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Nucleocytoplasmic Shuttling of the Adapter Protein
SH2B1p (SH2-Bp) Is Required for Nerve Growth Factor
(NGF)-Dependent Neurite Outgrowth and
Enhancement of Expression of a Subset of
NGF-Responsive Genes

Travis J. Maures, Linyi Chen, and Christin Carter-Su

Program in Cellular and Molecular Biology (T.J.M. and C.C.-S.), Department of Molecular and Integrative Physiology
(L.C. and C.C.-S.), University of Michigan Medical School, Ann Arbor, Michigan 48109

The adapter protein SH2B1 (SH2-B, PSM) is recruited to multiple ligand-activated receptor tyrosine
kinases, including the receptors for nerve growth factor (NGF), insulin, and IGF-I as well as the
cytokine receptor-associated Janus kinase family kinases. In this study, we examine SH2B1's func-
tion in NGF signaling. We show that depleting endogenous SH2B1 using short hairpin RNA against
SH2B1 inhibits NGF-dependent neurite outgrowth, but not NGF-mediated phosphorylation of Akt
or ERKs 1/2. SH2B1 has been hypothesized to localize and function at the plasma membrane. We
identify a nuclear localization signal within SH2B1 and show that it is required for nuclear trans-
location of SH2B1B. Mutation of the nuclear localization signal has no effect on NGF-induced
activation of TrkA and ERKs 1/2 but prevents SH2B13 from enhancing NGF-induced neurite out-
growth. Disruption of SH2B1B nuclear import also prevents SH2B 13 from enhancing NGF-induced
transcription of genes important for neuronal differentiation, including those encoding uroki-
nase plasminogen activator receptor, and matrix metalloproteinases 3 and 10. Disruption of
SH2B1B nuclear export by mutation of its nuclear export sequence similarly prevents SH2B1p3
enhancement of NGF-induced transcription of those genes. Nuclear translocation of the highly
homologous family member SH2B2(APS) was not observed. Together, these data suggest that
rather than simply acting as an adapter protein linking signaling proteins to the activated TrkA
receptor at the plasma membrane, SH2B13 must shuttle between the plasma membrane and
nucleus to function as a critical component of NGF-induced gene expression and neuronal
differentiation. (Molecular Endocrinology 23: 1077-1091, 2009)

he adapter protein SH2B1 (SH2-B, PSM) has been shown to

be recruited to multiple ligand-activated receptor tyrosine
kinases, including the receptors for nerve growth factor (NGF)
(TrkA) (1, 2), insulin (3), IGF-I (4), and the cytokine receptor-
associated Janus kinase (JAK) family kinases (e.g. receptors for
GH and leptin) (5-8). Yet, little is understood about the exact
cellular consequences of these interactions. In this paper, we delve
more deeply into the physiological function of SH2B1 within the
context of NGF. SH2B1 belongs to a family of adapter proteins
that includes SH2B2 (APS) and SH2B3 (Lnk) (9-12). Each of the
family members contains at least one N-terminal dimerization do-
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main (DD), a pleckstrin homology (PH) domain, a C-terminal Src
homology (SH2) domain (13), and several proline-rich regions.
Splice variation leads to the formation of four SH2B1 isoforms, «,
B, v, and J, which differ only in their C termini after the SH2
domain (9, 14). We and others have shown that NGF promotes the
rapid association of SH2B1 with TrkA via its SH2 domain and
subsequent phosphorylation of SH2B1 on tyrosines as well as
serines/threonines (1, 2, 15).

Overexpression of SH2B1 has been shown to enhance NGF-
dependent neurite outgrowth in PC12 cells. In contrast, the
overexpression of dominant-negative SH2B1(R555E), which

Abbreviations: DD, Dimerization domain; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; GDNF, glial cell line-derived neurotrophic factor; GFP, green fluorescent protein;
Impe, importine; JAK, Janus kinase; LMB, leptomycin B; MMP, matrix metalloproteinase;
NES, nuclear export sequence; NGF, nerve growth factor; NLS, nuclear localization signal;
PH, pleckstrin homology; PLC, phospholipase C; QT-PCR, real-time quantitative PCR; SH2,
Src homology; UPAR, urokinase plasminogen activator receptor; WT, wild type.
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lacks a critical arginine in its SH2 domain required for binding
to phosphorylated tyrosines, inhibits NGF-induced neurite out-
growth (2, 15). Furthermore, antibodies to SH2B1 introduced
into dissociated primary sympathetic neurons grown in NGF-
containing medium exhibit a reduced rate of survival. Similarly,
axonal processes are nearly eliminated when an SH2B1 mutant
that blocks SH2B1-mediated signaling is introduced within ex-
plants of sympathetic ganglia grown in the presence of NGF. In
contrast, NGF-treated neurons into which wild-type (WT)
SH2B1 is introduced thrive and have elaborate long-branching
axonal processes (2). These results led to the hypothesis that
SH2B1 is required for maximal NGF-induced neurite out-
growth and maintenance of the differentiated state. However, a
role for endogenous SH2B1 in NGF-induced neurite outgrowth
remains to be demonstrated. In addition, the molecular mecha-
nism by which SH2B1 contributes to enhanced neurite out-
growth remains unclear. Previous efforts to elucidate this mech-
anism have largely centered on the interaction between SH2B1
with TrkA. The apparent membrane localization of SH2B13 (1)
and its recruitment to NGF-activated TrkA (15) support a
mechanism in which SH2B1 enhances the kinase activity of
TrkA and/or recruits essential NGF effector molecules to the
activated receptor complex (2, 16), thereby driving the pro-
longed activation of ERKs required for NGF-dependent differ-
entiation (17). However, expression of SH2B1B8(R555E) blocks
NGF-dependent neurite outgrowth without affecting NGF-in-
duced phosphorylation of TrkA, phospholipase C (PLC)-y, Akt,
ERKT1, or ERK2 (15, 18). These findings indicate that the dom-
inant-negative effect of overexpressed SH2B1B(R555E) on
NGF-dependent neurite outgrowth is unlikely to be a result of
reduced TrkA activation or a diminished ability of TrkA to
phosphorylate the substrates responsible for activating the
ERK1/2, Akt, or PLCy pathways. Rather, these results raised
the possibility that SH2B1B might facilitate NGF-dependent
differentiation through a novel pathway at a point downstream
of or parallel to ERKs 1 and 2.

Here, we provide the first direct evidence that endogenous
SH2B1p is required for NGF-dependent neurite outgrowth but
is nonessential for NGF activation of Akt and ERKs 1 and 2. We
use deletion and mutational analysis to identify in SH2B1 a
monopartite nuclear localization signal (NLS). We show that
the adjacent motifs of the NLS and a previously identified nu-
clear export sequence (NES) direct the cycling of SH2B1 be-
tween the nucleus and cytoplasm. Similar nucleocytoplasmic
shuttling was not observed for the highly homologous family
member SH2B2. Mutation of its NLS prevented SH2B13 from
enhancing NGF induction of neurite outgrowth and transcrip-
tion of the NGF-dependent genes encoding urokinase plasmin-
ogen activator receptor (uPAR), matrix metalloproteinase
(MMP)-3, and MMP10. Mutation of the NES also significantly
decreased the ability of SH2B1 to enhance NGF-induced tran-
scription of these three genes. Mutation of the SH2 domain of
SH2B1, which we have shown previously to cause SH2B1 to act
as a dominant negative and block NGF-induced neurite out-
growth, was shown to render SH2B1 3 unable to translocate to the
nucleus. These results provide the first characterization of a nuclear
role for SH2B1 and strong evidence in support of a paradigm shift
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in our thinking about the roles of membrane receptor-binding
adapter proteins in growth factor function. Our data suggest that
rather than simply acting as an adapter protein linking signaling
proteins to the activated TrkA receptor at the plasma membrane,
SH2B1 must both bind to activated TrkA and shuttle between the
plasma membrane and nucleus to carry out its role as a critical
component in NGF-induced gene expression and neuronal differ-
entiation. The data also provide additional evidence that SH2B1
and SH2B2 have distinct cellular functions.

Results

SH2B1 is required for NGF-dependent differentiation of
PC12 cells

Previous results using overexpression of WT and dominant-
negative forms of SH2B1 indirectly implicated SH2B1 as con-
tributing to NGF-induced neurite outgrowth. To provide more
direct evidence for a critical role of endogenous SH2B1 in NGF-
induced neurite outgrowth, we used an RNA interference ap-
proach to stably reduce endogenous levels of SH2B1 in PC12
cells. PC12 cells were chosen as a model system because they
have provided much, if not most, of our current understanding
about NGF-induced (dependent) neuronal differentiation and
the responsible signaling pathways. Derived from a rat adrenal
pheochromocytoma, PC12 cells cease proliferation in response
to NGF, exhibit somatic hypertrophy, and acquire neurites (19).
The resulting NGF-dependent morphological and biochemical
changes of the PC12 cell are highly analogous to those of a true
sympathetic neuron. NGF-treated PC12 cells express neuronal-
specific genes (20) and are capable of forming synapses with
primary neurons from rat cortex (21). Additionally, en route to
NGF-mediated differentiation, the PC12 cells develop a depen-
dence on NGF for survival as has been documented for both
sympathetic and sensory neurons (22). As demonstrated previ-
ously (23) and in Fig. 2, A and B, endogenous SH2B1 levels in
pooled cell lines stably expressing a 21-nucleotide long small
hairpin (sh)RNA targeted against all isoforms of SH2B1
(shSH2B1) were reduced by about 50-70% (n = 3). We com-
pared the ability of the shControl and shSH2B1 PC12 cell lines
to differentiate in the presence of NGF. The shControl and
shSH2B1 cell lines were incubated in serum-free medium over-
night before treatment with 50 ng/ml NGF for 4 d. Cells were
assessed for differentiation on each of the 4 d. They were con-
sidered differentiated if they had neurites at least twice the
length of their cell diameter. As shown in Fig. 1A, the rate of
NGF-induced differentiation in the SH2B1 knockdown cells was
reduced by about 50% compared with control cells. Furthermore,
NGF-dependent differentiation was restored in the shSH2B1 PC12
cell line upon transfection of a green fluorescent protein (GFP)-
SH2B1B cDNA construct harboring three silent mutations within
the shSH2B1 target sequence [GFP-SH2B1(res)] (Fig. 1B) These
results suggest that endogenous SH2B1 is critical for NGF-induced
neurite outgrowth in PC12 cells.

We next addressed the question of whether endogenous
SH2B1 is required for NGF-dependent activation of ERKs 1 and
2, because ERK1/2 activation is critical for NGF-induced neu-
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FIG. 1. Endogenous SH2B1 is required for NGF-dependent neurite outgrowth.
A, PC12 cells stably expressing control shRNA (shControl) or shRNA targeted
against SH2B1 (shSH2B1) were incubated in serum-free medium for 14 h and
then treated with 50 ng/ml NGF for 4 d. The percentage of differentiated cells
(y-axis) was calculated on d 1, 2, 3, and 4 of the 4-d assay (x-axis). B, shSH2B1
PC12 cells were transfected with either cDNA encoding GFP or GFP-SH2B1(res)
(a construct containing silent mutations within the shRNA target sequence). The
cells were incubated in serum-free medium for 14 h and then treated with 50
ng/ml NGF for 2 d, after which differentiation was assessed in GFP-positive cells
and expressed as percent differentiation relative to shControl+GFP cells. The
values are means = sem from three different experiments. Asterisks represent P
values of <0.05 using a one-tailed, paired Student’s t test. At least 250 cells
were counted for each condition in A and at least 50 cells in B.

rite outgrowth of PC12 cells (24-26). Both shControl and
shSH2B1 PC12 cells were treated with NGF (50 ng/ml) for 0,
15, 120, 240, and 360 min. As mentioned above, Fig. 2A, top
panel, reveals a greater than 50% reduction of endogenous
SH2B1p in the shSH2B1 vs. shControl cells. The relative signal
intensity is quantified in Fig. 2B. Figure 2A, top panel, reveals
that the mobility of endogenous SH2B1 is dramatically re-
duced after 15 min treatment with NGF. Previous results attrib-
uted the decreased mobility to phosphorylation on tyrosines and
serines/threonines (1). To assess the NGF-dependent activation
of ERKs 1 and 2, we performed Western blotting of cell lysates
with apERK1/2 that recognizes only the doubly phosphory-
lated, activated form of ERKs 1 and 2 as well as an antibody
against total ERK1/2 («¢ERK1/2). The extent and duration of
phosphorylation of ERKs 1 and 2 in response to NGF was
similar (data not shown) or even greater (Fig. 2A, middle panel,
and 2C) in the shSH2B1 cells compared with the shControl cells,
when normalized to levels of total ERKs 1 and 2. The membrane
was reblotted with an antibody to pAkt (apAkt) that recognizes
phosphorylated Ser 473. Akt, which lies downstream of phos-
phatidylinositol-3-kinase, requires phosphorylation on Ser 473
to be active (27). We observed no significant difference in NGF-
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FIG. 2. Effect of shRNA-mediated knockdown of endogenous SH2B1 on NGF-
induced phosphorylation of Akt and ERKs 1 and 2. PC12 cells stably expressing
control shRNA (shControl) or shRNA targeted against SH2B1 (shSH2B1) were
incubated in serum-free medium for 14 h before treatment with 50 ng/ml NGF
for 0, 15, 120, 240, or 360 min. Proteins in cell lysates were separated by SDS-
PAGE and immunoblotted with aSH2B1, apAkt(Ser473), apERK, akrk, and
a-aTubulin as a loading control. The relative signal intensity of the bands
corresponding to endogenous SH2B1 (B), pErk (C), and pAkt (D) was
quantified.

induced phosphorylation of Akt in the shSH2B1 line compared
with the shControl line (Fig. 2A, second panel, and 2D). These
results suggest that SH2B1’s ability to enhance NGF-induced
neurite outgrowth is not secondary to enhanced NGF activation
of Akt or ERKs 1 and 2.

Identification of a region within SH2B1 required for
nuclear translocation

We have shown previously (28) that endogenous SH2B1, as
well as overexpressed SH2B1B8, accumulates in the nucleus of
cells incubated in the presence of a nuclear export inhibitor,
leptomycin B (LMB) (28), indicating that SH2B18 undergoes
nucleocytoplasmic shuttling. Additionally, the deletion of
amino acids 198-268 results in the nuclear accumulation of
SH2B1p, an otherwise membrane/cytoplasmic localized protein
(15). Close examination of the sequence contained within
amino acids 198-268 revealed a match (28) to the NES motif
(LX,_5LX,_,LXL)(29-31). Indeed, point mutations of two key
leucine residues (L231 and 1233) in this sequence rendered
SH2B1p defective in nuclear export, resulting in SH2B1’s nu-
clear accumulation (28). The dramatic localization shift ob-
served with these SH2B18 mutants suggested that SH2B13 un-
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dergoes rapid and continual shuttling between the nucleus and
cytoplasm, with the rate of nuclear export greatly exceeding the
rate of nuclear import, giving rise to a steady-state membrane/
cytoplasmic appearance. However, because there is substantial
mixing of cytoplasmic and nuclear proteins after nuclear enve-
lope breakdown during mitosis (32), the presence of an NES
alone within a protein is not sufficient evidence to ascribe a
nuclear role for that protein. In fact, an NES in the absence of an
NLS may function to assure that a protein stays out of the
nucleus. Thus, to determine whether nuclear localization of
SH2B1 is important for its function, it was critical to identify a
nuclear localization sequence in SH2B1 that we could then mutate
to prevent SH2B1 from entering the nucleus. As the readout of a
screen to identify the regions necessary for SH2B1’s nuclear im-
port, we used the dramatic nuclear accumulation of GFP-
SH2B1B(A198-268) lacking the NES [henceforth designated as
GFP-SH2B1B(ANES)] (Fig. 3A, ii) or GFP-SH2B18(WT) treated
with the nuclear export inhibitor LMB (Fig. 3A, i), In this screen in
which nuclear export is blocked, nuclear accumulation of
SH2B1B represents functional nuclear import of SH2B1p,
whereas nuclear exclusion represents defective nuclear import
of SH2B1B. Initially, a series of deletion and point mutations
were made on top of GFP-SH2B1B(ANES). The modified forms
of SH2B1 were transiently expressed in COS-7 cells. COS-7 cells
were used for the initial screen because of their high transfection
efficiency and flat morphology, which lends itself to rapid and
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FIG. 3. The region between amino acids 147 and 198 is essential for nuclear
translocation. A, COS-7 cells were transiently transfected with cDNA encoding
GFP-SH2B1B(WT) (i), GFP-SH2B1B(ANES) (ii), GFP-SH2B1B8(A147-268) (iii), or
GFP-SH2B1B(A147-198) (iv). Fourteen hours after transfection, the cells were
either mock treated with vehicle (left panels) or treated with 20 nm LMB (right
panels) for 7 h. Cells were then fixed and visualized using epifluorescence
microscopy. The schematic representations of SH2B18 indicate the positions of
internal deletions and/or previously defined domains within SH2B1, including the
DD, NES, PH, and SH2. B, MacVector ClustalW sequence alignment of multiple
species of SH2B1 between residues 145 and 193.
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unambiguous identification of subcellular localization of the fluo-
rescent proteins. We made the same series of mutations in a GFP-
tagged WT SH2B18 and incubated the cells expressing those mu-
tants in the absence or presence of LMB.

As shown previously (28), overexpressed GFP-SH2B18(WT)
appears to have a membrane and cytoplasmic localization
(Fig. 3A, i, left panel). After incubation with LMB, GFP-
SH2B1B(WT) was found to accumulate in the nucleus (Fig. 3A,
i, right panel). The GFP-SH2B1B(ANES) mutant, which retains
the ability to translocate to the nucleus but is unable to cycle to
the cytoplasm without the signal responsible for nuclear export,
accumulates in the nucleus even in the absence of LMB (Fig. 3A,
ii). Another mutant of SH2B18 [SH2B13(A147-268)] that con-
tains a slightly larger region of deletion than SH2B1B(ANES)
(A198-268) was observed in the cytoplasm with or without
LMB (Fig. 3A, iii). This suggests that the region required for
nuclear import of SH2B1 lies within amino acids 147-198. As
predicted, GFP-SH2B18(A147-198) failed to accumulate in the
nuclei of COS-7 cells in the absence or presence of LMB (Fig.
3A, iv). Examination of the amino acid sequence between 147
and 198 in SH2B1 (Fig. 3B) revealed a small stretch of highly
basic residues that resembles the classical nuclear localization
sequence motif (PKKKRKYV) of the SV40 large T antigen (33,
34). This putative NLS is almost perfectly conserved in all
known vertebrate SH2B1 homologs from zebrafish to human
(Fig. 3B). The basic region identified in SH2B1 spans from
amino acids 146-152. Thus, four basic residues likely to be
critical for nuclear import are missing from the nuclear import
defective SH2B13(A147-198).

SH2B1 requires an NLS and a functional SH2 domain for
nuclear translocation in PC12 cells

To confirm that this basic region found between amino acids
146-152 is responsible for nuclear import of SH2B13 in PC12
cells, a series of GFP-SH2B1 constructs encoding point muta-
tions and/or deletions in this region were expressed in PC12 cells
in the presence or absence of LMB. As shown previously (1, 28),
GFP-SH2B1B(WT) appears to localize exclusively to the mem-
brane and cytoplasm of PC12 cells (Fig. 4A, i, top left panel) and
incubation with LMB results in its nuclear accumulation (Fig.
4A, top right panel). These results are quantified in Fig. 4B and
expressed as the percentage of cells in which the intensity of
GFP-SH2B1p epifluorescence in the nucleus is greater than or
equal to its intensity in the cytoplasm. GFP-SH2B1B(ANES) is
found in the nucleus whether or not the cells are incubated with
LMB (Fig. 4A, ii). Site-directed mutagenesis was used to change
the putative NLS from K148/K150/K151/R152 to A148/A150/
A151/A152 in SH2B1. This mutant SH2B18 will be referred to
as SH2B1B8(mNLS). The mutation of the putative NLS resulted in
a failure of GFP-SH2B18 to localize to the nucleus even in the
presence of LMB (Fig. 4A, iii, and 4B) or when combined with
deletion of the NES (Fig. 4A, iv, and 4B). We therefore concluded
that the basic residues K148/K150/K151/R152 are required for the
nuclear localization of SH2B1 and constitute a previously unrec-
ognized monopartite NLS present within all isoforms of SH2B1.

Figure 4A, v and vi, illustrates that GFP-SH2B1B(R555E) also
does not accumulate in the nucleus when treated with LMB (Fig.
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FIG. 4. Point mutations in the putative NLS motif inhibit nuclear accumulation of SH2B18. A and B, PC12 cells were transiently transfected with cDNAs encoding GFP-
SH2B1B(WT) (i), GFP-SH2B1B(ANES) (i), GFP-SH2B1B8(mNLS) (iii), GFP-SH2B1B8(mNLS+ANES) (iv), GFP-SH2B1B(R555E) (v), and GFP-SH2B1B(R555E+ANES) (vi). Fourteen
hours after transfection, the cells were either mock treated (left panels) or treated with 20 nm LMB for 7 h (right panels). A, Cells were fixed and stained with 4’,6-
diamidino-2-phenylindole to visualize nuclei (blue color in overlay image, lower panels) and then visualized using epifluorescence microscopy. B, In a blinded
experiment, at least 100 cells from each condition were assessed for a nuclear fluorescence signal greater than or equal to the cytoplasmic fluorescence. The results are
expressed as the percentage of cells exhibiting nuclear fluorescence out of the total number of cells counted. Means and range calculated from two independent
experiments are shown. C, COS-7 cells were transiently transfected with cDNA encoding GFP-SH2B1B(9Y-F), a mutant lacking all nine tyrosines within SH2B1p.
Fourteen hours aftert transfection, the cells were either mock treated (left panel) or treated with 20 nm LMB for 7 h (right panel). Cells were then fixed and visualized
using epifluorescence microscopy. The schematic representations of SH2B18 indicate the positions of internal deletions, mutations, and/or previously defined domains
within SH2B1, including the DD, NES, PH, and SH2. The open white box represents the putative NLS motif within SH2B1, and the corresponding sequence is indicated
below:. Single basic amino acid substitutions are indicated in red.

4A, v) or when the NES is deleted (Fig. 4A, vi). Mutation of the
critical arginine within the SH2 domain to a glutamate
[SH2B1B(R555E)] abolishes the phosphotyrosine binding abil-
ity of SH2B1, and the expression of SH2B1B(R555E) in PC12 cells
results in the dominant-negative inhibition of NGF-dependent neu-
rite outgrowth (35). The failure of SH2B1B(R555E) to associate

with activated TrkA also results in a loss of SH2B1B(R555E) ty-
rosyl phosphorylation (15). To test whether SH2B1 requires
tyrosine phosphorylation for nuclear translocation, we mutated all
nine tyrosines within SH2B18 to phenylalanines [SH2B1B3(9Y—F)]
using site-directed mutagenesis. COS-7 cells were transiently
transfected with GFP-SH2B18(9Y—F) and incubated with or



1082 Maures et al. Nuclear Localization of SH2B13

without LMB for 7 h. As shown in Fig. 4C, GFP-SH2B1B(9Y—F)
accumulates in the nucleus after LMB treatment, indicating that,
like SH2B1B(WT), GFP-SH2B1B(9Y—F) undergoes nucleocyto-
plasmic shuttling. Thus, phosphorylated tyrosines within SH2B13
are not required for its nuclear translocation.

To assess whether or not NGF stimulation affects the amount of
SH2B18 in the nucleus, we used subcellular fractionation of PC12
cells transiently expressing GFP, GFP-SH2B18(WT), or GFP-
SH2B1B(mNLS). PC12 cells were incubated in serum-free me-
dium before NGF treatment for 0 or 30 min. Consistent with the
subcellular localization of GFP-SH2B18 observed in Figs. 3A
and 4A, the majority of endogenous and overexpressed SH2B13
appeared to reside in the cytoplasm/plasma membrane (non-
nuclear) fraction (Fig. 5). However, both endogenous SH2B13
and overexpressed GFP-SH2B1B(WT) were present in purified
nuclei devoid of cytoplasmic contamination, as assessed by the
absence of a-tubulin. Consistent with impaired nuclear import,
levels of GFP-SH2B18(mNLS) in the nuclear fraction were sig-
nificantly reduced compared with WT SH2B1B. NGF did not
detectably affect the levels of endogenous SH2B1 or ectopically
expressed GFP-SH2B1p in the nuclear fraction. However, an
NGF-dependent upward shift in the migration of endogenous
SH2B1, shown previously to be a consequence of phosphoryla-
tion (1), was observable for both nuclear and nonnuclear
SH2B1p. Together these results suggest that both endogenous
and overexpressed SH2B1p constitutively shuttle between the
cytoplasm and nucleus. Furthermore, both the highly phosphor-
ylated form of SH2B1 seen after NGF treatment and the more
minimally phosphorylated form of SH2B1 seen after serum de-
privation appears capable of crossing the nuclear membrane.

The nuclear import of SH2B1 is disrupted in
energy-depleted cells

To address whether the nuclear translocation of SH2B1 is an
energy-dependent mechanism, we depleted ATP levels within liv-
ing cells and assessed the nucleocytoplasmic shuttling of SH2B1p.
ATP was depleted from cells by incubation in glucose-free medium
supplemented with 10 mm sodium azide and 10 mm 2-deoxy-D-
glucose (energy depletion medium). This method has been used to
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NGF__- + - + - +
— e e W | <—GFP-SH2B1B
i B e TR e <«—SH2B1B
<—a-tubulin
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Non-Nuclear
vector _WT mNLS
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«<—GFP-SH2B1p
«—SH2B1p
«—a-tubulin
== «~—lamin A

Nuclear

FIG. 5. Endogenous and overexpressed SH2B 1 constitutively shuttles between
the cytoplasm and nucleus. PC12 cells were transiently transfected with cDNAs
encoding GFP, GFP-SH2B1B(WT), and GFP-SH2B1B(mNLS). The cells were
incubated in serum-free medium for 14 h before treatment with 100 ng/ml NGF
for 0 or 30 min. Proteins (25 wng) in nonnuclear and nuclear lysates were
separated by SDS-PAGE and immunoblotted with «SH2B1 (to visualize
endogenous and overexpressed SH2B1p), a-atubulin (nonnuclear), or alamin
(nuclear).
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reversibly inhibit classical Ran-dependent nuclear transport by
limiting GTP-bound Ran (36, 37). PC12 cells stably overex-
pressing GFP-SH2B18(WT) and GFP-SH2B1B(mNLS) were in-
cubated in normal growth medium or energy depletion medium
for 1 h before the addition of 20 nm LMB for 4 h to inhibit
nuclear export. As a result of the continuous nucleocytoplasmic
shuttling, the steady-state localization of SH2B1B8(WT) favors a
plasma membrane/cytoplasmic appearance when cells are incu-
bated in normal growth medium but shifts to a predominately
nuclear localization after addition of LMB (Fig. 6A, top panels).
However, preexposure of the cells to the energy depletion me-
dium blocked LMB-dependent nuclear accumulation of GFP-
SH2B1B(WT) (Fig. 6A, bottom panels). As expected, stably
overexpressed GFP-SH2B18(mNLS) is localized at the plasma
membrane/cytoplasm with or without LMB treatment and does
not change upon preexposure to energy depletion medium (Fig.
6B). These results suggest that the presence of SH2B18(WT) in
the nucleus is not a result of passive diffusion but rather an
energy-dependent process.

SH2B2 does not undergo nucleocytoplasmic shuttling
The finding that SH2B1 contains functional NES and NLS
raises the question as to whether other SH2B gene family mem-
bers [SH2B2 (APS), SH2B3 (Lnk)] can also undergo nucleocy-
toplasmic shuttling. The Clustal W multiple sequence alignment
of several species of SH2B1 family members revealed that
SH2B2, but not SH2B3, shares a high degree of homology with
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FIG. 6. The nuclear import of SH2B18 is disrupted in energy-depleted cells.
PC12 cells stably expressing GFP-SH2B1B(WT) (A) or GFP-SH2B1B(mNLS) (B) were
incubated in normal growth medium or energy depletion medium for 1 h before
treatment with or without 20 nm LMB for 4 h, as indicated.
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FIG. 7. Subcellular distribution of internal deletion and point mutants of SH2B2 in PC12 cells.
MacVector ClustalWw multiple sequence alignment was used to compare several species of SH2B1,
SH2B2, and SH2B3. A, Interspecies conservation among SH2B family members within the region
corresponding to the NLS of SH2B1. Arrows designate the basic residues required for nuclear import.
B, Interspecies conservation among SH2B family members within the region corresponding to the
NES of SH2B1. Asterisks denote the general NES motif, and arrows designate the hydrophobic
residues that have been shown to be required for SH2B18 nuclear export. C, PC12 cells were
transiently transfected with cDNAs encoding myc-SH2B2(WT) (i), GFP-SH2B1B(WT) (ii), GFP-
SH2B1B(ANES) (iii), myc-SH2B2(ANES) (iv), myc-SH2B2(WT) (v), and myc-SH2B2(mNLS) (vi). Fourteen
hours after transfection, the cells were treated for 7 h with either vehicle (methanol) i, ii, iii, iv, and vi)
or 20 nm LMB (v). Cells transiently expressing myc-tagged proteins were stained with amyc and
antimouse IgG Alexa 594 and visualized in the tetramethyl rhodamine isothiocyanate (TRITC) channel
(i, iv, v, and vi). GFP-SH2B1 expression was visualized in the fluorescein isothiocyanate (FITC) channel
(i and iii). Images were taken using epifluorescence microscopy.
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both the NLS (Fig. 7A) and NES (Fig. 7B) of SH2B1.
The alignment also revealed that three of the four
basic residues required for SH2B1 nuclear localization
(R119, R121, and K122, indicated with arrows) are
conserved in rat, mouse, and human SH2B2; SH2B2
contains a putative NES between residues 168 and
174, based on the loosely defined NES motif, LX,_
sLX, ,LXL (29-31). The putative NES of SH2B2
contains three of the four hydrophobic residues,
including the amino acid motif LXL (Fig. 7B), that
have been shown to be required for nuclear export
of SH2B1 (28) as well as of 14-3-3 (30).

In agreement with previous findings (38, 39),
SH2B2(WT) appears to localize at the plasma mem-
brane as well as in the cytoplasm, as shown in Fig. 7C,
i. The subcellular localization of myc-SH2B2 resem-
bles closely the localization of GFP-SH2B1 (Fig. 7C,
ii). However, although GFP-SH2B1B(ANES) local-
izes to the nucleus (Fig. 7B, iii), myc-tagged SH2B2
mutant carrying a deletion of the putative NES (A167-
184) [SH2B2(ANES)] does not accumulate in the nu-
cleus (Fig. 7C, iv). To confirm the inability of SH2B2
to undergo nucleocytoplasmic shuttling, we incu-
bated cells expressing myc-tagged SH2B2(WT)
with LMB for up to 24 h. As shown in Fig. 7C, v,
even a 24-h treatment with LMB does not cause
myc-SH2B2(WT) to accumulate in the nucleus.
Mutating the putative NLS (K117A, R119A,
R121A, and K122A) [SH2B2(mNLS)] also did not
alter the subcellular localization of SH2B2 (Fig. 7C,
vi). To address the possibility that SH2B2 can trans-
locate to the nucleus but only in response to NGF
stimulation or possibly serum deprivation, myc-
SH2B2(ANES)-expressing cells were incubated in
serum-free medium for 14 h and incubated in the
absence or presence of NGF for 5 min, 30 min, 1 h,
and 6 h. None of the conditions tested resulted
in detectable nuclear accumulation of myc-
SH2B2(ANES) (data not shown). The failure to de-
tect even the slightest nuclear localization of SH2B2
after inhibiting nuclear export with LMB or remov-
ing its putative NES suggests that the cytoplasmic
appearance of SH2B2 reflects a more-or-less static
localization. This is in contrast to SH2B18(WT)
that is seemingly in constitutive flux between the
plasma membrane/cytoplasm and nucleus. Conse-
quently, we have concluded that despite the high
degree of sequence similarity between family mem-
bers SH2B1 and SH2B2, the ability to undergo nu-
cleocytoplasmic shuttling is unique to SH2B1.

Ability of nuclear localization-defective
SH2B1$ mutants to regulate NGF-induced
differentiation

The identification of an NLS in SH2B1 enabled
us to examine whether nuclear SH2B1 serves a
function. We first examined whether nuclear local-
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ization of SH2B1 is required for NGF-dependent differentiation
of PC12 cells. We stably expressed WT SH2B1p or the nuclear local-
ization-defective forms of SH2B18 [SH2B1B(mNLS) and
SH2B1B(RS55E)] in PC12 cells. Pooled cell lines were created by
combining the top 5% GFP-positive cells, using fluorescence-acti-
vated cell sorting after 4 wk of selection in G418-containing
growth medium. The resulting pooled stable PC12 cell lines display
a spectrum of GFP expression levels. In Fig. 8A, only PC12 cells
expressing high levels of GFP can be seen after merging the fluo-
rescent and bright-field images, although all cells were GFP positive
and were counted as such. PC12 cells stably expressing SH2B13(WT),
SH2B1B(RS555E), or SH2B1B(mNLS) were incubated in differentia-
tion medium in the absence or presence of 50 ng/ml NGF for a total of
5 d. As shown in Fig. 8A, we observed NGF-dependent neurite out-
growth in PC12 cells overexpressing SH2B13(WT), but not in PC12
cells overexpressing ~ SH2B1B(R555E) or SH2B1p3
(mNLS). In Fig. 8B, we quantified the ability of NGF to induce
differentiation of PC12 cells overexpressing SH2B1B(WT),
SH2B1B(R555E), or SH2B1B(mNLS) in comparison with PC12
cells overexpressing vector control. In agreement with previous
findings (28), stable overexpression of SH2B18(WT) resulted in
more than a doubling of the number of cells exhibiting NGF-
dependent neurite outgrowth (38 = 1% compared with 18 =
2% for control cells). Also in agreement with previous findings,
the stable expression of the dominant-negative form of
SH2B1B8, SH2B1B(R555E), resulted in inhibition of NGF-de-
pendent neurite outgrowth (13 = 1% of cells) compared with
GFP alone (18 = 2% of cells). Strikingly, mutation of the NLS
prevented SH2B18 from enhancing NGF-induced neurite out-
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FIG. 8. Stable expression of the SH2B18 nuclear import mutant inhibits NGF-
dependent neurite outgrowth of PC12 cells. A, PC12 cells stably expressing GFP-
SH2B1B(WT), GFP-SH2B1B(R555E), or GFP-SH2B1B(mNLS) were incubated in serum-
free medium overnight before incubation in the absence (top panels) or presence
(bottom panels) of 50 ng/ml NGF for 5 d. Representative pictures of each condition
were imaged by overlaying the FITC (GFP) on top of standard bright-field illumination. B,
The percentage of differentiated cells was scored on d 5. Means = sem from six
different experiments are shown. Asterisks represent P values of <0.05 using a one-
tailed, paired Student's t test. A combined total of at least 400 cells were counted for
each condition.
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growth, suggesting that SH2B18 must enter the nucleus for it to
promote NGF-induced neuronal differentiation.

Effect of overexpression of SH2B1B(mNLS) on
NGF-induced tyrosyl phosphorylation of TrkA and
activation of Erks 1 and 2

In PC12 cells, prolonged activation of ERK is thought to
mediate differentiation, whereas transient activation of ERK
is thought to promote proliferation (17). Because overexpres-
sion of SH2B1B(mNLS) inhibits NGF-dependent neurite out-
growth, it was of interest to establish whether the overexpres-
sion of SH2B1B(mNLS) affects the kinetics of NGF-dependent
activation of TrkA and ERKs 1 and 2. PC12 cell lines stably
expressing GFP, GFP-SH2B1B(WT), or GFP-SH2B1B(mNLS)
were incubated in serum-free medium and then stimulated with
NGF for 0, 15,120, 240, and 360 min. Proteins from cell lysates
were resolved by SDS-PAGE and immunoblotted first with
aGFP to verify the presence of GFP-SH2B1B(WT) and GFP-
SH2B1B(mNLS). Importantly, Fig. 9 reveals that expression lev-
els of GFP-SH2B1B(WT) and GFP-SH2B1B(mNLS) are similar,
therefore eliminating the potential for SH2B1B dosage-depen-
dent differences. Figure 9 also reveals similar upward shifts in
migration of GFP-SH2B1B(WT) and GFP-SH2B1B(mNLS),
consistent with the two forms of SH2B18 undergoing similar
degrees of phosphorylation in response to NGF. Immunoblot-
ting with an antibody that recognizes phosphotyrosine 490
(apY490 TrkA), a primary autophosphorylation site within
TrkA, revealed a similar NGF-dependent phosphorylation of TrkA
in the SH2B1B(WT)- and SH2B1B(mNLS)-expressing cell lines.
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FIG. 9. Effects of SH2B1B(mMNLS) expression on NGF-induced phosphorylation of
TrkA and Erks 1 and 2. PC12 cells stably expressing GFP, GFP-SH2B13(WT), or GFP-
SH2B1B(MNLS) were incubated in serum-free medium overnight before treatment
with 50 ng/ml NGF for 0, 15, 120, 240, and 360 min. Proteins in cell lysates were
separated by SDS-PAGE and immunoblotted with «GFP to visualize the relative levels
of expression of GFP-SH2B1B(WT) and GFP-SH2B1B8(mNLS). The blots were also
immunoblotted with apTrkA(Y490), apERK1/2, and «ERK1/2 as indicated.
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Likewise, the extent of phosphorylation of ERKs 1 and 2 after
NGEF treatment, as well as the duration of phosphorylation, was
comparable between SH2B1B(WT)- and SH2B1B(mNLS)-ex-
pressing cell lines. The two cell lines also showed similar profiles for
NGF-dependent phosphorylation of Akt (data not shown). Collec-
tively, these data strongly suggest that the neurite outgrowth defect
observed in the cells expressing SH2B13(mNLS) is not secondary
to a defect in NGF-dependent activation of TrkA or ERKs 1 and 2.

Nuclear import and export of SH2B1 are required for
NGF-induced enhancement of gene expression required
for neuronal differentiation

Recently, using microarray analysis of PC12 cells, we estab-
lished that the overexpression of SH2B1p leads to altered tran-
scription of only a specific subset of NGF-responsive genes,
including uPAR (Plaur), Mmp3 (stromelysin-1; transin-1), and
Mmp10 whose gene products encode uPAR, MMP3, and
MMP10 (23). Interestingly, uPAR present in the plasma mem-
brane of both the cell body and neurites (23) has been shown to
be required for NGF-mediated neuronal differentiation (40, 41),
and MMP3, present in growth cones of NGF-treated PC12 cells,
has been implicated in NGF-induced neurite penetration
through the extracellular matrix (42). Additionally, uPAR,
MMP3, and MMP10 are all situated in the same proteolytic
cascade responsible for extracellular matrix degradation re-
quired for neurite penetration through the extracellular matrix
(reviewed in Ref. 23). Overexpression of the dominant-negative
SH2B1B(R555E) blocks both NGF-dependent neurite out-
growth as well as NGF-induced transcription of the genes en-
coding uPAR, MMP3, and MMP10 (23). Taken together, these
results suggested that SH2B 13 mediates NGF-induced neuronal
differentiation and neurite outgrowth at least in part by enhanc-
ing NGF-dependent expression of uPAR, MMP3, and MMP10.
In light of these findings, we questioned whether the nucleocy-
toplasmic shuttling by SH2B18 is required for SH2B1 facilita-
tion of NGF-induced transcription of the genes encoding uPAR,
MMP3, and MMP10. To answer this question, we used real-
time quantitative PCR (QT-PCR) to assay the NGF-dependent
transcription of uPAR, Mmp3, and Mmp10. PC12 cells stably
expressing vector control, SH2B13(WT), and SH2B18(mNLS)
were incubated in serum-free medium for 14 h and then incu-
bated with or without NGF (100 ng/ml) for O or 6 h. Untreated
PC12 cells displayed very little basal transcription of uPAR,
Mmp3, or Mmp10 (Fig. 10). After 6 h NGF treatment, tran-
scription of these genes was dramatically elevated. In agreement
with our previous findings (23), NGF-induced transcription of
uPAR, Mmp3, and Mmp10 was enhanced in cells stably ex-
pressing SH2B18(WT) (Fig. 10, A—C), whereas the transcription
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
similar in control and SH2B1B-overexpressing cells. However, over-
expression of SH2B1B8(mNLS) failed to enhance NGF-induced
transcription of uPAR, Mmp3, or Mmp10, as shown in Fig. 10,
A, B, and C, respectively. The inability of SH2B1B(mNLS) to
enhance NGF-induced transcription of uPAR, Mmp3, or
Mmp10 suggests that the nuclear translocation of SH2B1p is
critical for SH2B18 enhancement of NGF-induced transcription
of these genes.
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FIG. 10. Stable expression of the SH2B18 nuclear import mutant
[SH2B1B(mNLS)] fails to enhance NGF-induced transcription of uPAR, Mmp3,
and Mmp10. After incubation in serum-free medium overnight, PC12 cells stably
expressing GFP, GFP-SH2B1B(WT), or GFP-SH2B1B(mNLS) were incubated with
or without 50 ng/ml NGF for 6 h. The NGF-dependent induction of mRNA for
Plaur (UPAR) (A), Mmp3 (B), and Mmp10 (C) was assessed using QT-PCR. Target
gene expression was normalized first to levels of GAPDH and then to levels of
gene expression seen in GFP control cells treated with NGF. Means + sem for four
to six separate experiments are shown.

We also determined the effects of expressing SH2B1(ANES)
on the NGF-dependent transcription of uPAR, Mmp3, and
Mmp10. Figure 11 illustrates that the NGF-dependent transcrip-
tion of uPAR, Mmp3, and Mmp10 in the SH2B1B(ANES) cells
was also significantly reduced compared with SH2B1B8(WT) cells.
These findings demonstrate that constitutively nuclear localized
SH2B1ps significantly less effective than SH2B1B(WT) at enhanc-
ing NGF-dependent transcription of genes required for neurite out-
growth. Collectively, the QT-PCR data indicate that SH2B1p re-
quires both a functional NLS and NES to maximally enhance
NGF-dependent transcription of uPAR, Mmp3, and Mmp10.

Discussion

In this work, we provide strong evidence for a critical role of
endogenous SH2B1 in NGF-induced neurite outgrowth. We
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FIG. 11. Stable expression of the SH2B18 nuclear export mutant
[SH2B1B(ANES)] fails to enhance NGF-induced transcription of uPAR, Mmp3, and
Mmp10. PC12 cells stably expressing GFP, GFP-SH2B1B(WT), or GFP-
SH2B1B(ANES) were incubated in serum-free medium overnight and then with or
without 50 ng/ml NGF for 6 h. The NGF-dependent induction of mRNA for uPAR
(A), Mmp3 (B), and Mmp10 (C) was quantified using QT-PCR. Target gene
expression was normalized first to levels of GAPDH and then to levels of gene
expression seen in GFP control cells treated with NGF. Means and range are
shown for two separate experiments.

also provide the first evidence of a functional role for nuclear
SH2B1: NGF-induced neurite outgrowth and NGF-induced ex-
pression of genes vital for NGF-induced neuronal differentia-
tion. Finally, we show that the SH2B1 family member SH2B2
does not appear to localize to the nucleus. Previous studies im-
plicated SH2B1B in NGF-induced neurite outgrowth based
upon the ability of overexpressed WT SH2B18 to enhance, and
the dominant-negative mutant SH2B1B(R555E) to inhibit,
NGF-induced neurite outgrowth (15, 16). Here, we more di-
rectly demonstrated a critical role for SH2B1 in neuronal differ-
entiation by reducing endogenous levels of SH2B1 in PC12 cells
using shRNA targeted against all isoforms of SH2B1. Reduction
of endogenous levels of SH2B1 substantially inhibited NGF-
dependent neurite outgrowth, whereas reintroduction of
SH2B1p restored that neurite outgrowth. Endogenous SH2B1
does not appear to enhance NGF-induced neurite outgrowth as
a consequence of enhancing NGF-induced activation of TrkA,
Akt, or ERKs 1 and 2, because reduction of endogenous levels of
SH2B1 did not reduce the extent or duration of NGF-induced
phosphorylation of Akt or ERKs 1 and 2. Recently, SH2B1 has
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similarly been implicated as a critical factor in glial-cell-line-
derived neurotrophic factor (GDNF)-dependent neurite out-
growth (43). GDNF-dependent neurite outgrowth was found to
be inhibited when levels of endogenous SH2B1 were reduced by
expression of SH2B13 RNA interference and by the overexpres-
sion of the dominant-negative SH2B1B(R555E). Similarly, neu-
rite outgrowth did not appear to be a consequence of reduced
GDNF signaling because the levels of GDNF-induced phos-
phorylation of Akt and ERKs 1 and 2 (albeit measured at only
one time point) were found to be the same as in control cells
(43). Collectively, these data strongly suggest that endogenous
SH2B1 is critical for neuronal differentiation induced by both
NGF and GDNF and enhances NGF- and GDNF-induced dif-
ferentiation at a point downstream of or parallel to ERKs 1 and
2 and phosphatidylinositol-3-kinase/Akt.

Although initial analysis of the subcellular localization of
SH2B1p suggested that it was located exclusively in the cyto-
plasm and at the plasma membrane (1), we previously identified
an NES present in all isoforms of SH2B1 (28). Mutation or
deletion of the NES trapped SH2B18 in the nucleus, providing
evidence that the identified NES was indeed functional. Support
for endogenous SH2B1 cycling through the nucleus was pro-
vided by the finding that pharmacological inhibition of nuclear
export using LMB resulted in accumulation of endogenous (as
well as ectopically expressed) SH2B1 in the nucleus (28). How-
ever, the presence of an NES alone is not sufficient to ascribe a
nuclear role to that protein. We report here the identification
within SH2B1 of a functional NLS. Specific mutation of four
basic amino acids to alanines within the putative NLS
[SH2B1B(mNLS)] blocked SH2B1B nuclear translocation in
PC12 cells and all other cell lines tested (293T, COS-7, and NIH
3T3, data not shown). The NLS is almost perfectly conserved in
all SH2B1 isoforms as well as all known vertebrate SH2B1 ho-
mologs from human to zebrafish, suggesting that the NLS be-
stows an important function to the SH2B1 protein.

Directional transport between the nucleus and the cytoplasm
occurs in an energy-dependent manner through the nuclear pore
complex. For the vast majority of proteins, crossing the nuclear
pore complex from the cytoplasm requires interaction with im-
portina (Impa) of the Impa/B complex. The NLS endows a
protein with a binding motif that is recognized by Impa (32).
Consistent with SH2B18 being actively transported into the
nucleus via the Impa/B complex, it was unable to translocate
into the nucleus of energy-depleted PC12 cells.

Our findings concerning the nuclear localization of SH2B18
are consistent with an increasing amount of recent experimental
evidence that signaling molecules, including adapter proteins,
actively undergo dynamic translocations and reversible bindings
to bring about specific and successful signal transmission (44).
Along with SH2B1p, other previously characterized cytoplas-
mic adapter proteins have been reported to translocate to the
nucleus, including insulin receptor substrate-1 (IRS-1) (45, 46),
Grb4 (Nck2), and APPL (adapter protein containing a PH do-
main, a phosphotyrosine binding domain, and leucine zipper
motif) (47). Together with SH2B1, these proteins challenge the
dogma surrounding the functional roles of cytoplasmic adapter
proteins and exemplify a major departure from the classical
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hardwired signaling concept wherein receptors and their corre-
sponding signaling/adapter proteins stay more or less in place,
whereas secondary messengers are actively translocated to the
nucleus.

The identification of an NLS in SH2B1 enabled us to start to
investigate the function of nuclear SH2B1. Previous findings
indicated that the ability of SH2B1B to enhance NGF-depen-
dent neurite outgrowth is lost when the NES is mutated, which
suggested that SH2B1 is required either in the cytoplasm or at
the plasma membrane to enhance differentiation (28). However,
we show here that mutation of the NLS of SH2B1 also results in
a loss in SH2B1’s ability to enhance NGF-induced neuronal
differentiation. Together these findings suggest that SH2B1
needs access to both extranuclear and nuclear compartments to
facilitate NGF-induced neurite outgrowth. This is further sup-
ported by our finding that NGF-dependent neurite outgrowth is
enhanced by GFP-SH2B1B(9YF) (data not shown), which, like
WT SH2B1B, undergoes nuclear-cytoplasmic shuttling but is
blocked by SH2B1B(R555E), which appears unable to shuttle.

Mutation of the NLS also prevented SH2B1 from enhancing
the NGF-induced transcription of the NGF-responsive genes
uPAR, MMP3, and MMP10. These three genes are among those
that displayed the most dramatic enhancement among the sub-
set of NGF-responsive genes whose NGF-induced expression
was found by microarray analysis to be enhanced by the pres-
ence of SH2B1 (23). The protein products of all three of these
genes fall within the canonical pathway responsible for extra-
cellular matrix degradation, required during neurite outgrowth.
Farias-Eisner et al. (41) demonstrated that NGF-induced tran-
scription of uPAR, in particular, is an essential event for NGF-
dependent differentiation of PC12 cells. Both antisense oligonu-
cleotide-mediated knockdown of uPAR transcript as well as
functional inhibition of uPAR using an anti-uPAR antibody,
blocks NGF-dependent PC12 neurite outgrowth (41). uPAR is
an immediate-early gene in neurotrophin-driven neuronal dif-
ferentiation (41). In PC12 cells, uPAR transcription is specifi-
cally induced by NGF, which promotes differentiation, but not
epidermal growth factor, which does not promote differentia-
tion (41). Blocking uPAR function inhibited the transcription of
a number of NGF-induced secondary response genes including
Mmp3 (stromelysin-1; transin-1) (41). The ability of uPAR to
initiate a secondary wave of transcription important for differ-
entiation is thought to arise from its capacity to activate intra-
cellular signaling machinery, even though it lacks a cytosolic
domain (48). The critical role that SH2B18 plays in mediating
or facilitating NGF-induced expression of the genes encoding
uPAR, MMP3, and MMP10 is further supported by our finding
(23) that even an incomplete reduction in levels of endogenous
SH2B1 using shRNA to SH2B1 result in a substantial inhibition
of their expression in response to NGF.

Our finding that mutation of the NLS or NES abrogates
(NLS) or lessens (NES) the ability of SH2B1 to enhance NGF-
induced transcription of uPAR, MMP3, and MMP10 supports
the notion that nucleocytoplasmic shuttling of SH2B18 is re-
quired for that enhancement. Stable expression of the mutants
SH2B1B(mNLS) (Fig. 8) or SH2B1B(ANES) (28) did not result
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in appreciable differences in the NGF-mediated phosphoryla-
tion of TrkA Y490, ERKs 1/2, or AKT when compared with the
stable expression of SH2B1B(WT). Therefore, we believe that
the decreased ability of these mutants, compared with WT
SH2B1p, to enhance NGF-induced neurite outgrowth and tran-
scription of NGF-target genes is specific to the inability of
SH2B1p to enter and/or exit the nucleus, and not a consequence
of their compromising an NGF/TrkA signaling cascade, at least
not those involving Akt or ERKs 1 and 2. The precise mecha-
nism by which nuclear SH2B1p facilitates the NGF-dependent
induction of specific genes is unknown. However, in a previous
study, overexpression of SH2B1B8(WT) enhanced the nuclear
translocation of FoxOT1 to the cytoplasm in response to NGF
(18), which raises the possibility that SH2B1B could shuttle
activators or repressors of transcription into or out of the nu-
cleus. Interestingly, several previously identified binding part-
ners of SH2B1, including Grb2, Racl, IRS-1, and JAK2, have
each been found to localize and function within the nucleus (435,
49-51). It remains to be seen whether the aforementioned pro-
teins require interaction with SH2B1 for their nuclear localiza-
tion and/or function. Alternatively, one could envision SH2B13
serving as a coactivator that recruits specific transcriptional reg-
ulators to the promoter of NGF-responsive genes.

The balance between nuclear export and import of proteins
such as SH2B1 that contain both an NLS and NES is often
subjected to regulation, with regulation via phosphorylation
being particularly well documented (52, 53). SH2B1 is phos-
phorylated on serines/threonines in its basal (serum deprivation)
state. Furthermore, NGF stimulates phosphorylation of SH2B1
on both tyrosines and serines/threonines. Phosphorylation on
tyrosines is presumably by TrkA, whereas NGF-induced phos-
phorylation on serines/threonines may be carried out by NGF-
activated downstream kinases such as ERK1/2 (15). However,
in contrast to what we predicted, our data suggest that NGF
does not have a major impact on the extranuclear/nuclear dis-
tribution of SH2B1B. Although it is possible NGF-induced
phosphorylation affects similarly the rate of nuclear import and
rate of export, resulting in no detectable change in the extranu-
clear/nuclear distribution of SH2B1, we think it more likely
that nucleocytoplasmic shuttling of SH2B1 is constitutive and
not regulated in a major way by NGF. Consistent with a lack of
effect of NGF on nuclear accumulation, SH2B18 lacking all
tyrosines is still capable of nuclear import (Fig. 4B). These re-
sults suggest that if phosphorylation affects the overall extranu-
clear/nuclear distribution of SH2B1, it must occur under basal
(non-NGF) conditions and involve serines or threonines rather
than a tyrosine. The amino acid sequence surrounding the NLS
and NES in SH2B1 makes the NLS a more likely target than the
NES for posttranslational phosphorylation due to the presence
of multiple flanking putative Ser/Thr phosphorylation sites. It is
also possible that phosphorylation of SH2B1 even on Ser/Thr
has no impact on the rate of nucleocytoplasmic shuttling.
Rather, the phosphorylation of extranuclear SH2B1 that occurs
in the presence and/or absence of NGF may alter the proteins
that can bind to SH2B1, thereby altering the ability of these
proteins to undergo nucleocytoplasmic shuttling or to contrib-
ute to a transcriptionally active complex.
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The continuous compartmental cycling of SH2B18 we ob-
serve even in the absence of NGF is consistent with an emerging
theme for a subset of signaling molecules. In contrast to conven-
tional thought that signaling molecules translocate to the nu-
cleus only after their activation by a particular signal, the latent
unphosphorylated and inactive signal transducer and activator
of transcription 2 (STAT2) is now thought to undergo constant
shuttling between the cytoplasm and nucleus (54). Similarly,
what was once believed to be a TGF-B-mediated translocation
from the cytoplasm to the nucleus of the receptor-regulated
Smad (R-Smad) family of proteins has recently been shown to be
a continuous cycling process independent of TGF- stimulation
(55, 56). A TGF-B-dependent phosphorylation of the R-Smads
allows a nuclear R-Smad/Smad4 complex to persist, giving rise
to a prolonged and observable nuclear presence (55). Con-
versely, functional NES have been described for several tran-
scription factors originally thought to localize only in the nu-
cleus. For transcriptional regulators Oct-6, Sox9, and Sox10,
disabling their nuclear export reduced their transactivation abil-
ities (57-59). It is not clear as to what access to both the cyto-
plasm/plasma membrane and nucleus affords these latter tran-
scription factors.

The finding that SH2B1B(R555E) does not undergo cytoplas-
mic-nuclear shuttling was intriguing. SH2B18(R555E) was previ-
ously hypothesized to block neurite outgrowth by competing with
endogenous SH2B1 for downstream effectors and sequestering
these putative effectors in an inactive state (1). The finding that
SH2B1B(RS555E) is unable to enter the nucleus provides an al-
ternative or additional explanation for how SH2B1B(R555E)
might be acting as a dominant negative. SH2B1B(R555E) may
prevent one or more or its binding partners from entering the
nucleus, where they function to regulate transcription directly
or indirectly. Why an intact SH2 domain is required for nuclear
localization of SH2B1 is not known. We think it unlikely that
the SH2 domain is directly required for nuclear import. Rather,
we favor the hypothesis that the SH2 domain is required for
SH2BI1 to bind to some protein (e.g. receptor tyrosine kinase)
that positions it and/or allows it to be modified appropriately to
bind importins.

Based upon the degree of sequence similarity between SH2B1
and SH2B2, we were somewhat surprised to find that SH2B2
did not also cycle between the cytoplasm and nucleus. After the
initial identification of SH2B1 and SH2B2 in neurons (2), early
conclusions drawn from their characterization indicated a large
amount of functional overlap between the two proteins. SH2B1
and SH2B2 were both shown to associate with activated TrkA
and enhance NGF-dependent neuritogenesis (2, 15). However,
functional differences between SH2B1 and SH2B2 have been
observed, including phosphotyrosine binding site specificity
(60) and unique binding partners [e.g. enigma for SH2B2 but
not SH2B1 or SH2B3 (61); c-cbl for SH2B2 and SH2B3 but only
the SH2B1a« isoform of SH2B1 (60, 62, 63)]. The ability of
SH2B1, but not SH2B2, to cycle between the nucleus and cyto-
plasm represents another distinction between the two family mem-
bers. Consistent with this difference, preliminary studies suggest
that although overexpression of SH2B2 causes morphological
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changes in PC12 cells, those changes do not mimic the SH2B1-
induced enhancement of NGF-dependent neurite outgrowth.

In summary, we have demonstrated that the adaptor protein
SH2B1p is required for NGF-mediated differentiation of PC12
cells in a manner distinct from that of facilitating the activation
of ERKs 1 and 2. We identified a functional NLS in SH2B1 that
allowed us for the first time to examine the nuclear role of
SH2BI1. Blocking SH2B1 nuclear localization by mutating the
NLS prevented SH2B1 from enhancing both NGF-dependent
neurite outgrowth and transcription of the NGF-responsive
genes uPAR, Mmp3, and Mmp10. Similarly, blocking nuclear
export of SH2B1 by mutation of the NES transcription signifi-
cantly inhibited the ability of SH2B1 to enhance expression of
these genes. These findings suggest that SH2B1 requires access to
both the nucleus and cytoplasm to facilitate NGF-mediated mor-
phological and biochemical changes, raising the possibility that
SH2B1p directly facilitates transcription of genes required for dif-
ferentiation. It also raises the possibility that nucleocytoplasmic
shuttling of SH2B1 3 will be important for its actions in the context
of the many other receptors, including those for insulin, IGF-I,
leptin, and GH, that use SH2B1 as a signaling protein.

Materials and Methods

Antibodies and reagents

Polyclonal antibody to rat SH2B1 («SH2B1), kind gift of Dr. Li-
angyou Rui (University of Michigan), was raised against an SH2B1g3
glutathione S-transferase fusion protein and used at a dilution of 1:1000
for Western blotting (7). Antibodies that recognize the following pro-
teins were used for Western blotting at a dilution of 1:1000: phospho-
44/42 MAPK that recognizes both ERK1 and ERK2 that are doubly
phosphorylated on T202/Y204 (apERK; E10), total Erk («¢ERK), and
phospho-Akt (Ser473) (apAkt-Ser473) from Cell Signaling Technology
(Beverly, MA) and phospho-TrkA (Tyr 490) [apTrkA(Tyr490)] (cata-
log no. T9691) from Sigma-Aldrich (St. Louis, MO). IRDye800-conju-
gated, affinity-purified anti-GFP (Rockland Immunochemicals Inc., Gil-
bertsville, PA) was used at a dilution of 1:20,000 to visualize GFP.
IRDye 800- and IRDye 700-conjugated affinity-purified antimouse IgG
and antirabbit IgG (Rockland) and Alexa Fluor 680-conjugated anti-
rabbit IgG (Invitrogen, Carlsbad, CA) were used at a dilution of
1:20,000. Ascites containing antimouse myc monoclonal antibody, pro-
duced by the Michigan Diabetes Research and Training Center Hybrid-
oma Core, was used for immunostaining (dilution of 1:1000). Anti-myc
staining was visualized using Alexa Fluor 594-conjugated antimouse
IgG (Invitrogen). NGF and rat-tail collagen I were purchased from BD
Bioscience (San Diego, CA). Fluorescein was from Bio-Rad (Hercules,
CA) and SYBR Green I was from Sigma-Aldrich Chemical Co. (St.
Louis, MO). TagMan RT-PCR kit (catalog item N808-0234) was pur-
chased from Applied Biosystems (Roche, Indianapolis, IN).

Plasmids

All SH2B1B ¢cDNAs were subcloned into pEGFP C1 (Clontech Lab-
oratories, Inc., Palo Alto, CA). cDNAs encoding GFP-tagged SH2B1,
SH2B13 (198-268), and SH2B1B(RS555E) have been described previ-
ously (15, 28). GFP-SH2B1B (147-198) was created from the GFP-
SH2B1B(WT) parental plasmid using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA). Two BamH1 restriction
sites (at 147 and 198) were put into SH2B1B(WT) cDNA, flanking the
desired region to be deleted. The construct was digested with BamH1,
and the resulting insert was omitted during religation. The primers (sense
strand, mutations in lowercase) used for generating the deletion in GFP-

SH2B1B (147-198) were §'-CAACGTCCTCAAAGCCGggatcCAAGA-
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AACGCTTCTCCC-3' for site 147 and 5'-GTTCTAGGTGGAAACggatc-
CTCCAACTCCTCTGGTGGT for site 198. GFP-SH2B13 (147-268) was
created in a manner similar to the previously mentioned GFP-SH2B13
(147-198). The primer (sense strand, mutations in lowercase) used to gen-
erate the BarmH1 mutation at site 268 was 5'-CCTGACCCAGCAGGA(tc-
cGGTCGTGGAGGAGGG-3'. Critical basic residues K148, K150, K151,
and R152 were mutated to alanines in the mutant cDNA encoding GFP-
SH2B1B(mNLS), which was created from the GFP-SH2B18(WT) expression
vector using site-directed mutagenesis. The primer (sense strand, mutations
in lowercase) used for GFP-SH2B1B(mNLS) was 5’-CGTCCTCA-
AAGCCGgcGCTCgcGgcAgcCTTCTCCCTCCGC-3'. cDNA encoding
GFP-SH2B1B(mNLS+ANES) was similarly created through site-di-
rected mutagenesis using GFP-SH2-BB (198-268) and the primers
above. The primer used for the creation of the GFP-SH2B1 3(res) (sense strand,
silent mutations to the shSH2B1 target sequence are in lowercase) was 5'-
TGCCGGGTCCAACACCT{TGGTTtCAGTCCATTTTCG-3'. cDNA en-
coding GFP-SH2B1B(9Y-F), in which all nine tyrosines within SH2B13
were changed to phenylalanines, was created using GeneEditor iz vitro
Site-Directed Mutagenesis System (Promega, Madison, WI). The fol-
lowing primers were used to introduce the nine phenylalanine substitu-
tions:Y48F (5'-CGTTTTCGCCTCTtTCTGGCCTCCCACCC-3'), YS5SF
(5"-CCCACCCACAAT({TGCAGAGCCGGGAGC-3'), Y354F (5'-GGTA-
GAAGGCCCTtCAGAGTTCATCCTGGAGACAACTG-3'), Y439F (§5'-G-
TCGCAGGGAGCTT{TGGAGGCCTCTCAGACC-3'), Y494F (5'-C-
CCCTCTCTACCCCGTtCCCTCCCCTGGATAC-3'), Y525F (5'-CC-
CCTCTCAGGCTtCCCTTGGTTCCACGGC-3'), Y564F (5'-GACG-
TGGTGAAT({TGTCCTCACTTTCAACTTCC-3'), Y624F (5'-CCTT-
GTCAGCTtTGTGCCCTCCCAGCGG-3'), and Y649F (5'-CGAC-
CGATGCTtCCCCGATGCTTCTTCC-3’). The cDNA encoding myc-
tagged rat SH2B2 was kindly provided by Dr. David D. Ginty (Johns
Hopkins University). To create myc-SH2B2(ANES), two HindIlII sites
were introduced into myc-SH2B2(WT) at amino acid positions 167 and
184 using site-directed mutagenesis. Primers used to introduce HindIIl
sites were 5'-GAGCCTCGTGACAAgcttACGCGACGTCTG-3' and
5'-GCAGCCAAAGTGaAGcTtGTGGACATCCAGCGC-3',  respectively.
The resulting myc-SH2B2 mutant contained two HindII sites flanking
the putative NES. The construct was digested with HindIII restriction
enzyme (New England Biolabs, Boston, MA), purified, and then reli-
gated. The four residues within the putative NLS of myc-SH2B2 were
mutated to alanines, using site-directed mutagenesis from Stratagene. The
primer used to produce myc-SH2B2(mNLS) was 5'-CACGTGGCTAC-
CgcGGCCgcTGTCgcCgcAGGCTTCTCACTG-3'. All mutations were
verified by DNA sequencing.

Stable cell lines and cell culture

The parental PC12 cells were obtained from American Type Culture
Collection (Rockville, MD). Pools of PC12 cells stably expressing GFP-
SH2B1B(mNLS) and GFP-SH2B1B(R555E) were made as described
previously (28). The pooled PC12 cell lines stably expressing GFP, GFP-
SH2B1B(WT), GFP-SH2B1B(R55SE), and GFP-SH2B1B(NLS) were
cultured as described previously (28). PC12 cells were plated on colla-
gen-coated plates (0.1 mg/ml rat tail collagen in 0.02 N acetic acid) and
grown at 37 C in 10% CO, in normal growth medium consisting of
DMEM (Invitrogen) containing 10% heat-inactivated horse serum
(ICN Biomedicals, Costa Mesa, CA), 5% fetal bovine serum (Invitro-
gen), 1 mM L-glutamine, and 1 mM antibiotic-antimycotic (Invitrogen).
PC12 cells were incubated for 4 h in normal growth medium supple-
mented with 20 nM leptomycin B (Invitrogen) to inhibit Crm1-depen-
dent nuclear export. For the energy depletion studies, PC12 cells were
washed with PBS and incubated in normal growth medium or serum and
glucose-free DME (Invitrogen) supplemented with 10 mM sodium azide
and 10 mM 2-deoxy-D-glucose. The PC12 cells were incubated in the
normal growth medium or energy depletion medium for 1 h before 4 h
LMB treatment.

Silencing of SH2B1 gene

SH2B1 siRNA vector was constructed by inserting an oligonucleo-
tide containing the SH2B1 sequence (5'-CATCTGTGGTTCCAG-
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TCCA-3") corresponding to nucleotides 1771-1789 of rat SH2B1 (Gen-
Bank accession no. AF047577) into the pSuper retro vector containing
the puromycin resistance gene (pSuper retro puro) (OligoEngine). A
pSuper vector containing a nontargeting siRNA with a low sequence
similarity to known genes was used as a control. The SH2B1 and control
shRNA vectors were transfected into subconfluent PC12 cells using a
Bio-Rad Gene Pulser Xcell electroporator (400 V, 500 uF, 0.4 cm cu-
vette). After 14 h, cells were washed with 1X PBS, pH 7.4, and fresh
growth medium was added. Twenty-four hours later, growth medium
containing 5 pg/ml puromycin was added to the cells. Selection for
pSuper-positive PC12 cells was carried out for 30 d. In the SH2B13
rescue experiment, the shSH2B1 PC12 cells were transfected with either
c¢DNA encoding GFP or GFP-SH2B1(res) (a construct containing silent
mutations within the shRNA target sequence). The cells were incubated
in serum-free and puromycin-free medium for 14 h and then treated
with 50 ng/ml NGF for 2 d. Neurite outgrowth was assessed in GFP-
positive cells and expressed as percent differentiation relative to
shControl+GFP cells.

Differentiation of PC12 cells

PC12 cells were plated on six-well, collagen-coated plates. The cells
were grown in differentiation medium (DMEM containing 2% horse
serum, 1% fetal bovine serum) and 50 or 100 ng/ml NGF was added.
The NGF-containing medium was replaced every 2 d until cellular
differentiation was assessed. Cells with neurite length at least twice
the diameter of the cell body were scored as differentiated cells. The
percentage of differentiated cells was determined by dividing the
number of morphologically differentiated cells by the total number of
cells counted.

Immunolocalization

PC12 cells were transfected using a Gene Pulser Xcell electroporator
(400V, 500 uF) (Bio-Rad) in a 0.4-cm cuvette. After 5 h, cells were
washed with PBS, and fresh growth medium was added. Cells were
incubated for 24 h before they were fixed with 4% paraformaldehyde.
Coverslips were mounted onto slides with Prolong (Molecular Probes,
Eugene, OR). Cells were incubated with 2 ng/ml 4’,6-diamidino-2-phe-
nylindole (DAPI) for 10 min to visualize nuclei. The subcellular distri-
bution of the various GFP-SH2B1 proteins was determined by GFP
fluorescence. The cells were visualized by fluorescence microscopy (Ni-
kon Eclipse TE200) with either a X20 or X40 objectives. Images were
captured using a CoolSnap HQ digital camera (Roper Scientific, Tren-
ton, NJ) and viewed using MetaVue imaging software (Molecular De-
vices, Sunnyvale, CA).

RNA preparation and QT-PCR

Total RNA was isolated from control and NGF-treated PC12 cells
using Stat60 (Tel-Test, Inc., Friendswood, TX) according to the manu-
facturer’s instructions. RNA from four experiments was prepared, and
the quality of each RNA was checked by OD. cDNA was generated from
each RNA preparation using the One-Step RT-PCR Kit with SYBR
Green (Bio-Rad; catalog item 170-8892) according to the manufactur-
er’s instructions. NGF-induced gene expression of uPAR, Mmp3, and
Mmp10 was assessed by QT-PCR using SYBR green I and the iCycler
system with iCycler iQ Real Time Detection System software (Bio-Rad).
Primer sequences were designed using PrimerExpress software (as de-
scribed in Ref. 23). Amplicons generated from each primer pair were
50-52 bp. The PCR well volume of each sample was normalized with
fluorescein. All readings were normalized to the expression of GAPDH.
Results are shown as a ratio of gene expression in NGF-treated cells to
gene expression in control (no NGF) cells.

Protein preparation and immunoblotting

For whole-cell extract preparation, cells were washed three times
with chilled PBSV [10 mM sodium phosphate, 137 mm NaCl, 1 mm
Na;VO, (pH 7.4)] and solubilized in lysis buffer [SO mMm Tris, 0.1%
Triton X-100, 150 mMm NaCl, 2 mm EGTA, 1 mM Na;VO, (pH 7.5)]



1090 Maures et al. Nuclear Localization of SH2B13

containing 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, 10
mg/ml leupeptin, and 25 mm NaF. The solubilized material was centri-
fuged at 16,750 X g at 4 C for 10 min. Nuclear and nonnuclear extracts
were prepared in the following manner. The cells are washed twice in
ice-cold PBS and then resuspended in buffer A [10 mm HEPES, 10 mm
KCl, 0.1 mm EDTA, 0.1 mm EGTA, 1 mm dithiothreitol, 0.5 mm phe-
nylmethylsulfonyl fluoride, 1 mM Na;VO,, 10 mg/ml aprotinin, 10
mg/ml leupeptin (pH 7.9)]. After a 15-min incubation on ice, 25 ul
buffer B (buffer A with 10% Nonidet P-40) was added, and the cells
were vortexed on high for 10 sec. The cells were then pelleted by cen-
trifugation (16,750 X g at 4 C for 30 sec). The cytoplasmic extract
(supernatant) was removed and saved, and the pellet was washed twice
with buffer A before resuspending in 50 wl buffer C [20 mm HEPES, 0.4
M NaCl, T mm EDTA, 1 mMm EGTA, 1 mMm dithiothreitol, 0.5 mm
phenylmethylsulfonyl fluoride, 1 mm Na;VO,, 10 mg/ml aprotinin, 10
mg/ml leupeptin (pH 7.9)]. The nuclear pellet was sonicated three times
(15-sec intervals at level 4) using a Misonix 3000 (Misonix, Inc., Farm-
ingdale, NY) sonicator to reduce the sample viscosity. Protein concen-
trations of both nuclear and cytoplasmic extracts were determined using
Bradford analysis (Sigma) and 25 pg of each were loaded on the SDS-
PAGE gels. The lysates from both whole-cell and nuclear/cytoplasmic
extractions were boiled for § min in a mixture (80:20) of lysis buffer and
SDS-PAGE sample buffer [250 mm Tris-HCI, 10% SDS, 10% B-mer-
captoethanol, 40% glycerol, 0.01% bromophenol blue (pH 6.8)]. Equal
amounts of the solubilized proteins were separated on SDS-PAGE gels,
transferred to nitrocellulose, immunoblotted with the indicated anti-
body, and detected using an Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE). Immunoblots were quantified using LiCor
Odyssey 2.0 software and normalized to the levels of a-tubulin (Fig. 1)
or total ERK (Fig. 7).
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