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More than 1 million women worldwide are diagnosed
with breast cancer (BC) each year. This study aims to
explore the molecular mechanisms of B-catenin affect-
ing the trastuzumab tolerance in HER2-positive BC.
B-catenin in BC and non-BC tissue samples were as-
sessed by immunohistochemistry. B-catenin and HER2
were over-expressed and knockdown to evaluate their
role in tumorigenicity and trastuzumab resistance in
cell and animal models using soft-agar and xenograft
assays. Confocal laser immunofluorescence assay and
co-immunoprecipitation were used to assess protein-
protein binding. Expression of genes was detected using
Western blot analysis. B-catenin was highly expressed in
primary and metastatic BC, overexpression of f-catenin
increased the colony formation of MCF7 cells when it
was co-expressed with HER2 and synergically increased
the tumor size in immunodeficient mice. Overexpression
of B-catenin also increased the phosphorylation of HER2
and HER3 and increased the size of tumor derived from
HER2-elevated cells. Confocal laser immunofluorescence
assay showed that B-catenin and HER2 were co-localized
on the membrane of MDA-MB-231 cells, suggesting that
B-catenin binds HER2 to activate the HER2 signaling
pathway. Immunoprecipitation of (3-catenin and HER2
also confirmed this binding. On the other hand, knock-
down of B-catenin in MDA-MB-231 cell lines decreased
the activity of SRC and decreased phosphorylation of
HER2 at Y877 and Y1248. The interaction between HER2
and SRC was enhanced when B-catenin was overex-
pressed, and B-catenin increased the resistance of tumor
derived from HER2 elevated BT474 cells to trastuzumab.
Further analysis showed that trastuzumab inhibited the
activation of HER3, but SRC was still highly expressed in
cells overexpressing f-catenin. Our work demonstrates
that B-catenin is highly expressed in BC and it synergi-
cally promotes formation and progress of BC with HER2.
B-catenin binds with HER2 leading to enhanced interac-
tion with SRC and resistance to trastuzumab.
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INTRODUCTION

Over one million women are diagnosed with breast
cancer (BC) every year worldwide. Although the overall
survival rate of BC has been greatly improved in the last
decade, more than 450,000 people still die of BC each
year (Anastasiadi e al, 2017; Kolak et al., 2017; Peairs
et al., 2017). Therefore, better understanding of the oc-
currence and development of BC is essential for clini-
cal development for effective interventions (Fahad Ullah,
2019; Ganz & Goodwin, 2015). In the 1980s, the human
epidermal growth factor receptor 2 (HER2) signaling
pathway was found to be responsible for the abnormal
proliferation of HER2 positive (HER2+) BC (Escriva-
de-Romani ef al., 2018; Rajarajan ez al, 2020). HER2 is
highly expressed in more than 20% of metastatic BCs
and is associated with cancer metastasis and poor patient
prognosis (Lewis Phillips e# a/., 2008; Smith ez al., 2007).

HER2 is a member of the epidermal growth factor
receptor family (ErbB family) and is activated by homo-
or heterodimerization to promote phosphorylation of
monomers and recruitment of receptor complexes, phos-
phoinositide 3-kinase (PI3K), SHC, and growth factor
receptor-bound protein 2 (GBR2) (Dankort ez al., 2001;
Ellis & Ma, 2019; Xie & Hung, 1996). Phosphorylated
HER2 can activate the PI3K/AKT and MAPK/ERK
signaling pathways to promote cell proliferation, surviv-
al and differentiation (Lee e¢# al, 2013; Ruiz-Saenz et al.,
2018). HER2* BC is clinically very aggressive and a se-
ries of HER2-targeting drugs, such as trastuzumab, lapa-
tinib, pertuzumab and T-DM1 have been developed for
clinical treatment of BC with good clinical efficacy and
significantly improved outcomes (Cameron et al., 2017a;
Derakhshani e 4/, 2020; Hunter ¢/ al., 2020; Rinnerthal-
er et al, 2019; Saura et al, 2020). However, metastatic
HER2* BC remains an incurable disease and new treat-
ment options are required for better treatment (Bredin e#
al., 2020; Harbeck ez al., 2019). Furthermore, drug resist-
ance, especially trastuzumab resistance, in BC, particu-
larly in HER2* BC, has eventually emerged in the great
majority of treated patients (Nahta ez a/, 2006). A better
understanding of mechanisms underlying the drug resist-
ance in HER2* BC is therefore critical to develop new
treatment strategies and drugs.

Trastuzumab is a Food and Drug Administration
(FDA)-approved humanized antibody targeting HER2.
It is used in combination with chemotherapy drugs to
treat HER2* BC and has a good response in early-stage
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BC (Cameron e# al., 2017b; Tolaney et al., 2021). Pacli-
taxel, trastuzumab, and pertuzumab are recommended
as first-line therapy for patients with HER2* BC who
have not received trastuzumab or who have metastasized
after 6 months of adjuvant trastuzumab therapy (Santa-
Maria et al., 2016). However, if metastases occur while
receiving trastuzumab, T-DM1, may be the best option
(Ramagopalan ¢z al., 2021; Uijen e al., 2022). For exam-
ple, in the CLEOPATRA clinical trial, patients received
T-DM1 as a second-line therapy after receiving a first-
line chemotherapy regimen (Lationov, 2018). In addition
to T-DM1, lapatinib in combination with chemotherapy
and trastuzumab is also a standard chemotherapy regi-
men, although the sequence of these agents has not been
fully defined. Due to the development of drug tolerance
in patients receiving trastuzumab, numerous studies and
clinical trials have attempted to explore new ways to tar-
get the HER2 receptor whete the Wnt/B-catenin signal-
ing pathway plays an important role (Schade ez al., 2013).
Therefore, identifying regulators targeting this pathway
may provide new directions and strategies for BC treat-
ment.

Wnt/ B-catenin signaling pathway is involved in the
development of early embryos and the occurrence of
diseases. It plays an important role in thermogenesis and
can promote the abnormal proliferation of tumor cells
(Wu et al., 2012; Wu et al., 2017). More than 20 target
genes have been identified in the pathway and most of
them are related to cell proliferation and occurrence of
tumors, such as axin-2 (Doumpas ¢ al., 2019), c-myc, cy-
clin D1 and VEGF (Liu e al., 2016; Zhang et al., 2012).
Studies have shown that Wnt/B-catenin signaling path-
way is abnormally activated in human cancers, including
BC (Brennan & Brown, 2004; Song ez al., 2016). Alterna-
tion of B-catenin expression may result from mutation
and amplification, both of them lead to the occurrence
and progression of BC (Sefidbakht ¢z al, 2021; Zhang e
al., 2021). Because [B-catenin plays an important role in
the formation and metastasis of tumor formation, small
molecule inhibitors that target B-catenin are being devel-
oped to suppress tumor progression (Wang e# al., 2021).
Studies have found that in BC cells with high expres-
sion of HER2 and trastuzumab resistance, the Wnt/
B-catenin signaling pathway is highly activated, suggest-
ing that B-catenin plays an important role in HER2 sign-
aling pathway (Hsieh ez al, 2016; Mir ef al., 2020; Shen et
al., 2020). However, how (-catenin promotes resistance
to trastuzumab in BC is largely unclear.

This study aimed to explore the molecular mecha-
nism of [-catenin affecting the trastuzumab tolerance
in HER2-positive BC. The findings would provide new
directions and potential targets for clinical treatment of
HER2* BC.

MATERIALS AND METHODS

Patients and tissue samples

Tissue samples were collected from patients under-
going surgical treatments at our hospital between April
2013 and September 2017. Patients were female, aged
between 32 and 55 years with primary BC that was his-
tologically or cytologically proven. Patients were included
if they were HER-2 positive based on assessments from
certified laboratories, with <1 Eastern Cooperative On-
cology Group Performance Status (ECOG PS) and 23
month predicted survival and at least one measurable
lesion based on RECIST1.1. Patients were excluded if

they were male, had incomplete clinical and pathologi-
cal data (including immunohistochemical), HER2 status
was not verified with FISH, had recurrent BC, or died
of non-tumor cause during follow-up.

This study was approved by the ethics committee of
the Shenzhen Hospital Affiliated with Southern Medical
University and carried out in accordance with the dec-
laration of Helsinki (revised in Tokyo in 2004). Written
informed consent was obtained from every patient.

Reagents and equipment

Herceptin (trastuzumab) was purchased from Roche,
USA. 0.25% trypsin solution (cat no. 25200072), BCA
protein assay kit (cat no. 23225), SDS-PAGE sample
prep kit (cat no. 89888), RIPA buffer (cat no. J63306.
AP), Lipofectamine™ 3000 Transfection Reagent (cat
no. 13778150), ViraPower Lentiviral Packaging Mix (cat
no. K497500), Protease Inhibitor Cocktail I (cat no.
J64401.LQ), Pierce Direct Magnetic IP/Co-IP Kit (cat
no. 88828), protein-G Dynabeads (cat no. 10003D),
NP-40 lysis buffer (cat no. J60766.AP) were purchased
from Thermal Scientific; OPTI-MEM reduced serum
medium (cat n10.31985-062 ) was from Gibco, USA;

Antibodies against 3-catenin (cat no. ab223075, 1:1000
dilution), HER2 (cat no. ab134182, 1:1000 dilution),
HER2 (phospho Y1248) (cat no. ab201013, 1:1200 dilu-
tion), HER3 (cat no. ab32121, 1:1000 dilution), HER3
(phospho Y1289) (cat no. ab76469, 1:1000 dilution),
SRC (cat no. ab133283 1:1000 dilution), SRC (phospho
Y416) (cat no. ab278693, 1:1000 dilution), horseradish
peroxidase (HRP)-conjugated secondary antibody (cat
no. ab6728, 1:1500), goat anti-mouse IgG H&L (Al-
exa Fluor® 488) (cat no. ab150113, 1:1500), goat anti-
mouse IgG H&L (Alexa Fluor® 488) (cat no. ab150113,
1:1500), goat anti-mouse IgG H&L (Alexa Fluot® 555)
(cat no. ab150114, 1:1500) ECL kit (cat no. ab1334006)
were purchased from Abcam, Waltham, MA, USA.
FLAG antibody (cat no. F1804, 1:1500), type VII aga-
rose (cat no. 39346-81-1) was purchased from Sigma-
Aldrich. Colony counter (PhenoBooth+) was purchased
from Singer Instruments, UK. Trans-Blot Turbo Trans-
fer System was a product of Bio-Rad laboratories, USA.

Immunohistochemistry

The 5 pum transverse tissue sections were deparaffi-
nized and rehydrated by going through an ethanol gradi-
ent. After washing in water, the slides were autoclaved
for 4 min in sodium citrate buffer for antigen retrieval.
Endogenous peroxidase activity was suppressed by treat-
ing with hydrogen peroxidase for 5 min at room temper-
ature. The tissue sections were rinsed with tris buffered
saline 1X (IBS), reacted to primary antibody against
B-catenin for 1 h and subsequently washed with TBS for
three times, and incubated with horse radish peroxidase-
conjugated anti-goat IgG (H+L) for 30 min. Diamin-
obenzidine (DAB) and haematoxylin chromogen (Dako,
Glostrup, Denmark) method was used to visualize the
immunoreactivity. The slides were examined under a
light microscope to score B-catenin-positive cells. For
each sample, 10 randomly selected fields were evaluated.

Cell lines and culture conditions

Human cells MCF7 (cat no. HIB-22), BT474 (cat no.
HTB-20), SKBr3 (cat no. HTB-30), and MDA-MB-231
(cat no. HTB-26) were purchased from American Type
Collection Center, Manassas, VA, USA and were cul-
tured in Eagle’s minimum essential medium (EMEM)
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(ATCC cat no. 20-2003) with 10% fetal bovine serum
(FBS, (ATCC cat no. 30-2020), and 50 U/ml penicil-
lin, and 50 pg/ml streptomycin sulfate (Fisher Scientific
MT30001CI). All cell lines were cultured in 5% CO,
at 37°C in a humidified incubator as instructed by the
manufacturer. HEK293T cells were grown to produce
virus for transfection experiment as previously described
(Cipriano e# al., 2010) in DMEM medium (cat no. 12491,
Thermo Scientific, Wilmington, Delaware, USA) sup-
plemented with 5% FBS. Cultured cells were routinely
tested for mycoplasma contamination using MycoSEQ
Mycoplasma Detection Kit (cat no. 4460626, Thermo
Scientific) to ensure they were mycoplasma-free.

Vectors and cell transfection

To generate the cell lines overexpressing [-catenin
and HER2, Lentiviral vectors pLLV-Puro-CMV contain-
ing B-catenin and HER2 were constructed (Cyagen Bi-
osciences, USA). BT474 and SKBr3 cells were seeded
into the wells of 12-well plates at a density of 1x10°
cells/well, gtown to a confluency of 70-80%. The cells
were transfected with vectors at multiplicity of infection
(MOI) 50 based on the results of a pilot study. Mock
transfection with LV-EGFP was employed as a negative
control. Cell morphology was examined after transfec-
tion and the culture medium was refreshed 12 h after
the transfection. Stably transfected clones wete selected
using puromycin at 1.5 pg/ml. The expression of genes
was assessed using Western blot analysis.

Plasmids encoding shRNAs targeting SRC were de-
signed using tools provided by the Genetic Perturbation
Platform (https://portals.broadinstitute.org/gpp/public/)
and inserted into pLLKO.1. Lentiviral vectors were trans-
fected into HEK293T cells using Lipofectamine 2000
together with ViraPower Lentiviral Packaging Mix ac-
cording to the manufacturer’s instructions. Supernatants
containing viruses were collected and used to infect cells
for 16 hours. Cells at 90% confluency were harvested,
re-suspended in IBS-free DMEM medium, transfected
with the shRNA vectors (5 ug/well) and 250 pl Opti-
MEM and Lipofectamine 3000 according to the manu-
facturet’s instructions. After incubation for 20 min, the
transfection mixtures were added to the wells of 24-well
plates to culture for 4 h.

Immunoblot and immunoprecipitation

Cells were harvested by centrifugation at 500Xg at
room temperature, lysed using RIPA buffer contain-
ing protease inhibitor cocktail. The protein content
was determined using BCA protein assay kit accord-
ing to the manufacturer’s instructions. About 50 g
protein per lane was loaded for 10% sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) or used for an immunoprecipitation reaction.
For immunoprecipitation, 5 pg FLAG antibody was
mixed with 50 pl PBS-washed protein-G Dynabeads
in 500 ul RIPA lysis buffer containing protease and
phosphatase inhibitors by rotating for 2 hours at 4°C.
The complex beads were washed twice with PBS and
added with protein lysates. The antibody-bead conju-
gates were rotated at 4°C for 2 hours, washed eight
times with NP40 lysis buffer (150 mM NaCl, 1% NP-
40, 50 mM Tris-Cl pH 8.0) and resuspended in 25 ul
of 2X SDS BME loading dye for immunoblot analy-
sis. After separation by SDS-PAGE, the proteins were
transferred electrically to polyvinylidene difluoride
(PVDF) membranes ((Millipore)) using Trans-Blot
Turbo Transfer System. The membranes were blocked

with 5% non-fat dry milk in 1X TBS buffer contain-
ing 0.1% Tween 20 for 6 h at 25°C and incubated
with proper primary antibodies at 4°C overnight. Af-
ter being rinsed three times with the same buffer, the
blots were reacted with HRP-conjugated secondary
antibodies at 25°C for 2 h and then visualized using
the ECL kit as instructed by the supplier. Densitomet-
ric determination was conducted using Quantity One
software (version v4.6.1; Bio-Rad Laboratories, Inc.)
using B-actin as the internal control.

Xenograft assays

Eight-week-old specific-pathogen free (SPF) BALB/c-
nu nude mice (female, weight 25-30 g) purchased from
Saiye Biotech, Shanghai, were used. The mice were
housed in hygienic and pathogen-free conditions at 25—
26°C with good ventilation. They had free access to fil-
tered water and diet under a 12/12 hours day/night cy-
cle. Mice were randomly divided (n=306) and MCF7 cells
expressing f-catenin and HER2 (100 pl, 5X1006) were
orthotopically injected into the mammary glands for BC
development. Animals bearing tumors were then rand-
omized into cohorts to receive administration of trastu-
zumab, which was administered intraperitoneally for two
weeks (6 times) with a total dose of 10 mg/kg. (n=6
in each group). The control group received PBS only.
Mouse sizes were recorded every five days till 35 days
after injection. Gross necropsies were performed, and
tissues were collected and snap frozen in liquid nitrogen
for downstream analysis. At different times after the im-
planting, mice were sacrificed by euthanization with car-
bon dioxide applied at a flow rate of 20% of the cage
volume per minute (5 L/min) and tumors wete isolated
for size measurement using Vernier caliper.

The animal experimental protocols were approved by
Animal Research FEthics Committee of the Shenzhen
Hospital Affiliated with Southern Medical University.

Soft agar assay

Soft agar assays were performed to assess the colony
formation ability as previously described (Horibata e7 al,
2015). Briefly, MCF7 cells (1X10° cells/ml) were sus-
pended gently in 0.6% type VII agarose (maintained at
42°C) prepared in RPMI 1640 medium supplemented
with 10% FBS and 1% penicillin/streptomycin. The cells
were plated in triplicate onto a bottom layer of 1.2% agar
in 60-mm dishes. After being solidified at room tempera-
ture for 30 min, the plates were covered and were placed
into a 37°C humidified incubator to culture. Three weeks
later, the cells were stained with 200 ul of 0.1% crystal
violet per well overnight at 37°C. The stained colonies
were analyzed using PhenoBooth+colony counter.

Confocal laser immunofluorescence assay

Human breast adenocarcinoma MDA-MB-231 cells
were air dried on siliconized glass slides (Dako, Kyoto,
Japan) at room temperature, fixed in pre-chilled metha-
nol for 2 min and washed three times with PBS. The
cells on the slides were incubated with 100 ul of each
antibody against §-catenin and HER2 overnight at 4°C
in a humid box. After being washed with PBS, the slides
were incubated with 100 ul of goat anti-mouse IgG H&L
(Alexa Fluor® 488) or goat anti-mouse IgG H&IL (Alexa
Fluot® 555) for 30 min. The slides were washed three
times with PBS and countered stained with DAPI and
mounted with buffered glycerol. The cells were visual-
ized and photographed using a Leica confocal laser scan-
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Figure 1. Percentage of B-catenin-positive cells in BC and HER2+BC.
(A) in normal (n=55), primary BC (n=45) and metastatic BC (n=39). ** and # denote P<0.01 vs normal and primary BC tissues, respective-
ly. (B) in HER2+ primary BC and HER2 metastatic BC. ** denotes P<0.01 vs primary BC tissues, respectively.

ning microscope equipped with an OG 515 filter (Leica
AG, Heerbrugg, Switzerland).

Co-immunoprecipitation

Co-immunoprecipitation of B-catenin and HER2
was performed using Direct Magnetic IP/Co-IP Kit
according to supplier’s protocols. Briefly, confluent
MDA-MB-231 cells expressing B-catenin and HER2
were added with ice-cold IP lysis buffer and the
lysates were centrifuged at ~1300Xg for 10 minutes
to pellet the cell debris. The supernatant was added to
anti-HER2 antibody coupled beads and gently mixed
and incubated on a rotating platform for 30-60 min-
utes at room temperature. After being washed with a
washing buffer, the beads were collected with a mag-
netic stand and the proteins were eluted and analyzed
using Western blot analysis.

Statistical analysis

Statistical analyses were performed with SPSS (version
19.0; SPSS, Inc., Chicago, IL, USA). Data are expressed
as the means * S.D. Differences between multiple sam-
ple means were analyzed using one-way ANOVA and
the LSD-t method was used for comparison between the
two groups. Statistical significance was defined as a two-
tailed P<0.05.

RESULTS

B-catenin is highly expressed in primary and metastatic
BC

The Wnt/B-catenin signaling pathway is well known
to be involved in various human cancers. To demon-
strate the role of B-catenin in human BC, we first ana-
lyzed the expression of B-catenin in normal tissues and
BC tissues in the clinical samples using immunohisto-
chemistry methods. It was found that B-catenin was
expressed in 40.8% cells in the metastatic BC tissues,
20.1% cells in primary BC tissues and cells, and 2.2%
in non-cancer tissues (Fig. 1A). Furthermore, among
HER2+ BC cells, B-catenin was overexpressed in 12%
of primary BC cells and 30% of metastatic BC cells
(Fig. 1B).
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B-catenin and HER2 synergically promote tumor
development

To assess the synergy of 3-catenin and HER2 in driv-
ing tumorigenesis, we established MCF7 cells that stably
expressed B-catenin and HER2. Western blot analysis
showed that non-transfected MCF7 cells (control) had
very low background B-catenin and HER2 expression,
and in the transformed cells B-catenin and HER2 expres-
sions were significantly upregulated (P<0.01, Fig. 2A).
Notably, only cells expressing both 3-catenin and HER2
exhibited an unusual and invasive phenotype when cul-
tured in monolayers, while single expression of either
B-catenin or HER2 did not change cellular morphol-
ogy dramatically (Fig. 2B). To assess the malignancy of
transformed cells, soft-agar experiments were performed.
Cells expressing 8-catenin and HER2 alone formed more
colonies than control and had similar number of colo-
nies. However, the number of colonies formed by cells
expressing both B-catenin and HER2 was more than
doubled as compared with cells expressing single genes
(P<0.01, Fig. 2C). To further confirm these findings,
MCF7 cells expressing B3-catenin and HER2 were used
to inoculate immunodeficient mice for tumor develop-
ment. The animal experiments demonstrated that over-
expression of both HER2 and B-catenin significantly
promoted tumor formation and progression, resulting in
significantly large tumors, although B-catenin and HER2
alone induced tumor formation (P<0.01, Fig. 2D), sug-
gesting that B-catenin might synergize with HER2 to
promote the formation and development of tumor cells.

B-catenin promotes the phosphorylation of HER and
tumorigenesis

To explore the effect of B-catenin on HER phos-
phorylation, we overexpressed B-catenin in two HER2-
elevated BC cell lines BT474 and SKBr3. We used ret-
rovirus containing GFP-B-catenin or GIFP (control) to
overexpress 3-catenin in these two cell lines. The results
showed that compared with the control, B-catenin was
remarkably up-regulated. Meanwhile, phosphorylation of
HER2 at Y1248 and HER3 at Y1289 was significantly
increased (P<0.01, Fig. 3A). Notably, the phosphoryla-
tion levels of HER2 and HER3 were also significantly
increased when cells were serum-starved (Fig. 3A).

To further examine the effect of 3-catenin overexpres-
sion on the progression of HER2* BC, we orthotopi-
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Figure 2. B-catenin and HER2 expression (A), morphology
change (B), colony formation (C) and tumor development (D) by
stably transformed MCF7 cells.

(A) left panel: Western blots, right panel: relative protein level,
** and # denote P<0.01 vs control and HER2, respectively. (B) in-
vasive morphology. (C) left panel: colony formation by soft agar
assay, right panel: colony number, **, # and & denote P<0.01 vs
control, B-catenin and HER2, respectively. (D) tumor development
in nut mice (n=6). ** and # denote P<0.01 vs control, 3-catenin
and HER2, respectively.

cally injected BT474 cells expressing P-catenin into the
mouse mammary glands in immunodeficient mice, and
measured tumor growth. The results showed that com-
pared with the control group, at 25 days post-injection,
the tumors formed with §-catenin overexpressing cells
were significantly greater than control (P<0.01, Fig. 3B).

B-catenin binds to HER2

Since B-catenin can promote the phosphorylation
of HER2, we set to investigate if $-catenin and HER2
are physically in contact with each other. Using confo-
cal immunofluorescence assay, we found that B-catenin
and HER2 were co-localized on the cell membrane in
MDA-MB-231 cell line (Fig. 4A), suggesting that they
might be in direct contact with each other. We further
performed co-immunoprecipitation of the proteins with
extracts from SKBr3 and BT4742 cell lines. It was found
that B-catenin and HER2 were co-precipitated in both
cell lines (Fig. 4B).

B-catenin enhances HER2 interaction with SRC

Elevated SRC has been shown to stabilize HER2 to
enhance cellular migration and survival (Mayer & Krop,
2010). Therefore, we investigated the impact of 3-catenin
on SRC and its phosphorylation. When B-catenin was
knockdown in MDA-MB-361 cells, SRC and its phos-
phorylation, and HER2 phosphorylation at Y877and
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Figure 3. Phosphorylation of HER2 and HER3 expression by
B-catenin in HER2-elevated BC cells BT474 and SkBr3c and tu-
mor formation by BT474 overexpressing B-catenin in immuno-
deficient mice (n=6).

(A) Left panel: representative Western blots, right panel: relative
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Figure 4. Cellular localization and immunoprecipitation of
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(A) left panel: confocal immunofluorescence microscopy, (B) fluo-
rescence intensity. (B) immunoprecipitation assays of (-catenin
and HER2 using SKBr3 and BT474 cell extracts.

Y1248 were significantly reduced (Fig. 4A). To explore
whether the inactivation of SRC would affect the activa-

tion of HER by B-catenin, SRC was downregulated using
two SRC shRNAs in SKBr3 cells expressing B-catenin.
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Figure 5. Phosphorylation of SRC and HER2 after knockdown
of B-catenin (A) and SRC (B) and interaction between SRC and
HER2 after overexpressing B-catenin (C).

Left panel: representative Western blots, right panel: relative pro-
tein level. ** denote P<0.01 vs control.

As a result, we found that HER2 phosphorylation at
Y877 and Y1248 were decreased in the SRC-knockdown
cells (Fig. 5B). These results suggest that SRC might
regulate B-catenin-mediated HER2 phosphorylation to
impact tumor development. On the other hand, when
B-catenin was overexpressed, the interaction between
HER2 and SRC was enhanced (Fig. 5C).

To further elucidate the functional relevance among
B-catenin, HER2, and SRC, we examined the effect of
B-catenin overexpression on drug sensitivity of the tu-
mor cells. Recent studies have shown that abnormal ac-
tivation of SRC can lead to resistance of tumor cells to
trastuzumab. We found that in HER2* BC, overexpres-
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Figure 6. Development of tumors after trastuzumab treatment
(A) and phosphorylation of SRC (B) in mice (n=6) xenografted
with B-expressing BT474 cells.

*denotes P<0.01 vs control.

sion of B-catenin increased the resistance to trastuzumab
(Fig. 6A). Further analysis found that trastuzumab in-
hibited the phosphorylation of HER2, but the SRC re-
mained highly active in cells overexpressing 3-catenin as
compared to control cells (Fig. 6B).

DISCUSSION

A large number of 7n witro and in wvivo studies have
shown that HER2 overexpression is related to the oc-
currence of BC (Loibl & Gianni, 2017). However, there
is not enough evidence to confirm that HER2 can
drive the transformation from benign to malignant and
metastatic BC (Exman & Tolaney, 2021). It is also not
clear whether other genomic variations can synergically
promote BC with HER2. In this study, we found that
B-catenin appears to be an important regulatory protein
of HER2 that drives BC development and resistance to
trastuzumab. B-catenin is highly expressed in BC, par-
ticularly in metastatic BC, and synergically promotes the
development of BC in xenograft mouse models probably
by increasing the phosphorylation of HER2. We also
found that B-catenin binds with HER2 and enhances
the interaction between HER2 and SRC, resulting in in-
creased trastuzumab resistance. The findings from this
study provide new insights and clues for the develop-
ment of new therapeutic strategies and targets for BC.

Better understanding the molecular mechanisms un-
derlying the metastatic dissemination of HER2+BC
would be helpful to the development of effective clinical
interventions. Wnt/B-catenin signaling pathway is well
known to play important roles in human cancers (Zhang
& Wang, 2020). Assessment of B3-catenin expression in
tumor tissues has shown that it is upregulated in BC,
particularly in metastatic cancer. As a multifunctional
protein with a central role in physiological homeosta-
sis, B-catenin is often upregulated in various diseases,
including cancer, as the result of mutations of canoni-
cal Wnt signaling pathway genes (Cui e/ a/., 2018; White
et al., 2012). In canonical Wnt pathway, Dsh, $-catenin,
glycogen synthase kinase 3 beta (GSK38), adenomatous
polyposis coli (APC), AXIN, and T-cell factor (TCF)/
lymphoid enhancement factor (LEF) are the major sig-
nal transducers with B-catenin as core protein (Behrens
et al., 1996; Yost et al, 1996). Our study further dem-
onstrated that B-catenin is highly upregulated in HER2
BC, suggesting that there might be interactions between
the two genes, particularly in metastatic BC. HER2 has
been shown to interact with oncogenic/stemness signal-
ing pathways including Wnt/f-catenin, and HER2 ovet-
expression promotes EMT and the emergence of cancer
stem cell properties in BC (Nami & Wang, 2017). Us-
ing MCF7 cells, we found that although B-catenin and
HER2 alone increase the colony formation ability, co-
expression of the two genes results in increased invasive
transformation of the cells and higher tumorigenicity in
immunodeficient mice as compared to single B-catenin
or HER2 protein. These studies further demonstrate that
B-catenin and HER2 have synergy in promoting BC. In
gastric cancer cells, overexpression of HER2 was shown
to increase the stemness and invasiveness, which is regu-
lated by Wnt/B-catenin signaling (Jung e al, 2019). Pre-
viously the aberrant expression of B-catenin was associ-
ated with more aggressive behaviors of BC although it
was not statistically correlated to HER2 (Sefidbakht ez
al., 2021). However, in epithelial ovarian cancer (EOC),
high expression of B-catenin was found in HER2-posi-
tive EOC tissue samples and was correlated with a poor
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patient prognosis. Therefore, Wnt3a/B-catenin/TCF7L2
signaling axis is considered to play an important role
in EOC resistance to trastuzumab and HER2-targeted
drugs may have the potential for EOC treatment (Shen
et al., 2020).

To elucidate the interaction between B-catenin and
HER2, we investigated the effect of B-catenin on the
HER activity by overexpressing B-catenin in BC cell
lines BT474 and SKBr3 with elevated HER2 level. It
was found that in these cells, there was increased phos-
phorylation of HER2 and HER3. Previously, HER2
phosphorylation was found to be due to the activation
of other HER receptors, such as reactivation of HER3
and ADAM17-mediated ligand release (Gijsen ef al,
2010). In addition, the levels of phosphorylated HER2
increased significantly in cells treated with arenite and
exogenous EGF, TGFoa, NRG1, and HSP90 through
the dimerization of HER2 with other members of HER
family, such as HER3 (Jin ez a/, 2018). Other proteins
reported to phosphorylate HER2 include PTPN18 that
regulates HER2-mediated cellular functions through de-
fining both its phosphorylation and ubiquitination bar-
codes (Wang ef al., 2014). The activation (phosphoryla-
tion) of HER family gene by B-catenin is likely partially
responsible for the enhanced tumorigenesis. Study with
B-catenin knockdown may further define the relationship
between §-catenin and HER2 activation.

To further investigate the model of action of $-catenin
and HER2, we studied the co-location of these two pro-
teins using confocal immunofluorescence assay. 3-catenin
and HER2 were found to be co-localized on the cell
membrane, indicating that they might have direct physi-
cal contact with each other, and the results from immu-
noprecipitation in the two cell lines tested support this
speculation. To further refine the interaction between
B-catenin and HER2, protein variants might be used to
better understand the structure-binding relationship.

SRC is one of the non-receptor tyrosine kinases that
participates in cell proliferation, differentiation, sur-
vival, and invasion through the PI3K, MAPK, STATS3,
FAK signaling pathways (Roskoski Jr., 2015). Studies
have shown that increased SRC activation can stabilize
HER2 to enhances cellular migration and survival and
confers resistance of HER2* BC cells to trastuzumab
(Peiro et al., 2014). Our analysis showed that the acti-
vation (phosphorylation) of both SRC and HER2 is
reduced once B-catenin is knockdown, implying that
B-catenin might be involved in regulating both SRC and
HER2 signaling. On the other hand, knockdown of SRC
in SKBr3 cells expressing B-catenin results in decreased
HER2 phosphorylation, suggesting that SRC might regu-
late B-catenin-mediated HER2 phosphorylation to im-
pact tumor development, and this SRC interaction with
HER2 is enhanced by B-catenin. Since increased tras-
tuzumab resistance and SRC activation were observed
in tumors derived from cells expressing [B-catenin, it is
likely that SRC might also play a role in the drug re-
sistance. Trastuzumab is a monoclonal antibody that
binds HER2 extracellular subdomain IV to treat BC,
although its mechanism of action is still not fully un-
derstood (Shawver ez al., 2002). It was demonstrated to
reduce HER2 phosphorylation (Nami e/ al, 2019). This
is consistent with our results that following trastuzum-
ab treatment, phosphorylation of HER2 is reduced. On
the other hand, the activation-associated phosphoryla-
tion of SRC at tyrosine 416 remained significantly higher
in tumors derived from cells expressing $-catenin than
control, irrespective of trastuzumab treatment, suggest-
ing that SRC activation is involved in trastuzumab re-

sistance. Previously, the SRC/STAT3 signaling pathway
was found to be activated by chromosome condensin 1
complex subunit G (NCAPG), leading to trastuzumab
resistance in HER2*BC and SRC phosphorylation may
enhance nuclear localization and activation of STAT3
(Jiang et al., 2020), leading to trastuzumab resistance
(Zhang e al., 2011). Since SRC phosphorylation occurs
in tumors derived from cells overexpression B-catenin,
further study is needed to explore B-catenin as a thera-
peutic target to overcome trastuzumab resistance.

CONCLUSION

B-catenin is highly expressed in BC tissues as com-
pared to non-cancer tissue. It synergically promotes for-
mation and development of BC with HER2. §-catenin
interacts with HER2 leading to SRC activation and
trastuzumab resistance. Due to these important roles,
B-catenin may be further explored as a therapeutic target
to overcome trastuzumab resistance in BC.
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