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Background: The role of S100A14 in tumorigenesis and the underlying mechanisms have not been fully understood.
Results: S100A14 binds HER2 (human epidermal growth factor receptor 2) and modulates HER2 phosphorylation and HER2-
stimulated cell proliferation.
Conclusion: S100A14 acts as a functional partner of HER2.
Significance: These findings provide mechanistic evidence for S100A14 in breast cancer progression.

HER2 is overexpressed in 20–25% of breast cancers. Overexpres-
sion of HER2 is an adverse prognostic factor and correlates with
decreasedpatientsurvival.HER2stimulatesbreasttumorigenesisviaa
numberofintracellularsignalingmolecules,includingPI3K/AKTand
MAPK/ERK. S100A14, one member of the S100 protein family, is sig-
nificantly associated with outcome of breast cancer patients. Here, for
the first time, we show that S100A14 and HER2 are coexpressed in
invasive breast cancer specimens, and there is a significant correlation
between the expression levels of the two proteins by immunohisto-
chemistry. S100A14 and HER2 are colocalized in plasma membrane
of breast cancer tissue cells and breast cancer cell lines BT474 and
SK-BR3. We demonstrate that S100A14 binds directly to HER2 by
co-immunoprecipitation and pull-down assays. Further study shows
that residues 956–1154 of the HER2 intracellular domain and residue
83ofS100A14areessentialforthetwoproteinsbinding.Moreover,we
observe a decrease of HER2 phosphorylation, downstream signaling,
and HER2-stimulated cell proliferation in S100A14-silenced MCF-7,
BT474, and SK-BR3 cells. Our findings suggest that S100A14 func-
tions as a modulator of HER2 signaling and provide mechanistic evi-
dence for its role in breast cancer progression.

HER2 (human epidermal growth factor receptor 2), also
known as Neu, ErbB2, or p185, is a transmembrane protein that
is encoded by the ERBB2 gene in humans. It belongs to the
epidermal growth factor receptor (EGFR3/ErbB) family, which
contains four family members: EGFR (HER1, ErbB1), HER2

(ErbB2, HER2/neu), HER3 (ErbB3), and HER4 (ErbB4). The
EGFR family is involved in regulating cell proliferation, sur-
vival, and differentiation through interlinked signal transduc-
tion involving hyperactivation of the PI3K/AKT and MAPK/
ERK pathways (1). Amplification or overexpression of the
HER2 gene occurs in �20 –25% of breast cancers and is associ-
ated with more aggressive disease and a worse outcome (2).
HER2 is a typical receptor tyrosine kinase, comprising an extra-
cellular domain (ECD), a single transmembrane region, and an
intracellular domain (ICD) (3). HER2 is unique among the ErbB
receptors in that it does not bind a ligand directly but is prefer-
entially recruited as a binding partner into heterodimers (4).

S100 is a family of low molecular weight proteins that con-
tains more than 20 family members and comprises the largest
subfamily of EF-hand Ca2�-binding proteins (5). S100 proteins
are composed of two EF-hand calcium-binding domains: the
N-terminal domain (also known as the S100 hand) and the
C-terminal domain (also known as the canonical EF-hand) (6).
S100 proteins interact with several targets, such as RAGE, p53,
CacyBP/BP, Jab-1, and matrix metalloproteinases, and regulate
Ca2� homeostasis, protein phosphorylation, and degradation,
thereby affecting cell proliferation and metastasis and many
other biological events (5, 7).

S100A14 is a recently identified member of the S100 protein
family. Differential expression of S100A14 has been reported in
a variety of cell types and is overexpressed in certain types of
tumors, such as lung, breast, and uterus, but underexpressed in
some other tumors like colon, kidney, and rectal tumors (8).
The heterogenic expression of S100A14 may indicate different
and potentially tissue-specific roles. Down-regulated S100A14
expression was correlated with poor differentiation and simul-
taneous S100A14 underexpression, and S100A4 overexpres-
sion was correlated with high colorectal cancer metastatic
potential (9). S100A14 was identified as a potential novel
marker of breast cancer cells capable of predicting distant
metastasis (10) and was found to be useful for detection and
characterization of circulating tumor cells in peripheral blood
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from patients with colorectal, prostate, and breast cancers (11).
Moreover, S100A14 was significantly associated with clinical
outcome of breast cancer patients. Our previous studies
showed that S100A14 requires functional p53 to affect MMP2
transcription (12). We also found that S100A14 could be
secreted from stably overexpressing S100A14 of EC9706 cells,
and low doses of extracellular S100A14 stimulate cell prolifer-
ation and promote survival in KYSE180 cells, but a high dose of
S100A14 causes apoptosis via the mitochondrial pathway (13).

We have previously shown that S100A14 is a new target for
p53 and could affect p53 transactivity and stability, and
S100A14 affects cell invasiveness by regulating MMP2 tran-
scription in a p53-dependent manner (12). In the present study,
we demonstrate for the first time that there is a strong correla-
tion between S100A14 and HER2 expression in breast cancer
tissues, and S100A14 can interact with HER2 by co-immuno-
precipitation and pull-down assays. Further study revealed that
residues 956 –1154 of the HER2 intracellular domain and resi-
due 83 of S100A14 are essential for the two proteins binding.
Furthermore, we found that S100A14 plays an important role in
the HER2-induced cell proliferation of MCF-7, BT474, and
SK-BR3 cells through interaction with HER2 and regulation of
pERK and pAKT. This study provides further insights into the
HER2 signaling pathway.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture—HEK 293T/17 and MCF-7 cells were
obtained from the American Type Culture Collection (Manas-
sas, VA). SK-BR3, MDA-MB-453, and BT474 cells were
obtained from the National Platform of Experimental Cell
Resources for Sci-Tech (Beijing, China). HEK 293T/17 and
MCF-7 cells were maintained in DMEM supplemented with
10% fetal bovine serum, 100 units/ml streptomycin, and 100
units/ml penicillin. SK-BR3 and BT474 cells were maintained
in RPMI 1640 supplemented with 10% fetal bovine serum, 100
units/ml streptomycin, and 100 units/ml penicillin. MDA-MB-
453 cells were maintained in L15 supplemented with 10% fetal
bovine serum, 100 units/ml streptomycin, and 100 units/ml
penicillin. The medium was changed at alternate days, and cells
were split before they reached confluence.

Patient Tissue Samples—Tissue specimens from 74 patients
with invasive ductal carcinoma were analyzed. Patients were
consecutively recruited at the Chinese Academy of Medical Sci-
ences Cancer Hospital (Beijing). At recruitment, informed con-
sent was obtained from each subject. This study was approved
by the Institutional Review Board of the Chinese Academy of
Medical Sciences Cancer Institute and Hospital.

Immunohistochemistry—Immunohistochemistry staining
was performed as described previously (13). Briefly, the tissues
embedded in paraffin were sectioned and mounted on slides,
deparaffinized in xylene, and rehydrated through a series of
ethanol-water solutions. Antigen retrieval was carried out by
immersing the sections in citrate acid buffer and heating using
a pressure cooker for 2 min at full pressure, and then nonspe-
cific activity was blocked sequentially with 3% hydrogen perox-
ide. Sections were incubated overnight at 4 °C with antibodies
specific to S100A14 (1:100) (gift from Dr. Iver Petersen) and
HER2 (ZA-0023, Beijing Golden Bridge Biotechnology Com-

pany, Beijing, China). Immunohistochemical analysis was per-
formed using the PV-9000 polymer detection system for immuno-
histochemical staining kit (Beijing Golden Bridge Biotechnology
Company, Beijing, China). 3,3�-Diaminobenzidine was used to
visualize the reaction, followed by counterstaining with hematox-
ylin. Images were visualized and annotated with the ImageScope
software (Aperio Technology), and the number of positive cells at
�200 magnification was quantified. A total of 4–6 fields/slide
were selected, counted, and averaged. Expression score was deter-
mined by staining intensity and immunoreactive cell percentage.
No staining was taken as 0, a weak positive staining as 1, a positive
staining as 2, and a strong positive staining as 3. Two groups were
divided according to the ratio of matched cancer/normal cells (a
ratio of �1 was taken as the non-overexpressed group, and a ratio
of �1 was taken as the overexpressed group). Representative areas
of each section were selected.

Plasmids and Transfection—To construct FLAG-tagged
ECD, ICD of HER2, and HER2-ICD-1 to -4, PCR was performed
using plasmid pcDNA3-Zeo(�)-ErbB2 as a template which was
a generous gift plasmid from Dr. Espen Stang (Institute of
Pathology, Faculty of Medicine, University of Oslo, Norway).
The ECD of HER-2, corresponding to amino acids 1– 636, and
the ICD of HER-2, corresponding to amino acids 676 –1255,
were subcloned into pcDNA3 FLAG-2Ab. The HER2-ICD-1 to
-4 were subcloned into p3�FLAG-CMV-14 (Sigma-Aldrich).
The S100A14 was subcloned into pEBG. The resulting con-
struct was verified by direct sequencing. The plasmid pQE30-
Myo117, with a size similar to that of S100A14, was a generous
gift from Dr. Mariam Grigorian (Institute of Cancer Biology,
Copenhagen, Denmark). Point mutation of S100A14 was made
by a site-directed mutation kit (Saibaisheng, Shanghai, China).
Primers used are listed in Table 1.

Plasmid transfection was performed as described previously
(10). ON-TARGETplus pool siRNAs (L-010723-00-0005,
Dharmacon) (25 nM) were transfected by DharmaFECT 1
(T-2001-02, Dharmacon) following the manufacturers’ proto-
col. The sequences for siRNAs were listed in Table 1.

Protein Expression and Purification—Expression and purifi-
cation of the human recombinant S100A14 and Myo117 pro-
tein in Escherichia coli was performed as described (14). After
dialysis against PBS (pH 7.4) containing 0.1% Triton X-100
overnight at 4 °C using dialysis membrane (Spectrum), the pro-
tein was concentrated using PEG 20000 and was equalized for
protein concentration using the BCA protein assay (23227,
Thermo Scientific).

Immunofluorescence—Cells were grown at low density on
sterilized coverslips for 24 h. Cell sections were washed with
PBS buffer three times and fixed in 4% paraformaldehyde for 15
min and processed for the immunofluorescence procedure as
described previously (15). Primary antibodies used were rabbit
anti-S100A14 (1:50) (gift from Dr. Iver Petersen) and mouse
anti-HER2 (1:100) (sc-08, Santa Cruz Biotechnology, Inc., Dal-
las, TX).

Co-Immunoprecipitation and Pull-down Assays—The plas-
mids were cotransfected into HEK 293T/17 cells, and 48 h after
transfection, co-immunoprecipitation was performed essen-
tially as described previously (16), the empty vector was used as
a control plasmid. In brief, equal amounts of precleared cellular
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lysates were incubated with anti-FLAG� M2 affinity gel
(A2220, Sigma-Aldrich) or glutathione-Sepharose (GSH) beads
(17-5279-01, GE Healthcare) overnight at 4 °C. The immuno-
complexes were then washed three times with lysis buffer and
analyzed by Western blotting. Nickel-nitrilotriacetic acid pull-
down assays were performed as described previously (17). Puri-
fied S100A14 protein (10 �g) was incubated with His-resin
beads (P6611, Sigma-Aldrich) at 4 °C for 1 h and then incubated
with MDA-MB-453 cell lysates overnight at 4 °C. Bound pro-
teins were eluted with 2� SDS sample buffer and analyzed by
Western blotting. The protein Myo117, with a size similar to
that of S100A14, was used as a control. In the direct interaction
assay, the His-tagged HER2-ICD-1 to -4 were expressed in
BL21 cells and washed twice with the wash buffer (1 M NaCl, 50
mM Na2HPO4�12H2O, 50 mM imidazole) and then incubated
with purified GST-tagged S100A14 for 24 h. After washing
twice with the wash buffer, the samples were detected by West-
ern blotting.

Measurement of HER2 Phosphorylation and Signaling—
MCF-7, BT474, and SK-BR3 cells were transiently transfected
with ON-TAGETplus S100A14 pool siRNAs or ON-TAGET-
plus non-targeting siRNAs; 24 h after transfection, the plasmid
expressing FLAG or FLAG-HER2 was transfected into the cells;
and 48 h after transfection, cell monolayers were placed on ice,
washed twice with ice-cold PBS, and lysed in 100 �l/well lysis

buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 50 mM NaF, 0.01 mM

Na3VO4) supplemented with EDTA-free protease inhibitor
mixture (11873580001, Roche Applied Science). Clarified cell
lysates were equalized for protein concentration using the BCA
protein assay, resolved by SDS-PAGE, and processed by West-
ern blotting. HER2, AKT, and ERK phosphorylation were
measured by probing blots with phospho-specific HER2 (Tyr-
1248, 06-229, Millipore), AKT (Ser-473, sc-33427, Santa Cruz
Biotechnology, Inc.), and ERK (Tyr-204, sc-7383, Santa Cruz
Biotechnology, Inc.) antibodies, respectively. The blots were
then reprobed with antibodies against HER2 (06-562, Milli-
pore), AKT (9272, Cell Signaling), and ERK (sc-94, Santa Cruz
Biotechnology) after stripping. All blots were also probed with
anti-S100A14 antibodies and anti-�-actin antibody (A5316,
Sigma-Aldrich).

Measurement of HER2-stimulated Cell Growth—MCF-7,
BT474, and SK-BR3 cells were plated in 96-well plates at a den-
sity of 4 � 103 cells/well and then transfected as previously
described. After transfection, MTS assays (G3580, Promega)
were performed as described previously (18) for 4 days.

Statistical Analysis—Data were presented as mean � S.D.,
and Student’s t test analysis was performed using SPSS version
17.0 software. The correlation between S100A14 and HER2 was
assessed using Spearman correlation analysis. Statistical signif-
icance was set at p � 0.05.

RESULTS

Expression of S100A14 and HER2 in Breast Cancer Tissues—
The expression of HER2 (Fig. 1A, top panels) and S100A14 (Fig.
1A, bottom panels) were analyzed in 74 formalin-fixed, paraf-
fin-embedded breast cancer specimens and their adjacent nor-
mal tissues by immunohistochemistry staining. Quantitative
analysis of the immunostaining sections showed that the
immunostaining for S100A14 (Fig. 1B) and HER2 (Fig. 1C) in
tumor tissues was significantly higher than that in the adjacent
normal tissues. No statistical significance was found between
S100A14/HER2 expression level and estrogen receptor, proges-
terone receptor, or lymph node metastasis status (Tables 2 and
3). However, there is a significant association (r 	 0.425, p 	
1.67e
4) between the expression levels of HER2 and S100A14
in the tissues (Fig. 1D). Interestingly, in most breast carcinoma
specimens, S100A14 displayed prominent plasma membrane,
which is similar to cellular distribution of HER2 (13). To further
analyze the correlation between S100A14/HER2 expression
levels and clinicopathological features, we combined four
microarray data sets (GSE2034, GSE2603, GSE5327, and
GSE12776) downloaded from the GEO database according to
the literature (19, 20). Ultimately 630 breast tumors from
genome-wide gene expression data were available. As expected,
we found that there was a positive correlation between
S100A14 and HER2 mRNA expression (p 	 5.73e
7). Then
patients were divided into two groups (high or low), depending
upon the median S100A14 or HER2 expression level. Patients
were further stratified into the S100A14 low/HER2 low group
and S100A14 high/HER2 high group. Next, we investigated the
correlation between the expression of S100A14/HER2 and clin-
icopathological features using these data. Notably, we found a

TABLE 1
Primers and siRNAs used in this study

Primer/siRNA Sequence

Primers for
plasmid
construction

FLAG-HER2-F ttaagcttgccaccatgATGGAGCTGGCGGCCTTGTG
FLAG-HER2-R ttgcggccgcCACTGGCACGTCCAGACCCA
HER2-ECD-F ttaagcttATGGAGCTGGCGGCCTTGTG
HER2-ECD-R ttgcggccgcGTCCACACAGGAGTGGGT
HER2-ICD-F ttaagcttAAGCGACGGCAGCAGAA
HER2-ICD-R ttgcggccgcCACTGGCACGTCCAGAC
HER2-ICD-1-F ttaagcttgccaccatgAAGCGACGGCAGCAGAAGAT
HER2-ICD-1-R ttgcggccgcGTCTGTAATTTTGACATGGT
HER2-ICD-2-F ttaagcttgccaccatgGAAGCATACGTGATGGCTGG
HER2-ICD-2-R ttgcggccgcTTTGACCAT GATCATGTAG
HER2-ICD-3-F ttaagcttgccaccatgGTCAAATGTTGGATGATT
HER2-ICD-3-R ttgcggccgcGGGCGAAGGGGGCTGGGGCCG
HER2-ICD-4-F ttaagcttgccaccatgCGAGAGGGCCCTCTG
HER2-ICD-4-R ttgcggccgcCACTGGCACGTCCAGACCCA
GST-S100A14-F ttggatccATGGGACAGTGTCGGTCAGC
GST-S100A14-R ataagatgcggccgcTCAGTGCCCCCGGACAGGCC
S100A14-�1-F ttggatccATGGGACAGTGTCGGTCAGC
S100A14-�1-R ataagatgcggccgcTCAGAAACTCCTGAACTCCAGTT
S100A14-�2-F ttggatccCCTTCTGAGCTACGGGACCTGG
S100A14-�2-R ataagatgcggccgcTCAGTGCCCCCGGACAGGCC
S100A14-�3-F TTTCACCAGTACCCTTCTGAGCTA
S100A14-�3-R TAGCTCAGAAGGGTACTGGTGAAA
S100A14-�4-F ATTGCCAACCTGAGGAGTTTCTGG
S100A14-�4-R CCAGAAACTCCTCAGGTTGGCAAT
D76A-F CAGCTGCAATGCCTCTAAACTGG
D76A-R CCAGTTTAGAGGCATTGCAGCTG
F81A-F TAAACTGGAGGCCAGGAGTTTCT
F81A-R AGAAACTCCTGGCCTCCAGT TTA
S83R-F GGAGTTCAGGAGATTCTGGGAGC
S83R-R GCTCCCAGAATCTCCTGAACTCC
F81AS83R-F GGAGGCCAGGAGATTCTGGGAGC
F81AS83R-R GCTCCCAGAATCTCCTGGCCTCC

siRNAs
siControla
siS100A14b 1) GCUGACCCCUUCUGAGCUA

2) CAGAGGAUGCUCAGGAAUU
3) GAGAACUCCCUCUGGAAUU
4) UCAAGAACUUUCACCAGUA

a Dharmacon ONTARGETplus non-targeting siRNA (D-001810-10-20).
b Dharmacon Non-TARGETplus siRNA.

S100A14 Binds HER2 and Modulates HER2 Signaling

JANUARY 10, 2014 • VOLUME 289 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 829



S100A14 Binds HER2 and Modulates HER2 Signaling

830 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 2 • JANUARY 10, 2014



significant correlation between S100A14/HER2 gene expres-
sion signature with tumor stage (p 	 0.008), relapse (p 	
1.63e
9), and metastasis-free survival time (p 	 1.24e
9, log
rank test). Kaplan-Meier survival analyses demonstrated that
S100A14/HER2 was inversely correlated with metastasis-free
survival time (Fig. 1E). These results strongly support a poten-
tial role for S100A14/HER2 in breast cancer metastasis and its
predictive capability for prognosis.

Colocalization of S100A14 and HER2—The function of pro-
tein is usually related to its subcellular localization (21). A pre-

vious study (22) showed that transient transfected autofluores-
cent protein-tagged S100A14 was localized in the plasma
membrane in both MDA-MB-468 and T-47D cancer cells.
This, together with a similar expression pattern of S100A14/
HER2 in breast cancer tissues, prompted us to further inves-
tigate whether S100A14 expression is colocalized with HER2
in breast cancer cells. We examined the expression and sub-
cellular localization of human S100A14 and HER2 in two
S100A14-expressing breast cancer cell lines (BT474 and
SK-BR3) using confocal microscopy. Both S100A14 and
HER2 were predominantly localized at the membrane,
although S100A14 was partially localized in the cytoplasmic
compartment. Digital merging of confocal microscopic
images of S100A14 (red) and HER2 (green) depicted a con-
siderable colocalization (yellow) of these proteins in BT474
(Fig. 2A) and SK-BR3 (Fig. 2B) cells.

S100A14 Binds HER2—To determine whether the colocal-
ization of S100A14 and HER2 can lead to the interaction in
BT474 and SK-BR3 cells, we lysed BT474 cells or SK-BR3 cells
and incubated the lysate with anti-S100A14 antibody or IgG in
the presence of either 0.5 mM Ca2� or 1 mM EGTA. The results
showed that the interaction between endogenous S100A14 and
HER2 is weak. However, the interaction is dramatically
enhanced by calcium treatment and completely inhibited by
EGTA treatment (Fig. 3, A and B). Based on these results, the
interaction of S100A14 with HER2 is specific and apparently
Ca2�-dependent.

Next, we further confirmed whether S100A14 and HER2
were capable of interacting with each other. To do this, we lysed
MDA-MB-453, a malignant human breast epithelial cell line
that overexpresses HER2, and incubated the lysate with affini-
ty-purified His6-tagged S100A14 (His-S100A14) and subse-

FIGURE 1. Overexpression of S100A14/HER2 and their correlation with metastasis-free survival in breast cancer. Shown is immunohistochemistry
analysis of a primary invasive ductal carcinoma specimen stained with anti-HER2 antibody (A, top panels) or anti-S100A14 antibody (A, bottom panels) (bar, 300
�m). N, normal; C, cancer. B and C, determination of the percentage of positive cell staining was performed by ImageScope software (Aperio). Both HER2 and
S100A14 staining were significantly increased in breast cancer. D, Spearman correlation analysis showed that there was a significant positive correlation
between the expression of S100A14 and HER2 (n 	 74, r 	 0.425, p 	 1.67e
4). E, Kaplan-Meier analysis for metastasis-free survival of 598 patients with breast
cancer in the GEO database (GSE12276, GSE2034, GSE2603, and GSE5327). Patients were divided into two groups based on the median value for S100A14/
HER2. The log-rank test p values are shown.

TABLE 2
Comparison of expression levels of S100A14 with clinicopathological
features in patients with invasive ductal carcinoma
For S100A14 expression levels, a matched cancer/normal ratio of �1 was taken as
the non-overexpressed group, and a ratio of �1 was taken as the overexpressed
group. �, positive; 
, negative.

Characteristics Cases
S100A14

pNon-overexpression Overexpression

%
Age (years)

�50 29 (39.2) 9 (31.0) 20 (69.0) 0.533
�50 45 (60.8) 11 (24.4) 34 (75.6)

Estrogen receptor
� 54 (73.0) 14 (25.9) 40 (74.1) 0.442

 20 (27.0) 7 (35.0) 13 (65.0)

Progesterone
receptors

� 48 (64.9) 12 (25.0) 36 (75.0) 0.381

 26 (35.1) 9 (34.6) 17 (65.4)

HER2
� 50 (67.6) 11 (22.0) 39 (78.0) 0.036a


 24 (32.4) 11 (45.8) 13 (54.2)
Lymph node

metastasis
� 34 (45.9) 9 (26.5) 25 (73.5) 0.921

 40 (54.1) 11 (27.5) 29 (72.5)

a Statistical significance (p � 0.05) by the Pearson �2 test.

TABLE 3
Comparison of expression levels of HER2 with clinicopathological fea-
tures in patients with invasive ductal carcinoma
For HER2 expression levels, a matched cancer/normal ratio of �1 was taken as the
non-overexpressed group, and a ratio of �1 was taken as the overexpressed group.
�, positive; 
, negative.

Characteristics Cases
HER2

pNon-overexpression Overexpression

%
Age (years)

�50 29 (39.2) 12 (41.4) 17 (58.6) 0.527
�50 45 (60.8) 22 (48.9) 23 (51.1)

Estrogen
receptor

� 54 (73.0) 24 (44.4) 30 (55.6) 0.670

 20 (27.0) 10 (50.0) 10 (50.0)

Progesterone
receptors

� 48 (64.9) 21 (43.8) 27 (56.2) 0.843

 26 (35.1) 12 (46.2) 14 (53.8)

Lymph node
metastasis

� 34 (45.9) 15 (44.1) 19 (55.9) 0.771

 40 (54.1) 19 (47.5) 21 (52.5)

FIGURE 2. Confocal analysis showing the colocalization of HER2 and
S100A14 in BT474 (A) and SK-BR3 (B) cells. Cells were stained with HER2
antibody (green) or S100A14 (red). Merged images are shown on the right.
Representative cells are shown in the confocal micrographs. Bars, 10 �m.
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quently performed Western blotting analysis with anti-HER2.
HER2 can be detected in precipitated complex, suggesting that
S100A14 can interact with HER2 (Fig. 3C). The specificity of
the binding is validated by the absence of His-S100A14 from
samples that were incubated with control Myo117 protein
(recombinant 117-amino acid fragment of heavy chain of non-
muscle myosin). To further confirm the above results, we
cotransfected FLAG-HER2 plasmid or control vector with
GST-S100A14 plasmid into HEK 293T/17 cells and performed
a co-immunoprecipitation assay with anti-FLAG� M2 affinity
gel. S100A14 could be detected in FLAG-HER2 and not FLAG-
precipitated complex by Western blotting (Fig. 3D). Collec-
tively, these data reveal an interaction between S100A14 and
HER2.

Identification of the Residues in HER2 or S100A14 Important
for S100A14/HER2 Interaction—To identify the region of
HER2 to which S100A14 binds, we performed transient trans-
fection experiments in HEK 293T/17 cells with FLAG-tagged
ECD (extracellular domain, residues 1– 636) and ICD (intracel-
lular domain, residues 676 –1255) of HER2 and GST-tagged
S100A14 and then examined the interaction by co-immuno-
precipitation assays. Lysates of these cells were immunopre-
cipitated with anti-FLAG� M2 affinity gel, and the precipitates
were analyzed by immunoblotting with anti-S100A14 antibody.
An immunoreactive band recognized by the anti-S100A14 anti-
body was observed in the anti-FLAG immunoprecipitates from
cells coexpressing FLAG-HER2-ICD, but no interaction
between S100A14 and FLAG-HER2-ECD (residues 1– 636) was
detected (Fig. 4, A and B). The amount of HER2 in each sample
was essentially identical. These data suggest that the region of
HER2 ICD containing residues 676 –1255 is necessary for
S100A14 binding. To narrow the S100A14 binding site, we con-
structed four HER2-ICD truncation mutants (HER2-ICD-1
(residues 676 – 864), HER2-ICD-2 (residues 769 –956), HER2-
ICD-3 (residues 956 –1154), and HER2-ICD-4 (residues 1154 –
1255) (Fig. 4C)) and examined their interaction with S100A14.

As shown in Fig. 4D, only the region of HER2 containing resi-
dues 956 –1154 (HER2-ICD-3) is necessary for binding with
S100A14 (Fig. 4D); no interaction between S100A14 and other
HER2-ICD truncations was detected.

S100 proteins usually contain two EF-hand motifs. The
N-terminal EF-hand comprises helix I, pseudo-calcium-bind-
ing site I, and helix II, separated by a flexible linker from the
C-terminal EF-hand that includes helix III, calcium-binding
site II, and helix IV. Also, the EF-hand domain is critical for the
interaction with target proteins (5). In order to identify the
region of S100A14 to which HER2 binds, we individually
deleted each region from GST-S100A14 (Fig. 4E) and found
that only deletion of the C-terminal EF-hand markedly attenu-
ates the interaction of HER2 with S100A14 (Fig. 4F). These data
confirmed that the C-terminal EF-hand of S100A14 is neces-
sary for binding HER2. To further verify that S100A14 can
directly interact with HER2, we purified S100A14 and four
HER2-ICD truncation mutant proteins (HER2-ICD-1 (residues
676 – 864), HER2-ICD-2 (residues 769 –956), HER2-ICD-3
(residues 956 –1154), and HER2-ICD-4 (residues 1154 –1255))
in a prokaryotic expression system (Fig. 4G). Next, we con-
firmed the direct interaction between HER2 and S100A14.
Consistent with the results from in vivo co-IP, only the interac-
tion between HER2-ICD-3 and S100A14 was detected. These
results further confirmed that S100A14 can directly interact
with HER2, and residues 956 –1154 of HER2 are necessary for
the interaction with S100A14 (Fig. 4H). To further define resi-
dues critical for HER2 binding, site-directed mutagenesis was
performed on the relatively conserved residues of S100A14, and
seven mutants (D76A, F81A, S83R, D76A/F81A, F81A/S83R,
D76A/S83R, and D76A/F81A/S83R) of S100A14 were obtained
(Fig. 4I). Among these mutants, the S83R mutant of S100A14
exhibited a drastically reduced interaction with HER2 (Fig. 4J),
suggesting that amino acid residue Ser-83 of S100A14 is
required for the interaction with HER2.

FIGURE 3. S100A14 associates with HER2. A and B, S100A14 binds HER2 in a Ca2�-dependent manner. Cell lysates from BT474 (A) or SK-BR3 (B) were incubated
with anti-S100A14 antibody or IgG in the presence of either Ca2� or EGTA. The samples were examined by Western blotting using anti-S100A14 antibody or
anti-HER2 antibody. C, nickel-nitrilotriacetic acid pull-down assays were performed by incubation of immobilized His-tagged recombinant Myo117 or immo-
bilized His-tagged S100A14 with MDA-MB-453 cell lysates. Bound S100A14 and HER2 were detected by Western blotting using specific antibodies. D, co-IP
experiments in HEK 293T/17 cells. FLAG-HER2 and GST-S100A14 were cotransfected into HEK 293T/17 cells as indicated, and cell lysates were then immuno-
precipitated using anti-FLAG� M2 affinity gel. The immunoprecipitates were examined by Western blotting (IB) using specific antibodies. Input represented 5%
of cell lysates used in the co-IP experiment.
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S100A14 Regulates HER2 Phosphorylation and Signaling and
HER2-stimulated Cell Growth—HER2 overexpression can lead
to the formation of HER2 homodimer, which may transduce
oncogenic signal, such as the PI3K/AKT and Ras/Raf/MEK/
MAPK pathway, in the absence of specific ligands (18, 21). To
test whether S100A14 is involved in the HER2 signaling path-
way, siRNAs against S100A14 were transfected into MCF-7,
SK-BR3, and BT474 cells, and 24 h after transfection, the plas-
mid expressing FLAG or FLAG-HER2 was transfected into
these cells. HER2 expression, phosphorylation, and signaling
were evaluated by Western blotting. As shown in Fig. 5A,
knockdown of S100A14 significantly attenuates pHER2 levels,
and there are no accompanying significant changes in total
HER2. To evaluate a possible role for S100A14 in HER2 signal-
ing, the activation status of the PI3K/AKT and MAPK pathways
was determined. Knockdown of S100A14 significantly decreases
pAKT and pERK levels (Fig. 5A). Similar results are also observed
in SK-BR3 and BT474 cells (Fig. 5, C and E). Overall, inhibition of
S100A14 induces a sustained blockade of the HER2 signaling
pathway.

In HER2-positive breast tumors, activation of pHER2 stimu-
lates cell cycle progression and uncontrolled cell proliferation
(23). To evaluate whether S100A14 plays a functional role in
HER2-induced cell growth, we compared HER2-stimulated cell
growth in siS100A14- and siControl-transfected MCF-7,
BT474, and SK-BR3 cells. The results demonstrated that over-
expression of HER2 increases siControl-transfected MCF-7 cell
growth (up to 36% at day 4) (Fig. 5B). In contrast, HER2 over-
expression has no significant effect on siS100A14-transfected
MCF-7 cell growth. These results strongly support a critical
role for S100A14 in HER2-induced cell proliferation. We also
found a similar function of S100A14 in HER2-stimulated cell
growth in SK-BR3 cells (Fig. 5D) and BT474 cells (Fig. 5F).

DISCUSSION

HER2 amplification and overexpression have been reported
in a number of human tumors, including breast cancer, ovarian
cancer, gastric carcinoma, and salivary gland tumor (24). Over-
expression and amplification of HER2 is commonly associated
with increased tumor aggressiveness, high recurrence rates,
and reduced survival (25). The S100 protein family is one of the
largest subgroups of EF-hand calcium-binding proteins, and

several members have been reported to be overexpressed and
associated with tumor progression, prognosis, and survival
(26 –28). Our previous study showed that S100A14 is overex-
pressed in breast cancer and contributes to cell invasion by
regulating MMP2 (matrix metalloproteinase 2) (12). Therefore,
we first analyzed the correlation between S100A14/HER2
expression and clinicopathological features of breast cancer.
However, no significant difference was found between the
expression of S100A14/HER2 and clinicopathological features,
such as lymph node metastasis, prognosis, etc., in the present
study. This result may be explained by several reasons, such as
the following. 1) The sample size used in this study are not large
enough to estimate the results. 2) The value of HER2 overex-
pression in predicting lymph node metastasis is controversial.
An association between HER2 overexpression and lymph node
metastasis was found in some studies (29, 30), whereas this
association was not found in other studies (31–35). 3) We can-
not determine the correlation between S100A14/HER2 and
prognosis because the specimens were collected recently, and
the follow-up study is too short to draw conclusions on patient
outcomes. To further verify the correlation between S100A14/
HER2 expression levels and clinicopathological parameters in
breast cancer, we used four microarray data sets to perform
statistical analysis. Indeed, we found a significant correlation
between S100A14/HER2 gene expression signature and tumor
stage, relapse, and metastasis-free survival time. Kaplan-Meier
survival analyses demonstrated that S100A14/HER2 was
inversely correlated with metastasis-free survival time. These
results strongly support a potential role of S100A14/HER2 in
breast cancer metastasis and prognosis. Moreover, we found
that there was a tight correlation between S100A14 and HER2.
Consistently, our data also exhibited a strong correlation
between S100A14 and HER2 in breast cancer specimens and a
similar expression pattern of S100A14/HER2. This observation
prompted us to further investigate the association between
S100A14 and HER2. We demonstrated that S100A14 can bind
HER2 by pull-down and co-immunoprecipitation assays and
showed that residues 956 –1154 located in the ICD of HER2 are
essential for S100A14 binding, and residue 83 in the C-terminal
EF-hand of S100A14 is critical for HER2 binding. Although no
ligand has been identified for the HER2 receptor, it can interact

FIGURE 4. Mapping of the S100A14 binding site in HER2 and the HER2 binding site in S100A14. A, schematic overview of HER2 ECD and ICD that were
tested for S100A14 binding. The specific residues present in each fragment are indicated. HER2-ECD, HER2 extracellular domain (residues 1– 636); HER2-ICD,
HER2 intracellular domain (residues 676 –1255). B, HER2 truncation mutants bind to immobilized S100A14. The indicated FLAG-HER2 truncations and GST-
S100A14 were cotransfected into HEK 293T/17 cells as indicated, and cell lysates were then immunoprecipitated using anti-FLAG� M2 affinity gel. The
immunoprecipitates were examined by Western blotting (IB) using anti-S100A14 antibody. Input represented 5% of cell lysates used in the co-IP experiment.
C, schematic representation of HER2 constructs depicting the HER2 intracellular domain and HER2 intracellular domain fragments. The specific residues
present in each fragment are indicated: HER2-ICD-1 (residues 676 – 864), HER2-ICD-2 (residues 769 –956), and HER2-ICD-3 (residues 956 –1154), HER2-ICD-4
(residues 1154 –1255). D, HER2-ICD truncation mutants bind to immobilized S100A14. The indicated FLAG-HER2-ICD truncations and GST-S100A14 were
cotransfected into HEK 293T/17 cells as indicated, and cell lysates were then immunoprecipitated using anti-FLAG� M2 affinity gel. The immunoprecipitates
were examined by Western blotting using anti-S100A14 antibody. Input represented 5% of cell lysates used in the co-IP experiment. E, schematic overview of
S100A14 truncation mutants that were tested for HER2 binding. S100A14-�1, -�2, -�3, and -�4, S100A14 with residues 82–104, 1– 41, 33– 42, and 72– 81
deleted, respectively. F, S100A14 truncation mutants bind to immobilized HER2. The indicated GST-S100A14 truncations and FLAG-HER2 were cotransfected
into HEK 293T/17 cells as indicated, and cell lysates were then immunoprecipitated using glutathione-Sepharose (GSH) beads. The immunoprecipitates were
examined by Western blotting using anti-FLAG antibody. Input represented 5% of cell lysates used in the co-IP experiment. G, purified recombinant proteins
used in the direct interaction assay. Approximately 0.2 �g of each protein was separated by SDS-PAGE and stained with Coomassie Brilliant Blue. M, molecular
weight markers. H, direct interaction between GST-tagged S100A14 and His-tagged HER2 intracellular domain fragments. I, overview of the different S100A14
mutants that were tested for HER2 binding. S100A14 mutants containing point mutations in helix 4 (D76A, F81A, S83R, D76A/F81A, F81A/S83R, D76A/S83R,
and D76A/F81A/S83R) are shown. J, amino acid residue Ser-83 of S100A14 is essential for HER2 binding. GST-S100A14 and corresponding mutants and
FLAG-HER2 were cotransfected into HEK 293T/17 cells as indicated, and cell lysates were immunoprecipitated using glutathione-Sepharose (GSH) beads. The
immunoprecipitates were examined by Western blotting using anti-FLAG antibody. Input represented 5% of cell lysates used in the co-IP experiment.
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reversibly with the other family members and form active het-
erodimers that govern cell proliferation and migration (24).
Given that S100A14 binds to the intracellular domain of HER2
and HER2 is the preferred and most mitogenic dimerization
partner for EGFR, HER3, and HER4 (1, 3, 4), we speculate that
S100A14 may be involved in the homodimerization and/or het-

erodimerization of HER2. Further study will be carried out to
verify this speculation.

Phosphorylation of HER2 plays an essential role in HER2
signaling (23). A number of studies have revealed that reducing
HER2 phosphorylation inhibits activation of Ras/Raf/MAPK
and PI3K pathways (36 – 40). In this study, we found that

FIGURE 5. Knockdown of S100A14 reduces HER2 phosphorylation and downstream signaling and HER2-stimulated cell proliferation. A, MCF-7 cells
were transiently transfected with the ON-TARGETplus S100A14 pool siRNA or ON-TARGETplus non-targeting siRNA, and 24 h after transfection, the plasmid
expressing FLAG or FLAG-HER2 was transfected into the cells. Equal amounts of protein were resolved by SDS-PAGE, transferred to PVDF membranes, and
probed with anti-S100A14, anti-pHER2, anti-HER2, anti-pAKT, anti-AKT, anti-pERK, anti-ERK, and anti-�-actin antibodies. B, 24 h after ON-TARGETplus S100A14
pool siRNA or ON-TARGETplus non-targeting siRNA transfection, the plasmid expressing FLAG or FLAG-HER2 was transfected into the cells, and the viability of
MCF-7 cells was measured using an MTS assay. *, p � 0.05; **, p � 0.01. C, siRNAs and plasmids were transfected into SK-BR3 cells according to the above
method. The levels of pHER2, HER2, pAKT, AKT, pERK, ERK, and �-actin were detected. D, cell proliferation assay was performed in SK-BR3 cells. **, p � 0.01. E,
siRNAs and plasmids were transfected into BT474 cells according to the above method. The levels of pHER2, HER2, pAKT, AKT, pERK, ERK, and �-actin were
detected. F, cell proliferation assay was performed in BT474 cells. *, p � 0.05; **, p � 0.01. Error bars, S.D.
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S100A14 knockdown significantly attenuated HER2 phosphory-
lation, thereby decreasing AKT and ERK phosphorylation that
was induced by overexpression of HER2 in MCF-7, BT474, and
SK-BR3 cells. Furthermore, S100A14 knockdown also signifi-
cantly reduced HER2-stimulated cell proliferation. These
results indicate that S100A14 acts as a functional partner of
HER2. These results are in concordance with previous findings
that several S100 family members are involved in the EGF/
EGFR signaling pathway. For instance, extracellular S100A4
was found to interact with a variety of EGFR ligands and has the
highest affinity for amphiregulin, and it stimulates EGFR/
ErbB2 receptor signaling and enhances the amphiregulin-me-
diated proliferation of mouse embryonic fibroblasts (41). Also,
levels of HER2 and S100A4 were tightly correlated in samples of
primary medulloblastoma, and HER2 was found to up-regulate
the expression of S100A4 in medulloblastoma cells (42). Previ-
ous literature has also demonstrated that EGF treatment signif-
icantly induces S100A7 expression and that S100A7 plays a
functional role in the EGF-induced signaling pathway (43).

In summary, the present study revealed an important role of
S100A14 in the HER2 signaling pathway. We have for the first
time demonstrated that S100A14 can interact with HER2, and
further study showed that residues 956 –1154 of HER2 and res-
idue 83 of S100A14 are essential for the two proteins binding.
We found that S100A14 knockdown can attenuate the phos-
phorylation of HER2 and its downstream factors AKT and ERK
and further reduce HER2-stimulated cell proliferation. Eluci-
dating the mechanisms of S100 signaling in cancer will increase
our understanding of the tumorigenesis of breast cancer.
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