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1 | INTRODUCTION

Abstract

Plakophilin 3 (PKP3), a component of desmosome, is aberrantly expressed in many
kinds of human diseases, especially in cancers. Through direct interaction, PKP3 binds
with a series of desmosomal proteins, such as desmoglein, desmocollin, plakoglobin,
and desmoplakin, to initiate desmosome aggregation, then promotes its stability. As
PKP3 is mostly expressed in the skin, loss of PKP3 promotes the development of
several skin diseases, such as paraneoplastic pemphigus, pemphigus vulgaris, and
hypertrophic scar. Moreover, accumulated clinical data indicate that PKP3 dysregu-
lates in diverse cancers, including breast, ovarian, colon, and lung cancers. Numerous
lines of evidence have shown that PKP3 plays important roles in multiple cellular pro-
cesses during cancer progression, including metastasis, invasion, tumor formation,
autophagy, and proliferation. This review examines the diverse functions of PKP3 in
regulating tumor formation and development in various types of cancers and summa-

rizes its detailed mechanisms in the occurrence of skin diseases.
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in different cellular substructures also affects various cellular pro-

Plakophilins are members of the armadillo protein family, comprising
PKP1, PKP2, and PKP3, and function as the structural components
of desmosomes, which play pivotal roles in mediating cell-cell ad-
hesion and communication. All PKPs are crucial for the formation
of desmosomes by directly interacting with or indirectly regulating
the expression of other desmosomal proteins.® The location of PKP3

cesses, such as signal transduction, tumorigenesis, and tumor pro-
gression, which are attributed to their multiple cellular localizations.?

The PKP3 gene is located at the chromosomal region 11p15.5
and expressed in various mammals such as cow, dog, mouse, and
rat, and these species have over 80% similarity within the orthologs
of the human PKP3 gene (Figure 1). The PKP3 mRNA comprises 13

exons in the size of 2817 base pairs (Figure 1). Knockout of PKP3

Abbreviations: DNP, N,N"-dinitrosopiperazine; DSC, desmocollin; DSG, desmoglein; DSP, desmoplakin; ERK, extracellular signal-regulated kinase; HR, homology region; JNK, C-Jun
N-terminal kinase; K8, keratin 8; miR, microRNA; mTOR, mammalian target of rapamycin; NSCLC, non-small-cell lung cancer; PG, plakoglobin; PKP, plakophilin; PNP, paraneoplastic

pemphigus; PRL3, phosphatase of regenerating liver 3; PV, pemphigus vulgaris.
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FIGURE 1 Gene and protein structures of plakophilin 3 (PKP3). The PKP3 gene is located at the p15.5 locus of chromosome 11 and PKP3
mRNA comprises 13 exons of 2817 bp. The protein structure of PKP3 (797 amino acids in size) is characterized by a head domain at the
N-terminal and nine armadillo repeats at C-terminal, with a flexible insert between armadillo repeats 5 and 6. Within the head domain, there
is homology region 2 (HR2), which is conserved in PKPs. Four phosphorylation sites are located at the head domain, Ser-134, Ser-135, Ser-
285, and Tyr-195.

FIGURE 2 Role of plakophilin 3
= (PKP3) in desmosome assembly. PKP3 is
§ expressed in the cell plasma membrane,
{ PKP1 which accounts for the assembly of
PKP

PG PKP2 desmosome between cells, forming the

PKP3 cell clusters. PKP3 directly interacts with
plakoglobin (PG), desmocollin (DSC),
desmoglein (DSG), and intermediate
filaments to form a stable complex, which
mediates the formation of desmosome.
The intracellular fraction of DSG and DSC
bind with PKP3 while the extracellular
parts anchor with each other to
strengthen the stability of desmosome.
As cytoplasmic plaque proteins of
desmosome, PG and DSP combine

with PKP3 to form the inner plaque of
DSP desmosome.
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leads to the morphological abnormality of specific hair follicles and repeats, with a total of 797 amino acid residues (~87 kDa). A flexible

facilitates inflammatory responses in the skin, accompanied by se- insert between armadillo repeats 5 and 6 forms the special bending
vere skin diseases in PKP3-deficent mice models.® The protein structure for binding of other proteins (Figure 1). Both the head do-
structure of PKP3 consists of a head domain and nine armadillo main and armadillo repeats of PKP3 are crucial for the interaction
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with other desmosomal proteins. There is only a small conserved
sequence stretch, designated HR2, in the head domain of PKP3
(Figure 1). Moreover, three phosphorylation sites of PKP3, includ-
ing Ser-134, Ser-135, and Ser-285, located at the head domain, are
responsible for the accumulation of PKP3 at cell contacts, while the
Tyr-195 phosphorylation site in the head domain contributes to the
release of PKP3 from desmosomes to the cytoplasm (Figure 1).4°¢ In
addition, the exogenous PKP3-head and PKP3-armadillo fragments
show different cellular localization; the PKP3-head fragment mainly
aggregates in the cytoplasm, whereas the PKP3-armadillo fragment
shows a high accumulation in the cell nucleus, indicating additional
regulatory roles of PKP3 in cytoplasmic and nuclear processes.’
Plakophilin 3 is a desmosomal plaque protein highly expressed in
epithelial cells and is essential for the maintenance of desmosomal
integrity and cell-cell adhesion (Figure 2). Desmosomes are inter-
cellular junctions that maintain the structural integrity of tissues
through anchoring intermediate filaments to the plasma membrane.®
Based on the origin and function of desmosome components, they
consist of three main groups: plakins (e.g. DSP), cadherins (e.g. DSG
and DSC), and armadillo proteins (e.g. PG and PKPs).2 Plakophilin 3
initiates the assembly of desmosomes and promotes their stabiliza-
tion through direct interactions with transmembrane desmosomal
adhesion proteins including DSC and DSG, as well as by anchoring
cytoplasmic plaque proteins, including DSP and PG (Figure 2).
Expression of PKP3 is dysregulated during cancer progression.
To date, a large body of evidence suggests that PKP3 plays dual roles
as an oncogene or tumor suppressor during tumorigenesis and pro-
gression. For instance, PKP3 deficiency promotes tumor invasion
and metastasis, thereby accelerating tumor formation and progres-
sion in colon, breast, and bladder cancers, whereas overexpression
of PKP3 promotes tumor cell proliferation in prostate and ovarian
cancer.”*® Additionally, aberrant expression of PKP3 can lead to a
variety of skin conditions such as dermatitis, pemphigus vulgaris,
and hypertrophic scar.>**1> Therefore, the elucidation of effective
PKP3-targeted therapies seems to be a promising strategy for the
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treatment of diseases based on the various roles of PKP3 in tumor

progression and a variety of skin diseases.

2 | PLAKOPHILIN 3 PLAYS IMPORTANT
ROLE IN CANCER PROGRESSION

Plakophilin 3 is aberrantly expressed in a variety of cancers including
colon, breast, prostate, ovarian, lung, and bladder cancers, in which
it plays a crucial role in the clinical diagnosis and prognosis of can-
cers (Figure 3). Moreover, PKP3 plays an important part in a vari-
ety of physiological processes such as metastasis, invasion, tumor
formation, autophagy, and proliferation during cancer progression
(Figure 4). Clinicopathologic evidence has shown that PKP3 is over-
expressed in most clinical lung cancer samples and high PKP3 ex-
pression level correlates with short survival periods and poor disease
stage, as well as node status, of patients with lung cancer.X® Similarly,
the protein expression of PKP3 is increased in breast cancer and
positively correlates with node positivity and grade, which con-
tributes to the aggressive features of breast cancer.”’ Patients with
ovarian cancer with high expression levels of PKP3 show more sig-
nificant lymph node metastasis and advanced disease stage, as well
as shorter overall survival than patients with low expression levels of
PKP3.28 Inversely, PKP3 expression is significantly decreased in gas-
tric cancer, and PKP3 deficiency is correlated with increased node
number and advanced tumor stage, which indicate poor prognosis.*’
Additionally, upregulation of PKP3 mRNA in blood of patients with
gastrointestinal cancer is related to advanced tumor stage and seri-
ous lymph node metastasis, and can serve as a biomarker for detect-
ing circulating tumor cells in gastrointestinal cancer.2%%!

Plakophilin 3 plays important roles in initiating desmosome as-
sembly and maintaining cell-cell adhesion in epithelial cells, thus,
the deficiency of the desmosome PKP3 leads to loss of cell polarity
and adhesion, which in turn enhances its invasive and metastatic ca-

pacity. Invasion and metastasis are two major hallmarks of cancer.??
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FIGURE 4 Aberrant expression of plakophilin 3 (PKP3) is involved in regulating diverse signaling pathways associated in cancer
progression. PKP3 is expressed at low levels in colon cancer and nasopharyngeal carcinoma both at mMRNA and protein levels, which induces
cancer cell invasion, metastasis, and autophagy. Inversely, high expression of PKP3 stimulates cancer cell proliferation and inhibits cancer
cell autophagy by activating the MAPK-JNK-ERK1/2-mTOR axis in ovarian cancer. Overexpression of PKP3, resulting from the competitive

binding of microRNA (miR)-328-3p and miR-3173-5p with circlGF2BP3, promotes programmed cell death 1 ligand 1 (PD-L1) expression,
which inhibits immune cell infiltration in lung cancer. DNP, N,N’-dinitrosopiperazine; K8, keratin 8; LCN2, lipocalin 2; MMP7, matrilysin;
OTUB1, otubain-1; PRL3, phosphatase of regenerating liver 3; SGK1, serum/glucocorticoid-regulated kinase 1; ZEB1, zinc finger E-box

binding homeobox 1.

The invasion-metastasis cascade, characterized by local invasion
and distant metastasis, is a crucial stage during tumor progression,
in which primary malignant tumor cells infiltrate into the surround-
ing stroma, followed by interaction with platelets, lymphocytes, and
other blood components in blood circulation and, finally, the devel-
opment of a secondary tumor in other distant sites and organs.23
Emerging evidence has indicated that PKP3 deficiency has a signif-
icant impact on the invasion and metastasis of cancer progression.
Previous studies have shown that PKP3 downregulation leads to
loosening of intercellular adhesion along with increased cell migra-
tion, ultimately stimulating tumor formation and increasing the abil-
ity of colon cancer to metastasize to the Iung.11 Furthermore, zinc
finger E-box binding homeobox 1 (ZEB1), a classical transcription
factor that promotes tumor invasion and metastasis, inhibits PKP3

transcription during colon cancer cell invasion by directly binding
to the PKP3 promoter, thereby inhibiting PKP3 expression at both
the mRNA and protein levels, which further suggests that deletion
of PKP3 might promote the oncogenic process of invasive human
cancer cells.? Similar findings show that downregulation of PKP3
promotes the invasion of 5637 and J82 bladder cancer cells.® With
in-depth studies, more detailed molecular mechanisms linking PKP3
to tumor cell invasion and metastasis have been identified in differ-
ent cancers. Loss of PKP3 promotes the expression of PRL3, fol-
lowed by the increased dephosphorylation of K8 and upregulation
of pan-K8, which leads to the increased metastasis of HCT116 colon
cancer cells and tumor progression of colon cancer.?* Furthermore,
PKP3 downregulation induces matrilysin (MMP7) expression by
promoting PRL3 expression and thus promotes the invasion of
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HCT116 colon cancer cells and tumor formation of colon cancer.?

Additionally, PKP3 directly interacts with p38MAPK to block its
translocation to the nucleus, while PKP3 loss promotes its phos-
phorylated activation and nuclear localization, which finally leads
to metastasis and growth of HCT116 colon cancer cells through in-
creasing expression of lipocalin 2 (LCN2).2%2?7 Loss of PKP3 induces
autophagy and reactive oxygen species clearance by activating
p38MAPK, then increases radioresistance and promotes survival
of HCT116 colon cancer cells.?® In addition, several proteins have
been identified to regulate PKP3 expression during tumor metas-
tasis in a variety of cancers. N,N’-dinitrosopiperazine (DNP), as a
carcinogenic factor, increases miR-149 expression and inhibits the
transcriptional activity of the PKP3 gene by promoting the binding
of miR-149 to the 3’-UTRs of PKP3 to induce invasion and metastasis
of 6-10B nasopharyngeal carcinoma cells.?? Conversely, serum/glu-
cocorticoid-regulated kinase 1 (SGK1), a member of the AGK kinase
family, stimulates PKP3 expression and induces differentiation of
HT29 and LS174T cells, accompanied by the inhibition of metastasis
of HT29 and LS174T colon cancer cells.*°

Together with invasion and metastasis, emerging evidence has also
indicated that PKP3 plays a pivotal role in cell autophagy, growth, and
proliferation. Plakophilin 3 promotes cellular proliferation and inhib-
its autophagy of SKOV3 and A2780 ovarian cancer cells by activating
the MAPK-JNK-ERK1/2-mTOR axis, which accelerates the progres-
sion of ovarian tumor.'? Analogously, upregulation of PKP3 expres-
sion promotes the proliferation of prostate cancer and NSCLC.!31¢
Plakophilin 3 is also reported to mediate the infiltration of immune
cells in the tumor matrix, which is deemed as the pivotal factor in reg-
ulating progression and metastasis of cancers.>! Competitive binding
of miR-328-3p and miR-3173-5p to circlGF2BP3 results in the upreg-
ulation of PKP3 expression, which promotes deubiquitinating enzyme

otubain-1 (OTUB1) expression by increasing its mRNA stability, and

FIGURE 5 Aberrant plakophilin 3
(PKP3) expression-derived cutaneous
diseases. Four cutaneous diseases

have been reported to be promoted by
PKP3 dysregulation in human, including
dermatitis, hypertrophic scar, pemphigus
vulgaris, and paraneoplastic pemphigus.
The low expression of PKP3 promotes the
development of cutaneous diseases, such
as dermatitis and hypertrophic scar, and
the overexpression of PKP3 promotes the
development of pemphigus vulgaris and
paraneoplastic pemphigus.
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then prevents the proteasomal degradation of programmed cell death
1 ligand 1 (PD-L1) by inducing its deubiquitination, and ultimately in-
hibits the activation and infiltration of CD8* T cells in the tumor region

and thus facilitates tumor immune evasion in NSCLC.%?

3 | ROLE AND FUNCTION OF PKP3 IN
SKIN DISEASES

Considering that PKP3 is abundantly expressed in the skin,
PKP3 may be involved in the regulation of certain skin diseases.
Accumulated evidence has shown that aberrant PKP3 expression
occurs in the development of a variety of skin diseases, such as
PNP, PV, and hypertrophic scar (Figure 5). It also reported that
PKP3 serves as a contributor for the morphogenesis of hair fol-
licles, while PKP3 deficiency blocks hair formation and leads to
an increased sensitivity to dermatitis, rendering patients prone to
cutaneous inflammation.® Loss of hematopoietic PKP3 promotes
the development of irritant contact dermatitis and dextran sulfate
sodium-induced colitis, simultaneously with increased sensitivity
to endotoxemia.® Likewise, the downregulation of PKP3 in hy-
pertrophic scar might be involved in intraepidermal blister forma-
tion.r> Additionally, PKP3 promotes the desmosomal adhesion of
keratinocytes and induces cell-cell detachment and acantholysis
in PV.* The Src-mediated phosphorylation of PKP3 resulting from
binding of PV autoimmune globulin enables PKP3 to detach from
DSG3 and translocate to the cytoplasm, suggesting the crucial role
of PKP3 in PV acantholysis.®* Plakophilin 3 is reported to be asso-
ciated with PNP, a malignancy-associated autoimmune disease, in
which the Abs against PKP3 are consistently present in PNP sera
through activated PKP3 autoreactivity, implying a novel autoanti-

gen reacting against PNP sera.®®

~ Dermatitis
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4 | CONCLUSION AND PERSPECTIVES

In general, PKP3 plays a crucial role in the tumor progression, such
as metastasis, invasion, proliferation, and autophagy. Plakophilin
3 shows potent potential in the clinical diagnosis and prognostic
evaluation of diverse cancers, and can be identified as a biomarker
for tumor progression of cancer patients. Moreover, given the high
level of PKP3 in the skin, PKP3 also participates in the develop-
ment of several skin diseases. Taken together, PKP3 will be a prom-
ising therapeutic target for antitumor treatment and other human
diseases. Therefore, the underlying mechanisms of PKP3 in tumor
progression deserve deeper investigation, rendering the target-
ing of PKP3 as a more accurate and effective approach in cancer

therapy.
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