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ERBIN acts as a negative regulator of the epidermal growth factor receptor
(EGFR) and transforming growth factor-p (TGF-$)/SMAD signaling path-
ways that play a role in epithelial-to-mesenchymal transition (EMT). How-
ever, the role of ERBIN in EMT is poorly understood. Our results show that
ERBIN inhibits TGF-p-induced EMT in NMuMG breast and in A549 lung
adenocarcinoma cell lines. ERBIN inhibits TGF-$/SMAD-dependent gene
expression and also interferes with TGF-f-induced extracellular
signal-regulated kinase (ERK) phosphorylation. Moreover, when the TGF-§
type I receptor kinase activity is inhibited, the mesenchymal state of
ERBIN-depleted A549 cells is reduced. Pharmacological inhibition of TGF-f
receptor and EGFR signaling counteracts increased EMT and migration in
A549 ERBIN-depleted cells. Our findings identify ERBIN as a key suppres-
sor of EMT through coordinated inhibition of TGF-f and EGFR signaling
pathways.
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The cytokine transforming growth factor beta (TGF-p)
plays a crucial role in regulating various cellular
functions, including proliferation, differentiation,
apoptosis, migration, and invasion, in a highly
context-dependent manner [1]. TGF-B signaling occurs
via cell surface transmembrane receptors, TGF-p
receptor type I (TGFBRI), and type II (TGFBR2),
which possess intracellular domains with
serine/threonine kinase activity [2]. Upon activation of
TGFBRI, intracellular signaling proceeds with the
phosphorylation of specific serine residues at the
carboxy-terminal end of SMAD2 and SMAD?3. These
phosphorylated proteins then form complexes with

Abbreviations

SMAD4, which translocate into the nucleus to modu-
late the transcription of target genes [3]. In addition to
the canonical SMAD pathway, TGFBR1 can also ini-
tiate intracellular non-SMAD-mediated responses,
including the activation of the extracellular signal-
regulated kinase (ERK) pathway [4-6].
Epithelial-to-mesenchymal transition (EMT) is a
dynamic and reversible morphological process where epi-
thelial cells lose their cell—cell contacts and apical-basal
polarity, acquiring a mesenchymal phenotype with
increased cell motility. This transition is characterized by
a decrease in epithelial markers, such as E-Cadherin, and
an increase in mesenchymal markers, including

AKT, AKT serine/threonine kinase; EGFR, epidermal growth factor receptor; EMT, epithelial-to-mesenchymal transition; ERBIN,

Erbb2/HER2-interacting protein; ERK, extracellular signal-regulated kinase; Her2, human epidermal growth factor receptor 2; LAP,
Leucine-rich repeat and PDZ domain-containing protein; MAPK, mitogen-activated protein kinase; PDZ, Post-synaptic density protein 95,
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ERBIN inhibits TGF-p-induced EMT

N-Cadherin and Vimentin [7]. The shift from the epithe-
lial to the mesenchymal state is often incomplete, and cells
in intermediate states display mixed epithelial-
mesenchymal characteristics, a phenomenon referred to
as epithelial-mesenchymal plasticity [8]. EMT is essential
during embryonic development, wound healing, and vari-
ous pathological processes [9]. TGF-p is a potent inducer
of EMT, acting through TGFBR and both SMAD and
non-SMAD signaling pathways [10]. TGF-$ works in
conjunction with multiple other signaling pathways to
orchestrate this process [11], one of which involves the
human epidermal growth factor receptor (HER2)/epider-
mal growth factor receptor (EGFR) signaling pathway.
HER2/EGFR mediates activation of phosphatidylinosi-
tol kinase/AKT and ERK. The TGF-p and
HER2/EGFR pathways have been shown to modulate
each other in various ways [12-14].

The ERBB2/HER2-interacting protein, commonly
known as ERBIN, is the founding member of the LAP
(leucine-rich repeats and PDZ) protein family. ERBIN
plays a vital role in regulating cell polarity and adhesion
[15,16]. Tt interacts with HER2/EGFR via its
carboxy-terminal PDZ domain and inhibits the func-
tions of HER/EGFR as well as other signaling pathways
[17,18]. ERBIN interacts with SMAD3 [19] and seques-
ters it from interacting with SMADA4, thereby inhibiting
TGF-p/SMAD3-induced transcriptional responses [20].
ERBIN also interacts with SMAD anchor for receptor
activation (SARA), which competes with SMAD?2/3 for
binding to ERBIN [21]. The relationship between
ERBIN and epithelial cell plasticity is not yet well
understood. This study provides evidence that ERBIN
negatively regulates EMT by antagonizing TGFBR and
EGFR signaling pathways.

Materials and methods

Cell culture and reagents

HEK293T (CVCL_0063), NMuMG (CVCL_0075), and
A549 (CVCL_0023) cells were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA). All
cell lines were cultured in Dulbecco’s modified Eagle medium
(DMEM; 41966029, Thermo Fisher Scientific, Waltham,
MA, USA), supplemented with 10% fetal bovine serum
(FBS; S1810, BioWest, Nuaillé, France) and 100 U-mL™"
penicillin and 100 pg-mL~" streptomycin (Thermo Fisher Sci-
entific). All mentioned cell lines were routinely maintained in
a 5% CO, environment at 37 °C in a humidified incubator
and tested negative for mycoplasma. The authenticity of
human cell lines was verified through short tandem repeats
(STR) profiling. Selective small-molecule kinase inhibitors,
TPR1 type I receptor (SB505124) and Pelitinib (Peli; Tocris,
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Bristol, UK), were utilized at a concentration of 1 pm.
Recombinant human TGF-p3 was provided by Andrew
Hinck (University of Pittsburgh, Pittsburgh, USA). The con-
centration of TGF-p was applied as 2.5ng-mL~!, and
the same volume of ligand buffer (4 mm HCI, 0.1% (ultra-
pure) BSA) was used as a vehicle control. The expression
vector for ERBIN [21] was provided by Carol Murphy and
Theodore Fotsis (University of Ioannina, Ioannina, Greece).
ERBIN was subcloned into the pLV-puro vector.

Lentiviral infection and generation of stable
cell lines

The short hairpin RNA (shRNA) constructs for the
knockdown of ERBIN were obtained from the Mission
shRNA library of Sigma-Aldrich (St. Louis, MO, USA).
TRCNO0000059068 and TRCN0000059070 were used for
human ERBIN knockdown in A549 cells. TRCN0000
313980 and TRCNO0000317493 were used for mouse
ERBIN knockdown in NMuMG cells.

Lentiviruses were produced by transfecting HEK293T cells
with shRNA vectors targeting the mouse or human Erbin
plasmid alongside three packaging plasmids: pCMV-G
(VSVG), pMDLg-RRE (gag-pol), and pRSV-REV, as previ-
ously described (Zhang et al. 2012). The viruses were harvested
48 h post-transfection and filtered through a 0.45 um polyviny-
lidene fluoride (PVDF) membrane filter. They were either
directly used for infection or stored at —80 °C to prevent loss
of titer. To create NMuMG or A549 cells with ERBIN knock-
down, a 1 : 1 dilution of the lentivirus in DMEM containing
5ng-mL~! Polybrene (Sigma, St. Louis, MO, USA) was pre-
pared. Subsequently, NMuMG or A549 cells were infected
with the lentiviral constructs targeting mouse or human
ERBIN at a low cell density (30%). After 48 h of infection,
cells were selected using 1pg-mL~! puromycin for A3549
cells and 5 pg-mL ™" for NMuMG cells for 1 week.

IncuCyte migration assay

Cells were seeded in IncuCyte 96-well Essen ImageLock
plates (4379; Essen BioScience, Ann Arbor, MI, USA) and
scratched using the IncuCyte WoundMaker (Essen
BioScience). The scratched cells were washed with
phosphate-buffered saline (PBS) and then cultured in
DMEM supplemented with 1% serum within the IncuCyte
live cell imaging system. Images were captured every 2-4 h
over a period of 36-68 h using a 10x objective. The Incu-
Cyte cell migration software analyzed the relative wound
density for each well. All experiments were conducted with
biological replicates, with representative results presented.

Western blot analysis

Cells were washed with PBS and lysed with the lysis buffer
[10% (w/v) glycerol, 2% (w/v) SDS, and 60 mm Tris—HCI
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(pH 6.8)] supplemented with protease inhibitor, and the cell
lysates were heated at 95 °C for 5 min. SDS/polyacrylamide
gel electrophoresis (PAGE) was employed to separate pro-
teins, which were then transferred to 0.45-um PVDF mem-
branes (Millipore, Burlington, MA, USA). Membranes were
blocked with 5% (w/v) non-fat milk in TBST buffer [20 mm
Tris=HCI (pH 7.6), 150 mm NaCl, and 0.1% (v/v) Tween 20]
for 1h at room temperature. Primary antibodies were diluted
in 3% BSA in TBST buffer and incubated with the mem-
branes overnight at 4 °C, while secondary antibodies were
diluted in 5% (w/v) non-fat milk in TBST buffer and incu-
bated at room temperature for 1h. After each incubation,
membranes were washed four times with TBST buffer for
Smin. Horseradish peroxidase (HRP) signals were detected
using enhanced chemiluminescent (ECL) substrate (Bio-
Rad, Hercules, CA, USA) and ultra-sensitive ECL substrate
(Thermo Fisher Scientific) with a Bio-Rad ChemiDoc imag-
ing system. The results were subsequently processed using
Image Lab software, and the antibodies used for western
blot analysis are listed in Supplementary Table S1, except for
anti-p-SMAD?2 [22]. Experiments were performed at least
three times, and representative experiments are shown.

RNA extraction and quantitative real-time PCR

Total RNA was isolated from cells using NucleoSpin RNA
kits (Macherey Nagel, Diiren, North Rhine-Westphalia,
Germany), according to the manufacturer’s protocol. 1 pg
RNA per sample was used for cDNA synthesis using
RevertAid H Minus reverse transcription kit (Thermo
Fisher Scientific). Quantitative PCR was performed using
the GoTag qPCR Master mix (Promega, Madison, WI,
USA) on the CFX Connect Real-Time PCR detection sys-
tem (Bio-Rad, Hercules, CA, USA). The housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used to calculate 2724, The primer sequences used for
RT-gPCR are listed in (Supplementary Table S2).

MTS cell proliferation assay

MTS assays were conducted to assess cell viability and pro-
liferation following the manufacturer’s instructions (Pro-
mega). Cells were seeded at a density of 1x10° cells per
well in 96-well plates (Corning, Corning, NY, USA).
Absorbance was measured at 490 nm using a luminometer.
Each group included six biological replicates.

Statistical analysis

All statistical analyses were performed using GRAPHPAD
prisM 10. Unless otherwise noted, results are presented as
mean =+ standard deviation (SD). Two-sided statistical tests
were utilized across all analyses, with differences considered
statistically significant at P < 0.05.

ERBIN inhibits TGF-p-induced EMT

Results

TGF-p inhibits ERBIN expression

ERBIN, initially identified as Erbb2/HER2-interacting
protein, is a negative regulator of EGFR/HER2 and
TGF-p/SMAD signaling. EGFR/HER2 and TGF-p
pathways can cooperate with each other in EMT and
cancer progression. By performing Kaplan-Meier anal-
ysis of breast [23] and lung cancer patient [24] cohorts,
we found that low ERBIN expression correlates with
worse outcomes (Fig. 1A,B). To investigate a possible
role of ERBIN in the interplay between these path-
ways and cancer progression, we examined the effect
of TGF-p on ERBIN expression in two cell types that
are frequently used as models for TGF-p-induced
EMT, that is, A549 lung adenoma carcinoma and
NMuMG normal NAMRU mammary epithelial cells
[25]. We found that in both cell types, TGF-p potently
inhibited ERBIN expression (Fig. 1C,D). Whereas the
inhibitory effect of TGF-B on ERBIN expression in
AS549 cells was more prominently observed only after
6 days of TGF-p treatment (Fig. 1C), in NMuMG cells
significant inhibition was already observed after 24 h
of TGF-f challenge (Fig. 1D).

ERBIN inhibits TGF-p-induced EMT and cell
migration

To examine ERBIN’s effect on TGF-p-induced EMT,
we analyzed breast [23] and lung cancer patient [24]
cohorts and found that ERBIN positively correlates
with the epithelial marker CDH/ (encoding E-Cadherin)
and negatively correlates with the mesenchymal markers
CDH? (encoding N-Cadherin) and SNAII (Supplemen-
tary Fig. S1A,B). Next, we depleted ERBIN in A549
and NMuMG cells and stimulated the cells with TGF-p.
Control cells were infected with a non-targeted shRNA,
and knockdown of ERBIN expression by two indepen-
dent shRNAs was validated by western blotting
(Fig. 2A-D). TGF-p-induced downregulation of
E-Cadherin and upregulation of N-Cadherin and
Vimentin was promoted upon ERBIN knockdown in
both A549 and NMuMG cells. In A549 cells, also basal
levels of N-Cadherin and Vimentin (without exogenous
stimulation) were increased upon shRNA-mediated
ERBIN knockdown (Fig. 2C,D). When ERBIN was
ectopically expressed in A549 cells, basal E-Cadherin
levels increased and also TGF-B-induced downregula-
tion of E-Cadherin was inhibited by ectopic ERBIN
expression (Fig. 2E,F). Ectopic ERBIN expression also
inhibited the expression of N-Cadherin and Vimentin
(Fig. 2E,F). Together, the results suggest that ERBIN
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Fig. 1. TGF-p inhibits ERBIN expression in A549 and NMuMG cells. (A, B) Kaplan-Meier curves of breast cancer patients (GSE25066) and
lung cancer patients (GSE31210) stratified by ERBIN expression. Data were generated using R2 (https://hgserver1.amc.nl/cgi-bin/r2/main.
cgi). (C, D) Western blot analysis of ERBIN in A549 and NMuMG cells treated with vehicle control or TGF-p (2.5 ng-mL™") for the indicated
time, with the quantification of relative protein expression of ERBIN from n=23 independent experiments. Tubulin: loading control. Means +
SD, one-way ANOVA. #*P < 0.05, *##P < 0.001.

mitigates TGF-p-induced EMT transition. Next, we
analyzed the effect of shRNA2-mediated ERBIN deple-
tion on the basal and TGF-B-induced migration of A549
cells. shRNA2 was chosen as it showed a more promi-
nent effect than ShARNA1 in EMT response. Consistent
with its effect on EMT, ERBIN depletion promoted
both basal and TGF-p-induced migration of A549 cells
(Fig. 2G). Of note, depletion of ERBIN in A549 cells
did not significantly alter cell proliferation (Supplemen-
tary Fig. S2).

ERBIN inhibits TGF-p/SMAD signaling and
TGF-p-induced ERK phosphorylation

To provide mechanistic insights into how ERBIN neg-
atively regulates TGF-p-induced biological responses

in A549 and NMuMG cells, we examined the effect of
ERBIN depletion on TGFBR-induced SMAD and
ERK phosphorylation. We treated the cells with vehi-
cle control or TGF-p in complete medium for 1h, and
we observed that ERBIN depletion did not affect
TGF-p-induced SMAD2 phosphorylation (Fig. 3A,B).
We further examined the effect of ERBIN on TGF-§
signaling by measuring the mRNA levels of the down-
stream SMAD-dependent target genes SERPINEI and
CCN2 that are activated by both SMAD and ERK
signaling [26-28]. The ERBIN depletion upregulated
the mRNA levels of SERPINEI and CCN2 in both
control and TGF-p treatment conditions in A549 and
NMuMG cells (Fig. 3C,D). The ectopic ERBIN
expression downregulated the mRNA levels of SER-
PINEI and CCN2 in A549 (Fig. 3E). In addition, we

Fig.2. ERBIN inhibits TGF-p-induced EMT and cell migration. (A-D) Western blot analysis of E-cadherin, N-cadherin, and Vimentin
expression in control or shRNA-mediated ERBIN-depleted NMuMG cells (A) and A549 cells (C) treated with vehicle control or TGF-B
(2.56ng-mL™") for 48h. Results of two independent shRNAs are shown. GAPDH: loading control. The relative protein expression of E-
cadherin, N-cadherin, and Vimentin in NMuMG cells (B) and A549 cells (D) was quantified from n=3 independent experiments. Means =+
SD, one-way ANOVA. (E, F) Western blot analysis of E-cadherin, N-cadherin, and Vimentin expression in Ab49 cells either infected with
control vector or ERBIN expression vector treated with vehicle control or TGF-p (2.5 ng-mL™") for 48 h. GAPDH: loading control. The relative
protein expression of E-cadherin, N-cadherin, and Vimentin was quantified from n=3 independent experiments. Means + SD, unpaired
Student's ttest. (G) Analysis of TGF-p (2.5ng-mL™")-induced migration of control or shRNA-mediated ERBIN-depleted A549 cells.
Representative scratch wounds are shown at the indicated time points of the experiment (left). The regions of original scratches and the
areas of open area left after migrating cells are colored with green lines and orange, respectively. Relative wound density (closure) was
plotted at indicated time points (right). Five biological replicates were included in this assay. Means + SD, one-way ANOVA. *P < 0.05,
*P < 0.01, *#*%P < 0.001.
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Fig. 3. ERBIN inhibits TGF-p-induced ERK but not SMAD2 phosphorylation. (A, B) Western blot analysis of expression levels of ERBIN,
carboxy-terminal phosphorylated SMAD2 (p-SMAD2), and total SMAD2 in control or shRNA-mediated ERBIN-depleted NMuMG (A) or A549
cells (B) treated with vehicle control or TGF-p (2.5ng-mL~") for 1h. (C, D) Realtime PCR analysis of the mRNA expression of SERPINET
and CCNZ in control or shRNA-mediated ERBIN-depleted NMuMG (C) or A549 cells (D) treated with vehicle control or TGF-§ (2.5 ng-mL™")
for 24 h. Means + SD, one-way ANOVA. (E) Real-time PCR analysis of the mRNA expression of SERPINET and CCNZ2 in A549 cells either
infected with control vector or ERBIN expression vector treated with vehicle control or TGF-g (2.5 ng-mL~") for 24 h. Means + SD, unpaired
Student’s ttest. (F, G) Western blot analysis of expression levels of ERBIN, carboxy-terminal phosphorylated ERK (p-ERK), and total ERK in
control or shRNA-mediated ERBIN-depleted NMuMG (F) or A549 cells (G) treated with vehicle control or TGF-p (2.5ng-mL~") for 1h.
Results of two independent shRNAs are shown. GAPDH: loading control. The relative protein expression of p-ERK in NMuMG cells (F) and
Ab49 cells (G) was quantified from n=3 independent experiments. Means + SD, one-way ANOVA. (H) Western blot analysis of ERBIN, p-
ERK, ERK, p-SMAD2, and SMAD?2 in A549 cells either infected with control vector or ERBIN expression vector treated with vehicle control
or TGF-p (2.5ng-mL™") for 1h. GAPDH: loading control. The relative protein expression of p-ERK was quantified from n=3 independent
experiments. Means + SD, unpaired Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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found that ERBIN depletion potentiated basal ERK ectopic ERBIN expression inhibited both basal and
and TGF-p-induced ERK phosphorylation in both TGF-p-induced ERK phosphorylation in A549 cells
A549 and NMuMG cells (Fig. 3F,G). Conversely, (and did not affect TGF-B-induced SMAD?2
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Fig. 4. TGFBR1 and EGFR kinase inhibition antagonize basal and TGF-p-induced EMT and migration in A549 ERBIN-depleted cells. (A, B)
Western blot analysis of expression levels of E-Cadherin, N-Cadherin, and Vimentin in A549 cells upon ERBIN depletion in the absence or
presence of SB (A) and Peli (B). GAPDH: loading control. The relative protein expression of E-cadherin, N-cadherin, and Vimentin was
quantified from n =3 independent experiments. Means + SD, one-way ANOVA. (C) Analysis of TGF-p (2.5 ng-mL~")-induced migration of
control or shRNA-mediated ERBIN-depleted A549 cells in the absence or presence of SB, Peli, or a combination of SB and Peli.
Representative scratch wounds are shown at the end time point of the experiment (left). The regions of original scratches and the areas of
open area left after migrating cells are colored with green lines and orange, respectively. Relative wound density (closure) was plotted at
indicated time points (right). Five biological replicates were included in this assay. Means £ SD, one-way ANOVA. #P < 0.05, **#P < 0.001.
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phosphorylation) (Fig. 3H). Taken together, Erbin can
inhibit TGF-p/SMAD signaling and TGF-B-induced
ERK phosphorylation.

TGFBR1 and EGFR kinase inhibition antagonize
basal and TGF-p-induced EMT and migration in
A549 ERBIN-depleted cells

Next, we analyzed the effect of targeting the TGFBR
and EGFR kinases with SB and Peli small-molecule
kinase inhibitors on E-Cadherin, N-Cadherin, and
Vimentin expression and cell migration in A549
vector-transduced and ERBIN-depleted cells. SB treat-
ment decreased N-Cadherin in vector-transduced and
ERBIN-depleted cells, while the SB treatment did not
affect E-Cadherin expression (Fig. 4A). Peli treatment
decreased the basal and ERBIN depletion-induced
expression of N-Cadherin and Vimentin and increased
E-Cadherin expression level (Fig. 4B). SB or Peli treat-
ment inhibited the A549 cell migration, and both com-
pounds together even more effectively inhibit A549 cell
migration. As A549 cell proliferation was also weakly
reduced by SB and/or Peli treatment, this may also
contribute to the inhibitory effect of migration
observed by these compounds (Supplementary
Fig. S2). ERBIN depletion in A549 cells stimulated
A549 cell migration, and this effect was inhibited by
SB or Peli treatment (Fig. 4C). These results indicate
that targeting TGFBR1 and EGFR kinase activity can
inhibit the effect of ERBIN downregulation on EMT
and cell migration.

Discussion

In this study, we show that ERBIN promotes epithe-
lial integrity and inhibits TGF-p-induced EMT using
A549 and NMuMG cells. Genetic manipulations of
ERBIN expression were complemented by pharmaco-
logical manipulation of TGFBR and EGFR, leading
to the conclusion that TGFBR and EGFR signaling
pathways collaborate to promote EMT in breast and
lung (cancer) epithelial cells. Moreover, consistent with
this notion, our analysis of publicly available data-
bases revealed that ERBIN expression inversely corre-
lates with poor prognosis in breast and lung cancer, as
well as with the expression of the mesenchymal
markers CDH2 and SNAII, and positively correlates
with the expression of the epithelial marker CDH1.
TGF-p was found to inhibit ERBIN expression, and
ERBIN was shown to inhibit TGF-g/SMAD-mediated
gene responses and TGF-f-induced ERK phosphoryla-
tion in NMuMG and A549 cells. Besides TGF-p/
SMAD signaling, ERK activation has also been linked

C. Lietal

to EMT in these cells [29,30]. Thus, the TGF-f-
induced ERBIN downregulation may participate in a
self-enabling response toward TGF-f-induced EMT.
Our results are consistent with a previous report that
ERBIN inhibits EMT in renal tubular epithelial cells
through an ERK-dependent pathway [31].

Consistent with a previous report, we found that
ERBIN did not inhibit TGF-p-induced SMAD?2 phos-
phorylation [20]. However, we observed that ERBIN
can negatively impact TGF-p-induced SMAD-
dependent transcriptional response by detecting the
mRNA expression of TGF-p signaling downstream
target genes SERPINI and CNN2. This latter effect is
in agreement with a previous report [20]. ERBIN
depletion promoted TGF-p-induced A549 cell migra-
tion. This result aligns well with the observed increase
in TGF-B-induced EMT upon ERBIN depletion. The
acquisition of cell motility is regarded as one of
the core EMT changes [8]. The rescue of ERBIN
depletion on A549 migration by targeting TGFBR
with a small-molecule kinase inhibitor could be
obtained by the inhibitory effect on both TGFBR-
induced ERK and SMAD-dependent responses.

Moreover, we showed that ERBIN inhibits basal
TGF-p signaling activity, ERK phosphorylation, and
the mesenchymal status of cells, whereas its depletion
promotes them. As cells are grown in serum, contain-
ing growth factors such as TGF-p and EGF, this
ERBIN-induced effect may result from inhibition of
TGF-p signaling and ERK signaling mediated by
TGF-p and EGFR. Dual pharmacological targeting
of TGFBRI (using SB505124) and EGFR (using Peli-
tinib) antagonized most potently the TGF-p-induced
EMT and migration in A549 ERBIN-depleted cells.
As the treatment of A549 cells with SB505124 and
Pelitinib weakly inhibited cell proliferation, this may
have contributed to the inhibitory effect on cell migra-
tion. Our data are consistent with the notion that dual
targeting of EGFR and TGFBR may be most effective
in blocking cancer cell invasion and metastasis.

Since we found that ERBIN plays a suppressive role
in cancer development, pharmacologically targeting
TGF-p signaling in cancer cells may restore ERBIN
expression and inhibit EMT induced by both TGF-§
stimulation and ERBIN downregulation. Our study
provides further insights into the importance of
ERBIN expression levels as an important determinant
in TGF-p signaling and epithelial plasticity.

Acknowledgements

This study was supported in part by grants from the
China Scholarship Council (CL, TS) and the ZonMw

3110 FEBS Letters 599 (2025) 3103-3112 © 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85UB0|7 SUOWILWIOD 8AIT1D) 3|qedt [dde ay3 Aq peusenob a1 ssppie YO ‘88N Jo Sa|ni 10} ARIq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH WD A8 | IM AleIq Ul [Uo//:Sdny) SUOTIPUOD pue SWis | 8U188S *[9202/20/ET] Uo AriqiTauliuo A8 ‘Areid1 AisAIUN Uspie AQ TZTOL '89YE-EL8T/200T OT/I0P/W0D A8 | ImAeIq 1 U1 UO'SGRY//:STNY WO} pepeojumod ‘Tz ‘5202 ‘89rEEL8T



C. Lietal

grant (09120012010061) (PD). We thank Carol Mur-
phy and Theodore Fotsis (University of loannina,
Greece) for providing us with the ERBIN expression
construct and Andrew Hinck (University of Pitts-
burgh, USA) for the human recombinant TGF-p3.

Author contributions

CL: Investigation, writing, review, and editing; GZ:
Investigation, review, and editing; PD: Funding acqui-
sition, conceptualization, project administration, writ-
ing, review, and editing; TS: Investigation, funding
acquisition, writing, review, and editing.

Conflict of interest

The authors declare no conflict of interest.

Peer review

The peer review history for this article is available at
https://www.webofscience.com/api/gateway/wos/peer-
review/10.1002/1873-3468.70121.

Data accessibility

The data supporting the findings of this study are
available from the corresponding author upon reason-
able request.

References

1 David CJ and Massague J (2018) Contextual
determinants of TGFp action in development, immunity
and cancer. Nat Rev Mol Cell Biol 19, 419-435. doi: 10.
1038/s41580-018-0007-0

2 Heldin CH and Moustakas A (2016) Signaling receptors
for TGF-p family members. Cold Spring Harb Perspect
Biol 8, a22053. doi: 10.1101/cshperspect.a022053

3 Hill CS (2016) Transcriptional control by the SMADs.
Cold Spring Harb Perspect Biol 8, doi: 10.

1101 /cshperspect.a022079

4 Zhang YE (2017) Non-Smad signaling pathways of the
TGF-p family. Cold Spring Harb Perspect Biol 9, doi:
10.1101/cshperspect.a022129

5 Moustakas A and Heldin CH (2005) Non-Smad TGF-p
signals. J Cell Sci 118, 3573-3584. doi: 10.1242/jcs.
02554

6 Mu Y, Gudey SK and Landstrom M (2012) Non-Smad
signaling pathways. Cell Tissue Res 347, 11-20. doi: 10.
1007/s00441-011-1201-y

7 Lamouille S, Xu J and Derynck R (2014) Molecular
mechanisms of epithelial-mesenchymal transition. Nat
Rev Mol Cell Biol 15, 178-196. doi: 10.1038/nrm3758

10

—_

13

14

15

ERBIN inhibits TGF-p-induced EMT

Yang J, Antin P, Berx G, Blanpain C, Brabletz T,
Bronner M, Campbell K, Cano A, Casanova J,
Christofori G et al. (2020) Guidelines and definitions
for research on epithelial-mesenchymal transition. Nat
Rev Mol Cell Biol 21, 341-352. doi: 10.1038/s41580-020-
0237-9

Barriere G, Fici P, Gallerani G, Fabbri F and Rigaud
M (2015) Epithelial mesenchymal transition: a double-
edged sword. Clin Transl Med 4, 14. doi: 10.
1186/s40169-015-0055-4

Katsuno Y, Lamouille S and Derynck R (2013) TGF-p
signaling and epithelial-mesenchymal transition in
cancer progression. Curr Opin Oncol 25, 76-84. doi: 10.
1097/CCO.0b013e32835b6371

Derynck R, Muthusamy BP and Saeteurn KY (2014)
Signaling pathway cooperation in TGF-f-induced
epithelial-mesenchymal transition. Curr Opin Cell Biol
31, 56-66. doi: 10.1016/j.ceb.2014.09.001

Shi Q, Huang F, Wang Y, Liu H, Deng H and Chen
YG (2024) HER2 phosphorylation induced by TGF-$
promotes mammary morphogenesis and breast cancer
progression. J Cell Biol 223, 7138. doi: 10.1083/jcb.
202307138

Shi Q and Chen YG (2017) Interplay between TGF-f
signaling and receptor tyrosine kinases in tumor
development. Sci China Life Sci 60, 1133-1141. doi: 10.
1007/s11427-017-9173-5

Chow A, Arteaga CL and Wang SE (2011) When
tumor suppressor TGFp meets the HER2 (ERBB2)
oncogene. J Mammary Gland Biol Neoplasia 16, 81-88.
doi: 10.1007/s10911-011-9206-4

Choi J, Troyanovsky RB, Indra I, Mitchell BJ and
Troyanovsky SM (2019) Scribble, Erbin, and Lano
redundantly regulate epithelial polarity and apical
adhesion complex. J Cell Biol 218, 2277-2293. doi: 10.
1083/jcb.201804201

Borg JP, Marchetto S, le Bivic A, Ollendorff V, Jaulin-
Bastard F, Saito H, Fournier E, Adélaide J, Margolis B
and Birnbaum D (2000) ERBIN: a basolateral PDZ
protein that interacts with the mammalian ERBB2/HER2
receptor. Nat Cell Biol 2, 407-414. doi: 10.1038/35017038
Warner DR, Pisano MM, Roberts EA and Greene
RM (2003) Identification of three novel Smad
binding proteins involved in cell polarity. FEBS

Lett 539, 167-173. doi: 10.1016/s0014-5793(03)00155-8
Dan L, Shi M, Duan H, Han C and Guo N (2010)
Erbin, a negative regulator in diverse signal pathways.
Curr Protein Pept Sci 11, 759-764. doi: 10.
2174/138920310794557673

Deliot N, Chavent M, Nourry C, Lécine P, Arnaud C,
Hermant A, Maigret B and Borg JP (2009) Biochemical
studies and molecular dynamics simulations of Smad3-
Erbin interaction identify a non-classical Erbin PDZ
binding. Biochem Biophys Res Commun 378, 360-365.
doi: 10.1016/j.bbrc.2008.10.175

FEBS Letters 599 (2025) 3103-3112 © 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of 3111

Federation of European Biochemical Societies.

85UB0|7 SUOWILWIOD 8AIT1D) 3|qedt [dde ay3 Aq peusenob a1 ssppie YO ‘88N Jo Sa|ni 10} ARIq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH WD A8 | IM AleIq Ul [Uo//:Sdny) SUOTIPUOD pue SWis | 8U188S *[9202/20/ET] Uo AriqiTauliuo A8 ‘Areid1 AisAIUN Uspie AQ TZTOL '89YE-EL8T/200T OT/I0P/W0D A8 | ImAeIq 1 U1 UO'SGRY//:STNY WO} pepeojumod ‘Tz ‘5202 ‘89rEEL8T


https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70121
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70121
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70121
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70121
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70121
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70121
https://doi.org/10.1038/s41580-018-0007-0
https://doi.org/10.1038/s41580-018-0007-0
https://doi.org/10.1038/s41580-018-0007-0
https://doi.org/10.1038/s41580-018-0007-0
https://doi.org/10.1038/s41580-018-0007-0
https://doi.org/10.1038/s41580-018-0007-0
https://doi.org/10.1038/s41580-018-0007-0
https://doi.org/10.1038/s41580-018-0007-0
https://doi.org/10.1101/cshperspect.a022053
https://doi.org/10.1101/cshperspect.a022079
https://doi.org/10.1101/cshperspect.a022079
https://doi.org/10.1101/cshperspect.a022129
https://doi.org/10.1242/jcs.02554
https://doi.org/10.1242/jcs.02554
https://doi.org/10.1007/s00441-011-1201-y
https://doi.org/10.1007/s00441-011-1201-y
https://doi.org/10.1007/s00441-011-1201-y
https://doi.org/10.1007/s00441-011-1201-y
https://doi.org/10.1007/s00441-011-1201-y
https://doi.org/10.1007/s00441-011-1201-y
https://doi.org/10.1007/s00441-011-1201-y
https://doi.org/10.1007/s00441-011-1201-y
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1186/s40169-015-0055-4
https://doi.org/10.1186/s40169-015-0055-4
https://doi.org/10.1186/s40169-015-0055-4
https://doi.org/10.1186/s40169-015-0055-4
https://doi.org/10.1186/s40169-015-0055-4
https://doi.org/10.1186/s40169-015-0055-4
https://doi.org/10.1186/s40169-015-0055-4
https://doi.org/10.1186/s40169-015-0055-4
https://doi.org/10.1097/CCO.0b013e32835b6371
https://doi.org/10.1097/CCO.0b013e32835b6371
https://doi.org/10.1016/j.ceb.2014.09.001
https://doi.org/10.1083/jcb.202307138
https://doi.org/10.1083/jcb.202307138
https://doi.org/10.1007/s11427-017-9173-5
https://doi.org/10.1007/s11427-017-9173-5
https://doi.org/10.1007/s11427-017-9173-5
https://doi.org/10.1007/s11427-017-9173-5
https://doi.org/10.1007/s11427-017-9173-5
https://doi.org/10.1007/s11427-017-9173-5
https://doi.org/10.1007/s11427-017-9173-5
https://doi.org/10.1007/s11427-017-9173-5
https://doi.org/10.1007/s10911-011-9206-4
https://doi.org/10.1007/s10911-011-9206-4
https://doi.org/10.1007/s10911-011-9206-4
https://doi.org/10.1007/s10911-011-9206-4
https://doi.org/10.1007/s10911-011-9206-4
https://doi.org/10.1007/s10911-011-9206-4
https://doi.org/10.1007/s10911-011-9206-4
https://doi.org/10.1083/jcb.201804201
https://doi.org/10.1083/jcb.201804201
https://doi.org/10.1038/35017038
https://doi.org/10.1016/s0014-5793(03)00155-8
https://doi.org/10.1016/s0014-5793(03)00155-8
https://doi.org/10.1016/s0014-5793(03)00155-8
https://doi.org/10.1016/s0014-5793(03)00155-8
https://doi.org/10.1016/s0014-5793(03)00155-8
https://doi.org/10.2174/138920310794557673
https://doi.org/10.2174/138920310794557673
https://doi.org/10.1016/j.bbrc.2008.10.175

ERBIN inhibits TGF-p-induced EMT

20 Dai F, Chang C, Lin X, Dai P, Mei L and Feng XH
(2007) Erbin inhibits transforming growth factor
signaling through a novel Smad-interacting domain. Mol
Cell Biol 27, 6183-6194. doi: 10.1128/MCB.00132-07

21 Sflomos G, Kostaras E, Panopoulou E, Pappas N,
Kyrkou A, Politou AS, Fotsis T and Murphy C (2011)
ERBIN is a new SARA-interacting protein: competition
between SARA and SMAD2 and SMAD3 for binding
to ERBIN. J Cell Sci 124, 3209-3222. doi: 10.1242/jcs.
062307

22 Persson U, Izumi H, Souchelnytskyi S, Itoh S, Grimsby
S, Engstrom U, Heldin CH, Funa K and ten Dijke P
(1998) The L45 loop in type I receptors for TGF-$
family members is a critical determinant in specifying
Smad isoform activation. FEBS Lett 434, 83-87. doi:
10.1016/s0014-5793(98)00954-5

23 Hatzis C, Pusztai L, Valero V, Booser DJ, Esserman L,
Lluch A, Vidaurre T, Holmes F, Souchon E, Wang H
et al. (2011) A genomic predictor of response and
survival following taxane-anthracycline chemotherapy
for invasive breast cancer. JAMA 305, 1873-1881. doi:
10.1001/jama.2011.593

24 Okayama H, Kohno T, Ishii Y, Shimada Y, Shiraishi
K, Iwakawa R, Furuta K, Tsuta K, Shibata T,
Yamamoto S ez al. (2012) Identification of genes
upregulated in ALK-positive and EGFR/KRAS/ALK-
negative lung adenocarcinomas. Cancer Res 72, 100-
111. doi: 10.1158/0008-5472.CAN-11-1403

25 Zhang J, Thorikay M, van der Zon G, van Dinther M
and Ten Dijke P (2020) Studying TGF-p signaling and
TGF-p-induced epithelial-to-mesenchymal transition in
breast cancer and Normal cells. Journal of Visualized
Experiments: JoVE doi: 10.3791/61830

26 Leivonen SK, Hakkinen L, Liu D and Kahari VM
(2005) Smad3 and extracellular signal-regulated kinase
1/2 coordinately mediate transforming growth factor-f-
induced expression of connective tissue growth factor in
human fibroblasts. J Invest Dermatol 124, 1162-1169.
doi: 10.1111/j.0022-202X.2005.23750.x

C. Lietal

27 Parada C, Li J, Iwata J, Suzuki A and Chai Y (2013)
CTGF mediates Smad-dependent transforming growth
factor P signaling to regulate mesenchymal cell
proliferation during palate development. Mol Cell Biol
33, 3482-3493. doi: 10.1128/MCB.00615-13

28 Dennler S, Itoh S, Vivien D, ten Dijke P, Huet S and
Gauthier JM (1998) Direct binding of Smad3
and Smad4 to critical TGF p-inducible elements in the
promoter of human plasminogen activator inhibitor-
type 1 gene. EMBO J 17, 3091-3100. doi: 10.
1093/emboj/17.11.3091

29 Li L, Qi L, Liang Z, Song W, Liu Y, Wang Y, Sun B,
Zhang B and Cao W (2015) Transforming growth
factor-pl induces EMT by the transactivation of
epidermal growth factor signaling through HA/CD44 in
lung and breast cancer cells. Int J Mol Med 36, 113—
122. doi: 10.3892/ijmm.2015.2222

30 Xie L, Law BK, Chytil AM, Brown KA, Aakre ME
and Moses HL (2004) Activation of the Erk pathway is
required for TGF-pl-induced EMT in vitro. Neoplasia
6, 603-610. doi: 10.1593/ne0.04241

31 Zhou Q, Zeng R, Xu C, Liu L, Chen L, Kou P, Pei G,
Bai S, Zhang Y, Li C et al. (2012) Erbin inhibits
TGF-pl-induced EMT in renal tubular epithelial cells
through an ERK-dependent pathway. J Mol Med 90,
563-574. doi: 10.1007/s00109-011-0833-4

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Correlation between ERBIN expression and
epithelial or mesenchymal markers.

Fig. S2. Effect of ERBIN depletion on A549 cell
proliferation.

Table S1. The list of antibodies for western blot.

Table S2. The list of primers used for real-time PCR.

3112 FEBS Letters 599 (2025) 3103-3112 © 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85UB0|7 SUOWILWIOD 8AIT1D) 3|qedt [dde ay3 Aq peusenob a1 ssppie YO ‘88N Jo Sa|ni 10} ARIq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH WD A8 | IM AleIq Ul [Uo//:Sdny) SUOTIPUOD pue SWis | 8U188S *[9202/20/ET] Uo AriqiTauliuo A8 ‘Areid1 AisAIUN Uspie AQ TZTOL '89YE-EL8T/200T OT/I0P/W0D A8 | ImAeIq 1 U1 UO'SGRY//:STNY WO} pepeojumod ‘Tz ‘5202 ‘89rEEL8T


https://doi.org/10.1128/MCB.00132-07
https://doi.org/10.1128/MCB.00132-07
https://doi.org/10.1128/MCB.00132-07
https://doi.org/10.1242/jcs.062307
https://doi.org/10.1242/jcs.062307
https://doi.org/10.1016/s0014-5793(98)00954-5
https://doi.org/10.1016/s0014-5793(98)00954-5
https://doi.org/10.1016/s0014-5793(98)00954-5
https://doi.org/10.1016/s0014-5793(98)00954-5
https://doi.org/10.1016/s0014-5793(98)00954-5
https://doi.org/10.1001/jama.2011.593
https://doi.org/10.1158/0008-5472.CAN-11-1403
https://doi.org/10.1158/0008-5472.CAN-11-1403
https://doi.org/10.1158/0008-5472.CAN-11-1403
https://doi.org/10.1158/0008-5472.CAN-11-1403
https://doi.org/10.1158/0008-5472.CAN-11-1403
https://doi.org/10.1158/0008-5472.CAN-11-1403
https://doi.org/10.1158/0008-5472.CAN-11-1403
https://doi.org/10.3791/61830
https://doi.org/10.1111/j.0022-202X.2005.23750.x
https://doi.org/10.1111/j.0022-202X.2005.23750.x
https://doi.org/10.1111/j.0022-202X.2005.23750.x
https://doi.org/10.1128/MCB.00615-13
https://doi.org/10.1128/MCB.00615-13
https://doi.org/10.1128/MCB.00615-13
https://doi.org/10.1093/emboj/17.11.3091
https://doi.org/10.1093/emboj/17.11.3091
https://doi.org/10.3892/ijmm.2015.2222
https://doi.org/10.1593/neo.04241
https://doi.org/10.1007/s00109-011-0833-4
https://doi.org/10.1007/s00109-011-0833-4
https://doi.org/10.1007/s00109-011-0833-4
https://doi.org/10.1007/s00109-011-0833-4
https://doi.org/10.1007/s00109-011-0833-4
https://doi.org/10.1007/s00109-011-0833-4
https://doi.org/10.1007/s00109-011-0833-4

	Outline placeholder
	 Materials and methods
	 Cell culture and reagents
	 Lentiviral infection and generation of stable cell lines
	 IncuCyte migration assay
	 Western blot analysis
	 RNA extraction and quantitative real-time PCR
	 MTS cell proliferation assay
	 Statistical analysis

	 Results
	 TGF-β inhibits ERBIN expression
	 ERBIN inhibits TGF-β-induced EMT and cell migration
	 ERBIN inhibits TGF-β/SMAD signaling and TGF-β-induced ERK phosphorylation
	 TGFBR1 and EGFR kinase inhibition antagonize basal and TGF-β-induced EMT and migration in A549 ERBIN-depleted cells

	 Discussion
	 Acknowledgements
	 Author contributions
	 Conflict of interest
	 Peer review
	 Data accessibility
	Supporting information


