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Abstract
Human MAP3K4 (MTK1) functions upstream of mitogen activated protein kinases (MAPKs). In
this study we show MTK1 is required for human epidermal growth factor receptor 2/3 (HER2/
HER3)-heregulin beta1 (HRG) induced cell migration in MCF-7 breast cancer cells. We
demonstrate that HRG stimulation leads to association of MTK1 with activated HER3 in MCF-7
and T-47D breast cancer cells. Activated HER3 association with MTK1 is dependent on HER2
activation and is decreased by pre-treatment with the HER2 inhibitor, lapatinib. Moreover, we also
identify the actin interacting region (AIR) on MTK1. Disruption of actin cytoskeletal
polymerization with cytochalasin D inhibited HRG induced MTK1/HER3 association.
Additionally, HRG stimulation leads to extracellular acidification that is independent of cellular
proliferation. HRG induced extracellular acidification is significantly inhibited when MTK1 is
knocked down in MCF-7 cells. Similarly, pre-treatment with lapatinib significantly decreased
HRG induced extracellular acidification. Extracellular acidification is linked with cancer cell
migration. We performed scratch assays that show HRG induced cell migration in MCF-7 cells.
Knockdown of MTK1 significantly inhibited HRG induced cell migration. Furthermore, pre-
treatment with lapatinib also significantly decreased cell migration. Cell migration is required for
cancer cell metastasis, which is the major cause of cancer patient mortality. We identify MTK1 in
the HER2/HER3-HRG mediated extracellular acidification and cell migration pathway in breast
cancer cells.
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1. Introduction
Mitogen activated protein kinases (MAPKs) are regulated by various extracellular stimuli
resulting from a cascade of sequential phosphorylations. MAPKs, such as the extracellular
signal-regulated kinases (ERKs), are phosphorylated by MEKs and MEKs are
phosphorylated by MEKKs [1]. The MEKK family of MAP3Ks was cloned based on
homology to the catalytic domain of the yeast MAP3K, Ste11 [1]. MEKK4 (MAP3K4) was
cloned using cDNA isolated from mouse [2], while MTK1 (MAP3K4) was cloned using
human cDNA [3] and the sequence homology between the two proteins is 88% amino acid
identity and 92% amino acid homology. When Ssk2 was cloned from yeast [4] it became
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apparent that the MEKK4 and MTK1 amino acid sequences are more homologous to yeast
Ssk2p than Stellp [5]. Ssk2p is regulated by osmotic stress [3]. In yeast lacking Ssk2p,
MEKK4 rescues the loss of Ssk2p resulting in p38 MAPK activation indicating that
MEKK4 compliments Sskp2 in yeast [3].

The heart is one of the first organs to develop and congenital malformations occur at a rate
of about one in one hundred [6]. Mutation of lysine in the active site of MEKK4 produces a
kinase inactive protein. Kinase inactive MEKK4 attenuates developmental epithelial to
mesenchymal transformation in mouse atrioventricular canal and ventricular heart explants
[7]. A knock-in mutation of kinase-inactive MEKK4 was introduced in mice and the pups
die at birth from skeletal malformations and neural tube defects [8]. These findings
emphasize the importance of MEKK4 kinase activity during development. In addition to
kinase activity, MEKK4 protein expression is also important in development. MEKK4 is
highly expressed in the developing neuroepithelium and MEKK4 knockout mice display
neural tube defects resulting in exencephaly and spina bifida [9]. MEKK4 knockout mice
also display a congenital malformation of the cerebral cortex and MEKK4 RNA interference
impairs neuronal cell migration [10].

Human MAP3K4 catalytic activity is activated by binding of GADD45 to the amino-
terminal domain of MTK1 [11]. In contrast when the amino- and carboxyl-terminal domains
of MTKs associate, this interaction is auto-inhibitory, blocking kinase activity. GADD45
association with MTK1 causes dissociation of the MTK1 amino-terminal and carboxyl-
terminal domains leading to dimerization, auto-phosphorylation and activation of MTK1
[12]. Human MAP3K4 (MTK1) and the mouse homolog (MEKK4) regulate MKK6, which
is upstream of stress activated p38 MAPK [3,11,13]. In addition, stress induced activation of
MEKK4 leads to activation of MEK4/7 and JNK [14].

Receptor tyrosine kinases (RTK’s) and the growth factors that regulate them, such as
heregulin (HRG) are often over-expressed in breast cancer cells [15–18], leading to
activation of ERK1/2 activity, cell cycle progression [19] and cell migration [20,21]. The
human epidermal growth factor receptors (HER) 1–4 are required for cell proliferation and
differentiation during development [22,23]. HER2 is an orphan receptor with no known
ligand. HER2 can form a heterodimer with EGFR, HER3 or HER4 and is often over-
expressed in breast cancer [24]. HER4 expression correlates with favorable prognosis, while
EGFR, HER2 and HER3 correlate with poor prognosis in breast cancer patients [25]. The
growth factor, heregulin, is a ligand for HER3 and HER4, however HER3 is not kinase
active and requires hetero-dimerization with either EGFR, HER2 or HER4 for activity [26–
28]. Furthermore, HER2/HER3 is the preferred heterodimer for heregulin and produces
strong mitogenic signaling that is linked to cancer [28–31].

HER2 over expression in estrogen positive cells is associated with tamoxifen drug resistance
in breast cancer [32–34]. The drugs trastuzumab and lapatinib show high efficacy with
HER2 positive patients, however drug resistance still persists [35–39]. HER3 protein
expression was shown to be up-regulated with lapatinib treatment, compensating for HER2
inhibition, and HER3 phosphorylation occurred by residual HER2 expression limiting the
efficacy of lapatinib treatment [40]. Therefore, HER3 over-expression and recovery of
phosphorylation appears to be a compensatory mechanism in response to drug targeting of
HER2. HER3 requires the catalytic activity of other members of the HER family for
phosphorylation. A unique feature of HER3 is the six YXXM binding motifs that when
phosphorylated function as recruitment sites for the SH2 domain of p85 of phosphoinositide
kinase 3 (PI3K) leading to increased cell motility, invasion and metastasis ([41].
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Cell migration requires actin polymerization and intracellular coordination of actin binding
proteins, which are regulated by HER2 and downstream signaling proteins [42]. For
example, heregulin stimulation of breast cancer cells enhances the conversion of globular
actin (g-actin) to filamentous actin (f-actin) increasing cell migration [43,44]. Additionally,
HER3 is regulated by HRG stimulation through HER2 kinase activity, which links HER3 to
actin cytoskeletal reorganization and cell migration. Ssk2p is an example of an actin binding
protein and is a homolog of MTK1. Ssk2p has an actin interacting region (AIR) that is
required for actin cytoskeleton recovery after osmotic stress [45]. Despite the evidence for
Ssk2p involvement in actin cytoskeletal reorganization, a link between MTK1 and actin has
not been established in mammalian cells. Furthermore, even though HER2 and HER3 are
involved in actin reorganization and cell migration, MTK1 has not been identified in this
signaling process.

Cancer cells have increased glycolytic metabolism leading to acid loading and excess
protons are excreted by up-regulating proton transporters [46]. Heregulin stimulation of
breast cancer cells leads to extra cellular acidification of media that is dependent on HER2/
HER3 activity [47]. Additionally, extracellular acidification affects cell migration and
invasion [48,49]. For instance, human melanoma cells treated with acidic media excrete
proteases required for migration and are more invasive [50]. With regard to HER2/HER3
signaling, although many signaling proteins have been linked to these receptors it is not
clear how HRG regulates proton transporters.

Proteins that function in the MTK1 pathway have not been fully characterized nor has the
regulation of MTK1 kinase activity. Previously we have shown regulation of mouse
MAP3K4 (MEKK4) to be through activation of the IFNγ cytokine receptor [51] and the
GPCR for angiotensin II [52]. In this study we investigated whether MTK1 is also regulated
by the activation of RTK’s in MCF-7 and T-47D epithelial breast cancer cells. We report the
recruitment of MTK1 with only activated HER3 in response to HRG in both MCF-7 and
T-47D cells. MTK1 is also required for HRG induced cell migration in MCF-7 breast cancer
cells through the HER2/HER3 heterodimer. Additionally, HRG induces association of
MTK1 with p85 of PI3K, likely via phosphoHER3. It has been reported that HRG
stimulation leads to extracellular acidification [47] an event that is linked to cancer cell
migration [46,53]. We demonstrate that knockdown of MTK1 inhibits HRG-induced
extracellular acidification and cell migration. Furthermore, pre-treatment of MCF-7 cells
with the HER2 kinase inhibitor lapatinib inhibits association of MTK1 and HER3. MTK1
also associates with actin through the actin interacting region (AIR) and disruption of the
actin cytoskeleton using cytochalasin D inhibits MTK1 and HER3 association. Together,
this report establishes MTK1 as an integral signaling protein downstream of activated HER2
and HER3, required for acidification of the extracellular environment and cell migration.

2. Materials and methods
2.1. Cell culture and treatments

HEK-293, T-47D and MDA-MB-231 cells were cultured in Dulbecco’s modified Eagles
medium with high glucose (DMEM) pH 7.4, supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin–streptomycin. MCF-7 cells were maintained in the same media as
T-47D cells and supplemented additionally with 10 μg/ml insulin. Prior to experimental
procedures, cells were cultured in DMEM supplemented only with 1% penicillin–
streptomycin for 16 h. Cells were stimulated with 10 nM heregulin-β1 (HRG) EGF-Domain
(Millipore Cat # 01–201) for 12 min unless otherwise indicated, EGF 3.3 nM for 12 min, 0.3
M sorbitol for 30 min or vehicle (30% glycerol in 1× phosphate buffered saline pH 7.4) for
12 min. Pre-treatment with 250 nM lapatinib was performed during serum starvation for 16
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h unless otherwise indicated. Cells were treated with 1 μg/ml Cytochalasin D for 30 min
prior to addition of HRG.

2.2. Western blotting and antibodies
MCF-7 or T-47D cells were lysed in lysis buffer (70 mM β-glycerol phosphate, 1 mM
EGTA, 1 mM dithiothreitol, 2 mM MgCl2 and 0.5% Triton X-100) with protease inhibitors:
0.5 mM phenylmethylsulfonyl fluoride, 127.4 KIU/ml aprotinin (Calbiochem Cat #
616399), 10 μM leupeptin and with 0.5 mM sodium orthovanadate. Proteins were resolved
by 5%–12.5% gradient SDS-PAGE and transferred onto Protran 0.45 μm nitrocellulose
blotting membrane (BioExpress Cat # F-3120-7). Membranes were blocked with 5% non-fat
dry milk in 25 mM Tris–HCl, pH 7.4, 137 mM NaCl, 2.7 mM KCl and 0.15% Tween 20
(TBS-T). Immunostaining was performed in 5% non-fat dry milk in TBS-T and detected
using chemiluminescence reagent (100 mM Tris pH 8.5, 250 mM luminol, 92 mM p-
coumaric acid and 0.018% H2O2). Images were obtained using ChemiDoc™ XRS + (BIO-
RAD) and quantification was performed with Image Lab Software. After the initial
immunoblots were performed, the nitrocellulose membranes were stripped at 56 °C for 1 h
using membrane stripping buffer (12.5 mM Tris pH 6.8, 2% SDS, 0.7% β-mercaptoethanol)
to remove primary and secondary antibody. Membranes were re-imaged before additional
immunoblots to ensure stripping was complete. Subsequent immunoblots were then
performed the same way as described above. Antibodies were purchased from Cell
Signaling (anti-mouse HRP-conjugated #7076S; anti-rabbit HRP-conjugated #7074S),
Millipore (phosphotyrosine mouse monoclonal Clone 4G10 #05-321), Epitomics (EGFR
#1902-1, HER2 #2064-1, HER3 #1186-1, HER4 #2218-1 and HER3 pY1289 #2526-1 rabbit
monoclonal antibodies), Santa Cruz Biotechnology (PI3-Kinase p85α mouse monoclonal
#sc-1637), Thermo Scientific (actin mouse monoclonal #MA1-744), Sigma (Anti-FLAG
mouse monoclonal #F1804) and MTK1 antibodies used were developed as we previously
described [52]. All commercial antibodies were used according to manufacturer
recommendations.

2.3. Immunoprecipitation experiments
HEK-293, MCF-7, T-47D or MDA-MB-231 cells were stimulated with 10 nM HRG for 12
min, 0.3 M sorbitol for 30 min, 3.3 nM EGF for 12 min, 10 μg/ml insulin for 30 min or
vehicle, unless otherwise indicated. The cells were then washed twice with ice cold 1×
phosphate buffered saline pH 7.4. The cells were then lysed in lysis buffer and 2 mg of cell
extract was immunoprecipitated for 1 h at 4 °C with 10 μg rabbit anti-MTK1 polyclonal
antibody [52]; 4 μg mouse phosphotyrosine antibody (Millipore Clone 4G10 #05-321) or 20
μl anti-FLAG beads (Clontech #635686). Immune complexes recovered using protein A-
Sepharose beads (Sigma Cat# P3391) were washed twice with ice cold lysis buffer and
denatured with Laemmli sample buffer. Proteins were separated by 5–12.5% gradient SDS-
PAGE and transferred to nitrocellulose membranes that were then subjected to immunoblot
analysis as indicated.

2.4. Cell proliferation and media pH measurements
MCF-7 and T-47D cells were seeded in complete growth media at a density of 0.4 × 106

cells per well in 12-well plates (VWR # 62406–165) for proliferation assays and 0.7 × 106

cells per well for pH measurements. Cells were allowed to adhere for 16 h, followed by 4 h
serum starvation in DMEM, 1% penicillin–streptomycin without fetal bovine serum. The
cells were then stimulated with 10 nM HRG, 3.3 nM EGF, 250 nM lapatinib (lapatinib pre-
treatment was started at time of serum starvation) or vehicle for 24 h in DMEM with 0.5%
fetal bovine serum, 1.0% penicillin/streptomycin and 10 μg/ml human recombinant insulin
in MCF-7 cells. Each condition was performed in triplicate and repeated a minimum of 3
times. After 24 h, the cells were counted using a TC-10 Bio-Rad automated cell counter and
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the media pH was recorded using a pH meter probe. Data shown for each condition
represents n = 3. A two sided student t-test with standard deviation was used to perform
statistical analyses on proliferation rates and media pH measurements. Statistical
significance was determined by a p-value of ≤0.05.

2.5. siRNA knockdown experiments
MCF-7 cells were seeded (onto 10 cm cell culture plates, VWR # 353003) at a density of 5.0
× 106 cells and allowed to adhere for 16 h. The cells were then transfected with 434 pmol of
siRNA specific for MTK1 (Thermo Scientific ON-TARGETplus SMARTpool, Human
MAP3K4 (4216) Cat # L-003789-00-0005) or non-targeting (NS) (ON-TARGETplus Non-
targeting Pool Cat # D-001810-10-05) as control using lipofectamine 2000 according to
manufacture recommendations. The cells were transfected with siRNA a second time 24 h
later using lipofectamine 2000 to enhance knockdown efficiency. Twenty four hours after
the second transfection the cells were detached using 0.25% trypsin (Invitrogen # 15050–
065). The cells were counted and seeded onto 12 well plates (VWR # 62406–165) at a
density of 0.7 × 106 cells per well for pH measurements and scratch assays or at density of
0.4 × 106 cells per well for proliferation assays. MTK1 knockdown efficiency was
determined by immunoblot analysis using 150 μg whole cell lysate at 120 hour post-
secondary transfection. Each condition was performed in triplicate and repeated a minimum
of 3 times. Data shown for each condition represents n = 3. Statistical analysis was
performed as described above.

2.6. Scratch assay experiments
Scratch assays were performed in 12-well plates using MCF-7 cells at a density of 0.7 × 106

cells per well. The cells were allowed to adhere for 16 h followed by 4 h serum starvation in
DMEM. The surface area of the cells was scratched using a 10 μl pipette tip (VWR #
89140–164) and the cells were then washed twice with 1× phosphate buffered saline pH 7.4.
The cells were then stimulated with 10 nM HRG or vehicle, pretreated with or without 250
nM lapatinib (lapatinib pre-treatment was started at the time of serum starvation). Once
scratches were performed and HRG stimulation was started, this was considered time zero
and images were acquired using a 12.2 megapixel digital camera (GE model # W1200)
visualized through a Leica Microsystems inverted microscope (model # DM IL) at 10×
magnification. Additional images were taken at 24 and 48 h and measurements were taken
from 24 h and 48 h and compared to time zero for each condition. Each condition was
performed in triplicate and repeated a minimum of 3 times. Data shown for each condition
represents n = 3. Statistical analysis was performed as described above.

3. Results
3.1. Association of a 180 kDa tyrosine phosphorylated protein with MTK1

To investigate RTK regulation of MTK1 we selected MCF-7 and T-47D breast cancer
epithelial cells, which express moderate levels of the ErbB RTK receptors 1–4 [26,54].
Heregulin β1 (HRG) was used to stimulate these cells because HER3 and HER4 bind HRG
allowing homo and hetero dimerization between HER1-4 [55–57]. MCF-7 or T-47D cells
were stimulated with HRG or sorbitol. Sorbitol was used to induce osmotic stress and
activate MTK1, since MTK1 is known to function in the p38 MAP kinase pathway
[11,14,58]. After stimulation, MTK1 was immunoprecipitated with MTK1 antibody that
recognizes the amino-terminal proline-rich region of MTK1 (Fig. 1A). Immunoprecipitated
MTK1 and associated proteins were resolved by SDS-PAGE, followed by transfer to
nitrocellulose membrane and immunoblotting for tyrosine phosphorylation (pTyr). A
tyrosine phosphorylated protein co-immunoprecipitated with MTK1 in response to HRG
stimulation (Fig. 1B, top panel, lane a), which was not present in cells stimulated with
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vehicle or sorbitol (Fig. 1B, top panel, lanes b and c). The tyrosine phosphorylated protein
had a molecular weight of 180 kDa, which is approximately the same molecular weight as
MTK1. This result suggested that MTK1 may be phosphorylated on tyrosine in response to
HRG stimulation, or that a HER family member co-precipitated with MTK1.

3.2. HER3 associates with MTK1 in response to HRG stimulation
We set out to investigate the identity of the 180 kDa protein. HER1–4 were candidate
proteins for tyrosine phosphorylation and association with MTK1, since HER3 and HER4
bind HRG and can trigger homo and hetero-dimerization of these four receptors [18,59].
T-47D cells were stimulated with HRG and cell extracts were prepared in which MTK1 was
immunoprecipitated in four different samples. The precipitated proteins were resolved by
SDS-PAGE and immunoblotted for HER1–4 to identify which of the HER proteins
associate with MTK1. HER3 was identified as associating with MTK1 in response to HRG
stimulation (Fig. 1D, top panel, lane a). The fact that immunoblotted HER3 from the
immunoprecipitation migrated slower than the proteins from the cell lysates suggested that
phosphorylated HER3 preferentially interacted with MTK1. EGFR and HER2 did not
associate with MTK1 in response to HRG or vehicle stimulation (Fig. 1C, top panel, lanes a
& b, and lanes e & f). Moreover, HER4 did not associate with MTK1 in response to HRG
(Fig. 1D, top panel, lanes e & f), even though HER4 binds HRG [60]. Immunoprecipitation
of MTK1 was validated for each experimental condition by immunoblotting for MTK1 (Fig.
1C and D, bottom panels).

3.3. MTK1 is not tyrosine phosphorylated in response to HRG
Our results suggested that HER3 was the tyrosine phosphorylated protein that interacts with
MTK1. However, the results did not exclude the possibility that MTK1 was phosphorylated
on tyrosine especially since we were immunoprecipitating MTK1 and it has a similar
molecular mass as the tyrosine phosphorylated protein. If MTK1 was tyrosine
phosphorylated, we should be able to immunoprecipitate MTK1 with an antibody specific
for phospho-tyrosine. We stimulated T-47D cells with HRG and performed an
immunoprecipitation with monoclonal antibody 4G10 that recognizes tyrosine
phosphorylation. A protein of 180 kDa was immunoprecipitated with the 4G10 monoclonal
antibody and the protein was phosphorylated on tyrosine (Fig. 2A, top panel, lane a).
Similarly, a 180 kDa tyrosine phosphorylated protein was present in the MTK1
immunoprecipitation (Fig. 2A, top panel, lane c) When normal rabbit IgG was used as a
control during the immunoprecipitation, no tyrosine phosphorylated proteins were detected
in response to HRG (Fig. 2A, top panel, lane e). The membrane was stripped and
immunoblotted for MTK1. The results revealed that MTK1 was not present in the
phosphotyrosine immunoprecipitation (Fig. 2A, bottom panel, lanes a & b), which strongly
suggests that MTK1 is not tyrosine phosphorylated in response to HRG. As expected,
MTK1 was present in the MTK1 immunoprecipitation (Fig. 2A, bottom panel, lanes c & d).
Additionally, normal rabbit IgG did not immunoprecipitate MTK1 (Fig. 2A, bottom panel,
lanes e & f).

3.4. PhosphoHER3 associates with MTK1 in response to HRG
HER3 has a molecular mass of 180 kDa and among many phosphotyrosines there are
several YXXM motifs that are phosphorylated in response to HRG [41]. There are
commercial phospho-antibodies that recognize several of these phosphorylation sites, one of
which is pY1289. In order to determine if MCF-7 cells behave similarly to T-47D cells, we
used MCF-7 cells in our next experiment. We stimulated MCF-7 cells with HRG and
performed an immunoprecipitation with monoclonal antibody 4G10. HER3 was
immunoprecipitated with the 4G10 monoclonal antibody and was phosphorylated on Y1289
(Fig. 2B, top panel, lane g). Similarly when a HER3 antibody was used for
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immunoprecipitation, phosphoHER3 was detected with the pY1289 phospho antibody (Fig.
2B, top panel, lane i). Additionally, HER3 co-precipitated with MTK1 when the
immunoprecipitation was performed with MTK1 antibody and HER3 was tyrosine
phosphorylated on Y1289 (Fig. 2B, top panel, lane k). The membrane was stripped,
immunoblotted for MTK1, and MTK1 was not detected in the phosphotyrosine
immunoprecipitation (Fig. 2B, bottom panel, lanes g & h). These results demonstrate that
HRG regulates the association of MTK1 with activated HER3 and that MTK1 is not
phosphorylated on tyrosine in both T-47D and MCF-7 breast cancer cells.

Additionally, the University of Arizona Southwest Environmental Health Sciences Center
(SWEHSC) proteomics core facility was used to further characterize the association between
MTK1 and HER3 in response to HRG stimulation. A series of six MTK1
immunoprecipitations was performed in which 2 mg of cell extract was used for each
immunoprecipitation. After washing the immunoprecipitations with lysis buffer, the samples
were pooled and resolved in one lane by SDS-PAGE followed by silver staining. Silver
stained proteins were aligned with a replicate experiment that was immunoblotted with
phosphotyrosine antibody (Fig. 2C, lane a). The area of the gel aligning with the 180 kDa
tyrosine phosphorylated protein was excised (Fig. 2C, lanes c & d). The proteins were
digested with trypsin, separated and analyzed via Orbitrap LC–MS. HER3 was identified as
associating with MTK1 in response to HRG with 26% of the HER3 protein sequenced and
several of the peptides identified with a 99.9% degree of confidence (Fig. 2D, right panel).
Several of these peptides were sequenced multiple times increasing confidence for positive
identification of HER3. Proteomic analysis did not identify HER3 as associating with MTK1
in response to vehicle stimulation. This result is consistent with our immunoblot analysis
which suggests that the association between HER3 and MTK1 is not constitutive, but
requires HRG stimulation.

Although HER3 peptides were not identified from the MTK1 immunoprecipitation of
vehicle stimulated MCF-7 cells, MTK1 peptides were identified because MTK1 and HER3
migrate at similar positions by SDS-PAGE (Supplemental Fig. 1). MTK1 peptides were
identified from both the HRG and vehicle stimulated conditions. A total of 56% of the
MTK1 protein was identified as tryptic peptides with a 99.9% degree of confidence for
positive identification of MTK1. The identification of MTK1 peptides and not HER3
peptides from the vehicle stimulated sample indicates that the lack of HER3 peptides in this
sample was not a technical artifact. In addition, there were no tyrosine phosphorylated
peptides identified for MTK1 in either HRG or vehicle stimulated conditions which is
consistent with the immunoblotting data.

A time course experiment was performed in which MCF-7 cells were stimulated with HRG
for as long as 150 min. In other experiments, the tyrosine phosphorylation of the 180 kDa
protein associating with MTK1 occurred within 30 s (data not shown). In longer time course
experiments, the tyrosine phosphorylated protein that co-immunoprecipitated with MTK1
was observed from 5 for up to 150 min after HRG stimulation (Fig. 3A, upper panel, lanes
b–j). In HRG washout experiments where HRG was washed out after each time point, the
tyrosine phosphorylation was more transient (data not shown). These experiments
demonstrate that constant HRG exposure results in continued HER3 activation and
association with MTK1. This result may be significant in breast cancer cases in which HRG
is over-expressed.

3.5. HER3 and MTK1 association is specific to HRG stimulation
In order to determine whether other receptor tyrosine kinases interacted with MTK1, T-47D
cells were stimulated with EGF or insulin and then MTK1 was immunoprecipitated as
described above. As a positive control, cells were stimulated with HRG. Immunoblot
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analysis using 4G10 mouse monoclonal antibody revealed a protein of approximately 150
kDa that was tyrosine phosphorylated in response to insulin (Fig. 3B, top panel, lane d). No
tyrosine phosphorylated proteins immunoprecipitated with MTK1 after stimulation with
EGF, sorbitol or vehicle (Fig. 3B, top panel, lanes c, e & f). Since EGF can activate the
EGFR and HER2, the lack of tyrosine phosphorylated proteins indicates that neither EGFR
nor HER2 interact with MTK1, while HRG selectively activates HER3 to interact with
MTK1 (lane b). The ~150 kDa tyrosine phosphorylated protein that immunoprecipitated
with MTK1 in response to insulin was later identified as insulin receptor substrate-1 (IRS-1;
data not shown). The membrane was stripped and immunoblotted for MTK1 (Fig. 3B,
middle panel). To establish stimulation efficacy, lysates from vehicle, HRG, EGF, insulin
and sorbitol were immunoblotted with G410 mouse monoclonal antibody (Fig. 3B, top panel
lanes a & g–j).

3.6. p85 of PI3K associates with MTK1
HER3 has several YXXM motifs which, when phosphorylated, function as recruitment sites
for the SH2 domain of the p85 regulatory subunit of PI3K [41]. Therefore, it was possible
that p85 would co-precipitate with MTK1 in response to HRG. p85 of PI3K was identified
as immunoprecipitating with MTK1 in response to HRG stimulation (Fig. 3B, bottom panel,
lane b). Additionally, p85 was also shown to immunoprecipitate with MTK1 in response to
insulin stimulation, likely through an interaction with IRS (Fig. 3B, bottom panel, lane d).
These results demonstrate that the HER3/MTK1 complex also includes PI3K suggesting that
the HER3/MTK1 complex utilizes 3′ phosphorylated inositol phosphates as part of the
signaling mechanism.

3.7. HER2 is required for co-immunoprecipitation of phosphorylated HER3 with MTK1
HER3 does not have intrinsic kinase activity and is phosphorylated by hetero-dimerization
with either HER1, 2 or 4 [28]. HER2, HER3 and HER4 are tyrosine phosphorylated in
MCF-7 cells stimulated with HRG (data not shown). Thus, HER2 and HER4 are possible
candidates for phosphorylating HER3, since HER2/HER3 and HER3/HER4 heterodimers
are formed in response to HRG. Since HER2 and HER3 are preferred heterodimers [31],
HER2 was hypothesized as the most likely candidate for phosphorylation of HER3. MCF-7
cells were pretreated with lapatinib to inhibit the kinase activity of HER2 and then
stimulated with HRG followed by immunoprecipitation of MTK1. Lapatinib has a Ki of 13
nM for inhibition of HER2 [61]. Lapatinib decreased the interaction between HER3 and
MTK1 in a dose dependent manner as evidenced by decreased tyrosine phosphorylation of
HER3 (Fig. 4A). These results indicate that HER2 catalytic activity is required for HER3
phosphorylation and subsequent interaction with MTK1 in response to HRG. The membrane
was stripped and immunoblotted for MTK1 (Fig. 4A, bottom panel). Lysates from the same
experiment show tyrosine phosphorylation of HER3 is decreased in response to lapatinib
(Fig. 4B, top panel, lanes c–e).

MDA-MB-231 breast cancer cells were used to further characterize HER2 involvement in
the formation of the HER3-MTK1 protein complex in response to HRG. MDA-MB-231
cells are a triple negative cell line and do not express estrogen receptor, progesterone
receptor or HER2, but do express HER3 [62]. If HER2 is required for HER3
phosphorylation and association with MTK1, then we should not see the association of
HER3 with MTK1 in MDA-MB-231 cells. T-47D, MDA-MB-231 and MCF-7 cells were
stimulated with HRG followed by immunoprecipitation of MTK1. Immunoblot analysis
using 4G10 mouse monoclonal antibody revealed that a 180 kDa tyrosine phosphorylated
protein immunoprecipitated with MTK1 in T-47D and MCF-7 cells dependent on HRG (Fig.
4C, top panel, lanes a & e). No tyrosine phosphorylated proteins immunoprecipitated with
MTK1 from the MDA-MB-231 cells (Fig. 4C, top panel, lanes c & d), which strongly
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suggests that HER2 is required for formation of the HER3 MTK1 complex. The membranes
were stripped and immunoblotted for MTK1 to demonstrate that MTK1 is expressed in
MDA-MB-231 cells (Fig. 4C, bottom panel).

3.8. Actin interacting region (AIR) of MEKK4 is required for actin association with MEKK4
Human MTK1 and the mouse homolog, MEKK4, have similar homology to the yeast
protein, Ssk2p [5]. Ssk2p has an actin interacting region (AIR) that is required for actin
cytoskeleton recovery after osmotic stress [45]. Alignment of the AIR of Ssk2p with
MEKK4 shows 17/40 amino acids are identical between these proteins and 25/40 are highly
conserved, suggesting that MEKK4/MTK1 might interact with actin (Fig. 5A). The AIR of
MEKK4 consisting of amino acids 256–295 was deleted from the MEKK4 cDNA. Flag-
tagged wild-type MEKK4 and flag-tagged AIR MEKK4 were transfected into HEK 293
cells. After 48 h, the HEK cells were serum starved for 4 h followed by stimulation with
20% fetal bovine serum or sorbitol as possible inducers of the MTK1-actin interaction.
MEKK4 was immunoprecipitated with a flag antibody-coupled to beads that specifically
recognizes the flag epitope. Actin did not associate with MEKK4 when the AIR was deleted
(Fig. 5B, second panel, lanes g–i), while actin constitutively associated with wild-type
MEKK4 independent of stimulation (Fig. 5B, second panel, lanes d–f). These results
demonstrate that MEKK4/MTK1 behave like Ssk2p and interact with actin within a unique
40 amino acid region.

3.9. Disruption of the actin cytoskeleton significantly decreases the association between
HER3 and MTK1

HRG enhances the conversion of g-actin to f-actin leading to increased cell migration [43].
Since HER3 is regulated by HRG, the association between MTK1 and HER3 that we
observed may be facilitated by actin in response to HRG. To test this hypothesis, MCF-7
cells were pre-treated with cytochalasin D to disrupt actin polymerization and the formation
of f-actin. The cells were then stimulated with HRG or sorbitol followed by
immunoprecipitation of MTK1 and pY1289 HER3 immunoblots. In the presence of
cytochalasin D, the interaction between HER3 and MTK1 was diminished by 60% (Fig. 5C,
top panel, compare lanes a & d). Interestingly, phosphorylation of HER3 remained the same
in the HRG stimulated lysates (Fig. 5C, top panel, lanes g & j). These data suggest that f-
actin is required for the association between activated HER3 and MTK1 in response to
HRG, but f-actin is not required for HRG-dependent activation of HER3.

3.10. MTK1 is required for HRG-induced extracellular acidification
Since HRG is known to induce proliferation, invasion, migration and metastasis [63–68], it
was necessary to identify the specific functional role of HRG in MCF-7 breast cancer cells.
Assays were performed to determine if HRG stimulation leads to proliferation of MCF-7
cells. MCF-7 cells were stimulated with HRG or EGF and after 24 h the cells were counted
using a Bio-Rad TC-10 automated cell counter in the presence of trypan blue. EGF, unlike
HRG, induced cell proliferation (Fig. 6A, left panel). There was no difference in cell
viability between each condition (data not shown). However, there was a noticeable
difference in the color of the DMEM media after 24 h of HRG stimulation, which was not
observed with EGF stimulation. Media from the HRG stimulated cells appeared orange,
which is an indicator of increased acidity or decreased pH. Measurements of the media pH
revealed that HRG stimulation led to extracellular acidification of the cell culture media
when compared to vehicle (Fig. 6A, right panel). EGF stimulation did not induce
extracellular acidification (Fig. 6A, right panel). Similarly, T-47D cells stimulated with
HRG also had extracellular acidification independent of cell proliferation (data not shown).
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3.11. MTK1 knockdown inhibits HRG induced extracellular acidification
HRG induced extracellular acidification and association of tyrosine phosphorylated HER3
with MTK1. These results suggest that MTK1 is required for HRG-induced proton excretion
from the cell. To test this hypothesis MCF-7 cells were double transfected with siRNA that
specifically targets MTK1 and non-specific (NS) siRNA as a control (double transfections
were performed to increase transfection efficiency). The cells were stimulated with HRG
and after 24 h, media was collected and pH measurements were recorded with a pH meter
probe. Knockdown of MTK1 inhibited HRG induced extracellular acidification when
compared to NS siRNA and non-transfected cells (Fig. 6B, lanes b, d & f). In addition, pre-
treatment of MCF-7 cells with lapatinib for 30 min prior to stimulation with HRG resulted in
inhibition of HRG-induced extracellular acidification (Fig. 6B, lanes g & h) indicating a
requirement for HER2 in the acidification response. Together, these results show that HER2
and MTK1 are required for HRG-induced extracellular acidification.

Knockdown of MTK1 could affect the proliferation rate resulting in fewer cells excreting
protons. Therefore, proliferation assays were performed to rule out whether MTK1
knockdown had an effect on proliferation rates. MCF-7 cells were transfected with siRNA,
as described previously and stimulated with HRG. After 48 h the cells were counted using a
Bio-Rad TC-10 automated cell counter. Knockdown of MTK1 did not have an effect on the
proliferation rate when compared to NS siRNA knockdown (Fig. 6C, lanes a–d).
Knockdown of MTK1 did not have an effect on viability either (data not shown). Since all
of the experimental conditions shown in Fig. 6C started with the same amount of cells, it
appears that transfection of MCF-7 cells did have an effect on proliferation rate when
compared to non-transfected cells (Fig. 6C, lanes e & f). However, the decreased
proliferation rate was independent of MTK1 siRNA but dependent on transfection, likely
reflecting the difficulty associated with transfecting MCF-7 cells.

3.12. MTK1 is required for HRG induced cell migration
Cancer cells have increased glycolytic metabolism leading to acid loading and excess
protons are excreted by up-regulating proton transporters [46]. Migration is a possible
functional response to HRG stimulation because acid excretion creates micro extracellular
environments that are favorable for cell migration [53]. HRG is also linked to intracellular
actin cytoskeletal reorganization that leads to increased migration [43]. Furthermore, MTK1
may have a role in HRG induced cell migration since MTK1 knockdown blocks
extracellular acidification. To determine whether MTK1 is required for cell migration,
HRG-induced scratch assays were performed with and without MTK1 knockdown. MCF-7
cells were transfected with MTK1 and NS siRNA as described above. MCF-7 cell
transfections were performed using 10 cm culture dishes and then the cells were transferred
to a 12-well plate after a 24 h post-transfection recovery period. The surface of the well was
scratched followed by HRG stimulation and digital image acquisition at 0, 24 and 48 hour
post scratch. After 24 h of HRG stimulation, non-transfected cells closed the scratched area
by 80% (Fig. 7A, column b). Cells pretreated with lapatinib only closed the scratched area
by 27%. Similarly, cells transfected with MTK1 siRNA closed the scratched area by
approximately 17% while the cells transfected with NS siRNA had closed the scratched area
by approximately 60% (Fig. 7A, column b). Additionally, MTK1 knockdown or lapatinib
pretreatment continued to severely impair cell migration into the scratched area after 48 h
(Fig. 7A, column c), while the cells transfected with NS siRNA had almost completely
migrated into the scratched area, much like the non-transfected cells (Fig. 7A, top row).
Statistical analysis revealed that MTK1 knockdown had a mean of 17.3% ± 4.6 cell
migration (Fig. 7B, lane b) and cells pretreated with lapatinib had a mean of 27.8% ± 4.4
cell migration (Fig. 7B, lane d) compared to NS knockdown mean of 55.3% ± 6.4 (Fig. 7B,
lane c). Similar results were observed at 48 h with MTK1 knockdown cells migrating by a
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mean of 40.1% ± 6.8 (Fig. 7C, lane b) and lapatinib treated cells migrating by a mean of
31.3% ± 2 (Fig. 7C, lane d) compared to NS knockdown migrating by a mean of 89% ± 7.8
(Fig. 7C, lane c). Very little cell migration was observed in cells not stimulated with HRG.
Therefore, scratch assays of cells transfected with MTK1 siRNA or NS siRNA, and non-
transfected cells all looked similar (only MTK1 siRNA is shown, Fig. 7A bottom panel).
MTK1 protein expression levels were measured 48 h after scratch by immunoblot analysis.
MTK1 protein expression was knocked down by 58% compared to NS siRNA (Fig. 7D, top
panel, lanes b & c). Actin was used as a loading control (Fig. 7D, bottom panel). Together
these results demonstrate that HRG-induced cell migration requires MTK1.

4. Discussion
Prior studies have used ectopic expression of MEKK4/MTK1 in yeast [3], over-expression
of wild-type or dominant-negative mutants in mammalian cells [2,7,11,13,69], or
manipulation of MEKK4 genomic DNA [8,10,70] as a means to study MEKK4/MTK1
function. In this study we have focused on the scaffolding properties of endogenous MTK1.
We identify a heregulin-dependent recruitment of tyrosine phosphorylated HER3 to MTK1.
HER2 kinase activity is required for the formation of the HER3/MTK1 heterodimer, which
is stable and involves only tyrosine phosphorylated HER3. These results have clinical
implications in patients prescribed drugs like trastuzumab and lapatinib to inhibit HER2
activity, since these drugs will more than likely indirectly inhibit the activity of the
phosphoHER3/MTK1 heterodimer. We demonstrate that extracellular acidification and cell
migration require MTK1. Furthermore, lapatinib inhibited extracellular acidification and cell
migration. Thus, both normal and malignant biological processes dependent on extracellular
acidification and cell migration would likely be inhibited in patients treated with
trastuzumab or lapatinib.

Although it is not clear how these proteins interact, it is clear that tyrosine phosphorylated
HER3 preferentially associates with MTK1 as demonstrated when the hyper-
phosphorylated, slower migrating form of HER3 co-immunoprecipitates with MTK1 (Fig.
1D, top panel, lane a). Consistent with the immunoblotting results, multiple peptides were
identified by LC–MS/MS from heregulin-stimulated HER3, but no peptides were detected
from the control sample, again demonstrating that only activated HER3 interacts with
MTK1. These results strongly suggest that a specific or multiple phosphotyrosines mediate
the interaction between phosphoHER3 and MTK1. MTK1 has no known SH2 domains so a
direct interaction between MTK1 and phosphoHER3 seems unlikely. However, Shc, PI3K,
and Grb7 have SH2 domains and are examples of proteins that interact with specific
phosphotyrosines on HER3 [71] and these proteins could mediate the interaction between
MTK1 and phosphoHER3.

The HER2/HER3 heterodimer has been reported as an oncogenic unit that drives breast
tumor cell proliferation. Although HER2 is the only catalytically active kinase within the
heterodimer, HER3 is required for breast tumor formation [40,72,73]. Thus even though
HER3 lacks tyrosine kinase activity and depends on HER2 for phosphorylation, the proteins
that “decorate” phosphoHER3 are also mediators of HER2/HER3 tumorigenicity. We show
for the first time that HRG stimulation recruits MTK1 to HER3, which is sustained for up to
150 min indicating that sustained exposure to HRG results in continuous signaling through
MTK1 and does not result in receptor down-regulation, consistent with previous findings
demonstrating lack of receptor down-regulation with HER2 and HER3 [74]. The ability of
HER2/HER3 to continue signaling through MTK1 in the presence of HRG may have
clinical implications for patients with HRG-driven tumors as opposed to tumors with HER2
gene amplification. In tumors with over-expression of HRG, an autocrine or paracrine loop
may play a role in cellular transformation and tumor progression that does not require HER2
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over-expression. Identification of the HER3 regulated MTK1 pathway may provide a new
molecular target for clinical intervention under conditions of normal levels of HER2/HER3
expression.

We also investigated whether MTK1 interacts with other RTKs. Although HRG also binds
to HER4 [75], phosphoHER4 does not appear to interact with MTK1 (Fig. 1D). EGF is also
an activator of HER2 [76], but stimulation of MCF-7 cells did not result in the recruitment
of EGFR or HER2, or any other tyrosine phosphorylated proteins that would migrate at the
position of 150 kDa or greater (Fig. 3, lane c). Insulin stimulation of MCF-7 cells led to the
recruitment of a 150 kDa tyrosine phosphorylated protein (Fig. 3B, lane d). We identified
this protein as the insulin receptor substrate-1. When the insulin receptor is activated, IRS-1
associates with the insulin receptor and is tyrosine phosphorylated. IRS-1 helps attenuate
insulin signaling in healthy individuals [77]. However, IRS-1 is also associated with breast
cancer and is characterized as a transforming oncogene [78]. The interaction of MTK1 with
HER3 and IRS-1 strongly links MTK1 to RTK signaling. Thus, the interaction between
MTK1 and IRS-1 may be a potential new avenue to explore in breast cancer therapy.
Finally, stimulating MCF-7 cells with sorbitol did not result in the recruitment of
phosphoHER3 with MTK1 indicating that the interaction between MTK1 and
phosphoHER3 is not related to osmotic stress (Fig. 3B, lane e). In summary, the recruitment
of MTK1 with phosphoHER3 appears to be unique to HRG binding to the HER2/HER3
heterodimer identifying an entirely new signaling pathway downstream of HER3.

The carboxyl-terminus of HER3 contains six YXXM motifs that when phosphorylated allow
association of p85 of PI3K [41,79]. Mutation of the YXXM motifs from tyrosine to
phenylalanine inhibits HRG-induced migration suggesting that recruitment of PI3K with
HER3 is important in mediating cell migration [80]. Furthermore, inhibition of PI3K with
PIK-75 inhibits cell motility and invasion [80]. We report that knockdown of MTK1 also
blocks HRG-induced migration (Fig. 7). It is tempting to speculate that a single mole of
phosphoHER3 and MTK1 functions as a signaling complex to recruit as many as six moles
of PI3K, leading to amplification of the cell migration signal. Thus even though MTK1
knockdown was not highly efficient, loss of 60% of MTK1 expression was sufficient to
prevent HRG-dependent cell migration. Perhaps indicating that a threshold of PI3K activity
cannot be mobilized to lamellipodia or other cellular regions actively involved in cell
migration. Similarly in the presence of insulin, PI3K is recruited to MTK1 (Fig. 3B, lane d),
likely due to the presence of IRS-1 which is known to associate with PI3K [81]. The
relationship between MTK1 and insulin in terms of cellular response remains to be explored,
especially in regards to glucose homeostasis.

We also demonstrate that HER3/MTK1 association requires HER2 kinase activity, but
HER2 does not remain in the complex. Lapatinib inhibits EGFR, HER2 and HER4 by
binding to the ATP-binding pocket of these kinases, thereby inhibiting catalytic activity.
Lapatinib shows a dose-dependent inhibition of EGFR with a Ki = 3 nM, HER2 with a Ki =
13 nM, and HER4 with a Ki = 347 nM [61]. In a dose response experiment, pre-treatment of
MCF-7 cells with 50 nM lapatinib effectively inhibited HRG-induced HER3
phosphorylation and association with MTK1 (Fig. 4). Since HER4 has a Ki of 347 nM for
lapatinib, EGFR and HER2 were the more likely candidates for lapatinib blockade of HER3
phosphorylation and subsequent MTK1/HER3 association. EGFR is expressed in MCF-7
and T-47D cells and can form heterodimers with HER3 [23,82]. However, we have
performed experiments comparing EGF and HRG and found that the EGFR is not activated
in response to HRG (data not shown). Together, our results suggest that lapatinib inhibited
HER2 and effectively inhibited HER3 phosphorylation and formation of the MTK1/HER3
heterodimer. Additionally in HER2 negative and HER3 positive MDA-MB-231 cells, HRG
does not induce formation of the MTK1/HER3 dimer (Fig. 4C). Therefore, these data
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support that HER2 protein expression and kinase activity is required for HER3
phosphorylation and MTK1/HER3 association.

Cell migration requires actin polymerization and intracellular coordination of actin binding
proteins, which are regulated by signal transduction and subsequent second messenger
signaling [42]. Migration is also an important part of cancer cell invasion and metastasis
[83]. HER2 is linked to actin cytoskeletal reorganization in cancer [42] and heregulin
stimulation of breast cancer cells enhances the conversion of g-actin to f-actin increasing
cell migration [43,44], implicating HER3 with actin cytoskeletal reorganization.
Additionally, our studies reveal that MEKK4 interacts with actin through a 40 amino acid
region referred to as the actin interacting region (AIR), which is also found in yeast Ssk2p
[45]. Deletion of the AIR within MEKK4 impairs the constitutive association between
MEKK4 and actin (Fig. 5B). These results demonstrate a proximal localization of MEKK4
with the actin cytoskeleton. When MCF-7 cells were pre-treated with cytochalasin D to
prevent actin polymerization, the interaction between MTK1 and HER3 was reduced by
~60%, indicating a cytoskeletal connection involving actin linking MTK1 and HER3. Future
studies will be needed to determine whether the MTK1/HER3 dimer remains at the plasma
membrane or mobilizes via actin filaments to other intracellular locations.

Although others have reported that HRG induces a proliferative response [68], we were
unable to detect HRG-dependent proliferation in either T-47D (data not shown) or MCF-7
cells (Fig. 6A), although we detected an EGF-dependent proliferative response. As the cells
were incubated with either HRG or EGF, we noticed that the cell media developed a more
orange color in the presence of HRG. When the pH was recorded, we consistently observed
that HRG caused an acidification of the extracellular medium while EGF had no effect.
Given that HRG caused an association between MTK1 and HER3, we used siRNA to
decrease the expression of MTK1 to determine whether MTK1 was involved in regulating
extracellular pH. Although siRNA typically diminished MTK1 expression by only ~60% in
MCF-7 cells (see Fig. 7D for a representative immunoblot), the change in extracellular pH
was always diminished in the absence of MTK1 (Fig. 6B, lanes a & c). These results
demonstrate that EGF and HRG induce different responses in MCF-7 cells and that the
EGF-dependent proliferative response does not correlate with acidification of the
extracellular medium. Since HRG did not induce proliferation of MCF-7 cells, we
investigated whether HRG induced cell migration by using a scratch assay. After 24 h of
HRG exposure in the presence of NS siRNA, 60% of the scratch area was filled in by cells
migrating back into the scratched region (Fig. 7A). In contrast, only 20% of the scratch area
was filled in with cells migrating back into the scratch region after 24 h in cells with MTK1
knockdown. Additionally, cells pre-treated with lapatinib migrated back into the scratch area
by only 27%. These results demonstrate that HRG induces migration and not proliferation of
MCF-7 cells, consistent with the results of Arsani et al. [63]. We also demonstrate that
MTK1 is required to acidify the extracellular environment. The acidification of the
extracellular environment likely helps optimize the enzymatic activity of matrix
metalloproteinases or other enzymes needed for the migratory response.

MTK1 is not tyrosine phosphorylated in response to HRG stimulation of T-47D cells (Fig.
2A, lane a) or MCF-7 cells (Fig. 2A, lane g). However, the association between MTK1 and
HER3 is dependent on HRG. Since MTK1 is not tyrosine phosphorylated, it is unlikely that
MTK1 is a substrate for HER2. Conversely, we have not investigated whether the catalytic
activity of MTK1 is required for the association between MTK1 and HER3. Our data
demonstrate phosphorylation of serine 686 of HER3 (LERGEpSIEP) in response to HRG by
sequencing using LC–MS/MS (Fig. 2B). Since we were unable to sequence any HER3
peptides due to lack of HER3 association with MTK1 in the absence of HRG stimulation,
we cannot state whether serine 686 is phosphorylated under basal conditions.
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Phosphorylation of HER3 at serine 686 has been previously reported, but the functional
significance of this modification is not known [84]. Earlier studies have shown MEKK4
functions as a serine/threonine kinase regulating MKK6, which is upstream of p38
[2,3,11,13]. Our current results suggest that MTK1 functions as a scaffolding protein for
phosphoHER3. However, since MTK1 is a serine/threonine kinase, it is possible that the
catalytic activity of MTK1 is required to regulate changes in extracellular pH and cell
migration.

In summary, HER2/HER3 heterodimerization has been well characterized, but we show for
the first time that HRG stimulation results in the formation of a MTK1/HER3 heterodimer,
which is sustained for up to 150 min in breast cancer cells. We also demonstrate that HER2
kinase activity is needed for association of MTK1 with phosphoHER3. Furthermore,
disruption of actin polymerization inhibits HRG induced MTK1/HER3 association, which
suggests that f-actin is required to bring MTK1 and phosphoHER3 together linking MTK1
to the actin cytoskeleton. Additionally, we report that MTK1 is required for HRG induced
extracellular acidification and cell migration. Lapatinib also inhibited HRG induced
extracellular acidification and cell migration, showing that HER2 is required in this
signaling process. In conclusion, over-expression of HER2 in breast cancer has been
targeted with drugs like trastuzumab and lapatinib, however drug resistance or
unresponsiveness persists among many patients [85,86]. The link between HER3 up-
regulation to HER2 drug resistance makes HER3 a desirable molecular target for anti-cancer
drug development. However, the lack of HER3 catalytic activity has made HER3 somewhat
less tractable as a drug target. By identifying the recruitment of MTK1 to phosphoHER3, we
now shed new light onto the HER3 branch of the HER2/HER3 signaling tree.
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Abbreviations

MAPK mitogen-activated protein kinase

ERK extracellular signal-regulated kinase

MAP3K4 mitogen-activated protein kinase kinase kinase 4

MEKK4 mitogen-activated, extracellular signal-regulated kinase kinase

MTK1 mitogen activated protein three kinase

EGF epidermal growth factor

EGFR epidermal growth factor receptor

HER human epidermal growth factor receptor

Ssk2 suppressor of sensor kinase

HRG heregulin

LC–MS/MS liquid chromatography and tandem mass spectrometry
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f-actin filamentous actin

g-actin globular actin

cyto D cytochalasin D

AIR actin interacting region

pTyr phosphotyrosines
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Fig. 1.
HER3 associates with MTK1 in response to HRG stimulation. A schematic representation of
the proline-rich region (PPP), actin-interacting region (AIR), alanine-rich region (AAA), and
catalytic domain of MTK1 is shown. The MTK1 antibody recognizes an amino terminal
region (amino acids 18–139) of MTK1 (Panel A). T-47D cells were stimulated with 10 nM
HRG for 12 min or 0.3 M sorbitol for 30 min as indicated (Panel B). MTK1 was
immunoprecipitated and proteins were resolved by SDS-PAGE and immunoblotted using
monoclonal antibody 4G10 (pTyr). T-47D cells were stimulated with HRG and MTK1 was
immunoprecipitated as described above (Panels C & D). Immunoblots were performed using
antibodies directed against EGFR and HER2 (Panel C) or HER3 and HER4 (Panel D).
Membranes were stripped and immunoblotted with MTK1 antibody (B, C and D, bottom
panels).
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Fig. 2.
HER3 associates with MTK1 in both T-47D and MCF-7 cells. Cells were stimulated as
described in Fig. 1. Cell lysates were incubated with antibody directed against
phosphotyrosine (pTyr), MTK1, or normal rabbit IgG. Proteins were resolved by SDS-
PAGE and immunoblotted with anti-phosphotyrosine antibody (A, top panel) or antibody
specific for phosphotyrosine 1289 of HER3 (B, top panel). The membranes were re-probed
for MTK1 (bottom panels). MCF-7 cell lysates were prepared as described above and a
fraction of the immunoprecipitate (15%) was immunoblotted using anti-phosphotyrosine
antibody (Panel C, lanes a & b), while the remaining immunoprecipitation was silver stained
(lanes c & d). HER3 peptides were identified in the HRG stimulated sample (arrows) by
LC–MS/MS with 99.9% confidence (D).
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Fig. 3.
Sustained MTK1 and HER3 association. MCF-7 cells were stimulated with 10 nM HRG for
the indicated times. MTK1 was immunoprecipitated and proteins were resolved by SDS-
PAGE, then immunoblotted with anti-phosphotyrosine antibody (A, top panel). The
membrane was re-robed with MTK1 antibody (bottom panel). T-47D cells were stimulated
with 10 nM HRG for 12 min, 3.3 nM EGF for 12 min, 10 μg/ml insulin for 15 min or 0.3 M
sorbitol for 30 min followed by immunoprecipitation of MTK1. The proteins were resolved
by SDS-PAGE and immunoblotted with the indicated antibodies.
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Fig. 4.
HER2 kinase activity is required for MTK1/HER3 association. MCF-7 cells were pre-
treated with 0, 50, 100 or 200 nM lapatinib for 1 h followed by 10 nM HRG stimulation for
12 min. Phosphotyrosine immunoblot analysis of MTK1 immunoprecipitations show 50 nM
lapatinib attenuates MTK1/HER3 association (Panel A, lane c). Cell extracts (150 μg) that
were used for the immunoprecipitation were resolved by SDS-PAGE and immunoblotted for
phosphotyrosine (B, top panel). HER2 negative, but HER3 positive MDA-MB-231 cells
were stimulated with 10 nM HRG followed by MTK1 immunoprecipitations and compared
to T-47D and MCF-7 cells. Phosphotyrosine immunoblot analysis shows HER2 is required
for MTK1/HER3 association in response to HRG (Panel C, lane c). Membranes were
stripped and immunoblotted for MTK1 (A, B and C, bottom panels).
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Fig. 5.
Actin associates with MTK1 and inhibition of actin polymerization with cytochalasin D
inhibits MTK1/HER3 association. Comparison of mouse MTK1 and the actin interacting
region (AIR) of the yeast homolog Ssk2p shows 17/40 amino acids are identical and 25/40
are conserved (Panel A). Amino acids 256–295 were deleted from the mouse MTK1 cDNA
(AIR mutant). HEK-293 cells were transfected with empty vector, flag-tagged wild-type
mouse MTK1 or the flag-tagged AIR mutant mouse MTK1 cDNA. After 48 h, the cells
were stimulated with 20% fetal bovine serum or 0.3 M sorbitol. Flag antibody-beads were
used for immunoprecipitation for flag-tagged proteins. Proteins were resolved by SDS-
PAGE and immunoblotted with antibody that recognizes the FLAG epitope (B, top panel) or
actin (lower panel). Cell lysates were resolved by SDS-PAGE and immunoblotted with the
indicated antibodies. MCF-7 cells were pre-treated with 1 μg/ml cytochalasin D (Cyto D)
for 30 min followed by 10 nM HRG for 12 min or 0.3 M sorbitol for 30 min. MTK1 was
then immunoprecipitated from each condition (C, lanes a–f). Antibody directed against
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phosphotyrosine 1289 of HER3 was used to immunoblot (top panel). The membrane was re-
probed for MTK1 (bottom panel). Cell lysates were resolved by SDS-PAGE and
immunoblotted as indicated. Cytochalasin D had no effect on the phosphorylation of HER3
(lanes g & j), but diminished interaction between MTK1 and HER3 (lanes a & d).
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Fig. 6.
MTK1 is required for HRG induced extracellular acidification. MCF-7 cells were stimulated
with 10 nM HRG or 3.3 nM EGF, after 24 h the cells were counted (Panel A, left graph) and
the pH of the media was measured (right graph). MTK1 siRNA knockdown was used to
determine whether MTK1 is required for HRG induced extracellular acidification. MCF-7
cells were transfected as described in the Materials and methods section. The cells were then
stimulated with 10 nM HRG for 24 h followed by pH measurements of the media (Panel B).
Non-transfected or cells pre-treated with 250 nM lapatinib were also stimulated with HRG
followed by pH measurements (Panel B). MTK1 knockdown did not have an effect on cell
proliferation compared to NS knockdown (Panel C). Statistical analysis was performed
using a two-sided student t-test with standard deviations and a minimum of three replicates,
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p-value of ≤0.05 was considered statistically significant and each experiment was repeated a
minimum of three independent times.
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Fig. 7.
MTK1 is required for HRG induced cell migration. MCF-7 cells were transfected as
described previously. The cells were serum starved for 4 h, then scratched followed by HRG
stimulation. Digital images were acquired at 0, 24 and 48 hour post scratch (Panel A).
Statistical analysis revealed MTK1 knockdown cells migrated by a mean of 17.3% ± 4.6
(Panel B, lane b) and cells pretreated with lapatinib had a mean of 27.8% ± 4.4 cell
migration (Panel B, lane d) compared to a NS knockdown mean of 55.3% ± 6.4 (Panel B,
lane c). Similar results were observed at 48 h with MTK1 knockdown migrating by a mean
of 40.1% ± 6.8 (Panel C, lane b) and lapatinib treated cells migrating by a mean of 31.3% ±
2 (Panel C, lane d) compared to NS knockdown by a mean of 89% ± 7.8 (Panel C, lane c).
Statistical analysis was performed as described in fig. 6. To measure knockdown efficiency
of MTK1, cell extracts (150 μg) were resolved by SDS-PAGE, followed by MTK1
immunoblot analysis and densitometry measurements using BioRad Image Lab software to
detect extent of MTK1 knockdown (Panel D, lane b), actin was used as a loading control
(bottom panel).
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