UNIVERSITA’ VITA-SALUTE SAN RAFFAELE

CORSO DI DOTTORATO DI RICERCA INTERNAZIONALE
INMEDICINA MOLECOLARE

CURRICULUM IN IMMUNOLOGIA E ONCOLOGIA DI BASE E APPLICATE

Dissecting the functions of promyelocytic leukemia gene in

renal cancer

DoS: Dr. Rosa Bernardi

Second Supervisor: Prof. lan Frew

Tesi di DOTTORATO di RICERCA di Matilde Simoni

matr. 013954
Ciclo di dottorato XXXIV
SSD: B/13

Anno Accademico 2020/2021


bernardi.rosa
Placed Image


CONSULTAZIONE TESI DI DOTTORATO DI RICERCA

I1/1a sottoscritto/I Matilde Simoni
Matricola / registration

013954
number
nat_a/ born at Fiesole
il/on 22/12/1991

autore della tesi di Dottorato di ricerca dal titolo / author of the PhD Thesis titled

Dissecting the functions of promyelocytic leukemia in renal cancer

X AUTORIZZA la Consultazione della tesi / AUTHORIZES the public release of the
thesis

] NON AUTORIZZA la Consultazione della tesi per ...... mesi /DOES NOT
AUTHORIZE the public release of the thesis for ...... months

a partire dalla data di conseguimento del titolo e precisamente / from the PhD thesis
date, specifically

Dal / from ...... [o..... [o..... Al/to ...... /... [ooo...
Poiché /because:

O I’intera ricerca o parti di essa sono potenzialmente soggette a brevettabilita/ The
whole project or part of it might be subject to patentability;

O ci sono parti di tesi che sono gia state sottoposte a un editore o sono in attesa di
pubblicazione/ Parts of the thesis have been or are being submitted to a publisher or
are in press;

O la tesi & finanziata da enti esterni che vantano dei diritti su di esse e sulla loro
pubblicazione/ the thesis project is financed by external bodies that have rights over
it and on its publication.

E’ fatto divieto di riprodurre, in tutto o in parte, quanto in essa contenuto / Copyright the
contents of the thesis in whole or in part is forbidden

Data /Date 31/01/2022

Firma/Signature...... L}



DECLARATION

This thesis has been composed by myself and has not been used in any previous application for a degree.

Throughout the text [ use both ‘I’ and “We’ interchangeably.

All the results presented here were obtained by myself, except for:

1)Evaluation of PML expression in ccRCC and normal tissue and cell lines.

Sample preparation, immunohistochemistry, tumor staging ad western blotting analyses (Results,
chapter 1, figure 7), were performed by Dr. S. Signoretti, Brigham and Women’s Hospital in
Boston, USA, and Dr. Rosa Bernardi, Preclinical models of cancer Unit, San Raffaele Scientific

Institute, Milan, Italy.

2) Transmission electron microscopy.

Electron-microscopy specimens (Results, chapter 3.1.7, figures 23, 25, 26 and 27), were processed
by Dr. A. Raimondi, Alembic, Experimental Imaging Centre, San Raffaele Scientific Institute,

Milan, Italy.

3)Bioinformatic analysis of RNA-sequencing data.

Bioinformatic analysis (Results, chapter 3.1.9, figures 30, 31 and 32), was performed by Dr. E.
Zapparoli, Centre for Translational Genomics and Bioinformatics, San Raffaele Scientific

Institute, Milan, ltaly.

4) Immunohistochemistry and images acquisition

Sample preparation, immunohistochemistry and slide scanning (Results, chapter 3.1.10, figures
35, 36, 37, 38, 39 and 40), were performed by Dr. A. Fiocchi, Alembic, Animal Histopathology

facility, San Raffaele Scientific Institute, Milan, Italy.

All sources of information are acknowledged by means of reference.



ABSTRACT

The role of the promyelocytic leukemia gene (PML) has long been investigated in cancer,
where it was found to play tumor-suppressor and oncogenic functions. We previously
found that PML is over-expressed in triple negative breast cancer (TNBC), promoting
metastatic dissemination by enhancing HIF1la transcriptional program. HIFla and its
paralogue HIF2a., are overexpressed in clear cell renal cell carcinoma (ccRCC) and play
key roles in cancer progression. We found that PML is overexpressed in ccRCC and is a
marker of unfavorable clinical outcome, leading us to hypothesize that the oncogenic
PML-HIFa axis is conserved in these tumor settings. Unexpectedly, here demonstrate
that PML is not involved in cell migration and invasion in ccRCC, but rather it is essential
for cell proliferation and tumor progression in vitro and in vivo, showing a non oncogene
addiction to PML. Moreover, PML inhibition leads to extensive morphological
rearrangements akin to aberrant differentiation, and strongly suggestive of cell
senescence. Accordingly, profiling of the PML-regulated transcriptome revealed that
PML suppresses genes involved in cholesterols biosynthesis and glycolytic pathways
while positively regulating gene networks implicated in cell proliferation, partially
through regulation of HIF1a and HIF2a gene networks, but most prominently in a self-
directed manner.

In this work, we characterized a previously unreported role of the PML gene in ccRCC
as a requirement for growth and metabolic decisions. Moreover, we dissected the
feasibility of PML pharmacological targeting to repurpose arsenic trioxide as a cytostatic

drug in ccRCC therapy.
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1. INTRODUCTION

1.1 Promyelocytic leukemia (PML) protein

1.1.1 Discovery of PML and its therapeutic targeting by arsenic trioxide
Promyelocytic leukemia (PML) gene was discovered in patients affected by acute
promyelocytic leukemia (APL) in 1990. Here, PML was cloned at the breakpoint of the
typical chromosomal translocation t(15;17), which juxtaposes PML sequence to the
nuclear retinoic acid receptor o (RARa)gene (de Thé et al, 1991; Goddard et al, 1991;
(Pandolfi et al, 1992) (Figure 1).

394 552 aa
PML v '
Chr 15 RS
v
RARa T T
Chr 17 [ ‘Zn fingers RA blnding]
PML-RARa

1(1517) RBCC | Znfingers RA binding |

Figure 4. The PML-RARa fusion protein. PML-RAR« fusion protein results from a
chromosomal translocation between PML (on chromosome 15) and RAR « (on chromosome 17)
genes. The two main breakpoints within PML are shown by the arrows, corresponding to amino
acids (aa) 394 and 552. The fusion protein preserves the RBCC (RING, B-boxes, Coiled-Coil)
domain of PML and the Zinc fingers and RA binding domains of RARa. Created with
Biorender.com

This chromosomal rearrangement generates the PML-RARa fusion protein, which
exhibits strong oncogenic properties. When ectopically expressed, PML-RARa induces
in vitro transformation of murine hematopoietic progenitors and initiates leukemia
development in mice (Altabef et al, 1996; Brown et al, 1997). Structurally, PML-RARa.
contains the N-terminal region of PML and the C-terminal domains of the RARa
transcription factor (Figure 1). Typically, t(15;17) involves only one chromosome 15 and

one chromosome 17, with the other copies remaining intact and expressing wild type
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proteins. However, PML-RARG acts in a dominant-negative manner (Brown et al, 1997)
and inhibits the physiological functions of wild type PML and RAR«, namely the
formation of nuclear condensates known as PML nuclear bodies (PML-NBs), and
activation of RARa transcriptional program needed for promyelocytic differentiation.
Mechanistically, the chimeric protein inhibits RARa transcriptional activity by recruiting
transcriptional co-repressor complexes onto RAR« target genes, thus blocking myeloid
differentiation. At the same time, PML-NBs are disaggregated by interactions with PML-
RARa, and as a consequence promyelocytes are blocked in an undifferentiated and
hyperproliferative state (Mazza & Pelicci, 2013).

Nowadays, APL patients are successfully cured by combined treatment with all-trans
retinoic acid (ATRA) and arsenic trioxide (ATO) (Lo-Coco et al, 2013; Lo-Coco et al,
2016). Notably, these two compounds act synergistically to induce PML-RARa
degradation, thus inducing differentiation and apoptosis of APL blasts via re-expression
of RARa target genes and reconstitution of physiologic PML-NBs (de Thé et al, 2012).
ATRA acts selectively onto the RARa moiety and induces its conformational switch from
a transcriptional co-repressor to a transcriptional co-activator thus promoting expression
of canonical RARa target genes (Melnick & Licht, 1999). On the other hand, ATO
selectively targets the PML moiety and directs PML-RARa to proteasomal-mediated
degradation. The mechanism of PML-RARa degradation by ATO has been described as
a multi-step process (Figure 2): i) ATO oxidases thiol groups of cysteine residues in the
RING (Really Interesting New Gene) finger of the PML moiety, generating arsenic-sulfur
bonds; ii) the formation of arsenic-sulfur bonds lead to PML-RARa conformational
changes that facilitate its oligomerization by exposing SUMOylation sites within PML,
and the consequent formation of PML-RARa aggregates; iii) the SUMO-conjugating
enzyme UBC9 is recruited into PML-RAR« aggregates; iv) extensive SUMOylation
promotes PML-RARa ubiquitination mediated by RNF4 and subsequent proteasomal-
mediated degradation of the oncogenic fusion protein (Lallemand-Breitenbach et al,
2008; May et al, 2010). Thus, once the dominant-negative effect of PML-RARa is
relieved, PML monomers undergo self-assemble and restore physiological PML-NBs,
inducing apoptosis and eradicating APL cells (Takahashi et al, 2004).

Importantly, since ATO targets the N-terminal region of the PML protein, beside PML-

RARa it also induces degradation of the wild-type protein. As discussed later in more
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detail, as it is increasingly emerging that PML is involved in the pathogenesis of a number
of solid tumors beside to APL, and the ability of ATO to target PML makes this protein

an attractive and druggable target in pathological contexts characterized by PML

deregulation.

AT0O

] ] o] gl|ls(|ls]| |3
o o o ||| | o
< < < <g|(<| || [
o > [ O (== | » ||| || a2
= | < | | =
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L Sumoylation
%, SUMO
RNF4 Y
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Figure 5. Arsenic trioxide induces PML-RARe« proteasomal-mediated degradation by acting
onto the PML moiety. Arsenic trioxide (ATO) oxidizes thiol functional groups (SH) present at
cysteine residues. Intermolecular arsenic disulfuric bonds formation lead to the oligomerization
of PML-RAR«a molecules. Subsequently, UBC9 SUMOylates PML-RAR« aggregates, RNF4 is
recruited to allow ubiquitination of PML-RAR« and consequent proteasomal-mediated
degradation. Created with Biorender.com

1.1.2 The genetic structure of PML

The PML gene (also known as TRIM19) encodes a member of the TRIM (TRIpartirte
motif) family of proteins, whose genomic locus maps in 15922. The PML gene spans
35kb and is partitioned in 9 exons (Figure 3). PML primary transcript undergoes extensive
alternative splicing reactions, resulting in 11 PML transcript variants, 7 of which have
been fully characterized and shown to encode for protein isoforms PMLI-VII, according

to Jensen’s nomenclature (Jensen et al, 2001) (Figure 3).
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PMLII
PMLII
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PMLIV
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Figure 3. The genetic structure of the PML gene and its isoforms. The PML gene is composed
by 9 exons and alternative splicing leads to the formation of 7 PML isoforms, named PMLI-VII.
Exons 1-6 are contained by most isoforms, except for PMLVII that contains exon 4 and not exons
5 and 6. Exons 7a, 7b, 8a and 8b are alternatively spliced in different combinations giving rise
to PML C-terminal variability. Exon 9 is exclusively present in PMLI. PMLI-VI isoforms are
localized in the nucleus, while PMLVII is cytoplasmic. Created with Biorender.com

At the protein level (Figure 4), PML harbors a highly conserved N-terminal RBCC
domain (RING finger, B-boxes, coiled-coil) also known as TRIM, and variable and less
characterized C-terminal domains that specify each isoform (Jensen et al, 2001; Nisole et
al, 2013) (Figure 3 and 4). The RBCC motif is encoded by exons 1-3 and comprises three
cysteine-rich zinc binding domains; a RING finger (R) and two B-boxes (B), and an [1-
helical coiled-coil (CC) motif (Figure 4). The RBCC domain is crucial for PML self-
aggregation and the biogenesis of PML-NBs via self-interaction sites within the RING
finger and one B box. Other structural features that are conserved among the majority of
PML isoforms are: i) a nuclear localization signal (NLS) encoded by exon 6 (that is
spliced out in PMLVII thus causing its cytoplasmic localization) (McNally et al, 2008);
ii) a SUMO-interacting domain (SIM) in exon 7a that is absent in PMLVI and VII (Figure

3).
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Figure 4. Protein structure of the PML isoforms. All PML isoforms share the N-terminal RBCC
domain. At the C-terminal, PML I-VI contain a NLS. PML I-V contains a SIM which is not present
in PML VI. In PML VII both the NLS and the SIM are lacking. Few isoform specific C-terminal
domains or motifs have been identified. PML | harbors a NES and an exonuclease 111 (Exo-I1I)
domain, partly present in PML IV, while PML V contaisn a C-terminal alpha-helix motif. Created
with Biorender.com

In addition to the RBCC domain, SIM motifs mediate PML homo-multimerization with
SUMOylated PML moieties or with other SUMOylated PML interactors (Jensen et al,
2001; Condemine et al, 2006) and contribute to the formation of mature PML-NBs.
Finally, alternative splicing of exons from 4 to 9 allows specification of PML C-terminal
regions, which does not contain well-defined structural motifs (Figure 4). Notably, unique
PML C-terminal regions promote isoform specific interactions with a spectrum of protein
partners (Nisole et al, 2013). In conclusion, because of the high degree of complexity and
extraordinary variability of PML C-terminal composition, it is being suggested that each
isoform might exert unique functions dictated by specific interactions with different
proteins (Jensen et al, 2001; Nisole et al, 2013).

1.1.3 The biogenesis of PML-NBs

An essential aspect of PML proteins is their extraordinary ability to self-assembly in
membrane-less organelles called PML-NBs. These structures usually appear as nuclear
speckles with a toroidal donut-shaped architecture, in which PML and its interactors
localize to the outer shell and surround an inner core of proteinaceous nature. PML homo-
and heteromerization are principally mediated by the RBCC and SIM domains.
Originally, the mechanism underlying PML-NBs biogenesis, was described as a well-
ordered cascade of events (Figure 5) : i) free PML monomers interact via non-covalent

interactions mediated by their RBCC domains and nucleate in a given point within the
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nucleus; ii) PML undergoes extensive lysine SUMOQylation mediated by UBC9, with
SUMOL1 localizing to the outer shell along with PML, while SUMO2/3 poly-chains
localize into the inner core; iii) other SUMOylated client proteins are recruited to the
PML-NBs through SUMO/SIM interactions (Figure 5) (Hoischen et al, 2018).
Alternatively, it has been proposed that the first step of PML-NBs assembly, consists of
oxidation-mediated PML multimerization and subsequent recruitment of partner proteins
through polarized SIM/SUMO interactions (Sahin et al, 2014).
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PML monomers SUMOylation Maturation

Figure 5. The model of PML-NBs biogenesis. PML oligomers are formed as a consequence of
the non-covalent interaction of PML monomers through their RBCC, initiating the nucleation
step. UBC9 SUMOylates nucleating PML, and SUMO1 and PML start to form the outer shell
surrounding the inner core with protruding SUMO2/3 chains. Finally, SUMOQylated PML client
proteins are recruited into PML-NBs that reach maturation. Created with Biorender.com

Interestingly different types of PML aggregates can be observed within the nucleus, from
condensed aggregates to empty spheres with toroidal topology (Carracedo et al, 2011; Li
et al, 2017; Fonin et al, 2021). It has been suggested that the presence within the same
nucleus of morphologically heterogeneous PML-NBs might represent different states of
their maturation, from condensed PML aggregates to toroidal, mature PML-NBs, where
PML and PML interactors dispose at the outer shell (Lallemand-Breitenbach & de The,
2010; Fonin et al, 2021). However, recently it has been proposed that PML-NBs can also
assemble in a more disordered manner via liquid-liquid phase separation (Banani et al,
2016; Hoischen et al, 2018; Corpet et al, 2020). Accordingly, PML C-terminal tails
(containing a huge number of charged amino acids and tandem repeats that are

intrinsically prone to phase separation (Das et al, 2020; Fonin et al, 2021).
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1.1.4 PML-NBs are highly dynamic and heterogeneous structures

PML is ubiquitously expressed in mammalian tissues and mainly resides in the nucleus.
Notably, PML moieties exchange from the nucleoplasm to the PML-NBs (Lallemand-
Breitenbach & de The, 2010), but the function of nuclear soluble PML has not been
characterized so far.

Typically, 1-30 discrete 0.2-1 [Om wide PML-containing speckles are visible in
mammalian nuclei. These bodies lie juxtaposed to chromatin in the inter-chromosomal
space and are physically associated with the nuclear matrix (Lallemand-Breitenbach et
al, 2001; Bernardi & Pandolfi, 2007; Lallemand-Breitenbach & de The, 2010). Although
the vast majority of PML interactors are transcription factors and regulators of chromatin
dynamics (Corpet et al, 2020), nucleic acids are mostly absent from the PML-NBs but
can be found at their periphery. Indeed, PML-NBs are spatially associated with chromatin
and juxtaposed to sites of active transcription, as well as to nascent RNA (Corpet et al,
2020).

The expression of PML and the number of PML-NBs differ on the basis of the tissue
compartment (Bernardi & Pandolfi, 2007) and of the cell differentiation stage (Aoto et
al, 2006; Labbaye et al, 1999). As examples, in the mouse neocortex, Pml expression is
restricted to neural progenitor cells, where it regulates cell fate and lineage commitment
(Regad et al, 2009). Moreover, the number, size and dynamics of PML-NBs differ during
the cell cycle (KieRlich et al, 2002; Dellaire et al, 2006a; Dellaire et al, 2006b, Lang et
al, 2019), and on the basis of specific stimuli or stressors to which cells are exposed
(Lallemand and & Thé, 2010). During cell cycle progression, the high dynamicity of
PML-NB:s is particularly evident in S phase, when PML-NBs undergo partitioning via a
fission mechanism caused by chromatin de-condensation due to DNA replication that is
associated to PML deSUMOylation and PML-NBs disaggregation into micro-speckles
(Chang et al, 2018). As a consequence, PML-NBs increase in number, so that they are
twice as many in G2 than in G1 (Dellaire et al, 2006b). Another evident change in PML-
NB distribution occurs in mitosis, when PML-NBs condense into Mitotic Accumulations
of PML protein (MAPPs), which disperse into the mitotic cytoplasm after nuclear
envelope disruption. A subset of MAPPs remains associated with mitotic chromatin and

allows reconstitution of PML-NBs in the nucleus of daughter cells (Dellaire et al, 2006a).
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PML-NBs also undergo rearrangements and increase in their number and size following
exposure to interferony (Regad & Chelbi-Alix, 2001).

Intriguingly, some nuclear bodies stand as alternative structures that differ from the
canonical PML-NBs in terms of shape and/or specialization, such as PML aggregates in
cells undergoing alternative lengthening of telomeres (ALT), which contain telomeric
DNA and are functionally involved in telomere maintenance (Hsu et al, 2012; Loe et al,
2020; Zhang et al, 2021b) or giant toroidal PML-NBs in immunodeficiency-centromeric
region instability-facial anomalies syndrome (ICF), which contain satellitte DNA and
promote its heterochromatinization after DNA replication (Luciani et al, 2005).

Thus, PML is found in heterogeneous aggregates that may regulate specific processes.
The reason for such heterogeneity is not well known. It is possible that different PML
isoforms may drive the assembly of dedicated and specialized nuclear bodies by
interacting with specific client proteins (Lallemand-Breitenbach & de Thé, 2010) via their
unique C-terminal regions (Nisole et al, 2013). To cite a few relevant examples, it has
been shown that PMLIV is the main component of ALT-associated PML nuclear bodies
(APBs) (Yu etal, 2010; Hsu et al, 2012; Loe et al, 2020; Zhang et al, 2021b), and PMLII
forms particular PML bodies in a cell-type specific manner, like thread-like NBs in
senescent cells (Wang et al, 2020), or lipid-associated PML-NBs in hepatocytes (Ohsaki
et al, 2016). However, a complete characterization and understanding of the full
heterogeneity of PML structures and the molecular mechanisms at their basis is still
lacking. Nonetheless, because of their dynamicity in terms of subcellular localization and

composition, PML-NBs have been shown to regulate a plethora of cellular functions.

1.1.5 The functions of PML and PML-NBs: an overview

Given the high dynamicity and heterogeneity of PML-NBEs, it is difficult to provide a
unique definition of PML functions. To gain insights into PML molecular and cellular
functions, more than 170 PML interactors have been identified (Van Damme et al, 2010).
These include few PML-NB-resident proteins (i. e. DAXX and Sp100) and a plethora of
transient interactors (e.g. p53 and CIITA) (Ferbeyre et al, 2000; Ulbricht et al, 2012). On
the basis of these interactors and of studies on the behavior of PML-NBs in stress
conditions a number of functions have been attributed to PML, which are briefly

summarized in the following paragraphs.
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1.1.5.1 Viral infections. Several lines of evidences have demonstrated that PML is an
interferon-induced viral restriction factor that interacts with proteins, DNA or RNA of
viral origin (Regad & Chelbi-Alix, 2001; McNally et al, 2008) to counteract viral
infection (Neerukonda, 2021; Everett, 2001). In line with its anti-viral function, many
viral proteins like IE1 of human cytomegalovirus (HCMV) or Z protein of lymphocytic
choriomeningitis (LCMV) promote disassembly of PML-NBs (Mounira L Chelbi-Alix &
de Thé, 1999; Everett et al, 1998) and PML redistribution into the cytoplasm (McNally
et al, 2008).

1.1.5.2 PML-NBs as post-translational modifications sites. The PML-NBs dynamically
recruit a large number of protein interactors that include protein-modifying enzymes and
their client proteins. The most characterized post-translational modifications occurring
within the PML-NBs are those of the tumor-suppressor protein p53. Many p53
modulators (CBP, HDM2, HIPK2, HAUSP, and PIAS) get recruited into the PML-NBs,
where p53 undergoes acetylation, SUMOylation, and phosphorylation, thus getting fully
activated to exploit its transcriptional activity (Matt & Hofmann, 2018). Moreover, PML
can also regulate p53 stabilization via alternative mechanisms, such as sequestering its

negative regulator Mdm-2 in the nucleolus (Bernardi et al, 2004).

1.1.5.3 Regulation of cellular senescence. PML was first found to promote senescence in
human fibroblasts expressing oncogenic ras (Ras\VV12) (Ferbeyre et al, 2000). Here, PML
was up-regulated in response to RasV12 over-expression, and induced senescence by
recruiting p53 to the PML-NBs and promoting its transcriptional activation (Ferbeyre et
al 2000; Pearson et al, 2000; de Stanchina et al, 2004). Interestingly, the ability of PML
to induce senescence appears specific of PMLIV (Bischof, 2002; Vernier et al, 2011;
Martin et al, 2012; lIvanschitz et al, 2015). Over-expression experiments in PML-
expressing cells showed that PMLIV specifically interacts with Arf via its unique C-
terminal motif, resulting in enhanced p53 SUMOylation and p53 stabilization (lvanchitz
et al, 2015). Surprisingly, however, if PMLIV is overexpressed in Pml null murine
embryonic fibroblasts (MEFs), it fails to induce senescence, suggesting that cooperation

between all the PML isoforms might be necessary (Bishof et al, 2002).
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1.1.5.4 DNA damage response (DDR). The role of PML in DDR is controversial since it
is not clear whether PML is directly involved in DNA repair (Yeung et al, 2011), or if
PML-NBs act as storage sites of DNA repair enzymes (Dellaire & Bazett-Jones, 2004;
Dellaire et al, 2006). For instance, it was shown that when double strand break (DBS)
occur, PML-NBs increase in number via a fission mechanism and coalesce at DBS
regions, suggesting that they act as primary sensors of DNA damage (Dellaire et al,
2006). Moreover, it was demonstrated that ATR and BLM are released from PML-NBs
upon genotoxic stress (Dellaire & Bazet-Jones, 2004) and that PML is involved in DNA
repair via homologous recombination (Vancurova et al, 2019). However, the recruitment
of factors involved in DNA repair including RAD51 and JH2A.X to sites of DNA
damage remained unaffected upon PML knockdown, suggesting that the PML-NBs are
not directly involved in the early steps of DNA repair (Yeung et al, 2012). In contrast,
y—irradiated cells fail to induce DNA repair via homologous recombination upon PML
silencing (Yeung et al, 2012; Boichuck et al, 2011). In summary, it appears that PML
may be directly involved in specific types of repair, such as homologous recombination-
mediated repair, and its role may be particularly important in later steps of the pathway
(Yeung et al., 2012; Vancurova et al, 2019).

1.1.5.5 PML-mediated transcriptional regulation. As mentioned above, the PML-NBs
modulate the activity of a number of transcriptional regulators (e. g. p53 and DAXX) via
sequestration or post-translational activation mechanisms, suggesting that the role of
PML in regulating transcription is mainly indirect. However, it is recently emerging that
PML regulates transcription at multiple levels. For example, PML-NBs were found to be
proximal to sites of active transcription (Wang et al, 2004; Kieflich et al, 2002), and
PML associates with chromatin in sites that are bound by and regulated by specific
transcription factors (KieRlich et al, 2002; Martin et al, 2012; Yang et al, 2013; Ponente
et al, 2017). Such is the case of a subset of hypoxia-induced transcription factor 1 a
(HIFla) target genes whose expression is enhanced by PML in breast cancer cells
(Ponente et al, 2017). In this context, PML may function as a transcriptional co-activator,
for example by promoting the cooperative binding of transcriptional activators to gene
promoters such as that of Oct4 in murine embryonic stem cells (Aoto et al, 2006).

Conversely however, it has been reported that PML also functions as a transcriptional co-
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repressor, by associating to the TBX2 gene promoter and enforcing deposition of the
repressive H3K27me3 histone modification (Martin et al., 2012). Interestingly,
chromatin-associated proteins like histones and histones chaperones are found into PML-
NBs, expanding PML transcriptional regulation to the modulation of chromatin dynamics
(Corpet et al, 2020). In this respect, PML-NBs have been shown to regulate gene
expression by inducing chromatin looping, organizing higher-order chromatin
architecture and cooperating to the deposition of repressive histone marks at specific

genomic loci (Delbarre et al, 2017; Kurihara et al, 2020).

1.1.5.6 Regulation of pro-apoptotic pathways. PML has been described as an important
regulator of apoptosis via its ability to regulate p53, as previously mentioned. However,
other p53-independent pathways that involve PML in apoptotic cell death have been
reported. One such example is that of DAXX, a transcriptional repressor originally
described as the mediator of the cytoplasmic transduction of Fas (Yang et al, 1997) and
TGF-pB pro-apoptotic signals (Perlman et al, 2001). PML antagonizes DAXX-mediated
repression of anti-apoptotic genes by sequestering DAXX into the PML-NBs or via direct
repression in the nucleoplasm, thus sensitizing cells to apoptosis (Bernardi & Pandolfi,
2003).

1.1.5.7 Regulation of neo-angiogenesis. The involvement of PML in neo-angiogenesis
has been observed in both ischemic tissues and in tumors. Here, the hypoxic environment
induces the up-regulation of HIF1a that promotes the formation of new blood vessels
through the induction of VEGF expression. PML was shown to negatively regulate
HIFla thus inhibiting neo-angiogenesis in contexts such as prostate cancer or ischemic
limbs (Bernardi et al, 2006).

1.1.5.8 Stemness. An involvement of PML in the regulation of stem cell maintenance has
been demonstrated by a large number of studies. To cite relevant examples, it has been
shown that in murine embryonic stem cells (MESC), PML promotes the expression of
Oct4 by maintaining an open chromatin conformation in its promoter region (Aoto et al,
2006). In the central nervous system, PML is expressed in neural progenitor cells, where

it acts synergistically with Oct4 and Nanog to repress the transcription of genes driving
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neural differentiation, it inhibits cell proliferation and promotes maintenance of the neural
progenitor pool and correct corticogenesis (Regad et al, 2009). A similar phenotype was
observed in the mammary gland, where PML is highly expressed in progenitor cells in
which it determines lineage commitment (Li et al, 2009). Finally, PML was found to
promote the maintenance of hematopoietic stem cells (HSCs) via a metabolic function
that was similarly described in breast cancer (Ito et al, 2012; Carracedo et al, 2012a).
Specifically, it was shown that PML inhibits asymmetric cell division of HSCs by
promoting fatty acid oxidation (FAO) (Ito et al, 2012).

1.1.5.9 Cell metabolism. The finding that PML confers self-renewal capacity by
regulating cell lipid metabolism (Ito et al, 2012) initiated a new line of research into the
metabolic functions of PML. In mouse adipose tissue, PML finely regulates adipogenesis
in a diet and strain-specific manner. Specifically, in C57BL/6J mice, PML expression
gradually decreases during adipogenesis and PML KO mice display fat accumulation
when fed with high fat diet (Kim et al, 2011). In contrast, knocking-out PML in 129s/SvimJ
background, protects from western-diet induced obesity (Cheng et al, 2013).
Interestingly, in the latter study, it was shown that PML regulates lipid metabolism at the
transcriptional level, by inducing the expression of genes involved in lipid anabolic
process and, at the same time, promoting FAO. This contradictory transcriptional
program orchestrated by PML gives rise to a futile cycle that prevents an increase in body
weight, thereby dissipating energy deriving from energy-wasting lipid catabolic process,
indicated by an increase in body temperature (Cheng et al, 2013). Importantly, PML
regulates lipid metabolism also in the context of cancer biology, and relevant examples

are reported in the following sections.

1. 2. PML gene in cancer biology: one protein, opposite roles

Given the high level of complexity and heterogeneity of the oncogenic process, the
inflexible definition of tumor-suppressor or oncogene may be inapplicable and unrealistic
in some instances, as it happens frequently that the same gene can exert both tumor-
suppressive and oncogenic functions in different contexts (Soussi & Wiman, 2015). This
appears to be the case also for PML (Datta et al, 2020).
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The cellular functions mediated by PML and described in part in the previous section
(senescence, apoptosis, the regulation of oncogenic transcription factors, neo-
angiogenesis, self-renewal and cell metabolism), are of fundamental implication in cancer
biology. Therefore, it is intuitive that PML might be de-regulated in specific tumor
settings. Indeed, starting from its discovery in APL and the observation that PML is
down-regulated in a variety of other solid tumors, PML was defined a tumor-suppressor
gene. However, in the last decade, an ever-growing mass of data has revealed that in
certain tumor types PML is over-expressed and actively promotes tumor progression.
Such complexity might be explained by the fact that PML is a stress-responsive gene
governing a number of cellular processes that might be tissue specific. In the next section,

the pro-oncogenic and tumor-suppressive functions of PML will be discussed separately.

1.2.1 PML as a tumor-suppressor gene

Since its discovery in APL, substantial evidences demonstrated that PML plays tumor-
suppressive roles in cancer. Firstly, targeting of the PML-RARa protein in APL induces
reformation of PML-NBs that commit undifferentiated blasts toward apoptosis (Shao et
al, 1998; Lallemand-Breitenbach et al, 2008; Zang et al, 2010). Positive regulation of
p53 by PML is a strong driving force towards inhibiting tumor progression, mainly via
induction of senescence or apoptosis. In line with this, murine Pml null cells show
resistance to senescence and apoptosis and display genomic instability (Mazza & Pellicci,
2013).

PML tumor-suppressive functions were further validated by in vivo studies in Pml knock-
out mice, which do not develop tumors spontaneously but are sensitized to develop
cancers upon carcinogen exposure or when intercrossed with tumor-prone mice (Mazza
& Pellicci, 2013). For example, in animal models of non-small cell lung cancer (NSCLC)
and skin papilloma, Pml”-mice display higher incidence of NSCLC when breed with mice
harboring the K-RasG12D mutation (Fisher et al, 1999) or when are challenged with skin
carcinogens 7,12-dimethylbenz(a)anthracene (DMBA) and 12-O-tetradecanoylphorbol-
13-acetate (TPA) (Wang et al, 1998). These data suggest that loss of PML is not sufficient
for cell transformation, but promotes cancer progression in specific contexts (Mazza &
Pellicci, 2013).
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Interestingly, histochemical analysis of PML expression in a panel of human cancers and
in adjacent normal tissues, showed that PML was frequently down-regulated in tumor
tissue compared to the normal counterpart (Gurrieri et al, 2004). In particular, PML
expression was reduced in central nervous system tumors (CNS) (49%), non-Hodgkin’s
lymphoma (68%), colon (17%) and prostate (27%) adenocarcinoma and in lung cancer
(21%) (Guerrieri et al, 2004). Moreover, PML protein loss correlated with high tumor
grade in prostate, in CNS tumors and in breast cancers (Guerrieri et al, 2004). In line with
these findings, it was demonstrated that in glioblastoma, PML expression promotes
apoptosis and inhibits cell proliferation and migration (Kuwayama et al, 2009; Wu et al,
2014). Nonetheless, the PML locus is infrequently mutated or subjected to loss of
heterozygosity in solid tumors, and that virtually all the specimens that were analyzed
displayed positivity to PML mRNA, thus suggesting that PML protein loss occurs via
post-translational mechanisms, and not through genetic alterations (Gurrieri et al, 2004).
Consistently, in prostate cancer PML undergoes proteasomal-mediated degradation
through a hypoxia-dependent mechanism (Yuan et al, 2011), and PML expression
correlates with better patient prognosis (Birch et al, 2014). Similarly, PML degradation
induces a pro-metastatic and immune-suppressive tumor microenvironment in lung

cancer, and correlates with worse patients outcome (Wang et al, 2017).

1.2.2 PML as an oncogene

In the last decade, accumulating evidence is revealing unexpected oncogenic functions of
PML. It was first demonstrated that PML is over-expressed in hematopoietic stem cells
and in chronic myeloid leukemia (CML), where it slows cell cycle progression, and its
inhibition promotes leukemic cells exhaustion (Ito et al, 2008). Notably, this study
emphasizes the complexity of PML biology: on one hand PML suppresses leukemic cells
proliferation thus suggesting a tumor-suppressive role, at the same time however it
promotes tumor maintenance by safeguarding the reservoir of tumor initiating cells,
ultimately acting in a tumor-promoting manner (Ito et al, 2008).

In the last few years, several studies demonstrated that PML is over-expressed in specific
types of tumors and that it promotes pro-oncogenic pathways in specific contexts. In triple
negative breast cancer (TNBC) and in ovarian cancer, PML finely tunes tumor energetic

metabolism (Carracedo et al, 2012; Gentric et al, 2019). In particular, PML promotes
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fatty acid oxidation and ATP synthesis resulting in the inhibition of anoikis in TNBC
(Carracedo et al, 2012). Interestingly, in the same tumor context, PML promotes cancer
stem cell maintenance (Martin-Martin et al, 2016) and in contrast to its senescence-
promoting functions in other cellular contexts, in TNBC inhibition of PML elicits
senescence (Arreal et al, 2020). In ovarian cancer, PML protects cancer cells that
experience oxidative stress by promoting mitochondrial respiration (Gentric et al, 2019).
Beside metabolic and cancer stem cell regulation, PML has also been implicated in the
promotion of tumor metastasis by different studies. In glioblastoma, PML promotes cell
migration and cancer stem cell maintenance and its targeting with ATO inhibits tumor
growth (Zhou et al, 2015; Amodeo et al, 2017). PML exerts pro-metastatic functions also
in TNBC, where PML over-expression correlates with a HIF1la-dependent metastatic
gene signature that is co-regulated by PML (Ponente et al, 2017). Accordingly,
pharmacological inhibition of PML with ATO delays tumor growth and inhibits
metastatic dissemination (Ponente et al, 2017).

The finding that PML can be pharmacologically inhibited in several types of cancers
characterized by PML over-expression (e. g., TNBC and glioblastoma), has important
therapeutic implications, as its targeting may represent a valuable future approach for

future strategies of cancer treatment.

1.3 Hypoxia inducible factors (HIFs)

1.3.1 Hypoxia

An intimate relationship exists between atmospheric composition and the evolution of
living organisms. About 1.5 million years ago, cyanobacteria developed the ability to fuel
energetic metabolism through photosynthesis, generating molecular oxygen (O2) as a
toxic by product. As evolution proceeded, pluricellular organisms have adapted to the
increasing O2 atmospheric concentration and became dependent on it to produce ATP and
satisfy their energetic demand (Taylor & McElwain, 2010). Due to their gradually
increased addiction to Oz, metazoans evolved a highly sophisticated system to survive a
state of reduced oxygen availability, defined as hypoxia, that manifests when oxygen
supply do not satisfy cellular demand. Transcriptionally, the hypoxia-induced stress

response is finely orchestrated by a group of transcription factors, known as hypoxia
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inducible transcription factors (HIFs), encoded by a group of paralogue genes that are
restricted to metazoans (Loenarz et al, 2011; Graham & Presnell, 2017). HIFs are oxygen-
labile proteins that are specifically activated at low oxygen conditions. However, it is not
possible to univocally establish oxygen cut-off values for HIFs activation and define the
partial oxygen pressure (pO2) that distinguishes normoxic from hypoxic tissue
microenvironments. This is because human tissues are exposed to different pO2 ranging
from 13.5 % in pulmonary alveoli during inspiration, to 1-7% in other tissues like the
bone marrow (McKeown, 2014; Spencer et al, 2014). Therefore, the 20-21% pO:2
commonly adopted in in vitro settings actually represents a non-physiological hyperoxic
situation, and what many refer to as hypoxia rather reflects physioxia (McKeown, 2014).
Cellular adaptation to hypoxia is crucial both in physiology and cancer, so that such
capability is widely considered as a hallmark of cancer (Hanahan & Weinberg, 2011).
Consistently, cancer cells rely on HIFs to drive the expression of genes involved in
metabolic reprogramming, neo-angiogenesis, and survival (Keith & Simon, 2007). In the
following section, | will summarize the molecular structure, the regulation and the
transcriptional program driven by HIFs, with particular attention to how cancer cells take

advantage of HIFs to survive hypoxic stress.

1.3.2 The molecular structure of HIF proteins

HIF transcription factors are basic helix-loop-helix (bHLH) DNA binding proteins
belonging to the PER-ARNT-SIM (PAS) family of proteins (Wang & Semenza, 1993).
HIFs consist of heterodimeric complexes composed by two subunits: an o subunit (HIF),
and a B subunit (HIF1B also known as ARNT) that coevolved during metazoan
diversification (Graham et al, 2017). Notably, HIFa subunits are oxygen-labile, whereas
HIF1B is not subjected to oxygen-dependent regulation (Gu et al, 1998; Wang &
Semenza, 1993; Tian et al, 1997; Wang et al, 1995). In humans, three paralogs encode
HIFa subunits called HIFla, HIF2a or EPAS1 and HIF3a and two paralogs exist for
HIF1p subunits (ARNT and ARNT2) (Graham et al, 2017) (Figure 6).

In hypoxic conditions, HIFa subunits heterodimerize with the 1B subunit to form a
transcriptionally active complex (HIF1, HIF2 or HIF3) that binds the cis-regulatory

consensus sequence 5’-(A/G)CGTG-3’ known as hypoxia-responsive element (HRE) in
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the enhancer and promoters of hypoxia-inducible genes (Mole et al, 2009; Smythies et
al, 2019).

Since the bHLH domains of HIF1a and HIF2a share 85% identity, they are able to bind
indistinguishable DNA sequences (Tian et al, 1997). The DNA binding domain of HIF3a
is less conserved (52-58% identity), suggesting a more divergent activity of this subunit
(Dengler et al, 2014).
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Figure 6. Protein structure and oxygen-dependent modifications regulation of HIF
transcription factors. The N-terminal region is shared among HIF subunits and it is
characterized by the presence of a nuclear localization signal (NLS), and bHLH and PAS domains
that mediate DNA binding and heterodimerization, respectively. The C-terminal half of HIF1la
and HIF2« consists of an ODD domain, and two TADs (NTAD and CTAD. The ODD and TAD
domains orchestrate oxygen-dependent regulation and transcriptional activation respectively. In
the ODD domain, P402 and P564 of HIF /& and P405 and P531 of HIF2« are hydroxylated by
members of the prolyl hydroxylase (PHD) family of enzymes that modulate their post-
translational stabilization. In the CTAD, N803 within HIF1e, and N847 of HIF2«, are
hydroxylated by the Factor Inhibiting HIFs (FIH), which regulates their transactivation. HIF3a
and HIF 1B have only a single NTAD domain, and in HIF1f the ODD is lacking.

From a molecular point of view, HIFla HIF2a and HIF13 subunits are the most
extensively characterized. The N-terminal region is conserved among HIFs subunits
(Figure 6) and contains the NLS, flanked by the bHLH DNA binding domain, and two
PAS domains (PAS-A and PAS-B) mediating heterodimerization with HIF1p (Wang &
Semenza, 1993; Wang et al, 1995). The C-terminal regions of HIFa subunits contain an

oxygen-dependent degradation domain (ODD) that is crucial for the post-translational
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stabilization of the o subunits in hypoxia, as described later. Conversely, HIF1p is devoid
of the ODD and is not subjected to oxygen-dependent regulation. Moreover, HIFa
contain two trans-activation domains (TAD) known as N- and C-terminal TADs (NTAD
and CTAD respectively). The NTAD overlaps with the ODD (Jiang et al, 1996; Huang
et al, 1998), whereas the CTAD falls outside. In contrast, HIF1[3 contains the CTAD only,
whereas HIF3a contains the NTAD exclusively (Maynard et al, 2003). As it will be
discussed more extensively later, TADs are essential for the regulation of HIFa
transcriptional activity and target gene selectivity, suggesting that HIF1o and HIF2q. are
not functionally redundant and that they orchestrate unique transcriptional programs in
response to hypoxia (Lendahl et al, 2009).

1.3.3 The oxygen-dependent regulation of HIFa subunits

In normoxic conditions, cells continuously transcribe, translate and degrade HIF proteins,
in order to guarantee a constant supply of HIFs to promptly face hypoxic stress. The HIFa
degradation pathway is regulated by a system of cellular oxygen sensors, that mediate
both HIFa post-translational modification and transactivation.

HIFo degradation is initiated by a family of prolyl-4-hydroxylase (PHD1-4, most
prominently PHD2/EGLN1), which are dioxygenase a-ketoglutarate dependent enzymes
(Appelhoff et al, 2004; Berra, 2003). When oxygen is available, PHD2 hydroxylate Pro-
402 and Pro-564 or Pro-405 and Pro-531 in the ODD domain of HIFla and HIF2a
respectively (Figure 6). Hydroxylated proline residues serve as binding sites for the von
Hippel Lindau protein (pVHL) E3 ubiquitin ligase complex that directs HIFa
proteasomal-mediated degradation (Huang et al, 1998; Jaakkola et al, 2001). Under
hypoxia, PHDs do not hydroxylate HIFa subunits due to the lack of substrate and HIFo
heterodimerizes with HIF1p to run the hypoxic transcriptional response.

Notably, HIFo subunits are subjected to another regulatory hydroxylation event
occurring on asparagine residues (Asn803 on HIF1la and Asn851 on HIF2a) within the
CTAD. This reaction is catalyzed by the factor inhibiting HIF (FIH) (Lando, 2002;
Mahon, 2001) (Figure 6) that restrains the trans-activation of HIFo subunits by inhibiting
recruitment of the transcriptional co-activator (CBP/p300) (Dames et al, 2002).

Importantly, FIH has a higher affinity than PHDs for Oz and is active at lower pO2 than
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PHDs, indicating that that the activity of HIFO may still be inhibited after their

stabilization until Oz levels drop under a lower threshold (Bracken et al, 2006).

1.3.3 Regulation of HIFa subunits by pseudohypoxic pathways

HIFo were firstly identified as mediators of the hypoxic response but accumulating
evidence demonstrates that HIFo can be activated via multiple hypoxia-independent
pathways acting at different steps of their degradation process (Hayashi et al, 2019). This
condition is defined as pseudohypoxia, as it mimics the hypoxia-mediated transcriptional
response (lommarini et al, 2017; Hayashi et al, 2019), and is particularly evident in cancer
downstream activated oncogenes, loss of tumor-suppressors or growth factor
hyperstimulation (Hanahan & Weinberg, 2011).

The most relevant examples of hyperactivated pathways that activate HIFo in cancer are
PIBK/Akt/mTOR, ERK/MAPK and JAK/STAT (lommarini et al, 2017). The STAT3
transcription factor can directly boost HIF1a expression (Xu et al, 2005; Niu et al, 2008);
PIBK/Akt/mTOR stimulation leads to increased HIFloae mRNA translation by
phosphorylation of the eukaryotic translation initiation factor elF4E (Zhong et al, 2000;
Laughner et al, 2001), shifting the balance between protein synthesis and degradation and
leading to HIF1a accumulation; ERK/MAPK signaling leads to phosphorylation of the
p300/CBP co-activator complex thereby trans-activating HIF1o (Sang et al, 2003).

In addition, PHDs can be indirectly inhibited by mitochondrial disfunctions that occur in
some tumors. For example, accumulation of oncometabolites like lactate, 2-
hydroxyketoglutarate, succinate or fumarate compete with a-ketoglutarate for PHDs
binding thus causing aberrant stabilization of HIFa (Sciacovelli & Frezza, 2016).

Other mechanisms that counteract pVHL activity are: HIF1a acetylation on K32 by
SET7/9 and LSD1, which inhibits its recognition by PHDs (Kim et al., 2016); pVHL
ubiquitination by WSB1 (Kim et al, 2015); binding of c-Myc to HIF1la to counteract
pVHL recognition (Doe et al, 2012).

Finally, aberrant post-translational stabilization of HIFo upon inactivating mutations of
the VHL gene is a genetic hallmark of clear cell renal cell carcinoma (ccRCC), and the
functional consequence of pVHL loss-of-function on HIF1a and HIF2a activity will be

discussed in the next session.

34



1.3.4 Cellular functions of HIFa subunits in cancer

Intra-tumoral hypoxia is a common feature of cancer, leading to the stabilization and
activation of HIF transcription factors, which variously contribute to cancer progression.
HIFla has been studied more extensively, and it is well known that this transcription
factor contributes to neo-angiogenesis, metabolic reprogramming, cell migration,
epithelial-mesenchymal transition, and metastasis formation. Here, the contribution of

HIFa subunits to cancer progression are briefly described.

1.3.4.1. Angiogenesis. Hypoxic or anoxic areas are frequently observed not only at early
stages of tumor growth, when small lesions lack vascularization, but also in larger masses.
In these regions, HIFs are stabilized and stimulate the expression of several angiogenic
genes encoding soluble proteins that are released in the tumor microenvironment to act
on endothelial cells, pericytes and vascular smooth muscle cells that express their
receptors (Rey & Semenza, 2010). These include VEGF, SDF1, ANGPT2, PGF, SCF.
Due to the massive secretion of pro-angiogenic factors, newly formed cancer blood

vessels are highly disorganized and structurally abnormal (Carmeliet & Jain, 2011).

1.3.4.2 Cellular metabolism. Metabolic adaptation to hypoxia consists in a switch from
cellular respiration to aerobic glycolysis (Al Tameemi et al, 2019). HIF1a is the main
inducer of hypoxic metabolic reprogramming, by promoting the expression of several
glycolytic enzymes and glucose transporters including GLUT1, LDHA, and PDK and
PDH (Rey & Semenza, 2010). Moreover, thanks to the activation of GYS1 expression,
HIF1la redirects overabundant glucose toward glycogenesis (Xie et al, 2021). Notably,
hypoxic cells display inefficient mitochondrial electrons transport chain, thus resulting in
electrons leakage and generation of ROS (Waypa et al, 2016) that can stabilizes HIF1la
HIFla in turn acts as modulator of mitochondrial redox homeostasis, by decreasing
oxidant production and increasing antioxidant scavenging. (Semenza, 2013; Nagao et al,
2019). In addition, HIFla-dependent transcription of BNIP3 and MXI1 leads to
mitophagy and suppression of mitochondrial biogenesis (Semenza, 2013). Mitochondrial
activity is further attenuated by HIF1athrough reprogramming of lipid metabolism. This
consists in the up-regulation of fatty acid uptake and inhibition of fatty acid catabolism,

by up-regulation of fatty acid binding proteins (FABP3 and FABP7) as well as inhibition
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of enzymes involved in mitochondrial fatty acid a-oxidation, including MCAD and
LCAD (Bensaad et al, 2014; Huang et al, 2014). Finally, HIF1a also regulates serine
synthesis and one carbon metabolism by up-regulating PHGDH and SHMT2 expression,
concomitantly increasing NADPH generation ((Ye et al, 2014; Samanta et al, 2016)).

In cancer and other proliferative tissues, decreased mitochondrial respiration leads to
compensatory anaplerosis that fuels anabolic pathways, leading to macromolecule

biosynthesis to produce biomass and sustain cell expansion (Cassim et al, 2020)

1.3.4.3 Metastatization. The metastatization process is the result of a series of events that
ultimately lead to the colonization of tissues distant from primary tumor, that include:
epithelial-to-mesenchymal transition (EMT), local invasion, intravasation, circulation in
blood or lymphatic vessels, extravasation and metastatic niche formation (Schito &
Semenza, 2016). Interestingly, several studies demonstrate that HIF1la is intimately
involved in the regulation of all these processes. HIF1a promotes down-regulation of E-
cadherin expression and up-regulation of the mesenchymal marker N-cadherin,
accompanied by the loss of epithelial morphology, cell-cell, cell-matrix adhesion and
polarity, and the achievement of motile and mesenchymal morphology (Loh et al, 2019).
HIF1a downregulates E-cadherin by inducing expression of SNAIL2, ZEB1, ZEB?2,
TWIST and TCF3 genes, transcription factors that activate the expression of mesenchymal
markers to promote cell motility (Gilkes & Semenza, 2013). The invasion process
consists in the active degradation of the extracellular matrix by the release of
metalloproteinase, including MMP2, MMP9, MMP14 and PLAUR that are HIF1a target
genes (Gilkes & Semenza, 2013). Invasive cancer cells also remodel the extracellular
matrix by secreting collagen modifying enzymes like PLOD1, PLOD2, LOX, LOXLZ2,
LOXL4, P4HAL and P4HAZ2, that are regulated by HIF1a (Schito & Semenza, 2016).
This results in the stiffening of extracellular matrix that promotes local invasion (Gkretsi
& Stylianopoulos, 2018). Intravasation is promoted by HIF1oa—induced VEGF-A release
that, beside stimulating angiogenesis, increases blood vessel permeability that is further
enhanced by SDF1 production (Jin et al, 2012). Once cancer cells reach circulation,
HIF1a confers resistance to anoikis by suppressing a5 integrin signaling (Rohwer et al,
2008). Extravasation of circulating cancer cells is mediated by the up-regulation and

membrane exposure of adhesion molecules. HIFla stimulates L1 expression that
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interacts with integrins, neuropilin-1 and CD24 expressed by endothelial cells (Zhang et
al, 2012). Moreover, trans-endothelial passage is induced by HIFlamediated ANGPTL4
expression that inhibits endothelial cell-cell contacts (Zhang et al, 2012). The choice of
secondary sites for colonization can be facilitated by tumor cells via establishment of a
pre-metastatic niche. This is mediated by production of tumor-associated factors (TAFs)
from tumor cells that recruit stromal cells from the bone marrow to sites of future
metastasis, where they create niche remodeling collagen fibers (Psaila & Lyden, 2009).
Among TAFs, LOX, LOXL2 and LOXL4 are regulated by HIF1a (Schito & Semenza,
2016).

1.3.4.4 Cancer stem cells maintenance. Cancer stem cells (CSCs), also known as tumor-
initiating cells or tumor-propagating cells, are defined as cells within a tumor that similar
to normal adult stem cells have self-renewal capacity and give rise to heterogeneous
lineages of cancer cells that compose the tumor bulk (Keith & Simon, 2007). In breast
cancer, HIF1la promotes the transcription of TAZ, a downstream effector of the Hippo
pathway, that crucially regulates CSC activity (Samanta et al, 2014). Moreover, HIF1[
and HIF2a play important tumor-initiation capacity in glioma stem cells, as their
targeting in mice transplanted with patient-derived CD133" cells inhibited tumor
development (Dhatwalia et al, 2018). Similar results were obtained in colorectal cancer
cells, where knockdown of HIF1a decreased the expression of the stem cell marker Oct4
(Covello, 2006; Vadde et al, 2017). On the same line, HIF2 o promotes the activation of
Oct4/SOX2 axis by transcriptionally regulating Oct4, enhancing c-Myc activity and
stimulating CSCs propagation in glioma (Bhagat et al, 2016).

1.3.4.5 Immune evasion. HIF1a dependent metabolic reprogramming also contributes to
inhibit anti-tumor adaptive immunity. In particular, glucose withdrawal by cancer cells,
causes glucose deprivation for tumor infiltrating T cells that display decreased effector
functions (Chang et al, 2015; Ho et al, 2015). Moreover, it has been reported that
programmed death ligand PD-L1 is induced by HIF1la (Barsoum et al, 2014) and is
required to inhibit T cell activation. Beside this, T cell effector functions are blocked by
extracellular adenosine (Hoskin et al, 2008) generated by CD39 and CD37 that are both
transcriptionally induced by HIF1a (Hatfield et al, 2014).
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1.3.5 The unique roles of HIF1a and HIF2a in the hypoxic response

The fact that HIF1a and HIF2a share high structural similarity and recognize the same
DNA sequence might suggest that these two transcription factors play overlapping
functions in the regulation of the hypoxic transcriptional response, so that often many
refer to these proteins as isoforms. However, they are encoded by two distinct paralogue
genes, thus suggesting that they must have evolved to orchestrate unique, rather than
redundant transcriptional responses. In line with this view, a number of studies revealed
that HIFa subunits respond to hypoxic stress in a different fashion, they bind HREs
located at different genomic sites and regulate the expression of unique target genes, thus
suggesting that their response to hypoxia, as well as their role in cancer biology, is highly
specific and only partially overlapping (Mole et al, 2009). Interestingly, a recent study
investigating the pan-genomic distribution of HIFa across different cell types and under
different exposures to hypoxia revealed that neither the degree nor the time of hypoxia
exposure alters the occupancy of a given HRE and that HIF1a and HIF2a bind different
DNA regions. Specifically, HIF1a binds preferentially promoter-proximal regions, while
HIF2a mainly localizes onto promoter-distant and enhancers elements (Smythies et al,
2019). Moreover, it was demonstrated that HIFa binding to a given HRE is highly cell-
type specific. Indeed, only 25% and 15% of HIF1a and HIF2a. binding sites where shared
among different cell lines, with the tendency of promoter-proximal regions to be the more
conserved in comparison to the promoter-distal intergenic regions (Smythies et al, 2019).
These data are consistent with the fact that at least 600 HREs have been found in the
human genome, of which only 1% are bound by HIFa at any given time (Mole et al,
2009). Therefore, HRE binding depends on the cell type, thus expanding the cell-type
specific landscape of hypoxic transcriptional response.

HIFloand HIF2a are able to recognize identical HREs, thus raising the question about
the mechanisms responsible for transcriptional specificity by HIFla and HIF2a. A
crucial molecular element that dictates target gene selectivity of HIFa factors is the
NTAD. Indeed, although both transactivation domains of HIFa proteins are required to
maximally induce target gene expression, it was demonstrated that the CTAD mediates
the expression of common target genes (e. g. PGK and GLUT1), whereas the NTAD
directs expression of HIF1a and HIF2a specific targets (Hu et al, 2003). Consistently,
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through the generation of HIF1Lo/HIF2a hybrids, it was shown that bona fide HIF1o and
HIF2a target genes were induced only by hybrids containing the NTAD belonging to
HIFlae or HIF2a (Hu et al, 2003). Mechanistically, the NTAD mediates the
HIFa interaction with specific transcription factors and co-activators like AP1, STATS3,
CEBP and CREB for HIF1a and SP1, USF1 and ELK1 for HIF2a (Dengler et al, 2014).
HIFa subunits also respond differently to hypoxia. HIF1a accumulates early upon severe
hypoxia exposure (pO2<1% and within 24 hours), while HIF2a accumulates at later time
points (pO2<5% and after 24 hours) (Koh & Powis, 2009; Magliulo & Bernardi, 2018).
In line with this, HIF1a specific transcriptional programs mediates acute adaptation to
hypoxia by promoting the expression of genes mediating glycolytic metabolism, pH
regulation and apoptosis (Semenza 2013; Choudhry et al, 2018), whereas
HIF2a. activates genes involved in cell cycle progression, stem cell maintenance, EMT
and invasion, and thus showing only partially overlapping functions with HIF1la (Baba
et al, 2003; Covello, 2006).

Finally, HIFa subunits display different expression patterns, with HIF1la expressed
ubiquitously, whereas HIF2a, was originally reported to be restricted to endothelial cells
(Tian et al, 1997). However, subsequent studies revealed that HIF2a is expressed by
parenchymal cells in the brain, myocardium, kidney, pancreas and intestine (O’Rourke et
al, 1999).

Taken together, the observations discussed in this section suggest that target gene
selectivity of HIFla and HIF2a is dictated not only by their molecular structure and
interaction with transcriptional co-activators, but also by the cellular context in which
they are expressed. As discussed in the next paragraph, the different functions of
HIFa subunits are crucial in the context of renal cancer, where HIF1a and HIF2a specific
transcriptional programs not only cooperate in tumor-promoting processes, but also

appears to antagonize each other during tumor evolution.
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1.4 Renal cell carcinoma

Renal cell carcinoma (RCC) represents the 15 most common type of cancer, accounting
for 2.2% of all tumors diagnosed and 1.8% of all cancer-related deaths worldwide, and is
a heterogeneous group of malignancies arising from different lineages within the nephron
(Sung et al, 2021). The histopathological analysis of RCC allows its classification in four
main subtypes: papillary (pRCC) Type | and Type II, chromophobe (ChRCC),
oncocytoma, and clear cell renal cell carcinoma (ccRCC). 75% of RCC is represented by
the ccRCC subtype, 10-15% comprises pRCC Type | and Type Il, and only about 5% of
renal cancer patients are ChRCC (Moch 2014).

Below, the molecular and morphological features of ChRCC, pRCC, and oncocytoma are
briefly explained, while the genetic basis and molecular features of ccRCC will be

described in greater detail in the following dedicated section.

1.4.1 Histologic classification of RCC

1.4.1.1 Chromophobe RCC (ChRCC). ChRCC are tumors at low malignant potential
deriving form distal tubular epithelial cells. They show slow but persistent growth (Davis
et al., 2012) and low risk of metastasis (5-6%) (Moch & Ohashi, 2021). Comprehensive
genomic characterization of ChRCC identified TP53 (32%) and PTEN (20%) as the most
frequently mutated tumor-suppressor genes (Davis et al, 2014), and chromosomes 17 and
10 as most commonly deleted (Haake et al, 2016). Moreover, structural rearrangement of
the TERT gene promoter are present in a subtype of ChRCC, leading to TERT
overexpression (Davis et al, 2014). Morphologically, ChRCC cells are classically defined
as “plant-like” displaying pale cytoplasm and thick cytoplasmic membranes. The tumor
tissue presents sheets of cells separated by septae which may present hyalinized

perivascular stroma (Moch & Ohashi, 2021).

1.4.1.2 Papillary RCC (pRCC). The cell of origin of pRCC is still controversial, but it is
suggested to be distal tubular epithelial cells. pRCC is divided in Type I and Type I, with
pRCC Type | being associated with MET missense mutations and Type Il being
characterized by CDKNZ2A silencing, TFE3 gene translocations, mutations within STED2
and germline alterations of the FH gene (Comprehensive Molecular Characterization of
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Papillary Renal-Cell Carcinoma, 2016). pRCC show a typical papillary structure made
by connective tissue organized in spindle-like structures covered by cuboidal small cells
displaying basophilic cytoplasm (Type 1) or by cuboidal large cells with eosinophilic
cytoplasm (Type I1) (Leroy et al, 2002).

1.4.1.3 Oncocytoma. Kidney oncocytoma is a benign kidney neoplasm arising from
epithelial collecting tubular cells (Moch & Ohashi, 2021). Two oncocytoma subtypes
have been defined, with diploid Type | characterized by CCND1 gene rearrangements
and aneuploid Type Il showing frequent chromosome 1, X or Y, and/or 14 and 21
deletions (Joshi et al, 2015). These mutations converge into the alteration of
mitochondrial functions, due to disruption of mitochondrial complex | (Mcintyre &
Hirsch, 2018). Indeed, oncocytoma is characterized by the accumulation of defective
mitochondria and Type Il may evolve in malignant ChRCC (Mclntyre & Hirsch, 2018).
Morphologically, oncocytoma appears as lobulated circumscribed lesions associated with
edematous stroma. Oncocytoma cells are large with eosinophilic cytoplasm packed with
mitochondria (Mclntyre and Hirsh 2017).

In 2016 the World Health Organization published a new classification of RCC in which
other rare tumor subtypes have been added: hereditary leiomyomatosis, renal cell
carcinoma syndrome-associated RCC, succinate dehydrogenase-deficient RCC,
tubulocystic RCC, acquired cystic disease-associated RCC and clear cell papillary RCC
(Moch et al., 2016).

1.4.2 Clear cell Renal Cell Carcinoma (ccRCC)

ccRCC is the most common type of RCC, accounting for more than 75% of RCC cases
in the adult population. ccRCC can be either sporadic or hereditary, in the latter case
being associated with VVon Hippel Lindau disease (Frew & Moch, 2015). It has been
estimated that 50% of patients develop metastasis following 3-30 years from primary
tumor removal, and that ~30% of individuals display metastatic disease at time of
diagnosis (Turajlic et al, 2018).

The most striking morphological feature of ccRCC is the clear cytoplasm of cancer cells

due to lipid and glycogen accumulation (Gebhard et al, 1987). As a matter of fact, ccRCC
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tissue displays cells characterized by “clear” cytoplasm due to the dissolution and
removal of cytoplasmic lipid droplets during routine tissue preparation for
histopathological analysis. Lipidomic studies of human ccRCC specimens revealed that
this morphological appearance reflects the extensive cytoplasmic accumulation of lipids
like cholesterol and triglycerides (Saito et al, 2016; Qi et al, 2021; Xie et al, 2021).
Besides lipids, also glycogen is responsible of the clear appearance of ccRCC cells,
suggesting that glucose metabolism is deregulated in ccRCC. Since both lipid and glucose
homeostasis are profoundly affected in ccRCC, this kind of cancer is currently considered
a metabolic disease. Consistently, transcriptomic, proteomic and metabolomic studies of
ccRCC revealed that the metabolic reprograming consists of: i) up-regulation of aerobic
glycolysis and pentose phosphate pathway, de novo fatty acid synthesis, and glutamine
and glutathione metabolism; ii) down-regulation of the tricarboxylic acid cycle, fatty acid
-oxidation and oxidative phosphorylation (Creighton et al, 2013; Hakimi et al, 2016;
Wettersten et al, 2015; Neely et al, 2016). As previously mentioned, such metabolic
reprogramming is mainly due to the up-regulation of a HIF1a mediated transcriptional
program (Qi et al, 2021; van der Mijn et al, 2020). Indeed, the most common genetic
feature of ccRCC is loss-of-function of the tumor-suppressor gene VHL, that occurs in
90% of sporadic ccRCC and leads to hyper-activation of HIFa transcription factors
(Nickerson et al, 2008). Consistently with a direct involvement of HIF1a in regulating
lipid metabolism, in a mouse model of low-grade human ccRCC it was recently
demonstrated that HIF1o enhances the accumulation of lipids at early stages of disease,
through a transcriptional program that promotes uptake of extracellular lipids (van der
Mijn et al, 2020). Moreover, it was shown that HIF1a suppresses fatty acid catabolism
in ccRCC cells via transcriptional repression of CPT1A, which regulates mitochondrial
intake of cytoplasmic fatty acids, and that the rescue of CPT1A expression suppresses in
vivo tumor formation (Du et al, 2017).

The biological and functional significance of glycogen and lipids accumulation in ccRCC
cells is currently unknown, and has long been considered a side effect of HIFla
activation. However, lipid storage in cytoplasmic droplets was found to sustain ccRCC
tumor growth by preventing ER-stress via a mechanism mediated by HIF2a (Qiu et al,
2015). Additionally, it was recently demonstrated that ccRCC cells are cholesterol

auxotroph (they are unable to synthesize cholesterol), and that cholesterol withdrawal
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severely compromises their proliferation (Qi et al, 2021). Conversely, glycogen
accumulation seems to be dispensable for in vitro cell survival, and genetic manipulation
of the glycogen metabolic pathway does not affect in vivo tumor maintenance, suggesting
that this metabolite might accumulate as a secondary byproduct of increased glycolytic

flux, due to VHL loss and aberrant activation of HIF1a (Xie et al, 2021).

1.4.3 The genetic basis of ccRCC

Copy number alteration analysis of human ccRCC samples performed by The Cancer
Genome Atlas Consortium (Creighton et al, 2013) revealed that ccRCC is characterized
by gross deletions and amplifications of large portions of chromosomal loci. In particular,
chromosomes 3p, 13q, 17p and 14q undergo deletions, while 5q is amplified. More than
95% of ccRCC are genetically characterized by the chromosome 3p loss. Interestingly,
this region contains three of the most commonly mutated tumor-suppressor genes in
ccRCC: VHL, and the chromatin modifiers PBRM1 and BAP1 (Creighton et al, 2013). In
addition, chromosome 3p contains other tumor-suppressor genes that are deleted with less
frequency (SETD2 and KDMS5) (Creighton et al, 2013). Beside chromosomal deletion,
VHL loss can occur via promoter methylation (Herman et al, 1994) or missense mutations
(Razafinjatovo et al., 2016). Although the vast majority of sporadic ccRCC shows loss of
VHL, biallelic inactivation of VHL is not a driver oncogenic event per se: pre-neoplastic
lesions of VHL patients display pVHL negativity indicating that VHL loss is a necessary
but not sufficient event for ccRCC oncogenesis. In addition, a small subset of sporadic
ccRCC tumors (10%) do not display VHL inactivation (Beroukhim et al, 2009). In the
last decade, several lines of evidence allowed the elaboration of a multistep model of
ccRCC development (Brugarolas, 2014). In such model, VHL loss-of-function is defined
as a classical two-hit process in which first one VHL allele undergoes mutations
representing the first hit, then VHL is lost due to the deletion of 3p, which represents the
second hit (Brugarolas, 2014). At this point, two mutually exclusive events may occur,
leading to alternative outcomes of the pathology and different prognosis (Pefia-Llopis et
al, 2013; Brugarolas, 2014; Gu et al, 2017): i) PBRM1 and SETD2 mutations cooperate
to tumorigenesis leading to low grade ccRCC development; ii) BAP1 undergoes deletion
and contributes to the development of high grade ccRCC (Brugarolas, 2014).

Consistently, it was shown that concomitant deletion of PBRM1 and BAP1 is rare in
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ccRCC indicating that such event might be functionally redundant, whereas PBRM1 and
SETD2 mutations display high degree of co-occurrence (Pefia-Llopis et al, 2013).

This model is further supported by studies on ccRCC animal models. 100% of
Vhi*4/Bap1"4 mice develop cancer at 11 months, whereas 87.5% of
Vhi44/Pbrm144models developed low grade ccRCC with higher median latency (8-13
months) (Gu et al., 2017).

Other common mutations in ccRCC (~28% of cases) involve the PISK/Akt/mTORC1
pathway, like PTEN, MTOR, PI3KCA, TSC2 (Creighton et al, 2013). In addition, less
frequently mutated genes are TP53 and TCEB1 (Creighton et al, 2013), a component of
the ubiquitin ligase complex responsible for HIFo degradation besides pVHL (Hakimi et
al, 2016; Sato et al, 2013). Notably, VHL deletion and TCEB1 missense mutations are
mutually exclusive in ccRCC (Sato et al, 2013; Brugarolas, 2014). Therefore, the
disruption of the E3 ubiquitin ligase complex recognizing hydroxylated HIFa. subunits is
subjected to high selective pressure in ccRCC development, suggesting that ccRCC cells
strongly rely on HIFa activity.

Interestingly, the locus in which the HIF1la coding region resides (14q23.2) is often
deleted or subjected to structural rearrangements in ccRCC suggesting that: i) HIF1o may
play unusual tumor-suppressive functions in ccRCC (Shen et al, 2011); ii)
HIFla truncated variants with oncogenic functions may be generated (Swiatek et al,
2020). However, contradictory studies also reported that the HIFla locus is not so
frequently mutated in human ccRCC (Shenoy, 2020), and it is needed for ccRCC
tumorigenesis in mouse models (Hoefflin et al, 2020). In conclusion, the specific tumor-

suppressive or oncogenic properties of HIFs in the context of ccRCC is still under debate.

1.4.4 The roles of HIF1la and HIF2a, in ccRCC

HIFs functions have been best characterized in the context of ccRCC, being this the
prototypic model to study hypoxic signaling due to loss of VHL. As previously stated,
VHL loss is the most common genetic event in ccRCC but it does not appear to be
sufficient to promote tumorigenesis. Conditional Vhl null mice in proximal tubular
epithelial cells develop preneoplastic lesions that do not further evolve in ccRCC (Rankin
et al, 2006; Hou & Ji, 2018). Also, VHL patients with multifocal ccRCC display
neoplastic lesions at a low rate in comparison to the number of sites displaying pVHL
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loss (Mandriota et al, 2002), thus suggesting that other mutations are required to develop
ccRCC (Harlander et al, 2017). One possible explanation is that HIFo activation
represents a pro-tumorigenic event that facilitates tumor formation driven by other
genetic alterations that arise later during ccRCC pathogenesis.

However, as previously mentioned, whether HIFlo displays oncogenic or tumor
suppressive function in ccRCC is a debated issue. In ccRCC human cell lines, it was
demonstrated that while HIF2a performs oncogenic functions by promoting the
expression of pro-survival factors like VEGFA, cyclin D1 and TGFa HIFla
transcriptionally activates the pro-apoptotic gene BNIP3 (Althaus 2006). This suggested
that HIF1aw may perform tumor suppressive functions while HIF2a is a ccRCC oncogene.
In line with this hypothesis, genetic studies show that 14q deletions encompassing the
HIFla locus occur in ccRCC and positively correlate with worst patient prognosis
(Mitsumori et al, 2002; Kaku et al, 2004; Alimov et al, 2004). Moreover, HIFla
expression is lost in many VHL null human ccRCC cell lines, in which HIF2a over-
expression is conserved (Shen et al, 2011). These observations led to deeper
investigations of HIF1la functions in ccRCC. HIFla targeting by shRNA in VHL null
cells expressing both HIF1a and HIF2a led to increased cell proliferation in vitro and in
vivo (Shen et al., 2011), while HIF2a knockdown reduced tumor growth (Shen et al,
2011; Raval et al, 2005). Consistently, ectopic expression of wild type HIF1la in cells
that have lost the endogenous gene led to growth suppression (Gordan et al, 2008; Biswas
et al, 2010), whether the introduction of constitutively active HIF1a mutants did not
increase tumorigenicity of VHL proficient cells (Maranchie et al, 2002).

However, whether HIF1a. exerts tumor-suppressive or oncogenic functions in ccRCC is
still a controversial issue, because of discrepancies between in vitro and in vivo studies.
Several studies suggest that human ccRCC cell lines do not fully recapitulate the
tumorigenic functions of HIF1a and HIF2a, which can be inferred only through mouse
models of human ccRCC. Generation of the TRACK (TRansgenic model of Cancer of
the Kidney) mouse model, consisting in Vhl proficient mice harboring constitutively
active HIFa factors, showed that HIF1a promotes the early steps of tumorigenesis (Fu et
al, 2011; Qi et al, 2021), while HIF2q. stabilization in the same genetic background led

only to abnormal glycogen deposition (Fu et al, 2013). Consistently, in subsequent studies
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it was demonstrated that in the VVpR transgenic mouse model (Vhl, Trp53 and Rb1 triple
mutant mice) (Harlander et al, 2017), which mimics transcriptomic and proteomic
signatures of human ccRCC, tumor formation is strongly dependent on HIF1a (Hoefflin
et al., 2020), thus suggesting that in vitro cancer assays and xenograft mouse models do
not fully recapitulate HIF1a properties, while experimental systems that model tumor
initiation and progression uncover HIF1lo pro-tumorigenic functions (Hoefflin et al,
2020). In line with this, recent evidence suggests that HIF1ais not a target of 14q deletion
(Shenoy, 2020), and that the HIF1a locus might be rearranged to give rise to alternative
HIF1a transcripts that are still functional in VHL null human ccRCC cell lines, in which
they promote glycolytic metabolism (Swiatek et al, 2020). However, somehow in contrast
with results obtained in transgenic mice, a syngeneic mouse model of ccRCC represented
by the murine RenCa cell line, when Vhl was knocked out to increased metastatic
potential, showed that HIF1a was necessary to promote metastasis by inducing EMT,
while tumor growth was found to be HIF2a-dependent (Schokrpur et al, 2016).
Therefore, the fine tuning of HIFa functions may favor distinct pro-tumorigenic
processes as cCRCC evolves (Frew & Moch, 2015), although a conclusive understanding
of its functions in ccRCC is still lacking.

In contrast, the function of HIF2a as an oncogene appears more widely accepted. Firstly,
unlike HIFla, pVHL-defective ccRCC consistently show increased HIF2a expression
(Shen et al, 2011; Maxwell PH et al, 1999; Gordan et al, 2008), and HIF2a expression
in pre-neoplastic lesions of VHL patients correlates with histologic evidences of
imminent malignancy (Mandriota et al, 2002). Moreover, genome-wide association
studies, revealed that HIF2o polymorphisms are associated with increased risk to develop
ccRCC (Purdue et al, 2011). Notably, the small molecule PT2399 that selectively targets
HIF2a.and inhibits its heterodimerization with HIFla, thereby abrogating
HIF2a. transcriptional activity, showed strong efficacy in tumor regression of patient-
derived xenografts (PDX) (Chen et al, 2016a). Of note, inhibitor-resistant PDX models,
showed higher HIFLoiexpression in comparison to HIF2a further suggesting that HIF1a.
might be oncogenic (Chen et al, 2016a; Shenoy & Pagliaro, 2018).

In trying to summarize this mass of data, it may be suggested that HIF1a and HIF2a play

opposite roles on established ccRCC proliferation in vitro, while both transcription
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factors are needed for in vivo tumorigenesis. A large body of literature shows that the
opposite roles of HIF1a and HIF2a. in ccRCC cell lines might be a downstream effect of
their regulation of c-Myc activity (Li et al, 2020). Indeed, HIF1a antagonizes the pro-
proliferative activity of c-Myc through a number of mechanisms: 1) direct binding to c-
Myc and competition with its co-activators MAX and SP1 (Koshiji et al, 2004) ; ii)
increased expression of the c-Myc inhibitor MXI11 (Gordan et al, 2007); and iii) induction
of c-Myc degradation by the proteasome (Zhang et al, 2007). In contrast, HIF2a enhances
c-Myc activity, resulting in the transcriptional up-regulation of cyclins D1 and D2 that
promote cell cycle progression (Gordan et al, 2007). This raises the possibility that a fine
balancing of HIF1la and HIF2a expression directs cellular proliferation in ccRCC. In
support of this, in early neoplastic lesions of VHL patients, HIF1a tends to be over-
expressed in comparison to HIF2a whereas in more advanced tumor tissues HIF2a is up-
regulated at the expense of HIF1a (Mitsumori et al, 2002; Kaku et al, 2004; Alimov et
al, 2004). To explain the switch from HIF1a to HIF2a activity during ccRCC progression
it has been proposed that hypoxia-associated factor (HAF) might play a role. HAF is a
non-canonical ubiquitin ligase (Koh & Powis, 2009) that targets HIF1a for proteasomal-
mediated degradation (Koh et al, 2011), while concomitantly promoting
HIF2a. transcriptional activity via cooperative binding to DNA sequences upstream the
HREs of HIF2a target genes (Koh et al, 2015). By inducing HIF1a down-regulation
while promoting HIF2a transcriptional activity, HAF switches the HIF balance towards
HIF2a.. Consistently, HAF over-expression leads to reduced expression of HIF1a. target
genes CA9 and DDIT4, and to up-regulation of HIF2a dependent genes PAIL, Oct3/4,
NANOG and SOX2 (Koh et al, 2011), thus increasing tumor growth and metastasis
dissemination in PDX models (Koh et al, 2015).

In summary, to reconcile the apparent opposite roles of HIFa genes in ccRCC
pathogenesis, it may be speculated that HIF1a over-expression confers proliferative
advantage in the early steps of tumorigenesis by promoting metabolic adaptation, but at
some point during ccRCC evolution, tumor cells might need to acquire independency
from HIF1la persistent activation and escape from its pro-apoptotic effects and they

become addicted to HIF2a, which that sustains cell proliferation and cancer progression.
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1. 4.5 Approved therapies for ccRCC

The standard of care of non-metastatic ccRCC tumors consists of partial or complete
nephrectomy, which is associated with 70-90% 5-years disease-free survival rate
(Sorbellini et al, 2005). However, due to the fact that symptoms appear at later stages of
ccRCC progression, patients are frequently diagnosed with metastatic disease, in which
the 5-year survival rate is reduced up to 13% (SEER, National Cancer Institute 2021).
Before the introduction of molecular targeted therapies, metastatic disease was treated
with systemic therapy based on immune modulators, including interferon y and
interleukin-2 with only slightly improvement on patient’s outcome (Capitanio &
Montorsi, 2018). Nonetheless, the evolving understanding in the molecular determinants
involved in ccRCC pathogenesis allowed the identification of many druggable pathways,
including VEGFA and mTOR, and other therapeutic strategies aiming to activate tumor
infiltrating lymphocytes against cancer (Serzan and Atkins 2021). ccRCC tumors are
enriched in tumor infiltrating CD8+ and CD4+ T cells (Chevrier et al, 2017), whose
reactivity is directly inhibited by cancer cells by expression of CD80/86 and PDL-1 that
inhibit T cells activation following binding to CTLA-4 and PD1 respectively (Zhang et
al, 2021a). Recently, the American Food and Drug Association (FDA) approved immune
checkpoints inhibitors for the treatment of metastatic ccRCC, including the PD-1
inhibitors nivolumab and pembrolizumab (Xu et al, 2017). The latter can be used alone
or in combination with tyrosine kinase inhibitors (TKI) for metastatic ccRCC (Moreira et
al., 2020). ccRCC is characterized by high intra-tumoral VEGF production because of
HIFa hyperactivation, resulting in the formation of highly vascularized tumors (Shen &
Kaelin, 2013). To target VEGF signaling in ccRCC TKI (sunitinib, pazopanib and
cabozantinib) are used to antagonize VEGFR activity (VEGFR-TKI) (Serzan & Atkins,
2021). Importantly at the beginning of 2021, VEGFR inhibitors were FDA approved as

first-line  treatment for metastatic ccRCC  (source: FDA  web site.

http://www.fda.gov/cder/approval/index.htm). In addition to VEGFR antagonists, other
already FDA approved drugs for patients with advanced disease include mTORC
pathway inhibitors, such as everolimus (in combination with the VEGFR antagonist,
levantinib) (Verhaak, 2016), and temsirolimus (Kwitkowski et al, 2010).

Despite the combined treatment with pembrolizumab and VEGFR-TKI, a substantial

group of patients do not respond, reflecting primary resistance to immune checkpoint
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inhibitors. Thus, the identification of predictive biomarkers of response are urgently
required (Moreira et al, 2020).

Interestingly, as reported in the previous section, HIF2a is a key oncogene in ccRCC
pathogenesis, and its targeting may represent an appealing therapeutic opportunity for
ccRCC patients (Cuvillier, 2017). Historically, inhibition of transcription factors has long
be considered unfeasible due to their three-dimensional structure (Bushweller, 2019).
However, a few years ago it was observed that HIF2a contains a large hydrophobic
pocket within its PAS-B domain, which represents a potential binding site for small
allosteric molecules (Rogers et al, 2013; Scheuermann et al, 2013). Since then, a great
number of studies were conducted in a short time and led to the generation of the first
HIF2a. specific inhibitor that impedes its heterodimerization with HIF1B (Rogers et al,
2013; Scheuermann et al, 2013). A structure-based drug discovery approach by Peloton
Therapeutics identified two HIF2a antagonists: PT2399 and PT2385, which were
extensively evaluated in vitro and in vivo for their on-target effects (Chen et al, 2016a;
Cho et al, 2016). Recently, given the great progress of HIF2ainhibitors in the treatment
of ccRCC Peloton Therapeutics was purchased by Merk Group and, on the basis of results
from a clinical trial (NCT03401788), the HIF2a inhibitor (Belzutifan) was FDA
approved for the treatment of patients with VHL-associated RCC disease who require

therapy for ccRCC (source: FDA web site. http://www.fda.gov/cder/approval/index.htm)
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2. AIM OF THE WORK

The cellular functions mediated by the PML protein are of fundamental importance in
cancer. Although PML has been originally described as a tumor suppressor in APL, its
role in solid tumors is still controversial as PML has been described to play dichotomic
(oncogenic or tumor-suppressive) roles in oncogenesis, indicating that its functions might
be tissue- and cell-type specific. In the last decade a large amount of literature unveiled
that PML is endowed with pro-tumorigenic functions in TNBC where it regulates pro-
survival mechanisms and metastatic spreading (Carracedo et al, 2012; Martin-Martin et
al, 2016; Ponente et al, 2017; Arreal et al, 2020). Metastasis regulation by PML was
found, by our group, to occur via transcriptional co-activation of a subset of HIF1a-target
genes (Ponente et al, 2017). HIF1la and its paralogue HIF2a., are aberrantly stabilized in
ccRCC (Biswas et al, 2010), where they variously drive ccRCC pathogenesis. Also,
unpublished preliminary evaluation of PML expression in renal cancer showed that PML
is over-expressed in ccRCC tissues and cell lines. On these bases, we hypothesized that
PML might play pro-tumorigenic functions in ccRCC, and that similarly to TNBC, this
may be mediated by modulation of HIFa transcriptional activity. Also, the
characterization of the role of PML in ccRCC will not only help us elucidate a previously
unexplored involvement of PML in this tumor context, but also open new therapeutic
opportunities for ccRCC treatment, by using ATO that is currently used as first line
therapy in APL patients (Lo-Coco et al, 2013; Lo-Coco et al, 2016).

With these assumptions, we structured this project in three aims:

Aim 1 — Evaluate the pro-oncogenic and pro-metastatic role of PML in RCC and identify
the PML-dependent transcriptional signature;

Aim 2 — Test the physical and functional interactions of PML with HIFa oncogenic
proteins in ccRCC;

Aim 3 — Test the effect of PML pharmacological targeting with arsenic trioxide in ccRCC.
In addressing these questions, we aim to fill the following gaps of knowledge: i) to gain

molecular insights into the role of PML in ccRCC, and ii) to assess the efficacy of ATO

for ccRCC treatment in pre-clinical testing.
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3. RESULTS

3. 1 Aim 1- Evaluate the pro-oncogenic and pro-metastatic role of PML in
different RCC subtypes

It has been reported that the PML gene is expressed at variable levels in cancer tissues,
displaying both down- and up-regulation. This evidence, strongly suggests a dual role of
PML in tumorigenesis, either tumor-suppressive or tumor-promoting depending on the
tumor context (Gurrieri et al, 2004; Carracedo et al, 2012a; Martin-Martin et al, 2016;
Ponente et al, 2017; Arreal et al, 2020; Amodeo et al, 2017; Gentric et al, 2019).

In 2014, work investigating the post-translational regulation of PML via phosphorylation-
induced proteasomal degradation reported that PML is down-regulated in ccRCC via
inhibition of the protein phosphatase SCP1 (Lin et al, 2014). 36 ccRCC and adjacent
normal Kidney tissues were analyzed by immunohistochemistry (IHC), and PML was
found significantly down-regulated with respect to normal tissue (Lin et al, 2014).
These data are in stark contrast to a preliminary and unpublished analysis performed in
collaboration with Dr. Sabina Signoretti at the Brigham and Women’s Hospital in Boston
on 56 ccRCC samples and 5 normal kidney cortexes, where we detected up-regulation of
PML in the majority of cancer samples, and correlation of high PML expression with
Fuhrman nuclear grade, a predictor of aggressive disease (Figure 7 A-C).

Moreover, western blot (WB) analysis clearly showed that PML is over-expressed in a
number of ccRCC cell lines when compared both to normal cells of kidney origin (i.e.,
HEK-293T cells), cancer cells where it was described as down-regulated (i.e., prostate
cancer) (Bernardi et al, 2006), as well as tumor cells where PML was found highly

expressed (i.e., chronic myeloid leukemia) (Ito et al, 2008) (Figure 7 D).

Therefore, we first aimed to: i) further test whether ccRCC is characterized by PML over-
expression; ii) to evaluate the involvement of PML in ccRCC pathogenesis by performing
in vitro and in vivo phenotypic characterization of a panel of human RCC cells in response

to PML silencing; iii) to unravel PML-dependent transcriptional programs.
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Figure 7. PML protein expression in ccRCC. (A and B) Evaluation of PML expression in normal
kidney cortex (n=5) and in ccRCC (n=56), representative examples of three expression levels.
(C) Correlation of high PML expression with Fuhrman grade. (D) Western blot (WB) analysis of
PML in the indicated cell lines. APL: acute promyelocytic leukemia; AML: chronic myeloid
leukemia; PC: prostate cancer. The asterisk indicates expression of the PML-RAR« fusion
protein in APL cells. HEK-293 cells represent normal kidney cells.

3.1.1 PML is over-expressed in ccRCC at mRNA and protein levels

To unbiasedly assess PML expression in ccRCC samples, we took advantage of available
transcriptomic and proteomic data by The Cancer Genome Atlas and the Clinical
Proteomic Tumor Analysis Consortium of the National Cancer Institute. Specifically, to
get insights about PML mRNA levels, we consulted The Cancer Genome Atlas Kidney
Renal Clear Cell Carcinoma (TCGA-KIRC) data set (Creighton et al, 2013), and to
expand our examination we included The Cancer Genome Atlas Cervical Kidney Renal
Papillary cell carcinoma cohort (TCGA-KIRP) (Creighton et al, 2013). To query for PML
MRNA expression in ccRCC and pRCC data collections, we used the ULACAN on line
tool (Chandrashekar et al, 2017). We found that PML mRNA was over-expressed in both
ccRCC and pRCC samples, with a three-fold increase of Transcript Per Million (TPM)
(p<1x107*?) in ccRCC (Figure 8A), and a two-fold increase of TPM in the pRCC group
(p<1.9 10'%?) (Figure 8B), in comparison to the normal individuals. However, analysis of

point mutations and copy number alteration of the PML gene by using cBioPortal (Cerami
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et al, 2012; Gao et al, 2013) revealed that PML is mutated with very low frequency
(0.25%) in ccRCC patients included in the TCGA-KIRK dataset (data not shown).

To understand whether the increased expression of PML mRNA corresponds to an over-
expression of the protein, we interrogated the National Cancer Institute’s Clinical
Proteomic Tumor Analysis Consortium Kidney Renal Clear Cell Carcinoma dataset
(CPTAC-KIRK) (Clark et al, 2019) by using the UALCAN tool (Chandrashekar et al,
2017). Consistently with transcriptomic data, we found that the PML protein is over-
expressed in the CPTAC-KIRK group with respect to normal kidney tissue (Figure 8C).
We did not evaluate PML protein levels in KIRP dataset because this was not included in
the CPTAC data collection (Clark et al, 2019).
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Figure 8. PML mRNA and protein expression in TCGA-KIRK and TCGA-KIRP data sets. PML
mRNA abundance expressed as TPM in tumor (n=533) and normal (n=72) samples of the TCGA-
KIRK datasets (A) and in tumor (n=290) and normal (n=32) samples of the TCGA-KIRP cohort
(B). (C) PML protein levels in the CPTA-KIRK dataset including ccRCC tumor (n=110) and
normal (n=84) tissues, are expressed as Z-value. Data shown in A-C were obtained from
UALCAN.

3.1.2 PML over-expression correlates with unfavorable clinical outcomes in ccRCC
To test the clinical significance of PML over-expression in ccRCC and pRCC, we
analyzed the expression of PML protein and primary transcript in ccRCC samples
subdivided accordingly to tumor grade (indicated by Fuhrman nuclear Grade 1-4) (Figure
9A and B). PML expression does not increase along with tumor grade in these cohorts of
patients (Figure 9A and B). Nonetheless, we found that PML represents an unfavorable
prognostic marker in the TCGA-KIRK cohort (Creighton et al, 2013), as shown by the
lower survival probability of patients displaying high expression of PML mRNA in
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comparison with those displaying low/medium expression (p=0.013) (Figure 9C). In
contrast, the survival probability of patients affected by pRCC does not correlate with

PML expression levels, neither positively nor negatively (p=0.24) (Figure 9D).
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Figure 9. PML over-expression correlates with ccRCC bad patients prognosis. (A) Distribution
of PML protein levels in ccRCC with different Fuhrman nuclear Grade in the TCGA-KIRK
dataset. (B) Distribution of PML protein levels in ccRCC with different Fuhrman nuclear Grade
in the CPTAC-KIRK dataset. (C and D) Kaplan-Meyer curves showing survival probability (time
expressed in days) of patients affected by ccRCC (C) and pRCC (D) stratified on the basis of PML
low/medium and PML high expression. TCGA-KIRK and KIRP data available on UALCAN
online tool were used for the analysis.

In summary, preliminary data obtained from publicly available datasets indicate that PML
is over-expressed in RCC patients, both at the mRNA and protein levels (Figure 8A and
B). Also, PML expression levels positively correlates with bad patients’ prognosis,
specifically in the ccRCC subtype, where PML is overexpressed at higher levels than
pRCC (Figure 8A and B). Thus, the expression and mutational profiles of PML in RCC
patients led us to hypothesize that PML is required to sustain tumorigenesis and to
speculate that, given the lack of significant mutational burden in the PML gene (data not
shown), PML may be regulated downstream oncogenic pathways active in these tumor

types. In this respect, in our laboratory it was previously demonstrated that PML is
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positively regulated by HIF1a in hypoxic conditions and in TNBC (Ponente et al, 2017).
Therefore, it is possible that at least part of PML upregulation occurs downstream

activation of hypoxia responsive pathways in renal cancer.

3.1.3 PML plays a critical role in ccRCC proliferation, cell cycle progression, and
colony formation capabilities

To investigate the role of PML in ccRCC, as a starting point we decided to characterize
the phenotype of a panel of human RCC cell lines representative of pRCC and ccRCC in
response to PML knock-down (Figure 10A). We selected the ACHN cell line as a model
of pRCC. ACHN cells are VHL proficient cells in which HIFo are subjected to the
oxygen-dependent pathway degradation. Three ccRCC cell lines were chosen as
representative of the heterogeneous genetic background of the disease: i) Caki-1 cells,
which are VHL proficient, express low levels of HIF1a and HIF2a and are subjected to
oxygen-dependent regulation of HIFa proteins; ii) RCC4 cells, which are VHL null and
constitutively express both HIF1a and HIF2a; iii) A498 cells, which are VHL null and
express only HIF2a (Brodaczewska et al, 2016) (Figure 10A).

Initially, we sought to adopt constitutive lentiviral transduction of short hairpin RNA
(shRNA) to knock-down PML expression. However, we observed that stable PML-
silenced ccRCC cell lines could not be obtained, as after viral infection and selection we
were not able to expand the populations of PML-silenced cells with a clear cell
phenotype, while ACHN cells could grow in vitro even upon PML silencing (data not
shown). We postulated that such dramatic response to PML constitutive knock-down
represented a growth addiction of ccRCC cells to PML expression and that chronic and
prolonged PML silencing was deleterious to ccRCC cells. Therefore, we applied a
doxycycline-inducible system to suppress PML expression (Wiederschain et al, 2009),
with the assumption that acute PML silencing induced by pulsing cells with doxycycline
would be less impactful. On this basis, we transduced RCC cells with a ShRNA against
PML (hereafter as shPML) and with a ShRNA with a scramble control sequence (hereafter
shCtrl). As shown in Figure 10, 96 hours after doxycycline treatment, quantitative real
time PCR (qRT-PCR) and WB analyses revealed that PML silencing was robust both at
the protein (Figure 10B) and RNA level (Figure 10C) in all the cell lines examined.
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Figure 10. Validation of PML silencing in RCC cell lines. (A) Human RCC cell lines listed on
the basis of RCC subtype, VHL status and HIF « expression. (B) WB showing PML expression in
shCtrl and PML-silenced cells (ACHN, Caki-1, RCC4 and A498 cell lines) upon 96 hours of
doxycycline incubation. f-Actin was used as loading control. Western blots are representative of
three independent experiments of three biological replicates. Numbers represent densitometric
analysis of bands intensity expressed as fold change over the respective shCtrl condition. (C)
gRT-PCR showing PML mRNA relative expression following shPML expression induced by
doxycycline. Data are expressed as mean + SD of three independent experiments. Statistical
significance was calculated with Student’s t-test (*p<0.05, **p<0.01, ***p<0.001).
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To understand the nature of PML dependency by ccRCC cell lines as evidenced by their
response to PML silencing, we performed a series of phenotypic assays, including
proliferation and focus forming assays in adherent conditions, and cell cycle analysis. As
shown in Figure 11A, the proliferative rate of ACHN cells (belonging to the pRCC
subtype) remained unchanged upon PML silencing. However, PML knock-down
specifically affected the proliferation capability of ccRCC cell lines (Caki-1, RCC4 and
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A498) (Figure 11A), suggesting that PML might exert pro-tumorigenic functions
particularly in these RCC subtype. RCC cells were further challenged with a proliferation
assay that measures the formation of foci of cancer cells starting from single cells upon
plating at high dilution (focus forming assay). The increased stringency of this assay
revealed that PML silencing also affected focus forming capacity of ACHN pRCC cells,
although ccRCC cells were affected more profoundly (Figure 11B).
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Figure 11. PML knock-down inhibits cell proliferation and focus forming efficiency of RCC
cells. (A) Proliferation curves of the indicated RCC cell lines expressing shCtrl and shPML
constructs upon incubation with doxycycline for the indicated time points. Values represent a
ratio of crystal violet optical density (OD) at 575nm over day 1. (B) Focus forming assay
performed in shCtrl and shPML RCC cell lines (14 days of culture). Focus forming efficiency was
measured by crystal violet optical density (OD) at 575nm. Data represent the mean values + SD
of at least three independent experiments. Statistical significance was calculated with Student’s
t-test (*p<0.05, **p<0.01, ***p<0.001).

To understand if the reduced cell proliferation observed in response to PML knock-down
was due to cell death, we evaluated the extent of apoptosis or necrosis by measuring the
percentage of annexin positive cells and by trypan blue exclusion assay respectively.
Surprisingly, we found that PML silencing did not induce apoptosis or necrosis in RCC
cells (Figure 12A and B).
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Figure 62. PML knock-down does not elicit cell death. (A) Fluorescence activated cell sorting
(FACS) analysis showing the percentage of Annexin V positive cells in shCtrl and shPML cells of
the indicated cell lines. Data are presented as single values of each independent experiment and
the bars represent the mean. (B) Trypan blue exclusion assay showing the percentage of trypan
blue positive cells in shCtrl and shPML of the indicated cell lines. Data represent the mean values
+ SD of at least three independent experiments. Statistical significance was calculated with
Student’s t-test (ns=p=>0.05).

Next, to understand whether reduced cell numbers upon PML knock-down was due to
defects of cell cycle progression, we performed Bromo-deoxy Uridine (BrdU) uptake
assays to identify actively proliferating cells in the S phase, coupled to Propidium lodide
(PI) staining to measure the percentage of cells distributed in G1 and G2/M phases.
Interestingly, we found that all the ccRCC cell lines displayed ~50% increase in the
percentage of cells in the G1 phase, indicating a severe growth arrest caused by PML
silencing (Figure 13B-D). This phenotype was specific to ccRCC cell lines, as we did not
detect any significant difference in cell cycle distribution in ACHN shPML cells (Figure
13A), in line with what we have previously observed, namely no reduced proliferation

unless in challenging cell culture conditions of single cell growth.
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Figure 13. PML expression sustains ccRCC cells cell cycle progression. FACS cell cycle
analysis of ACHN (A), Caki-1 (B), RCC4 (C) and A498 (D) cell lines showing the percentage of
cells distribution in cell cycle phases, following the induction of shCtrl and shPML constructs by
doxycycline addition to culture media (96 hours incubation). Representative scatter plots are
reported for each cell line. Bar plots show mean + SD of three independent experiments. At the
bottom, representative scatter plots are reported for each cell line. Statistical significance was
calculated with Student’s t-test (*p<0.05, **p<0.01, ***p<0.001).

These results led us to speculate that PML might promote cell cycle progression and
proliferation specifically in ccRCC cells, thus playing tumor-promoting functions in this
tumor type. In order to corroborate these findings, and to convincingly demonstrate that
PML regulates these processes, we used a second ShRNA to knock-down PML expression
(shPML#2) in RCC4 and A498 cell lines, which displayed the most significant phenotype
in response to PML knock-down. Use of sShPML#2 recapitulated all the results obtained

with the other shRNA: impaired cell proliferation, diminished focus forming capacity and
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cell cycle arrest, without impinging on cell survival on both RCC4 (Figure
A498 cells (Figure 14B).
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Figure 14. Validation of PML pro-proliferative functions with a second shRNA. A and B panels
represent RCC4 and A498 cell lines respectively. From left to right: gRT-PCR showing PML
expression following shPML#2 induction; proliferation curves. Values represent a ratio of crystal
violet optical density (OD) at 575nm over day 1; focus forming assays (14 days of culture)
measured by crystal violet optical density (OD) at 575nm; FACS analysis showing the percentage
of Annexin V positive cells; trypan blue exclusion assay showing the percentage of trypan blue
positive cells; FACS analysis showing the percentage of cell distribution in the cell cycle phases.
In all experiments, cells were treated with doxycycline for 96 hours, Data are presented as single
values of each independent experiment and the bars represent the mean. Statistical significance
was calculated with Student’s t-test (*p<0.05, **p<0.01, ***p<0.001).
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3.1.4 PML loss-induced cell cycle halt correlates with p53 and p21 up-regulation

At a molecular level, cell cycle progression is finely regulated by the action of cyclins
and cyclin-dependent protein kinases, as well as their inhibitors, including p21, and
checkpoint tumor-suppressor genes like p53 (Herranz & Gil, 2018). Because we found
that PML is intimately involved in promoting cell cycle progression and cell proliferation
in ccRCC cells, we evaluated whether the G1 arrest induced by loss of PML correlated
with induced protein expression of p53 and p21. Interestingly, we observed that PML
silencing led to a robust up-regulation of both p53 and p21 that was specifically conserved
in ccRCC cell lines and not in ACHN cells (Figure 15). These results suggest that PML
knock-down severely impairs cell cycle progression by up-regulating p53 and p21 in a

cell-line specific manner.
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Figure 15. p53 and p21 expression is inhibited by PML in ccRCC cell lines. WB analysis
showing p53 and p21 protein expression upon PML silencing in ACHN, Caki-1, RCC4 and A498
cell lines. Vinculin was used as a loading control. WB are representative of three independent
experiments. Numbers represent densitometric analysis of bands intensity expressed as fold
change over the respective shCtrl condition.

3.1.5 Ectopic PMLI over-expression in murine RenCa cell line promotes focus
forming efficiency

To validate these findings via additional experiments, we planned to overexpress PML in
a RCC model system that did not show constitutive PML over-expression. To this aim,
we selected the murine ccRCC RenCa cell line where immunofluorescence (IF)
experiments did not reveal PML overexpression, unlike in human ccRCC cells lines
(Figure 16).
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RenCa RCC4

16. Murine RenCa cell line express Pml at lower levels in comparison to human RCC4 cell
line. Representative IF images showing murine Pml expression in RenCa cells and in human
RCC4 cell line. 60x magnification, scalebar 1um.

To perform these experiments, we selected PML isoforms | and IV because accumulating
evidence is revealing isoform-specific functions of PML in cancer. PMLI and PMLIV are
the more extensively studied isoforms, and have been shown to exhibit at times opposite
functions in certain type of tumors. Specifically, PMLIV over-expression in breast cancer
cells leads to reduced cell proliferation and tumor-sphere formation, while PMLI elicits
the opposite phenotype, resulting in cell expansion (Sachini et al, 2019; Alhazmi et al,
2020). With this in mind, we asked if PMLI or PMLIV over-expression may induce the
opposite phenotype as compared to PML knock-down, namely promote cell proliferation
and focus formation. RenCa cells were transfected with plasmids encoding PMLI-eGFP,
PML-1V-eGFP, or eGFP alone and single cell sorting was performed to isolate GFP* cells
form the mixed population (data not shown) and obtain monoclonal cell lines stably
expressing eGFP, PMLI or PMLIV. This approach allowed us to select only those clones
showing low/moderate PML overexpression, with a number and size of PML-NBs that
resembled endogenous PML in RCC4 that over-express the oncogenic protein (Figure
17B). These clones had to be carefully selected, as the majority of single cell clones
displayed massive PML expression, with the formation of large PML-NBs that may
induce artifactual results (not shown).

Thus, upon mild PML over-expression, we observed that both PMLI and PMLIV induced
morphological remodeling of RenCa cell lines, which grew in a disordered manner in
comparison to RenCa-eGFP cells and displayed a mesenchymal-like morphology (Figure
17A). Neither PMLI nor PMLIV over-expression induced significant changes in cell
proliferation (Figure 17C and D), however RenCa eGFP-PMLI clones exhibited

increased colony forming efficiency (Figure 17D), suggesting that even PML mild
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overexpression promotes growth advantage in a ccRCC cell line and this is particularly
evident when measuring single-cell induced proliferation. Moreover, in line with recent
data in a breast cancer cell line (Alhazmi et al,2020), induction of ccRCC proliferation
appear specific for PMLI, although we tested only 2 of the 7 PML isoforms. In sum,
although preliminary, these data confirm that PML exerts pro-oncogenic functions in

ccRCC and suggest that these functions may be isoform-specific.
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Figure 17. PMLI and PMLIV over-expression in RenCa cells. (A) Representative images
showing the impact of PMLI and PMLIV on RenCa morphology (20x magnification, scalebar 10
um). (B) Representative fluorescence images showing the levels of eGFP expression in different
RenCa clones and IF to detect endogenous PML in RCC4 cells (60x 1um scalebar) (C)
Proliferation assays of RenCa clones the indicated constructs. Values represent a ratio of crystal
violet optical density (OD) at 575nm over day 1. (D) Focus forming assay showing colony forming
efficiency of RenCa expressing the indicated constructs. Data represent the mean values + SD of
at least three independent experiments. Statistical significance was calculated by the Student’s t-
test (*p<0.05).

3.1.6 PML knock-down leads to morphological changes reminiscent of cell
senescence
When performing FACS analysis to measure cell cycle progression upon PML knock-

down, we noticed that PML silencing also induced morphological differences that could
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be visualized by flow cytometry. Specifically, all ccRCC cells displayed increased cell
size (measured as forward scatter FSC-A values) and granularity (measured as size scatter
SSC-A values) when compared to cells expressing a control ShRNA. These observations
are in line with a similar effect described when depleting PML from TNBC cells lines,
where this phenotype was associated to the induction of cellular senescence (Arreal et al,
2020). Conversely, pRCC cells ACHN did not show significant differences in terms of
cell size and granularity (Figure 18), consistently with a less severe impairment of

proliferation and no major defects in cell cycle progression (Figures 11 and 13).
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Figure 18. PML silencing leads to increased cell size and granularity of ccRCC cell lines. Plots
showing the distribution of cells in the upper left (UL) and upper right (UR) quadrants obtained
following FACS analysis of physical parameters of cell granularity (SSC-A) and cell size (FSC-
A). Data are presented as single values of three independent experiment and the bars represent
the mean. Statistical significance was calculated with Student’s t-test (*p>0.05; **p<0.01).

Accordingly, the morphology of ccRCC cells appeared significantly changed upon PML
knock-down, with the following common alterations in Caki-1, and more markedly in
RCC4 and A498 cell lines: i) increased deposition of granular material in the perinuclear
cytoplasmic space; ii) cell flattening; iii) appearance of vacuolar-like cytoplasmic
structures (Figure 19A-C). Similar morphological alterations (increased cell size and
granularity) in concomitance to cell cycle halt are typical features of senescent cells
(Gosselin et al, 2009; Degtyarev et al, 2014). Moreover, increased intracellular
granularity might result from increased lysosomal activity, which in senescent cells
promotes recycling and degradation of cellular constituents (Gosselin et al, 2009;
Degtyarev et al, 2014; Herranz & Gil, 2018). Therefore, we measured expression of
senescence associated B-Galactosidase (SA p-Gal) by X-gal staining, which is an

indicator of lysosome functionality in senescence cells (Dimri et al, 1995).
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Figure 19. Morphological alterations in ccRCC cells following PML silencing. Representative
light phase contrast microscopy images (20x magnification) of Caki-1 (A), RCC4 (B), A498(C)
cell lines, following 96 hours of PML knock-down. (A-C) From left to right: shCtrl cells; shPML
cells showing increased perinuclear deposition of granular material indicated by the arrows;
shPML cells representative of cell flattening; shPML cells displaying the presence of vacuolar-
like intracytoplasmic structures indicated by the arrows.

As a positive control, we treated shCtrl Caki-1, RCC4 and A498 cells with Nutlin-3
(hereafter Nut-3), a compound that stabilizes p53 and was reported to induce senescence
in human ccRCC cells (Polanski et al, 2014). Surprisingly, X-gal positive cells were not
detected upon PML silencing, unlike upon Nut-3 treatment (Figure 20A-C).

To further assess induction of cellular senescence, phosphorylated yH2A.x (p-yH2A.x)
was measured, as this is another marker of senescence (Rodier et al, 2011) and its
deposition at DBSs was reported to increase following PML silencing in ovarian cancer
cells (Liu et al, 2017). However, PML silencing did not induce p- yH2A.x foci in ccRCC
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cells, which rather appeared depleted upon PML silencing in both RCC4 and A498 cells

(Figure 21).
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Figure 20. PML silenced cells are not SA p-Gal positive. Representative images of X-gal
staining (20x magnification, scalebar 20 uzm) in shCtrl and shPML of Cakil (A), RCC4 (B) and

A498 (C) cells. SA p-Gal positive cells are indicated by arrows.
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Figure 21. p-yH2A.x foci accumulation upon PML silencing. Representative IF images of p-
yH2A.x foci (green) in RCC4 and A498 cell lines following PML knock-down (60x magnification,
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scalebar 1um). Cells were stained for PML (red) to visualize PML silenced cells. Nuclei were
counterstained with DAPI (blue).

Taken together, these results indicate that although PML knock-down leads to a severe
stall of the cell cycle, up-regulation of p53 and p21, and increased in cell size and
granularity in ccRCC cell lines, this phenotype is not accompanied by classical markers
of senescence, like accumulation of SA B-Gal positive cells and p- yH2A.x foci. These
data are in contrast with a recently described phenotype occurring in TNBC cells upon
PML depletion, where cell cycle inhibition was accompanied by features of senescence
(Arreal et al, 2020).

3.1.7 Morphological analysis of PML silenced cells by transmission electron
microscopy (TEM)

To better understand the nature of the granular deposits and vacuolar-like structures
commonly observed by light phase contrast microscopy in ccRCC cell lines, we
investigated cell morphology by transmission electron microscopy (TEM) in RCC4 and
A498. Interestingly, we found that the ultrastructural intracellular architecture was
profoundly affected in both RCC4 and A498 cells by PML silencing, with RCC4 and
A498 shPML cells showing both common and cell-line specific features, that are

summarized in Figure 22.

Lysosomes and other

degradative structures e fusieie
Membrane invaginations Yes Yes
Mirochondria Big, swelled =
Glycogen deposits Increased -
Lipid droplets - Increased

Endoplasmic reticulum = =

Golgi apparatus - -

Figure 22. List of common and cell type-specific ultrastructural alteration due to PML
silencing observed in RCC4 and A498 cell lines. Increased number of lysosomes and degradative
structures, together with the formation of large membrane invaginations, were observed in both
cell lines. In addition, RCC4 shPML cells displayed bigger, swelled mitochondria, and increased
glycogen deposits, in comparison to RCC4 shCtrl cells, while A498 cells had increased deposition
of lipid droplets in comparison to A498 shCtrl cells. In both cell lines neither the endoplasmic
reticulum, nor the Golgi apparatus were affected by PML silencing.
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In particular, the common ultrastructural alterations found in RCC4 and A498 cells upon
PML silencing included: i) an increased content of degradative structures, which may
include phagosomes and lysosomes at different stages of maturation and processing of
intra-organelle contents (Figure 23A and B, arrows); ii) formation of large invaginations
of the cellular membrane that appear like intracytoplasmic organelles but are empty of
intracellular contents (Figure 25, asterisks). Cell line-specific alterations were: i)
appearance of swelled and big mitochondria (Figure 23A, asterisks), and increased
glycogen deposition in RCC4 cells (Figure 26, arrows); ii) high presence of lipid droplets
(LD) in A498 cells (Figure 27).

A

Figure 23. PML silencing leads to increased content of degradative structures in both RCC4
and A498 cells. Representative TEM images show increased number of degradative structures in
both RCC4 (A) and A498 shPML cell lines (B) in comparison with shCtrl condition. Degradative
structures are indicated by white arrows. Darker or lighter coloration indicates molecular density
and different stages of the degradative process, with lighter organelles representing initial
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degradation and darker organelles the final stages of digestion of their contents. N: nucleus;
Asterisks indicate mitochondria.

Because TEM did not reveal any major difference in ER distribution and representation
in either cell line, to evaluate whether the increase in perinuclear granular material that
was observed by light phase contrast microscopy (Figure 19) was due to increased
degradative structures, we performed immunofluorescence (IF) staining for the
membrane lysosomal markers LAMP1 and LAMP2. Notably, LAMP1 and LAMP2
contents in RCC4 (Figure 24A) and A498 (Figure 24B) cells were severely increased
upon PML silencing, and they displayed a perinuclear localization that is consistent with
the location of the granular material observed by light contrast phase microscopy (Figure
19). These observations suggest that the increased granularity observed by microscopy as
well as FACS analysis in ccRCC cells upon PML silencing may represent increased
lysosomal content. This is consistent with previous reports showing that increased
lysosomal content contributes to increase cytoplasmic granularity, measured by FACS
analysis (Gosselin et al, 2009; Degtyarev et al, 2014).

Notably, IF staining of membrane lysosomal markers allowed to exclude that the
intracytoplasmic vacuolar-like structures evident by light phase contrast microscopy
(Figure 18) originate form lysosomes. Rather, as shown in Figure 24A, in RCC4 shPML
cells LAMP2 positive lysosomes appear excluded and displaced from hollow cytoplasmic
structures like the one marked with a white asterisk in Figure 24A, thus further revealing
the presence of big and mysterious cytoplasmic vacuoles that appear empty and are not
involved in the recycling and/or degradation of cellular constituents.

To attempt to understand the nature of these big cytoplasmic vacuoles appearing in both
ccRCC cell lines in response to PML knock-down, we turned to a more detailed analysis
of TEM images. In collaboration with electron microscopy and cellular anatomy expert
Carlo Tacchetti of Vita Salute San Raffaele University, we concluded that these structures
are unlikely to represent intracellular vacuoles, as they are empty of intracellular contents,
are surrounded by a single membrane, and sometimes contain microvilli-like evaginations
on their surface or at their interior (Figure 25). Therefore, we hypothesized that these
structures represent profound cytoplasmic invaginations of the cell membrane that

surround an empty space, which may perhaps give origin to complete invaginations that

69



become visible as large cytoplasmic vacuoles by light phase contrast microscopy (Figure

19). Interestingly, microvilli in the apical cytoplasmic membrane are a distinctive tract of
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Figure 24. PML regulates lysosomal content in RCC4 and A498 cells. Representative IF images
of LAMP1 and LAMP2 (green) in RCC4 (A) and A498 (B) cell lines following PML knock-down
(60x magpnification, scalebar 1 zm). Nuclei were counterstained with DAPI (blue). Asterisk in (A)
marks an intracellular vacuolar-like structure.

kidney proximal tubular cells, epithelial cells specialized in absorption of water, ions and
other organic nutrients including glucose, lactate and aminoacids (Verlander, 1998;
Sekiya et al, 2013). These results led us to speculate that PML silencing might elicit a
transition of RCC4 and A498 cells form an anaplastic state to a kidney proximal tubular
epithelial-like morphology, in a morphological change representative of an aberrant

differentiation process. However, a complete morphological characterization of these
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structures cannot be derived from the analysis of a single cellular section, like the on
obtained by TEM, or microscopy examination of cells by light phase contrast microscopy
in 2D. Therefore additional types of studies will be necessary to define the complete

morphological changes or ccRCC cells upon PML silencing.

Figure 25. Membrane invaginations in RCC4 and A498 cells caused by PML silencing.
Representative TEM images showing the formation of gross and empty membrane invaginations
(indicated by white asterisks) in both RCC4 and A498 shPML cells.

Beside these common structural changes, as previously stated TEM analysis revealed that
PML knock-down leads to cell line-specific alterations in RCC4 and A498 ultrastructural
morphology. In particular, within RCC4 shPML cells we observed bigger, swelled
mitochondria (Figure 23A, asterisks) and increased glycogen (Figure 26, arrows), in
comparison to RCC4 shCtrl cells. Of note, glycogen deposits were found to distinctively
accumulate in proximity of the membranes delineating the empty organelles that we have
just discussed. Because glycogen deposits tend to accumulate proximal to the plasma
membrane in hepatocytes and skeletal muscle cells, where they provide a storage site for
internalized glucose (Prats et al, 2011) this observation further suggests that the empty
intracellular vacuoles observed upon PML silencing derive from the cytoplasmic
membrane, which is by definition in direct contact with the extracellular environment.

Finally, specifically in A498 cells, we found an increased number of LD, which are
identified in TEM as small, homogeneously stained cytoplasmic vacuoles delimited by a
dark membrane (Figure 27). To further validate that such effect existed and was specific
for A498 cells, we performed Oil red O (ORO) staining to detect intracellular neutral

lipids. Notably, ORO staining confirmed an increase in cytoplasmic LD following PML
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knock-down only A498 cells, and further confirmed that these structures are excluded

from, and are different from, the big vacuoles that characterize shPML ccRCC cell lines
(Figure 28B).

Figure 26. RCC4 cell-specific morphological alterations due to PML knock-down.
Representative TEM images showing increased glycogen deposits (indicated by white arrows) in
the proximity of the membrane of empty intracellular vacuoles (indicated by white asterisks) in
RCC4 shPML cells, in comparison to shCtrl cells.

Figure 27. A498 cell-specific morphological alterations due to PML knock-down.
Representative TEM images showing increased LD content in A498 shPML cells, in comparison
to shCtrl cells.
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Figure 28. PML inhibits lipid droplets deposition in A498 cell line. Representative images of
ORO staining in RCC4 (A) and A498 (B) cell lines upon PML silencing. Neutral lipids where
stained with ORO and the cell nucleus was counterstained with hematoxylin. Magnification 40x
scale bar 10 um.

In conclusion, analysis of ccRCC cellular morphology by TEM revealed that: i) PML
negatively regulates the accumulation of degradative structures and in particular of
lysosomes, that contribute to increase cell granularity; ii) PML regulates cell polarization

and its down-regulation leads to morphological change akin aberrant differentiation.

3.1.8 PML does not regulate cell migration and invasion of ccRCC cells

Previous work in our laboratory demonstrated that PML promotes metastatic
dissemination of TNBC cells and in vitro features of metastasis, like cell migration,
invasion and EMT (Ponente et al, 2017). To test whether this was also evident in ccRCC,
we performed wound healing and Matrigel invasion assays to specifically measure
migratory and invasive phenotypes in all RCC cell lines upon PML silencing (ACHN,
Caki-1, RCC-4 and A498). Contrary to the phenotype that we had described in TNBC
(Ponente et al,2017), we did not observe any significative defect or increase in cell
motility or cell invasion upon PML silencing in any of the cell lines analyzed.

Representative examples of RCC4 cells are reported in Figure 29. In vivo, we did not find
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metastatic foci of Caki-1 and A498 cells in control tumors, and silencing of PML did not

cause metastasis.
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Figure 29. PML silencing does not affect cell maotility. (A) Representative images of wound
healing assay acquired with 10x magnification (scale bar=20 x&m) and bar plot representing
wound area reduction after 24 hours from scratch application of one of three independent
experiments (B) Representative images of transwell invasion assay of one of at least three
independent experiments (20x magnification, scalebar 10 zm) and bar plot showing the number
of invading cells per field. Data are presented as the mean values + SD. Statistical significance
was calculated by Student’s t-test.

In conclusion, analysis of the role of PML in ccRCC pathogenesis in vitro revealed that
PML appears to display clear tumor-promoting functions in this context, with a
predominant effect on cell proliferation and morphological changes that may represent
reactivation of aberrant differentiation programs. Conversely, PML does not promote cell
migration and metastatic features in this tumor type, unlike in TNBC (Ponente et al,
2017).

3.1.9 Unraveling the PML-dependent transcriptional program in ccRCC cells

The results described so far point to a crucial function of PML as a pro-oncogenic factor
in ccRCC by displaying functions that appear more pronounced than in other tumor types
where PML has been described as an oncogene, first and foremost TNBC (Carracedo et
al, 2012a; Martin-Martin et al, 2016; Arreal et al, 2020). Also, we observed an important

function of PML in determining cell morphology features that are not easy to interpret.
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To gain functional insights into the function/s of PML in ccRCC, we interrogated the
transcriptional program mediated by PML in this tumor context. We thus performed
RNA-sequencing (RNAseq) upon PML knock-down in RCC4 cells, as this cell line has
been previously studied to identify HIF transcriptional targets and allowed us to do
comparative analyses.

Global changes in RNA expression in RCC4 cells upon PML silencing are shown in
Figure 30. We found that 1695 coding genes were differentially expressed in response to
PML knock-down. These 820 up-regulated (log2FC>0, FDR<0.05) and 875 down-
regulated (log2FC<0, FDR<0.05) genes.
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Figure 30. Differential gene expression analysis following PML silencing in RCC4 cell line.
Volcano plot depicting differentially expressed genes between shCtrl and shPML RCC4 cells. Red
dots represent statistically significant differentially expressed genes (FDR<0.05), calculated by
row count values. Black dots represent genes whose expression was not significantly altered.

To describe the main functional categories regulated by PML in ccRCC, we performed
functional enrichment analysis of the 821 down-regulated and 876 up-regulated genes
separately with the EnrichR online tool (Kuleshov et al, 2016). Functional enrichment
analysis of down-regulated genes in response to PML silencing (i.e., genes positively
regulated by PML) showed that the top 100 most enriched terms and pathways
(AdjPval<0.1) where homogeneously and mostly related to proliferation-associated
cellular processes (Figure 31). Specifically, the top 100 enriched terms were subjected to
supervised clustering, and we identified eight major clusters: i) response to infection; ii)
DNA replication; iii) DNA damage; iv) cell cycle; v) DNA repair; vi) mismatch repair;

vii) nucleotide excision; viii) DNA synthesis (Figure 31).
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Figure 31. Functional categories activated by PML. Heatmap displaying the top 100 terms and
pathways enriched in genes down-regulated upon PML silencing. Terms were grouped by
performing supervised hierarchical clustering of functional categories. Enrichment analysis was
performed by using EnrichR online tool. The following datasets were included: KEGG,
MSigDB_Hallmark, Reactome, GO_Biological Process, GO_Molecular Function and
GO_Cellular Component. The terms used to perform supervised hierarchical clustering shown
in the heatmap were filtered for their statistical significance indicated by Adjusted Pvalue
(AdjPval)<0.1.

This analysis further demonstrates the fundamental role of PML in regulating ccRCC cell
proliferation and cell cycle progression. The main functional category was related to cell
cycle regulation, and included important bona fide cell cycle effectors like CDK1, E2F,
Cyclin E, CDC245, BUB3 and POLE and other pro-proliferative genes like PCNA and
FOXL1. Positive transcriptional regulation of these gene categories was not previously
reported for PML, thus suggesting that PML may be directly involved in regulating
proliferation specifically in ccRCC cells. Interestingly, another member of the Forkhead
transcription factor (FOX) family, FOXM1, was reported to be inhibited by PMLIV over-
expression along with PCNA in TNBC cells, thus inhibiting cell growth and focus
forming capacity (Sachini et al, 2019). These results suggest that PML might modulate
similar targets across different tissues, albeit in opposite manners. Also, the down-
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regulation of genes involved in DNA replication (RFC5, RPAL, TOP3A, PRIM2, and
POLE4) and repair (MSH2, RFC5, RFC3) was not previously reported as a consequence
of PML genetic manipulation, suggesting that PML regulation with respect to genes
involved in DNA synthesis and repair might be tissue-specific. Intriguingly, the same
gene sets down-regulated in response to PML silencing, namely DNA replication, cell
cycle, cell cycle check-point and DNA repair process, including CD1, TOP2A, CDK1,
CDK2, BLM, E2F, and BRCAL genes, were identified as the most significantly regulated
genes upon HIF2ow pharmacological targeting with the novel small molecule inhibitor
Belzutifan (Cheng et al, 2016), suggesting that PML and HIF2oa may synergies to
promote ccRCC cell proliferation.

However, we cannot exclude that such regulation might occur as a consequence of the
non-proliferative state of PML-silenced cells, which do not require the activation of DNA
synthesis and repair pathways, in line with the depletion of p-yH2A.x foci that we
observed following PML knock-down (Figure 21).

Finally, the down-regulation of gene sets involved in response to viral infections, which
comprehends genes encoding nucleoporins (NUPS) that counteract viral genome entry in
the nucleoplasm (Shen 2021), is consistent with the vast amount of literature
demonstrating that PML is a viral restriction factor (Neerukonda, 2021; Everett, 2001).
Nonetheless, PML regulation of viral genome entry in host cells was not reported as a
transcriptionally regulated mechanism, thus expanding the involvement of PML in
counteracting viral infections.

The same analysis was performed for the up-regulated genes in response to PML knock-
down (i.e., genes negatively regulated by PML). In this case, we found more
heterogeneous gene sets (Figure 32) that functional hierarchical clustering analysis
grouped in more heterogeneous categories (Figure 32). Specifically, the top 100 enriched
terms and pathways (AdjPval<0.1) clustered in the following categories: i) ribosomal
proteins; ii) glycolysis; iii) semaphorin signaling; iv) cholesterol biosynthesis; v)
neutrophil activation; vi) extracellular matrix (ECM) remodeling; vii) lysosome; viii) and
a more heterogeneous cluster indicating the up-regulation of other pathways related to
interleukin (IL) signaling, endosome trafficking, stress-response and inflammation.

In analyzing these results, we found that some gene terms are coherent with the phenotype

caused by knocking-down PML expression. First and foremost, the up-regulation of
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lysosomal gene families correlates with the increased number of lysosomes and other
degradative structures observed by TEM and by IF in RCC4 and A498 cells (Figures 23
and 24).
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Figure 32. Functional categories suppressed by PML. Heatmap displaying the top 100 terms
and pathways up-regulated upon PML silencing. Terms were grouped by performing supervised
hierarchical clustering of functional categories. Enrichment analysis was performed by using
EnrichR online tool. The following datasets were included: KEGG, MSigDB_Hallmark,
Reactome, GO_Biological Process, GO_Molecular Function and GO_Cellular Component. The
terms used to perform supervised hierarchical clustering shown in the heatmap were filtered for
their statistical significance indicated by Adjusted Pvalue (AdjPval)<0.1.

We found that LAMP1 and LAMTOR lysosomal membrane proteins, and ATPases
regulating lysosome acidification are transcriptionally up-regulated in response to PML
knock-down. Intriguingly, the transcriptional regulation of genes encoding lysosomal
structural proteins by PML was not previously reported. However, cytoplasmic PML was
found to localize at mitochondrial associated membranes (MAMs), modulating
autophagy (Muissiroli et al, 2017), a cellular process that delivers cellular component to
lysosome for degradation (Yim & Mizushima, 2020). Despite this, since here we observe
that PML regulates the expression of lysosomal factors, our findings further expand PML-
dependent regulation of lysosomal dynamics. Other terms are coherent with functions of

PML reported in the literature. For example, the involvement of PML in suppressing
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cholesterol biogenesis has been reported in tissues including normal liver, muscle and
white adipose tissue (Cheng et al, 2013), as well as prostate cancer, where PML
negatively regulates the activity of SREBP2 transcription factor, which we found
included in gene families clustering in the “Cholesterol biosynthesis” category (Figure
32). Interestingly, negative regulation of cholesterol metabolism by PML was suggested
to prevent diet-induced obesity (Kim et al, 2011) and inhibit metastatic behavior in
prostate cancer (Chen et al, 2018), two roles that fit with systemic and cell-intrinsic tumor
suppressive functions of PML, in contrast with PML acting as an oncogene in ccRCC.
However, in ccRCC tissues expression of cholesterol biosynthetic enzymes was reported
to be repressed when compared to normal tissues (Riscal et al, 2021). Therefore, although
a clear role for intracellular cholesterol synthesis in ccRCC remains to be established, our
data suggest that PML may participate to suppression of cholesterol biosynthetic
pathways in this tumor context. Consistently, we found that several SREBP2 target genes
that are reported to be regulated by PML in prostate cancer (Chen et al, 2018) are up-
regulated in response to PML silencing in ccRCC cells, including SREFBP2 itself and
HMGCR, HMGCS, ELOVLG6, and IDI1.

In addition, our RNAsequencing analysis revealed that PML silencing elicits a complex
stress response in ccRCC, which comprehends up-regulation of a variety of pro-
inflammatory pathways and ECM remodeling factors, including MMP9, LOXL2, LOXL4,
MMP1 and ADAMTS1. Of note, this is in contrast with what we have previously
demonstrated in TNBC, where PML positively regulates the expression of ECM
degradation proteins, thus enhancing breast cancer cell invasion (Ponente et al, 2017).
However, increased production of other ECM remodeling factors, was described in
TNBC cells upon PML silencing (Arreal et al, 2020), and these features were associated
to induction of cellular senescence (Herranz & Gil, 2018; Kirkland & Tchkonia, 2020).
In this context, proteomic analysis of the secretome of PML-silenced TNBC cells
revealed that their senescence-associated secretory phenotype (SASP) does not fully
resemble the canonical SASP but is particularly enriched of ECM remodeling factors
(Arreal et al, 2020), probably due to the high heterogeneity and tissue specificity of SASP
(Hernandez-Segura et al, 2017). Therefore, our data are consistent with the SASP
phenotype induced by PML silencing in TNBC cells (Arreal et al, 2020) and further
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suggest that in ccRCC cells PML may also induce senescence, albeit not accompanied by
classical senescence markers.

Another intriguing result of our transcriptomic data is the upregulation of glycolysis. In
this respect, PML loss induced the over-expression of HK2, GAPDH, ENO1, GPI, PFKP,
which are bona fide HIFla-target genes (Ray & Semenza, 2010). We had previously
identified PML as a transcriptional co-activator of HIF1a in TNBC (Ponente et al, 2017)
and unpublished RNA-sequencing results demonstrate that glycolytic genes are down-
regulated upon PML suppression in TNBC cells (data not shown). These counterintuitive
observations indicate that PML regulation with respect to HIFLa transcriptional activity
might be tissue specific. Furthermore, it was reported that increased glycolysis can be
found in association with SASP in senescent cells (Dérr et al, 2013), further suggesting
that PML inhibition in ccRCC cells might induce the acquisition of a non-canonical
senescent-like phenotype. The role of semaphorin and interleukin signaling pathways as
well as increased protein synthesis pathways are less clear and will need validation and

further investigation.

In summary, profiling changes of the transcriptomic profile of ccRCC cells upon PML
silencing partly confirmed the phenotypes that were identified via morphological and
functional characterization, and further extended our analysis to include other pathways
that appear specifically regulated by PML in this tumor context, including lysosome

dynamics and metabolic reprogramming.

Since our transcriptomic analysis is strongly indicating that PML might be intimately
involved in metabolic reprogramming in ccRCC, we expanded our findings to clinical
data. Specifically, co-expression analysis was performed between PML mRNA
abundance and mMRNA levels of genes involved in glycolysis and cholesterol biosynthesis
in the TCGA-KIRK dataset using cBioPortal (Cerami et al, 2012; Gao et al, 2013).
Interestingly, we found an inverse correlation between PML and some glycolytic genes
including, PDK1, PGK1, and BNIP3 (Figure 33A-C)
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Figure 33. Co-expression analysis between PML and glycolytic genes. Spearman’s correlation
analyses between PML mRNA abundance and PDK1 (A), PGK1 (B), BNIP3 (C) in the TCGA-
KIRK dataset. Data were retrieved by using cBioPortal.

Similarly, co-expression analysis between PML and genes involved in cholesterol
biosynthetic process showed inverse correlation with HMCGR, HMGCS1 and IDI1
(Figure 34A-C). Notably, these are well-established SREBP2 target genes (Chen et al,
2018) that are known to be repressed in ccRCC as opposed to normal kidney tissue (Riscal

et al, 2021).
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Figure 34. Co-expression analysis between PML and genes of cholesterol synthesis.
Spearman’s correlation analyses between PML mRNA abundance and HMGCR (A), HMGCS1
(B), IDI1 (C) in the TCGA-KIRK dataset. Data were retrieved by using cBioPortal.

Taken together, co-expression analyses revealed that PML is involved in the suppression
of glycolysis and cholesterol anabolic pathways, unraveling a possible pro-oncogenic

metabolic role of PML in ccRCC.

3.1.10 PML expression sustains in vivo tumor growth
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In order to validate PML involvement in ccRCC pathogenesis in in vivo settings, we
injected subcutaneously inducible shCtrl and shPML c¢ccRCC cells in
immunocompromised mice. For these experiments, we selected Caki-1 and A498 cells as
they were reported by previously published literature to engraft in immunocompromised
mice, while RCC4 cells did not (Brodaczewska et al, 2016).

After cell implantation, we measured tumor growth weekly and started doxycycline
administration when tumor masses originating from each cell line reached approximately
200 mm?3 (Figure 35). A498 and Caki-1 tumors took different periods of time to engraft
and reach the size of 200 mm? (9 and 5 weeks, respectively) (Figure 35, left panels). From
these time points, doxycycline was administered daily through oral gavage, in order to
induce PML silencing in vivo for the indicated periods of time (Figure 35, left panels). 2-
3 weeks after doxycycline administration, tumors derived from both A498 and Caki-1
cells started to show reduced in vivo growth in the presence of the PML silencing sShRNA,
and this difference became more pronounced as control tumors grew bigger (Figure 35,
left panels). The experiment was interrupted at 5 weeks post doxycycline administration
due to tumor sizes in control animals (Figure 35, left panels). At this time point, tumors
originated from shPML ccRCC cells were significantly smaller and displayed lower
weight than control tumors (Figure 35, middle panels). These data clearly indicate that
PML silencing delays in vivo tumor growth. To univocally show that such effects were
due to PML down-regulation, we performed immune histochemistry (IHC) to visualize
PML protein expression, which confirmed that PML knock-down was robust (Figure 35,

right panels).
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Figure 35. PML silencing impairs tumor expansion in vivo. (A) Growth curve of tumors (n=4
per experimental group) generated by A498 cells (shCtrl and shPML) and tumor weight at
sacrifice. Doxycycline was administered from week 9 to 14 from implantation. On the right,
representative images of PML IHC in one sample each of shCtrl and shPML tumors. Images were
taken at 60x magnification. (B) Growth curve of tumors (shCtrl n=6, shPML n=5) generated by
Caki-1 cell (shCtrl and shPML) and tumor weight at sacrifice. Doxycycline was administered
from week 5 to 10 from implantation. On the right, representative images of PML IHC in one
sample each of shCtrl and shPML tumors. Images were taken at 60x magnification. Data are
expressed as mean + SEM. Statistical significance was calculated with Student’s t-test (*p<0.05).

In order to assess whether the reduced volume and weight caused by PML depletion was
due to diminished cell proliferation, we performed IHC for the proliferation marker K167
in shCtrl and shPML tumors. We found that the number of proliferative cells decline in
the shPML condition (Figure 36), and this was particularly evident in the Caki-1 model
(Figure 36A). In contrast, K167 in the A498 model was not significantly reduced upon

PML silencing in comparison to shCtrl condition, perhaps because control tumors were
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very large and showed reduced proliferation and large necrotic areas due to tumor over-
growth (Figure 36B).
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Figure 36. KI67 staining of Caki-1 and A498 xenografts. (A) Representative images of IHC
staining for K167 performed in 3 out of 6 samples for each experimental condition of mice
transplanted with Caki-1 (A) or A498 (B) shCtrl or shPML cells. The graphs (right panel in A
and B) represents the percentage of KI67 positive nuclei. The quantification was performed by
scanning the entire tissue slides. Images were acquired at 60x magnification (200 zm scalebar).
Data are presented as single values of each experiment and the bars represent the mean.
Statistical significance was calculated with Student’s t-test (***p<0.001).

Additionally, in collaboration with the pathologist Roberta Luciand of San Raffaele
Hospital, we performed hematoxylin and eosin (H&E) staining and pathology evaluation
of tumor architecture and tumor staging, according to nucleolar grade, in 3-4
representative tumors/cohort. Tumors derived from both A498 and ¢ Caki-1cells were
generally of high grade, with prevalent scoring of grade I11-1V (Figure 37A and 38A).
Also, they often displayed areas of sarcomatoid and rhabdoid differentiation (Figure 37B
and 38B, left panels), which are typical of high-grade ccRCC (Elias et al, 2021). Tumor
grade was not statistically different upon PML silencing in A498 tumors (Figure 37A).
However, morphological features of sarcomatoid and rhabdoid differentiation were
under-represented in A498 shPML samples (n=1 grade Ill, n=3 grade I1l/IV and n=1
grade 1V ), and these tumors presented areas of distinctive clear cell morphology, with
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cells displaying clear cytoplasm, while control tumors had more anaplastic features
(Figure 37B).
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Figure 37. Evaluation of A498 tumor architecture and tumor staging. (A) Table showing the
micro-anatomopathological staging of A498 xenografts according to nucleolar grade. (B)
Representative H&E staining of tumor xenografts derived from A498 shCtrl and shPML cells
(60x magnification, 200 zm scalebar).

The same analysis was performed in three out of six shCtrl and shPML Caki-1 tumors
per group and produced more significant results. Masses arising from shCtrl Caki-1 cells
where high-grade tumors (n=1 grade I11/1V, n=2 grade VI) (Figure 38A), displaying
rhabdoid architecture (Figure 38B). In contrast, 2/3 small masses derived from shPML
Caki-1 cells barely displayed tumor cells and were mostly characterized by fibrotic tissue
(Figure 38B). In these samples, we found signs of remission, as suggested by the presence
of stromal activated fibroblasts and scarce abundance of morphological features of tumor

cells. Only one tumor had clearly defined cancer cells with grade I11/1V (Figure 38A).
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Figure 38. Evaluation of Caki-1 tumor architecture and tumor staging. (A) Table showing the
micro-anatomopathological staging of Caki-1 xenografts according to nucleolar grade. (B)
Representative H&E staining of tumor xenografts derived from Caki-1 shCtrl and shPML cells
(60x magnification, 200 zm scalebar).

To understand whether mesenchymal-like cells in these tumors represented an
inflammatory stroma or tumor cells with EMT features, we performed
immunohistochemical staining for the human epithelial marker cytokeratin 8/18 (Figure
38, right panel). Caki-1 shCtrl tumors showed low, cytoplasmic staining for cytokeratin
8/18, while shPML Caki-1 tumors showed two distinct types of staining: few scattered
positive cells in areas of fibrosis (Figure 39, left panel) and a stronger staining of
cytokeratin 8/18 in the few areas of morphological tumor cells in comparison to shCtrl
tissue (Figure 39, compare the left panel to the middle panel).

This observation further suggests that PML silencing may lead to the acquisition of an
epithelial-like phenotype, which may define less aggressive tumors that somehow
undergo a process of differentiation, as suggested by the morphological vacuolization of
ccRCC cells in vitro. Along these lines, we observed features of cytoplasmic vacuoles in
some areas of Caki-1 shPML tumors (Figure 40, indicated by the arrows in the boxes).
This was not observed in shPML A498 cells, in contrast to in vitro findings, perhaps due
to the fact that A498 cells grow more rapidly in vivo and when the experiment was
arrested when tumors were in general bigger, necrotic and profoundly anaplastic, than

Caki-1-derived tumors,.

In summary, these data clearly indicate that: i) PML has a strong tumor-promoting

capacity in ccRCC, and that similar to in vitro setting, acute in vivo silencing of PML
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induces a strong growth arrest, which is accompanied by tumor features of reduced
anaplasia; ii) since PML regulates cell polarization, its silencing might lead to the

development of more differentiated tumors.

shCitrl

Figure 39. IHC of cytokeratin 8/18 in Caki-1 xenografts. Representative images if IHC staining
for the epithelial marker cytokeratin 8/18 of one shCtrl (left panel) and two shPML samples
(middle and right panels). 20x magnification, scale bar 20 zm.

Figure 40. Cytoplasmic vacuolation observed upon PML silencing in Caki-1 model. Left panel,
representative H&E staining of tumor xenografts derived from shPML Caki-1 cells (60x
magnification, 200 xm scalebar); right panel, enlargement of the indicated area in the left panel.
Arrow indicates cytoplasmic vacuolation.

3.2 Aim 2- Test physical and functional interaction of PML with HIFa

oncogenic proteins in ccCRCC

It was previously demonstrated that PML cooperatively regulates the expression of a

specific subset of HIF1a pro-metastatic target genes in TNBC, suggesting that PML
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could be physically associated to HIF1o onto their regulatory regions (Ponente et al,
2017). However, here we found that PML pro-metastatic functions are not conserved in
ccRCC, since PML knock-down does not affect the migratory or invasive behaviors of
ccRCC cells (Figure 29). In contrast, the transcriptomic data obtained in Aim 1 indicate
that PML suppresses gene categories related to glycolysis, a molecular process that is
prominently activated by HIFla (Rey & Semenza, 2010). This evidence led us to
speculate that PML might act as a HIF1a co-repressor in ccRCC cells, rather than a co-
activator, in an opposite manner as it does in TNBC (Ponente et al, 2017). Furthermore,
in Aim 1 we demonstrated that PML positively regulates proliferation, a cellular function
that is largely attributed to HIF2a, especially in the context of ccRCC (Biswas et al,
2010). Therefore, we did not exclude that a functional PML/HIFa. axis existed also in
ccRCC and we aimed to test the following hypothesis : i) that functional interactions
between PML and HIFo subunits occur in ccRCC; ii) that PML modulates HIFa

transcriptional programs via direct protein-protein interaction.

3.2.1 PML regulates the expression of bona fide HIFa. genes

To evaluate the functional crosstalk of PML/HIF1a and PML/HIF2a., we took advantage
of RCC4 cells that constitutively express both HIF1a and HIF2a due to VHL deletion.
Firstly, we measured the expression of HIF1lo pro-metastatic target genes that were
positively co-regulated by PML and HIF1a in TNBC, including ZEB2, PLOD1, WIPF1
and LOX (Ponente et al, 2017). However, unlike TNBC cells, the expression of HIFla
pro-metastatic targets was not inhibited upon PML silencing in RCC4 cells (Figure 41A).
Rather, PML knock-down led to the slight up-regulation of some of these genes, and a
more significant up-regulation of HIF1o target genes involved in glycolysis (Figure 41B),
in validation of the results obtained upon RNA-sequencing where glycolytic pathways
were found up-regulated upon PML suppression (Figure 32), and inversely correlated
with PML in the TGCA-KIRK dataset (Figure 33). These data thus suggest that rather
than promoting pro-metastatic HIFla functions, PML may antagonize HIFla

transcriptional activity with respect to genes involved in glycolysis in ccRCC.
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Figure 41. Expression levels of HIF1« target genes following PML knock-down. gRT-PCR
showing the fold change in expression of HIF1a pro-metastatic (A) and glycolytic (B) target
genes in RCC4 cells following PML silencing. Data represent mean values + SD of three
independent experiments. Statistical significance has been calculated by Student’s t-test
(*p<0.05; **p<0.01; ***p<0.001).
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Since we found that PML is fundamental for ccRCC proliferation and this function has
been prominently attributed to HIF2aw (Biswas et al, 2010), we asked whether PML
might specifically cooperate with HIF2a to such process. We evaluated the expression
levels of a small subset of HIF2a. target genes, including genes involved in proliferation
(CD1 and NDRG1) and self-renewal (Oct4, SOX2) (Forristal et al, 2010; Cho et al, 2016).
In contrast to what we observed with respect to HIF1a targets, and in agreement with
PML pro-tumorigenic function in ccRCC cells, PML silencing led to a significant down-
regulation of HIF2a regulated genes (Figure 42). These data are in addition to PML
positive regulation of a series of newly described HIF2a target genes, including CD1,
TOP2A, CDK1, CDK2, BLM, E2F and BRCA1, which were identified upon HIF2a
targeting with a specific inhibitor (Chen et al, 2016) and we found down-regulated by
RNA-sequencing upon PML knock-down. Taken together these findings suggest that in
ccRCC, PML may exert opposite functions in the regulation of HIFa targets compared
to TNBC.

Intriguingly, along with the negative and positive regulation of HIF1a and HIF2a-target
genes, we observed that PML knock-down led to specific and opposite regulation of the
MRNA and protein amounts of HIF1a and HIF2a., via increasing HIF1o and decreasing
HIF2a expression (Figure 43A and B).
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Figure 42. Expression levels of HIF2« target genes following PML knock-down. gRT-PCR
showing the fold change in expression of HIF2« targets genes in RCC4 cells, following PML
silencing compared to shCtrl cells. Data represent mean values + standard deviation (SD) of
three independent experiments. Statistical significance has been calculated by Student’s t-test
(*p<0.05; ***p<0.001).
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Figure 43. PML inhibits and enhances the expression of HIF1a and HIF2« respectively. (A)
gRT-PCR showing HIFla and HIF2« levels relative to 18S in RCC4 cells, following the
induction of shPML. Data represent mean values + SD of three independent experiments. (B) WB
analysis showing HIF1a and HIF2« proteins expression upon PML silencing in RCC4 cell line.
aTubulin was used as a loading control. WB is representative of two independent experiments of
two biological replicates. Numbers represent densitometric analysis of bands intensity expressed

as fold change over shCtrl condition. Statistical significance has been calculated by Student’s t-
test (**p<0.01; ***p<0.001).

Taken together, these results suggest that PML regulates HIFa in a dichotomic manner,

by inhibiting HIF1a glycolytic target genes and promoting modulation of HIF2a target

genes involved in cells proliferation.

3.2.2 PML and HIFa transcriptional programs are partially overlapping
To investigate in more detail the functional crosstalk between PML and HIFa
transcription factors and evaluate whether PML shares co-regulated gene sets with HIF1a

or HIF2a, we overlapped the PML-dependent transcriptional signature that we obtained
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via RNA-sequencing with: i) available HIF1a and HIF2a ChlP-sequencing data from the
RCC4 cell line (Smythies et al, 2019); ii) RNA-sequencing data obtained from RCC4
cells reconstituted for VHL expression and exposed to hypoxic conditions to identify
HIFa target genes (Smythies et al, 2019).

Firstly, we annotated HIF1la and HIF2aw ChlP-sequencing peaks, and identified 3001
genes bound by HIFla, and only 249 genes by HIF2a in RCC4 cells. These data are
surprising, as functional studies indicate that HIF2a is a crucial oncogene in ccRCC
(Shen et al, 2011). However, HIF2a-specific antibodies may be less efficient than
HIFla-specific antibodies, thus explaining this incongruency. Then, we overlapped
HIFla associated genes with genes positively (hereafter shPML_Down) or negatively
(hereafter shPML_Up) regulated by PML (Figure 44A and C). In line with the hypothesis
that PML inhibits HIFlo target genes in ccRCC, we found no overlap between
shPML_Down and HIF1a ChlP-sequencing peaks (Figure 44A) but we found that 124
genes bound by HIF1la are also suppressed by PML (Figure 44C). We performed the
same analysis by overlapping PML-regulated genes with HIF2a. targets but we found
only a small overlap between PML and HIF2a peaks, with 9 and 14 genes shared between
shPML_Down, shPML_Up and HIF2aq, respectively (Figure 44B and D).
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shPML_Down ChiPseqHIF1a shPML_Down ChiPseq HIF2a
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shPML_Up ChlIPseq HIF1a shPML_Up ChlPseqHIF2a
696 124 | 2877 806

Figure 44. Overlap analysis of PML-regulated genes with genes bound by HIF1a or HIF2a.
Venn diagrams showing PML-HIFla (A and C) and PML-HIF2« (B and D) commonly
regulated/bound genes. (A) 0 genes positively regulated by PML and bound by HIF1« in RCC4
cells. (B) 9 genes are positively regulated by PML and bound by HIF2«. (C) 124 genes are
inhibited by PML expression and bound by HIF1«. (D) 14 genes are inhibited by PML expression
and bound by HIF2c.
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To get insights of PML and HIFa co-regulated molecular pathways, we performed
functional enrichment analysis of gene lists obtained from this analysis. Consistently, we
found that PML suppresses the expression of HIF1la-dependent metabolic pathways,
including glycolysis and fatty acid synthesis (Figure 45A). Moreover, we observed an
enrichment in terms related to the mTORCL1 pathway (Figure 45A), which is in line with
previous studies demonstrating that PML inhibits mTORC1 activity, resulting in the
suppression of HIF1a (Berardi et al, 2006). Surprisingly, the same analysis performed by
using genes repressed by PML and bound by HIF2a retrieved the same terms and
pathways found in shPML_UP and HIF1a overlap (Figure 45B). This is due to the fact
that the 14 genes regulated by PML and bound by HIF2co are shared in the ChlP-
sequencing data of HIF1a and HIF2a (13 out of 14 HIF2a-regulated genes, not shown),
thus suggesting that HIF1a and HIF2a. play partially redundant functions in RCC4 cells.
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Figure 45. Functional enrichment analysis of HIF1a and HIF2« target genes repressed by
PML. (A) Functional enrichment analysis for differentially expressed genes that are regulated
by PML and bound by HIF1«. (B) Functional enrichment analysis for differentially expressed
genes that are positively regulated by PML and bound by HIF2a. Top 10 terms with
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AdjPval<0.01 are shown. Analyses were performed with EnrichR tool and GO_Biological
Process and MSigDB_Hallmark datasets were used. Number represents the overlap between
gene lists used as input, and the number of genes belonging to each category.

Due to the paucity of HIF2a bound genes, functional enrichment analysis of genes that
are positively regulated by PML and associated to HIF2a (Figure 44B) produced less
than 10 statistically significant terms, with no more than one gene annotated in each

category. Therefore, we excluded this condition from further evaluations.

To expand the map of PML involvement in hypoxic responses beyond the regulation of
genes that are directly bound by HIFa proteins, we performed additional overlap analysis
by using available RNA-sequencing data obtained from RCC4+VHL cells grown in
hypoxic condition (24 hours at 0.5% pO2) (Smythies et al, 2019). We obtained a list of
deregulated genes in hypoxic versus normoxic conditions starting from the raw data, and
we overlapped the lists of genes de-regulated following PML knock-down and up-

regulated in hypoxic conditions (Figure 46).

shPML_Up RCC4+VHL Hypoxia_Up shPML_Down RCC4+VHL Hypoxia_Up

637 744|131 1680

Figure 46. Overlap analysis of PML and hypoxia-dependent gene expression. (A) Venn
diagrams showing the PML and hypoxia commonly regulated genes. (A) 147 genes are negatively
regulated by PML and up-regulated upon hypoxia exposure. (B) 131 genes are positively
regulated by PML and hypoxia.

As shown by the functional enrichment analysis (Figure 47), the 147 genes repressed by
PML and up-regulated in hypoxia (Figure 46A) were again associated to glycolysis,
inflammation and mTORC1 pathway (Figure 47A), further supporting an inhibitory
function of PML towards glycolytic pathways in hypoxia and the activation of the mTOR
signaling pathway. Interestingly, the enrichment analysis of the 131 genes positively
regulated by PML and up-regulated upon hypoxia exposure revealed that PML promotes
the expression of genes that are annotated in pro-proliferative pathways, like E2F targets,

G2/M checkpoint and inhibition of apoptosis (Figure 47B), further suggesting that PML
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might promote HIF2a-mediated pro-survival pathways. Again, and unexpectedly, we
found the term glycolysis between the genes whose expression is positively regulated by
PML. However, in this case, we found enrichment of different genes (like PAXIP1,
PGM2, IRS2, GPC4 and HS2ST and CDK11) which are not directly bound by HIF1a and
are different from those observed in Figure 44A (not shown), suggesting that PML
regulates the expression of a wider group of glycolytic genes also including non-classical

direct targets of HIF1ao..

Taken together, the results suggest that PML inhibits the expression of HIF1a targets
regulating glycolysis and promotes the activation of pro-proliferative pathways that may
be HIF2a-dependent. Moreover, this analysis revealed that the transcriptional signature

mediated by PML in ccRCC is prominently HIFa-independent.
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Figure 47. Functional enrichment analysis of PML and hypoxia regulated genes. (A)
Functional enrichment analysis for differentially expressed genes that are commonly up-
regulated by PML and hypoxia. (B) Functional enrichment analysis of genes whose expression is
positively regulated by PML and hypoxia. Top 10 terms with AdjPval <0.01, are shown. Analyses
were performed with EnrichR tool and GO_Biological Process and MSigDB_Hallmark datasets
were used. Number represents the overlap between gene lists used as input, and the number of
genes belonging to each category.
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3.2.3 PML and HIFa subunits physically interact in ccRCC cells

The results obtained so far, indicate that PML is a modulator of HIFo expression
(inhibiting HIF1a and sustaining HIF2a) and that it is endowed with fundamental pro-
proliferative functions, at least in part by activating the expression of HIF2a targets
involved in proliferation (CD1 and NDRG1, TOP2A, CDK1, CDK2, BLM, E2F and
BRCAL) and self-renewal (Oct4 and SOX2), cellular processes that are mostly attributed
to HIF2a in ccRCC (Biswas et al, 2010). This prompted us to test whether the PML-
dependent modulation of the transcriptional activity of HIF2a is the result of protein-
protein interactions. To this aim, we performed co-immunoprecipitation (Co-IP) assays
followed by WB to detect PML-HIF2a protein complexes. Preliminary experiments
revealed a weak co-immunoprecipitation in whole cell extracts that was difficult to
validate (data not shown), also due to the scarce quality of some of the antibodies used in
these experiments. Therefore, to conclusively establish whether these proteins interact,
and interact in the transcriptionally active form of HIF2a,, we focused on the chromatin-
bound nuclear fraction. Specifically, we used a protocol that allowed us to fractionate a
soluble fraction (hereafter SF) containing both cytoplasmic and nuclear soluble proteins,
and an insoluble nuclear fraction containing chromatin-bound proteins (hereafter CH)
(Vertegaal et al, 2004). A498 cells were included in this analysis for further validation,

as they express HIF2a alone (Brodaczewska et al, 2016).
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Figure 48. PML-HIFla and PML-HIF2a are chromatin-bound protein complexes. Co-IP
experiment performed by immunoprecipitating PML in the soluble (SF) and chromatin-bound
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(CH) fractions in RCC4 (A) and A498 (B) cell lines, followed by WB to detect PML, HIF2« and
HAF co-immunoprecipitating proteins. Whole cell lysates were subjected to IP with anti-PML
antibody, or with 1gG, and then stained with anti HIF1a, HIF2¢, or HAF antibodies. M;
molecular weight marker.

We observed that PML co-immunoprecipitated the HIF2a protein in both RCC4 and
A498 cells in the CH fraction, albeit at low levels. Interestingly, we found that PML co-
immunoprecipitated more significantly the HIF2a transcriptional co-activator HAF in the
CH fraction (Figure 48A and B) in both the cell lines included in the analysis.
Importantly, HAF is a transcriptional co-activator that acts specifically upon HIF2a in
ccRCC cells (Koh et al, 2015), suggesting that PML might modulate its transcriptional
activity via direct or indirect physical association with HIF2a, and via the recruitment of
its transcriptional co-activator. Intriguingly, HAF is a negative regulator of HIF1o protein
stability (Koh et al, 2015), suggesting an alternative possible mechanism at the basis of
PML-mediated balancing of HIFa protein levels.

To validate these data, we performed immunofluorescence analysis. By IF, PML is
prominently distributed into PML-NBs in the interchromatin space. However, it was
previously reported that regulation of transcription factors activity by PML can occur
both inside (Ferbeyre et al, 2000; Ulbricht et al, 2012) and outside PML-NBs (Zhong et
al, 2000; Martin et al, 2012). With this in mind, we asked whether the PML-HIF2a
protein complex that we detected by Co-IP assay reflected their association within the
PML-NBs. To address this point, we performed proximity ligation assay (PLA) coupled
to PML IF to visualize PML-HIF2a protein complexes distribution with respect to PML-
NBs in RCC4 cells. We included RCC4 cells expressing exogenous VHL (hereafter
RCC4+VHL) as a control of the specificity of PLA signals. We measured protein-protein
interaction between PML and HIF2a and found 4.5 PML-HIF2a dots per nuclei in RCC4
cells, which diminished by ~50% when VHL expression was re-constituted and HIF2a
degradation was re-established (Figure 49A and B), thus demonstrating the specificity of
PML-HIF2a PLA interactions. A similar number of PLA interaction loci between PML
and HAF were detected in RCC4 cells, but this number increased to 7.5 loci/cell upon
VHL reconstitution (Figure 49A). This result could be due to the fact that RCC4+VHL
cells express higher PML levels in comparison to RCC4, as shown by PML IF (Figure
49) and western blot (data not shown), although we do not know the mechanism leading
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to this upregulation. These observations indicate that PML interacts in a similar way with
HIF2a and HAF, albeit we do not know whether there are found in the same complex.

Interestingly, we did not detect any co-localization or proximity between PML-HIF2a.
and PML-HAF interaction foci with the PML-NBs (Figure 49), thus suggesting that such
protein complexes are formed outside the PML-NBs. Similar results were obtained in
TNBC cells, where PML acts as a transcriptional co-activator of HIF1a and establishes
a similar number of interaction foci, which however occur outside of the PML-NBs (data
not shown). Therefore these data suggest that PML might modulate the transcriptional
activity of HIF2a via binding to this protein in its DNA-associated forms, but this occurs

outside the PML-NBs and may be mediated by nucleoplasmic PML moieties.
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Figure 49. PML-HIF2a and PML-HAF complexes localize outside PML-NBs. Representative
images of one out of three independent experiments of PLA assay coupled to IF. Green dots
consist of PML-HIF1« (A) or PML-HAF (B) protein complexes visualized as PLA dots. PML was
immuno-stained to visualize PML-NBs (red dots), in RCC4 and RCC4+VHL cell lines. Violin
plots (right panels in A and B) are presented as single values indicating the number of nuclear
PLA dots per cell, the bar represents the means. Images were acquired in 60x, scale bar 1zm.
Statistical significance were calculated by Student’s t-test (***p<0.001).
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In conclusion, the results obtained so far suggest that: i) the transcriptional programs
orchestrated by PML and HIFa transcription factors in ccRCC are only partially
overlapping; ii) PML inhibits the expression of glycolytic HIF1a target genes; iii) PML
enhances expression of pro-proliferative HIF2a.-target gene ; iv) PML regulates HIF1la
and HIF2a in opposite ways, by inhibiting HIF1a and promoting HIF2a expression; v)

PML interacts with HIF2a and its transcriptional co-activator HAF on chromatin.

3.3 Aim 3- Test the effect of PML pharmacological targeting with arsenic
trioxide in ccRCC

Arsenic trioxide (ATO) is currently used as first line therapy for APL patients, thanks to
its ability to induce PML-RARa fusion protein degradation via direct binding to PML
moiety (Lo-Coco et al, 2013; Lo-Coco et al, 2016). Moreover, PML targeting with ATO
inhibits metastatization in TNBC (Ponente et al, 2017), disrupts glioma stem cells and
tumor growth in vivo (Zhou et al, 2015), and causes cell cycle arrest in myeloma (Park et
al, 2000), head and neck (Kotowski et al, 2012) and in A498 cells (Hyun Park et al, 2003),
thus expanding the therapeutic potential of ATO to the treatment of solid tumors. Since
we observed that PML plays fundamental tumor-promoting functions, here we aimed to
test the therapeutic potential of ATO in ccRCC, and to evaluate whether PML
pharmacological targeting induces anti-proliferative effects, both in vitro and in vivo,
possibly recapitulating the antiproliferative effects that we achieved by its knock-down

through genetic manipulation.

3.3.1 Non-cytotoxic doses of ATO impair focus forming efficiency of ccRCC cells

In order to test whether similar to PML silencing, ATO treatment blunted ccRCC growth
by eliciting cytostatic effects via PML degradation, we treated ACHN, Caki-1, RCC4 and
A498 wild type cells with increasing doses of the drug. To avoid cell death, we used lower
concentrations than the 1 uM ATO dosage used in APL cells (Zheng et al, 2006;
Lallemand-Breitenbach et al, 2008, Subastri et al, 2018), and measured cell viability
through trypan blue exclusion assay (Figure 50A). Of note, none of the doses of ATO
that we tested were cytotoxic (Figure 50A), and efficiently induced PML degradation

(Figure 50B). Intriguingly, focus forming assays showed severe dose-dependent
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cytostatic effect, except papillary ACHN cells, (Figure 50C). Of note, decreased
proliferation was also evident at the lowest dose used in this assay, suggesting that ccRCC

cells might be particularly sensitive to ATO treatment.
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Figure 50. Non-cytotoxic doses of ATO efficiently degrade PML protein and inhibit ccRCC
cells focus forming efficiency in a dose-dependent manner. (A) Trypan blue exclusion assay
was performed in the indicated cell lines upon 48h of increasing ATO concentrations. (B) WB
analysis of PML protein degradation following 48 hours of ATO treatment at the indicated doses.
(C) Focus forming assay performed in the indicated cell lines, following 48h incubation with ATO
at the indicated concentration. Focus forming efficiency was measured by crystal violet optical
density (OD) at 575nm, and data are presented as percentages over respective non-treated (NT)
conditions. Data represent the mean values = SD of three independent experiments. Statistical
Significance was calculated with Student’s t-test (*p<0.05, **p<0.01, ***p<0.001).

3.3.2 ATO inhibits A498 cells in vivo tumor growth
The results obtained so far strongly suggest that ATO exerts a cytostatic effect in ccRCC
cell lines by inducing PML degradation at non-cytotoxic doses. This prompted us to test

the efficacy of ATO treatment in vivo. We subcutaneously injected A498 cell line in the
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flank of immunocompromised mice and once tumor volumes approached 200 mm?3, we
started daily intraperitoneal injection of ATO (4 mg/Kg) at a concentration that is the
mouse equivalent of the concentration used to treat APL patients. Importantly, at the time
of sacrifice, mice subjected to ATO treatment displayed delayed tumor growth in
comparison to the control cohort, suggesting that ATO achieved its cytostatic effects in
vivo (Figure 51).
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Figure 51. In vivo ATO administration impairs tumor growth. Left panel shows growth curve
of A498 xenografts before and during ATO administration ATO intraperitoneal injections (4
mg/Kg) were performed from week 9 to 13 from implantation. Right panel shows box plots of
tumors weight at sacrifice of NT and ATO cohorts (n=6 per group). Data are expressed as mean
+ SEM. Statistical significance was calculated with Student’s t-test (*p<0.05).

The data collected in the last aim of this work, indicate that ATO preclinical testing, in
vitro and in vivo, showed anti-proliferative effects in ccRCC cells.

On these bases, since PML is an unfavorable marker of patients’ clinical outcome, it
might represents an attractive new pharmacological target, and ATO might be repurposed

as cytostatic drug in ccRCC therapy.
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4. Discussion

Since its discovery in APL, the PML protein attracted great research interest and the
initial characterization of its cellular functions in hematological malignancies revealed its
tumor-suppressive roles. Later studies further corroborated such evidence, showing that
PML is frequently downregulated in various solid tumors. Nonetheless, a large body of
literature in the last decade is showing that an inflexible definition as a tumor-suppressor
is unrealistic for PML, a protein endowed with tumor-promoting functions in a wide
spectra of cancer subtypes. Thus, it is becoming accepted that such dualistic functions of
PML may reside in its role as a stress-responsive factor and in the fact that PML finely
tunes multiple cellular processes, whose outcome may be tissue and cell-type specific.
The oncogenic functions of PML have been particularly investigated in TNBC, where it
is over-expressed and mediates a multitude of tumorigenic pathways that include the
regulation of FAO and cancer stem cells maintenance as well as promoting metastasis by
enhancing the expression of HIFlo pro-metastatic target genes (Arreal et al, 2020;
Martin-Martin et al, 2016; Ponente et al, 2017).

Importantly, HIF1o and its paralogue HIF2a., are crucial oncogenic drivers in ccRCC,
and a preliminary and unpublished analysis of PML protein expression that was
performed before the beginning of this study on ccRCC tissues and cell lines, had shown
that PML is up-regulated in ccRCC, leading us to hypothesize that PML might synergizes
with HIFa in promoting ccRCC oncogenesis. In contrast to our results, a different study
reported that the PML protein is rather down-regulated in ccRCC, where it was shown to
play tumor-suppressor functions (Ching et al, 2014). However, the effects of PML knock-
down alone were not reported in this publication, and an independent study later reported
that PML mRNA expression along with that of well-established oncogenes (LRP1,
CDK2, CDK4 and PLAU) correlates with tumor stage, lymph node and distant metastasis
in ccRCC (Lietal, 2019). Here, we validated our preliminary data by observing that PML
is over-expressed in the TCGA-KIRK and CPTAC-KIRK datasets at the mRNA and
protein level respectively, and importantly we observed that PML over-expression
correlates with worse patients outcome in ccRCC, further corroborating our hypothesis

that PML may favor tumor progression in this tumor type, perhaps similarly to its function
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in TNBC, where it promotes metastatic dissemination in concert with HIF1o (Ponente et
al, 2017).

To test this hypothesis and to systematically characterize the functions of PML in ccRCC,
we analyzed the phenotype elicited by PML knock-down in a panel of four human RCC
cell lines belonging to the papillary and clear cell phenotype and characterized by distinct
genetic alterations representative of ccRCC molecular types. Unexpectedly, we observed
that the main phenotype associated to PML silencing was not a reduction of cell migration
and invasion, in contrast to what we had previously demonstrated in TNBC (Ponente et
al, 2017), rather the most evident phenotype was a reduction of cell proliferation through
the regulation of cell cycle progression. This consequence of PML knock-down was so
evident that it precluded the isolation of cell populations with stable PML silencing,
unlike TNBC cells, which could be established in our laboratory upon constitutive PML
silencing and showed a minor proliferation defect (data not shown). Inducible PML
knock-down in ccRCC cells led to an abrupt and profound growth arrest correlated with
the up-regulation of the tumor-suppressors p53 and p21. This occurred specifically in
ccRCC cell lines and not in papillary ACHN cells, however, when pRCC cells were
challenged in single-cell proliferation assays, PML silencing caused impaired focus
forming capacity also in ACHN cells, although to a minor extent in comparison to ccRCC
cells. Conversely, increasing the expression of PML isoform | to levels similar to human
ccRCC cells in a murine RCC cell line that does not exhibit PML over-expression, was
sufficient to increase focus forming efficiency, further supporting an important role of
PML in promoting proliferation in renal cancer. Critical regulation of cell proliferation
by PML in ccRCC was further supported by transcriptomic data, showing that PML
promotes the expression of genes that are directly involved in proliferation and cell cycle
progression like PCNA, E2F, CDK1, CDC245, BUB3 and POLE. Additionally, our
findings were corroborated by in vivo studies with two ccRCC models, showing that PML
knock-down delays tumor growth, in some cases leading to features of tumor regression.
Notably, a recent study performed in TNBC cells demonstrated that inducible inhibition
of PML expression leads to growth arrest and senescence (Arreal et al, 2020). In line with
these data, PML knock-down led to the acquisition of similar senescent-like
morphological features also in ccRCC cells, including increased cell size and increased

cell granularity that may be caused by increased accumulation of lysosomes (Kwon et al,
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2019). However, we failed to detect two well-established senescence markers following
PML knock-down in ccRCC cells, namely SA B-Gal positive cells and deposition of p-
yH2A.x foci, in contrast to what was shown in TNBC and ovarian cancer cells (Liu et al,
2017; Arreal et al, 2020). Nonetheless, transcriptomic analysis revealed that similarly to
TNBC cells PML loss leads to the downregulation of LMNBL, a structural component of
nuclear envelope that is suppressed in cells undergoing senescence (Freund et al, 2012;
Arreal et al, 2020). Also, we found that the expression of another marker of nuclear
integrity, HMGBL1 (Lee et al, 2019) was reduced in response to PML silencing. These
data may appear in contrast with the depletion of p-yH2A.x foci that we observed upon
PML targeting. However, PML inhibition in ccRCC cells led to a major suppression of
genes involved in DNA synthesis and repair, possibly as a consequence of the robust
proliferation arrest, thus suggesting that the senescent-like phenotype that we observe in
ccRCC cells is not elicited by DNA damage, but by other factors. Altogether, these pieces
of evidence prompt us to speculate that the growth arrest triggered by PML loss is
strongly reminiscent of cellular senescence. In line with this hypothesis, PML silencing
in ccRCC appears to also upregulate expression of genes that belong to a SASP signature
defined in TNBC cells by proteomic studies. Specifically, proteomic analysis of the
supernatant of PML silenced TNBC cells revealed that SASP associated to PML knock-
down is particularly enriched in ECM remodeling factors, thus not fully resembling the
classical SASP (Arreal et al, 2020). This is probably due to the highly tissue and cell-type
specificity of SASP composition (Hernandez-Segura ef al, 2017). We confirmed that also
in ccRCC PML silencing led to transcriptional upregulation of MMP9, LOXL2, LOXL4,
MMP1 and ADAMTSL, similarly to the secreted proteome of TNBC cells (Arreal et al,
2020). Although these ECM remodeling factors may also promote pro-invasive features,
PML knock-down does not affect migratory or invasive capacity of ccRCC cell lines,
suggesting that in this context they may also be produced as part of a senescent secretome.
Moreover, similarly to senescent TNBC cells, we observed up-regulation of the pro-
inflammatory cytokines CXCL8 (aka IL8) and IL6, whose presence in SASP is conserved
among different tissues (Hudgins 2018). Albeit a complete characterization of the PML-
associated secretome is still lacking, altogether these data suggest that PML depletion

induces growth arrest and senescence in ccRCC cells and this phenotype lacks classical
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senescence markers and may represent a late, inflammatory type of senescence (Kirkland
& Tchkonia, 2020).

Beside the defect in cell proliferation, important differences in cell morphology were
induced by PML silencing. Specifically, such phenotypic alterations included: increased
cell size and granularity, cell flattening and the formation of cytoplasmic vacuolar-like
structures. While increased flattening and granularity are typical features of senescent
cells, the presence of large cytoplasmic vacuoles was more difficult to interpret. To
elucidate their nature, we performed cell morphology investigation by TEM. These
studies suggested that the large cytoplasmic vacuoles that can be easily observed by light
microscopy upon PML silencing may represent dramatic invaginations of the cell
membrane, as they are empty of cytoplasmic content and may present microvilli-like
structures in their internal surface, typical of proximal tubular epithelial cells. These data
suggest that PML silencing may lead to a transition from an anaplastic and
undifferentiated state to a kidney epithelial-like morphology in ccRCC cells. Although
intriguing, this hypothesis needs to be further studied since 2D culture does not allow a
full characterization of cell morphology. Therefore, 3D systems will be helpful to
univocally describe the involvement of PML in the regulation of kidney cell polarization.
Along with the functional and morphological characterization of ccRCC cells depleted of
PML, to gain molecular insights into the functions of PML in this tumor context where it
has been poorly studied, we characterized the transcriptional profile of ccRCC cells upon
PML depletion. Surprisingly, this analysis revealed that PML down-regulation severely
impinges on the expression of genes regulating glycolytic metabolism, a biological
process that has been largely attributed to HIF1a. Specifically, we found that PML
repressed the expression of bona fide HIFla-target genes regulating glycolysis. Of note,
some of these genes (PDK1, PGK1 and BINIP3) inversely correlated with PML
expression in the TCGA-KIRK dataset. In contrast, PML promotes the expression of
HIF2a targets involved in cell proliferation and self-renewal, thus suggesting that the
oncogenic functions of PML in ccRCC might result from a synergy between HIF2a and
PML. In line with this hypothesis, the top gene categories down-regulated upon PML
silencing in our experiments matched with the same gene sets identified upon
HIF2a pharmacological inhibition in PDX mouse models of ccRCC (Chen et al, 2016).

Consistently, we found that PML interacts with both HIF2a and its transcriptional co-
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activator HAF (Koh et al, 2015) in their chromatin-bound conformation, thus revealing a
novel PML interactor that might provide the basis of PML-dependent positive regulation
of HIF2a activity. Intriguingly, we demonstrated that PML-HIF2o. and PML-HAF,
protein complexes localize outside PML-NBs. Similar results were obtained when
investigating PML-HIF1a interactions in TNBC cells (data not shown), thus suggesting
that PML-dependent transcriptional regulation of HIFs signaling is mediated by
nucleoplasmic PML moieties. Finally, we observed that in ccRCC PML regulates the
balance between HIFa. proteins, by promoting HIF2a expression while inhibiting HIFLa.
Taken together these data strengthen the functional cross-talk between PML and hypoxia
signaling via HIFa genes that we had previously defined in TNBC (Ponente et al, 2017),
but also suggest that there may be a strong tissue-specific component to the regulation of
HIFa factors by PML, as PML appears to promote or repress the activities of HIFa in
different tissues, and to impinge on the regulation of different sets of target genes.
Within the gene categories suppressed by PML, besides glycolytic genes and ECM
remodeling factors, we found the enrichment of genes involved in cholesterol
biosynthetic processes. Of note, these transcriptional alterations are considered typical of
highly proliferative cancer cells (Giacomini et al, 2021; Hanahan & Weinberg, 2011),
and their upregulation in growth arrested ccRCC cells upon PML loss may appear
counterintuitive. Nonetheless, enhanced glucose catabolism and cholesterol biosynthesis
are common features of senescent cells, because although non-proliferative these cells
maintain high metabolic activity (Herranz & Gil, 2018; Kwon & Hong, 2019). A
mechanistic explanation of this phenomenon is still lacking, but it is believed that ATP
moieties from glycolysis fuel protein synthesis of SASP factors (Dorr et al, 2013).
Interestingly, it was reported that this may contribute a targetable vulnerability of
senescent cells, by leading to excessive proteotoxic stress due to ER over-loading (Dorr
et al, 2013). Along these lines, preliminary experiments performed in the laboratory
revealed that tunicamycin (an inhibitor of N-glycosylation causing ER proteotoxic stress)
is synthetically lethal with PML silencing on RCC4 cells (not shown). However,
additional experiments are needed to validate these data across ccRCC cell lines,
Cholesterol biosynthetic genes regulated by PML in ccRCC included the transcription
factor SREBF2 and its target genes HMGCR, HMGCS, ELOV6, and IDII. Our data are

in line with previous evidence obtained in different cells and tissues where PML was
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similarly found to suppress cholesterol anabolic pathways. PML inhibits cholesterol
biosynthesis in liver, white adipose tissue and in skeletal muscle (Chang et al, 2013), as
well as in a mouse model of prostate cancer, via suppression of SREBP2 transcriptional
program (Chen et al, 2018). Of note, in this last study suppression of cholesterol
biosynthesis was linked to PML tumor suppressive functions in prostate cancer, and was
suggested to lead to inhibition of metastasis (Chen et a/, 2018). However, previous work
in ccRCC patients samples has revealed that the cholesterol biosynthetic pathway is
suppressed in ccRCC when compared to normal kidney tissue, rendering ccRCC cells
auxotroph for such nutrient (Qi et al, 2021). Consistently, an inverse correlation was
reported between cholesterol biosynthetic genes (HMGCR, FDFTI, DHCR24, SOLE, and
LSS) and genes involved in extracellular cholesterol up-take (SCARBI, VLDLR, and
CD34), which are upregulated in ccRCC (Riscal et al, 2021). We here report that PML
over-expression is inversely correlated with a subgroup of SRBP2 target genes in the
TGCA-KIRK dataset (HMGCR, HMGCS|1, and IDI1), thus suggesting the possibility that
PML might be involved in the acquisition of cholesterol autotrophy in ccRCC, a context
where PML is over-expressed and plays fundamental oncogenic functions. In this
scenario, PML inhibition might lead to a cholesterol overload, with possible detrimental
consequences on ccRCC cells proliferation. In line with this, it was shown that kidney
epithelial cells display proliferative defects when challenged with cholesterol (Honzumi
et al, 2018). Also, cholesterol biosynthesis has been implicated in senescence, by
promoting de novo assembly of cell membranes to increase organelles biogenesis,
including lysosome and biomass, thus resulting in increased cell size (Saxton & Sabatini,
2017; Kotas et al, 2017).

On the basis of this evidence, we hypothesize that senescence induction by PML
inhibition might be due to the re-activation of de novo cholesterol anabolism that, coupled
to its uptake from the microenvironment, could lead to a senescence-like phenotype
triggered by lipotoxicity. To test this hypothesis, we will measure the effect of cholesterol
inhibitors like statins on PML silenced cells and will perform rescue experiments to test
whether SREBP2 silencing may inhibit growth arrest induced by PML loss in ccRCC.
In summary, albeit inducible PML silencing leads to a similar senescent-like growth
arrest in TNBC and ccRCC cells, the mechanism of this process may be different as in

TNBC it was suggested that senescence is triggered via PML-dependent transcriptional
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regulation of c-Myc (Arreal et al, 2020). In contrast, we did not find c-Myc deregulation
in ccRCC cells, thus prompting us to investigated alternative mechanisms including
regulation of cholesterol biosynthesis.

Finally, having demonstrated important tumor-promoting functions of PML in ccRCC
via in vitro and in vivo studies, we propose that PML may represent a new
pharmacological target in this disease, an hypothesis that we have begun testing by using
ATO in a preclinical ccRCC model. In these experiments we aim to validate whether
PML targeting induces senescence in vivo. In this respect, because senescence in vivo
may contribute to chronic inflammation and fibrosis via SASP production, thus
promoting immune evasion and tumor spread (Herranz & Gil, 2018), we will expand our
preclinical testing of the pharmacological application of ATO in ccRCC to include
combination with senolytic drugs, with the aim to eradicate senescence-like cells that may
accumulate as a result of PML pharmacological inhibition. Also, since PML and HIF2a
share co-regulated genes that are crucial for cell proliferation, PML-dependent
proliferative functions may be mediated by HIF2a, we will also test the efficacy of the
pharmacological combination with the HIF2a selective inhibitor Belzutifan that has been
recently FDA approved for the treatment of VHL patients with RCC-associated disease

(source: FDA website. http://www.fda.gov/cder/approval/index.htm). However, in this

respect our data show that PML exerts important oncogenic functions in ccRCC cells
irrespective of VHL mutational status, thus suggesting that PML activities extend beyond
cooperating with HIFs signaling in this tumor context.

In conclusion, we have found that ccRCC represents a tumor type with a striking non
oncogenic addiction to PML, and further mechanistic studies will be necessary to

elucidate the full extent of this dependency.
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4. MATERIALS AND METHODS

Cell culture

The human RCC cell lines (ATCC) Caki-1 and A498 and murine RCC cells RenCa, were
maintained in RPMI-1640 (Lonza). RCC4, RCC4+VHL and ACHN cell lines were
maintained in DMEM high glucose (Lonza). HEK293T cells were used for lentivirus
preparation and maintained in IMDM (Lonza). All cell media were supplemented with
10% FBS (Carlo Erba) and 100 Ul/ml penicillin and 100 ug/ml (1% Pen-sptep, Lonza).
After lentiviral transduction with Tet-pLKO-puro plasmids containing shRNA against
PML transcript (ShPML and shPML#2) or a scramble sequence (shCtrl) used as control,
cell media were supplemented with tetracycline free FBS (Euroclone) to avoid promoter
leakiness. To induce PML silencing, cells were treated with 100 ng/ml of doxycycline
monohydrate (Sigma) every 48h. All cell lines were grown at 37°C in humidified
incubator at 20% O2 and 5% pCOs..

Treatments and reagents

Arsenic trioxide (Sigma) was used to treat ACHN, Caki-1, RCC4 and A498 cells at the
indicated concentration for 48 hours. For in vivo experiments, ATO was administered at
4 mg/Kg through daily intraperitoneal injection until sacrifice.

Doxycycline monohydrate was purchased form Merck (D1822-500MG) and added to cell
culture media (100 ng/ml) and cells were incubated 96 hours to achieve PML silencing.
Media was changed every 48 hours. For in vivo experiments, doxycycline hyclate was
purchased form Merck (D9891-1G) administered at 5 mg/Kg through daily oral gavage.
Nutlin-3 was purchased by Merck (N6287) and used at 10 nM final concentration. To
induce senescence, cells were treated for 6 days.

Lentiviral vectors, virus production and cell lines transduction

To induce PML silencing, we used of Tet-pLKO-puro plasmid expressing shPML
(TRCNO0000003867) and scramble sequence as a control, was kindly donated by Prof.
Arkaitz Carracedo (Biochemistry and Molecular Biology Department, University of the
Basque Country (UPV/EHU), Bilbao, Spain). Tet-pLKO-puro plasmid expressing
shPML#2 (TRCNO0000003868) was sub-cloned from Tet-pLKO-puro form Addgene
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(plasmid #21915) following the protocol provided by Dmitri Wiederschain, Novartis
Developmental and Molecular Pathways, Cambridge, MA, USA. Briefly, Agel and EcoRl
restriction sites at the 5” ends of top and bottom shRNA, respectively. 50ng of open Tet-
pLKO-puro empty vector were used for ligation. 100 ul Stbl3 bacteria (Invitrogen) were
used for transformation of 10 ml of ligation product. Diagnostic digestions to screen for
positive colonies were performed using Xhol restriction enzyme (NEB).

For viral particle generation, 8x10® of HEK293T cells were seeded in p150 petri dishes
and grown in IMDM, 10% FBS w/o Pen-Strep. For cell transfection, calcium phosphate
based method was used. 32 ug of Tet-pLKO-puro shCtrl, Tet-pLKO-puro shPML, or Tet-
pLKO-puro shPML#2, and packaging plasmids (6.25 pg of pRSV-Rev, 12 ug of pMDL-
PRRE and 9 ug of pPCMV-VSV-G) were used. The day after transfection, the media was
replaced and the supernatant containing the lentiviral particles were harvested 24 and 48
hours after. Lentiviral particles were concentrated through ultracentrifugation (20000 rpm
2.20 hours). The viruses were then resuspended in ice cold PBS and stored at -80°C until
use.

For lentiviral transduction, human RCC cells were seeded at 80% confluency and the day
after, lentiviral particles were added to the media containing 8 pug/ml polybrene (MERK),
10% tetracycline free FBS (Euroclone) and 1% Pen-strep (Lonza). After over-night
incubation, the media was changed and the antibiotic selection was applied after 48h form
infection. Puromycin concentration was determined for each cell line: 1 ug/ml for ACHN

and RCC4, 0.5 pug/ml for Caki-1 and A498 cell lines.

Generation of stable RenCa eGFP-PMLI, eGFP-PMLIV and eGFP clones
eGFP-PMLI and eGFP-PMLIV expression plasmids were gifted by Prof. Andreas
Hemmerich (Universitat Hamburg, Institute fur Laserphysik, Hamburg, Germany). 1 ug
of each plasmid was transfected in RenCa cells grown at 80% confluency using
Lipofectamine LTX (Invitrogen) following manufacture instructions. FUGW plasmid
encoding GFP, was used as control and was provided by Dot. Davide Gabellini (San
Raffaele Scientific Institute, Milan, Italy). The day after, the media was changed and after
48h form transfection cells were screened for GFP expression.

Cell sorting was performed on a BD FACSAria Fusion (BD Biosciences) equipped with
four lasers: Blue (488 nm), Yellow/Green (561 nm), Red (640 nm) and Violet (405 nm).
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100 um nozzle was used and sheath fluid pressure was at 25 psi. A highly pure sorting
modality (4-way purity sorting) was chosen. The drop delay was determined using BD
FACS AccuDrop beads. To facilitate high-speed sorting and to prevent clogging of the
nozzle, samples were filtered through 35 um filter (Falcon® 5 ml Round Bottom
Polystyrene Test Tube, with Cell Strainer Snap Cap) immediately prior to sorting.

Sorted cells were collected in 96 well plate. Unstained and GFP* controls have been used
to set up compensation. Rainbow beads (SPHEROTM Rainbow Calibration Particles)

were used to standardize the experiment and were run before each acquisition.

Co-immunoprecipitation, nuclear fractionation and western blotting

To perform subnuclear fractionation needed to isolate cytoplasmic and nuclear soluble
protein and chromatin-bound proteins, we applied the protocol described in Vertegaal et
al, 2004. In particular, to extract the soluble fraction cells were lysed in CSK buffer (100
mM HEPES, 300 mM sucrose, 3 mM MgCl;, 1 mM EDTA, 0.5% TritonX-100)
containing 100 mM NaCl and incubated 20 minutes on ice. After centrifugation (10
minutes 13 000 rpm), the soluble fraction and the pellet, consisting in the insoluble
fraction, were separated. The pellet was washed three times in CSK buffer and further
fractionated to extract chromatin-bound proteins. In this case, the pellet was treated with
CSK buffer containing 50 mM NaCl and 20 U DNasel (Sigma) and incubated 1h 4°C.
Chromatin-bound proteins were solubilized and extracted by adding (NH4)2SO4 at 0.25
M final concentration and incubated 30 minutes on ice. The final centrifugation step (10
minutes 13 000 rpm) allowed to separate chromatin-bound protein from the nuclear
matrix.

Protein concentration was measured by Bradford protein assay was used (BioRad).
Immunoprecipitation of 0.5-1 mg of protein lysate was precleared by incubation with 40
ul of sepharose beads protein G (GE Healthcare) 1h 4°C on a rotatory shaker. After beads
removal, immunoprecipitation was performed over-night in 1 ml of final volume (of CO-
IP or CSK buffer) using 1 pg of primary anti-PML antibody (refer to Table 1 for antibody
information), or normal mouse 1gG as negative control were used. The day after, 40 ul of
sepharose beads protein G (GE Healthcare) were used to capture primary antibody bound
to protein complexes of interest. After 5 washes in CSK buffer, protein complexes and

the primary antibody were eluted and partially denatured by adding 4x laemmli buffer
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(BioRad) and boiled at 95°C for 5 minutes. The samples, were resolved by SDS-PAGE
in 7.5% polyacrylamide gels (BioRad) and transferred to PVDF membranes by using
transBlot TurboTM Transfer System (BioRad).

PVDF membranes were blocked in PBS Tween-20 0.1% 5% BSA 1 hour at room
temperature and washed three times with PBS Tween-20 0.1% (10 minutes per washing)
and finally incubated with primary anti PML, HIF2a. and HAF over-night 4°C as
indicated in Table 1, diluted in PBS Tween-20 0.1% 1%BSA. Secondary antibodies HRP-
conjugated (Table 1) were allowed to hybridize for 1 hour at room temperature in PBS
Tween-20 0.1% 1% BSA. Proteins were detected using films (GE Helthcare) and

Clarity™ Wester ECL Substrate (BioRad) was used to detect bioluminescence.

Proximity ligation assay (PLA) and immunofluorescence

20x103RCC4 or RCC4+VHL cells were plated in 12 well plate on 13 mm coverslip. The
proximity between PML and HIF1la, HIF2a or SART1 were detected using Duolink®
Proximity Ligation kit purchased form Merk (DUO92101) applying manufacturer’s
instructions (see Table 1 for the list of primary antibody used).

After PLA, IF was performed to stain PML-NBs and observe PML-HIF2a. and PML-
HAF localizations. the coverslips were incubated 1 hour at room temperature with anti-
PML primary antibody (see Table 1). After tree washes with PBS the glasses were
incubated with AlexaFluor546-conjugated secondary antibody (see Table 1) 1 hour at
room temperature. Additional three washes in PBS were performed prior to DAPI
(Duolink® in Situ Mounting Medium with DAPI) counterstaining and coverslip
mounting with Mowiol. 63x images were acquired using Zeiss Axio Imager M2
epifluorescence microscope. Finally, PLA nuclear signals were manually counted after
image manipulation: Z-stacks were used to reconstruct the MAX projection (RGB) of cell
nuclei by using ImageJ software.

LAMP1 and LAMP2 immunofluorescences were performed by plating 20x103shCtrl and
shPML RCC4 and A498 cell lines in 12 well plate on 13 mm coverslip, after 96 hour of
doxycycline treatment. Cells were fixed 5 minutes at room temperature in 4% PFA, and
then permeabilized with 0.1% saponin. Prior to primary antibody incubation, cells were
blocked in PBS 3% BSA. Anti LAMP1 and LAMP2 antibodies where diluted in PBS
1%BSA, at final concentratations indicated in Tablel, overnight 4°C. The day after,
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glasses were washed three times in PBS and then incubated 1h RT with Alexa-Fluor 488
anti mouse antibody diluted in blocking solution at final concentration indicated in Table
1. After three additional washes in PBS, nuclei where counterstained with DAPI 10
minutes RT. Then, glasses where washed three times and mounted on a coverslip by using
Mowiol.

Murine and human PML in RenCa and RCC4 cells was detected by IF by fixing cells as
described above. 10% FBS, 0.05% Tween-20 was used as blocking solution. Anti Pml
and anti PML antibodies were diluted in 1%FBS 0.05% Tewwn-20 in PBS at final
concentrations indicated in Table 1, and incubated 1h at room temperature. After three
washes, glasses were incubated 1 hour room temperature with AlexaFluor 546 antibodies
at final concentration indicated in Table 1. After three washes in PBS, DAPI was added
and incubated 10 minutes room temperature. After three additional washes in PBS,
glasses were mounted on a coverslip with Mowiol.

63x images mages were acquired using Zeiss Axio Imager M2 epifluorescence
microscope. Z-stacks were used to reconstruct the MAX projection (RGB) by using

ImageJ software.

Proliferation assay

For cell proliferation assays, 25x10° ACHN and Caki-1 cells, 5x10° RCC4, A498 and
RenCa cells were pleated in triplicates in 12 well plate, one plate per each time point.
After 24h of plating, one plate was fixed with PBS 4% PFA and stained using 0.1% crystal
violet staining solution (98 ml distilled water, 2 ml methanol and 0,1 g Crystal Violet)
and considered as Dayl. In the other plates, the media was removed and substituted with
media containing doxycycline to induce PML silencing. The media was changed every
48h hour to guarantee doxycycline efficacy.

Crystal violet was solubilized using dH20 10% acetic acid and cell proliferation was

calculated measuring crystal violet absorbance at A=575 nm and expressed as OD575.

Focus firming assay
ACHN, RCC4, Caki-1 and RenCa cell lines were plated in triplicate in a 6 wells plate
(1x103 cells/well) for 14 days to allow them to form colonies. Then, cells were fixed using

PBS 4% PFA and stained using 0,1% Crystal Violet Staining Solution. The colony
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formation efficiency was evaluated solubilizing Crystal violet using dH20 10% acetic
acid. Colony forming efficiency was calculated measuring crystal violet absorbance at

A=575 nm and expressed as absorbance OD575.

Wound healing assay

Cell lines have been treated 97 hours and plated in triplicate with 100 ng/ml doxycycline
(Sigma) to induce PML silencing and allowed to reach 100% confluency. At this time
point, the scratch was made using 20-200 pl micropipette tips and the media was replaced
with media w/o FBS to avoid proliferation biases. Three fields were acquired in
brightfield using Zeiss Axio Observer Z1 microscope at indicated time points. Wound

area reduction was measured using Imagel software and normalized over shCtrl.

Transwell invasion assay

All RCC human cell lines were treated for 96 hours with 100 ng/ml doxycycline (Sigma)
and then were re-plated in the top chamber of the transwell (Costar) coated with 1:1 media
and Martrigel at final concentration of 0.125 pg/ml (BD Bioscience). Cells were allowed
to invade Matrigel matrix for 48h following FBS gradient (0% in the top chamber, 10%
in the bottom chamber) at 37°C and pCO2 5%.

Prior fixation, non-invading cells were removed from the bottom chamber by using a
tampon, then the invading cells were fixed in PBS PFA4% and stained with 0.1% crystal
violet. Tree field were acquired in brightfield for each sample using Zeiss Axio Observer

Z1 microscope and cells/field were counted by using ImagelJ software.

Cell cycle, apoptosis and FACS analysis

ACHN, Caki-1 RCC4 and A498 shCtrl and shPML cells, were pre-treated with
doxycycline (100 ng/ml) for 72 hours prior cell cycle analysis or Annexin staining. At
this time point, 200x10° cells were re-plated and maintained under doxycycline treatment.
The day after, cells were pulsed with BrdU (10 pM) for 20 minutes to allow BrdU
incorporation by proliferating cells that then were detached, washed once in PBS and then
fixed in 70% ethanol and stored at -20°C until FACS analysis.

Cells were washed two times in PBS 1% BSA and subjected to DNA denaturation using

2N NaCl that after 2 minutes was neutralized by adding Na:B4O7. BrdU staining was
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detected through anti-BrdU AlexaFuor 488 antibody (see Table 1). Hybridization
occurred over-night at 4%. DNA was counterstained with PI (Sigma) and RNA digested
with RNasel (Invitrogen) and leaved at 4°C overnight. The day after, cells were washed
once in PBS and resuspended in PBS at 100 000/100 pl concentration.

For apoptosis assay, 50x103 were plated and maintained 96 hours in doxycycline
containing media. Then, apoptosis was evaluated by performing Annexin staining using
the PE-Annexin Apoptosis Detection Kit (BD Bioscience) following the manufacturer’s
instructions.

For all the experiments stained cells were detected by FACS analysis using DB
FACSCanto™ II (Becton Dickinson) availble at FRACTAL ISO9001 certified facility at
San Raffaele Scientific Institute. Data were analysed with FCS Express Flow Cytometry
Software (De novo Software).

Oil Red O staining

The cell line tested were maintained in doxycycline supplemented medium for 96 hour.
At 72 hours of doxycycline incubation, 250x10° cells were re-plated in p100 mm petri
dishes and miniated in doxycycline 24 hours. Cells were washed once in PBS and fixed
using 10% formalin (Bio-Optica #05-01-V15P) 30 minutes room temperature. Plates
were washed with sterile water and subsequently incubated with 60% isopropanol for 5
minutes. For Oil Red O staining solution preparation, 0.5 mg of Oil Red O Powder form
Merck (00625) were dissolved in 100 ml 90% isopropanol. 3 parts of Oil Red O stock
solution were added to 2 parts of deionized water and the solution was allowed to seat at
room temperature 10 minutes. Then, the solution was filtered with 3M paper to remove
precipitates. Finally, fixed cells were incubated with Oil Red O working solution 20
minutes at room temperature. Cells were rinsed with tap water and nuclei were
counterstained with haematoxylin. Neutral lipids staining was evaluated by light contrast
phase microscope (Zeiss Axiolmager M2m) and representative photographs were

acquired with Axiocam MRc5.
Senescence-associated B-Galactosidase staining

The cell line tested were maintained in doxycycline supplemented medium for 96 hour.

At 72 hours of doxycycline incubation, 20x10° cells were re-plated on the top of 13 mm
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coverslip in 12 well plate in triplicate, and miniated in doxycycline 24 hours. At 96 hours
of doxycycline induction, cells were fixed with PBS 4% PFA 10 minutes at room
temperature. SA [B-Gal staining was performed by using Senescence-associated [3-
Galactosidase staining Kit from Cell Signaling technology following the manufactures’

instructions.

Transmission electron microscopy

Cultured cells were fixed as monolayer with 2.5% glutaraldehyde in 0.1M cacodylate
buffer pH 7.4 for 1 hour at room temperature. After several washes in cacodylate buffer,
cells were postfixed with 1% osmium tetroxide, 1.5% potassium ferrocyanide in 0.1M
cacodylate buffer pH 7.4 for 1 hour on ice. After being rinsed in dH20, samples were en
bloc stained in 0.5% uranyl acetate overnight and dehydrated in increasing concentrations
of ethanol, and finally embedded in Epon. Samples were cured at 60°C in an oven for
48 houtrs. Epon blocks were sectioned using a Leica EM UC7 ultramicrotome (Leica
Microsystems). Ultrathin sections (70 nm) were collected on formvar carbon-coated slot
grids, contrasted with 2% uranyl and lead citrate. Samples were observed with a TALOS
L120C Transmission Electron Microscope (ThermoFisher Scientific) and images were

acquired with a CETA 4x4k CMOS camera (ThermoFisher Scientific).

Xenograft mouse models

The animals used in this study were kept in pathogen-free animal facility and cured in
accordance with European Union guidelines. All the applied procedures have been
approved by the Institutional Animal Care and Use Committee (IACUC), IACUC number
989. For in vivo tumor growth assay, 4x10° A498 and 10x10° Caki-1 expressing
doxycycline-inducible shCtrl and shPML constructs, were subcutaneously injected in the
right flank of 6-8 weeks old female and male NSG mice, respectively. From
transplantation, the mice were maintained in the absence of doxycycline and tumor
volumes were measured weekly using a caliper. When the tumor masses arose form shCtrl
and shPML cells approached 1 cm? of volume, doxycycline hyclate (Sigma) was
administered daily through oral gavage (25 mg/Kg) until sacrifice.

To test the in vivo efficacy of ATO, 4x10° A498 or 10x10° Caki-1 wild type cells were

subcutaneously injected into the right flank of NSG mice. When the tumor masses
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approached 1 ¢cm?, mice were randomly distributed in 2 cohorts. One group was treated
with of arsenic trioxide (Sigma) administered intraperitoneally. Tumor diameters were
calculated on two sided weekly using a caliper and the formula length x diameter? x n/6.

The animals were sacrificed at the indicated time points.

Immunohistochemistry and hematoxylin-eosin staining

Formalin-fixed paraffin-embedded consecutive sections (4 um) were dewaxed and
hydrate through graded decrease alcohol series and stained for histology or
immunohistochemical characterization (IHC).

For histological analysis in bright-field microscopy, slides were stained using standard
protocols for Hematoxylin and Eosin (using Mayer’s Hematoxylin, BioOptica #05-
06002/L and Eosin, BioOptica #05-10002/L).

For IHC characterizations, slides were immunostained with Automatic Leica BOND RX
system (Leica Microsystems GmbH, Wetzlar, Germany). First, tissues were
deparaffinized and pre-treated with the Epitope Retrieval Solution (ER1 Citrate Buffer
for Ki-67 and PML and ER2 EDTA for Caspase 3,) at 100°C. (see Tablel for antibody
specifications). Primary antibodies were developed with Bond Polymer Refine Detection
(Leica, DS9800).

Slides were acquired with Aperio AT2 digital scanner at magnification of 20X (Leica
Biosystems) and analyze with Imagescope (Leica Biosystem). Immunohistochemical
staining of PML and K167 was quantified using Color Deconvolution Algorithm (Leica)
following manufacturer’s instruction. For analysis, three different areas of the slides of

all samples (1 mm? each) were used.

RNA isolation and quantitative RT-PCR (qRT-PCR)

Total RNA from RCC cells was purified using RNeasy mini Kit (Quiagen) and RNA
from xenografts was isolated using ReliaPrep RNA Tissue Miniprep System (Promega).
cDNA was obtained using Advantage RT-for-PCR Kit (Clontech) and random-hexamer
primers were used. To measure the gene expression, RT-PCR was performed by TagMan
assay using a 7900 Fast- Real Time PCR System (Applied Biosystems). All probes for

TagMan assays were purchased from Applied Biosystem. 18S was used as internal
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control. The mRNA relative fold change expression (shPML over shCtrl experimental

conditions) of the indicated genes, were calculated using 2-24¢ method.

RNAsequencing and analysis

Total RNA from shPML, and shCTRL from RCC4 shCtrl and shPML#1 cells was
isolated with QIAGEN RNeasy Plus Micro Kit according to the manufacturer’s
instructions. RNA-sequencing experiments are representative of two biological
replicates, and lentiviral transfections. RNA quality was evaluated with a 2100
Bioanalyzer (Agilent). To generate the libraries, the TruSeq stranded mRNA protocol
was used. Libraries were barcoded, pooled and sequenced on an Illumina Nova-Seq 6000
sequencing system. RNA-sequencing experiments were performed generating 30M
reads, 100 nucleotide (nt) long, for each run. After trimming, sequences generated within
RNASeq experiments were aligned using the STAR aligner (Dobin et al, 2013) and
counted with featureCounts (Liao et al, 2014) on the last Gencode (Harrow et al, 2012)
release for RNAseq. Differential genes expression was evaluated in R/BioConductor
(Huber et al, 2015) using the DESeq2 package (Love et al, 2014). Finally, EnrichR v3.0
(Kuleshov et al, 2016) was used to perform gene set enrichment analysis and find
common annotated biological features of DEGs gene and the heatmaps showing the top
100 statistically significant genes (AdjPval<0.1) was generated using Pheatmap package
form CRAN. Gene sets were obtained by filtering DEGs with logFC>/< 0.3 and FDR

0.05 while significant gene categories were filtered for Adjusted p-value <0.1.

TCGA-KIRK, TCGA-KIRP and CPTAC-KIRK datasets analysis.

TCGA-KIRK, TCGA-KIRP and CPTAC-KIRK datasets (Creighton et al, 2013; Clark et
al, 2019) were explored by using the UALCAN online toll (Chandrashekar et al., 2017;
online source: http://ualcan.path.uab.edu) . In this study, the expression analysis of PML
gene in ccRCC and pRCC tumor samples and normal tissue was obtained. Additionally,
patients survival rate correlating with PML expression levels was performed. Alteration
frequency of PML gene in ccRCC was performed by interrogating TCGA-KIRK
(Creighton et al, 2013) database available at cBioPortal (Cerami 2012; Gao 2013; online

source: https://www.cbioportal.org). Spearman’s correlation analysis between PML
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mRNA abundance and the indicated genes in the TGCA-KIRK dataset were retrieved by

using cBioPortal (Cerami 2012; Gao 2013; online source: https://www.cbioportal.org).

Statistical analysis

Student’s two-tailed t-test was used to determine statistical significance of all the data
analyzed, except for data obtained from TCGA, and AML primary samples results that
were analyzed by one-way ANOVA. The significance level was set at a p-value of less
than 0.05. All analyses were performed using GraphPad Prism version 8.2.1 for macOS

(GraphPad Software, San Diego, California, USA, www.graphpad.com).

Table 1. List of antibodies used in the study.

Antibody Application Used dilution or | Specifications
concentrations
PML Immunoprecipitation 1 pg (PGM3)
Immunohistochemistry | 1:100 SC-996
Western blot 1:1000 NB100-597787
Chromatin 200 pg/ml SC-71910
immunoprecipitation
HIFla Western blot 1:250 BD 610958
PLA 1:5000 NB100-134
HIF2a Western blot 1:250 Cell signaling
technology
(D9E3)#7096
PLA 1:5000 NB100-122
p53 (DO-1) Western blot 1:3000 SC-126
p21 Western blot 1:500 SC-6246
HAF Western blot 1:500 Merck
HPAO031190
Pml clone 36.1- | Immunofluorescence 1:1000 Millipore
104 MAB3783
LAMP1 Immunofluorescnece 1:50 Abcam
30687
LAMP2 Immunifluorescence 1:50 Abcam
25631
B-Actin (AC-15) Western blot 1:10000 SC-69879
Vinculin (7F9) Western blot 1:10000 SC-73614

118



https://www.cbioportal.org/

Mouse (G3A1) | Immunoprecipitation lug Cell signaling
IgG1 Isotype technology
control #5415

Goat  anti-mouse | Western blot 1:10000 SC-2005
IgG-HRP

Mouse anti-rabbit | Western blot 1:10000 SC-2357
IgG-HRP

AlexaFluor 488 | Immunofluorescence 1:100 ThermoFischer
Goat anti mouse A32732
AlexaFluor 546 Immunofluorescence 1:100 Thermo Fischer
Goat ant rabbit A32731
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