p52Shc regulates the sustainability of ERK
activation in a RAF-independent manner
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ABSTRACT p52SHC (SHC) and GRB2 are adaptor proteins involved in the RAS/MAPK (ERK)
pathway mediating signals from cell-surface receptors to various cytoplasmic proteins. To
further examine their roles in signal transduction, we studied the translocation of fluores-
cently labeled SHC and GRB2 to the cell surface, caused by the activation of ERBB receptors
by heregulin (HRG). We simultaneously evaluated activated ERK translocation to the nucleus.
Unexpectedly, the translocation dynamics of SHC were sustained when those of GRB2 were
transient. The sustained localization of SHC positively correlated with the sustained nuclear
localization of ERK, which became more transient after SHC knockdown. SHC-mediated PI3K
activation was required to maintain the sustainability of the ERK translocation regulating
MEK but not RAF. In cells overexpressing ERBB1, SHC translocation became transient, and
the HRG-induced cell fate shifted from a differentiation to a proliferation bias. Our results
indicate that SHC and GRB2 functions are not redundant but that SHC plays the critical role
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in the temporal regulation of ERK activation.

INTRODUCTION

Numerous types of cell-surface receptors function with adaptor pro-
teins to facilitate the transmission and amplification of extracellular
signals into the cytoplasm, where they stimulate various cell re-
sponses. One of the receptor tyrosine kinase (RTK) families, ERBB
(ERBB1-4), belongs to such cell-surface receptors. ERBB family
members are activated by various growth factors and interact with
adaptor proteins, including p52SHC and GRB2, to propagate
growth factor signaling to the RAS/MAPK (extracellular signal-regu-
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lated kinase; ERK) and PI3K/AKT (PKB) pathways that regulate cell
proliferation, differentiation, apoptosis, and metabolism (Mendoza
etal.,, 2011; Nepstad et al., 2020).

p52SHC (hereafter referred to as SHC) is one of three isoforms of
a family of proteins (p46, p52, and pé6) that plays important roles in
both normal and oncogenic cell signaling and is associated with a
poor prognosis in breast cancer patients (Gu et al., 2000; Davol
et al., 2003). SHC and its isoforms contain an amino-terminal phos-
photyrosine-binding (PTB) domain, a central region of the collagen
homology 1 (CH1) domain, and a carboxy-terminal Src homology 2
(SH2) domain (Pelicci et al., 1992). The PTB domain enables the
translocation of SHC to the plasma membrane, where it recognizes
the phosphorylated NXXY motif of the ERBB receptors. Once asso-
ciated with an ERBB receptor, SHC is phosphorylated at Tyr?3%/240
and Tyr3". These phosphotyrosine residues interact with SH2 do-
main—containing proteins including GRB2, resulting in the activation
of multiple signaling pathways (Ravichandran, 2001). For example,
an increase in the density of the GRB2-SOS complex on the plasma
membrane through the interaction between phosphorylated SHC
and GRB2 contributes to signal amplification from ERBB receptors
to RAS. It has been reported also that SHC is required for the full
activation of RAS/MAPK signaling when cells are stimulated with
growth factors at a low concentration (Lai and Pawson, 2000). In
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addition, SHC interacts with the complex of 14-3-3 and PI3K for
activation of the RAS/MAPK and PI3K/AKT signaling pathways
(Ursini-Siegel et al., 2012; Suen et al., 2018).

Another adaptor protein, GRB2, contains an SH2 domain that
recognizes the pYXN motif of upstream proteins, including the
ERBBs, and two SH3 domains that bind to the proline-rich motif in
downstream effector proteins (Songyang et al., 1994; Sparks et al.,
1996). The translocation of GRB2 to the plasma membrane, where it
interacts with phosphorylated ERBBs and SHC, results in the recruit-
ment of effector proteins, including SOS1- and GRB2-associated
binder 1 (GAB1), to the plasma membrane and activation of the
RAS/MAPK and PI3K/AKT signaling pathways (Pawson, 2007; Bisson
etal., 2011). Thus, the recruitments of GRB2 and SHC to the plasma
membrane upon receptor activation have been thought to be bio-
logically redundant processes for the promotion of RAS/MAPK and
PIBK/AKT signaling pathways (Saucier et al., 2002, 2004; Oku et al.,
2012), even though there is a stronger activation of DNA synthesis
under SHC than GRB2 (Oku et al., 2012).

It is widely accepted that in the RAS/MAPK signaling pathway,
differences in the duration of ERK activation correlate with distinct
cellular responses, that is, proliferation or differentiation (Marshall,
1995). ERK is translocated to the nucleus and regulates the activa-
tion of nuclear transcription factors (Brunet et al., 1999; Bouchard
et al., 2004; Caunt and McArdle, 2012). In MCF7 and PC12 cells, the
transient activation of ERK by the epidermal growth factor (EGF)
leads to cell proliferation, while the sustained activation of ERK by
heregulin (HRG) or nerve growth factor (NGF) leads to cell differen-
tiation (Marshall, 1995; Kao et al., 2001; Nagashima et al., 2007).
Various mechanisms have been suggested for the regulation of the
activation dynamics of ERK, including growth factor-dependent
regulation (Birtwistle et al., 2007), positive and negative feedback
loops in the RAF-MEK-ERK pathway (Santos et al., 2007; Avraham
and Yarden, 2011), cross-talk between the RAS/MAPK and PI3K/
AKT pathways (Egan et al., 1993; Kiyatkin et al., 2006), and RAS- and
RAP-dependent regulation (Kao et al., 2001; Sasagawa et al., 2005;
Nakakuki et al., 2008). To our knowledge, however, the roles of SHC
and GRB2 in the regulation of ERK activation dynamics and the de-
termination of cell fate have not been discussed or reported in any
great depth.

In our present study, we aimed to better understand the func-
tions of SHC and GRB2 during the signal transduction dynamics of
ERK and their further roles in the determination of cell fates. In the
analyses, we observed the translocation dynamics of SHC, GRB2,
and ERK after HRG stimulation using multimode, dual-color fluores-
cence microscopy in living MCF7 cells. We then analyzed the trans-
location dynamics of these proteins and from our findings suggest a
novel role of SHC in HRG signaling and subsequent cell fate
decisions.

RESULTS

The distinct translocation dynamics of SHC and GRB2 upon
HRG stimulation

To investigate the spatiotemporal features of the SHC and GRB2
responses to HRG stimulation, we first observed their translocation
dynamics to the plasma membrane from the cytoplasm in living
MCF?7 cells after stimulation with HRG. For the visualization of these
proteins in the cells, Halo protein and GFP were fused to the N-ter-
minus of SHC and GRB2, respectively (hereafter referred to as Halo-
SHC and GFP-GRB2) (Supplemental Figure S1). The expression of
these proteins was confirmed by SDS-PAGE analysis. The apparent
molecular masses of the Halo-SHC and GFP-GRB2 proteins were
determined by Western blotting analysis as 86 and 52 kDa, respec-
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tively (Supplemental Figure S1A), consistent with their expected
molecular sizes. The relative expression levels of the transfected
Halo-SHC and GFP-GRB2 were about 50% or less of those of the
endogenous molecules and did not affect the endogenous expres-
sion (Supplemental Figure S1, C and D). We anticipated that the
lower expression of the tagged molecules would allow us to analyze
the translocation dynamics of SHC and GRB2 without changing the
intrinsic properties of these proteins.

Halo-SHC and GFP-GRB2 were observed on the cytoplasmic
surface of the plasma membrane using total internal reflection fluo-
rescence microscopy (TIRFM) (Figure 1A). In our experiment, Halo
protein was conjugated with tetramethylrhodamine (TMR). Both
adaptor proteins were found to be mainly distributed in the cyto-
plasm (Supplemental Figure S2) and circulate between the cyto-
plasm and the plasma membrane before and after HRG stimulation.
Application of HRG to the culture medium increased the densities of
both proteins on the cell surface, and the increased membrane lo-
calization of Halo-SHC was sustained for at least 60 min after HRG
stimulation (Figure 1B), whereas that of GFP-GRB2 was transient
(Figure 1C). In subsequent confocal microscopy observations, no
association with the endosomal membrane was evident for either
GFP-GRB2 or Halo-SHC, even after HRG stimulation of the cells
(Supplemental Figure S2A).

It is generally thought that GRB2 translocation to the plasma
membrane after growth factor stimulation is caused through its as-
sociation with phosphorylated ERBBs and phosphorylated SHC,
which is itself bound to phosphorylated ERBBs. Western blotting
analysis under the same conditions as used for cell imaging revealed
that phosphorylation of the GRB2-binding site on SHC (pTyr®"’) was
increased after HRG stimulation and persisted for as long as the
translocation of Halo-SHC (Supplemental Figure S3C). In addition,
the major SHC- and GRB2-binding sites of all four ERBBs (ERBB1-
B4) were persistently phosphorylated over a 60 min period without
significant differences between the phosphorylation levels of the
SHC- and GRB2-binding sites (Supplemental Figure S3C). These re-
sults indicated that SHC and GRB2 have distinct translocation dy-
namics in MCF7 cells that are stimulated by HRG via previously un-
known mechanisms.

The sustained localization of SHC at the plasma membrane
correlates with the sustained activation of ERK

We next observed the translocation dynamics of GFP-tagged ERK2
(GFP-ERK) from the cytoplasm to the nucleus after HRG stimulation
of the cells. The apparent molecular mass of the GFP-ERK deter-
mined from Western blotting analysis was 72 kDa (Supplemental
Figure S1B), consistent with the expected molecular size. Previous
reports have reported that HRG induces a sustained activation of
ERK in MCF7 cells, which leads to cell differentiation (Marshall,
1995; Kao et al., 2001; Nagashima et al., 2007). We confirmed here
that EGF and HRG induced transient and sustained translocation of
ERK to the nucleus, respectively (Supplemental Figure S4), that is,
the probe used in this study allowed us to detect the translocation
dynamics of ERK in MCF7 cells. GFP-ERK was found to be persis-
tently translocated to the nucleus and persistently phosphorylated
up to at least 60 min after HRG stimulation (Figure 1, A and D; Sup-
plemental Figure S3C).

To evaluate the possible correlation between SHC and GRB2
dynamics and ERK dynamics, we searched for a condition that
perturbs the sustainability but not the initial amplitude of SHC trans-
location and noticed that in a stable cell line that overexpresses
EGFR (ERBB1), derived from MCF7 cells (B1MCF7), the transloca-
tion dynamics of SHC was more transient than that in the parental
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FIGURE 1: Translocation dynamics of SHC and GRB2 to the plasma
membrane and of ERK to the nucleus in MCF7 cells after HRG
stimulation. (A) TIRF images of Halo-SHC and GFP-GRB2 on the basal
plasma membrane and epifluorescence images of GFP-ERK in MCF7
cells before (0 min) and after (3, 36 min) HRG stimulation at 25°C.
Scale bar, 10 pm. (B-D) Time course analysis of Halo-SHC (B) and
GFP-GRB2 (C) molecule expression on the plasma membrane and the
nuclear concentration of GFP-ERK (D) in cells stimulated with 10 nM
HRG at time 0. Vertical axes were normalized to the values obtained
before stimulation. The mean values for 24-32 cells were plotted
along with the SEs.

MCF7 cells (Figure 2, A and B). The dynamics became more sus-
tained in BIMCF7 cells pretreated with an EGFR kinase inhibitor
AG1478 (Figure 2C). On the other hand, there was no significant
difference found between the translocation dynamics of GRB2 in
MCF7 and in BIMCF7 cells in the presence or absence of AG1478
(Figure 2D). ERK translocation dynamics became more transient in
B1MCF7 cells, and AG1478 rescued the effects of ERBB1 overex-
pression (Figure 2E). No association with endosomes was detect-
able for GRB2 or SHC, even in BIMCF7 cells after HRG stimulation
(Supplemental Figure S2B). It was suggested previously that EGFR
overexpression is associated with the induction of RALT/MIGS,
which is a negative regulator of RAS/MAPK signaling in breast
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cancer (Fiorini et al., 2002; Anastasi et al., 2005; Nagashima et al.,
2009). BIMCF?7 cells expressed a significantly higher level of RALT/
MIG6 than the parental MCF7 cells, but no difference in ERBB2-
ERBB4 expression was evident (Supplemental Figure S3, A and B).
After HRG stimulation of the BIMCF7 cells, the major SHC- and
GRB2-binding sites of the four ERBB receptors were persistently
phosphorylated, but there were few differences with the corre-
sponding phosphorylation levels in the parental MCF7 cells (Sup-
plemental Figure S3C). Our findings collectively showed therefore
that the translocation dynamics of SHC and ERK exhibit similar de-
grees of sustainability upon perturbation of EGFR receptor signaling
as well as under normal conditions.

SHC-mediated PI3K activation is required for the sustained
activation of ERK

To directly assess the requirements for SHC in the regulation of
ERK translocation, we observed GRB2 and ERK dynamics in cells
with an SHC knockdown (Figure 3A). The expression levels of SHC
homologues (p46, p52, and pb6) were decreased to 35-70% of
the corresponding levels in the parental MCF7 cells (Supplemental
Figure S5, A and B). The HRG-induced phosphorylation of the
SHC- and GRB2-binding sites of some of the ERBB2—ERRB4 recep-
tors and SHC (pTyr’"’) was decreased in the SHC-knockdown
MCF7 cells (Supplemental Figure S5D). The GRB2 localization at
the cell surface induced by HRG stimulation was considerably sup-
pressed in the SHC-knockdown cells, likely due to the decreased
phosphorylation of the ERBBs and SHC (Figure 3D). The nuclear
translocation of ERK after HRG stimulation was also affected by the
SHC knockdown (Figure 3E), that is, both the peak level at the
early stage (~5 min) and the sustainability of translocation were
decreased. These results suggest that SHC mediates the transient
membrane localization of GRB2 and sustained nuclear transloca-
tion of ERK. Further decreases in the expression of SHC (to 40% of
the p52 level in the control cells) further reduced the initial peak
and sustainability of SHC translocation (Supplemental Figure S5,
A-C). Thus, ERK translocation was found to be affected by SHC in
a dose-dependent manner.

PI3K (p85a subunit) phosphorylation at Tyr®%, which indicates
activation, was found to be decreased in SHC-knockdown MCF7
cells (Supplemental Figure S5D), indicating that SHC positively
mediates PI3K activation. We next measured the translocation dy-
namics of GRB2 and ERK in MCF7 cells pretreated with a kinase
inhibitor for PI3K (wortmannin) to investigate whether PI3K activity
is involved in the sustained activation of ERK (Figure 3B). Although
the membrane localizations of SHC and GRB2 were prevented by
treatment with wortmannin at a high concentration (1 pM), they
were unaltered by a low concentration of this inhibitor (200 nM;
Figure 3, C and D). The observed decreases in the phosphoryla-
tion levels at the GRB2-binding sites of the ERBB receptors were
also marginal at best following exposure to the low concentration
of wortmannin (Supplemental Figure S6, A and B). Notably, how-
ever, the nuclear translocation of ERK was found to become more
transient even at the low concentration of wortmannin (Figure 3E).
Almost identical results were observed in cells pretreated with
10 nM of the class | PI3K inhibitor GDC-0032 (Supplemental
Figure S7, C-E).

Hence, a normal level of SHC expression is required for the full
activation of PI3K and a low-level inhibition of PI3K prevents the
sustained nuclear localization of ERK without affecting GRB2 trans-
location, suggesting that a signal transduction pathway involving
PI3K functions between SHC and ERK but is independent of GRB2
(Figure 3F).

Molecular Biology of the Cell
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FIGURE 2: Effects of EGFR overexpression on the translocation dynamics of SHC, GRB2, and
ERK. (A, B) TIRF images of Halo-SHC and GFP-GRB2 particles on the basal plasma membrane
and epifluorescence images of GFP-ERK in BIMCF?7 cells pretreated with (B) or without

(A) 100 nM AG1478. The time periods after HRG stimulation are indicated. Scale bar, 10 pm.
(C-E) Numbers of Halo-SHC (C) and GFP-GRB2 (D) molecules on the plasma membrane and
nuclear concentrations of GFP-ERK (E) plotted against the time period after HRG stimulation.
B1MCEF?7 cells without (orange) or with (black) AG1478 pretreatment were examined. Time
courses for the parental MCF7 cells (shown in Figure 1) are provided for comparison (red).
Values were normalized to those obtained before stimulation. The mean values for 7-32 cells

were plotted with the SEs.

PI3K is involved in the sustained activation of MEK and ERK
in a RAF-independent manner

PI3K was found to be translocated from the cytoplasm to the cell
surface after HRG stimulation (Supplemental Figure S6C). The dy-
namics of the PI3K translocation were observed to be similar to those
of SHC, that is, sustained in the parental MCF7 cells and more tran-
sient in the BIMCF7 cells. In the presence of AG1478, PI3K translo-
cation in the BIMCF7 cells became sustained in a manner compa-
rable to that in the parental cells. It is known that the production of
PIP3 in the plasma membrane via PI3K activity recruits AKT from the
cytoplasm to induce the phosphorylation of AKT at Thri%. We con-
firmed that the phosphorylation at this site was decreased after treat-
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which enables their activation, was signifi-
cantly reduced in BIMCF7 cells compared
with the parental MCF7 cells (Figure 4B).
The SHC knockdown or pretreatment with
PI3K inhibitor at the low concentration re-
duced both the amplitude and persistence
of the MEK and ERK phosphorylation in
MCF7 cells. Under these conditions of a re-
duced sustainability of MEK and ERK phos-
phorylation, but with a normal sustainability
of RAF phosphorylation, the translocation
dynamics of SHC and ERK became more
transient than seen in MCF7 cells under nor-
mal conditions (Figures 2 and 3). Based on
these results, it is highly probable that SHC-
regulated PI3K activity increases the ampli-
tude of ERK activation via RAF signaling and
regulates the sustainability of ERK via a sig-
nal transduction process upstream of MEK
and independent of RAF.

We next examined the translocation dy-
namics of SHC, GRB2, and ERK in MCF7
cells pretreated with a kinase inhibitor for
RAF, dabrafenib (Figure 5). In the presence
of 100 nM and 10 pM dabrafenib, the HRG-induced phosphoryla-
tion of MEK was decreased to 80% and 20%, respectively, of the
levels in the control cells without exposure to the inhibitor (Figure 5,
A and B). The lower (100 nM) concentration of dabrafenib did not
alter the translocation dynamics of SHC and GRB2. It did decrease
the amplitude of ERK translocation, but, importantly, did not alter its
sustainability. By comparison, the higher (10 pM) concentration of
dabrafenib decreased the amplitude of SHC and GRB2 transloca-
tion and reduced both the amplitude and sustainability of ERK
translocation (Figure 5, C-E). These results suggest that RAF kinase
contributes to the amplitude but not the sustainability of ERK activa-
tion unless it does not affect the dynamics of GRB2 and SHC.

Cell signaling dynamics of MAPK | 1841
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(green) or 1 pm (black) wortmannin were examined. Time courses for the parental MCF7 cells (shown in Figure 1) are
provided for comparison (red). Values were normalized to those obtained before stimulation. The mean values for 13-35
cells were plotted along with the SEs. (F) Simplified schematic representation of the possible regulatory circuit of RAS/

MAPK signaling.

The translocation dynamics of SHC influences cell fate
determination

We finally investigated whether the changes in the translocation dy-
namics of SHC and ERK observed in our experiments influenced cell
fate determinations. Previous studies in MCF7 cells have reported
that the transient activation of ERK leads to cell proliferation during
EGF stimulation, whereas the sustained activation of ERK leads to
cell differentiation during HRG stimulation (Marshall, 1995; Kao et al.,
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2001; Nagashima et al., 2007). We here quantified the proliferation
and differentiation of the parental MCF7 and BTMCF7 cells (Figure
6). Although an increase in the cell density of parental MCF7 cells
showed no significant difference under conditions with and without
HRG in the culture medium, that of BIMCF7 cells was significantly
more rapid in the presence of HRG (Figure 6A). The transient ERK
activation in BIMCF7 cells stimulated with HRG promoted cell prolif-
eration in the same manner as that stimulated with EGF.

Molecular Biology of the Cell
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FIGURE 4: Phosphorylation dynamics of RAF, MEK1/2, and ERK1/2
after HRG stimulation. (A) Phosphorylation levels of RAF (pSer33),
MEK1/2 (pSer?'7/221), and ERK1/2 (pThr2%2/pTyr?) under the indicated
cell conditions detected by Western blotting. Wortmannin was used
at a low concentration (200 nM). (B) Time courses for RAF (pSer338),
MEK1/2 (pSer?'7/221), and ERK1/2 (pThr2°2/pTyr24) phosphorylation
after HRG stimulation (0, 5, 30, 60 min from left to right). Values were
normalized as described in Materials and Methods. The results of
three independent experiments (open circle) were plotted with the
mean values (closed circle). Statistical comparisons were done against
the values at 5 min (*p < 0.05 by t test) to observe the sustainability
under each condition.

The accumulation of lipids and the formation of lipid droplets in
the cytoplasm are indicators of HRG-induced differentiation in
MCF7 cells (Giani et al., 1998; Nagashima et al., 2007). We thus
quantified the lipid droplets in the parental MCF7 and B1MCF7 cells
cultured with and without HRG. Consistent with the findings of pre-
vious reports, these droplets were indeed observed in the parental
MCF7 cells when cultured with HRG, but not in the absence of HRG
(Figure 6, B and E). Although lipid droplets were observed in a por-
tion of the BIMCF?7 cells cultured with HRG, the lipid accumulation
in the cytoplasm and percentage of cells containing lipid droplets
were lower than that seen in the parental MCF7 cells under the
same conditions (Figure 6, C, F, and G). These results indicated that
a decreased persistency in ERK activation in BIMCF7 cells attenu-
ates HRG-induced cell differentiation. Thus, the changes in the
translocation dynamics of SHC and ERK, as observed in BIMCF7
cells, could influence the determination of cell fate by switching the
effects of HRG from the induction of differentiation to proliferation.
The requirement of SHC activity for HRG to induce differentiation
was also confirmed in MCF7 cells with the SHC knockdown (Figure
6,D, F, and G).

DISCUSSION

p52SHC (SHC) is one of the important adaptor proteins that con-
nect receptor tyrosine kinases and downstream signaling pathways.
SHC interacts with GRB2, which is also an adaptor protein that trans-
mits signals from receptors to the RAS/MAPK and PI3K/AKT path-
ways. Although the SHC-mediated signaling pathway can cause a
signal amplification from receptors to GRB2, qualitative differences
between the signaling pathways of these two adaptor proteins have
not been completely analyzed.

Volume 32 September 1, 2021

None HRG
A dabrafenib B

_00.010.1 1 10 (uM)

pB2(Tyr"%%) S e
ERK 0.0l
dab concentratlon (uM)
PAKT (Thr308) I:l —0—pB1 (Tyr068) PRAF (Ser338)
(
. pB3 (Tyr'262) —@— pERK (Thr202/Tyr204)
Actin —o-pB4 (Tyr1162) —8— PAKT (Thp’soa)

—8-pB2 (Tyr''3%) —e— pMEK (Ser217/221)
C D

Halo-SHC

Phosphorylation

GFP-GRB2

Number of molecules
(Normalized)

—&— Control
—@—low dabrafenib
—@— high dabrafenib

Nuclear ERK
(Normalized)

0 20 40
Time

~ o

min)

FIGURE 5: Effects of the RAF kinase inhibitor dabrafenib on RAS/
MAPK and PI3K/AKT signaling in MCF7 cells. (A) Phosphorylation
levels of the ERBB receptors RAF (pSer3®), MEK (pSer?'7/221), ERK1/2
(pThr?02/pTyr2%4), and AKT (Thr3%) under RAF kinase-inhibited
conditions were detected by Western blotting. MCF7 cells were
pretreated with dabrafenib at a logarithmic concentration (0-10 uM)
at 37°C for 30 min before cell stimulation. (B) Phosphorylation levels
of the indicated proteins. The mean values from three independent
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exposed to dabrafenib (p < 0.05 by t test). (C-E) Numbers of
Halo-SHC (C) and GFP-GRB2 (D) molecules on the plasma membrane
and nuclear concentrations of GFP-ERK (E) plotted against the time
period after HRG stimulation. MCF7 cells pretreated with 100 nM
(purple) or 10 pM (black) dabrafenib were examined. Time courses
for the parental MCF7 cells (shown in Figure 1) are provided for
comparison (red). Values were normalized to those obtained

before stimulation. The mean values for 17-32 cells were plotted
with the SEs.

In our current study, we measured the translocation dynamics of
SHC, GRB2, and ERK after HRG stimulation in MCF7 cells to investi-
gate the specificity of SHC and GRB2 functions during the signaling
for cell differentiation. HRG is a ligand for ERBB3 and B4, and het-
erodimerization between the ERBBs induces activation, that is, tyro-
sine phosphorylation of all four ERBBs (Miyagi et al., 2020). The time
courses for the translocation of SHC and GRB2 to the plasma mem-
brane after HRG stimulation were found not to be identical, that is,
SHC translocation was sustained, whereas that of GRB2 was tran-
sient (Figure 1, B and C). This result indicated that the interactions
between SHC and GRB2 on the plasma membrane were not
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sustained after HRG stimulation. This was an unexpected finding
given the conventional model in which SHC phosphorylation by the
ERBBs in the plasma membrane recruits GRB2 from the cytoplasm.
Although the mechanism underlying this phenomenon is not yet
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FIGURE 6: Cell proliferation and differentiation in parental MCF7 and B1IMCF7 cells.

(A) Proliferation time courses of MCF7 and B1MCF7 cells measured by MTT assay. Cells were
cultured with vehicle or 10 nM HRG for 6 d after transfer (which was day 0). Vertical axes were
normalized to the densities at day 0. The mean values for three independent experiments were
plotted along with the SD. Asterisks denote statistical significance (p < 0.05 in t test) between
MCF7 and B1MCF7 cells (black) and between vehicle and HRG stimulation (red). (B-D) Oil
droplet formation in MCF7 (B), BIMCF7 (C), and SHC-knockdown MCF?7 (D) cells, quantified
using BODIPY fluorescence staining (top). Bottom panels show differential interference contrast
images in the same fields of view. Scale bar, 20 pm. Cells were cultured with vehicle or 10 nM
HRG for 4 d. (E) Magnified view of MCF7 cells treated with HRG. Arrows indicate BODIPY-
stained oil droplets. Scale bar, 5 um. (F, G) Fluorescence intensity in the cytoplasm (F) and
percentage of cells with formed oil droplets (G) in MCF7 (red), BIMCF7 (orange), and SHC-
knockdown MCF7 (blue) cultures treated with vehicle or HRG stimulation. The mean values for
111-557 cells in 11-14 views were plotted along with the SEs. Asterisks denote statistical
significance (p < 0.05 in t test).

fully known, our current analyses suggest
the involvement of EGFR (ERBB1). In the
cells with EGFR overexpression (B1MCF7),
the membrane translocation dynamics of
SHC became more transient without affect-
ing that of GRB2 (Figure 2, C and D).

Our present data indicate that the sus-
tained nuclear localization and activation of
ERK after HRG stimulation is positively cor-
related with the sustained localization of
SHC to the plasma membrane but not with
transient colocalization of GRB2. This sug-
gests that the functions of SHC and GRB2
are not redundant. Moreover, our findings
indicate that SHC plays critical roles in the
temporal regulation of ERK activation. A
previous report proposed a model of SHC-
mediated RAS/MAPK signaling under EGF
stimulation (Zheng et al., 2013). In this
model, SHC is translocated to the plasma
membrane, where it interacts with phos-
phorylated EGFR and forms a complex with
GRB2. Complexes of SHC and GRB2 on the
plasma membrane are then decreased due
to EGFR dephosphorylation regulated by a
negative feedback loop from AKT. This
model proposes similar translocation dy-
namics for SHC and GRB2 to the plasma
membrane during EGF stimulation. Our cur-
rent results have indicated, however, that
these translocation dynamics of SHC and
GRB2 are not necessarily similar but vary de-
pending on the species of growth factors
and cell types.

The difference between the translocation
dynamics of SHC and GRB2 that we ob-
served in our present experiments could not
be explained by the differences in the phos-
phorylation dynamics of their binding sites
on ERBB receptors (Supplemental Figure
S3C). Because the endocytosis of HRG-
bound receptors is reported to be slow
(Wang et al., 2015), most ERBB molecules
probably remained on the cell surface under
our experimental conditions. We could not
detect either SHC or GRB2 on the endo-
somal membranes after HRG stimulation
(Supplemental Figure S2). We recently found
that phosphorylated SHC accumulated in
the cytoplasm at the later stage (>30 min) of
HRG signaling, where it forms complexes
with GRB2 and thereby prevents it from as-
sociating with the plasma membrane
(Yoshizawa et al., 2021). This is a possible
mechanism underlying the distinct translo-
cation dynamics of SHC and GRB2. Another
possibility in this regard is that differences in
the cluster sizes of ERBB receptors cause dis-

tinct interactions with SHC and GRB2. The expression level of MIG6/
RALT (ERRFI 1) was increased in our EGFR-overexpressing MCF7
cells (Supplemental Figure S3B). MIGé6 is a cytoplasmic protein
that interacts with the tyrosine kinase domain of EGFR, ERBB2,
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SHC. In quiescent cells, SHC localizes in the cytoplasm. After cell
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and MEK, respectively. These regulatory mechanisms are involved in
the activation of ERK at the early and late stages, respectively.
Dashed lines with arrows denote the pathways that have been
proposed in this study.

and ERBB4 and inhibits receptor dimerization (Hackel et al., 2001;
Anastasi et al., 2003; Zhang et al., 2007; Nagashima et al., 2009). The
transient localization of SHC in the EGFR-overexpressing cell may
indicate dimerization and/or a clustering state of ERBB receptors
that distinctly regulates their affinities for adaptor proteins. It has
been reported that EGFR clustering increases the affinity for GRB2
and causes the effective retention of GRB2 on the plasma membrane
(Jadwin et al., 2016; Hiroshima et al., 2018).

Our present results indicate that SHC regulates both the initial am-
plitude and sustainability of ERK activation in MCF7 cells stimulated
with HRG. The SHC-GRB2/SOS-RAS pathway was found to be princi-
pally responsible for the initial amplitude, while the SHC-PI3K path-
way was observed to be important for the sustainability of ERK activa-
tion (Figure 7). The sustainability also depended on the initial
amplitude, that is, when the initial amplitude was insufficient, ERK
activation could not be prolonged. In other words, GRB2-RAF signal-
ing is the initiator of ERK activation and SHC-PI3K signaling is a modu-
lator of its dynamics of ERK activation. Such differential roles between
GRB2 and SHC may underlie previous findings that a mouse knockout
of GRB2 (Cheng et al., 1998) is early embryonic lethal, whereas a
knockout of SHC did not produce any significant phenotypes other
than defects in the cardiovascular system (Lai and Pawson, 2000).

HRG is a ligand of ERBB3, which is known to have the highest
affinity for PI3K among the ERBB subtypes (Falls, 2003; Schulze
et al., 2005; Dey et al., 2015). Notably, however, the pathways
connecting SHC to PI3K that are indicated by our current observa-
tions remain unknown. Although several studies have suggested
that a complex formation occurs between SHC and PI3K via the
14-3-3 protein (Ursini-Siegel et al., 2012; Suen et al., 2018), it is not
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certain whether this underpinned any of our present findings. PI3K
is one of the effectors of RAS (Vivanco and Sawyers, 2002; Castel-
lano and Downward, 2011). However, we found in our previous
study under the same experimental conditions as used here that the
translocation of RAF to the plasma membrane, which reflects the
activation dynamics of RAS, was transient (Yoshizawa et al., 2021).
Hence, the RAS-PI3K pathway is less likely to induce a sustained
activation of PI3K (Supplemental Figure S6C). A positive feedback
loop involving GRB2 and PI3K has been reported previously, that is,
whereby GRB2 enhances PI3K activation via GRB2-associated
binder 1 (GAB1) and extends the duration of RAS/MAPK signaling
(Kiyatkin et al., 2006; Aasrum et al., 2013). These same reports have
suggested that the GAB1-PI3K interaction positively regulates RAS/
MAPK signaling by increasing the membrane recruitment of the
GRB2-SOS complexes that activate RAS and of SHP2 that nega-
tively regulates RASGAP signaling. In our current study, we found
that an SHC knockdown or strong inhibition of PI3K reduced the
membrane localization of GRB2 and caused the translocation dy-
namics of ERK to become more transient (Figure 3, D and E). Our
current results are thus consistent with the idea that the GAB1-PI3K
positive feedback loop increases the amplitude of ERK activation.

It was notable from our present analyses also that a low concen-
tration of the PI3K inhibitors caused the ERK translocation dynamics
to be more transient, with no effect on GRB2 dynamics (Figure 3, D
and E; Supplemental Figure S7, D and E). The low concentration of
wortmannin reduced the persistence of MEK, whereas the sustain-
ability in RAF phosphorylation was not significantly changed (Figure
4B). EGFR overexpression (BIMCF7 cells) and the SHC knockdown
produced effects on RAF, MEK, and ERK that were similar to the
impact of low doses of PI3K inhibitors (Figure 4B). These results in-
dicated that in addition to the GRB2/RAF-dependent pathway men-
tioned above, another signaling pathway operates in a RAF-inde-
pendent manner by which SHC regulates ERK activation through
PI3K (Figure 7). The GRB2-dependent pathway regulates the ampli-
tude of the initial response of ERK via RAF activation, whereas our
putative GRB2- and RAF-independent pathway appears to regulate
the sustainability of ERK. A sufficiently high initial activation of ERK
is required for the latter pathway to function.

The GRB2- and RAF-independent pathway from PI3K to MEK
suggested by our present study has not previously been described,
to our knowledge, as part of the ERBB system for regulating the
sustainability of ERK signaling. The results of our current prolifera-
tion and differentiation assays (Figure 6) support the idea that the
PI3K-MEK signaling regulated by SHC is a significant pathway for
cell fate determination. PAK and PDK1 are known protein kinases
that function downstream of PI3K and are involved in RAS/MAPK
signaling (Rodriguez-Viciana et al., 1997; Toker and Cantley, 1997;
Vanhaesebroeck et al., 1997). PAK phosphorylates RAF (Ser**®) and
MEK1 (Ser?”®) to increase the phosphorylation (Ser?'8222) and activ-
ity of MEK1 (Zang et al., 2002; Park et al., 2007; Eblen, 2018). PDK1
phosphorylates AKT (Thri%) and is involved in the phosphorylation
and activation of many other protein kinases (Belham et al., 1999;
Vanhaesebroeck and Alessi, 2000). It has also been reported that
PDK1 directly phosphorylates MEK1/2 (Ser???22%) without affecting
the activity of RAF (Sato et al., 2004). It is probable that the PI3K
activity regulated by SHC activates PAK and/or PDK1 to induce the
sustained phosphorylation of MEK and ERK during HRG stimulation.
However, it is difficult to analyze each specific phosphorylation
reaction of these kinases in living cells because they are involved in
the phosphorylation of multiple proteins in the ERBB-RAS-MAPK
signaling pathway. Future research will hopefully uncover more of
the detailed dynamics of this phosphorylation reaction network.
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MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Plasmids and construction

CMV-p52SHC and GFP-p52SHC plasmids were kindly provided by
Kenichi Sato at Kyoto Sangyo University. The pmEGFP-C2 (BD Bio-
sciences, Franklin Lakes, NJ) transfer vector harboring a monomeric
mutation of GFP was constructed through a direct point mutation of
A206K in the pmEGFP-C2 vector, as described previously (Hibino
et al., 2011). To construct the mEGFP-GRB2 (GFP-GRB2) and
mEGFP-ERK2 (GFP-ERK) transfer vectors, CMV-GRB2 (Morimatsu
et al., 2007) and CMV-ERK (Takahashi et al., 2012) fragments were
subcloned into the Bglll-Xhol and Bglll-BamHlI sites of the pmEGFP-
C2 vector, respectively. The Halo7-C1 vector was constructed by
exchanging mEGFP for Halo7 (pFN19 HhaloTag T7 SPé Flexi vector;
Promega, Madison, WI) in the EGFP-C1 vector (Takara Bio, Shiga,
Japan). p850. was kindly provided by Pablo Rodriguez-Viciana at the
UCL Cancer Institute. To construct the Halo7-p52SHC (Halo-SHC)
and Halo7-p850. (Halo-p85a) transfer vectors, CMV-p52SHC and
p85a. inserts were subcloned into the Sacl-Kpnl and EcoRI-BamHI
sites of the Halo7-C1 vector, respectively.

Cell culture and transfection

MCF7 cells and EGFR-overexpressing MCF7 cells (B1MCF7) (Na-
gashima et al., 2015) were cultured in DMEM (Wako Pure Chemical
Industries, Osaka, Japan) supplemented with 10% fetal bovine se-
rum (FBS) in a 5% CO, incubator at 37°C. Cells were transfected
with expression vectors as described previously (Nakamura et al.,
2016) and then serum starved in MEM (Nissui, Tokyo, Japan) con-
taining 1.5 mg/ml NaHCO3, 0.3 mg/ml L-glutamine, 15 mM HEPES
(pH 7.4; Nacalai Tesque, Kyoto, Japan), and 0.1% fatty acid—free
bovine serum albumin (BSA) (Wako Pure Chemical Industry) in a
CO; incubator for 24 h. To detect Halo-p52SHC expression, the
cells were labeled with 100 nM HaloTag tetramethylrhodamine
(TMR; Promega) in culture medium at 37°C for 15 min, as described
previously (Nakamura et al., 2016), and washed repeatedly with
Hanks' Balanced Salt Solution (HBSS) (Sigma-Aldrich, St. Louis,
MO). The medium was then replaced with MEM containing 5 mM
HEPES (pH 7.4) and 0.1% BSA. For the inducible knockdown of
SHC, we used ON-TARGETplus Human SHC1 siRNA (Dharmacon,
Lafayette, CO).

Fluorescence imaging

The localizations of fluorescently labeled Halo-SHC, GFP-GRB2, and
GFP-ERK were observed using a confocal laser scanning micro-
scope (TCS SP2; Leica, Wetzlar, Germany) equipped with a 63x, NA
1.20 objective lens (HCX PL Apo; Leica) at 25°C, with excitation at
488 and 543 nm and detection at 510-600 and 560-650 nm. Single
molecules of fluorescently labeled Halo-SHC and GFP-GRB2 ex-
pressed at the plasma membrane and the intracellular distribution
of GFP-ERK were observed using TIRFM based on an inverted mi-
croscope (IX83; Olympus, Tokyo, Japan) equipped with a 60x, NA
1.49 oil immersion objective (ApoN; Olympus) at 25°C, as described
previously (Yoshizawa et al., 2017) with some modifications. Briefly,
for the selective fluorescence excitation of GFP and TMR, OPSL la-
sers (Sapphire 488 LP and Sapphire 561 LP; Coherent, Santa Clara,
CA) and a ZT 488/561 rpc dichroic mirror (Chroma Technology,
Bellows Falls, VT) were used. To acquire emission signals for the
505-530 nm (GFP) and 560-650 nm (TMR) wavelengths simultane-
ously, a WVIEW GEMINI-2C (Hamamatsu Photonics K. K., Shizuoka,
Japan) was used equipped with a T560lpxr dichroic mirror (Chroma
Technology) and two emission filters, that is, FFO1-514/30-25 514
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nm (Semrock, Rochester, NY) for GFP and FF01-605/64-25 605/64
nm Brightline single-band bandpass filter (Laser 2000, Cam-
bridgeshire, UK) for TMR, respectively. Fluorescence images were
acquired using two ORCA-Flash 4.0 V3 Digital CMOS cameras
(Hamamatsu Photonics K. K.) at 20 fps.

Under the microscope at 25°C, the cells were stimulated with a
final concentration of 10 nM recombinant human NRG1-B1/
HRG1-B1 EGF domain (HRG; R&D Systems, Minneapolis, MN). For
the inhibition of the kinase activities of EGFR and RAF, cells were
pretreated with 100 nM AG1478 and 100 nM or 10 pM dabrafenib
(ChemScene, Monmouth Junction, NJ) for 30 min before stimula-
tion, respectively. For the inhibition of PI3K kinase activity, cells were
pretreated with 200 nM or 1 pM wortmannin (Wako Pure Chemical
Industries) for 30 min or 10 nM GDC-0032 (Cayman Chemical, Ann
Arbor, Ml) for 2 h before stimulation. The translocation dynamics of
Halo-SHC and GFP-GRB2 at the plasma membrane and GFP-ERK
from the cytoplasm to the nucleus, respectively, were observed on
the basal plasma membrane and in the cytoplasm of MCF7 cells for
60 min after HRG stimulation using 1.5 min time-lapse imaging, al-
ternatively changing the illumination mode between TIR and epi
(Yoshizawa et al., 2017). Fluorescent particles of Halo-SHC and GFP-
GRB2 on the basal plasma membrane in each frame were detected
using G-Count Software (G-Angstrom, Miyagi, Japan). The relative
numbers of these molecules on the plasma membrane were calcu-
lated by multiplying the number of fluorescent particles by their
fluorescence intensity. To quantify the relative nuclear concentration
of GFP-ERK, the average fluorescence intensity of GFP-ERK per
area in the nucleus was calculated. The amplitude dynamics of Halo-
SHC, GFP-GRB2, and GFP-ERK were normalized with the values
obtained before stimulation in each cell.

Cell proliferation assay

To analyze the proliferation of MCF7 and BTMCF7 cells, the Cyto-
SelectTM MTT Cell Proliferation Assay (Cell Biolabs, San Diego, CA)
was used. After 0-6 d of culture on a 96-well plate, MTT reagent
(10 pl) was added to each well and the plates were incubated in a
CO; incubator. After 3.5 h, the medium was replaced with 100 pl
detergent solution and the plates were incubated at room tempera-
ture for 2 h. The absorbance at 540 nm was then measured using a
microplate reader (Epoch2; Bio-Tek Instruments, Winooski, VT).

Quantitative analysis of cell differentiation

Oil droplet formation was assayed using the Adipocyte Fluorescent
Staining Kit (Primary Cell, Hokkaido, Japan). Cells were cultured on
an eight-well Lab-Tek Chambered Coverglass (Nunc, Rochester,
NY). After 4-d culture in DMEM supplemented with 10% FBS with or
without 10 nM HRG, the cells were fixed with phosphate-buffered
saline (PBS) containing 3% paraformaldehyde (Wako Pure Chemical
Industries) at room temperature for 10 min, washed repeatedly with
PBS, and then incubated with BODIPY at room temperature for
30 min. After further repeat washes with PBS, cells were mounted
with a mounting agent, incubated at 4°C for 30 min, and observed
under an inverted microscope (IX81; Olympus) equipped with a
60x, NA 1.45 oil immersion objective lens (Plan Apo; Olympus). For
the detection of BODIPY fluorescence (excitation peak 498 nm,
emission peak 503 nm) a U-MNIBAZ filter set (Olympus) was used.
Images were acquired using an ORCA-Flash 4.0 V2 Digital CMOS
camera with 0.5 s exposure.

Western blotting

For Western blotting analysis, primary antibodies against the follow-
ing proteins were used to quantify the expression level: ERBB1
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(sc-03; Santa Cruz Biotechnology, Dallas, TX), ERBB2 (2165; Cell
Signaling Technology [CST], Danvers, MA), ERBB3 (sc-285; Santa
Cruz Biotechnology), ERBB4 (sc-283; Santa Cruz Biotechnology),
MIG6/ERRFIT (11630-1-AP; Proteintech, Rosemont, IL), SHC (06-
203; Millipore, Burlington, MA), GRB2 (610111; BD Biosciences),
and B-actin (A5441; Sigma-Aldrich). The following primary antibod-
ies were used to quantify the phosphorylation level of each protein:
anti-pERBB1 (pTyr'%8; 3777, CST), anti-pERBB1 (pTyr''’3; 4407,
CST), anti-pERBB2 (pTyr''%?; ab53290; Abcam, Cambridge, UK),
anti-pERBB2 (pTyr'2212; 2243; CST), anti-pERBB3 (pTyr'?¢%; AF5817;
R&D Systems), anti-pERBB3 (pTyr'3?; ab131444; Abcam), anti-
pERBB4 (pTyr''®?; abé8478; Abcam), anti-pERBB4 (pTyr'?84; 4757,
CST), anti-pSHC (pTyr®"7; 2431; CST), anti-pRAF (pSer®*®; 05-538;
Millipore), anti-pMEK1/2 (pSer?'7/221; 9121; CST), anti-pERK1/2
(pThr?02/pTyr?04, 9106; CST), anti-p-PI3K p85a. (pTyr°%; sc-12929;
Santa Cruz Biotechnology), and anti-pAKT (pThr308; 9275; CST).

Two normalization steps were used to enable an accurate com-
parison of the phosphorylation levels from the immunoblotting
data. First, all experimental data were normalized to the staining
intensities of B-actin to observe the relative amounts of phosphory-
lated proteins per cell. Second, time series data obtained from the
same experiment were normalized using the maximum intensities
observed at 5 min.
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