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ABSTRACT

Dimerization among the EGFR family of tyrosine kinase
receptors leads to allosteric activation of the kinase
domains of the partners. Unlike other members in the
family, the kinase domain of HER3 lacks key amino acid
residues for catalytic activity. As a result, HER3 is
suggested to serve as an allosteric activator of other
EGFR family members which include EGFR, HER2 and
HER4. To study the role of intracellular domains in
HER3 dimerization and activation of downstream sig-
naling pathways, we constructed HER3/HER2 chimeric
receptors by replacing the HER3 kinase domain (HER3-2-3)
or both the kinase domain and the C-terminal tail
(HER3-2-2) with the HER2 counterparts and expressed
the chimeric receptors in Chinese hamster ovary (CHO)
cells. While over expression of the intact human HER3
transformed CHO cells with oncogenic properties such
as AKT/ERK activation and increased proliferation and
migration, CHO cells expressing the HER3-2-3 chimeric
receptor showed significantly reduced HER3/HER2
dimerization and decreased phosphorylation of both
AKT and ERK1/2 in the presence of neuregulin-1
(NRG-1). In contrast, CHO cells expressing the
HER3-2-2 chimeric receptor resulted in a total loss of
downstream AKT activation in response to NRG-1, but
maintained partial activation of ERK1/2. The results
demonstrate that the intracellular domains play a cru-
cial role in HER3’s function as an allosteric activator
and its role in downstream signaling.

KEYWORDS HERS3, HER2, cell proliferation, cell migra-
tion, PISK/AKT, MAPK/ERK1/2

INTRODUCTION

The human epidermal growth factor receptor (EGFR or
HER) family consists of four closely related type 1 trans-
membrane tyrosine kinase receptors: EGFR, HER2, HER3
and HER4 (Huang et al., 2009). EGFR, HER3 and HER4
exist in an inactive tethered (closed) confirmation and
require ligand binding for activation, while HER2 has no
reported ligand and exists in an open confirmation and is
constitutively active for dimerization (Choi et al., 2012).
HER receptors signal through the MAPK/ERK1/2 and
PIBK/AKT pathways and form a signaling network which
functions in concert with complex compensatory and
feedback regulatory loops (Huang et al., 2009). Aberrant
activation of HER receptors can tip the balance and cause
deteriorative effects on cellular events that lead to various
diseases such as cancer (Shepard et al., 2008). Among all
the homodimer and heterodimer pairs, HER3/HER2 is the
most potent partner for activation of the PI3K/AKT signal-
ing cascade through direct HER3 binding to the p85 sub-
unit of PI3K (Mattoon et al., 2004; Suenaga et al., 2005;
Amin et al., 2010b). Growing evidence suggests that
HERS plays a pivotal role in regulation of the HER signal-
ing cascade and it is emerging as a cancer drug target
(Engelman et al., 2007; Kong et al., 2008; Wheeler et al.,
2008; Baselga and Swain, 2009; Narayan et al., 2009;
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Schoeberl et al., 2009; Amin et al., 2010a).

Dimerization among the EGFR family of receptors leads to
allosteric activation of the kinase domains of the partners,
and the activated kinase domains in turn phosphorylate the
tyrosine residues in the C-terminus of the receptors (Jura et
al., 2009b; Jura et al., 2009a). HERS is different from EGFR,
HER2 and HER4 in that it lacks intrinsic kinase activity and
has not been reported to form homodimers on cell surface
(Sierke et al., 1997; Berger et al., 2004). Since the catalyti-
cally inactive kinase domain of HERS3 is not capable of acti-
vating the kinase domain of its partnering receptors, HER3 is
suggested to have evolved as a dedicated and specialized
activating receptor in the EGFR family (Jura et al., 2009a;
Amin et al., 2010a).

Despite the significant role that HER3 plays in cell sig-
naling and cancer development, our understanding of the
HERS biology remains limited. Little is known about the role
that HERS3 intracellular domains play in dimerization with
other HER family receptors and activation of downstream
signaling. In this study, we constructed HER3/HER2 chi-
meric receptors by replacing the HERS3 intracellular domains
with their HER2 counterparts and over expressed the chi-
meric receptors in CHO cells to investigate the effect of
intracellular domains on HERS3/HER2 dimerization and
downstream signaling.

RESULTS

Expression of human wild type HER3 and chimeric
HER3/HER2 in CHO cells

To investigate the role of intracellular domains on HER3

function, we engineered two HER3/HER2 chimeric constructs:

HER3-2-2 and HERS3-2-3. The HER3-2-2 construct has the
HER3 TK and CTD domains replaced with the HER2 corre-
sponding region (AA712-1255) (Fig. 1A). The HER3 TK
domain was replaced with the HER2 TK domain in the
HERS3-2-3 construct (AA712-990) (Fig. 1A). Stable CHO cell
lines which express the wild type HER3 and the two
HER3/HER2 chimeric constructs were developed. Endoge-
nous EGFR expression was not detectable, but various levels
of endogenous HER2, HER3 and HER4 expression were
detected in CHO cells by RT-PCR (Fig. 1B). CHO cells that
stably express the intact HER3 and HER3/2 chimeras
showed significantly enhanced HER3 expression as indicated
by Western blotting and flow cytometry (Fig. 1C and 1D).
These results suggest that replacing HER3 TK and CTD
domains with the HER2 counterparts did not affect HER3
protein expression. Similarly, we measured endogenous
HER2 expression on CHO-HER3 and HER3/2 chimera cells
in comparison with CHO-pcDNA cells, and the results
showed that over expression of human HER3 and
HERS3/HER2 chimeras did not impact the endogenous HER2
expression levels (Fig. 1E and 1F).

Human HERS3 readily interacts with CHO HER2, but
HER3/2 chimeras show impaired heterodimerization with
HER2

We performed co-immunoprecipitation (co-IP) to study the
ability of human HER3 and the HER3/2 chimeras to het-
erodimerize with the endogenous HER2 in CHO cells. Con-
sistent with the flow cytometry detection data shown in Fig.1E,
total HER2 expression is comparable in all the cell lines
tested and the level of expression is independent of NRG-1
stimulation (Fig. 2A, top panel). However, in the HER3 co-IP
samples, NRG-1 stimulation significantly enhanced both
phosphorylated HER2 (pHER2) and phosphorylated HER3
(pHERS3) in the CHO-HERS cells (Fig. 2A, bottom panel). In
contrast, the HER3 co-IP complex from CHO-HER3-2-3
chimera cells showed much reduced pHER2, but pHER3
activation was still evident in this chimera (Fig. 2A, bottom
panel). There was no detectable pHER2 or pHER3 in the
HERS co-IP complex from CHO-HER3-2-2 cells, even though
HERS3-2-2 receptor protein expression was comparable to the
level of CHO-HERS protein (Fig. 2A, bottom panel). It is noted
that a significant basal level of pHER3 independent of NRG-1
stimulation is present in CHO-HERS (Fig. 2A, bottom panel).
To further investigate the effect of HER3 TK and CTD
domains on HERS functions, we detected in situ dimerization
of HER3 and HER2 using a fluorescence imaging method
known as the proximity ligation assay (PLA). As shown in Fig.
2B, significant levels of HER2/HER3 heterodimers were
present on the CHO-HERS3 cell surface in response to NRG-1
stimulation. No HER2/HER3 dimers were detected on
CHO-HER3-2-2 cells, and much reduced levels of
HER2/HERS3 dimers were observed on CHO-HERS3-2-3 cells
(Fig. 2B). These results are consistent with findings from the
co-IP study that the HERS3 intracellular domains TK and CTD
are critical for HER2/HERS interaction. Replacement of both
the intracellular TK and CTD domains abolished HER3/HER2
interaction and replacement of the TK domain alone severely
reduced the ability of the HERS to interact with HER2.

The HERS3 kinase domain and the C-terminus domain are
required for HER3/HER2 mediated CHO cell proliferation
and migration

Over expression of HER3 in CHO-HER3 cells significantly
enhanced cell proliferation in the presence of NRG-1 stimula-
tion compared to the parental CHO control cells (Fig. 3A).
Proliferation in response to NRG-1 was also increased sig-
nificantly in CHO-HERS3-2-3 cells but to a lesser extent than in
CHO-HERS cells (Fig. 3A). In contrast, HER3-2-2 cells did
not respond to NRG-1 stimulation (Fig. 3A).

We further investigated whether HER3 over expression
and activation can affect CHO cell migration in response to
NRG-1 in a trans-well migration assay. Compared to parental
CHO cells, CHO-HERS cells showed increased migration at
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Figure 1. Construction of HER3/HER2 chimeric receptors and their expression in CHO cells. (A) Schematic diagram of

HERS3 and engineered HER3/2 chimeric receptors containing sub-domains of HER2. Numbers of each domain indicated original
amino acid residue positions in HER2 and HERS protein templates. (B) Endogenous EGFR, HER2, HER3 and HER4 expression in
CHO cells as determined by gPCR. mRNA levels were normalized to the housekeeping gene, B-actin, and presented as fold en-
hancement compared to mRNA level of each gene in CHO-pcDNA at basal state. ND, not detectable. (C) Endogenous expression
of HER2 and heterologous expression of HER3, HER3-2-2, and HER3-2-3 in CHO as determined by Western blotting. (D) En-
dogenous expression of HER3 and heterologous expression of HER3, HER3-2-2, and HER3-2-3 in CHO as determined by flow
cytometry. (E) Endogenous HER2 expression in wild type CHO cells and CHO cells stably expressing HER3, HER3-2-3, and
HERB3-2-2 as measured by flow cytometry. (F) Endogenous expression of HER2 in wild type CHO cells and CHO cells stably ex-

pressing HER3, HERS3-2-3, and HER3-2-2 as determined by gPCR.

basal state and significantly enhanced migration by NRG-1
stimulation (Fig. 3B). Replacement of the HER3 kinase do-
main alone with the HER2 counterpart in CHO-HER3-2-3 cells
reduced the effect on migration, a result consistent with the
partial activation of pHER3 in this construct (Fig. 3B). However,
replacement of both the intracellular TK and CTD domains
with HER2 counterparts abolished the effects of HER3 medi-
ated cell migration in response to NRG-1 (Fig. 3B).
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Activation of MAPK/ERK pathway through HER3/HER2
dimerization is linked to both HER3 and HER2
intracellular domains, but PI3BK/AKT signaling is
primarily driven by the HER3 C-terminal tail

In CHO-HERS3 cells, both HER2 and HER3 phosphorylation

were driven by NRG-1 stimulation (Fig. 4A). In CHO-HER3-
2-3 cells, HER3 phosphorylation was also stimulated by
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Figure 2. Effect of replacing HER3 TK and CTD with HER2 counterparts on HER2 and HER3 phosphorylation and het-
erodimerization. (A) Top panel: total HER2 expression in wild type CHO cells and CHO cells stably expressing HER3, HER3-2-3,
and HER3-2-2 as measured by Western blot. Bottom panel: Western blot detection of total HER2, phospho-HER2 and phos-
pho-HER3 in immunoprecipitated complex by an anti-HER3 antibody, HER3mADb. (B) Visualization of HER2 and HERS3 het-
erodimerization by the proximity ligation assay (PLA) using mouse anti-HER3 antibody and rabbit anti-HER2 antibody.
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Figure 3. Effect of replacing HER3 TK and CTD with HER2 counterparts on cell proliferation and migration. (A) Cell prolif-
eration of CHO, CHO-HER3, CHO-HER3-2-2 and CHO-HER3-2-3 cells in the absence and presence of NRG-1 stimulation. (B) Cell
migration of CHO, CHO-HER3, CHO-HER3-2-2 and CHO-HER3-2-3 cells in the absence and presence of NRG-1 stimulation.
Student T-test was applied for pair wise statistical comparisons between treatments, * = P < 0.05, ** = P < 0.01, and *** = P < 0.001.
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NRG-1, but the pHER3 signal is much reduced when com-
pared with the wild type CHO-HERS cells (Fig. 4A). However,
pHER2 in CHO-HERS3-2-3 cells was not detectable (Fig. 4A).

In CHO-HERZ2 cells which over express the human HER2,
HER?2 phosphorylation is dependent on NRG-1 stimulation. In
contrast, constitutive HER2 phosphorylation was detected in
HER3-2-2 cells without NRG-1 stimulation (Fig. 4B). Even
though HER3-2-2 is abundantly expressed in CHO-HER3-2-2
cells, HER3 phosphorylation is not expected since the HER3
C-terminal tyrosine tail is replaced with the HER2 counterpart
(Fig. 4B).

To investigate how HER2 and HERS3 over expression af-
fects the downstream signaling in CHO, CHO-HERZ2,
CHO-HERS3, CHO-HERS3-2-2 and CHO-HERS3-2-3 cells, we
monitored phosphorylation status of AKT and ERK1/2. Con-
sistent with NRG-1 dependent HER2 and HER3 phosphory-
lation, pAKT was detected in both CHO-HER3, CHO-HERS3-
2-2 and CHO-HERS3-2-3 cells in response to NRG-1 stimula-
tion; with significantly reduced levels in CHO-HER3-2-2 and
CHO-HERS3-2-3 cells (Fig. 4C). These results suggest that
PIBK/AKT signaling is primarily driven by the HER3
C-terminal regulatory domain. NRG-1 also stimulated ERK1/2
phosphorylation in CHO-HERS3 cells, but NRG-1 stimulated
ERK1/2 phosphorylation in CHO-HER3-2-2 and CHO-HERS3-
2-3 cells was much reduced (Fig. 4C), suggesting that the
HERS3 kinase domain is required for ERK1/2 activation. Con-
stitutive ERK1/2 phosphorylation was detected in CHO-HER2
cells (Fig. 4C). AKT phosphorylation was induced in
CHO-HER3-2-2 cells upon NRG-1 stimulation, but not in
CHO-HER?2 cells (Fig. 4C).

DISCUSSION

Unlike HER2 and EGFR, the biology of HER3 activation in
cancer development is less understood. Recent evidence
from both basic and clinical studies suggests that HER3
serves as a signaling hub for the EGFR family of receptors
(Amin et al., 2010a, b; Campbell et al., 2010). In this study,
we employed a heterologous expression system to over ex-
press human HER3 and HER3/HER2 chimeric receptors in
CHO cells to examine the role of intracellular domains of

HERS in heterodimerization and HER3 downstream signaling.

CHO cells are known to not express endogenous EGFR
(Krug et al., 2002). This is confirmed in the CHO cells used in
our study by RT-PCR. In addition to the lack of EGFR ex-
pression, HER4 expression was minimally detected. It has
been reported that HER2 expression is not detectable by
Northern blotting in CHO cells (Chan et al., 1995), but we
were able to detect low levels of HER2 expression by both
RT-PCR and flow cytometry. HER3 expression in CHO cells
was minimally detected by RT-PCR and flow cytometry. As
expected, CHO-HER3 showed high levels of HER3 expres-
sion as indicated by both RT-PCR and flow cytometry. The
lack of detectable expression of EGFR and minimal expres-
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Figure 4. Effect of replacing HER3 TK and CTD with
HER2 counterparts on AKT and ERK1/2 signaling path-
ways. (A) HER2 and HERS3 phosphorylation in CHO-pcDNA,
CHO-HER3 and CHO-HERS3-2-3 cells in the absence and
presence of NRG-1 stimulation. (B) Phosphorylation of HER3
and HER2 in CHO-HER2 and CHO-HER3-2-2 cells in the ab-
sence and presence of NRG-1 stimulation. (C) Phosphoryla-
tion of ERK1/2 and AKT in CHO-pcDNA, CHO-HER2,
CHO-HERS3, CHO-HER3-2-2 and CHO-HER3-2-3 cells in the
absence and presence of NRG-1 stimulation. B-actin serves as
loading control.
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sion of HER3 and HER4 make CHO a suitable model system
to study HER3/HER?2 interaction by expressing human HER3
in CHO cells. Our study showed that the human HER3 can
readily heterodimerize with the endogenous CHO HER2. In
addition, HER3nyman/HER2¢cHo dimerization in CHO cells is
functional in response to NRG-1 stimulation, and activation of
phosphorylation of HER2, HER3 and downstream signaling
pathways such as PIBK/AKT and ERK1/2 (Figs. S1 and S3).
More importantly, over expression of human HER3 in CHO
cells mediated cell proliferation and migration (Fig. S1). It is
interesting to note that NRG-1 had no effect on proliferation of
control vector transfected CHO cells or HER2 phosphoryla-
tion, but the dual EGFR/HER2 tyrosine kinase inhibitor la-
patinib inhibited wild type CHO proliferation independent of
NRG-1 proliferation (Fig. S1). These results suggest that
homodimerization of endogenous HER2 and heterodimeriz-
tion of endogenous HER2 and HERS3 are responsible to pro-
liferation which is mediated by constitutive and basal cellular
signaling independent of ligand stimulation. We further vali-
dated that the enhanced proliferation of CHO-HERS cells was
the result of activation of PI3K/AKT signaling because the
PI3K inhibitor wortmannin can neutralize the NRG-1 induced
cell proliferation of CHO-HER3 cells (Fig. S2A). HER3 and
the p85 subunit of PI3K co-IP studies confirmed that activa-
tion of HER3 by NRG-1 increased association with p85 in
CHO-HERS cells (Fig. S2B). However, the association of
HER3 with p85 in CHO-HER3-2-2 cells and in
CHO-HERS3-2-3 cells was disrupted and decreased, respec-
tively (Fig. S2B). In addition, wortmannin had no effect on the
phosphorylation of HER2 and HERS3, but suppressed NRG-1
stimulated AKT phosphorylation (Fig. S2C). Although NRG-1
stimulated phosphorylation of MAP kinases in CHO- HER3
cells (Fig. S2C), wortmannin did not affect pERK1/2 sug-
gesting that activation of MAPK signaling pathway is medi-
ated through HER2/HERS interaction and HER3 plays a
more direct role in PIBK/AKT pathway activation. Collectively,
these results suggest that HER3/HER2 dimerization can
activate both PISK/AKT and MAPK signaling pathways with
HERS3 activation directly engaging the PI3K/AKT pathway
and HER2 in the HER3/HER2 pair engaging MAPK pathway
activation. This is the first report that over expressing
HER3}uman can transform a mammalian cell line such as CHO
to possess cancer cell hallmarks which includes proliferation
and migration.

In comparison with the wild type HER3, replacement of the
HERS3 intracellular TK domain with the HER2 counterpart
reduced dimerization between HER2 and HER3 as meas-
ured by the PLA assay for extracellular domain association
and co-IP for association of HER2 and HER3-2-3 molecules.
The reduced dimerization was reflected by decreased phos-
phorylation of HER2, HER3, AKT and MAPK/ERK1/2. The
reduced HER3/HER2 dimerization was further manifested in
decreased cell proliferation and migration in CHO-HERS3-2-3
cells. Despite the significant reduction, HER3-2-3 is able to

dimerize with HER2 as indicated by the co-IP and PLA as-
says.

Replacement of both kinase domain (TK) and C-terminal
tail (CTD) of HER3 with HER2 counterparts blocked dimeri-
zation between the HER3-2-2 and HER2 in CHO-HERS3-2-2
cells. No pHER3 and much reduced pAKT and pERK1/2
were detected in CHO-HERS3-2-2 cells. The reduced signal-
ing activation of downstream pAKT and pERK pathways was
in agreement with the lack of promotion of cell proliferation
and migration in the presence and absence of NRG-1 in
CHO-HERS3-2-2 cells. It is interesting to note that HER2
phosphorylation in the CHO-HER3-2-2 cells was constitu-
tively active. Since HER2 expression levels in the
CHO-HERS3-2-2 and CHO-HERS cells were similar to that in
the control CHO-pcDNA cells, phosphorylation of HER2 and
activation of pAKT and pERK found in the CHO-HER3-2-2
should be the result of heterodimerization of the HER3-2-2
receptor with CHO HER2. These results suggest that over
expression of HER3-2-2 somehow stimulated HER2 activa-
tion even though the PLA assay for extracellular domain as-
sociation could not detect dimerization of HER3-2-2 with
HER2. This disconnection of extracellular domain association
and intracellular domain activation in the chimera receptor
HERB3-2-2 implies that the complex interaction of both ex-
tracellular fragment and intracellular domains leads to the
coordinated activation of HER3/HER2 downstream signaling
pathways.

Distinct activation of pAKT and pERK in the HER3/HER2
chimeric receptor implies that HER3 and HER2 cytoplasmic
domains play different roles in the activation of downstream
signaling pathways. Structural modeling of the intracellular
kinase domain region based on a published HER3 kinase
model did not reveal major structural differences between
wild type HER3, HER3-2-3, and HER3-2-2 (Jura et al., 2009b;
Jura et al., 2009a) (Fig. 5). Inhibition of HER3/HER2 dimeri-
zation by replacement of the HER3 TK domain with the HER2
counterpart suggests that interruption of the intracellular en-
gagement can lead to HERS inhibition. In addition to the ki-
nase domain (TK), the C-terminal tail domain (CTD) of HER3
also plays a critical role in HER3 dimerization with HER2,
since replacing both the TK and CTD domains with the HER2
counterparts blocked HER3 dimerization with HER2 and
reduced HER3 activation and downstream signaling. This
novel finding of HERS intracellular function in its activation
process provides a new strategy for perturbation of HER3
signaling activation through targeting HER3 intracellular
domains in addition to the current strategy of targeting ex-
tracellular domain with monoclonal antibodies.

MATERIALS AND METHODS
Cell culture and reagents

Stable cell lines were constructed in Flp-In-CHO cells and maintained
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Figure 5. Sequence and structure comparisons between HER3, HER2, and HER3/2 chimeras. (A) The sequence of HER3
and HER2 are highly conserved in the kinase domain but different in their C-terminal tails. The red box indicates junction regions
between the kinase domains and the C-terminal tails; (B) Structural alignment of HER3 (PDB ID 3KEX) and HER2 (PDB ID 3PP0)
shows high degree of structural similarity between their kinase domains; but (C) a C-terminal 3-turn is present in HER2, HER3-2-2
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in Ham’s F12 medium supplemented with L-glutamine (Life Tech-
nologies, Carlsbard, CA), 10% fetal bovine serum (FBS) (HyClone,
Logan, UT), and antibiotics (50 units/mL penicillin and 50 pg/mL
streptomycin, Life Technologies) in a humidified atmosphere of 5%
CO, at 37°C. Neuregulin-1 (NRG-1) was from R&D systems (Min-
neapolis, MN). Antibodies against human HER2, pHER2 pHERS,
AKT, pAKT, ERK1/2 and pERK1/2 were from Epitomics (Burlingame,

CA). Antibody against HER3 (Clone 2F12) was from ThermoScien-
tific (Rockford, IL). Antibody against B-actin was from Santa Cruz
Biotechnology. HER3mADb was transiently expressed in HEK293 cells
based on published amino acid sequences using a mammalian ex-
pression vector system and the antibody was purified using protein A
affinity resin (Fisher Scientific) as described previously (Rothe et al.,
2007; Zhang et al., 2011).
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Cell line construction

Full-length human HER2 and HER3 cDNA clones were from Gene-
Copoeia (Rockville, MD). The HER3 constructs were made in
pcDNA5/FRT/TO and plasmids were maintained in E. coli strain
XL1-blue (Life Technologies). HER3/HER2 chimeric receptors were
constructed from PCR amplified fragments using HER2 and HER3
DNA as templates using primers listed in Table S1. Constructs were
expressed in the matching CHO TREX FLIP cell line based on man-
ufacturer’s instructions.

Real-time RT-qPCR

Total RNA from cells was isolated using TRIzol reagent from Life
Technologies and used as template to synthesize cDNA using
iScript™ cDNA synthesis kit (Bio-Rad, Hercules, CA). Real-time
RT-PCR was performed using Ssofast™ EvaGreen® (Bio-Rad) with
the oligonucleotides listed in Table S2. Real-time mRNA determina-
tions in each stable cell line were performed with 1 ug of RNA sample
and normalized to B-actin using the AAC; method (Livak and
Schmittgen, 2001).

Flow cytometry

Approximately 1 x 10° cells/mL were resuspended in PBS supple-
mented with 2% FBS. Cells were stained with anti-HER2 (clone #
191924, R&D systems) or anti-HER3 antibody (clone #66223, R&D
systems) at 4°C for 40 min. Cells were washed with 4 mL PBS with 2%
FBS, then centrifuged at 1200 rpm for 10 min. Supernatant was re-
moved and cells were stained with R-PE conjugated anti-mouse IgG
(Jackson ImmunoResearch Lab) at 4°C for 30 min. Flow cytometry was
performed using a Guava easyCyte HT (Millipore, Billerica, MA).

Proximity ligation assay (PLA)

Cells were grown in 8-well chamber slides to 80% confluency.
Starved cells were treated with NRG-1 for 10 min. Cells were then
washed with PBS, fixed in 4% paraformaldehyde for 30 min, perme-
abilized in 0.1% Triton X-100 for 20 min and blocked with Duolink Il
blocking solution (Olink Biosciences, Uppsala, Sweden). After block-
ing, cells were incubated with a pair of primary antibodies (anti-HER2
and anti-HERS3) in a pre-heated humidity chamber for 1 h at 37°C.
Cells were then incubated with PLA probes diluted 1:5 in antibody
diluent (Olink) in a humidified chamber for 1 h at 37°C. Fluorescence
images were acquired using a Zeiss Axiovert microscope (Carl Zeiss
Microscopy, Thornwood, NY).

Immunoprecipitation

Treated cells were lysed with lysis buffer containing phosphatase
inhibitor cocktail Il and Il (Sigma, St. Louis, MO) and protease in-
hibitor cocktail V (Calbiochem, San Diego, CA). Total cell lysates (1
mg in 1 mL) were incubated with Dynabeads®protein G (Invitrogen)
and HERS3 antibody overnight at 4°C. Captured HER3 on protein G
beads were separated in a magnet stand, washed three times using
PBS and dissolved in SDS sample buffer containing 2-mercaptoeth-
anol. Proteins were resolved by 10% SDS-PAGE under reducing

conditions and transferred for Western blotting.

Western blot detection of HER receptors, AKT and
ERK1/2 phosphorylation

Total proteins in cell lysates were measured with BCA reagents
(Thermo Scientific). The same amount of total protein (20 pg) from
each sample was applied to a 10% SDS-polyacrylamide gel, trans-
ferred to a nitrocellulose membrane, and blocked with 5% non-fat dry
milk in TBS containing 0.1% Tween 20 (TBST) overnight at 4°C.
Blots were then incubated with primary antibodies in a dilution with
TBS according to manufacturer's instructions. Blots were washed
with TBST and incubated with secondary antibodies coupled with
horse radish peroxidase for 30 min. After washing three times with
TBST, target proteins were detected with FluorChem M imager
(ProteinSimple, Santa Clara, CA) using Enhanced Chemilumines-
cence substrate (GE Healthcare).

Cell proliferation assay

A total of 1000 cells per well were seeded into 96-well black plates with
clear bottom (Fisher Scientific) and cultured overnight at 37°C and 5%
CO,. Treatments were applied and continued culturing for 72 h. After 3
days of treatment, 1/10 volume of AlamarBlue™ solution (Invitrogen)
was added to each well and incubated for 4 h at 37°C. Fluoresecence
signal was measured with excitation at 530 nm and emission at 590 nm.

Cell migration assay

About 2 x 10* cells were seeded in the upper chamber of a 24-well
Transwell plate (Corning, NY) with 0.1% BSA in serum free media and
in the bottom well containing Ham’'s F12 media with or without
100 ng/mL NRG-1, and incubated for 18 h at 37°C. Cells that migrated
across the membrane were stained with 0.5% crystal violet and visual-
ized under a microscope. The images (56 per well) were randomly
selected and the number of cells per image was counted and plotted.

Structural analysis with protein sequences

For HER3, HER2 and HER3/2 chimeras, sequence alignment was
performed using ClustalW (ch.EMBnet.org). Structure alignment of
HERS3 (PDB ID 3KEX) and HER2 (PDB ID 3PP0) was carried out
using PyMOL (www.pymolwiki.org). The predicted structure of
HERS3-2-3 was constructed by fitting the kinase domain of HER2 onto
the structure of HERS3 kinase and tail.
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CHO, Chinese hamster ovary; CTD, C-terminal tail; EGFR, human
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epidermal growth factor receptor; ERK1/2, extracellular sig-
nal-regulated kinase 1/2; HER2, human epidermal growth factor
receptor 2; HER3, human epidermal growth factor receptor 3; MAPK,
mitogen-activated protein kinase; NRG-1, neuregulin-1; pHERS,
phosphorylated HER3; PI3K, phophatidylinositol-3-OH-kinase; TK,
kinase domain
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