and on a single set of patient-derived
organoids due to limitations in the expansion of available organoid samples. Therefore, while
these findings are intriguing, they remain inconclusive and require validation through multiple

replicates across diverse patient-derived organoid models.
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Figure 27. Abemaciclib and -lapachone activity on patient-derived organoids.
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Figure 27. Abemaciclib and B-lapachone activity on patient-derived organoids. (A-B)
Dose response matrix mapping of percentage inhibition of ccRCC patient-derived normal
organoid (A) or tumor organoids (B) by Abemaciclib and B-lapachone. Results are from one
replicate (n=1). Strong inhibitory activity is indicated in red. (C-F) Synergy scoring and
mapping between Abemaciclib and B-lapachone at increasing drug concentrations using the
ZIP and Bliss Synergy scoring methods as indicated on normal patient-derived organoids (C-
D) and ccRCC patient-derived organoids (E-F). Results are from one replicate (n=1). Strong
areas of synergy are indicated in red, while strong areas of antagonism are indicated in green.
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Chapter 6: Discussion
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6.1 Summary of findings

The findings presented in this thesis uncover a novel non-HIF VHL-regulated pathway involving
the retinoblastoma protein pRb, offering new insights into ccRCC pathogenesis and potential
therapeutic interventions. My research establishes that pRb is a substrate of a VHL-containing
E3 ubiquitin ligase complex, which targets pRb for proteasomal degradation under normoxic
conditions. Loss of VHL function results in pRb hyperstabilization, leading to the pathological
repression of cell death and transcriptional reprogramming that promotes tumorigenesis. From a
therapeutic perspective, my work demonstrates that targeting the VHL-pRb axis in ccRCC using
CDK4/6 inhibitors such as Abemaciclib, in combination with the E2F1 activator B-lapachone,
may be an effective strategy for selectively targeting VHL-deficient, pRb-expressing ccRCC
cells. While these findings provide a strong rationale for continued study, further in vivo
validation is required to determine the clinical applicability of these therapeutic strategies.
Overall, my thesis explores the dysregulation of the VHL-pRb axis in ccRCC, providing novel
insights into tumorigenic pathways and potential therapeutic strategies. Below, I provide a more

in-depth discussion of my findings, including the implications, limitations, and future directions.

6.2  pRb plays a context-dependent role in ccRCC

Although pRb is traditionally recognized as a tumor suppressor, our study provides evidence for
a context-dependent oncogenic function when dysregulated by VHL loss. Unlike other cancers
where RBI is frequently mutated, ccRCC rarely harbors inactivating RB1 mutations. Hence, in
ccRCC cells, pRb should be able to suppress cell cycle. However, the cell cycle inhibitory

function of pRb is mediated by its hypophosphorylated form and in ccRCC, pRb is inactivated
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by hyperphosphorylation?47-266:395 The hyperphosphorylation of pRb in ccRCC is likely due to
the reported cyclin D1 overexpression, promoting CDK4/6 activity, as well as the inactivation of
CDK inhibitors, which further promotes CDK activity*#*3%, Hyperphosphorylated pRb may thus
promote tumorigenesis indirectly through its loss of cell cycle control, leading to uncontrolled

cell division.

Several groups have described cell-cycle-independent functions of pRb that may contribute to
tumorigenesis. For example, studies on homozygous Rb/ deletion in mouse embryos showed
significant cell death in several tissues including the eye lens, nervous system, and skeletal
muscle3?%-372:397 pRb also inhibited HIF induction of autophagic cell death3!63!7, These findings
demonstrate that pRb plays a crucial role in the repression of cell death, which could ultimately
encourage tumorigenesis. In our study, we show that hyperstabilized pRb represses apoptosis in
ccRCC cells (Figure 12H). Interestingly, RB1 deletion promoted cell death in VHL-deficient
(Figure 12D) but not VHL-expressing cells (Figure 120), suggesting a context-dependent role
for pRb in ccRCC whereby pRb functions as an ‘oncogene’ in the absence of VHL, and as a
tumor suppressor in the presence of VHL. As such, pharmacological targeting of pRb in ccRCC
may be particularly relevant for tumors that lack functional VHL expression. This is conceptually
consistent with a recent study showing that dual inhibition of CDK4/6 (which promote pRb
phosphorylation) is synthetically lethal with VHL loss, and acts in a pRb-dependent manner386,
This synthetic lethality was observed in a conserved manner in mammals and is therefore
relevant in our disease model. Additionally, dual knockout of VA/ and Rb1 in the mouse retina
resulted in synthetic lethality in rods and cone cells, further underscoring the epistatic links
between VAl and Rb1*'7. The synthetic lethality described between VAl and Rb1 may therefore

explain our findings wherein RB/ deletion promotes death in VHL-null but not VHL-expressing
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ccRCC cells. Overall, our findings align with the context-dependent roles of pRb observed in
other studies, whereby pRb can function as either a tumor suppressor or oncogenic factor

depending on post-translational modifications (PTMs) and cellular context306-309.310.314,343-345,354-

356

6.3 SKIDAT1 as a potential tumor suppressor in ccRCC

My study highlights the role of pRb in transcriptional regulation beyond its classical function in
cell cycle control. Transcriptomic analysis identified SKIDA1 as an important downstream target
of pRb that is repressed in ccRCC (Figure 11G). Overexpression of SKIDAT1 significantly
decreased colony formation (Figure 13M) and anchorage-independent growth (Figure 130) of
ccRCC cells. Furthermore, SKIDAT1 overexpression promoted ccRCC cell death (Figure 12R),
highlighting its potential tumor suppressor activity. Accordingly, SKIDA1 expression is

significantly repressed in ccRCC tumors.

The function of SKIDAT1 remains relatively understudied, with only two findings reported so far.
First, SKIDA1 was found to be differentially expressed in the regulatory T cells of Autoimmune
polyendocrine syndrome type I (APS-1) patients compared to healthy patients*8. Second,
SKIDAT1 is highly expressed in pediatric acute myeloid leukemia (AML), and this expression is
predominantly observed in leukemias harboring mixed lineage leukemia 1 (MLLI)
rearrangements®”’. These findings, however, are mainly associative, and the role of SKIDA1 in
tumor development is not well-defined. The understudied nature of SKIDA1 and its prognostic
value in ccRCC patient survival (Figure 11L), therefore made it a particularly interesting target

to follow up on. In chapter 3, we describe a role for SKIDAT in inhibiting ccRCC tumorigenesis
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by promoting cell death. Mechanistically, SKIDA1 repression in ccRCC may be mediated by the
pRb-E2F1 repressive complex, as depletion of either pRb or E2F1 rescues SKIDA1 expression
in ccRCC cells (Figure 111-J). This supports others’ findings that pRb can regulate E2F1-driven

transcription of cell death genes?3!:400:401

. While our experiments point towards transcriptional
regulation of SKIDAT1 by the pRb-E2F1 complex, chromatin profiling methods such as ChIP
(chromatin immunoprecipitation) or CUT&RUN may be employed to validate the direct

regulation of SKIDA1 by these transcription factors.

6.4  Non-E2F1-regulated pRb targets may be involved in ccRCC tumorigenesis

In chapter 3, we validated SKIDAI as a potential pRb- and E2F 1-regulated gene. However,
RNA-sequencing of 786-O control and RBI KO cells identified additional pRb targets that may
not be directly regulated by E2F1 but could still play a significant role in ccRCC oncogenesis.
One such target is Rho-related BTB domain-containing protein 3 (RHOBTB3), which was not
only identified as a pRb-regulated gene but also found to be repressed in ccRCC tumors.
RHOBTBS3 interacts directly with PHD2 (Prolyl hydroxylase domain protein 2) to promote HIF-
a hydroxylation, triggering its degradation**?, Additionally, RHOBTB3 interacts with VHL,
facilitating HIF-o, ubiquitination and subsequent proteasomal degradation*’?. By promoting HIF-
a degradation, RHOBTB3 may inhibit ccRCC tumorigenesis. Supporting this hypothesis,
RHOBTB3 depletion in MEFs led to accelerated xenograft tumor growth**?. Further
investigation of RHOBTB3 and other pRb-regulated genes is needed to appreciate the effects of
pRb dysregulation in ccRCC, and may reveal additional therapeutically relevant targets,

providing new avenues for potential ccRCC treatment strategies.
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6.5  Functional interaction between pRb and HIF in ccRCC

Like HIF, pRb was also shown to be upregulated in VHL-deficient ccRCC cell lines (Figure
10A). RNA-sequencing reveals that pRb and HIF regulate largely distinct transcriptional targets
(Figure 11B). However, gene ontology (GO) analysis of pRb and HIF targets indicates
convergence on pathways such as apoptosis, cellular senescence, and focal adhesion (Figure
11C), which are notoriously linked to cancer development via regulation of cell death, cell
proliferation, and cell-ECM interactions respectively*?>~4%, pRb inhibits the induction of
angiogenesis triggered by VAl loss (and HIF-a stabilization) in the murine retina®!’. Additionally,
pRb attenuates HIF-1a mediated induction of BNIP3 to inhibit hypoxia-induced autophagic cell
death3!S, In contrast, overexpression of pRb was shown to drive the transcriptional activity of

HIF-10a under normoxia3s®

. These studies provide evidence of a functional interaction between
pRb and HIF-1a (and potentially HIF-2a). However, whether pRb interacts functionally with
HIF-2a remains to be ascertained. We found that VHL’s interaction with pRb, like its interaction
with HIF-q, is regulated by oxygen tension (Figure 15A), suggesting that both HIF and pRb are
involved in the cellular hypoxia response. Notably, hypoxia-mediated loss of VHL regulation
occurred more slowly for pRb (~24 hours) than for HIF (< 8 hours)'?, indicating that pRb
regulation may be part of a prolonged adaptive mechanism. This pattern mirrors the differential
stabilization of HIF-1a and HIF-2a, where HIF-1a is rapidly stabilized under acute hypoxia,
while HIF-2a levels gradually increase, dominating under chronic hypoxia!?. Given pRb's role
in modulating HIF activity, its delayed regulation may serve to fine-tune HIF signaling across
different oxygen conditions. Our findings highlight a complex interplay between pRb and HIF in

hypoxia adaptation and tumorigenesis, warranting further investigation into their coordinated

roles in normal physiology and ccRCC progression.
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6.6  Proposed model - Hyperphosphorylated pRb drives ccRCC tumorigenesis via dual

mechanisms

VHL binding to nuclear pRb under normal oxygen tension suggests that VHL regulates a
specific, possibly oncogenic subset of pRb. In ccRCC, pRb is inactivated through

247266395 'which prevents it from exerting its role in cell cycle repression.

hyperphosphorylation
However, hyperphosphorylation does not render pRb entirely inactive, as studies have shown
that pRb phosphorylation can promote resistance to apoptosis®'+*13-17 1n 2003, Dick et al.
proposed a unique interaction between E2F1 and the C-terminal domain of pRb, which regulates
E2F1-induced apoptosis?3!-232:496.407 Notably, this interaction was resistant to disruption by CDK
phosphorylation*%4%8 Therefore, it is plausible that in ccRCC, hyperphosphorylated pRb bound
to E2F1 may inhibit E2F1-induced apoptosis. According to our model, hyperphosphorylation of
pRb may promote ccRCC via two mechanisms: indirectly by permitting uncontrolled cell
division, and directly by repressing E2F 1-driven apoptosis in response to various stimuli (Figure
28). Based on this model, we initially hypothesized that VHL would specifically target
hyperphosphorylated pRb for proteasomal degradation, in line with the concept of a tumor
suppressor degrading an ‘oncogenic factor’. However, as discussed in chapter 4, our findings

indicate that VHL does not target pRb in a phosphorylation-dependent manner (Figure 16). Other

modifications to pRb may thus serve as signals for specific recognition and degradation by VHL.
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Figure 28. Effect of pRb hyperphosphorylation on cell cycle and apoptotic regulation. In
many cancers including ccRCC, pRb is inactivated by phosphorylation (P).
Hyperphosphorylation of pRb inhibits binding to E2Fs allowing the transcription of cell cycle
genes. However, hyperphosphorylated pRb retains binding to E2F1 specifically, and this
interaction results in the repression of apoptotic genes. Hyperphosphorylation of pRb
therefore promotes ccRCC by allowing uncontrolled cell proliferation and by actively
repressing apoptosis. Created using BioRender.

6.7  Analysis of the VHL-pRbD interaction network reveals cBAF complex components

and novel E3 ligase candidates

pRb is well-established as a transcriptional repressor*®®. Mechanisms of transcriptional
repression by pRb include the recruitment of chromatin remodelling complexes such as
HDACs?46:262263 "histone methyltransferases (HMTs)?6441%, DNMTs*'!, and the SWI/SNF
chromatin remodeling complex*'#14, Notably, our split-TurbolD assay designed to identify
VHL-pRD binding partners, revealed several core components of the cBAF complex, a subtype
of the mammalian SWI/SNF chromatin remodeling complex, which regulates chromatin
accessibility by repositioning, mobilizing, and evicting nucleosomes*'>#1®. Many ¢cBAF subunits
function as tumor suppressors, and their loss of function can drive oncogenic phenotypes across
a wide range of cancers*7#18, For instance, loss of ARID1A results in DNA damage
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accumulation and genomic instability, activation of the interferon type I response, and chronic

419 Our findings suggest that the

inflammation, ultimately promoting tumor formation in mice
VHL-pRb complex may regulate cBAF activity and its downstream targets, thereby influencing
transcriptional programs. In ccRCC, inactivation of VHL may therefore result in dysregulation of
the assembly and/or activity of the cBAF complex, promoting gene expression patterns that are

critical for ccRCC progression. Thus, the interaction between VHL and pRb may play a broader

role in tumor suppression through its association with cBAF components.

To define the gene regulatory landscape of the VHL-pRb-cBAF complex, we will employ
CUT&RUN (Cleavage Under Targets and Release Using Nuclease)®*. This technique utilizes
micrococcal nuclease (MNase) to selectively cleave and release DNA fragments bound by the
complex (Figure 29). The precise mapping of these target regions will enable further elucidation
of the transcriptional activity of VHL-pRb-cBAF and the potential impact on ccRCC tumor
suppression. Alternatively, the VHL-pRb-cBAF complex may inhibit ccRCC tumorigenesis by
promoting DNA repair, preventing the accumulation of oncogenic mutations, which leads to
genomic instability*?%4?!, Accordingly, pRb has been described to recruit SMARCA4 (also
known as BRG1), a core cBAF component, to facilitate DSB repair®®!. Furthermore, pRb-
SMARCA4 interaction has been implicated in cell cycle arrest*!>#?2, reinforcing tumor
suppression through proliferation control. Thus, multiple mechanisms may underlie potential
regulation of tumor suppression by VHL-pRb-cBAF, including transcriptional regulation, DNA
repair, and cell cycle control. Further studies are needed to elucidate these pathways and their

implications in ccRCC pathogenesis.
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Figure 29. Schematic illustration of the CUT&RUN technique. CUT&RUN uses a target-
specific primary antibody (Ab) and a Protein A-Protein G-Micrococcal Nuclease (pAG-
MNase) to isolate specific protein-DNA complexes. Cell membranes are permeabilized to
facilitate entry of the primary antibody into the nuclei, where it binds to the transcription
factor (TF) of interest. The pAG domain of the pAG-MNase fusion protein then binds to the
primary antibody heavy chain, targeting the enzyme to the chromatin region of interest to
promoting cleavage. DNA bound to the TF can then be purified and used to construct a DNA
sequencing library for next-generation sequencing (NGS) and whole-genome mapping.
Created using BioRender.
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In chapter 4, we showed that the ECV complex that targets HIFa. for proteasomal degradation®%>
was void from the VHL-pRb complex (Figure 20B), indicating that VHL targets pRb via a novel
E3 mechanism. Our split-TurbolD assay uncovered some potential E3 ligase proteins —
DCAF13 (DDBI- and CUL4-associated factor 13) and UBRS (Ubiquitin Protein Ligase E3
Component N-Recognin 5). These hits will be validated by immunoprecipitation to determine
physical association with the VHL-pRb complex. Furthermore, functional association will be
ascertained by depleting these hits in VHL-expressing cells to determine whether pRb is
stabilized as a result. Our E3 ligase candidates were identified following the overexpression of
VHL and pRb in mammalian cells. However, this approach has several limitations. First,
overexpression of VHL can lead to an excess of free VHL that is not properly incorporated into
the E3 ligase complex, resulting in VHL-pRb complexes that are not bound to an E3 ligase.
Additionally, overexpression of both proteins may promote aberrant, non-physiological protein-
protein interactions, increasing the likelihood of false positives. A more effective strategy would
involve isolating proteins bound to endogenous VHL-pRb complexes to ensure the identification

of physiologically relevant E3 ligase-associated proteins.

6.8  Exploring the VHL-pRb pathway for novel therapeutic opportunities

The identification of the VHL-pRbD axis as a novel pathway in ccRCC provides an opportunity
for therapeutic intervention. Although not clinically approved for the treatment of ccRCC,
CDK4/6 inhibitors have shown promise when combined with other therapeutics in preclinical
mouse models and clinical trials?'%?17-3%_ For instance, the CDK4/6 inhibitor Palbociclib and the
HIF-2a inhibitor PT2399 have demonstrated synergy in suppressing the viability of HIF-2a—

dependent ccRCC cell lines*®, By inhibiting the phosphorylation of pRb, CDK inhibitors can
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reverse the hyperphosphorylated pRb phenotype in ccRCC, thereby promoting cell cycle arrest.
However, while this approach is conceptually sound, CDK inhibitors alone may not suffice due
to the potential for acquired resistance. To address this, coupling CDK inhibitors with agents that
induce apoptosis could enhance therapeutic outcomes. One such approach involves combination
with E2F1 activators such as B-lapachone, which can promote checkpoint-mediated apoptosis in
tumorigenic cells**3#24, Our strategy was to couple Abemaciclib, a CDK4/6 inhibitor, with an
inducer of cell death like B-lapachone to bypass potential resistance development to CDK
inhibitors. According to our model, treatment with Abemaciclib inhibits pRb phosphorylation,
resulting in the accumulation of hypophosphorylated pRb and consequent E2F-mediated cell
cycle arrest. Conversely, B-lapachone promotes E2F 1-specific activation, potentially bypassing
pRbD repression of E2F1-mediated apoptosis (Figure 30). The synergistic effects observed
between the CDK4/6 inhibitor Abemaciclib and the E2F1 activator -lapachone suggest that
targeting pRb’s regulatory network could overcome the apoptotic resistance conferred by pRb
hyperstabilization. These findings are particularly relevant given the limited efficacy of current
treatments for metastatic RCC, which often fail due to the development of resistance. While our
in vitro findings suggest potential synergistic activity between Abemaciclib and B-lapachone in
ccRCC cells, validating their specific activity against tumor organoids will provide a foundation
for future studies using GEM models of ccRCC, such as mice with Vhl/Pbrm1 or Vhl/Bapl

codeletions*?>#26_ for drug testing.
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Figure 30. Proposed mechanism for the synergistic activity between Abemaciclib and -
lapachone in ccRCC. Abemaciclib inhibits CDK4/6, leading to hypophosphorylated pRb
which is active in repressing cell cycle. On the other hand, B-lapachone activates E2F1,
driving checkpoint-mediated apoptosis. Created using BioRender.

While Abemaciclib is already FDA-approved for other cancers**’4?, its combination with -
lapachone warrants further investigation. The dependency of B-lapachone’s activity on E2F1 and
pRb suggests a context-specific therapeutic window, which could minimize off-target effects.
Moreover, the distinct mechanisms of action of these compounds may help mitigate the
development of resistance, a common challenge in ccRCC treatment. Besides the activation of
E2F1-driven checkpoint mediated apoptosis, -lapachone may also exert its antitumor effects
through other mechanisms. These include inhibition of DNA topoisomerase, which disrupts
DNA replication and transcription*°, induction of a futile NQO1-mediated redox cycle, leading
to excessive reactive oxygen species (ROS) production and DNA damage*'=*33, and stimulation

of apoptosis via both intrinsic (mitochondria-mediated) and extrinsic (death receptor-mediated)
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pathways*¢. However, these mechanisms were not explored in our system. Given the
dependency on pRb and E2F1 expression (Figures 23-24), it is unclear how B-lapachone interacts
with both proteins to induce cell death in ccRCC. The clinical application of B-lapachone is
limited by its poor aqueous solubility and low oral bioavailability, prompting the development of
innovative formulation strategies to overcome these challenges and enable its broader therapeutic
use®7 49 Based on our findings, SKIDA1 activators—although not yet identified—represent
another promising avenue for inducing tumor cell death. For increased efficacy and to minimize
resistance, combining drugs with distinct mechanisms of action is essential. CDK4/6 inhibitors,
E2F1 activators, and potential SKIDAT1 activators could therefore be integrated with established
frontline therapies such as immune checkpoint inhibitors, tyrosine kinase inhibitors, and mTOR

inhibitors, which target different oncogenic pathways.

6.9  Implications of disrupted VHL—pRD interaction in ccRCC

In chapter 4, we identified a specific interaction between VHL and pRb, mediated by a
previously uncharacterized binding site on pRb spanning amino acids 778—807, located at the
junction of the small pocket and C-terminal domains (Figure 18E—F). Notably, expression of a
HIF-2a variant that escapes VHL regulation was sufficient to promote tumorigenesis in VHL-
expressing ccRCC cells!?”. This raises the intriguing possibility that expression of our VHL-
interaction—deficient pRb variant (pRb A778—807) may similarly enhance tumorigenesis.
However, based on our hypothesis that hyperphosphorylated pRb contributes to oncogenic
signaling in ccRCC, it may be necessary to introduce phosphomimetic mutations into the CDK
phosphorylation sites of the A778—807 pRb variant to observe a tumorigenic phenotype.

Furthermore, it would be of interest to determine whether this VHL-interaction—deficient pRb
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variant can potentiate the tumorigenic activity of the HIF-2a variant in VHL-expressing ccRCC
cells, suggesting potential cooperative effects between deregulated HIF and pRb pathways in
ccRCC progression.The pRb binding site on VHL remains to be elucidated. Type 1 and Type 2B
VHL mutations, which severely impair HIF regulation, are strongly linked to ccRCC
development!'®#4° These mutations may potentially also disrupt VHL-pRb interaction,
contributing to ccRCC tumorigenesis via dysregulation of pRb and its targets. If VHL mutations
associated with ccRCC also impair pRb binding and regulation, it could create a ‘double-hit’
mechanism driving tumorigenesis through HIF- and pRb-regulated pathways. To investigate
whether VHL mutations linked to ccRCC are also associated with pRb dysregulation, pRb
stability may be assessed in ccRCC cell lines expressing Type 1 and Type 2B VHL versus wild-
type VHL. VHL residues critical for binding to pRb may also be identified and analyzed to

determine whether these residues overlap with known Type 1 and Type 2B mutation sites.

6.10 Limitations and Future Directions

Several limitations in our characterization of the VHL-pRb pathway may be addressed in future
studies. For example, in vivo studies are essential to validate the therapeutic potential of targeting
the VHL-pRD axis. Further drug testing on genotyped patient-derived organoids is needed to
determine how ccRCC mutational landscapes may impact therapeutic outcomes. Tumor
xenograft models and GEM models) will provide critical insights into the pharmacokinetics,
efficacy, and safety of combination therapies involving CDK4/6 inhibitors and E2F1 activators.
These models could also help identify resistance mechanisms, informing the development of

next-generation therapeutics.
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Furthermore, the broader relevance of our findings across diverse ccRCC patient populations
remains to be determined. In chapter 3, the 786-O ccRCC patient-derived cell line was used to
evaluate the impact of pRb hyperstabilization on oncogenesis through soft agar assays,
clonogenic assays, and tumor xenograft models. Notably, 786-O differs from other ccRCC cell
lines used in this study, such as RCC4 and 769-P, as it exclusively expresses HIF-2a, with no
detectable HIF-1a expression!?. Previous studies have highlighted the tumorigenic potential of
HIF-20, but not HIF-1a, in the 786-O background!?”-137, Interestingly, overexpression of pRb
was shown to promote transcriptional activation by HIF-1033, raising the question of how this
regulation might influence tumorigenesis in HIF-1a-expressing ccRCC cells. Nonetheless, our
findings revealed that depletion of pRb promoted cell death in both HIF-1a-expressing (RCC4
and 769-P) and HIF-1a-deficient (786-O) ccRCC cell lines (Figure 12D). This suggests that pRb
depletion promotes ccRCC cell death in a HIF-10-independent manner. Given the heterogeneity
of ccRCC, it will be important to identify the molecular subtypes in which the VHL-pRb

pathway is disrupted, to better inform targeted therapeutic strategies.

The precise molecular determinants governing VHL targeting of pRb remain undefined. Our
preliminary data indicate that oxygen availability and subcellular localization may influence
VHL interaction with pRb (Figures 15 & 17). However, the exact residues and PTMs involved
require further investigation. Mutation of the hydroxylatable residues within the aa778-807
fragment of pRb, followed by immunoprecipitation assays to assess VHL binding, may help
identify the critical residues and potential PTMs mediating this interaction. It is worth noting that
the loss of pRb regulation by VHL under hypoxic conditions may not necessarily be due to the

direct loss of hydroxylation on specific residues but may arise from secondary effects induced by
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oxygen deprivation. These secondary effects may involve additional regulatory factors or PTMs,

which could alter the functional dynamics of the VHL-pRb interaction.

The pocket protein family, which includes pRb, retinoblastoma-like 1 (RBL1/p107), and
retinoblastoma-like 2 (RBL2/p130), shares a conserved pocket domain?#, raising the possibility
that VHL may also target p107 and p130. While no physical interaction between VHL and p107
or p130 has been demonstrated, functional interactions have been reported between Vh/ and
Rb!1. In murine models, the combined loss of RbI and Rb!! in the retina resulted in
retinoblastoma formation, and deletion of VA/ in these Rb1/Rbli-deficient retinas suppressed
retinoblastoma formation but induced subretinal vascular growths*!=#43 Exploring potential
interactions between VHL and other pocket proteins may enhance our understanding of their
interconnected roles and how these potential interactions may contribute to disease development.
Furthermore, while our study focused on the VHL-pRb axis, exploring how this pathway
intersects with other HIF-independent substrates of VHL could uncover additional layers of

regulation and novel therapeutic opportunities.

6.11 Broader implications of VHL-pRb regulation

The identification of pRb as a substrate for VHL-mediated proteasomal degradation expands our
understanding of VHL’s non-canonical functions and highlights the importance of HIF-
independent pathways in ccRCC tumorigenesis. My investigation into the oncogenic
contributions of pRb to ccRCC highlights the complexity of tumorigenic signaling and the need
for a holistic approach to cancer research. The therapeutic strategies proposed in this study could

be combined with each other or with current frontline ccRCC treatments to potentially enhance
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efficacy and mitigate drug resistance. Moreover, targeting the VHL-pRb and pRb-SKIDA1 axes
may serve as a model for precision medicine strategies in other cancers with similar pathway
dysregulations. In conclusion, this thesis addresses a critical gap in our understanding of VHL
function beyond its well-characterized role in regulating HIF-o, advancing our understanding of
the molecular mechanisms underlying ccRCC tumorigenesis, and offering potential therapeutic
strategies based on the VHL-pRD axis, paving the way for more effective treatments for

metastatic RCC.
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Appendices

Appendix A: Genes upregulated by RBI KO in 786-0O cells.

Gene name
AP003064.1
ZNF135
AP003306.2
SERPINB2
AL354813.1
CLDN10
LEF1-AS1
AC091814.1
AC069185.1
AL358333.3
DZIP1
AC004594.1
AP001970.1
AC104667.2
AP002383.3
SLC24A5
AMOTLI
AC004551.1
AP002008.2
MYOIF
NLRP9
AC139491.5
UBE2L6
PCSK7
GP6
CXCL2
DNAHS5
RDH13
IF127
LINC00705
06-Sep
TENM4
AP002833.2
AL031658.1
UCHLI
RTN4IP1

Ensembl gene ID
ENSG00000255126
ENSG00000176293
ENSG00000255118
ENSG00000197632
ENSG00000255438
ENSG00000134873
ENSG00000232021
ENSG00000255882
ENSG00000255046
ENSG00000259007
ENSG00000134874
ENSG00000240499
ENSG00000254710
ENSG00000234949
ENSG00000256469
ENSG00000188467
ENSG00000166025
ENSG00000257452
ENSG00000255093
ENSG00000142347
ENSG00000185792
ENSG00000251623
ENSG00000156587
ENSG00000160613
ENSG00000088053
ENSG00000081041
ENSG00000039139
ENSG00000160439
ENSG00000165949
ENSG00000225269
ENSG00000125354
ENSG00000149256
ENSG00000255317
ENSG00000226239
ENSG00000154277
ENSG00000130347

log2FoldChange

8.694973758

8.33703019
7.735901911
6.741911011
6.735768471
6.489948191

6.32809166
6.170867007
5.977356655
5.836659774
5.745789162
5.636530827
5.495785843
5.359670908
5.148040835

5.14273037
5.102515276
5.038399607
5.035377362
4.966174049

4.95954591
4.762985053
4.653589682
4.534840993
4.354442063
4.332052571
4.300452295
4.185727325
4.179838498
3.937496848
3.891233119
3.810096758
3.792638303
3.730059029
3.659439548
3.583265677

p-value
6.95E-13
8.67E-12
4.09E-10
2.09E-07
2.46E-07
8.43E-07
1.83E-06
4.91E-06
1.16E-05
9.30E-08
4.03E-05
6.85E-05
0.000127883
4.51E-09
5.85E-46
1.59E-10
4.55E-08
7.59E-27
0.000204676
1.28E-05
1.18E-28
5.83E-05
0.000904364
2.65E-149
7.47E-06
0.002719982
1.92E-08
1.62E-39
3.73E-05
4.19E-13
0.00168179
0.000295388
3.00E-05
8.29E-27
1.86E-40
0.005703423

Adjusted p-value
6.18E-11
6.52E-10
2.38E-08
6.99E-06
8.04E-06
2.51E-05
5.09E-05

0.000125608
0.00026855
3.35E-06
0.000791293
0.00126449
0.002155611
2.22E-07
3.98E-43
1.02E-08
1.78E-06
2.15E-24
0.003190503
0.000292519
3.64E-26
0.001099938
0.010991113
4.51E-145
0.000182919
0.026907213
8.20E-07
8.60E-37
0.000738387
3.82E-11
0.018341011
0.004322938
0.000613388
2.31E-24
1.02E-37
0.048112486
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AC011476.2
MPP7
AC068385.1
TRPC4
LINCO01578
AC010525.1
PLAU
AC125793.1
PNPO
HDDC3
EROIB
FAMBS6FP
WSCD1
Cl11orf88
IRAK2
AC027097.2
AC068152.1
PRR26
AC027097.1
BNIP3L
AC008591.1
TUBAIA
HOXB9
YTHDEF2P1
CDKS5RAP3
LAYN
IL18R1
ANKRDI1
CD274
AC104667.1
LRRC37A7P
CCDCS80
HOXBS
AC003092.2
C10orf55
MRC2
SSH1
MCCC2
BMSI1P22
CAPRIN2
PCSKS5
BDNF-AS
PGAMI1PI

ENSG00000267149
ENSG00000150054
ENSG00000255498
ENSG00000133107
ENSG00000272888
ENSG00000267117
ENSG00000122861
ENSG00000260832
ENSG00000108439
ENSG00000184508
ENSG00000086619
ENSG00000164845
ENSG00000179314
ENSG00000183644
ENSG00000134070
ENSG00000267787
ENSG00000262879
ENSG00000180525
ENSG00000267040
ENSG00000104765
ENSG00000251680
ENSG00000167552
ENSG00000170689
ENSG00000270503
ENSG00000108465
ENSG00000204381
ENSG00000115604
ENSG00000148677
ENSG00000120217
ENSG00000227107
ENSG00000265158
ENSG00000091986
ENSG00000120068
ENSG00000236938
ENSG00000222047
ENSG00000011028
ENSG00000084112
ENSG00000131844
ENSG00000232775
ENSG00000110888
ENSG00000099139
ENSG00000245573
ENSG00000248271

3.457845767
3.401698566

3.37911652
3.370962018

3.35630255
3.142355678
3.127606757
3.122561057
2.921977492
2.894250373
2.869381769
2.852917774
2.850925959
2.820046855
2.790016184
2.780863874
2.741159607
2.738389315
2.720485651
2.670322151
2.641424736
2.622967995
2.612695169
2.598317555
2.572145489
2.564278437
2.557634717
2.547876601
2.526356145
2.471347905
2471225252

2.46560864

2.46525225
2.450149401
2449340168
2.445524523
2.441924228
2.431169224

2.36615425
2.365128486
2.351295579
2.349411885
2.341125122

0.000307677
0.002169116
5.00E-09
0.001770484
4.72E-24
1.99E-14
1.72E-13
0.004935959
3.72E-09
0.001710006
1.52E-06
3.54E-18
7.17E-05
7.16E-13
0.000396905
5.13E-10
1.65E-07
0.000118272
1.35E-09
3.66E-10
1.44E-07
5.99E-07
1.46E-05
1.62E-10
1.81E-05
1.35E-09
0.001164819
3.10E-05
8.12E-05
0.003596895
0.000225817
6.40E-21
0.00052693
2.64E-30
1.67E-79
1.73E-11
0.002162819
0.001187235
0.000236678
0.001395555
8.65E-05
1.44E-55
5.72E-05

0.004483481
0.022431806
2.42E-07
0.019057459
1.13E-21
2.16E-12
1.65E-11
0.043173312
1.86E-07
0.018577178
4.29E-05
5.78E-16
0.001312641
6.34E-11
0.005542083
2.95E-08
5.65E-06
0.002023529
7.21E-08
2.14E-08
5.01E-06
1.82E-05
0.000329119
1.03E-08
0.000397684
7.21E-08
0.013565076
0.000628507
0.001458731
0.033616523
0.003456623
1.29E-18
0.006989119
9.55E-28
5.69E-76
1.26E-09
0.0223803
0.0137601
0.003590533
0.015734484
0.001536881
1.75E-52
0.001082218
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RGS3
EPHAS5-ASI
MRPL50
ITGB3

NSF
HS3ST5
KCNA7
TMEM218
SEMA3C
KDR
NPDC1
TFPI2
TGM4
ARHGAP22
SNX11
KLHL35
DAAM2
MEGF6
AC018521.4
TWEF2
RNF2P1
CALCOCO2
EDIL3
NPY4R
FRG1HP
CBX1
ITGB2-AS1
ALKBHS
RASA3
AC003092.1
AL445645.1
SLCI9C1
AC005670.2
WBPIL
MAMDC2-AS1
AC040934.1
GNGT1
AC103702.2
AC080038.3
AL645939.2
ACI113383.1
SERPINE1
NFE2L1

ENSG00000138835
ENSG00000250846
ENSG00000136897
ENSG00000259207
ENSG00000073969
ENSG00000249853
ENSG00000104848
ENSG00000150433
ENSG00000075223
ENSG00000128052
ENSG00000107281
ENSG00000105825
ENSG00000163810
ENSG00000128805
ENSG00000002919
ENSG00000149243
ENSG00000146122
ENSG00000162591
ENSG00000264701
ENSG00000247596
ENSG00000231381
ENSG00000136436
ENSG00000164176
ENSG00000204174
ENSG00000276291
ENSG00000108468
ENSG00000227039
ENSG00000137760
ENSG00000185989
ENSG00000236453
ENSG00000224992
ENSG00000172139
ENSG00000262633
ENSG00000166272
ENSG00000204706
ENSG00000253347
ENSG00000127928
ENSG00000272763
ENSG00000279713
ENSG00000225864
ENSG00000250320
ENSG00000106366
ENSG00000082641

2.331651539
2.323397015
2.313600973
2313182221

2.27530999
2273487214

2.24120395
2.238957345
2.219488552
2207219467
2.199111139
2.155988533
2.149720041

2.12644342
2.114084833
2.096099069
2.094651713

2.06689507
2.026172659
2.022005633
2.017827906
2.008752309
2.007124079
1.999879848
1.998645497
1.989964443
1.988570751
1.988068569
1.976491984
1.975491309
1.972334232
1.970305812

1.96859539
1.951547112

1.93557697
1.935250785
1.933267964
1.931173535
1.912844312
1.910964226
1.907570281
1.894111176
1.885278234

6.95E-06
8.09E-06
0.000318466
3.38E-23
3.50E-12
0.000261448
5.37E-06
0.000471669
2.15E-21
0.005472235
0.00040062
2.80E-10
0.005664601
3.09E-05
2.42E-05
0.005345647
0.003605231
0.00083134
5.15E-49
0.000105101
0.000168883
3.17E-10
1.97E-14
0.003613361
0.004592507
4.41E-31
0.00514482
0.003521194
0.004213087
1.18E-08
0.000658287
1.28E-09
1.78E-31
0.002612461
6.23E-30
1.08E-16
1.48E-48
7.14E-05
2.26E-46
4.51E-17
2.23E-37
3.77E-32
1.48E-20

0.000171437
0.000196249
0.004612999
7.86E-21
2.75E-10
0.003913881
0.000135816
0.006395918
4.46E-19
0.04667608
0.005588616
1.71E-08
0.047931887
0.000627527
0.000509353
0.045826382
0.03367591
0.010250583
4.38E-46
0.001824075
0.002707064
1.90E-08
2.15E-12
0.033688648
0.040896897
1.70E-28
0.04446865
0.033146041
0.03828051
5.33E-07
0.008384527
6.91E-08
7.20E-29
0.026012718
2.16E-27
1.45E-14
1.20E-45
0.001309515
1.60E-43
6.60E-15
1.11E-34
1.56E-29
2.90E-18
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PHACTR2-AS1
RMRP
AL645929.1
RNU7-186P
STK10
HOXB-AS2
ATP5G1
SHISA2
CLEC4E
SQOR
LRRC37A4P
HLA-B
THCATI158
AKAPI2
AL669841.1
BIRC2
GOSR2
LRRC37A2
ZC3H12C
MT2A
ELL2
CHCHDI
TUFTI
CXCL8
SLC35F2
BTN3Al
DHODH
UBE2Z
SERTAD4-AS|
SUNI1
PRRISL
CGB7
HOXA11-AS
SCN9A
LMF2
AC004233.2
AC004241.1
HOXB-AS3
AC012413.1
CDHI3
SMC5-AS1
PLAC4
PLK2

ENSG00000235740
ENSG00000269900
ENSG00000230521
ENSG00000238419
ENSG00000072786
ENSG00000239552
ENSG00000159199
ENSG00000180730
ENSG00000166523
ENSG00000137767
ENSG00000214425
ENSG00000234745
ENSG00000263293
ENSG00000131016
ENSG00000233021
ENSG00000110330
ENSG00000108433
ENSG00000238083
ENSG00000149289
ENSG00000125148
ENSG00000118985
ENSG00000172586
ENSG00000143367
ENSG00000169429
ENSG00000110660
ENSG00000026950
ENSG00000102967
ENSG00000159202
ENSG00000203706
ENSG00000164828
ENSG00000167183
ENSG00000196337
ENSG00000240990
ENSG00000169432
ENSG00000100258
ENSG00000270168
ENSG00000257433
ENSG00000233101
ENSG00000253664
ENSG00000140945
ENSG00000268364
ENSG00000280109
ENSG00000145632

1.881480231

1.87769361
1.871646518
1.870582851
1.858887033
1.858529704
1.845718914
1.843915708
1.834277579
1.829601936
1.822763474
1.797739572

1.79754506
1.781339414
1.774106654
1.769702951
1.767810804
1.745124402
1.740531646
1.738445061
1.737639358

1.73478026
1.727587512
1.725310661
1.717053353

1.71596889
1.706765558
1.705988955
1.704041682
1.701562928
1.699772825
1.695115106
1.665229114
1.664112616
1.661572226
1.644517682
1.630725037
1.627962513

1.62315416
1.621121712
1.619972893
1.617606899
1.600902217

0.003075107
0.004999936
7.81E-08
2.46E-08
3.85E-08
0.002706758
1.75E-06
1.20E-06
7.13E-14
0.004295806
1.68E-08
5.57E-14
2.31E-34
1.18E-19
0.001165704
2.41E-06
6.08E-07
5.38E-28
0.000589666
3.67E-08
3.19E-05
0.005674925
0.000577656
0.000211366
8.35E-06
0.005119018
3.46E-09
4.80E-09
0.00082119
0.000284058
7.78E-06
0.00028898
1.79E-07
0.002457151
0.003575159
0.000142148
0.002514231
1.58E-29
7.32E-07
0.001423959
3.45E-19
1.54E-06
2.22E-06

0.029783629
0.04358846
2.88E-06
1.02E-06
1.54E-06
0.026844936
4.89E-05
3.46E-05
7.12E-12
0.038824487
7.24E-07
5.64E-12
1.03E-31
2.17E-17
0.013566078
6.53E-05
1.84E-05
1.58E-25
0.007605003
1.48E-06
0.00064572
0.04798971
0.007509533
0.003273764
0.000201426
0.044366931
1.76E-07
2.33E-07
0.0101549
0.004189606
0.000189642
0.004243788
6.08E-06
0.024826831
0.033468613
0.002345497
0.025218003
5.17E-27
2.20E-05
0.016022844
6.16E-17
4.34E-05
6.07E-05
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AL353768.1
CLDN14
ARHGEF28
FZD4
DOCK2
AC004477.3
ALDHIB1
AC004477.2
LINCO00514
ABLI
HOXB-AS1
ISCA1

LRRC37A17P

FBP2
TBC1D2
HOXB7
CD27
MT-TW
AC090673.1

TNFRSF14-AS1

MORC4
IGFBP7-AS1
AC018521.2
DECRI1
AC025580.1
EREG
CASP4
LRRC8A
MEF2C
SUPV3L1
ACO018754.1
STXBP1
SNHG22
MIR3074
RPS3
LIMAL1
RPL3P1
RPSAPS2
FAM198B
GCSAM
CLTB
BTN2A2
AL512413.1

ENSG00000224764
ENSG00000159261
ENSG00000214944
ENSG00000174804
ENSG00000134516
ENSG00000278765
ENSG00000137124
ENSG00000266341
ENSG00000262152
ENSG00000097007
ENSG00000230148
ENSG00000135070
ENSG00000263142
ENSG00000130957
ENSG00000095383
ENSG00000260027
ENSG00000139193
ENSG00000210117
ENSG00000197301
ENSG00000238164
ENSG00000133131
ENSG00000245067
ENSG00000264019
ENSG00000104325
ENSG00000259342
ENSG00000124882
ENSG00000196954
ENSG00000136802
ENSG00000081189
ENSG00000156502
ENSG00000272367
ENSG00000136854
ENSG00000267322
ENSG00000207617
ENSG00000149273
ENSG00000050405
ENSG00000228149
ENSG00000241749
ENSG00000164125
ENSG00000174500
ENSG00000175416
ENSG00000124508
ENSG00000272088

1.598484901
1.598351613
1.597266716
1.589811583
1.588704539
1.588179407
1.581289694
1.574963458
1.573220741
1.571890495
1.569441804
1.565746513
1.556554847
1.552643736
1.541718126
1.541670055
1.540875159
1.540665765
1.540299763
1.535981754
1.522184392
1.522112818
1.518391958
1.515513078
1.511338981
1.505019554
1.500673569
1.497307515
1.494528106
1.493220878

1.49026422
1.480891734
1.477929769
1.477080084
1.475526857
1.474770431
1.471242418
1.470870848
1.468641844
1.464215003
1.455048176
1.449920343
1.448567295

0.005124344
8.27E-09
0.000551482
1.91E-15
0.000882348
1.60E-05
4.67E-06
5.64E-42
0.000113106
5.07E-08
3.94E-16
0.003614526
1.35E-34
0.000455726
0.002562095
7.35E-07
2.53E-06
0.005377078
5.90E-08
6.19E-07
5.03E-05
1.73E-28
9.35E-38
0.000285259
3.53E-24
1.16E-11
0.005180672
0.00200264
0.000500023
0.003272643
6.45E-34
2.98E-09
0.002341642
3.47E-05
2.16E-14
4.14E-05
0.000512253
0.00170097
0.000606138
1.85E-18
6.36E-05
0.005314975
0.0056174

0.044377024
3.82E-07
0.007246894
2.35E-13
0.010777839
0.000355867
0.000120337
3.31E-39
0.001943164
1.95E-06
5.11E-14
0.033688648
6.18E-32
0.006219476
0.025622457
2.21E-05
6.83E-05
0.046049359
2.22E-06
1.87E-05
0.000968365
5.25E-26
4.82E-35
0.004200028
8.57E-22
8.57E-10
0.044713885
0.02116098
0.006689678
0.031188746
2.81E-31
1.53E-07
0.023895998
0.00069048
2.32E-12
0.000811107
0.006823334
0.018490836
0.007778622
3.09E-16
0.001185605
0.045678679
0.047603616
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NUPRI1
PANXI1
TUBAIC
TAGLN
CCNH
HMGAI1
CASP7
SIK2
HOXB3
INHBA
CYFIP2
CDC27
MCAM
CHORDCI1
AL603839.1
AC091133.1
XPNPEP1
AC103702.1
AC098679.1
SF3B6
EFCAB13
RHOBTB3
ANXAI1I
PCBD1
EHMTI1
KCNIP1
NANS
TMEM123
IFIT3
C100rf90
AC114760.2
PARD3
CHMP1A
PTPRJ
PSATI1
CBR3-ASI1
ACO011611.3
ARLI7A
TMEM178B
CAMK2N2
WDRI11
FOXD1-AS1
COoX7C

ENSG00000176046
ENSG00000110218
ENSG00000167553
ENSG00000149591
ENSG00000134480
ENSG00000137309
ENSG00000165806
ENSG00000170145
ENSG00000120093
ENSG00000122641
ENSG00000055163
ENSG00000004897
ENSG00000076706
ENSG00000110172
ENSG00000227278
ENSG00000230532
ENSG00000108039
ENSG00000257178
ENSG00000248429
ENSG00000115128
ENSG00000178852
ENSG00000164292
ENSG00000122359
ENSG00000166228
ENSG00000181090
ENSG00000182132
ENSG00000095380
ENSG00000152558
ENSG00000119917
ENSG00000154493
ENSG00000272211
ENSG00000148498
ENSG00000131165
ENSG00000149177
ENSG00000135069
ENSG00000236830
ENSG00000257453
ENSG00000185829
ENSG00000261115
ENSG00000163888
ENSG00000120008
ENSG00000247993
ENSG00000127184

1.446788643
1.442530067
1.441553378
1.435110921
1.432837919
1.421499549
1.414112157
1.407646896
1.402247889
1.397534077
1.397429291
1.393520767
1.390699073
1.381216777
1.378646197
1.374251748
1.360353478
1.347696257
1.345202021
1.345197032
1.343705224
1.337917257
1.335300302
1.335049347
1.334472541
1.332085935
1.331848984
1.330252549
1.325385135
1.324853223
1.324099405

1.31675855
1.315334593
1.313367816
1.310830455
1.305818467
1.305530105
1.304020464

1.30333293
1.301301635
1.292726779
1.290013722
1.286548525

0.001840238
0.002091097
1.72E-21
0.000253703
1.10E-24
0.001979643
0.000687393
7.72E-17
2.19E-11
3.53E-12
0.000813344
2.77E-12
4.39E-09
0.000202302
1.44E-11
4.89E-29
0.003549759
0.001619212
4.90E-23
0.00316813
2.20E-07
3.97E-05
0.000146434
0.000430248
5.70E-05
4.48E-08
2.88E-10
2.41E-12
0.000689674
0.005727542
1.01E-08
2.40E-12
0.001847546
1.45E-05
0.000418485
2.30E-22
3.27E-19
4.46E-14
0.002189616
0.000466899
0.000557705
1.15E-22
0.00476445

0.01965272
0.021860925
3.60E-19
0.003811381
2.91E-22
0.020944029
0.008670744
1.06E-14
1.56E-09
2.77E-10
0.010065203
2.21E-10
2.16E-07
0.003156394
1.06E-09
1.54E-26
0.033304224
0.017749694
1.12E-20
0.030412531
7.30E-06
0.000781395
0.002406254
0.005933722
0.001080215
1.77E-06
1.74E-08
1.98E-10
0.008693062
0.048272157
4.60E-07
1.98E-10
0.019703602
0.000328082
0.005785585
5.01E-20
5.91E-17
4.53E-12
0.022588804
0.006341392
0.007317348
2.56E-20
0.042119031
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ZDHHC6
ANXAI
MSC-AS1
RPLI12P14
AFAPI
HLA-A
SLC25A39
AL671883.3
SWAP70
POLR2B
GLRX3
BTN3A2
AC124066.1
MYL9
OPTN
AC073072.1
OCIAD2
TXNRDI
FN1
AC090152.1
EIF2S1
AC245100.4
CGNLI
DNMBP-AS|
UBA6
AC024909.3
STK17B
GNAQ
PRR7

FPGS

SNX9
SH3PXD2B
CTSD
PROSER2-AS]1
SKIDA1
LRRC37A
SNX2
LRRC46
ZMYNDI19
ACTA2-AS1
PCEDIB
CEACAMI
DPAGTI

ENSG00000023041
ENSG00000135046
ENSG00000235531
ENSG00000224321
ENSG00000196526
ENSG00000206503
ENSG00000013306
ENSG00000271581
ENSG00000133789
ENSG00000047315
ENSG00000108010
ENSG00000186470
ENSG00000265263
ENSG00000101335
ENSG00000123240
ENSG00000179428
ENSG00000145247
ENSG00000198431
ENSG00000115414
ENSG00000167912
ENSG00000134001
ENSG00000231551
ENSG00000128849
ENSG00000227695
ENSG00000033178
ENSG00000274021
ENSG00000081320
ENSG00000156052
ENSG00000131188
ENSG00000136877
ENSG00000130340
ENSG00000174705
ENSG00000117984
ENSG00000225778
ENSG00000180592
ENSG00000176681
ENSG00000205302
ENSG00000141294
ENSG00000165724
ENSG00000180139
ENSG00000179715
ENSG00000079385
ENSG00000172269

1.281752679
1.277121948
1.275883482
1.275416692
1.275127289
1.272020919
1.271229476
1.268674443
1.266217368

1.26290418
1.260511077
1.258468859
1.257554964
1.257526081
1.254574175
1.253105091
1.249271208
1.248844088
1.244700033
1.244420932
1.244130443
1.226474034
1.223620123
1.221454662
1.220912291
1.219522661
1.210730777
1.203114771
1.202938267
1.202127569
1.201729508
1.199735799
1.197905761
1.196695941
1.196540543

1.19386351
1.193831099
1.192438893
1.187902631
1.186053483
1.184276326

1.18332806
1.180669712

0.000937232
6.68E-10
6.64E-17

0.000144439

0.002595985
4.98E-09

0.003206705
3.02E-28

0.000760724
4.72E-19

0.000122485

0.002069289
1.08E-07
3.56E-05
1.28E-07
4.72E-12

0.000971641
2.45E-11
9.88E-07

0.005573969
7.52E-09
5.03E-08

0.002455991
5.35E-12
9.63E-07

0.001115787

0.00124919

0.001159205

0.001950848

0.004277159

0.000275271

0.004295286

0.00358464
1.57E-17

0.000338271
7.14E-09

0.003507024
3.83E-14

0.002981212
1.67E-08
2.85E-14

0.000444744
1.04E-06

0.011334175
3.80E-08
9.17E-15

0.002378067

0.025900401
2.42E-07

0.030695846
9.02E-26

0.009485634
8.27E-17

0.002082974

0.021703266
3.84E-06

0.000706937
4.50E-06
3.66E-10

0.011700315
1.72E-09
2.89E-05

0.047353655
3.49E-07
1.94E-06

0.024826831
4.12E-10
2.83E-05

0.013092777

0.014360617

0.013518225

0.020665121

0.038697126

0.004095561

0.038824487

0.033538886
2.50E-15

0.00485027
3.34E-07

0.033030952
3.97E-12

0.029044596
7.21E-07
3.02E-12

0.006098989
3.04E-05
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C9orf3
GLRX
SSPN
AL135818.1
DBNI1
APLP2
ACTRI1A
ITGAV
SFXN1
AC008840.1
AHNAK
EIF4E

OAT
COTLI
NT5C2
PSMB8
INVS
AC009884.1
AC002558.2
NNMT
ACO1
AC239868.4
AL596202.1
MYOF
IER3
AC021205.3
AC011676.2
ANXA6
MT-RNR2
AL590644.3
AC003070.1
LRRFIP1
CLIC1

NLN
AC008686.1
HYLSI1
LRP11
SLC2A6
PMPCA
CBL

STX4
AL603839.2
PRSS23

ENSG00000148120
ENSG00000173221
ENSG00000123096
ENSG00000258875
ENSG00000113758
ENSG00000084234
ENSG00000138107
ENSG00000138448
ENSG00000164466
ENSG00000250240
ENSG00000124942
ENSG00000151247
ENSG00000065154
ENSG00000103187
ENSG00000076685
ENSG00000204264
ENSG00000119509
ENSG00000253335
ENSG00000261872
ENSG00000166741
ENSG00000122729
ENSG00000272993
ENSG00000235381
ENSG00000138119
ENSG00000137331
ENSG00000273007
ENSG00000254019
ENSG00000197043
ENSG00000210082
ENSG00000282843
ENSG00000267344
ENSG00000124831
ENSG00000213719
ENSG00000123213
ENSG00000267633
ENSG00000198331
ENSG00000120256
ENSG00000160326
ENSG00000165688
ENSG00000110395
ENSG00000103496
ENSG00000238186
ENSG00000150687

1.170989628
1.170702383
1.167966515
1.165903423
1.158317453
1.154449541
1.152430681
1.151362213
1.150497893

1.14997144
1.149680483

1.14849082
1.148189666
1.145540457
1.142403973
1.141897262
1.140407129
1.140356042
1.140307998
1.135240399
1.132018069
1.131938933
1.127919508

1.12622407
1.125992217
1.124177929
1.124024705
1.124010076
1.122414766
1.121932116
1.120345639
1.119887483
1.119523112

1.11702027
1.115684514
1.114798698
1.114356241
1.111624747
1.104452174
1.104225504
1.096360979
1.093740187
1.089151081

0.000190515
0.002710187
0.00051331
0.001552197
3.11E-07
8.56E-12
1.76E-05
1.08E-08
0.001081039
4.84E-17
4.89E-06
0.000360521
0.001522977
2.87E-05
0.000228186
0.001461165
0.002710971
0.005074183
2.55E-20
3.28E-06
2.29E-07
0.005932545
7.11E-10
7.10E-07
0.000249226
0.001694139
0.00276068
6.13E-07
3.03E-17
0.000412072
0.000126509
0.000186918
2.24E-07
0.002130238
2.31E-09
0.00068549
0.000589924
0.003878471
0.003408184
0.001811753
0.002295483
1.25E-05
6.25E-08

0.00299726
0.026844936
0.006827834
0.017158998

9.95E-06
6.47E-10

0.00038991

4.89E-07
0.012746657
7.03E-15

0.00012527
0.005134633
0.016890928
0.000590689
0.003489753
0.016354849
0.026844936
0.044167746

4.87E-18
8.70E-05
7.55E-06
0.049526242
4.00E-08
2.14E-05
0.003757405
0.018440174
0.027208073
1.86E-05
4.60E-15
0.005720195
0.002138819
0.002954351
7.41E-06
0.022124824
1.21E-07
0.008658008
0.007605003
0.035795277
0.032260975
0.019385072
0.023523859
0.000288117
2.34E-06
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AMIGO2
ACATI
AL354733.1
EML2
PSAP
BIRC3
FLNB
CLNSIA
IFT46

SNF8
AL359955.1
AC068234.2
HOXB-AS4
ANXA7
QRFP
HIST1H2BG
TSTA3
MFSD14B
DDX10
INHBA-AS1
AP2S1
FANCC
AC022445.1
AL357033.4
GNGl1
AL162742.2
HOXB4
ERAP2

RNASEH2B-AS1

KAZALDI1
MIR3936HG
ATP6VOE1
SMIM15
SIL1
ZFPM2
ETSI
PICALM
CFAP157
NOLCI1
C12o0rf10
TNIP1
MAMDC2
RSF1

ENSG00000139211
ENSG00000075239
ENSG00000226877
ENSG00000125746
ENSG00000197746
ENSG00000023445
ENSG00000136068
ENSG00000074201
ENSG00000118096
ENSG00000159210
ENSG00000197550
ENSG00000276790
ENSG00000242207
ENSG00000138279
ENSG00000188710
ENSG00000273802
ENSG00000104522
ENSG00000148110
ENSG00000178105
ENSG00000224116
ENSG00000042753
ENSG00000158169
ENSG00000233847
ENSG00000277496
ENSG00000127920
ENSG00000270075
ENSG00000182742
ENSG00000164308
ENSG00000233672
ENSG00000107821
ENSG00000233006
ENSG00000113732
ENSG00000188725
ENSG00000120725
ENSG00000169946
ENSG00000134954
ENSG00000073921
ENSG00000160401
ENSG00000166197
ENSG00000139637
ENSG00000145901
ENSG00000165072
ENSG00000048649

1.088983288

1.08861724
1.087893471
1.084449574
1.083574041
1.081961474
1.081810549
1.080852025
1.079994268
1.079971843
1.074891443
1.069934808
1.066567301
1.066493961
1.065157437
1.059939202
1.059370643
1.057964883
1.056466286
1.052746891
1.052233755

1.04743476

1.04596703
1.045954121

1.04553072
1.043373445
1.039395463
1.038838184
1.038207392
1.038064472
1.036208949
1.033305645
1.030949986
1.030215405
1.029723145
1.029722555
1.027140938

1.02679468
1.026041928
1.025435973
1.025055642
1.024399315
1.019141465

6.93E-06
0.000211001
0.000462221
3.89E-05
0.002608589
2.08E-05
6.74E-09
0.004934021
0.004533508
1.80E-16
0.000187131
0.000240999
4.40E-11
0.000395584
0.000435702
0.000125857
0.005386083
0.000794175
0.002347847
2.89E-05
0.001949822
2.18E-06
9.18E-07
0.000137819
0.00037059
4.05E-08
0.00317807
6.55E-05
0.004195097
0.000252351
2.48E-05
0.005380527
0.000795804
5.21E-09
3.57E-08
1.37E-05
5.89E-05
5.92E-17
5.78E-06
0.004912072
2.07E-05
0.0048889
0.003272882

0.000171234
0.003271096
0.006303054
0.000766426
0.02601088
0.000448304
3.16E-07
0.043173312
0.040520167
2.37E-14
0.00295496
0.00364632
3.03E-09
0.005540051
0.005989492
0.002129911
0.046069471
0.009863909
0.023930572
0.000594196
0.020665121
5.98E-05
2.71E-05
0.002288515
0.005256011
1.61E-06
0.030473241
0.00121645
0.03816704
0.003797787
0.000521236
0.046055686
0.009876917
2.51E-07
1.44E-06
0.00031103
0.001107867
8.38E-15
0.000145182
0.043037415
0.000445983
0.042906662
0.031188746
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TXN
BICD2
ANXA3
ITGB1
STK16
CDK15
SRGAP1
SLC4A7
SETD2
SLC26A2
RPL29

DLGAPI1-AS2

MGEAS
SNHGS
STK25
KRTI18
LINC02225
AC022784.7
ATOX1
MYC

VIM
MAPKAPI1
PFDN5
ADAM12
WDR36
GLUDI
RPS9P1
AC100861.1
DDX21
MICAL2
HIST1H41
RPS25
LIMS1
SRPRA
AC245100.2
PINK1-AS
ARHGAP21
RDX

KRRI1
RPS23
SLU7
ITPR2
CTAGE7P

ENSG00000136810
ENSG00000185963
ENSG00000138772
ENSG00000150093
ENSG00000115661
ENSG00000138395
ENSG00000196935
ENSG00000033867
ENSGO00000181555
ENSG00000155850
ENSG00000162244
ENSG00000262001
ENSG00000198408
ENSG00000203875
ENSG00000115694
ENSG00000111057
ENSG00000249584
ENSG00000254340
ENSG00000177556
ENSG00000136997
ENSG00000026025
ENSG00000119487
ENSG00000123349
ENSG00000148848
ENSG00000134987
ENSG00000148672
ENSG00000214889
ENSG00000246582
ENSG00000165732
ENSG00000133816
ENSG00000276180
ENSG00000118181
ENSG00000169756
ENSG00000182934
ENSG00000225871
ENSG00000117242
ENSG00000107863
ENSG00000137710
ENSG00000111615
ENSG00000186468
ENSG00000164609
ENSG00000123104
ENSG00000233122

1.018614117
1.018086576
1.016583481
1.015484464
1.014489997
1.007909876
1.007868973
1.007825919
1.007106862
1.006208742
1.005440849
1.00479832
1.00299818
1.00256225
1.001798888
0.99959264
0.996281634
0.995912648
0.994903146
0.992793967
0.9913115
0.988761586
0.988626008
0.987181234
0.986945653
0.98559281
0.985077041
0.984439741
0.980050982
0.9795377
0.976318681
0.975526128
0.975008054
0.97250928
0.972183161
0.97086465
0.970538601
0.967448246
0.967389429
0.965096817
0.963288793
0.963021326
0.962620297

0.000127208
0.001031794
0.000594758
1.29E-14
1.71E-17
0.000323519
0.003355743
0.001524989
0.005036636
0.000954791
3.57E-07
0.002613366
0.000608427
0.000295329
1.10E-05
2.07E-10
0.000799435
9.79E-06
1.61E-05
0.000134096
2.43E-11
0.000723444
0.004365521
0.000150426
0.002394123
7.96E-06
2.88E-05
6.21E-05
0.000888174
4.70E-06
9.16E-06
3.32E-10
0.00151168
7.43E-06
0.002047299
2.00E-16
0.001101096
5.33E-06
3.93E-15
2.37E-08
0.001863208
0.000154484
1.45E-05

0.002148494
0.012278273
0.007661508
1.47E-12
2.66E-15
0.004674245
0.031835532
0.016902213
0.043885887
0.01151374
1.13E-05
0.026012718
0.00779622
0.004322938
0.000255854
1.28E-08
0.009907509
0.000230986
0.000358007
0.002242549
1.71E-09
0.009078311
0.039370789
0.002453106
0.024353587
0.000193769
0.000593195
0.001161484
0.010838827
0.000121055
0.000218227
1.97E-08
0.016798528
0.000182189
0.021512465
2.62E-14
0.012947211
0.000135621
4.61E-13
9.85E-07
0.019806083
0.002502228
0.000328913
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VPS26A
DPYSL3
HMOX2
FARI
AL662797.2
CUEDC2
FIX1

GAS2
GSTO1
ATP5Cl1
HLA-C
PRPS1P2
AL157392.3
RABI18
NUDT6
RPS24
RPL39
HOMER2
FRMD6
NKX6-2
SLCO4A1-AS1
TJP2
AP003392.2
ADAMTSI1
ARPC3
ZMYNDI11
CTNNALI1
SNX6
THBS1
HIST1H2AE
AP002812.5
AC020912.1
TNFAIPS
AP003696.1
KLC3
ATP2B1
ANP32B
BDP1
PGAMI1
AP001972.1
AL109613.1
SEC61A2
MOK

ENSG00000122958
ENSG00000113657
ENSG00000103415
ENSG00000197601
ENSG00000272273
ENSG00000107874
ENSG00000179431
ENSG00000148935
ENSG00000148834
ENSG00000165629
ENSG00000204525
ENSG00000232630
ENSG00000239665
ENSG00000099246
ENSG00000170917
ENSG00000138326
ENSG00000198918
ENSG00000103942
ENSG00000139926
ENSG00000148826
ENSG00000232803
ENSG00000119139
ENSG00000254909
ENSG00000154734
ENSG00000111229
ENSG00000015171
ENSG00000119326
ENSG00000129515
ENSG00000137801
ENSG00000277075
ENSG00000255449
ENSG00000284430
ENSG00000145779
ENSG00000253385
ENSG00000104892
ENSG00000070961
ENSG00000136938
ENSG00000145734
ENSG00000171314
ENSG00000254429
ENSG00000224093
ENSG00000065665
ENSG00000080823

0.959187544
0.957277936
0.953845549
0.952871362
0.950761623
0.949750863
0.948819383
0.946517794
0.945496123
0.943710161
0.943659189
0.941639603
0.938622914

0.93250097

0.92961243
0.928238609
0.928118163
0.926005713
0.923820304
0.922980349
0.920126807
0.919999756
0.919179226

0.91886867
0.918071472
0.917899898
0.917038114
0.916246869
0.915721074
0.915188172
0.912283397
0.910320284
0.900676534
0.898054739
0.896987303
0.895313382
0.894233859
0.893619268
0.892908328
0.889611436
0.885402835
0.884705635
0.884692927

0.001200332
1.55E-07
0.002662514
0.00591218
1.44E-15
0.00423792
0.003005089
0.000465761
0.000376844
0.0021133
0.001146599
2.23E-05
4.75E-13
0.00204631
8.39E-14
3.53E-09
0.000281694
0.000136452
0.000283932
1.93E-07
2.73E-09
0.000107546
0.005941701
8.12E-06
0.003648433
0.002016761
0.000312274
0.005949032
4.03E-06
1.33E-05
4.84E-08
7.89E-11
0.003162511
8.37E-05
8.21E-10
0.000992375
0.000181927
0.005860065
0.001570198
0.00015264
8.87E-09
1.92E-13
0.000892358

0.013902408
5.34E-06
0.026470905
0.049417089
1.82E-13
0.038444473
0.02926044
0.006337581
0.005327937
0.022019858
0.013389595
0.000474351
4.31E-11
0.021512465
8.24E-12
1.78E-07
0.004169213
0.002270772
0.004189606
6.51E-06
1.41E-07
0.001860349
0.049526242
0.000196807
0.033948806
0.021270507
0.004538798
0.049526242
0.000105085
0.000303082
1.88E-06
5.24E-09
0.030392656
0.001496095
4.56E-08
0.011899395
0.002888897
0.049145292
0.017279299
0.002481824
4.06E-07
1.83E-11
0.010868858
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MAPREI1
NTN3
AC005324.5
BCCIP
MCMBP
YAPI
CD44-AS1
MAGED2
PAFAH1B2
SACS
SPARC
NCSI
SPIREI
CDC14B
SYNEI
KRTS8
POLE3
PDCD11
CAMSAPI
EIF3M
GAB2
MAPI1B
ARID4A
AC069547.1
ACBD6
GDI2

PPA1
TRAPPC4
DNAJB6
PRAL
AL354733.2
G3BP1
FKBP15
HNRNPF
UNC45A
ZNF575
AL355987.5
FO681492.1
CLIP1
CD44
AL162385.2
RPS16

ENSG00000101367
ENSG00000162068
ENSG00000266261
ENSG00000107949
ENSG00000197771
ENSG00000137693
ENSG00000255443
ENSG00000102316
ENSG00000168092
ENSG00000151835
ENSG00000113140
ENSG00000107130
ENSG00000134278
ENSG00000081377
ENSG00000131018
ENSG00000170421
ENSG00000148229
ENSG00000148843
ENSG00000130559
ENSG00000149100
ENSG00000033327
ENSG00000131711
ENSG00000032219
ENSG00000279863
ENSG00000230124
ENSG00000057608
ENSG00000180817
ENSG00000196655
ENSG00000105993
ENSG00000279296
ENSG00000231616
ENSG00000145907
ENSG00000119321
ENSG00000169813
ENSG00000140553
ENSG00000176472
ENSG00000274356
ENSG00000277758
ENSG00000130779
ENSG00000026508
ENSG00000231521
ENSG00000105193

10-Sep ENSG00000186522

0.884614446
0.883771185
0.882983991
0.882892396
0.882618361
0.882357802

0.88151725
0.881008194
0.880085946
0.878413684
0.878284216
0.877403934
0.876578774
0.876446312
0.874613332
0.872771963
0.870532929
0.870017394
0.867728367
0.867070462
0.865647325
0.864763858

0.86337641
0.861864645
0.861206297
0.861008428
0.860794702
0.860596118
0.859821718
0.858520354
0.858126044
0.853227677
0.851733557
0.848716343
0.847024858
0.846979355
0.845731491
0.844343294
0.842918343
0.841027225

0.83875457
0.838230696
0.837035218

0.00174691
0.004155779
5.36E-09
3.38E-13
0.004585067
0.001861363
3.01E-10
0.001131885
0.000131554
0.000268251
8.05E-06
0.004700244
0.002467046
3.29E-12
0.00066013
2.32E-15
9.14E-05
0.000229646
0.003885076
0.001540834
0.001063542
6.50E-05
0.002711195
0.005257358
0.000722103
3.33E-07
0.005469854
1.62E-10
0.00104553
1.80E-10
0.000673029
1.54E-05
4.66E-10
0.000439282
8.98E-08
0.000465872
0.003318923
0.0010288
0.003934442
0.002076075
0.004998199
0.003417842
0.00212066

0.018879676
0.037862901
2.58E-07
3.14E-11
0.040873492
0.019803648
1.81E-08
0.013245078
0.002206548
0.004001634
0.00019566
0.041681551
0.024862151
2.61E-10
0.008401699
2.82E-13
0.001614089
0.003500773
0.03583677
0.017044472
0.012592785
0.001207878
0.026844936
0.045247801
0.009068181
1.06E-05
0.04667608
1.03E-08
0.012431495
1.13E-08
0.00854666
0.000344582
2.69E-08
0.006028957
3.26E-06
0.006337581
0.031566422
0.012258306
0.036213494
0.021720807
0.04358846
0.032298419
0.022064991
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CCT2
MT-TT
RUVBL2
A2MLI-AS1
BTF3
BX470102.1
MYLI12A
ACO017101.1
AC096772.1
RPS14
ADAMTS9-AS1
AC002480.1
RPP38
VCAN
RPL7A
RPL23
IL21R-AS1
ERLINI
MAF1
EDF1

NHP2
FAM129B
RBM7
RARS
CEP295
CNNM2
RPL23AP64
RN7SL4P
AL512770.1
ARPC2
HK1

SGTB
SPCS3
AC008747.1
SURF6
LARS
HINTI1
ALGIL13P
RPS3A
TIMMSB
AC079328.2
KLF6

PSTK

ENSG00000166226
ENSG00000210195
ENSG00000183207
ENSG00000256661
ENSG00000145741
ENSG00000238279
ENSG00000101608
ENSG00000227227
ENSG00000272851
ENSG00000164587
ENSG00000241158
ENSG00000225541
ENSG00000152464
ENSG00000038427
ENSG00000148303
ENSG00000125691
ENSG00000259954
ENSG00000107566
ENSG00000179632
ENSG00000107223
ENSG00000145912
ENSG00000136830
ENSG00000076053
ENSG00000113643
ENSG00000166004
ENSG00000148842
ENSG00000240970
ENSG00000263740
ENSG00000228302
ENSG00000163466
ENSG00000156515
ENSG00000197860
ENSG00000129128
ENSG00000267024
ENSG00000148296
ENSG00000133706
ENSG00000169567
ENSG00000253981
ENSG00000145425
ENSG00000150779
ENSG00000259498
ENSG00000067082
ENSG00000179988

0.832868397
0.830728312
0.830707813
0.826834347
0.826286133
0.824029719
0.819918425
0.8197831
0.818668177
0.818332202
0.817507863
0.816834067
0.816702998
0.815606529
0.815447024
0.814966935
0.814931097
0.814372401
0.812731917
0.811941474
0.811310623
0.809362018
0.808096948
0.8080128
0.803813009
0.802973536
0.800513238
0.799065263
0.797555386
0.794453894
0.793780148
0.792440084
0.79212815
0.791091062
0.789248431
0.788143901
0.786981285
0.785586803
0.784626624
0.782672856
0.781452279
0.780845603
0.780744914

0.000566504
0.00491393
0.003613302
0.001332755
0.001785609
3.17E-05
0.001345764
2.71E-12
2.29E-07
1.91E-07
8.56E-10
6.14E-08
3.90E-07
1.85E-07
0.001519752
6.62E-06
0.00047927
9.44E-05
0.000452025
0.00021288
0.000494448
0.000183377
0.000144172
0.002505248
4.13E-09
3.49E-12
0.001774679
0.002074778
2.43E-11
7.51E-05
0.002856911
0.002458182
0.002074338
0.002792427
0.005556337
0.002345429
0.00013615
0.000170587
0.000166229
0.000104527
2.69E-10
0.004738361
0.000472043

0.007398511
0.043037415
0.033688648
0.015147051
0.019141501
0.000641478
0.015243916
2.19E-10
7.55E-06
6.46E-06
4.74E-08
2.30E-06
1.22E-05
6.28E-06
0.016866173
0.000164314
0.006465863
0.001661186
0.006178884
0.003294217
0.006620301
0.002906485
0.002375979
0.02514275
2.05E-07
2.75E-10
0.019084542
0.021720617
1.71E-09
0.001368358
0.027977578
0.024826831
0.021720617
0.027425508
0.047274769
0.023920284
0.00226796
0.002731812
0.002669569
0.001817825
1.64E-08
0.041975747
0.006395918
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CI1QBP
RPL35
KPNBI
PDESB
SLC26A1
TPMI
HSBP1
ACO018761.2
DST

NPM1
UBRS
AHSAL1
APP
WDR20
PAWR
PTPRF
TUBBSPI
TRAPPC13
RACKI
CACFD1
ETFBKMT
PSD3
AL121928.1
NACA
PSMB8-ASI
ADAMTS9
RANBP2
ETF1
AC004148.2
SLK
WWCI
UST-ASI
AC008105.1
LOXL3
CFAP70
MT-RNRI1
FAM118B
AC079880.1
TLDC2
NAPILI
EEF1A1
PPMIN
CCDC84

ENSG00000108561
ENSG00000136942
ENSG00000108424
ENSG00000113231
ENSG00000145217
ENSG00000140416
ENSG00000230989
ENSG00000267062
ENSG00000151914
ENSG00000181163
ENSG00000104517
ENSG00000100591
ENSG00000142192
ENSG00000140153
ENSG00000177425
ENSG00000142949
ENSG00000229298
ENSG00000113597
ENSG00000204628
ENSG00000160325
ENSG00000139160
ENSG00000156011
ENSG00000273262
ENSG00000196531
ENSG00000204261
ENSG00000163638
ENSG00000153201
ENSG00000120705
ENSG00000263272
ENSG00000065613
ENSG00000113645
ENSG00000227660
ENSG00000233175
ENSG00000115318
ENSG00000156042
ENSG00000211459
ENSG00000197798
ENSG00000270228
ENSG00000101342
ENSG00000187109
ENSG00000156508
ENSG00000213889
ENSG00000186166

0.780436277
0.780315633
0.780308322
0.780156173
0.776973801
0.775988928
0.767871023
0.767295705
0.765552211
0.764319905

0.76186006
0.760996755
0.759146138
0.758572657
0.756984155
0.752529279
0.751711549
0.750864206
0.749759669
0.749517068
0.748752414
0.745882872
0.745831768
0.743252894
0.742605556
0.742318635
0.740924519
0.738760511
0.737138367
0.735730783
0.734515963
0.733872057
0.731986664
0.729477807

0.72913525
0.727685156
0.727246293
0.726608957
0.726522573
0.724915685
0.724023576
0.723524099
0.722871209

0.003066522
1.53E-06
1.39E-06
4.31E-06

0.003087337
1.32E-06

0.000394909
1.96E-10

0.000206885
3.89E-07

0.000104766

0.003638338
4.62E-08
1.15E-05

0.002408625

0.003747079

0.00564513

0.002172684
2.12E-08

0.003452002

0.000127666

0.003531951
1.55E-08
6.73E-05
7.78E-10

0.002692458

0.001607113

0.001126384
9.49E-08

0.002979832

0.002384174

0.002012493

0.000247347
3.26E-08

0.004590727
1.53E-08
5.89E-07
2.20E-08
5.46E-07
1.01E-05
1.02E-05
5.78E-05
5.30E-10

0.029722352
4.32E-05
3.96E-05

0.000111541

0.029841516
3.76E-05

0.005536225
1.21E-08

0.003219027
1.22E-05

0.001820113

0.033873425
1.80E-06

0.000268064

0.024476639

0.034714624

0.047790935

0.022441379
8.94E-07

0.032576734

0.002154096

0.033192131
6.75E-07

0.001245408
4.35E-08

0.0267217

0.017639829

0.013189788
3.42E-06

0.029044596

0.024271725

0.021238676

0.00373239
1.33E-06

0.040896897
6.66E-07
1.79E-05
9.23E-07
1.68E-05

0.00023896
0.00024048

0.001093111

3.04E-08
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SECI11A
ACTNI1
LSAMP
MYLI12B
MYOI1B
TRIM14
PTK2
PGMS5P2
MACFI
ATP5B

ARNTL2-AS1

AL671277.1
TMSB10
FCHSD1
SNRPD2
PSME2
AC005046.1
CRYZP1
GRK6

IPO7
RPL26
FUBP3
DDX31
AC079329.1
COX15
TWNK
PFKP
TAF1D
MAP4K4
ARLI10
SURF4
AC084125.2
CSPG4P10
AC233702.8
CSNK1A1
FBXO025
CFLAR-ASI1
ASB6
RPL10A
POLR3G
CTNNALI
SLF2
LIPE-AS1

ENSG00000140612
ENSG00000072110
ENSG00000185565
ENSG00000118680
ENSG00000128641
ENSG00000106785
ENSG00000169398
ENSG00000277778
ENSG00000127603
ENSG00000110955
ENSG00000245311
ENSG00000227766
ENSG00000034510
ENSG00000197948
ENSG00000125743
ENSG00000100911
ENSG00000273055
ENSG00000233025
ENSG00000198055
ENSG00000205339
ENSG00000161970
ENSG00000107164
ENSG00000125485
ENSG00000254680
ENSG00000014919
ENSG00000107815
ENSG00000067057
ENSG00000166012
ENSG00000071054
ENSG00000175414
ENSG00000148248
ENSG00000255182
ENSG00000276710
ENSG00000266466
ENSG00000113712
ENSG00000147364
ENSG00000226312
ENSG00000148331
ENSG00000198755
ENSG00000113356
ENSG00000044115
ENSG00000119906
ENSG00000213904

0.7207416
0.719077965
0.718070112
0.717230953
0.716519912
0.716265756
0.711377312
0.709279127
0.708604367
0.708390774

0.70331326
0.698972849
0.69817428
0.697519326
0.696683148
0.695690868
0.695228
0.694179783
0.693757566
0.691664389
0.689930937
0.689727936
0.689706973
0.689536869
0.686210771
0.685828304
0.682160964
0.681625855
0.681538257
0.680981389
0.680284765
0.679483392
0.675024942
0.67328911
0.672854099
0.672229478
0.671543008
0.670146869
0.669031661
0.668298763
0.666908226
0.666029702
0.66218826

0.00514801
0.000513564
0.001175332
0.004748102
0.000142185

7.25E-09
0.004169443
8.31E-05
0.000682379
0.001492026
3.29E-07
4.07E-11
0.004581835
2.27E-05
0.000327209
0.003079897
0.000616486
0.004835733
1.11E-06
0.003007548
0.000221996
0.001648395
0.000327453
1.50E-08
0.000424197
5.57E-05
0.000140066
1.98E-06
2.78E-05
1.22E-08
0.001098966
8.23E-08
2.84E-07
0.004906165
0.000287961
5.80E-05
7.96E-08
1.25E-07
0.0024175
0.005132801
5.51E-05
0.002112015
0.000671886

0.04446865
0.006827834
0.013668766
0.042035123
0.002345497

3.38E-07
0.037965167
0.001485903
0.008633134
0.016645445

1.05E-05

2.82E-09
0.040866116
0.000482619
0.004719039
0.029800984
0.007893529
0.042549946

3.23E-05
0.029267612
0.003407351
0.018034692
0.004719039

6.58E-07
0.005855019
0.001057722
0.002315043

5.46E-05
0.000574764

5.47E-07
0.012931119

3.01E-06

9.21E-06
0.043022074
0.004232479
0.001095069

2.92E-06

4.42E-06
0.024552146
0.044415977
0.001047546
0.022019858
0.008544927
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SERPINA1
KBTBD3
DCBLD2
PRELIDI
ARSG
AP000943.3
FOXHI1
AP002812.2
MRPL19
HSPA4
VPS13A-AS1
NQOI
AP001029.2
HSPA9
AP001001.1
RPLI8A
BBIP1
RBBP4
VDACI
ITGA3
TGFB2-ASI1
TUBB4B
GTPBP4
Cllorf57
TTL
NOP56
TAF5
Cllorf65
AC025271.2
TAP1
LOXLI1-ASI1
WDR43
ARRDCI-ASI
AC135457.1
TKT

CDH2
AP002433.1
DYNCIHI1
PPIB

EEF2
RPL32
AC091117.1
AC025682.1

ENSG00000197249
ENSG00000182359
ENSG00000057019
ENSG00000169230
ENSG00000141337
ENSG00000255929
ENSG00000160973
ENSG00000254459
ENSG00000115364
ENSG00000170606
ENSG00000232998
ENSG00000181019
ENSG00000267199
ENSG00000113013
ENSG00000254433
ENSG00000105640
ENSG00000214413
ENSG00000162521
ENSG00000213585
ENSG00000005884
ENSG00000232480
ENSG00000188229
ENSG00000107937
ENSG00000150776
ENSG00000114999
ENSG00000101361
ENSG00000148835
ENSG00000166323
ENSG00000261265
ENSG00000168394
ENSG00000261801
ENSG00000163811
ENSG00000203993
ENSG00000272742
ENSG00000163931
ENSG00000170558
ENSG00000255467
ENSG00000197102
ENSG00000166794
ENSG00000167658
ENSG00000144713
ENSG00000259352
ENSG00000263766

0.661269135
0.660592854
0.659995307
0.657705961
0.656984703
0.656157129
0.654894213
0.650882119
0.649660723
0.648682897
0.647502119
0.647355231
0.646443222
0.645213885
0.643726138
0.642706715
0.642025525
0.641552385
0.641278402
0.639941949
0.638523782
0.638199028
0.637929464
0.636988976
0.634961447
0.634861677
0.634377929
0.634242329
0.634138362
0.633324886
0.632101164
0.629941065
0.62733138
0.624810572
0.623961611
0.622696675
0.622439757
0.622215937
0.6186962
0.616863384
0.616243305
0.614319174
0.613675342

0.00053341
4.33E-05
0.000581245
0.001848985
1.05E-07
2.21E-06
1.03E-07
0.000685874
0.005866504
0.000237288
0.000150585
0.002758159
1.64E-07
6.90E-05
1.25E-07
0.000562672
1.39E-05
3.02E-06
0.003087598
0.003203388
3.67E-07
0.00038692
0.004462709
2.57E-05
0.005677083
0.004027093
4.06E-07
0.000506397
0.000316276
0.000938245
0.004864797
0.002871827
0.004662697
3.87E-08
0.001024133
0.005961077
3.29E-07
0.001225271
0.004051913
0.000158868
0.001233734
9.27E-05
2.28E-06

0.007059348
0.000844142
0.007528299
0.019703602
3.74E-06
6.07E-05
3.69E-06
0.008658008
0.04917502
0.003596572
0.002453106
0.027198999
5.65E-06
0.001272213
4.42E-06
0.00737682
0.000315422
8.10E-05
0.029841516
0.030681378
1.16E-05
0.005446699
0.040119515
0.000537803
0.04798971
0.036946183
1.27E-05
0.006758986
0.004589108
0.011338356
0.042761385
0.028091662
0.041391788
1.55E-06
0.012221668
0.049576439
1.05E-05
0.014143057
0.037133792
0.002563456
0.014221421
0.001631636
6.22E-05
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HSPAS
FAM35A
CSPG4P12
AC008906.1
SBF2
AP001267.1
FLNB-AS1
LINC00943
RPL38
Cé6orf201
C50rf56
AL355490.2
AL133415.1
PARPS
BTD
ANKRD49
ENO4
ADIRF
RPL27
C8orf59
NMT2
RAG2
RPL12
ELP4
PTTGIIP
STC2

ENSG00000109971
ENSG00000122376
ENSG00000259295
ENSG00000248734
ENSG00000133812
ENSG00000254873
ENSG00000244161
ENSG00000189238
ENSG00000172809
ENSG00000185689
ENSG00000197536
ENSG00000231970
ENSG00000234961
ENSG00000151883
ENSG00000169814
ENSG00000168876
ENSG00000188316
ENSG00000148671
ENSG00000131469
ENSG00000176731
ENSG00000152465
ENSG00000175097
ENSG00000197958
ENSG00000109911
ENSG00000183255
ENSG00000113739

0.612480664
0.612077446
0.611165699
0.610394213
0.609868663
0.608627959
0.608595692
0.608290902
0.607668538
0.606178332
0.604477305
0.603578106
0.603295646
0.602477727
0.599761352
0.599639866
0.597929136
0.597659535
0.596207685

0.59619351
0.594587201
0.592038204
0.590807472

0.58695554
0.586779468
0.585163295

0.000183883
1.40E-07
0.002139971
1.92E-05
0.003964344
5.80E-07
1.43E-07
0.004775164
0.002298495
4.44E-07
3.77E-06
0.000279282
8.36E-08
0.004260438
0.000144833
0.000601455
0.00509467
0.000580203
0.00438118
1.91E-05
1.12E-05
0.004509972
0.000604676
0.00040921
0.000388664
0.002732596

0.002911802
4.89E-06
0.022211514
0.000417982
0.036429509
1.77E-05
4.99E-06
0.042169669
0.023540528
1.39E-05
9.86E-05
0.004140731
3.05E-06
0.038586943
0.00238224
0.007736051
0.044257614
0.007528299
0.039491054
0.00041788
0.000260079
0.040394804
0.007765716
0.005689758
0.005457673
0.026993917

Appendix B: Genes upregulated by RB/ KO in 786-O VHL-reconstituted cells.

Gene name
NCKAP5
LRRC77P
ZNF804A
AC079117.1
NRAP
KRT19
MYHS
CERNALI
MYHI1

Ensembl gene ID
ENSG00000176771
ENSG00000244227
ENSG00000170396
ENSG00000234653
ENSG00000197893
ENSG00000171345
ENSG00000133020
ENSG00000259577
ENSG00000109061

log2FoldChange

11.64181852
6.324998323
4.8567414006
4.596090184
4.302877034

4.13486895
3.709710536
3.703071458
3.437369119

p-value
2.43E-21
5.47E-07
3.28E-09
7.25E-10
3.95E-07
1.70E-18
3.40E-20
1.20E-09
1.49E-08

Adjusted p-value
7.55E-19
1.58E-05
1.75E-07
4.48E-08
1.22E-05
4.26E-16
1.03E-17
7.18E-08
6.84E-07
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FOLR3
NALCN
NCAMI1-AS1
MYH4
SLCI2A1
OR7E47P
LINC00559
AC098798.1
snoU13
RPL7LIP1
AL117339.4
LINCO00353
PLXDC2
AC091948.1
AC025165.1
AP000802.1
LINC02296
AC016405.2
AC004130.1
AC137056.1
NTRK3-AS1
PLA2G16
ACO011337.1
MED15P9
LINCO01695
COL5A1
AL033528.2
AL603650.1
AC093752.1
AC113386.1
AL512288.1
MIR663AHG
AC244517.5
AC004846.2
KLHDC7A
CCDC183-AS1
FLJ12825
MAP7TD2
AIBG-ASI1
C2lorf2
ACO011139.1
SNHG22
MIR548XHG

ENSG00000110203
ENSG00000102452
ENSG00000227487
ENSG00000264424
ENSG00000074803
ENSG00000257542
ENSG00000261446
ENSG00000250511
ENSG00000238901
ENSG00000234227
ENSG00000272983
ENSG00000236176
ENSG00000120594
ENSG00000247199
ENSG00000224713
ENSG00000247416
ENSG00000258859
ENSG00000272043
ENSG00000271133
ENSG00000262995
ENSG00000260305
ENSG00000176485
ENSG00000271795
ENSG00000223760
ENSG00000236532
ENSG00000130635
ENSG00000236528
ENSG00000232355
ENSG00000245958
ENSG00000254138
ENSG00000227050
ENSG00000227195
ENSG00000279047
ENSG00000258944
ENSG00000179023
ENSG00000228544
ENSG00000248265
ENSG00000184368
ENSG00000268895
ENSG00000160226
ENSG00000283458
ENSG00000267322
ENSG00000224141

3.404639884
3.331405619
3.206754209

3.18753312
3.030517614
3.030252676
2.998135426
2.951712948
2.868029111
2.858049012
2.828142549
2.783448913

2.75419812
2.693533036
2.654264202
2.554582091
2.496167844
2.371923087
2.352026254
2.346585596
2.341922284
2.326020678

2.31752352

2.31000023
2.308338756
2.236817352

2.18170406
2.178874948
2.159190016
2.142504462
2.097427654
2.094082482
2.072124344
2.063586343
2.046413286
2.042513232
2.040654693
2.014370381
1.992730548
1.965196747

1.95374381
1.920880571
1.896681086

1.09E-10
9.30E-25
6.71E-32
7.86E-14
2.96E-12
1.26E-30
1.28E-09
2.29E-36
1.47E-14
8.79E-35
4.35E-08
4.36E-07
1.05E-05
3.37E-07
1.15E-16
3.80E-11
1.63E-36
4.19E-05
2.04E-10
2.45E-07
1.32E-09
5.23E-05
3.23E-14
5.19E-08
1.26E-08
1.45E-84
3.87E-14
9.41E-07
0.000267773
2.79E-72
2.92E-06
2.50E-26
5.68E-08
6.13E-43
4.50E-07
4.27E-18
9.95E-08
0.000104231
0.000181614
7.52E-31
5.43E-05
2.57E-26
0.000196635

8.08E-09
3.33E-22
3.77E-29
9.88E-12
2.75E-10
6.19E-28
7.57TE-08
1.59E-33
2.16E-12
5.47E-32
1.74E-06
1.33E-05
0.000194961
1.06E-05
2.38E-14
3.07E-09
1.20E-33
0.000613728
1.40E-08
7.97E-06
7.77TE-08
0.000739628
4.39E-12
2.03E-06
5.86E-07
1.71E-80
5.14E-12
2.51E-05
0.002816029
8.25E-69
6.46E-05
9.78E-24
2.18E-06
6.58E-40
1.36E-05
9.89E-16
3.61E-06
0.001317958
0.002048574
3.86E-28
0.000761862
9.78E-24
0.002186682
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SPTBNS5
GRIK1
AF240627.1
ACO11611.4
PKDREJ
PRRT2
FSIP2
AC027607.1
ACO087442.1
AP002833.2
ACI110597.3
MKX
AC009955.4
AC010149.1
NCAMI1
RPS14P8
TSENS54
ITIH4-AS1
ACO012499.1
PITX2

KCNQIOT1 2

AC010261.2

SEMAG6A-AS1

ITGA7
MYOS5SB
AC114689.3
AL033381.1
AL390816.1
AHDCI1
AC073218.1
PLD4
SNX10
AL137804.1

ARRDC3-ASI1

FOXQI
AC004233.2
AL603839.1
LINC02211
CHODL
AL162497.1
NEFL
AGAP2-ASI
AC007919.1

ENSG00000137877
ENSG00000171189
ENSG00000230233
ENSG00000257839
ENSG00000130943
ENSG00000167371
ENSG00000188738
ENSG00000248936
ENSG00000255091
ENSG00000255317
ENSG00000263424
ENSG00000150051
ENSG00000269068
ENSG00000235419
ENSG00000149294
ENSG00000239528
ENSG00000182173
ENSG00000239799
ENSG00000229941
ENSG00000164093
ENSG00000276105
ENSG00000251187
ENSG00000248445
ENSG00000135424
ENSG00000167306
ENSG00000265533
ENSGO00000176515
ENSG00000258842
ENSG00000126705
ENSG00000232153
ENSG00000166428
ENSG00000086300
ENSG00000255525
ENSG00000281357
ENSG00000164379
ENSG00000270168
ENSG00000227278
ENSG00000245662
ENSG00000154645
ENSG00000275741
ENSG00000277586
ENSG00000255737
ENSG00000224611

1.890175787
1.885931761
1.862682621
1.831109775

1.80718883
1.795334549
1.793355067
1.789121262

1.78614815
1.785065962
1.773016561
1.764454899
1.763922197
1.757300253

1.75219133
1.744108882
1.722005656
1.718194025
1.712010027
1.690679099
1.679001927
1.678538081
1.672366692
1.667199131
1.661272715
1.660765493
1.646795649
1.636667096
1.630919109
1.629185947
1.616044038
1.601681383
1.599472219
1.588992178
1.584685495
1.581583916
1.577621012
1.575256745
1.569263547
1.560964329
1.558495246
1.557196025
1.552813119

3.72E-11
0.000544457
8.62E-10
0.000425651
0.001613639
0.000477919
0.000501825
0.001567023
3.59E-06
0.000574384
5.35E-47
0.001302888
8.63E-09
0.003808174
9.39E-05
1.23E-05
1.81E-05
0.001433337
1.34E-07
0.002299239
5.41E-05
1.71E-13
5.07E-44
0.001417963
2.65E-05
0.000914602
0.003184594
2.54E-09
6.09E-11
0.000279512
2.91E-12
1.71E-06
0.003517828
3.89E-17
0.005426432
0.005056591
2.50E-16
0.004884698
3.26E-13
1.93E-06
1.85E-15
1.18E-22
0.000549541

3.03E-09
0.00505109
5.20E-08
0.004140805
0.011910675
0.004537154
0.004732416
0.011624714
7.76E-05
0.005250368
7.90E-44
0.010083293
4.16E-07
0.022786461
0.001208542
0.000221183
0.000310979
0.010844144
4.72E-06
0.015695959
0.000760071
2.02E-11
6.65E-41
0.010748483
0.000423107
0.007537649
0.020069401
1.41E-07
4.73E-09
0.002913538
2.73E-10
4.06E-05
0.021526188
8.34E-15
0.02965439
0.028195629
4.92E-14
0.027523038
3.71E-11
4.49E-05
3.21E-13
3.76E-20
0.005075204
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AC098848.1
SEC1P
AC089984.1
AL390816.2
PAPPA
AL139260.1
PAPPA-ASI1
Clorfl67
C10orf10
AL590428.1
SLC35F4
AC092171.3
GPR39
AC010359.1
MIR6080
DNAJB3
AC004846.1
AL139035.1
AC004551.1
ZBTB7C
MIRS587
AC091906.1
MAL2
MEF2C
AC020763.2
PREPL
AC024243.1
MGAT4A
ALOX12B
SEMAG6A-AS2
0GGl1
NCBP2L
DENNDIC
AL645939.2
SLC16A12-AS1
AC012313.2
ZNF37A
FAM46B
FLG-ASI
AC114812.2
POC1B-GALNT4
AL603839.2
AL136084.2

ENSG00000267112
ENSG00000232871
ENSG00000257410
ENSG00000258903
ENSG00000182752
ENSG00000228436
ENSG00000256040
ENSG00000215910
ENSG00000165507
ENSG00000231652
ENSG00000151812
ENSG00000234432
ENSG00000183840
ENSG00000269961
ENSG00000278581
ENSG00000227802
ENSG00000258376
ENSG00000280710
ENSG00000257452
ENSG00000184828
ENSG00000207577
ENSG00000248537
ENSG00000253972
ENSG00000081189
ENSG00000279122
ENSG00000138078
ENSG00000272969
ENSG00000071073
ENSG00000179477
ENSG00000249167
ENSG00000114026
ENSG00000170935
ENSG00000205744
ENSG00000225864
ENSG00000234452
ENSG00000268049
ENSG00000075407
ENSG00000158246
ENSG00000237975
ENSG00000224814
ENSG00000259075
ENSG00000238186
ENSG00000267026

1.550585366
1.550447534
1.540503477
1.540282112
1.533946643
1.530139058
1.529316603
1.516993791
1.515815301
1.510209791
1.508203027
1.508196816
1.503209164
1.496160357
1.493916842

1.49386377
1.492372491
1.492226893
1.484713728

1.48344094

1.47891843

1.47563523
1.473263075
1.467271417
1.461296475

1.45948843
1.452669732
1.451846622
1.446617317
1.445929683
1.445489929
1.444465678
1.425241344
1.418733183
1.415831036
1.415315842
1.411901981
1.410227359
1.409909288
1.408147691
1.405736417
1.405159462
1.400091193

9.40E-14
0.000572062
2.97E-05
1.19E-06
4.34E-06
2.26E-05
0.005237725
4.34E-27
2.01E-07
7.74E-14
0.006710272
0.000535041
4.48E-34
0.000110511
0.002625288
5.24E-05
5.13E-14
0.001362525
6.02E-10
0.00155944
0.002158191
0.000124827
6.82E-77
0.002120922
0.001928176
8.96E-20
0.005822352
0.00203101
2.24E-06
1.48E-09
2.35E-39
0.000142377
1.10E-19
5.48E-10
3.00E-05
0.001103191
5.08E-05
7.30E-07
1.84E-76
4.80E-48
0.0086834
1.35E-07
1.42E-07

1.16E-11
0.005237251
0.00046446
3.03E-05
9.09E-05
0.000371838
0.028878402
1.90E-24
6.73E-06
9.84E-12
0.034727569
0.00497938
2.64E-31
0.001381099
0.017379291
0.000739628
6.74E-12
0.010462559
3.78E-08
0.011583013
0.01488799
0.00151824
4.03E-73
0.014682353
0.013717924
2.58E-17
0.031170432
0.014201435
5.10E-05
8.63E-08
1.98E-36
0.00169333
3.09E-17
3.48E-08
0.000467796
0.008818689
0.000722343
2.01E-05
7.26E-73
8.10E-45
0.04201186
4.74E-06
4.94E-06
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AC005697.2
ACI135048.4
SLC26A10
RELLI1
AL034399.2
AC007271.1
GPRC5C
IGFBP7-AS1
MIR514B
GLIPRIL1
AC098869.2
C9orf163
AP000757.2
AC073389.2
MTCOI1P12
ZSCAN30
AC005837.1
SPNS3
MYBPH
IGFBP3
AC012309.2
AL591684.2
AC022400.7
UTS2
ACI131888.1
KRTAPI16-1
AC016405.3
AC098829.1
EXOC3L1
ACI117383.1
AP001542.3

EPB4114A-AS1

AC104532.2

TMEMS51-AS1

MELTF-ASI
KAZN
GRIP2
AL355388.2
ANKRDS55

COLI8A1-AS2

AGMAT
KRT78
AL589743.5

ENSG00000266527
ENSG00000279196
ENSG00000135502
ENSG00000181826
ENSG00000236064
ENSG00000226925
ENSG00000170412
ENSG00000245067
ENSG00000252583
ENSG00000173401
ENSG00000250893
ENSG00000196366
ENSG00000254844
ENSG00000271848
ENSG00000237973
ENSG00000186814
ENSG00000261335
ENSG00000182557
ENSG00000133055
ENSG00000146674
ENSG00000267437
ENSG00000254929
ENSG00000279088
ENSG00000049247
ENSG00000280182
ENSG00000212657
ENSG00000272384
ENSG00000249252
ENSG00000179044
ENSG00000249417
ENSG00000267480
ENSG00000224032
ENSG00000267571
ENSG00000175147
ENSG00000228109
ENSG00000189337
ENSG00000144596
ENSG00000273002
ENSG00000164512
ENSG00000224574
ENSG00000116771
ENSG00000170423
ENSG00000277156

1.398016706
1.390285328
1.384495406
1.379611338
1.378634804
1.373947638
1.361620312
1.361087622
1.340650071
1.339824031
1.335283469
1.328695204
1.328072499
1.319017077
1.318780268
1.318223155
1.314088159
1.309203266
1.306386775
1.303523335
1.296132261
1.294580611
1.293579452
1.291033602
1.288643207
1.283169431
1.276128562
1.271486016
1.270734615
1.26574914
1.261268858
1.258223269
1.256146168
1.25587918
1.255077159
1.2542862
1.250058445
1.249559808
1.242180499
1.232461261
1.225238384
1.217952808
1.215647783

1.06E-06
7.66E-10
2.40E-10
1.18E-08
0.004716097
1.27E-23
0.009819898
1.38E-31
0.006875786
0.003535163
2.43E-06
0.007880917
9.01E-57
0.003472272
0.000225547
0.00038169
0.010328175
0.006551339
2.96E-05
0.003625497
0.001952354
0.010858506
0.005957431
1.60E-16
1.30E-07
0.000206571
0.010674489
4.14E-18
0.000128532
0.004718287
6.11E-05
1.94E-10
0.000433794
2.26E-06
4.87E-20
3.34E-08
1.36E-11
6.76E-05
3.70E-06
0.000909777
0.008280283
0.006725717
0.00399407

2.75E-05
4.71E-08
1.61E-08
5.48E-07
0.026867391
4.42E-21
0.046204382
7.41E-29
0.035321024
0.021598696
5.48E-05
0.039127036
2.13E-53
0.021335866
0.002459565
0.003772179
0.048042713
0.034104539
0.000464081
0.022036602
0.013848226
0.049782203
0.03169246
3.20E-14
4.57E-06
0.002283812
0.049205976
9.78E-16
0.001560087
0.026867391
0.000833649
1.35E-08
0.004192394
5.12E-05
1.44E-17
1.37E-06
1.15E-09
0.000913014
7.96E-05
0.00750836
0.040559991
0.034777024
0.023679701
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LINC00308
AC122129.1
SPINT2
RNU6-725P
AL133284.1
SLC22A18AS
GRAMD2A
AC016825.1
SPATA17-AS1
CDH6
AC024909.3
AC060234.1
RBBP4
IFNWPI19
AL133480.1
PDGFRL
AC018529.2
DENNDG6B
AC024560.2
BEND3P3
AC132812.1
SNRK
EPB41L4A-AS2
KAAGI
CYPIBI-ASI
COA3
TXNDCI2-AS1
SMAD9
CYTH4
FAT2
ZNF544
TRIM32
DFFBPI
ALI136131.3
AC009166.1
C1QL3
DUXA4L9
MAF
AC110749.1
798884.1
MORN4
AL591684.1
ALGIL7P

ENSG00000184856
ENSGO00000197815
ENSG00000167642
ENSG00000252371
ENSG00000230894
ENSG00000254827
ENSG00000175318
ENSG00000232767
ENSG00000234070
ENSG00000113361
ENSG00000274021
ENSG00000226576
ENSG00000162521
ENSG00000238271
ENSG00000233367
ENSG00000104213
ENSG00000278330
ENSG00000205593
ENSG00000249626
ENSG00000278616
ENSG00000265298
ENSG00000163788
ENSG00000278921
ENSG00000146049
ENSG00000232973
ENSG00000183978
ENSG00000228369
ENSG00000120693
ENSG00000100055
ENSG00000086570
ENSG00000198131
ENSG00000119401
ENSG00000232303
ENSG00000272114
ENSG00000261238
ENSG00000165985
ENSG00000224807
ENSG00000178573
ENSG00000244086
ENSG00000236266
ENSG00000171160
ENSG00000224919
ENSG00000251271

1.211088938
1.201646607
1.199528854
1.194213123
1.192168245
1.190438344
1.181930317
1.177789429
1.177366103
1.170660174
1.167762048
1.16098362
1.160764098
1.157676271
1.152506498
1.137675141
1.135261903
1.131105398
1.126406604
1.119691662
1.117594088
1.117512721
1.115566871
1.112804861
1.106206144
1.105640306
1.103521831
1.10343193
1.101579814
1.100909955
1.0997434
1.096117653
1.095493038
1.095368471
1.093596982
1.09269242
1.087625583
1.084417567
1.077200674
1.075875868
1.073739807
1.072586104
1.070476091

9.59E-06
3.43E-08
0.006936737
0.004660095
0.002424508
6.88E-06
0.00102387
2.11E-40
0.005155066
2.62E-09
1.84E-18
9.77E-07
7.00E-38
1.51E-10
0.00730755
2.43E-07
0.001027103
0.010685583
0.005428687
2.42E-08
2.03E-06
6.00E-07
0.000777355
4.61E-30
2.97E-23
0.003859096
0.008080338
0.001798256
0.000710907
0.006811583
1.29E-06
0.003559742
0.004060811
5.15E-29
0.005519289
1.56E-07
0.005255075
0.001721741
0.010081288
3.68E-09
8.13E-11
0.001249671
0.001330894

0.000180062
1.40E-06
0.035587689
0.026690457
0.016306058
0.000133646
0.008287807
1.92E-37
0.028584193
1.43E-07
4.53E-16
2.59E-05
5.51E-35
1.08E-08
0.036976077
7.94E-06
0.008302591
0.049219774
0.02965439
1.03E-06
4.68E-05
1.72E-05
0.006667078
2.18E-27
1.00E-20
0.023029772
0.039828379
0.012988299
0.006168853
0.035098077
3.22E-05
0.021681564
0.023921629
2.34E-26
0.030010496
5.33E-06
0.028960537
0.012534621
0.047246038
1.91E-07
6.11E-09
0.009748091
0.010259698
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SCRGl1
AL590677.1
COL18A1-ASI1
U91328.3
MT-CO1
TMEMI101
DDIT4-AS1
AC067945.3
AC010127.1
LAMAS-ASI
AL773572.1
PGAM?2
TTC30B
AHNAK?2
CTC1

ZHX2
C12o0rf57
DRC3
AC068385.1
AL450003.2
DNAHI10
VTIIB
AP000753.2
ENOI-AS1
AC073896.5
CCDC28B
EPB42
NDUFB9
MMRN2
NUMB
ZFHX4-AS1
INCA1
ST3GALIP1
ZNF575
ARNTL
INPP5K
AC127537.1
ZNF496
Cl170orf62
AP006284.1
AC114812.1
PAXIP1
ACTA2-AS1

ENSG00000164106
ENSG00000227175
ENSG00000183535
ENSG00000272558
ENSG00000198804
ENSG00000091947
ENSG00000269926
ENSG00000231858
ENSG00000236107
ENSG00000228812
ENSG00000225745
ENSG00000164708
ENSG00000196659
ENSG00000185567
ENSG00000178971
ENSG00000178764
ENSG00000111678
ENSG00000171962
ENSG00000255498
ENSG00000234779
ENSG00000197653
ENSG00000100568
ENSG00000256789
ENSG00000230679
ENSG00000258260
ENSG00000160050
ENSG00000166947
ENSG00000147684
ENSG00000173269
ENSG00000133961
ENSG00000253661
ENSG00000196388
ENSG00000250656
ENSG00000176472
ENSG00000133794
ENSG00000132376
ENSG00000228000
ENSG00000162714
ENSG00000178927
ENSG00000254815
ENSG00000178836
ENSG00000157212
ENSG00000180139

1.06960423
1.067432429
1.067396783
1.066879642

1.06301169
1.060132598
1.059766002
1.058502422
1.054411975
1.052880761
1.052189481

1.05048218
1.050243434
1.040114065
1.039739596
1.037134567

1.03614247
1.033318338
1.030014327
1.029731463
1.029377433
1.027678193
1.023569919
1.023521266
1.020716224
1.019187336

1.01686543
1.016657264
1.014095546
1.012069851
1.011177759

1.01093881
1.007628165
1.007598601
1.001929788
0.999044312
0.998527525
0.997913286
0.995325054
0.995266451

0.99400091
0.992319652

0.98988982

0.001260497
0.000427771
0.003235252
4.60E-27
2.09E-35
0.005179594
0.001693489
0.004817565
4.68E-23
1.21E-05
0.007716075
1.08E-10
0.000895943
5.22E-07
0.009208955
0.01063589
0.006781777
1.72E-08
9.78E-13
0.010595127
2.54E-07
7.26E-12
1.37E-12
0.000277734
0.000133137
0.000318447
0.002784285
3.57E-16
0.000747085
4.67E-05
0.010308572
0.000262261
0.008183916
7.72E-18
3.10E-05
0.001419295
0.002721512
1.48E-12
0.00014801
0.003823192
0.008026289
0.001831875
0.001972604

0.009806632
0.004154587
0.020301979
1.94E-24
1.37E-32
0.028638111
0.012361004
0.027280109
1.54E-20
0.000218663
0.038515152
8.04E-09
0.007404535
1.52E-05
0.043995857
0.049092945
0.034978944
7.81E-07
1.00E-10
0.048973954
8.23E-06
6.45E-10
1.36E-10
0.00290526
0.001604437
0.003249478
0.018157042
6.91E-14
0.006430814
0.000673923
0.04798748
0.002770391
0.040187961
1.75E-15
0.000479462
0.010751682
0.01785614
1.46E-10
0.001747994
0.022850151
0.039644699
0.013142018
0.013924954
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PCDHI12
TBC1D14
ZC2HCI1A
AC104365.2
RAB7B
PARD6G
STARD4-AS1
AC005865.2
PITPNM2
WFDC21P
AC087482.1
ANKH
LGALS2
Cé6orf223
AC138466.4
CLDN2
AL122010.1
LCASL
AC099795.1
PICARTI
AC025048.4
RPSAP52
HRNR
AC023355.1
BID1
KIF28P
AC068594.1
TP53I3
TMEMI50A
AL356095.2
DEAF1
AC022784.7
SLITRKS5
AC020779.2
LDHAP2
ATP8B1
AL357033.4
SEMAS5A-ASI
WDRSS8
HOXA4
POLR2B
CGREF1
AC084116.4

ENSG00000113555
ENSG00000132405
ENSG00000104427
ENSG00000267501
ENSG00000276600
ENSG00000178184
ENSG00000246859
ENSG00000250770
ENSG00000090975
ENSG00000261040
ENSG00000259347
ENSG00000154122
ENSG00000100079
ENSG00000181577
ENSG00000279480
ENSG00000165376
ENSG00000230163
ENSG00000157578
ENSG00000283973
ENSG00000246640
ENSG00000267416
ENSG00000241749
ENSG00000197915
ENSG00000259488
ENSG00000108641
ENSG00000223519
ENSG00000263718
ENSG00000115129
ENSG00000168890
ENSG00000279399
ENSG00000177030
ENSG00000254340
ENSG00000165300
ENSG00000260173
ENSG00000235674
ENSG00000081923
ENSG00000277496
ENSG00000251370
ENSG00000166359
ENSG00000197576
ENSG00000047315
ENSG00000138028
ENSG00000254010

0.9866712
0.984652007
0.984421363
0.984359926
0.982789105
0.981006383
0.977337956
0.976976112
0.974391742
0.973680932
0.972736084
0.971151326
0.969359252
0.966082978

0.9649354
0.964239052
0.963043525
0.961946598
0.961840952
0.958362659
0.958082393
0.952045489
0.949193357
0.949118534
0.947118216
0.944482579

0.94299454
0.942207462
0.941817795
0.940181207
0.935918404

0.93379331
0.933646839
0.932937364
0.930463884
0.930169612
0.929981821
0.929873737
0.927758125
0.927162787
0.924837234
0.923011803
0.921940676

0.002578333
6.88E-06
0.005149945
0.010907361
7.09E-07
7.74E-07
2.37E-18
0.00051941
0.007511793
0.003343948
0.000798634
4.26E-16
0.003238198
2.61E-05
6.02E-06
0.001109517
0.008350144
0.003153855
0.000321362
0.000112496
0.006723434
0.000329031
0.000114092
2.90E-13
0.004723394
0.005736144
0.000841431
0.000767404
0.00024923
4.83E-07
7.18E-07
1.08E-06
4.05E-05
0.004061208
0.005984735
0.00018154
0.000133296
5.61E-08
0.000247955
0.00156318
2.78E-14
0.001380905
1.24E-12

0.017116423
0.000133646
0.028584193
0.049909311
1.97E-05
2.11E-05
5.71E-16
0.004864575
0.037718655
0.020752511
0.006795295
7.99E-14
0.020309675
0.000418316
0.000118775
0.00884767
0.040783788
0.019923605
0.003269205
0.001392633
0.034777024
0.003332642
0.001407971
3.33E-11
0.026883509
0.030806666
0.007072809
0.006591303
0.002661243
1.44E-05
1.99E-05
2.80E-05
0.000595932
0.023921629
0.031780448
0.002048574
0.001604714
2.17E-06
0.002650091
0.011603494
3.82E-12
0.010575098
1.24E-10
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RNF24
B4GALT1-ASI
POR
CCDC192
VLDLR-ASI1
CCDC57
AC009126.1
MED31
ZNF436-AS1
TMEM9B
KCNQIOTI1 5
AP001442.1
C12o0rf73
ACP4
AC004889.1
PSG4
SLC19A1
RNY3P8
RNF220
ZC3H12B
HOXC10
STPG3
AC009542.1
SPATA6L
SLC34A3
RABI1B
AC021088.1
DUXA4L50
AC090617.6
AL121753.2
GPAT2
AC004834.1
CAMTA2
IDUA
DHDDS
AC002472.2
CACNA2D2
ITGBS
GEMIN4
SELENOP
GPRC5B
TAPI
ZNF32-AS1

ENSG00000101236
ENSG00000233554
ENSG00000127948
ENSG00000230561
ENSG00000236404
ENSG00000176155
ENSG00000247121
ENSG00000108590
ENSG00000249087
ENSG00000175348
ENSG00000276015
ENSG00000233783
ENSG00000204954
ENSG00000142513
ENSG00000244198
ENSG00000243137
ENSG00000173638
ENSG00000223298
ENSG00000187147
ENSG00000102053
ENSG00000180818
ENSG00000197768
ENSG00000231794
ENSG00000106686
ENSG00000198569
ENSG00000185236
ENSG00000250619
ENSG00000232815
ENSG00000263050
ENSG00000279253
ENSG00000186281
ENSG00000284523
ENSG00000108509
ENSG00000127415
ENSG00000117682
ENSG00000284060
ENSG00000007402
ENSG00000105855
ENSG00000179409
ENSG00000250722
ENSG00000167191
ENSG00000168394
ENSG00000226245

0.921875113
0.919624839
0.918542814
0.916934228
0.913323686
0.911833754
0911487314
0.910801103
0.91002824
0.909229171
0.9077337
0.907545871
0.9038215
0.903264257
0.902558823
0.901938108
0.90004357
0.898763706
0.898540633
0.896387579
0.895964434
0.892251509
0.89224746
0.891594884
0.889965046
0.889373279
0.888573026
0.884848923
0.883970525
0.883221621
0.881015136
0.878822891
0.876514046
0.876005991
0.873580125
0.872605619
0.871468229
0.871343525
0.869933592
0.869716608
0.867106782
0.866840867
0.864406711

6.85E-07
0.005703075
0.007796324
0.005112821
4.95E-11
0.001121756
0.00343179
1.37E-13
0.004407009
0.001643427
2.24E-06
0.000646613
0.008759085
0.003027632
0.004249452
0.007061692
1.28E-26
0.010462569
2.01E-10
0.000890518
0.005213401
0.003431593
2.05E-08
9.48E-05
0.003769032
0.006916498
2.75E-17
0.000643787
0.00041155
8.57E-10
5.76E-07
0.000209767
1.83E-08
0.000284641
0.00018599
0.00014553
0.009078928
0.007881729
4.85E-07
6.50E-17
2.58E-09
1.94E-09
2.18E-05

1.92E-05
0.030684881
0.038800922
0.028442025
3.95E-09
0.008927184
0.021142118
1.65E-11
0.025482416
0.012085227
5.10E-05
0.005744302
0.04229141
0.019348665
0.02474656
0.036087662
5.21E-24
0.048551253
1.39E-08
0.007375184
0.028784606
0.021142118
9.09E-07
0.001216361
0.022652556
0.035499278
6.02E-15
0.005729558
0.004030189
5.19E-08
1.66E-05
0.002313121
8.29E-07
0.002959159
0.002093935
0.001723878
0.043550827
0.039127036
1.44E-05
1.37E-14
1.42E-07
1.10E-07
0.000362032
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LINC02029
CLDNI10
ACVR2A
NDRGI1
ODF3B
ZNF32-AS2
ACI113189.1
AC091132.5
AC079226.1
AL157935.1
FAM20A
AC148477.3
ACO016683.1
CAl4
AL671883.3
DDB2
AC011495.3
NDUFS7
FLG
SLC10A1
ACO11611.3
Cl4orfl166
RNF215
AC002070.1
CENPV
PEX12
ANXA2R
HACDA4
PDCD4
AC148477.2
PIGCP1
DCAF6
ZNF213
ACI129507.4
AC104365.3
AP001615.1
LTBP2
BBOF1
BRINP1
AVIL
FERILS
LRRC37A
METRN

ENSG00000241544
ENSG00000134873
ENSG00000121989
ENSG00000104419
ENSG00000177989
ENSG00000230565
ENSG00000262624
ENSG00000267198
ENSG00000248694
ENSG00000227218
ENSG00000108950
ENSG00000256943
ENSG00000234174
ENSG00000118298
ENSG00000271581
ENSG00000134574
ENSG00000268677
ENSG00000115286
ENSG00000143631
ENSG00000100652
ENSG00000257453
ENSG00000087302
ENSG00000099999
ENSG00000248636
ENSG00000166582
ENSG00000108733
ENSG00000177721
ENSG00000188921
ENSG00000150593
ENSG00000256542
ENSG00000213713
ENSG00000143164
ENSG00000085644
ENSG00000262920
ENSG00000267705
ENSG00000236883
ENSG00000119681
ENSG00000119636
ENSG00000078725
ENSG00000135407
ENSG00000249715
ENSG00000176681
ENSG00000103260

0.863180831
0.859839339
0.859571593
0.859565077
0.856642492
0.856270008
0.855528807
0.855277479
0.853362411
0.852471873
0.852136081
0.852099847
0.851937085
0.847934112
0.847617088
0.842250373
0.841725731
0.840936329
0.838645956
0.837942951
0.835177161
0.835161138
0.834565216
0.8328637
0.831774915
0.831715496
0.831661532
0.828313731
0.828066394
0.826648084
0.824442335
0.822626822
0.822412928
0.82172459
0.816707275
0.811669422
0.811238145
0.809858778
0.808244888
0.806425815
0.805263626
0.804296223
0.802901532

0.002288401
0.000821266
0.002712713
0.004399417
0.004882197
0.000186797
6.09E-07
0.008484638
1.44E-16
0.000322354
1.47E-05
3.81E-06
0.000458898
0.002798738
1.20E-17
7.49E-05
0.009089359
0.007187551
5.08E-11
0.00238828
1.85E-14
5.21E-12
5.19E-06
0.00709912
0.007234399
0.004093035
3.11E-06
0.000152383
7.58E-15
1.15E-13
5.06E-06
7.85E-16
0.007243006
6.87E-05
1.65E-10
5.51E-11
0.000138014
4.39E-08
1.91E-05
0.000107936
0.002373398
0.001969038
0.003799047

0.015640053
0.006937148
0.017818207
0.025456692
0.027523038
0.002101024
1.73E-05
0.041202126
2.93E-14
0.003276243
0.000259527
8.15E-05
0.004376229
0.018241223
2.67E-15
0.000995278
0.043565476
0.036588352
4.02E-09
0.016145153
2.57E-12
4.77E-10
0.00010609
0.036216243
0.036793527
0.024073078
6.82E-05
0.001790686
1.21E-12
1.40E-11
0.000103505
1.43E-13
0.036803096
0.000924329
1.16E-08
4.34E-09
0.001649742
1.75E-06
0.000325331
0.001356094
0.016078329
0.013916418
0.022754041
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AC005540.1
UBXN6
ACO015688.8
AL133410.2
AC141424.1
LIPA

ETV4
AC104365.1
AC091564.7
PRIMPOL
LRP2BP
ACO073834.1
AC072022.2
SLC24A5
SPAG7
AC025171.2
AL163636.1
PTPN18
GLS2
AC108863.1
NPB
AL358852.1
MXRAS
AP006621.1
ALDHO6A1
CRACR2B
EPS8L2
KMO
ZBTBS5
LDHALG6B
SRPK3
LINCO01465
AL358333.3
AC083964.1
ZSWIM8
AC010327.3
SLC6A6
SLAMEFS
PTPMTI1
PP7080
TRMT10B
CCDC107
AL355916.1

ENSG00000235852
ENSG00000167671
ENSG00000266872
ENSG00000228843
ENSG00000241525
ENSG00000107798
ENSG00000175832
ENSG00000267476
ENSG00000255680
ENSG00000164306
ENSG00000109771
ENSG00000237655
ENSG00000228804
ENSG00000188467
ENSG00000091640
ENSG00000215068
ENSG00000258451
ENSG00000072135
ENSG00000135423
ENSG00000253645
ENSG00000183979
ENSG00000278899
ENSG00000162576
ENSG00000255108
ENSG00000119711
ENSG00000177685
ENSG00000177106
ENSG00000117009
ENSG00000168795
ENSG00000171989
ENSG00000184343
ENSG00000221949
ENSG00000259007
ENSG00000272293
ENSG00000214655
ENSG00000267577
ENSG00000131389
ENSG00000158714
ENSG00000110536
ENSG00000188242
ENSG00000165275
ENSG00000159884
ENSG00000250548

0.802213314
0.800243044
0.799922285
0.799683691
0.798329678

0.79708851
0.794409117

0.79088965
0.790621383
0.789430647
0.788845318
0.788420202
0.786869567
0.786452468
0.785484709
0.784710235
0.783031812
0.780239307
0.779393176
0.778628957
0.776561912

0.77652264
0.775072102
0.774614921
0.774089438
0.773238859
0.770196496
0.770083179
0.769877783
0.768325013
0.767711539
0.767382168
0.766887097
0.766068916
0.765384826
0.764541763
0.763996581
0.762424344
0.761567961
0.761025136
0.760521964
0.758611305
0.757603427

1.18E-18
1.98E-08
1.58E-06
3.13E-07
6.79E-07
2.25E-15
0.008774673
7.11E-08
0.00043615
1.65E-06
1.32E-05
0.000173811
0.007741398
1.40E-10
0.010496058
2.74E-06
9.77E-05
7.86E-06
1.83E-06
5.53E-12
4.08E-10
0.001897293
1.03E-06
1.75E-10
9.96E-05
1.67E-06
4.65E-07
3.65E-12
7.33E-05
0.000878795
0.00110479
5.05E-07
0.002896988
1.19E-07
3.80E-06
5.77E-05
0.002694566
0.010685817
6.66E-15
0.000576902
8.37E-08
1.20E-05
1.18E-10

3.02E-16
8.80E-07
3.84E-05
9.95E-06
1.90E-05
3.80E-13
0.042349363
2.68E-06
0.004211716
3.93E-05
0.000234084
0.001983042
0.038592616
1.02E-08
0.048686969
6.14E-05
0.00124789
0.000149276
4.31E-05
5.02E-10
2.65E-08
0.013538991
2.70E-05
1.22E-08
0.00126709
3.97E-05
1.40E-05
3.37E-10
0.000980109
0.007307009
0.008821885
1.49E-05
0.018736818
4.28E-06
8.14E-05
0.000798665
0.017725105
0.049219774
1.08E-12
0.005269303
3.09E-06
0.000217839
8.58E-09
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AC009034.1
ST7-AS1
VEGFA
TMEMSB
AC233723.2
ARFGAP2
INE2
ACO003075.1
ARHGAP44
AC003102.1
SLC12A4
LYPDI1
GCC2-AS1
KCNABI1
AC005046.1
IMPDHIP10
CXCL16
CICP14
AP006621.4
GPR68
AC137834.2
PAX6
AC010768.1
PRKCA-ASI

KCNMAI-ASI1

NR1H3
AC010776.2
GNGI12-AS1
C19orf71
ZFPM2
HK2
BX470102.1
AL133375.1
NUDT4
KF459542.1
MARS
AL391834.1
ALB07752.2
AC025271.2
RPS27AP13
LETM2
CXXC5-AS1
LRRC28

ENSG00000261113
ENSG00000227199
ENSG00000112715
ENSG00000137103
ENSG00000280254
ENSG00000149182
ENSG00000281371
ENSG00000237773
ENSG00000006740
ENSG00000260793
ENSG00000124067
ENSG00000150551
ENSG00000214184
ENSG00000169282
ENSG00000273055
ENSG00000232133
ENSG00000161921
ENSG00000281490
ENSG00000269915
ENSG00000119714
ENSG00000276727
ENSG00000007372
ENSG00000254693
ENSG00000264630
ENSG00000236467
ENSG00000025434
ENSG00000267774
ENSG00000232284
ENSG00000183397
ENSG00000169946
ENSG00000159399
ENSG00000238279
ENSG00000245261
ENSG00000173598
ENSG00000231880
ENSG00000166986
ENSG00000272842
ENSG00000229257
ENSG00000261265
ENSG00000244159
ENSG00000165046
ENSG00000250635
ENSG00000168904

0.755457973

0.75515831
0.754677251
0.754371098
0.753573439
0.752536983
0.751720376
0.751259727
0.748985567
0.748564414
0.747522668

0.74723462
0.745947984
0.745280346
0.744792359
0.744230596
0.744048356
0.742636807
0.742598553
0.742548419
0.742522978
0.741891511
0.741422523
0.741326981
0.740678984
0.740535171
0.739253488
0.738331764
0.737629476

0.73669513
0.736351218
0.735661724
0.735494303
0.733160392
0.728822874
0.728204485
0.727169484
0.725678342
0.724937375
0.724273913
0.722851372

0.72201451
0.721767429

1.92E-06
0.000424486
0.000923659
0.000555265
0.000351828
0.00951434
0.000895675
1.05E-07
0.004872815
0.00108181
0.0016348
4.20E-15
1.73E-05
2.19E-05
0.00515532
8.32E-10
5.02E-05
3.97E-05
5.23E-13
0.000351136
3.49E-14
0.000802931
6.39E-08
0.001258546
5.86E-14
2.98E-05
1.01E-10
2.24E-05
4.33E-10
1.77E-06
1.19E-06
0.000179779
0.000604191
4.66E-06
9.18E-08
1.45E-10
0.000382264
2.15E-12
0.000804085
0.005507231
0.001692663
0.003154711
0.004203391

4.47E-05
0.004135981
0.007601684
0.005119185
0.003536243
0.045090031
0.007404535
3.78E-06
0.027495435
0.008679466
0.012047508
6.94E-13
0.000298615
0.000363071
0.028584193
5.07E-08
0.000715282
0.000586381
5.51E-11
0.0035323
4.68E-12
0.006822029
2.42E-06
0.009797912
7.52E-12
0.000464994
7.58E-09
0.000369492
2.79E-08
4.19E-05
3.03E-05
0.002043491
0.005447868
9.65E-05
3.36E-06
1.04E-08
0.0037747
2.08E-10
0.006826923
0.029972533
0.012361004
0.019923605
0.02457527
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EPHAS5-AS1
MMP24-AS1
NMRALI
BHLHE40-AS1
AC004771.2
C9orf139
PPIL2
PHLDAI
PRSS54
PLPP5
MSMP
GFAP
FRMDS5
AL109936.8
CD44-AS1
LOXLI-AS1
AC010542.4
CCRI10
TMEMS0
POLR2L
ANKMY1
TMEM44-AS1
MYLK-ASI1
CFAP52
MYBBPIA
GPX3
AC034236.2
AC087289.5
CBR3
AC090197.1
AC008906.1
ENTPD7
SERINC4
AC093591.2
SHQIP1
HLA-V
AC148477.4
TTN
THCAT158
AC090510.1
AC093462.1
SDCCAGS
AC025165.2

ENSG00000250846
ENSG00000126005
ENSG00000153406
ENSG00000235831
ENSG00000234203
ENSG00000180539
ENSG00000100023
ENSG00000139289
ENSG00000103023
ENSG00000147535
ENSG00000215183
ENSG00000131095
ENSG00000171877
ENSG00000284726
ENSG00000255443
ENSG00000261801
ENSG00000261519
ENSG00000184451
ENSG00000177042
ENSG00000177700
ENSG00000144504
ENSG00000231770
ENSG00000239523
ENSG00000166596
ENSG00000132382
ENSG00000211445
ENSG00000271918
ENSG00000267801
ENSG00000159231
ENSG00000253837
ENSG00000248734
ENSG00000198018
ENSG00000184716
ENSG00000261668
ENSG00000231588
ENSG00000181126
ENSG00000277011
ENSG00000155657
ENSG00000263293
ENSG00000246283
ENSG00000277324
ENSG00000054282
ENSG00000257342

0.721439616
0.720954878
0.720757353
0.718440087
0.717504449
0.717216862
0.714979077
0.714655364

0.71369191
0.713530539
0.711555566

0.71060916
0.709932232
0.708232048
0.707645438

0.70736087
0.706495523
0.706336241
0.705135277
0.703248847
0.702322701
0.699194755
0.697729503
0.697605309
0.697368976
0.696540256
0.695179907
0.695053408

0.69359647
0.693069427
0.692999026
0.692804143
0.692443971
0.689475359
0.688365017
0.686073335
0.685694229
0.685463667
0.685111947
0.684700251
0.684149085
0.683759407
0.683738407

5.91E-08
5.24E-14
0.003568843
1.41E-06
0.006706528
0.002917726
0.007411567
0.000352641
8.63E-06
0.001896343
6.50E-09
1.93E-06
0.003110362
0.00130688
3.78E-13
0.000129956
0.005337826
0.002641006
5.35E-07
6.56E-16
2.46E-05
0.001832761
0.000314617
0.000379077
5.06E-07
3.60E-05
4.92E-06
9.07E-09
0.007060047
2.63E-12
5.88E-09
0.002219302
4.20E-08
0.001937609
0.009251
0.006312955
1.95E-07
0.008508338
0.005597649
3.23E-08
0.005427878
3.54E-05
4.23E-15

2.25E-06
6.80E-12
0.021725789
3.48E-05
0.034723406
0.018798878
0.037358345
0.003540788
0.000162504
0.013538991
3.20E-07
4.48E-05
0.019727916
0.010107565
4.21E-11
0.001573602
0.02930717
0.017463766
1.55E-05
1.21E-13
0.000400203
0.013142018
0.003219776
0.003755787
1.49E-05
0.00053831
0.000101308
4.30E-07
0.036087662
2.48E-10
2.92E-07
0.015229492
1.69E-06
0.013768451
0.044161
0.033195014
6.58E-06
0.041283269
0.030283203
1.33E-06
0.02965439
0.000531583
6.94E-13
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SBF2-ASl1
ZSCAN16-AS1
FBXOS8
ACAPI1
MRPL34
AC079922.2
ABR
MIR3918
TMEMBS7A
Cl140rf93
HDDC2
SPTB
VCAN-ASI1
AC100861.2
AC007485.2
SLC25A4
RDH10-AS1
ALB07752.3
RNF2P1
AL390719.1
AC112211.1
AC108058.1
TP53113
AC060780.1
ELMOD3
KCNIP1
MNSI1
TMX2P1
AC015849.3
AP001178.3
AL391421.1
EML2
BDNF-AS
RNF213
SMIM27
AC131971.1
ETFBKMT
FRMD3
KBTBD4
Cl6orfd5
SLC9A3
INO8OD
AC063952.1

ENSG00000246273
ENSG00000269293
ENSG00000164117
ENSG00000072818
ENSG00000130312
ENSG00000237753
ENSG00000159842
ENSG00000265558
ENSG00000103978
ENSG00000100802
ENSG00000111906
ENSG00000070182
ENSG00000249835
ENSG00000250714
ENSG00000279059
ENSG00000151729
ENSG00000250295
ENSG00000231864
ENSG00000231381
ENSG00000217801
ENSG00000272149
ENSG00000238273
ENSG00000167543
ENSG00000267002
ENSG00000115459
ENSG00000182132
ENSG00000138587
ENSG00000213839
ENSG00000270871
ENSG00000266456
ENSG00000204049
ENSG00000125746
ENSG00000245573
ENSG00000173821
ENSG00000235453
ENSG00000183562
ENSG00000139160
ENSG00000172159
ENSG00000123444
ENSG00000166780
ENSG00000066230
ENSG00000114933
ENSG00000240661

0.682707753
0.68193376
0.680554385
0.679650771
0.678570717
0.676358456
0.676274418
0.675703224
0.675694805
0.675332672
0.674958902
0.674429273
0.674139014
0.673883455
0.671759062
0.67158839
0.671516729
0.670179452
0.670110272
0.669057124
0.666679792
0.666481
0.666201755
0.664578044
0.664544147
0.664110379
0.663980688
0.663212366
0.662763316
0.661338017
0.659683651
0.658918417
0.658518534
0.657559971
0.65743312
0.657045014
0.656861926
0.65595657
0.6546953
0.65457209
0.65448557
0.654334835
0.654142715

4.87E-09
0.003079655
0.000170589
1.85E-06
0.001669207
3.73E-06
3.19E-05
0.001523908
0.000814218
0.001462822
3.10E-09
1.99E-09
1.04E-14
1.66E-05
0.000876373
0.010895682
0.003326112
3.72E-16
0.010929821
0.007921408
4.34E-06
3.04E-09
0.000734665
0.000606952
2.99E-10
0.00336084
0.006612942
1.56E-09
0.001451332
0.005697153
5.52E-05
0.001380712
8.06E-13
1.95E-07
1.59E-06
5.68E-05
0.0025453
0.001334651
1.14E-06
0.009651889
2.64E-08
0.006683726
1.16E-10

2.46E-07
0.019581381
0.001955982
4.32E-05
0.012236708
8.00E-05
0.000490195
0.011376328
0.006893125
0.01102484
1.65E-07
1.13E-07
1.60E-12
0.000287953
0.007298984
0.049875196
0.020685298
7.09E-14
0.049973359
0.039275233
9.09E-05
1.64E-07
0.006340045
0.005467665
1.95E-08
0.020835444
0.034344256
9.04E-08
0.010959226
0.030668677
0.000771259
0.010575098
8.35E-11
6.58E-06
3.85E-05
0.000788056
0.016944754
0.010281951
2.90E-05
0.045613768
1.11E-06
0.034650922
8.49E-09

179



AC234782.2
PYMI
AC091053.1
FAAP100
SOX6
AC005703.6
UNKL
YRDC
PSD4
WDR6
SNAPC3
TMC3
AC007639.1
IL10RB-ASI
KATNAL2
AC068724.2
AL136980.1
AL391834.2
AC005696.2
AC018413.1
AL162419.1
PEX10
LACTB2-AS1
MCM3AP-ASI
AC092881.1
IQCK
AL596223.2
FERMT1
AC124066.1
AC234582.1
AC087276.4
TAPBP
TOMILI
TOPORS
PPID

NIP7
AC019197.1
GLIS3-AS1
AC091153.4
PLXNCI
AC025262.3
NAV2-AS2
SUN2

ENSG00000231728
ENSG00000170473
ENSG00000254665
ENSG00000185504
ENSG00000110693
ENSG00000279660
ENSG00000059145
ENSG00000196449
ENSG00000125637
ENSG00000178252
ENSG00000164975
ENSG00000188869
ENSG00000263680
ENSG00000223799
ENSG00000167216
ENSG00000261687
ENSG00000225408
ENSG00000273226
ENSG00000272770
ENSG00000265778
ENSG00000228322
ENSG00000157911
ENSG00000246366
ENSG00000215424
ENSG00000279530
ENSG00000174628
ENSG00000231748
ENSG00000101311
ENSG00000265263
ENSG00000231064
ENSG00000255340
ENSG00000231925
ENSG00000141198
ENSG00000197579
ENSG00000171497
ENSG00000132603
ENSG00000236283
ENSG00000237009
ENSG00000261898
ENSG00000136040
ENSG00000280320
ENSG00000254453
ENSG00000100242

0.653796355
0.653371037
0.653164503
0.652254618
0.651523649
0.651357886
0.649227556
0.648744068
0.644458701
0.642632542
0.641928285
0.641474837
0.641229375
0.640718918
0.640711145
0.640667009
0.639147158
0.639079491
0.638783822
0.638305144
0.638285604
0.637730622
0.637184167
0.636682163
0.635968431
0.635476158

0.63540174

0.63490561
0.633651637
0.632468567
0.632309618
0.631729073
0.629407552
0.628824045
0.628780172
0.628330514
0.626743398
0.626041832
0.625473848
0.624809115
0.624726134
0.623172072
0.623121299

0.004906938
0.009444017
1.21E-07
0.004744247
0.001196406
3.45E-11
4.33E-06
4.45E-05
0.008182485
7.19E-06
6.71E-10
0.005697466
2.81E-05
4.24E-08
0.009445511
5.87E-06
0.000257996
0.000154819
2.06E-15
0.005907939
0.009705461
1.29E-11
2.08E-08
1.13E-14
0.000648478
7.48E-06
7.90E-08
3.59E-05
7.92E-12
0.000447506
0.000492419
0.002025941
2.25E-10
0.000391682
0.0027649
0.007986581
0.003080627
0.001997519
1.32E-06
0.001462094
1.08E-06
6.87E-05
1.23E-05

0.027556316
0.044835805
4.31E-06
0.026976197
0.00940716
2.83E-09
9.09E-05
0.000647468
0.040187961
0.000138724
4.17E-08
0.030668677
0.000443636
1.70E-06
0.044835805
0.000116529
0.002732672
0.001808517
3.52E-13
0.031528586
0.045808137
1.10E-09
9.17E-07
1.68E-12
0.005753963
0.00014301
2.94E-06
0.000537476
6.98E-10
0.004293715
0.004656281
0.014174387
1.52E-08
0.003858016
0.018060544
0.039531234
0.019581381
0.014033732
3.29E-05
0.01102484
2.80E-05
0.000924329
0.000221423
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ARRDCI
ILK
GLIPR1
AP001178.2
SLC6A9
AL671277.1
S100A1
ANKRD37
PGMS5P2
FBN1
AC020934.2
ACO025171.1
TSSK2
AC093724.1
HDACS
AC005324.5
WDR?73
TBCIDS
AC007686.3
AC090236.1
ZNF2
SEC14L2
CLU
NFE2L3
PUSLL1
MASP2
LINC00621
FAMS57A
HSD17B6
CPM
FNDC8
MRPS7
AL160408.2
AL358790.1
CDKN2C
TUBGCP4
EMC9
APIG2
TSPOAP1-ASI
ACO005775.1
GGACT
RNU6-395P
ANKRD6

ENSG00000197070
ENSG00000166333
ENSG00000139278
ENSG00000265490
ENSG00000196517
ENSG00000227766
ENSG00000160678
ENSG00000186352
ENSG00000277778
ENSG00000166147
ENSG00000267735
ENSG00000177738
ENSG00000206203
ENSG00000213222
ENSG00000108840
ENSG00000266261
ENSG00000177082
ENSG00000204634
ENSG00000273729
ENSG00000267396
ENSG00000275111
ENSG00000100003
ENSG00000120885
ENSG00000050344
ENSG00000169972
ENSG00000009724
ENSG00000262619
ENSG00000167695
ENSG00000025423
ENSG00000135678
ENSG00000073598
ENSG00000125445
ENSG00000228830
ENSG00000282772
ENSG00000123080
ENSG00000137822
ENSG00000100908
ENSG00000213983
ENSG00000265148
ENSG00000266933
ENSG00000134864
ENSG00000202532
ENSG00000135299

0.623084841
0.623061675

0.62273243
0.622672616
0.622273698
0.621627602
0.621321329
0.619279583
0.618443627
0.618334351
0.616173602
0.615668058
0.615353886
0.615039164
0.614330458
0.612660765
0.612225814
0.611633926
0.611518251
0.610473797
0.609168397
0.607928657
0.606967508
0.605759243
0.605748699
0.605619078
0.605519472

0.60550105

0.60514196
0.603846071
0.603323247
0.602749804
0.601949517
0.601536008
0.600709123
0.600310807
0.599722837
0.599240327
0.598990943
0.598868095
0.597598168
0.596947114
0.596149566

2.19E-05
5.67E-09
1.48E-14
0.000306546
0.002694631
5.75E-10
0.000916544
7.14E-06
3.44E-05
0.000180657
2.19E-06
8.67E-07
0.003556152
3.76E-07
0.000929524
1.42E-10
8.49E-06
7.12E-07
2.81E-06
0.000199151
0.004043449
0.00697667
0.006524665
3.06E-06
9.07E-05
0.000262847
8.44E-08
3.24E-05
8.04E-07
2.64E-05
0.003249202
0.00012416
1.38E-13
0.000646707
0.00306719
1.13E-11
4.70E-07
5.74E-06
7.73E-11
0.005370294
3.91E-06
0.000112343
0.00026728

0.00036265
2.83E-07
2.16E-12

0.003153577
0.017725105
3.63E-08
0.007548389
0.000137994
0.000520244
0.002044104
5.01E-05
2.33E-05
0.021681564
1.16E-05
0.007633988
1.03E-08
0.000160343
1.98E-05
6.27E-05
0.002208423
0.023864635
0.035730476
0.034020438
6.73E-05
0.001173343
0.002774108
3.10E-06
0.000495104
2.19E-05
0.000422351
0.020324725
0.001511681
1.65E-11
0.005744302
0.019527499
9.72E-10
1.41E-05
0.000114605
5.85E-09
0.029458044
8.33E-05
0.001392633
0.002813344

181



AC012640.1
RCCIL
RNF207
PSMB10
AL121748.2
MTBP
CRLS1
794160.2
AC106786.2
LDLRAD?2
PHKG2
SLC25A26
AC008734.1
ITGB1BPI
AC022966.2
BCAN

Appendix C: Genomic Sequencing at RB/ locus in wild-type and RB1 KO

‘ U TRV Y Y
RB1-KO 1 ‘A“JJLJRM_LA_A_JIUJM\.J{VUU‘H___AM(\ TCATGCCGCC

RB1-KO2 '\

ENSG00000248968
ENSG00000274523
ENSG00000158286
ENSG00000205220
ENSG00000238258
ENSG00000172167
ENSG00000088766
ENSG00000272694
ENSG00000249996
ENSG00000187942
ENSG00000156873
ENSG00000144741
ENSG00000269300
ENSG00000119185
ENSG00000267601
ENSG00000132692

0.595310433
0.594380513
0.592622008
0.592529909
0.591836693
0.591523385
0.590508081

0.58964097
0.588779272
0.588534697
0.588097685

0.58742285
0.586516278
0.585976091

0.58590163
0.585231051

monoclonal cells

6.21E-05
0.000173957
0.001956108
0.010805434
6.53E-12
2.63E-10
1.75E-09
5.35E-06
4.70E-05
3.50E-09
0.000101065
2.65E-05
0.002802448
1.68E-14
2.54E-12
0.001164661

0.000842617
0.001983042
0.013854164
0.049622767
5.84E-10
1.74E-08
1.00E-07
0.00010831
0.000676893
1.85E-07
0.001283413
0.000423107
0.018255326
2.39E-12
2.42E-10
0.009194284

TCATGCCGCCCAAAACCCCCCGAAAAACGGCCGCCACCGCCGCCGC
TCATGCCGCCCAAAACCCCCCGAAAAA-GGCCGCCACCGCCGCCGC

AAAGATACCAGATCATGTCAGAGAGAGAGC
: I AAAGATACCAGAT=ATGTCAGAGAGAGAGC
LA_II\/\J‘;AAJ\Z\/WU\J MLJMJ‘NLJ\ML AAAGATACCAGAT====TCAGAGAGAGAGC

WT
Allele 1
Allele 2

ACCGCCGCCGC
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WT
Allele 1
Allele 2
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