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Abstract
Most inactivating mutations in TP53 gene generates neomorphic forms of p53 proteins that experimental evidence
and clinical observations suggest to exert gain-of-function effects. While massive effort has been deployed in the
dissection of wild type p53 transcriptional programme, p53 mutant pro-tumorigenic gene network is still largely
elusive. To help dissecting the molecular basis of p53 mutant GOF, we performed an analysis of a fully annotated
genomic and transcriptomic human pancreatic adenocarcinoma to select candidate players of p53 mutant network
on the basis their differential expression between p53 mutant and p53 wild-type cohorts and their prognostic value.
We identified NUAK2 and RCan2 whose p53 mutant GOF-dependent regulation was further validated in pancreatic
cancer cellular model. Our data demonstrated that p53R270H can physically bind RCan2 gene locus in regulatory
regions corresponding to the chromatin permissive areas where known binding partners of p53 mutant, such as p63
and Srebp, bind. Overall, starting from clinically relevant data and progressing into experimental validation, our work
suggests NUAK2 and RCan2 as novel candidate players of the p53 mutant pro-tumorigenic network whose prognostic and therapeutic interest might attract future studies.
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Introduction
Structural lesions or functional impairment in the TP53
gene are among the most common genetic events in
human cancers. Typically occurring as missense mutations (over 80% of the cases), they involve the DNA
binding domain either in DNA contact residues or in
residues that have important implication for the conformational structure of p53 [1–4]; thus, p53 missense
mutations generally result in generation of p53 mutant
proteins. Evidence from genetically engineered mouse
models indicates that the presence of p53 mutant forms
facilitates development of more aggressive and metastatic tumours compared to those arising in p
 53−\− mice
[5–10]. Moreover, mouse models with inactivatable p53
hotspot mutation demonstrated that tumours depend on
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sustained mutant p53 expression [11–14]. Hence, substantial experimental evidence supports the existence of
a gain-of-function (GOF) activities independent of their
effects on wild-type p53.
With the massive effort of genomic studies and precision oncology approaches [15–20], it is well understood
that millions of patients worldwide live with a p53 mutant
expressing tumour, with subsequent potential defects
in cell death [21–24] or autophagy [25–29], however
this information does not currently reflect a benefit for
patients as effective therapeutic approaches to target p53
gain-of-function (GOF) are still lacking. As p53 mutant
proteins appear to be generally undruggable, deconvolution of the gene network mediating its oncogenic effect is
proposed as a promising strategy to improve anti-cancer
therapies and to complement the substantial effort of
defining the wt p53 tumour suppressive network [30–33].
Mutations of TP53 genes has been linked with a causative relationship with genetic progression of pancreatic
adenocarcinoma (PDAC) [34]. PDAC emerges from
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an original indolent pancreatic intraepithelial lesion
(PanINs) that persist in a poorly aggressive forms for
many years. Progression of PanINs to highly aggressive,
frankly invasive, and metastatic PDACs is very frequently
associated to p53 mutations (75% of cases) [35–37] and
directs a complex rearrangement of the microenvironment [38–40]. This latter staged neoplastic forms become
symptomatic, but even when surgically approachable
they generally manifest too late to carry positive prognosis. Specific GOF mechanisms have been ascribed to
p53 mutant in PDAC progression, including the deregulation of the other p53 family member p73 [41–43] in a
molecular axis involving the transcriptional factor NF-Y
[44]. Conversely, the other p53 family member, p63 [45–
48], although considered a master regulator of pancreatic
cancer squamous lineage specification [49, 50] and frequently associated to p53 GOF in other models [51, 52],
has not yet emerged with a causative link in driving p53
GOF phenotype of PDAC.
While mutant p53 has emerged to direct metastatic
programme in PDAC mouse models, the dissection of
the gene network has not yet provided promising druggable targets. Here, we attempt to improve our understanding of the gene transcriptional network regulated by
mutant p53 in the pathogenesis of PDAC. Based on their
prognostic impact we stratified the genes mostly differentially expressed in human PDAC carrying mutant p53
versus wt p53 and we identified NUAK2 and the RCan2
(regulator of calcineurin-2) as potential mediators of
p53 mutant pro-tumorigenic network. Using a model of
pancreatic adenocarcinoma cell line derived from pdx1CRE mouse models with pancreas-specific expression of
oncogenic KRAS (LSL-KRASG12D) and p53R270H mutation
(homologue of human R273H) we confirmed NUAK2
and RCan2 regulation and identified the potential
underlying molecular mechanisms responsible for their
p53R270H-mediated gene expression. Our study suggests a
potential significance of mutant p53/NUAK2-RCan2 axis
that might direct future studies in this area of research.

Chromatin immunoprecipitation (ChIP)

Materials and methods

Bioinformatics analyses

Cell culture and transfection

Mouse pancreatic cancer cell lines (KPC270) [6] were
cultured in DMEM medium (Gibco) supplemented with
10% fetal bovine serum (FBS, Gibco) and penicillin/streptomycin (2 units/ml) (Gibco) at 37 °C under 5% C
 O2, as
previously described [53, 54]. siRNA transfection was
carried out using Lipofectamine RNAiMAX (Invitrogen)
with 50 nM Silencer Select Pre-designed trp53 (Ambion,
siRNA ID s75472), RCan2 (Ambion siRNA ID: s203908)
and Silencer Select Negative Control No. 1 siRNA
(Ambion).

To perform ChIP assays, 1% formaldehyde for 10 min
was used to cross-link the proteins to the DNA, then
the reaction was quenched with 0.125 M glycine. After
nuclei lysis, the lysates were sonicated and the immunoprecipitation was carried out using Dynabeads Protein G (Invitrogen, cat. 10004D). 0,1 mg/mL RNase
A (Thermo Scientific) and Proteinase K (20 mg/mL,
Thermo Scientific) were used to reverse the cross-links.
The DNA was purified by QIAquick PCR kit (QIAGEN). The DNA levels were measured by real-time
quantitative PCR. ChIP was performed with the following antibodies: anti-p53 (Leica, cat. P53-CM5P-L), and
mouse IgG Isotype control (Invitrogen, cat. 10500C).
RNA extraction, reverse transcription and real‑time qPCR
analysis.

RNA was isolated from cells using RNeasy Mini Kit
(Qiagen) according to the manufacturers’ protocols
[55, 56]. The concentration and purity were detected
by Nanodrop. RNA was reverse-transcribed into cDNA
using with SensiFAST cDNA Synthesis Kit (Meridian Bioscience, BIO-65054). The relative RNA expression levels were determined by real-time PCR with
Fast SYBR Green PCR Master Mix (Applied Biosystems). Results were calculated using TBP mRNA as a
normalizer.
Live cell imaging was performed by using IncuCyte®
Live-Cell Analysis Systems, treating the cells. 24 h after
transfection, the cells were seeded into a 96-well and
placed into the Incucyte® Live-Cell Analysis System to
monitor phase contrast every 3 h. Scratch was performed
with appropriate equipment provided by Sartorius. The
analysis was performed using Incucyte Basic Analysis
Software for proliferation and Incucyte Scratch Wound
Analysis for the migration.
Live cell imaging analysis

The human pancreatic adenocarcinoma data were
obtained from PanCancer Atlas TCGA dataset study. For
Kaplan–Meier survival analysis, the entire patient cohort
was divided into two groups depending on the p53 status
(mutated, not mutated).
The Chip-Seq database analysis was executed through
Chip Atlas (http://chip-atlas.org/peak_browser) and
Integrative Genomics Viewer (http://www.broadinsti
tute.org/igv/) for peaks visualizing. From Chip-Atlas we
designed primers for Chip Assay on Rcan2 gene based
on peaks binding for Srebf1 (Chip-Seq id = SRX1650053)
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Fig. 1 RCan2 and NUAK2 emerge as part of mutant p53 network in a human PDAC cohort. a Oncoprint diagram reports mutation spectrum,
fraction genome, overall survival, histology and p53 mutational status in the PDAC cohort from the TCGA PanCancer Atlas. b, c Samples from p53
mutant patients display higher “aneuploidy score”, “genome altered” and “hypoxia score” if compared to the p53 wt cohort. d Kaplan–Meier plot
reports overall survival of p53 mutant vs p53 wt PDAC patients from the TCGA PanCancer Atlas. e Volcano plot reports genes differentially regulated
between p53 mutant versus p53 wt PDAC patients from the TCGA PanCancer Atlas. f mRNA expression level (from RNA-seq) data of RCAN2 and
NUAK2 display differential expression between p53 mutant versus p53 wt PDAC patients (TCGA PanCancer Atlas). g Kaplan–Meier plot reports
overall survival of patients with RCan2 and NUAK2 highly expressing PDAC (TCGA PanCancer Atlas). Source: cbioportal.org

and trp63 (Chip-Seq id = SRX3205488) using UCSC
Genome Browser (http://genome.ucsc.edu/index.html).
Statistics

Statistical analysis was performed using GraphPad Prism
9.0 (GraphPad Software Inc.). All results are expressed as
the mean ± SEM. RT-qPCR data were analyzed by t-test
(*p < 0.05, **p < 0.01, ***p < 0.001). The Kaplan–Meier
method and Mantel-Cox test were applied to determine
the progress-free survivals and overall survivals between
different patients. All the experiments were performed at
least three biological repeats.

Results and discussion
Cancer genomic studies have seen an exponential growth
in the last decade [57–60], and a massive amount of
data has now become openly accessible. Analyses of this

information can effectively direct studies addressing the
activation of specific gene network and their prognostic significance in cancer pathogenesis [61–63]. We reasoned therefore that identification of potentially clinically
and biologically relevant molecular network mediated by
p53 mutant might have been directed by the analyses of a
large cancer patients’ dataset, fully annotated with clinical and molecular information. To this end, we selected
the PDAC cohort from the TCGA PanCancer Atlas [64],
which included full genomic information (mutations,
structural variations, and putative copy number alterations), in addition to full transcriptional profiling (RNAseq), protein expression and clinical variables. To obtain
potential clinically relevant data, we decided to select
genes of interest on the basis (1) of statistically significant differential expression between p53 mutant and p53
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wild-type cohorts and (2) of their prognostic significance
assessed as measure of patients’ survival prediction.
The PDAC cohort in the TCGA PanCancer Atlas
includes 184 cases, 66% of which display p53 mutation;
these have a significant prevalence of missense mutations, but also include a significant fraction of truncation (Fig. 1a). At the genomic level, p53 inactivation was
significantly associated to hallmarks of genomic instability, assessed as “aneuploidy score” and “genome altered”
(Fig. 1b). This data confirms that p53 inactivation well
defines a subset of tumour with high genetic plasticity
[65, 66], in addition to alternative mechanism of therapy
resistance and metastasis [67]. Moreover, in keeping with
our previous findings, p53 mutants also correlated with
“hypoxia score” (Fig. 1c), indicating that the GOF mutant
impinges in the hypoxia transcriptional response and
supporting of postulation of a context (hypoxia) dependent p53 GOF effect [68–70]. We queried this dataset for
transcriptomic data (RNA-seq) searching for the significantly differentially expressed genes in the p53 mutant
and p53 wild type cohorts. 2171 genes were enriched in
the p53 mutant cohort, while 2433 were correlated to the
p53 wt group, which displayed a better prognosis (Fig. 1d,
e). Next, we stratified these for their prognostic value,
selecting the genes which were displaying a predictive
effect on patients’ survival consistent with the prognostic
value shown by p53 inactivation. From this analysis we
selected two putative genes, namely NUAK2 and RCan2,
whose participation in the p53 mutant pro-tumorigenic
network have never been explored (Fig. 1f, g).
NUAK2 is a serine/threonine kinase, belonging to the
family of AMPK, whose mutations are associated to congenital severe neurodevelopmental defects [71], although
it is rarely observed mutated in cancer (Fig. 2a). NUAK2
activity has been implicated in YAP-driven growth and
deregulation of this axis might have significance for progression and therapy of hepathocarcinoma [72] and other
cancer types [73]. RCan2 is an inhibitor of calcineurin
and therefore influences the calcineurin-nuclear factor of
activated T cells (NFAT) signaling, and downstream biological consequences include differentiation/proliferation
[74, 75], metabolism and oxidative stress response [76–
79]. RCan2 mutations are also rarely observed in human
cancers (Fig. 2a), but KRas mutations lead to repression
of RCan2 in colorectal cancer mouse models, influencing
NFAT-dependent regulation of cancer cell proliferation
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[80]. So far, no direct physical or functional interaction
has been demonstrated for these two genes. Nonetheless,
a potential p53 mutant-dependent regulation of these
two genes might have direct implication in the biology of
cancer cells.
With the analysis of clinical data (Fig. 1) we identified a
reduced expression of both NUAK2 and RCan2 in the p53
mutant cohort compared to the wt cohort. Despite these
data associate both genes to p53 mutations, the analysis
per se does not directly imply a regulation mediated by
a GOF mechanism, as this result might purely reflect a
positive regulation exerted by wt p53 (i.e., upregulation
in the p53 wt cohort). To discriminate between these
two possibilities, we employed a mouse cellular model of
p53 mutant PDAC. We selected a pancreatic adenocarcinoma cell line derived from pdx1-CRE mouse model
with pancreas-specific expression of oncogenic KRAS
(LSL-KRASG12D) and p
53R270H mutation (homologue
of human R273H), hereafter referred as K
 PC270 cells.
R270H
p53
mutation is within the most frequently observed
missense mutations in all cancer types and in particular in PDAC. Depletion of p53R270H by siRNA-mediated
silencing in K
 PC270 cells led to a significant upregulation of NUAK2 and RCan2 (Fig. 2b–d). The direction of
the regulation of both genes appeared consistent with
the results of the clinical data, and importantly supported a direct implication of p
 53R270H-dependent GOF
effect. Remarkably however, while upregulation of RCan2
mRNA was reaching a substantial 2.5-fold increase, the
alteration of NUAK2 mRNA level appeared marginal
(1.3-fold increase) to justify at least in this cellular experimental model a significant biological relevance. Hence,
we decided to carry on the study of RCan2 regulation.
To further investigate the basis of p
53R270H/RCan2
axis and define the molecular underlying mechanism
of the GOF effect, we explored ChIP-seq data to identify potential regulatory regions in RCan2 gene locus
that might be susceptible to p
 53R270H. The mechanisms
of p53 mutant regulation of gene expression have been
frequently ascribed to its ability to interact with transcriptional factors and influence their activity on gene
regulatory genomic regions. The activity of the transcriptional factors p63, HIF-1, NY-F and Srebp was shown to
be influenced by p53 mutations, hence we searched for
binding enrichment in RCan2 gene locus of known p53
mutant protein partners querying ChIP-seq datasets.

(See figure on next page.)
Fig. 2 Mutant p53 regulates a RCan2 expression via GOF effects. a Oncoprint diagram reports mutational status of RCan2 and NUAK2 in full
cohort of TCGA PanCancer Atlas. b–d mRNA level of RCan2, NUAK2 and p53 in KPC270 cells following p53 silencing. e ChIP-seq profile of histone
post-translational modifications, transcriptional factors binding in the genomic region of mouse RCan2. f ChIP-qPCR for p53 binding on peak 1 and
peak 2 in KPC270 cells
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Fig. 3 RCan2 expression influences cell motility but not proliferation. a, b p53 mRNA level in K PC270 cells following p53 silencing. c, d In vivo live cell
imaging analysis by IncuCyte platform measured cell growth (phase contrast) in c and migration (scratch closure measured as scratch area by phase
contrast) in d in KPC270 cells following RCan2 silencing. Red boxes indicate the scratch area. Scale bars 400 microns

We identified binding of p63 and Srebp in two specific
regions of mouse RCan2, hereafter referred as peak 1
and peak 2 (Fig. 2e). Remarkably, the binding of p63 and
Srebp appeared to largely overlap in the same genomic
regions, that importantly appeared to be also enriched for
permissive histone posttranslational modifications [81],
such as acetylation of lysine 27 of histone 3 (H3K27ac),
trimethylation of lysine 4 of histone 3 (H3K4me3) and
acetylation of histone 4 (H4ac) (Fig. 2e). Hence overall, these two genomic areas appeared active regulatory
regions that might potentially be sensitive to mutant p53.
To test the hypothesis that mutant p53 executes a GOF
effect on RCan2 by physically binding its genomic locus,
we performed ChIP-qPCR analysis in KPC270 cells for
p53 binding in peak 1 and peak 2. qPCR analysis confirmed a specific and selective binding of p53R270H in both
regions (Fig. 2f ). This set of data demonstrated a GOF
mechanism mediating a direct transcriptional regulation by p53R270H on RCan2 gene expression, that might
involve p63 and Srebp.
Next, we asked that biological consequences of RCan2
regulation on the pro-tumorigenic properties of KPC270
cells. To address this point, we employed live cell imaging

techniques (IncuCyte technology) following modulation
of RCan2 expression to measure cell proliferation and
migration of K
 PC270 cells, as in vitro readout of cancer
cell biology. Depletion of RCan2 was effectively achieved
in KPC270 cells by siRNA silencing (Fig. 3a, b). Time-lapse
analysis of siCTR and siRCan2 transfected cells displayed
no significant alteration in the proliferation capacity of
KPC270 cells over a timeframe of 96 h (Fig. 3c). On contrary the migration capacity was substantially reduced
following siRCan2 transfection, with control cells reaching 100% of “scratch closure” in approximately 24 h
compared to 48 h required to the RCan2-depleted cells
(Fig. 3d). While the regulation mediated by RCan2 on
cell motility might implicate this gene in the process of
metastasis, it would contradict the prognostic impact
and the reverse correlation with p53 mutant (Figs. 1 and
2). Therefore, the alterations of the migratory capacity
of KPC270 cells appears not associate to the significance
of the p53R270H/RCan2 molecular axis and will therefore
require further investigation to understand the biological
relevance and the appropriate biological context.
Overall, this work expands our understanding of the
mutant p53 pro-tumorigenic gene network, providing
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novel effectors whose biological significance and
therapeutic interest might be explored in the future,
especially in the light of the development of precision oncology [82–86]. The interest of our data lies in
the clinical analysis that supports a possible relevance
of the findings. NUAK2 and RCan2 were identified as
genes differentially regulated with a consistent prognostic value in human PDAC carrying p53 mutations.
Our cellular experimental model allowed to validate
the correlative nature of the clinical data as a molecular regulation mediated by p
 53R270H GOF effect, implicating genomic regulatory elements at the mechanistic
level in the process. While further work will help determining the importance of p53R270H/RCan2-NUAK2 in
PDAC pathogenesis, our study represents a proof-ofprinciple approach for dissection of the mutant p53
pro-tumorigenic network and identification of novel
therapeutic targets and prognostic factors in cancer
pathogenies.
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