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The tumour suppressor gene product Mig-6 acts as an
inhibitor of epidermal growth factor (EGF) signalling.
However, its posttranslational modifications and regula-
tory mechanisms have not been elucidated. Here, we
investigated the phosphorylation of human Mig-6 and
found that Chk1 phosphorylated Mig-6 in vivo as well as
in vitro. Moreover, EGF stimulation promoted phosphor-
ylation of Mig-6 without DNA damage and the phosphor-
ylation was inhibited by depletion of Chkl. EGF also
increased Ser280-phosphorylated Chkl, a cytoplasmic-
tethering form, via PI3K pathway. Mass spectrometric
analyses suggested that Ser 251 of Mig-6 was a major
phosphorylation site by Chkl in vitro and in vivo.
Substitution of Ser 251 to alanine increased inhibitory
activity of Mig-6 against EGF receptor (EGFR) activation.
Moreover, EGF-dependent activation of EGFR and cell
growth were inhibited by Chk1 depletion, and were res-
cued by co-depletion of Mig-6. Our results suggest that
Chk1 phosphorylates Mig-6 on Ser 251, resulting in the
inhibition of Mig-6, and that Chkl acts as a positive
regulator of EGF signalling. This is a novel function of
Chk1.
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Introduction

Mig-6 (also called Ralt, Errfil and Gene 33) is a negative
regulator of epidermal growth factor (EGF) signalling. Mig-6
binds to all EGF receptor (EGFR) family members and
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inhibits their tyrosine kinase activity (Anastasi et al, 2003).
Mig-6 is induced by stimulation with fetal calf serum, insulin,
and growth factors, including EGF, as an immediate early-
response gene (Zhang and Vande Woude, 2007).
Transcription of Mig-6 is also induced by various stresses
(Makkinje et al, 2000). Mig-6 functions as a feedback
inhibitor of EGFR family signalling via its induction by the
Ras/mitogen-activated protein kinase (MAPK) pathway
(Fiorentino et al, 2000; Hackel et al, 2001; Anastasi et al,
2003; Xu et al, 2005; Anastasi et al, 2007).

Overexpression of Mig-6 leads to inhibition of EGFR
autophosphorylation, and reduces MAPK activity (Anastasi
et al, 2003; Xu et al, 2005; Anastasi et al, 2007). Mig-6 binds
to EGFR family tyrosine kinases via its EGFR-binding domain
(BD) and acts as a specific inhibitor of their signalling, while
Mig-6 is suggested to contribute several biochemical
functions as a multi-adaptor protein with many interactive
domains. It is reported that Mig-6 binds to the GTP-bound
form of Cdc42 via the CRIB domain and activates stress-
activated protein kinases (Makkinje et al, 2000). The binding
of Mig-6 to Cdc42 inhibits the activity of Cdc42, resulting in
the inhibition of hepatocyte growth factor-induced cell
migration (Pante et al, 2005). It is also reported that the
processed CRIB domain of Mig-6, which is derived by limited
proteolytic processing, binds to IkB and competes with NFkB,
resulting in the activation of NFkB and its signalling
(Tsunoda et al, 2002; Mabuchi et al, 2005).

Downregulated expression of the Mig-6 gene is observed in
breast carcinomas, in which it correlates with reduced overall
survival (Amatschek et al, 2004; Anastasi et al, 2005). Mig-6
is also downregulated in other human cancers such as
hepatocellular carcinomas (Reschke et al, 2010) and thyroid
cancers. Mig-6 expression correlates with survival and is an
independent predictor of recurrence in papillary thyroid
cancers (Ruan et al, 2008). Recently, it has been reported
that the Mig-6 gene is mutated in the human non-small-cell
lung cancer cell lines NCI-H226 and NCI-H 322M, as well as
in primary human lung cancer (Zhang et al, 2007). Mig-6-
deficient mice show hyperactivation of endogenous EGFR
and sustained signalling through the MAPK pathway,
resulting in overproliferation and impaired differentiation of
epidermal keratinocytes. Furthermore, Mig-6-deficient mice
develop spontaneous tumours in various organs and are
highly susceptible to chemically induced skin tumours.
Inhibition of endogenous EGF signalling by the EGFR
inhibitor gefitinib (Iressa), or replacement of wild type
(WT) EGFR with a kinase-deficient EGFR, rescues the skin
defects in Mig-6-deficient mice (Ferby et al, 2006). Therefore,
Mig-6 plays a tumour suppressor role as a specific negative
regulator of EGF signalling.

Although Mig-6 is known to be an important tumour
suppressor through negative regulation of EGF signalling,
its posttranslational modifications such as phosphorylation
have not been fully elucidated (Fiorentino et al, 2000; Fiorini
et al, 2002). It has been reported that EGF promotes tyrosine
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phosphorylation of Mig-6 by EGFR tyrosine kinase (Tong
et al, 2008), the biological implications of which are
unknown. Another report indicated that Mig-6 can bind the
phospho-serine binding adaptor protein 14-3-3 via its
consensus motif for 14-3-3 binding, but the responsible
kinase has not been identified (Makkinje et al, 2000).

One of the kinases that phosphorylates at the 14-3-3
consensus motif is Chkl. If DNA stability is perturbed,
Chk1 is activated by ATM/ATR and phosphorylates a Ser
residue in the 14-3-3 motifs of human Cdc25A, B, and C
(Niida and Nakanishi, 2006). Chk1 is essential not only for
checkpoint activation but also for cell viability in the absence
of DNA perturbation. ChkI-knockout mice show embryonic
lethality at an early stage of development. ChkI-conditional
knockout embryonic stem cells and somatic cells also died,
even in the absence of DNA damage (Liu et al, 2000; Niida
et al, 2005). These phenotypes indicate that Chkl has an
important role during normal cell proliferation. However, the
DNA damage-independent functions of Chkl have not been
fully elucidated.

In the present study, we investigated phosphorylation
of Mig-6 and found that it is phosphorylated by Chkl
in vitro and in vivo. Moreover, we identified the sites

for Chkl phosphorylation and investigated the functional
regulation of Mig-6 via Chkl-mediated phosphorylation in
EGF signalling.

Results

Effects of protein kinase inhibitors on Mig-6
phosphorylation

Mig-6 acts as a negative feedback regulator of EGF signalling.
However, little is known about its posttranslational modifica-
tions or regulatory mechanisms. We first investigated phos-
phorylation of Mig-6 because many cellular proteins are
regulated by phosphorylation. FLAG-Mig-6 was transfected
into HEK293 cells and immunoprecipitated (IP) with anti-
FLAG antibody, and then the cell lysate were IP and analysed
by SDS-PAGE followed by a Phos-tag BTL phosphoprotein
detection method (Figure 1A). The result indicated that Mig-6
is phosphorylated in these cells. To identify the responsible
kinase, we tested various protein kinase inhibitors
(Supplementary Table S1) in the in vivo phosphorylation
assay. We found that phosphorylation of Mig-6 was decreased
remarkably by the Chkl inhibitor SB218078 (Figure 1B,
Supplementary Figure S1). As shown in Figure 1B, 10 uM
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Figure 1 Effects of protein kinase inhibitors on Mig-6 phosphorylation in vivo. (A) Mig-6 is phosphorylated in HEK293 cells. pcDNA3-FLAG-
Mig-6 was transfected into HEK293 cells. The whole cell lysates were IP with anti-FLAG M2 antibody and resolved by SDS-PAGE.
Phosphorylated Mig-6 (p-Mig-6) was detected by a Phos-tag BTL system as described in Materials and methods. (B) Phosphorylation of
Mig-6 is inhibited by Chk1 inhibitor (SB218078) in vivo. HEK293 cells were transfected with FLAG-Mig-6 and treated with the indicated kinase
inhibitors for 3 h before harvesting. FLAG-Mig-6 was IP with anti-FLAG antibody from the cell lysates and p-Mig-6 was detected by the Phos-tag
BTL system. Details of the kinase inhibitors are indicated in Supplementary Table S1. The intensities of the p-Mig-6 bands and total Mig-6 bands
are indicated relative to the control (without inhibitor). (C) Phosphorylation of Mig-6 is inhibited by a Chk1 inhibitor in a dose-dependent
manner. HEK293 cells were transfected with FLAG-Mig-6 and treated with the Chk1 inhibitor SB218078 at the indicated concentrations for 3 h
before harvest. FLAG-Mig-6 was IP with anti-FLAG antibody from the cell lysate and separated by 6% Phos-tag SDS-PAGE (upper panel) or
normal SDS-PAGE (lower panel) followed by IB with anti-FLAG antibody. (D) Phosphorylation of endo Mig-6 is inhibited by Chk1 inhibitor.
MDA-MB-231 cells were treated without or with 5 or 10 uM SB218078, 10 uM Chk2 inhibitor 2, or 5 mM caffeine for 3 h. The cell lysates were
separated by 6% Phos-tag SDS-PAGE (upper panel) or normal SDS-PAGE (lower panel) followed by IB with anti-Mig-6 antibody. Figure source
data can be found with the Supplementary data.
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S$B218078 inhibited phosphorylation of Mig-6 to 25.6% of the
control level. To confirm this, we performed Phos-tag SDS-
PAGE analysis of Mig-6. Phosphorylation-dependent mobility
shifts of Mig-6 were suppressed by SB218078 in a dose-
dependent manner (Figure 1C). We next investigated whether
the phosphorylation of endogenous Mig-6 (endo Mig-6) was
also inhibited by the Chk1 inhibitor. Using MDA-MB-231 cells,
in which Mig-6 is endogenously highly expressed, we con-
firmed that phosphorylation of endo Mig-6 was inhibited by
Chk1 inhibitor, whereas Chk2 inhibitor 2 or caffeine (ATM/
ATR inhibitor) did not affect it (Figure 1D). This suggests that
Chk1 phosphorylates Mig-6 in vivo.

Chk1 phosphorylates Mig-6 in vitro
To examine whether Chk1 directly phosphorylates Mig-6, we
performed an in vitro Kinase assay. Recombinant (rec)
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Mig-6 protein was incubated with *?P-labelled ATP and rec
GST-Chk1 kinase at 30 °C for 30 min. As shown in Figure 2A,
phosphorylation of Mig-6 was observed in the presence of
Chkl kinase, and autophosphorylation of Chkl was also
observed in the lane with Chkl. Moreover, both the Chkl-
mediated phosphorylation of Mig-6 and autophosphorylation
of Chkl were inhibited by SB218078 in a dose-dependent
manner (Figure 2B).

EGF stimulates Chk1-mediated phosphorylation

of Mig-6

Previous studies have shown that Mig-6 functions as a feed-
back inhibitor of EGF signalling. Therefore, we next investi-
gated whether Chkl-mediated phosphorylation of Mig-6 was
associated with the EGF signalling pathway. As shown in
Figure 2C, we found that phosphorylation of endo Mig-6 was
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Figure 2 Chkl phosphorylates Mig-6 after EGF stimulation. (A) In vitro phosphorylation of Mig-6. rec Mig-6 protein (0.1 pg) was incubated in
20 ul of kinase reaction buffer with **P-labelled ATP and 0.1 pg of purified rec GST-Chk1 kinase at 30°C for 30 min. The reaction was stopped
by the addition of SDS sample buffer, then the proteins were separated by SDS-PAGE. p-Mig-6 was analysed by autoradiography.
(B) Phosphorylation of Mig-6 is inhibited by a Chkl inhibitor in a dose-dependent manner. rec Mig-6 proteins were pre-treated with
SB218078 at the indicated concentration for 5min at room temperature and then subjected to an in vitro kinase assay as described above.
(C) EGF stimulation promotes phosphorylation of endo Mig-6. MDA-MB-231 cells were subjected to serum starvation for 16h. Cells were
pretreated with or without 10 uM SB218078 or 5 mM caffeine for 3 h, followed by stimulation with 20 ng/ml EGF for 15 min. Cells were harvested
and the cell lysates were separated by 6% Phos-tag SDS-PAGE or normal SDS-PAGE, and subjected to IB with anti-Mig-6 antibody. (D) EGF-
promoted phosphorylation of Mig-6 is suppressed by Chkl depletion. MDA-MB-231 cells were transfected with an siRNA for human ChkI or a
control siRNA (Cont) and serum starved for 16 h, then stimulated with 20 ng/ml EGF for 15 min. Cell lysates were separated by 6% Phos-tag SDS-
PAGE or normal SDS-PAGE and analysed by IB with the indicated antibodies. Figure source data can be found with the Supplementary data.
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promoted by EGF stimulation in MDA-MB-231 cells, and it
was suppressed by the Chk1 inhibitor (Figure 2C, lane 2 versus
lane 4), suggesting that Chk1 is involved in EGF-stimulated Mig-
6 phosphorylation. Interestingly, caffeine, an ATM/ATR inhibi-
tor, did not affect the phosphorylation of Mig-6 (Figure 2C, lane
2 versus lane 6) even though the same concentration of caffeine
could counteract the phosphorylation of Chkl induced by UV
stimulation (Sarkaria et al, 1999; Mailand et al, 2000). Because
caffeine did not affect EGF-stimulated Mig-6 phosphorylation,
which was observed without genotoxic stress, it is likely that the
Mig-6 phosphorylation by Chk1 is induced in a DNA damage-
independent manner.

Next, we investigated the effect of Chk1 depletion on Mig-6
phosphorylation. Basal phosphorylation of Mig-6 in the
absence of EGF stimulation was suppressed by depletion of
Chkl (Figure 2D, lane 1 versus lane 3). Moreover, EGF-
stimulated Mig-6 phosphorylation was severely inhibited by
depletion of Chkl (Figure 2D, lane 2 versus lane 4).
Furthermore, we performed a phosphatase-treatment experi-
ment to prove that the smeared Mig-6 band on the Phos-tag
gel was because of phosphorylation (Supplementary Figure
S2B). We also demonstrated that the smeared Mig-6 band
prepared from EGF-stimulated MDA-MB-231 cells on a Phos-
tag gel did not indicate ubiquitylation (Supplementary Figure
S2C). To confirm the Chkl-mediated Mig-6 phosphorylation,
we designed and used another small interfering RNA (siRNA)
oligo, Chk1(04). As shown in Figure 2D and Supplementary
Figure S2A, depletion of Chkl by both siRNA(01) and
(04) attenuated phosphorylation of Mig-6. These results
indicate that EGF stimulation promotes Chkl-mediated
Mig-6 phosphorylation.

Analysis of the phosphorylation sites in Mig-6
Next, we tried to identify the Chk1-mediated phosphorylation
site(s) in Mig-6. Chk1l often phosphorylates serine or threo-
nine residues at an RxxS/T motif (O’Neill et al, 2002). After
comparing the amino-acid sequences of Mig-6 between
human, mouse, and rat, we selected five conserved serine
residues as candidates. S249 and S251 are in the 14-3-3-BD,
while S302, S334, and S369 are located in the AH domain,
which is involved in binding to EGFR (Figure 3A). We
substituted these serine residues with alanine to determine
the Chk1 phosphorylation sites using an in vitro kinase assay
with rec proteins. We found decreased phosphorylation in the
S249/251A and S249/251/302/334/369A mutants but not in
the $302/334/369A mutant using >2P autoradiography as well
as immunoblotting (IB) with anti-phospho-serine (Figure 3B,
Supplementary Figure S3A). Moreover, the Chkl-mediated
phosphorylation of S251A but not S249A mutant Mig-6 was
apparently decreased compared with that of WT Mig-6
(Figure 3C). To confirm that S251 is a phosphorylation site
in vivo, WT or S251A Mig-6 was transfected into HEK293
cells, which were then stimulated with EGF. As shown in
Figure 3D, the phosphorylation-dependent mobility shift of
the S251 A mutant was smaller than that of WT Mig-6, suggest-
ing that S251 is phosphorylated in vivo. At the same time, we
found that at least one of S302/334/369 was phosphorylated
following EGF stimulation (Supplementary Figure S3B). We tried
to generate a Mig-6 phospho-S251-specific antibody to enable
further confirmation, but unfortunately were unsuccessful.

We next demonstrated the phosphorylation sites of
Mig-6 using mass spectrometry (MS). HEK293 cells were
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transfected with FLAG-Mig-6 and stimulated with EGF. Mig-
6 protein was prepared by immunoprecipitation with anti-
FLAG antibody from the lysates, separated by SDS-PAGE and
analysed by liquid chromatography (LC)-MS. We identified
S251-phosphorylated peptides such as SHpSGPAGSFNKPAIR,
indicating that Mig-6 was phosphorylated at S251 in vivo
(Supplementary Figure S4A). Next, endo Mig-6 prepared
from MDA-MB-231 cells treated with EGF was subjected to
LC-MS analysis. We identified S251-phosphorylated peptides
such as SHpSGPAGSFNKPAIR, indicating that endo Mig-6 was
also phosphorylated at S251 (Figure 3E). The numbers of
identified phosphorylated peptides in the exogenous FLAG-
Mig-6 (exo Mig-6) and the endo Mig-6 protein (endo Mig-6)
are indicated in Figure 3F. Because phospho-S251-containing
peptides were commonly detected in both exo Mig-6 and
endo Mig-6, we believe that S251 is an in vivo phosphoryla-
tion site in Mig-6.

As shown in Figure 3F, not only S251, but also S273, S276,
S302, and S326 were phosphorylated in both exo and endo
Mig-6. These sites might include not only Chkl-mediated
phosphorylation sites but also Chkl-independent phosphor-
ylation sites. S251 and S302 are located within a putative
consensus motif for Chkl (R-X-X-S/T), whereas S273, S276,
and S326 are not. To determine the Chkl-mediated phosphor-
ylation sites, rec Mig-6 protein was phosphorylated by GST-
Chk1 in vitro followed by LC-MS analysis. We found that S251
and S302, but not S273, S276, or S326, were phosphorylated
by Chkl in vitro (Figure 3F, Supplementary Figure S4B).
Taken together, Chkl could directly phosphorylate both
S251 and S302 in Mig-6, suggesting that they are major
Chkl-mediated phosphorylation sites in Mig-6.

Effects of Chk1-mediated phosphorylation of Mig-6
S251 on EGF signalling

To determine the physiological relevance of Mig-6 phosphor-
ylation, we investigated the effect of substitution at the Chk1-
mediated phosphorylation sites on Mig-6 function as a nega-
tive feedback inhibitor of EGF signalling. WT, S251A, and
S251E (phospho-mimic form) Mig-6 were transfected into
HEK293 cells, and the cells were treated with or without
EGF. Phosphorylation of EGFR was analysed by IB with anti-
phospho-EGFR or anti-phospho-tyrosine antibody. Similar to
NIH-EGFR (Anastasi et al, 2007) and Cos-7 cells (Zhang et al,
2007), we confirmed that WT Mig-6 suppressed autophos-
phorylation of EGFR in EGF-stimulated HEK293 cells
(Supplementary Figure SS5A, lane 2 versus lane 4). The
S251A mutant suppressed this autophosphorylation much
more strongly than did WT Mig-6 (Supplementary Figure
S5A, lane 4 versus lane 6). In contrast, autophosphorylation
of EGFR was partially restored in cells expressing the S251E
mutant (Supplementary Figure S5A, lane 6 versus lane 8,
and B), suggesting that phosphorylation of S251 in Mig-6
negatively regulates the inhibitory activity of Mig-6 on EGF
signalling.

To investigate the effect of Mig-6 S251 phosphorylation on
cell growth, we performed proliferation assays. Expression of
the S251A mutant markedly inhibited the proliferation of
HEK293 cells, whereas the WT and S251E mutant did not
affect cell growth (Supplementary Figure S5C). This is pre-
sumably because WT Mig-6 is phosphorylated at S251 in
HEK293 cells in normal culture medium without further
stimulation by EGF.

©2012 European Molecular Biology Organization
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spectrum of the charged ions (m/z 503.38) shows that S251 is phosphorylated in the indicated peptide (top right). b ions, fragmentation ions
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separated by SDS-PAGE and analysed by MS. Figure source data can be found with the Supplementary data.
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For further information, we performed rescue experiments
using siRNA-resistant Mig-6 wild type, S251A, or S251E.
MDA-MB-231 cells were infected with retrovirally encoded
Mig-6 wild type, S251A, or S251E, and then treated with an
siRNA-targeting Mig-6. After EGF stimulation, autophosphor-
ylation of EGFR was analysed by IB. As shown in Figure 4A
and B and Supplement Figure S5D, treatment with a Mig-6
siRNA increased the autophosphorylation of EGFR to
~120% of control levels. Introduction of WT Mig-6 inhibited
the autophosphorylation of EGFR to 66% of that for the
empty vector control. The S251A mutant suppressed the
autophosphorylation of EGFR significantly more strongly
than did WT Mig-6. Because Mig-6 is highly phosphorylated
in EGF-stimulated MDA-MB-231 cells, the effect of S251E on
autophosphorylation was almost the same as that of WT Mig-6.
Next, we performed rescue experiments on cell proliferation
using siRNA-resistant Mig-6 wild type, S251A, or S251E. As
described above, MDA-MB-231 cells were infected with retro-
virally encoded Mig-6 wild type, S251A, or S251E, and then
treated with siRNA for Mig-6. Then, cell proliferation assays
were performed. As shown in Figure 4C, the doubling time of
cells expressing S251A was significantly prolonged compared
with that of the WT and the S251E mutant. Because Mig-6 is
highly phosphorylated in MDA-MB-231 cells in normal cul-
ture conditions, it is consistent that the effect of S251E on cell
proliferation was almost the same as that of WT Mig-6.
Moreover, we obtained almost the same data using HEK293

cells that were transfected with Mig-6 plasmids
(Supplementary Figure S5). These results were reproducible
in three independent experiments, and the effect of the S251A
mutant was always moderate. Therefore, we conclude that
phosphorylation of Mig-6 S251 is involved in the regulation of
EGF signalling.

We tested additional phosphorylation site such as S302 in
which phosphorylation as well as S251 was identified by MS
in in vitro, in vivo, and endogenous status (Figure 3F). As
shown in the Supplementary Figure S6A, S302/334/369A
mutant showed the same inhibitory effect on autophosphor-
ylation of EGFR as WT Mig-6 in HEK293 cells. Furthermore,
retroviral expression of Mig-6 S302A had no effect on both
autophosphorylation of EGFR and proliferation in MDA-MB-
231 cells (Supplementary Figure S6, B-D). Taken together,
these results suggest that phosphorylation of Mig-6 S251 but
not S302 is important for its inhibitory function on EGF
signalling and regulation of cell proliferation.

EGF stimulation promotes phosphorylation of

Chk1 at S280

To clarify the Chkl modification in EGF signalling pathway,
we performed quantitative phospho-proteome analysis of
EGF-stimulated HeLa cells using LC-MS, a technique termed
phospho-iTRAQ (Leitner and Lindner, 2009). Phosphorylation
of EGFR (Y1172, Y1192) and PRAS40 (T246) indicating Akt
activity peaked at 5min after stimulation and then oscillated.

A siRNA  Cont Mig-6(01)
FLAG-Mig-6(siRE) Vec Vec wT S251A S251E
EGF - + - + - + - + - +
o-p-EGFR .
vieey R - e -
o-Mig-6

endo Mig-6 — i

o-FLAG

DA s S S B « oo FLAG-Mig6
“ . H re e

D S « <o PG

e e

U-ACHN W —— ——— — — — —

iy
|

P=0.006

o
©
1

o
)
1

o

Relative intensity of
-

p-EGFR (Y1068)

o
S
|

0-
FLAG-Mig-6(SiRE)

SiRNA Cont

WT S251A S251E
Mig-6

Vec Vec

(%)
o
y

Cc

P=0.032 P=0.027

N N [
-] © N
1 1 1

Doubling time (hours)
N
w

20 .
FLAG-Mig-6(SiRE)

SiRNA Cont

WT S251A S251E
Mig-6

Vec Vec

Figure 4 Effect of Mig-6 S251 phosphorylation on EGF signalling. (A) Effect of Mig-6 S251 mutation on EGF signalling. MDA-MB-231 cells were
infected with retroviruses encoding Mig-6 wild type, S251A, or S251E, and then treated with an siRNA-targeting Mig-6 or a control siRNA
(Cont). After 16 h serum starvation, cells were stimulated with 20 ng/ml EGF, then harvested 15 min later. Cell lysates were separated using
SDS-PAGE followed by IB. The asterisk indicates retrovirally expressed Mig-6 protein without the FLAG-tag, which is translated using the
original first methionine of the Mig-6 cDNA. (B) The intensity of p-EGFR (Y1068) protein in each condition in (A) was quantified by image
analysis. The data from triplicate experiments were evaluated statistically and are shown graphically relative to the data from the vector only.
(C) Effect of S251 status on cell growth. MDA-MB-231 cells were infected with retrovirally encoded Mig-6 wild type, S251A, or S251E, and then
treated with an siRNA for Mig-6 or a control siRNA (Cont). Cell proliferation assays were performed. The doubling times were calculated and
are shown graphically. Figure source data can be found with the Supplementary data.

VOL 31 | NO 10 | 2012

©2012 European Molecular Biology Organization



Chkl became phosphorylated at S280 from 10min after
stimulation (Supplementary Figure S7, A-C). This suggests
that phosphorylation of $S280 in Chkl might be induced via
the PI3K/Akt pathway, which is consistent with a previous
report that PI3K activation promotes phosphorylation of Chk1
at S280 (Puc et al, 2005). These authors concluded that S280-
phosphorylated Chkl is preferentially tethered in the
cytoplasm. We then investigated whether EGF signalling
promoted S280 phosphorylation of Chkl in MDA-MB-231
cells. We found that EGF promoted phosphorylation of Chk1
§$280, with a similar duration to Mig-6 phosphorylation,
whereas Chkl S345 was not upregulated (Figure 5A). As
shown in Figure 5B, depletion of neither ATM nor ATR
affected EGF-dependent S280 phosphorylation of Chkl. This
is consistent with the data shown in Figure 2C, in which the
ATM/ATR inhibitor caffeine did not affect the phosphorylation
of Mig-6.

Next, we investigated the PI3-kinase pathway (Figure 5C-E).
The PI3K inhibitor LY294002 inhibited the phosphorylation of
not only Akt S473 but also Chk1 S280 and Mig-6 (Figure 5C).
Similarly, Akt inhibitor IV inhibited S280 phosphorylation of
Chkl1 in a dose-dependent manner (Figure 5D). Depletion of
p70S6K, a downstream kinase of Akt, inhibited EGF-induced
5280 phosphorylation of Chkl (Figure 5E). To address
whether Akt or p70S6K phosphorylates Chk1 at S280 directly,
we performed in vitro phosphorylation experiments using
recombinant proteins. As shown in Figure SF, it is p70S6K,
but not Akt, phosphorylated Chkl directly. These results
suggest that p70S6K, a downstream kinase of Akt, is involved
in phosphorylation of Chkl at S280 via the EGFR-PI3K/Akt
pathway.

Chk1 phosphorylates and inhibits Mig-6, acting as a
positive regulator of EGF signalling

We next investigated the physiological relevance of EGF-
promoted phosphorylation of Mig-6 by Chk1l. We transfected
MDA-MB-231 cells with an siRNA for Chk1(01) or Mig-6(01),
or a control siRNA, and then stimulated with EGF. EGF
promoted phosphorylation of EGFR, Chkl $280, and ERK
from 5min after stimulation, peaked at 15-30 min, and re-
duced from 1h. Depletion of Chkl attenuated EGFR phos-
phorylation and ERK phosphorylation at 5-30 min after EGF
treatment. In contrast, depletion of Mig-6 enhanced EGFR
phosphorylation and ERK phosphorylation in the same period
(Figure 6, Supplementary Figure S9). These tendencies were
reproducible in three independent experiments (Figure 6 and
Supplementary Figure S8). Moreover, another Chkl siRNA
oligo (04) showed the same result as did ChkI siRNA oligo
(01) (Supplementary Figure S10). These data indicate that
depletion of Chkl1 results in a decreased phosphorylation of
EGFR. Therefore, Chkl may play a role as a positive regulator
of EGF signalling via phosphorylation of Mig-6.

Next, we investigated whether phosphorylation of Mig-6
affects activation of other EGFR family members. As shown
in Figure 7A, depletion of Mig-6 facilitated the phosphoryla-
tion of not only EGFR but also of ERBB2 and ERBB3
(Figure 7A, lanes 2 versus 6). Moreover, we found that
depletion of Chk1 inhibited the phosphorylation of not only
EGFR but also of ERBB2 and ERBB3 (Figure 7A, lanes 2
versus 4). These results suggest that Chk1 is also involved in
the activation of other EGFR members via phosphorylation
of Mig-6.
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To demonstrate that Mig-6 is a downstream target of Chk1
in EGF signalling, we investigated the effect of Mig-6 deple-
tion on the activation of EGFR promoted by Chk1 depletion.
The EGF-dependent activation of EGFR was inhibited by
Chkl depletion, but rescued by co-depletion of Mig-6
(Figure 7B). Next, we investigated the relationship between
Mig-6 and Chkl on cell proliferation and found that cell
growth was also suppressed by Chkl depletion, but was
rescued by co-depletion of Mig-6 (Figure 7C and D). Our
results suggest that Chkl phosphorylates Mig-6 on S251,
resulting in the inhibition of Mig-6, and is involved in the
regulation in EGF signalling as a positive regulator
(Figure 7E).

Discussion

Mig-6 as a novel target of Chk1

ATM-Chk2 and ATR-Chkl play critical roles in the DNA
damage stress response pathway (Zhou and Elledge, 2000).
In particular, the ATR-Chk1 axis is essential to block the cell
cycle through inhibition of the Cdc25 family. Chkl also
regulates Cdc25A (Chen et al, 2003; Lam and Rosen, 2004;
Uto et al, 2004) and Cdc25B activities throughout an
unperturbed cell cycle (Schmitt et al, 2006). In contrast to
the well-characterized role of Chkl in the checkpoint
pathway, little is known about how Chkl acts in normal
cell cycle progression. The kinase activity of Chkl is
maintained during the cell cycle. Recently, Shimada et al
(2008) reported that Chkl bound chromatin and induced
cdkl and cyclin B transcripts by histone H3 Thrll
phosphorylation in the absence of DNA damage. Here, we
revealed a novel function of Chkl. We found that the EGFR
inhibitor Mig-6 is a novel target of Chkl under normal cell
cycle conditions and in the absence of DNA damage. We
noticed that both exo Mig-6 and endo Mig-6 were
phosphorylated in living cells. Mig-6 has a PLTP consensus
sequence for phosphorylation by ERKs (Gonzalez et al,
1991), a PPLTPI consensus sequence for phosphorylation by
cyclin D1-Cdk4 (Kitagawa et al, 1996), PKC (S/T-XR/K)
(Woodgett et al, 1986), and several potential sites for phospho-
rylation by Chkl (O’Neill et al, 2002). We found that Chkl1 is
a candidate Mig-6 kinase using various kinase inhibitors and
demonstrated this function by depletion of Chkl. We also
found that EGF stimulation promoted phosphorylation of
Mig-6 in the absence of DNA damage, and that Mig-6
phosphorylation was severely suppressed by a Chkl
inhibitor or by silencing Chkl by treatment with siRNA.
Depletion of ATM or ATR as well as treatment with ATM/
ATR inhibitor caffeine did not affect EGF-stimulated Mig-6
phosphorylation. Our results indicated that Chkl could
phosphorylate Mig-6 by EGF stimulation, not via ATR, in a
DNA damage-independent manner. It has been reported that
S$345 and S317 are the main phosphorylation sites of Chk1 in
the DNA damage response. We confirmed that phos-
phorylation of S345 and S317 was upregulated upon DNA
damage induced by UV light in MDA-MB-231 cells, but not by
EGF stimulation (Figure 5C and unpublished observations).
In contrast, phosphorylation of Chk1 at S280 was apparently
promoted by EGF signalling. Puc et al (2005) indicated that
PI3K activation promotes the phosphorylation of Chkl at
S280 and that S280-phosphorylated Chkl1 is preferentially
tethered in the cytoplasm. We believe that cytoplasmically
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damage-independent manner. The contribution of the Chk1-
Mig-6 pathway to EGFR activation is significant and
reproducible but moderate, because EGF signalling is
regulated by multiple mechanisms. We believe that the

localized Chkl is susceptible to interaction with Mig-6.
Moreover, EGFR activity suppressed by Chkl depletion was
rescued by Mig-6 depletion. Therefore, Mig-6 is a
downstream target for phosphorylation by Chkl in a DNA
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of the indicated phosphorylated proteins were quantified by image analysis and are shown graphically. Three independent experiments were
performed as shown in Supplementary Figure S8. Figure source data can be found with the Supplementary data.

Chk1-Mig-6 pathway modulates EGFR activation as one of
the regulatory mechanisms of EGF signalling.

Chk1-mediated phosphorylation sites in Mig-6

Tyrosine phosphorylation of Y394 in Mig-6 has been reported
by Guha et al (2008), which is consistent with our MS data
for endo Mig-6. However, serine/threonine phosphorylation
of Mig-6 has not been reported at all. Our results indicated
that S251 and S302 are two major phosphorylation sites of
Mig-6 by Chk1. However, substitution of serine 302 to alanine

©2012 European Molecular Biology Organization

did not affect its inhibitory activity against EGFR comparing
with WT Mig-6 (Supplementary Figure S6). Therefore, we
presume that S251 is the main functional target site for
phosphorylation by Chk1 in response to EGF stimulation.
S251 is located in the 14-3-3 binding site (R-S-X-S-X-P)
(Muslin et al, 1996) in Mig-6; an interaction between exo
Mig-6 and 14-3-3 was reported by Makkinje et al (2000). Our
data indicated that WT Mig-6 bound to 14-3-3f, 9, and &
(Supplementary Figure S11A), whereas S251 A mutant showed
a low binding affinity to 14-3-3f and & but not §. Moreover,
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data.

depletion of Chk1 attenuated the binding of Mig-6 to 14-3-3§,
but not to 14-3-3f and & (Supplementary Figure S11B).
Therefore, phosphorylation of S251, which is located in the
putative 14-3-3 binding sequence in Mig-6, may be involved in
binding of Mig-6 to 14-3-3&.

We noticed that no effect of Mig-6 phosphorylation on its
association with EGFR family members was detected using
co-immunoprecipitation (data not shown). We speculate that
Chkl-mediated phosphorylation of Mig-6 may increase acti-
vation of the EGFR family members via some conformational
change in the EGFR-Mig-6 complex. Alteration in the binding
of Mig-6 to 14-3-3¢ may affect the conformation of Mig-6-
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EGFR family complex, although further study is required to
clarify the mechanism.

Regulation of EGF signalling by the Chk1-Mig-6
pathway

Because Mig-6 is downregulated in many tumour cells, these
cells may escape from Mig-6-mediated growth control. EGF
signalling is negatively regulated by Mig-6 in cells that
express a normal level of Mig-6. Attenuation of Mig-6 activity
may be required for efficient activation of EGFR, leading to
the accelerated cell growth in these cells. EGF stimulation
may promote Chkl-mediated phosphorylation of Mig-6 to

©2012 European Molecular Biology Organization



negate the EGFR repression. It has been reported that EGF
activates the PI3K/Akt pathway (Klein and Levitzki, 2009),
and that lack of the PI3K inhibitor PTEN promotes
phosphorylation of Chkl at S280, thereby sequestering
S280-phosphorylated Chkl in the cytoplasm (Puc et al,
2005; Jean et al, 2007). Our results also indicated that EGF
stimulation induced phosphorylation of Chk1 at S280, which
could be inhibited by a PI3K inhibitor or an Akt inhibitor.
Moreover, we found that p70S6K, a downstream Kkinase of
AKkt, is involved in the phosphorylation of Chkl at S280 via
EGFR-PI3K/Akt pathway. Therefore, we speculate the
following new insight into the regulation of EGF signalling,
EGF stimulation activates the PI3K/Akt pathway to phospho-
rylate Chkl at S280 in the early stages of EGF signalling.
S$280-phosphorylated Chk1 is sequestered in the cytoplasm
and phosphorylates Mig-6 at S251. Then, the inhibitory
activity of Mig-6 on EGFR activation is attenuated by the
S$251 phosphorylation, and thereby EGFR is fully activated to
promote downstream signal transduction and cell growth
(Figure 7E). Attenuation of Mig-6 activity may be required
for efficient activation of EGFR in the early stage. In the late
stages of EGF signalling, transcriptional induction of Mig-6 is
increased and Mig-6 is gradually dephosphorylated; EGFR
phosphorylation and the downstream signal transduction
is therefore attenuated, preventing from overactivity.
(Figure 5A). In summary, Chkl functions as a positive
regulator in the early stages of EGF signalling.

Because the EGFR pathway is an important molecular
target for cancer therapy, many EGFR tyrosine kinase inhibi-
tors are being tested for an ability to prevent EGF-dependent
cancer cell growth. We believe that regulation of the EGFR-
Mig-6 pathway is also applicable to cancer therapy. Chkl
kinase inhibitors have been presented as sensitizers against
cancer chemotherapy to avoid Chkl-mediated cell cycle
arrest (Xiao et al, 2005). In the present study, we found
that Chkl promoted EGF signalling via Mig-6 inhibition.
Depletion of Chkl and Chkl inhibition suppressed cancer
cell growth. Therefore, Chkl inhibitors may be useful to
inhibit EGF-dependent cell growth in Mig-6-positive cancer
cells.

Materials and methods

Cell culture

The human cell lines HEK293, HeLa, MDA-MB-231, and retroviral
packaging cell line Platinum-A were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum and maintained at 37°C in an atmosphere containing
5% CO,.

Antibodies and inhibitors

The antibodies used in this study were as follows: anti-FLAG
antibody M2 (Sigma), anti-Mig-6 antibody PE-16 (Sigma), anti-
Mig-6 antibody D-1 (Santa Cruz Biotechnology), anti-phospho-
Chk1 (Ser-280) antibody (Cell Signaling), anti-Chkl antibody G4
(Santa Cruz Biotechnology), anti-phospho-EGFR (Tyr-1068) anti-
body (Cell Signaling), anti-phospho-EGFR (Tyr-1173) antibody (Cell
Signaling), anti-phospho-EGFR (Tyr-845) antibody (UPSTATE), anti-
phospho-tyrosine antibody (4G10) (UPSTATE), anti-phospho-p44/
p42 MAPK (Thr202/Thr204) antibody (Cell Signaling), anti-phos-
pho-serine antibody (Invitrogen), anti-EGFR antibody (Santa Cruz
Biotechnology), anti-ATM antibody (N-19) (Santa Cruz Biotech-
nology), anti-ATR antibody (2C1) (Santa Cruz Biotechnology),
anti-phospho-Akt (Ser-473) antibody (587F11) (Cell Signaling),
anti-Akt antibody (Cell Signaling), anti- phospho-p70S6K (Thr-389)
antibody (Cell Signaling), anti-p70S6K antibody (Cell Signaling),
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anti-phospho-ERBB2 (Tyr-1248) antibody (UPSTATE), anti-ERBB2
antibody (Santa Cruz Biotechnology), anti-phospho-ERBB3 (Tyr-
1289) antibody (Cell Signaling), anti-ERBB3 antibody (Santa Cruz
Biotechnology), anti-p-actin antibody (Sigma), and anti-a-tubulin
antibody DM1A (Sigma). The protein kinase inhibitors used in this
study are indicated in Supplementary Table 1.

Plasmids and rec proteins

pBabe-EGFR was kindly provided by Wallice Langdon, School of
Surgery and Pathology, University of Western Australia. A cDNA
encoding WT Mig-6 cloned into pcDNA3.1 was described in a
previous report (Tsunoda et al, 2002). All mutants of Mig-6 and
Chk1 were constructed using standard rec DNA techniques. WT and
mutant cDNA were re-cloned into the pGEX-6P-1 vector
(Amersham) and the GST-Mig-6 fusion proteins were prepared as
described previously (Frangioni and Neel, 1993). GST-tag was
removed by PreScission Protease (GE Healthcare, Little Chalfont,
UK) cleavage, and thereby Mig-6 proteins were eluted from
Glutathione Sepharose 4B (GE Healthcare).

Immunoprecipitation

Cells were lysed in immunoprecipitation lysis buffer (0.5% Triton
X-100, 300 mM NaCl, 25 mM Tris-HCI (pH 7.5)). Cell lysates were
incubated with 2 pg of antibodies and protein G+ Sepharose 4FF
(GE Healthcare) at 4°C for 2h. Immunocomplexes were washed
four times with lysis buffer, then denatured by treatment with an
SDS sample buffer at 100°C for 5min. IP samples, as well as the
original cell lysates (input), were separated by SDS-PAGE and
transferred from the gel onto a polyvinylidene difluoride (PVDF)
membrane (Millipore, Billerica, MA), followed by IB. The proteins
were visualized using an enhanced chemiluminescence system
(Perkin Elmer, Waltham, MA).

Immunoblot analysis of phosphorylated proteins

We performed three methods to detect phosphorylation of Mig-6.
The first was IB with anti-phospho-serine, anti-phospho-tyrosine, or
anti-phospho-EGFR antibodies. The second was chemiluminescent
detection using Phos-tag™ biotin (BTL; NARD Institute, Ltd.), which
selectively binds to phosphorylated proteins blotted on PVDF
membrane. Protein-blotted PVDF membrane was incubated with
PB-SH solution (0.2mM Phos-tag BTL, 0.4mM Zn(NO;),, 1ul
streptavidin-conjugated horseradish peroxidase in Tris-buffered sal-
ine/0.1% Tween) for 30min at room temperature. Then, the
membrane was washed and the chemiluminescence observed
using ECL plus (GE Healthcare) on an X-ray film. The third method
was the Phos-tag gel method, which can detect the mobility shifts of
phosphorylated proteins using acrylamide-pendant Phos-tag
(NARD Institute, Ltd.). The phosphate affinity SDS-PAGE was
conducted with 25puM Phos-tag acrylamide (AAL-107), 25uM
MnCl,, 0.37M Tris-HCl (pH 8.8), and 0.20% (w/v) SDS. After
electrophoresis, the gel was soaked in a general transfer buffer
containing 1 mM EDTA and then washed in the same transfer buffer
without EDTA. After the treatment, it was transferred from the gel to
PVDF membrane and immunoblotted with anti-Mig-6 antibody. The
phosphorylated protein forms migrated more slowly than the non-
phosphorylated forms.

In vitro phosphorylation assay

rec Mig-6 protein (0.1 pg) was incubated in 20 pl of kinase buffer
(50 mM Tris-HCl (pH 7.5), 1 mM EGTA, 10 mM MgCl,, 1 mM DTT)
and *?P-labelled ATP with or without 0.1 ug of purified rec GST-
Chk1 kinase (Carna Biosciences, Kobe, Japan) at 30°C for 30 min
with or without pretreatment with SB218078. The reaction was
stopped by the addition of SDS sample buffer then analysed by 8%
SDS-PAGE followed by autoradiography, or transferred to PVDF
membrane and immunoblotted with anti-phospho-serine antibody.

RNA interference

MDA-MB-231 cells were transfected with human Chk1 siRNA, Mig-6
siRNA, or control siRNA oligonucleotides using Lipofectamine™
RNAIMAX (Invitrogen), according to the manufacturer’s protocol.
The nucleotide sequence of the Chk1(01) siRNA was 5-GCGUGC
CGUAGACUGUCCA-3" and Chk1(04) siRNA was 5-GAAGUUGG
GCUAUCAAUGG-3' with a 3'dTdT overhang. The nucleotide
sequence of the human Mig-6(01) siRNA was 5'-CUACACUUUCUGAU
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UUCAA-3" and Mig-6(05) siRNA was 5'-GCAGGGUAUCCAUUC
UUUA-3’ with a 3'dTdT overhang. The nucleotide sequence of the
human ATR siRNA was 5-CCTCCGTGATGTTGCTTGA-3' and S6K1
siRNA was 5'-GGACATGGCAGGAGTGTTT-3' with a 3’dTdT over-
hang. ATM siRNA used in this study was purchased from Ambion.

Viral infection

Retroviruses were generated by transfection of pMXs-Puro-Mig-6
into Platinum-A retroviral packaging cell line using Fugene 6
Reagent (Roche). Viral particles were collected 48 h after transfec-
tion. MDA-MB-231 cells were plated on 10-mm dishes at a density of
4 x 10° cells per dish. On the next day, the medium was replaced
with 6 ml of viral supernatant containing 8 ug/ml Polybrene. At 48 h
after retroviral infection, cells were selected with 1 ug/ml puromy-
cin for 72 h, then pooled for further use.

Proliferation assay

HEK293 cells were seeded in 10-cm dishes with 60000 cells per
dish. After 24 h, cells were transfected with WT or mutant pcDNA3-
FLAG-Mig-6 together with the pEGFP vector. Images were obtained
of four fields per dish at 24, 36, 48, and 60h after transfection.
Green cells were counted as transfected cells.

MDA-MB-231 cells were seeded in 6-cm dishes, and transfected
simultaneously with an siRNA against human Chkl or Mig-6, or a
control siRNA. After 24 h, cells were reseeded into 96-well plates
with 3500 cells per well, and proliferation assays were performed at
12, 24, 36, 48, and 60h after replating, according to the manufac-
turer’s instructions (CyQUANT®™ Cell Proliferation Assay Kit;
Invitrogen).

MS analysis

Proteins were subjected to SDS-PAGE followed by in-gel digestion
with trypsin. The obtained peptides were dried and then dissolved
in 0.1% TFA, 2% ACN prior to LC-MS/MS analysis. Peptides were
analysed using a nanoLC-MS/MS system, composed of an LTQ
Orbitrap Velos (Thermo Fisher Scientific) coupled with a nanoLC
(Advance, Michrom BioResources) and an HTC-PAL autosampler
(CTC Analytics). Peptide separation was carried out using an in-
house-pulled fused silica capillary (0.1 mm inside diameter, 15cm
length, 0.05 mm inside diameter at the tip), packed with a 3-um C18
L-column. The mobile phases consisted of 0.1 % formic acid (A) and
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