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Abstract: Pinin (PNN) is a desmosome-associated protein that reinforces the organization of keratin
intermediate filaments and stabilizes the anchoring of the cytoskeleton network to the lateral surface
of the plasma membrane. The aberrant expression of PNN affects the strength of cell adhesion
as well as modifies the intracellular signal transduction pathways leading to the onset of CRC.
In our previous studies, we characterized the role of miR-195-5p in the regulation of desmosome
junctions and in CRC progression. Here, with the aim of investigating additional mechanisms related
to the desmosome complex, we identified PNN as a miR-195-5p putative target. Using a public
data repository, we found that PNN was a negative prognostic factor and was overexpressed in
colon cancer tissues from stage 1 of the disease. Then, we assessed PNN expression in CRC tissue
specimens, confirming the overexpression of PNN in tumor sections. The increase in intracellular
levels of miR-195-5p revealed a significant decrease in PNN at the mRNA and protein levels. As a
consequence of PNN regulation by miR-195-5p, the expression of KRT8 and KRT19, closely connected
to PNN, was affected. Finally, we investigated the in vivo effect of miR-195-5p on PNN expression in
the colon of AOM/DSS-treated mice. In conclusion, we have revealed a new mechanism driven by
miR-195-5p in the regulation of desmosome components, suggesting a potential pharmacological
target for CRC therapy.
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1. Introduction

Cell–cell adhesion and interactions play a key role in several biological processes and
in the establishment of intercellular junctional complexes, such as desmosomes, adherens
junctions, and tight junctions [1,2]. An understanding of cellular activity and tissue or-
ganization is essential to better explain the mechanisms involved in the pathogenesis of
many diseases, including colorectal cancer (CRC). Desmosomes are specialized structures
able to mediate cell–cell contact, provide strong cell adhesion by anchoring the interme-
diate filament network to the plasma membrane, and mechanically integrate cells within
tissues [3,4]. Physiologically, adhesive junctions confer resilience to tissues to resist me-
chanical stress [5]. Any alteration in the expression of desmosomal components could have
an impact on the development of CRC [6]. Indeed, a dysregulation of the desmosome
complex reduces the strength of cell adhesion, as well as modifies the intracellular signal
transduction pathways leading to the onset and progression of CRC [7].

The desmosome plaque is constituted by three major protein families: the cadherins,
the plakins, and the armadillo-repeat [8]. Desmosomal cadherins connect adjacent cells
via their extracellular domains and, on the cytoplasmic side, interact with the plakin and
armadillo proteins to anchor cells to the intermediate filaments (IF) keratin network. Some

Int. J. Mol. Sci. 2024, 25, 5980. https://doi.org/10.3390/ijms25115980 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25115980
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-7988-1917
https://orcid.org/0000-0002-0273-2825
https://orcid.org/0000-0003-1661-5504
https://orcid.org/0000-0002-5140-8060
https://orcid.org/0000-0002-2971-0802
https://doi.org/10.3390/ijms25115980
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25115980?type=check_update&version=1


Int. J. Mol. Sci. 2024, 25, 5980 2 of 14

components of these protein families have been reported to be involved in several signaling
processes [4,9,10].

Pinin (PNN/DRS/memA) is a crucial protein in stabilizing the desmosome–IF com-
plex. PNN is a 140 kDa protein that was found not to be integral to the desmosome but
strictly associated only with the mature form. In mature desmosomes, PNN interacts with
the keratins of the cytoskeleton, reinforcing the strength of the IF–desmosome connec-
tion. In this way, PNN finely organizes the keratin fibers into perpendicular bundles and
stabilizes the epithelial cell to cell adhesion [11–13]. The important activity of PNN as a
putative linker protein between the IF and the desmosome plaque has been confirmed by
demonstrating the direct interaction of cytokeratin-8 (KRT8) and cytokeratin-19 (KRT19)
with the amino end domain of PNN [14].

Further evidence revealed that PNN is involved in multiple cellular activities since it
regulates the expression of different genes at a transcriptional level and coordinates the
selective splicing of pre-mRNA and lncRNA [11,15–18]. Hence, PNN may influence not
only the establishment of desmosome junctions, but also pivotal processes triggered during
development, tissue remodeling, and tumor progression.

MicroRNAs (miRNAs) are a class of small non-coding RNAs (20–23 nt) that are
essential in the post-transcriptional regulation of gene expression. miRNAs control a
broad range of biological processes such as embryonic development, cell differentiation,
apoptosis, cell growth, and metabolic activity [19]. Alterations in miRNA expression lead
to several pathological conditions [20–24]. In the past decades, many miRNAs were found
to be deregulated and involved in CRC development and progression [25–28].

Much evidence has highlighted the positive effect of miRNA-based therapy on tight
and adherens junction expression, although the involvement of miRNAs in CRC onset
and progression via the desmosome complex is still not clearly understood. In our previ-
ous studies, we demonstrated that miR-195-5p was able to regulate a key component of
desmosomes named JUP or γ-catenin as well as some desmosome cadherins (DSG2 and
DSC2) [25,26]. Moreover, we showed that the increase of miR-195-5p strongly reduced
tumor growth and progression through in vitro and in vivo CRC models [25,26].

In the present work, we aimed to study other mechanisms mediated by miR-195-5p in
the regulation of mature desmosomes via PNN emphasizing the important role of adhesive
junctions in CRC development and progression.

2. Results
2.1. PNN as a Target of miR-195-5p

In our previous works [25,26], we reported miR-195-5p as a regulator of desmosome
junctions in CRC. To study further molecular targets related to the adhesive junction
complex, we performed a bioinformatic analysis to predict other potential miR-195-5p
target genes. Among several putative targets, we found PNN, a gene that encodes for a
protein implicated in mature desmosome formation (Table S1).

2.2. PNN Expression in CRC Patients

In order to assess whether PNN was deregulated in CRC patients, we performed a
bioinformatic analysis exploiting the UALCAN tool, a web resource for analyzing cancer
OMICS data from TCGA. This investigation highlighted an aberrant expression of PNN
at the mRNA and protein levels in CRC tissues (p < 0.0001; Figure 1A,B). In addition, we
evaluated PNN expression at each colon cancer stage and the effect of PNN expression
levels on patient survival. Remarkably, as shown in Figure 1C, PNN expression was found
to be deregulated from stage 1 of CRC (p < 0.001), suggesting that PNN could be a good
candidate biomarker for the diagnosis and prognosis of the disease, especially in its early
stages. Interestingly, PNN protein levels across the different stages of the disease remained
quite similar. Figure 1D underlines that PNN expression was significantly correlated with
the overall survival of CRC patients, suggesting that high expression is an unfavorable
marker of CRC (p < 0.05).
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Figure 1. PNN as a predictive and prognostic biomarker of CRC. Analysis performed on the
UALCAN tool revealed a deregulation of PNN mRNA (A) and protein (B) expression between colon
adenocarcinoma (COAD) samples and adjacent normal mucosa. (C) Expression of PNN in the COAD
dataset based on cancer stages. (D) Kaplan–Meier curves that represent the survival of patients with
CRC included in the COAD dataset. *** p < 0.0001.

To validate these data, we analyzed PNN expression in the tissue from a cohort of
30 CRC patients collected in our Institute. The RNA of tumoral sections and of normal
adjacent samples was extracted and the qPCR amplifications revealed an upregulation of
PNN mRNA in CRC tissue compared to adjacent normal colon tissue (p < 0.05; Figure 2A).
Furthermore, we have correlated PNN expression with the miR-195-5p levels that were
previously analyzed on the same tissues in our recent work [7]. As shown in Figure 2B,
their expression was inversely correlated, indicating a possible regulation of PNN by
miR-195-5p.
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Figure 2. PNN expression in CRC patients (n = 30). (A) qPCR performed on formalin-fixed and
paraffin-embedded tissue blocks of tumor and adjacent normal colon tissues. Our data showed
that PNN levels were significantly increased in CRC tissue compared to normal adjacent samples.
** p < 0.001. (B) Pearson correlation analysis in all samples revealed a negative correlation between
miR-195-5p and PNN expression suggesting that PNN may be regulated by miR-195-5p. r = −0.2614,
p < 0.05.
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Using the tissue specimens from the same cohort of CRC patients, we also evaluated
PNN protein expression by IHC analysis. As highlighted in Figure 3, PNN expression was
strongly upregulated in CRC tissue compared to the corresponding peritumoral sample
(Figure 3A) and these data were also confirmed by defining an immunoreactivity score
from 0 to 3 (absent to strong) based on PNN staining intensity (p < 0.0001; Figure 3B).

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 4 of 14 
 

 

Using the tissue specimens from the same cohort of CRC patients, we also evaluated 
PNN protein expression by IHC analysis. As highlighted in Figure 3, PNN expression was 
strongly upregulated in CRC tissue compared to the corresponding peritumoral sample 
(Figure 3A) and these data were also confirmed by defining an immunoreactivity score 
from 0 to 3 (absent to strong) based on PNN staining intensity (p < 0.0001; Figure 3B). 

 
Figure 3. PNN protein expression in CRC and adjacent normal colon tissues. (A) Representative 
images of PNN immunoreactivity highlighted a strongly positive staining of PNN in tumor section 
compared to healthy control samples. Original magnification, ×4. (B) IHC score indicated and 
quantified PNN expression levels in the colonic epithelium (*** p < 0.0001). 

2.3. miR-195-5p Is an Effective Regulator of PNN Expression 
To functionally validate the putative target prediction, we transiently transfected 

cells with molecules of miR-195-5p mimic at concentrations of 30 nM and 50 nM. We first 
evaluated the transfection efficiency of HT29 and T84 human epithelial cells and our 
results showed an increase of intracellular levels of miR-195-5p in FAM-labeled miR-195-
5p mimic-transfected conditions (Figure 4). The transfection efficiencies at 30 nM and 50 
nM in HT29 were 70% and 85% while in T84 they were about 60% and 76%. 

Figure 3. PNN protein expression in CRC and adjacent normal colon tissues. (A) Representative
images of PNN immunoreactivity highlighted a strongly positive staining of PNN in tumor section
compared to healthy control samples. Original magnification, ×4. (B) IHC score indicated and
quantified PNN expression levels in the colonic epithelium (*** p < 0.0001).

2.3. miR-195-5p Is an Effective Regulator of PNN Expression

To functionally validate the putative target prediction, we transiently transfected
cells with molecules of miR-195-5p mimic at concentrations of 30 nM and 50 nM. We
first evaluated the transfection efficiency of HT29 and T84 human epithelial cells and our
results showed an increase of intracellular levels of miR-195-5p in FAM-labeled miR-195-5p
mimic-transfected conditions (Figure 4). The transfection efficiencies at 30 nM and 50 nM
in HT29 were 70% and 85% while in T84 they were about 60% and 76%.

Enhancing the mature form of miR-195-5p in HT-29 and T84 cell lines, we aimed
to probe whether miR-195-5p controlled PNN expression. Data obtained by real-time
PCR demonstrated that the PNN mRNA expression level in transfected conditions was
significantly decreased in all cell lines (p < 0.001; Figure 5A).

Western blot analysis confirmed the results obtained by qPCR, highlighting that the
gain of function of miR-195-5p was able to significantly reduce the levels of PNN protein in
transfected cells (p < 0.001; p < 0.0001 Figure 5B).
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with FAM-labeled miR-195-5p mimic at 30 nM and 50 nM concentrations. Bright field (left) and
fluorescence (right) representative images for the mock condition and transfected conditions were
acquired at 20× magnification.
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Figure 5. PNN expression after miR-195-5p mimic transfection. (A) PNN mRNA expression was
evaluated after miR-195-5p mimic transfection in HT-29 (left) and T84 (right) human cell lines.
The increased intracellular amount of miR-195-5p (at 30 nM and 50 nM concentrations) induced
an effective reduction of PNN in both cell lines. Expression data were normalized to those of the
housekeeping gene Gapdh and are representative of four independent experiments (mean ± SEM).
** p < 0.001; *** p < 0.0001. (B) PNN protein expression was analyzed by Western blotting. The raise
of miR-195-5p at 30 nM and 50 nM concentrations led to a significant decrease of PNN levels in HT29
and T84 cell lines. PNN values were obtained by dividing the normalized transfected sample values
by the normalized mock–control sample values. Data were normalized to the values of housekeeping
β-tubulin. ** p < 0.001; *** p < 0.0001.
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2.4. miR-195-5p Indirectly Modulates the Expression of Cytokeratin-8 and Cytokeratin-19

To characterize the involvement of miR-195-5p in the regulation of desmosome struc-
ture, we evaluated the expression of key keratins that closely interact with PNN. Prediction
of the interacting proteins performed using the Genemania database indicated a physical
interaction between PNN and KRT8 and KRT19 (Figure S1). This binding could reorganize
the keratin fibers and enhance the strength of desmosome junctions. Indeed, the increase
of intracellular levels of miR-195-5p at 30 nM and 50 nM concentrations led to an indirect
upregulation of KRT8 and KRT19 through targeting PNN expression (p < 0.05; p < 0.001;
p < 0.0001 Figure 6).
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Figure 6. miR-195-5p effect on KRT8 and KRT19 protein expression. The gain of function of miR-195-
5p in HT29 (A) and T84 (B) regulated PNN expression that, in turn, modulated KRT8 and KRT19
protein levels. Our findings showed an increase of KRT8 and KRT19 in transfected conditions com-
pared to mock control. Data are representative of four independent experiments (n = 4; mean ± SEM)
and were normalized to β-tubulin housekeeping values. * p < 0.01, ** p < 0.001, *** p < 0.0001.

To further evaluate the effect of miR-195-5p on PNN, KRT8, and KRT19 expression,
we performed the immunofluorescence assay. As highlighted in Figures S2 and S3, the
immunostaining of HT29 and T84 monolayers confirm the data obtained by Western blot.
Indeed, the miR-195-5p mimic transfection at 30 nM and 50 nM was able to significantly
reduce PNN expression as well as indirectly modulate the expression of KRT8 and KRT19
in both cell lines.

2.5. PNN Determination after miR-195-5p Mimic Treatment in a Mouse Model of
AOM/DSS-Induced CRC

In our recent work, we have characterized the in vivo therapeutic effect of miR-195-
5p, employing an azoxymethane (AOM)/dextran sodium sulfate (DSS)-induced CRC
mouse model [26]. Briefly, male C57BL/6 mice (7 weeks old; 19–25 g) were divided into
a vehicle group and miR-195-5p-treated group and subjected to cycles of AOM and DSS
administration, followed by distilled water for 15 days. For the miR-195-5p treated group,
the injections were administered twice a week until sacrifice.
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To further elucidate the positive role of miR-195-5p in inhibiting AOM/DSS-induced
tumorigenesis, we evaluated PNN expression levels in the medial and distal colons of vehi-
cle and miR-195-5p-treated mice established in our previous work [26]. The intraperitoneal
administration of miR-195-5p mimic led to a remarkable decrease of PNN expression of
miR-195-5p in the colon portion of treated mice compared to the control group (p < 0.001;
Figure 7). These data are in strong accordance with our in vitro results, confirming that
PNN could be a good candidate target for miR-195-5p-based therapy in CRC.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 7 of 14 
 

 

Indeed, the miR-195-5p mimic transfection at 30 nM and 50 nM was able to significantly 
reduce PNN expression as well as indirectly modulate the expression of KRT8 and KRT19 
in both cell lines. 

2.5. PNN Determination after miR-195-5p Mimic Treatment in a Mouse Model of  
AOM/DSS-Induced CRC 

In our recent work, we have characterized the in vivo therapeutic effect of miR-195-
5p, employing an azoxymethane (AOM)/dextran sodium sulfate (DSS)-induced CRC 
mouse model [26]. Briefly, male C57BL/6 mice (7 weeks old; 19–25 g) were divided into a 
vehicle group and miR-195-5p-treated group and subjected to cycles of AOM and DSS 
administration, followed by distilled water for 15 days. For the miR-195-5p treated group, 
the injections were administered twice a week until sacrifice. 

To further elucidate the positive role of miR-195-5p in inhibiting AOM/DSS-induced 
tumorigenesis, we evaluated PNN expression levels in the medial and distal colons of 
vehicle and miR-195-5p-treated mice established in our previous work [26]. The 
intraperitoneal administration of miR-195-5p mimic led to a remarkable decrease of PNN 
expression of miR-195-5p in the colon portion of treated mice compared to the control 
group (p < 0.001; Figure 7). These data are in strong accordance with our in vitro results, 
confirming that PNN could be a good candidate target for miR-195-5p-based therapy in 
CRC. 

 
Figure 7. In vivo effectiveness of miR-195-5p on PNN expression after its administration to 
AOM/DSS-treated mice (n = 14 mice/group). PNN expression in the medial (A) and distal colons (B) 
of miR-195-5p-treated and untreated mice evaluated by real-time PCR underlined a substantial 
decrease of Pnn levels after miR-195-5p administration. Expression data were normalized to those 
of the housekeeping gene Gapdh and are represented as mean ± SEM. ** p < 0.001. 

3. Discussion 
Cell junctions deeply characterize epithelial morphology and function, ensuring the 

integrity and the tensile strength of tissues [5]. These characteristics of epithelial cells are 
guaranteed by several specialized structures including desmosomes that connect cells to 
intermediate filaments or adherens junctions and tight junctions which are strictly linked 
to cellular microfilaments [29,30]. The cell connections to the cytoskeletal network provide 
a stable cell–cell adhesion but also ensure the changes in morphology typical of epithelial 
cells [31–33]. Desmosomes play an essential role in tissue integrity and homeostasis by 
forming robust extracellular bonds that connect the cell surface to the cytoskeleton [34]. 
In addition, desmosome structural properties facilitate cell–cell communication and the 
processing of context-dependent signals emerging as mediators of cell signaling [35]. 

Among several proteins involved in the establishment of adhesive junctions, PNN is 
dynamically recruited to pre-formed desmosomes but it is absent from nascent 
desmosomes [36]. Indeed, PNN is not integral to desmosome assembly, but it is correlated 
to the organization and stabilization of keratin intermediate filaments binding the 
cytoskeleton network to the lateral surface of the plasma membrane [14]. 

Figure 7. In vivo effectiveness of miR-195-5p on PNN expression after its administration to
AOM/DSS-treated mice (n = 14 mice/group). PNN expression in the medial (A) and distal colons
(B) of miR-195-5p-treated and untreated mice evaluated by real-time PCR underlined a substantial
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3. Discussion

Cell junctions deeply characterize epithelial morphology and function, ensuring the
integrity and the tensile strength of tissues [5]. These characteristics of epithelial cells are
guaranteed by several specialized structures including desmosomes that connect cells to
intermediate filaments or adherens junctions and tight junctions which are strictly linked
to cellular microfilaments [29,30]. The cell connections to the cytoskeletal network provide
a stable cell–cell adhesion but also ensure the changes in morphology typical of epithelial
cells [31–33]. Desmosomes play an essential role in tissue integrity and homeostasis by
forming robust extracellular bonds that connect the cell surface to the cytoskeleton [34].
In addition, desmosome structural properties facilitate cell–cell communication and the
processing of context-dependent signals emerging as mediators of cell signaling [35].

Among several proteins involved in the establishment of adhesive junctions, PNN
is dynamically recruited to pre-formed desmosomes but it is absent from nascent desmo-
somes [36]. Indeed, PNN is not integral to desmosome assembly, but it is correlated to the
organization and stabilization of keratin intermediate filaments binding the cytoskeleton
network to the lateral surface of the plasma membrane [14].

Another function of PNN was reported to be associated to the regulation of gene
expression or pre-mRNA alternative splicing interacting with transcription regulators or
members of the RNA recognition motif family, respectively [37–39]. As a consequence,
an alteration in desmosome composition or components was associated with tumor pro-
gression and the deregulation of PNN was related to embryonic development, cellular
differentiation, tumorigenesis, and metastasis [40–45]. Indeed, PNN was reported to have
proliferation- and motility-promoting effects, activating CREB via the PI3K/AKT and
ERK/MAPK pathways [11]. Interestingly, the deregulation of PNN was related to CRC
tumor progression in vitro and in vivo, activating the EGFR/ERK pathway [36]. Further-
more, starting from an RNA seq transcriptomic approach, PNN was also identified and
validated as a potentially predictive biomarker of drug response in CRC [46,47].

In the last few years, miRNA properties as gene regulators at post-transcriptional
levels and their implication in the pathogenesis of several diseases, including CRC, have
gained broad interest among researchers for therapeutic purposes [48,49]. Some find-
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ings highlighted the effects of miRNAs in CRC progression, regulating tight junction and
adherence junction expression [50,51]. In this way, it has been demonstrated that the over-
expression of miR-21 downregulated both Claudin-1 and E-cadherin expression promoting
the epithelial-to-mesenchymal transition (EMT) and the invasiveness of colorectal ade-
nocarcinoma cells [52]. Zhou and co-workers showed that miR-214-3p induces the EMT
process of CRC cell lines, acting on the expression of E-cadherin and ZO-1 [53].

To date, the correlation between miRNAs and desmosome components, especially
PNN, in CRC development is still poorly investigated. In our recent previous studies, we
have characterized the role of miR-195-5p in the regulation of desmosome junctions, finding
that miR-195-5p was able to target the expression of JUP (γ-catenin) and consequently to
modulate the levels of desmosome cadherins DSG2 and DSC2 as well as the expression
of the key effectors of Wnt signaling NLK, LEF1, and Cyclin D1 [25,26]. In addition, JUP
regulation by miR-195-5p had an unequivocal effect on CRC progression, inhibiting the
proliferation, viability, migration, and invasion of colonic epithelial cells as well reducing
the in vivo numbers and sizes of tumors in AOM/DSS-treated mice [25,26].

In the present study, with the aim to investigate further mechanisms related to the
desmosome complex through a bioinformatic approach, we identified PNN, a gene that
encodes for a mature desmosome component, as a miR-195-5p putative target. Here,
using a public data repository, we found that PNN expression was overexpressed in colon
cancer tissues compared to normal adjacent mucosa at both the mRNA and protein levels.
Moreover, the abnormal expression of PNN was identified from stage 1 of the disease
and its expression was significantly correlated with the overall survival of CRC patients,
suggesting that PNN could be a potential biomarker and a good candidate target for a
miR-195-5p based therapy.

To confirm these data, we evaluated PNN expression in tissue specimens collected
in our Institute that included the tumoral section and adjacent normal portion from CRC
patients, confirming the upregulation of PNN in pathological conditions.

We have also biologically investigated the effect of miR-195-5p on PNN expression,
revealing that the in vitro gain of function of miR-195-5p led to a significant decrease of
PNN mRNA and protein levels. As a consequence of PNN regulation by miR-195-5p, the
expression of KRT8 and KRT19, closely connected to PNN, was affected. Since the physical
interaction of KRT8 and with PNN was previously demonstrated [14], we supposed that
the effect of miR-195-5p on PNN expression may lead to an indirect modulation of also
these cytokeratins. Indeed, we highlighted an increased expression of KRT8 and KRT19
that may reorganize the cell anchoring and enhance the strength of desmosome junctions.

Finally, we observed that the in vivo administration of miR-195-5p in AOM/DSS-
treated mice led to a strong downregulation of PNN expression in the medial and distal
colons of treated mice compared to the control group. These data are in strongly accordance
with the results obtained in our previous work, where we demonstrated the in vivo positive
effect of miR-195-5p on tumor growth.

Altogether, our results elucidated another mechanism controlled by miR-195-5p in
the regulation of the desmosome structure and the effective involvement of this miRNA in
the development of CRC. Indeed, we have identified a novel miR-195-5p/PNN axis that is
able to affect the desmosome complex. However, this study has a limitation; our data are
preliminary since demonstrate the regulation of PNN expression by miR-195-5p in CRC.
Future studies will be needed to biologically characterize the involvement of PNN in CRC
progression.

4. Materials and Methods
4.1. Human Tissues

Formalin-fixed and paraffin-embedded (FFPE) human tissues used for the molecular
analysis were derived from thirty patients affected by CRC that were retrospectively
enrolled at the National Institute of Gastroenterology “S. de Bellis” Castellana Grotte, Bari,
Italy. The following are the inclusion criteria for this study: (1) patients older than 18 years;
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(2) patients with confirmed colorectal adenocarcinoma by histopathological examination;
(3) gene mutation status wild-type; (4) patients naïve to neoadjuvant chemotherapy. The
following are the exclusion criteria: (1) patients with more than one primary tumor location;
(2) patients with lower rectum cancer that are undergoing treatment before chirurgical
resection. For each patient, we collected tumoral and adjacent normal samples. Tissues
were sectioned, stained with hematoxylin and eosin, and analyzed by a pathologist. All
patients signed a written informed consent and all experiments were carried out according
to the principles of the Declaration of Helsinki and approved by the local institutional
ethics review board (Istituto Tumori Giovanni Paolo II, Bari, Italy, n◦ 379/2020 of 16
September 2020).

4.2. RNA Extraction and Real-Time PCR of FFPE Tissue

FFPE specimens were treated with a Deparaffinization Solution (Qiagen, Hilden,
Germany) and then the total RNA, including miRNAs, was extracted with the miRNeasy
FFPE kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.

Total RNA was retrotranscribed using SuperScript™ VILO™ MasterMix (Thermo
Fisher Scientific, Bremen, Germany) and the qPCR amplification reactions were elicited on a
CFX96 System (Biorad Laboratories, Hercules, CA, USA) using the SsoAdvanced Universal
SYBR Green Supermix (BioRad Laboratories, Hercules, CA, USA) and the QuantiTect
Primer Assay for PNN and GAPDH (Qiagen, Hilden, Germany). Data of comparative qPCR
was obtained in triplicates and GAPDH gene amplification was used as a reference standard
to normalize the relative expression of PNN. The relative expression was calculated using
the 2−∆∆Ct formula.

4.3. Immunohistochemistry (IHC)

Sixty FFPE tissues of CRC patients were used for IHC analysis. Three µm sections were
cut and mounted on Apex Bond IHC slides (Leica Biosystems, Buffalo Grove, IL, USA).
IHC staining procedures were performed on the BOND III automated immunostainer
(Leica Biosystems, Buffalo Grove, IL, USA), from deparaffinization to counterstaining
with hematoxylin. To assess PNN staining, the anti-PNN primary antibody (ab244250,
Abcam, Cambridge, UK; 1:200 dilution) was used. Antigen retrieval was performed with
BOND Epitope Retrieval Solution 2 (Leica Biosystems, Buffalo Grove, IL, USA) using citrate
buffer pH 6. The Bond Polymer Refine Detection Kit (Leica Biosystems, Buffalo Grove, IL,
USA) was used as a visualization and chromogen reagent according to the manufacturer’s
protocol. The samples were considered negative if the number of stained cells was less
than 5%.

For quantification of the positive signal, PNN expression was scored as follows: 0, (no
staining) negative; 1, weak expression; 2, moderate expression; and 3, strong expression.

4.4. Cell Culture and In Vitro Transfection

Human colonic epithelial cells, HT29 and T84, were purchased from ATCC (American
Type Culture Collection, Manassas, VA, USA). HT29 were maintained in Dulbecco’s Modi-
fied Eagle Medium (DMEM, Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% heat-inactivated Fetal Bovine Serum (FBS, Thermo Fisher Scientific, Waltham,
MA, USA), 1% 10,000 µg/mL streptomycin and 10,000 U/mL penicillin (Thermo Fisher
Scientific, Waltham, MA, USA), 1% 1M HEPES (Sigma-Aldrich, St. Louis, MO, USA), and
1% 100 mM sodium pyruvate (Sigma-Aldrich, St. Louis, MO, USA). T84 were cultured in
Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM:F12, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% FBS (Thermo Fisher Scientific,
Waltham, MA, USA) and 1% streptomycin/penicillin (Thermo Fisher Scientific, Waltham,
MA, USA). All cell lines were maintained at 37 ◦C in a 5% of CO2.

For RNA extraction, all cell lines were plated into 12-well plates at a density of
1.5 × 105 cells/well, while for protein lysis HT29 and T84 were seeded into 6-well plates
at a density of 2 × 105 and 4.5 × 105 cells/well respectively. At confluence, the cells were
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transiently transfected with synthetic molecules of miR-195-5p mimic at concentrations
of 30 and 50 nM (Life Technologies, Carlsbad, CA, USA) using TransIT-TKO Transfection
Reagent (Mirus Bio LLC, Madison, WI, USA) according to the manufacturer’s protocol.
In each experiment, a mock control consisting of cells transfected with TKO transfection
reagent alone was used.

4.5. RNA Extraction and Real-Time PCR

Total RNA was extracted from mice tissue and from cell cultures using TRIzol reagent
(Invitrogen by Thermo Fisher scientific, Waltham, MA, USA), eluted in ribonuclease-free
water, and analyzed with the NanoDrop ND-2000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) to determine its concentrations.

RNA was then reverse transcribed using the iScript Reverse Transcription Supermix
(BioRad Laboratories, CA, USA) following the manufacturer’s recommendations. Quanti-
tative real-time PCR was performed on a CFX96 System (Biorad Laboratories, Hercules,
CA, USA) using the SsoAdvanced Universal SYBR Green Supermix (BioRad Laboratories,
Hercules, CA, USA) and the QuantiTect Primer Assay for PNN and GAPDH (Qiagen,
Hilden, Germany).

The expression levels of the target gene and housekeeping gene were determined
from four independent experiments. GAPDH gene amplification was used as reference
standard to normalize the relative expression of PNN. The relative expression of genes was
calculated using the 2−∆∆Ct formula.

4.6. Protein Isolation and Western Blot Analysis

For protein extraction, HT29 and T84 cell lines were lysed seventy-two hours after
transfection using T-PER Tissue Protein Extraction Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with cocktail proteinase inhibitors (Sigma-Aldrich, St.
Louis, MO, USA). Using the Bradford colorimetric assay (Bio-Rad Laboratories, Richmond,
CA, USA), the total protein concentration was determined. For each protein lysate, 60 µg
of total proteins were separated in 4–20% Mini-PROTEAN TGX Stain-Free Protein Gels
(Biorad Laboratories, Hercules, CA, USA) and transferred onto Trans-Blot Turbo Mini
0.2 µm PVDF membranes (Biorad Laboratories, Hercules, CA, USA). For protein detection,
PVDF membranes were incubated in iBind automated Western Systems (Thermo Fisher
Scientific) and the immunoblot band densities were detected with a Chemidoc System
(Biorad Laboratories, Hercules, CA, USA). The images were analyzed with Image Lab
Software version 5.2.1 (Biorad Laboratories, Hercules, CA, USA), and quantified by ImageJ
Software version 1.54d.

For protein detection, primary antibodies included rabbit anti-PNN (ab244250, Abcam,
Cambridge, UK; 1:500 dilution), mouse anti-KRT8 (ab9023; Abcam, Cambridge, UK; 1:5000
dilution), mouse anti-KRT19 (ab7754, Abcam, Cambridge, UK; 1:5000 dilution), and mouse
monoclonal β-tubulin (sc-166729, Santa Cruz Biotechnology, Inc., Heidelberg, Germany; di-
lution 1:1000). Secondary antibodies goat anti-mouse IgG-(H+L)-HRP conjugate (170-6516,
Biorad Laboratories, Hercules, CA, USA; dilution 1:500) and goat anti-rabbit IgG-(H+L)-
HRP conjugate (31466, Invitrogen, Carlsbad, CA, USA; dilution 1:2500) were used.

4.7. Immunofluorescence

HT-29 and T84 cells were seeded in Lab-Tek Chamber Slides and transfected at conflu-
ence. The monolayers were fixed with PFA 4% for 10 min at 4 ◦C, washed twice with PBS,
and then permeabilized with Triton-X 0.1% in PBS for 5 min at room temperature. Subse-
quently, cells were blocked in PBS + BSA 3% for 1.5 h at room temperature and incubated in
primary antibody rabbit PNN (ab244250, Abcam, Cambridge, UK; 1:100 dilution), mouse
anti-KRT8 (ab9023; Abcam, Cambridge, 352 UK; 1:100 dilution), or mouse anti-KRT19
(ab7754, Abcam, Cambridge, UK; 1:100 dilution) diluted in PBS + BSA 3% for 3 h. After
washing with PBS, they were incubated with secondary antibody chicken anti-rabbit IgG
(H+L) Alexa Fluor 594 (A-21442, Invitrogen, dilution 1:400), and chicken anti-mouse IgG
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(H+L) Alexa Fluor 488 (A-21200, Invitrogen, dilution 1:400) diluted in PBS + BSA 3% for
1 h. ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific) was applied to
each sample, mounted with a glass cover slip. Images were assessed using a fluorescence
microscope (Eclipse Ti2, Nikon Inc., Melville, NY, USA) using filters for DAPI, FITC, and
RFP/TRITC.

4.8. Bioinformatic and Statistical Analysis

UALCAN tools (https://ualcan.path.uab.edu/; accessed on 27 March 2023) [54] were
used to analyze PNN gene and protein expression in CRC tissue compared to normal colon
as well as its expression in the different stages of CRC. Furthermore, it was used also to
determine the correlation between PNN expression and patient survival. To predict the
specific interaction of PNN networks, the GeneMANIA resource (https://genemania.org/;
accessed on 10 April 2023) [55] was examined.

Putative miR-195-5p gene targets were predicted by means of the miRabel (http://
bioinfo.univ-rouen.fr/mirabel/; accessed on 13 March 2023) [56], Tarbase (https://dianalab.e-
ce.uth.gr/html/diana/web/index.php?r=tarbasev8/index; accessed on 14 March 2023) [57],
miRNet (https://www.mirnet.ca; accessed on 14 March 2023) [58], TargetMiner (https://
www.isical.ac.in/~bioinfo_miu/targetminer20.htm; accessed on 15 March 2023) [59], and
miRGator (http://mirgator.kobic.re.kr/; accessed on 15 March 2023) [60] algorithms.

Data were analyzed using GraphPad Prism software version 10.0.2 and expressed as
the mean ± SEM. A Pearson test was applied to study miRNA and mRNA correlation.
Statistical significance of data resulting from different conditions was examined with two-
tailed Student’s t test. Data derived from at least three independent experiments were
considered statistically significant at p < 0.05.

5. Conclusions

In conclusion, in this paper, we have demonstrated that PNN, a key component of
mature desmosomes, was significantly overexpressed in CRC patients. miR-195-5p was
able to reverse the aberrant expression of PNN in CRC cell lines and to strongly reduce
PNN expression levels in the medial and distal colon of AOM/DSS-treated mice. These
findings provide further evidence of the clinical potential of miR-195-5p in the regulation
of adhesive junctions and in CRC progression.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25115980/s1.

Author Contributions: Conceptualization, E.P. and G.S.; data curation E.P., V.S. and G.S.; formal
analysis, E.P., V.S. and G.S.; funding acquisition, G.G. and G.S.; investigation, E.P., V.S., N.L., L.D.M.,
R.A. and G.S.; methodology, E.P., V.S. and G.S.; project administration, G.S.; resources, G.S.; software,
E.P. and G.S.; supervision, G.G. and G.S.; validation, E.P., V.S. and G.S.; visualization, E.P., V.S. and
G.S.; writing—original draft, E.P.; writing—review and editing, G.G. and G.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by a grant from the Italian Ministry of Health [Ricerca Cor-
rente 2024].

Institutional Review Board Statement: This study was carried out according to the principles
of the Declaration of Helsinki and was approved by the local Institutional Ethics Review Boards
(Istituto Tumori Giovanni Paolo II, Bari, Italy). Written informed consent was obtained from all study
participants.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are within the article and Supplementary Materials.

Acknowledgments: The authors thank Mary V.C. Pragnell, B.A. for language revision of the
manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

https://ualcan.path.uab.edu/
https://genemania.org/
http://bioinfo.univ-rouen.fr/mirabel/
http://bioinfo.univ-rouen.fr/mirabel/
https://dianalab.e-ce.uth.gr/html/diana/web/index.php?r=tarbasev8/index
https://dianalab.e-ce.uth.gr/html/diana/web/index.php?r=tarbasev8/index
https://www.mirnet.ca
https://www.isical.ac.in/~bioinfo_miu/targetminer20.htm
https://www.isical.ac.in/~bioinfo_miu/targetminer20.htm
http://mirgator.kobic.re.kr/
https://www.mdpi.com/article/10.3390/ijms25115980/s1
https://www.mdpi.com/article/10.3390/ijms25115980/s1


Int. J. Mol. Sci. 2024, 25, 5980 12 of 14

References
1. Rusu, A.D.; Georgiou, M. The multifarious regulation of the apical junctional complex. Open Biol. 2020, 10, 190278. [CrossRef]

[PubMed]
2. Thiery, J.P. Cell adhesion in development: A complex signaling network. Curr. Opin. Genet. Dev. 2003, 13, 365–371. [CrossRef]
3. Garrod, D.; Chidgey, M. Desmosome structure, composition and function. Biochim. Biophys. Acta 2008, 1778, 572–587. [CrossRef]

[PubMed]
4. Brooke, M.A.; Nitoiu, D.; Kelsell, D.P. Cell–cell connectivity: Desmosomes and disease. J. Pathol. 2012, 226, 158–171. [CrossRef]

[PubMed]
5. Brückner, B.R.; Janshoff, A. Importance of integrity of cell-cell junctions for the mechanics of confluent MDCK II cells. Sci. Rep.

2018, 8, 14117. [CrossRef] [PubMed]
6. Zhou, G.; Yang, L.; Gray, A.; Srivastava, A.K.; Li, C.; Zhang, G.; Cui, T. The role of desmosomes in carcinogenesis. OncoTargets

Ther. 2017, 10, 4059–4063. [CrossRef]
7. Chidgey, M.; Dawson, C. Desmosomes: A role in cancer? Br. J. Cancer 2007, 96, 1783–1787. [CrossRef]
8. Al-Amoudi, A.; Castaño-Diez, D.; Devos, D.P.; Russell, R.B.; Johnson, G.T.; Frangakis, A.S. The three-dimensional molecular

structure of the desmosomal plaque. Proc. Natl. Acad. Sci. USA 2011, 108, 6480–6485. [CrossRef]
9. Broussard, J.A.; Getsios, S.; Green, K.J. Desmosome regulation and signaling in disease. Cell Tissue Res. 2015, 360, 501–512.

[CrossRef]
10. Müller, L.; Hatzfeld, M.; Keil, R. Desmosomes as signaling hubs in the regulation of cell behavior. Front. Cell Dev. Biol. 2021, 9,

745670. [CrossRef]
11. Meng, X.-Y.; Zhang, H.-Z.; Ren, Y.-Y.; Wang, K.-J.; Chen, J.-F.; Su, R.; Jiang, J.-H.; Wang, P.; Ma, Q. Pinin promotes tumor

progression via activating CREB through PI3K/AKT and ERK/MAPK pathway in prostate cancer. Am. J. Cancer Res. 2021, 11,
1286–1303. [PubMed]

12. Ouyang, P.; Sugrue, S.P. Characterization of pinin, a novel protein associated with the desmosome-intermediate filament complex.
J. Cell Biol. 1996, 135, 1027–1042. [CrossRef] [PubMed]

13. Shi, Y.; Tabesh, M.; Sugrue, S.P. Role of cell Adhesion–Associated protein, pinin (DRS/memA), in corneal epithelial migration.
Investig. Ophthalmol. Vis. Sci. 2000, 41, 1337–1345.

14. Shi, J.; Sugrue, S.P. Dissection of protein linkage between keratins and pinin, a protein with dual location at desmosome-
intermediate filament complex and in the nucleus. J. Biol. Chem. 2000, 275, 14910–14915. [CrossRef] [PubMed]

15. Brandner, J.M.; Reidenbach, S.; Franke, W.W. Evidence that “pinin”, reportedly a differentiation-specific desmosomal protein, is
actually a widespread nuclear protein. Differentiation 1997, 62, 119–127. [CrossRef] [PubMed]

16. Akin, D.; Newman, J.R.; McIntyre, L.M.; Sugrue, S.P. RNA-seq analysis of impact of PNN on gene expression and alternative
splicing in corneal epithelial cells. Mol. Vis. 2016, 22, 40–60.

17. Joo, J.-H.; Correia, G.P.; Li, J.-L.; Lopez, M.-C.; Baker, H.V.; Sugrue, S.P. Transcriptomic analysis of PNN-and ESRP1-regulated
alternative pre-mRNA splicing in human corneal epithelial cells. Investig. Ophthalmol. Vis. Sci. 2013, 54, 697–707. [CrossRef]
[PubMed]

18. Joo, J.H.; Ryu, D.; Peng, Q.; Sugrue, S.P. Role of Pnn in alternative splicing of a specific subset of lncRNAs of the corneal epithelium.
Mol. Vis. 2014, 20, 1629–1642.

19. He, L.; Hannon, G.J. MicroRNAs: Small RNAs with a big role in gene regulation. Nat. Rev. Genet. 2004, 5, 522–531. [CrossRef]
20. Scalavino, V.; Piccinno, E.; Bianco, G.; Schena, N.; Armentano, R.; Giannelli, G.; Serino, G. The increase of miR-195-5p reduces

intestinal permeability in ulcerative colitis, modulating tight junctions’ expression. Int. J. Mol. Sci. 2022, 23, 5840. [CrossRef]
21. Scalavino, V.; Piccinno, E.; Valentini, A.M.; Schena, N.; Armentano, R.; Giannelli, G.; Serino, G. miR-369-3p Modulates Intestinal

Inflammatory Response via BRCC3/NLRP3 Inflammasome Axis. Cells 2023, 12, 2184. [CrossRef] [PubMed]
22. Scalavino, V.; Piccinno, E.; Valentini, A.M.; Mastronardi, M.; Armentano, R.; Giannelli, G.; Serino, G. A novel mechanism of

immunoproteasome regulation via miR-369-3p in intestinal inflammatory response. Int. J. Mol. Sci. 2022, 23, 13771. [CrossRef]
[PubMed]

23. Scalavino, V.; Piccinno, E.; Lacalamita, A.; Tafaro, A.; Armentano, R.; Giannelli, G.; Serino, G. miR-195-5p Regulates Tight
Junctions Expression via Claudin-2 Downregulation in Ulcerative Colitis. Biomedicines 2022, 10, 919. [CrossRef] [PubMed]

24. Lu, M.; Zhang, Q.; Deng, M.; Miao, J.; Guo, Y.; Gao, W.; Cui, Q. An analysis of human microRNA and disease associations. PLoS
ONE 2008, 3, e3420. [CrossRef] [PubMed]

25. Piccinno, E.; Scalavino, V.; Armentano, R.; Giannelli, G.; Serino, G. miR-195-5p as Regulator of γ-Catenin and Desmosome
Junctions in Colorectal Cancer. Int. J. Mol. Sci. 2023, 24, 17084. [CrossRef] [PubMed]

26. Piccinno, E.; Scalavino, V.; Labarile, N.; Bianco, G.; Savino, M.T.; Armentano, R.; Giannelli, G.; Serino, G. Downregulation of
γ-Catenin by miR-195-5p Inhibits Colon Cancer Progression, Regulating Desmosome Function. Int. J. Mol. Sci. 2023, 25, 494.
[CrossRef]

27. Slaby, O.; Svoboda, M.; Fabian, P.; Smerdova, T.; Knoflickova, D.; Bednarikova, M.; Nenutil, R.; Vyzula, R. Altered expression of
miR-21, miR-31, miR-143 and miR-145 is related to clinicopathologic features of colorectal cancer. Oncology 2008, 72, 397–402.
[CrossRef]

28. Pidíkova, P.; Reis, R.; Herichova, I. miRNA clusters with down-regulated expression in human colorectal cancer and their
regulation. Int. J. Mol. Sci. 2020, 21, 4633. [CrossRef]

https://doi.org/10.1098/rsob.190278
https://www.ncbi.nlm.nih.gov/pubmed/32070233
https://doi.org/10.1016/S0959-437X(03)00088-1
https://doi.org/10.1016/j.bbamem.2007.07.014
https://www.ncbi.nlm.nih.gov/pubmed/17854763
https://doi.org/10.1002/path.3027
https://www.ncbi.nlm.nih.gov/pubmed/21989576
https://doi.org/10.1038/s41598-018-32421-2
https://www.ncbi.nlm.nih.gov/pubmed/30237412
https://doi.org/10.2147/OTT.S136367
https://doi.org/10.1038/sj.bjc.6603808
https://doi.org/10.1073/pnas.1019469108
https://doi.org/10.1007/s00441-015-2136-5
https://doi.org/10.3389/fcell.2021.745670
https://www.ncbi.nlm.nih.gov/pubmed/33948358
https://doi.org/10.1083/jcb.135.4.1027
https://www.ncbi.nlm.nih.gov/pubmed/8922384
https://doi.org/10.1074/jbc.275.20.14910
https://www.ncbi.nlm.nih.gov/pubmed/10809736
https://doi.org/10.1046/j.1432-0436.1997.6230119.x
https://www.ncbi.nlm.nih.gov/pubmed/9447706
https://doi.org/10.1167/iovs.12-10695
https://www.ncbi.nlm.nih.gov/pubmed/23299472
https://doi.org/10.1038/nrg1379
https://doi.org/10.3390/ijms23105840
https://doi.org/10.3390/cells12172184
https://www.ncbi.nlm.nih.gov/pubmed/37681916
https://doi.org/10.3390/ijms232213771
https://www.ncbi.nlm.nih.gov/pubmed/36430249
https://doi.org/10.3390/biomedicines10040919
https://www.ncbi.nlm.nih.gov/pubmed/35453669
https://doi.org/10.1371/journal.pone.0003420
https://www.ncbi.nlm.nih.gov/pubmed/18923704
https://doi.org/10.3390/ijms242317084
https://www.ncbi.nlm.nih.gov/pubmed/38069408
https://doi.org/10.3390/ijms25010494
https://doi.org/10.1159/000113489
https://doi.org/10.3390/ijms21134633


Int. J. Mol. Sci. 2024, 25, 5980 13 of 14

29. Rübsam, M.; Broussard, J.A.; Wickström, S.A.; Nekrasova, O.; Green, K.J.; Niessen, C.M. Adherens junctions and desmosomes
coordinate mechanics and signaling to orchestrate tissue morphogenesis and function: An evolutionary perspective. Cold Spring
Harb. Perspect. Biol. 2018, 10, a029207. [CrossRef]

30. Green, K.J.; Jaiganesh, A.; Broussard, J.A. Desmosomes: Essential contributors to an integrated intercellular junction network.
F1000Research 2019, 8, 2150. [CrossRef]

31. Lim, H.Y.G.; Plachta, N. Cytoskeletal control of early mammalian development. Nat. Rev. Mol. Cell Biol. 2021, 22, 548–562.
[CrossRef]

32. Jaalouk, D.E.; Lammerding, J. Mechanotransduction gone awry. Nat. Rev. Mol. Cell Biol. 2009, 10, 63–73. [CrossRef] [PubMed]
33. Luciano, M.; Versaevel, M.; Vercruysse, E.; Procès, A.; Kalukula, Y.; Remson, A.; Deridoux, A.; Gabriele, S. Appreciating the role

of cell shape changes in the mechanobiology of epithelial tissues. Biophys. Rev. 2022, 3, 011305. [CrossRef]
34. Delva, E.; Tucker, D.K.; Kowalczyk, A.P. The desmosome. Cold Spring Harb. Perspect. Biol. 2009, 1, a002543. [CrossRef] [PubMed]
35. Nekrasova, O.; Green, K.J. Desmosome assembly and dynamics. Trends Cell Biol. 2013, 23, 537–546. [CrossRef] [PubMed]
36. Wei, Z.; Ma, W.; Qi, X.; Zhu, X.; Wang, Y.; Xu, Z.; Luo, J.; Wang, D.; Guo, W.; Li, X.; et al. Pinin facilitated proliferation and

metastasis of colorectal cancer through activating EGFR/ERK signaling pathway. Oncotarget 2016, 7, 29429–29439. [CrossRef]
[PubMed]

37. Li, C.; Lin, R.-I.; Lai, M.-C.; Ouyang, P.; Tarn, W.-Y. Nuclear Pnn/DRS protein binds to spliced mRNPs and participates in mRNA
processing and export via interaction with RNPS1. Mol. Cell. Biol. 2003, 23, 763–7376. [CrossRef] [PubMed]

38. Wang, P.; Lou, P.-J.; Leu, S.; Ouyang, P. Modulation of alternative pre-mRNA splicing in vivo by pinin. Biochem. Biophys. Res.
Commun. 2002, 294, 448–455. [CrossRef] [PubMed]

39. Alpatov, R.; Munguba, G.C.; Caton, P.; Joo, J.H.; Shi, Y.; Shi, Y.; Hunt, M.E.; Sugrue, S.P. Nuclear speckle-associated protein
Pnn/DRS binds to the transcriptional corepressor CtBP and relieves CtBP-mediated repression of the E-cadherin gene. Mol. Cell.
Biol. 2004, 24, 10223–10235. [CrossRef]

40. Leu, S. The role and regulation of Pnn in proliferative and non-dividing cells: Form embryogenesis to pathogenesis. Biochem.
Pharmacol. 2021, 192, 114672. [CrossRef]

41. Hsu, S.-Y.; Chen, Y.-J.; Ouyang, P. Pnn and SR family proteins are differentially expressed in mouse central nervous system.
Histochem. Cell Biol. 2011, 135, 361–373. [CrossRef] [PubMed]

42. Joo, J.-H.; Taxter, T.J.; Munguba, G.C.; Kim, Y.H.; Dhaduvai, K.; Dunn, N.W.; Degan, W.J.; Oh, S.P.; Sugrue, S.P. Pinin modulates
expression of an intestinal homeobox gene, Cdx2, and plays an essential role for small intestinal morphogenesis. Dev. Biol. 2010,
345, 191–203. [CrossRef] [PubMed]

43. Jin, M.; Li, D.; Liu, W.; Wang, P.; Xiang, Z.; Liu, K. Pinin acts as a poor prognostic indicator for renal cell carcinoma by reducing
apoptosis and promoting cell migration and invasion. J. Cell. Mol. Med. 2021, 25, 4340–4348. [CrossRef] [PubMed]

44. Qin, G.; Wu, X. Hsa_circ_0032463 acts as the tumor promoter in osteosarcoma by regulating the miR-330-3p/PNN axis. Int. J.
Mol. Med. 2021, 47, 92. [CrossRef] [PubMed]

45. Yang, X.; Sun, D.; Dong, C.; Tian, Y.; Gao, Z.; Wang, L. Pinin associates with prognosis of hepatocellular carcinoma through
promoting cell proliferation and suppressing glucose deprivation-induced apoptosis. Oncotarget 2016, 7, 39694–39704. [CrossRef]

46. Mini, E.; Lapucci, A.; Perrone, G.; D’Aurizio, R.; Napoli, C.; Brugia, M.; Landini, I.; Tassi, R.; Picariello, L.; Simi, L.; et al. RNA
sequencing reveals PNN and KCNQ1OT1 as predictive biomarkers of clinical outcome in stage III colorectal cancer patients
treated with adjuvant chemotherapy. Int. J. Cancer 2019, 145, 2580–2593. [CrossRef] [PubMed]

47. Lapucci, A.; Perrone, G.; Di Paolo, A.; Napoli, C.; Landini, I.; Roviello, G.; Calosi, L.; Naccarato, A.G.; Falcone, A.; Bani, D. PNN
and KCNQ1OT1 can predict the efficacy of adjuvant fluoropyrimidine-based chemotherapy in colorectal cancer patients. Oncol.
Res. 2021, 28, 631–644. [CrossRef] [PubMed]

48. Soifer, H.S.; Rossi, J.J.; Sætrom, P. MicroRNAs in disease and potential therapeutic applications. Mol. Ther. 2007, 15, 2070–2079.
[CrossRef] [PubMed]

49. Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and other diseases. Nat.
Rev. Drug Discov. 2017, 16, 203–222. [CrossRef]

50. Ren, L.-L.; Yan, T.-T.; Shen, C.-Q.; Tang, J.-Y.; Kong, X.; Wang, Y.-C.; Chen, J.; Liu, Q.; He, J.; Zhong, M.; et al. The distinct role of
strand-specific miR-514b-3p and miR-514b-5p in colorectal cancer metastasis. Cell Death Dis. 2018, 9, 687. [CrossRef]

51. Li, A.; Yang, P.-M. Overexpression of miR-21-5p in colorectal cancer cells promotes self-assembly of E-cadherin-dependent
multicellular tumor spheroids. Tissue Cell 2020, 65, 101365. [CrossRef] [PubMed]

52. Dino, P.; D’Anna, C.; Sangiorgi, C.; Di Sano, C.; Di Vincenzo, S.; Ferraro, M.; Pace, E. Cigarette smoke extract modulates
E-Cadherin, Claudin-1 and miR-21 and promotes cancer invasiveness in human colorectal adenocarcinoma cells. Toxicol. Lett.
2019, 317, 102–109. [CrossRef] [PubMed]

53. Zhou, Z.; Wu, L.; Liu, Z.; Zhang, X.; Han, S.; Zhao, N.; Bao, H.; Yuan, W.; Chen, J.; Ji, J.; et al. MicroRNA-214-3p targets the
PLAGL2-MYH9 axis to suppress tumor proliferation and metastasis in human colorectal cancer. Aging 2020, 12, 9633–9657.
[CrossRef]

54. Chandrashekar, D.S.; Bashel, B.; Balasubramanya, S.A.H.; Creighton, C.J.; Ponce-Rodriguez, I.; Chakravarthi, B.V.; Varambally, S.
UALCAN: A portal for facilitating tumor subgroup gene expression and survival analyses. Neoplasia 2017, 19, 649–658. [CrossRef]
[PubMed]

https://doi.org/10.1101/cshperspect.a029207
https://doi.org/10.12688/f1000research.20942.1
https://doi.org/10.1038/s41580-021-00363-9
https://doi.org/10.1038/nrm2597
https://www.ncbi.nlm.nih.gov/pubmed/19197333
https://doi.org/10.1063/5.0074317
https://doi.org/10.1101/cshperspect.a002543
https://www.ncbi.nlm.nih.gov/pubmed/20066089
https://doi.org/10.1016/j.tcb.2013.06.004
https://www.ncbi.nlm.nih.gov/pubmed/23891292
https://doi.org/10.18632/oncotarget.8738
https://www.ncbi.nlm.nih.gov/pubmed/27107420
https://doi.org/10.1128/MCB.23.20.7363-7376.2003
https://www.ncbi.nlm.nih.gov/pubmed/14517304
https://doi.org/10.1016/S0006-291X(02)00495-3
https://www.ncbi.nlm.nih.gov/pubmed/12051732
https://doi.org/10.1128/MCB.24.23.10223-10235.2004
https://doi.org/10.1016/j.bcp.2021.114672
https://doi.org/10.1007/s00418-011-0795-1
https://www.ncbi.nlm.nih.gov/pubmed/21437620
https://doi.org/10.1016/j.ydbio.2010.07.009
https://www.ncbi.nlm.nih.gov/pubmed/20637749
https://doi.org/10.1111/jcmm.16495
https://www.ncbi.nlm.nih.gov/pubmed/33811436
https://doi.org/10.3892/ijmm.2021.4925
https://www.ncbi.nlm.nih.gov/pubmed/33786605
https://doi.org/10.18632/oncotarget.9233
https://doi.org/10.1002/ijc.32326
https://www.ncbi.nlm.nih.gov/pubmed/30973654
https://doi.org/10.3727/096504020X16056983169118
https://www.ncbi.nlm.nih.gov/pubmed/33208224
https://doi.org/10.1038/sj.mt.6300311
https://www.ncbi.nlm.nih.gov/pubmed/17878899
https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.1038/s41419-018-0732-5
https://doi.org/10.1016/j.tice.2020.101365
https://www.ncbi.nlm.nih.gov/pubmed/32746985
https://doi.org/10.1016/j.toxlet.2019.09.020
https://www.ncbi.nlm.nih.gov/pubmed/31574306
https://doi.org/10.18632/aging.103233
https://doi.org/10.1016/j.neo.2017.05.002
https://www.ncbi.nlm.nih.gov/pubmed/28732212


Int. J. Mol. Sci. 2024, 25, 5980 14 of 14

55. Warde-Farley, D.; Donaldson, S.L.; Comes, O.; Zuberi, K.; Badrawi, R.; Chao, P.; Franz, M.; Grouios, C.; Kazi, F.; Lopes, C.T.; et al.
The GeneMANIA prediction server: Biological network integration for gene prioritization and predicting gene function. Nucleic
Acids Res. 2010, 38, W214–W220. [CrossRef]

56. Quillet, A.; Saad, C.; Ferry, G.; Anouar, Y.; Vergne, N.; Lecroq, T.; Dubessy, C. Improving bioinformatics prediction of microRNA
targets by ranks aggregation. Front. Genet. 2020, 10, 1330. [CrossRef]

57. Karagkouni, D.; Paraskevopoulou, M.D.; Chatzopoulos, S.; Vlachos, I.S.; Tastsoglou, S.; Kanellos, I.; Papadimitriou, D.; Kavakiotis,
I.; Maniou, S.; Skoufos, G. DIANA-TarBase v8: A decade-long collection of experimentally supported miRNA–gene interactions.
Nucleic Acids Res. 2018, 46, D239–D245. [CrossRef]

58. Chang, L.; Zhou, G.; Soufan, O.; Xia, J. miRNet 2.0: Network-based visual analytics for miRNA functional analysis and systems
biology. Nucleic Acids Res. 2020, 48, W244–W251. [CrossRef] [PubMed]

59. Bandyopadhyay, S.; Mitra, R. TargetMiner: microRNA target prediction with systematic identification of tissue-specific negative
examples. Bioinformatics 2009, 25, 2625–2631. [CrossRef]

60. Cho, S.; Jang, I.; Jun, Y.; Yoon, S.; Ko, M.; Kwon, Y.; Choi, I.; Chang, H.; Ryu, D.; Lee, B.; et al. MiRGator v3. 0: A microRNA portal
for deep sequencing, expression profiling and mRNA targeting. Nucleic Acids Res. 2012, 41, D252–D257. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/nar/gkq537
https://doi.org/10.3389/fgene.2019.01330
https://doi.org/10.1093/nar/gkx1141
https://doi.org/10.1093/nar/gkaa467
https://www.ncbi.nlm.nih.gov/pubmed/32484539
https://doi.org/10.1093/bioinformatics/btp503
https://doi.org/10.1093/nar/gks1168

	Introduction 
	Results 
	PNN as a Target of miR-195-5p 
	PNN Expression in CRC Patients 
	miR-195-5p Is an Effective Regulator of PNN Expression 
	miR-195-5p Indirectly Modulates the Expression of Cytokeratin-8 and Cytokeratin-19 
	PNN Determination after miR-195-5p Mimic Treatment in a Mouse Model of AOM/DSS-Induced CRC 

	Discussion 
	Materials and Methods 
	Human Tissues 
	RNA Extraction and Real-Time PCR of FFPE Tissue 
	Immunohistochemistry (IHC) 
	Cell Culture and In Vitro Transfection 
	RNA Extraction and Real-Time PCR 
	Protein Isolation and Western Blot Analysis 
	Immunofluorescence 
	Bioinformatic and Statistical Analysis 

	Conclusions 
	References

