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The intracellular signaling controlling neural stem/progenitor cell (NSC) self-renewal and neuronal/glial
differentiation is not fully understood. We show here that Shp2, an introcellular tyrosine phosphatase with two
SH2 domains, plays a critical role in NSC activities. Conditional deletion of Shp2 in neural progenitor cells
mediated by Nestin-Cre resulted in early postnatal lethality, impaired corticogenesis, and reduced prolifera-
tion of progenitor cells in the ventricular zone. In vitro analyses suggest that Shp2 mediates basic fibroblast
growth factor signals in stimulating self-renewing proliferation of NSCs, partly through control of Bmi-1
expression. Furthermore, Shp2 regulates cell fate decisions, by promoting neurogenesis while suppressing
astrogliogenesis, through reciprocal regulation of the Erk and Stat3 signaling pathways. Together, these
results identify Shp2 as a critical signaling molecule in coordinated regulation of progenitor cell proliferation

and neuronal/astroglial cell differentiation.

Neural stem/progenitor cells (NSCs) are clonogenic cells
capable of self-renewal and also generating all neuronal and
glial cell lineages. Environmental cues, including growth fac-
tors and components of the extracellular matrix, play critical
roles controlling self-renewal and maintenance of NSCs and
also their differentiation. Epidermal growth factor (EGF) and
basic fibroblast growth factor (bFGF) have been shown to
induce neural fate specification in embryonic stem cells (ESCs)
and potently stimulate the self-renewal capacity of NSCs in
vivo and in vitro (12, 35, 37). Transcription factors, such as the
polycomb family transcriptional repressor Bmi-1, are required
for NSC self-renewal (22).

There is a gap in our understanding of the molecular link
between cytoplasmic signals initiated by growth factors and the
control of NSC activities. Signaling through the Mek-Erk path-
way regulating the C/EBP family of transcription factors was
shown to promote cortical neurogenesis from NSCs, while
suppressing gliogenesis (20). In contrast, activation of the Jak/
Stat pathway promotes gliogenesis with concomitant suppres-
sion of neurogenesis (2, 15).

Shp2, an Src-homology 2 domain (SH2)-containing tyrosine
phosphatase, is a widely expressed intracellular enzyme that
regulates signaling events downstream of several growth fac-
tor/cytokine receptors in various cell types (8, 18). In previous
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experiments, we demonstrated a stringent requirement for
Shp2 in hematopoiesis, using in vitro ESC differentiation as-
says and chimeric animal analysis (28-30). Shp2-deficient ery-
throid, myeloid, or lymphoid progenitor cells are barely detect-
able in fetal liver, bone marrow, thymus, or spleen in the
chimeric animals derived from aggregation of homozygous
Shp2 mutant ESCs and wild-type embryos. However, it is in-
teresting to note that Shp2-deficient cells were detected in
many other nonhematopoietic tissues and organs, including
the brain (29). This observation suggests that Shp2 ablation
does not completely block neural development from ESCs in
mammals, yet the biological role of Shp2 in NSC activities and
brain development has not been clearly defined.

In this study, we demonstrate that Shp2 is an important
player during mammalian brain development, by generating a
novel mutant mouse model with Shp2 selectively deleted in
neural precursor cells. The conditional Shp2 knockout mice
exhibited growth retardation and early postnatal lethality. We
demonstrate functional requirements for Shp2 in self-renewing
proliferation of NSCs and neuronal and glial cell fate deci-
sions. Our results provide a fresh view of molecular signaling
mechanisms coordinating NSC self-renewal and cell lineage
specification.

MATERIALS AND METHODS

Animals. Mice were maintained at the Burnham Institute animal facility in
accordance with NIH guidelines and approved by the Burnham Institute animal
research committee. Generation of a conditional Sip2 mutant allele (Shp2o~)
was reported previously (40). Generation and characterization of nestin-Crel and
nestin-Cre2 transgenic mice were described elsewhere (16, 34a).

Primary cortical tissue culture. Cerebral cortices were removed from embry-
onic day 16.5 (E16.5) and P1 mice, and primary cortical neurons were prepared
by trypsinization and mechanical dissociation as previously described (7). Glial
cells were removed by preplating the isolated cortical cells suspended in Dul-
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becco’s modified Eagle’s medium supplemented with 10% fetal calf serum on
uncoated culture plates. Neurons recovered as nonadherent cells were allowed to
attach on poly-p-lysine- or poly-pL-ornithine- plus laminin-coated cover glasses
or culture dishes. The medium was replaced by B27 (Gibco) in neurobasal
medium (Gibco), and the cultures were incubated in 10% O,-5% CO, at 37°C.
The neurons were incubated in neurobasal medium without B27 for 4 h before
growth factor stimulation (brain-derived neurotrophic factor, 10 ng/ml; bFGF, 20
ng/ml; EGF, 20 ng/ml). Astrocytes and oligodendrocytes were cultured as pre-
viously described (23).

Immunohistochemistry, immunoblotting and in situ hybridization. The mice
were anesthetized with Avertin, perfused with PBS followed by 4% formalde-
hyde in phosphate-buffered saline. The brain was removed, dehydrated, paraffin
sectioned, or cryostat sectioned. Incubation of primary and secondary antibodies
was performed following standard protocols. The primary antibodies used were
rabbit anti-Shp2 polyclonal from Santa Cruz Biotechnology; mouse anti-nestin
monoclonal from the Rat 401 Hybridoma Bank; mouse anti-TuJ1 monoclonal
from BABCO; rabbit anti-glial fibrillary acidic protein (GFAP) polyclonal,
mouse anti-MAP-2 monoclonal, and mouse anti-O4 monoclonal from Sigma;
mouse anti-2',3'-cyclic nucleotide 3'-phosphodiesterase monoclonal and rabbit
anti-NG2 antibody from Chemicon; mouse anti-phosphorylated histone H3
(pH3) polyclonal from Upstate; anti-Ki67 polyclonal from Novo Castra; rabbit
anti-cleaved caspase 3 antibody and rabbit anti-Dab1 antibody from Cell Signal-
ing; rabbit anti-p35 antibody from Santa Cruz biotechnology; and rabbit anti-
calbindin antibody from Cell Signaling. Preparation of cell/tissue lysates and
immunoblot analysis with ECL enhanced chemiluminescence detection were
performed following standard protocols and the manufacturer’s instructions. The
primary antibodies used were mouse anti-beta actin monoclonal antibody from
Sigma; rabbit anti-phospho-Erk polyclonal antibody, rabbit anti-phospho-Dab1,
rabbit anti-phospho-Stat3(Tyr705) polyclonal antibody, rabbit anti-Stat3 poly-
clonal antibody, rabbit anti-phospho-C/EBP beta polyclonal antibody, rabbit
anti-C/EBP polyclonal antibody, anti-phospho-c-Myc, and anti-c-Myc from Cell
Signaling; and anti-Bmi-1 from Upstate Cell Signaling Solutions. RNA in situ
hybridization was performed following a protocol previously described (1). The
EphA4 probe was a gift from K. Murai (McGill University).

NSC culture and neurosphere assay. Cerebral cortices were dissected from
E14.5 embryos and dissociated into single cells. Single cells were suspended and
maintained in B27/neurobasal medium supplemented with bFGF (20 ng/ml),
EGF (20 ng/ml), and heparin (25 wg/ml). The neurosphere assay was performed
to determine self-renewal capacity in NSCs (22). Briefly, spheres were dissoci-
ated into a single-cell suspension and reseeded in a 96-well plate at low density
(5,000 cells/ml, 200 wl per well). The number and size of secondary or tertiary
spheres were determined after 7 days. Neurospheres were counted under an
optical microscope, with a minimum cutoff of 40 pm in diameter. A minimum of
12 wells (1,000 single cells seeded per well originally) were counted, and the
diameter of at least 10 randomly chosen neurospheres was determined using
SimplePCI Advanced Image Capture (AIC) software. MEK inhibitor PD98059
(Cell Signaling), c-Myc inhibitor 10058-F4 (Calbiochem), and Shp2 inhibitor
(Wu et al., unpublished data) were used at concentration of 25 uM in 0.05%
dimethyl sulfoxide (DMSO), and Stat3 inhibitor AG490 (Calbiochem) was used
at concentration of 5 pM in 0.01% DMSO.

Neuronal and astroglial differentiation. NSCs derived from E14.5 embryos or
neurospheres were seeded at 20,000 cells/ml onto coverslips precoated with
poly-p-lysine (0.1 mg/ml) and laminin (20 pg/ml) in serum-free B27/neurobasal
medium with no growth factors. Cells were incubated in adhesion cultures for 5
days to allow neuronal differentiation. Addition of 2% fetal bovine serum on day
5 enhanced neuronal differentiation, and astroglial differentiation was examined
2 days later (on day 7).

Cell proliferation assays. Cell proliferation was assayed by a bromodeoxyuri-
dine (BrdU) detection kit (Roche). BrdU was added to the culture medium (final
concentration, 10 M) and incubated for the desired time periods. Cells were
fixed on coverslips and immunostained with a monoclonal anti-BrdU antibody
followed by anti-mouse immunoglobulin-fluorescein. Coverslips were mounted
in VECTASHIELD mounting medium with DAPT (4',6'-diamidino-2-phenylin-
dole [staining blue]). BrdU ™ cells (fluorescein isothiocyanate) and all cells (blue)
were counted under a fluorescent microscope, and at least 10 fields were ran-
domly chosen for counting. The cell growth curve was measured using the
real-time cell electronic sensing (RT-CES) system (ACEABIO) (17). Briefly,
primary NSCs were diluted and seeded at 10* cells/ml on laminin—poly-p-lysine-
precoated ACEA 96X microtiter plates in 200 ul of neurobasal/B27 medium.
Cell proliferation was monitored in real time by the RT-CES system for a period
of 120 h, and the growth curve was analyzed with the RE-CES 2.5 software.

Exog Bmi-1 expr Retroviral expression vector MSCV-Bmi-1-
EGFP (for enhanced green fluorescent protein) was kindly provided by S. Mor-
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rison (22). Purified vector was cotransfected with pVSVG into GP2-293 pack-
aging cells. The retroviral vehicles were concentrated and added to dissociated
primary NSC culture in the presence of 6 pg/ml Polybrene. The number and size
of secondary neurospheres were assessed 5 days after viral infection.

RESULTS

Deletion of Shp2 in NSCs leads to early postnatal lethality.
In previous experiments, we cloned the murine Shp2 (previ-
ously called Syp) cDNA, using a unique PCR strategy designed
to search SH2-containing tyrosine phosphatases (9). In situ
hybridization detected Shp2 expression in the neural ectoderm
and nervous system in mouse embryos at E9.5 and later stages,
suggesting an involvement of Shp2 in neural development (9).
To gain insights into the Shp2 function during brain develop-
ment, we have analyzed Shp2 expression profiles in the central
nervous system. As shown in Fig. S1A in the supplemental
material, immunoblotting with a specific anti-Shp2 antibody
detected Shp2 protein in isolated neural stem cells, neurons,
and astrocytes. Widespread expression of Shp2 was observed in
various parts of the adult brain, including the pituitary gland,
olfactory bulb, cerebral cortex, hippocampus, cerebellum, and
brain stem (see Fig. S1B in the supplemental material).

To decipher Shp2 functions in CNS development, we gen-
erated mutant mice with Shp2 selectively deleted in NSCs by
crossing a conditional Shp2 mutant (Shp2F) mouse line (40),
with nestin-Cre transgenic mice. We used two different trans-
genic lines of nestin-Cre mice, dubbed as nestin-Crel and nes-
tin-Cre2, originally created in the laboratories of Klein and
Kageyama, respectively (16, 34a). Crossing of nestin-Crel mice
with a Rosa26lacZ-loxP reporter mouse line shows efficient and
widespread DNA recombination mediated by the Cre recom-
binase in precursors of neurons and glia starting around E10.5
(34a). The Cre recombinase activity in nestin-Crel mice was
detected within the developing cortical wall, and in all cortical
layers in postnatal animals, albeit absent in the blood vessels
and meninges. In nestin-Cre2 mice, Cre expression was de-
tected in the ventricular zone (VZ) of telencephalon and spinal
cord of the developing CNS and also in the dorsal root ganglia
when examined at E11.5 (16).

Homozygous mutant pups (Shp :nestin-Cre/+, abbrevi-
ated as Shp2"/""::Cre) were born at Mendelian frequency for
both mouse lines as genotyped at postnatal day 0 (P0) (n = 31
out of 124 pups for Shp2"/¥::Crel and n = 28 out of 105 pups
for Shp2tF::Cre2, from the crossing of Shp2™*::Cre/+ X
Shp2™" mice), suggesting no embryonic lethality. Whole-brain
lysates of homozygous, heterozygous, and wild-type control
mice were analyzed by immunoblotting for Shp2 protein ex-
pression. As illustrated in Fig. 1A, Shp2 protein contents were
reduced by approximately 90% in brain lysates of both
Shp2¥'F::Crel and Shp2™'F::Cre2 mice at PO and P4, respec-
tively. The residual 10% of Shp2 protein is likely due to its
expression in blood vessels and meninges of the brain, where
Cre-mediated DNA recombination did not occur in these two
mouse lines, as reported previously (16, 34a).

Notably, both of the mutant mouse lines exhibited a very
similar early postnatal lethality phenotype, with the
Shp2™/F::Crel mice slightly more severely affected than the
Shp2""::Cre2 animals (Fig. 1B). Most Shp2""::Crel animals
died at PO to P4, while a few Shp2//7::Cre2 mice lived a little

2F/F.
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FIG. 1. Deletion of Shp2 leads to early postnatal lethality. (A) Immunoblot analysis of Shp2 protein contents in whole-brain lysates from the
control and mutant animals (Shp2™*::Cre2/+ at P4 and Shp2™"::Crel/+ at P0), with anti-Erk1/2 blotting as loading control. (B) Early postnatal
lethality of mutant mice: Shp2”"::Crel mutants [red, n = 12 (males plus females)], male Shp2"/*::Cre2 mutants (pink; n = 8) and female
Shp2™/F::Cre2 mutants (orange; n = 12). (C) Growth retardation of surviving Shp27/F::Cre2 mutant mice. (Left panel) One representative pair of
littermates at P10. (Right panel) Growth curve. F/F::Cre/+, male, pink; female, orange; F/+::Cre/+, green; and F/+::+/+, blue. (D) Whole brain
from control (CTL) and Shp2*/*::Cre2 mutant (MUT) at P4.

longer, up to P10. All the surviving Shp2*/F::Cre2 mice exhib- than the females by the Shp2 mutation. The brain size of
ited a decrease in body weight starting at P4 (Fig. 1C). The mutant mice was reduced when examined at P4 (Fig. 1D). In
growth retardation and postnatal lethality phenotype also ap- addition to loss of body weight, we observed development of
peared gender related, with male mice more severely affected abnormal behaviors in surviving pups after P4, particularly
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FIG. 2. Impaired corticogenesis. (A) Hematoxylin-and-eosin staining of cerebral cortex at P4. Scale bar, 100 pm. (B) MAP2 expression at P0.
Scale bar, 100 pm. (C) EphA4 expression at PO was examined using in situ hybridization. Scale bar, 100 pm. (D) Calbindin immunostaining at P4.
Scale bar, 100 wm. (E to G) Immunostaining for expression of TuJ1 (E) and GFAP (G) in cerebral cortex (E16.5) and NG2 (F) in cerebral cortex
(PO). Scale bar, 100 pm. (H) Immunostaining for expression of pH 3 and Ki67 in VZ (E17.5). (I) Significantly reduced numbers of pH 3" and
Ki67" cells were detected in the Shp2 mutant VZ (pH3, **, P < 0.01; n = 6~7; Ki67, *, P < 0.05; n = 3; mutant versus control; scale bar, 100
pwm). (J and K) Shp2 expression in VZ at E13.5 (J) and subventricular zone at P4 (K). Scale bar, 100 um. (L and M) Cell apoptosis by TUNEL
assay at P4 (L) and P10 (M). Scale bar, 100 wm. PI, propidium iodide.
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ataxia and the inability to suck milk. Multiple factors are likely also implies a defective neuronal differentiation because

to contribute to the early postnatal lethality phenotype. EphA4 is expressed in postsynaptic regions. Another molecular

Shp2 has a positive role in corticogenesis. We did not ob- marker, calbindin, is mainly expressed in layers III and IV. The
serve a dramatic structural abnormality in the mutant brain. staining was disorganized in the mutants, showing diffused
More detailed hematoxylin-and-eosin staining, however, layers IIT and IV (Fig. 2D). We also examined expression of

showed that lamination of the cortex was compromised in reelin, a marker of Cajal-Retzius cells in layer I, and found no
Shp2-deficient brain (Fig. 2A). We therefore examined cortical significant difference in localization and expression levels be-

development and neuronal cell differentiation/migration using tween wild-type controls and mutants (see Fig. S2A in the
a variety of molecular markers. First, we investigated the ex- supplemental material). No difference in Dabl (E15.5) and
pression of MAP2, a marker for dendrite-extended differenti- p35 (P0) expression was recognized between controls and mu-
ated neurons. High levels of MAP2 expression were detected tants (see Fig. S2B and C in the supplemental material). We
in the marginal zone and layer V in the control sections at PO, also treated cortical neurons isolated at E16.5 with Reelin in
but the signals were weakened in the mutant (Fig. 2B). This vitro and checked phosphorylation of Dabl at Tyrl85 and
result suggests a possibly delayed and impaired neuronal dif- Tyr220. No significant difference was detected between con-
ferentiation. trols and mutants (see Fig. S2D in the supplemental material).

Next, we checked EphA4 mRNA expression, a marker for Together, these results suggest that ablationof Shp2 had influ-
layers II and III (Fig. 2C). As compared to controls at PO, enced neuronal differentiation but not Reelin-induced cell mi-

almost no signal was detected in the mutant neocortex, which gration during cortical development.
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To further investigate the impact of Shp2 deletion on corti-
cogenesis, we examined expression of several cell-type-specific
markers in cerebral cortex. Compared to controls, we detected
reduced expression levels of neuronal marker (TuJ1) (Fig. 2E)
and oligodendrocyte precursor marker (NG2) in the mutant
brain (Fig. 2F). In contrast, signals for astrocyte marker pro-
tein GFAP were enhanced at E16.5 (Fig. 2G). These observa-
tions suggest a defective neurogenesis and oligodendrogenesis
in cerebral cortex of the Shp2-deficient brain, while at the
expense of neurogenesis, astrogliogenesis appeared slightly en-
hanced.

Finally, we examined levels of pH3, a marker for metaphase,
and Ki67, a proliferative maker, in the VZ of embryonic brain.
As shown in Fig. 2H and I, both pH3 and Ki67 signals were
significantly decreased in the mutants in comparison to the
control, suggesting impaired proliferation of Shp2-deficient
NSCs in the mutant VZ. Consistent to this observation, we
detected high levels of Shp2 expression in the ventricular zone
at E13.5 and subventricular zone at P4 (Fig. 2J and K) in
wild-type brain. We also examined the impact of Shp2 deletion
on neuronal survival. The terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) as-
say detected increasing levels of cell apoptosis in P4 and P10
mutant cerebral cortex (Fig. 2L and M). Together, these re-
sults suggest that Shp2 promotes progenitor proliferation in
corticogenesis.

Shp2 oppositely regulates neurogenesis and astrogliogen-
esis in vitro. The high-level Shp2 expression in the VZ sug-
gests important roles of Shp2 in neural progenitor cells. To
further investigate Shp2 function in NSC differentiation and
multipotency, we isolated NSCs from cerebral cortex at
E14.5 and cultured them in the presence of bFGF and EGF
in vitro. NSCs were genotyped to identify Shp2 mutant
(Shp2'ofox::Cre/+) and control (Shp2™@*~) cells by PCR
analysis of genomic DNA (Fig. 3A). Immunoblotting analysis
indicated efficient Cre-mediated deletion of Shp2 in cultured
NSCs in vitro (Fig. 3B).

Morphological examination indicated dramatically de-
creased neurite outgrowth in differentiating neurosphere cul-
tures (Fig. 3C). To precisely evaluate the differentiation capac-
ity, we dissociated the differentiated neurosphere cells and
counted numbers of each cell type generated following immu-
nostaining with markers for neurons (TuJl), astrocytes
(GFAP), and oligodendrocytes (O4 or CNPase) at different
time points. Analysis of the proportions of TuJ1*, GFAP™,

Shp2 FUNCTION IN NEURAL STEM CELLS 6711

04", or CNPase™ cells at days in vitro (DIV) 5, 7, and 10
indicated that Shp2 deficiency severely suppressed neuron and
oligodendrocyte differentiation (Fig. 3D and E), consistent
with the in vivo results as described above. In contrast, we
observed a modest increase in the proportion of astrocytes
generated from Shp2-deficient NSCs compared to controls
(Fig. 3D and E). However, the absolute numbers of GFAP™
cells were similar between control and Shp2 mutant cultures
(Fig. 3F), apparently due to the reduced proliferative capacity
of Shp2-deficent progenitor cells under the culture condition.

We further examined neurogenesis and gliogenesis from
NSCs following treatment with growth factors or cytokines in
vitro. As shown in Fig. 3G, there was a significant decrease in
the number of neurons from Shp2-deficient NSCs following
stimulation with platelet-derived growth factor (PDGF)-BB,
leukemia inhibitory factor (LIF), or bFGF. In response to
CNTF, Shp2 deficiency resulted in modestly decreased num-
bers of neurons (P > 0.05; n = 12). However, Shp2 ablation
did not suppress gliogenesis in response to CNTF, LIF, or
bFGF, and there was a significant increase in the number of
GFAP™ cells following PDGF-BB treatment (P < 0.05; n =
12). Collectively, our observations reveal a critical role for
Shp2 in neurogenesis and oligodendrogenesis but not in astro-
gliogenesis. This indicates a cell-type-specific requirement for
Shp2 in neural development. The opposite effect of Shp2 de-
letion on neurogenesis and astrogliogenesis also suggests Shp2
actions in cell fate specification from multipotential progenitor
cells.

Shp2 is required for proliferation of NSCs and neuronal
progenitors in vitro. We further investigated a putative role of
Shp2 in NSC’s self-renewal and proliferation potential in vitro.
As depicted in Fig. 4A, differences in the number and diameter
of neurospheres derived from control and Shp2™'~ mutant
NSCs were easily observed under a microscope. To further
determine the impact of Shp2 deletion on self-renewal of
NSCs, we assayed secondary and tertiary neurosphere forma-
tion efficiency. As shown in Fig. 4B, Shp2-deficient NSCs ex-
hibited a markedly decreased capacity to generate neuro-
spheres following serial subcloning, suggesting impaired
proliferation and/or self-renewal. Indeed, the self-renewal ca-
pacity, defined as the number of secondary neurospheres
formed per primary neurosphere, was significantly reduced in
Shp2~/~ NSCs compared to controls. Thus, Shp2 is required
for self-renewal of NSCs in vitro (Fig. 4C).

To determine the proliferative capacity, we measured

FIG. 3. Shp2 deficiency results in impaired neurogenesis but modestly enhanced astrogliogenesis. (A) PCR genotyping of the Shp2" allele and
the Nestin-Cre transgene. (B) Immunoblot analysis of tissue or cell lysates. Lane 1, freshly isolated cerebral cortex tissue at E14.5; lane 2, embryonic
heart at E14.5; lanes 3, 4, and 5, NSC cultures collected at days 5, 7, and 14. (C) Representative images show reduced neural outgrowth and
excessive fasciculation of neurites from Shp2-deficient neurospheres at days 3 and 5 (DIV3 and DIVS), compared to controls. Scale bar, 50 pwm.
(D) Immunostaining of differentiated cells in culture for TuJ1/DAPI and TuJ1/GFAP. Representative images indicate impaired neurogenesis
(TuJ1™) at DIV5 (upper panel) but slightly increased proportion of astrogliogenesis (GFAP™) at DIV7 (lower panel) from Shp2-deficient NSCs.
Scale bar, 100 pwm. (E) Relative proportions of neurons, astrocytes, and oligodendrocytes were determined by counting TuJ1*, GFAP™, and O4™,
or CNPase™ cells, respectively, on DIV 5, 7, and 10 and compared with the total number of cells (+*, P < 0.01; %, P < 0.05; n = 5). (F) Decreased
numbers of TuJ1" neurons differentiated from Shp2-deficient NSCs compared to controls (*, P < 0.05; n = 5). (G) NSC differentiation in response
to various growth factors. NSCs were cultured at 2 X 10* cells/ml in neurobasal/B27 serum-free medium, with a daily supplement of CNTF (100
ng/ml), PDGF-BB(100 ng/ml), LIF (3,000 U/ml), or bFGF (20 ng/ml) or with no supplement. Differentiated cells were detected by immunostaining
for TuJ1 and GFAP at day 5. Shp2 deficiency resulted in reduced number of neurons following stimulation with PDGF, LIF, and bFGF (#*, P
< 0.01; *, P < 0.05; n = 5) but caused a significantly increase in the number of astrocytes following PDGF-BB treatment (*, P < 0.05; n = 12).
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neurospheres (NS) was determined after 7 days for primary (1°), secondary (2°), and tertiary (3°) neurospheres (+*, P < 0.01; n = 3). 1k, 1,000.
(C) Generation of secondary neurospheres. The frequency was expressed as the percentage of secondary neurospheres generated versus the total number
of single cells dissociated from primary neurospheres. Self-renewal capacity was defined as the number of secondary neurospheres formed per primary
neurosphere (*, P < 0.05; #*, P < 0.01; n = 4). (D) Growth curve of NSCs in self-renewal culture. Neurospheres in suspension were gently dissociated
into single cells and then enumerated (+*, P < 0.01; n = 3). K, 1,000. (E) Growth curve of NSCs in differentiation culture. Single NSCs were seeded on
a precoated plate in the absence of bFGF and EGF to induce neuronal differentiation; 2% FBS was added after 24 h to induce astroglial differentiation.
Cell proliferation was monitored using the RT-CES system (17). (F) BrdU incorporation assay in NSCs (Nestin*), neurons (TuJ1" or MAP2"), and
astrocytes (GFAP™). (Left panel) Representative pictures of BrdU™ cells in NSCs. (Right panel) Statistical analysis. Scale bar, 50 pum. NSCs: mutant,
18.1% =+ 7.5%; control, 54.4% *+ 11.2%; %, P < 0.01; n = 5. Neurons: mutant, 15.3% * 6.1%; control, 32.5% * 7.1%; *, P < 0.05; n = 3. Astrocytes:
mutant, 32.3% = 4.2%; control, 43% * 12%; P > 0.05; n = 3). (G) Cell apoptosis (TUNEL) assay in NSCs (Nestin™), neurons (TuJ1* or MAP2™),
and astrocytes (GFAP™). (Left panel) Representative pictures of apoptotic cells in NSCs. Scale bar, 100 um. (Right panel) Statistical analysis. NSCs:
mutant, 12.2% = 7.2%; control, 8.9% =+ 4.6%; P > 0.05; n = 5. Neurons: mutant, 13.7% =+ 4%; control, 9.2% = 1; %, P > 0.05; n = 3. Astrocytes: mutant,
8.3% =+ 0.3%; control, 8.9% * 1%; P > 0.05; n = 3.

growth curves of NSCs under culture conditions that favor newal expansion (Fig. 4D). Similar proliferative defects of
either self-renewal or differentiation. When compared to con- Shp2~/~ NSCs were also observed when the stem and progen-
trols, Shp2~/~ NSCs exhibited a significantly decreased cell itor cells were cultured under conditions allowing differentia-
proliferation rate under culture conditions favoring self-re- tion into neuronal and astroglial cell lineages (Fig. 4E). To
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corroborate these results, we measured BrdU incorporation
into cultured neurosphere cells under both self-renewal and
differentiation conditions. Consistently, results presented in
Fig. 4F show that Shp2 deficiency resulted in significantly re-
duced proliferation in NSCs and neuronal progenitors (TuJ1")
but not in astroglial cells (GFAP ™). Modestly increased levels
of cell apoptosis were also detected for Shp2-deficient NSCs
and neuronal progenitors compared to wild-type control cells
(Fig. 4G). Taken together, these results indicate a primary
effect of Shp2 deletion on cell proliferation in self-renewing
NSCs and neuronal progenitors.

Shp2 promotes growth factor signals in NSCs. Our previous
experiments indicate that despite a decreased proliferation
rate, Shp2-deficient mouse ESCs exhibit enhanced self-re-
newal capacity, as reflected by the increased frequency of sec-
ondary embryonic body formation (4, 27). This is in contrast to
the observation of impaired self-renewal of Shp2-deficient
NSCs as described above. To analyze the molecular basis for
distinct functions of Shp2 in ESCs and NSCs, we conducted a
comparative analysis of intracellular signaling between these
two stem cell types in maintenance cultures (Fig. 5A). We
observed remarkably reduced levels of phospho-Erkl1/2 in
Shp2-deficient NSCs compared to wild-type controls, but no
significant difference was detected between wild-type and Shp2
mutant ESCs. Shp2 deficiency resulted in increased phospho-
Stat3 levels in both ESCs and NSCs and significantly decreased
phospho-Akt in ESCs but not in NSCs. We also found that the
phospho-C/EBP signal was significantly decreased in Shp2-
deficient NSCs but not in ESCs. Together, these data suggest
cell type-specific regulation of signaling pathways by Shp2,
which could account for distinct phenotypes seen between
Shp2-deficient ESCs and NSCs.

We then explored the possible involvement of Shp2 in relay
of signals triggered by specific growth factors in NSCs. As
previously reported, there are at least two cell populations in
neurospheres—bFGF responsive and EGF dependent NSCs—
and both growth factors synergize to promote proliferation (5,
35, 37). Thus, we examined the impact of Shp2 deletion on
NSC responses to bFGF and/or EGF. Shp2 deficiency had a
modest inhibitory effect on the number and size of neuro-
spheres generated in the presence of EGF alone (Fig. 5B).
However, a significantly decreased number and size of neuro-
spheres were detected in Shp2-deficient NSCs, as compared to
controls, in response to bFGF alone or bFGF plus EGF (Fig.
5B). This result indicates a primary role of Shp2 in bFGF-
dependent NSC proliferation and self-renewal. bFGF has been
shown to maintain NSCs by promoting proliferation and sup-
pressing differentiation in vitro and in vivo (26, 32, 34). Stim-
ulation of NSCs by bFGF leads to rapid activation of Erk,
whose suppression blocks proliferation of neural progenitors
(19). We observed that phospho-Erk signals were much lower
in Shp2-deficient NSCs than in controls in response to bFGF
(Fig. 5A), suggesting inhibition of bFGF-stimulated Erk acti-
vation by Shp2 ablation in NSCs.

To further analyze alterations of bFGF signaling in Shp2-
deficient NSCs, we assessed phosphorylation and concomitant
activation of c-Myc and Stat3 in response to bFGF. Strikingly,
we found opposite activities of Shp2 in modulating c-Myc and
Stat3 signaling: Shp2-deficient NSCs exhibited decreased phos-
phorylation of c-Myc (Thr58/Ser62) but increased phosphory-
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lation of Stat3 (Tyr705) in response to bFGF stimulation (Fig.
5C). Enhanced Stat3 signaling appeared to be specific to bFGF
stimulation, as LIF treatment induced similar levels of phos-
pho-Stat3 in control and Shp2-deficient NSCs (Fig. 5C).
Augmented bFGF/Stat3 signaling may explain the impaired
neurogenesis and moderately enhanced astrogliogenesis in
Shp2-deficient NSCs, consistent with the literature (2, 15).

We also took a chemical biology approach to evaluate the
effects of Erk, c-Myc, and Stat3 activities in NSCs’ self-renewal
and neuronal/astroglial differentiation. NSCs were treated with
a pharmacological MEK inhibitor (PD98059) and c-Myc inhib-
itor (10058-F4) and were evaluated for self-renewal in neuro-
sphere assay. As shown in Fig. 5D, treatment with Erk or
c-Myc inhibitors resulted in a significantly reduced number of
secondary neurospheres, indicating decreased self-renewal ca-
pacity. We also treated NSCs with PD98059, 10058-F4, and
Jak2/Stat3 inhibitor (AG490) and subjected the cells to neu-
ronal/astroglial differentiation. As depicted in Fig. 5SE and F,
the MEK inhibitor suppressed neuronal differentiation,
whereas c-Myc inhibition had no effect. The Stat3 inhibitor
significantly attenuated astroglial differentiation (Fig. 5SE and
G). In addition, an Shp2 inhibitor recently identified in this
laboratory (Wu et al., unpublished data) significantly sup-
pressed self-renewal and neuronal differentiation of NSCs
(Fig. 5E and F), consistent with the Shp2 gene knockout data.

The reduced phospho-c-Myc signal also prompted us to ex-
amine the expression level of Bmi-1, a transcription factor
required for proliferation and self-renewal of NSCs (22), as a
recent report suggests that c-Myc directly regulates Bmi-1 ex-
pression (13). Immunoblot analysis showed that consistent
with the decreased c-Myc activity, Bmi-1 levels were signifi-
cantly decreased in Shp2-deficient NSCs compared to controls
(Fig. 6A). To define the significance of decreased Bmi-1 ex-
pression, we performed a rescue experiment by infecting Shp2-
deficient NSCs with a retroviral vector expressing Bmi-1 (Fig.
6B). As indicated in Fig. 6C to E, ectopic expression of Bmi-1
in Shp2-deficient NSCs resulted in increased numbers and size
of secondary neurospheres. This result suggests that Shp2 me-
diates growth factor signals, at least in part via control of Bmi-1
expression, in regulation of NSC proliferation and self-re-
newal.

DISCUSSION

In this study, we generated and characterized mutant mouse
strains with an intracellular tyrosine phosphatase Shp2 selec-
tively deleted in neural precursor cells mediated by nestin-
driven Cre expression. We observed a dramatic phenotype of
growth retardation, early postnatal lethality, and multiple de-
fects in proliferation and cell fate specification in NSCs. Of
note, we generated the conditional Shp2 knockout mice by
using two nestin-Cre transgenic mouse lines independently cre-
ated in two different laboratories, and consistent phenotypes
were observed between Shp2/F::Crel and Shp2"'*::Cre2 mice,
which renders strength and confidence to the data reported
here. In previous studies, we have shown that conditional de-
letion of Shp2 in postnatal forebrain neurons leads to early
onset obesity and leptin resistance (40). Thus, it appears that
the same molecule has different jobs/duties at different stages
of life. Shp2 modulates NSC activities for brain development at
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FIG. 5. Shp2 relays growth factor signals in NSCs. (A) Signaling in ESCs and NSCs. Cell lysates were prepared from ESCs and NSCs cultured
in the presence of LIF (1,000 U/ml) and bFGF (20 ng/ml), respectively, and immunoblotted for Shp2, B-actin, p-AKT and AKT, p-C/EBP and
C/EBP, p-Src and Src, p-Erk and Erk, and pY-Stat3 and Stat3. Band densities (means * standard errors) are shown for the relative changes (fold)
by setting the control level to 1 (n = 3 to ~6). *%, P < 0.01,n = 6; *, P < 0.05, n = 3; mutant versus control. (B) Growth factor signaling. Significant
differences were detected in the number (left) and colony size (right) of neurospheres (NS) in response to bFGF or bFGF plus EGF. #*, P < 0.01;
n = 5~12; mutant versus control). K, 1,000. (C) bFGF signaling. NSCs were starved and stimulated with bFGF (100 ng/ml) or LIF (1,000 U/ml)
for the indicated time periods. Cell lysates were immunoblotted for p-Erk and Erk, p-c-Myc, pY-Stat3 and Stat3, and Shp2 and B-actin. (D) Effects
of chemical inhibitors on formation of neurospheres. NSCs in neurosphere cultures were dissociated and seeded at low cell density (1,000
cells/well) with bFGF and EGF plus DMSO (0.05%), PD98059 (25 nM), 10058-F4 (25 wM), or Shp2 inhibitor (25 wM), and neurospheres were
enumerated at DIV7. (E) Effects of chemical inhibitors on neuronal/astroglial differentiation. (Upper panel) NSC differentiation under treatment
with DMSO (0.05%), PD98059 (25 uM), 10058-F4 (25 wM), or Shp2 inhibitor (25 wM) was assessed by immunostaining with TuJ1 and DAPI at
DIV2. (Lower panel) NSC differentiation under treatment with DMSO (0.05%), 10058-F4 (25 uM), and AG490 (5 pM) was evaluated by
immunostaining for GFAP and DAPI at DIV4. (F and G) Quantitative analysis of TuJ1" (F) and GFAP™ (G) cells differentiated under treatment
with inhibitors as indicated in panel E. For the percentage of TuJ1" cells (F), compared to control (Ctl) NSCs with DMSO, a significantly reduced
proportion was observed for PD98059 or Shp2 inhibitor (*, P < 0.05; n = 6) and mutants (Mt) with DMSO (%%, P < 0.01; n = 6). For the
percentage of GFAP™" cells (G) compared to control NSCs with DMSO, there was significantly reduced GFAP™" cells in control cells and the
mutant with AG490 treatment (both **, P < 0.01; n = 6).
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FIG. 6. Exogenous expression of Bmi-1 partially rescues Shp2 deficiency in NSCs. (A) Immunoblot analysis of Bmi-1 expression levels with
anti-Erk serving as loading control. Cell genotyping was reconfirmed by anti-Shp2 immunoblotting. Quantitative data were provided after scanning
of band density (*, P < 0.05; n = 8). (B) Exogenous expression of Bmi-1 as determined by immunoblot analysis. Shp2 ™/~ NSCs were infected with
MSCV-Bmi-1-EGFP (Bmil) or control MSCV-EGFP vector (control). (C) Shp2™/~ NSCs infected with MSCV-Bmi-1-EGFP exhibited an
increased size of neurospheres, compared to that infected with the MSCV-EGFP control virus. Representative pictures were taken 7 days after
retroviral infection (scale bar, 100 wm). (D) Enhanced proliferation of Shp2 ™/~ NSCs infected with Bmi-1-expressing retrovirus (EGFP™).
Representative pictures were taken 5 days after infection. (E) Shp2~/~ NSCs expressing exogenous Bmi-1 exhibited increased size and number of
secondary neurospheres (NS). 1K, 1,000. *, P < 0.05; n = 10; #*, P < 0.01; n = 3.

the early stage, and after completion of brain development, it
acts in neuronal control of energy balance and metabolism.
Using the conditional Shp2 mutant allele, we are now in a good
position to generate other types of neuronal cell-type-specific
Shp2 knockout mice and further dissect Shp2 functions in a
distinct group of neurons in the brain for understanding of
neural development, functions, and neurodegenerative dis-
eases.

This study identifies unique intracellular signaling events
underlying control of NSC activities. Shp2 is specifically re-
quired for NSC differentiation into neurons and oligodendro-
cytes but had a negative effect on astroglial differentiation. In
mediating neurogenesis and astrogliogenesis, Shp2 appears to
modulate Erk and Stat3 pathways in opposite directions. This
result suggests that Shp2 participates in cell fate decisions of
NSCs during brain development. After submission of the
manuscript for this article, we noticed a paper by Gauthier et
al. reporting a similar effect of Shp2 tyrosine phosphatase in
neuronal/astroglial cell fate decision observed by knockdown
of Shp2 expression using the small interfering RNA approach
(10).

A common phenotype of Shp2-deficient ESCs and NSCs is
reduced proliferative capacity. However, a striking difference is
that ESCs lacking functional Shp2 exhibit enhanced self-re-
newal (4, 27), whereas this study presents data indicating that
NSCs require Shp2 for self-renewal. This paradoxical effect of
Shp2 ablation on self-renewal of two types of stem cells is
apparently due to cell-type-specific modulation of signaling
events by Shp2. Several factors likely contribute to these dif-
ferent phenotypes. Shp2 deficiency in ESCs leads to reduced
proliferation to a lesser extent than that observed in NSCs.

More importantly, Shp2 deficiency results in a drastically de-
creased differentiation capacity of ESCs, leading to increased
self-renewal. In contrast, Shp2 ablation in NSCs potently sup-
presses proliferation to the point that self-renewal is not pos-
sible. In support of this hypothesis, we observed that inhibition
of Erk activation is more severe in Shp2~/~ NSCs than in
Shp2~/~ ESCs. Also, enhanced activation of Stat3 in Shp2-
deficient ESCs leads primarily to increased self-renewal (24),
while a major effect of augmented Stat3 signaling in NSCs is
potentiated astrogliogenesis (15), which may also contribute to
reduced self-renewal capacity. Further investigation of Shp2
functions in embryonic and adult stem cells should define the
molecular machinery functioning in the switch between self-
renewal and differentiation of various stem cell types.

Interestingly, we detected a predominant effect of Shp2 in
mediating bFGF signaling in NSCs. bFGF is an indispensable
trophic factor that permits NSC proliferation and neural de-
velopment. Mice lacking bFGF have dramatically decreased
numbers of neurons and a smaller cortex (6, 36). bFGF acti-
vates the Erk pathway mainly by promoting the association of
FRS2a (fibroblast receptor substrate 2a) with Shp2 (14).
FRS2a knockin mice (Frs2a®*/?F) lacking the two Shp2-dock-
ing sites display severely impaired cortical development and
neurogenesis, due in part to defects in intermediate progenitor
cells (38). Interestingly, Frs2a*/?" NSCs form smaller neuro-
spheres but can self-renew in vitro, in contrast to our observa-
tion of Shp2-deficient NSCs’ failure in self-renewal in vitro.
Therefore, Shp2 may mediate bFGF-stimulated and FRS2 127
-independent signals in NSCs. Deficiency of Shp2~/~ NSC
self-renewal may also be due to inhibition of unidentified sig-
naling pathways.
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Our experiments further suggest that Shp2 deficiency leads
to defective growth factor signaling—particularly impaired Erk
activation—resulting in reduced activation of transcription fac-
tors such as c-Myc and also lower expression levels of Bmi-1.
Decreased Bmi-1 expression linked to reduced c-Myc activa-
tion in Shp2~/~ NSCs is consistent with the recently published
data suggesting control of Bmi-1 expression by c-Myc (13).
Therefore, we propose that a bFGF/Shp2/Erk/c-Myc/Bmi-1
pathway is essential for NSC self-renewal. Support for this
theory is our result that exogenous expression of Bmi-1 par-
tially rescued the phenotype induced by Shp2 deficiency in
NSCs. Bmi-1 promotes neural stem cell proliferation by re-
pressing cyclin-dependent kinase inhibitors such as p16"™4 or
p19™K4d (321, 22). Bmi-1 has also been shown to be required
for proliferation and self-renewal of leukemic and hematopoi-
etic stem cells in addition to neural stem cells (19, 25, 31).
Given that Shp2 also plays an essential role in regulating he-
matopoiesis and HSC activities, it is very likely that a common
signaling pathway involving Shp2 and Bmi-1 operates in the
self-renewal of both hematopoietic and neural stem cells. Nev-
ertheless, it is conceivable that Shp2 acting in signaling events
proximal to specific growth factor receptors may have multiple
effects in signaling pathways. Accordingly, we have noted a
difference in the phenotypes of Shp2-deficient and Bmi-1-de-
ficient NSCs. Although both Shp2 and Bmi-1 are essential for
NSC self-renewal and both inhibit astrogliogenesis, Bmi-1 de-
ficiency has no significant effect on neurogenesis (22, 39), while
loss of Shp2 leads to defective neurogenesis as reported here.
Bmi-1-deficient mice survive into adulthood and show devel-
opmental retardation (22). However, Shp2 mutant mice die in
the uterus (33), and mice with Shp2 selectively deleted in the
brain exhibit early postnatal lethality, indicating that Shp2 has
more extensive physiological effects than Bmi-1. Identification
of pathways altered in Shp2-deficient NSCs should further
define the molecular basis for the control of NSC self-renewal
and multipotentiality.
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