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Abstract—SASHI is an adapter and signaling protein that contains SH3 and SAM domains responsible for protein—protein
interactions. SASH1 downregulation has been observed in many tumors. We examined localization of SASH1 in cultures of
normal [AR-20 epithelial cells and HT-29 colorectal cancer cells using immunofluorescence staining and confocal
microscopy. IAR-20 normal epithelial cells and HT-29 cells with epithelial phenotype formed stable linear adherens junc-
tions (AJs) associated with circumferential actin bundles. In both IAR-20 and HT-29 cells, SASH1 was co-localized with
zones of circumferential actin bundles and linear AJs. SASH1 was not detected in lamellipodia. IAR-20 and HT-29 cells
treated with Epidermal Growth Factor underwent epithelial-mesenchymal transition (EMT). We observed significant dif-
ferences in the course of EMT between IAR-20 and HT-29 cultures. IAR-20 cells underwent partial EMT acquiring migra-
tory phenotype but retaining E-cadherin in unstable radial AJs. SASH1 was present in these contacts. Disappearance of AJs
was observed in HT-29 cell undergoing a complete EMT, which also resulted in disruption of stable cell—cell adhesion.
SASH1 was lost from the zones of cell—cell interaction. SASH1 depletion by means of RNA interference in IAR-20 cells
led to destruction of stable linear AJs and acquisition of mesenchymal phenotype by some of the cells. These data indicate

involvement of SASH1 in the maintenance of stable cell—cell adhesion.
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INTRODUCTION

SASH 1 gene was originally described as a gene whose
expression was downregulated in breast cancer [1].
SASH 1 is expressed in multiple tissues, with the exception
of dendritic cells and lymphocytes, and SASH has been
suggested as a candidate tumor suppressor gene.
Downregulation of SASH expression was found in 74%
of breast cancer, in lung carcinoma, thyroid carcinoma,
and hepatocarcinoma [1, 2]. SASH1 is considered a prog-
nostic marker in breast, colon, ovarian, and cervical car-
cinoma, strong downregulation of SASH I expression was
found at advanced stages of cancer. High level of SASH 1
expression, however, was maintained in adenoma and at
earlier stages of carcinoma [1, 3-5].

SASH1 protein contains the central region with
nuclear localization signal (NLS), two sterile alpha motif

Abbreviations: Als, adherens junctions; EGFE, epidermal growth
factor; EMT, epithelial-mesenchymal transition.
* To whom correspondence should be addressed.

(SAM) domains, and Src homology domain 3 (SH3) that
mediate protein—protein interactions [1]. The presence
of SH3 domain indicates that SASH1 could have scaffold
and adapter functions, participate in signaling, and inter-
act with membrane proteins. Overexpression of SASH1
inhibited migratory and invasive activity of hepatocarci-
noma and gastric carcinoma cells, strengthened cell-
extracellular matrix adhesion, suppressed the levels of
mesenchymal markers, N-cadherin and vimentin, and
increased the level of E-cadherin [6, 7]. Knockdown of
SASH1 in HCT116 cells using the CRISPR-Cas9 editing
system induced down-regulation of E-cadherin, up-regu-
lation of vimentin and epithelial-mesenchymal transition
(EMT)-promoting transcription factor Zebl. Loss of
SASHI1 resulted in activation of migratory and invasive
activity of cells in vitro and enhanced metastatic out-
growth of cells in vivo in orthotopic xenograft mouse
model [8]. It was shown that SASH1 interacts with N-ter-
minal SH3 domain of CRKL. It has been suggested that
CRKL induces activation of SRC/FAK signaling, and
thus EMT [9]. CRK proteins can also recruit guanine
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nucleotide exchange factors into close proximity to the
membrane, inducing activation of the small GTPases
Rapl and Racl [10]. It is well known that the small
GTPase Racl plays a key role in cell migration. Active
Rac activates the ARP2/3 complex by WAVE that nucle-
ates polymerization of actin filament network in lamel-
lipodia at the leading edge of a migrating cell [11].
Although numerous data confirmed the effect of changes
in the content of SASH1 on functional characteristics of
the cells, intracellular localization of SASH1 have not
been fully examined yet. Martini et al. [12] reported that
SASH1 accumulated in lamellipodia and was colocalized
with cortactin that interacted with Arp2/3 complex and
stabilized the structure of actin network thus facilitating
effective cell migration [13].

Acquisition of migratory activity by epithelial cells is
a key characteristic of EMT — the program that plays a
leading role in the development and wound healing.
Cancer cells use the EMT program to initiate the inva-
sion-metastasis cascade. During EMT, epithelial cells lose
apical-basal polarity and stable cell—cell adhesion thus
acquiring migratory phenotype [14, 15]. It is presumed
that EMT-inducing transcription factors, such as Snail,
Twist or Zeb trigger EMT and associated suppression of E-
cadherin expression, which results in weakening of
cell—cell adhesion. We recently showed that loss of stable
cell—cell adhesion could be also be due to reorganization
of the actin cytoskeleton and replacement of linear E-cad-
herin-based adherens junctions (AJs) with dynamic and
unstable radial AJs [16]. It was demonstrated that circum-
ferential B-actin bundles [17] were disrupted at the early
stages of EMT and this led to reorganization of AJs and
weakening of cell—cell adhesion. In the present study, we
examined localization of SASH1 in the zones of cell—cell
interaction of epithelial cells. We also studied redistribu-
tion of SASH1 during destruction of stable Als and cir-
cumferential actin bundle in the course of EMT.

MATERIALS AND METHODS

Cell culture. Normal immortalized epithelial cell line
IAR-20 was isolated from rat liver at the International
Cancer Agency by Montesano and colleagues [18].
Human colorectal adenocarcinoma line HT-29 (ATCC,
USA) was also used in the work. Cells (1 x 10°) were seed-
ed into Petri dishes containing glass coverslips or into
glass-bottom Petri dishes (MatTek Corporation, USA)
and incubated in Dulbecco’s modified Eagle medium
(DMEM) (Sigma, USA) with 10% fetal calf serum (PAA
Laboratories, Austria) for 24 h. Next the medium was
replaced with fresh DMEM containing 1% fetal calf
serum followed by incubation for 20 h. To induce EMT,
stock solution of epidermal growth factor (EGF, Sigma)
was added to IAR-20 and HT-29 cells to concentration
40 and 50 ng/ml, respectively.
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Immunofluorescence microscopy and DIC videomi-
croscopy. Following antibodies were used for immunoflu-
orescence staining: mouse monoclonal anti-E-cadherin
(clone 36, 1 :200; BD Transduction Labs, USA), rabbit
anti-SASH1 (clone 266A, 1 : 100; Bethyl Laboratories,
USA), mouse monoclonal anti-f-actin (clone 4C2, 1 :
100; Merck, Millipore, USA), mouse monoclonal anti-
cortactin (clone 4F11, 1 : 200; Sigma), goat anti-mouse
IgG1, IgG2a, and goat anti-mouse IgG and anti-rabbit
IgG conjugated with Alexa Fluor488, Alexa Fluor594 or
Alexa Fluor647 (1 : 200; Jackson ImmunoResearch,
USA). Cells on coverslips were fixed for 15 min with a
mixture of methanol/acetone (1/1) at —10°C and incu-
bated with primary antibodies. After washing with phos-
phate buffer (1x PBS, pH 7.4), fixed specimens were
incubated with secondary antibodies. The samples were
examined with a Leica TCS SP5 confocal microscope
using an HDX PL APO 63x/1.3 lens (Leica Microsys-
tems, Switzerland) and an Axioplan Zeiss epifluorescence
microscope using a Plan-Neofluar 100x/1.3 lens (Carl
Zeiss, Germany). For DIC videomicroscopy, the culture
medium was replaced by DMEM/F12 with L-glutamine,
HEPES with 1% fetal calf serum, but without Phenol Red
20 min before imaging. One hour after beginning of the
observation, EGF was added to the culture medium to
induce EMT. Live-cell imaging was performed using a
Nikon Eclipse-Ti microscope with a PlanFluor40x objec-
tive lens, ORCA-ER digital camera (Hamamatsu
Photonics, Japan), and NIS-Elements AR 3.22 software
(Nikon, Japan). Images were captured at a rate 1 frame/
minute for 6 h (for IAR-20 cell culture) and 1 frame/
10 min for 10 h (for HT-29 cell culture).

RNA interference. ON-TARGETplus SMARTpool
rat Sashl siRNA (50 nM) and DharmaFECTI1
(Dharmacon, USA) as a transfection agent were used to
suppress SASH1. GFP siRNA was used as a negative con-
trol. Cultures were incubated in DMEM with 10% serum
for 48 h followed by cell lysis and examination by
immunoblotting. Coverslips with transfected cells were
also fixed for immunofluorescence staining.

Immunoblotting. Cells were lysed with RIPA lysis
buffer (50 mM Tris-HCI, pH 7.4 (MP Biomedicals,
France); 150 mM NacCl (Sigma); 2 mM EDTA (Sigma);
1% NP-40 (Fluka, USA); 0.1% SDS (AppliChem, Spain)
supplemented with 0.25 mM Na;VO,, 1 mM DTT,
10 mM NaF and a protease inhibitor cocktail (Sigma,
USA). Samples were mixed with 5x application buffer
(250 mM Tris-HCI, pH 6.8; 10% SDS, 30% (v/v) glyc-
erol, 5% B-mercaptoethanol, 0.02% bromophenol blue)
and incubated at 95°C for 10 min. Next, samples were
loaded onto a 10% SDS-polyacrylamide gel according to
SDS-PAGE protocol (Bio-Rad, USA). After elec-
trophoresis resolved proteins were transferred to
Amersham Hybond-P PVDF membranes (GE
Healthcare). Membranes were blocked with a 5% milk
solution (Fluka) in phosphate buffer (1x PBS pH 7.4)
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with 0.1% (v/v) Tween-20 (AppliChem, Spain) for 1 h
followed by incubation with primary antibodies for 16 h at
4°C. After washing with phosphate buffer with 0.1% (v/v)
Tween-20, membranes were incubated with secondary
peroxidase conjugated antibodies for 1 h at room temper-
ature. Monoclonal anti-actin antibodies (clone C4, 1 :
1000; Merck) were used as a loading control. Protein
bands were detected using Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific, USA) and images
were captured with an ImageQuant LAS 4000 (GE
Healthcare). For densitometric analysis of blots ImagelJ
[imagej.net] software was used. Optical densities of
SASH1 bands were normalized to a marker protein, actin.
Student’s #-test was used for statistical analysis of the
results of three experiments, and the data were presented
as mean values = SEM.

RESULTS

Distribution of SASH1 in IAR-20 normal epithelial
cells and in HT-29 colorectal cancer cells was analyzed

E-cadherin
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with confocal microscopy. The cells of these lines main-
tained an epithelial phenotype and formed islands in a
sparse culture, and monolayers in a dense culture. Triple
immunofluorescence staining of E-cadherin, actin, and
SASH1 was performed (Fig. 1a). Confocal microscopy
showed that IAR-20 cells formed linear Als associated
with circumferential actin bundles, and that SASH1 accu-
mulated in AJs. SASH1 was also detected in the zones of
the marginal actin bundles. SASH1 antibodies provided
good staining of the samples fixed with methanol/acetone
mixture, however, this also resulted in non-specific fluo-
rescence of secondary antibodies (Fig. 1b). Distinct fluo-
rescence of cytoplasm in the far-red channel of the confo-
cal microscope was not associated with SASH1 and was
due to the sorption of Alexa647-labeled secondary anti-
rabbit IgG antibodies at intracellular organelles.
Nonspecific fluorescence of secondary anti-mouse IgG
isotype antibodies used for simultaneous staining of E-
cadherin and B-actin was also detected in the cytoplasm.
Nonspecific staining was not significantly pronounced at
the periphery of the cells, which allowed us to examine
cell—cell-boundaries and cell edges in detail.

Fig. 1. SASH1 in IAR-20 epithelial cells. a) Confocal microscopy: E-cadherin (red channel), f-actin (green channel), SASH1 (far red chan-
nel). Arrowhead indicates cell—cell contact enlarged in the boxed region. SASH1 accumulates in the zones of AJs. b) Confocal microscopy.
Control of secondary antibodies. Nonspecific fluorescence of secondary antibodies. Red channel is anti-mouse IgG,, labeled with Alexa594,
green channel is anti-mouse IgG, labeled with Alexa488, far red channel is anti-rabbit IgG labeled with Alexa647. c) Fluorescence staining
for cortactin, E-cadherin and SASH1. SASHI1 is detected in AJs and in the zone of the marginal actin bundle at the base of lamella.
Lamellipodia in which SASH1 is absent (indicated with arrowhead), enlarged in the boxed region. Arrow indicates accumulation of SASH 1
in the zone of marginal actin bundle enlarged in the boxed region. Scale bar: 10 um. (Colored versions of Figs. 1-4 are available in on-line ver-
sion of the article and can be accessed at: https://www.springer.com/journal/10541)
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Fig. 2. IAR-20 epithelial cells in the presence of EGFE a) DIC video microscopy. Before the addition of EGF, IAR-20 cells form islands. After
the addition of EGF (0 min), the cells undergo EMT: protrusive activity is induced, cell—cell contacts are disrupted, cell migration is acti-
vated. Migrating cells can form contacts with neighboring cells and these contacts are unstable. Arrowheads: zones of cell—cell contact dis-
ruption, arrows: newly formed contacts. b, c) Fluorescence staining of $-actin, E-cadherin, SASH1 in IAR-20 cells. b) Ten-minutes incuba-
tion with EGFE. The appearance of lamellipodia at the cell—cell-boundaries. SASH1 is not detected in lamellipodia. ¢) Thirty-minutes incu-
bation with EGE SASHI1 is present in radial E-cadherin-based AJs. The cell—cell boundaries indicated with arrowheads are enlarged in boxed

regions. Scale bar: 10 um.

Martini et al. [12] stated that SASH1 was detected in
lamellipodia and colocalized with cortactin — a protein
linked to actin network. We showed, that there is no colo-
calization of cortactin and SASH1 in both IAR-20 and
HT-29 cells. In IAR-20 cells, cortactin was present in
actin network of lamellipodia at the leading cell edge and
colocalized with a marginal actin bundle (Fig. 1c¢),
whereas SASH1 was absent from the zones of lamellipo-
dia. Distribution of SASHI1 at the leading cell edge was
limited to the marginal actin bundle.
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We demonstrated previously that IAR-20 cells treat-
ed with EGF undergo EMT disrupting stable cell—cell
contacts and acquiring the ability to migrate [16]
(Fig. 2a).

In the presence of EGE, IAR-20 cells can migrate
both individually and collectively and cells can establish
contacts with neighboring cells; such contacts, however,
are unstable. Studying the early stages of EMT, we estab-
lished that weakening of cell—cell adhesion in IAR-20
cells was not associated with downregulation of the E-



ILNITSKAYA et al.

Fig. 3. SASH1 in HT-29 carcinoma cells. a) Fluorescence staining of control culture for E-cadherin, B-actin, and SASH1. Confocal
microscopy. Cells form linear AJs associated with the circumferential actin bundles. SASH1 accumulates in the zones of AJs. Scale bar: 10 um.
b, ¢) EGF-induced EMT. b) DIC videomicroscopy. Before the addition of EGF, HT-29 cells form islands. EGF-treated cells undergo EMT:
lose stable cell—cell contacts and acquire migratory activity. Numbers indicate location of the cells. Scale bar: 50 um. ¢) Eight-hour incuba-
tion with EGE Fluorescence staining for E-cadherin, B-actin, and SASH1. Complete disruption of AJs and endocytosis of E-cadherin.
SASHI1 is absent at the cell—cell boundaries but is present at the cell edges. Scale bar: 10 um.

cadherin expression or its reduced accumulation at the
cell—cell boundaries. We showed that weakening of
cell—cell adhesion coincided with disruption of the cir-
cumferential actin bundle associated with linear Als, the
appearance of lamellipodia at the cell—cell-boundaries,
and replacement of linear AJs with unstable radial AJs,
which were also formed by E-cadherin. In this connec-
tion we decided to explore changes in the distribution of
SASHI1 in TAR-20 cells undergoing EMT. It was found
out that in parallel with AJ reorganization, localization of
SASHI1 in the zones of cell—cell interaction also changed.
Confocal microscopy showed that SASH1 was absent
from lamellipodia both on the leading cell edge and at the
cell—cell boundaries. At the same time SASH1 was
detected in the newly formed radial AJs (Fig. 2, b and ¢).

We also studied distribution of SASH1 in the cells of
HT-29 colorectal adenocarcinoma line. HT-29 cells
maintain an epithelial phenotype and form stable E-cad-
herin-based AJs (Fig. 3a). Such linear AJs were associat-
ed with the circumferential actin bundle. SASH1 in HT-
29 cells accumulated in the zones of linear AJs. HT-29
cells treated with EGF underwent EMT. Unlike in the
case of TAR-20 epitheliocytes, HT-29 cells completed
the EMT process during which the cells lost cell—cell
contacts and acquired ability to migrate individually
(Fig. 3b). Immunofluorescence staining showed com-
plete disruption of AJs in HT-29 cells in the presence
of EGE E-cadherin left the contacts and accumulated
in endosomes. SASH1 also left the zones of cell—cell
interaction in parallel with disruption of AJs. In some

BIOCHEMISTRY (Moscow) Vol. 85 No. 6 2020
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cells with actin filaments accumulated at the leading cell
edge SASH1 was present as a thin line in this zone
(Fig. 3¢).

Thus, we observed close association between SASH 1
and AJs implying that SASH1 might participate in the
maintenance of AJs. We decided to find out how SASH1
suppression affected cell morphology and cell—cell adhe-
sion. ON-TARGETplus SMARTpool rat SASH1 siRNAs
were used for SASH1 suppression (Fig. 4, a and b).
Analysis of immunofluorescence revealed that suppres-
sion of SASH1 in IAR-20 cells resulted in significant
alterations in the structure of cell—cell contacts. Stable
linear E-cadherin AJs characteristic for IAR-20 epithelial
cells were destroyed 48 h after transfection with SASH1
siRNA. Single punctate or short radial AJs were observed
at the cell—cell boundaries (Fig. 4c). Endosomes contain-
ing E-cadherin were detected in cytoplasm. Many cells in
the culture lost their epithelial phenotype and acquired a
mesenchymal phenotype; and cell islands often under-
went scattering (Fig. 4d). Hence, it was shown that
decrease of the SASH1 content in cells reduced the sta-
bility of cell—cell adhesion, which affected cell morphol-
ogy and led to acquisition of a migratory phenotype by
the cells.
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DISCUSSION

We demonstrated for the first time that SASH1 was
involved in the maintenance of stable cell—cell adhesion.
Our data revealed that suppression of SASH1 induced by
RNA-interference resulted in disruption of the stable E-
cadherin-based AlJs and shifted epithelial cells toward a
mesenchymal phenotype. These data are in agreement
with the data of Franke et al. [8] who described EMT in
hepatocarcinoma cells, where deficiency of SASH1 was
induced by CRISPR-Cas9. Interaction of SASH1 with
activated Rac was demonstrated in earlier studies using
the yeast two hybrid screening [19]. Based on these
results, SASH1 could be considered as the Rac effector.
Nevertheless, the available data on involvement of Rac in
Al formation are contradictory. On the one hand, it is
considered that active Rac stabilizes AJs recruiting actin
to E-cadherin adhesive homodimers [20]. On the other
hand, high Rac activity is detected in the zones of
cell—cell interaction only at the early stages of formation
of stable AJs during lamellipodia interactions and it
diminishes significantly during lateral expansion of linear
Als [21]. Recently we discovered that in IAR-20 cell at
the early stages of EMT disruption of circumferential

E-cadherin

Fig. 4. Suppression of SASH1 in IAR-20 cells. a) Western blot analysis of SASHI in culture (48 h after transfection of SASH1 siRNA).
Staining of the full-sized membrane for SASH1 and for total actin. Lines: /) GFP siRNA (negative control); 2) control culture; 3, 4) SASH1
siRNA. b) Densitometric analysis of blots from three experiments. * p < 0.05, ** p < 0.01. Bars: /) GFP siRNA (negative control); 2) control
culture; 3) SASH1 siRNA. ¢, d) Fluorescence staining of cells (48 h after transfection of SASH1 siRNA). ¢) Epifluorescence microscopy of
E-cadherin and SASH1. At the cell—cell boundaries, E-cadherin accumulates in the sparse punctate AJs (arrowhead). Endosomes contain
E-cadherin (arrows). d) Confocal microscopy of E-cadherin, 3-actin, SASH1. Cells acquired a mesenchymal phenotype. Scale bar: 10 pm.
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666

actin bundle and replacement of stable AJs by unstable
radial AJs is accompanied by Arp2/3-dependent poly-
merization of actin network and formation of lamellipo-
dia at the cell—cell boundaries, i.e., activation of Rac.
These data suggest that Rac is not involved in the mainte-
nance of AJ stability. Growth factor induced activation of
Rac, on the contrary, leads to formation of lamellipodia at
the cell—cell boundaries, disappearance of contact paral-
ysis, and weakening of cell—cell adhesion [16]. Based on
our data, we can hypothesize that SASH1 could not be a
Rac-GTP effector, but its negative regulator stabilizing
cell—cell adhesion. Earlier it was shown that SASH1
interacted with N-terminal SH3 domain of CRKL and
activated oncogenic SRC/FAK signaling [9]. Moreover,
overexpression of CRK (CRK II and CRKL) proteins
resulted in Rac activation, formation of lamellipodia at
the leading cell edge, disruption of AJs, and scattering of
epithelial islands [22]. It is likely that in the zones of
cell—cell boundaries, SASH1, as a scaffold protein,
recruits CRKL, Rac and Rac GAP, and their interaction
results in suppression of Rac activity and stabilization of
cell—cell contacts. Depletion of SASH1 stimulates onco-
genic activity of CRKL and this leads to activation of Rac
and disruption of cell—cell adhesion. Further studies are
required to confirm this hypothesis.

Considering that SASH1 has nuclear localization
signal sequence (NLS) and localizes at the cell—cell
boundaries, SASH1 could be associated with contact
inhibition of proliferation typical for normal epithelial
cells. Such regulatory function was described for the mul-
tifunctional protein Merlin that was not only associated
with circumferential actin bundle and AlJs, but also nega-
tively regulated EGFR and Rac/PAK signaling and facil-
itated export of the transcription coactivators YAP/TAZ
from the nucleus in high-density monolayers of epithelial
cells [23]. SASH1 can also be a key protein whose ability
to form complexes with proteins both on the cell mem-
brane and in the nucleus ensures its significant role in
tumor suppression by combining its negative effects on
cells’ migratory and proliferative activity.
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