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Background: Trastuzumab resistance in HER-2 positive breast cancer cells is closely related to
overexpression of both epidermal growth factor receptor (EGFR) and human epidermal recep-
tor (HER-2). SHP-1 has been demonstrated to downregulate tyrosine kinase activity including
EGFR via its phosphatase function, but its effect on HER-2 activity is still unknown. Here, we
examined the hypothesis that SHP-1 enhances the anticancer efficacy of trastuzumab in EGFR/
HER-2 positive breast cancer cells through combining dual inhibition of EGFR and HER-2.
Methods: Trastuzumab-resistant breast cancer SKBr-3 cells were generated by long-term
in vitro culture of SKBr-3cells in the presence of trastuzumab. The SHP-1 was ectopically
expressed by stable transfection. The activity and expression of EGFR, HER-2, and down-
stream signaling pathways were tested by Western blot. Cell viability was examined by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and apoptosis was
examined by flow cytometry. The binding between SHP-1 and EGFR/HER-2 was evaluated by
immunoprecipitation assay and bimolecular fluorescence complementation. The effects of SHP-1
on tumorigenicity and trastuzumab sensitivity were confirmed via in vivo xenograft model.
Results: Trastuzumab-resistant SKBr-3 cells showed aberrant co-expression of EGFR and
HER-2. Introduction of wild-type SHP-1 inhibited cell proliferation, clone formation, and pro-
moted the apoptosis induced by trastuzumab. Meanwhile, SHP-1 overexpression reduced phos-
phorylation levels of EGFR and HER-2 both in parental and trastuzumab-resistant SKBr-3 cells.
In vivo study showed an increased antitumor effect of trastuzumab in SHP-1 overexpressed
xenografts. At last, we discovered that SHP-1 can make complexes with both EGFR and HER-2,
and both phospho-EGFR and phosphor-HER-2 levels in wild-type SHP-1 immunoprecipitates
were less than those in phosphatase-inactive SHP-1 (C453S) immunoprecipitates, indicating
that EGFR and HER-2 are potential substrates of SHP-1.

Conclusion: Taken together, we have demonstrated that the SHP-1 is a negative regulatory
factor of the tyrosine kinase activity of HER-2 and EGFR through inhibiting phosphorylation.
Dual targeting of EGFR and HER-2, by combining trastuzumab with SHP-1 overexpression,
may improve response in HER-2 overexpressing breast cancer cells that also express high
levels of EGFR.
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Background

Breast cancer is a leading cause of cancer-related death in women; it is estimated
that there will be 39,620 breast cancer related deaths among women in the United
States' and 88,886 in Europe® in 2013. HER-2 is a transmembrane tyrosine kinase
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receptor that belongs to the human epidermal growth fac-
tor receptor (EGFR/HER) family, which activates various
intracellular downstream oncogenic signaling pathways.?
HER-2 amplification occurs in approximately 20%—-30%
of patients with breast cancer,*’ and it correlates with more
aggressive biological features of tumor such as poor clinical
outcome, high rates of metastasis, and resistance to conven-
tional treatment modalities.® Trastuzumab (Herceptin®), a
humanized recombinant monoclonal antibody that binds to
the extracellular domain of HER-2, has been recommended
as first-line treatment for HER-2 positive patients and shown
to improve outcome. However, not all patients with HER-2
positive respond to trastuzumab treatment; nearly 15% of
patients will relapse with distant disease within 12 months
of treatment with trastuzumab,” and only about 26% of HER-
2-overexpressing metastatic breast cancer patients showed
response to trastuzumab monotherapy as first-line treatment.?
The innate and acquired trastuzumab resistance has increas-
ingly occurred and remains the biggest clinical challenge.’

Epidermal growth factor receptor (EGFR) is overex-
pressed in 35%—65% of HER-2-positive breast cancers.!% !
There is evidence that the EGFR overexpression influences
response to HER-2 inhibition, impairs response to trastu-
zumab in HER-2 positive breast cancers, and correlates with
poor survival."*!* Therefore, combining trastuzumab with
EGFR-targeted strategy may improve response to trastu-
zumab treatment.'® It is well known that phosphorylation of
proteins at specific tyrosine residues has an important role
in regulating the activity of EGFR/HER family proteins and
downstream pathways. Biologically, the de-phosphorylation
of tyrosine residues in proteins is precisely regulated by pro-
tein tyrosine phosphatases (PTPs), and defects in PTPs can
lead to the intracellular accumulation of tyrosine-phospho-
rylated proteins, which can cause abnormal cell proliferation
and differentiation.'!” HERs are major substrates of PTPs in
breast cancer'® cells, and ectopic expression of some PTPs
in human breast cancer cells decreased cell proliferation and
tumorigenicity,'** which suggests their role as a tumor sup-
pressor. In consideration of the dual inhibitory effect of PTPs
on both EGFR and HERes, it is reasonable to speculate that
some members of PTPs might be potential therapy targets
and markers.

SHP-1, a non-receptor PTP containing an SH2 domain,
is a key regulator that controls the intracellular phosphoty-
rosine level. Extensive studies on SHP-1 revealed that the
expression of SHP-1 protein was decreased or absent in many
kinds of cancer cell lines and tissues. Abolished expres-
sion in leukemia and lymphoma has been related to both

malignant transformation and malignant tumor behavior.?!#
Ectopic expression of SHP-1 in the breast cancer cell line
MDAMB-231 impaired cell proliferation two- to threefold.
In addition, SHP-1 has also been shown to be involved in
regulating several signals including EGFR and other tyrosine
kinase receptors.? The findings mentioned earlier suggests a
potential key role of SHP-1 in resistance to trastuzumab, but
the role of SHP-1 in trastuzumab resistance remains unclear.
The aim of this study is to elucidate the role of SHP-1 protein
expression in relation to trastuzumab treatment and resistance
in HER-2 positive breast cancer.

Materials and methods

Cell culture

The human breast cancer SKBr-3 and human embryonic
kidney 293 (HEK293) cell lines were obtained from
American Type Culture Collection (Manassas, VA, USA).
SKBr-3 cells were cultured in RPMI 1640 media (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum and HEK293 cells were cultured in
DMEM high glucose medium (Thermo Fisher Scientific)
containing 10% fetal bovine serum in a humidified 5% CO,
atmosphere at 37°C.

Establishment of trastuzumab-resistant

cells

Trastuzumab/Herceptin (Hoffman-La Roche Ltd., Basel,
Switzerland) was dissolved in sterile water. Trastuzumab-
resistant cells were generated through continuous culture of
SKBr-3 cells in the presence of 5 pg/mL trastuzumab for
6 months, as reported previously.>* Subsequently, the estab-
lished trastuzumab-resistant SKBr-3 cells were cultured in
medium containing 5 pg/mL trastuzumab.

Plasmids and virus infection

SHP-1 cDNA was amplified by polymerase chain reaction
(PCR) from total RNA extracted from SHP-1 overexpressed
MCEF-7 cells and ligated into pPCDNA3.1. The catalytically
inactive (C453S) SHP-1 was generated by introducing a point
mutation using standard PCR techniques. Lentiviral particles
were produced by transfecting 239T cells, the viral superna-
tants were collected after 72 hours following transfection, the
particles were concentrated by using Lenti-X™ Concentrator
overnight at 4°C (Clontech, Mountain View, CA, USA), and
the aliquots were stored at —80°C. The titers of the concen-
trated particles were measured before using. For bimolecular
fluorescence complementation (BiFC), the pBiFC-VC155
plasmid (#22011, deposited by Chang-Deng Hu) and
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pBiFC-VN173 plasmid (#22010, deposited by Chang-Deng
Hu) were obtained from Addgene (Cambridge, MA, USA).
The SHP-1 gene was amplified from MCF-7 cells, and the
PCR product was digested with Kpnl and EcoRI, and then
ligated into pBiFC-VN173. EGFR, HER-2, HER-3, and
HER-4 genes were amplified from total RNA extracted from
SKBr-3 cells and ligated into pBiFC-VC155.

Cell proliferation analysis

MTT substrate (Sigma-Aldrich, St Louis, MO, USA) was
used to assay cell proliferation according to the manufac-
turer’s instructions. Briefly, a total of 5x10° cells were seeded
into 96-well dishes and allowed to adhere overnight; tras-
tuzumab of indicated concentration was then added into the
medium. The medium was replaced by 100 uL fresh serum-
free medium containing 0.5 g/L MTT 24 hours later, followed
by 4-hour incubation. Then the MTT medium was replaced by
50 uL of DMSO for further 10 minutes incubation at 37°C.
The A490 value of each sample was measured.

Colony formation assay

For colony formation assay, transfected cells were placed in
a fresh six-well plate with a density of 500 cells per well and
maintained in DMEM medium containing 10% fetal bovine
serum and trastuzumab of indicated concentration at 37°C
and 5% CO, for 10 days. Colonies were fixed with methanol
and stained with 0.1% crystal violet and counted.

Quantitative reverse transcription PCR
analysis

Total RNA was extracted from each cell line using TRIzol
reagent (Thermo Fisher Scientific) according to the manu-
facturer’s protocol. Reverse transcription was performed
using M-MLYV reverse transcriptase (Thermo Fisher Sci-
entific) and quantitative PCR was performed with SYBR
Green Master Mix (Hoffman-La Roche Ltd.). Relative
expression values were calculated (AACT method) using
GAPDH as a normalizer. The PCR primers sequences
were: SHP-1, forward, 5'-GGAGAAGTTTGCGACTC
TGAC-3/, reverse, 5-GCGGGTACTTGAGGTGGATG-3;
EGFR, forward, 5-CCCACTCATGCTCTACAACCC-3,
reverse, 5-TCGCACTTCTTACACTTGCGG-3"; HER-2,
forward, 5-TGCAGGGAAACCTGGAACTC-3’, reverse,
5’-ACAGGGGTGGTATTGTTCAGC-3".

Flow cytometry
Cells were plated into six-well plates at a density of 3x10°
cells per well, and 24 hours later cells were treated with

trastuzumab of indicated concentrations. After 24 hours
exposure to trastuzumab, cells were stained with Annexin
V-FITC and propidium iodide, and then flow cytometry was
performed to detect apoptosis of the transfected cells.

Immunoblotting

Cells were treated as indicated earlier and were placed on
ice and washed with PBS. Washed cells were lysed in RIPA
lysis buffer (50 mM Tris-HCL, pH 7.4, 150 mM NacCl, 1%
sodium deoxycholate, 1% Triton X-100, and 0.1% SDS) plus
protease inhibitor cocktail (Hoffman-La Roche Ltd.). Equal
amounts of protein sample were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to polyvinylidene difluoride (PVDF) membrane
(EMD Millipore, Billerica, MA, USA). Membranes were
blocked with Tris-buffered saline containing Tween-20 and
5% (w/v) fat-free milk powder, and then incubated with
appropriate primary antibodies at 4°C overnight followed by
horseradish peroxidase-conjugated secondary antibodies. All
antibodies were purchased from Cell Signaling Technolo-
gies: phospho-HER2 (Tyr1248) rabbit polyclonal antibody
(#2247), HER2 rabbit polyclonal antibody (#2242), phospho-
EGFR (Tyr1173) rabbit monoclonal antibody (#4407),
EGFR rabbit monoclonal antibody (#4405), phospho-Erk1/2
(Thr202/Tyr204) rabbit monoclonal antibody (#4370),
Erk1/2 rabbit monoclonal antibody (#4695), phospho-Stat3
(Tyr705) rabbit monoclonal antibody (#9145), Stat3 rabbit
monoclonal antibody (#4904 ), phospho-Akt (Ser473) rabbit
monoclonal antibody (#4060), and Akt (pan) rabbit mono-
clonal antibody (#4685).

Quantification and comparison of the intensity of bands of
Western blot was done by using ImagelJ software. Briefly, the
images of Western blot results were converted to grayscale,
the background were subtracted, the blot areas were selected,
and the corresponding area and mean gray value (GV) were
recorded. The GV intensity = area X mean GV. The GV of
each protein was normalized to that of GAPDH, and the GV
of each phosphorylated protein was normalized to the GV of
its own corresponding total protein.

Co-immunoprecipitation

The co-immunopreciptation experiment was carried out
with the Pierce® Co-Immunoprecipitation Kit according to
the manufacturer’s protocol using the following antibod-
ies: EGF Receptor (D38B1) XP® Rabbit mAb (#4267, Cell
Signaling Technology, 1:500), HER2 (D8F12) XP® Rabbit
mAb (#4290, Cell Signaling Technology, 1:500), HER3
(1B2E) Rabbit mAb (#4754, Cell Signaling Technology,
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1:500), HER4 (111B2) Rabbit mAb (#4795, Cell Signaling
Technology, 1:500), Anti-rabbit I[gG, HRP-linked Antibody
(#70748, Cell Signaling Technology, 1:1,500).

In vivo tumor growth and mouse

survival assay

BALC/nu/nu mice were randomly grouped to monitor tumor
growth (n=10) and mouse survival (n=20). Trastuzumab-
resistant SKBr-3 cells stably transfected vectors expressing
SHP-1 or blank vectors and were subcutaneously injected
(2x10°9) into the right mammary fat pad of each nude mice.
After 1 week, mice were intravenously injected with 10 mg/kg
trastuzumab twice a week. Tumor size was measured with
the following formula: volume = (LxW?)/2, where L and W
are the longest and shortest diameters, respectively. Mice
were sacrificed 45 days post-first trastuzumab injection, and
tumors were separated for weighing. For survival assay, the
survival of mice in each group was recorded, and the ratios
of surviving mice were plotted. All experimental procedures
involving animals were in accordance with the Guide for the
Care and Use of Laboratory Animals and were performed
according to the institutional ethical guidelines for animal
experiment. The study protocol was also approved by the
Committee on the Use of Live Animals in Teaching and
Research, Southern Medical University, Guangzhou, Guang-
dong, People’s Republic of China.

Results
EGFR and HER-2 are aberrantly expressed and phosphory-
lated in trastuzumab-resistant cells.

The HER-2 overexpressed human breast cancer SKBr-3
cells were cultured in medium containing 5 pg/mL trastu-
zumab continuously for 6 months, which resulting in the
acquisition of trastuzumab resistance. Compared with the
parental SKBr-3 cells, MTT assay showed that the tras-
tuzumab-resistant cells displayed a significantly higher
viability or proliferative capacity in the presence of every
different concentration of trastuzumab (Figure 1A). Besides,
the resistant SKBr-3 cells displayed dramatically increased
colony formation ability under the treatment of trastuzumab
(Figure 1B). We next assessed EGFR and HER-2 expression
in the parental cells and trastuzumab-resistant cells, and
found that both the mRNA and protein levels of EGFR and
HER-2 were increased in the trastuzumab-resistant cells
(Figure 1C and D). Results also showed that the phosphoryla-
tion levels of EGFR and HER-2 as well as the key kinases of
their downstream pathways which including STAT3, Akt,
and ERK were significantly enhanced (Figure 1D and E).

SHP-1 overexpression promotes
trastuzumab sensitivity in breast

cancer cells

To further investigate the role of SHP-1 in trastuzumab resis-
tance of breast cancers, stable SHP-1 overexpressing SKbr-3
cells were established through retrovirus infection. In order
to assess the role of the phosphatase activity of SHP-1 in the
regulation of trastuzumab resistance, vectors expressing a
catalytic domain mutant (C453S) of SHP-1 (SHP-1 mutant-
type, SHP-1 MT) were established subsequently. We first
treated cells with different concentrations of trastuzumab, and
evaluated cell viability by using MTT assay. Results showed
that, compared with cells expressing control scramble sShRNA,
both parent cells and resistant cells with wild-type SHP-1
overexpression displayed enhanced sensitivity to trastuzumab
(Figure 2A); as expected, cells transfected with mutant-type
SHP-1 showed similar trastuzumab sensitivity with controls.
We also examined the apoptosis of cells after treatment with
5 ug/mL trastuzumab for 24 hours. Wild-type SHP-1 over-
expression caused a significant increase in apoptosis of both
parental cells and trastuzumab-resistant cells (Figure 2B).
Notably, trastuzumab-resistant cells with overexpression of
SHP-1 displayed a parallel trastuzumab sensitivity compared
with SHP-1 overexpression parental cells. In addition, overex-
pression of wild-type SHP-1 also significantly suppressed in
vitro colony formation by both the parental and trastuzumab-
resistant cells (Figure 2C). At last, we investigated the effect
of SHP-1 overexpression on the expression levels and activity
of EGFR and HER-2 proteins through Western blot analysis.
We found that the protein levels of EGFR and HER-2, as well
as their phosphorylation levels, were significantly decreased
in cells stably expressing wild-type SHP-1 compared with
controls (Figure 2D and E).

SHP-I binds to EGFR and HER-2 proteins
To verify the interactions between SHP-1 and EGFR, as
well as HER-2, we conducted immunoprecipitation stud-
ies in order to ascertain whether SHP-1 and EGFR could
be coprecipitated — an indicator of their co-association or
heterodimerization. Anti-EGFR and anti-HER-2 antibodies
were used to detect EGFR and HER-2 in anti-SHP-1 immu-
noprecipitates, respectively. Pull-down of SHP-1 with an
anti-SHP-1 antibody showed co-association with both EGFR
and HER-2 (Figure 3A and B). Meanwhile, we also detected
the interaction between SHP-1 and phosphorylated EGFR
(pEGFR) or pHER-2 in anti-SHP-1 immunoprecipitates. As
expected, the corresponding bands were observed (Figure 3C
and D). Notably, both pEGFR and pHER-2 protein levels
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Figure | Trastuzumab-resistant breast cancer SKBr-3 cells display increased EGFR and HER-2 expression and enhanced phosphorylation levels in response to trastuzumab.
Notes: (A) MTT assays of parental SKBr-3 cells and the trastuzumab-resistant cells after treatment with increasing concentrations of trastuzumab. (B) Plate colony formation
assays using parental and resistant cells in the presence of trastuzumab (10 ug/mL). (C) Confirmation of the differential expression of the indicated mRNA by qRT-PCR. Each
mRNA was normalized to GAPDH. (D) Parental and resistant SKBr3 cells were treated for 24 hours with 5 Lig/m trastuzumab. After lysis, protein levels were assessed using
Western blotting techniques. (E) Quantification and comparing the gray value of Western blot results between parental group and trastuzumab-resistant group.The gray value
of each protein was normalized to that of GAPDH, and the GV of each phosphorylated protein was normalized to the GV of its own corresponding total protein before
comparing; the gray value of proteins in parental group were set as |.Error bars represent the mean + SD of triplicate experiments. Statistical significance was calculated using
the Student’s t-test or ANOVA tests. ***P<0.001.

Abbreviations: EGFR, epidermal growth factor receptor; HER-2, human epidermal receptor; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; qRT-PCR,
quantitative reverse transcription polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GV, gray value; SD, standard deviation; ANOVA, analysis of
variance; OD, optical density.

in the wild type SHP-1 immunoprecipitates were less than  anti-HER-4 antibodies (Figure 3F). The interaction between
those of C453S SHP-1. Besides, we also examined whether ~ SHP-1 and both EGFR and HER-2 was further investigated
SHP-1 could interact with HER-3 and HER-4. We did not by using BiFC. Cells were cotransfected with pBiFC-VC155-
detect any specific band by using anti-HER-3 (Figure 3E) and  EGFR vectors and pBiFC-VN173-SHP1 vectors, and green

OncoTargets and Therapy 2015:8 submit your manuscript 2581

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Wu et al Dove

Parental Resistant
A -+ NC < NC
100 + SHP-1MT 100 + SHP-1 MT
2 _ 80 + SHP-1 WT Q __ 80 -+ SHP-1 WT
OFE OFE
o c 60 o c 60
2o 2o
£8 40 59 40
- T = 20
g 2 ®
0 0
012 46 8101214 16 0 1 2 4 6 8 10 1214 16
Trastuzumab (uM) Trastuzumab (uM)
B Parental Resistant
60
3 3
© [ *kk
S S
8 ) 40
m (J ——~
e § s
Q o 20
) )
o 1>
< < 0
¢ &
N Q7
g K
— 20
8
c
C % S 15 ~
= SE
o [ .2 Tk
H = 5
a zZ
0 &
¢ & &
R’ Q’
NS
50
5 -
NC SHP-1MT  SHP-1WT Sc
P - (e}
E o ﬁ 30
‘g‘ 3 E 20 *kk
o -
4 §- 10
(" 4 0
& &
SRR
Q7 R’
KX
& & &
D '\Q \$ '\Q '\§ E
T KL R K . NC
L &£ K L & K _ s SHP-1 MT
PHER-2 s s s S S sosns g E 15 = SHP-A WT
8., %
HER 2 RS D T $ug
%E ° 1.0+
oo R - 55
o O @ 05
> = N
G R WP 0o
! \ ) 5T
CAPDH e ——— - — g Soo
- e

Parental Resistant

Figure 2 Overexpression of SHP-| partly restores trastuzumab sensitivity in vivo.

Notes: (A) MTT assays of modified SKBr-3 cells after treatment with increasing concentrations of trastuzumab. (B) Parental and resistant cells were treated with 5 pug/mL
trastuzumab for 24 hours. Apoptosis rate in response was evaluated by using flow cytometry assay. (C) Plate colony formation assays of modified parental and trastuzumab-
resistant cells were performed in the presence of 5 pug/mL trastuzumab. (D) Parental and resistant SKBr-3 cells were treated with 5 pg/mL trastuzumab, and then the total or
phosphorylated EGFR and HER-2 protein levels were determined by Western blot. (E) Quantification and comparing the gray value of Western blot results between parental
group and trastuzumab-resistant group. The gray value of each protein was normalized to that of GAPDH, and the GV of each phosphorylated protein was normalized to
the GV of its own corresponding total protein before comparing, the gray value of proteins in NC group were set as |. Error bars represent the mean + SD of triplicate
experiments. Statistical significance was calculated using the Student’s t-test or ANOVA tests. ***P<<0.001.

Abbreviations: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; EGFR, epidermal growth factor receptor; HER-2, human epidermal receptor;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GV, gray value; NC, nonsense control; SD, standard deviation; ANOVA, analysis of variance; OD, optical density; WT,
wild-type; MT, mutant-type.
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Figure 3 SHP-I binds to EGFR and HER-2 protein.
Notes: (A, B) SKBR3 cells were transfected with control (NC), SHP-1 WT, or SHP-1 MT vector for 48 hours. EGFR and HER-2 proteins were pulled down by immunoprecipitation

and the protein level was detected by immunoblotting. (C, D) SKBR3 cells were transfected with control (NC), SHP-1 WT, or SHP-1 MT vector for 48 hours. Phosphorylated-
EGFR (pEGFR) and phosphorylated-HER-2 (pHER-2) proteins were pulled down by immunoprecipitation and the protein level was detected by immunoblotting. (E, F) The
binding between SHP-1 and HER-3 or HER-4 was also evaluated through immunoprecipitation. The whole gel is shown, and no specific band of HER-3 or HER-4 was detected.
(G) Bimolecular fluorescence complementation (BiFC) was performed to confirm the binding activity between SHP-1 and EGFR, HER-2, HER-3, and HER-4. BiFC signals were
generated by interaction of the GFP fluorophore components based on proximity. + and — indicate receiving and withholding of the treatment, respectively.

Abbreviations: EGFR, epidermal growth factor receptor; HER-2, human epidermal receptor; NC, nonsense control; WT, wild-type; IP, immunoprecipitation.
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fluorescence was detected (Figure 3G), which indicated
protein interactions between EGFR and SHP-1. Fluorescent
was also detected in cells cotransfected with pBiFC-VC155-
HER?2 vectors and pBiFC-VN173-SHP1 vectors (Figure 3E).
However, we did not detect fluorescence in cells cotrans-
fected with pBiFC-VN173-SHP1 and either pBiFC-VC155-
HER3 or pBiFC-VC155-HER4 (Figure 3G).

SHP-1 promotes trastuzumab sensitivity
in vivo

To further investigate the effect of SHP-1 on the trastuzumab
resistance in vivo, xenograft models were generated using
trastuzumab-resistant SKBr-3 cells modified to overexpress
SHP-1 or control vectors. Compared with mice bearing
tumors derived from SKBr-3 cells expressing control vectors,
mice inoculated with SHP-1-modified SKBr-3 cells displayed
significantly suppressed tumor development and growth
(Figure 4A—C). Besides, we also evaluated the effect of
SHP-1 overexpression on the survival of mice with tumor
burden. A Kaplan—Meier survival analysis showed a better
overall survival in mice bearing tumors developed from cells
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Figure 4 SHP-| promotes trastuzumab sensitivity in vivo.

overexpressing SHP-1, compared with those injected with
the control cells after treatment with trastuzumab (P=0.0036,
Figure 4D). These data suggest that the overexpression of
SHP-1 may sensitize trastuzumab-resistant breast cancers to
trastuzumab in vivo.

Discussion
Over the past decade, the humanized monoclonal erbB2/
HER-2 antibody trastuzumab (Herceptin) has been suc-
cessfully used for clinical treatment of patients with
HER-2-positive breast cancers. Nevertheless, primary or
acquired resistance to this antitumor antibody has become
the major obstacle to its clinical efficacy.”® Here, we
provided insight into the role of SHP-1 in the treatment
of trastuzumab-resistant breast cancer. We showed that
increased expression of SHP-1, a phosphatase, induces
dephosphorylation of both EGFR and HER-2 and contributes
to trastuzumab sensitivity of HER-2-positive, trastuzumab-
resistant breast cancer cells.

Human EGFR 1 is a key member of the HER signaling
pathway that may be associated with trastuzumab resistance.
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Notes: Nude mice were inoculated in the mammary fat pad with trastuzumab-resistant SKBr-3 cells overexpressing SHP-1 or control scramble shRNA to allow tumor
development. Mice were intravenously injected with 10 mg/kg trastuzumab twice a week. (A) One cohort of mice consisting five individuals in each treatment group were
sacrificed after 45 days after first trastuzumab injection. (B) Tumor volume was recorded every 3 days, and (C) tumors were weighted and compared at last. (D) For
survival assay, the survival of the other cohort containing ten mice in each group was recorded. Kaplan—Meier survival curves of the trastuzumab-treated mice are shown.

##kp<0.001.
Abbreviations: shRNA, small hairpin RNA; NC, nonsense control.
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Association between SHP-1 and trastuzumab resistance in EGFR/HER-2 positive breast cancer cells

In earlier research, Ritter et al?® report an association between
active involvement of EGFR initiated signal pathways
and trastuzumab resistance; they determined that EGFR
activation is causally connected to HER-2 phosphoryla-
tion, and the trastuzumab resistance cells exhibits higher
levels of p-EGFR and EGFR/HER-2 heterodimers. They
draw the conclusion that EGFR activation is a potential
significant mechanism for sustaining the proliferation of
trastuzumab-resistant breast cancer cells which continue
to proliferate even in the presence of trastuzumab. Several
previous cell-line model studies have also reported that
overexpression and activation of EGFR induces trastu-
zumab resistance in HER-2-positive cell lines.**?® Most
recently, a randomized trial (NCCTG N9831) showed that
high expression of EGFR appears to be associated with
decreased benefit from adjuvant concurrent trastuzumab.?
These findings are supported by evidence showing that such
trastuzumab-resistant breast cancer cells showed sensitiv-
ity in the presence of EGFR tyrosine kinase inhibitor.*% >
Ritter et al?® also reported that phosphorylation of HER-2
was inhibited by EGFR-specific concentrations of the EGFR
tyrosine kinase inhibitors. The mentioned earlier findings
emphasize the strategy of inhibiting EGFR activation in the
treatment of trastuzumab-resistant cases.

The Src-homology PTP SHP-1 is a non-receptor phos-
phatase that contains two SH2 domains at its N-terminus,
a single catalytic domain, and a C-terminal tail that contains
tyrosine residues.’® SHP-1 has been suggested to contribute
to the termination of mitogenic signals of growth factors
by dephosphorylating critical phosphorylated molecules.*
SHP-1 has also been shown to be associated with dephospho-
rylation of cell membrane receptors such as platelet-derived
growth factor receptor® and the interleukin-3 receptor*® and/
or other downstream substrates such as JAK/STAT3.3738
Many observations suggest that SHP-1 is associated with
proliferation of hematopoietic malignancies and epithelium-
derived carcinomas.’** In breast cancer, Wu et al'® have
reported that introduction of SHP-1 into breast cancer cells
with low endogenous expression levels results in decreased
cell proliferation. Several studies have demonstrated that
enhanced SHP-1 expression inhibits STAT3 phosphorylation
in breast cancer cells.** In this study, we validated the effect
of SHP-1 on the activation of EGFR and HER-2 in breast
cancer cells for the first time. We observed an obvious inhibi-
tion effect of SHP-1 on EGFR and HER-2 phosphorylation,
and found that introduction of SHP-1 to trastuzumab-resistant
SKBr-3 cells dramatically promoted trastuzumab sensitiv-
ity. Also HER-3 and HER-4, the other members of ErbB

family, may also mediate the acquirement of resistance to
trastuzumab in breast cancer; we did not observe a combina-
tion between SHP-1 and neither HER-3 nor HER-4, which
suggested SHP-1 mainly affected ErbB1 and ErbB2 among
proteins of this family.

Besides the direct effect of SHP-1 expression level on
cell proliferation and apoptosis, SHP-1 seems to be a target
of some antitumor drugs. For example, Liu et al reported
that SC-2001, a novel obatoclax derivative, inhibited STAT3
phosphorylation through enhancing SHP-1 expression and
induces apoptosis in human breast cancer cells.* Regorafenib,
an inhibitor of multiple protein kinases, dramatically down-
regulated p-STAT3 expression and resulted in significant sup-
pression of growth in wild-type SHP-1-expressing colorectal
cancer cells through enhancing the phosphatase activity of
SHP-1.% Other drugs, such as dovitinib, sorafenib derivatives,
v-tocotrienol, and Capillarisin all showed a SHP-1-mediated
antitumor activity.*** Our findings may provide potential
association between the antitumor mechanism of these drugs
and SHP-1 mediated EGFR inhibition. In addition, it is reason-
able to speculate that drugs displaying effective upregulation
and/or activation effect on SHP-1 might have potential antitu-
mor effect in trastuzumab-resistant breast cancer cells.

Conclusion

To our knowledge, this is the first study to reveal the role
of SHP-1 in EGFR/HER-2 positive trastuzumab-resistant
breast cancer cells. We discovered that the antitumor activ-
ity of trastuzumab was significantly triggered by introduc-
tion of SHP-1, accompanied with dephosphorylation of
both EGFR and HER-2. SHP-1 may be a useful target for
treatment of EGFR/HER-2 positive trastuzumab-resistant
breast cancer.
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