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ABSTRACT

Malignant Pleural Mesothelioma (MPM) is a very aggressive cancer whose incidence is
growing in many industrialized countries and developing areas. MPM escapes the classical
models of carcinogenesis and lacks a distinctive genetic fingerprint, keeping obscure the
molecular events that lead to tumorigenesis. This severely impacts on the limited therapeutic
options and on the lack of specific biomarkers for early diagnosis that concur to make MPM

one of the deadliest forms of cancer.

Despite many genetic studies performed in recent years to identify driver mutations, MPM
still remains a therapy orphan disease. To overcome the limitations of purely descriptive
omics profiling, here we performed an integrated analysis by combining a functional
genome-wide loss of function CRISPR/Cas9 screening with patients’ transcriptomic and
clinical data, to identify protein-coding genes essential for MPM cells’ survival. Also, in light
of the massive contribution of the non-coding genome to cancer, we explored the role of
non-coding RNAs to MPM progression by analysing gene expression profiles and clinical
data from the MESO-TCGA dataset.

We identified the epigenetic keeper TRIM28 and the long non-coding RNA (IncRNA)
LINC00941 as new vulnerabilities of MPM, associated with disease aggressiveness and bad
outcome of patients. Tripartite Motif Containing 28 (TRIM28), also known as KAP1, is a large
multi-domain protein that, modifying chromatin structure, is involved in many cellular
processes, including transcription regulation. As a transcriptional cofactor, TRIM28 is able
to work as either repressor or activator of gene expression. We showed that loss of TRIM28
in MPM cells impairs cell growth and clonogenicity by blocking cells in mitosis.
Mechanistically, we showed that TRIM28 is required for the correct timing of mitosis genes
expression. In particular, RNA-seq profiling showed that loss of TRIM28 dramatically
abolished the expression of major mitotic players including AURKA, AURKB, FOXM1 and
B-MYB. Analysis of ChIP-Seq data and Co-IP experiments showed that TRIM28 is part of
the B-MYB/FOXM1-MuvB complex that specifically drives the activation of mitotic genes.

In parallel, we found LINC00941 as the top scoring non-coding transcript correlating with
reduced survival probability in MPM patients. LINC00941 KD profoundly reduced MPM cells’
growth, migration and invasion. This is accompanied by profound changes in morphology,
cytoskeleton organization and cell-cell adhesion properties. RNA-seq profiling showed that
LINC00941 affect the overall transcriptional program of MPM, hitting many crucial functions

of MPM, including the HIF1a-mediated hypoxia response.



Collectively these data provided new insights into MPM biology and demonstrated that the
integration of functional screening with patients’ clinical data is a powerful tool to highlight
new non-genetic cancer dependencies that associate to a bad outcome in vivo, paving the
way to new MPM-oriented targeted strategies and prognostic tools to improve patients risk-

based stratification.



INDEX

INTRODUGCTION ...ciiiiiiiiiiitit ettt e e e ettt et e e e e o4 sk kbbbt e et e e e e e e e s e bbb e et e e e e e e e e aannbbbneeaeaeeeaaanns 6
Malignant Pleural MeSOtNElOM@ ...........uuiiiiiiiiiiiiiii e 6
Genomic LandSCape Of IMPIM ........ouiiiiiiiiiiiiiiiiieee ettt e e e e e e e eeees 7
Epigenetic EVENEIS IN IMPIM ... ..ot e e e s e e e e e e e e et a s s e e aaeeennnes 9
Asbestos-mediated epigenetic ChANGES........cooiiiiiiicie e 11
Genome-wide knock-out screening as functional approach to define new non-genetic
CaANCET VUINEIADIIITIES ....ceiiii e e e e e e e e e e e e eaate e e e eeeeeennee 12
Tripartite Motif Containing 28 (TRIM28) .........ciiiiiiiiieicie e e 14
LIRS P S o o1 (=T IR (0T (= 14
IR 2 I U Lo I = T o = 15
TRIM28 as Negative Regulator of TranSCrPtION. ..........uuuuuuuiieiiiiiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeees 16
TRIM28 as Positive Regulator of TranSCription ............ccooiiieeiiiiiiiicee e 17
TRIM28 as Repressor of Endogenous Retroviruses (ERVS) ..........uuviviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiins 18
The NON-COAING GENOME ......cciiiiiiiiei e 20
Long Non-coding RNAS (INCRNAS) ......uiii i e e e e e e e aaeees 21
INCRNAS IN MPM ... 22
[ N[00 Lo 7 i = T To [ = g o Y PP 23
AIM OF THE STUDY .o e e e et e e e e et e e et e e et e e et e e et e eeeanas 24
1O I 1 TN 25
Integration of genome-wide screening and clinical data identified a core of chromatin-
associated genes essential for MPM ProgreSSIiON ..........euvvvviiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeee e 25
Loss of TRIM28 strongly impairs proliferation and induces apoptosis of MPM cells................ 30
TRIM28 controls the expression of mitotic genes and is required for correct mitosis execution
.............................................................................................................................................. 34
TRIM28 cooperates with the B-MYB/FOXM1-MuvB complex to mediate CDK9-dependent
RNA-Polll proficient transcription of MItOtiC GENES...........covviiiiiiiiiiiiiiiee 39
The CDKO9 inhibitor AZD4573 mimics TRIM28 KD effects in MPM cells...............ccoooviiiiinnnnnn. 42
Model validation in a separate cohort of MPM patients ...........cccooiviiiiiiiiniieeeeeiee e 44
TRIM28 controls INnate IMMUNE RESPONSE ........uuuuuiiiiiiiiiiiiiiiiiiiiiiiaineeeeeneneaeseeseneeeeaeeneeeeaeeeee 48
Analysis of TCGA clinical data revealed several IncRNAs associated with MPM patients’
£ 1Y/ V7= | ST 51
LINC00941 promotes proliferation, migration and invasion of MPM cells....................ces 55
LINC00941 mediates HIF1a signalling in MPM Cells ... 62
DISCUSSION ..oiieiiiie e e e ittt e e e e ettt e e e e e e e e st eeeeeeea e s st aaaeeaaeeeaeaassssseaeeaaeeesaassssnnaaaaneeaaans 64
MATERIAL AND METHODS ..ottt ettt e e e e e e s et e e e e e e e e s s nntaneaaaaaeaaaanns 70
(02| IO 1 = PP PPPPPPPPPP 70
Lentiviral INFECHION ... 70



Generation of MSTO-211H clones stably expressing Cas9..........cccceevvieeiiiiiiiiiiiine e, 70

GENOME-WIHE SCIEENING ... ceeiieeetiiiie e e e et et e s e e e e e e e et e e s e e e e e e e e et e s e eaaeeeeaataaaaaeeeeeeessnannnes 71
TCGA DALA ANGIYSIS ...ttt 72
Knockout cell lines generation and Competition ASSAYS..........ccuvviiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee 72
Alt-R Genome Editing DeteCtion Kit .........cciiiiiiiiiiiiiis et e et 73
SR AN I =T 1 (=T o1 10 ]  F N 74
Proliferation and Colony FOrmMING ASSAYS .......ccouiiiiiiiiiiiiiiiee e 74
RNA Extraction, Reverse Transcription and quantitative real-time PCR (qRT-PCR) .............. 75
LTS (T g T = o ) TP TRTRTRRRTT 76
APOPLOSIS ANAIYSIS ... 78
Cell CYCIE ANAIYSIS ...ttt ettt ettt ettt et e et eaees 78
IMMUNOTIUOIESCENCE. ... 78
RNA-Seq and BioinformatiCsS ANAIYSIS ..........cooviiiiiiiiiiii 79
ChIP-SEQ ANAIYSIS ....eeiiiiiiiiiiiiiiiiiie ettt ettt ettt 80
Co-Immunoprecipitation (CO-IP)......c...coi e 80
(@1 0 1o | =1 PP PEEPRRP 81
Patients Selection and Nanostring ANalYSIS ..........ccooviiiiiiiiiiii 82
L1 T 0] a1 o] (o] S 83
Scratch WouNd HEAlING ASSAY .....uuciiii et s e e e e et e e e e e e e e e erraaa s 83
INVASION ChaMBDEI ASSAY ... 83
(@0 O I 1= 110 0= 0| S PP PP PP PPPPPPPPPPPP 84
StALISHCAI ANGIYSIS ...ceiiiiii i e e e e e et e e e e e e e e e e r it e e e e e e e rrra s 84
e o N 8 PPN 85
ACKNOWLEDGEMENTS. ... otiitii ittt este et et a e e st e e st e e e e s ste e e s sssaeeeeannsteeeesassaneeannneeaeennnnes 98



INTRODUCTION

Malignant Pleural Mesothelioma

Malignant Mesothelioma (MM) is a solid tumor that arises from the thin monolayer of
mesothelial cells that lines body cavities and organs’ surfaces (C. Bianchi & Bianchi, 2007,
Carbone et al., 2012). It can develop in the pleural space, peritoneum, tunica vaginalis testis
and ovarian epithelium. According to the histological features, MM can be classified in 3
different histotypes, based on cells’ degree of differentiation: epithelioid, sarcomatoid and
biphasic or mixed, that contains both epithelioid and sarcomatoid cells. The clinical behavior
among them is different, being the sarcomatoid the most aggressive and the one with the

worst prognosis histotype (Carbone et al., 2012; Ismail-Khan et al., 2006).

Malignant Pleural Mesothelioma (MPM) develops in the lung’s pleura and is the most
common subtype of MM, representing 83% of all MM cases. It is characterized by high
mortality rate and dismal prognosis due to the limited treatment options available. The
majority (about 80%) of MPM cases are associated to asbestos exposure, either
professional or environmental (Figure 1) (C. Bianchi & Bianchi, 2007; Carbone et al., 2012;
Ismail-Khan et al., 2006). The discovery that asbestos fibers are the causative agent of MPM
dates back to 1960s (Wagner et al., 1960). Surprisingly, several studies demonstrated that
a longer exposure time does not modify the risk of developing MPM (Remon et al., 2015).
MPM is characterized by a long latency period between asbestos exposure and tumor
development, spanning from 20 to 50 years. This explain why, despite asbestos limitations
in industrialized countries, incidence and mortality rates of MPM continued to increase in the

last decades and are expected to still
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cause of the extremely low overall survival (OS) of MPM patients (8-36 months). In
particular, patients with sarcomatoid MPM have a very poor outcome compared to
epithelioid MPM (Christoph & Eberhardt, 2014). Moreover, surgery is effective and
practicable only in early stages of the disease, when the tumor size is limited, while for the
majority of patients standard chemotherapy is often ineffective (Remon et al., 2015). First
line therapy for unresectable MPMs consists of a combination of Cisplatin and Pemetrexed,
an anti-folate compound. However, there is no defined second line therapy following this
treatment (Haas & Sterman, 2013). For these reasons, new diagnostic and treatment
approaches are urgently needed. Although recent advances in MPM biology, its
management still remains a clinical challenge. Despite many efforts, several clinical trials
undertaken in recent years did not improve the standard approved chemotherapy regimen
for this tumor (Yap et al., 2017).

Genomic Landscape of MPM

Deep sequencing of MPM revealed that this tumor is characterized by a low mutational
burden, with a mean of <2 somatic non-synonymous mutations per megabase and few
recurrent gene mutations (Bueno et al., 2016; Guo et al., 2015; Hmeljak et al., 2018; Hylebos
et al., 2016). Despite the low number of point mutations, MPM is characterized by frequent
tumor suppressor genes (TSGs) inactivation by different mechanisms: copy number losses,
gene fusions and promoters’ hypermethylation. These mechanisms often affect epigenetic
keepers and proteins involved in chromatin organization (Lorenzini et al., 2021; Sage et al.,
2018). The most frequently mutated genes in MPM are BAP1, NF2, TP53, CDKN2A,
CDKN2B, SETD2 and to a lesser extent SETDB1 (Figure 2) (Bueno et al., 2016; Guo et al.,
2015; Hmeljak et al., 2018; Sage et al., 2018).
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Figure 2. Most represented genetic alterations in the MESO-TCGA dataset (N=87). Data are from
https://www.cbioportal.org/
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Besides alterations affecting single genes, different mutational signatures have been
identified in mesothelioma, however, these are not different in the cases with or without
known asbestos exposure (Sage et al., 2018).

BAP1, being inactivated by either copy number alterations (CNA) or point mutations in >50%
of cases, is the most frequently mutated gene in MPM (Bueno et al., 2016; Guo et al., 2015;
Hmeljak et al., 2018). BAP1 is a deubiquitinase involved in DNA repair, cell cycle
checkpoints, heterochromatin formation and centrosome amplification, affecting genome
stability (Masclef et al., 2021). Recently, BAP1 has been described as a putative epigenetic
regulator and its inactivation induced global methylation through the activation of Polycomb
repressive complex 2 (PRC2) (LaFave et al., 2015). Moreover, by deubiquitinating histones
and transcription factors (TFs) it’s plausible that BAP1 is involved in transcription regulation.
BAP1 acts as a tumor suppressor gene and mutations disrupting its deubiquitinase activity
or its nuclear localization concur to tumor progression (Ventii et al., 2008). Besides, germline
mutations in BAP1 are associated with an increased risk of developing MPM as well as other
types of cancer (Cheung et al., 2013; Yoshikawa et al., 2012). Consistently, BAP1 germline
mutations were found in families with a high percentage of MPM cases as well as other

types of cancer, primarily melanoma (Betti et al., 2016; Ohar et al., 2016; Testa et al., 2011).

The Neurofibromatosis 2 (NF2) gene is a tumor suppressor gene that encodes the moesin-
ezrin-radixin like protein (Merlin), associated with the actin filaments. It is inactivated in 40-
50% of MPM cases (A. B. Bianchi et al., 1995; Guo et al., 2015; Sekido, 2011). When
dephosphorylated, Merlin accumulates in the nucleus where it inhibits the pro-oncogenic
function of the E3 ubiquitin ligase CRL4 (DCAF1), thus preventing the expression of several
oncogenes (W. Li et al., 2010). In a small number of patients bearing LATS2 loss of function
mutations, Merlin loss is believed to contribute to tumorigenesis via Hippo Pathway
inactivation (Sekido, 2011; Tranchant et al., 2017). LATS2 is inactivated in about 11% of
MPM patients by either point mutations or deletions and its loss correlates with a bad
prognosis (Hmeljak et al., 2018; Tranchant et al., 2017). Both NF2 and LATS2 inactivation
hyper-activate YAP, the effector TF of the Hippo Pathway, whose disruption is crucial in
MPM tumorigenesis (Miyanaga et al., 2015).

Tumor Suppressor TP53 was found mutated in 8-9% of MPMs (Bueno et al., 2016; Guo et
al., 2015), a smaller percentage compared to other tumor types. Importantly, TP53
mutations were absent from the epithelioid subtype, and patients harboring TP53 mutations



had a lower OS than patients with wild-type (WT) TP53, suggesting the aggressiveness of
tumors bearing TP53 mutations (Bueno et al., 2016).

CDKN2A and CDKNZ2B are tumor suppressor genes located in region 9p21 that in MPM is
affected by frequent copy number losses, resulting in their inactivation. Coherently, about
45% of MPM patients show deletions of region 9p21 (Bueno et al., 2016; Guo et al., 2015;
Hmeljak et al., 2018). CDKN2A and CDKN2B encode for CDK inhibitors, thus their
inactivation causes the disruption of cell cycle regulation. CDKN2A loss is associated to
reduced OS of MPM patients (Dacic et al.,, 2008) and with non-epithelioid histology (De
Rienzo et al., 2016), highlighting its association with aggressive tumors .

SETD2 is a histone lysine methyltransferase that, specifically, trimethylates histone H3K36,
a mark associated to transcriptional elongation that peaks at 3’end of genes. SETD2-
dependent H3K36 trimethylation is involved in several processes within the cell, including
chromatin accessibility and ensures genome stability (Pfister et al., 2014). SETD2 is mutated
majorly by truncating mutations in 8% of cases in the study performed by Bueno et al.
(Bueno et al., 2016).

SETDB1, as SETDZ2, is a histone lysine methyltransferase that methylates H3K9, generating
H3K9-me2 and —me3 histone marks that are associated to silent chromatin. SETDB1 is
usually overexpressed in cancer, instead in MPM frequent loss of function mutations are
reported (Hmeljak et al., 2018; Kang et al., 2016; Strepkos et al., 2021), affecting 3% of
MPM patients in the Bueno cohort (Bueno et al., 2016), suggesting a different role of
SETDB1 in this context, still to be elucidated (Kang et al., 2016).

Epigenetic Events in MPM

Epigenetic modifications include DNA methylation, histone modifications and chromatin
remodeling. These modifications heavily affect gene expression without altering DNA
sequence and are involved in many biological processes, including tumorigenesis (L. Zhang
et al., 2020). Also several microRNAs (miRNAs) and long non-coding RNAs (IncRNAS) act
as epigenetic regulators (Lorenzini et al., 2021). Epigenetic alterations are being extensively
studied in recent years in MPM since they are emerging as potential tools for an improved

diagnosis and prognosis of MPM.

DNA methylation is catalyzed by DNA methyltransferases (DNMTs) and consists in the
addition of a methyl group to the fifth carbon of a cytosine, usually within CpG islands. DNA

methylation leads to chromatin compaction, inhibiting the binding of the transcriptional
9



machinery that thus results in gene silencing (Edwards et al., 2017). Hypermethylation of
TSGs is a common mechanism in many cancers, including MPM (Christensen et al., 2008).
Christensen et al. for the first time compared the methylation profile of MPMs to normal
pleura, finding a global higher methylation status in the tumors compared to normal tissues.
They also found a positive correlation between higher methylation status and shorter OS
and between higher methylation and asbestos exposure (Christensen et al., 2009). Indeed,
analysis of asbestos-associated MPM cell lines revealed an overexpression of all the DNA
methylases DNMT1, DNMT3A and DNMT3B and of the epigenetic regulators EZH2 and
SUZ12. Moreover, the overexpression of these epigenetic keepers correlates with a reduced
OS of patients (McLoughlin et al.,, 2017). DNMTs expression is affected by cytokine
signaling, largely produced as a consequence of the chronic inflammation status caused by
asbestos’ fibers inhalation (McLoughlin et al., 2017; Yang et al., 2010).

Histone modifications, influencing chromatin structure and accessibility also affect gene
expression. Being many enzymes involved in histone post-translational modifications
(BAP1, SETD2 and SETDB1) frequently mutated in MPM, it is plausible that these
modifications have a role in disease progression. There are evidence supporting global
chromatin hypoacetylation in MPM. Decreased acetylation of H3 and H4 is reported in MPM
as well as in other cancer types (Chi et al., 2010). Histones’ acetylation causes chromatin
relaxation and gene transcription activation. Histone acetylation is catalyzed by histone
acetyltransferases (HATS), while deacetylation is performed by histone deacetylases
(HDACs) (Hassig & Schreiber, 1997). Several HDAC inhibitors have been developed since
HDAC1 and HDAC?2 are often deregulated in cancer and showed promising results for the
treatment of many cancers (Eckschlager et al., 2017). BAP1 has been reported to regulate
HDAC2 expression, indeed reduced HDAC2 levels are reported in BAP1 mutated tumors.
BAP1 or HDAC?2 loss caused an increased sensitivity to HDAC inhibitors, differently from
HDACL1 inhibition, suggesting a non-redundant role for the two deacetylases (Sacco et al.,
2015).

Inactivation of TSGs by promoter hypermethylation together with chromatin hypoacetylation
paved the way for the use of DNMT inhibitors (DNMTi) and HDAC inhibitors (HDACI) in
MPM. The use of single-agent epigenetic drugs have shown poor results, but their
combination with other classes of epigenetic drugs or chemotherapy are showing promising

effects. Several preclinical trials are on the way and the combination of different HDACi and
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DNMTi results in tumor growth inhibition as well as induction of the immunogenic response
(Lorenzini et al., 2021).

Asbestos-mediated epigenetic changes

Asbestos consists of a group of naturally occurring silicate minerals that were largely used
until a few decades ago in the sectors of industry and construction. Asbestos is known to
cause genotoxicity through DNA breaks and oxidative DNA damage, however an
association between asbestos exposure and a precise mutational signature could not be
identified (C. Bianchi & Bianchi, 2007; Chew & Toyokuni, 2015; Hmeljak et al., 2018;
Mossman et al., 1996). On the other hand, there are evidence supporting a role of asbestos
in inducing epigenetic changes, even if the molecular mechanisms involved are not
completely clear (Bueno et al., 2016; Hmeljak et al., 2018). Asbestos fibers, when inhaled,
set down in the lungs triggering the inflammatory response that involves the continue
production of free radicals, reactive oxygen (ROS) and nitrogen (RNS) species (Carbone et
al., 2012; Mossman et al., 1996). These molecules are potent mutagens that damage
cellular components, promoting DNA mutation and triggering transformation (Chew &
Toyokuni, 2015). The majority of asbestos fibers contain iron or are able to induce hemolysis
and release iron ions in the extracellular space (Harington et al., 1971). Free iron is the
catalyst of the Fenton reaction that generates hydroxyl radicals (OH), able to damage
biomolecules, including DNA. In particular, OH can hydroxylate deoxiguanosine on C8,
forming 8-hydroxy-2’-deoxyguanosine (8-OHdG), generating DNA base mispairing and G-
to-T transversions (Figure 3) (Cheng et al., 1992). ROS are produced not only by mesothelial
cells but also by macrophages. Failing to engulf long asbestos fibers, macrophages die
releasing a massive amount of ROS, in a phenomenon described as “frustrated
phagocytosis” (Donaldson et al., 2010). Besides ROS production, mesothelial cells exposed
to asbestos release high-mobility group box 1 protein (HMGBL1) in the extracellular space,
where it stimulates the production of TNF-a and IL-183, key factors in mesothelial cells
malignant transformation. HMGB1, together with TNF-a and other inflammatory cytokines,
stimulates macrophages activation. All these pro-inflammatory molecules converge on the
activation of NF-kB, which promotes survival of damaged mesenchymal cells, supporting
tumor establishment and progression (Yang et al., 2006, 2010). Moreover, asbestos fibers
can cause genetic damage directly, being able to induce DNA double strand breaks or
mechanical disruption of the mitotic spindle during cell division (Msiska et al., 2010). The

chronic production of ROS imposed by asbestos fibers implantation in the lungs, creates a
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dangerous stressed microenvironment which consequences are hard to overcome (Figure
3) (Sage et al.,
landscape of mesothelial cells, in particular through the hypermethylation of TSGs (Shames

2018). This chronic inflammation also impacts on the overall epigenetic

et al., 2007). Evidence report an association between oncosuppressors’ hypermethylation

and a poor outcome (Christensen et al., 2009).
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Figure 3. Inhalation of asbestos
fibers causes an inflammatory
response in the lungs that results
in the chronic production of ROS
and RNS. 8-OhdG can generate
DNA base mispairing, resulting in
G-to-T transversions. Asbestos
fibers increase methylation status
of mesothelial cells, in particular
of TSGs. Moreover, mesothelial
cells exposed to asbestos
undergo necrosis, releasing
HMGBL in the extracellular space
and recruiting macrophages and

stimulating the
inflammation response.
Lorenzini et al., 2021
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genetic cancer vulnerabilities

In the latest 10 years the massive application of omics profiling technologies has elucidated
the complicated network of genomic and genetic alterations that characterize cancer and
identified many driver mutations that helped the definition of new therapeutic opportunities
for cancer patients (Nakagawa & Fujita, 2018). However, the great expectation raised by the
idea that through this approach it would be possible to assign each patient to a precise target
drug was disregarded by the enormous structural and temporal complexity of cancer lesions,
by the purely descriptive nature of profiling studies and, above all, by the fact that cancer
2017).

evidence point to transcriptional or epigenetic processes as crucial dependencies for cancer

additions are not only of a genetic nature (Tsherniak et al., Indeed, mounting

cells, highlighting the need of moving towards functional approaches to search new
candidates to hit cancer. This is particularly true for a cancer that, like MPM, escapes to the

classical model of cancer evolution, lacks a distinctive genetic signature and is characterized
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by a great heterogeneity and few and scattered gene mutations (Hmeljak et al., 2018; Oehl
et al., 2018).

To overcome these limitations, one approach is to perform genome-wide loss of function
screening in order to highlight essential genes for survival of a given cell line (Sanjana et al.,
2014). The combination of different cell lines, representing tumor heterogeneity, allows to
identify genes essential for the progression of specific malignancies. To this aim, Tsherniak
and colleagues analyzed 501 genome-wide loss of function screening performed in many
human cancer cell lines to define cancer-specific non-genetic dependencies (Tsherniak et
al., 2017), paving the way for the development of new specific targeted therapies. This
approach allowed the discovery of new oncogenes not recognizable by purely descriptive
profiling studies (Cowley et al., 2014; Tsherniak et al., 2017). Indeed oncogenes, differently
from TSGs that usually bear loss of function mutations to be inactivated in cancer, promote

tumorigenesis mainly by being overexpressed from cancer cells to sustain their expansion.

The last decade has been characterized by a great progress in the field of genome-wide
screening, that took advantage of RNA Interference (RNAI), short-hairpin RNAs (shRNAS)
and ultimately of the CRISPR/Cas9 (clustered regularly interspaced short palindromic
repeats/CRISPR associated) genome editing system (Sanjana et al., 2014; Shalem et al.,
2014). The latest is the most used today for genome-scale screening, being easy to use and

owing higher specificity than the other technologies (Shalem et al., 2014)

Integration of functional screening with patients’ clinical and transcriptomic data permits to
identify genes that not only are essential for proliferation of cancer cells, but that are also
associated to an aggressive disease. The Cancer Genome Atlas (TCGA) Pan-Cancer
project has profiled and analyzed a great number of human tumors to provide insights into
aberrations at the DNA, RNA, protein and epigenetic levels (Cancer Genome Atlas
Research Network et al., 2013). Combination of these data with the results of a genome-
wide screening, allows to stratify the identified cancer dependencies according to the clinical
features of the tumor, such as aggressiveness, patients’ survival and tumor histotype. Thus,
integration of these two approaches represent a powerful tool to identify the cancer-specific
dependencies that in vivo are associated to tumor aggressiveness and to a bad outcome of
patients. This approach, besides opening the door for the development of cancer-specific
targeted therapies, can be used by clinicians as a prognostic tool to define cancers’

aggressiveness.
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Tripartite Motif Containing 28 (TRIM28)
Tripartite Motif Containing 28 (TRIM28) — also known as KAP1 (KRAB-associated protein

1) and TIF1p (transcription intermediary factor 1-beta) - is a member of the Tripartite motif-
containing (TRIM) family, comprising almost 60 human genes (Ozato et al., 2008). TRIM28
is highly related to three other TRIM proteins, TRIM24 (TIF1a), TRIM33 (TIF1y) and TRIM66
(TIF1d), and together they constitute the Transcriptional Intermediary Factor 1 (TIF1) family
(lyengar & Farnham, 2011). Although the TIF1 proteins share many structural
characteristics, they have little functional overlap and their expression pattern is different (H.
Peng et al., 2002). TRIM28 was firstly described as an interacting partner of the family of
Kruppel-Associated Box Zinc Finger Proteins (KRAB-ZFPs) TFs (Friedman et al., 1996;
lyengar & Farnham, 2011). Today it is known that TRIM28 is involved in many cellular
processes, such as development, gene transcription regulation, DNA damage response
(DDR) and regulation of retrotransposons, thus being involved in genome stability
(Czerwinska et al., 2017). Participating in such many biological processes, it is not surprising
that TRIM28 is implicated in tumor development, since high levels of this protein are reported
in many cancers. Moreover, its overexpression in cancer is correlated to a reduced OS of
patients (Addison et al., 2015; Yokoe et al., 2010). However, evidence reporting tumor-
inhibiting roles of TRIM28 have emerged (Chen et al., 2012) and still its tumor activating or
inhibiting role are under debate.

TRIMZ28 Protein Structure
TRIM28 is constituted by an N-terminal RBCC or TRIM domain that comprises a RING

finger, two B-box zinc fingers and a coiled coil (CC) domain. RBCC domain is the
responsible for the interaction with other proteins, and in particular with the KRAB module
of KRAB-ZFPs (Friedman et al., 1996; lyengar & Farnham, 2011). Next to the RBCC domain
is the TIF1 short signature (TSS), essential for gene repression. Consistently, its deletion in
TIF1y abolishes its repressive function (Venturini et al., 1999). The central region of KAP1
consists of a hydrophobic PxVxL pentapeptide that mediates the interaction with
Heterochromatin Protein 1 (HP1) (Lechner et al., 2000). The C-terminal PHD (Plant Homeo
Domain) and bromodomain constitute a unit for transcriptional repression by recruiting
components of the Nucleosome Remodeling Deacetylase (Mi2/NuRD) and the histone
H3K9 methyltransferase SETDBL1 that are involved in chromatin condensation (Schultz et
al., 2001) (Figure 4). Thus, the HP1-binding domain (HP1BD), PHD and bromodomain

cooperate to condense chromatin, characterizing the repressive activity of TRIM28. The
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PHD domain has E3 ligase activity and directs SUMOylation of the adjacent bromodomain
on 3 lysine residues (K554, K779 and K804). The SUMOylated state of these 3 residues is
crucial for the recruitment of the Mi2/NuRD complex, SETDB1 and interaction with HP1
protein (lvanov et al., 2007; Zeng et al., 2008). Usually, bromodomains are a feature of
transcriptional activators, being them involved in the recognition of acetylated histone tails
(Zeng & Zhou, 2002), while TRIM28’s bromodomain has lost its ability to bind to acetyl-
lysine residues (Schultz et al., 2001).

MuRD / SETDB1

Kriippel-associated box (KRAB) binding binding Figure 4. Schematic
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TRIM28 and Cancer

TRIM28 upregulation has been reported in several cancer tissues, as well as its association

to a bad prognosis, suggesting a role for this protein in cancer progression. Being associated
either to induction of cells’ proliferation (Addison et al., 2015) or to growth inhibition (Chen
et al., 2012), its role as oncogene or as tumor suppressor is still subject of discussion. High
TRIM28 levels have been associated to pro-metastatic cervical cancer (Lin et al., 2013).
TRIM28 overexpression has been reported also in glioma (Qi et al., 2016), gastric (Yokoe
et al.,, 2010) and ovarian (M. Hu et al., 2015) cancer, where it is associated to a bad
prognosis. In hepatocellular carcinoma, high TRIM28 expression was reported as compared
to adjacent normal tissue, and its expression correlated with tumor size, tumor stage and
reduced OS of patients (Y. Wang et al., 2016). Moreover, several studies reported
overexpression of TRIM28 in breast cancer and breast cancer metastases and it was
associated to tumor aggressiveness (Addison et al., 2015; Wei et al., 2016). According to
these data, TRIM28 overexpression and association to clinical aggressiveness is a common
feature of many solid cancers. TRIM28 has been described to promote Epithelial to
Mesenchymal Transition (EMT) in several cancers, including cervical (Lin et al., 2013) and
pancreatic cancer (Yu et al., 2014). Moreover, in Non-small cell lung cancer (NSCLC),
TRIM28 expression is induced upon TGF-f treatment, leading to increased cell migration
and invasion (Chen et al., 2014). In breast cancer, TRIM28 participates to EMT by regulating
the TF TWIST1 and knockdown (KD) of TRIM28 resulted in decreased migration and

invasion of breast cancer cells (Wei et al., 2016). However, opposite results have also been
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reported: in early stage lung cancer, high levels of TRIM28 are associated to a better OS

(Chen et al., 2012), suggesting a different role in different settings.

TRIM28 as Neqgative Reqgulator of Transcription

As a transcriptional corepressor, TRIM28 exerts its function by helping KRAB-ZFPs in their
repressive activity. KRAB-ZFP family comprises 400 human genes that encode for more
than 700 different proteins (Huntley et al., 2006). This huge family of TFs is involved in many
processes, such as embryonic development and cancer progression (Urrutia, 2003).
TRIM28 helps the repressive activity of KRAB-ZFPs by acting as a platform for the
recruitment of heterochromatin inducing factors. Upon binding their sequence specific DNA
elements, KRAB-ZFPs recruit TRIM28 by binding to its RBCC domain (Friedman et al.,
1996). Following this interaction, TRIM28 bromodomain is SUMOylated by the adjacent
PHD domain, stimulating the recruitment of SETDB1 and the NuURD complex (Figure 5).
These proteins are responsible for H3K9me3 mark deposition and histones’ deacetylation.
H3K9me3 further recruits HP1 that, binding the HP1BD of TRIM28, stabilizes the complex
formation. H3K9me3 and histones’ deacetylation are silent heterochromatin marks that lead
to chromatin condensation in correspondence of KRAB-ZFPs-TRIM28 binding, resulting in
transcriptional repression (lvanov et al., 2007; Schultz et al., 2001). Acting as a scaffold for
heterochromatin inducing complexes, TRIM28
exerts its repressive function as an epigenetic

regulator, by mediating chromatin remodeling.

Figure 5. A) TRIM28 is recruited to target genes by KRAB-
ZFPs that bind specific DNA sequences. This interaction
stimulates TRIM28 auto-SUMOylation of Bromodomain. B)
SUMOylated TRIM28 recruits SETDB1 and the NuRD
complex that create H3K9me3 histone mark and
deacetylation of adjacent nucleosomes. The image is from
Czerwinska et al., 2017;
(http://creativecommons.org/licenses/by/4.0/)
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Besides heterochromatin formation, TRIM28 can also induce chromatin relaxation. Being
phosphorylated on S824 by ATM kinase following DNA damage, TRIM28 mediates DDR
facilitating chromatin accessibility. Phosphorylation of S824 is mutually exclusive with
SUMOylation of the bromodomain, thus resulting in SETDB1 and NuRD release and
consequent chromatin relaxation (Czerwinska et al., 2017). This modification has been
reported to mediate also TRIM28 role in positive regulation of transcription (Bunch et al.,
2014; X. Li et al., 2007).

TRIM?28 as Positive Regulator of Transcription

Besides its well established role as corepressor, TRIM28 has been recently identified as a
regulator of the elongation step of RNA Polymerase Il (RNA-Polll) during transcription.
TRIM28 was identified in a screening looking for proteins bound close to the Transcription
Starting Site (TSS) of the human HSPA1B gene to regulate RNA-Polll pausing (Bunch et
al., 2014). Transcription is initiated by RNA-Polll recruitment at promoters and formation of
the transcription preinitiation complex (PIC), composed by general TFs (TFII-X) (Grtinberg
& Hahn, 2013). TFIIH is the subunit responsible for RNA-Polll phosphorylation of S5 on its
C-terminal domain (CTD) that allows transcription initiation. About 20-65 nucleotides (nt)
downstream of the transcription start site (TSS), RNA-Polll often pauses due to the action
of the Negative Elongation Factor (NELF) and DRB Sensitivity-Inducing Factor (DSIF)
(Peterlin & Price, 2006). RNA-Polll release into productive elongation is stimulated by the
recruitment of the positive transcription elongation factor (P-TEFb), composed by a
heterodimer of Cyclin T1 or T2 (Cyc T1/T2) and Cyclin-dependent kinase 9 (CDK9) (Gomes
et al., 2006). P-TEFb, once recruited, phosphorylates NELF, DSIF and S2 on CTD of RNA-
Polll, facilitating RNA-Polll pause release and entry into productive elongation (Zhou et al.,
2012). P-TEFbD is usually found in its inactive form, bound to the 7SK-snRNP complex (He
et al., 2008). Recent studies found TRIM28 as an interacting partner of the 7SK-snRNP
complex and as a crucial factor for its delivery to signal-regulated gene promoters. TRIM28
facilitates the recruitment of the 7SK-snRNP complex to promoters containing paused RNA-
Polll, enabling P-TEFb activation and pause release (McNamara et al., 2016). TRIM28 loss
resulted in reduced 7SK-snRNP complex at promoters, while no alterations in RNA-Polll
binding were reported. Thus, upon TRIM28 KD, reduced RNA-Polll elongation and
consequent gene activation was observed (D’Orso, 2016; McNamara et al., 2016). This
cycle of RNA-Polll pause and pause release is a key step in timing the activation of

transcriptional programs dependent on signal transduction cascades. Thus, TRIM28, by
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stabilizing paused RNA-Polll at the TSS of inactivated genes, permits its readily activation
upon induction (Figure 6). Bacon et al. showed that TRIM28 by directly binding to histone 4
hypo-acetylated tails, orchestrates the interactions between RNA-Polll, CDK9 and pathway-
specific TFs to activate transcriptional programs that sustain cancer cells (Bacon et al.,
2020). This function of TRIM28 is dependent on the phosphorylation of Ser824 that induces
chromatin relaxation allowing RNA-Polll elongation (Bunch et al., 2014; X. Li et al., 2007)

A Figure 6. A) RNA-Polll paused downstream the TSS of a
target gene. B) Upon specific stimuli, TRIM28 recruits

TRIM28 pathway-specific TFs to their target genes’ promoters

together with active CDK9, that phosphorylates RNA-Polll

CDK9 on Ser2. Meanwhile, TRIM28 is phosphorylated on S824

SSPA, § @ causing chromatin relaxation and allowing RNA-Polll
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TRIM28 as Repressor of Endogenous Retroviruses (ERVS)

Transposable Elements (TEs) are mobile DNA elements that, constituting more than a half
of the human genome, are the major representatives of the non-coding genome (de Koning
et al., 2011; Lander et al., 2001). TEs can be subdivided in two classes: DNA transposons
and retrotransposons. Retrotransposons, being still capable of retrotransposition, are
harmful elements for genome stability and can heavily influence gene expression profiles.
They are divided in two macro-categories, depending on the presence of Long Terminal
Repeats (LTR) or not (non-LTR). Non-LTR retrotransposons are further divided in Long
Interspersed Elements (LINEs) and Short Interspersed Elements (SINES) (de Koning et al.,
2011). LTR retrotransposons are also known as Endogenous Retroviruses (ERVs) and
constitute up to 8% of the human genome (Figure 7) (Geis & Goff, 2020). These elements
are the remnants of ancient retroviruses infection (Stoye, 2012). ERVs transcription has a
fine regulation through multiple levels in human stem cells (HSCs) and different mechanisms
are specific of different cell types, indicating an important role of these elements during
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development (Geis & Goff, 2020). The
ERVs

differentiated cells are still to be elucidated,

mechanisms of regulation in
however it is clear that they are usually
repressed through DNA methylation to
avoid an autoimmune response (Gautam et
al., 2017). Resembling retroviruses, ERVs
RNA

sensors, such as Toll-like receptors (TLRS)

transcripts are sensed by viral

and RIG-I-like receptors. Their activation

Elements (TEs) classification. triggers IRF signaling pathway and induces

Interferon-1 response that, ultimately, leads to cell death (Chiappinelli et al., 2015; Mu et al.,
2016). Coherently, treatment of cancer cells with DNA demethylating agents such as 5-
azacytidine (5-AZA) induces ERVs reactivation and the expression of interferon-stimulated
genes (ISGs) (Chiappinelli et al., 2015; Roulois et al., 2015). A microarray study was
performed in 19 different human healthy tissues and revealed that ERVs are actively
transcribed with a different signature based on cell-type. They also found a correlation

between ERVs transcription and the proliferative rate of a cell (Seifarth et al., 2005).

It is consolidated that TRIM28 together with KRAB-ZFPs, SETDB1 and DNA
methyltransferases, is responsible for ERVs epigenetic silencing during development (Rowe
etal., 2010; Turelli et al., 2014) (Figure 8). Rowe and colleagues demonstrated that TRIM28
silencing caused the re-expression of several ERVs, in particular of Intracisternal A-type
Particles (IAP) in mouse embryonic stem cells and early embryos. They observed loss of
H3K9me3 mark at S’UTR of IAP elements following TRIM28 silencing, resulting in their
overexpression (Rowe et al., 2010). Recently, a role for TRIM28 in keeping repressed ERVs
also in differentiated cells has been reported. Turelli et al. showed that TRIM28 regulates
ERVs in human CD4+ T cells (Turelli et al., 2014) and the same observation was reported
in neural progenitor cells (Brattas et al., 2017). DNA binding analyses revealed that two
thirds of KRAB-ZFPs are specifically bound to transposable elements (Imbeault et al., 2017).
Moreover, TRIM28 KD upregulated ISGs, promoting innate immune response likely as a

consequence of ERVs reactivation (Tie et al., 2018).
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Figure 8. TRIM28 (KAP1) and SETDB1 are recruited to human ERVs (HERVS) promoter by KRAB-ZFPs.
TRIM28 by recruiting heterochromatin inducing factors, mediates H3K9-me3 that primes chromatin
condensation and HERVs repression. TRIM28 inactivation leads to demethylation of HERVS, inducing their
transcription. dsRNAs activate Interferon type | response through MAVS. The figure is from Tie et al. 2018.

The non-coding genome

From the release of the human genome project (Green et al., 2015) it appeared evident that
what we had imagined about the organization and functioning of the genome was over-
simplified and far from the truth, with coding regions insufficient to explain life and the
complexity of human diseases. Over 98% of our genome is occupied by non-coding
elements, that greatly outnumber coding elements (Alexander et al., 2010; Djebali et al.,
2012; ENCODE Project Consortium et al., 2007). Far from being just “junk” DNA, the
systematic functional annotation of the non-coding genome has revealed that more than
80% of it is engaged in gene expression regulation (Engreitz et al., 2016; Gil & Ulitsky, 2020)
and that SNPs associated with diseases by Genome Wide Association Studies (GWAS) are
enriched within non-coding functional elements (F. Zhang & Lupski, 2015). This indicates
that sequence alterations in key elements within non-coding regions may alter their
functionality and lead to aberrant programs, affecting cell behavior. Surprisingly, up to 90%
of non-coding regions are transcribed in an impressive number of non-coding RNAs
(ncRNAS) (Djebali et al., 2012; Iyer et al., 2015). Based on their size, ncRNAs are classified

in two categories:

1) Small non-coding RNASs (<200 bp) that comprises microRNAs (miRNAs), PIWI-interacting
RNAs (piRNAs), small nucleolar RNAs (snoRNAs) and small interfering RNAs (siRNAS)
(Esteller, 2011; Quinn & Chang, 2016).
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2) Long non-coding RNAs (IncRNAs) (>200 bp) that are divided in long intergenic non-

coding RNAs (LINCRNAs), pseudogenes, circular RNAs (circRNAs) and antisense
transcripts (Esteller, 2011; Quinn & Chang, 2016).

Among these, INcCRNAs have been reported to control several biological processes affecting
gene expression at multiple levels, from transcription to protein localization and stability
(Quinn & Chang, 2016). Over 60000 IncRNAs have been identified in human (lyer et al.,
2015) and more than 8000 were discovered as selectively expressed in cancer cells. Their
elevated number and high expression specificity candidate these molecules as a valuable
source of biomarkers and potential therapeutic targets (Chandra Gupta & Nandan Tripathi,
2017; laccarino & Klapper, 2021).

Long non-coding RNAs (IncRNAS)

LncRNAs are transcripts of >200 nt in length transcribed by RNA-Polll that lack the ability
to encode proteins. However, they share many biological features with mRNAs (Kondo et
al., 2017). They comprise a heterogeneous class of intragenic and intergenic transcripts and
sense or antisense transcripts. LhncRNAs are implicated in many biological processes, such
as: 1) regulation of transcription in cis or in trans; 2) modulation of MRNA processing; 3)
regulation of miIRNAs activities; 4) regulation of protein localization and functions; 5)
regulation of chromatin dynamics (Quinn & Chang, 2016). Their function is mainly
associated to their localization into the cell, with the majority of IncRNAs being located in the
nucleus (Bridges et al., 2021). Nuclear IncRNAs act as scaffold molecules for the recruitment
of different proteins to form 3D structures that impact on genes’ transcription by directly
interacting with the transcriptional machinery or DNA regulatory elements or by affecting
chromatin organization and mRNA splicing. Besides, cytoplasmic IncRNAs exert their
function primarily by interacting with other types of RNAs. They can directly bind mRNAs,
affecting their translation and stability or can act as miRNA “sponge”, inhibiting their
downregulation of target mMRNAs (Bridges et al., 2021; Kondo et al., 2017). By regulating
gene expression, INcCRNAs are involved in a wide variety of biological processes, such as
cell cycle, growth, apoptosis, metastasis and drug resistance. Having a great specificity of
expression compared to coding transcripts and being easily detectable in tissues and
biological fluids, in recent years there is a mounting interest in using INcCRNAs as possible
disease biomarkers (Chandra Gupta & Nandan Tripathi, 2017; laccarino & Klapper, 2021).
It is by now consolidated that dysregulation of IncRNAs is associated with cancer

pathogenesis, suggesting that IncRNAs are a new emerging class of oncogenes and tumor
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suppressor genes. They participate to tumor progression by epigenetic regulation, both at
the transcriptional and post-transcriptional level. For example, overexpression of metastasis
associated lung adenocarcinoma transcript 1 (MALAT1), is associated with metastasis and
poor outcome of patients with NCSLC (Schmidt et al., 2011). The Hox transcript antisense
intergenic RNA (HOTAIR) is upregulated in several cancers and it is associated to
metastasis. By recruiting the Polycomb repressor complex, it mediates transcriptional
silencing of the HOXD locus (Gupta et al., 2010).

IncRNASs in MPM
In order to identify IncRNAs that could be involved in MPM pathogenesis, Wright et al.

analyzed their expression in 4 MPM cell lines and compared to a normal pleura cell line,
finding 33 IncRNAs that were significantly differentially expressed. The upregulation of six
IncRNASs have been validated in both MPM cell lines and tissues, compared to normal pleura
cell lines and tissues. This signature was able to discriminate tumor from normal tissue with
high specificity and sensitivity. Two candidates were associated with metastases and OS of
MPM patients: NEAT1 and SNHG7 (Wright et al., 2013). NEAT1 is a IncRNA located on
11913.1, a region reported to be amplified in MPM. It is involved in mMRNA transport
regulation and it is a structural component of paraspeckles (Clemson et al., 2009). The small
nucleolar RNA host gene 7 (SNHG7) is a bidirectional IncRNA and is thought to encode the
snoRNAs SNORA43 and SNORAL17. snoRNAs are implicated in ribosome biogenesis,
critical for protein synthesis during cell growth. Interestingly, inhibition of this pathway in
mesothelioma decreased cell invasion and motility (ladevaia et al., 2012). This study lay the

basis for the employment of IncRNAs as potential biomarkers for MPM.

Plasmacytoma variant translocation 1 (PVT1) is a IncRNA initially identified in Burkitt's
Lymphoma (Graham & Adams, 1986) that acts as an oncogene in various human cancers
(Guan et al., 2007; J. Hu et al., 2018; D. Wang & Hu, 2019). It is located in the same region
of C-MYC (8g24) and amplifications of this region have been described in MPM (Riquelme
et al., 2014). KD of PVT1 but not of C-MYC in 8q24 amplified cell lines showed an increase
in apoptosis, a decrease in cells’ proliferation and an improved sensitivity to cisplatin
(Riquelme et al., 2014). Fujii and colleagues found PVT1 expression to be upregulated in
several MPM cell lines and its KD decreased proliferation and migration of MPM cells (Fujii
et al., 2022). Interestingly, PVT1 KD caused a downregulation of FOXM1, and the
inactivation of both enhanced the effect of each KD alone (Fuijii et al., 2022), suggesting a

functional interplay between the two factors.
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Growth arrest-specific 5 (GASb5) is a INcRNA that encode for several sSnoRNAs and has been
proposed to act as a tumor suppressor gene. Coherently, its expression was found
downregulated in MPMs compared to healthy mesothelial cells (Renganathan et al., 2014).

LINC00941 and Cancer
Long Intergenic non-protein Coding RNA 941 (LINC00941), also known as MSC-
upregulated factor (MUF), is a IncRNA located in 12p11.21 region of the human genome.

LINC00941 has been found as associated with development and progression of several
cancers, like gastric cancer (Luo et al., 2018), head and neck squamous cell carcinoma (Y.
Hu et al., 2020), papillary thyroid cancer (Gugnoni et al., 2021), non-small cell lung cancer
(Ren et al., 2021), pancreatic cancer (J. Wang et al., 2021) and colon cancer (Chang et al.,
2021). Several studies demonstrated that LINC00941 is associated to growth and
metastasis of different tumors. LINCO0941 is overexpressed in oral squamous cell
carcinoma, where it promotes tumor progression by activating the WNT/B-Catenin signalling
pathway (Ai et al., 2020). The same mechanism is observed in hepatocellular carcinoma,
where it promotes EMT (Yan et al., 2017). In lung adenocarcinoma, LINC00941 takes part
to the PI3K-AKT signaling pathway and its high expression is associated to a reduced
survival of patients (L. Wang et al., 2019). In colorectal cancer, high LINC00941 expression
correlates with poor prognosis and promotes EMT by activating the TGF-3-SMAD2/3 axis,
increasing cell invasion and metastasis (Wu et al., 2021). High LINC00941 expression in
pancreatic cancer is associated to a larger tumor size, lymph node metastasis and poor
prognosis. Coherently, LINC0O0941 KD significantly decrease pancreatic cancer cells’
growth, metastasis and EMT (J. Wang et al., 2021). In gastric cancer (GC) the expression
of LINC00941 is associated with tumor depth and distant metastasis. Its inactivation
decreased GC cells’ proliferation, migration and invasion in vitro and modulates tumor
growth in vivo (H. Liu et al., 2019). High levels of LINC00941 were found also in colon cancer
(CC) tissues and cell lines, where it promotes proliferation, migration and invasion of CC
cells. In this model, LINC00941 regulates the expression of MYC by sponging miR-205-5p
(Chang et al., 2021). Overexpression of LINC00941 in NSCLC promoted angiogenesis and
tumor progression by regulating VEGFA through miR-877-3p (Ren et al., 2021).
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AIM OF THE STUDY

MPM is a current clinical emergency. Its incidence is rapidly growing in both industrialized
and developing countries and the lack of MPM specific targeting strategies alongside with
the poor efficacy of standard chemotherapy, are the major causes of the poor life expectancy
of MPM patients. At the basis of such emergency are the peculiar features of MPM that,
escaping classical models of carcinogenesis, is characterized by an insufficient knowledge
of the molecular mechanisms leading to MPM development and progression, limiting the
therapeutic opportunities. Also, in light of the massive contribution of ncRNAs to cancer,
genome structure and function is currently regarded as the epicentre of many cancer
supporting functions, in particular through the control of gene expression and chromatin

organization.

In this work, we explored the contribution of both coding and non-coding genome to the
growth and survival mechanisms that sustain MPM cells, with the aim of identifying new

non-genetic vulnerabilities using two separated approaches:

1. A CRISPR-Cas9 based knockout genome-wide loss of function screening was
performed looking for protein-coding genes that are essential for MPM cells’ survival

and proliferation.

2. The analysis of gene expression profiles and clinical data from the TCGA-MPM
dataset was undertaken to explore the contribution of IncRNAs to MPM survival and

progression.

The integration of the results with clinical data of patients allowed us to link gene
perturbations with their functional consequences in vivo. This approach should overcome
the limitation of purely descriptive genetic omics profiling, identifying true addictions and
shedding lights on the molecular mechanisms driving MPM development, thus opening the
doors to the design of new MPM-oriented therapies.
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RESULTS

Integration of genome-wide screening and clinical data identified a core of chromatin-

associated genes essential for MPM progression

With the purpose of identifying new vulnerabilities essential for MPM progression, we
performed a CRISPR/Cas9 genome-wide knockout (KO) screening in the MPM MSTO-211H
cell line, previously engineered to express Cas9 (Figure 9A, B). Clone G12 was the one with
the highest Cas9 activity and selected to perform the screening and further experiments
(Figure 9A, B). To this aim, we used the GecKOv2 library (Shalem et al., 2014) that targets
over 19000 genes in the human genome to infect MSTO-211H/Cas9 cells (Figure 9C-E).
Cells were harvested at day 0 (T0), day 16 (T16) and day 23 (T23) after selection. We
assessed library composition by Next Generation Sequencing (NGS) and compared single-
guide RNAs (sgRNAs) frequencies to day O, to identify sgRNAs that were depleted or
enriched over cell growth. Considering only sgRNAs that were consistently depleted or
enriched at both time points and in both bio-replicates, we identified SgRNAS targeting 1228
genes that were depleted and sgRNAs targeting 183 genes that were enriched (Figure 9E).
The sgRNAs depleted over cell growth are expected to target genes that are essential for
MPM cells’ proliferation and survival, thus we called these genes “essential genes”; on the
other hand, the sgRNAs enriched over cell growth likely target genes that restrain MPM

cells’ proliferation and we refer to these genes as “suppressor genes”.
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Figure 9. A) Western Blot showing the levels of expression of Flag-Cas9 in MSTO-211H/Cas9 pool and in the
selected clones. Clone G12 was chosen for following experiments. B) FACS plots indicating the percentage
of GFP positive cells in MSTO-211H vs MSTO-211H/Cas9-clone G12 cells transduced with pXPR_011
plasmid. Cas9 expression causes GFP decadence (see Material and Methods for further details). C) Graphic
overview of the genome-wide CRISPR/Cas9 screening performed in MSTO-211H/Cas9-clone G12 cells; time
points are relative to the end of the selection. D) Volcano Plots showing beta value and FDR adjusted p-value
distributions of each sgRNA at both time points and in each bio-replicate. E) Venn diagrams reporting the
number of genes identified in the two replicates at each time point and final merge for both essential (left) and
suppressor (right) genes.

From these gene lists, we removed genes coding for miRNAs and common essential genes
(common to all cell lines) (Figure 10A). Then, to validate our results, we investigated the
Cancer Dependency Map Project (DEPMAP) (Tsherniak et al., 2017) that systematically
identifies essential genes across over 500 cancer cell lines using either RNA Interference
(RNAI) or CRISPR/Cas9 genome-wide loss of function screening. Essential genes are
defined based on the “dependency score”: the lower the dependency score is and the higher
is the probability that a given cell line is strongly dependent on that gene. Data from
CRISPR/Cas9 perturbations were available for 7 MPM cell lines; genes from our screening
were considered validated only if showing concordant trend in at least 6 of the 7 MPM cell
lines available. 51% (N=233) and 26% (N=45) of the identified essential and suppressor
genes, respectively, were confirmed by this approach supporting the validity of our analysis
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and underlining a certain homogeneity in survival mechanisms across MPM cell lines (Figure
10A-B). Gene Ontology (GO) analysis performed on the list of essential genes revealed that
they were largely involved in cell cycle regulation, chromatin and chromosome organization
(Figure 10C). Instead, GO analysis performed on the list of suppressor genes did not identify
any significant enriched pathway. Since our goal was to identify new non-genetic

vulnerabilities that drive MPM progression, we focused on the 233 essential genes for further

validation.
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Figure 10. A) Schematic representation of the flowchart that we adopted to analyze the screening results. B)
Graphic representation of the distribution of common essential, MPM essential and MPM suppressor genes
(X axis) in 7 MPM cell lines (Y axis) according to DEPMAP database, ordered for dependency score. C)
Network representation of the most significant enriched pathways for the 233 MPM essential genes.

To choose the best candidates and select the ones with clinical relevance, we correlated
the expression of the 233 MPM essential genes with patients’ survival probability in the
TCGA-MESO repository (N=87). 22% of these genes (N=51) showed a significant

correlation with reduced survival probability of MPM patients (p<0.05), among which 18
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showed the strongest association (q<0.1). Patients’ survival curves for these 18 genes are
shown in Figure 11A. To confirm the essential role of some of these genes for MPM cells
growth, we performed a competition assay in MSTO-211H/Cas9 cells. We infected the cells
with two different sgRNAs targeting each gene (VRK1, SMURF2, HASPIN) with an efficiency
of 60-70%, to obtain two populations of infected (GFP+) and non-infected (GFP-) cells. We
followed the competition between the two populations by measuring the GFP% over time
(Figure 11B-C). Thus, considering the decrease of GFP positive cells over time, which effect
was not observed for NT1 infected cells (negative control), we confirmed the essential role
of SMURF2, VRK1 and HASPIN for MSTO-211H/Cas9 cells proliferation. The efficiency of
the KO was assessed using the Alt-R kit (Figure 11D).

The epigenetic keeper TRIM28 is the one with the strongest effect in terms of patients’
survival: low-TRIM28 patients have a median survival of 43 months, while high-TRIM28
patients have a 11-month median survival (HR 6.3) (Figure 11A). The 18 epigenetic keepers
identified were functionally interconnected as shown by protein-protein network analysis of
Figure 11E. Moreover, in the TCGA-MESO cohort their expression is positively correlated
(Figure 12A, B). We then correlated their expression with the most common MPM genetic
alterations and we found that, except for ATG101 and P2Ry2, these genes are positively
associated with Copy Number Alterations (CNA) in the cell cycle inhibitors CDKN2A,
CDKN2B and the methylthioadenosine phosphorylase (MTAP), that are often co-deleted
together in cancer (Figure 12C) (Krasinskas et al., 2010). Moreover, WDR76, VRK1, LIG1,
UBE2S, SMURF2, CENPL, ATG101, FOSL1, HASPIN and CKS2 displayed a positive
correlation with mutations in LATS2 (Figure 12C). LATS2, together with LATS1, is a kinase
responsible for the phosphorylation and activation of YAP and TAZ, the downstream
effectors of the Hippo pathway (Ma et al., 2019). Interestingly, FOSL1 has been described
as a target gene of YAP. Moreover, FOSL1 together with JUN constitute the TF complex
AP-1 that has been reported to synergize with YAP, stimulating its activity (Rozengurt et al.,
2018).

Collectively these data, besides confirming the validity of our analysis, indicate that the 18-

genes identified in our screening may represent a MPM-specific essential functional core.
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ATP2A2 is a common essential gene used as a positive control. Data are mean + SEM; *<0.05, **<0.01,
***<(0.001; N=2. D) Agarose gel showing Alt-R mismatch analysis in MSTO-211H/Cas9 cells infected with the
respective sgRNAs. As control, the cells were infected with a non-targeting sgRNA (NT1). Positive control to
check nuclease activity (Ctrl+) was provided in the kit. M is the molecular weight marker in the range between
100 bp and 1000 bp. E) Protein-protein interaction network of the 18 epigenetic keepers essential for MPM
survival and added interactors by STRING (v11). The type of evidence linked to each edge is represented by
a color scale.
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Loss of TRIM28 strongly impairs proliferation and induces apoptosis of MPM cells

Considering the strong effect on patients’ survival probability and its reported role in genome
function, we focused our analysis on TRIM28 with the aim to deepen its role in MPM.

Competition assay performed in MSTO-211H/Cas9 cells confirmed that TRIM28 loss
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significantly impairs cells’ proliferation, coherently with the screening results (Figure 13A-B).
Besides, TRIM28 inactivation strongly impairs colony forming ability of MSTO-211H/Cas9
cells (Figure 13C). Coherently, TRIM28 KD by siRNA strongly impaired proliferation of
MSTO-211H and NCI-H2052 MPM cell lines (Figure 13D-E, G-H). Moreover, TRIM28
silencing caused a remarkable effect on colony forming ability of both MPM cell lines (Figure
13F, 1). MPM cells are strongly affected by cells confluence to properly grow; this could
explain the discrepancy between the reduction in cells’ proliferation and the stronger effect
on colony forming ability upon TRIM28 loss, for which assay the cells are seeded at a low

concentration rate.
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Figure 13. A) Validation assay of the effect of TRIM28 KO using a competition assay. For each time point the
ratio between GFP-positive (infected) and GFP-negative (uninfected) cells has been calculated and
normalized on TO. Statistical significance has been calculated by comparing the normalized ratio for each
sample to TO. Data are mean + SEM; *<0.05, **<0.01, ***<0.001; N=3. B) gRT-PCR (graph) and western blot
analysis of TRIM28 expression in NT1 versus TRIM28 KO MSTO-211H/Cas9 cells. Data are represented as
mean £ SEM; *<0.05, **<0.01, ***<0.001; N=3. C) TRIM28 KO effect on colony forming ability of MSTO-
211H/Cas9 cells. On the left is reported the graph showing the number of colonies formed in TRIM28 KO cells
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expressed as ratio of NT1. On the right, pictures of cell dishes showing colonies formation in NT1 and TRIM28
KO cells. Data are mean + SEM; *<0.05, **<0.01, ***<0.001; N=2. D, G) Proliferation assays in MSTO-211H
(D) and NCI-H2052 (G) cells reported as proliferation rate relative to day 0, measured with Incucyte S3 Live
Cell Analysis (Sartorius). Data are represented as mean £ SEM; *<0.05, **<0.01, ***<0.001; N=4. E, H) qRT-
PCR (graph) and western blot analysis of TRIM28 expression in siCTRL versus siTRIM28 MSTO-211H (E)
and NCI-H2052 (H) cells. Data are mean + SEM; *<0.05, **<0.01, ***<0.001; N=4. F, I) TRIM28 KD effect on
colony forming ability of MSTO-211H (F) and NCI-H2052 (1) cells. On the left is reported the graph showing
the number of colonies formed in SiTRIM28 cells expressed as ratio of SICTRL. On the right, pictures of cell
dishes showing colonies formation in sSiCTRL and siTRIM28 cells. Data are mean + SEM; *<0.05, **<0.01,
**%<0.001; N=2.

To explore the biological role of TRIM28 in MPM, after evidence of a dysregulation of the
G2/M phases of the cell cycle following TRIM28 silencing (data not shown), we decided to
synchronize cells in order to observe this phenomenon in more detail. To this aim, we
performed cell cycle analysis on hydroxyurea (HU) synchronized MPM cells upon TRIM28
KD. HU is a ribonucleotide reductase inhibitor that arrests DNA replication, thus blocking
and synchronizing the cells in G1/S phase transition. Silencing of TRIM28 caused a marked
delay in cycling re-activation in both cell lines; in particular, TRIM28 KD cells difficultly exit
from G1 and fail to enter G2/M. In addition, TRIM28 KD caused an accumulation of cells in
subG1 (Figure 14A-D). Major mitotic players such as Cyclin B1 (CCNB1), Aurora Kinases A
and B (AURKA, AURKB) and phospho-CDK1 (p-CDK1) failed to accumulate in siTRIM28
cells compared to siCTRL, consistent with the difficulty observed for those cells to enter
G2/M (Figure 14E, F). CCNB1 and CDK1 are the cyclin and cyclin-dependent kinase
respectively, that together control G2/M transition; p-CDK1 is the phosphorylated and active
form of CDK1. AURKA and AURKB are cell cycle regulated kinases involved, respectively,
in microtubule organization at spindle poles and chromosomes alignment/segregation
(Joukov & De Nicolo, 2018). Coherently with the accumulation in subG1, we observed an
increase in apoptotic cells upon TRIM28 KD as demonstrated by Annexin V/7AAD staining

and increased expression of the pro-apoptotic protein BAX (Figure 14G-J).
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Figure 14. A, C) Cell cycle analysis of MSTO-211H (A) and NCI-H2052 (C) cells upon HU synchronization at
the indicated time points after release. Data are mean + SEM; *<0.05, **<0.01, ***<0.001; N=2. B, D) FACS
plots of cell cycle analysis of MSTO-211H (B) and NCI-H2052 (D) cells upon HU synchronization at 9h after
release. Representative plot of a single time point of a single experiment of the graphs in Figure A and C. E,
F) Western Blot analysis of TRIM28 and several mitotic markers in siTRIM28 vs siCTRL MSTO-211H (E) and
NCI-H2052 (F) cells at the indicated time points after HU release. Data are representative of 2 biological
experiments. G, |) Apoptosis analysis through Annexin V and 7AAD staining. Cells were collected 72h after
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transfection and analyzed with a FACS Canto cytometer. Data are represented as mean £ SEM; *<0.05,
**<0.01, ***<0.001; N=3. H, J) Western Blot of MSTO-211H (H) and NCI-H2052 (J) cells showing accumulation
of the pro-apoptotic protein BAX in TRIM28 KD cells at 72h post transfection.

TRIM28 controls the expression of mitotic genes and is required for correct mitosis

execution

In order to deepen the biological role of TRIM28 in MPM, we performed RNA-sequencing
(RNA-seq) in MSTO-211H/Cas9 cells infected with two independent sgRNAs targeting
TRIM28. 607 genes were significantly deregulated in TRIM28-KO cells compared to cells
infected with a non-targeting sgRNA (Figure 15A). Of those, 277 genes (45.6%) were
downregulated, while 330 (54.4%) were upregulated, confirming the dual role of TRIM28 in
transcription regulation, being able to act as either an activator or a repressor of gene
expression. Surprisingly, 32.5% of downregulated genes (N=90) were involved in cell cycle
regulation, with a strong enrichment in mitosis control (N=75) (Figure 15A). Coherently, GO
analysis performed on the list of TRIM28 downregulated genes highlighted cell cycle
regulation and in particular mitosis control as the most represented biological pathways
(Figure 15B). Consistently, many mitotic regulators such as AURKA, AURKB, BIRCS5,
CDCA8, CCNB1 and CDC20 were significantly downregulated in TRIM28 KO cells
compared to control (Figure 15C). Among TRIM28 downregulated genes emerged TYMS,
UBEZ2S, CKS1B and VRK1 (Figure 15C), identified as part of the 18 genes essential core
for MPM survival in our screening (Figure 11A), suggesting that TRIM28 could represent the
central element of a program supporting MPM proliferation and survival.
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Next, we took advantage of previously published TRIM28 ChlP-sequencing (ChlP-seq) data
(McNamara, Guzman, et al., 2016) in order to confirm our results and discriminate between
direct and indirect targets. A large fraction of TRIM28 KO downregulated genes (65%;
180/277) showed TRIM28 binding in their regulatory regions (Figure 16A), particularly
enriched towards TSS (Figure 16B). Our results suggest that TRIM28 in MPM controls the
expression of a gene program involved in mitosis regulation. Cell cycle genes require a well-
orchestrated transcriptional and epigenetic control to ensure the precise timing of their
activation (Y. Liu et al.,, 2017). The expression of G2/M genes is dependent on the B-
MYB/FOXM1-MuvB complex that, by binding to the “cell-cycle gene homology region”
(CHR) that is a peculiarity of mitotic genes, ensure their precise activation once cells are
ready to enter mitosis (Muller et al., 2012; Sadasivam et al., 2012). We used a previously
published list of 210 genes containing the CHR element and directly regulated by the B-
MYB/FOXM1-MuvB complex (Fischer et al.,, 2016), to identify which TRIM28 targets
belonged to this group. Noticeably, 62.8% of CHR genes (132/210) showed TRIM28 binding
in their promoter (Figure 16C) and 43 of these (32.5%) were also significantly downregulated
by TRIM28 KO according to our RNA-seq results (Figure 16C, D). Noticeably B-MYB and
FOXM1, that are known to be them-self regulated through the CHR element, emerged as
TRIM28 direct target genes.

100 Downstream °"'3"’;;;;3‘"'° LMNB2
g RNA-seq (0.63%) - UBE2S
g ChIP-Seq AURKB
30 75 Sn=277 5 UTR CDCA3
7S (0.13%) HIJURP
8 FOXM1
2 50 3'UTR NCAPH
i (3.81%) CDC20
o B-MYB
= 25 Intronic ar
2 (20.05%) MAD2L1
n=180 TS TRIM28
0 (31.09%) :51}92?3
c PTTG1
ATAD2
ADSS €DC25C DLEU1 IFTS0 MNDI RADS4L KIF23
ANLN cDe? DLGAPS INCENP MTF2 RANGAPI RACGAPL
ANPI2E CDCA2 ESCO2 INGI MYBL2 RBMIS FC
ARHGAPIIA CDCA3 ESPL1 ING3 NASP RBMX 0.2 BIRCS
ARHGAPIIB CDCAS EXOSCS IQGAP3 NCAPD2 REEP4 UBE2C
ARLI3B CDCAS EXOSCY KIAA1731 NCAPD3 RIF1 -0.4 USP1
ARL6IPI CDK1 FAM64A KIF11 NCAPG RNASEH2A SHCBP1
ASFIB CDK2 FAMS3D KIF14 NCAPG2 RTKN2 0.6 KIF14
ASPM CDKN3 FANCB KIFIS NCAPH SASS6 08 CCNB1
ATAD2 CENPA FBXOS KIFISA NDCS0 SCLT1 :
AURKA CENPE FOXM!1 KIF20A NEIL3 SGOL1 1 smca
AURKB CENPF GAS2L3 KIF20B NET1 SGOL2 CCNB2
BIRCS CENPL GSG2 KIF22 NUE2 SHCBP! -1.2 CDKN3
CENPM GTSEL KIF23 NUP107 SLC25A40 PRC1
CENPN H2AFX KIF24 NUP20S SMC2 CCNA2
CENPO H2AFZ KIF2C NUP3s SMC4
CEPIS2 HAUSS KIF4A NUSAPI SNRPA I,CA)I\P;I%EQD
CEPSS HISTIH2AE KIFC1 oIps Sp4
CHEK2 HISTIH2AM KPNBI ORCI SPAGS VRK1
CIT HISTIH2BF LINS4 PONT SPC25 SPAGS
CKAP2L HISTIH2BH LIN9 PLKI1 STIL KIF22
CKAPS HISTIH2BI LMNBI PLK4 suz12 MCMS
CACYBP CKSIB HISTIH2BM LRRC49 POCS TCERG! POLQ
CASCS CKS2 HISTIH2BN LSM5 POLDI TMEMA4s
CBX3 CSEIL HISTIH3C MAD2L1 POLQ TMPO MELK
CCDC150 CSTFI HISTIH3D MASTL POP7 TPX2 TPX2
CCDCIS CTDSPL2 HISTIH4C MCMS PPIH TRAIP CENPF
CCDCHM DARS2 HIST2H2AB MCM7 PRCI TROAP ASF1B
CCDCY9 DBF4B HIST2H2AC MCMS PRIM2 TTK CKAP2L
CCNA2 DCAF16 HJURP MDCI PRPF38A UBE2C
CCNBI DCK HMGB2 MELK PRRII UBE2S CSELL
CCNB2 DCLREIB HMMR METTLI3 PTTGI UNG PLK1
CDC20 DDX10 HNRNPAO METTLA RACGAPI USP1
CDC2SA DEPDCI HNRNPA2B1 MISISBP1 RADIS YEATS4
CDC25B DEPDCIB HNRNPULI MKI67 RAD2I ZNF367

ChlIP-seq (N=89)

RNA-seq (N=20)

RNA-seq + ChIP-seq (N=43)

36



Figure 16. A) Representation of the percentage of RNA-seq downregulated genes that display TRIM28 binding
in their promoter by ChlIP-Seq data. B) Genomic distribution of TRIM28 binding profile associated to
downregulated genes in RNA-seq. C) List of CHR genes that are direct (ChIP-seq, green and yellow) or indirect
(RNA-seq, red) targets of TRIM28. The list of CHR genes was published in Fischer et al., 2016. D) Heatmap
of the 43 CHR genes significantly downregulated in RNA-seq and presenting TRIM28 binding in their promoter.
Green color bar shows fold difference on Log2 scale.

We validated several TRIM28 direct target genes by qRT-PCR and western blot analysis in
both MSTO-211H and NCI-H2052 cells and in MSTO-211H/Cas9 cells, confirming that
TRIM28 controls the expression of G2/M genes (Figures 17A-F). Coherently, MSTO-211H
cells showed a wide spectrum of defects throughout mitosis upon TRIM28 KD in
chromosome condensation, mitotic spindle organization and chromosome segregation
(Figure 18A-E). TRIM28 KD cells showed decreased levels of condensed chromosomes
and, consequently, of H3-pSer10 positive nuclei and of mitotic cells; besides, the number of
apoptotic nuclei is enormously increased upon TRIM28 silencing (Figure 18A). In particular,
TRIM28 KD cells showed abnormal distribution of chromosomes, defects in chromosomes’
segregation, monopolar spindle and loss of midbody (Figures 18C-E). These mitotic defects
are likely to be the spontaneous consequence of the imbalanced expression of crucial

mitotic players that, ultimately, leads to cell death.
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Figure 17. A, C, E) gRT-PCR of a panel of TRIM28 direct target genes. Data are represented as mean + SEM;
*<0.05, **<0.01, ***<0.001; N=4. B, D, F) Western blot showing the protein expression levels of several
TRIM28 direct targets upon TRIM28 loss compared to Ctrl. Actin is the loading control.
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Figure 18. A) Graph representing the distribution of mitotic morphological features in siTRIM28 vs siCTRL
MSTO-211H cells analyzed by immunofluorescence staining. *<0.05, **<0.01, ***<0.001. B) Table reporting
examples of each event analyzed in the graph of the panel A. C) Immunofluorescence showing B-tubulin (red)
in MSTO-211H siCTRL and siTRIM28 cells. B-tubulin was used to visualize mitotic spindles. siCTRL cells
show normal mitotic spindle with regular chromosomes alignment; siTRIM28 cells instead show formation of
monopolar/multipolar spindles and many apoptotic nuclei. D) Immunofluorescence showing AURKA (red) and
H3-pSer10 (green) in MSTO-211H siCTRL and siTRIM28 cells. H3-pSerl0 marks condensed chromosomes.
siTRIM28 cells show a strong reduction in H3pSerl0 positive nuclei, as well as decrease in AURKA levels
compared to Ctrl cells. E) Immunofluorescence showing AURKB (red) and F-actin (green) in MSTO-211H
SiCTRL and siTRIM28 cells. siTRIM28 cells show undetectable levels of AURKB and is visible the presence
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TRIM28 cooperates with the B-MYB/FOXM1-MuvB complex to mediate CDK9-

dependent RNA-Polll proficient transcription of mitotic genes

As transcriptional activator, TRIM28 has been shown to cooperate with context specific TFs
and CDKO9 to recruit and activate RNA-Polll on pathway-specific target genes promoters
(Bacon et al., 2020; McNamara et al., 2016). Thus, in order to define the molecular
mechanism by which TRIM28 takes part to the transcriptional activation of mitotic genes, we
analyzed TRIM28 ChiIP-seq tracks. Coherently with the reported mechanism by Bacon and
colleagues (Bacon et al., 2020), TRIM28 was found at the Transcriptional Starting Site (TSS)
of mitotic genes together with pSer2-RNA-Polll and CDK9 (Figure 19A). We performed Co-
IP experiments to evaluate the physical interaction between TRIM28 and the transcriptional

players involved in G2/M genes activation. As expected, we found that TRIM28 interacts
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with both phosphorylated and active forms of RNA-Polll (pSer2- and pSer5- RNA-Polll)
(Figure 19B), with the subunit of the MuvB complex RBBP4 (Figure 19D) and with CDK9
and FOXM1 (Figure 19C) in MSTO-211H cells. These results suggest that TRIM28 is part
of the transcriptional complex that specifically activates the transcription of mitotic genes.
To confirm that TRIM28 binds to the TSS of G2/M genes in our model, we performed ChiP-
gPCRs in MSTO-211H cells for TRIM28. We confirmed TRIM28 binding to the TSS of
AURKA, AURKB, BIRC5, CCNB1, CDCA8, CDC20, FOXM1 and PLK1 (Figure 19E) in MPM
cells. Then we explored the effect of TRIM28 silencing on RNA-Polll recruitment at the TSS
of mitotic genes. TRIM28 KD displaced RNA-Polll from a subset of its mitotic target
promoters in MSTO-211H cells (Figure 19F), demonstrating that TRIM28 is required for the
active transcription of mitotic genes. These results suggest that TRIM28 not only is required
to orchestrate the interactions between RNA-Polll, CDK9 and the B-MYB/FOXM1-MuvB
complex, but also to directly recruit RNA-Polll at the TSS of its target genes. Moreover,
TRIM28 loss dramatically decreased the levels of the actively elongating form of RNA-Polll,
phosphorylated on S2 (pSer2_RNA-Polll), along the gene-body of AURKB (Figure 19G).
The reported effects were not observed for CD69, used as a negative control (Figure 19F-
G). These results suggest that TRIM28 is required not only for the recruitment of RNA-Polll
at the TSS of its target genes, but also for its CDK9-mediated activation into proficient
transcription. Collectively, we described a previously unknown function of TRIM28 in G2/M

gene expression timing.
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Figure 19. A) Visualization of TRIM28, CDK9, RNA-Polll and pSer2-RNA-Polll binding profiles on selected
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is reported. *<0.05, **<0.01, ***<0.001. N=2. F) ChIP analysis of RNA-Polll binding on promoters of several
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Then, to further support our results that TRIM28 cooperates with the TFs B-MYB and
FOXM1, we investigated the effect of their KD in both MPM cell lines. Coherently with their
reported function in cell cycle regulation (Down et al., 2012; Sadasivam et al., 2012) and in
line with a potential functional interplay with TRIM28, KD of B-MYB and FOXML1 restrains
MPM cells’ proliferation by partially (FOXM1) or completely (B-MYB) mimicking the TRIM28
KD effect observed on these cells (Figure 20A-B). As expected, B-MYB and FOXM1 KD
significantly affects the expression of G2/M genes, even if TRIM28 KD seem to have a
stronger effect (Figure 20C, E). The same results are obtained for the relative protein levels

(Figure 20D, F).
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Figure 20. A, B) Proliferation assays reported as proliferation rate relative to day 0, measured with Incucyte
S3 Live Cell Analysis (Sartorius) in the indicated cell lines. Data are expressed as mean * SEM; *<0.05,
**<0.01, ***<0.001; N=3. C, E) gRT-PCR of a panel of TRIM28 direct target genes. Data are expressed as
mean + SEM; *<0.05, **<0.01, ***<0.001; N=3. D, F) Western blot of siCTRL vs siB-MYB and siFOXM1 in
MSTO-211H (D) and NCI-H2052 (F) cells. Actin is the loading control.

The CDKS9 inhibitor AZD4573 mimics TRIM28 KD effects in MPM cells
Being TRIM28 role in MPM strongly associated to CDK9-dependent RNA-Polll recruitment

and activation, we tested CDK9 inhibitors on MPM cell lines as an indirect strategy to hit
TRIM28 function. We treated both MSTO-211H and NCI-H2052 cell lines with the pan-CDK
inhibitor AT7519 (Santo et al., 2010) and the CDK9 specific inhibitor AZD4573 (Cidado et
al., 2020). Both drugs showed a dramatic effect on cells’ proliferation, being AZD4573
massively toxic for MPM cell lines even at very low concentrations (MSTO-211H_EC50 =
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23 nM; H2052_EC50 = 22.9 nM) (Figures 21A-D). Treatment of MPM cells with sub-lethal
doses of AZD4573 strongly impairs their proliferation in a dose-dependent manner in
comparison to DMSO treated cells (Figures 21E-F). Finally, we evaluated the effect of
AZD4573 on transcription of TRIM28 mitotic target genes. Noticeably, CDK9i strongly
impairs the expression of TRIM28 mitotic target genes in both MSTO-211H and NCI-H2052
cells (Figures 22A-B) mimicking TRIM28 KD effects. Moreover, both MSTO-211H and NCI-
H2052 cells treated with AZD4573 showed a strong decrease in condensed chromosomes
and mitotic cells, while apoptotic nuclei were significantly increased compared to DMSO
treated cells (Figures 22C-E). These results suggest that the lethal effects of AZD4573 in
MPM acts primarily through the inhibition of TRIM28 transcriptional program, suggesting a
functional interplay between TRIM28 and CDK9 in MPM.
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Figure 21. A-D) EC50 analysis in MSTO-211H and NCI-H2052 cells for pan-CDKi AT7519 and CDKOi
AZDA4573, calculated with Incucyte S3 Live Cell Analysis (Sartorius) at 48h after treatment. E, F) Proliferation
assays showing the effect of the CDK9i AZD4573 at sub-lethal doses in MSTO-211H (E) and NCI-H2052 (F)

43



cell lines, measured with Incucyte S3 Live Cell Analysis (Sartorius). Data are expressed as mean + SD and
one representative experiment is reported. *<0.05, **<0.01, ***<0.001. N=3.
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Figure 22. A, B) gRT-PCR analysis of a subset of TRIM28 direct target genes in MPM cell lines treated with
DMSO or sub-lethal doses of AZD4573. Data are expressed as mean + SEM; *<0.05, **<0.01, ***<0.001; N=3.
C, D) Distribution of mitotic morphological features in 10nM AZD4573 vs DMSO treated MSTO-211H (C) and
NCI-H2052 (D) cells analyzed by immunofluorescence staining. E) Immunofluorescence showing DAPI
staining in 10nM AZD4573 vs DMSO treated MSTO-211H (left boxes) and NCI-H2052 (right boxes) cells.
Examples of each event reported in the graphs are indicated by the arrows: white — apoptotic nuclei; yellow —
condensed chromosomes; green — metaphases; pink — mitosis.

Model validation in a separate cohort of MPM patients

To validate our results in vivo, we retrieved a retrospective cohort of 97 MPM patients that
underwent surgical resection in our Institution in the past 10 years (MPM-RE). Besides, we
took advantage of the TCGA-MESO cohort (MPM-TCGA) that we already used for survival
correlations described above. Clinical data for the patients of the MPM-RE cohort are
provided in Table 1. Figure 23A shows the flowchart of the analyses carried out. From the
MPM-TCGA dataset, we removed 15 patients due to the lack of follow up, while the
remaining 71 had expression profile eligible for the analysis. In the MPM-RE cohort, we
investigated the expression of TRIM28 and its G2/M target genes by digital profiling using a

custom panel. We performed controls to check the quality of RNAs and after data
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normalization, 86 RNA samples provided gene expression profile (GEP) eligible for further
analyses (Figure 23A). All tested genes were expressed in the investigated samples. The
expression of TRIM28 and its target genes discriminated long- and short- term survivors
(long-OS and short-OS) in both patients’ cohorts, as revealed by Principal Component
Analysis (PCA) (Figure 23B-C). TRIM28 showed a significant positive correlation with all its
target genes investigated in MPM patients in both patients’ cohorts, confirming our in vitro
observations (Figure 23D-E). Then, we correlated the expression of TRIM28 and its target
genes with patients’ OS, finding that the expression of TRIM28 and the majority of its targets
was significantly higher in short-OS compared to long-OS in both the MPM-TCGA (Figure
23F) and MPM-RE (Figure 23G) cohorts, confirming their association with aggressiveness
of MPM. Coherently, TRIM28 and its targets were significantly associated to a reduced
survival probability of MPM patients, as demonstrated by survival analysis. Specifically, we
confirmed 97.3% and 86.5% of the investigated genes as negative prognostic factors in the
MPM-TCGA (Figure 23H) and MPM-RE (Figure 23I) cohorts, respectively. Among them,
TRIM28 showed a negative prognostic value in both cohorts. Finally, we evaluated the
association of the remaining 17 essential genes (chromatin keeper) identified by the
genome-wide CRISPR/Cas9 screening with patients’ survival. All of them were upregulated
in high vs low OS, and 15 out of 17 genes significantly decreased survival probability
(Figures 24A-B). Overall, these data confirmed that TRIM28 and its related gene program
are associated to clinical aggressiveness of MPM in vivo. Moreover, the genes constituting
the core of 18 chromatin keepers identified as essential in our screening were confirmed as

negatively associated with patients’ survival probability.

Total (N=86)

Sex

F 21 (24.4%)

M 65 (75.6%)
Age

<=65 25 (29%)

>65 61 (71%)
Histology

Biphasic 36 (41.8%)

Epithelioid 44 (51.2%)

sarcomatoid 6 (7%)
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Status
Alive
deceased
Stage
1
2
3
4
Missing
Type of surgery
biopsy
pleurectomy
Asbestos exposure
Domestic
professional
NO
Missing
Smoking
NO
YES
Missing
Chemotherapy Treatment
NO
YES
Missing
Response to chemotherapy
NO
YES

Missing

Table 1. Clinical features of the MPM cohort used in the validation analysis.

11 (12.8%)
75 (87.2%)

45 (52.3%)
6 (7%)
10 (11.6%)
23 (26.8%)
2 (2.3%)

43 (50%)
43 (50%)

8 (9.3%)
67 (77.9%)
7 (8.1%)
4 (4.7%)

27 (31.4%)
28 (32.6%)
31 (36%)

21 (24.4%)
63 (73.3%)
2 (2.3%)

34 (39.5%)
22 (25.6%)
30 (34.9%)
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Figure 23. A) Flowchart of the validation analysis in the MPM-TCGA and MPM-RE cohorts. FU: Follow Up. B-
C) PCA analysis of the distribution of long and short survivors (I and IV quartile) based on the expression of
TRIM28 and its target genes in both cohorts (FDR<0.05). D-E) Expression correlation matrix (Spearman test)
within TRIM28 and its target genes in the MPM-TCGA (D) and MPM-RE (E) cohorts. *<0.05, **<0.01,
***<(0.001. F-G) Histogram representing the ratio of expression of the indicated genes in short vs long survivors
(I and IV quartile). *<0.05, **<0.01, ***<0.001. H-I) Forest-plot displaying the correlation of TRIM28 and its
target genes with reduced survival probability of MPM patients in MPM-TCGA (H) and MPM-RE (I) cohorts.
The analysis in the MPM-RE cohort was corrected for surgery and chemotherapy treatment.
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Figure 24. A) Histogram representing the ratio of expression of the indicated genes in short vs long survivors
(I and 1V quartile). *<0.05, **<0.01, ***<0.001. B) Hazard Ratio obtained by a Cox model analysis of the
association of gene expression with MPM survival. The analysis was corrected for surgery and chemotherapy
treatment. Genes that are TRIM28 targets are written in blue.

TRIM28 controls Innate Immune Response

TRIM28 was firstly described as a transcriptional corepressor for KRAB-ZFPs, helping their
repressive activity by inducing heterochromatin formation. In this context, TRIM28 has been
shown to keep endogenous retroviruses quiet.

To explore its role in MPM as a corepressor, we also investigated upregulated genes that
emerged from RNA-seq analysis performed in MSTO-211H cells upon TRIM28 KO. Protein
network analysis of the 330 upregulated genes revealed that they are functionally related
(data not shown). Surprisingly, GO analysis performed on this list showed that these genes
are involved in innate immunity and in particular in Interferon | (IFN-I)-mediated immune
response and RIG-I/MDA5 signaling (Figure 25A). Indeed, 46/330 genes (14%) are
specifically involved in innate immune response and within this list we found all four
members of the 2’-5-Oligoadenylate Synthetase (OAS) family and all four Interferon
Induced proteins with Tetratricopeptide repeats (IFIT) proteins. Moreover, we identified
AIM2 and DDX58 (RIG-1) among TRIM28 upregulated genes (Figure 25B). These factors
are core viral DNA and RNA sensors, respectively, and directly participate to the innate

immune response (Ori et al., 2017). We correlated the expression of these 46 genes with
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patients’ survival probability within the MPM-TCGA dataset (N=87) and found that 9 of them
(19,6%) significantly increased patients’ OS (Figure 25B), suggesting a protective and anti-

tumorigenic role for these genes.

However, validation analysis in a separate internal cohort of MPM patients (MPM-RE) did
not confirm these results, and none of the investigated genes showed a significant
association with improved survival of MPM patients. This could be due, at least in part, by
the fact that samples in the MPM-RE cohort are paraffin-fixed that could alter the tumor

purity, particularly relevant when looking into ISG signature.

Induction of innate immunity response, by the activation of IFN pathway is a well established
side effect of transcriptional reactivation of ERE. Thus, we hypothesize that the observed
upregulation of these genes upon TRIM28 KO is an indirect effect of the epigenetic
unmasking of ERE along the genome. Further analyses are currently ongoing to confirm this

hypothesis and establish the actual link of TRIM28 and IFN mediated immune response.
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Figure 25. A) Gene ontology enrichment of biological processes upregulated in RNA-seq of TRIM28 KO vs
NT1 MSTO-211H/Cas9 cells. B) Protein-protein interaction network of the innate immunity genes upregulated
upon TRIM28 KO by STRING (v11). C) Kaplan Meyer plots showing correlation of ISGs genes with MPM
patients’ survival based on MESO-TCGA data (N=87). Patients were divided in quartiles of gene expression
and compared between 15t (red, low expression) and 4% (black, high expression) quartiles.

Analysis of TCGA clinical data revealed several IncRNAs associated with MPM

patients’ survival

In recent years, insights into the functional organization of the genome brought to light the
relevance of non-coding transcripts in tumorigenesis. Thus, in this section we set to explore

the potential contribution of ncRNAs and in particular IncRNAs to MPM progression.

To this end, we took advantage of the transcriptomic profiles and clinical data of the MESO
dataset from the TCGA project (N=87). Using two different approaches, we established
correlation between gene expression and patients’ survival probability (Figure 26A). We
obtained a final list of 423 genes showing strong association with patients’ outcome. Of
these, 121 (29%) were positively associated with improved survival representing genes with
a protective role against MPM, while 302 (71%) were negatively associated with survival.
The latest are genes that likely confer aggressiveness and lethality to MPM (Figure 26A).
92% of these transcripts were protein coding genes (Figure 26B). GO analysis showed that
genes associated with a reduced survival probability were strongly enriched within pathways
linked to mitosis, cell growth and cell cycle regulation (Figure 26C). By contrast, genes that
were associated to an improved survival probability were partially enriched in immune
response associated pathways (Figure 26D). Considering the relevance of the identified
pathways in cancer progression, these results support the validity of our analysis.
Noticeably, 8% of the survival associated genes were non-coding RNAs (Figure 26B). Of
these, 77% encoded for INcRNAs (N=24) (Figure 26E).
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Figure 26. A) Flowchart of overall survival analysis in TCGA-MESO dataset. B) Distribution of coding and non-
coding genes associated with overall survival. C-D) Gene Ontology enrichment of principal biological
processes involved in bad (C) and good prognosis (D). E) Distribution of non-coding genes types associated
with overall survival.
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Forest plot analysis of the 24 survival-associated IncRNAs showed that 8 of them were
strongly associated with reduced survival probability (Figure 27A), while the remaining 16
were related to a better outcome. In particular, LINC00941, that we have already reported
as mediator of aggressiveness in thyroid cancer (Gugnoni et al., 2021), showed the
strongest correlation (HR 13.5) (Figure 27B). Patients with high LINC00941 expression had
a median OS of 9 months versus 55 months of patients with low LINC00941 expression. We
confirmed these data in a retrospective cohort of 97 MPM patients from our institution using
Nanostring technology as previously described (Figure 23A), focusing on the 8 INCRNAs
with negative prognostic features. 5 out of 8 were confirmed as associated to negative
survival in our cohort, and their expression is significantly higher in short-OS compared to
long-OS (Figure 27C). Of the remaining, one did not significantly associate with reduced
survival probability and two were expressed below the threshold. LINC00941 showed the
strongest effect on survival probability also in this cohort (HR 4.42). Patients with high
LINC00941 expression had a median OS of 8.5 months, whereas patients with low
LINC00941 expression had a median OS of 18.5 months (Figure 27D). Using data from the
MESO-TCGA dataset, we correlated the expression of LINC00941 with clinical features of
MPM and we found a significant positive association with the most aggressive sarcomatoid
histotype (Figure 27E). We then correlated its expression with MPM most relevant mutations
and mutational burden, finding an increased expression of LINC00941 in LATS2 WT versus

mutated tumors (Figure 27F).
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Figure 27. A) Forest plot displaying the correlation of the 24 long non-coding RNAs with overall survival. B)
Kaplan Meier curves of MPM-TCGA cohort patients within | and 1V quartile of LINC00941 expression. C)
Histogram representing the ratio of expression of the indicated genes in short vs long survivors (I and IV
quartile) in the MPM-RE cohort. *<0.05, **<0.01, ***<0.001. D) Kaplan Meier curves of MPM-RE cohort patients
within | and IV quartile of LINC00941 expression. E) Boxplot representation of LINC0O0941 expression in
different MPM histotypes (MPM-TCGA cohort). F) Boxplot representation of LINC00941 expression in patients
with different LATS2 mutational status (MPM-TCGA cohort).

LINC00941 promotes proliferation, migration and invasion of MPM cells

To establish a functional relation between LINC00941 expression and aggressiveness of
MPM, we explored its biological function using siRNA mediated KD approach in two different
MPM cell models. First, we explored changes in the overall transcriptional program by
performing a RNA-seq analysis in LINC0O0941 KD vs Ctrl MSTO-211H cells. 3105
significantly deregulated genes upon LINC00941 KD were detected. Of these, 1304 genes
were upregulated and 1801 downregulated (Figure 28A-B). GO analysis of downregulated
genes revealed that they were mainly involved in response to hypoxia and regulation of
G2/M phases of cell cycle (Figure 28C). Upregulated genes were enriched in
morphogenesis of epithelial cells and differentiation, and in immune response pathways
(Figure 28D). We previously demonstrated that LINC00941 is located preferentially in the
cytoplasm (Gugnoni et al., 2021). Thus, we reasoned that its effect on gene expression went
through the regulation of upstream transcriptional controllers. Thus, we interrogated the
TRUSTT database using the list of LINC00941 target genes searching for enriched putative
LINC00941 functionally related TFs. SREBF1, MYC, NFYA and HIF1a were the top scoring
predicted upstream regulators of downregulated genes. Noticeably, HIF1a was among the
top scoring downregulated genes upon LINC00941 KD (Figure 28E). By contrast, the
Polycomb factor EZH2 emerged as the only putative regulator of upregulated genes (Figure
28F).
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Figure 28. A) Distribution of significant deregulated genes in RNA-seq (siCTRL vs siLINC00941 MSTO-211H
cells). B) Volcano plot of significantly deregulated genes in RNA-seq. C) Gene ontology enrichment of
biological processes downregulated in RNA-seq of SiLINC00941 vs siCTRL MSTO-211H cells. D) Gene
ontology enrichment of biological processes upregulated in RNA-seq of siLINC00941 vs siCTRL MSTO-211H
cells. E) Enrichment of principal transcription factors involved in downregulated processes performed with
TRUSTT database. F) Enrichment of principal transcription factors involved in upregulated processes
performed with TRUSTT database.
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Next, we performed in vitro assays to investigate changes in the MPM cell properties upon
LINC00941 KD. Noticeably, LINC00941 KD strongly impaired proliferation of both MSTO-
211H and NCI-H2052 cells (Figure 29A-D). These results are in agreement with the fact that
mitosis regulation emerged among the pathways of downregulated genes by LINC00941.
We also performed migration and invasion assays for both MSTO-211H and NCI-H2052
cells and found a significant decrease in migration (Figure 30A-D) and invasion (Figure 31A-
B) capability upon LINC00941 KD. These results are consistent with data previously
reported in other tumor setting demonstrating that this lincRNA participate to increased
motility and invasion (Ai et al., 2020; Chang et al., 2021; J. Wang et al., 2021; Wu et al.,
2021).
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Figure 29. A, B) Proliferation assays in MSTO-211H (A) and NCI-H2052 (B) cells reported as proliferation rate
relative to day 0, measured with Incucyte S3 Live Cell Analysis (Sartorius). Data are represented as
mean + SEM; *<0.05, **<0.01, ***<0.001; N=3. C, D) qRT-PCR of LINC00941 expression in siCTRL versus
SiLINC00941 MSTO-211H (C) and NCI-H2052 (D) cells; *<0.05, **<0.01, ***<0.001; N=5.
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Figure 30. A, B) Graph representing the relative wound density at the indicated time points in MSTO-211H
(A) and NCI-H2052 (B) cells transfected with siLINC00941 or siCTRL, measured with Incucyte S3 Live Cell
Analysis (Sartorius). Data are represented as mean + SEM; *<0.05, **<0.01, ***<0.001; N=2. C, D) Migration
ability of MSTO-211H (C) and NCI-H2052 (D) siCTRL vs siLINC00941 cells.
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Figure 31. A, B) Graph showing the rate of invasion of MSTO-211H (A) and NCI-H2052 (B) siCTRL vs
SiLINC00941 cells. Cells were counted using ImageJ software and the number of cells were taken 72h from

transfection. C, D) Images of invading MSTO-211H (C) and NCI-H2052 (D) siCTRL vs siLINC00941 cells.
Images were taken 72h from transfection.
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Morphologically, we noticed a striking change in shape and growth properties of LINC00941
KD MSTO-211H cells vs control. While siCTRL MSTO-211H cells showed a small and
irregular shape, growing preferentially as separate unites, LINC00941 KD cells presented a
drastic tendency to cluster together in three-dimensional organization of tightly connected
cells, suggesting a deep reorganization at the level of cell-cell junction properties (Figure
32A). Staining of actin filaments using immunofluorescent-phalloidin confirmed this
hypothesis showing that changes in the morphological appearance of the cells was
accompanied by a profound reorganization of the cytoskeleton. siLINC00941 cells,
differently from siCTRL cells, displayed a rather polygonal phenotype with actin filaments
forming highly organized thick fibers running parallel below the cell membrane, as typical of
differentiated epithelial cells. In addition, while siCTRL cells were characterized by an
elevated number of filopodia and lamellipodia along the entire surface of cell membrane
(Figure 32B), LINC00941 KD cells displayed a massive reduction of the structures of
movement and an evident restoration of cell-cell contacts, along which actin filaments

created bridges of connections to reinforce the strength of cell-cell contacts (Gugnoni et al.,
59



2017) (Figure 32C). These data are in agreement with the abolished migration and
invasiveness observed in KD cells and with the results of RNA-seq showing that LINC00941
KD leads to upregulation of genes enriched in pathways of epithelial polarization and
differentiation. Also, these data could explain the clinical observation that LINC00941
expression is preferentially associated with poorly differentiated and sarcomatoid phenotype

in patients.

Experiments are undergoing to set the molecular mechanisms trough which LINC00941

could mediate this function.
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Figure 32. A) Images of MSTO-211H cells transfected with siCTRL (left panel) or siLINC00941 (right panel).
The images show the marked change in MSTO-211H cells shape and growth properties upon LINC00941
silencing. Images were taken with Incucyte S3 Live Cell Analysis (Sartorius). B, C) Immunofluorescence
showing F-actin (red) and DAPI (blue) in MSTO-211H siCTRL (B) and siLINC00941 (C) cells.
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LINC00941 mediates HIFla signalling in MPM cells
Our data indicated that HIF1a is one of the top scoring LINC00941 target genes in MPM and

also a putative upstream regulator of LINC00941 associated gene program.

To set the functional relationship between LINC00941 and this TF, we first validated HIF1a
and its target genes expression upon LINC00941 KD. In both MPM cell models, HIF1a
expression was drastically reduced at the mRNA level, as well as its target genes following
the depletion of the lincRNA (Figure 33A-B). Because in normal oxygen conditions HIF1a
protein is rapidly degraded, we treated MPM cells with cobalt chloride (CoCl2) that mimics
hypoxic conditions and stabilizes HIF1a protein (Figure 33C) (Mufioz-Sanchez & Chanez-
Cérdenas, 2019). Noticeably, silencing of LINC00941 completely abolished the induction of
HIF1a protein expression observed in siCTRL cells in both cell lines (Figure 33D-E),
confirming that loss of LINC00941 impairs the expression of this TF. Coherently, upon CoCl2
treatment and HIF1a activation, we observed an induction of both HIF1a targets and genes
induced in response to hypoxic conditions that were downregulated in the RNA-seq. On the
contrary, LINC00941 KD cells showed a significant reduction of these genes in hypoxic

conditions, consistently with HIF1a inhibition (Figure 33F-G).

Even if preliminary, these results suggest a previously unknown functional relationship
between LINC00941 and HIF1la proposing a possible role for this lincRNA in regulating

response to low-oxygen conditions, typical of many aggressive cancers.
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Figure 33. A, B) gRT-PCR of a panel of HIF1a direct target genes in siCTRL vs siLINC00941 MSTO-211H
(A) and NCI-H2052 (B) cells. Data are expressed as mean + SEM; *<0.05, **<0.01, ***<0.001; N=3. C) Western
Blot analysis of HIF1a protein stabilization in MSTO-211H cells treated with two different doses of CoCl. for
different hours. B-actin is the loading control. D, E) Western blot of SiCTRL vs siLINC00941 MSTO-211H (D)
and NCI-H2052 (E) cells with or without CoClz treatment (200 uM for 5h). B-actin is the loading control. F, G)
gRT-PCR of a panel of HIF1a direct target genes and genes induced in hypoxic conditions in siCTRL vs
SiLINC00941 MSTO-211H (A) and NCI-H2052 (B) cells upon treatment with 200 uM of CoCl.. Data are
expressed as mean £ SEM; *<0.05, **<0.01, ***<0.001; N=3.
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DISCUSSION

In the last decade, the development of NGS techniques allowed massive profiling of most
tumor types, including MPM (Hylebos et al., 2016; Morganti et al., 2019). These technologies
identified many driver mutations in different cancer types, helping to define new therapeutic
strategies. However, these high-throughput studies did not improve the treatment of MPM,
that still remains a highly lethal cancer (Yap et al., 2017). Several inhibitors of key oncogenic
pathways has been tested, such as PI3K/Mtor, HDAC and NFkB, but none of these
therapies caused an improvement in MPM patients’ outcome (Pasello & Favaretto, 2009).
This is due to the purely descriptive nature of profiling studies and to the fact that cancer
additions are not only of a genetic nature (Tsherniak et al., 2017). This is particularly true for
a disease that, like MPM, escapes to the classical model of cancer evolution. MPM is
characterized by a low mutational burden and by a great intra- and inter- patients
heterogeneity (Oehl et al., 2018). Thus, despite the efforts made by omics profiling, the
molecular events that mark origin and progression of MPM are still not completely clear.
Moreover, being MPM a rare disease, researchers have to face the issue of carrying studies
with a low number of cases, still hampering the characterization of common events in MPM
progression. To date, the therapeutic options for MPM patients are still limited to surgery
(rarely) and standard regimens of chemotherapy that delay but do not stop disease
progression; more recently immunotherapy has emerged, even if its effects are lower

compared to other tumor types (Rijavec et al., 2022; Yap et al., 2017).

To overcome these limitations, here, by employing a systematic genome-wide CRISPR-
Cas9 screening integrated with clinical data of MPM patients, we evaluated the effects of
single-genes perturbations and their functional consequences in vivo to provide new non-
genetic vulnerabilities that drive MPM progression. First, we integrated our screening results
with the ones available in the DEPMAP database, to overcome the issue of tumor
heterogeneity and to find common MPM dependencies. Then, we investigated the
association of the identified MPM essential genes with MPM patients’ survival across the
TCGA-MESO dataset, to explore the functional role of genes that are associated to tumor
aggressiveness in real life. This approach, besides confirming the relevance of epigenetic

changes in MPM progression, opens the door to the design of new MPM-oriented therapies.

In line with recent evidence that point to epigenome as a primary target of asbestos
carcinogenesis (McLoughlin et al., 2017; Sage et al., 2018), we discovered a core of genes
involved in chromatin functions as essential for MPM progression. These 18 epigenetic
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keepers are associated to a bad prognosis of MPM patients and are essential for MPM cells
growth. Among them, we focused on TRIM28 based on its high discrimination of short vs
long OS patients. Consistent with its reported role in chromatin dynamics, it is not surprising
that TRIM28 is overexpressed in several tumors and is often associated to aggressiveness
and poor outcome. Recently, TRIM28 has been described to regulate CDK9-mediated RNA-
Polll pause release into productive elongation. Bacon et al. recently demonstrated that
TRIM28 by coupling all steps of RNA-Polll cycle is able to sustain oncogenic programs.
They showed that TRIM28 binds to the hypo-acetylated tails of histone 4, interacts with
RNA-Polll and recruits pathway-specific TFs, promoting CDK9-mediated RNA-Polll pause-
release and elongation on pathway specific genes. Cancer cells take advantage of this
mechanism to activate oncogenic programs that sustain their survival under specific

conditions (Bacon et al., 2020; McNamara, Reeder, et al., 2016).

In the context of MPM, we described a previously uncharacterized function of TRIM28 in
taking part to correct mitosis execution by interacting with the transcriptional complex that
promotes the activation of mitotic genes. The succession of events that characterize cell
cycle need to be finely regulated and requires a well-orchestrated transcriptional and
epigenetic control. Progression through the different phases of cell cycle needs that specific
classes of genes are activated at precise time points (Y. Liu et al., 2017). The expression of
cell cycle dependent genes is regulated by the RB (Retinoblastoma) protein family, the E2F
TF family and MuvB (multi-vulva class B) complexes. RB and E2F TFs regulate the
activation of early cell cycle genes in G1/S phases, while MuvB complexes are responsible
for the transcription of late cell cycle genes in G2/M phases of cell cycle (Fischer et al., 2016;
Fischer & Mdller, 2017; Y. Liu et al., 2017). The mammalian MuvB core is composed by
LIN9, LIN37, LIN52, LIN54 and RBBP4. This complex interacts with different proteins in
different phases of the cell cycle that determine its active or inactive state. During S phase,
MuvB interacts with B-MYB, forming the B-MYB-MuvB (MMB) complex. This interaction is
necessary to recruit FOXM1 in G2 and reach full activation of G2/M genes’ expression by
FOXM1-MuvB complex (Fischer & Muller, 2017; Sadasivam et al., 2012). G2/M genes share
a common sequence in their promoter known as “cell-cycle gene homology region” (CHR).
The CHR element is bound by active MuvB complexes that, consequentially, leads to

activation of mitotic genes (Fischer et al., 2016).

For the first time, we demonstrated that TRIM28 is recruited to the TSS of mitotic genes at

the level of the CHR element. Here, as in the mechanism reported by Bacon and colleagues,
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we suppose that TRIM28 stimulates CDK9-mediated activation of RNA-Polll that, by
phosphorylating its CTD on Ser2, allows its productive elongation on mitotic genes. We
proved that TRIM28 interacts with CDK9 and both active and phosphorylated forms of RNA-
Polll, as well with FOXM1 and RBBP4, subunit of the MuvB core, suggesting its functional
interplay with MuvB active complexes. We observed that upon TRIM28 loss, RNA-Polll is
displaced from the promoters of G2/M genes and its actively elongating form, pSer2-RNA-
Polll, is displaced from AURKB gene-body. These results suggest that TRIM28, by
orchestrating the interactions between RNA-Polll, CDK9 and MuvB active complexes,
ensures the timely activation of G2/M genes by keeping RNA-Polll stalled downstream the
TSS, ready for prompt activation. Consequentially, the expression of major mitotic players
like CDC20, CCNB1, AURKA, AURKB and the other components of the Chromosomal
Passenger Complex (CPC) (BIRC5, CDCAS8 and INCENP) is dramatically reduced upon
TRIM28 silencing. Therefore, TRIM28 KD cells are unable to carry on mitosis, showing
defects in chromosome condensation, alignment and segregation that, finally, result in cell
death due to the prolonged G2/M block (Figure 34).
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Figure 34. Schematic model representing the mechanism of MPM-dependency from TRIM28 and its clinical
implications. TRIM28 binding to the B-MYB/FOXM1-MuvB complex sitting on CHR promoters fosters the
recruitment of CDK9 for prompt activation of RNA-Polll into proficient elongation on G2/M genes, thus ensuring

66



correct mitosis execution. TRIM28 loss, as well as CDK9 inhibitors, leads to mitosis failure that results in cell
death. Moreover, TRIM28 high expression is associated to bad survival of MPM patients.

We showed that in MPM TRIM28 contributes to carcinogenesis by keeping the time of
mitosis. This function is exerted by the interaction with CDK9 and its mediated RNA-Polll
release from pausing. Bacon et al. demonstrated that TRIM28 is necessary for positioning
CDK9 on selective target genes promoters, besides CDK9 is indispensable for TRIM28-
mediated RNA-Polll activation (Bacon et al., 2020). CDK?9 is upregulated in a wide variety
of tumors and is often associated to a bad outcome (Anshabo et al., 2021; Franco et al.,
2018). Having such a central role in RNA-Polll regulation, CDK9 sustains cancer cells by
activating oncogenic gene programs. For these reasons, CDK9 has been regarded as a
promising target for the development of new anticancer drugs (Cassandri et al., 2020;
Mandal et al., 2021). Consistently, several CDK9 inhibitors as well as pan-CDKs inhibitors
have been developed in recent years and tested in several hematological cancers and solid
tumors. Given this preamble, we set to hit TRIM28 function in MPM by inhibiting its functional
partner CDK9. To this aim we used an highly selective CDK?9 inhibitor, AZD4573 (Barlaam
et al., 2020; Cidado et al., 2020), and a pan-CDK inhibitor, AT7519 (Santo et al., 2010).
Today, AZD4573 is being tested in two phase-l clinical trials against advanced
hematological cancers and relapsed/refractory hematological cancers (Alcon et al., 2020;
Mandal et al., 2021). We showed that both pan-CDKs and specific-CDK9 inhibitors are
highly lethal for MPM cells, even at very low concentrations. Moreover, MPM cells treated
with AZD4573 showed an increase in apoptotic nuclei and a decrease in mitotic ones,
together with a downregulation of a set of TRIM28 mitotic target genes, mimicking TRIM28
KD effects. These results suggest that the lethal effects of these drugs in MPM act through
the inhibition of TRIM28 gene program. Even in preliminary, these results lay the basis for
the employment of CDK9 inhibitors in MPM, highlighting the power of functional screening

to define new therapeutic approaches.

As a transcriptional corepressor, TRIM28 has been reported to maintain ERVs inactive
through the establishment of heterochromatin (Geis & Goff, 2020). Resembling retroviruses
and having the ability to move inside the genome, ERVs are harmful elements that mine
genomic stability. Thus, their expression needs to be finely regulated to keep the right
balance and avoid catastrophic events. ERVs represent a great percentage of non-coding
RNAs and their massive reactivation prime Interferon-I mediated immune response (Mu et
al., 2016; Tie et al., 2018), contributing to the settlement of a hostile environment for tumor

cells. TRIM28, acting as a scaffold platform for the recruitment of heterochromatin inducing
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proteins, keep ERVs expression repressed in normal conditions. We observed that TRIM28
KO stimulates the expression of ISGs that are commonly activated upon ERVs expression.
We thus hypothesize that ISGs upregulation that we observed upon TRIM28 KO is likely the
consequence of the epigenetic unmasking of ERVs along the genome. We also observed
that the expression of several ISGs significantly increased patients’ survival, suggesting a
protective role for these genes, coherently with the activation of the immune response that
is hostile to cancer cells. Further analyses are ongoing to establish the link between TRIM28

and IFN-I mediated immune response.

In recent years, the systematic functional annotation of the non-coding genome has revealed
that INcRNAs take part to the vast majority of biological processes inside the cells. Being
their expression highly specific between cell lines and tissues, it is not surprising that the
expression of many IncRNAs is peculiar of cancer cells (laccarino & Klapper, 2021; W.-X.
Peng et al.,, 2017; Y. Zhang & Tang, 2018). This finding paved the way for massive
characterization of these non-coding transcripts and a mounting interest in identifying cancer
specific INcRNAs have emerged in recent years. Given their higher expression specificity
than coding transcripts and their easy and non-invasive collection method in patients’ tissues
and biological fluids, INcCRNAs are being extensively studied as possible cancer biomarkers
besides to therapeutic targets (laccarino & Klapper, 2021).

In this perspective, we analyzed gene expression profiles and clinical data through the
TCGA-MESO dataset to explore the contribution of IncRNAs to MPM progression and
aggressiveness. We found 5 IncRNAs which expression strongly reduces patients’ survival
probability across two independent MPM cohorts. LINC00941, that we already identified as
mediator of aggressiveness in thyroid cancer (Gugnoni et al., 2021), emerged as the one
that better discriminated long vs short OS in both cohorts. The expression of this lincRNA
was significantly associated to the most aggressive sarcomatoid histotype. We found that
LINC00941 promotes MPM cells’ growth, migration and invasion, coherently with its
association to tumor aggressiveness, and consistent with evidence in other tumor settings.
We found many genes involved in cell morphogenesis and adhesion and in cytoskeleton
organization as upregulated by LINC00941 KD. Indeed, upon LINC00941 silencing we
observed a striking change in MSTO-211H cells shape, adhesion and growth properties.
Moreover, these cells showed a strong reduction of filopodia and lamellipodia, the structures
responsible for cell motility. These results are coherent with its association to the aggressive

sarcomatoid phenotype and with its reported role in invasion and metastasis of cancer cells.
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Our data indicate that LINC00941 may be involved in the regulation of HIF1a signaling.
Coherently, we observed a strong downregulation of HIF1a and of its target genes upon
LINC00941 KD, both in normoxic and hypoxic conditions. Experiments are undergoing to
characterize this functional relationship, However, these data suggest a possible role for
LINC00941 in regulating response to low-oxygen conditions, typical of many aggressive

cancers.

HIF1a is overexpressed in several cancers, due to either hypoxic tumor microenvironment
or genetic alterations. Its high expression is often associated to an increased mortality of
patients. This is consistent with its reported role in helping cells to overcome low-oxygen
conditions, thus promoting survival of cancer cells (Klabatsa et al., 2006; Tiwari et al., 2020).
HIF1a has many direct targets that are characterized by a “Hypoxia-Response Element”
(HRE). Among them are many genes involved in angiogenesis, glucose transport, survival
and invasion (Slemc & Kunej, 2016). All these mechanisms are advantageous to cancer
cells. 1t is reported that hypoxia enhances cancer cells survival, metastasis and drug
resistance in multiple tumor types (Kim et al., 2018; Klabatsa et al., 2006; Tiwari et al., 2020).
Thus, it is likely that LINC00941 by regulating HIF1a levels, in particular under hypoxic
conditions, may help MPM cells to survive, explaining its association with tumor
aggressiveness. Indeed, high HIF1a levels are typical of highly aggressive tumors that,
becoming rapidly without blood supply, have to find an alternative way to survive (Kim et al.,
2018; Klabatsa et al., 2006).

Through this integrated approach, we discovered TRIM28 and LINC00941 as new non-
genetic dependencies of MPM, helping to improve our knowledge on the molecular events
that lead to MPM and paving the way for the employment of new drugs in the management
of MPM. Besides, we provided clues for the development of new prognostic tools that could
help clinicians to tailor patients towards the most appropriate therapeutic option. Collectively,
these data highlight the strength of the integration of functional screening with clinical data

for the identification of cancer specific dependencies that impact on patients’ real life.
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MATERIAL AND METHODS

Cell Culture

MSTO-211H cell line was obtained from Istituto Europeo di Oncologia (IEO, Milan, Italy).
NCI-H2052 and HEK293T cell lines were obtained from ATCC (LGC Standards, Sesto San
Giovanni, Italy). All cell lines were cultured in RPMI medium added with 10% fetal bovine
serum (FBS) and 1% penicillin — streptomycin and grown at 37°C/5% CO.. Cell lines were
routinely tested for Mycoplasma contamination and authenticated by SNP profiling at

Multiplexion GmbH (Heidelberg, Germany).

Lentiviral Infection

Lentiviral particles were produced by transfecting HEK-293T cells using Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, Massachussets, USA). 650000 HEK-293T cells were
seeded in a 6-well plate in transfection culture medium (complete medium without
Penicillin/Streptomicin). The day after, HEK-293T cells were transfected with a mix of the
transfer plasmid of interest and the 3™ generation packaging/envelope plasmids: pRSV-Rev,
pMDLg/pRRE and pMDG.2 (Addgene plasmids #12253, #12252 and #12259. These
plasmids were a gift form Didier Trono). For each transfection we used 2.5ug of total DNA:
625 ng of pRSV-Rev, 625 ng of pMDLg/pRRE, 250 ng of pMDG.2 and 1lug of the plasmid
of interest; the plasmid mix was diluted in 150 ul of OptiMEM medium. In parallel, 10 ul of
Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, Massachussets, USA) were diluted
in 150 ul of OptiMEM medium. The two mix were combined and incubated for 5 minutes at
room temperature (RT), then added to HEK-293T cells dropwise. 48h after transfection, viral
supernatant was collected and filtered through 0.45 um filters. 500000 MSTO-211H/Cas9-
clone G12 cells were seeded in 6-well plates and the day after the viral supernatant was
added to the cells together with Polybrene at 4 ug/ml. Cells were centrifuged at 1800 rpm
for 45’ at 32°C, then incubated overnight at 37°C. Viral suspension was then removed and
replaced with regular culture medium. 24 h after infection, cells were amplified and antibiotic
selection started, using Blasticidin (Invivogen, Toulouse, France) at 12 ug/ml for 7 days or
Puromycin (Life Technologies, Monza, Italy) at 1 ug/ml for 5 days. Alternatively, cells were

amplified and sorted using a FACS Melody (BD Bioscences).

Generation of MSTO-211H clones stably expressing Cas9

MSTO-211H cells were infected with lentiviral particles containing lentiCas9-Blast (Addgene
plasmid #52962) as transfer plasmid (Sanjana et al., 2014). LentiCas9-Blast was a gift from
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Feng Zhang. After Blasticidin selection, MSTO-211H cells were seeded at one cell/well in a
96-well plate to isolate single clones. We tested MSTO-211H/Cas9 clones by western
blotting with anti-Flag antibody (F1804, Sigma-Aldrich). The clones showing the highest
Cas9 expression were tested for Cas9 activity by infecting them with the pXPR_011 plasmid
(Addgene plasmid #59702), gifted by John Doench and David Root. The plasmid contains
an ORF for GFP expression and a sgRNA targeting GFP, thus we analyzed GFP expression
with a FACS Canto Il Flow Cytometer (BD Bioscences). The clone showing the highest Cas9
activity (lowest GFP residual expression) was selected to perform the screening and

subsequent experiments. We selected Clone G12 for subsequent experiments.

Genome-wide screening

Human GeCKOv2 CRISPR knockout pooled library in lentiGuide-Puro plasmid was a gift
from Feng Zhang (Addgene #1000000049). The GecKOV2 library is composed by two semi-
libraries, A and B, each of which contains 3 sgRNAs targeting each gene. We used the semi-
library A to infect MSTO-211H/Cas9 cells in two independent experiments. For each
replicate, we infected 180 x 10° cells with a multiplicity of infection (MOI) of 0.3, aiming at
600x coverage. After 3 days of puromycin selection, 120 million cells were harvested to
sequence TO0 time point. The remaining cells were kept in culture and 120 million cells were
collected both at 16 and 23 days after TO. Libraries preparation, samples sequencing and
bioinformatic analysis have been performed as already described (Gobbi et al. 2019).
Library composition was assessed by Next Generation Sequencing (NGS) and single-guide
RNAs (sgRNAs) frequencies were compared to day 0, to identify sgRNAs that were depleted
and/or enriched over cell growth, using the MAGeCK algorithm (W. Li et al., 2014). For both
essential and suppressor genes, we considered only genes that were consistently detected
in both experimental bio-replicates (Al and A2) and at both time-points (T16, T23). From
the resulting gene lists, we excluded genes coding for miRNAs (163 for essentials and 10
for suppressors). We also excluded “common essential genes” (608), being vital genes for
all cell lines, using the list “Achilles_common_essential” from the “DEPMAP” database

(https://depmap.org/portal/). Then, to validate our results, we interrogated the “DEPMAP”

database (Tsherniak et al., 2017), in which CRISPR-Cas9 genome-wide data are available
for 7 MPM cell lines (MSTO-211H, NCI-H2052, ACC-MESO-1, IST-MES2, NCI-H28, NCI-
H2452, MPP89). Only genes showing the same trend in at least 6/7 MPM cell lines were

considered. 51% and 26% of essential and suppressor genes were confirmed respectively
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by this approach, obtaining a final list of 233 MPM essential genes and 45 MPM suppressor

genes.

TCGA Data Analysis

Survival data and gene expression profile on MPM patients were obtained from The Cancer

Genome Atlas (TCGA) dataset using the R TCGA biolinks package to download and analyze
RNAseq data (workflow.type “HTSeq - FPKM”). Gene expression values were correlated
using R Corrplot package. For survival analysis, performed with R Survival package, gene
expression values were considered in continuous and also used to dichotomize patients on
the basis of 1st and 4th quartile of expression. Genetic variations in MPM were selected
among the most altered genes in MPM using cBioPortal (http://www.cbioportal.org) based
on TCGA datasets. Differential expression analysis for the 18 core genes was conducted
according to mutational status. Significant associations were evaluated by Kruskall-Wallis

test.

Knockout cell lines generation and Competition Assays

Two sgRNAs for each target gene were selected from the GeCKOvV2 library and cloned into
the pLKO5.sgRNA.EFS.GFP into BsmBI cloning site. pLKO5.sgRNA.EFS.GFP was a gift
from Benjamin Ebert (Addgene plasmid #57822). sgRNAs sequences are listed in Table 2.
MSTO-211H/Cas9 cells have been infected as described above and knockout efficiency
was assessed by T7 endonuclease | cleavage assay (ALT-R Kit, Integrated DNA
Technologies, Skokie, lllinois, USA) following the instructions described in the next
paragraph. Infection efficiency was assessed by GFP detection with a FACS Canto Il Flow
Cytometer. Cells showing less than 90% GFP positive cells were sorted using a FACS
Melody (BD Bioscences). Protein and gene expression analysis were performed both at 5

and 7 days after infection.

For competition assays, cells were infected with a MOI of 0.6- 0.7 and grown for 15 days.
Thus, we obtained a co-culture of infected (GFP+) and non-infected (GFP-) cells. We
recorded the percentage of GFP+ cells over time with a FACS-Canto Il Flow Cytometer at
the specified time points, in order to monitor the competition between the two populations.TO
was collected 4 days after infection. A non-targeting SQRNA was used as a negative control,

while two sgRNAs targeting ATP2A2 were used as positive controls.
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sgRNA Sequence Code

NT1 CTGAAAAAGGAAGGAGTTGA

SMURF2-sg.1 AGAATACGCTTGATCCAAAG Gecko_A45848
SMURF2-sg.2 TCTTCACAGTATCTGTAGAA Gecko_B45794
CKS2-sg.1 CCACAAGCAGATCTACTACT Gecko_B09782
CKS2-sg.2 CCGAGTAGTAGATCTGCTTG Gecko_A09790
VRK1-sg.1 TTTAAGGAACCCAGTGACAA Gecko_A53825
VRK1-sg.2 AACTTTAATTCAGTAAAAAG Gecko_B53759
HASPIN-sg.1 GTCAGGATCGTCGGACTGCG Gecko_A20424
HASPIN-sg.2 TGACTACACCCTGTCGCGCT Gecko_A20425
ATP2A2-sg.1 CTCAATCACAAGTTCCAGCA Gecko_A03607
ATP2A2-sg.2 ACAGAGTTACCGGCTGAAGA Gecko_A03609
TRIM28-sg.1 TACCAGTAGAGCGCACAGTA Gecko_A51449
TRIM28-sg.2 GACGCACCTGGTTCGCATCC Gecko_A51450

Table 2. sgRNAs sequences

Alt-R Genome Editing Detection Kit

Infected cells were collected 1 week after the infection, washed with PBS and lysed with
50ul of QuickExtract DNA Extraction Solution (Lucigen, Wisconsin, USA). The lysate was
incubated for 10 minutes at 65°C, then for 5 minutes at 98°C. Total lysed cells were diluted
in 100ul of Nuclease-Free Water. PCR mixes were prepared with 4ul of genomic DNA,
300nM of specific primer pairs (see Table 3), 0.3mM of dNTPs (Promega, Milan, Italy), 0.3ul
of Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham,
Massachussets, USA), 5ul of 5x Phusion Polymerase HF Buffer (Thermo Fisher Scientific,
Waltham, Massachussets, USA) and Nuclease-Free Water to a final volume of 25ul. The
PCR reactions were performed on a Thermal Cycler (BioRad, Segrate, Italy) with the
following protocol: 95°C for 3 minutes, 95°C for 30 seconds, 68°C for 30 seconds, 72°C for
1 minute. The last three steps were repeated decreasing the temperature from 68°C to 58°C.
Then we performed 28 cycles as reported: 95°C for 30 seconds, 58°C for 30 seconds, 72°C
for 1 minute. Finally, we formed homo/heteroduplexes in 18ul of final volume using 10ul of
PCR sample, 6ul of Nuclease-Free Water and 2ul of 10x T7E1 Reaction Buffer. We used
the following protocol: 95°C for 10 minutes, from 95°C to 85°C decreasing 2°C/second, from
85°C to 25°C decreasing 0.3°C/second. The homo/heteroduplexes were digested with 2ul
of T7 Endonuclease 1 (1U/ul) for 1h at 37°C. The digestion products were analysed on a

1% agarose gel and visualized with BioRad GelDoc EZ Imaging System.
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Target Forward Primer Reverse Primer
SMURF2 AAAGAAGCCTATTCAGTGCAA TTCATGACCCCATTCCTCGG
VRK1 GGAAAGGAATGGGATTTTGGCA | TGGCTCTCTACCTTGATATCCTG
HASPIN-sg.2 ACGCTGTGAGAAGATTGGGG CCCAGCGGTTGTTATTCTCCT
ATP2A2 AAGGCCTCTGACCGTTCTTG | TCTAAGACCATGCCACACTCTG

Table 3. Alt-R Primers

siRNA Transfections

For RNA Interference transfections we used Silencer Select siRNA oligos (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) targeting TRIM28, B-MYB, and FOXM1; a
Silencer siRNA was used to silence LINC00941; a non-targeting Silencer Select sSiRNA was
used as control (Table 4). Transfections were performed with the Lipofectamine RNAIMAX
reagent (Thermo Fisher Scientific, Waltham, Massachusetts, USA). We used a reverse
transfection protocol using 15 nM of each siRNA. A mix containing 7.5 ul of RNAIMAX and
15 nM of siRNA in 300 ul of OptiMEM was prepared for each 6-well reaction and incubated
for 20 minutes at RT. Meantime cells were trypsinized and counted. The reaction mix was
placed in the wells followed by the cells, we used 500000 MSTO-211H or 400000 NCI-
H2052 cells/well. The cells were harvested either 48 or 72 h after transfection for gRT-PCRs,
Western Blot, apoptosis and cell cycle analyses. For proliferation, scratch wound-healing
and invasion assays and immunofluorescence, cells were harvested and seeded in the

respective culture plates 24h after transfection.

Gene Target Manufacturer Code Sequence/siRNA ID
Negative control | Silencer Select siRNA (Thermo Fisher Scientific) 4390847
TRIM28 Silencer Select siRNA (Thermo Fisher Scientific) 4390824 S19778
B-MYB Silencer Select siRNA (Thermo Fisher Scientific) 4392420 s9117
FOXM1 Silencer Select siRNA (Thermo Fisher Scientific) 4392420 s5248
LINC00941 Silencer siRNA (Thermo Fisher Scientific) AM16708 268339

Table 4. siRNAs

Proliferation and Colony Forming Assays
For proliferation assays, MSTO-211H and NCI-H2052 cells were seeded 24h post

transfection at a density of 2500 cells/well in a 96-well plate. Images were recorded every 6
hours for 96 hours by the Incucyte ® S3 Live-Cell Analysis System (Sartorius). Growth
curves were obtained by confluence ratio relative to Oh.

74



For colony forming assays, cells were seeded 24h post transfection in 10 cm culture dishes
at density of 10000 cells (MSTO-211H) or 2500 cells (NCI-H2052) per dish. Fresh medium
was replaced every 2 days for 10 days. The dishes were washed with 1X PBS and fixed
with methanol. Colonies were then stained with Crystal Violet solution (0,5% in H20) and

counted using the ImageJ software.

RNA Extraction, Reverse Transcription and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from transfected or infected cells with Maxwell® RSC simplyRNA
Cells (Promega, Madison, Wisconsin, USA) and quantified with Nanodrop 2000/2000c
Spectophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). 500/1000 ng
of RNA was retrotranscribed with iScript cDNA kit (Biorad, Hercules, California, USA). Total
RNA was mixed with 1ul of RT enzyme, 5x iScript Buffer and Nuclease free water to a total
volume of 20 ul. The reaction was performed in thermal cycler using the following protocol:
25°C for 5 min (priming), 45°C for 1h (RT reaction) and 95°C for 1 min (RT inactivation). The
obtained cDNA was diluted with Nuclease Free Water (we used 10 ng DNA/well for gRT-
PCR reactions). Quantitative real-time PCR (qRT-PCR) was performed using Sso Fast
EvaGreen Super Mix (Biorad, Hercules, California, USA) in the CFX96 Real Time PCR
Detection System (Biorad, Hercules, California, USA). We used the following protocol: 40
cycles of 95°C for 30 sec, 95°C for 5 sec, 59°C for 5 secRelative expression of target genes
was calculated using the 224t method by normalizing to the reference gene expression
Cyclophilin A (CYPA). gRT-PCR primers are listed in Table 5.

Target Gene Forward Primer Reverse Primer
TRIM28 CAAGATTGTGGCAGAGCGTCCT CATAGCCTTCCTGCACCTCCAT
AURKA TCCTGAGGAGGAACTGGCATCAAA TACCCAGAGGGCGACCAATTTCAA
AURKB ATCAGCTGCGCAGAGAGATCGAAA CTGCTCGTCAAATGTGCAGCTCTT
BIRC5 CATCTCTACATTCAAGAACTGG GGTTAATTCTTCAAACTGCTTC
B-MYB CACCAGAAACGAGCCTGCCTTA CTCAGGTCACACCAAGCATCAG
BUB1 GCCATCAAGCCCAAGACTGA ATCTCCCTGGGTAGCTTCGT
CCNB1 TCCATTATTGATCGGTTCATGC TCAGTCACAAAAGCAAAGTCACC
CDC20 AGTTCGCGTTCGAGAGTGAC GGAGTGGTCTGAACCTTGGA
CDCAS8 CAGTGACTTGCAGAGGCACAGT CTCATTTGTGGGTCCGTATGCTG
CIT AGCACAAGGCTGAGATTCTCGC CTCGTTCAGTCTCCAGCTTCTG
FOXM1 TCTGCCAATGGCAAGGTCTCCT CTGGATTCGGTCGTTTCTGCTG
INCENP GACTCCACCGATGATGAGGC AGGTTCGGTGGGTGGTAGTA
KIF14 GCACTTTCGGAACAAGCAAACCA ATGTTGCTGGCAGCGGGACTAA
KIF20A AGTATCCCAGGAGGAGCAAGT ATCGTCATCGGACAGCAAGC
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KIF23 GTAGCAAGACCTGTAGACAAGGC TTCGCATGACGGCAAAGGTGGA
PAK2 TGAGCAGAGCAAACGCAGTA AGGGCCATAAGCTTTCCGTG
PLK1 AGAAGACCCTGTGTGGGACT ACCTCGAAACTGTGCCCTTT
PRC1 ATAGCCAGGAGCAGAGACAAGC AACCGCACAATCTCAGCATCGTG
PRKCA GCCTATGGCGTCCTGTTGTATG GAAACAGCCTCCTTGGACAAGG
RACGAP1 ATGCTGGCAGACTTTGTGTCCC CAGCCAGAGATCCTATACAGGC
TOP2A GTGGCAAGGATTCTGCTAGTCC ACCATTCAGGCTCAACACGCTG
TPX2 TTCAAGGCTCGTCCAAACACCG GCTCTCTTCTCAGTAGCCAGCT
TYMS GGTGTTTTGGAGGAGTTGCTGTG GGAGAATCCCAGGCTGTCCAAA
UBE2S CGATGGCATCAAGGTCTTTCCC CAGCAGGAGTTTCATGCGGAAC
VRK1 GTTGGCAGTGATGCACCTTGTG AGGAACACCCAGGTACTTCAGC
ZWINT AGGCATCTTGGAACCTGTAGGC GGAAATCCGCTACCTGAAGCTG
LINC00941 TTTTGTGTCCAAGCCCCAGA GCCAAGAGTACAAGTCCAGC
CHCHD2 GTGGAGGAAGTAATGCTGAGCC CACAGAGCTTGATGTCACCCTG
CYB5R4 CTCTTCACACCAGAGCTTGATCG CCATTGGTGTGAAGCCTGTTCC
EGLN1 TGATACGCCACTGTAACGGG CCATTGCCCGGATAACAAGC
ENO1 TTGCAGTCGTGTAATTGGCC TCATGGGTCACTGAGGCTTT
FAM162A ATTGCCCTGACGGTGGTAGGAT CTGCTTCCTCTTTCAGACGAGC
GAPDH ATTGGGCGCCTGGTCAC AACATGTAAACCATGTAGTTGAGCTCA
HBEGF GGAAGAAGAGGGACCCATGT CTCTCCATGGTAACCCGGG
HIF1A CTGAGGGGACAGGAGGATCA AAAGGCAAGTCCAGAGGTGG
HMOX1 CCAGGCAGAGAATGCTGAGTTC AAGACTGGGCTCTCCTTGTTGC
HYOU1 CTTCAACCTGGATGAGAGTGGC ACAGGCTGGAAATGGTGTTGCC
PAI1 ACAACAGGAGGAGAAACCCA AGCTCCTTGTACAGATGCCG
PDK1 CATGTCACGCTGGGTAATGAGG CTCAACACGAGGTCTTGGTGCA
PGK1 ACTCGGGCTAAGCAGATTGT GTGCTCACATGGCTGACTTT
PLAU GGCTCTGTCACCTACGTGTG CTTGAGCGACCCAGGTAGAC
VEGFA CTACCTCCACCATGCCAAGT GCAGTAGCTGCGCTGATAGA
VEGFC GCCAATCACACTTCCTGCCGAT AGGTCTTGTTCGCTGCCTGACA

Table 5. gRT-PCR primers

Western Blot

Total proteins were extracted with 5x Passive Lysis Buffer (PLB) (Promega, Madison,
Wisconsin, USA) diluted to 1x with water and supplemented with Protease Inhibitor Cocktall
(Roche) and phosphatase inhibitor cocktail PhosSTOP (Roche). Protein extracts were
incubated on ice for 20 minutes and quantified using the Bradford reagent (Biorad, Hercules,
California, USA). Equal amounts of protein lysates were resolved by SDS-PAGE using Mini-
Protean TGX pre-cast gels (Biorad, Hercules, California, USA). Proteins were transferred to
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a nitrocellulose membrane using the Turbo Blot system (Biorad, Hercules, California, USA).
The nitrocellulose membrane was stained with 0.5% Ponceau in 5% acetic acid for 5
minutes to check the loading and then washed 5 minutes with a solution containing PBS 1X
and Tween 0.01% (Sigma-Aldrich, Milan, Italy). Next, the membrane was incubated in
blocking solution (PBS 1X, Tween 0.01% and Milk 5%). Primary and secondary antibodies
with their specificities are listed in Table 6. Finally, the protein signal was acquired with
ChemiDoc Imaging System (Biorad, Hercules, California, USA).

Name Code Manufacturer Dilution
TRIM28 10484 Abcam 1:1000
TRIM28 22553 Abcam 1:10000

TRIM28 (C42G12) 4124 Cell Signaling Technology 1:1000
B-Actin (AC-15) A1978 Sigma Aldrich 1:10000
BAX AB-10230 Immunological Sciences 1:1000

B-MYB clone LX015.1 MABES866 Merck Millipore 1:1000
CDK9 (EPR22956-37) 239364 Abcam 1:1000
FoxM1 (D3F2B) 20459 Cell Signaling Technology 1:1000
p-CDK1 (10A11) 4539 Cell Signaling Technology 1:1000

CDK1 9116 Cell Signaling Technology 1:1000
CCNB1 245 Santa Cruz Biotechnology 1:500
CDC20 13162 Santa Cruz Biotechnology 1:1000

AURKA (D3E4Q) 14475 Cell Signaling Technology 1:1000
AURKB 3094 Cell Signaling Technology 1:1000
CDCAS8 (A-5)(Borealin) 376635 Santa Cruz Biotechnology 1:1000
BIRC5 (B-8)(Survivin) 17779 Santa Cruz Biotechnology 1:500
H3-pSer10 06570 Merck Millipore 1:1000

H3 4499 Cell Signaling Technology 1:5000

RNA-Polll (D8L4Y) 14958 Cell Signaling Technology 1:1000
RNA-Polll-Ser2 (E1Z3G) 13499 Cell Signaling Technology 1:1000
RNA-Polll-Ser5 (D9N5I) 13523 Cell Signaling Technology 1:1000
RBBP4 (EPR3411) 79416 Abcam 1:5000

HIF1a 3716S Cell Signaling Technology 1:1000
EGLN1 NB100-137 Novus Biologicals 1:1000

Anti-Rabbit 1gG NA934 Amersham 1:5000
Anti-Mouse 1gG NXA931 Amersham 1:5000

Table 6. Primary and Secondary Antibodies for Western Blot
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Apoptosis Analysis

72h post transfection, 100000 cells were collected, washed and resuspended in 300ul of 1x
Annexin Buffer (in water) (BD Bioscences) and stained with 2.5ul of PE Annexin V and 2.5ul
of 7-Amino-Actinomycin (7AAD) (BD Bioscences). After 20 minutes of incubation at +4°C
and in the dark, cells were centrifuged and resuspended in 300ul of 1x Annexin buffer and
analysed using a FACS Canto Il Flow Cytometer (BD Bioscences). Data analysis was
performed with FACS DIVA Software (BD Bioscences). Graphs report the ratio of positive

cells to either 7AAD or Annexin V compared to ctrl cells.

Cell Cycle Analysis
24h after transfection, 2*10° MSTO-211H cells and 1,5*10° NCI-H2052 cells were seeded
in 12-well plates previously coated with Matrigel matrix (Corning) 1:100 in culture medium

for 2h. 6h after plating, culture medium was removed and replaced with medium containing
0,5 mM of hydroxyurea (HU) (Sigma-Aldrich, St. Louis, Missouri, USA). 16h after treatment,
cells were released in fresh medium and time point O has been collected. The cells were
collected every 3 hours, up to 12h, washed in PBS and resuspended in Nicoletti solution
(0.1% sodium citrate, 0.1% Triton X-100, 50 ug/ml Propidium lodide in water). After 5 min
incubation at +4°C, cells were analyzed by FACS Canto Il Flow Cytometer (BD Bioscences).

Data analysis was performed with FACS DIVA Software (BD Bioscences).

Immunofluorescence

Immunofluorescence was performed by coating 4-chamber slides (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) with Matrigel matrix (Corning) 1:100 in culture medium. 2h
after incubation, Matrigel was removed and replaced with cells. We seeded 1*10° MSTO-
211H or 8*10% NCI-H2052 cells, 24h post transfection. Cells transfected with siLINC00941
were analysed at 72h post transfection. For the analysis of synchronized cells, they were
treated with 0.5 mM of HU (Sigma-Aldrich, St. Louis, Missouri, USA) 6h after plating. 16h
after treatment, cells were released in fresh medium and analysed 12h post release. For
cells treated with CDK9i, 6h after plating they were treated for 24h and analysed.

Cells were washed in PBS 1X and fixed with 4% paraformaldehyde (in PBS 1X) for 15 min
at room temperature (RT). Permeabilization was performed with 0.1% of Triton X-100 (in
PBS 1X) for 2 minutes. Cells were blocked with 2% BSA in PBS solution, supplemented with
20% of FBS for 45 minutes. Primary antibodies were diluted in 2% BSA/PBS and incubated
at RT for 2h. Secondary antibodies were diluted in 2% BSA/PBS and incubated at RT for
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1h. The antibodies used are listed in Table 7. Nuclei were stained with DAPI. Images were
acquired with a Nikon Eclipse fluorescence microscope. Counts were performed on 3
different slides, counting at least 300 nuclei per slide.

Name Code Manufacturer Dilution

B-Tubulin 23949 Santa Cruz Biotechnology 1:100

AURKA (D3E4Q) 14475 Cell Signaling Technology 1:100

AURKB 3094 Cell Signaling Technology 1:100

H3-pSerl0 CMA312 Merck Millipore 1:100

Alexa Fluor 488 Phalloidin A12379 Thermo Fisher Scientific 1:40

Alexa Fluor 594 Phalloidin A12381 Thermo Fisher Scientific 1:400
Alexa Fluor 488 goat anti-mouse 1gG A11001 Thermo Fisher Scientific 1:1000
Alexa Fluor 594 goat anti-rabbit IgG Al11012 Thermo Fisher Scientific 1:1000

Table 7. Primary and Secondary Antibodies for Immunofluorescence

RNA-Seq and Bioinformatics Analysis

For TRIM28 KO RNA-seq, RNA was collected 7 days after infection of MSTO-211H/Cas9
cells using two sgRNAs targeting TRIM28 and a non-targeting SgRNA as a control, in two
independent experiments. For LINCO0941 KD RNA-seq, RNA was collected 72h post

transfection, in two independent experiments. RNA was quantified using Nanodrop (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) and quality assessment was performed
by Bioanalyzer RNA 6000 nano kit (Agilent Technologies, Santa Clara, California, USA).
RNAseq libraries were obtained starting from 500ng of total RNA following Illlumina TruSeq
Stranded Total RNA preparation protocol (lllumina, San Diego, California, USA).
Sequencing was performed using Illumina NextSeq 500 platform (lllumina, San Diego,
California, USA) on high-output cartridge (2X75). Sequencing quality was assessed using
the FastQC v0.11.8 software (www.bioinformatics.babraham.ac.uk/projects/fastqc/). Raw
sequences were then aligned to the human reference transcriptome (GRCh38, Gencode
release 30) using STAR version 2.7 (Dobin et al., 2013) and gene abundances were
estimated with RSEM algorithm (v1.3.1) (B. Li & Dewey, 2011). Differential expression
analysis was performed using DESeq2 R package (Love et al., 2014), considering a False
Discovery Rate (FDR) of 10% and excluding genes with low read counts. Only genes
coherently de-regulated by both sgRNAs were considered. Significant deregulated genes
underwent to enrichment analysis, performed on Gene Ontology biological processes,
KEGG and Reactome pathways databases via enrichR package (Kuleshov et al., 2016) and

ClueGO (Bindea et al., 2009)via Cytoscape for graphical purpose, using a significance
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threshold of 0.05 on p-value corrected for multiple testing using Benjamini—Hochberg
method. Data for TRIM28 KO RNA-seq are available at ArrayExpress (E-MTAB-10942).

ChIP-seq analysis
KAP1, CDK9, RNA-Polll and S2RNA-Polll ChiP-sequencing data were retrieved from GEO
repository (GSE72622) (McNamara, Guzman, et al., 2016). The significance of the binding

profiles was assessed (g-value<0.05) and peaks were then annotated using ChiPseeker R
package to the nearest genes using a TSS region of +3kb.

Co-lImmunoprecipitation (Co-IP)
For the Co-IP of endogenous TRIM28 and RNA-Polll, 5x15cm plates of MSTO-211H cells
were grown to 80% of confluence. The cells were crosslinked with 1% formaldehyde at RT

for 15 minutes, gently rocking. The crosslinking was quenched with a final concentration of
glycine of 250mM for 5 minutes at RT. After washing the cells three times with cold PBS,
the proteins’ extracts were obtained with a modified version of the RIPA Buffer (50mM Tris-
HCl pH 7.5, 1mM EDTA, 150mM NaCl, 0.5% NP-40, 5% Glycerol, plus protease and
phosphatase inhibitors) and incubated in ice for 15 minutes. In combination with the lysis
buffer, a dounce homogenization was performed to further facilitate the cells’ disruption. The
extract was pre-cleared with Protein G-Sepharose (Cytiva) and then incubated overnight
with the antibody. The day after, the Protein G-Sepharose were added for two hours, and
then the IP was washed three times with a modified version of TBS (50mM Tris-HCI pH 7.5,
250mM NaCl). The endogenous Co-IP of TRIM28, CDK9, FOXM1 and RBBP4, was
performed following the same protocol but without crosslinking. The antibodies used are

reported in Table 8.

Name Code Manufacturer Dilution
TRIM28 10483 Abcam 1lug/mg
TRIM28 22553 Abcam 2ug/mg

FoxM1 (D3F2B) 20459 Cell Signaling Technology 1:50
CDK9 (EPR22956-37) 239364 Abcam lug/mg
Normal Rabbit IgG 2729 Cell Signaling Technology 1lug/mg
Normal Mouse 1gG 2025 Santa Cruz Biotechnology 2ug/mg

Table 8. List of Primary and Secondary antibodies used for Co-IP
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ChIP-gPCR
To perform ChIP experiments, we used the SympleChIP Enzymatic Chromatin IP Kit with

Magnetic Beads protocol (Cell Signaling #9003) and followed the manufacturer instructions.
8x10° cells were used for each IP. For ChIP performed on transfected cells, we performed
reverse transfections in T175 by scaling up reagents from the 6-well condition described
above. 48h after transfection, the cells were collected, counted, and crosslinked with 1%
formaldehyde for 10 minutes at RT. The crosslinking was quenched with 250mM of glycine
for 5 minutes at RT. Cells were then centrifuged and washed two times in ice-cold PBS 1X
and subsequent steps were performed as described to isolate nuclei. Chromatin
fragmentation was obtained by adding 1ul of Micrococcal Nuclease to each IP for 20 min at
37°C with frequent mixing. Digestion was stopped by adding 10ul of EDTA per IP for 2 min
on ice. We then sonicated nuclei for 8 cycles (30 sec ON and 30 sec OFF) to break nuclear
membranes, using a Bioruptor Pico sonicator (Diagenode, Milan, Italy). Lysates were
clarified by 10 minutes of centrifugation. After resuspending the lysates in ChIP buffer, the
input sample was taken and stored at -20°C. The remaining samples were divided based on
the IP to be performed and incubated with the antibodies overnight at 4°C with rotation. The
day after, 30ul of magnetic beads were added to each IP and incubated for 2h at 4°C with
rotation. After three low salt and one high salt washes, chromatin was eluted from
antibody/magnetic beads complexes with 150ul of Elution Buffer for 30 minutes at 65°C with
gentle vortexing. Eluted chromatin was reverse cross-linked with 6ul of 5M NaCl and 2ul of
Proteinase K for 2h at 65°C. DNA was then purificated using spin columns. The antibodies
used are listed in Table 9. gPCRs were performed using the SsoFast EvaGreen Supermix
(Biorad, Hercules, California, USA) following the manufacturer’s instructions. Primers

sequences are reported in Table 10.

Name Code Manufacturer Dilution
Rpbl NTD (D8L4Y) 14958 Cell Signaling Technology 1:50
Phospho-Rpbl CTD (Ser2) (E1Z3G) 13499 Cell Signaling Technology 1:50
Normal Rabbit IgG 2729 Cell Signaling Technology 1:50
TRIM28 10483 Abcam

Table 9. List of Primary and Secondary antibodies used for ChIP

Primer Name Forward Primer Reverse Primer

AURKB-Promoter ACAGGACATCGAGCCAATGG AACAACTGAATCTGCCACGC
AURKB-Genebody#1 CACCTACCCCCAATTCAAAGAGA ATATGGGACTATGAGCAGAGGCT
AURKB-Genebody#2 TTACCATTGGCCCCTACAGG GAGCCGAGATTACGCCATTG
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AURKB-Terminal ATGCACTCTCAAAGGGTGGG CCAGAGATGATTGAGGGGCG
MYBL2-Promoter CTTTCCCTGGCTGGCTCTC CTGGCTCACGTGTCAGTCC
FOXM1-Promoter GACCGCACAGCCTTCGAG TGTTTGAAATTGGCGCCGG
CCNB1-Promoter AATAAGGAGGGAGCAGTGCG ACACCCAGCAGAAACCAACA
CDC20-Promoter TGCGACGGTTGGATTTTGAA CCACCACCTCTCACCGTG
PLK1-Promoter AATTCGGGGAGGAGCGGA CAGCACTCATGCTCCCGAAG
INCENP-Promoter GCCTCTTAGTCCCGCAGATT CAATCCTCGGCAAGTTTGTCC
BIRC5-Promoter CTTTGAAAGCAGTCGAGGGG GTGTGCCGGGAGTTGTAGTC
CD69-Promoter AATCCCACTTTCCTCCTGCT GCCGCCTACTTGCTTGACTA

Table 10. List of primers used for ChIP-gPCR

Patients Selection and Nanostring Analysis

A retrospective cohort of 97 MPM consecutive patients was retrieved from the Pathology
Unit of our Institution between 2010 and 2021. Inclusion criteria were availability of Formalin
Fixed Paraffin Embedded (FFPE) tumor tissues and follow up information. The main
endpoint of this analysis was the association between gene expression profiles in tumor
specimens and patients’ survival. The median overall survival was 15 months (IQR 9-25).
Histological sections of all samples were revised by two different pathologists. Project was

approved by local ethic committees.

Total RNA was extracted by Maxwell® RSC RNA FFPE kit (Promega) starting from 5 slides
of 5um FFPE tissue. RNA quantity and quality were assessed by NanoDrop 2000 (Thermo
Fisher Scientific, Waltham, Massachussets, USA). 86 samples reached the RNA quality
standard required (A260/A280 = 1.7 and A260/A230 = 1.8) and we evaluated the expression
profile by NanoString using a custom panel called MPM_C9073 (NanoString Technologies)
following manufacturers’ protocol. This panel was specifically designed on this purpose,
including 70 genes among which KAP1, 36 genes identified as KAP1’s target, 17 genes
considered essential for MPM survival and 20 housekeeping genes.

Analysis of detected gene counts was performed by nSolver Analysis Software 4.0
(NanoString Technologies). For samples that passed imaging quality controls, raw genes
counts were normalized on technical controls and three housekeeping genes (AMMECRLL,
ERCC3, ZNF346) among the ones included in the panel as previously described. The
complete matrix of normalized counts is available at GEO repository (accession number:
GSE183088). Gene expression values of KAP1 and its target genes were correlated using

Spearman method.
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Then patients were stratified according to OS and Fold Changes (FCs) were calculated as
ratio between the expression profile of short- survival samples (1st quartile- 20/86) and long-
survival samples (4th quartile-22/86). For each comparison pValue (as two-tailed Student's
t test) and False Discovery Rate (FDR) obtained by Benjamini-Hochberg method, were
calculated. For survival analysis, patients were dichotomized on the basis of 1st and 4th
guartile of genes expression, and hazard ratio was calculated by Cox Model corrected for
chemotherapy treatment. Bioinformatic analyses on GEP was conducted by R Software
v4.0.3 using the following R packages: corrplot, ggplot2, ggbiplot (function prcomp) and

survival.

CDKs inhibitors
MSTO-211H and NCI-H2052 transfected cells (sSiCTRL/sITRIM28) were collected 24h post-

transfection and seeded on previously coated Matrigel (Corning) wells. For proliferation

assays, cells were seeded at 2500 cells/well in 96-well plates. 6 hours later, culture medium
was removed and replaced with medium containing the following drugs: AT7519 and
AZDA4573 (Selleckchem, Munich, Germany) or the respective control. Both drugs were
resuspended in DMSO (Sigma-Aldrich, St. Louis, Missouri, USA). Proliferation assays were
conducted as described above. EC50 was calculated with Incucyte ® S3 Live-Cell Analysis
System (Sartorius). For gPCRs, cells were treated with AZD4573 for 24h and collected at
72h post transfection.

Scratch Wound Healing Assay
24h after transfection, 60000 MSTO-211H or 40000 NCI-H2052 were seeded in 96-well

plates previously coated with Matrigel matrix (Corning) 1:100 in culture medium for 2h. Cells

were treated with Mytomicin (Sigma Aldrich, Milan, Italy) at the concentration of 10ug/ml for
2h. Then we replaced the medium with normal complete culture medium. Scratches were
applied using a pipette tip. Healing areas were captured at 0, 3 and 6 hours after the scratch

using Incucyte ® S3 Live-Cell Analysis System (Sartorius).

Invasion Chamber Assay
72h after transfection, 3*10% MSTO-211H or 2*10* NCI-H2052 cells were seeded in a

Matrigel Invasion Chamber or control chambers (CT insert) (BD Biosciences, San Jose,

California) in serum-free medium, in triplicate. Complete medium containing 10% FBS was

used as chemo-attractant. 24h later, invading cells were fixed with methanol and stained
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with a 0.5% Crystal Violet solution in water. Pictures were obtained with a Nikon Ti-E
inverted microscope. Three fields for each well were captured and invading cells were
manually counted. To obtain the graphs, we divided the cells in the Matrigel Invasion

Chamber with the cells in the control insert for each condition.

CoCl, treatment

CoCl2 was resuspended in water freshly before use. For gqRT-PCR and western blot
analysis, 72h post transfections cells were treated with 200 uM of CoClz for 5h and analysed

as described above.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism Software (GraphPad Software,
San Diego, California, USA). Statistical significance was determined using the Student’s t
test. Each experiment was performed 2 to 6 times. Threshold for significance was

considered p-value <0.05.
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