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ABSTRACT

Malignant pleural mesothelioma (MPM) is a rare and
incurable cancer, which incidence is increasing in
many countries. MPM escapes the classical genetic
model of cancer evolution, lacking a distinctive ge-
netic fingerprint. Omics profiling revealed extensive
heterogeneity failing to identify major vulnerabilities
and restraining development of MPM-oriented ther-
apies. Here, we performed a multilayered analysis
based on a functional genome-wide CRISPR/Cas9
screening integrated with patients molecular and
clinical data, to identify new non-genetic vulnerabil-
ities of MPM. We identified a core of 18 functionally-
related genes as essential for MPM cells. The chro-
matin reader KAP1 emerged as a dependency of
MPM. We showed that KAP1 supports cell growth
by orchestrating the expression of a G2/M-specific
program, ensuring mitosis correct execution. Target-
ing KAP1 transcriptional function, by using CDK9
inhibitors resulted in a dramatic loss of MPM cells
viability and shutdown of the KAP1-mediated pro-
gram. Validation analysis on two independent MPM-
patients sets, including a consecutive, retrospective
cohort of 97 MPM, confirmed KAP1 as new non-
genetic dependency of MPM and proved the asso-
ciation of its dependent gene program with reduced
patients’ survival probability. Overall these data: pro-
vided new insights into the biology of MPM delineat-
ing KAP1 and its target genes as building blocks of
its clinical aggressiveness.

GRAPHICAL ABSTRACT

INTRODUCTION

Malignant Pleural Mesothelioma (MPM) is a rare but
highly aggressive cancer arising from the mesothelial cells
lining the pleura (1,2). It is characterized by high mortality
rate and dismal prognosis due to the limited treatment op-
tions currently available. MPM is associated with chronic
asbestos exposure. Its widespread use in the 20th century
and the long latency makes MPM a current clinical chal-
lenge (1–4).

Molecular bases of this disease remain unknown, rep-
resenting the most relevant limitation to the development
of MPM targeting strategies (5). Insights into the genetic
landscape of this tumor revealed a quite low mutational
burden and few pathologically relevant mutations. Further-
more, no specific MPM genetic alterations can be attributed
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to the direct action of asbestos (6–10). Instead, increasing
evidence points to an epigenome-centered effect of asbestos
on the genesis and progression of MPM (7,8,11,12). Chro-
matin plasticity is at the basis of many fundamental pro-
cesses including transcription, chromosome condensation
and DNA damage repair (DDR). All these processes are
boosted in cancer to sustain the massive proliferation of
tumor cells. For this reason, epigenetic readers that works
as multi-task units to coordinate DNA-based processes are
emerging as essential factors for cancer maintenance and
survival (13).

KRAB-associated protein 1 (KAP1), also known as
TRIM28, is a large multi-domain protein with highly ver-
satile chromatin associated functions. By coordinating the
assembly of large multiprotein complexes on DNA, KAP1
modifies chromatin local structure affecting both transcrip-
tion and DNA repair (14,15). In controlling gene expres-
sion, KAP1 can act either as repressor or as activator of
specific genes. By recruiting components of the Nucleosome
Remodeling Deacetylase complex (NuRD) and the histone
methyl transferase SETDB1, KAP1 primes chromatin con-
densation and gene repression (16,17). On the other site,
KAP1 promotes efficient but selective gene expression, by
fostering recruitment on site of both pathway-specific Tran-
scription Factors (TFs) and CDK9 to induce TF-mediated
CDK9-dependent RNA-PolII activation, therefore cou-
pling transcription initiation and elongation (18,19). For its
centrality as reader of genome function, KAP1 and its func-
tional network are currently regarded as attractive potential
targets for new anticancer drugs.

In this work, we performed a genome-wide
CRISPR/Cas9 knockout screening (20) integrated
with the analysis of clinical and molecular data from
the TCGA MPM-dataset (MESO-TCGA) (7), with the
intent of providing new insights into the pathobiology
of MPM and of identifying genes essential for MPM
growth and survival. KAP1 emerged as a non-genetic
vulnerability of MPM and negative prognostic factor in
patients. Mechanistically, KAP1 is required for the cycling
and synchronous expression of G2/M genes therefore par-
ticipating to the timing of mitosis execution and cell cycle
progression. Treatment with CDK9 inhibitors abolished
this cooperation leading to the deep inhibition of KAP1
transcriptional program and to massive MPM cells death.
Finally, validation analysis in an independent cohort of
MPM patients confirmed KAP1 and its target genes as
associated with reduced survival probability and indicate
these genes as novel negative prognostic markers in MPM.

MATERIALS AND METHODS

Cell culture

MSTO-211H cell line was obtained from Istituto Europeo
di Oncologia (IEO, Milan, Italy). NCI-H2052, HEK293T,
Toledo and NK-92 cell lines were obtained from ATCC
(LGC Standards, Sesto San Giovanni, Italy). MSTO-211H,
NCI-H2052, Toledo and HEK293T cell lines were cul-
tured in RPMI medium added with 10% fetal bovine serum
(FBS) and 1% penicillin–streptomycin. NK-92 were cul-
tured in MEM �, no nucleosides, complemented as reported
in ATCC guidelines. All cell lines were grown at 37◦C/5%

CO2. Cell lines were routinely tested for Mycoplasma con-
tamination and authenticated by SNP profiling at Multi-
plexion GmbH (Heidelberg, Germany).

CRISPR/Cas9 genome-wide screening and target selection

Genome-wide screening was performed as previously
described (21,22) using semi-library A of the Human
GeCKOv2 CRISPR knockout pooled library in lentiGuide-
Puro plasmid (Addgene #1000000049) in two separate
replicates. 180×106 cells with a multiplicity of infection
(MOI) of 0.3, aiming at 600× coverage were infected. Af-
ter puromycin selection, 120 million cells were harvested to
sequence T0 time point. The remaining cells were cultured
and 120 million cells were collected at 16 and 23 days af-
ter selection starting. Libraries preparation, sequencing and
bioinformatic analysis were performed as already described
(21,22).

Only genes consistently detected in both experiments
(A1 and A2) and at both time-points (T16, T23) were
considered. We excluded miRNAs (163 for essentials
and 10 for suppressors) and genes that are essential
for cell viability in all cell lines (608) as listed in
the ‘Achilles common essential’ list from the DEPMAP
database. The ‘DEPMAP’ database (23) was interrogated to
further validate our analysis. Only genes that were coherent
in at least six of the seven MPM cell lines available in this
database were considered as validated. 51% and 26% of es-
sential and suppressor genes were confirmed respectively 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 down-
load 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, patients were dichotomized on the ba-
sis of first and fourth quartile of genes 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 anal-
ysis for the 18 core genes was conducted according to mu-
tational 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 GeCKOv2 library and cloned into the
pLKO5.sgRNA.EFS.GFP plasmid (gift from Benjamin
Ebert; Addgene plasmid #57822) into BsmBI cloning site.
sgRNAs sequences are listed in Supplementary Table 4.
500 000 MSTO-211H/Cas9 cells were seeded in a six-well
plate and the day after they have been infected as described
in Supplementary Information. Knockout efficiency was
assessed by T7 endonuclease I cleavage assay (ALT-R
Kit, Integrated DNA Technologies, Skokie, Illinois, USA)
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following manufacturer instructions. Infection efficiency
was assessed by GFP detection with a FACS Canto II Flow
Cytometer. Cells showing <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 to assess the competition
between the two populations of infected (GFP+) and non-
infected (GFP–) cells. The percentage of GFP+ (infected)
cells was recorded with a FACS-Canto II Flow Cytometer
at the specified time points and normalized on T0. T0 was
collected 4 days after infection. A non-targeting sgRNA
was used as a negative control, while two sgRNAs target-
ing ATP2A2 (common essential gene) were used as positive
controls.

siRNA Transfections qRT-PCR and Western Blot analy-
sis were conducted as previously described (24–26). Supple-
mentary Tables 5-7 for primers, antibodies and siRNA se-
quences used.

Proliferation and colony forming 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 h for 96 h by the Incucyte®

S3 Live-Cell Analysis System (Sartorius).
For colony forming assays, cells were seeded in 10 cm cul-

ture dishes at density of 10 000 cells (MSTO-211H) or 2500
cells (NCI-H2052) per dish and grown for 10 days. Colonies
were stained with crystal violet solution (0.5% in H2O) and
counted using the ImageJ software.

Cell cycle analysis and apoptosis

Cell cycle analysis were performed in MSTO-211H/Cas9
cells infected with either a negative control sgRNA (NT1) or
a sgRNA targeting KAP1 (KAP1-sg.1), 4 days after infec-
tion. Cells were analyzed by Nicoletti solution staining (27)
with a FACS Canto II Flow Cytometer (BD Bioscences).
For apoptosis, cells were harvested in Annexin Buffer (BD
Bioscences), stained with PE Annexin V and 7-Amino-
Actinomycin (7AAD) (BD Bioscences) and analyzed using
a FACS Canto II Flow Cytometer (BD Bioscences).

For cell cycle analysis after CDKi treatment, 2 × 105

MSTO-211H cells and 1.5 × 105 NCI-H2052 cells were
seeded in Matrigel-coated 12-well plates (Corning). 16h
later, CDK9i was added and after 12 h cells were synchro-
nized and processed as described above.

Immunofluorescence

Immunofluorescence was conducted as previously de-
scribed (25,26).

RNA-Seq and bioinformatics analysis

RNA was collected 7 days after infection of MSTO-
211H/Cas9 cells using two sgRNAs targeting KAP1 and
a non-targeting sgRNA as a control, in two indepen-
dent experiments. RNA was assessed by Bioanalyzer RNA

6000 nano kit (Agilent Technologies, Santa Clara, Cal-
ifornia, USA). Libraries were obtained from 500 ng of
total RNA using Illumina TruSeq Stranded Total RNA
and sequenced using Illumina NextSeq high-output car-
tridge (2 × 75). 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 (28) and gene abun-
dances were estimated with RSEM algorithm (v1.3.1) (29).
Differential expression analysis was performed using DE-
Seq2 R package (30), 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 en-
richment analysis, performed on Gene Ontology biologi-
cal processes, KEGG and Reactome pathways databases
via enrichR package (31) and ClueGO (32) via Cytoscape
for graphical purpose, using a significance threshold of 0.05
on P-value corrected for multiple testing using Benjamini–
Hochberg method. Data are available at ArrayExpress (E-
MTAB-10942).

Patients selection and nanostring analysis

A retrospective cohort of 97 MPM consecutive patients was
retrieved from the Pathology Unit of our Institution be-
tween 2010 and 2021. Inclusion criteria were availability of
Formalin Fixed Paraffin Embedded (FFPE) tumor tissues
and follow up information. The main endpoint of this anal-
ysis 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 five slides of 5 �m FFPE
tissue. RNA quantity and quality were assessed by Nan-
oDrop 2000 (Thermo Fisher Scientific). Eighty-six samples
reached the RNA quality standard required (A260/A280 ≥
1.7 and A260/A230 ≥ 1.8) Clinical Features of these patients
are reported in Table 1. Gene expression in these samples
was evaluated by NanoString using a custom panel called
MPM C9073 (NanoString Technologies) following manu-
facturers’ 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 es-
sential for MPM survival and 20 housekeeping genes.

Analysis of detected gene counts was performed by
nSolver Analysis Software 4.0 (NanoString Technolo-
gies). For samples that passed imaging quality controls,
raw genes counts were normalized on technical controls
and three housekeeping genes (AMMECR1L, ERCC3,
ZNF346) among the ones included in the panel as previ-
ously described (33). The complete matrix of normalized
counts is available at GEO repository (accession number:
GSE183088). Gene expression values of KAP1 and its tar-
get genes were correlated using Spearman method.

Then patients were stratified according to OS and Fold
Changes (FCs) were calculated as ratio between the expres-
sion profile of short- survival samples (first quartile: 20/86)
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Table 1. Clinical Features of the MPM cohort used in the validation
analysis

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%)
Status
Alive 11 (12.8%)
Deceased 75 (87.2%)
Stage
1 45 (52.3%)
2 6 (7%)
3 10 (11.6%)
4 23 (26.8%)
Missing 2 (2.3%)
Type of surgery
Biopsy 43 (50%)
Pleurectomy 43 (50%)
Asbestos exposure
Domestic 8 (9.3%)
Professional 67 (77.9%)
NO 7 (8.1%)
Missing 4 (4.7%)
Smoking
No 27 (31.4%)
Yes 28 (32.6%)
Missing 31 (36%)
Chemotherapy treatment
No 21 (24.4%)
Yes 63 (73.3%)
Missing 2 (2.3%)
Response to chemotherapy
No 34 (39.5%)
Yes 22 (25.6%)
Missing 30 (34.9%)

and long- survival samples (fourth quartile: 22/86). For
each comparison P-value (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 first and fourth
quartile of genes expression, and hazard ratio was calcu-
lated by Cox Model corrected for chemotherapy treatment.
Bioinformatic analyses on GEP was conducted by R Soft-
ware v4.0.3 using the following R packages: corrplot, gg-
plot2, ggbiplot (function prcomp), forestplot and survival.

CDKs inhibitors

Cells were seeded at 2500 cells/well in 96-well plates and
treated with AT7519 and AZD4573 (Selleckchem, Mu-
nich, Germany) or DMSO. Both drugs were resuspended
in DMSO (Sigma-Aldrich, St. Louis, Missouri, USA).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
Software (GraphPad Software, San Diego, California,
USA). Statistical significance was determined using the stu-
dent’s t test. Each experiment was performed 2–6 times.

Additional Materials and methods are in the Supplemen-
tary Information section.

RESULTS

Integration of genome-wide CRISPR/Cas9 screening and
patients data identified a chromatin-associated functional
core of 18 MPM essential genes

To search for new vulnerabilities in MPM we performed
a CRISPR/Cas9-based genome-wide knockout screening
to identify genes essential for MPM. We infected the
MPM cell line MSTO-211H cells, previously engineered
to express Cas9 (Supplementary Figure 1A, B), with the
GeCKOv2 library, targeting over 19 000 genes in the hu-
man genome (20). Cells were harvested at 16 and 23 days
after selection. Library composition was assessed by next-
generation sequencing (NGS) and single-guide RNAs (sgR-
NAs) frequencies were compared to day 0, to assess sgR-
NAs that were depleted and/or enriched over cell growth
(Figure 1A–D). Our analysis was focused on sgRNAs de-
pleted overtime, targeting genes that are essential for MPM
growth and survival (essential genes). 1228 essential genes
were consistently identified at both time points (Figure
1E). After exclusion of miRNAs and common essential
genes (defined as essential genes for many if not all cell
types), 457 MPM essential genes were identified. To val-
idate these genes, we used the Cancer Dependency Map
Project (DEPMAP) (23) that systematically identifies es-
sential genes across over 500 cancer cell lines using either
RNAi or CRISPR/Cas9 genome-scale genetic perturba-
tion. Data from CRISPR/Cas9-screening were available for
seven MPM cell lines including MSTO-211H. Over 51% (n
= 233) of the identified genes were confirmed by this ap-
proach, supporting the validity of our analysis and under-
lining homogeneity in survival mechanisms across MPM
cell lines (Figure 1D, E). GO analysis showed that these
genes largely converged on cell cycle and chromatin and
chromosomal organization (Figure 1F). A representative
set of these genes was confirmed as essential in an indepen-
dent experiment using a competition assay (Figure 1G).

To further refine this list and select clinical meaningful
candidates, the expression of each of the 233 MPM es-
sential genes identified was correlated with patients’ sur-
vival probability using the MPM-dataset available in the
TCGA repository (n = 87). The expression of 51 genes
(22%) correlated with reduced survival probability of MPM
patients (P < 0.05), among which 18 showed the strongest
association (q < 0.1) (Supplementary Table 1). Coherently
with the data obtained from the screening, >80% of these
genes (n = 15) were involved in chromatin function and cell
cycle regulation. Survival curves for these patients based
on gene expression are shown in Figure 2A. The epige-
netic reader KAP1 showed the most dramatic effect in
terms of patients’ survival, among the 18 genes identified.
Low-KAP1 patients have a median survival of 43 months
whereas high-KAP1 patients have a 11-month median sur-
vival (OR 6.3) (Figure 2A). Protein-protein network anal-
ysis showed that the 18 genes were all functionally inter-
connected (Figure 2B) and that their expression was pos-
itively correlated in patients through the TCGA MPM pa-
tients’ cohort (Figure 2C, Supplementary Figure 2A, B).
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Figure 1. Genome-wide CRISPR-Cas9 screening in MSTO-211H cells. (A) Graphic overview of the genome-wide CRISPR/Cas9 screening performed in
MSTO-211H cells; time points are relative to the start of the selection. (B) 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. (C) Volcano plots showing beta value and FDR adjusted P-value
distributions at both time points and in each bio-replicate. (D) Graphic representation of the distribution of common essential, MPM essential and MPM
suppressor genes in seven MPM cell lines according to DEPMAP database, ordered for dependency score. (E) Schematic representation of the flowchart
that we adopted to analyze the screening results. (F) Network representation of the most significant enriched pathways for the 233 MPM essential genes. (G)
Validation assay of the effect of the reported MPM essential genes 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 T0. Statistical significance has been calculated comparing the normalized ratio
for each sample to T0. Data are mean ± SEM; *P < 0.05; N = 2.
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Figure 2. The genome-wide CRISPR-Cas9 screening identifies chromatin organization as key node for MPM progression. (A) Kaplan–Meier plots showing
correlation of the 18 epigenetic readers with MPM patients survival based on TCGA data; (N = 87). Patients were divided in quartiles of gene expression
and compared between first (red) and fourth (black) quartiles. (B) Protein–protein interaction network of the 18 epigenetic readers essential for MPM
survival and added interactors by STRING (v11). The type of evidence linked to each edge is represented by a color scale. (C) Expression correlation matrix
(Spearman test) within the 18 chromatin readers based on TCGA MPM data; *P < 0.05, **P < 0.01, ***P < 0.001. (D) Association among the expressions
of the 18 chromatin readers and MPM most relevant mutations and mutational burden according to TCGA data. MPM samples were dichotomized based
on the presence of mutations. Differential analysis was conducted to establish whether the expression of the 18 MPM essential epigenetic readers showed
a significantly different distribution in the mutated vs non-mutated group. POS and NEG association mean respectively higher or lower gene expression
(on Y axis) in presence of mutations (on X axis). Association was established by Kruskal test adjusted for Benjamini–Hochberg. Results were considered
significant for Padjusted <0.05. Percentage of mutated patients is reported following the gene name. Genes showing CNA or mutations in less than 5 patients
were not considered.
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Moreover, analysis of association of their expression with
MPM genetic alterations showed that, with the exception
of ATG101 and P2Ry2, these genes were positively associ-
ated with copy number alterations in the cell cycle inhibitors
CDKN2A, CDKN2B and methylthioadenosine phospho-
rylase (MTAP) which are often co-deleted together in can-
cer (34) (Figure 2D).

A subset of these genes (WDR76, VRK1, LIG1, UBE2S,
SMURF2, CENPL, ATG101, FOSL1, HASPIN and
CKS2) showed a positive association with LATS2 muta-
tion. Altogether these data, besides confirming the valid-
ity of our analysis, indicate that the 18-genes identified in
our screening may represent an essential functional core in
MPM.

Loss of KAP1 impairs MPM cells proliferation and survival

We focused our analysis on KAP1 (also known as
TRIM28), taken into consideration the profound effect on
patients’ survival and its reported role in genome function
(14). Based on our analysis, KAP1 expression positively
correlates with CDKN2A/B (Figure 2D).

Coherently, patients with loss of CDKN2A/B presented
a significantly higher expression of KAP1 (Supplementary
Figure 3A–D). To get deep on this, we performed an over-
all survival (OS) analysis evaluating the combined effect
of KAP1 expression and CDKN2A deletion on MPM pa-
tients. Since CDKN2A and CDKN2B are co-deleted in the
majority of patients (Supplementary Figure 3E), we took
into consideration the CNA status of CDKN2A only. No-
ticeably, we observed that CDKN2A deletion had a neg-
ative effect on OS only on KAP1 low expressing patients,
while the presence of this deletion did not affect the OS of
high-KAP1 expressing patients (green and blue), suggest-
ing that the expression of KAP1 has an important value
in defining clinical aggressiveness of MPM (Supplementary
Figure 3F).

Using the DEPMAP data, we searched for genetic al-
terations that correlate with KAP1 dependency. No signif-
icant association was defined (Supplementary Figure 4A–
C). We also employed the TCGA transcriptional dataset
to investigate the gene expression program correlating with
KAP1 expression in this context. Noticeably, we observed
that genes positively correlated with KAP1 were involved
primarily in mitosis regulation (Supplementary Figure 4D).
Competition assay in MSTO-211H/Cas9 cells confirmed
that loss of KAP1 confers a significant growth disadvan-
tage to MPM cells (Supplementary Figure 5A, B). Further-
more, silencing of KAP1 by siRNA in MSTO-211H and
NCI-H2052 MPM cell lines resulted in a significant reduc-
tion of cell proliferation (Figure 3A. B, Supplementary Fig-
ure 5C, D), and a dramatic loss of colony forming abil-
ity (Figure 3C-D), confirming the requirement of KAP1
for proficient expansion of MPM cells. These results were
confirmed also in the MSTO-211H/Cas9 cells transduced
with a sgRNA targeting KAP1 (Supplementary Figure 5E).
Cell cycle analysis in MSTO-211H/Cas9 cells showed that
KAP1 KO induced a slight but consistent accumulation of
cells in the G2/M phase (Figure 3E). Furthermore, KAP1
KD caused in both cell models a significant increase of
apoptosis as demonstrated by Annexin V/7AAD staining

and increased expression of the pre-apoptotic protein BAX
(Figure 3F–I).

KAP1 controls the expression of the mitotic gene program
and is required for mitosis execution

To get deep into KAP1 biological function in MPM, we per-
formed RNA-sequencing in MSTO-211H/Cas9 cells upon
KAP1 KO, using two independent sgRNAs. Comparison
with parental cells identified 607 genes whose expression
was significantly affected by loss of KAP1 (Figure 4A–C).
277 (45.6%) genes were significantly downregulated while
330 (54.4%) were upregulated, confirming the ability of
KAP1 to work efficiently as either activator or repressor
of gene expression (Supplementary Table 2). GO analysis
showed that KAP1 KO upregulated genes were related to
innate-immunity and in particular to IFN-mediate immune
response, in accordance with published data that describe
KAP1 as regulator of retroelements and their effect on vi-
ral mimicry (Supplementary Figure 6A) (35).

Noticeably, a significant fraction of downregulated genes
(n = 90/277, 32.5% of the total) takes part in cell cycle.
Among these, 83.3% of genes (n = 75/90) is specifically
involved in mitosis, as further confirmed by GO analysis
(Figure 4A, B). Coherently, major players of mitosis includ-
ing AURKA, AURKB, BIRC5, INCENP, CDCA8, BMYB
and FOXM1 were significantly downregulated in KAP1
KO cells as compared to control (Figure 4C). Noticeably,
TYMS, UBE2S, CKS1B and VRK1, identified as part of
the 18 genes essential core for MPM in our screening, (Fig-
ure 2A–C) were highlighted as KAP1 targets in this analysis.

qRT-PCR and western blot validation confirmed in
both MSTO-211H and NCI-H2052 (Figure 4D–G) and
in MSTO-211H/Cas9 cells (Supplementary Figure 6B, C)
that loss of KAP1 profoundly impaired the expression of
G2/M genes including: pCDK1 (the active form of the
cyclin-dependent kinase 1 (CDK1) that ensures G2/M
phase transition), AURKA and AURKB (cell cycle-
regulated kinases involved, respectively, in microtubule sta-
bilization at spindle pole organization and chromosomes
alignment/segregation) and H3pSer10 (marker of chromo-
some condensation) (36).

Coherently, KAP1 KD MSTO-211H cells displayed
throughout mitosis a wide range of dramatic defects in
chromosome condensation, mitotic fuse organization and
function and chromosome segregation, monopolar spin-
dle with abnormal distribution of chromosomes and imbal-
anced chromosome segregation with lagging chromosome,
loss of midbody and cytodieresis (Figure 4I–K). A dramatic
increase in the number of apoptotic nuclei was also ob-
served (Figure 4H, I) likely due to the mitotic catastrophe
triggered by KAP1 loss.

The precise timing of G2/M genes expression during cell
cycle is guaranteed by the BMYB/FOXM1-MuvB com-
plex that assembles during the late S phase, binding to a
common sequence in the G2/M genes known as cell cycle
gene homology region (CHR) (37,38). Noticeably, 57.3% (n
= 43) (Figure 4L) of the mitosis associated KAP1 target
genes (Figure 4A) displayed CHR motif in their promoter,
including the same BMYB and FOXM1. Indeed, siRNA-
mediated KD of BMYB and FOXM1 restrains MPM cell
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Figure 3. KAP1 inactivation strongly impairs proliferation of MPM cells and delays cell cycle. (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; *P < 0.05; N = 3. The panels on top represent western blot of KAP1 protein loss upon KAP1 KD at 72 h after siRNA release. (C, D) KAP1
KD effect on colony forming ability of MSTO-211H (C) and NCI-H2052 (D) cells. Data are mean ± SEM; *P < 0.05; N = 2. (E) Cell cycle analysis of
MSTO-211H/Cas9 NT1 versus KAP1-sg.1 cells performed with a FACS Canto cytometer upon Nicoletti staining. The analysis was performed 4 days
after infection. Data are represented as mean ± SEM; *P < 0.05; N = 3. (H) Apoptosis analysis through Annexin V and 7AAD staining in MSTO-211H
(F) and NCI-H2052 (H) cells. Cells were collected 72 h after transfection and analyzed with a FACS Canto cytometer. Data are represented as mean ±
SEM; *P < 0.05; N = 3. (G, I) Western Blot of MPM cells showing accumulation of the pro-apoptotic protein BAX in KAP1 KD cells in MSTO-211H
(G) and NCI-H2052 (I) cells at 72 h post transfection.
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Figure 4. KAP1 KD results in down-regulation of G2/M genes. (A) Distribution of KAP1 target genes as emerged by RNA-seq profiling percentages of cell
cycle and mitotic downregulated genes. (B) Barplot of the most significant enriched pathways (FDR<0.05) for genes that are downregulated from RNA-
seq. (C) MA plot visualization of differential expression analysis performed on RNA-seq data. The essential core of downregulated genes is highlighted.
(D–G) qRT-PCR and western blot validation of the indicated KAP1 target genes in siKAP1 and siCTRL cells in MSTO-211H (D, E) and NCI-H2052 cells
(F, G). Data are represented as mean ± SEM; *P < 0.05; N = 4. (H) Distribution of mitotic morphological features in siKAP1 versus siCtrl MSTO-211H
cells analyzed by immunofluorescence staining. (I) Immunofluorescence showing B-tubulin (red) in MSTO-211H siCTRL and siKAP1 cells. B-tubulin
antibodies were used to visualize mitotic spindles. (J) Immunofluorescence staining of AURKA and H3-pSer10 in siKAP1 and siCtrl MSTO-211H cells.
(K) Immunofluorescence staining of AURKB and F-actin in siKAP1 and siCtrl MSTO-211H cells. Scale bars 100 �m. (L) Heatmap of the 43 CHR genes
that were significantly downregulated in KAP1 KO cells and showed KAP1 binding in their promoter by ChIP-seq analysis. Genes were grouped based on
unsupervised hierarchical clustering according to expression values expressed as Log2 Fold Change. The list of CHR genes was taken from Fischer et al.
(38).
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proliferation and severely reduced the expression of G2/M
genes, partially (FOXM1) or completely (BMYB) mimick-
ing the KAP1 KD effects (Supplementary Figure 7A–F)
and suggesting that the inhibitory growth capacity of KAP1
KD MPM cells goes through the impairment of the tran-
scriptional circuit that support G2/M execution. Notice-
ably, FOXM1, as a target of YAP/TAZ, has already been
reported to be a dependency for MPM cells by Mizuno
et al. (39).

CDK9 inhibitors impaired KAP1-dependent transcriptional
program leading to MPM cell death

As activator of transcription, KAP1 has been shown to co-
operate with context specific TFs and CDK9 to recruit and
activate RNA-PolII on target genes promoter (19).

Indeed, analysis of KAP1 ChIP-seq tracks (40) showed
that KAP1 binds at the Transcriptional Starting Site (TSS)
of mitotic genes in correspondence of binding sites of ac-
tive markers of transcription pSer2-RNA-PolII and CDK9
(Figure 5A). KAP1-ChIP on MSTO-211H cells confirmed
that this factor binds to mitotic genes TSS region also in
MPM (Figure 5B).

Co-IP experiments in MSTO-211H cells confirmed previ-
ously published data (19) that KAP1 interacts with CDK9
and both pSer2 and pSer5 RNA-PolII also in MPM (Figure
5C, D, Supplementary Figure 7G).

To take further these observations, we explored the ef-
fects of KAP1 KD on the assembly of the transcriptional
complex on mitotic gene promoters. Coherently with the
hypothesis that KAP1 is required for proficient RNA-PolII
recruitment and activation, KAP1 KD resulted in a dra-
matic and specific displacement of RNA-PolII from the pro-
moters of a subset of mitosis-associated KAP1 target genes,
not observed for CD69 used as negative control (Figure 5F,
Supplementary Figure 8A–C) (19) and a massive decrease
of pSer2 RNA-PolII levels along the AURKB gene body
(Figure 5G). As well, KAP1 KD determined a significant
reduction of CDK9 and FOXM1 binding on the same pro-
moters (Supplementary Figure 8D, E). To consolidate these
data, we investigated the interaction of KAP1 with FOXM1
and RBBP4. Both these proteins are part of the active form
of the MuvB complex that assembles on G2/M genes dur-
ing S phase to turn on the mitotic gene program. Noticeably,
we observed that KAP1 interacts with both FOXM1 and
RBBP4 in MSTO-211H cells in Co-IP experiments (Figure
5C, E).

Next, we explored the possibility of pharmacologically
targeting KAP1 function in MPM by abolishing its tran-
scriptional cooperation with CDK9. Thus, MPM cell lines
were treated with the Pan-CDK inhibitor AT7519 (41)
or with the CDK9 specific inhibitor AZD4573 (42). Both
drugs showed a dramatic effect on cell survival in both cell
lines. AZD4573 was massively toxic for these cells at very
low concentrations (MSTO-211H EC50 = 23 nM; NCI-
H2052 EC50 = 22.9 nM) (Supplementary Figure 8F, G)
and it showed a dramatic dose-dependent cell growth in-
hibition in both cell models tested (Figure 5H, I). This was
accompanied by the inability of the cells to actively enter-
ing mitosis with consequential increase of cell death (Fig-
ure 5J, K). Analysis of KAP1 target genes showed that

AZD4573 significantly affected their expression mimicking
KAP1-loss and suggesting that the lethal effects of these
drugs in MPM acts primarily through the inhibition of
KAP1 gene program (Figure 5L, M).

Model validation in a separate cohort of MPM patients

To validate these data in vivo, we analyzed two different
MPM patients’ datasets: 86 patients from the MPM-TCGA
project and a retrospective cohort of 97 consecutive MPMs
that underwent surgical resection in our Institution in the
past 10 years (MPM-RE). Flow-chart of the analyses is pro-
vided in Figure 6A. For the MPM-TCGA dataset, 15 pa-
tients were removed because of lack of follow up and 71
had expression profile eligible for the analysis. In the MPM-
RE cohort, the expression of KAP1 and its G2/M target
genes was investigated by digital profiling using a custom
panel (Supplementary Table 3). After quality check con-
trols and data normalization, 86 RNA samples provided
gene expression profile (GEP) eligible for further analyses
(Figure 6A). Clinical data of these patients are provided in
Table 1. Principal component analysis (PCA) showed that
the expression of KAP1 and its targets strongly separated
long- from short- term survivors (long-OS and short-OS) in
both patient cohorts (Figure 6B, C). In line with our in vitro
observations, KAP1 showed a significant positive correla-
tion with all the target genes investigated in MPM patients
in both groups (Figure 6D, E, Supplementary Figure 9A–
D). Next, we explored the association of these genes with
clinical aggressiveness evaluating their expression accord-
ing to patients’ overall survival (OS). Noticeably, the expres-
sion of KAP1 and of the majority of its targets was signifi-
cantly higher in short-OS as compared with long-OS both in
the MPM-TCGA (Figure 6F) and MPM-RE dataset (Fig-
ure 6G), confirming their association with aggressiveness
of MPM. Coherently, survival analysis demonstrated a sig-
nificant association with reduced survival probability (Fig-
ure 6H, I). In particular, 97.3% and 86.5% of the investi-
gated genes showed negative prognostic value in the MPM-
TCGA and MPM-RE dataset, respectively. KAP1 was con-
firmed as associated with reduced survival in both cohorts.
Also, we took advantage of the MPM-RE cohort to evalu-
ate the association of the remaining 17 essential genes iden-
tified by the genome-wide CRISPR/Cas9 screening with
patients’ survival. All these genes showed higher expres-
sion in high versus low OS, and 11 out of 17 genes were
confirmed as significantly associated with reduced survival
probability (Supplementary Figure 10A, B), therefore sup-
porting the validity of our screening. Overall, these data
confirmed in vivo that KAP1 and its associated gene pro-
gram are important determinants of MPM clinical aggres-
siveness and underlined their potential as prognostic mark-
ers in the clinical management of MPM patients.

DISCUSSION

Nowadays, MPM represents a major clinical challenge.
Being associated with asbestos exposure, its incidence is
steadily increasing in many industrialized countries and it
will soon become a relevant issue in many developing areas
where the use of this silicate derivate is still largely diffuse
(1–3).
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Figure 5. CDK9i phenocopied KAP1 loss, leading to dose-dependent MPM cell growth inhibition. (A) Visualization of KAP1, CDK9, RNA-PolII and
pSer2-RNA-PolII binding profiles on selected target genes with Integrative Genome Viewer (IGV). (B) ChIP analysis of KAP1 binding on its mitotic
target genes. Values are represented as percentage of input. Data are expressed as mean + SD and one representative experiment is reported. (C–E) Co-IP
experiments in MSTO-211H cells. IP and WB were conducted with the indicated antibodies. One representative experiment is reported; N = 3. (F) ChIP
analysis of RNA-PolII binding on KAP1 mitotic target gene promoters in siCTRL and siKAP1 MSTO-211H cells; (CD69 negative control). Values are
represented as percentage of input. Data are expressed as mean ± SD and one representative experiment is reported. (G) ChIP analysis showing pSer2-
RNA-PolII binding alongside the gene-body of AURKB in siCTRL and siKAP1 MSTO-211H cells; CD69 promoter is used as a negative control. Values
are represented as percentage of input. Data are expressed as mean ± SD and one representative experiment is reported. (H, I) Proliferation assays showing
the effect of the CDK9i AZD4573 at sublethal doses in MSTO-211H (H) and NCI-H2052 (I) cell lines. Proliferation rates were measured with Incucyte
S3 Live Cell Analysis (Sartorius). Data are expressed as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001; N = 3. (J, K) Distribution of mitotic
morphological features in 10 nM AZD4573 versus DMSO treated MSTO-211H (J) and NCI-H2052 (K) cells analyzed by immunofluorescence staining.
Inserts display representative immunofluorescence showing DAPI staining in 10 nM AZD4573 versus DMSO treated MSTO-211H and NCI-H2052 cells.
Pink arrows indicate mitotic nuclei while white arrows indicate apoptotic nuclei. (L, M) qRT-PCR analysis of a subset of KAP1 direct target genes in MPM
cell lines treated with DMSO or sublethal doses of AZD4573. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. KAP1 and its dependent gene program are prognostic marker in MPM patients. (A) Flowchart of the validation analysis in the MPM-TCGA
and MPM-RE cohort. FU: follow up. (B, C) PCA analysis of the distribution of long and short survivors (I and IV quartile) based on the expression of
KAP1 and its targets genes in both cohorts (FDR < 0.05). (D, E) Expression correlation matrix (Spearman test) within KAP1 and its mitotic target genes
in the MPM-TCGA (D) and MPM-RE (E) cohorts; *P < 0.05, **P < 0.01, ***P < 0.001. (F, G) Histogram representing the ratio of expression of the
indicated genes in short versus long survivors (I and IV quartile). *P < 0.05, **P < 0.01, ***P < 0.001 MPM-TCGA (F) and MPM-RE (G) datasets. (H,
I) Forest-Plot displaying the correlation of KAP1 and its target genes with reduced survival probability in MPM patients. The analysis in the MPM-RE
cohort (I) was corrected for surgery and chemotherapy treatment.
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Lack of markers for the early detection and limitations of
currently available therapeutic options are the reasons of the
massive mortality rate that characterizes this disease. These
shortcomings are the spontaneous consequence of the still
poorly characterized biology of these tumors. Indeed, de-
spite the relevant amount of information provided by the
recent omics studies in MPM, the events marking genesis
and evolution of this disease remain elusive and difficult to
be used for the development of new therapeutic opportuni-
ties.

Mutational profiling showed that differently from other
types of cancer, MPM is associated primarily to loss of func-
tion of tumor suppressor genes and phylogenetic tree topol-
ogy reveals extensive inter-patient and intra-patient hetero-
geneity failing to define evolutionary constrains that could
represent potential vulnerabilities (7,8,43,44).

Net of this complex biological framework, the therapeu-
tic options for MPM patients are still limited to surgery,
standard regimens of chemotherapy and more recently im-
munotherapy (5,45).

Taking a different perspective, here we employed a func-
tional approach combined with patients’ omics and clini-
cal data with the idea that perturbing the function of sin-
gle genes and monitoring the consequential effects could
provide information on new non-genetic vulnerabilities of
MPMs, overcoming the limitations of purely descriptive
profiling strategies. Indeed, we discovered a core of func-
tionally related MPM essential genes whose perturbation
impairs cell viability and whose expression in patients un-
derlines aggressive disease and reduced survival probabil-
ity. Not surprisingly, our data identified processes converg-
ing on chromatin organization and function as fundamen-
tal for the maintenance and progression of MPM cells. This
is in line with the consolidating hypothesis that alterations
in the epigenome are indeed major drivers of the asbestos-
induced carcinogenetic process in this disease and with the
evidence that major genetic alterations in MPM hit on chro-
matin regulators like BAP1, TP53, SETD2 and SETDB1
(5,7,8,12,46,47).

Among the core of 18 essential genes that were identified
in our analysis, we focused on KAP1 which expression pro-
foundly marked the distinction between long and short sur-
vivors in MPM patients associating with an ominous out-
come.

KAP1 (also known as TRIM28) is a multifunctional
chromatin reader that works either as structural or func-
tional element within multiprotein complexes catalyz-
ing both positive and negative transcriptional regulation
(14,15,18,19,48–50). Consistent with its pivotal role in chro-
matin functions, KAP1 has been described as overexpressed
in different types of cancer and preferentially but not ex-
clusively associated with aggressiveness and poor progno-
sis. Mechanistically, KAP1 has been linked to many dif-
ferent biological processes, including silencing of oncosup-
pressors, DNA damage response, epithelial to mesenchymal
transition and pluripotency regulation (14). Still, in virtue
of such complexity, KAP1 molecular function in cancer re-
mains elusive. Likely, its polyhedric functions are differen-
tially declined according to cell-specific and time-specific
cancer needs. According to the DEPMAP data, the depen-

dency from KAP1 is not restricted to MPM, since cell lines
from different tumor settings showed to rely on this fac-
tor for survival (Supplementary Figure S4A). We used pub-
licly available datasets to define the existence of a common
genetic signature that could explain the dependency from
KAP1 both across cancer and within the MPM dataset, but
we were not able to define any significant correlation. As
such we cannot exclude that KAP1 may be a vulnerability
only in specific subsets of MPM patients. Indeed, even if
we did not observe significant correlation with the BAP1
mutation in the DEPMAP MPM cell lines dataset we ac-
knowledge as a limitation of this study the fact that all the
experiments were conducted in two cell lines that are not
BAP1 mutated.

In the specific context of MPM, we discovered a previ-
ously unknown and unexpected function of KAP1 in cell
cycle regulation. In absence of KAP1, MPM cells are im-
paired in carrying on mitosis dying in consequence of the
prolonged block, explaining the essentiality of this factor
for MPM cells’ expansion.

Acting as transcriptional activator, KAP1 is required for
proficient G2/M transition and mitosis execution, being re-
sponsible for the expression of a core of genes governing
this peculiar phase of the cell cycle. We demonstrated for
the first time that KAP1 binds to G2/M gene promoters at
the level of TSS and the CHR motif, in correspondence of
CDK9 and RNA-PolII binding sites. We showed that KAP1
interacts, together with CDK9 and RNA-PolII with the
MuvB complex in its transcriptionally active form. We re-
port that, in absence of KAP1 the RNA-PolII is dislocated
from the G2/M gene promoters and its actively elongat-
ing form (pSer2-RNA-PolII) reduced along the gene body.
Consequentially, the expression of major mitotic players in-
cluding AURKA and AURKB is dramatically reduced in
absence of KAP1 producing massive consequences on chro-
mosome condensation, alignment and segregation. At last,
in absence of KAP1, MPM cells are unable to carry on mito-
sis dying in consequence of the prolonged block, explaining
essentiality of this factor for MPM cells’ expansion (graph-
ical abstract).

In accordance with its dual function in transcription, our
gene expression profiling data showed that KAP1 KO lead
to a comparable number of upregulated and downregulated
genes. The overall log2 fold change for both list of genes
was quite low, consistently with previous evidence report-
ing small effects of KAP1 loss on the human transcriptome
(51). In spite of this, our experiments demonstrated that the
transcriptional effect of KAP1 KD is biologically relevant.
We hypothesize that KAP1 acts not just as a trigger of spe-
cific genes, but as a coordinator of entire gene programs that
sustain specific biological functions. As such, the simultane-
ous perturbation of the entire program by KAP1 KD results
in a biological relevant effect even if the single genes are only
modestly affected.

Cancer evolution requires rapid and efficient adaptation
of the transcriptional programs in response to multiple
cell-intrinsic and extrinsic stimuli (52). Precise regulation
of RNA-PolII activity including recruitment, pausing and
pause release on specific genes guarantee this plasticity and
the functional efficiency of cancer cells (53,54).
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Bacon et al. recently showed that in the landscape of
RNA-PolII controllers, KAP1 plays a very unique function
being able to control and integrate both steps of RNA-PolII
cycle: initiation and elongation. As suggested by the Au-
thors, this KAP1-centered mechanism is commonly used by
cancer cells to time the activation of cancer supportive path-
ways and activate transcriptional programs in response to
specific conditions (19). Our data fit coherently within this
model.

In the ability of KAP1 to prime RNA-PolII into ac-
tive elongation, CDK9 has been shown to play a pivotal
role. For its centrality into the dynamics of gene expression,
CDK9 has been regarded as a promising target for new an-
ticancer drugs. Indeed, several inhibitors have been devel-
oped and tested in a variety of hematological cancers and
solid tumors in preclinical and clinical settings (19,52–56).

We hypothesized that hitting KAP1 function through
the inhibition of its functional partner CDK9 could rep-
resent a possible therapeutic strategy in MPM. Indeed, we
showed that both pan-CDKi and specific CDK9i are dra-
matically lethal for MPM cells even at very low concentra-
tions. Even if very preliminary, this evidence lay the basis for
the employment of these compounds in the clinical man-
agement of MPMs, setting an example of how functional
screening may result more effective than purely descriptive
omics profiling in the definition of new therapies in orphan
diseases.

One of the major strengths of our analysis is the inte-
gration of functional data with patients profiling and clin-
ical information. We used data from the MPM dataset of
TCGA to filter gene candidates from the functional screen-
ing pointing on factors associated with disease aggressive-
ness in real life. Then we used an independent cohort of pa-
tients to validate our observations and the developed model,
linking basic biology to clinical application.

Even if several valuable biomolecular tools (57,58) to im-
prove risk-based stratification of MPM-patients have been
recently described, our results identify KAP1 and its target
genes candidate to become potential tools in the prognosti-
cation of disease aggressiveness helping clinicians to tailor
patients’ management according to real needs.

In conclusion, through an integrated approach we dis-
covered KAP1 as a new non-genetic vulnerability in MPM,
showing that its centrality in this setting is linked to a previ-
ously unknown function of this factor in setting the timing
of G2/M gene expression. These data not only represent a
significant advance in the knowledge of the molecular basis
of MPM, but provide a solid proof of principle for the de-
velopment of new prognostic tools and for the introduction
of new drugs in the management of this disease.
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