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Abstract

Peritoneal metastasis of colorectal origin appears in ~10-150% of patients at the time of diagnosis and in 30-40%
of cases with disease progression. Locoregional spread through the peritoneum is considered stage IVc and is
associated with a poor prognosis. The development of a regional therapeutic strategy based on cytoreductive surgery,
and hyperthermic intra-abdominal chemotherapy has significantly altered the course of the disease. Although recent
evidence supports the benefits of cytoreductive surgery, the benefits of hyperthermic intra-abdominal chemotherapy
are, however, still a matter of debate. Understanding the molecular alterations underlying the disease is crucial for
developing new therapeutic strategies. Here, we evaluated the involvement in peritoneal dissemination of the
oncogenic isoform of TP73, ANp73, and its effector targets in in vitro and mouse models, and in 30 patients
diagnosed with colorectal peritoneal metastasis. In an orthotopic mouse model, we observed that tumor cells
overexpressing ANp73 present a higher avidity for the peritoneum and that extracellular vesicles secreted by
ANp73-upregulating tumor cells enhance their dissemination. In addition, we identified that tumor cells
overexpressing ANp73 present with dysregulation of genes associated with an epithelial/mesothelial-to-
mesenchymal transition (MMT) and that mesothelial cells exposed to the conditioned medium of tumor cells with
upregulated ANp73 present a mesenchymal phenotype. Lastly, ANp73 and its effector target RNAs were dysregulated
in our patient series, there were positive correlations between ANp73 and its effector targets, and MSN and /ITGB4
(ANp73 effectors) predicted patient survival. In conclusion, ANp73 and its effector targets are involved in the
peritoneal dissemination of colorectal cancer and predict patient survival. The promotion of the EMT/MMT and
modulation of the adhesion capacity in colorectal cancer cells might be the mechanisms triggered by ANp73.
Remarkably, ANp73 protein is a druggable protein and should be the focus of future studies.
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a therapeutic strategy with curative intent based on
cytoreductive surgery (CRS) and hyperthermic intra-
abdominal chemotherapy (HIPEC) [4] has significantly

Introduction

Colorectal cancer (CRC) is the third leading cause of

cancer worldwide and the second highest in mortality
due to neoplastic diseases [1]. Approximately 15-20%
of patients with CRC present metastasis at diagnosis [2].
Peritoneal involvement by the primary tumor defines
peritoneal carcinosis (CRC-PC) and appears in ~30-40%
of cases with disease progression. Although CRC-PC is
a locoregional disease, it is considered stage IVc [3] and
is associated with a poor prognosis. The development of

altered the course of this disease. Recent evidence sup-
ports the benefits of CRS; however, the benefits of HIPEC
remain a matter of debate [5]. In this scenario, identifying
the molecular mechanisms underlying CRC-PC is essen-
tial for identifying new targetable pathways.

Mutations in genes classically altered in CRC, such as
BRAF, KRAS, NRAS, PIK3CA, P53, SMAD4, and APC,
have been reported in patients with CRC-PC [6].
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Somatic mutations in other genes, such as ARIDIA,
PKHD, UBRS5, PAX5, ASXLI, and androgen receptor
(AR) [7], have also been identified. Interestingly,
CRC-PC has been defined as representing the molec-
ular subtypes CMS4 and MSN [8], and the CXCL2-
CXCR?2 signaling axis [9] plays a key role in peritoneal
dissemination. Interestingly, areas with tumor metas-
tases are enriched in cancer-associated fibroblasts
(CAFs) that might be derived from resident mesothe-
lial cells. These CAFs can secrete factors that favor the
disorganization of the peritoneum, making it more
accessible for tumor cells [10]. Despite these findings,
further studies are required to identify key players of
the disease that might be druggable.

The TP53 family plays a critical role in the initiation
and progression of most tumor types [11]. In CRC-PC,
TP53 is associated with adverse prognostic factors [6];
however, the involvement of other variants of the family
has not yet been analyzed. ANp73 is an oncogenic
isoform of the TP53 family member TP73 that results
in the loss of the amino-terminal transactivation domain.
ANp?73 is overexpressed in CRC, and its upregulation is
a predictor of aggressiveness, recurrence, chemoresistance,
and poor prognosis in patients diagnosed with most tumor
types, including CRC [11]. Interestingly, ANp73 is pack-
aged in exosomes and promotes cancer progression and
might therefore be essential in the communication
between tumor and stroma [12]. ANp73 might exert its
oncogenic potential through the modulation of a wide
range of effectors involved in various pro-tumoral path-
ways, such as lymphangiogenesis, vasculogenesis, and
metastasis [13]. Various proteins involved in cell
adhesion, such as MSN, CALR, SRC, DSG2, DSC3,
LGALS3BP, and ITGB4, have been found to be
upregulated by ANp73, whereas TLNI1, CDH3, PTPRF,
PDCDO6IP, and COL6A I are downregulated by ANp73.
The dysregulation of proteins (e.g. PES1, NGDN, IMP3,
SURF6, NMEI, and ZEBI) associated with the
tumorigenesis process, prognosis, and treatment resis-
tance has also been associated with aberrant ANp73
overexpression [13,14]. Remarkably, numerous drugs
that activate or block the tumor suppressor/oncogenic
functions of various 7P53 family members, including
ANp73, have been identified [15]. With this background
information, we decided to explore the involvement of
ANp73 in CRC-PM.

Materials and methods

Cell cultures and ANp73 stable transfection

HCT116 human colon cancer cells obtained from the
American Type Culture Collection (ATCC, Manassas,
VA, USA) were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Corning, Catalog No. 10-013-CVR,
New York, NY, USA), supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Corning
Catalog No. 35-079-CV), 2 mm L-glutamine (Gibco,
Catalog No. 2503030-081, Waltham, MA, USA), 1%
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penicillin/streptomycin stock solution (P/S; Corning,
Catalog No. 30-009-CI), and amphotericin B (0.25 pg/ml;
Corning). Primary human mesothelial cells purchased from
Innoprot (P10770; Bizkaia, Spain) were cultured in p100
plates coated with Collagen I-Cell Culture Surface Coating
Kit (Innoprot P8188) in mesothelial cell medium
(Innoprot P60167). HCT116 cells were stably trans-
fected with pEF1a-IRES-GFP (HCT116-mock) or
pEF1a-ANp73B-IRES-GFP (HCT116-ANp73) plasmids
(generously provided by Dr. Marin and Dr. Marqués from
the Biomedical Institute, University of Ledn, Spain [16])
using Lipofectamine 2000 (Thermo Fisher Scientific,
Waltham, MA, USA), following the manufacturer’s
instructions. ANp73f is an amino-terminal truncated var-
iant that also lacks exon 13 and has been reported to
transactivate its target genes more efficiently that other
ANp73 isoforms [17]. Cells overexpressing ANp73 and
control cells were selected by sorting using green fluores-
cent protein as a marker.

Isolation of extracellular vesicles from culture
medium

When 80% confluence was reached, 10° HCT116-ANp73
and HCT116-mock transfected cells were seeded. The
supernatant was collected and centrifuged for 15 min at
1,500 x g. To pellet the extracellular vesicles (EVs), the
supernatant was then ultracentrifuged at 17,000 X g in
ultra-clear  centrifuge tubes (Beckman  Coulter,
Indianapolis, IN, USA) for 30 min and filtered through
0.22-pm Millipore syringe filters. The supernatant was
then ultracentrifuged at 120,000 x g for 70 min. The
supernatant was then discarded, and the pellet containing
EVs was resuspended in 200 pl of sterile PBS and stored at
—80 °C for later use [12].

Mesothelial-to-mesenchymal transition evaluation

Conditioned medium was collected from the initial 10°
HCT116-ANp73 and HCT116-mock cell cultures when
80% confluence was reached. The conditioned medium
was mixed at a ratio of 75/25 with mesothelial cell
culture medium. Human mesothelial cells (Innoprot
P10770) were cultured in pl100 plates coated with
COL1 Cell Culture Surface Coating Kit (Innoprot
P8188) in mesothelial cell medium (Innoprot P60167).
After 24 h, the conditioned mixed medium was added.
Replacement of the conditioned medium was repeated
every 48 h, checking cell viability. The assay was
maintained for 144 h; the RNA was then extracted to
analyze epithelial/mesothelial-to-mesenchymal transi-
tion (EMT/MMT) gene expression. The primers are
listed in supplementary material, Table S1.

Extracellular matrix (ECM) cell adhesion experiments

The Chemicon® ECM Cell Adhesion Array Kit
(Merck KGaA, Darmstadt, Germany; Catalog No.
ECM540) containing the ECM proteins COLI,
COL2, COL4, FN1,LAM, TN, and VN was employed
in ECM cell adhesion experiments. The number of
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adherent cells was detected by colorimetry. In brief,
the assay consisted of a p96-well plate coated with
the aforementioned ECM proteins and seeded with
10*HCT1 16-ANp73 or HCT116-mock cells that were
allowed to attach. The wells were then washed to
remove nonadherent cells, and 100 pl of cell stain
solution was added. Binding capacity was quantified
with a Spectrophotometer Plate Reader (VersaMax,
Molecular Devices Corporation, CA, USA), and
absorbance readings were analyzed statistically for
each protein comparing HCT116 ANp73 versus con-
trol groups.

Orthotopic model of peritoneal metastasis in mice

The mice used in all experiments were 6-week-old
female nude/nude athymic mice (Charles River
Laboratories, Wilmington, MA, USA). All procedures
were approved by the Institutional Body for Animal
Welfare (OEBA) and according to European, Spanish,
and local regulations [18].

Mice were allocated into two groups (n = 10 per
group) and injected i.p. with 3 x 10° HCT116-ANp73
or HCT116-mock cells. The cell injection was
performed in the left iliac fossa with a 25G syringe.
The mice were monitored for 15 days and euthanized
under anesthesia with isoflurane. Blood was extracted,
and plasma was isolated and stored at —80 °C. The
abdominal cavity was opened using a xiphopubic inci-
sion, exploring the abdominal cavity in search of tumor
deposits. The adapted peritoneal carcinosis index (PCI)
was calculated by the following method. The mouse
abdomen was divided into quadrants; each flank or
hemi-diaphragm was assigned a point in case of involve-
ment. The proportion of actual involvement over the
theoretical maximum was then calculated and expressed
as a percentage. Ascitic fluid, implants, liver, kidney,
and lungs were extracted and stored at —80 °C for fur-
ther study.

Orthotopic model of peritoneal metastasis in mice
with exposure to EVs

EVs were isolated from HCT116-ANp73 and
HCT116-mock cell culture medium as previously
described. EV i.p. injection was performed at the left
iliac fossa (n = 10, per group) with a 25G syringe.
Inoculations were performed every 72 h, for 10 rounds.
At the end of the conditioning protocol, 3 x 10°
HCT116 cells were injected i.p., and i.p. injection of
EVs continued over 16 days, then the mice were eutha-
nized under isoflurane anesthesia. Blood was extracted
and plasma was isolated and stored at —80 °C. The
abdominal cavity was opened using a xiphopubic inci-
sion, exploring the abdominal cavity in search of tumor
deposits. Peritoneal involvement was quantified using
the previously described simplified mouse PCI, and the
liver, lungs, kidneys, peritoneal tumor deposits, and
ascitic fluid were collected and stored frozen at —80 °C.
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Human sample collection

Tumor metastases, healthy peritoneal tissues, and ascitic
fluid were collected from 30 patients diagnosed with
CRC-PM between 2017 and 2019 at La Paz University
Hospital (Madrid, Spain). Patients were informed and
gave their consent to participate in this study following
the ethics committee’s approval.

Tissue was extracted intraoperatively and stored
at —80 °C. Histological confirmation of the samples
was performed by our hospital’s pathologists.
Postoperative follow-up covers the period from
January 2017 to May 2022. The following events were
registered: relapse, death, overall survival (OS), and
disease-free survival (DFS). The participants’ character-
istics are listed in Table 1.

RNA extraction and RT-qPCR

RNA extraction was performed from cell extracts, solid
tissues from patients, and solid tissues from mice using
the Easy-RED™ Total RNA Extraction Kit (iNtRON
Biotechnology, Seongnam, Republic of Korea) follow-
ing the manufacturer’s instructions. The amount of RNA
was quantified in a NanoDrop ND-1000 spectrophotom-
eter (Thermo Fisher Scientific). Reverse transcription

Table 1. Main characteristics of patients with peritoneal carcinosis
included in our series.

Characteristic No. of patients

Sex 30
Female 15
Male 15

Age, years (mean, SD) 62 + 109

PCl (mean, SD) 13+11.4

Relapse 76%

Type
Synchronous 16
Metachronous 14

0S, days (mean) 1,100

DFS, days 438

Vascular invasion
Positive 13
Negative 7

Liver metastasis
Positive 10
Negative 20

Ascites fluid cytology
Positive 6
Negative 12

Histology
Adenocarcinoma 16
Mucinous 4
Colloid 2
Goblet cell 4
Signet ring cell 1
Micropapillary 3

Primary tumor location
Appendix 9
Right 7
Left 9
Rectum 5

Abbreviations: DFS, disease-free survival; 0S, overall survival; PCl, peritoneal
carcinosis index; SD, standard deviation.
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synthesis of cDNA was performed using 400 ng RNA
using the Transcriptor ¢cDNA Synthesis Kit (Roche
Diagnostics, Basel, Switzerland) in a thermocycler.
Gene expression was checked by quantitative poly-
merase chain reaction using a LightCycler-FastStart
DNA Master SYBR Green I Kit (Roche Diagnostics)
on a Light Cycler apparatus (Roche Diagnostics).
Each reaction was performed in a final volume of
20 pl, containing 2 pl cDNA. GAPDH was employed
as the reference transcript. Expression levels in the
participants were calculated as the ratio of the target
gene transcript in the tumor tissue to the healthy tissue,
normalized to the expression of the reference tran-
script using the equation described by Livak
et al [19] (272" Method). We analyzed the expres-
sion of the following genes associated with the
EMT/MMT: ZEBI, CDHI, FNI, VIM, and TWIST1I.
Expression levels of ANp73 and its putative target
effectors MSN, ITGB4, SNAII, and PES] were evalu-
ated in the human and mouse samples. Supplementary
material, Table S1 lists the primer sequences used.

Western blotting

For western blots, 60 pg solid sample was homogenized,
processed with radioimmunoprecipitation assay (RIPA),
and stored at —80 °C. The amount of protein was quan-
tified using the Pierce Micro BCA Protein Assay Kit
(Thermo Fisher Scientific). To check each sample’s
viability, 5 pg protein was used in 10% sodium
dodecyl-sulfate polyacrylamide gel -electrophoresis
(SDS/PAGE) and Coomassie Blue staining. Western
blots were then performed by transferring proteins
onto nitrocellulose membranes (Hybond-C extra;
GE-Healthcare, Chicago, IL, USA) at 100 V for 90 min.
After blocking for 1 h, the membranes were incubated
with primary antibody against MSN (Sigma-Aldrich
Ref. No. HPA-011135). Bands were analyzed using
Fiji software (https://imagej.net/software/fiji/downloads,
2023), with GAPDH as the loading control. MSN
overexpression was calculated after normalization with
GAPDH band intensity values. Statistical significance
was calculated using Student’s #-test, considering as sig-
nificant p values <0.05.

Statistical analyses

The expression levels of ANp73 and its target genes were
divided according to the median. The DFS analysis did
not include the patients with pathologic stage I'V disease.
The DFS and OS distribution was estimated by the
Kaplan—Meier method [12]. The correlation between
gene expression levels was assessed using Pearson’s
correlation test. For the statistical study of the mouse
models, the adhesion assay, changes in the mesothelial
cell expression levels, and associations between clinical
parameters and target gene expression levels, we calcu-
lated the mean and standard deviation and performed
Student’s t-test. All p values were two-sided, and values
<0.05 were considered to indicate statistical significance.
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The analyses were conducted using R (Posit Software,
PBC, Boston, MA, USA. http://www.posit.co/, version
2023.9.1.494).

Results

ANp73increased implantation capacity of colorectal
cancer cells in orthotopic mouse model

Sixteen days after the i.p. injection of HCT116-ANp73
and HCT116-mock cells, the mice were euthanized, and
an adjusted PCI was calculated. Those mice injected
with HCT116-ANp73 cells showed an adjusted PCI of
85% (confluent metastasis, involvement of the mesen-
teric root and abdominal wall, and macroscopic lung
metastasis), and those with HCT116-mock cells showed
an adjusted PCI of 50% (isolated deposits), supporting
the role of ANp73 in promoting peritoneal dissemina-
tion. A scheme of the model and representative images
of the mice are shown in Figure 1A-D.

Analysis of the mRNA levels of ANp73 and its target
genes in tumor deposits from HCT116-ANp73 versus
control cells revealed a significant ANp73 upregulation
of 826.96 (p = 0.00001), as expected, and an ITGB4
upregulation of 1.5 (p = 0.01). No change in the expres-
sion levels for MSN and ZEBI were observed (Figure 1E).
MSN expression was evaluated at the protein level,
observing a 2.8-fold upregulation (p = 0.00049)
(Figure 1F,G). Taken together, these findings support
the role of ANp73 and its effectors as mediators of peri-
toneal dissemination.

EVs isolated from HCT116-ANp73 conditioned
medium favored peritoneal implantation in
orthotopic mouse model

Given that compounds delivered to the peritoneal fluid
by the primary tumor, such as cytokines and EVs, might
play a significant role in peritoneal dissemination, we
used a mouse model in which mice were injected
with EVs from HCT116-ANp73 conditioned medium
(EVs-ANp73) and control cells (EV-mock) every 72 h
for 10 rounds before injecting HCT116-mock cells into
the mice. We then continued with the same EV inocula-
tion regimen for 16 days, after which the mice were
euthanized. The adjusted PCI was 91% (diaphragmatic
domes, mesentery, peritoneum, and liver metastasis) for
the EVs-ANp73 mice and 68% (isolated tumor deposits)
for the EV-mock group. A scheme of the model and
representative images of the mice are shown in
Figure 1H-J.

Interestingly, a 4.8-fold change in mRNA overexp-
ression was observed for ANp73 in the EVs-ANp73 group
compared with the control mice (p = 0.00008), a 2.59-fold
change for MSN (p = 0.08), a 1.77-fold change for ITGB4
(p=0.1), and a 2.87-fold change for ZEBI (p = 0.04)
(Figure 1K). There was no correlation for MSN at the
protein level. The data are shown in Figure 1L,M.
The results support the role of EVs from
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Figure 1. ANp73 promotes adhesion of CRC cells to peritoneum in two orthotopic mouse models. (A) Scheme of our first mouse model in which nude
mice were i.p. injected with HCT116-ANp73 and HCT116 mock cells and sacrificed at day 16. (B) Representative images of affected peritoneum of
mouse injected with HCT116-ANp73 cells showing confluent metastasis, involvement of mesenteric root and abdominal wall, and (C) macroscopic
lung metastasis. (D) Representative image of isolated tumor deposits. (E) mRNA expression levels of ANp73, ZEB1, MSN, and ITGB4 in mouse tumor
deposits. (F) Protein levels of MSN in tumor deposits and (G) their quantification. (H) Scheme of our second orthotopic mouse model in which mice were
injected i.p. with isolated EVs from HCT116-ANp73 cells and EVs from HCT116-mock cells. Injection of EVs was performed every 72 h for 10 rounds,
followed by inoculation with HCT116-mock cells. Subsequently, injection of EVs continued every 72 h until euthanasia on day 21 after cell injection.
(1) Representative images of individual mice injected with EVs from HCT116-ANp73 cells showing involvement of diaphragmatic domes, the presence
of tumor deposits in the mesentery, peritoneum, and liver metastasis. (J) Representative images of individual mice injected with EVs from HCT116-mock
individual cells showing solid tumor deposits; other organs were not affected. (K) mRNA expression levels of ANp73, ZEB1, MSN, and /TGB4 in mice
tumor deposits. (L) Protein expression levels of MSN in tumor deposits and (M) its quantification. (A) and (H) created with BioRender.com.
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HCT116-ANp73 CRC cells as relevant promoters of
peritoneal metastasis.

ANp73is involved in ability of CRC cells to adhere to
ECM proteins and promotes MMT

Based on our mouse model results, we proceeded to
evaluate whether the ANp73 upregulation in the
HCT116-CRC cells modified their ability to adhere to
the ECM proteins COL1, COL2, COL4, FN, laminin
(LN), and VN. We observed a remarkable increase
in the adhesion of HCT116-ANp73 compared with
HCT116-mock cells, with a 5.85-fold increase for
COL1 (p =0.039), a 7.93-fold increase for COL2
(p = 0.029), a 4.18-fold increase for FN (p = 0.032),
and a 3.71-fold increase for LN (p =0.003)
(Figure 2A). The mRNA levels in HCT116-ANp73
compared with those in the mock controls was
1.66-fold higher for MSN (p = 0.015), 1.995-fold
higher for ITGB4 (p = 0.008), and 1,041-fold higher
for ANp73 (Figure 2B). Thus, ANp73 overexpression
increases the number of HCT116 CRC cells bound to
ECM proteins.

The MMT process has been involved in the implan-
tation of CRC cells in the peritoneum. Sandoval
et al [10] reported that areas with tumor deposits are
enriched in CAFs that might be derived from resident
mesothelial cells. These CAFs might secrete factors that
promote the disorganization of the peritoneum, making
it more accessible for tumor cells. Given that, in our
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orthotopic mouse model, EVs-ANp73 increased the
number of CRC cells bound to the peritoneum, we
explored whether the conditioned medium from
HCT116-ANp73 would modify the phenotype of pri-
mary mesothelial cells and their expression pattern com-
pared with HCT116-mock cells. Thus, we studied
changes in the expression levels of the EMT- and
MMT-associated markers CDHI, FNI, VIM, SNAII,
TWISTI, and ZEBI. The expression levels of ANp73
and its putative target genes, MSN and ITGB4, were also
evaluated (Figure 2C). We observed a surprising
downregulation of MSN (0.4-fold change) and SNAII
(0.35-fold change) and overexpression of ZEBI
(3.74-fold change) and CDHI (2-fold change) in the
mesothelial cells exposed to conditioned medium from
HCT116-ANp73. No significant changes were observed
for ITGB4, VIM, FNI, or TWISTI. ANp73 was
undetectable in the primary mesothelial cells. Next, we
evaluated changes in the phenotype of mesothelial cells
exposed to conditioned medium with respect to control
medium (Figure 2D-F). We observed that the phenotype
of mesothelial cells exposed to conditioned medium from
HCT116-mock cells varied minimally (Figure 2E). By
contrast, conditioned medium from HCT116-ANp73
cells confers a mesenchymal phenotype to primary meso-
thelial cells (Figure 2F).

In summary, ANp73 cells might secrete various
compounds, including cytokines and EVs, which might
promote tumor cell implantation by inducing significant
changes in the mesothelial layer.
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Figure 2. ANp73 promotes adhesion to ECM proteins, the induction of its effector targets, and a mesenchymal phenotype. (A) The adhesion
assay showed more HCT116-ANp73 cells than control cells adhered to various ECM proteins. HCT116-ANp73 cells showed higher expression
of (B) ANp73 putative target genes and (C) mesothelial-to-mesenchymal-related genes. Primary mesothelial cells exposed to (D) mesothelial
cell culture medium, (E) conditioned medium from HCT116-mock cells, and (F) HCT116-ANp73 cells, respectively, for 144 h.
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MSN and ITGB4 predict prognosis of patients with
CRC and peritoneal metastasis

The overexpression of ANp73 has been associated with a
poor prognosis in most tumor types, including
CRC [11]. The current study evaluated the expression
levels of ANp73 and its putative effectors MSN, ITGB4,
SNAII, and PES] in tumor metastasis and healthy meso-
thelial tissues from a series of 30 patients diagnosed with
CRC-PM, as well as their association with various
clinical-pathological tumor characteristics and the
patients’ DFS and OS. The patients’ characteristics are
listed in Table 2, and their DFS and OS are shown in
Figure 3A,B. The Kaplan—Meier survival curves showed
that those patients with a PCI >10 presented lower OS
(p = 0.007) and DFS (p = 0.001), indicating that PCl is
a good prognostic predictor (Figure 3C,D). Unexpectedly,
no correlation regarding ANp73 expression levels was
observed, for either OS or DFS (Figure 3E,F). However,
the Kaplan—Meier survival analysis revealed that patients
with high ITGB4 levels relative to the median had a lower
DES (p = 0.009) (Figure 3G). A trend was observed for
OS and MSN expression (p = 0.08); patients with high
MSN levels relative to the median had a lower OS
(p = 0.08) (Figure 3H).

The expression levels of ANp73, MSN, ITGB4,
SNAILI, and PES1 were categorized based on the PCI,
with the relative expression of ANp73 and ITGB4
mRNA being upregulated in the tumor tissue compared
with the healthy peritoneum tissue (AACt values are
listed in Table 2). When we evaluated the correlation
between these genes’ mRNA levels and the tumors’
clinical-pathological characteristics, we observed that
the upregulation of MSN and SNAII was associated with
liver metastasis [2.42-fold change (p =0.030) and
2.338-fold change (p = 0.039), respectively] (Figure 3LJ)
and that ITGB4 overexpression was associated with vascular
invasion [2.49-fold change (p = 0.02)] (Figure 3K).

Next, we analyzed the correlation between ANp73 and
its effectors (Figure 3L-P). Direct correlations were
obtained for PESI and ANp73 (R = 0.43; p = 0.039)
(Figure 3L), SNAII (R = 0.43; p = 0.034) (Figure 3M),
and MSN (R = 0.65; p = 0.0005) (Figure 3N); and MSN
and ANp73 (R = 0.5; p = 0.014) (Figure 30), and SNAII
(R = 0.74; p = 0.00003) (Figure 3P).

D Pastor-Morate et al

Discussion

This study showed that ANp73, an oncogenic member of
the TP53 family, and its putative effector targets were
involved in CRC-PC and could be employed as prog-
nostic markers of the disease. In an orthotopic carcinosis
model in mice, we observed that CRC cells that
upregulated ANp73 showed higher binding capacity to
the peritoneum than control cells, presenting a signifi-
cantly higher adjusted PCI and upregulation of the puta-
tive ANp73 effector MSN. Similar findings were
obtained in an orthotopic model using CRC cells treated
with EVs with high ANp73 content. Evs secreted by the
primary tumor into the peritoneal cavity play a key role
in tumor cell implantation. Interestingly, ANp73 was
overexpressed in the peritoneal implants of mice treated
with EVs with high ANp73 content, which demonstrates
that this oncogenic variant is transferred from EVs to
cancer cells and promotes peritoneal metastasis. In both
models, the ANp73 putative effector targets, MSN,
ITGp4, and ZEBI [14], involved in cell adhesion were
upregulated in the mouse implants.

The involvement of ANp73 in adhesion processes was
validated in an adhesion assay where those CRC cells
overexpressing ANp73 attached with higher avidity to
the ECM proteins COL1, COL2, FN, and LN. The
ANp73-overexpressing cells also showed alteration of
various putative ANp73 effectors involved in various
disease progression stages, including adhesion and
chemoresistance [20]. MSN, SURF6, NGDN, NME]I,
IMP3, and PESI were therefore upregulated, whereas
SNAII and ITGB4 were downregulated.

MMT is essential in peritoneal metastasis [21]; we
therefore exposed mesothelial cells to the conditioned
medium of ANp73-overexpressing cells and control
cells. Interestingly, we observed a significant mesenchy-
mal phenotype in those cells exposed to the conditioned
medium of ANp73-upregulating cells that was accompa-
nied by significant upregulation of ZEBI and CDH1, and
downregulation of MSN and SNAII ANp73 was previ-
ously identified as crucial in EMT in various physiolog-
ical contexts [22]; however, its involvement in MMT has
not been reported. Lenos et al [8] reported MSN
upregulation in patients with CRC-PC and associated it

Table 2. RT-gPCR values obtained from human samples adjusted by peritoneal carcinosis index (PCI). Ct values are after normalization to
GAPDH (Cttarget — Ctnorm) for both healthy and tumor tissue; AACt is calculated using healthy tissue as control for each patient
(AACt = ACt; — ACty). Values show marked relative overexpression of ANp73 and ITGB4 in tumoral tissue (PCl > 10 and PCl < 10).

Gene PCI Healthy
tissue (ACty)
ANp73 >10 12.66 * 3.22
<10 11.47 £ 4.96
MSN >10 0.82 +1.79
<10 0.56 + 1.42
ITGB4 >10 4.97 +£2.89
<10 5.77 £ 1.22
SNAIT >10 3.95 + 2.88
<10 3.84 £ 1.52
PES1 >10 3.18 £ 1.96
<10 213 £2.21

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

Tumor mRNA
tissue (ACty) expression (2742
13.40 £ 2.36 14.80 + 38.09
12.33 £ 3.33 2.57 £ 437

2.88 £ 1.66 0.49 £ 0.54
2.79 £ 2.28 0.50 £ 0.52
3.67 £ 1.90 5.70 £ 14.66
6.17 £ 2.34 443 £9.24
5.78 £ 2.08 0.59 £ 0.76
6.31 £ 2.50 0.66 £ 0.71
456 £ 2.50 0.61 £ 0.99
3.30 £ 3.46 1.08 £ 1.45
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Figure 3. Patients with peritoneal carcinosis (CRC-PC). (A) OS and (B) DFS in series of 30 patients diagnosed with CRC-PM. (C) OS and (D) DFS
stratified according to PCl <10 (p = 0.001 and p = 0.007, respectively). (E) OS and (F) DFS with respect to ANp73 expression levels
(no statistical significance). (G) High ITGB4 levels are associated with DFS (p = 0.009). (H) High MSN levels are associated with 0S
(p = 0.08). (I) High levels of MSN and (J) SNA/T in metastasis versus healthy peritoneal tissue, respectively, were associated with liver
metastasis. (K) High /TGB4 levels in tumor metastases were associated with vascular invasion; a direct correlation was observed between
(L) ANp73 and PEST, (M) PEST and SNAI1, (N) MSN and PEST, (0) ANp73 and MSN, and (P) MSN and SNAIT.

with the CSM4 mesenchymal subtype. We postulate
ANp73 as the master regulator of MSN and other pro-
teins involved in adhesion and progression to the perito-
neum, although further studies are required to accurately
understand the exact mechanism. The involvement of
ANp73 in the EMT process might therefore facilitate the
detachment of CRC cells from the primary tumor and
their release to the peritoneal fluid. The primary tumor
might also secrete EVs to the peritoneal cavity, pro-
moting the restructuring of the mesothelium and favor-
ing the adhesion of cancer cells to the peritoneum, a

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

process in which MMT might be critical. Furthermore,
ANp73-overexpressing cells might induce the expres-
sion of its target gene, ITGB4, a protein involved in
adhesion to the ECM through its receptor laminin and
associated with the attachment of tumor cells to the
peritoneum. In our mouse models, EVs induced the
MSN expression reported to be present in mesothelial
cells as part of the ezrin/radixin/moesin complex
involved in the regulation of cell adhesion, polarity,
and migration by cross-linking between the actin cyto-
skeleton and the plasma membrane [23].
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As expected, a higher PCI in our series of 30 patients was
associated with shorter DFS and OS. However, there was
no association between ANp73 expression and DFS and
OS, which could be due to the fact that all of our patients
were at stage IV. Larger series are needed to evaluate
whether the ANp73 expression levels differ in stage IV
patients with peritoneal metastasis with differing outcomes.
Interestingly, we found statistically significant correlations
between the expression levels of ANp73 and MSN and
PES]1, of SNAII and MSN and PES, and of MSN and
PES, supporting the concept that ANp73 might also be
regulating its target genes in patients. High levels of MSN
and SNAII were also associated with liver metastasis, while
low ITGB4 levels were associated with vascular invasion,
which is in line with our previous results showing that
ANp73 effectors might predict the prognosis of patients
more accurately than ANp73 [11]. Those patients who had
higher levels of MSN and ITGB4 had shorter DFS and
OS. MSN and ITGB4 could therefore be employed in the
clinical setting as prognostic biomarkers. Our results sup-
port the findings published by Lenos et al [8] that identified
MSN as a critical player in peritoneal dissemination and that
CRC-PC represents the molecular subtype CMS4. As
discussed above, the conditioned medium of CRC cells
upregulating ANp73 elicits a mesenchymal phenotype,
which agrees with the results of Lenos et al [8].
Unfortunately, we did not have the data regarding the
molecular subtype in our series to confirm that those tumors
upregulating ANp73 and MSN are of the CSM4 subtype.

In conclusion, further studies are needed to evaluate
whether ANp73 can predict metachronous PM develop-
ment. With this aim in mind, it would be interesting to
participate in the HIPECT4 [24] clinical trial, which tests
the prophylactic use of HIPEC. The evaluation of ANp73
expression levels in these patients would provide valu-
able information regarding the involvement of this iso-
form in peritoneal metastasis. Remarkably, a wide
variety of compounds that block the pro-tumoral activity
of ANp73 have been identified [25]. Given that the
chemotherapy agents employed in HIPEC do not confer
benefits to CRS [5], our data provide a new promising
targetable pathway for patients with CRC-PC.
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