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Astrocytes play important roles in brain development and injury response. Transcription factors STAT3 and
Smadl, activated by leukemia inhibitory factor (LIF) and bone morphogenetic protein 2 (BMP2), respectively,
form a complex with the coactivator p300 to synergistically induce astrocytes from neuroepithelial cells (NECs)
(K. Nakashima, M. Yanagisawa, H. Arakawa, N. Kimura, T. Hisatsune, M. Kawabata, K. Miyazono, and T.
Taga, Science 284:479-482, 1999). However, the mechanisms that govern astrogliogenesis during the determi-
nation of the fate of neural stem cells remain elusive. Here we found that LIF induces expression of BMP2 via
STAT3 activation and leads to the consequent activation of Smadl to efficiently promote astrogliogenic
differentiation of NECs. The BMP antagonist Noggin abrogated LIF-induced Smad1 activation and astroglio-
genesis by inhibiting BMPs produced by NECs. NECs deficient in suppressor of cytokine signaling 3 (SOCS3),
a negative regulator of STAT3, readily differentiated into astrocytes upon activation by LIF not only due to
sustained activation of STAT3 but also because of the consequent activation of Smadl. Our study suggests a
novel LIF-triggered positive regulatory loop that enhances astrogliogenesis.

Astrocytes are not only a structural component of the central
nervous system (CNS) (7) but also important participants in
the generation and regeneration of the CNS, for instance, in
the regulation of synaptic formation, neurotransmitter trans-
port, metabolic functions, and the response to CNS injury (7).
A recent study showed that glial fibrillary acidic protein
(GFAP)-positive reactive astrocytes contribute to tissue repair
and motor function restoration during the subacute phase of
CNS injury by forming glial scars (25). Astrocytes arise from
neural stem cells that also produce neurons and oligodendro-
cytes. Cytokines and growth factors play critical roles in the cell
fate specification of neural stem cells (31). Neuroepithelial
cells (NECs) isolated from mouse embryonic telencephalons
are rich in neural stem cells. Differentiation of NECs into
GFAP-positive mature astrocytes is induced by interleukin 6
(IL-6) family cytokines (e.g., leukemia inhibitory factor [LIF]
and ciliary neurotrophic factor) and bone morphogenetic pro-
tein (BMP) family cytokines (e.g., BMP2 and BMP4) (2, 8),
which activate distinct downstream transcription factors,
STAT3 and Smad1 (or Smad5 or Smad8), respectively (17, 36).
A molecular basis for the cooperative action of these two
cytokines is suggested to be the formation of a STAT3-Smadl
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complex with a coactivator, p300, that initiates astrocyte-spe-
cific gene expression (21, 22). Significant reductions in the
levels of GFAP-positive astrocytes were observed in mice de-
ficient in gp130, a STAT3-upstream signal-transducing recep-
tor component for IL-6 family cytokines (20), and in NECs
overexpressing Noggin, a BMP antagonist that inhibits Smad1
signaling (33). These results indicate the importance of cross
talk between STAT3 and Smadl signaling pathways in astro-
gliogenesis, but the molecular mechanisms that govern astro-
gliogenesis are still largely unknown.

In an attempt to identify molecules crucial for the regulation
of cytokine-mediated astrogliogenesis, we prepared NECs
from embryonic day 14.5 (E14.5) mice and used DNA microar-
ray analysis to compare the gene expression profiles under
culture conditions with and without LIF and BMP2, an astro-
gliogenic combination of cytokines. Genes whose expression
was upregulated in response to LIF plus BMP2 included glial
cell lineage-related genes (STAT3, CD44, and AMOG |[9, 15,
26]) and previously reported cytokine response genes in neural
precursor cells (Id1, Id3, c-fos, C/EBPS, suppressor of cytokine
signaling 2 [SOCS2], and SOCS3 [4, 19, 39, 41]). Since SOCS3
is known as a negative regulator of the LIF-downstream tran-
scription factor STAT3, we focused on SOCS3.

Members of the SOCS family of proteins are known as
cytokine-inducible factors that negatively regulate the JAK-
STAT pathway (14). Representatives of the SOCS family
SOCS1, SOCS2, and SOCS3 have a centrally located SH2
domain and a C-terminal SOCS box as their common feature.
Cytokine-induced SOCS proteins interact with their upstream
receptors and inhibit the activation of relevant members of the
STAT family of transcription factors, which attenuate signal
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transduction, thereby establishing negative feedback loops in
the cytokine response. In the present study, experiments on the
function of SOCS3 in NECs provided us with a clue to identify
a previously unsuspected signal-modifying mechanism govern-
ing astrogliogenesis: LIF induces expression of its cooperative
partner cytokine in astrocyte differentiation, i.e., BMP2, and
leads to consequent Smadl activation to efficiently form the
astrogliogenic transcription factor complex.

MATERIALS AND METHODS

Animals, cell culture, and cytokines. The Socs3 gene was conditionally deleted
by Cre recombinase expressed under the control of the nestin gene promoter
(18). For experiments comparing the properties of wild-type cells with those
of SOCS3-deficient cells, littermates were first obtained by crossing Nes-
creSocs319¥/1ox mice (with a conditional knockout regulated by nestin expression)
and Socs3f°/ox mice (wild type) and then genotyped according to a previous
report (18). Mice were treated according to the guidelines of the Center for
Animal Resources and Development, Kumamoto University. NECs were iso-
lated from the telencephala of E14.5 mice and cultured for 4 days in N2-
supplemented Dulbecco’s modified Eagle medium-F-12 containing FGF2 (10
ng/ml) as described previously (21). SOCS3-deficient mouse embryonic fibro-
blasts (MEFs) were maintained as described previously (16). Cytokines were
obtained from the following companies: FGF2 from Peprotech, LIF (ESGRO)
from Invitrogen, and BMP4 and Noggin/Fc chimera from R&D Systems. BMP2
was kindly provided by Astellas Pharma Inc.

DNA microarray analysis. The Affymetrix GeneChip system was used to
identify cytokine response genes. NECs, maintained as described above, were
detached and replated on 10-cm-diameter dishes (1.5 X 107 cells/dish). On the
following day, cells were treated with both LIF and BMP2 (80 ng/ml each) for
6 h. NECs cultured in the absence of the cytokines were used as a control. Probes
were prepared using 3.5 pg of purified poly(A)* RNA and were hybridized with
murine genome U74Av2 arrays according to the recommended protocol. After
the hybridization, DNA chips were processed by the fluidics station and scanner.
Affymetrix Microarray Suite 5.0 was used to compare the gene expression pro-
files of cytokine-treated NECs with those of untreated cells. DNA microarray
data are available upon request.

Expression plasmids and RT-PCR analysis. The cDNA for mouse SOCS3 was
obtained by reverse transcription-PCR (RT-PCR) using the oligonucleotides
listed below as described previously (6) and was cloned into the pcDNA3.1
expression vector (Invitrogen). Other expression plasmids are described in our
previous reports (6, 21). Semiquantitative PCR was performed using KOD-plus
(Toyobo) or Phusion (Finzymes) DNA polymerase. Primer sequences used for
RT-PCR are as follows: SOCS3-F, 5'-CCGGAATTCATGGTCACCCACAGC
AAGTT-3"; SOCS3-R, 5'-TGCTCTAGATTAAAGTGGAGCATCATACT-3';
BMP2-F, 5'-AGAGATGAGTGGGAAAACGG-3'; BMP2-R, 5'-GAAGTCCA
CATACAAAGGGT-3'; GAPDH-F, 5'-ACCACAGTCCATGCCATCAC-3';
GAPDH-R, 5'-TCCACCACCCTGTTGCTGTA-3'.

Luciferase assay. NECs replated on 12-well plates were transfected using
TransIT-LT1 (Mirus) as described previously (21). MEFs were transfected using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. On
the day following the transfection, cells were treated with BMP2, BMP4, or LIF
(50 ng/ml) for 8 h. The GFAP promoter-luciferase reporter plasmid, GF1L-
pGL3, is described in our previous report (21). 4xB2wt-pGL3 and 4xB2mut-
pGL3 were made by subcloning two oligonucleotide repeats (wild-type, 5'-TCG
ACATCCTTCAGAGAATTCTGATCCTTCAGAGAATTCTGGGTAC-3'; mutant,
5'-TCGACATCCCCAAGAGAATTCTGATCCCCAAGAGAATTCTGGGTAC-
3’; mutations are underlined) in front of the junB minimal promoter with the
luciferase gene as described previously (37). These oligonucleotides contain two
repeats of a potential STAT3 binding site identified in the 5" region of the mouse
Bmp2 gene (boldfaced) and additional Sall and KpnlI sites at each end. As an
internal control, pEF-Rluc (21) or phRL-TK (Promega) was used.

Antibodies and Western blot analysis. The following antibodies were used in
this study: anti-SOCS3 (1:50; catalog no. 18391; Immuno-Biological Laborato-
ries), anti-GFP (1:200 [catalog no. G6539; Sigma] and 1:500 [catalog no. 598;
MBL)), anti-GFAP (1:500 [catalog no. G3893; Sigma] and 1:1,000 [catalog no.
031223; Advanced ImmunoChemical]), nestin (1:1,000; catalog no. 556309; BD
Pharmingen), anti-phospho-STAT3 Tyr705 (1:500; catalog no. 9131; Cell Signal-
ing), anti-STAT3 (1:1,000; catalog no. sc482; Santa Cruz), anti-phospho-ERK1/2
Thr202/Tyr204 (1:500; catalog no. 9106; Cell Signaling), anti-ERK1 (1:1,000;
catalog no. sc93; Santa Cruz), anti-ERK2 (1:1,000; catalog no. sc154; Santa
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FIG. 1. SOCS3-deficient NECs readily differentiate into astrocytes
upon induction by LIF. (A) Enhanced astrogliogenesis in the SOCS3-
deficient neonatal mouse brain. Immunohistochemical analysis of
GFAP expression was performed using cryosection of wild-type and
Socs3-cKO mice at P1.5. Asterisks indicate fimbriae. Bar, 500 pm.
(B) NECs derived from wild-type and Socs3-cKO mice were cultured
in the absence (a and c) or presence (b and d) of LIF (80 ng/ml) for 2
days. Cells were fixed and stained with an anti-GFAP antibody (green).
Nuclei were stained with Hoechst 33258 (blue). Bar, 50 pm.

Cruz), anti-phospho-Smadl Ser463/465 (1:200 for immunocytochemistry and
1:500 for Western blot analysis; catalog no. 06-702; Upstate), and anti-Smad1
(1:1,000; catalog no. sc7153; Santa Cruz). Western blot analysis was performed as
described previously (6). For the repeated reprobing in Western blotting, WB
stripping solution (Nacalai Tesque) was used.

Immuneostaining. For immunocytochemistry, NECs expanded in the presence
of FGF2 were counted and replated on the appropriate culture dishes or cham-
ber slides. Six hours later, cytokines (LIF, 80 ng/ml; Noggin, 200 ng/ml) were
added as indicated. After the incubation, cells were fixed in 4% paraformalde-
hyde in phosphate-buffered saline (PBS) and stained as described previously (6).
For immunohistochemistry, postnatal day 1.5 (P1.5) mice were transcardially
perfused with a 4% paraformaldehyde PBS solution. Isolated brains were post-
fixed with the paraformaldehyde solution for 3 h and submerged in PBS over-
night. Tissues were then serially submerged in PBS containing 10% and 20%
sucrose for 24 h and embedded in OCT compound. Frozen tissue was cut into
15-pwm-thick sections using a cryostat. Nuclei were stained with Hoechst 33258
(Nacalai Tesque).

RESULTS

SOCS3-deficient NECs readily differentiate into astrocytes.
RT-PCR analysis confirmed that SOCS3 mRNA was induced
in NECs by LIF but not by BMP2 (data not shown). We
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analyzed the properties of NECs lacking the Socs3 gene in
astrogliogenesis. The complete loss of the Socs3 gene results in
embryonic lethality due to a placental defect (30). Therefore,
further analyses of the SOCS3 function in astrogliogenesis
were done with NECs prepared from E14.5 Socs3-conditional
knockout (Socs3-cKO) mice (18), in which Cre recombinase
was expressed under the control of the nestin promoter to
delete the loxP-flanked Socs3 locus specifically in neural pre-
cursor cells. In normal mouse development, GFAP-positive
astrocytes appear in the brain and spinal cord around the time
of birth. For Socs3-cKO mice on P1.5, we found that GFAP
immunoreactivity was significantly denser than that for normal
littermates (Fig. 1A).

NECs from E14.5 wild-type and Socs3-cKO mice were cul-
tured for 2 days in the absence or presence of LIF and stained
for GFAP. No immunoreactivity to GFAP was observed in
cultured NECs without LIF, regardless of the genotype (Fig.
1Ba and c). In the presence of LIF, GFAP immunoreactivity
was obvious in SOCS3-deficient cells but not in wild-type cells
(Fig. 1Bb and d). Considering the negative regulatory role of
SOCS3, this result seemed reasonable at first glance, but in fact
its interpretation was not as simple as was first thought: in
2-day cultures of wild-type NECs, GFAP-positive astrocytic
differentiation has never been observed, even with a sufficiently
high concentration of LIF, when BMP2 (or a BMP ligand) was
not added (21). The result shown in Fig. 1Bd resembled the data
obtained with the 2-day culture of NECs treated with LIF plus
BMP2 (21). It was thus presumed that BMP signaling is unex-
pectedly activated in the LIF-stimulated, SOCS3-deficient NECs.

SOCS3 deficiency leads to unexpected Smadl activation
following LIF stimulation. In LIF-stimulated SOCS3-deficient
NECs, we observed Smad1 activation, as detected by its serine
phosphorylation, with a certain lag time compared to the ex-
pected sustained activation of STAT3, Erkl, and Erk2 (Fig.
2A). Immunocytochemistry confirmed that phosphorylated
Smad1 had accumulated in the nuclei of LIF-treated SOCS3-
deficient cells (Fig. 2B). Direct involvement of SOCS3 in the
Smad signaling pathway was excluded, because wild-type and
SOCS3-deficient cells exhibited comparable responses to
BMP2 and BMP4 (see Fig. S1A in the supplemental material).
In addition, overexpression of SOCS3 in NECs completely
suppressed GFAP promoter activation by LIF, whereas
SOCS3 did not have such a suppressive effect on BMP2-in-
duced activation (see Fig. S1B in the supplemental material).
When wild-type and SOCS3-deficient NECs were treated with
BMP2, phosphorylation of Smad1 was detected within 30 min
at a comparable level (see Fig. S1C in the supplemental ma-
terial). Taken together, these findings implied that SOCS3
deficiency did not directly change the sensitivity of the cells to
BMP2. Western blot analysis showed that in SOCS3-deficient
NEGCs, phosphorylation of Smadl began to be detected at
around 3 h, peaked at around 6 h, and lasted until at least 12 h
after LIF treatment (Fig. 2A and data not shown). Since the
LIF-induced phosphorylation of Smadl occurred much more
slowly than that of STAT3, Erkl, and Erk2, it was suggested
that LIF has a potential to activate (presumably in an indirect
fashion) the Smad signaling pathway, which in normal cells is
suppressed by SOCS3. A possibility is that LIF induces the
production of BMP2 (and related BMP ligands, if any), which
is under negative feedback regulation involving SOCS3.

ACTIVATION OF BMP SIGNALING BY THE LIF-STAT3 PATHWAY 4933

A WT Socs3-cKO
LIF 0 03 1 3 6 003 1 3 6 (h
pSmad1 ——-_‘--‘-!1—
Smad] | w——— —— e — — — -
socs3 | 4 —a—eaam q
pSTAT3 — — — -“-
STATS | e e s B S s . S D |
pERK1/2 S Ao i s i QG .
B
untreated LIF 6h

E .-

c

(/)]

a

%

&=

[+]

@

. -.

FIG. 2. SOCS3 deficiency leads to unexpected Smadl activation
following LIF stimulation. (A) Phosphorylation of STAT3, ERK1/2,
and Smadl in response to LIF. Wild-type and SOCS3-deficient cells
were treated with LIF (50 ng/ml) for the indicated periods and solu-
bilized. Cell lysates were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and subjected to Western blot analysis
using the indicated antibodies by repeated reprobing. Arrow indicates
the phosphorylated form of Smad1. (B) Nuclear localization of Smad1
after LIF treatment in SOCS3-deficient cells. Cells were either left
untreated or exposed to LIF (50 ng/ml) and cultured for 6 h. The
phosphorylated form of Smad1 and nuclei were detected by the anti-
phospho-Smad1 antibody (red) and Hoechst 33258 staining (blue),
respectively. Background levels of signals are shown in the upper left
panel. Bar, 20 pm.

JAK-STAT signaling upregulates BMP2 production in NECs.
We therefore assessed mRNAs for BMP2 in NECs upon LIF
stimulation. As shown in Fig. 3A, BMP2 mRNA was upregu-
lated at 3 h after LIF stimulation, and this upregulation was
dramatically enhanced in the absence of SOCS3. Two identical
potential STAT3 binding sites (5'-TTCAGAGAA-3’) were
found in the 5’ flanking region of the mouse Bmp2 gene (Fig.
3B). LIF treatment actually upregulated reporter expression
downstream of the potential STAT3 binding sites, and overex-
pression of SOCS3 or a dominant-negative form of STAT3
(DN-STAT3) inhibited this LIF-induced reporter activation
(Fig. 3C). Introduction of the mutation into this site (TTCAG
AGAA—CCAAGAGAA) abrogated responsiveness to LIF
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FIG. 3. LIF induces transcriptional activation of the Bmp2 gene. (A) The induction of BMP2 transcripts in response to LIF was analyzed by
RT-PCR. NECs were treated with LIF (50 ng/ml) for the indicated periods, and total RNAs were isolated. After the RT reaction, cDNA for BMP2
was amplified by PCR. cDNA for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was analyzed as a loading control. (B) Structures of the
mouse Bmp2 gene and reporter constructs used in this study. There are two identical potential STAT3 binding sites (5'-TTCAGAGAA-3') in the
5’ region of the mouse Bmp2 gene. Details about the reporter plasmids are given in Materials and Methods. (C) SOCS3-deficient MEFs were
cotransfected with 4xB2wt-pGL3 and phRL-TK together with or without the expression plasmid of SOCS3 or DN-STAT3. Data are means =
standard deviations (error bars) derived from each assay performed in triplicate. (D) SOCS3-deficient MEFs were cotransfected with 4xB2wt-
pGL3 or 4xB2mut-pGL3, together with phRL-TK. A luciferase assay was performed as for panel C.

(Fig. 4D). These results suggest the presence of a LIF-trig-
gered positive pararegulatory loop involving STAT3-mediated
induction of BMP2 expression and consequent activation of
Smad1, which leads to efficient formation of an astrogliogenic
nuclear complex containing STAT3, p300, and Smad1 (21).
To confirm this hypothesis, NECs were stimulated for 6 h by
LIF in the presence of recombinant Noggin, which would block
the effect of endogenously produced BMP2. As shown in Fig.
4A, LIF-induced phosphorylation of Smadl in SOCS3-defi-
cient cells was canceled by the addition of Noggin. When
wild-type NECs were cultured for a much longer period (3
days) in the absence of LIF, a phosphorylated form of Smadl
was weakly detected (Fig. 4B), possibly due to endogenously
produced and accumulated BMP ligands. Importantly, the
amount of phosphorylated Smad1 was significantly enhanced
by the addition of LIF, which was inhibited by Noggin (Fig. 4B).
We previously reported that, in 4-day NEC cultures, LIF
alone or BMP2 alone could induce differentiation of GFAP-
positive astrocytes, while medium alone had no such effect (6,
22, 38). Our interpretation was that this was due to accumu-
lation of BMP ligands that had been produced spontaneously
by NECs during the 4-day culture and that cooperate with
exogenously added LIF (22). Actually, RT-PCR analysis
showed that NECs express LIF and BMP2, though at relatively
low levels, and GFAP-positive astrocytic differentiation was

observed in a 16-day culture of NECs without exogenously
added LIF or BMP2 (22). As shown in Fig. 4C, Noggin sup-
pressed the differentiation of GFAP-positive astrocytes from
wild-type NECs in the 4-day LIF-containing culture. Our cur-
rent results provide a revised interpretation for astrocytic dif-
ferentiation of NECs by LIF alone in the 4-day cultures: LIF
upregulated the expression of BMP2 and cooperated with the
accumulated BMP protein to induce astrocytes. SOCS3-defi-
cient NECs after 4-day culture with LIF displayed more-in-
tense GFAP immunoreactivity than wild-type cells, and this
immunoreactivity was reduced by Noggin (Fig. 4D). Notably,
the GFAP-expressing cells of these two different genotypes
represented morphologically distinct cell types: wild-type cells
showed an elongated bipolar morphology in most cases (Fig.
4C, left panel), while, in marked contrast, SOCS3-deficient
cells displayed a widespread and highly branched stellate mor-
phology (Fig. 4D, left panel). This morphological observation
could not simply be explained by the enhanced LIF-STAT3
signaling due to SOCS3 deficiency; it reminded us of a recent
report showing that BMP4 treatment of neural progenitors
leads to the appearance of GFAP-expressing cells with a wide-
spread stellate morphology having an increased number of
processes, whereas LIF treatment induces a bipolar or tripolar
morphology (1).
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FIG. 4. LIF induces Smadl activation through the expression of BMP2. (A) Effect of Noggin on LIF-induced phosphorylation of Smadl.
Wild-type and SOCS3-deficient cells were treated with LIF (50 ng/ml) together with or without Noggin (200 ng/ml). Cell lysates were prepared
after 6 h of incubation. Western blot analysis was performed as for Fig. 2A. Arrow indicates the phosphorylated form of Smadl. (B) Phosphor-
ylation of Smad1 by LIF after the 3-day culture. A total of 2 X 10° wild-type cells were plated on 3.5-cm-diameter dishes and treated with LIF (80
ng/ml) together with or without Noggin (200 ng/ml). (C) Noggin suppressed the LIF-induced differentiation of GFAP-positive astrocytes from
wild-type NECs. NECs derived from wild-type mice were cultured with LIF (80 ng/ml) in the absence (left) or in the presence (right) of Noggin
(200 ng/ml). Cells were fixed and stained with an anti-GFAP antibody (green). Nuclei were stained with Hoechst 33258 (blue). Bar, 50 pm.
(D) Effects of Noggin on the morphological changes of SOCS3-deficient NECs after the 4-day culture with LIF. Noggin treatment and

immunostaining were performed as for panel C.

DISCUSSION

Our present study revealed a positive pararegulatory loop
involving STAT3-mediated induction of BMP2 expression and
subsequent Smadl activation (Fig. 5). This newly found loop
appears to function as a signal booster for astrogliogenesis
triggered by IL-6 family cytokines, in the sense that STAT3
induces Smad1 activation to form the astrogliogenic STAT3-
p300-Smad complex. Noggin treatment, which blocked the
pararegulatory loop and abrogated astrogliogenic differentia-
tion (Fig. 4C), indicated that this signal booster mechanism is
crucial for astrogliogenesis. In addition to this loop, a recent
study proposed the presence of a positive autoregulatory loop
of JAK-STAT signaling that involves STAT3-mediated up-
regulated expression of STAT1, STAT3, and gp130 (9) (Fig.
5). Both of these positive loops triggered by IL-6 family cyto-
kines are under the negative feedback regulation of SOCS3
(Fig. 5).

Although LIF and BMP2 cooperate in that they synergisti-
cally induce GFAP-positive astrocytes, they affect astrocyte
morphology differently (1). The morphological difference in
BMP-treated and LIF-treated neural progenitors has also been
reported previously (22, 29). LIF-stimulated SOCS3-deficient
cells in our current study (Fig. 4D) displayed a morphology

similar to that observed for cells under BMP stimulation (1). A
notable change in morphology was observed in the Noggin-
containing culture; LIF-stimulated SOCS3-deficient NECs ex-
hibited a bipolar or tripolar shape (Fig. 4D, right panel) com-
pared to the widespread and well-branched shape without
Noggin (Fig. 4D, left panel). Our present study indicated that
the BMP-Smad pathway was activated, in addition to the LIF-
STAT3 pathway, in astrogliogenesis. Mechanisms for such
morphological changes may involve cytokine-inducible cy-
toskeletal rearrangements, such as BMP-induced activation of
LIM kinase 1, a key regulator of actin dynamics (5).

LIF has been reported to promote astrogliogenesis and,
paradoxically, to support neural stem cell renewal as well (11,
13, 27). Further molecular characterization of the pararegula-
tory loop clarified in this study may explain the differential
effect of LIF on neural precursor cells. In nonneural cell sys-
tems, it has recently been shown that STAT3 upregulates
transforming growth factor 1 expression in hepatocytes and T
cells, which is downregulated by SOCS3 (12, 24). Two other
groups have shown a negative effect of STAT1 and STAT3 on
Smad signaling through the transcriptional upregulation of
Smad7 (10, 40). In this sense, JAK-STAT signaling is supposed
to have two distinct roles as a modulator of transforming
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FIG. 5. Model of LIF-triggered activation of JAK-STAT and Smad signaling pathways in astrogliogenesis. Red arrows indicate the positive
pararegulatory loop shown in this study. Asterisk indicates negative feedback. Blue arrows indicate the previously reported positive autoregulatory

loop of JAK-STAT signaling (9).

growth factor B superfamily signaling pathways, depending on
the cellular context.

Proteins of the SOCS family show broad spatial patterns of
expression in the developing and adult mouse CNS (28). Em-
ery et al. in 2006 reported properties of SOCS3-deficient neu-
ral precursor cells derived from E10.5 embryos by mating
Socs3 heterozygous mutant mice (4). In their report, Northern
blot analysis indicated that LIF-induced GFAP mRNA expres-
sion was potentiated in SOCS3-deficient cells, consistent with
our present observation. However, SOCS3-deficient cells cul-
tured in the presence of LIF grew as small aggregates (Fig. 6 in
reference 4) rather than displaying the widespread and highly
branched stellate morphology shown in our study (Fig. 4D).
The reason for this discrepancy is not known at the moment,
but different culture conditions and cell preparation proce-
dures may have influenced the expression of LIF-downstream
genes besides GFAP. It is of interest whether AMOG, which
was identified as a LIF response gene in our microarray study,
regulates cell-cell and cell-substrate interactions in NECs as in
human glioma cells (32). In contrast to SOCS3 (3), SOCS2 had
no inhibitory effect on LIF-induced astrocytic differentiation
(see Fig. S2 in the supplemental material). Considering the
previously reported role of SOCS2 in the neuronal cell lineage
(39), SOCS3 and SOCS2 appear to have different roles in the
brain depending on cell types and upstream cytokines.

In addition to the developing brain, SOCS3-upstream cyto-
kines function in tissues and organs under inflammatory con-
ditions. Injury in the adult spinal cord results in rapid expres-
sion of IL-6 family cytokines (35), followed by the induction of
SOCS3 (23). Okada et al. recently observed escalated accumu-
lation of reactive astrocytes in the injured spinal cords of
Socs3-cKO mice compared to wild-type mice (25). It is possible
that SOCS3 prevents the development and/or accumulation of

reactive astrocytes at the injured site by inhibiting both the
autoregulatory and the pararegulatory loop (see Fig. 5). Up-
regulation of BMP2 and BMP7 mRNAs was observed after
spinal cord injury (33, 34); the kinetics of this upregulation
were slow and biphasic (34), which may be attributed, in part,
to the IL-6 family cytokine-induced pararegulatory positive
loop involving BMP production found in the present study.
Further investigations to elucidate the orchestration of the
cytokine network would provide valuable clues not only for
fuller understanding of the regulation of neural stem cells but
also for the development of a therapeutic target for cytokine-
induced nerve degeneration and regeneration.
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