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RTK-RAS-MAPK systems are major signaling path-
ways for cell fate decisions. Among the several RTK
species, it is known that the transient activation of ERK
(MAPK) stimulates cell proliferation, whereas its sus-
tained activation induces cell differentiation. In both
instances however, RAS activation is transient, suggest-
ing that the strict temporal regulation of its activity is
critical in normal cells. RAS on the cytoplasmic side of
the plasma membrane is activated by SOS through the
recruitment of GRB2/SOS complex to the RTKs that
are phosphorylated after stimulation with growth fac-
tors. The adaptor protein GRB2 recognizes phospho-
RTKSs both directly and indirectly via another adaptor
protein, SHC. We here studied the regulation of GRB2
recruitment under the SHC pathway using single-
molecule imaging and fluorescence correlation spec-
troscopy in living cells. We stimulated MCF?7 cells with
a differentiation factor, heregulin, and observed the
translocation, complex formation, and phosphorylation
of cell signaling molecules including GRB2 and SHC.
Our results suggest a biphasic regulation of the GRB2/
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of GRB2 function and thereby realize the transient activation of RAS.

<« Significance »

The temporal regulation of cell signaling pathways is emerging as an indispensable process for normal cell activity but many of the underlying
mechanisms remain unknown. We report in our current study that an apparently redundant pathway, RTK-SHC-GRB2, operates in parallel to the
direct RTK-GRB2 pathway to regulate the dynamics of the GRB2 signaling activation of RAS, which is a key mechanism for cell fate changes. Our
present results suggest that SHC changes the intracellular location of its major functions over time to enable the positive and negative regulation

SOS-RAS pathway by SHC: At the early stage
(<10 min) of stimulation, SHC increased the amplitude
of RAS activity by increasing the association sites for
the GRB2/SOS complex on the plasma membrane. At
the later stage however, SHC suppressed RAS activation
and sequestered GRB2 molecules from the membrane
through the complex formation in the cytoplasm. The
latter mechanism functions additively to other mecha-
nisms of negative feedback regulation of RAS from
MEK and/or ERK to complete the transient activation
dynamics of RAS.

Key words: cell signaling, FCCS, single-molecule imaging,
RTK-RAS-MAPK, temporal regulation

Introduction

Receptor tyrosine kinases (RTKs) play a multifaceted
role in different biological processes by connecting the
extracellular and intracellular environments. The human
genome contains 58 RTK genes, and although each RTK
protein executes distinct roles and receives specific sets of
extracellular signals, the intracellular signaling pathways
downstream of all RTKs are very similar and involve the
same RAS-MAPK system. Hence, one of the central
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questions in relation to the biology of the RTKs is how
reaction networks that are mostly same can code distinct
signals from the extracellular environment. In terms of
distinguishing between cell proliferation and differentiation
signals, temporal coding is known to be used by some types
of RTK [1-3], whereby RTK signaling induces a transient
(i.e. within ten minutes) or a sustained (more than several
tens of minutes) activation of MAPK (extracellular signal
regulated kinase [ERK] in the RAS-MAPK system) in
accordance with the stimulation received from a
proliferation factor or a differentiation factor, respectively.

Surprisingly however, RAS activation, a key event
during RTK-RAS-MAPK signaling, is transient in many
cases and is independent of ERK signaling dynamics. It is
possible that this is because an uncontrolled elevation in
RAS signaling can lead to cancer progression [4], and cells
thus need to strictly regulate the duration of RAS
activation. Although the involvement of negative feedback
loops from ERK to the factors that operate upstream of
RAS has been suggested [5—7], the molecular mechanisms
underlying the temporal regulation of RAS activation
remain to be fully understood. The roles of the signaling
pathways that operate between the RTKs and RAS thus
require investigation.

The association of extracellular signaling molecules with
RTKs typically causes multiple tyrosine phosphorylation
events in its cytoplasmic domain, which induce the
recruitment of various adapter proteins including GRB2
and p52SHC (hereafter referred to as SHC) from the
cytoplasm to the plasma membrane that contains embedded
RTK molecules [8,9]. The adapter proteins transmit the
signals from RTKs to the RAS/MAPK pathway. Despite
their lack of enzymatic activity, these adapter proteins play
important roles in both normal and oncogenic cell signaling
[10-12]. Upon their membrane translocation, GRB2 and
SHC recognize the tyrosine phosphorylation of RTKs using
a Src homology 2 (SH2) domain [13] and phosphotyrosine
binding (PTB) domain [14], respectively.

Once it has associated with activated RTKs, SHC is
phosphorylated by the kinase activity of the RTKs at its
Tyr239/240 and Tyr317 residues in its central region
containing a collagen homology 1 (CH1) domain [15,16].
These phosphotyrosine residues serve as specific binding
sites for PTB and/or SH2 domain-containing proteins
including GRB2 [17]. This indicates that GRB2 is involved
in two molecular interactions for its translocation to active
RTKs; one is the direct binding to phosphorylated RTKs
(pPRTKs) and the other is indirect binding via
phosphorylated SHC (pSHC).

GRB2 possesses two Src homology 3 (SH3) domains
that can associate with the proline-rich motifs in other
proteins, including Son of Sevenless (SOS), to form protein
complexes [18,19]. The membrane translocation of
GRB2/SOS complexes recognizing pRTKs or pSHC results

in the conversion of neighboring molecules of the inactive
GDP-bound form of RAS protein into their active GTP-
bound form [20-22]. This RAS activation event in turn
activates the MAPK cascade, a three-tiered kinase cascade
consisting of RAF, MEK, and ERK [23]. The direct and
indirect (pSHC-mediated) recruitment of GRB2 to the
pRTKs have been considered to be comparable in their
ability to activate the downstream RAS/MAPK signaling
pathway [24-26]. In contrast, it has also been reported that
the existence of SHC is significant; it plays important roles
in the full activation of RAS/MAPK signaling while
stimulating cells with low concentrations of growth factors
[27], and for a stronger activation of DNA synthesis [24].
These studies suggested that SHC regulates the amplitude
of RAS/MAPK signaling.

On the other hand, the roles of SHC in the temporal
regulation of RAS/MAPK signaling pathway have not yet
been elucidated or even discussed in any detail. We
recently found that in a human mammalian cancer derived
cell line, MCF7, stimulation with a differentiation factor,
heregulin (HRG), induces the prolonged phosphorylation of
the ERBB receptors (ERBBs), the RTKs for HRG, and the
sustained translocation of SHC, but the translocation of
GRB2 to the plasma membrane was transient. This
difference in the signaling dynamics between GRB2 and
SHC suggested specific roles of SHC in the temporal
regulation of the RAS-MAPK system. In our current study,
we further investigated how SHC regulates GRB2/SOS
signaling in MCF7 cells under HRG stimulation.

Methods

Plasmid construction

CMV-p52SHC and GFP-p52SHC constructs were kindly
provided by Kenichi Sato at Kyoto Sangyo University. The
pmEGFP-C2 transfer vector (BD Biosciences, Franklin
lakes, NJ) harboring a monomeric mutation of GFP was
constructed through a direct point mutation of A206K in
the pmEGFP-C2 vector, as described previously [28]. To
construct the mEGFP-GRB2 transfer vectors (GFP-GRB2),
CMV-GRB2 [29] fragments was subcloned into the
Bglll-Xhol site of the pmEGFP-C2 vector. The Halo7-C1
vector was constructed by exchanging mEGFP for Halo7
(pFN19 HaloTag® T7 SP6 Flexi vector; Promega, Madison,
WI) in the EGFP-C1 vector (Takara Bio, Kusatsu, Japan).
To construct Halo7-p52SHC transfer vectors (Halo-SHC),
CMV-p52SHC inserts were subcloned into the Sacl-Kpnl
sites of the Halo7-C1 vector, respectively. The cDNA of
Halo-SHC3F (Y239F/Y240F/Y313F) was generated by
exchanging tyrosines 239, 240, and 313 of Halo-SHC with
phenylalanine using the SLiCE method. To construct the
mEGFP-SOS1 vector (GFP-SOS), the pCGN-HA-hSOS1
fragment [30] was subcloned into the Hind I1I-Sall
sites of the pmEGFP-C2 plasmid. The construction of



mEGFP-RAF1 (GFP-RAF) has been described previously
[31]. The construction of the c¢cDNA of Halo7-SOS
(Halo-SOS) has been described previously [32]. The cDNA
of Halo-SOS (R1131K) was constructed through a direct
point mutation of RI131K in Halo-SOS as described
previously [33].

Cell culture and transfection

MCEF7 cells were cultured in Dulbecco’s modified
Eagle’s medium (Wako Pure Chemical, Osaka, Japan)
supplemented with 10% fetal bovine serum in a 5% CO,
incubator at 37°C. These cultures were transfected with
different expression vectors using previously described
methods [32]. For the inducible knockdown of SHC, we
used ON-TARGETplus Human SHC1 siRNA (Dharmacon,
Lafayette, CO). After incubation at 37°C for 20 h, the cells
were serum-starved in minimal essential medium (MEM;
Nissui, Tokyo, Japan) containing 1.5 mg/mL NaHCO,, 0.3
mg/mL L-glutamine, 15 mM HEPES (pH 7.4, Nacalai
Tesque, Kyoto, Japan) and 0.1% fatty acid free BSA (Wako
Pure Chemical). Cells were cultures in a 5% CO, incubator
at 37°C for 24 h. To detect Halo-p52SHC and Halo-SHC3F
expression, the cells were labeled with 100 nM HaloTag®
tetramethylrhodamine (TMR; Promega) in culture medium
at 37°C for 15 min and washed repeatedly with HBSS
(Sigma-Aldrich, St. Louis, MO). The medium was then
replaced with MEM containing 5 mM HEPES (pH 7.4) and
0.1% BSA.

Fluorescence microscopy

GFP-GRB2 and fluorescently labeled Halo-SHC and
Halo-SHC3F expression in living cells were observed
under a total internal reflection fluorescence (TIRF)
microscope to detect translocation to the basal cell surface.
This microscope system is based on an inverted microscope
(IX83; Olympus, Tokyo, Japan) equipped with a 60x, NA
1.49 oil immersion objective (Apo N; Olympus), and was
used as described previously [34] with some modifications.
Briefly, for the selective fluorescent excitation of GFP and
TMR, OPSL lasers (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 separate emission signals at the 505-530 nm (GFP) and
560-650 nm (TMR) wavelengths, an image splitting
system, WVIEW GEMINI-2C (Hamamatsu Photonics,
Hamamatsu, Japan) was used, equipped with a T560Ipxr
dichroic mirror (Chroma Technology) and two emission
filters, i.e., FF01-514/30-25 514 nm (Semrock, Rochester,
NY) for GFP and FF01-605/64-25 605/64 nm BrightLine®
single-band bandpass filter (Laser 2000, Cambridgeshire,
UK) for TMR. Fluorescence images were acquired using
two ORCA-Flash 4.0 V3 Digital CMOS cameras
(Hamamatsu Photonics) at 20 fps.

Under the microscope at 25°C, the cells were stimulated
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with recombinant human NRG1-1/HRG1-B1 EGF domain
(HRG; R&D Systems, Minneapolis, MN) at a final
concentration of 10 nM. For inhibition of the kinase
activities of MEK, cells were pretreated with 10 uM U0126
(Promega) for 15 min prior to stimulation. The dynamics of
the cell signaling protein translocation to the plasma
membrane from the cytoplasm were observed on the basal
plasma membranes of the cells for 60 min after HRG
stimulation via 1.5-min time-lapse imaging [34].
Fluorescent particles of GFP and TMR on the basal plasma
membrane in each frame were detected with G-Count
Software (G-Angstrom, Sendai, Japan). The relative
numbers of these molecules on the plasma membrane were
calculated by multiplying the number of fluorescent
particles by their fluorescence intensity. The amplitude
dynamics of these protein translocation events were
normalized with the values obtained before stimulation in
each cell. The effects of photobleaching were normalized
using the cytoplasmic fluorescence intensities detected by
epi-illumination.

Kinetics analysis

Kinetics and statistical analyses of GRB2 on the plasma
membrane were performed with Igor Pro 8.0
(WaveMetrics) as described previously [34].

FCCS measurement

Fluorescence cross correlation spectroscopy (FCCS)
measurements were performed using a ConfoCor2
instrument (Carl Zeiss, Oberkochen, Germany) equipped
with a 40x, NA 1.2 water-immersion objective (C-
Apochromat, Carl Zeiss) at 25°C, as described previously
[35]. For GFP and TMR excitation, a 488-nm Ar" laser and
a 543-nm He-Ne laser were used, respectively. Emission
wavelengths of 505-530 nm for GFP and 600-650 nm for
TMR were detected using two avalanche photodiodes after
the emission signal was split by a 570-nm beam splitter.

Data analysis was performed with ConfoCor2 software,
as described previously [35,36]. The fluorescence

autocorrelation and cross-correlation functions were
calculated from the following equation:
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where, 7 is the time delay, / is the fluorescence intensity in
the GFP (i) and TMR (j) channels, and the angle brackets
denote the time average. The calculated G (z) values were
fitted with the following equation described as previously
[37]:
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where, F; and 7; are the fraction and diffusion time of the
component #, respectively, N is the average number of
fluorescent particles in the excitation-detection volume, and
s is the structure parameter calibrated using Rhodamine-6G
standard solution at room temperature. The relative
concentration of GFP ([GFP,,]), Halotag-TMR
([TMR,,,]), and GFP-TMR complex ([Complex]) were
calculated with the following equations:

_ 1 11
[GFmeal] - GG(O) NA Va (3)
_ 1 11
[TMRmmI] - GR(O) NA Va (4)
__ G..(0) 11
and [Complex] = G0 x GO N,V (5)
where, G; (r) and Gy (r) are the fluorescence

autocorrelation functions from the GFP and TMR channels,
respectively, G, (7) is the fluorescence cross-correlation
function, N, is the Avogadro number, and / is the detection
volume. Total (probe plus endogenous) concentrations of
SHC [SHC,,, and GRB2 [GRB2,,], and corrected
complex [cComplex] were calculated from the following
equations:

GRB2,,

[GRB2,.] = (1 + CRE. )[G FP,.l, ©)
_ SHC,,
[SHC.)= (14 S JTMR.) )
and
[cComplex] =
GRB2 SHC, SHC, GRB2
+ o4+ en 4 en en

(1 GRBzu SHC(,X SHC‘)X x GRB2“ )[COmplex] .

(®)

The expression ratio of the endogenous and exogenous
GRB2 (%) and SHC (i:i‘) in cells simultaneously
expressing GRB2 and SHC probes were estimated to be
0.70 and 0.30, respectively. These values were determined
from the expression ratios (endogenous/probe) in all cell
population detected by western blotting analysis (1.47 and
1.26 for GRB2 and SHC, respectively) and the percentages
of cells expressing the probe molecules (0.48 and 0.24 for
GFP-GRB2 and Halo-SHC, respectively) (Fig. 1). From the
definition of the dissociation constant (K,), the fraction
ratios of the complex to the total [GRB2,,,] or [SHC,,,]
were derived from equations (9) and (10), as described
previously [38]:

[cComplex] _  [SHC,u] —[cComplex]
[GRBzmuzl] Kd + [SHCIDMI] - [CCOmplex] ’

)

and [cComplex] _ [GRB2,,.,] — [Complex] (10)
[SHC,., Kd+[GRB2,,,]—[Complex]"

Western blotting

Primary antibodies against the following proteins were
used to quantify their expression levels: GRB2 (610111;
BD biosciences), SHC (06-203; Millipore, Burlington,
MA), and B-actin (A5441; Sigma-Aldrich). The following
primary antibodies were used to quantify the indicated
phosphorylated protein levels: anti-pERBBI1 (pTyr1068;
3777S; CST), anti-pERBBI1 (pTyr1173; 4407; CST), anti-
pERBB2 (pTyr1139; ab53290; Abcam, Cambridge, UK),
anti-pERBB2  (pTyr1221/2; 2243; CST), anti-pERBB3
(pTyr1262; AF5817-sp; R&D Systems), anti-pERBB3
(pTyr1328; abl131444; Abcam), anti-pERBB4 (pTyrl162;
ab68478; Abcam), anti-pERBB4 (pTyr1284; 4757; CST),
and anti-pSHC (pTyr317; 2431; CST).

Three normalization steps were taken to compare the
phosphorylation levels from the immunoblotting data. First,
all experimental data were normalized to the staining
intensities of P-actin. Second, time series data obtained
from the same experiment were normalized using the
maximum intensities. Last, these normalized data were
further normalized by the values obtained in cells
expressing wild type SHC after 5 min of HRG stimulation.

Results and Discussion

The phosphorylation of the ERBBs and SHC is
maintained after HRG stimulation

To investigate the spatiotemporal changes of GRB2 and
SHC in response to RTK signals, these adaptor proteins
were fused with GFP and Halo protein at the N-terminus,
respectively (hereafter referred to as GFP-GRB2 and
Halo-SHC), and expressed in MCF7 cells. The relative
expression levels of GFP-GRB2 and Halo-SHC were
measured by western blotting analysis (the expected
mobilities on SDS-PAGE for these proteins are 52 and 86
kDa, respectively (Fig. 1A). The fold-increases in the
expression levels of GFP-GRB2 and Halo-SHC in
comparison with their endogenous counterparts were
determined to be 1.4 and 3.3, respectively, after corrections
using cell fractions expressing probe molecules. These
values were not affected by HRG stimulation (Fig. 1B). In
addition to the wild-type (WT) SHC probe, we constructed
a dominant-negative mutant SHC probe (SHC3F), in which
all three known tyrosine phosphorylation sites (Y239/240
and Y313) were substituted for phenylalanine (Fig. 1C).
The phosphorylation of these three tyrosine residues has
been reported to generate specific binding sites for GRB2,
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Figure 1 Protein expression and phosphorylation dynamics. (A) The expression profiles of GFP-GRB2 (upper panel), Halo-SHC or

Halo-SHC3F (middle panel), and the corresponding endogenous proteins under the indicated cell conditions were assessed by western blotting
analysis of cell lysates with the indicated antibodies (Ab). MW, molecular weight markers. (B) Changes in GRB2 and SHC expression after HRG
stimulation (0, 5, and 30 min). Values were normalized as described in the Methods section. The expression levels of GFP-GRB2 and Halo-SHC
were normalized using the corresponding endogenous protein levels without stimulation, respectively. (C) Schematic structures of the SHC
constructs. The HaloTag was fused to the N-termini of the constructs. Numbers represent the amino acid positions. (D, E) Time course analysis of
the ERBB receptor (D) and SHC (E) phosphorylations after HRG stimulation (0, 5, and 30 min). Phosphorylations shown in the upper and lower
panels in (D) are those of the major SHC and GRB2 binding sites, respectively. Values were normalized as described in the Methods section. In
(B, D, E), the mean values for three independent experiments were plotted along with the standard error. Asterisks denote statistical significance
against the values obtained in control cells expressing WT-SHC (p<0.05 by ¢ test).

and the phenylalanine substitutions of these residues do not
transmit phosphotyrosine-dependent signals downstream of
RTK [15,39,40]. To directly assess the roles of SHC in cell
signaling dynamics, we used SHC-knockdown cells.
Following the knockdown, expression levels of all three
endogenous SHC isoforms (p46, p52, and, p66) were
decreased to about 60-70% of the corresponding levels in
MCF7 cells (Fig. 1B). The expression of the GRB2 and
SHC probes was not affected by the expression of
endogenous molecules, and the knockdown of SHC did not
affect the expression of GRB2 (Fig. 1A, B).

The ERBB family, which is one of the RTKSs, consists of
four members (ERBB1-B4), and HRG is a ligand for
ERBB3 and B4. The association of HRG with ERBB3 and
B4 is known to induce multiple tyrosine phosphorylations
among all ERBB family members through a mutual
phosphorylation network. We measured the phosphory-

lation time courses of the major GRB2 and SHC binding
sites of all four ERBBs following stimulation with a
saturation level concentration of HRG (Fig. 1D). The
phosphorylation levels were increased at 5 min then
decreased but maintained at significantly high levels (40—
70% of 5-min peak) until 30 min after stimulation. The
phosphorylation time course of SHC at the major GRB2
binding site (pTyr317 in p52 and its corresponding sites in
p46 and p66) was also detected (Fig. 1E). The time courses
for WT Halo-SHC and two endogenous isoforms of SHC
(p52 and p46) were similar to those of the ERBBs. The p66
isoform showed a higher basal phosphorylation level and
lower response to HRG. We used the p52 probe of SHC
because it is the isoform mainly responsible for GRB2
signaling [17]. The co-expression of Halo-SHC3F slightly
decreased the phosphorylation time course of the ERBBs
and endogenous SHC isoforms (Fig. 1D, E).
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As shown by our current data, increases in the
phosphorylation of ERBBs at the GRB2 and SHC binding
sites, and of SHC at the GRB2 binding site, exhibited
similar time courses and were maintained for long as 30
min after HRG stimulation. In the conventional model,
assuming the parallel recruitment of GRB2 and SHC to the
pERBBs, and tandem association of pERBB, pSHC, and
GRB2, we expected similar translocation dynamics of
GRB2 and SHC to the plasma membrane from the
cytoplasm. Upon ligand binding and activation, RTKs are
often internalized within the cytoplasm through clathrin-
mediated endocytosis [41,42]. However, since the
endocytosis of HRG-bound receptors is reported to be slow
[43], most ERBB molecules probably remained on the cell
surface under our experimental conditions. The maintained
phosphorylation status of the binding sites on the ERBBs
and SHC suggested a sustained translocation of both GRB2
and SHC to the plasma membrane.

The HRG-induced phosphorylations of the ERBBs,
excluding the SHC-binding site (pY 1173) of ERBBI1, were
found to be significantly decreased at 5 min in the SHC-
knockdown cells (Fig. 1D). These decreases in ERBB
phosphorylation should be a reason of decreased
phosphorylation in the endogenous SHC isoforms (Fig.
1E). Mechanism of the decrease in pERBBs after SHC
knockdown is unknown. SHC binding may have a function
in protecting the dephosphorylation of pERBBs.

HRG induces the transient and sustained membrane
localization of SHC and GRB2

Using the fluorescence probe molecules, we observed the
translocation dynamics of GRB2 and SHC to the plasma
membrane in living cells after stimulation with HRG. In the
experiments, a Halo protein fused with SHC was
conjugated with tetramethylrhodamine ligand (TMR). Both
GFP-GRB2 and Halo-SHC were found to be mainly
distributed in the cytoplasm. In addition, occasional
associations of the protein particles were observed on the
cytoplasmic surface of the plasma membrane by TIRF
microscopy even before HRG stimulation, suggesting
circulation between the cytoplasm and the plasma
membrane (Fig. 2A). Membrane associations prior to
stimulation could be caused by basal phosphorylation of the
tyrosine residues in ERBBs and other membrane proteins.

The addition of HRG to the culture medium increased the
densities of both adaptor proteins on the plasma membrane.
The increased membrane localization of GFP-GRB2 was
transient for 10 min in cells co-expressing WT Halo-SHC,
while the translocation of Halo-SHC in the same population
of cells was sustained for at least 60 min after HRG
stimulation (Fig. 2B). Because the expression levels of
these proteins were not affected by HRG (Fig. 1B), the
increases in the densities of these proteins were due to
increased density and/or affinity of the binding sites on the

plasma membrane after HRG stimulation. This observation
was unexpected and clearly indicated that GRB2 and SHC
have distinct membrane localization dynamics in MCF7
cells stimulated with HRG, for which the underlying
mechanisms are not known.

SHC regulates the amplitude and sustainability of
GRB?2 translocation

We next examined the membrane localization of GFP-
GRB2 when co-expressed with Halo-SHC3F (Fig. 2B).
Both the amplitude and sustainability of Halo-SHC3F were
comparable to WT Halo-SHC, i.e. the increased membrane
localization of Halo-SHC3F was sustained for as long as
that of Halo-SHC after HRG stimulation. We anticipated a
dominant-negative effect of SHC3F on the membrane
translocation of GRB2 but found in contrast that Halo-SHC
expression sustained GRB2 translocation for longer (Fig.
2B). On the other hand, the membrane translocation of
GFP-GRB2 after HRG stimulation was considerably
suppressed in the SHC-knockdown cells at the early stage
(<10 min) of signal transduction. This suppression may
have been caused by the reduction of indirect pSHC-
mediated membrane association sites on GRB2 under the
conditions of reduced SHC expression. A decrease in the
phosphorylation levels of ERBBs in cells with a SHC-
knockdown (Fig. 1D) is likely to be an additional cause of
the suppression of the membrane translocation of GRB2.

The effect of SHC on the GRB2 membrane localization
was therefore biphasic i.e. at the early stage, SHC increased
the amplitude of GRB2 translocation, while at the later
stage, SHC3F positively regulated GRB2 translocation,
suggesting negative roles of pSHC. Taken together, it
appears from our current observations that WT-SHC
regulates GRB2 dynamics to be transient after HRG
stimulation, even when the wupstream ERBB
phosphorylation events are sustained.

SHC affects the kinetics of the GRB2 interaction with
the plasma membrane

The association kinetics of GFP-GRB2 in relation to the
binding sites on the plasma membrane were examined by
using single molecule observations. We first measured the
appearance frequency of GFP-GRB2 particles per unit of
time and unit of area on the plasma membrane [34]. Under
our experimental conditions, the frequencies were almost
linearly correlated with the relative expression level of
GFP-GRB2 detected from the fluorescence intensity in the
cytoplasm observed under epi-illumination (Fig. 2C). The
relative values of the second-order association rate
constants (k,,) were determined by normalizing the
appearance frequency with the relative expression level
(Fig. 2D and Table 1). The time courses of the changes in
k,, values were similar to those in the membrane

on

translocation of GRB2. Under WT Halo-SHC expression,
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Figure 2 Membrane translocation of GRB2 and SHC. (A) Epi-fluorescence (Epi) and TIRF (TIR) images of GFP-GRB2 and Halo-SHC in
MCF7 cells. Scale bar,10 um. (B) Time course of GFP-GRB2 (left) and Halo-SHC (right) translocations to the plasma membrane. Cells were
stimulated with 10 nM HRG at time 0. Cells co-expressing GFP-GRB2 and WT (green) or 3F mutant (orange) of Halo-SHC and expressing GFP-
GRB2 with an SHC-knockdown (blue) were examined. Vertical axes were normalized to the values obtained before stimulation. The mean values
for 16-32 cells were plotted along with the standard errors. (C) Frequencies of appearance of GFP-GRB2 molecules (relative numbers/sec/100
um?) on the plasma membrane were plotted against the relative expression level of GFP-GRB2 observed by epi-illumination. Results of linear
fitting (lines) are shown with the correlation coefficient, r. (D) Relative association rate constants for GRB2. (E) Dwelling time distributions of
single GFP-GRB2 particles on the basal plasma membrane. (F) Dissociation rate constants for the fast (k;, left) and slow (k,, right) dissociation
components of GRB2. (G) Fraction sizes for the slow dissociation component of GRB2. Cells in (C-G) were co-expressed with GFP-GRB2 and
either WT SHC or its 3F mutant. In (D-G), the mean values before (black), and at 5 min (red), and 30 min (blue) after HRG stimulation are shown
with standard errors. Number of cells examined were 21-24 (D), and 27-32 (E-G). Asterisks denote statistical significance (p<0.05 by ¢ test).

the k,, increased at 5 min after HRG stimulation, then
decreased to the basal value at 30 min. Halo-SHC3F
expression also increased the k,, values at 5 min, which
again decreased but were sustained at a higher level than
that before stimulation for at least 30 min. At the late stage
of HRG stimulation, the k, value in cells expressing
Halo-SHC3F was higher than that in the cells with WT
Halo-SHC. Increases in the k,, values under Halo-SHC3F
expression are not readily explained if we expect a
dominant-negative effect of SHC3F that will prevent
increases in pSHC as the binding site for GRB2 on the
plasma membrane.

We next measured the dwelling times of individual GFP-
GRB2 particles on the plasma membrane to determine their
dissociation kinetics. Distributions of the dwell times can
be fitted with a two-component exponential decay function
both in cells expressed WT Halo-SHC or Halo-SHC3F

Table 1 The relative association rate constants of GRB2 with the
plasma membrane

HRG 0 min 5 min 30 min
1.0040.07  1.63£0.10  1.0340.10
GRB2FWT-SHC (490070 (7.33£0.9)  (5.03£0.8)
1.07£0.07 1782019 1462012
GRB2+SHC3F (5.14:06)  (7.28:0.7)  (7.16£0.9)

Times after HRG stimulation are indicated. Averages in 21-23 cells
are shown with SE. These are relative values to that obtained before (0
min) HRG stimulation in cells expressing wild type SHC.* Mean
values (+/— SE) of the relative association rate constants.” Frequency
of appearance (molecules/sec/100 pum?).

(Fig. 2E). Values for the two dissociation rate constants
(k,y) and fraction sizes of the slow component were
calculated from the fitting results (Fig. 2F, G and Table 2).
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Table 2 The dissociation rate constants of GRB2 with the plasma membrane and its fraction size

HRG 0 min 5 min 30 min
fraction k, k, k, k, k, k,
834£042°  2.38£0.13 843046  201:0.11  8.14:024  2.14+0.13
GRB2+WT-SHC (85414  (14.6:14)  (854+13)  (146£13)  (893:1.1)  (10.7+1.1)
828:028 2244009  7.574020  2.03£0.06  7.57+020  2.06+0.07
GRB2+SHC3F (84.2+1.3)  (158:1.3)  (81.5:L.1)  (I8.5+11)  (81.5:1.1)  (14.0£1.1)

Times after HRG stimulation are indicated. Averages in 27-32 cells are shown with SE.* Mean values (+/— SE) of the

dissociation rate constant (s™)." fraction size (%).

The values of k.5, (for the fast components) showed no
significant difference in cells expressed with WT
Halo-SHC and Halo-SHC3F and constant with times for
cell stimulation. The values of k4, (for slow components)
were also not significantly different between cells with WT
Halo-SHC and Halo-SHC3F but decreased after HRG
stimulation in both conditions. Fraction sizes of the slow
components were different between under expressions of
WT Halo-SHC and Halo-SHC3F: The slow component in
cells with WT Halo-SHC expression was decreased after 30
min of stimulation, while it was increased in cells with
Halo-SHC3F expression after 5 min of stimulation and
back to the basal level after 30 min (Fig. 2G).

These kinetic analyses revealed that the larger k,, value
and fraction of slow dissociation component at the later
stage of stimulation (30 min) produced the more sustained
the membrane translocation of GRB2 in cells with
Halo-SHC3F expression. Since SHC3F is a dominant
negative mutant which cannot serve all three GRB2 binding
sites, the increase in the ratio of slow dissociation fraction
with Halo-SHC3F expression likely means that slower
fraction represents the direct complex with pERBBs but not
the indirect one via pSHC. In other words, in cells with
WT-SHC, accumulation of pSHC (faster dissociation site of
GRB2) on the pERBBs, which occurs later than the
production of pERBBs (slower dissociation site of GRB2)
resulted in the decreased density of GRB2 on the plasma
membrane at the later stage, and have a role to induce
transient translocation of GRB2. In addition, we expect that
changes in the k, values (Fig. 2D) contributed to the
transient GRB2 dynamics in cells with WT-SHC.

Cytoplasm SHC inhibits the translocation of GRB2 to
the plasma membrane

One possibility is that pSHC dissociated into the
cytoplasm regulates GRB2 translocation to the plasma
membrane. To examine this, we measured interaction
between GFP-GRB2 and Halo-SHC in the cytoplasm by
using fluorescence cross correlation spectroscopy (FCCS)
(Fig. 3A) and detected in addition to the autocorrelation
(FCS) signals, significant levels of cross-correlation signals
(Fig. 3B). The cytoplasmic concentrations of GFP-GRB2
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Figure 3 Cytoplasm interaction of GRB2 and SHC. (A)
Schematic representation of FCCS measurement (left) and
fluorescence micrographs of a cell co-expressing GFP-GRB2 and
Halo-SHC (middle). Fluctuations in the fluorescence intensities (count
rate) in a detection area (arrows in the middle) were detected for
FCCS analysis (right). Scale bar, 10 pm. (B) Typical autocorrelation
(left) for GFP-GRB2 (green) and Halo-SHC (red), or cross-correlation
(right) curves in the same detection volumes. Curves were fitted (blue
lines) with functions described in the Methods section. (C) The
relative concentrations of GFP-GRB2 (upper) and Halo-SHC (WT or
3F, lower) were determined from the autocorrelation curves. (D, E)
The dissociation constant (K;) of GRB2/SHC complex (D) and
fraction ratios of the complex to the total GRB2 or SHC levels (E)
were calculated from the FCCS analysis. The mean values for 14—16
cells are plotted along with the standard errors. Asterisks denote
statistical significance (p<0.05 using the t test).

and TMR-SHC (WT and 3F) determined from the FCS
measurements were not changed significantly with time
(Fig. 3C), i.e., the membrane bound fractions were small to
the cytoplasmic fractions. Values of the dissociation



constant (K,) between GFP-GRB2 and Halo-SHC (or
Halo-SHC3F) in the cytoplasm were determined in the
same conditions of TIRF imaging before and after HRG
stimulation (Fig. 3D). The apparent K, values between GFP
and TMR probes were translated into the values between
GRB2 and SHC, including interactions with non-
fluorescent endogenous molecules, normalized with the
relative expression amounts of the endogenous and probe
molecules (Fig. 1; METHODS). In this calculation, total
amount of GRB2 and SHC were assumed to be constant
during the measurements (Fig. 1).

Application of HRG to the culture medium resulted in
about two-fold decrease in the K, value between GRB2 and
WT-SHC in the cytoplasm, and this decrease continued for
at least 30 min after HRG stimulation (Fig. 3D). On the
other hand, no decrease in the K, values were observed
between GRB2 and SHC3F. The decrease in K, between
GRB2 and WT SHC suggests that SHC phosphorylated by
the ERBBs on the plasma membrane dissociated into the
cytoplasm remaining in the phosphorylated state and
formed a complex with cytoplasmic GRB2. We have
estimated fraction of the cytoplasmic GRB2/SHC complex
within the total amounts of these proteins including
endogenous ones (Fig. 3E). The fraction of SHC-GRB2
complex was increased after cell stimulation to about 20%
of the total GRB2 and 30% of the total SHC molecules.
Because it is highly likely that the cytoplasmic association
depends on the phosphotyrosine residues of pSHC similarly
to the interaction on the plasma membrane, it must be
inhibitory to the recruitment of GRB2 to the plasma
membrane.

FCCS analysis suggested that the effective concentration
of GRB2 in the cytoplasm was reduced by the complex
formation with pSHC produced after HRG stimulation.
Reduction of k,, must be caused by the reduction of
pERBBs on the plasma membrane with time as well (Fig.
1D). However, the observed level of pERBB reduction was
insufficient to explain the transient GRB2 dynamics in cells
with WT Halo-SHC (Fig. 2B). In cells with Halo-SHC3F
expression, increase in the cytoplasmic GRB2/SHC
complex was not observed (Fig. 3E) and the change in k,,
with time (Fig. 2D) was similar to those of pERBB
amounts (Fig. 1D). We can conclude that sequestration of
GRB?2 into the cytoplasm by pSHC is one reason of the
transient dynamics of GRB2 translocation to the plasma
membrane.

Multiple mechanisms regulate GRB2 translocation
dynamics

The GRB2/SOS complex recruited to the plasma
membrane activates RAS, which in turn recruits RAF from
the cytoplasm for its activation. RAF is the MAPKKK of
ERK. We measured the plasma membrane translocation of
GFP-SOS and GFP-RAF in cells after HRG stimulation
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Figure 4 SOS and RAF translocation and effects of a MEK
inhibitor. (A) Membrane translocation time courses of GFP-SOS (left)
and GFP-RAF (right) in cells co-expressing Halo-SHC (green) or
Halo-SHC3F (orange), or with an SHC-knockdown (blue). (B, C)
Membrane translocation time courses of GFP-GRB2, Halo-SHC,
GFP-SOS, and GFP-RAF in cells pretreated with 10 uM UO0126.
GRB2, SOS, and RAF were co-expressed with Halo-SHC (green) or
Halo-SHC3F (orange). (D) Membrane translocation time courses of
SOS R1131K-Halo in cells with co-expression of WT-SHC (green)
and SHC3F (orange). Vertical axes were normalized to the values
obtained before stimulation. The mean values for 840 (A) or 13-30
(B, C) or 8-16 (D) cells were plotted along with the standard errors.

(Fig. 4A). The membrane translocation dynamics of GFP-
SOS was transient in all three experimental conditions of
SHC examined in this study. The initial peak amplitude was
considerably suppressed in cells with SHC3F expression
and SHC-knockdown. The RAF dynamics seems to be
reflecting the SOS dynamics. Since RAF is a downstream
effector molecule that recognizes SOS-activated RAS on
the plasma membrane [20,31,44], we anticipated that these
dynamics are reflecting the RAS activation.

Although we observed an increase in the sustainability of
GRB2 translocation in cells with Halo-SHC3F expression
(Fig. 2B), SOS translocation was not extended in these
cells. It is possible under normal conditions in cells that
SHC principally functions as an amplifier of initial GRB2
signaling to RAF, and that its function in the later stage to
induce transient GRB2 dynamics is hidden by other
mechanisms operating simultaneously on SOS signaling.
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Negative feedback pathways known to operate for ERK
also possibly influence the membrane translocation
dynamics of SOS and RAF. For example, ERK induces the
expression and phosphorylation of Sprouty protein that
binds to GRB2 and inhibits the recruitment of the
GRB2/SOS complex to RTK receptors [45,46]. Also, ERK
phosphorylates SOS directly and thereby disrupts its
association with GRB2 and inhibits SOS recruitment to the
plasma membrane [6,47]. These mechanisms may induce
the transient localization dynamics of SOS even under
prolonged GRB2 translocation conditions.

We measured the membrane translocation dynamics of
GFP-GRB2, Halo-SHC, and Halo-SHC3F in cells after
pretreatment with a MEK (MAPKK of ERK) inhibitor,
U0126, which inhibits ERK activation (Fig. 4B). In cells
with  WT-SHC expression, GRB2 translocation was
prolonged in the presence of this MEK inhibitor, and the
expression of SHC3F sustained this even further. The
membrane translocations of WT-SHC and SHC3F were not
affected by exposure to the MEK inhibitor. These results
suggest that the phosphorylation of SHC and a negative
feedback signal from MEK and/or ERK are additively
suppressing sustained GRB2 translocation. MEK inhibition
also increased the temporal widths of the SOS and RAF
translocations to the plasma membrane (Table 3). However,
the SOS dynamics were still significantly more transient
than that of GRB2, and SHC3F had no further effect on the
membrane translocation of SOS or RAF after MEK
inhibition (Fig. 4C), indicating that SOS regulation
independent of GRB2 translocation is not disrupted by this
MEK inhibitor.

To separate negative feedback effects on GRB2/SOS
complex formation from other steps of RAS signaling, we
next examined the membrane translocation of SOS in cells
with expression of R1131K mutant of SOS. This mutation
has been suggested to increase GRB2/SOS association and
reduce the negative effect of SOS phospholyations in its
GRB2 association domain [33]. As expectedly, the duration
of SOS translocation became more sustained after co-
expression of SHC-3F (Fig. 4D). These results suggested
SOS phosphorylation by a negative feedback loop is
another mechanism to produce transient RAS activation.

In this study, we analyzed the temporal regulation of

GRB2 translocation. GRB2 is an adaptor protein
connecting activated RTKs, including the ERBBs, and
SOS, an activator of RAS. We found that another adaptor
protein, SHC regulates GRB2 dynamics. Our results
suggest a biphasic model of SHC function (Fig. 5) i.e. in
the early stages of signaling, SHC increases the amplitude
of GRB2 translocation by increasing the phosphorylation
levels of the ERBBs and also providing an additional
recruitment pathway from GRB2 to the ERBBs. This
function is executed on the plasma membrane. At the later
stage, the role of SHC in relation to the GRB2 pathway is
inhibitory. This latter role occurs in the cytoplasm through
the generation of a complex with GRB2 that reduces its
effective cytoplasmic concentration. Thus, SHC changes its
location in accordance with the timing of cell signaling
processes.

In conclusion, cells have multiple mechanisms that
operate simultaneously to achieve the temporal regulation
of RAS activation. SHC functions in a GRB2 translocation
step. Other mechanisms, including negative feedback loops
downstream of MEK, regulate GRB2 translocation and
GRB2/SOS interaction. Hence, the amplitude and timing of
RAS activation is controlled in living cells.

Early stage (< 10 min) Later stage (30 min)

Inhibit
«, translocation

Figure 5 Biphasic spatiotemporal regulation of GRB2 by SHC.
Recognizing the phosphorylation sites (P) on the activated EGFR
molecules, GRB2 and SHC are translocated to the plasma membrane.
At the early stage (<10 min), SHC increases the density of
GRB2/SOS complex on the plasma membrane to increase the
amplitude of RAS activity. Whereas, at the later stage (30 min), SHC
inhibits the membrane translocation of GRB2 through the complex
formation in the cytoplasm and suppresses RAS activation.

Table 3 Temporal widths of the protein translocation dynamics to the plasma membrane

Inhibitor U1026

condition +WT-SHC +SHC3F SHC-KD +WT-SHC +SHC3F

GFP-SOS 5.6£0.5 (8) 6.6+0.8 (21) 6.0£1.4 (8) *7.2+0.4 (21) *8.2+0.4 (20)
HaloSOS-R1131K *9.2+1.0 (8) *9.8+£1.2 (16)

GFP-RAF 11.8+0.6 (40) *8.5+0.6 (27) 9.6£1.3 (19) *20.9+1.9 (30) *18.8+2.3 (12)

* Means values (+/— SE) of the full-width at half maximum (min). Numbers in parentheses are the number of
measured cells. Asterisks indicate statistical significances against WT-SHC condition (p<0.05 in t-test).
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