Genes & Diseases (2017) 4, 100—107

Genes &
Diseases

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: http://ees.elsevier.com/gendis/default.asp

REVIEW ARTICLE

Epithelial protein lost in neoplasm (EPLIN):
Beyond a tumor suppressor

@ CrossMark

Daging Wu #-°-*

@ Georgia Cancer Center and Department of Biochemistry and Molecular Biology, Medical College of
Georgia, Augusta University, Augusta, GA, USA
b MetCure Therapeutics LLC, Atlanta, GA, USA

Received 13 December 2016; accepted 25 March 2017
Available online 1 April 2017

Abstract The majority of cancer-related deaths are caused by tumor recurrence, metastasis
and therapeutic resistance. During the late stages of tumor progression, multiple factors are
involved, including the downregulation and/or loss of function of metastasis suppressors.
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Epithelial-to- Epithelial protein lost in neoplasm (EPLIN), an actin-binding protein, was initially identified
mesenchymal as a putative tumor suppressor that is frequently downregulated in epithelial tumors. Recent
transition; evidence indicates that EPLIN may negatively regulate epithelia-to-mesenchymal transition
EPLIN; (EMT), a crucial process by which cancer cells acquire invasive capabilities and therapeutic
Metastasis resistance. Importantly, downregulation of EPLIN is associated with clinical metastasis in a va-
SUppressor; riety of solid tumors, suggesting that EPLIN could be a suppressor of metastasis. In this review, |

will discuss the regulation and function of EPLIN in human cancer cells and explore the clinical
significance of EPLIN in metastatic disease.

Copyright © 2017, Chongging Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Tumor suppressor

Tumor progression is a complicated, multi-step process
driven by a series of genetic and epigenetic alterations. At
early stages of tumorigenesis, the inactivation and/or loss
of growth-retarding tumor suppressor genes (such as PTEN
and p53) promote uncontrolled cell division and trans-
formation into cancer cells. During metastasis, malignant

tumors invade other organs and spread to distant sites,
usually accompanied by the inactivation and/or loss of
metastasis suppressor genes (such as E-cadherin), which
specifically suppress metastasis without affecting primary
tumor growth.' ® Identification of the distinct roles of
these suppressor genes can provide a better understanding
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of tumor progression and help the development of precise
therapy to prevent and treat metastasis, the major cause of
cancer-related deaths. Recent studies have demonstrated
epithelial protein lost in neoplasm (EPLIN) as an important
safeguard against tumor progression in multiple cancer
types. Here, | will review the current literature on the
regulation and function of EPLIN in human cancer cells.

Sequence and structure of EPLIN

EPLIN, or LIM domain and actin binding 1 (LIMA1), was first
described by Maul et al in 1999.” The human EPLIN gene is
located on chromosome 12q13.12 and encompasses
107.79 kb of DNA. The longest transcript isoform contains 11
exons. Two isoforms of EPLIN, i.e., EPLIN-a. and EPLIN-B, can
be generated from an alternative RNA processing event; the
mRNA of the B isoform requires all 11 exons, whereas the
EPLIN-o. mRNA only requires exons 4—11. The resulting
EPLIN-o. protein has 600 amino acid (aa) residues and the
reading frame of EPLIN-B is extended by an additional 160
aa’® (Fig. 1A). Both isoforms contain a single centrally
located LIM domain that can form two closely spaced zinc-
binding subdomains’ and allow EPLIN to dimerize with it-
self or associate with other proteins (Fig. 1B). EPLIN also
contains at least two actin-binding domains at both
the amino- and carboxyl-termini, although the carboxyl-

terminal domain appears to be more efficient in filament
binding.'>"!

Regulation of EPLIN expression

EPLIN is highly expressed in placenta, kidney, pancreas,
prostate, ovary, spleen and heart (UniProtKB/Swiss-Prot).
In human cancer cells, the two EPLIN isoforms appear to be
differentially expressed in a highly context-dependent
manner.” For example, EPLIN-o is prevalently presented
in human breast cancer cells and head and neck cancer
cells, whereas EPLIN-B is the major isoform in some human
prostate cancer cells. EPLIN-o and -B seem to be equally
expressed by several melanoma cells.'?™"°

The regulatory mechanism for the differential expres-
sion of EPLIN-o and -B remains largely elusive. The pro-
moter region of human EPLIN-o includes a serum response
factor (SRF) binding site, whereas the EPLIN-B promoter
contains putative binding sites for Oct-1, Sp1, and AP1.
Serum stimulation or transient expression of several Rho-
family small GTPases both activate SRF and induced the
transcription of EPLIN-o but not EPLIN-B in NIH3T3 fibro-
blasts, suggesting that EPLIN-o is the primary response gene
in these cells.® Similarly, a consensus SRF binding site was
identified only in the murine EPLIN-o. promoter, which is
responsible for the induction of EPLIN-« in response to the
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Fig. 1
EPLIN (PDB ID = 2D8Y), generated with FirstGlance in Jmol.

(A) The genomic and protein structures of human EPLIN isoforms. (B) Three-dimensional structure of LIM domain of human
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binding of SRF and its coactivator MAL/myocardin-related
transcription factor (MRTF)."®

EPLIN can be regulated at post-translational levels. In
prostate cancer cells, we have demonstrated that
epidermal growth factor (EGF) could activate the phos-
phorylation, ubiquitination, and degradation of human
EPLIN proteins through an extracellular signal-regulated
kinase 1/2 (ERK1/2)-dependent signaling cascade. Two
serine residues (serine 362 and serine 604) were identified
as putative ERK1/2 phosphorylation sites in human EPLIN
proteins, and point mutations at these residues (serine to
alanine) rendered resistance to EGF-induced protein turn-
over. Interestingly, a putative PEST sequence (RASSL-
SESSPPK) with a PEST score of +5.89 (PEST scores greater
than +5 are considered significant) was identified in human
EPLIN protein, which also could contribute to the post-
translational regulation of EPLIN."”

Expression of EPLIN in human cancers

In several established human cancer cell lines, EPLIN was
found to be reduced in a majority of oral (8/8), prostate (7/
7) and breast (5/6) cancer cells. Downregulation of EPLIN-
o, compared to EPLIN-B, appears to be more significant.’
However, the expression profile of EPLIN in human cancer
tissues was not examined until a decade later."* Using an
antibody specific to EPLIN-a, Jiang et al performed immu-
nohistochemical (IHC) staining on cancerous and normal
mammary tissues. Compared to normal tissues, breast
cancer tissues express a lower level of EPLIN-«, and grade
2/3 tumors have significantly decreased EPLIN-o. compared
with grade 1. Importantly, reduced levels of EPLIN-o are
associated with poor prognosis and increased incidence of
recurrence and mortality. In human esophageal cancers,
EPLIN-o transcripts were expressed at lower levels in tumor
tissues compared to normal tissue. EPLIN-a is reduced in
grade 3—5 tumors when compared to grade 2 tumors. Lower
level of EPLIN-a is also associated with local advanced
esophageal cancer, including TNM stages 2—4, as well as
lymphatic metastasis. Significantly, patients who died of
esophageal cancer have lower levels of EPLIN-o. compared
to those who remained disease-free."” In epithelial ovarian
cancer, a similar pattern of EPLIN-o reduction was also
observed, suggesting that EPLIN-« is a potential prognostic
marker.'® We examined the IHC expression of EPLIN in a
human bladder tissue microarray (TMA) and found that
EPLIN expression is reduced in cancerous tissues when
compared with that in normal tissues (Fig. 2).

Expression of EPLIN in metastatic tumors

We searched Gene Expression Omnibus and Oncomine da-
tabases for the expression profile of EPLIN in a number of
epithelial cancers.'” Analyses on four independent sets of
microarray data on clinical prostate cancer'®~?? revealed
that EPLIN transcripts were expressed at a similar level in
primary tumors and normal prostatic tissues, but were
remarkably reduced in metastatic tumors. We further
collected matched pairs of prostate cancer tissue speci-
mens from primary tumors and lymph node metastases and
examined the IHC staining of EPLIN. Intriguingly, the

expression of EPLIN proteins was significantly reduced in
lymph node metastases when compared with that in pri-
mary tumors. Similar patterns were also observed in several
other epithelial cancers, in which the EPLIN immunointen-
sity was markedly reduced in the lymph node metastases
compared with matched primary tumors from the breast,
colon, rectum, and head and neck.?? Steder et al reported
that low EPLIN expression in melanoma was correlated with
increased Breslow depth (>4 mm) of invasion versus high
EPLIN levels at <1 mm. There was a statistically significant
loss of EPLIN expression in melanoma metastases compared
to the primary tumors. Consistent with our findings, an in-
verse association between EPLIN transcripts and the met-
astatic potential or tumor grade of prostate, colon, and
head and neck cancer was observed.'?

Cellular functions of EPLIN

EPLIN is an actin-binding protein involved in the
regulation of actin dynamics

Biochemical studies showed that EPLIN regulates actin
cytoskeleton and cellular architecture via several parallel
mechanisms.'®"" First, the two actin-binding domains allow
EPLIN-a. to efficiently cross-link and bundle actin filaments.
Second, by binding to more than one actin subunit, EPLIN
may lower the monomer dissociation rate constant at the
pointed end of actin filaments and stabilize them from
depolymerization. Third, EPLIN-« inhibits actin nucleation
by Arp2/3 complex by increasing the lag at the outset
of polymerization. Thus, by influencing both assembly
(nucleation) and disassembly (stability) of filamentous actin
(F-actin), EPLIN inhibits actin turnover and limits the dy-
namic remodeling of the actin cytoskeleton.

EPLIN is indispensable for the maintenance of
epithelial phenotypes

Peptide tandem mass spectrometry and co-immuno-
precipitation analyses identified EPLIN as a binding part-
ner of a-catenin. The physical interaction with a-catenin is
required for the localization of EPLIN at cell—cell ad-
junctions and in the formation of a complex with E-cad-
herin cytoplasmic domain. Further, EPLIN depletion
disrupts the apical organization of F-actin and the
association between the cortical actin bundles and the
cadherin—catenin complex, suggesting that EPLIN is
indispensable for the stabilization of the circumferential
actin belt at adherens junctions (AJs).”* Indeed, the for-
mation of a cadherin-B-catenin-a-catenin-EPLIN-F-actin
complex is essential to the maintenance of apical—basal
polarity in epithelial cells (Fig. 3). At the AJs, EPLIN can
respond to mechanical forces and is involved in the
remodeling of the junctional architecture of epithelial
cells.?

Endothelial AJs are required for the integrity of
vascular endothelium and is also most important for
transmitting mechanical signals directly to the actin
cytoskeleton. VE-cadherin, an endothelial-specific mem-
ber of the cadherin protein family, plays an indispensable
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Fig. 2

IHC expression of EPLIN in human bladder cancer vs. normal tissues in a bladder TMA (obtained from Creative-Bioarray,

New York). A & B: normal bladder tissues; C: grade 1, stage Il, T2ZNOMO; D: grade 3, stage Il, T2aNOMO.

Adherens Junction

Fig. 3  EPLIN links the cadherin-B-catenin-a-catenin complex
to actin cytoskeletons, which is essential to the maintenance
of apical—basal polarity in epithelial cells.

role in the endothelial AJs.? Similar to its function in
epithelial cells, EPLIN directly interacts with «-catenin
anchored to the VE-cadherin-B-catenin complex within the
endothelial AJs. By connecting the VE-cadherin-B-catenin-
a-catenin complex to the actin cortical ring and promoting
vinculin junctional recruitment, EPLIN reinforces the
cohesion of cell—cell junctions and stabilizes the capillary
structures in endothelium.?® %% Therefore, the EPLIN-a-
catenin interaction may provide a mechanosensory ma-
chinery that is essential to vascular morphogenesis and
mechanotransduction.

EPLIN has an important role in the regulation of
cytokinesis

Small-interfering RNA (siRNA) depletion of EPLIN from Hela
and MCF-7 cells induces cytokinesis failure, suggesting that
the loss of EPLIN may induce aneuploidy and contribute

to genomic instability.”’ The function of EPLIN in the
regulation of membrane ingression and cleavage furrow
formation seems to be dependent on its association with
the actin-myosin Il contractile ring and septin filaments,
two cytoskeletal systems required for a complete cytoki-
nesis. During the final stages of ingression, EPLIN is required
for the recruitment of RhoA and Cdc42 at the cleavage
furrow. Both EPLIN-o. and -B localize to the cleavage
furrow, suggesting the two isoforms may have similar ef-
fects on cytokinesis. In another study, Sundvold
et al reported that EPLIN can recruit a putative lipid
transporter ACAT-related protein required for viability 1
(Arv1) to the cleavage furrow at the onset of telophase,
which subsequently recruits myosin heavy chain 9 (MYH9)
and myosin light chain 9 (MYL9) by interacting with IQmotif-
containing GTPase-activating protein (IQGAP1). Interest-
ingly, EPLIN-B seems to have a stronger interaction with
Arv1 when compared with the EPLIN-a isoform, suggesting
the additional 160 aa at the N terminus may contribute to
the physical association between the two proteins.>°

EPLIN is a tumor suppressor in certain epithelial
cancer cells

Ectopic expression of EPLIN-B or EPLIN-o suppresses the
in vitro growth of U2-OS osteosarcoma cells, and over-
expression of EPLIN-o. demonstrated a similar inhibitory
effect on growth and proliferation in MDA MB231 (breast
cancer), PC-3 (prostate cancer) and KYSE150 (esophageal
cancer) cells. The subcutaneous growth of MDA MB231 and
PC-3 tumors in mice was also retarded by the forced
expression of EPLIN-o..”'*"53"  Conversely, EPLIN-a
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depletion in ovarian cancer cells increased growth, inva-
sion, adhesion and migration in vitro."® These results,
combined with the fact that EPLIN is frequently down-
regulated in certain human cancer cell lines and primary
tumors, have led to the hypothesis that EPLIN may act as a
tumor suppressor in certain epithelial cancers. Nonethe-
less, these studies are mostly observational, and the
mechanism by which EPLIN controls the growth and prolif-
eration of cancer cells remains largely unknown.

EPLIN is a suppressor of epithelial-to-mesenchymal
transition (EMT)

Acquisition of migratory and invasive capabilities by cancer
cells at the primary site resembles epithelial-to-
mesenchymal transition (EMT), a process in which epithe-
lial cells lose polarity and gain motility through
downregulation of epithelial markers, disruption of the
cadherin/catenin adhesion complex and re-expression of
mesenchymal molecules.? By conducting quantitative pro-

exhibiting classical EMT, we observed a significant reduction
of EPLIN-B in highly invasive and mesenchymal-like cells.
Western blotting analyses confirmed that both EPLIN-a. and
-B isoforms were abundantly expressed in epithelial-like and
low-invasive ARCaPg cells, but markedly reduced in
mesenchymal and highly invasive ARCaPy cells. A similar
association between EPLIN expression and invasive pheno-
types was observed in other experimental models of pros-
tate cancer and squamous cell carcinoma of the head and
neck. These data indicated that EPLIN remains to be highly
expressed in certain epithelial cancer cells, and its down-
regulation is associated with increased invasiveness. EPLIN
depletion using siRNAs and short hairpin RNA (shRNA) ap-
proaches promoted EMT and significantly increased the
in vitro migratory and invasive capabilities in various cancer
cell lines, including ARCaPg, LNCaP, PC-3 and MCF-7.'?
Consistently, Steder et al observed that the invasive capa-
bilities of melanoma cells were increased by shRNA knock-
down of EPLIN-B or EPLIN-a/-B, or were inhibited by the
overexpression of EPLIN-o or EPLIN-B."?

Previous studies have shown that overexpression of

teomics in lineage-derived human prostate cancer cell lines ~ EPLIN in cancer cells usually reduced growth and
Table 1  EPLIN-interacting proteins and potential functions.
Protein Interaction Function Reference(s)
Actin The two actin-binding domains of EPLIN inhibits actin turnover and 2o
EPLIN cross-link and bundle actin limits the dynamic remodeling of the
filaments actin cytoskeleton
a-catenin The binding of EPLIN and «-catenin EPLIN links the cadherin—catenin 23
requires the N- and C-terminal complex to F-actin, stabilizing the
regions of EPLIN and the vinculin adhesion belt
homology (VH)3-C-terminal region of
a-catenin
Septin 2 (Nedd>5) EPLIN is associated with Septin 2 EPLIN contributes to Septin 2 29

during interphase and mitosis

Myosin llb EPLIN is associated with myosin IIb of
the contractile ring

Supervillin The C-terminal region of supervillin
binds EPLIN

Paxillin EPLIN is localized in peripheral actin
bundles at focal adhesions and
formed a protein complex with
paxillin

ERK1/2 ERK binds and phosphorylates mouse
EPLIN at Ser360, Ser602, and Ser692

PTEN PTEN is associated with actin

remodeling complex including EPLIN
PINCH-1 (Lims1) PINCH-1 recruits EPLIN to the integrin
adhesion sites in keratinocytes
EPLIN recruits Arv1 to the cleavage
furrow in early telophase

Arvi

cleavage furrow localization during
late stages of cytokinesis

EPLIN enhances the accumulation of
actin and active myosin Il at the
cleavage furrow during the final
stages of ingression

EPLIN and supervillin are
concentrated at the cleavage furrow
during the early stages of cytokinesis
and may be required for cell division
EPLIN may stabilize focal adhesions
by interacting with paxillin

727178, 0, B=315

35

31,36

EPLIN phosphorylation is required for 37

PDGF-induced stress fiber
disassembly, membrane ruffling and
cell migration

It is unclear if EPLIN is required for
the PTEN regulation of cell size
checkpoint

Regulates the spreading and
migration on collagen and fibronectin
Optimizes furrow ingression during
cell division

38

34

30
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proliferation, whereas EPLIN depletion resulted in
increased proliferation.”'*'>3! On the contrary, however,
we observed that EPLIN knockdown in ARCaPg cells induced
cell cycle arrest and inhibited the in vitro proliferation and
in vivo growth in athymic nude mice (12 and unpublished
results). EPLIN depletion also significantly enhanced cell
resistance to treatment with docetaxel and doxorubicin (by
~8-fold and ~4.4-fold, respectively)."”” These results
indicated that, at least in some prostate cancer cells, EPLIN
has a more complicated function than simply being a tumor
suppressor.

The acquired invasiveness upon EPLIN depletion was
accompanied by the changes of EMT markers at molecular
levels, including reduced E-cadherin and increased vimen-
tin. In prostate cancer cells, EPLIN can affect multiple
genes, including those involved in the regulation of EMT,
Wnt/B-catenin signaling, actin cytoskeleton, invasion and
metastasis, apoptosis, adhesion and extracellular matrix

PAN2

MAP3K3

Fig. 4

remodeling, and growth factor signaling.'? Among them,
zinc finger E-box-binding homeobox 1 (ZEB1), versican,
matrix metalloproteinase-7 (MMP-7), Bcl-2A, fibroblast
growth factor 5 (FGF5), cAMP-responsive element-binding
protein (CREB) and myeloid cell leukemia-1 (Mcl-1) were
increased upon EPLIN depletion, and the inhibitor of dif-
ferentiation 2 (ID2), myosin light chain kinase (MYLK) and
insulin-like growth factor-binding protein-3 (IGFBP-3) were
reduced. EPLIN depletion also resulted in a remarkable
reduction of several microRNAs (miRNAs), including miR-
205, miR-200b and miR-429, whose downregulation is
thought to be the essential feature of EMT and acquisition
of cancer stem cell properties. In melanoma cells, it ap-
pears that EPLIN can significantly affect a signaling axis
consisting of insulin-like growth factor receptor (IGF-1R)-
Akt-Stat3. Overexpression of EPLIN induced a substantial
decrease in p-Akt and p-Stat3, which is associated with
downregulation of Slug and upregulation of E-cadherin.’®

LRCH3

RIPK3

CTNND1

\@ATPGV151

Potential EPLIN-interacting proteins, predicted using STRING program. Abbreviations: ATP6V1B1: ATPase, H+ trans-

porting, lysosomal 56/58 kDa, V1 subunit B1; BMI1: BMI1 polycomb ring finger oncogene; CDH1: cadherin 1, type 1, E-cadherin
(epithelial); CTNNAT1: catenin (cadherin-associated protein), alpha 1; CTNNB1: catenin (cadherin-associated protein), beta 1;
CTNND1: catenin (cadherin-associated protein), delta 1; EZH2: enhancer of zeste homolog 2; FMNL1: formin-like 1; GRB2: growth
factor receptor-bound protein 2; IKBKG: inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase gamma; LIMA1: LIM
domain and actin binding 1, or EPLIN; LRCH3: leucine-rich repeats and calponin homology (CH) domain containing 3; MAP3K3:
mitogen-activated protein kinase kinase kinase 3; PAN2: PAN2 poly(A) specific ribonuclease subunit homolog; RIPK3: receptor-
interacting serine—threonine kinase 3; RNF2: ring finger protein 2; SUZ12: suppressor of zeste 12 homolog, or Polycomb group
(PcG) protein; SVIL: supervillin; TP53: tumor protein p53; UBC: ubiquitin C; UBXN6: UBX domain protein 6; YWHAB: tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein, beta polypeptide; YWHAE: tyrosine 3-monooxygenase/trypto-
phan 5-monooxygenase activation protein, epsilon polypeptide; YWHAG: tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein, gamma polypeptide; YWHAH: tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, eta
polypeptide.



106

D. Wu

Conclusion

EPLIN was discovered more than a decade ago, but our un-
derstanding of this important protein remains rudimentary.
Early studies have been focused on the actin-binding prop-
erties of EPLIN and its role in the control of the actin cyto-
skeleton. EPLIN is indispensable for stabilization of the
circumferential actin belt, therefore playing an essential
role in the maintenance of apical—basal polarity in both
epithelial and endothelial cells. The function of EPLIN during
cytokinesis can be attributed to its association with the
actin-myosin Il contractile ring and septin filaments, thereby
regulating membrane ingression and formation of the
cleavage furrow. Given the inhibitory effect of EPLIN on the
remodeling of the actin cytoskeleton, the reduction of EPLIN
expression in epithelial cancer cells may result in increased
migratory and invasive capabilities. Recent studies,
including those from our laboratory, indicated a broader role
of EPLIN in the control of cancer cell behaviors. In addition
to its function as a structural protein, it appears that EPLIN
is actively involved in cancer cell signaling, presumably by
interacting with multiple proteins implicated in cancer
progression (Table 1; Fig. 4). In prostate cancer and mela-
noma cells, it has become clear that EPLIN depletion pro-
motes EMT and activates oncogenic pathways, which is
associated with dramatic changes in morphology and cellular
behaviors (such as chemoresistance). Significantly, EPLIN
downregulation correlates with clinical metastasis in several
solid tumors. These results suggest that EPLIN may have
distinct functions in various stages of tumor progression: it
may act as a tumor suppressor gene during tumorigenesis,
but can further serve as a metastasis suppressor gene to
prevent and retard the invasion and dissemination of pri-
mary cancer cells. Further exploration of the function of
EPLIN as a regulator of metastasis and therapeutic resis-
tance can lay foundations to design novel preventative and
therapeutic strategies for metastatic disease.
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