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Abstract: The present study aimed to explore the role of SATB1, SMAD3, Ezrin and (3-catenin as indi-
vidual and combined biomarkers for the survival prediction in pancreatic adenocarcinoma (PAC). No-
tably, this study distinguished for the first time a potential prognostic value of SATBI corresponding
to its subcellular localization in PAC. Immunohistochemical staining on tissue macroarrays, as well as
RNA-seq data from public sources, were investigated, and the results correlated with overall survival
(OS) and clinicopathological features. The connectivity between the examined factors, as well as their
common signaling pathways, were demonstrated by the functional enrichment analysis. Herein, the
prognostic ability of cytoplasmic SATB1 in OS analysis was even superior to nuclear SATB1. Both
staining patterns tended to have opposite roles in the prognosis of PAC: SATB1¢ was an independent
prognostic factor for poor OS, whereas SATB1"™ expression reached no statistical significance, but
Kaplan—-Meier curves separated patients with low expression and adverse prognosis from patients
with high expression and favorable prognosis. High levels of SATB1 mRNA appeared as an inde-
pendent prognostic indicator for better OS. Furthermore, individual expression of SMAD3 or Ezrin,
as well as combined expression of SATB1/SMAD3/Ezrin/ 3-catenin, were associated with OS inde-
pendently of conventional risk factors, both in our cohort and TCGA dataset. In our series, patients
with tumors harboring combined expression of SATB1™high /SMAD3!Y /Ezrin!®% / 3-catenin!®"
experienced the highest survival rates, while those with SATB1¢Present /SMAD3hi8h /Ezrinhigh /3-
catenin!i8h had the worst survival. In conclusion, protein and/or mRNA expression levels of SATBI,
SMADS3, Ezrin and -catenin may serve as potential prognostic biomarkers for PAC, both as single
predictors and even better when combined.

Keywords: pancreatic ductal adenocarcinoma; SATB1; SMAD3; Ezrin; 3-catenin; prognostic factor

1. Introduction

Pancreatic cancer is one of the most aggressive and lethal malignant neoplasms world-
wide. According to the Global Cancer Statistics 2020, pancreatic cancer is ranked as the 7th
leading cause of cancer-related deaths, accounting for 4.7% of all diagnosed malignancy
cases with increasing frequency [1]. Despite significant advances in the understanding
of potential risk factors that cause pancreatic cancer and newly available tools for early
diagnosis and treatment, the general 5-year survival rate for patients is lower than 9% [2].
There are two main types of pancreatic cancer: pancreatic adenocarcinoma, known as
pancreatic ductal adenocarcinoma (PDAC), which originates from the epithelium of a duct,
and pancreatic neuroendocrine tumor arising from the abnormal growth of endocrine
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(hormone-producing) cells in the pancreas called islet cells [3]. PDAC is a type of exocrine
pancreatic cancer and the most common type of pancreatic malignancies (more than 85%
of all cases). This type is known for its extremely poor prognosis, with an overall 1-year
mortality rate of 24% [2]. Undoubtedly, there is an urgent need for the development of a
novel, more effective therapeutic regimen. Therefore, the identification of key oncogenic
regulators and understanding of pathways involved in the pathogenesis and progression
of pancreatic cancer is of high importance. A greater understanding of the relationship
between biomarkers expression and the clinicopathological characteristics as well as patient
survival would be useful from the clinical point of view.

Ezrin is a protein encoded by the EZR human gene. It is a principal member of the
ezrin—radixin-moesin (ERM) family, which functions as a general cross-linker between
membrane proteins and actin filaments. Ezrin exists in two conformations—dormant and
active. The former exists in a closed form that mostly resides in the cytoplasm, and the latter
is an open form localized mainly at the plasma membrane. It is widely established that
Ezrin is frequently overexpressed in invasive cancers, which is related to a poor prognosis.
The results of several studies suggest that Ezrin may regulate various signaling pathways
and molecules involved in tumor progression [4-6].

SMAD family member 3 (SMAD3) acts through transforming growth factor-beta
(TGF-B). The protein participates in the regulation of gene activity, cell proliferation,
differentiation and death [7]. However, the SMAD3-mediated TGF-f signaling pathway is
also involved in the induction of tumor angiogenesis and the promotion of tissue invasion
and metastasis [8,9].

The many cellular processes, including organ development, differentiation and tissue
homeostasis, are controlled by the Wnt/ 3-catenin signaling pathway. Aberrant Wnt/(3-
catenin signaling can lead to developmental defects and cancer progression. [3-catenin
(encoded by CTNNBI gen) is a key molecule in this pathway. Stabilized 3-catenin accumu-
lates in the cytoplasm and translocates to the nucleus, where it binds the TCF/LEF family
members and induces the transcription of target genes. Many studies have reported that
overexpression of 3-catenin is associated with several human cancers [10-12]. However,
the role of 3-catenin expression in PDAC is somewhat controversial [13].

Special AT-rich sequence-binding protein 1 (SATB1) is a higher-order chromatin or-
ganizer and a global transcriptional regulator. SATB1 may regulate whole sets of genes,
even those located on distant chromosomes, by altering the functional organization of the
DNA sequence. In addition, SATBI is engaged in post-transcriptional modifications, such
as phosphorylation or acetylation, conferring its ability to act as a repressor or activator of
gene expression [14]. SATB1 is known to play a vital role in the differentiation, embryonic
development and maturation of thymocytes [15]. Furthermore, our team has revealed that
the SATB1/F-actin complex is involved in the active cell death of both tumor [16] and
non-tumor cells [17]. However, it may also contribute to tumor progression and metastasis.
Many recent studies have shown that the abnormal expression of SATB1 is frequently
associated with clinicopathological features and patient survival, but its clinical value in
PDAC is still underexplored [18-24].

Similar to other malignancies, uncontrolled cell proliferation is induced in PDAC by
the alternating function of different intracellular signaling pathways’ components. As
demonstrated in previous studies, SATB1, SMAD3, Ezrin and f3-catenin play an important
role in regulating cell proliferation, migration and apoptosis, which are strongly implicated
in carcinogenesis. In this study, we selected these proteins due to the fact that they may
be related by their respective roles and overlapping signaling cascades in tumor cells;
however, their joint expression has not been previously evaluated in clinical samples of
PDAC. Therefore, the aim of this research was to explore the prognostic value of the
single and combined expression of SATB1, SMAD3, Ezrin and 3-catenin in PDAC. Protein
expression was evaluated by immunochemistry in the institutional tissue macroarrays
(TMAs), while mRNA expression used publicly available TCGA data. Both were correlated
with clinicopathological parameters and patient outcome (overall survival, OS). Finally,
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protein—protein interaction (PPI) network for 3-catenin, Ezrin, SATB1, SMAD3 and their
50 neighbors was constructed and functionally annotated to predict biological functions
and pathways possibly related to examined factors in PAC.

2. Materials and Methods
2.1. Patients and Tissue Specimens

The research was performed on formalin-fixed paraffin-embedded tissue (FFPE) spec-
imens from 68 patients with PDAC who were operated at the Department of Liver and
General Surgery, Collegium Medicum in Bydgoszcz, Nicolaus Copernicus University in
Torun (Poland). Histopathological diagnosis for each tumor sample was confirmed by two
independent pathologists, based on the hematoxylin and eosin (HE) staining in the Depart-
ment of Clinical Pathomorphology, Collegium Medicum in Bydgoszcz. All tumors were
reclassified according to the standardized TNM 8th edition classification of The American
Joint Committee on Cancer (AJCC) criteria. To avoid excessive study complexity, the cohort
included only adenocarcinomas, and all other histological types were excluded from the
series. All clinical data were systematized and analyzed in detail. The study group included
68 patients (34 female, 34 male) with an average age of 63 years (range 43-81). The most
common tumor location was the head of the pancreas (1 = 60, 88.24%). In turn, pancreatic
body and tail tumors were less frequent (1 = 8, 11.77%). Considering a histological grade,
5 samples were classified as differentiated (G1; 7.35%), 55 as moderately differentiated (G2;
80.88%), and 8 as poorly differentiated (G3; 11.77%) cancer tissue. Regarding pathologic
T stage, the study group consisted of 10 T1 (14.71%), 43 T2 (63.24%), 8 T3 (11.77%), 2 T4
(2.94%) and 5 Tx (7.35%) cases. Thirty-six (52.94%) patients were characterized by a positive
and 30 (44.12%) by a negative lymph node status (no data for 2 patients). Perineural
invasion was present in 42 (61.77%) patients, while vascular invasion was confirmed for
23 (37.10%) patients. Data concerning postsurgical survival were available for 62 patients,
and the median follow-up time was 1427 days. The study was carried out using the same
tissue specimens as in our previously published study [25], whereby the final follow-up
was extended to 6 September 2020. The control tissue (1 = 64) was from 54 of the 68 PDAC
patients with the adjacent normal pancreatic tissue and another 10 specimens from nor-
mal peritumoral tissue of other PDAC patients. The study protocol has been approved
by The Ethics Committee of Nicolaus Copernicus University in Torun, Ludwik Rydygier
Collegium Medicum in Bydgoszcz (approval number KB 342/2020).

2.2. Tissue Macroarrays and Immunohistochemical Staining

Representative tumor areas (tumor areas with at least 80% of tumor cells) and the adja-
cent areas of histologically normal tissue were selected in order to obtain tissue macroarray.
Tissue macroarrays were obtained by transferring representative large tissue fragments
from donor blocks into a new recipient block. One recipient block included 5 different tu-
mor samples from donors’ paraffin blocks. For verification tumor cells in tissue macroarray
blocks, HE staining was performed. IHC studies were carried out on FFPE specimens at
the Department of Clinical Pathomorphology, Collegium Medicum in Bydgoszcz, Nicolaus
Copernicus University in Torun, Poland. Selected paraffin blocks were cut into 3—4 um
thick sections using a manual rotary microtome (Accu-Cut, Sakura, Torrance, CA, USA).
Subsequently, paraffin sections were placed on extra adhesive slides (SuperFrost Plus;
Menzel-Glaser, Braunschweig, Germany) and dried at 60 °C for 1 h. Next, sections were
deparaffinized and rehydrated. Antigen retrieval was performed using a high-pH buffer
(Dako; Agilent Technologies, Inc., Santa Clara, CA, USA) at 95-98 °C for 20 min in an
automated PT-link system (Dako). Automated immunostaining for anti-SATB1 antibody
(ab109122, Abcam, Great Britain), anti-SMAD3 antibody (ab28379, Abcam), anti-Ezrin
antibody (ab41672, Abcam) and anti-3-catenin antibody (ab32572, Abcam) was carried
out with EnVision FLEX+ HRP reagents (Dako). Endogenous peroxidase activity, as well
as the nonspecific binding sites, were blocked by incubation with 3% H;O, for 10 min
at room temperature (RT) and 3% bovine serum albumin (BSA) for 15 min at RT, respec-
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tively. Tissue sections were then incubated with primary rabbit polyclonal anti-SATB1
antibody (1:200), primary rabbit polyclonal anti-SMAD3 antibody (1:500), primary rab-
bit polyclonal anti-Ezrin antibody (1:100) and primary rabbit monoclonal anti-3-catenin
antibody (1:100) for 30 min at RT. Finally, slides were incubated with EnVisionFlex+ Anti-
Mouse/Rabbit HRP-Labeled Polymer (Dako) for 20 min. The staining signal was devel-
oped with 3,3'diaminobenzidine (DAB) solution. Tissues sections were counterstained
with hematoxylin and dehydrated in ethanol of increasing concentration (80, 90, 96, 99.8%),
then cleared in a series of xylenes (from I to IV). Finally, the slides were sealed with Dako
mounting medium.

2.3. Evaluation of Immunohistochemistry Staining

The IHC evaluation of protein expression was performed by two independent pathol-
ogists in the light ECLIPSE E400 microscope (Nikon Instruments Europe, Amsterdam,
Netherlands) at 20x original objective magnification. Each core was evaluated randomly
in three areas with obvious lesions.

The immunoexpression of studied proteins was evaluated according to the modi-
fied Index Remmele-Stegner (IRS) by multiplying the percentage of positively stained
cells/areas and staining intensity. The percentage of positive cells/area was scored in the
following way: (0)—less than 10%, (1)—11-20%, (2)—21-50%, (3)—51-80% and (4)—equal
or more than 81%, and the intensity of the stain was scored using the following criteria:
(0)—negative; (1)—weak staining; (2)—moderate staining; and (3)—strong staining. The
final staining result, ranging from 0 to 12, was divided into two expression groups based
on a specific discrimination threshold set by the Evaluate Cutpoints software [26]. The
cut-off values for high and low expression of nuclear SATB1 (SATB1"), SMAD3, Ezrin and
[3-catenin were as follows: <1; >1, <8; >8, <8; >8, <4; >4, respectively. Cytoplasmic SATB1
(SATB1°) expression was scored as positive or negative based on the presence (+) or absence
(—) of cytoplasmic tumor cell staining. Combined prognostic values of candidate biomark-
ers were evaluated in the following expression groups: cases with the co-expression of
SATB1™1°WSMAD3M8MEzrin8h B-cateninM8" were analyzed in comparison with the op-
posite expression pattern (SATB1™N8"SMAD3WEzrin!W 3-catenin!"), whereas “other”
defined all else expressive cases (the reference group); a similar scheme was followed for
the co-expression of SATB1¢PresentSMA D3N Ezrinhigh B -cateninhish.

2.4. In Silico Analysis

To support our results and confront them with online available data, we additionally
assessed SATB1, SMAD3, EZR and CTNNBI expression in the TCGA cohort. Gene expres-
sion data for The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx)
cohorts from 177 patients with pancreatic adenocarcinoma (146 with ductal histology)
and 165 of non-cancerous pancreatic tissues were obtained from www.cBioPortal.org and
UCSC Xena Viewer (http:/ /xena.ucsc.edu/, accessed on 3 July 2020). The RNA sequencing
datasets (RNA-seq) were normalized via DESeq2 normalization, and data were divided
into low- and high-expression groups according to the cutpoints established in Evaluate
Cutpoints software. The cut-off values for positive (high) and negative (low) expression
of SATB1, SMAD3, EZR, CTNNB1 mRNA were as follows: <10.99; >10.99, <12.67; >12.67,
<14.35; >14.35, <14.68; >14.68, respectively. We created the expression combination of the
factors tested. Cases with the co-expression of SATB1°YSMAD3shEZRNshCTNNB1hish
were analyzed in comparison with the opposite expression pattern, whereas “other” defined
all else expressive cases.

2.5. Protein-Protein Interaction (PPI) Network Construction and Functional Enrichment Analysis

The 50 neighboring genes most relevant to the queried genes (CTNNB1, EZR, SATB1
and SMAD3) were filtered through the Search Tool for the Retrieval of Interacting Genes
(STRING) database (https://string-db.org, accessed on 14 September 2021) and further
used to construct a network map, which was visualized via Cytoscape software version
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3.8.2. The cut-off criteria to construct the protein—protein interaction (PPI) network was
set as confidence score >0.4 and the maximum number of interactors = 50. The most
significant modules in the PPI network were identified using the Cytoscape plugin Molec-
ular Complex Detection (MCODE) [27]. The screening options were set as degree cut-
off = 2, max. depth =100, k-core = 2 and node score cut-off = 0.2. The top 10 genes in
the network were screened as hub genes using the degree method with the CytoHubba
plugin [28] in Cytoscape software. Pathway analysis and visualization were performed
using the Reactome Pathway database (https://reactome.org, accessed on 14 September
2021) [29]. To find KEGG Pathway and Gene Ontology (GO) categories (cellular compo-
nent (CC), biological process (BP) and molecular function (MF)) shared by the analyzed
genes, the Database for Annotation, Visualization and Integrated Discovery (DAVID;
https://david.ncifcrf.gov, accessed on 14 September 2021) [30] was applied. The KEGG
BRITE (https://www.genome.jp/kegg/brite.html, accessed on 14 September 2021) [31]
was utilized to explore functional hierarchies of the imputed genes.

2.6. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 7.01 (GraphPad
Software, La Jolla, CA, USA) and SPSS version 26.0 software (IBM Corporation, Armonk,
NY, USA). The Mann-Whitney test was used to compare continuous variables, and Fisher’s
exact or Chi-squared tests were used to compare the categorical variables. To assess the cor-
relations between the expression of SATB1, SMAD3, Ezrin/EZR and (3-catenin/CTNNBI,
Spearman’s correlation coefficient was employed. Survival outcomes were assessed using
the Kaplan-Meier method, and differences were evaluated using the log-rank test. Univari-
ate and multivariate survival analyses were performed using the Cox proportional hazard
regression model. Additionally, 95% confidence intervals (95% Cls) and the hazard ratios
(HRs) were calculated. Variables that had a significant relation to OS in the univariate
analysis were introduced into the multivariate Cox regression model. The p value < 0.05
was considered statistically significant.

3. Results
3.1. Comparison of Protein Expression in Cancer and Normal Tissue and Its Relation to
Clinicopathological Characteristics in Our Cohort

The study included the analysis of the expression of four proteins—SATB1, SMAD3,
Ezrin and [3-catenin. Representative images of IHC staining are presented in Figure 1A-].
Comparison of SATBI" expression between PDAC and healthy tissue margin indicated
a statistically significant reduction in PDAC positive samples (p < 0.0001; Figure 2A).
Interestingly, in the case of cancer tissue, in 21 cases (30.88%), cytoplasmic labeling was
also present, which was not observed in any of the control samples (p < 0.0001; Figure 2B).
Fifty-two samples (76.47%) of tumor tissue were characterized by low and 16 (23.53%) by
high SATBI™ expression. SATB1" did not correlate with histological type, age, stage, pT
and pN status. However, we found its correlation with histological grade. Low SATB1"
expression was observed in 100% of G1 tumors (1 = 5), 78.18% of G2 (n = 55) tumors and
50% of G3 tumors (n = 8), and these differences were statistically significant (p = 0.03).
SATB1¢ did not correlate with histological type, age, histological grade, stage or pT and pN
status (Table 1).
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Figure 1. Representative images of immunohistochemical expression of nuclear SATB1 (A,B), cyto-
plasmic SATB1 (C,D), SMAD3 (E,F), Ezrin (G,H) and -catenin (IJ) in pancreatic ductal adenocarci-
noma. Primary magnification x20.
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Figure 2. Comparison of the immunohistochemical expression of nuclear SATB1 (A), cytoplasmic
SATB1(B), SMAD3 (C), EZR (D) and B-catenin (E) in tumor and adjacent tissues of PDAC patients.

Considering the available literature data and the obtained results regarding SMAD3,
only its nuclear expression pattern was included. For both normal tissue margin and tumor
samples, SMAD3 expression was confirmed in most of the cases (96.88% for control and
98.53% for tumor specimens). However, its level was significantly increased in the case
of PDAC samples compared to the adjacent tissue (p < 0.0001; Figure 2C). The adopted
division allowed for the determination of 26 samples (38.24%) with low and 42 (61.77%)
with high expression. The expression of SMAD3 did not correlate with histological type,
histological grade, age, stage or pT and pN status (Table 1).

In the case of Ezrin, the dominant expression pattern for tumor samples was membranous-
cytoplasmic (n = 55, 80.88%). Cytoplasmic without membrane labeling was visible for
13 samples (19.12%). In contrast, in normal tissue, the membrane-cytoplasmic pattern
was observed only for 28 specimens (1 = 28, 45.16%), while the most common was the
cytoplasmic one (100%). As shown in Figure 2D, compared to the adjacent tissue, tumor
samples were characterized by significantly increased expression of Ezrin (p < 0.0001). In
addition, overexpression of the protein was observed in 15 samples (22.06%), while low
expression was for 53 (77.94%). The expression of Ezrin did not correlate with histological
type, histological grade, age, stage and pN status. However, we found its correlation with
pT status (p = 0.048; Table 1). Ezrin overexpression was markedly more frequent in the
T3-T4 group (n =5, 50.00%) than T1-T2 (n = 10, 18.87%).

For 3-catenin, the membrane expression pattern was assessed. In normal tissue, mem-
brane expression was observed in all (100%) samples. In turn, for tumor tissue, membrane
expression was present for 61 (89.71%) cases. Comparison between control and tumor
tissues showed a statistically significant decrease in the (3-catenin expression in PDAC
specimens (p < 0.0001; Figure 2E). Twenty-five cancer tissue specimens were characterized
by low (36.77%) and 43 by high membrane expression (63.24%). The expression of (3-catenin
did not correlate with histological type, histological grade, age, stage or pT and pN status
(Table 1).
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Table 1. Inmunohistochemical expression of SATB1", SATB1¢, SMAD3, Ezrin and (3-catenin proteins and their relationship with clinicopathological features of

PDAC patients.
SAETBl leclear SATB1 CytoPlasmlc SMAD3 Ezrin B-Catenin
Xxpression Expression
Variables n (%) p Value p Value p Value p Value p Value
Low High Absent Present Low High Low High Low High
n=>52 n=16 n =47 n=21 n=26 n=42 n=16 n=>52 n=25 n=43
Age (years)
<60 29 (42.65) 22 (75.86) 7 (24.14) 0.99 20 (68.97) 9 (31.03) 0.99 12 (41.38) 17 (58.62) 08 24 (87.76) 5(17.24) 0.56 11 (37.93) 18 (62.07) 0.99
>60 39 (57.35) 30 (76.92) 9 (23.08) >0- 27 (69.23) 12 (30.77) >0 14 (35.9) 25 (64.1) ’ 29 (74.36) 10 (25.64) ’ 14(35.90) 25 (64.10) >0-
Gender
Male 34 (50.00) 27 (79.41) 7 (20.59) 078 22 (64.71) 12 (35.29) 06 13 (38.24) 21 (61.76) 0.99 25 (80.65) 6(19.35) 077 11 (32.35) 23 (67.65) 0.62
Female 34 (50.00) 25 (73.53) 9 (26.47) ’ 25 (73.53) 9 (26.47) ’ 13 (38.24) 21 (61.76) >0 28 (75.68) 9(24.32) ’ 14 (41.18) 20 (58.82) ’
Grading
G1 5(7.35) 5 (100.0) 0 (0.00) 4 (80.00) 1 (20.00) 2 (40.00) 3 (60.00) 3 (60.00) 2 (40.00) 1(20.00) 4 (80.00)
G2 55 (80.88) 43 (78.18) 12 (21.82) 0.03 39 (70.91) 16 (29.09) 0.42 18 (32.73) 37 (67.27) 0.1 43 (78.18) 12 (21.82) 0.30 21 (38.18) 34 (61.82) 0.60
G3 8 (11.77) 4 (50.00) 4 (50.00) 4 (50.00) 4 (50.00) 6 (75.00) 2 (25.00) 7 (87.5) 1(12.5) 3(37.50) 5 (62.50)
pT status
T1-T2 53 (84.13) 39 (73.58) 14 (26.42) 0.99 22 (62.26) 20 (37.74) 0.09 18 (33.96) 35 (66.04) 016 43 (81.13) 10 (18.87) 0.048 17(32.08) 36 (67.92) 072
T3-T4 10 (15.87) 8 (80.00) 2 (20.00) >0- 9 (90.00) 1 (10.00) ’ 6 (60.00) 4 (40.00) ’ 5 (50.00) 5 (50.00) ’ 4(40.00) 6 (60.00) >0-
pN status
NO 30 (45.46) 24 (80.00) 6 (20.00) 057 23 (76.67) 7(23.33) 042 14 (46.67) 16 (53.33) 032 23 (76.67) 7 (23.33) 0.55 12 (40.00) 18 (60.00) 0.80
N1-N2 36 (54.54) 26 (72.22) 10 (27.78) ’ 24 (66.67) 12 (33.33) ’ 12 (33.33) 24 (66.67) ’ 30 (83.33) 6 (16.67) ’ 13 (36.11) 23 (63.89) ’
TNM stage
I 24 (38.71) 20 (83.33) 4 (16.67) 17 (70.83) 7(29.17) 9(37.5) 15 (62.5) 20 (83.33) 4 (16.67) 039 8(33.33) 16 (66.67)
I 24 (38.71) 14 (58.33) 10 (41.67) 0.08 19 (79.17) 5(20.83) 0.17 11 (45.83) 13 (54.17) 0.78 19 (79.17) 5(20.83) ’ 11 (45.83) 13 (54.17) 0.30
I-Iv 14 (22.58) 12 (85.71) 2(14.29) 7 (50.00) 7 (50.00) 5(35.71) 9 (64.29) 10 (74.43) 4(28.57) 3(21.43) 11 (78.57)
Location
head 60 (88.24) 46 (76.67) 14 (23.33) 0.99 42 (70.00) 18 (30.00) 0.70 23 (38.33) 37 (61.67) 0.99 48 (80.00) 12 (20.00) 036 24 (40.00) 36 (60.00) 024
body and tail 8 (11.77) 6 (75.00) 2 (25.00) >0 5 (62.50) 3 (37.50) ’ 3 (37.50) 5 (62.50) >0- 5(62.50) 3 (37.50) ’ 1(12.50) 7 (87.50) ’
PNI
Absent 22 (34.38) 19 (86.36) 3(13.64) 0.22 17 (77.27) 5(22.73) 0.57 9 (40.91) 13 (59.1) 0.79 16 (72.73) 6(27.27) 0.34 7 (31.82) 15 (68.18) 0.43
Present 42 (65.62) 29 (69.05) 13 (30.95) ) 28 (66.67) 14 (33.33) ’ 15 (35.71) 27 (64.29) ’ 35 (83.33) 7 (16.67) ’ 18 (42.86) 24 (57.14) ’
LVI
Absent 39 (62.90) 28 (71.79) 11 (28.21) 077 30 (76.92) 9 (23.08) 025 18 (46.15) 21 (53.85) 0418 28 (71.80) 11 (28.20) 041 17 (43.59) 22 (56.41) 042
Present 23 (37.10) 18 (78.26) 5(21.74) ' 14 (60.87) 9 (39.13) ’ 6 (26.09) 17 (73.91) ) 21 (91.30) 2 (8.70) ’ 7 (30.43) 16 (69.57) ’

Significant p values (p < 0.05) are marked in bold. Abbreviations: LVI—vascular invasion; PNI—perineural invasion.
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3.2. Association between the Protein Expression and Patient Survival in Own Cohort

Next, we constructed Kaplan-Meier curves to determine the impact of individual
expression patterns of the studied proteins on the overall survival (OS) of PDAC patients.
A suggestive association was observed between SATB1™ expression and OS, but without
statistical significance (297 days vs. 561 days, p = 0.118; Figure 3A). Notably, the presence
of SATB1¢ expression in PDAC was associated with a significantly shorter OS rate (median
OS: 117 days) than the absence of SATBI1¢ expression (median OS: 458 days; p = 0.036;
Figure 3B). Combining these two staining patterns of SATB1 did not improve the survival
prediction (Figure S1, Tables S1 and S2). Furthermore, Kaplan-Meier survival analysis
indicated that PDAC patients with a high level of SMAD3 expression (median OS: 290 days)
had lower OS rates (p = 0.004) than those with SMAD3 low expression level (median
OS: 531 days, Figure 3C). Analysis of patient survival data also showed that low Ezrin
expression correlated with a higher OS rate (median OS: 450 days) than high expression
(median OS:118 days). This survival difference was of borderline significance (p = 0.055,
Figure 3D). Low [3-catenin expression tended to be associated with longer survival (median
OS: 450 days) than high (median OS: 274 days; p = 0.088, Figure 3E).

A SATB1 nuclear B SATB1 cytoplasmic

p=0.118 p =0.036

Overall survival
Overall survival

high
absent

present

days days

C SMAD3 D Ezrin

" [ p = 0.055

Overall survival
Overall survival

high high low

00 500.00 1000.00 1500.00 200000 2500.00 300000 o0 500.00 100000 1500.00 2000.00 2500.00 3000.00

days days

E B-catenin

" p=0.088

Overall survival

high

00 500.00 1000.00 150000 2000.00 250000 3000.00

days

Figure 3. Kaplan-Meier survival curves stratified by SATB1™ (A), SATB1¢ (B), SMAD3 (C), Ezrin (D)
and (-catenin (E) expression in pancreatic adenocarcinoma. Protein expression was measured using
immunohistochemistry, and the calculated IRS scores were divided into two categories as specified in
the Material and methods.
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3.3. Significance of Assessed Characteristics as Prognostic Factors in Own Cohort

To further examine the prognostic value of the studied proteins as single indicators,
univariate and multivariate survival analyses were performed using the Cox proportional
hazard regression model. The univariate Cox analysis pointed to age (p = 0.04), TNM
stage (p = 0.03), vascular invasion (p = 0.01), SATB1¢ (p = 0.039) and SMAD?3 (p = 0.005) as
significant prognostic factors for OS in PDAC patients. In turn, Ezrin expression reached
borderline significance (p = 0.06). After adjusting for classical prognostic factors using
the multivariate Cox regression analysis, the strength of this association increased and
was statistically significant (p = 0.01). Furthermore, the multivariate analysis confirmed
the significance of high SMAD3 expression (HR 3.08, 95% CI 1.52-6.23, p = 0.002) as an
independent negative prognostic factor for PDAC patients. Moreover, SATB1¢ expression
was indicated as an independent poor prognostic factor of near significance (HR 1.86, 95%
CI10.93-3.74, p = 0.08) after adjustment for age, TNM stage and LVI. The results of univariate
and multivariate Cox analyses are shown in Tables 2 and 3, respectively.

Table 2. Univariate analysis of prognostic factors by Cox proportional hazard model in own cohort.

Univariate Analysis of Own Cohort

95% CI
Variable HR p Value
Lower Upper

SATBI" 1.73 0.86 3.47 0.12
SATBI¢ 1.87 1.03 3.40 0.039
SMAD3 2.40 1.31 4.40 0.005
Ezrin 1.80 0.98 3.30 0.06
[3-catenin 1.64 0.92 2.92 0.09
age 1.03 1.00 1.07 0.04
gender 0.96 0.56 1.65 0.88
grading 0.95 0.37 2.41 0.91
pN 1.30 0.74 227 0.36
pT 1.09 0.53 2.27 0.81
TNM stage 2.08 1.09 3.98 0.03
PNI 1.58 0.89 2.82 0.12
LVI 2.16 1.17 3.96 0.01

Significant p values (p < 0.05) are marked in bold. Abbreviations: CI, confidence interval; HR, hazard ratio;
LVI—vascular invasion; PNI—perineural invasion.

3.4. Correlation between the Expression of SATB1, SMAD3, Ezrin and B-Catenin in Own Cohort

A weak negative and significant association was found between the expression of
-catenin and SATBI" (r = —0.291, p = 0.015). In addition, a weak positive and signifi-
cant association was revealed between the expression of 3-catenin and SMAD3 (r = 0.251,
p =0.039). Furthermore, moderate positive and significant association was confirmed
between the expression of (3-catenin and SATBI1¢ (r = 0.321, p = 0.007). A weak positive asso-
ciation was also noted between the expression of SATB1¢ and SMAD3, but this correlation
did not reach statistical significance (r = 0.214, p = 0.08).
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Table 3. Multivariate analysis of prognostic factors by Cox proportional hazard model in own cohort.

Multivariate Analysis of Own Cohort

95% CI 95% CI 95% CI
Variable HR p Value  Variable HR —————— pValue Variable HR ———————— p Value
Lower Upper Lower Upper Lower Upper
SATB1"  1.19 0.56 2.55 0.66 SATB1¢ 1.86 0.93 3.74 0.08 SMAD3  3.08 1.52 6.23 0.002
age 1.04 1.00 1.08 0.03 age 1.05 1.01 1.10 0.015 age 1.05 1.01 1.09 0.024
INM o2 109 a7 003 M o4 1m0 495 ooz ™M o590 43 567 0005
stage stage stage
LVI 2.59 133 5.02 0.005 LVI 2.76 1.40 5.43 0.003 LVI 271 1.38 5.30 0.004
95% CI 95% CI
Variable HR p Value  Variable HR —  p Value
Lower Upper Lower Upper
Ezrin 2.70 1.25 5.85 0.011 B- . 1.69 0.86 3.32 0.13
catenin
age 1.05 1.01 1.09 0.013 age 1.05 1.01 1.09 0.016
TNM 2.11 1.04 427 0.038 ThNM 2.32 1.16 4.64 0.017
stage stage
LVI 3.55 1.74 7.26 0.001 LVI 2.64 1.35 5.15 0.004

Significant p values (p < 0.05) are marked in bold. Abbreviations: CI, confidence interval; HR, hazard ratio;
LVI—vascular invasion. HR: adjusting for age, TNM stage, V1.

3.5. Comparison of mRNA Expression in Cancer and Normal Tissue and Its Relation to
Clinicopathological Characteristics in TCGA Cohort

In 177 PAC, based on the established cutpoint, high SATBI mRNA expression of
SATB1 mRNA was observed for 106 cases (59.89%). There was no significant difference
in the expression levels of SATB1 between PAC and normal pancreatic tissues (p = 0.9694;
Figure 4A). SATBI1 level was dependent on pN status (p = 0.026). In the case of SMAD3 more
samples were characterized by high expression (n = 103, 58.19%) than low (n = 74, 41.81%).
The expression of SMAD3 mRNA was significantly higher in PAC tissues compared to
normal pancreatic tissues (p < 0.0001; Figure 4B). SMAD3 expression correlated with
grading (p = 0.012), pT status (p = 0.026) and TMN stage (p = 0.008). High EZR mRNA
levels were found in 145 (81.92%) PAC cases, whereas the remaining 32 (18.08%) had
low levels of this marker. The expression of EZR mRNA in PAC tissues was significantly
up-regulated as compared with normal pancreatic tissues (p < 0.0001; Figure 4C). EZR level
was dependent on grading (p = 0.02), pT status (p = 0.0157) and TNM stage (p = 0.0007).
More of the patients were characterized by high CTNNB1 expression (n = 120, 67.80%)
than low (n = 57; 32.20%). Additionally, in the case of CTNNBI, its mRNA levels were
significantly higher in PAC tissues compared to normal pancreatic tissues (p < 0.0001;
Figure 4D). The analysis showed statistically significant associations between CTNNB1
expression and grading (p = 0.001), pT status (p = 0.009), pN status (p = 0.0002) and TMN
stage (p = 0.0001). The described results are presented in Table 4.

A TCGA: SATB1 B TCGA: SMAD3 C TCGA: EZR D TCGA: CTNNB1
“ p =0.9694 2 p < 0.0001 2 p < 0.0001 2 p < 0.0001
18
5 5 16 §1® 5™
712 H ] H
< <12 <14 <14
g £ 2 2
£ 0 E . €42 €4y —_—
8 6 10 10
Normal Tumor Normal Tumor Normal Tumor Normal Tumor

Figure 4. Comparison of mRNA expression levels of SATB1 (A), SMAD3 (B), Ezrin (C) and CTNNB1
(D) in tumor and normal tissues in PAC patients of TCGA cohort.
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Table 4. mRNA expression and its relationship with clinicopathological features of PAC patients in
TCGA cohort.

SATB1 Expression SMAD3 Expression EZR Expression Esgll'\elsl\;z)ln
Variables 1 (%) p Value p Value p Value p Value
Low High Low High Low High Low High
n="71 n =106 n="74 n =103 n=32 n =145 n=>57 n=120
Age
(years)
<60 59 20 39 22 37 11 48 15 44
= (3333)  (33.90) (66.10) 0.26 (3729)  (62.71) 042 (18.64)  (81.36) >0.99 (2541)  (74.58) 023
<60 118 51 67 52 66 21 97 42 76
(66.67) (43.22) (56.78) (44.07) (55.93) (17.80) (82.20) (35.59) (64.41)
Gender
Male 97 40 57 41 56 20 77 30 67
(54.80)  (41.24) (58.76) 0.76 4227)  (57.73) >0.99 (2062)  (79.38) 043 (3093)  (69.07) 0.75
Female 80 31 49 33 47 12 68 27 53
(45.20) (38.75) (61.25) (41.25) (58.75) (15.00) (85.00) (33.75) (66.25)
Grading
c1 31 13 18 19 12 11 20 18 13
(1751)  (41.94) (58.06) (61.29)  (38.71) (35.48)  (64.52) (58.06)  (41.94)
. 94 38 56 0.93 40 54 0.012 15 79 0.020 o7 67 0.001
(53.12)  (40.43) (59.57) (4255)  (57.45) (1596)  (84.04) (2872)  (71.28)
50 19 31 14 36 44 10 40
G3G4 (0825 (3800)  (62.00) 2800)  (72.00) 6(1200) (g5 o) (2000)  (80.00)
pT status
T1-T2 30 12 18 18 12 10 20 16 14
(16.95) (40.00) (60.00) >0.99 (60.00) (40.00) 0.026 (33.33) (66.67) 0.0157 (53.33) (46.67) 0.009
T3-T4 145 57 88 54 91 20 125 39 106
(81.92)  (39.31) (60.69) (37.24)  (62.76) (13.79)  (86.21) (2690)  (73.10)
PN status
NO 49 26 42 26 23 12 37 26 23
(27.68) (53.06) (85.71) 0.026 (53.06) (46.94) 0.06 (24.49) (75.51) 0.11 (53.06) (46.94) 0.0002
N1 123 42 81 45 78 17 106 28 95
(63.84)  (34.15) (65.85) (36.59)  (6341) (13.82)  (86.18) (2276)  (77.24)
TNM stage
21 10 11 15 12 15
I (11.86)  (47.61)  (5238) 056 7143y 0(8) 0.008 9(4286) (5714 ooooy  7143) 6(28.57) 0.0001
I 146 55 91 ’ 53 93 . 18 128 . 38 108 ’
(8249)  (37.67) (62.33) (36.30)  (63.70) (12.33)  (87.67) (2603)  (73.97)
I-1v 8(4.52) 4(50.00) 4(50.00) 4(50.00) 4 (50.00) 3(37.50)  5(62.50) 2(25.00)  6(75.00)

Significant p values (p < 0.05) are marked in bold.

3.6. Association between themRNA Expression and Patient Survival in TCGA Cohort

Survival analysis of the TCGA cohort showed that SATBI expression was not signifi-
cantly correlated with OS (median OS for low vs. high expression = 517 vs. 695, p = 0.123).
While for SMAD3, EZR and CTNNBI, high expression was connected with a poorer sur-
vival rate (median OS for high vs. low expression = 498 vs.1332, 592 vs. undefined and
592 vs. 2182, respectively). Except for SATBI, all the results were statistically significant
(p <0.0001 for SMAD3 and EZR, and p = 0.0001 for CTNNBI). Kaplan—Meier survival
curves are presented in Figure 5.

3.7. Significance of Assessed Characteristics as Prognostic Factors in TCGA Cohort

The univariate Cox analysis showed that SMAD3 (p < 0.0001), EZR (p < 0.0001) and
CTNNBI (p = 0.002) expression levels were prognostic factors for OS of statistical signifi-
cance, as well as age (p = 0.01), grading (p = 0.02), pN (p = 0.01) and pT status (p = 0.02). In
turn, the multivariate analysis pointed to SATB1 (p = 0.002), SMAD3 (p = 0.05) and EZR
(p = 0.033) expression as independent prognostic factors for OS. The obtained results are
presented in Tables 5 and 6, respectively.

3.8. Correlation between the Expression of SATB1, SMAD3, Ezrin and CTNNBI in TCGA Cohort

Spearman correlation coefficient statistics uncovered strong positive correlations be-
tween SMAD3 and EZR (r = 0.757; p < 0.0001) as well as between CTNNB1 and SMAD3
(r=0.606, p = 0.0049). Moreover, a moderate positive and significant association was found
between the expression of CTNNB1 and EZR (r = 0.512, p < 0.0001). A weak positive and
significant association was also confirmed between the expression of SATB1 and CTNNBI1
(r=0.244, p = 0.001). There were no other connections between studied mRNAs.
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Figure 5. Kaplan—-Meier survival curves stratified by SATB1 (A), SMAD3 (B), EZR (C) and CTNNB1

(D) mRNA levels in TCGA cohort.

Table 5. Univariate analysis of prognostic factors by Cox proportional hazard model in TCGA cohort.

Univariate Analysis of TCGA Cohort

Variable HR =%l p Value
Lower Upper

SATB1 0.73 0.48 1.09 0.12

SMAD3 2.26 1.45 3.54 <0.0001

EZR 4.65 2.02 10.69 <0.0001
CTNNB1 2.21 1.34 3.65 0.002
age 1.03 1.01 1.05 0.01
gender 0.81 0.54 1.23 0.33
grading 2.18 1.15 413 0.02
pN 2.10 1.25 3.52 0.01
pT 2.21 1.14 4.28 0.02
TNM stage 0.74 0.23 2.34 0.60

Significant p values (p < 0.05) are marked in bold. Abbreviations: CI, confidence interval; HR, hazard ratio;

TCGA—The Cancer Genome Atlas.
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Table 6. Multivariate analysis of prognostic factors by Cox proportional hazard model in TCGA cohort.

Multivariate Analysis of TCGA Cohort

95% CI 95% CI
Variable HR p Value  Variable HR p Value
Lower Upper Lower Upper
SATB1 0.50 0.32 0.78 0.002 SMAD3 1.57 0.99 2.49 0.05
age 1.02 1.00 1.04 0.09 age 1.02 1.00 1.04 0.04
grade 1.76 0.92 3.37 0.09 grade 1.51 0.79 2.89 0.21
pN 2.53 1.42 4.52 0.0016 pN 1.77 1.02 3.09 0.04
pT 1.32 0.64 2.72 0.46 pT 1.43 0.70 2.92 0.32
95% CI 95% CI
Variable HR p Value Variable HR p Value
Lower Upper Lower Upper
EZR 2.50 1.07 5.83 0.033 CTNNB1 1.42 0.83 2.45 0.20
age 1.02 1.00 1.04 0.05 age 1.02 1.00 1.04 0.04
grade 1.43 0.75 2.74 0.28 grade 1.54 0.81 2.94 0.19
pN 1.83 1.06 3.17 0.030 pN 1.76 0.98 3.14 0.06
pT 1.32 0.65 2.69 0.45 pT 1.39 0.68 2.86 0.37

Significant p values (p < 0.05) are marked in bold. Abbreviations: CI, confidence interval; HR, hazard ratio;
TCGA—The Cancer Genome Atlas. HR: adjusting for age, grade, pN and pT.

3.9. Overall Survival Analysis According to the Combined Biomarker Expression

Following the establishment of the significance of the investigated factors as single
prognostic markers, we also examined the effect of their combined expression on OS in
both our cohort and the TCGA cohort. Kaplan-Meier analysis revealed that the worst OS
was observed in patients whose PDACs co-expressed SATB1<PresetSMA D3N8 Ezrinhigh 3-
catenin"#". In turn, patients whose PDACs had opposite expression profiles of these
proteins had significantly longer OS (8 vs. 1160 days; p = 0.001; Figure 6B). In univariate
(HR 3.06, 95% CI1.27-7.36, p = 0.01; Table 7B) and multivariate (HR 7.32, 95% CI 2.05-26.21,
p = 0.002; Table 8B) analyses, the combined SATB1¢PresentSM AD3NSNEzrinhi8h 3-catenin"ish
was a significant poor prognostic factor for OS with a particularly high hazard ratio when
compared to each marker as a single indicator. Furthermore, SATB1"/SMAD3/Ezrin/f3-
catenin expression panel was significantly related to the duration of OS, with patients in the
SATB1"highSMAD3IOWEzrinloW B-catenin'®" expression group experiencing the longest sur-
vival (median overall survival not reached), whereas the opposite pattern of the expression
panel predicted a poor survival (118 days, p = 0.023; Figure 6A). The SATB1™highSMA D3l
Ezrin!®" B-catenin!®" expression group was associated with a reduced risk of death by
89% after adjusting for age, tumor stage and LVI (HR 0.11, 95% CI 0.01-0.93, p = 0.004;
Table 8A). In turn, in univariate and multivariate analysis, the crude and adjusted HRs
were 2.16 (95% CI 1.03—4.52, p = 0.04) and 2.91 (95% CI 1.07-7.91, p = 0.04), respectively, for
SATB1™oW /SMAD38" /Ezrinhish / 3-catenin"#h expression group (Tables 7A and 8A).
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Figure 6. Overall survival analysis according to the combination of the panel (A) SATB1"/
SMAD3/Ezrin/ 3-catenin, (B) SATB1¢/SMAD3/Ezrin/ 3-catenin and (C) TCGA: SATB1/SMAD3/
EZR/CTNNBI.

Table 7. Univariate analysis of prognostic factors by the Cox proportional hazard model for com-
bined expression.

(A) Univariate Analysis of Own Cohort: SATB1"/SMAD3/Ezrin/3-Catenin

95% CI
Variable HR —— p Value
Lower Upper
Others Ref.
SATB1™highSMAD3IOWEzrin!oW 3-catenin!oW 0.21 0.03 1.60 0.13
SATB1™1oWSMA D3NN EZrinhish B -cateninhish 2.16 1.03 452 0.04
(B) Univariate Analysis of Own Cohort:SATB1¢/SMAD?3 /Ezrin/(3-Catenin
95% CI
Variable HR ——— p Value
Lower Upper
Others Ref.
SATB1cPresentG\f A D3NN E 7 rinhigh g _cateninhish 3.06 127 736 0.01

SATB1¢-2bsentGN A DBOWEzrinloW 3-catenin!oW 0.26 0.08 0.86 0.03
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Table 7. Cont.

(C) Univariate Analysis of TCGA Cohort: SATB1/SMAD3/EZR/CTNNB1

95% CI
Variable HR ——— p Value
Lower Upper
Others Ref.
SATB1°"SMAD3hishEzRhishCTNNB1hish 297 1.863 4745  <0.0001
SATB1highgM A D3lOWEZRIOWCTNNB1 oW 0.35 0.084  1.420 0.14

Significant p values (p < 0.05) are marked in bold. Abbreviations: CI, confidence interval; HR,
hazard ratio; TCGA—The Cancer Genome Atlas. (A) Univariate analysis of own cohort: SATBI1"/
SMAD3/Ezrin/ B-catenin:SATB1"NighSMAD3WEzrinloW -catenin'¥ (1 = 5); SATB1™1°WSMAD3M8MEzrinhigh 3-
catenin"8" (n = 9); Others (1 = 54). (B) Univariate analysis of own cohort: SATB1°/SMAD3/Ezrin/ -
catenin:SATB1¢PresentSM AD3NENEzrinhish B-cateninM8h (1 = 6); SATBI1¢-2PsentSMAD3WEzrin!oW B-catenin'®™
(n = 8); Others (n = 54). (C) Univariate analysis of TCGA cohort: SATB1/SMAD3/EZR/ CTNNBI1:SATB1!oW
SMAD3hgh EZRhMghCTNNB1Megh (17 = 32); SATB1M8RSMAD3PWEZRIOWCTNNB1Y (11 = 12); Others (1 = 133).

Survival analysis of the TCGA cohort showed that SATB1/SMAD3/EZR/CTNNBI1 ex-
pression panel was strongly associated with OS (381 days vs. undefined, p < 0.0001; Figure 6C).
The univariate analysis demonstrated that SATB1°YSMAD3hg"EZRM8"CTNNB1Mgh expres-
sion was significantly associated with a worse survival prognosis (HR 2.97, 95% CI1 1.86-4.76,
p < 0.0001; Table 7C), and it persisted as an independent prognostic factor for poorer OS in
the multivariate analysis (HR 3.28, 95% CI 2.02-5.33, p < 0.0001; Table 8C).

Table 8. Multivariate analysis of prognostic factors by the Cox proportional hazard model for
combined expression.

(A) Multivariate Analysis of Own Cohort: SATB1"/SMAD?3/Ezrin/B-Catenin

Variable HR L eRa p Value
Lower Upper
Others Ref.
SATB1Mhi8hSMAD3OWEzrin!oW B-catenin!oW 0.11 0.01 0.93 0.04
SATB1™owSMAD3highEzrinhigh 3-cateninhigh 291 1.07 791 0.04
age 1.06 .02 111 0.005
TNM stage 1.67 077  3.62 0.19
LVI 3.81 185  7.83  <0.0001
(B) Multivariate Analysis of Own Cohort:SATB1¢/SMAD?3 /Ezrin/f3-catenin
95% CI
Variable HR Lower Uoner Upper p Value
Others Ref.
SATB1cPresentG\f A D3NN Ezrinhigh B-cateninhigh 7.32 205 2621 0.002
SATB1¢-2bsentGN A DBOWEzrinloW B-catenin!o™ 0.09 0.02 0.46 0.003
age 1.07 1.03 112 0.001
TNM stage 3.08 149 636 0.002

LVI 2.68 1.37 5.25 0.004
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Table 8. Cont.
(C) Multivariate Analysis of TCGA Cohort: SATB1/SMAD3/EZR/CTNNB1
95% CI
Variable HR ——— p Value
Lower Upper
Others Ref.

SATB1°"SMAD3h8hEZRN8M CTNNB1high 3.28 202 533  <0.0001

SATB1MghSMAD3WEZRIOWCTNNB1oW 0.57 014 235 0.44

age 1.02 1.00  1.05 0.01

grade 1.57 0.83 2.98 0.17

pN 2.24 127 395 0.01

pT 1.28 061 266 0.51

Significant p values (p < 0.05) are marked in bold. Abbreviations: CI, confidence interval; HR, hazard ratio;
LVI—vascular invasion. HR: adjusting for age, TNM stage, VI. HR from TCGA: adjusting for age, grade, pN,
pT. (A) Multivariate analysis of own cohort: SATB1" /SMAD3/Ezrin/ [5-catenin:SATBl“’hi<‘5hSMAD31°WEzrin10w -
catenin!®¥ (n = 5); SATB1™°WSMAD3MENEzrinhigh B-cateninM&" (1 = 9); Others (n = 54). (B) Multivariate
analysis of own cohort: SATB1¢/SMAD3 /Ezrin/ B-catenin:SATBl“’Prese“tSMAD3highEzrinhighB-cateninhigh
(n = 6); SATB1¢absentSMAD3OWEZrinloW B-catenin!®¥ (1 = 8); Others (n = 54). (C) Multivariate analy-
sis of TCGA cohort: SATB1/SMAD3/EZR/CTNNB1: SATB1'°“SMAD3MshEZRNshCTNNB1Me" (1 = 32);
SATB1M8hSMAD3PWEZRIOWCTNNB1W (17 = 12); Others (1 = 133).

3.10. PPI Network Constructionand Functional Enrichment Analysis

To better understand the biological relationship of (3-catenin, Ezrin, SATB1 and
SMAD3, the PPI network consisting of seed proteins and their interaction partners was
constructed using the STRING online database and Cytoscape software (Figure 7A). There
were 54 nodes and 538 edges in the PPI network (PPI enrichment p value < 1.0 x 107;
local clustering coefficient 0.69). Further details on the network parameters were obtained
by the Cytoscape plugin Network Analyzer, and these are presented in Supplementary data
(Table S3). The 10 hub genes were then determined based on the degree score of the nodes
in the network using the Cytoscape plugin cytoHubba (Figure 7A; colored nodes). Next,
the top two cluster subnetworks were identified from the PPI network with the help of the
MCODE plugin (cluster 1: 25 nodes, 236 edges, cluster score: 19.67 (Figure 7B); cluster 2:10
nodes, 18 edges, cluster score: 4.0 (Figure 7C)).

Furthermore, the Reactome Pathway, KEGG Pathway, GO and KEGG Brite enrichment
analyses were performed to predict signaling pathways, gene ontological features and
functional hierarchies of CTNNB1, EZR, SATB1, SMAD3 and their 50 interaction partners.
The Reactome Pathway hierarchy panel is illustrated in Figure 8A. This analysis showed
that the queried genes and their neighbors were mainly involved in signaling by WNT/ 3-
catenin, diseases of signal transduction by growth factor receptors and second messengers,
transcription and signal transduction (Figure 8B). KEGG pathway analysis demonstrated
that the imputed genes were highly associated with adherens junction, endometrial cancer,
WNT signaling pathway, Hippo signaling pathway and pathways in cancer (Figure 9A).
KEGG BRITE functional hierarchies revealed that there was a preponderance of genes
representing transcription factors, chromosome and associated proteins, enzymes and
cytoskeleton proteins (Figure 9B). In GO analysis, the most enriched ontology terms were
canonical WNT signaling pathway (Figure 9C), cell-cell adherens junction (Figure 9D) and
[-catenin binding (Figure 9E).
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Figure 7. Protein—protein interaction network for (-catenin, Ezrin, SATB1, SMAD3 and their
50 neighbors. PPI network properties, such as node degree and clustering coefficient, are visu-
alized by shape size and label font size, respectively. Top 10 hub genes in the network identified by
the CytoHubba Cytoscape plugin are highlighted in a red to yellow gradient. The deeper color, the
higher degree of enrichment. Other nodes in the network are highlighted in blue (A). The MCODE
clustering algorithm was used to identify the clusters in the PPI network. The top two clusters
identified by MCODE are displayed (B,C).
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Figure 8. Reactome Pathway functional enrichment analysis for CTNNB1, EZR, SATB1, SMAD3 and
their 50 interaction partners. (A) Reactome Pathway hierarchy panel; (B) Top 30 Reactome pathways.
The p value was calculated and sorted with —log10 (p value).
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SATB1, SMAD3 and their 50 interaction partners. (A) Top 15 terms in KEGG pathway analysis;
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(B) all terms in KEGG Brite analysis; (C) Top 15 terms in biological processes (BP) category; (D) Top
10 terms incellular components (CC) category; (E) Top 10 terms in molecular functions (MF) category.
The p value was calculated and sorted with —log10 (p value).

4. Discussion

In this study, we investigated the associations between the expression status of SATB1,
SMADS3, Ezrin, 3-catenin and clinicopathological variables, including survival outcome of
PDAC patients. Importantly, we evaluated the utility of the examined factors as prognostic
markers in pancreatic cancer separately and in combination. To verify the results, we
complemented the protein expression data of our cohort with mRNA-seq data of PAC cases
obtained from the TCGA. In addition, the protein—protein interaction (PPI) network for
-catenin, Ezrin, SATB1, SMAD3 and their 50 neighbors was constructed and function-
ally annotated.

In the past few years, several studies have been conducted to evaluate the expression
level and role of SATB1 in many human cancers, including PDAC [32-34]. In our inves-
tigation, expression of SATB1™ was significantly reduced or lost in PDAC specimens as
compared to non-cancerous adjacent tissues, while SATB1¢ was present in the abnormal
tissue, but it was not observed in any of the control samples. Guo et al. revealed that SATB1
expression was significantly upregulated in pancreatic cancer specimens compared to in
non-cancerous adjacent tissues [32]. However, Guo et al. did not specify what type of
SATBI1 immunoexpression patterns they assessed, but on the representative micrograph of
pancreatic cancer tissue, exclusively cytoplasmic pattern could be seen [32]. Our finding
suggests that cells of the pancreatic ducts undergo a significant loss of SATB1" expression
during pancreatic carcinogenesis, and this preferentially takes place in well-differentiated
and moderately differentiated cancer cells than in the poorly differentiated ones. Notably,
loss of SATB1™ expression in PDAC specimens was associated with reduced OS (297 days
vs. 561 days), but the survival difference was not statistically significant (p = 0.118). On the
other hand, SATB1¢ was only present in PDAC (30.88%) but not in the control tissue, leading
us to hypothesize that this staining pattern may have a clinical meaning in PDAC. Indeed,
patients with SATB1¢ expression had significantly shorter median OS than patients without
cytoplasmic SATB1 staining (458 vs. 117 days). Furthermore, in the multivariate analysis
accounting for conventional risk factors, SATB1¢ expression tended to be an independent
prognostic factor for poor overall survival. Our study may be simply underpowered to
observe statistically significant effects of SATB1 in our cohort because of the relatively small
sample size and the limited number of samples overexpressing SATB1" or those exhibiting
cytoplasmic SATBI1 staining. Nevertheless, without reaching statistical significance in
certain survival analyses, our results do not allow us to infer anything conclusively on the
role of SATB1 in PDAC. However, they still raise the possibility that SATB1 may function
as a tumor suppressor in at least some PDAC cases, i.e., under specific clinicopathological
circumstances. SATB1 functions as a nuclear DNA-binding protein, and herein, it was
SATB1’s inability to fulfill its nuclear roles due to the loss of nuclear expression and/or
cytoplasmic retention that correlated with a poor prognosis of PDAC patients. It is not
unexpected, given that SATBI acts as a global epigenetic and transcriptional regulator of
gene expression. Thus, loss of its function may lead to widespread genomic consequences
that can contribute to cancer [35]. Furthermore, in our TCGA data, high expression levels
of SATB1 mRNA were found to predict better OS independently of age at diagnosis, tumor
grade, as well as pT and pN stage. As an aside, Nakayama et al. reported that cytoplasmic
SATBI1 localization in T cells could be attributed to a single point mutation at either Lys29
or Arg32, which abrogates its nuclear localization [36]. Whether this stays true in PDAC
requires additional studies. Additionally, the fact that cytoplasmic SATB1 labeling was
exclusively observed in cancer cells, but not in normal cells, which retained nuclear ex-
pression in the majority of cases (95.31%), argues in favor of a potential tumor-suppressive
function of SATB1 in PDAC. It is generally known that tumor suppressors possessing
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transcriptional functions tend to localize in the nucleus of normal cells but in the cytoplasm
of cancer cells [37]. In the context of clinical utility, our study is suggestive of the opposite
prognostic meaning for the cytoplasmic and nuclear SATB1 in pancreatic adenocarcinoma.
However, this conclusion is hampered by the fact that, in our series, the association between
high SATB1" and improved OS did not reach statistical significance. More convincing
evidence is therefore required to ascertain whether the clinical impact of SATB1 indeed
corresponds to its subcellular distribution in PDAC. From all this, we can more confidently
conclude that our research results recommend the individual analysis of cytoplasmic and
nuclear SATB1 for a more precise prognostic prediction in pancreatic adenocarcinoma.

As far as we are aware, the present study is the first to distinguish the individual
prognostic impact of cytoplasmic and nuclear SATB1 in PDAC. Previous studies, including
our own [38], performed similar analyses in colorectal cancer [35,39] and non-small cell
lung cancer [38]. We found that in our series of PDACs, the prognostic ability of cytoplas-
mic SATB1 in OS analysis was even superior to nuclear SATBI1. In turn, nuclear SATB1
expression was evaluated by Elebro et al., who demonstrated its association with adverse
prognosis in pancreatobiliary-type adenocarcinomas and its ability to predict responses
to adjuvant treatment in both intestinal-type and pancreatobiliary-type periampullary
adenocarcinomas, including pancreatic cancer [34]. Moreover, Chen et al. have shown that
SATBI expression is associated with pancreatic cancer invasion depth and tumor staging,
which confirmed their in vitro results showing that SATB1 promotes pancreatic cancer
proliferation and invasion [33]. Nevertheless, the authors, similar to Guo et al., did not
specify what type of SATB1 immunoexpression patterns they evaluated, making the results
hard to compare [32,33]. Undoubtedly interesting and complex, yet still inconsistent or
contradictory picture of SATB1 emerges from pancreatic cancer studies. Therefore, SATB1’s
role in PDAC merits further examination in additional patient cohorts, as well as in a
mechanistic context.

As demonstrated by Lv et al., SATB1 might promote the epithelial to mesenchy-
mal transition by increasing the aberrant expression of 3-catenin [40]. SATB1 has also
been shown to interact with (3-catenin and recruit it into its genomic binding sites, hence
mediating Wnt/ 3-catenin signaling in T-helper type 2 cells. Additionally, in our study,
SATBI expression was found to be correlated with that of 3-catenin, both at protein and
mRNA levels [41]. Notably, in our investigation, we observed that 3-catenin expression
in PDAC was membranous and cytoplasmic but without nuclear staining. In accordance
with Wang et al., we found no association of cytoplasmic (3-catenin expression with PDAC
(Figure S2, Tables 54-56); therefore, our results considered only membrane staining pat-
tern [42]. Consistent with some previous studies, the membranous expression of 3-catenin
was significantly lower in PDAC than in adjacent normal tissue [43-45]. However, opposite
findings have also been made in some other studies. Indeed, up-regulation of 3-catenin
in PDAC was presented by Wang et al., Zeng et al. and Magliano et al. [42,46,47]. These
discrepancies are most probably due to different control tissues and evaluation of different
staining patterns. In contrast to our cohort, CTNNBI mRNA was significantly up-regulated
in PAC tissues of the TCGA cohort compared with normal pancreatic tissues. At mRNA,
but not protein level, high expression of CTNNB1 was associated with features of biolog-
ical aggressiveness, including high grade, increased T stage and advanced TMN stage.
Kaplan—Meier survival analysis of our dataset showed that there was a suggestive associ-
ation between high (3-catenin expression and shorter survival of PDAC patients (274 vs.
450 days; p = 0.09). In the TCGA cohort, this association was statistically significant (592 vs.
2182 days; p = 0.001). Nevertheless, neither protein nor mRNA expression of [3-catenin was
an independent prognostic factor when considering confounding factors, including age,
tumor stage and LVI. Sano et al. showed that a high IHC score for (3-catenin correlated with
a poor prognosis, but the researchers evaluated nuclear expression in tissues from PDAC
patients and did not perform th multivariate analysis [48]. The opposite relationship regard-
ing (-catenin protein expression and patient survival was presented by Saukkonen et al.,
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however, due to the difficulty in evaluating membrane and cytoplasm staining separately,
the authors of the cited results assessed only cytoplasmic expression pattern [13].

In our investigation, we also found positive associations between the expression of (3-
catenin and SMAD3, both in our cohort and TCGA cohort. Furthermore, SMAD3 expression
was significantly higher in PDAC specimens as compared to control tissues both at mRNA
and protein levels, which is consistent with the report of Yamazaki et al. [49]. Furthermore,
our analyses showed that patients with high SMAD3 expression had significantly lower
median OS than did patients with SMAD3 underexpression (290 vs. 531 days). Importantly,
further analysis using a Cox proportional hazard regression model revealed that SMAD3
expression was an independent prognostic factor predicting poorer survival in PDAC
patients. Analysis of SMAD3 mRNA levels from the TCGA cohort confirmed these results.
Similar findings regarding OS have been presented by Yamazaki et al. [49]. Moreover,
they demonstrated that the expression of SMAD3 in PDAC correlated with malignant
characteristics, including EMT-like features and lymph node metastasis. This is in partial
agreement with our study since we observed a significant correlation of SMAD3 mRNA
but not protein expression with the features of aggressive tumor behavior, such as higher
grade, positive nodal status, higher pT category and TNM stage. These results confirm that
SMAD3 expression may reflect the malignancy potential of PDAC and serve as a biomarker
of a poor prognosis.

Spearman’s analysis showed strong positive correlations between SMAD3 and EZR in
the TCGA cohort. Recently, various studies demonstrated that Ezrin may play an important
role in cancer progression, while its overexpression correlates with patient survival and
various clinicopathological parameters [50-52]. According to our report, Ezrin expression
was elevated in PDAC samples compared to adjacent tissues, which is consistent with
the studies by other researchers [50,52,53]. Immunohistochemical analysis of our cohort
showed that Ezrin protein expression did not correlate with clinicopathological parameters.
However, EZR mRNA expression significantly correlated with aggressive phenotypes of
PDACsSs from the TCGA cohort, including differentiation stage, pT status and TNM stage.
Previous studies have shown elevated Ezrin protein expression correlated with tumor
size, clinical stage and positive lymph node metastasis in PDAC [50]. Our Kaplan-Meier
survival analysis demonstrated that high Ezrin expression correlated with a shorter OS
rate than a low expression (118 vs. 450 days). Moreover, we revealed that elevated Ezrin
expression in our cohort was an independent prognostic factor predicting poorer survival
in PDAC patients. The effects of EZR expression on the survival of patients from our cohort
and TCGA cohort are consistent. Similar findings have also been presented in the studies
by other investigators; thus, we confirmed the role of EZR in the prognosis prediction of
PDAC [50,51].

Furthermore, given the relationship between SATB1 and (3-catenin [40], SATB1 and
SMAD3 [54], p-catenin and SMAD3 [55], SMAD3 and Ezrin [56], we next evaluated whether
there was any possible added value of combining SATB1, SMAD3, Ezrin and (3-catenin
to the prognostic value of each of the proteins alone. Kaplan—-Meier survival analysis
demonstrated that the subset of patients whose tumors co-expressed high levels of SATB1,
SMAD3, Ezrin and f3-catenin had extremely poor OS, and the combined expression of
these markers better predicted patient survival than looking at each marker individually.
Moreover, this combined 4-protein panel proved to be a powerful independent prognostic
factor associated with worse outcome. In turn, a particularly improved OS was experienced
by patients with tumors expressing SATB1"M8hSMAD3WEzrino" 3-catenin!®¥, and this
expression panel appeared as an independent positive prognostic factor in the multivariate
Cox analysis.

Likewise, in the TCGA dataset, a combined 4-gene panel of SATB1/SMAD3/EZR/CTNNB1
better predicted patient survival than looking at each marker individually, and it emerged
as a powerful independent prognostic factor associated with poorer patient outcomes. Thus,
our analyses showed that examining the combined expression of SATB1, SMAD3, Ezrin
and p-catenin may be more helpful in predicting the prognosis of PAC patients than single
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markers. This could be because the predicted biology related to their co-expression included
significant interconnectivity with certain master regulators associated with cancer pheno-
type, as shown by our functional enrichment analysis. Likewise, the biological processes
and signaling pathways that emerged from the PPI network are known or are suspected
to have a tight cause-and-effect relationship with carcinogenesis. However, the answer to
whether these are implicated in the mechanisms linking SATB1/SMAD3/Ezrin/ 3-catenin
co-expression to PDAC will require further study.

As a major limitation, we want to emphasize that the small cohort size may hamper
the statistical power of our study. Specifically, when we focused the subsequent analyses
on the combined expression of the studied proteins, the sample size in certain subgroups
became relatively small, but the number of cases was still within the range accepted in other
studies [57,58]. Nevertheless, our findings should be validated with a larger sample size. It
is appreciated that a more robust multivariate analysis should include at least 10 events
per variable.

5. Conclusions

In conclusion, protein and /or mRNA expression levels of SATB1, SMAD3, Ezrin and (3-
catenin are significantly altered in PAC and may correlate with some tumor features as well
as provide prognostic information as single indicators, and even better when combined.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/app12010306/s1, Figure S1. Kaplan-Meier curve for overall survival in patients with pancreatic
ductal adenocarcinomas by nuclear/cytoplasmic SATB1 protein expression. p value was calculated
using the log-rank test. Figure S2. Kaplan—Meier curve for overall survival in patients with pancreatic
ductal adenocarcinomas by cytoplasmic 3-catenin protein expression. p value was calculated using
the log-rank test. Table S1. Univariate analysis of prognostic factors by Cox proportional hazard
model in own cohort for cytoplasmic 3-catenin protein expression. Table S2. Multivariate analysis of
prognostic factors by Cox proportional hazard model in own cohort for cytoplasmic 3-catenin protein
expression. Table S3. Parameters of network determined using the network analyzer Cytoscape
plugin. Table S4. Immunohistochemical expression of cytoplasmic 3-catenin proteins and their
relationship with clinicopathological features of PDAC patients. Table S5. Univariate analysis of
prognostic factors by Cox proportional hazard model in own cohort for cytoplasmic 3-catenin protein
expression. Table S6. Multivariate analysis of prognostic factors by Cox proportional hazard model
in own cohort for cytoplasmic 3-catenin protein expression.
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