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Somatic inactivation of p53 (7'P53) mainly occurs as missense mutations
that lead to the acquisition of neomorphic mutant protein forms. p53
mutants have been postulated to exert gain-of-function (GOF) effects,
including promotion of metastasis and drug tolerance, which generally con-
tribute to the acquisition of the lethal phenotype. Here, by integrating a
p33R?7M_dependent transcriptomic analysis with chromatin accessibility
(ATAC-seq) profiling, we shed light on the molecular basis of a p53
mutant-dependent drug-tolerant phenotype in pancreatic cancer. p53%27°H
finely tunes chromatin accessibility in specific genomic loci, orchestrating a
transcriptional programme that participates in phenotypic evolution of the
cancer. We specifically focused on the p53%*°H._dependent regulation of
the tyrosine kinase receptor macrophage-stimulating protein receptor
(MSTl1r). MSTlr deregulation substantially impinged on drug response in
the experimental model, recapitulating the p53%*’*"-dependent phenotype,
and strongly correlated with p53 mutant and aggressive phenotype in pan-
creatic cancer patients. As cellular plasticity in the final stages of the evolu-
tion of pancreatic cancer seems to predominantly originate from epigenetic
mechanisms, we propose that mutant p53 participates in the acquisition of
a lethal phenotype by fine-tuning the chromatin landscape.

1. Introduction

a high degree of context dependency [2,3]; for example,

TP53 gene encodes for the crucial tumour suppressor
transcriptional factor p53. While p53 is virtually
mutated in every second human cancer, the progres-
sion of certain tumour types, including pancreatic duc-
tal adenocarcinoma (PDAC), specifically relies on
genetic alteration in TP53 gene [1]. These mutations
often generate neomorphic forms of p53 protein,
whose gain-of-function (GOF) effects seem to display

Abbreviations

in different gut microbiome environment p53%!"?H can
exert tumour suppressive or oncogenic functions [4,5].
Several mechanisms have been suggested to explain
mutant p53 GOF: these include interaction with p53
family members [6,7], alteration in the activity of wild-
type p53 partner transcriptional factors [8-10] and
acquisition of novel binding partners [11]. Perturbation
of the physiological signalling probably underlies part
of the mutant p53-dependent phenotype, but a general

ATAC, assay for transposase-accessible chromatin; ChlP, chromatin immunoprecipitation; DMEM, Dulbecco’'s modified Eagle’'s medium;
ECL, enhanced chemiluminescence; EMEM, Eagle’'s Minimal Essential Medium; Gem, gemcitabine; GOF, gain of function; GSEA, gene set
enrichment analysis; KPCp53mut, pdx1-CRE: LSL-KRASG12D,;p53mut, MSP1, MST1, macrophage-stimulating protein 1; MST1r,
macrophage-stimulating protein receptor; PDAC, pancreatic ductal adenocarcinoma; PE42, paired-end 42-bp sequencing reads; PFS,
progression-free survival; Sr.p1, Srebp1; TCGA, The Cancer Genome Atlas; wt, wild-type.
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consensus on whether mutant p53 GOF is mediated
by alteration in specific molecular pathways or to less
selective perturbations has not been achieved.

PDAC is among the most lethal disease, with a
S-year survival rate lower than 10% [12]. A model of
genetic progression of pancreatic carcinogenesis defines
how the disease can advance from a premalignant
lesion to form an infiltrating cancer [13]. The progres-
sion arises from low-grade dysplasia carrying KRAS
mutation to high-grade invasive carcinomas, when also
TP53 mutations have occurred, with intermediate
stages involving inactivation of CDKN2A and
SMAD4 [14]. Although this genetic model helps in
defining key events in the progression of the disease, it
fails to fully explain the evolution of metastatic and
drug-tolerant subclones [15]. Thus, potential pheno-
typic evolution with an epigenetic basis could contrib-
ute to the more advanced stages of tumorigenesis.

Here, we report the integration of a p353R*70M.
dependent transcriptomic (RNA-seq) analysis with
chromatin accessibility (ATAC-seq) profiling of pan-
creatic cancer cells derived from the pdx/-CRE: LSL-
KRASC!?P.p53mt (KPCP3™1) mouse models. Our
data demonstrate the ability of mutant p53 to finely
tune chromatin accessibility in specific genomic loci,
thus promoting a drug-tolerant phenotype. We partic-
ularly focused on the p53%?7°H.dependent regulation
of the tyrosine kinase receptor, MST1r. The p53R*7°H;
MSTIr axis appears to crucially impinge on the drug
tolerance phenotype of KPC cells and strongly corre-
late to PDAC patient prognosis. Thus, our data shed
light on the ability of mutant p53 GOF to impinge on
cancer chromatin landscape, thus orchestrating with
extrinsic stressor acquisition of phenotypic plasticity at
later stages of cancer progression.

2. Materials and methods

2.1. Cell culture and transfection

Pancreatic cancer cell lines from mouse models
(KPC270 and KPC172)* were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Waltham,
MA, USA), and human (PANCI1 and HPAFII) pancre-
atic cancer cell lines were cultured in DMEM (Gibco)
and Eagle’s Minimal Essential Medium (EMEM)
(Gibco). Each medium was further supplemented with
10% (FBS, Gibco) and penicillin/streptomycin
(2 unitsmL™") (Gibco), and the cell lines were main-
tained at 37 °C under 5% CO2. PANCI and HPAFII
were purchased from ATCC. KPCR?"%H and KpCR!72H
were donated by Jennifer Morton. siRNA transfection
was performed using Lipofectamine RNAIMAX
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(Invitrogen, Waltham, MA, USA) with 60 nm Silencer
Select Predesigned trp53 (Ambion, siRNA ID s75472,
Waltham, MA, USA), 50 nm Silencer Select Prede-
signed human tp53 (Ambion, siRNA ID s607), Mstlr
(Mm_Mstlr_3 FlexiTube siRNA, Qiagen siRNA ID
S101319213, Diisseldorf, Germany) and Silencer Select
Negative Control No. 1 siRNA (Ambion).

2.2. ATAC-seq and RNA-seq

For ATAC-seq, KPCR?M cells were enzymatically
detached using trypsin and 100 000 cells were centri-
fuged at 500 x g at 4 °C. The pellet was resuspended
in 500 pL of ice-cold cryopreservation solution — 50%
FBS, 40% growth media and 10% DMSO and
shipped to active motif to perform RNA-seq and bio-
informatic analyses. The paired-end 42-bp sequencing
reads (PE42) generated by Illumina sequencing (using
NextSeq 500) were mapped to the genome using the
BWA algorithm with default settings. Alignment infor-
mation for each read was stored in the BAM format.
Only reads that pass Illumina’s purity filter, align with
no more than 2 mismatches and map uniquely to the
genome were used in the subsequent analysis. Genomic
regions with high levels of transposition/tagging events
were determined using the MACS2 peak-calling algo-
rithm. Since both reads (tags) from paired-end
sequencing represent transposition events, both reads
were used for peak-calling but treated a single, inde-
pendent read. To identify the density of transposition
events along the genome, the genome was divided into
32-bp bins and the number of fragments in each bin
was determined. For this purpose, reads were extended
to 200 bp, which is close to the average length of the
sequenced library inserts. This information (‘signal
map’; histogram of fragment densities) was stored in a
bigWig file. The BAM and bigwig files were visualized
using UCSC Genome Browser (http://genome.ucsc.
edu/index.html), Integrated Genome Browser (http://
bioviz.org) and Integrative Genomics Viewer (http://
www.broadinstitute.org/igv/). To identify what tran-
scription factor binding motifs were present at those
sites, a HOMER-based analysis of transcription factor
binding motifs was performed.

For the RNA-seq, the RNA was extracted as
described below and shipped to Active Motif to per-
form RNA-seq and bioinformatic analyses.

2.3. Immunoblot analysis

After 48 h of silencing, KPCR*""! were treated with
10 nm and 100 nm of gemcitabine hydrochloride
(Sigma, cat. no. G6423-10MG, Burlington, MA, USA)
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and were collected after 10, 16 and 24 h of treatment.
Cells were extracted in RIPA buffer (50 mm Tris/HCI,
pH=7,5; 0,5% NP-40; 250 mm NaCl; 1 mm EDTA;
0.5% sodium deoxycholate; 0.1% SDS; and 50 mm
NaF) supplemented with Protease Inhibitor Cocktails
(cOmplete, Mini, EDTA-free, Sigma) and sodium
orthovanadate as phosphatase inhibitor. The protein
concentrations were estimated by Bradford protein
assay (Bio-Rad, Hercules, CA, USA), and the samples
were treated with Laemmli sample loading buffer (Bio-
Rad), boiled, and subjected to SDS/PAGE and electro-
transferred to polyvinylidene fluoride membranes. The
membranes were blocked with 10% nonfat dry milk in
PBS and 0.1% Tween-20 (PBS-T buffer) and incubated
overnight at 4°C using the following primary anti-
bodies: caspase-3 (1 : 1000), PARP1 (1 : 1000) and
GAPDH (1 : 10000) from Cell Signaling Technology,
p53 (1 : 1000, cat. no. P53-CM5P-L) from Leica and
mstlr polyclonal antibody (1 : 1000, cat. no. PAS5-
71878) from Life Technologies, followed by horseradish
peroxidase-conjugated secondary antibodies (Bio-Rad).
Immunoblots were developed using enhanced chemilu-
minescence (ECL) reagents (Bio-Rad) and imaged using
a UVITEC imaging system. The original full scans are
provided in Fig. S6, Fig. S7.

2.4. Chromatin immunoprecipitation (ChIP)

ChIP assay was performed using 1% formaldehyde for
10 min to cross-link the proteins to the DNA, except
for BRG1 ChIP where the cross-linking was carried out
for 30 min. The reaction was quenched with 0.125 m
glycine. Then, the immunoprecipitation was conducted
using Dynabeads Protein G (Invitrogen, cat. no.
10004D). The cross-link was then reversed with Protein-
ase K (20 mg~mL’1, Thermo Scientific, Waltham, MA,
USA) and 0.1 mg-mL~' RNase A (Thermo Scientific).
The DNA was purified by QIAquick PCR Kit (Qiagen)
and measured using real-time quantitative PCR. The
following antibodies were used: anti-p53 (Leica, cat. no.
P53-CM5P-L), anti-H2A.Z (Millipore, ABE1348), anti-
BRG1 (Abcam, ab110641) and mouse/rabbit IgG iso-
type control (Invitrogen, cat. no. 10400C/10500C).

2.5. RNA extraction, reverse transcription and
real-time gqPCR analysis

RNA was extracted using RNeasy Mini Kit (Qiagen)
according to the manufacturers’ protocols and reverse-
transcribed into cDNA utilizing SensiFAST cDNA
Synthesis Kit (Meridian Bioscience, BIO-65054). RT-
gPCR was performed with Fast SYBR Green PCR
Master Mix (Applied Biosystems) and Quant Studio 5
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System (Applied Biosystems). To calculate the relative
RNA expression levels, TBP mRNA was used as a
normalizer. The primers used for real-time qPCR are
reported in Table SI.

2.6. Live-cell imaging analysis

Caspase activation was evaluated using IncuCyte®
Live-Cell Analysis Systems. The cells were transfected
with siRNA and, 24 h later, seeded into a 96-well
plate. The day after, gemcitabine (at the specific con-
traction indicated in the figure legends) and IncuCyte®
Caspase-3/7 Green Dye for Apoptosis (Sartorius, cat.
no. 4440) at 2,5 uM were added. The cells were placed
into the IncuCyte® Live-Cell Analysis System to mon-
itor apoptosis every 3 h. The analysis was effectuated
with NcucyTE Basic Analysis Software. The system
generates a graph calculating the green area normal-
ized by division with the phase area confluence.

2.7. Bioinformatic analyses

The data used for the Kaplan—Meier survival analysis
were acquired from PanCancer Atlas, The Cancer
Genome Atlas (TCGA) data set study. The whole
patient cohort was divided into two groups based on
the p53 status (mutated or not mutated). Instead of
the pie plot analysis, the data were collected from dif-
ferent cBioPortal Pancreatic data set studies (TCGA,
PanCancer Atlas; UTSW, Nature Commun 2015;
QCMG, Nature 2016; ICGC, Nature 2012), the
genetic alterations were extrapolated, and the pie plot
was realized. Then, the mstlr mRNA expression was
correlated with p53 status of PDAC patients through
cBioPortal (https://www.cbioportal.org/). For the over-
all survival of MSTIr expression, the patient cohort
was divided into patients with higher and lower mstlr
mRNA levels (based on the median cut-off).

From ChIP-Atlas (http://chip- atlas.org/peak_brow-
ser), Chip-seq data were examined and Integrative
Genomics Viewer (http://www.broadinstitute.org/igv/)
was used to visualize peaks. Through obtained data on
mstlr gene, the primers for ChIP assay were designed
(listed in Table S1), based on peaks binding for
NFYA (Chip-seq id = SRX032491), Srebfl (Chip-seq
id = SRX1650053), Ets2 (Chip-seq id = SRX3730274)
and trp63 (Chip-seq id = SRX3205488), using UCSC
Genome Browser (http://genome.ucsc.edu/index.html).

2.8. Cell cycle analysis

After transfections, cells were treated with gemcitabine
at 10 and 100 nm concentrations. The cells were fixed in
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an equal volume of PBS 1x and methanol/acetone (4 : 1
(v/v) solution) overnight at 4 °C and incubated with
13 kunitz units solution of RNase (DNase free) at
37 °C for 15 min. Finally, cells were labelled with
100 mg-mL ™" of propidium iodide (P4170, Sigma) over-
night at 4 °C in the dark. After one wash, cells were
acquired using a CytoFLEX LX (Beckman Coulter,
Brea, CA, USA) and analysed by CYTEXPERT software
(Beckman Coulter).

2.9. Statistics

The experiments were analysed using GRAPHPAD Prism
9.0 (GrAPHPAD Software Inc.). All results are expressed
as the mean + SEM or SD. RT-qPCR data were ana-
lysed by the rtest (*P <0.05 **P<0.01 and
*¥*%pP < 0.001). For ATAC-seq and RNA-seq, raw-
Log2FC, shrunkenLog2FC and adjusted P-value were
used as statistical analysis.

The Mantel-Cox test was applied to the Kaplan—
Meier approach to determine the significance of
progress-free survival and overall survival between dif-
ferent patients.

All the experiments were performed with at least
two biological repeats.

3. Results and discussion

3.1. p53 mutations confer drug tolerance to
standard chemotherapy in pancreatic
adenocarcinoma

p53 is highly mutated across the largest majority of
human cancers, and this often correlates with unfa-
vourable prognosis and therapy resistance. PDAC is
within the tumours with the highest rate of TP53
mutations, exceeding the overall average threshold of
50% of the cases (Fig. 1A). Analysis of PDAC
patients from the TCGA PanCancer Atlas confirmed
that TP53-mutated status correlates with unfavourable
prognosis (Fig. 1B), but more importantly indicated
that dysfunctional TP53 alleles correlate with a signifi-
cantly lower probability of progression-free survival
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(PFS) (Fig. 1C). As PFS is a measurement of treat-
ment effectiveness (NCI definition), this is suggestive
of a predictive role for TP53 inactivation in the thera-
peutic response of PDAC patients.

80% of the TP53-inactivating events is observed as
missense mutations underlying expression of neo-
morphic gain-of-function mutants [3]; more specifically,
the largest majority of mutations generally impinge on
arginine 273 (R273) or 175 (R175) and 248 (R248)
(Fig. 1D, Fig. S1A). Hence, we selected pancreatic ade-
nocarcinoma cell lines derived from pdxI-CRE mouse
models with pancreas-specific expression of oncogenic
KRAS (LSL-KRAS®"??) and p53%*°"  mutation
(homologue of human R273H) or p53%!'7*" mutation
(homologue of human R175H), hereafter referred to as
KPCRYH or KPCR72H cells. In agreement with our
clinical analysis, p53%27°" conferred resistance to stan-
dard gemcitabine treatment in KPCR?"°" cells. A mod-
est time-dependent increase in apoptotic caspase
activation (caspase-3/7) was observed in gemcitabine-
treated KPCR?°H  cells, which was significantly
enhanced upon p53%?7°" silencing (Fig. 1E-G, Fig SIB-
D). A similar trend was observed in the mouse
KPCR'H cells (carrying p53R'7*") and the human
PANCI (carrying p53%?*7*") and HPAF 1II (carrying
p53P1515) cell lines (Fig. SIE,G). Consistently with the
in vivo live-cell imaging results, western blot analyses
confirmed enhanced apoptosis in p53R%?7°H._depleted
KPC cells following gemcitabine treatment, as assessed
by caspase-3 and PARPI cleavage (Fig. 1H). Gemcita-
bine alone or as a basic agent in combination with
Abraxane (nab-paclitaxel) is a first-line treatment for
PDAC patients, although often therapy resistance
emerges leading to fatal outcome [16]. Hence, our data
indicate that KPCR*°M cells display a p53%*70H.
dependent drug-tolerant phenotype that experimentally
recapitulates in vitro the clinical scenario.

3.2. p53 mutant finely tunes chromatin landscape
to dictate a therapy resistance transcriptional
programme to pancreatic cancer cells

GOF of p53 mutants has been for long postulated,
while understanding of the underlying molecular

Fig. 1. pb3 mutants confer drug tolerance to pancreatic cancer. (A) Oncoprint plot reports TP53 status in a meta-analysis of 5 PDAC patient
data sets (including QCMG, TCGA and ICGC). n = 1034. Source cbioportal.org. (B,C) Overall (B) and progression-free (C) survival of p53
mutated/not mutated cohorts in the PDAC group of the TCGA PanCancer. n = 165. (D) Distribution of the most frequent TP53 missense
mutations in the PDAC cohorts of the TCGA. (E,F) mRNA and protein level of p53727°" following silencing in KPC?7° pancreatic cancer cells
(SEM; t-test, P-value < 0.0001). (G) In vivo live-cell imaging analysis by IncuCyte platform to measure cell growth (phase contrast) and caspase-
3/7 activation (fluorescent green area) in KPCR?7° cells following p53727°H silencing and gemcitabine (Gem.) treatment. Microscopy images are
representative of 72-h time point. Scale bar indicates 200 microns. (H) Western blot analysis for PARP1 and caspase-3 cleavage following
p53727% silencing and gemcitabine treatment in KPC27° cells. The illustrated data in e-h are representative of three biological repeats.
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mechanisms has not reached a very general consensus
yet [2,17]. To gain specific insights into the p53%*7°H.
dependent gemcitabine resistance of our KPC cell
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model, we performed an RNA-seq-based transcrip-
tional profile following p53R%*"°" silencing. Approxi-
mately 3000 mRNA values were differentially
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expressed, with both the upregulated and downregu-
lated groups equally represented and distributed
(Fig. 2A-C, Fig. S2A,B and Table S1). In keeping
with the therapy resistance phenotype, gene set enrich-
ment analysis (GSEA) indicated ‘Drug Metabolism’
and ‘Metabolism of Xenobiotics’ among the top
enriched pathways represented in the differentially
expressed genes (Fig. 2D). Thus, a direct relationship
between phenotype and transcriptional changes clearly
emerged in our experimental model. We next corrobo-
rated the transcriptional profile with an assay for
transposase-accessible chromatin (ATAC)-seq to deter-
mine the changes in the chromatin accessibility associ-
ated with p353R?"°" expression. Approximately 1300
chromatin loci displayed altered chromatin accessibil-
ity upon p53%*"°" silencing. Also in this case, gains
and losses of accessibility were equally represented and
distributed (Fig. 2E, Fig. S3 and Table S1). The
p53R?7%M _dependent remodelling of the chromatin
landscape appeared to finely tune accessibility of site-
specific loci (Fig. 2F and Fig. S2). Although this is the
first p53 mutant-dependent ATAC-seq profiling, these
data are in full agreement with the previous reports
describing site-specific capability of p53 R273H/
R270H to modulate the activity of SWI/SNF chroma-
tin remodelling complex [8,18] and COMPASS com-
plex [19] and influence chromatin conformation.

We next integrated the RNA-seq with the ATAC-
seq results and identified approximately 500 chromatin
sites, where an alteration in the accessibility was com-
patible with changes in the expression of genes in the
close proximity (Fig. 2G,H). Interestingly, consensus
motif analysis identified binding sequences for tran-
scriptional factors that are known p53 mutant interac-
tors, such as ETS, p53 family members [17] (Fig. 2I).
Hence, our data indicate that at least in part mutant
p53 GOF seems to co-opt site-specific chromatin regu-
lations to alter gene expression and cellular phenotype.
A selection of genes, whose expression resulted altered
by p353R*%M_dependent chromatin regulation, was
tested by RT-qPCR to validate the RNA-seq data;
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some of these appeared to be possibly involved in the
PDAC chemoresistance phenotype (Fig. 2J).

3.3. p53 mutants regulate MST1r expression
conferring gemcitabine resistance to pancreatic
cancer cells

The expression of p53%*7°M dictates a specific gene
expression programme (Fig. 2), which include many
candidate genes for the regulation of gemcitabine resis-
tance. Among these, the macrophage-stimulating pro-
tein 1 receptor, MSTlr, resulted was positively
regulated by both p53%*°H and p33R'72H ) a5 ps3
silencing appeared to affect its expression level in
KPCR?7M and KPCR'7?H cells (Fig. 3A).

MSTIr is a candidate target for novel anticancer
therapeutic approaches; it functions as a tyrosine
kinase receptor of the macrophage-stimulating protein
1 (MSP1), and MSPI-MSTIr signalling has been
proven to control survival, invasion and chemoresis-
tance of many cancer types. A fraction of cancers,
including PDAC, display mutations in MSTI1r gene;
alternatively, upregulation of MSTIr can underlie
hyperactivation of this receptor in cancer cells, leading
to protumorigenic phenotype [20]. Consistently, over-
expression or deletion of MSTIr in KRAS-driven
mouse pancreatic cancer model affects the develop-
ment and progression of PDAC phenotype, influencing
the immune infiltrate [21]. Although MSTIr has
attracted increasing attention in the past decade,
molecular bases for its pathological upregulation are
currently unknown.

MSTIr mRNA level was downregulated upon p53
silencing (Fig. 3A); this downregulation substantially
affected the protein level (Fig. 3B,C). Overexpression
of MSTIr in PDAC mouse models was associated with
upregulation of its ligand [21]; we therefore also mea-
sured the level of MSPI1, whose expression did not
appear, however, to be significantly influenced by
p53R27M (Fig. S4A) nor substantially expressed at the
background (Ct > 31). Hence, this suggested that the

Fig. 2. p53"27°%" regulates transcriptional programme by finely tuning chromatin accessibility. (A-C) RNA-seq (n = 3) following p5

3R27OH

silencing in KPCR27" cells identified approximately 3000 differentially expressed genes. (D) Gene set enrichment analysis indicated ‘Drug
Metabolism’ and ‘Metabolism of xenobiotics’ among the top enriched pathways. (E,F) ATAC-seq (n = 2) identified more than 1700 genomic
sites, whose accessibility is influenced by p53™27°H expression in KPCR27 cells. (G,H) RNA-seq and ATAC-seq results display a significant
overlap between genes differentially regulated and genomic sites whose accessibility is altered by p53™27°". () Motif analysis of the
consensus sequences for transcriptional factors, which are known interactors of p53727°". (J) RT-gPCR analysis for the validation of the
differentially expressed genes identified by RNA-seq. The reported threshold divides the genes into two groups: p53°27°"ypregulated
genes (red area) and p53727°"-downregulated genes (blue area). Histograms report an average of three independent biological replicates +/—
SD. The ttest was used, and P-values were calculated (not significant (ns) P> 0.05 *P <0.05 **P<0.01, ***P<0.001 and
*Hkk D < (0.0001.
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Fig. 3. p537"27%"/MST1r axis confers drug tolerance to pancreatic cancer. (A-C) RT-gPCR (n = 2) and western blot display mRNA or protein
level of MST1r following p53727°" or p53R172H sjlencing in KPC cells. Bars indicate SD. Experiments were repeated at least three times.
A ttest was calculated (P-value < 0.05). (D) ChIP-seq profile of histone post-translational modifications, transcriptional factor (TF) binding and
ATAC-seq in the genomic region of mouse MST1r. (E-G) ChlP-gPCRs report p53727°" binding (E), H2AZ content (F) or Brg1 binding (G) in
the region corresponding to p63, ETS2 and Srepb1 (Sr.p1) binding (from panel (D) in KPC™27".untreated cells (E) or following p53727°H
silencing (F and G). E and F report representative replicates of at least three independent biological replicates (bars indicate SD of technical
replicates), G reports an average of fold over control of two independent biological replicates (bars indicate SE of biological replicates), two-
way ANOVA test was used, P-values: * P < 0,05 and ** P < 0.01. (H,l) /n vivo live-cell imaging analysis by IncuCyte platform measured cell
growth (phase contrast) and caspase-3/7 activation (fluorescent green area) in KPC™27°" cells following MST1r silencing and gemcitabine

(Gem) treatment. Scale bar indicates 200 microns. The data show a representative experiment of two biological replicates.

MSTIr expression is the main mechanism of regula-
tion that p53 mutant mediates on this signalling.
Analysis of ChIP-seq data indicated the presence of
multiple binding sites between promoter and intron 1
of MSTIr gene locus for transcriptional factors inter-
acting with mutant p53 (Fig. 3D), such as p63, ETS2,
NY-F and Srebp (reviewed in Pilley et al. [3]). The
area appeared rich in permissive post-translational his-
tone marks, such as H3K4me3 (trimethylations of
lysine 4 of histone 3), H3K27Ac (acetylation of lysine
27 of histone 3) and H4Ac (acetylation of histone 4),
confirming the regulatory nature of these genomic
regions (Fig. 3D). Remarkably, the changes in the
chromatin accessibility profile following p53%*7°H
silencing (ATAC-seq) were highly aligned to the posi-
tion of p63, NF-Y, ETS2 and Srebp binding picks
(Fig. 3D), thus suggesting a causative relationship for
p53R27%M binding to these sites and the chromatin con-
formation. Hence, to experimentally prove this rela-
tionship we first assessed p353R%?"°" binding by ChIP
on endogenous p53 mutant in KPCR?*"°" cells. qPCR
detected the presence of p53R%%°" on the area corre-
sponding to p63, NF-Y, ETS 2 and Srebp binding
(Fig. 3E); specificity of p53 ChIP was confirmed by
lack of p53 enrichment in p53" cells, KPIC
(Fig. S4B). Next, we validated the ability of p53R*7°H
to alter chromatin conformation by assessing the con-
tent of the H2 isoform H2AZ as a marker of different
nucleosome positioning. H2AZ ChIP indicated sub-
stantial changes to chromatin organization in the areas
where p63, NF-Y, ETS 2 and Srebp binding was
expected (Fig. 3F). In addition, the binding of Brgl,
an ATPase subunit of the SWI/SNF chromatin remo-
delling complex, to these specific loci appeared to be
influenced by p53%27° expression (Fig. 3G), consistent
with the previously reported implication of SWI/SNF
in p53 mutant GOF effect [8,18]. Overall, our data
demonstrate that p53%%7°" regulates MSTIr, binds its
gene regulatory regions and alters the chromatin land-
scape. These data validated the results of our ATAC-
seq and RNA-seq profiles, highlighting the

contribution of the epigenetic regulations as underlying
mechanisms of p53 mutant GOF.

Altered response to drugs appeared as a signature of
p53R27M _dependent transcriptome (Fig. 2); consis-
tently, p53 mutants affect drug response in vitro and in
patients (Fig. 1). Hence, we investigated the effect of
MSTIr expression on the KPCR*"M cell response to
gemcitabine. Silencing of MSTIr substantially affected
the response of KPC cells to gemcitabine, leading to a
massive increase in caspase-3/7 activation in live-cell
imaging experiments (Fig. 3H,I). This result strongly
recapitulated the p53%%7°" effect on KPC cell response
to gemcitabine, thus suggesting that the p53%*7°H/
MSTIr axis is representative of the molecular underly-
ing mechanisms of the p53%*’*"-dependent chromatin
landscape/transcriptome responsible for the drug-
tolerant phenotype.

3.4. MIST1r expression correlates with p53 status
and pancreatic cancer prognosis

To verify whether the p53%?7°"/MSTIr axis identified
in an experimental model of pancreatic cancer was
conserved in human cancers, we analysed a clinical
cohort of PDAC patients including genomic and tran-
scriptomic data. Firstly, we detected genetic alterations
in MSTI1r genes in a small fraction of the patients.
Remarkably, although p53 mutation was highly repre-
sented in the cohort, mutually exclusivity emerged with
MSTIr genetic alterations (Fig. 4A), indicating that
p53 mutations relieve selective pressure for MSTIr
mutations, in agreement with our data that support a
mechanism for enhanced gene transcription of MSTIr
when p53 is mutated. The relationship between MST1r
gene expression and p53 mutant was further proved by
the higher level of MSTIr mRNA in the cohort of
patients carrying mutations in p53 compared with the
p53 wild-type (wt) cohort (Fig. 4B). A similar trend
was confirmed for a subgroup of genes from the vali-
dation of our RNA-seq analysis in Fig. 2J (Fig. S5).
Moreover, MSTI1r high expression seemed to define
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Fig. 4. MST1r has a prognostic value and correlates with p53 status in human pancreatic cancer. (A) Oncoprint plot reports TP53 and
MST1r mutational status in a meta-analysis of 5 PDAC patient data sets (including QCMG, TCGA and ICGC). N = 960. Source cbioportal.org.
(B) Expression level of MST1r in p53 mutant (missense or deletion) and p53 wt cohorts of PDAC patients from TCGA data set. (C)
Expression level of MST1r in different subtypes of PDAC. (D) Overall survival of MST1r high/low cohorts of patients from TCGA data set.
(E) Chromatin accessibility on MST1r genomic site (ATAC-seq) of PDAC patients (GSE124229) stratified for the recurrence status. (F,G)
Quantification of peak width in PDAC patients with recurrence (R) and no recurrence (N-R). All peaks are reported in (F); peaks 1, 2 and 3
are reported individually in (G). The illustrated data (B, C, F and G) report a dot for each individual patient + SEM. The P-value was calculated
using the one-way ANOVA test (B,C) (*P < 0.05 and ****P < 0.0001) or the t-test (F,G).

specific subtypes of PDAC, such as ‘progenitor’ and
‘classical’ (Fig. 4C) and expression of MSTIr stratified
the patients in two well-defined cohorts with different
prognoses. In keeping with the suggested role in drug
tolerance, a high level of MSTIr correlates with a sig-
nificantly lower survival expectation in PDAC patients
(Fig. 4D). Finally, we correlated accessibility of
MST Ir chromatin locus with PDAC recurrence analys-
ing chromatin accessibility profiles in a cohort of sur-
gically resected PDAC (ATAC-seq data set
GSE124229 [22]). Wider chromatin accessibility of
MSTIr locus was observed in samples from patients
whose disease relapsed postsurgery (Fig. 4E-G), con-
firming our data regarding the importance of this epi-
genetic regulation in human disease settings. Hence,
this latter set of data supports clinical relevance for
MSTIr in pancreatic cancer progression and supports
the relevance of p53%*°M/MSTIr axis. Overall, our
data indicate that a p53 mutant-mediated mechanism
of chromatin remodelling leads to deregulation of gene
expression, including genes such as MSTlr, that plays
substantial role in therapy resistance and PDAC
prognosis.

4. Conclusions

The mechanisms underlying p53 mutant GOF are still
largely debated, although recent evidence indicates a
direct contribution of epigenetic and chromatin regula-
tions [2]. Our data report the first p53 mutant-
dependent chromatin accessibility profile and suggest
an alteration in chromatin state as a mechanism of
p53 mutant GOF. Importantly, p53%*7°" appears to
finely tune chromatin accessibility at specific chromatin
loci, and in a substantial number of cases, these corre-
late with alteration in gene expression. In keeping with
this, previous studies have reported functional and bio-
chemical interactions between pS53 mutant and
chromatin-modifying complexes, such as SWI/SNF
and COMPASS [8,18,19]. Thus, here we formally
assess the capability of p53 mutant GOF to function
through a mechanism of regulation of chromatin land-
scape. However, a significant part of the genes

differentially expressed in p53%*7*M.depleted cells does
not correlate with a change in chromatin accessibility
in the corresponding gene locus; hence, a substantial
contribution of p53 mutant GOF effects must be medi-
ated by alternative mechanisms.

A drug-tolerant phenotype is promptly acquired by
the largest majority of PDAC patients. Remarkably,
while the progression of PDAC in the first stages is
clearly associated with genomic evolution, pro-
nounced cellular plasticity of PDAC phenotype in
later stages (i.e. metastasis and drug resistance) seems
predominantly associated with epigenetic mechanisms
[23,24]. This makes the switch of phenotypic states
possibly reversible, opening to epigenetic treatment
strategies [15,25]. The epigenetic-dependent activation
of p53R?7"M/MSTIr axis and the consequent drug-
tolerant phenotype fall into this possible scenario.
Hence, identification of the basis for PDAC epige-
netic deregulation and more in particular the dissec-
tion of the interaction between genetic events, such
as p53 mutations, and epigenetic deregulation should
be given emphasis for the identification of therapeu-

tic strategies to cure standard therapy-refractory
PDAC.
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Fig. S1. P53 missense mutations lend resistance to
treatment in pancreatic cancer.
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Fig. S2. Transcriptional signature variations after
p53R27H deletion.

Fig. S3. Modification in chromatin accessibility due to
p53R2TOH.

Fig. S4. P53 mutant-dependent variation of MST]I
mRNA expression and control ChIP in p53 null cell
line.
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Fig. S5. Expression level of RNA-seq- identified genes
in PDAC patients.

Fig. S6. Full membrane images of the western blot
data reported in main figures.

Fig. S7. Full membrane images of the western blot
data reported in main figures.

Table S1. Q-PCR primers.
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