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Introduction

Trastuzumab is a humanized monoclonal antibody directed 
against the extracellular domain (subdomain IV) of ErbB2 (also 
known as human epidermal growth factor receptor 2 [HER2]) 
and is approved for the treatment of ErbB2/HER2-positive breast 
and gastric cancers.1,2 It is believed that binding of trastuzumab 
to ErbB2 inhibits receptor-coupled signaling by (1) prevention 
of the cleavage of ErbB2 extracellular domain by the metallo-
proteinase ADAM10 and inhibition of the active p95ErbB2 
fragment,3,4 (2) inhibition of either ErbB2 homodimerization 

or heterodimerization with other ErbB family members,1,5 and 
(3) induction of ErbB2 endocytosis followed by receptor degrada-
tion.6-11 Taken together, binding of trastuzumab to ErbB2 leads 
to the inhibition of pro-survival and proliferative pathways, such 
as the phosphatidylinositol 3-kinase (PI3K)/Akt pathway12,13 and 
the mitogen-activated protein kinase (MAPK) pathway,14 result-
ing in growth inhibition of cancer cells.

Unlike other members of ErbB family receptors, a ligand that 
specifically binds to ErbB2 has not been identified. However, 
the extracellular domain of ErbB2 can adopt a fixed confor-
mation that resembles a ligand-activated state that permits it 
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The inhibitory effect of trastuzumab, a humanized monoclonal antibody directed against the extracellular domain of 
ErbB2, is associated with its ability to induce ErbB2-Y1248 phosphorylation, and the status of phosphorylated ErbB2-Y1248 
(ErbB2-pY1248) may correlate with the sensitivity of breast cancers to trastuzumab. The mechanisms of which remain 
unclear. Here, we show that binding of trastuzumab to ErbB2 activates ErbB2 kinase activity and enhances ErbB2-Y1248 
phosphorylation in trastuzumab-sensitive breast cancer cells. This in turn increases the interaction between ErbB2 and 
non-receptor Csk-homologous kinase (CHK), leading to growth inhibition of breast cancer cells. Overexpression of CHK 
mimics trastuzumab treatment to mediate ErbB2-Y1248 phosphorylation, Akt downregulation, and growth inhibition of 
trastuzumab-sensitive breast cancer cells. CHK overexpression combined with trastuzumab exerts an additive effect on 
cell growth inhibition. We further demonstrate that positive ErbB2-pY1248 staining in ErbB2-positive breast cancer biop-
sies correlates with the increased trastuzumab response in trastuzumab neoadjuvant settings. Collectively, this study 
highlights an important role for ErbB2-pY1248 in mediating trastuzumab-induced growth inhibition and trastuzumab-
induced interactions between CHK and ErbB2-pY1248 is identified as a novel mechanism of action that mediates the 
growth inhibition of breast cancer cells. The novel mechanistic insights into trastuzumab action revealed by this study 
may impact the design of next generation of therapeutic monoclonal antibodies targeting receptor tyrosine kinases, as 
well as open new avenues to identify novel targets for the treatment of ErbB2-positive cancers.
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to form homo- or heterodimers in the absence of a ligand.15 In 
trastuzumab-sensitive breast cancer cells such as SKBR3 and 
BT474, ErbB2 is overexpressed, which leads to the formation of 
either homo- or heterodimers with other ErbB family members 
in a ligand-independent manner and the upregulation of AKT 
activity.5

The agonistic effect of trastuzumab, resulting in ErbB2 phos-
phorylation that is correlated with inhibition of cell prolifera-
tion, was reported previously.16 Diemeier et al. also reported that 
the inhibitory effect of trastuzumab on trastuzumab-sensitive 
cells (BT474 and SKBR3 cells) was associated with its ability to 
induce ErbB2 tyrosine phosphorylation at Y1248.17 A survey of 
ErbB2-overexpressing breast cancer cell lines showed that trastu-
zumab sensitivity was frequently associated with the expression of 
ErbB2 phosphorylated at Y1248.18 Recently, Gijsen et al. found 
that trastuzumab-induced ErbB2 phosphorylation was due to 
release of the ligands for ErbB family receptors, which results in 
ErbB2 heterodimerization and phosphorylation.19

Hudelist et al. showed that the presence of phosphorylation 
at ErbB1 (also known as human epidermal growth factor recep-
tor 1, HER1 or EGFR)-Y845 and ErbB2-Y1248 was an inde-
pendent predictor of better progression-free survival following 
trastuzumab treatment.20 The increased trastuzumab sensitivity 
in ErbB2 phosphorylation-positive breast cancer is believed to be 
due to increased tumor cell dependency on activated ErbB fam-
ily receptors.20 We recently reported that binding of trastuzumab 
to ErbB2 induced ErbB2 tyrosine phosphorylation in trastu-
zumab-sensitive cells.11 However, the molecular mechanisms of 
trastuzumab-induced ErbB2 phosphorylation still remain elu-
sive. Furthermore, it has not been reported whether binding of 
trastuzumab to ErbB2 modulates ErbB2 kinase activity, which 
may further impact ErbB2 phosphorylation and downstream of 
ErbB2-coupled signaling.

ErbB2 is capable of mediating transformation through dis-
tinct effector pathways, and the transformation potential of 
ErbB2 can be mediated by both positive and negative regulatory 
tyrosine phosphorylation sites in fibroblasts.21,22 Cell culture data 
previously showed that tyrosine phosphorylation at ErbB2-Y1248 
plays a role in the negative regulation of ErbB2-coupled sig-
naling.23,24 Csk-homologous kinase (CHK), a non-receptor 
tyrosine kinase, also known as megakaryocyte-associated tyro-
sine kinase (MATK), binds to phosphorylated ErbB2-Y1248 
(ErbB2-pY1248) and negatively regulates the activity of ErbB2.24 
It was reported that in addition to phosphorylating and nega-
tively regulating Src kinase activity, CHK also inhibits other 
Src family tyrosine kinases via binding to their active conforma-
tions.25 Binding of CHK to pY1248 of ErbB2 is believed to be 
important for the suppression of heregulin-activated Src kinase 
activity, and stable expression of wild-type CHK inhibits the 
growth of MCF-7 breast cancer cells in soft agar.24,26,27 Among 
downstream signaling molecules that bind to the C-terminus of 
ErbB2, CHK is the only effector that is associated with growth 
inhibition and suppression of oncogenic signaling mediated by 
ErbB2.24,26,27 This raises the question of whether the function of 
CHK is associated with trastuzumab-induced phosphorylation 
of ErbB2-Y1248 and trastuzumab-mediated inhibition of breast 

cancer cell growth. In the present study, we report that binding of 
trastuzumab to ErbB2 activates the kinase activity of ErbB2 and 
increases interaction between ErbB2 and CHK. Overexpression 
of CHK mimics trastuzumab treatment to mediate ErbB2-Y1248 
phosphorylation, Akt downregulation, and growth inhibition of 
trastuzumab-sensitive breast cancer cells. Our data demonstrate 
that positive ErbB2-pY1248 staining correlates with trastuzumab 
sensitivity in trastuzumab clinical neoadjuvant settings and in 
ErbB2 positive breast cancer cell lines.

Results

Trastuzumab-induced ErbB2-Y1248 phosphorylation corre-
lates with its ability to inhibit Akt activity and downregulate 
ErbB3 in trastuzumab-sensitive SKBR3 and BT474 cells

To investigate the site-specific phosphorylation of ErbB fam-
ily receptors upon binding of trastuzumab to ErbB2, we analyzed 
the relative levels of 17 potential phosphorylation sites among the 
ErbB family receptors. Trastuzumab-sensitive breast cancer cells 
were serum-starved overnight and then were treated either with 
trastuzumab (4 μg/mL) or EGF (100 ng/mL), or left untreated 
for the indicated times. Figure 1A showed that both trastuzumab 
and EGF induced phosphorylation of ErbB2-Y1248 (a pair of 
dots in the blue rectangle) and ErbB1-Y845 (a pair of dots in the 
red rectangle) compared with the basal levels of the phosphoryla-
tion in SKBR3 cells (0 min). EGF also stimulated phosphory-
lation of ErbB2-Y1112 (a pair of dots in the purple rectangle). 
Longer exposures revealed several other phosphorylated sites such 
as S1070, Y1173, and Y1086, in ErbB1 following EGF stimu-
lation, but not trastuzumab treatment (data not shown). The 
upregulation of phosphorylation at ErbB1-Y845, Y1173, Y1086, 
and ErbB2-Y1112 following EGF treatment is consistent with 
previous reports.28-30

Analysis of phosphorylation in BT474 cells also revealed 
strong trastuzumab-mediated phosphorylation at ErbB1-Y845 
and ErbB2-Y1248 (Fig.  1B), similar to that in SKBR3 cells. 
However, in contrast to SKBR3 cells, treatment of BT474 cells 
with EGF did not result in the upregulation of phosphoryla-
tion at ErbB1-Y845 and ErbB2-Y1248 (Fig. 1B). This may be 
due to very low levels of ErbB1 in BT474 cells. Although phos-
phorylation of ErbB2-T686 and S1113 (black rectangles) can be 
detected in BT474 cells, the phosphorylation of these two sites 
was not increased following treatment with either trastuzumab 
or EGF, suggesting that these two sites may have relatively 
higher basal levels of phosphorylation in BT474 cells as com-
pared with that in SKBR3 cells. The different phosphorylation 
profiles found in SKBR3 and BT474 cells following treatment 
with either trastuzumab or EGF suggested the heterogeneity in 
response in trastuzumab-sensitive breast cancer cells. However, 
these two trastuzumab-sensitive cell lines also shared some com-
mon characteristics such as trastuzumab-mediated increase in 
tyrosine phosphorylation at ErbB2-Y1248 and ErbB1-Y845. 
Given that trastuzumab inhibits ErbB2-positive breast cancer 
growth, we propose that trastuzumab-induced phosphorylation 
at ErbB2-Y1248 may initiate a negative feedback mechanism 
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Figure  1. Trastuzumab induces phosphorylation of ErbB2-Y1248 and ErbB1-Y845, inhibits Akt phosphorylation and downregulates ErbB3 in trastu-
zumab-sensitive SKBR3 and BT474 cells. (A) SKBR3 cells (2 × 106) were plated in 10 cm dishes, serum-starved overnight and treated either with trastu-
zumab (4 μg/mL) or EGF (100 ng/mL) for the indicated times or left untreated. After harvesting, the whole cell lysates (WCL) were incubated with 
RayBio human EGFR phosphorylation antibody array 1 according to the instructions provided by the manufacturer. The pair of dots in red rectangles 
indicates phosphorylated ErbB1-Y845 (ErbB1-pY845); blue rectangles indicate ErbB2-pY1248; purple rectangles indicate ErbB2-pY1112. The map of EGFR 
phosphorylation antibody array 1 is available at http://www.raybiotech.com/. (B) Changes in phosphorylation, as detected by RayBio human EGFR phos-
phorylation antibody array 1, following treatment of BT474 cells with trastuzumab or EGF for the indicated times. The experimental procedures were 
essentially the same as described under (A). Red rectangles indicate phosphorylation signal for ErbB1-Y845; blue rectangles indicate phosphorylation 
signal for ErbB2-pY1248. Black rectangles indicate phosphorylation signal for ErbB2-pT686 and pS1113 (from left to right). The experiments with RayBio 
human EGFR phosphorylation antibody array 1 were repeated at least twice for both cell lines. (C) SKBR3 cells were serum-starved and incubated either 
with trastuzumab or EGF for the indicated times. The cells were harvested and the levels of ErbB2-pY1248, ErbB1-pY845, P-Akt-T308, and P-Akt-S473 
or P-ERK1/2 and total levels of the indicated proteins in WCL were determined by western blot analysis. Actin western blot analysis of WCL was done 
to control for equal loading (note: from here on, actin western blots were used to control for equal loading in all figures). Bottom two panels, levels of 
ErbB1-pY845 and total ErbB1 were determined in ErbB1 immunoprecipitate by western blot analysis. (D) Western blot analysis of BT474 cells treated 
either with trastuzumab or EGF. The experimental procedures were essentially the same as (C). (E) SKBR3 and BT474 cells were serum-starved overnight 
and treated with trastuzumab for 1 h or left untreated. The levels of phosphorylated ErbB3-Y1289 (ErbB3-pY1289) and total ErbB3 were detected by west-
ern blot analysis using antibodies directed against ErbB3-pY1289 or ErbB3. (F) The cells were grown in the media supplemented with 10% FBS and then 
treated with trastuzumab (10 μg/mL) for the indicated times. WCL harvested from indicated cells were subjected to western blot analysis. The levels of 
ErbB3 in WCL were detected using an antibody directed against ErbB3.
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that inhibits ErbB2-mediated growth signaling in breast cancer 
cells.

To confirm data obtained from the antibody array, we 
analyzed the phosphorylation status of ErbB2-Y1248 and 
ErbB1-Y845 following either trastuzumab or EGF treatment in 
SKBR3 and BT474 cells. EGF treatment resulted in an increase 
in phosphorylation of ErbB2-Y1248 in SKBR3 cells (Fig. 1C), 
but not in BT474 cell (Fig. 1D), consistent with the data shown 
in Figure 1A and B. However, EGF induced strong upregula-
tion of Akt-S473 and/or T308 and ERK1/2 phosphorylation in 
both cell lines (Fig. 1C and D). In both cell lines, trastuzumab 
induced strong phosphorylation of ErbB2-Y1248, consistent 
with data shown in Figure 1A and B. In contrast to EGF, trastu-
zumab-mediated increase in ErbB2-Y1248 phosphorylation was 
associated with a strong suppression in Akt phosphorylation in 
both SKBR3 and BT474 cells (Fig. 1C and 1D). Taken together, 
these data suggest that trastuzumab-induced ErbB2-Y1248 phos-
phorylation may be associated with a mechanism, yet uniden-
tified, that mediates inhibition of Akt signaling. Surprisingly, 
trastuzumab enhanced phosphorylation of ERK1/2 in both 
cell lines (Fig.  1C and 1D). This may be the consequence of 
ErbB1-Y845 phosphorylation induced by trastuzumab since it 
has been reported that ErbB1-Y845 phosphorylation is associ-
ated with ERK activity.31 Increased ErbB1-Y845 phosphorylation 
was confirmed in SKBR3 cells following trastuzumab treatment 
(Fig. 1C), consistent with data shown in Figure 1A.

We then addressed the effect of trastuzumab on ErbB3 phos-
phorylation and degradation. As shown in Figure  1E, trastu-
zumab treatment resulted in the inhibition of ErbB3-Y1289 
phosphorylation in both SKBR3 and BT474 cells, consistent with 
previous reports.5,19 We then addressed whether trastuzumab 
was able to induce ErbB3 degradation in trastuzumab-sensitive 
cells. As shown in Figure 1F, we found that the levels of ErbB3 
in both SKBR3 and BT474 cells were reduced as a function of 
time of trastuzumab treatment, indicating that trastuzumab can 
also induce ErbB3 degradation in trastuzumab-sensitive cells 
(Fig. 1F).

Trastuzumab activates ErbB2 kinase activity and is able to 
induce ErbB2-Y1248 phosphorylation in the presence of the 
tyrosine kinase inhibitor lapatinib

Data shown in Figure 1 proved that although treatment with 
either trastuzumab or EGF resulted in tyrosine phosphorylation 
of ErbB family receptors, the phosphorylation profiles induced 
by trastuzumab or EGF are different. This may lead to different 
outcomes of cellular response. To further explore the relation-
ship between trastuzumab-induced growth inhibition and ErbB2 
phosphorylation, we asked the question of whether trastuzumab 
treatment might lead to the enhancement of ErbB1/ErbB2 het-
erodimer formation in ErbB2 overexpressing cells. Serum-starved 
SKBR3 cells were treated with either trastuzumab (4 μg/mL) for 
1 h or EGF for 15 min. As shown in Figure 2A, in SKBR3 cells, 
while ErbB1/ErbB2 heterodimers can be detected at the steady-
state, treatment with either trastuzumab or EGF did not increase 
heterodimer formation between ErbB1 and ErbB2. However, 
both trastuzumab and EGF enhanced the phosphorylation of 
ErbB1-Y845. We then asked whether similar results would be 

obtained in BT474 cells. Since the levels of ErbB1 expression are 
very low in BT474 cells (data not shown), detection of ErbB2/
ErbB1 heterodimers was performed by receptor crosslinking 
with the cross linking reagent DTSSP following trastuzumab 
treatment (4 μg/mL) of serum-starved BT474 cells. The experi-
ments were performed as previously described.5 Data obtained 
from BT474 cells were consistent with the results obtained from 
SKBR3 cells (Fig. 2B).

These data raised a question of whether binding of trastu-
zumab to ErbB2 enhanced its kinase activity, which may lead 
to the enhanced phosphorylation of ErbB2-Y1248. As shown 
in Figure 2C, a significant increase (~3-fold increase) in ErbB2 
kinase activity was observed in BT474 cells treated with trastu-
zumab for 1h compared with the untreated control cells (P = 
0.019), while ErbB2 kinase activity was only slightly increased 
in BT474 cells treated with EGF compared with the untreated 
control (P = 0.26). This may be due to the low levels of ErbB1 
in BT474 cells. Data shown in Figure 2C may also explain why 
EGF did not stimulate phosphorylation of ErbB2-Y1248 in 
BT474 cells (Fig. 1B). Approximately 2.5-fold increase in ErbB2 
kinase activity was also observed in SKBR3 cells treated with 
trastuzumab for 1h compared with the untreated control cells 
(P = 0.053). However, in SKBR3 cells, the levels of EGF-induced 
ErbB2 kinase activity were similar to that induced by trastu-
zumab (P = 0.14). These data suggest that phosphorylation of 
ErbB2-Y1248 induced by trastuzumab may be the consequence 
of the upregulated ErbB2 kinase activity upon trastuzumab 
treatment.

We next investigated the effects of blocking ErbB1/ErbB2 
kinase activity on trastuzumab-mediated ErbB1-Y845 and 
ErbB2-Y1248 phosphorylation. Serum-starved SKBR3 and 
BT474 cells were pretreated with 200 nM lapatinib, a dual 
tyrosine kinase inhibitor of ErbB1 and ErbB2, for 4 h followed 
by trastuzumab treatment at 4 μg/mL for 1 h. As shown in 
Figure  2D, lapatinib pretreatment effectively blocked trastu-
zumab-mediated phosphorylation at ErbB1-Y845 (Fig. 2D, red 
rectangles), suggesting that upregulated ErbB2 kinase activity 
induced by trastuzumab was responsible for the transphosphory-
lation of ErbB1-Y845. However, trastuzumab was still capable 
of inducing phosphorylation of ErbB2-Y1248 in the presence of 
lapatinib in SKBR3 cells although the extent of phosphorylation 
of ErbB2-Y1248 was slightly lower than that in the absence of 
lapatinib (Fig. 2D, blue rectangles). Similar results were obtained 
when BT474 cells were used for this experiment (Fig. 2E). Taken 
together, these data suggested that trastuzumab-mediated 
ErbB2-Y1248 phosphorylation was, at least partially, independent 
of ErbB1/ErbB2 kinase activities and that a tyrosine kinase, yet 
unidentified, plays a role in trastuzumab-mediated ErbB2-Y1248 
phosphorylation.

Trastuzumab treatment increases interaction between 
ErbB2 and CHK

It has been reported that the ErbB2-pY1248 is a docking 
site for downstream effectors.21,24,32 CHK, a non-receptor tyro-
sine kinase, has been reported to bind to ErbB2 directly and to 
act as a negative regulator of breast cancer cell growth.27 Kim 
et  al. demonstrated that the CHK SH2 domain binds directly 
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to phosphorylated ErbB2-Y1248 and 
that this interaction is critical for the 
inhibition of heregulin-stimulated Src 
kinase activity.24 We also confirmed 
that ErbB2 interacted with CHK in 
BT474 cells. As shown in Figure 3A, 
using an antibody directed against 
ErbB2 (trastuzumab), CHK was co-
immunoprecipitated with ErbB2 in 
BT474 cells (Fig. 3A).

To address if CHK plays a role in 
trastuzumab-mediated ErbB2-Y1248 
phosphorylation and growth inhi-
bition, we investigated whether 
trastuzumab treatment increased the 
interaction between CHK and ErbB2 
using Duolink proximity ligation assay 
(PLA). Duolink, based on in situ PLA, 
is designed to visualize endogenous 
protein interactions in fixed cells or 
tissues.33 BT474 cells were seeded and 
serum-starved overnight. Cells were 
then treated with trastuzumab for 1 h 
or left untreated. Two primary anti-
bodies raised in different species were 
used to detect ErbB2 and CHK pro-
tein complex. As shown in Figure 3B 
(top left panel), there was a basal level 
of ErbB2/CHK interaction (red dots) 
detected in BT474 cell. However, the 
interaction between ErbB2 and CHK 
was dramatically enhanced in cells 
treated with trastuzumab (top right 
panel). These data suggested that 
trastuzumab treatment increased the 
formation of a CHK/ErbB2 protein 
complex. The second and third pan-
els in Figure 3B showed that few sig-
nals (red dots) were detected in cells 
that were labeled with either no pri-
mary antibodies or only one primary 
antibody (anti-ErbB2 only). Using 
Duolink assay, a trastuzumab-medi-
ated increase in ErbB2/CHK interac-
tion was also detected in SKBR3 cells 
(Fig. S1).

CHK contributes to trastuzumab-
induced ErbB2-Y1248 phosphoryla-
tion and ErbB2-degradation

Data presented in Figure 3 suggested that CHK might play a 
role in trastuzumab-induced ErbB2-Y1248 phosphorylation. As 
shown in Figure 4A, in the absence of trastuzumab, overexpres-
sion of CHK in BT474 cells resulted in a tyrosine phosphoryla-
tion profile that was similar to that induced by trastuzumab in 
that tyrosine phosphorylation of ErbB2-Y1248 and ErbB1-Y845 
was enhanced (Fig.  4A, blue and red rectangles). We next 

investigated the functional connections between trastuzumab 
and CHK. As expected, trastuzumab induced an increase in 
ErbB2-Y1248 phosphorylation (Fig.  4B). Consistent with data 
shown in Figure  4A, overexpression of CHK also stimulated 
ErbB2-Y1248 phosphorylation (Fig.  4B). Figure  4C showed 
that the phosphorylation of ErbB2-Y1248 induced by CHK 
overexpression was further increased by trastuzumab treatment. 

Figure 2. Trastuzumab activates ErbB2 tyrosine kinase and induces ErbB2-Y1248 phosphorylation in the 
presence of lapatinib. (A) Increased ErbB1-Y845 phosphorylation was detected following trastuzumab 
treatment of SKBR3 cells. Serum-starved SKBR3 cells were treated for 1 h. After harvesting the WCL, the 
immunoprecipitation reaction with antibody recognizing ErbB2 (29D8) was performed to detect the 
heterodimer between ErbB1 and ErbB2. (B) The experiments were performed similar to those described 
in (A) except that prior to harvesting the WCL, trastuzumab-treated BT474 cells were crosslinked with 
DTSSP reagent according to the modified protocol provided in the literature.5 (C) Trastuzumab induces 
the activation of ErbB2 kinase activity in BT474 and SKBR3 cells. After serum-starving overnight, SKBR3 
and BT474 cells were either treated with trastuzumab for 1 h or EGF for 15 min, or left untreated as 
indicated. WCL were harvested and subjected to immunoprecipitation using either human control 
IgG or trastuzumab. ErbB2 tyrosine kinase activity in each immunoprecipitate was determined using 
a universal tyrosine kinase assay kit (Takara Bio Inc.) according to manufacturer’s instructions. Data 
are expressed as mean ± SEM. Statistical significance was determined by the Student t test. *P < 0.05. 
(D) SKBR3 cells were plated and grown in the serum-containing media and then serum-starved over-
night. Cells were either pre-treated with lapatinib (200 nM) for 4 h or not pretreated and then either 
treated with trastuzumab (4 μg/mL) or left untreated. Analysis of phosphorylation levels of ErbB family 
phosphorylation sites was done by RayBio human EGFR phosphorylation antibody array 1 according to 
the manufacturer’s instructions. (E) Analysis of phosphorylation level in ErbB family receptors following 
treatment of BT474 cells with trastuzumab, lapatinib, or trastuzumab plus lapatinib. The experimental 
procedures were essentially the same as those described in (D).
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Importantly this enhanced phosphorylation of ErbB-Y1248 was 
accompanied by a reduction in the total levels of ErbB2 in CHK-
expressing BT474 cells that were treated with trastuzumab for 
1 h (Fig. 4C). Taken together, data presented on Figures 3 and 
4 implicate that trastuzumab-mediated recruitment of CHK 
to ErbB2 receptor is associated with increases in ErbB2-Y1248 
phosphorylation and ErbB2 degradation. These data may also 

explain why lapatinib did not completely block trastuzumab-
induced phosphorylation of ErbB2-Y1248 (Figs. 2D and E). It 
should be noted that we still do not know whether CHK directly 
phosphorylates ErbB2 at Y1248.

Overexpression of CHK results in downregulation of Akt 
activity and inhibition of BT474 cell growth

We next examined the effects of CHK overexpression on Akt 
phosphorylation. As expected, trastuzumab treatment of BT474 
cells transiently transfected with control vector resulted in the 
inhibition of Akt-S473 phosphorylation (Fig. 5A). Transient over-
expression of CHK also resulted in a decrease in Akt-S473 phos-
phorylation independent of trastuzumab treatment (Fig.  5A). 
Trastuzumab treatment of CHK expressing cells did not result in 
further downregulation of Akt-S473 phosphorylation (Fig. 5A). 
Similar results were obtained from SKBR3 cells transfected with 
either the control vector or the vector encoding DDK-tagged 
CHK, except that in SKBR3 cells trastuzumab treatment led 
to a further inhibition in Akt-S473 phosphorylation (Fig. 5B). 
Transient overexpression of DDK-tagged CHK in BT474 and 
SKBR3 cells was detected using an antibody directed against 
the DDK tag (Fig. 4A and B, bottom panels). We next asked 
if overexpression of CHK inhibited the growth of BT474 cells. 
As shown in Figure 5C, transient expression of CHK in BT474 
cells inhibited the growth of BT474 cells. We observed about 
a 30% reduction in cell number on days 4 and 8, respectively 
for cells overexpressing CHK as compared with cells expressing 
empty vector (Fig. 5C, cf. column 5 with column 7 for day 4; cf. 
column 9 with column 11 for day 8). Addition of trastuzumab 
further inhibited the growth of BT474 cells overexpressing CHK 
such that about a 55% reduction in cell numbers occurred at 
both time points in cells overexpressing CHK compared with 
cells expressing the vector control (Fig. 5C, cf. column 6 with 
column 8 for day 4; column 10 with column 12). Taken together, 
data shown in Figure 5 suggested that overexpression of CHK 
mimicked the inhibitory effect of trastuzumab on Akt activity 
and BT474 cell growth. Additionally, at day 8 the combination 
of CHK overexpression and trastuzumab treatment had an addi-
tive effect on growth inhibition, in that a 49% growth inhibition 
was observed for cells treated with trastuzumab alone whereas a 
75.2% growth inhibition occurred when CHK-expressing cells 
were treated with trastuzumab on day 8 (Fig. 5C, cf. columns 9, 
10, and 12).

Trastuzumab does not induce ErbB2-Y1248 phosphoryla-
tion, but is capable of downregulating Akt phosphorylation in 
trastuzumab-resistant JIMT1 cells

Results shown in the previous sections suggest that the abil-
ity of trastuzumab to mediate phosphorylation of ErbB2-Y1248, 
which correlates with Akt inhibition, is an important part of 
mechanism of action for trastuzumab-induced growth inhibition 
in trastuzumab-sensitive cells. We then asked whether trastu-
zumab was able to induce ErbB2-Y1248 phosphorylation in 
trastuzumab-resistant cells. Unlike SKBR3 and BT474 cells, little 
or no basal levels of phosphorylated ErbB2-Y1248 were detected 
in trastuzumab-resistant JIMT1 cells and trastuzumab did not 
induce ErbB2-Y1248 phosphorylation in these cells (Fig.  6A). 
Moreover, the inability of trastuzumab to induce ErbB2-Y1248 

Figure  3. Trastuzumab treatment increases the interaction between 
ErbB2 and CHK in BT474 cells. (A) BT474 cells were electroporated with 
either empty pCMV6-entry vector or pCMV-entry vector encoding DDK-
tagged CHK. After transfection, cells were grown in the serum-contain-
ing media to recover for 24 h, and then were serum-starved overnight. 
Immunoprecipitation was performed as indicated and the immunopre-
cipitates were run in parallel with WCL from the indicated reactions to 
detect CHK and ErbB2 expression by western blot analysis. (B) BT474 cells 
were plated, serum-starved, fixed, and permeabilized. Following per-
meabilization, Duolink proximity ligation assay was performed accord-
ing to the manufacturer’s instructions as indicated in the Materials and 
Methods. Representative images of samples incubated with anti-ErbB2 
and anti-CHK antibodies (top row), and negative control samples (no pri-
mary antibodies, middle; anti-ErbB2 antibody only, bottom row).
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phosphorylation correlated with trastuzumab-
resistant phenotype of JIMT1 cells. As shown in 
Figure 6B, trastuzumab did not inhibit JIMT1 
cells growth, consistent with previous reports.10,34 
In addition, no interactions between CHK and 
ErbB2 were detected by Duolink assays in JIMT1 
cells that were either treated with trastuzumab 
or left untreated (Fig.  S2) although the expres-
sion levels of endogenous CHK in JIMT1 cells 
were even slightly higher than that in SKBR3 
cells (Fig.  6A). This suggests that the interac-
tion between CHK and ErbB2 is dependent on 
the phosphorylation of ErbB2-Y1248. Next, we 
asked whether overexpression of CHK induces 
ErbB2-Y1248 phosphorylation in JIMT1 cells. 
Figure  6C showed that CHK overexpression 
did not enhance ErbB2-Y1248 phosphorylation 
in JIMT1 cells. We asked a question of whether 
overexpression of CHK inhibited JIMT1 cell 
growth or rendered JIMT1 cells to be sensitive 
to trastuzumab. Figure  6D demonstrated that 
overexpression of CHK not only did not inhibit 
BT474 cell growth, but also was unable to render 
JIMT1 cells to be sensitive to trastuzumab. Taken 
together, these data provide evidence that sensi-
tivity of cells to trastuzumab is independent of 
CHK expression. ErbB2-Y1248 phosphorylation 
and ErbB2/CHK complex formation induced 
by trastuzumab are critical for the sensitivity of 
trastuzumab treatment. The inset in Figure 6D 
showed CHK expression in JIMT1 cells at the 
indicated time points.

Since trastuzumab was unable to induce 
ErbB2-Y1248 phosphorylation in JIMT1 cells, 
we then tested whether the activity of Akt was altered by trastu-
zumab in these cells. Surprisingly, trastuzumab was still able to 
downregulate phosphorylation of Akt at two phosphorylation 
sites (T308 and S473) (Fig. 6E and F). This result indicates that 
although trastuzumab inhibition of PI3K-Akt signaling is one 
of major mechanisms to mediate growth inhibition,5,12 resistance 
to trastuzumab in JIMT1 cells was not due to the inability of 
trastuzumab to inhibit Akt signaling. These data further demon-
strate that the phosphorylation status at ErbB2-Y1248 or inabil-
ity to induce phosphorylation of ErbB2-Y1248 by trastuzumab 
might be a potential predictive biomarker for primary resistance 
to trastuzumab.

MCF7 cells, which are derived from a breast adenocarcinoma, 
express relatively low levels of ErbB2 as compared with SKBR3 
and BT474 cells7 (also our unpublished data) and are resistant to 
trastuzumab.18,35 ErbB2-Y1248 phosphorylation was not detect-
able in MCF7 cell, and trastuzumab also was unable to induce 
ErbB2-Y1248 phosphorylation in these cells (data not shown). 
Figure  6G showed that trastuzumab was unable to inhibit 
MCF7 cell growth. While Akt was detected in MCF7 cells, 
the phospho-Akt was not detected in MCF7 cells under either 

trastuzumab-treated or untreated conditions (data not shown). 
Similar to SKBR3 and BT474 cells, upregulation of ERK1/2 
phosphorylation (P-ERK1/2) was readily detectable in MCF7 
cells treated with trastuzumab (Fig. 6H), suggesting that ERK 
phosphorylation induced by trastuzumab is likely not associated 
with inhibitory effects of trastuzumab on cell growth. Taken 
together, these data provide another line of evidence that resis-
tance to trastuzumab correlated with the loss of ErbB2-Y1248 
phosphorylation.

The status of ErbB2-Y1248 phosphorylation correlates with 
the response to trastuzumab treatment in neoadjuvant settings

Our data suggested that the phosphorylation status at 
ErbB2-Y1248 might be an important indicator for sensitiv-
ity to trastuzumab. We next examined whether ErbB2-Y1248 
phosphorylation was associated with response to trastuzumab 
in ErbB2-positive breast cancer. Analysis of clinical specimens 
for the presence of ErbB2-pY1248 staining was performed on 
tumor samples from the patients who were indicated to receive 
trastuzumab therapy in the neoadjuvant settings. As shown in 
Table 1, 4 out of 5 patients who progressed or had residual dis-
ease after neoadjuvant trastuzumab treatment were negative for 

Figure  4. Overexpression of CHK induces ErbB2-Y1248 phosphorylation and mediates 
ErbB2 degradation following treatment with trastuzumab. (A) BT474 cells were electropor-
ated with either empty pCMV6-entry vector or pCMV-entry vector encoding DDK-tagged 
CHK. Cells were then grown in serum-containing media to recover for 24 h, followed with 
serum starvation for 24 h. Vector control cells were either treated with trastuzumab (4 μg/
mL) for 1 h or left untreated. The RayBiotech antibody array assay was used to detect 
the phosphorylation levels among different EGFR family members. Red rectangles, 
ErbB1-pY845; blue rectangles, ErbB2-pY1248. The expression of DDK-tagged CHK in WCL 
was detected using an antibody directed against DDK. (B) The experimental procedures 
were similar to those described in (A) except that WCL obtained from BT474 cells were sub-
jected to western blot analysis to detect ErbB2-pY1248 and total ErbB2. The overexpressed 
DDK-tagged CHK was immunoprecipitated and detected using antibody directed against 
DDK. (C) BT474 cell were transiently transfected with either empty pCMV6- entry vector 
or pCMV6-entry vector encoding DDK-tagged CHK. The cells were grown in the serum-
containing media for 24 h and were then serum-starved for 24 h. The cells were either 
treated with trastuzumab (4 μg/mL) for 1 h or left untreated. The levels of ErbB2-pY1248 
and total ErbB2 in WCL were detected using western blot analysis. DDK-tagged CHK 
expression was detected using an antibody directed against CHK.
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ErbB2-pY1248 staining (either 0, +, or +/++), whereas 4 out of 5 
patients who either achieved complete or near complete patho-
logical remission after neoadjuvant trastuzumab treatment were 
positive for ErbB2-pY1248 staining (3+). Representative anti-
ErbB2-pY1248 immunohistochemical staining of core breast 
cancer biopsy samples is shown in Figure  7A. Panels a and b 
show positive ErbB2-pY1248 staining (3+). Panel c shows nega-
tive ErbB2-pY1248 staining (1+) with predominantly cytoplas-
mic and focal incomplete membrane staining, and panel d shows 
a negative staining. Cases a and b had a complete pathologic 
response after neoadjuvant trastuzumab treatment, whereas cases 
c and d had residual disease after neoadjuvant trastuzumab treat-
ment. These data indicated that ErbB2-pY1248-positive staining 
correlated with response to trastuzumab treatment in ErbB2-
positive breast cancer patients.

Discussion

Unlike cetuximab, which binds to the extracellular domain 
of EGFR/ErbB1 and blocks ligand-induced EGFR/ErbB1 tyro-
sine phosphorylation and downstream signaling events,36,37 
trastuzumab induces ErbB2 tyrosine phosphorylation upon 
binding to ErbB2.11,12,17,19. Furthermore, trastuzumab-induced 
tyrosine phosphorylation of ErbB2 is correlated with its inhibi-
tory effect on tumor growth.16 This effect may be unique to 
trastuzumab structure, since 4D5, a mouse monoclonal anti-
body from which epitope regions were used to generate trastu-
zumab was reported to inhibit phosphorylation of ErbB2.38 
This raises the question of how trastuzumab-induced tyrosine 
phosphorylation of ErbB2 is coordinated with its ability to 
inhibit tumor growth.

Using EGFR phosphorylation antibody array 1, we compared 
phosphorylation levels among ErbB family receptors induced 
by either EGF or trastuzumab in trastuzumab-sensitive SKBR3 
and BT474 cells. Trastuzumab-induced phosphorylation of 
ErbB1-Y845 is eliminated by lapatinib, suggesting that trastu-
zumab-induced phosphorylation at ErbB1-Y845 is ErbB1 and/
or ErbB2 kinase dependent (Fig. 2D and E). However, trastu-
zumab is still able to induce ErbB2-Y1248 phosphorylation in the 
presence of lapatinib, which indicates that trastuzumab-induced 
ErbB2-Y1248 phosphorylation is at least in part independent of 
the kinase activity of ErbB2 (Fig. 2D and E).

Here, we describe a previously unappreciated relationship 
between trastuzumab and the non-receptor kinase CHK. Based 
on a number of lines of evidence presented in this study, we 
propose a novel molecular mechanism by which trastuzumab 
promotes recruitment of CHK to ErbB2 to regulate ErbB2 phos-
phorylation at Y1248 and ErbB2 degradation. As shown in the 
proposed model presented in Figure 7B, the basal phosphoryla-
tion at ErbB2-Y1248 allows CHK to bind to ErbB2. Upon bind-
ing to the extracellular domain of ErbB2, trastuzumab activates 
the ErbB2 kinase. This further induces ErbB2 phosphorylation 
at Y1248 and promotes recruitment of CHK to the ErbB2. Upon 
binding to ErbB2, CHK enhances ErbB2-Y1248 phosphoryla-
tion, leading to an increase in trastuzumab-induced ErbB2 deg-
radation, the reduction in Akt signaling and inhibition of cell 
growth.

Additionally, our data suggest a novel mechanism by which 
trastuzumab acts differently on existing heterodimers (ErbB1/
ErbB2 vs. ErbB2/ErbB3) in both SKBR3 and BT474 cells. As 
shown in Figure  7B, binding of trastuzumab to ErbB2 does 
not interfere with heterodimer formation between ErbB1 and 
ErbB2, but rather induces ErbB1-Y845 phosphorylation, which 
may account for the induction of ERK1/2 phosphorylation.31 In 
contrast, binding of trastuzumab to ErbB2 in ErbB2/ErbB3 het-
erodimers leads to the inhibition of ErbB3-Y1289 phosphoryla-
tion, resulting in ErbB3 degradation and downregulation of Akt 
activity.

Collectively, this study highlights an important role for 
ErbB2-Y1248 phosphorylation in mediating trastuzumab-
induced growth inhibition. Data indicate that the inhibitory 
effect of trastuzumab on breast cancer cells may result not 

Figure 5. CHK overexpression reduces Akt phosphorylation and inhibits 
BT474 cell growth. (A) Western blot analysis of Akt phosphorylation in 
BT474 cells overexpressing either empty pCMV6 vector or DDK-tagged 
CHK. BT474 cells were electroporated and left to recover in serum con-
taining media for 24 h. Cells were then serum-starved for 24 h and were 
either treated with trastuzumab (4 μg/mL) or left untreated. WCL were 
subjected to western blot analysis using antibodies directed against 
pAkt-S473 or Akt. Anti-DDK antibody was used to detect overexpres-
sion of DDK-tagged CHK in WCL. (B) Western blot analysis of Akt-S473 
phosphorylation in SKBR3 cells overexpressing either empty pCMV6 
vector or DDK-tagged CHK. The experimental procedures were essen-
tially the same as those described in (A). (C) Analysis of growth of BT474 
cells transiently overexpressing empty vector or vector encoding DDK-
tagged CHK. After transfection, cells were plated in triplicate at 10 × 103/
well in 12 well plates in media containing either trastuzumab (10 μg/
mL) or no trastuzumab. Cells were trypsinized, mixed with trypan blue 
and counted using BioRad TC10 automated cell counter on the indicated 
days. Data represent the mean ± SEM from one of the two independent 
experiments each performed in triplicate. DDK-tagged CHK expression 
in BT474 cells was detected by western blot analysis using an anti-DDK 
antibody.
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Figure  6. Trastuzumab is unable to induce ErbB2-Y1248 phosphorylation in JIMT1 cells, but is still capable of inhibiting Akt activity. (A) Analysis of 
ErbB2-Y1248 phosphorylation in trastuzumab-sensitive and trastuzumab-resistant cells as indicated following treatment with trastuzumab. Cells were 
plated in 10% serum containing media for 24 h and then treated with trastuzumab (4 μg/mL) for 1 h or left untreated. The levels of ErbB2-pY1248, total 
ErbB2, and endogenous CHK in WCL were detected by western blot analysis using anti-phospho-ErbB2-Y1248, anti-ErbB2, and anti-CHK antibodies. (B) 
JIMT1 cells were plated at 2.5 × 104/well in 12-well plates in triplicate in media containing either trastuzumab (10 μg/mL) or no trastuzumab (control). Cells 
were trypsinized, mixed with trypan blue, and counted at the indicated times using a BioRad TC10 automated cell counter. Data represent the mean ± SEM 
from one of the two independent experiments, and each was performed in triplicate. (C) JIMT1 cells were electroporated with either empty pCMV6-entry 
vector or pCMV-entry vector encoding DDK-tagged CHK. WCL were harvested 48 h post-transfection and then subjected to immunoprecipitation using 
an antibody directed against ErbB2. The levels of ErbB2-pY1248 in immuneprecipitates were evaluated by western blot analysis using an antibody directed 
against ErbB2-pY1248. Total ErbB2 in the immunoprecipitates was detected using an antibody directed against ErbB2. The levels of DDK-CHK in WCL were 
detected using an antibody directed against DDK tag. IgG was used as a negative control. (D) JIMT1 cells were electroporated with either empty pCMV6-
entry vector or pCMV-entry vector encoding DDK-tagged CHK. Cells then were seeded at 10 × 103/well in 12-well plate in triplicate and treated with 
trastuzumab (50 μg/mL) or left untreated. Cells were trypsinized, mixed with trypan blue and counted using a BioRad TC10 automated cell counter on the 
indicated days. Data represent the mean ± SEM from one of the two independent experiments, and each was performed in triplicate. Inset: Levels of DDK-
CHK expression in WCL were detected in JIMT1cells by western blot analysis using an antibody directed against DDK at the indicated times. (E) JIMT1 cells 
were plated in media containing 10% serum for 24 h and then serum-starved for another 24 h. Cells then were treated with trastuzumab at the indicated 
concentration for 1 h or left untreated. The levels of P-Akt-T308 and total Akt in WCL were detected by western blot analysis. (F) The experimental proce-
dures were essentially the same as described in (E) except that SKBR3 and BT474 cells were also included and the levels of P-Akt-S473 and total Akt in WCL 
were detected by western blot analysis. (G) MCF7 cells were plated at 2.5 × 104/well in a 12-well plate overnight, and then treated with either trastuzumab 
(4 and 10 μg/mL) or left untreated for the indicated days. Cells were trypsinized, mixed with trypan blue, and counted using BioRad TC10 automated cell 
counter on the indicated days. Data represent the mean ± SEM from one of the two independent experiments, and each was performed in triplicate. (H) 
P-ERK1/2 and total ERK1/2 detected in MCF7 WCL by western blot analysis using antibodies directed against P-ERK1/2 and ERK1/2, respectively.
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only from inhibiting receptor-coupled signaling but also from 
activating its kinase activity to mediate signaling pathways 
that negatively regulate cell growth. Trastuzumab-induced 
interactions between CHK and ErbB2-pY1248 are identified 
as a novel mechanism of action that mediates growth inhibi-
tion. The novel mechanistic insights into trastuzumab action 
revealed by this study may impact the design of next generation 
of therapeutic monoclonal antibodies targeting receptor tyro-
sine kinases for the cancer therapy. For example, modulation 
of the kinase activity of a receptor, together with its associated 
downstream signaling pathways, may be incorporated in the 
screening strategies for the development of therapeutic mono-
clonal antibodies.

About two-thirds of ErbB2-positive breast cancers are primar-
ily resistant to trastuzumab treatment.39,40 While downregula-
tion of Akt is believed to be one of the major mechanisms of 
action of trastuzumab, trastuzumab is still capable of inhibiting 
Akt activity in trastuzumab-resistant JIMT1 breast cancer cells. 
This finding indicates that resistance to trastuzumab may not be 
due to the inability of trastuzumab to inhibit Akt activity. This 
also suggests that reduction in Akt phosphorylation induced by 
trastuzumab may not be a reliable indicator for the response to 
the trastuzumab treatment. Based on our data, we propose that 
the phosphorylation status of ErbB2-Y1248 might be an impor-
tant biomarker for the response to the trastuzumab treatment. 
This observation is supported by our clinical data that positive 
staining of ErbB2-pY1248 correlated with increased response 
to trastuzumab treatment in neoadjuvant settings (Fig.  7A; 
Table  1). Prospective clinical investigations of the relation-
ship between ErbB2-Y1248 phosphorylation and response to 
trastuzumab treatment are warranted for the development of 
ErbB2-Y1248 phosphorylation as a predictive biomarker for the 
response to trastuzumab treatment.

Methods/Materials

Antibodies and reagents
Antibodies against ErbB2 (29D8), phospho-ErbB2 (pY1248), 

phospho-ErbB1 (pY845), ERK1/2 (clone L34F12), phos-
pho-ERK1/2 (202T/204Y), Akt (clone 11E7), phospho-Akt 
(S473, T308), were obtained from Cell Signaling Technology. 
Antibodies against actin, CHK and immunohistochemis-
try quality anti-phospho ErbB2 (pY1248) were obtained from 
Sigma-Aldrich. Antibody against ErbB1 was obtained from 
BD Transduction Laboratories. Antibody against DDK was 
obtained from Origene. Anti-DYKDDDDK tag (L5) affinity 
gel was obtained from BioLegend. Trastuzumab was purchased 
from the pharmacy at the National Institutes of Health (NIH). 
Recombinant human EGF was obtained from Invitrogen. 
pCMV6-entry (Myc/DDK) tagged vector encoding CHK and 
empty vector were obtained from Origene. The Duolink In Situ 
kit was obtained from Olink Bioscience.

Cell culture and transfection
SKBR3, BT474, and MCF7 cells were obtained from 

American Type Culture Collection (ATCC). SKBR3 and 
BT474 cells were grown in DMEM (Lonza) containing 10% 
fetal bovine serum (FBS) and 1% antibiotic/antimycotic 
(Invitrogen). The JIMT-1 cell line was purchased from DSMZ 
(German Collection of Microorganisms and Cell Cultures) and 
was grown in DMEM supplemented with 10% FBS. Transient 
expression of CHK in cells was done by Nucleofector technol-
ogy (Lonza).

RayBio human EGFR phosphorylation antibody array 1
The array was obtained from RayBiotech, Inc. and the assays 

were performed according to manufacturer’s instructions. RayBio 
Human EGFR phosphorylation antibody array 1 can detect 17 
phosphorylation sites of ErbB family of receptor tyrosine kinases.

Table 1. Phosphorylation status of ErbB2-Y1248 for trastuzumab non-responders and trastuzumab responders in trastuzumab neoadjuvant settings

Progress or residual disease after neoadjuvant trastuzumab treatment (non-responders)

Subject ErbB2-pY1248 staining Result

Case 1 + Negative

Case 2 +/++ Negative

Case 3 0 Negative

Case 4 +++ Positive

Case 5 + Negative

Complete or near-complete pathological remission after neoadjuvant trastuzumab treatment (responders)

Subject ErbB2-pY1248 staining Result

Case 6 +++ Positive

Case 7 +++ Positive

Case 8 +++ Positive

Case 9 +++ Positive

Case 10 +/++ Negative

ErbB2 IHC results were interpreted based on the most recent CAP/ASCO guideline.42 Positive cases were those with uniform, intense and complete mem-
brane staining in greater than 30% of the invasive tumor cells (Score 3+). Negative cases were defined as those with either no staining (Score 0) or weak, 
incomplete membrane staining in less than or equal to 30% of cells, or complete membrane staining that was either non-uniform or weak in intensity, but 
with obvious circumferential distribution in at least 10% of tumor cells (Score 2+).
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Figure 7. Positive ErbB2-pY1248 staining in ErbB2-positive breast cancer biopsies correlates with the increased trastuzumab response in trastuzumab 
neoadjuvant settings. (A) Immunohistochemical staining using an anti-phospho-ErbB2-Y1248 antibody on representative cases of core biopsies 
obtained from breast cancer patients before neoadjuvant trastuzumab treatment. (a and b) Positive with 3+ staining; (c) negative (+, with predomi-
nantly cytoplasmic and focal incomplete membrane staining); (d) negative staining. Cases (a and b) had complete pathologic response after trastu-
zumab treatment. Cases (c and d) had residual disease. (B) Model depicting trastuzumab-mediated interaction between CHK and ErbB2 to regulate 
ErbB2 phosphorylation at Y1248 and degradation. Overexpression of ErbB2 in trastuzumab-sensitive breast cancer cells leads to heterodimer forma-
tion among ErbB family members (ErbB1/ErbB2 and ErbB2/ErbB3). This results in the basal phosphorylation of ErbB2 at Y1248 creating docking sites 
for downstream effectors such as CHK. When binding to the extracellular domain of ErbB2, trastuzumab stimulates kinase activity of ErbB2, resulting 
in an increase in ErbB2-pY1248. This in turn promotes recruitment of CHK to ErbB2 via ErbB2-pY1248. Upon binding to ErbB2, CHK further enhances 
the phosphorylation of ErbB2-Y1248 and induces ErbB2 degradation. Binding of trastuzumab to ErbB2 does not interfere with heterodimer formation 
between ErbB1 and ErbB2, but rather induces ErbB1-Y845 phosphorylation. This may lead to the induction of ERK1/2 phosphorylation. However, the 
role of ERK1/2 phosphorylation induced by trastuzumab in trastuzumab-mediated growth inhibition remains elusive. Binding of trastuzumab to ErbB2 
in ErbB2/ErbB3 heterodimers leads to the inhibition of ErbB3-Y1289 phosphorylation and promotes ErbB3 degradation. Downregulation of both ErbB2 
and ErbB3 results in the inhibition of Akt activity and breast cancer cell growth.

ErbB2 kinase assay
ErbB2 tyrosine kinase activity was detected using a commer-

cially available sandwich ELISA universal tyrosine kinase assay 
detection kit (Takara Bio, Inc.). This assay monitors the transfer 

of γ-phosphate residue from ATP to peptide substrates immobi-
lized on plate. In brief, whole cell lysate (WCL) was harvested 
and subjected to immunoprecipitation with either control human 
IgG or anti-ErbB2 antibody (trastuzumab). Immunoprecipitates 
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were incubated with tyrosine kinase substrate immobilized on 
the ELISA plate. Detection of tyrosine phosphorylation of sub-
strate was performed by colorimetric reaction following incuba-
tion with the anti-phosphotyrosine (pY20) antibody conjugated 
to horse radish peroxidase that was measured at OD

450.
 In each 

reaction, a set of tyrosine kinase activity standards provided by 
the manufacturer was also included and used to calculate tyro-
sine kinase activity of the respective samples. Normalization of 
the ErbB2 tyrosine kinase activity was performed by subtracting 
background (nonspecific human IgG) from the ErbB2 tyrosine 
kinase values, including trastuzumab-treated or untreated and 
EGF-treated samples. The resulting numbers were used to cal-
culate the fold changes in ErbB2 kinase activity using the values 
obtained from cells untreated with trastuzumab as the reference.

Heterodimer (ErbB1/ErbB2) detection and immunoprecipi-
tation

For the analysis of ErbB2/ErbB1 complexes in BT474 cells fol-
lowing trastuzumab treatment, the cells were cross-linked using 
DTSSP, according to the protocol described in Junttila et  al.5 
Immunoprecipitation reactions were performed by the standard 
procedures.41

Duolink proximity ligation assay
Duolink proximity ligation assays (PLA) were performed 

according to manufacturer’s instructions (Olink Bioscience). The 
detailed protocol for this assay is available at http://www.olink.
com/products/duolink/downloads/duolink-manuals-and-guide-
lines. Briefly, cells were fixed and permeabilized, and then incu-
bated overnight with two different primary antibodies raised in 
different species (mouse anti-ErbB2 and rabbit anti-CHK). The 
conditions with either no primary antibody or one primary anti-
body were used as controls. After washing, cells were incubated 
with secondary antibodies conjugated with the oligonucleotide 
probes (PLA probe plus and PLA probe minus) for 1 h at 37 °C 
followed by addition of ligase into the slides for another 30 min 
incubation at 37 °C. In the amplification step, nucleotides and 

fluorescently labeled oligonucleotides were added together with 
polymerase. After hybridization, signals from fluorescently-
labeled oligonucleotides in the concatemeric products were visu-
alized by fluorescent microscopy. Distinct single fluorescent spots 
indicate that there was an interaction between ErbB2 and CHK.

Cell growth assays
Cell growth assays were performed as previously described.41 

At the indicated times, cells were trypsinized, mixed with trypan 
blue and counted using a BioRad TC10 automated cell counter.

Analysis of clinical samples
Tissue sections were deparaffinized and rehydrated. 

Nonspecific binding was blocked after which sections were incu-
bated with primary anti-phospho-ErbB2 (pY1248) antibody 
(1:50 dilution, Sigma). Slides were incubated with ready-to-use 
secondary antibody (Vectastain Elite ABC Universal Kit; Vector 
laboratories), then with the avidin-biotin peroxidase complex 
(1:100 Vectastain Elite ABC kit), after which visualization was 
conducted with chromogenic 3,3′-diaminobenzedine (Dako).
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