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Astrocytes perform multiple essential functions in the devel-
oping and mature brain, including regulation of synapse forma-
tion, control of neurotransmitter release and uptake, and
maintenance of extracellular ion balance. As a result, astrocytes
have been implicated in the progression of neurodegenerative
disorders such as Alzheimer’s disease, Huntington’s disease,
and Parkinson’s disease. Despite these critical functions, the
study of human astrocytes can be difficult because standard dif-
ferentiation protocols are time-consuming and technically chal-
lenging, but a differentiation protocol recently developed in our
laboratory enables the efficient derivation of astrocytes from
human embryonic stem cells. We used this protocol along with
microarrays, luciferase assays, electrophoretic mobility shift
assays, and ChIP assays to explore the genes involved in astro-
cyte differentiation.We demonstrate that paired-like homeodo-
main transcription factor 1 (PITX1) is critical for astrocyte
differentiation. PITX1 overexpression induced early differentia-
tion of astrocytes, and its knockdown blocked astrocyte differ-
entiation. PITX1 overexpression also increased and PITX1
knockdown decreased expression of sex-determining region Y
box 9 (SOX9), known initiator of gliogenesis, during early astro-
cyte differentiation. Moreover, we determined that PITX1 acti-
vates the SOX9 promoter through a unique binding motif.
Taken together, these findings indicate that PITX1 drives astro-
cyte differentiation by sustaining activation of the SOX9
promoter.

Astrocytes are among the most abundant cells in the brain
(1) and contribute to amultitude of complex and essential func-
tions. For example, they regulate the local microcirculation by
signaling to vascular endothelial cells, guide synapse formation,
modulate synaptoplastic function, provide nutrients to neu-
rons, control neurotransmitter release and uptake, and main-
tain extracellular ion balance (2). Therefore, disruption of these
functions will have deleterious effects on neural function;
indeed, astrocytes have been implicated in the progression of
several acute and chronic neurodegenerative diseases (3). For
instance, astrocytes contribute to Ab-induced death of primary
rat neurons, suggesting contribution to Alzheimer’s disease pa-
thology (4). In addition, astrocytes in two mouse models of

Huntington’s disease express dysfunctional Kir4.1 channels,
resulting in reduced extracellular K1 level (5). In Parkinson’s
disease model mice, astrocytes accumulate a-synuclein and
induce microglial activation, resulting in a significant loss of
dopaminergic and motor neurons (6). Consequently, human
astrocytemodels are essential for in vitro studies of human neu-
rodegenerative diseases.
Despite vital contributions to healthy brain function and pa-

thology, the study of human astrocytes is difficult because the
standard differentiation methods are time-consuming and
technically challenging. One of first protocols developed to
differentiate astrocytes from human embryonic stem cells
(hESCs) require 180 days to generate a pure astrocyte popula-
tion (7). Alternatively, following our protocol, we can obtain
pure cultures of mature astrocytes from neural progenitor cells
(NPCs) in ,4 weeks as confirmed by expressions of markers
such as glial fibrillary acidic protein (GFAP), S100 calcium-
binding protein b (S100b), and CD44; reaction to inflamma-
tion; and promotion of synaptogenesis (8).
Paired-like homeodomain transcription factor 1 (PITX1)

regulates the expressions of many developmental genes includ-
ing genes involved in early tissue patterning. The homedomain
of PITX1 includes a lysine residue at the recognition helix that
interacts with the DNA major groove and recognizes the CC
doublet of the target gene promoter. PITX1 also recognizes the
bicoid subfamily of homeoboxes (9), which control the expres-
sions of genes implicated in axis formation and are essential for
the development of anterior structures in Drosophila (10, 11).
Further, PITX1 regulates genes involved in the early stages of
brain development. Lanctôt et al. (12) reported that PITX1 was
up-regulated during mouse and chick embryogenesis. PITX1
expression was also detected in the ectoderm-derived stomo-
deum of mouse embryo at E8, where it contributes to head for-
mation. In addition, PITX1 protein binds a cis-acting element
of the pituitary hormone gene promoter and binds to the
TAAT/GCC core motif. (13), thereby contributing to pituitary
lineage specification (including specification of gonadotropes,
thyrotropes, somatotropes, lactotropes, and corticotropes), pi-
tuitary morphogenesis, and formation of Rathke’s pouch (11,
13, 14). Gene inactivation experiments in mice and chicks have
also demonstrated important contributions to hindlimb devel-
opment. PITX1 knockout mice showed reduced hindlimb size
and complete loss of the ilium and patella, whereas PITX1
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induction initiated hindlimb outgrowth through regulation of
the transcription factor TBX4. PITX1 acts as a regulator of
hindlimb bone and soft tissue morphology (15, 16).
Sex-determining region Y box 9 (SOX9) is a member of the

SOX family and has a conserved high mobility group box.
SOX9 recognizes the consensus DNA sequence AACAAT,
through which it regulates various differentiation processes
(17). The transcriptional function of SOX9 is associated with
chondrogenesis and gliogenesis; indeed, SOX9 is a well-known
chondrogenic marker (18). SOX9 is also expressed on astrocyte
progenitor cells. Conditional deletion of SOX9 prolongs neuro-
genesis and delays gliogenesis (19). A complex of SOX9 and
NFIA co-regulates genes induced after glial initiation (20).
To date, no studies have examined the functions of PITX1 in

astrocyte differentiation or function. In this study, we demon-
strate that PITX1 expression increased during human astrocyte
differentiation and that activation of the SOX9 promoter
induced by PITX1 is critical for this process.

Results

PITX1 expression increases during astrocyte differentiation

We obtained mature astrocytes from hESCs using the mul-
tistep differentiation method developed in our laboratory
(21, 22). Briefly, NPCs were derived from hESCs through se-
quential formation of embryonic bodies, rosettes, and neuro-
spheres (Fig. 1A, panels a–e), which finally differentiated into
star-shaped astrocytes (Fig. 1A, panels f–h). Astrocyte differ-
entiation was confirmed by immunostaining for GFAP (Fig.
1A, panels i and j), an intermediate filament protein that
helps to maintain the mechanical strength of astrocytes (23)
and is highly expressed on reactive astrocytes (24, 25), as well
as by co-immunostaining for GFAP and S100b (Fig. S1), a
neurotrophic protein that acts as an autocrine factor promot-
ing astrocyte proliferation (26, 27).
We examined changes in the expression levels of differentia-

tion-associated genes during astrocyte differentiation using
microarrays. These analyses identified 243 genes showing a
more than 10-fold change between the NPC and mature astro-
cyte stages (days 21 and 28). Among these genes, we focused on
76 genes encoding transcriptional factors. Heat maps (Fig. S2A)
showed clustering between NPC and mature astrocyte expres-
sion groups. Among these genes, 13 up-regulated genes were
selected for confirmation by real-time PCR, none of which have
been studied for association with astrocyte differentiation or
function (Fig. S2B). Finally, we selected the PITX1 gene because
it was markedly up-regulated at both mRNA (Fig. 1B) and pro-
tein levels (Fig. 1C).We also examined CD44 andGFAP protein
expression levels by Western blotting to confirm astrocyte dif-
ferentiation. SequentialWestern blotting during differentiation
revealed CD44 expression prior to detectable GFAP expression,
indicating that CD44 is expressed by astrocyte precursors, con-
sistent with the findings of previous studies (28, 29). Specifi-
cally, differentiating astrocytes expressed CD44 on day 14, and
expression levels of both GFAP and CD44 gradually increased
from days 21 to 28. Therefore, we used CD44 as an astrocyte
precursor marker and GFAP as a mature astrocytemarker.

Next, to confirm this expression pattern in vivo, we exam-
ined PITX1 expression levels at different stages of astrocyte dif-
ferentiation in rat embryonic brain. During rat brain develop-
ment, cell layers are distinguishable on embryonic day 10.5
(E10.5). In this process, the single cortical ventricular zone
(VZ) is divided into the subventricular zone (SVZ), intermedi-
ate zone (IZ), subplate, cortical plate (CP), and marginal zone
(30). On E18.5, most of these layers are clearly distinguished as
in the adult brain (31). Astrocyte development begins with the
emergence of radial glial cells in VZ on E12.5. As brain develop-
ment progresses and distinct layers form, radial glial cells
migrate from VZ to SVZ and IZ and concomitantly differenti-
ate into glial progenitor cells before finally differentiating into
mature astrocytes in the cerebral cortex (32). To examine the
temporal and spatial profiles of PITX1 expression in differenti-
ating astrocytes, we prepared sections of rat embryonic brain
and conducted co-immunofluorescence staining for S100b as
an astrocyte progenitor marker and GFAP as a mature astro-
cyte marker. S100b expression was previously demonstrated in
mouse astrocyte progenitor cells in VZ (33). Similarly, PITX1
was weakly expressed in the innermost VZ on E14.5, but little
GFAP expression was detected. On E16.5, VZ was divided into
layers as revealed by the S100b staining pattern, and S100b-
positive cells in VZ, SVZ, and IZ co-expressed both PITX1 and
GFAP, indicating that astrocyte progenitor cells and mature
astrocytes co-exist in these regions. On E18.5, as brain develop-
ment progressed, layer size further increased, and the expres-
sion of PITX1 disappeared completely, whereas the expression
of S100b weakened. Conversely, GFAP was robustly expressed
in SP and CP, indicating that mature astrocytes had migrated
to the upper part of the brain. In summary, we confirmed that
PITX1 is expressed by astrocyte progenitor cells in the early
stages of glial cell development (E14.5–16.5) but is lost in
mature astrocyte at E18.5, suggesting PITX1 plays an essential
role in the early stages of astrocyte differentiation during brain
development.

Overexpression of PITX1 promotes astrocyte differentiation in
vitro

To directly examine if PITX1 regulates astrocyte differentia-
tion, we generated stably YFP-PITX1–overexpressing NPC
lines using pLV-Venus-PITX1 lentivirus and compared astro-
cyte marker patterns and morphology during astrocyte differ-
entiation to YFP-Vector–overexpressing NPC lines. First,
human hESCs overexpressing YFP-PITX1 or YFP-Vector were
selected using FACS. The fluorescence of sorted cells express-
ing YFP-PITX1 was weaker than those of sorted cells express-
ing YFP-Vector alone, but only cells with weak YFP-PITX1 flu-
orescence could survive and differentiate into NPCs (Fig. S3).
The derived NPCs were checked for expression of the neural
pluripotency marker Nestin and SRY-box transcription factor
2 (34, 35). In addition, PITX1 overexpression was confirmed
through immunofluorescence staining with anti-PITX1 anti-
bodies (Fig. S4).
These stable NPC lines expressing YFP-Vec (YFP-vector sta-

ble cells) or YFP-PITX1 (YFP-PITX1 stable cells) were sub-
jected to our astrocyte differentiation protocol over 28 days,
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and we monitored YFP fluorescence and morphology through-
out this process (Fig. 2A and Fig. S5). In addition, the expres-
sion levels of GFAP and PITX1 were monitored by Western
blotting and immunofluorescence staining. Western blotting
confirmed that GFAP protein appeared earlier in the YFP-
PITX1 line compared with the YFP-Vector line. Expression of
GFAP appeared on day 14 in the YFP-PITX1 line cells and was
greater than that in YFP-Vector line on day 21 (Fig. 2. B and C).
Next, using immunofluorescence, we counted the number of
GFAP-positive cells (red) of the total population of cells
(stained with DAPI, blue). In accordance with the Western
blotting results, the number of GFAP-positive cells increased
rapidly in the YFP-PITX1 line compared with control the YFP-
Vector line, again with GFAP-positive cells first appearing on
day 14, reaching higher numbers than in the YFP-Vector line
on day 21 (Fig. 2,D and E).

Knockdown of PITX1 blocks astrocyte differentiation

To provide further evidence that PITX1 promotes astrocyte
differentiation, we prepared PITX1-knockdown NPCs using a
lentiviral vector encoding a targeted shRNA and compared
astrocyte marker expression and morphology with those of
NPCs expressing a scrambled shRNA. Astrocytes expressing
scrambled shRNA had long and thin bodies, whereas PITX1-
knockdown cells had wide and flat bodies on day 28 (the final
day of astrocyte differentiation) (Fig. 3A). Western blotting
indicated that GFAP expression was eliminated in PITX1-
knockdown cells but was up-regulated in cells transfected with
scrambled shRNA during astrocyte differentiation (Fig. 3, B
and C). Immunofluorescence staining revealed reduced GFAP-
positive cell numbers (red) among all DAPI-stained cells (blue)
in PITX1 knockdown cells compared with scrambled shRNA-
infected cells on days 21 and 28 (Fig. 3, D and E). Taken
together, these findings of PITX1-overxpressing and PITX1-
knockdown cells demonstrate that PITX1 is essential for astro-
cyte differentiation fromNPCs.

SOX9 protein levels are regulated with PITX1 during early
astrocyte differentiation

The level of PITX1 protein gradually increased during astro-
cyte differentiation (Fig. 1, B and C), and knockdown of PITX1
completely blocked astrocyte differentiation (Fig. 3, B and D),
strongly suggesting that PITX1 is involved in the initiation of
astrocyte differentiation. To identify the downstream of PITX1
for astrocyte differentiation, we selected several known targets
and examined whether expression levels were altered by stable
PITX1 overexpression (Fig. S6). We focused specifically on the
relationship between PITX1 and SOX9 because SOX9 is an im-

portant transcription factor in gliogenesis and is a key factor
governing the neuron–glial switch during brain development
(19, 20). Consistent with PITX1-dependent regulation, YFP-
PITX1 NPCs resulted in earlier expression pattern of SOX9
mRNA (days 7–14) compared with in YFP-Vector NPCs (days
14–21) (Fig. 4A). Next, we examined the protein levels of
PITX1 and SOX9 during astrocyte differentiation. Expression
of PITX1 protein gradually increased from the beginning of dif-
ferentiation, whereas that of SOX9 increased markedly from
day 7 to 14, after which it decreased (Fig. 4B). Further, in accord
with real-time PCR results, SOX9 protein increased faster in
YFP-PITX1-NPCs compared with in YFP-Vector NPCs (Fig.
4C). SOX9 protein level peaked at day 14 in YFP-Vector NPCs
but was highest at day 0 (before differentiation) in YFP-PITX1-
NPCs.
Next, we investigated whether SOX9 and PITX1 expression

levels were associated during early astrocyte differentiation fol-
lowing PIXT1 overexpression or knockdown. Differentiating
astrocytes were infected with lentivirus on day 6 and harvested
on day 9 for themeasurement of protein expression byWestern
blotting. In addition, the influence of PITX1 on SOX9 expres-
sion was examined by controlling the transfection multiplicity
of infection (MOI). Overexpression of PITX1 increased SOX9
expression during early astrocyte differentiation (Fig. 4D),
whereas its knockdown reduced the levels of SOX9 protein
compared with in control. Moreover, we demonstrated this
association more precisely by manipulating the magnitude of
transfection (2 or 4MOI). Again, reduction in SOX9 expression
paralleled the reduction in PITX1 protein expression (Fig. 4E).
Therefore, we conclude that PITX1 induces SOX9 protein
expression during early astrocyte differentiation.

PITX1 regulates the SOX9 promoter through a unique binding
motif

PITX1 activates transcription of genes by binding to the
sequence TAATCC within the promoter (11, 36). Therefore,
we investigated the SOX9 promoter to determine whether it
contains this PITX1-binding motif. The SOX9 promoter con-
tains binding sites for multiple transcription factors, most of
which are located in the proximal promoter region within 300
bp of the transcription start site (TSS). The proximal promoter
region was highly conserved among chicks, mice, and humans
(37). The SOX9 promoter has two expected PITX1-binding
motifs between 21015 bp and TSS, a TAATCC sequence at
2578 bp, and a CAATCC sequence (similar to the PITX1
motif) at 2129 bp. We first conducted luciferase assay to con-
firm that PITX1 regulates the SOX9 promoter directly. The lu-
ciferase reporter gene was inserted after the SOX9 promoter

Figure 1. Expression of PITX1 increased during astrocyte differentiation. A, schematic showing the process of astrocyte differentiation from hESCs. Pan-
els show lightmicroscopic images of from hESCs (panel a), EBs (panel b), rosettes (panel c), neurospheres (panel d), NPCs (panel e), astrocyte progenitors on day
5 (panel f), astrocytes on day 14 (panel g), and astrocytes on day 28 of differentiation (panel h), as well as immunofluorescence images of the mature astrocyte
marker GFAP (red) on day 28 at low magnification (panel i) and high magnification (panel j). B, relative PITX1 mRNA expression on different days of astrocyte
differentiation according to real-time PCR. mRNA expression levels were normalized to b-actin expression level. The bars represent the fold change relative to
(undifferentiated) NPCs. C, Western blotting showing the protein levels of PITX1, CD44, GFAP, and b-actin on different days of astrocyte differentiation. The
data are expressed as the means6 S.E. of three independent experiments. Statistical significance was determined by independent sample t test. *, p, 0.05;
**, p, 0.01. D, immunoexpression pattern of differentiating astrocytes in vivo. Rat embryonic brains (E14.5, E16.5, and E18.5) were immunostained for PITX1
(red), S100b (green), and GFAP (red). Map panels show the structure of brain layers, and dashed lines indicate layer boundaries. PITX1 and S100b were co-
stained, and GFAPwas stained separately in other sections. Scale bars, 100mm in A and 75mm inD.
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Figure 2. Overexpression of PITX1-accelerated astrocyte differentiation. A, schematic showing live cells during astrocyte differentiation (days 14,
21, and 28) from NPCs. Cells overexpressed YFP-Vector (Vec) or YFP-PITX1 (both emitting green fluorescence, PITX1). B, Western blotting showing
GFAP, YFP-PITX1, and b-actin protein expression levels by YFP-Vector and YFP-PITX1 NPC lines on different days during astrocyte differentiation. C,
quantification of Western blots (as in B) showing accelerated expression of GFAP (normalized to b-actin expression) in YFP-PITX1 NPC lines. D, immu-
nofluorescence images of astrocytes derived from YFP-Vector and YFP-PITX1 NPC lines during astrocyte differentiation. The cells were stained with
antibodies against GFAP (red) and with DAPI (blue). E, proportion of GFAP-positive cells relative to total cells (DAPI-positive). The data are expressed as
the means 6 S.E. of three independent experiments. Statistical significance was determined by independent sample t test. *, p , 0.05; **, p , 0.01;
***, p, 0.005. Scale bars, 100 mm in A and D.
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(21015 bp to 114 bp) and co-transfected with PITX1 into BE
(2)C cells. Luciferase activity was found to increase in parallel
with PITX1 concentration (Fig. 5A), consistent with direct
induction of SOX9 by PIXT1 binding to the SOX9 promoter.
We next identified the SOX9 promoter-binding site by serial

deletion of promoter sequences. A series of 59-deletions of the
21015 to 114-bp fragments were created in the luciferase re-
porter gene, and BE(2)C cells were co-transfected with these
reporter constructs along with the PITX1 gene. Luciferase
activity was greatly reduced by removing a region including the
predicted PITX1-binding CAATCC motif at 2129 bp, but it
was not changed by deleting a region including the other tenta-
tive PITX1-binding motif TAATCC at 2578 bp (Fig. 5C). The
PITX1-binding sequence in the SOX9 promoter is shown
in Fig. 5B. Compared with the full-length SOX9 promoter
(21015 bp to114 bp), luciferase activity was decreased by half
when the predicted PITX1-binding motif CAATCC at 2129
bp was removed (Fig. 5D). These findings indicate that PITX1
activates the SOX9 promoter via a unique PITX1-bindingmotif
CAATCC at2129 bp.
We next conducted electrophoretic mobility shift assay

(EMSA) to confirm the interaction of PITX1 protein with the
predicted PITX1-binding motif CAATCC at 2129 bp in the
SOX9 promoter. PITX1 contains a 7-kDa homeodomain on

N-terminal (Fig. 5B) known to mediate both protein–DNA and
protein–protein interactions (38, 39). For efficient EMSA, we
purified the homeodomain through thrombin digestion and
ion-exchange chromatography (Fig. S7). We then designed
150-bp biotinylated DNA probes with the predicted PITX1-
binding motif of SOX9 (the full form). The addition of the
PITX1 homeodomain shifted the probe DNA gel band to a
higher than the free probe, and this gel mobility shift disap-
peared upon addition of unlabeled DNA probe. In contrast to
the full probe, a probe with deletion of the predicted PITX1-
binding motif (CAATCC) did not show band shift after addi-
tion of the PITX1 homeodomain (Fig. 5E). We then performed
ChIP assay to determine whether PITX1 binds to this specific
sequence of the SOX9 promoter in differentiating astrocytes
(day 14). PITX1 was precipitated from cell lysates using anti-
PITX1 antibodies and agarose beads. The genes bound by
PITX1 were isolated through a series of procedures. The pres-
ence of the SOX9 promoter, including the predicted PITX1-
binding motif, was confirmed by PCR. b-Actin and SOX9 pro-
moter fragments without the predicted PITX1-binding motif
were used as controls. Only the SOX9 promoter fragments con-
taining the predicted PITX1-binding motif were immunopreci-
pitated by PITX1 (Fig. 5F). We further investigated binding
of the SOX9 promoter to PITX1 protein during astrocyte

Figure 3. Knockdown of PITX1 blocked astrocyte differentiation. A, schematic showing live cells during astrocyte differentiation (days 14, 21, and 28)
from PITX1-knockdown NPCs and control NPCs expressing scrambled shRNA. B, Western blotting showing the protein levels of GFAP, PITX1, and b-actin on
different days of differentiation. C, graph showing greatly reduced expression of GFAP during astrocyte differentiation from PITX1-knockdown cells.D, pictures
showing GFAP immunofluorescence (red) and DAPI (blue) on days 21 and 28 of astrocyte differentiation. E, the proportion of GFAP-positive cells relative to
total cells. The data are expressed as the means6 S.E. of three independent experiments. Means were compared for statistical significance by independent
sample t test. *, p, 0.05; **, p, 0.01; ***, p, 0.005. Scale bars, 100mm in A and D.
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differentiation using ChIP–real-time PCR, which revealed that
PITX1 bound to the SOX9 promoter during early astrocyte dif-
ferentiation (days 7 and 14). However, this interaction weak-
ened in the later stages (days 21 and 28) (Fig. S8). We conclude
that PITX1 activates the SOX9 gene through binding to a
unique sequence (CAATCC) within the SOX9 promoter dur-
ing early astrocyte differentiation.

Discussion

Astrocytes are essential for proper neuronal development,
synapse formation, maintenance of extracellular ion concentra-
tion, regulation of synaptic transmission (40), inflammatory
responses, detoxification pathways, and wound healing (41).
Therefore, astrocyte dysfunction is strongly implicated in vari-
ous brain disorders involving neuroinflammation and transmit-
ter imbalances among other pathogenic processes. For
instance, reactive astrocytes participate in clearance of Ab in
Alzheimer’s disease (42), and astrocytic neuroinflammatory
signaling may contribute to the progression of Alzheimer’s dis-
ease andHuntington’s disease (3).
In the past, most studies on astrocyte physiology and their

contribution to disease were conducted on cells isolated from

the developing brains of animals because it is not feasible to
extract healthy astrocytes from the human brain. However,
recent advances in human pluripotent stem cell differentiation
can provide researchers with supply of human glial cells for ba-
sic mechanistic studies, as well as preclinical investigations on
potential clinical applications in regenerative medicine (43, 44).
Indeed, transplantation of human astrocytes has been shown to
protect spinal cord neurons following injury (45). Moreover,
transplantation of glial-restricted precursors survived in dis-
eased tissue, differentiated efficiently into astrocytes, and atte-
nuated motor neuron loss in rat spinal cord (46). Given the im-
portant contributions of astrocytes to brain physiology and
pathology, as well as the clinical potential of astrocyte trans-
plantation, it is vital to establish improved methods for isola-
tion of human astrocytes. However, this has been hampered by
low efficiency. In fact, using traditional methods, the differen-
tiation of astrocytes from induced pluripotent stem cells
requires .120 (47) and .60 days from hESCs (21, 22). We
developed a method for differentiation of astrocytes from
hESCs that requires only 45 days (efficiency: 80%) (8). This
rapid and efficient astrocyte differentiation protocol provides a
robust platform for human-specific pathology and cell therapy

Figure 4. Association between PITX1 and SOX9 expression levels during early astrocyte differentiation. A, relative mRNA expression levels of GFAP,
SOX9, and PITX1 by YFP-Vector (Vec) and YFP-PITX1 lines at multiple astrocyte differentiation time points according to real-time PCR. mRNA expression level
was normalized to b-actin expression level. The bars represent the fold change relative to control NPCs. B, Western blotting showing the protein expression
levels of PITX1, SOX9, CD44, GFAP, and b-actin after the indicated astrocyte differentiation duration. C, Western blotting showing the protein expression levels
of SOX9, YFP-PITX1, GFAP, and b-actin in YFP-Vector and YFP-PITX1 lines after the indicated astrocyte differentiation duration.D and E, Western blotting analy-
sis showing protein levels of SOX9, PITX1, GFP, and b-actin in PITX1-overexpressing and -knockdown cells during early astrocyte differentiation. Differentiating
astrocytes were infected by lentivirus on day 6 and harvested on day 9. The data are expressed as themeans6 S.E. of three independent experiments. Statisti-
cal significancewas determined by independent sample t test. *, p, 0.05; **, p, 0.01.
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studies. In the current study, we investigated the molecular
factors contributing to astrocyte differentiation using this
protocol.
Expression of PITX1 increased during astrocyte differentia-

tion as revealed by microarrays, real-time PCR, and Western
blotting. Further, PITX1 expression level was strongly associ-
ated with astrocyte differentiation because exogenous PITX1
overexpression accelerated and its knockdown reduced the
emergence of mature astrocytemarkers. In this study, we newly
observed that PITX1 is critical for astrocyte differentiation.
SOX transcription factors, including SOX9, have important

functions during astrocyte and oligodendrocyte development.
In glial precursor cells, SOX9 function was suppressed under

the influence of SOX3, but SOX9 induced astrocyte differentia-
tion when SOX3 was removed (48). SOX9 is known to induce
gliogenesis (19) through cooperation with NFIA (20). We
screened for transcription factors regulated by PITX1 and
found that PITX1 overexpression both enhanced SOX9 expres-
sion in YFP-PITX1 NPCs and shifted the peak of SOX9 expres-
sion during astrocyte differentiation to an earlier period. Fur-
thermore, we wanted to confirm the effect of PITX1 about
SOX9 expression in astrocyte precursor cells, not NPCs. En-
dogenous PITX1 was only weakly expressed on NPCs, but its
expression increased substantially by day 7 of astrocyte differ-
entiation. Therefore, we investigated SOX9 expression level
depending on PITX1 overexpression or knockdown in an early

Figure 5. PITX1 activated the SOX9 promoter through a unique binding motif. A, luciferase activity of the SOX9 promoter with increasing PITX1 levels in
BE(2)C cells. Luciferase activity was normalized to b-gal expression level. The bars represent the fold change relative to the control sample (Con). B, schematic
showing predicted binding motifs within the SOX9 promoter (upper panel) and Homeodomain (HD) of the PITX1 protein (lower panel). C and D, schematic on
the left illustrates SOX9 promoter deletion constructs. Graph on the right shows luciferase activity of the associated construct. The black line indicates the
length of the SOX9 promoter (distance upstream of the TSS indicated by2 and downstream by1). The specific deletion site is marked in gray. Each construct
was fused to a luciferase reporter gene (black box). Expression genes of the Vector and PITX1 protein are depicted as white boxes. BE(2)C cells were co-trans-
fected with the PITX1 expression gene, SOX9 promoter reporter gene, and b-gal expression gene. Luciferase activity was normalized to b-gal expression. The
bars represent the fold change relative to the vector-transfected (control) sample. E, electrophoretic mobility shift assay demonstrating direct binding of the
SOX9 promoter (probe) to the PITX1 homeodomain. The DNA probewas 59- and 39-biotin–labeled. The length of the full-form probewas2200 to251 bp. De-
letion forms of the probe were identical to the full-form probe except the PITX1-binding motifs. The concentration of biotinylated probe was 1 ng, and that of
purified PITX1 homeodomain protein was 500 ng. Unlabeled probe was not biotin-labeled and was added at 500 or 1000 ng. The presence (1) or absence (2)
of specific probes is indicated. F, ChIP assay showing interaction of the SOX9 promoter with the PITX1 protein. PIXT1 was pulled down with interacting DNAs
from astrocytes on differentiation day 14 using a PITX1 antibody. PCR was performed using primers for the human SOX9 promoter. Primers of the SOX9 pro-
moter were designed to amplify region 2201 to 125 and 21032 to 2804 bp. Region 2201 to 125 bp included the PITX1-binding motif. The data are
expressed as the means6 S.E. of three independent experiments. Statistical significance was determined by independent sample t test. *, p , 0.05; **, p ,
0.01; ***, p, 0.005.
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stage of astrocyte differentiation (Fig. 4, D and E). In particular,
the patterns of SOX9 induced by knockdown of PITX1 were
carefully identified, because SOX9 protein increased in early
astrocyte differentiation. The overexpression of PITX1 induced
marked increase of SOX9, and knockdown of PITX1 induced
gradual decrease of SOX9 as MOI increased. As a result, the
stepwise increase and decrease of PITX1 can gradationally
change SOX9 expression in the early stage of astrocyte differen-
tiation. It can be expected that PITX1 strongly interacted with
SOX9. In addition, luciferase assay confirmed that PITX1
directly regulates the SOX9 promoter (Fig. 5, A, C, and D).
Next, we identified two putative PITX1-binding motifs in the
SOX9 promoter within 1 kilobase pair of TSS, a TAATCC
sequence at2578 bp and a CAATCC at2129 bp, but only de-
letion of the latter reduced PITX1-driven luciferase activity.
Thus, PITX1 directly activates the SOX9 promoter through a
novel CAATCC-binding motif; this was further confirmed by
sequence deletion assay, EMSA, and ChIP assay.
The correlation of PITX1 and SOX9 proteins was shown in

the diagram (Fig. 6). At the start of differentiation, SOX9
expression level increases independently of PITX1, presumably
under the influence of other signaling and transcription factors.
A previous study reported that Sonic Hedgehog stimulated the
generation of neural stem cells by inducing SOX9 expression
(49). Moreover, Notch1 led to up-regulation of Sox9 expression
during neuroectodermal differentiation and induced astrocyte
differentiation (50). To derive astrocytes from precursors, we
used NPCs; these have similar lineage capacities as neural stem
cells, so theymay share similar pathways regulating SOX9 aside
from PITX1. After the initiation of astrocyte differentiation,
PITX1 expression level gradually increased in parallel with the
increase in SOX9 expression, but SOX9 disappeared com-
pletely during the late stage of differentiation. We found that
PITX1 and SOX9 interacted through a specific motif within the

SOX9 promoter during the early stage of astrocyte differentia-
tion. However, the expression levels of PITX1 and SOX9 do not
match during late stage of differentiation because transcription
of SOX9 may not be simply influenced by one protein. During
male gonadogenesis, Sf1 and SRY up-regulated SOX9 coopera-
tively, and then SOX9 replaced SRY (51). In another study,
b-catenin interacted with TCF and activated SOX9 transcrip-
tion, which was then autorepressed through an interaction
with b-catenin (52). In the early stage of astrocyte differentia-
tion, we hypothesized that SOX9 transcription is initiated by
other transcription factors and that PITX1 acts as a secondary
transcription factor to maintain SOX9 expression. In our knock-
down experiments, SOX9 expression decreased when PITX1
was suppressed and increased when PITX1 was overexpressed
(Fig. 4, D and E). Subsequently, when astrocyte differentiation
progressed, SOX9 expression decreased. In fact, astrocyte differ-
entiation was completely blocked in SOX9-overexpressing cells
lines (Fig. S9). We believe that SOX9 expression decreases
because of down-regulation of the transcription factor that first
initiates expression or because of an increase in transcriptional
repressors. In summary, PITX1 does not increase SOX9 tran-
scription alone but rather maintains expression with other fac-
tors. We suggest that maintaining SOX9 expression in the early
stage of differentiation is important for sustained progression of
astrocyte differentiation. Once differentiation is complete (or
nearly complete), SOX9 expression falls even in the continued
presence of PITX1 because of the influence of other factors.
In the adult brain, astrocytes regulate inflammation, neuro-

nal excitability, transmitter signaling, metabolic status, and
neurogenesis. Therefore, numerous etiologically distinct brain
disorders may stem from astrocyte dysfunction. We report that
PITX1 directly up-regulates SOX9, a transcription factor that
drives the expressions of other genes required for astrocyte dif-
ferentiation, and this occurs through a newly discovered
PITX1-binding motif in the SOX9 promoter. These findings
may provide mechanistic insight into disorders stemming from
the disruption of astrocyte differentiation and function, as well
as aid in human cell therapies requiring differentiation and/or
transplantation of human astrocytes.

Experimental procedures

Culture of human embryonic stem cell line

The hESC line H9 was cultured onMatrigel® GFR basement
membrane-coated dishes (Corning) in mTeSRTM1 basal me-
dium (STEMCELL Technologies) withmTeSRTM1 supplement
(STEMCELL Technologies) and 25 ng/ml basic fibroblast
growth factor (bFGF; Gibco). The cells were transferred into
new culture dishes every 5 days and provided with fresh me-
dium daily. Cultured cells were maintained in a humidified
incubator under 5% CO2 at 37 °C. All procedures were con-
ducted according the principles outlined in the Declaration
of Helsinki.

Differentiation of NPCs

Embryoid bodies (EBs) were generated by splitting H9
cells into 500-mm-sized colonies using needles and deplat-
ing using collagenase 4 (Worthington Biochemical). EBs were

Figure 6. Schematic depicting the interaction of PITX1 protein with the
SOX9 promoter during the early stage of astrocyte differentiation.
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maintained on Petri dishes with EB medium–DMEM/F12 sup-
plemented with 20% KnockOutTM serum replacement (Gibco),
100 nM LDN193189 (SelleckChem), 10 mM SB525334 (Selleck-
Chem), and 2 mM L-glutamine (Gibco). The EB medium was
changed daily. After 5 days, EBs were replated on dished coated
with Matrigel® matrix basement membrane (Corning) in ro-
sette medium–DMEM/F12 containing 13 N2 (Gibco), 13 B27
(Gibco), L-glutamine, and 40 ng/ml bFGF. Regarding generation
of neural tube-like rosettes, the cells weremaintained for 5 days,
and fresh rosette medium was replaced every alternate day.
Formed rosettes were selected using stretched Pasteur pipettes
andmaintained on Petri dishes with rosettemedium to generate
neurospheres. Fresh rosette medium was replaced every alter-
nate day. After 3 days, the neurospheres were dissociated into
single NPCs using Accutage® (Innovative Cell Technologies).
These single NPCs were seeded on Matrigel®-coated dishes in
STEMdiff neural progenitor basal medium (STEMCELL Tech-
nologies) containing STEMdiff neural progenitor supplement A
and B (STEMCELL Technologies). All cultured cells weremain-
tained in a humidified incubator under 5%CO2 at 37 °C.

Astrocyte differentiation

NPCs were seeded at 30% confluence on Matrigel®-coated
dishes. The next day, the medium was replaced with astrocyte
progenitor medium–DMEM/F12 containing 13 N2, 13 B27,
L-glutamine, 20 ng/ml bFGF, 13 NEAA (Gibco), 5 units/ml
heparin (Sigma), and 20 ng/ml EGF (Millipore). The medium
was changed every alternate day. After 5 days, the cells were
transferred onto Matrigel®-coated dishes with astrocyte me-
dium–Stempro® hESC SFM containing 10 ng/ml Activin A
(Gibco), 10 ng/ml Neuroregulin 1 (Sino Biological), 200 ng/ml
insulin-like growth factor 1 (Gibco), 10 ng/ml ciliary neurotro-
phic factor (Peprotech), and 8 ng/ml bFGF. The cells were dif-
ferentiated for 23 days, and astrocyte medium was changed
every alternate day. All cultured cells were maintained in a
humidified incubator with 5%CO2 at 37 °C.

Generation of stable cell lines and viral transduction of
astrocytes

Stable cell lines were generated by infecting hESC (H9) colo-
nies with 2 MOI of viral supernatant (lentiviral vector; pLV-
Venus-Vector (53), pLV-Venus-PITX1) and LentiBOOSTTM

(Sirion Biotech). After 5 h, the infection medium was replaced
with the original maintenance medium. After 2 days, stably
transduced cells were selected by YFP fluorescence using FAC-
SAriaTM (BD).
Differentiating astrocytes on day 6 were plated at a density of

1 3 105 cells/well in 6-well plates. The following day, the cells
were transfected with 2 MOI of viral supernatant (lentiviral
vector; pLV-Venus-Vector, pLV-Venus-PITX1) and Lenti-
BOOSTTM (Sirion Biotech). After 5 h, the infection medium
was replaced with the original maintenance medium. After 2
days, differentiated astrocytes of day 9 were harvested for
analysis.

Microarrays

Total RNAwas isolated fromNPCs and differentiating astro-
cytes (days 21 and 28) using TRIzol reagent (Ambion). The dif-
ferentiating astrocytes were sorted using FITC anti-human
CD44 antibody (BioLegend; 338803). Three independent RNA
samples were acquired to minimize experimental variation.
RNA was amplified and labeled using Agilent’s low RNA input
linear amplification kit PLUS. Amplified and labeled cRNA was
purified on the cRNA cleanup module (Agilent Technology)
according to the manufacturer’s protocol. Labeled cRNA target
was quantified using the ND-1000 spectrophotometer (Nano-
Drop Technologies). After checking labeling efficiency, hybrid-
ization was performed using the Agilent gene expression
hybridization kit. Fragmentation of cRNA was performed by
adding 103 blocking agent and 253 fragmentation buffer and
incubating at 60 °C for 30 min. The fragmented cRNA was
resuspended in 23 hybridization buffer and directly pipetted
onto the Agilent human oligo microarray (44K). The array was
hybridized at 65 °C for 17 h in the Agilent hybridization oven
(Agilent Technology). The hybridized microarrays were
washed according to the manufacturer’s protocol (Agilent
Technology). Hybridized chips were scanned using the Agilent
DNA microarray Scanner and quantified using the Agilent fea-
ture extraction software. All data normalization and further
analysis were performed using GeneSpringGX 7.3 (Agilent
Technology). All processing of microarrays was performed by
Ebiogen.

Real-time PCR

RNA was isolated from cells using TRIzol reagent (Ambion)
and the RNeasy kit (Qiagen) following the manufacturers’ pro-
tocols. cDNAwas synthesized from 2mg of RNA usingMoloney
murine leukemia virus reverse transcriptase (Promega). Quanti-
tative real-time PCR was performed with TB GreenTMPremix
Ex TaqTM (TaKaRa) on the CFX Connect real-time PCR detec-
tion system (Bio-Rad). Relative expression levels were normal-
ized to the b-actin gene expression level. The primer sequences
used were as follows: b-actin, forward, 59-GAGCACAGA-
GCCTCGCCTTT-39, and reverse, 59-ACATGCCGGAGCC-
GTTGTC-39; GFAP, forward, 59-GGCCCGCCACTTGCAG-
GAGT-39, and reverse, 59-CTTCTGCTCGGGCCCCTCAT-39;
PITX1, forward, 59-GACCCAGCCAAGAAGAAGAA-39, and
reverse, 59-AACTGCTGGCTTGTGAAGTG-39; and SOX9,
forward, 59-GAGCTGAGCAGCGACGTCAT-39, and reverse,
59-CGTAGCTGCCCGTGTAGGTG-39

Immunofluorescence

Cultured cells were rinsed with PBS and fixed in 4% parafor-
maldehyde (T&I) diluted in PBS for 10 min at room tempera-
ture. After washing with PBS, the fixed cells were permeabilized
and blocked with 0.3% Triton® X-100 (Sigma) diluted in 13
Western blocking reagent solution (Roche) for 1 h at room
temperature. Cells were incubated with rabbit anti-GFAP
antibody (Abcam; ab7260) and mouse anti-S100b (Abcam;
ab11178) diluted in 13 Western blocking reagent solution at
4 °C overnight. After washing with PBS, the cells were stained
with goat anti-rabbit IgG (H 1 L) cross-adsorbed secondary
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antibody conjugated to Alexa Fluor 594 (Invitrogen; A11012)
and goat anti-mouse IgG (H 1 L) cross-adsorbed secondary
antibody conjugated to Alexa Fluor 488 (Invitrogen; A11001)
for 1 h at room temperature. After washing with PBS, the cells
were mounted using ProLong® Gold antifade reagent with
DAPI solution (Invitrogen). The images were acquired with the
Leica DM IL LED inverted laboratory microscope (Leica).

Histology

The embryos of Sprague–Dawley rats were dissected on
E14.5, E16.5, or E18.5 and fixed by immersion in 4% parafor-
maldehyde (T&I) at 4 °C overnight. Then fixed embryos were
soaked in 30% sucrose solution overnight at 4 °C and embedded
in FSC 22® clear frozen section compound (Leica). The brains
were cryosectioned at 10 mm (E16.5 and E18.5) or 20 mm
(E14.5) with a vibratome (VT1000S, Leica).
Regarding immunostaining, the brain sections were washed

with PBS and permeabilized with 0.3% Triton® X-100 (Sigma)
for 30 min. Next, sections were blocked with 13 Western
blocking reagent solution (Roche) for 1 h at room temperature.
Sections were then incubated at 4 °C overnight with antibodies
against GFAP (Abcam; ab7260), S100b (Abcam; ab11178), and
PITX1 (Novus; NBP1-88644) diluted in 13 Western blocking
reagent solution. After washing with PBS, the sections were
stained with goat anti-rabbit IgG (H 1 L) cross-adsorbed sec-
ondary antibody conjugated to Alexa Fluor 594 (Invitrogen;
A11012) and goat anti-mouse IgG (H1 L) cross-adsorbed sec-
ondary antibody conjugated to Alexa Fluor 488 (Invitrogen;
A11001) for 1 h at room temperature. After washing with PBS,
the sections were mounted using ProLong® Gold antifade
reagent with DAPI solution (Invitrogen). The images were
acquired using a Leica DM IL LED inverted laboratory micro-
scope. All animal experiments were performed in accordance
with relevant guidelines and regulations, approved by the ethics
committees of the Korea Research Institute of Bioscience and
Biotechnology.

Western blotting

The cells were rinsed with PBS, harvested, and lysed using
Nonidet P-40 lysis buffer containing protease inhibitors
(cOmplete, Mini, EDTA-free; Roche) for 30 min on ice. The
cell lysates were centrifuged at 14,000 rpm for 20 min. The
protein concentration of the supernatants was measured
using the 13 Bio-Rad protein assay dye reagent concentrate
(Bio-Rad Laboratories). The proteins were separated by SDS-
PAGE and transferred to polyvinylidene fluoride membranes
(Millipore). The membranes were blocked with 5% (w/v) dry
skim milk diluted in TBS (pH 7.5) with 0.05% Tween® 20 (TBS-
T; Sigma) for 1 h. After washing with TBS-T, the membranes
were incubated overnight at 4 °C with primary antibody diluted
in TBS-Twith the addition of 5% BSA (GenDEPOT) on a rocking
platform. After washing with TBS-T, the membranes were incu-
bated with horseradish peroxidase–conjugated secondary anti-
body diluted in TBS-T for 1 h. After washing with TBS-T, the
membranes were developed using Immobilon Western chemi-
luminescent horseradish peroxidase substrate (Merck) and
visualized using the Fusion Solo 6X system (Vilber). The pri-

mary antibodies used were as follows: rabbit anti-GFAP
(Abcam; ab7260), mouse anti-CD44 (Novusbio; NBP1-47386),
mouse anti-GFP (Santa Cruz; sc-9996), mouse anti–b-actin
(Sigma; A5441), rabbit anti-PITX1 (Abcam; ab70273), and rab-
bit anti-SOX9 (Cell Signaling; 82630).

Luciferase assay

BE(2)C cells were plated at a density of 1.53 105 cells/well in
24-well plates. The following day, the cells were transfected
using Lipofectamine 3000 (Invitrogen) with 0.5 mg of DNA
(pGL3 basic reporter genes, 200 ng; pLV-Venus-PITX1 expres-
sion gene, 100 ng; and RSV–b-Gal normalized gene, 200 ng).
After 24 h of incubation, the medium was changed to DMEM
with 10% fetal bovine serum (Gibco). After 48 h of transfection,
luciferase assay was performed using the Dual-Luciferase re-
porter assay system (Promega) according to the manufacturer’s
protocol. A portion of the cell lysate was used for measure-
ment of b-gal activity. Ortho-nitrophenyl-b-D-galactopyrano-
side (Sigma) solution was added to a portion of the cell lysate,
and the solution was incubated at 37 °C for 15 min. Measure-
ments of luciferase and b-gal activities were conducted using
the VICTORTM3 3 plate reader (PerkinElmer).

PITX1 homeodomain purification

BL21(DE3) competent Escherichia coliwere transfected with
target DNA (pGEX-4T-1 GST-PITX1 homeodomain) and
induced with 0.1 mM isopropyl b-D-thiogalactopyranoside at
18 °C overnight. The bacteria were resuspended in lysis buffer
(50 mM Tris-HCl pH 7.5, 200mMNaCl, and 3 mM b-mercapto-
ethanol), and the homeodomain was extracted with GST resin
purification followed by thrombin digestion. The proteins were
purified by ion-exchange chromatography and HitrapQ col-
umn size-exclusion chromatography. The purified proteins
were separated by SDS-PAGE. The SDS-PAGE gel was fixed
and stained in Sun-Gel staining solution (SPL solution) for 1 h
with gentle agitation. Then the PAGE gel was washed with dis-
tilled water until the background of the gel was fully destained.
Protein purification was conducted by Bonsu Ku laboratory.
The amino acid sequence of PITX1 homeodomain is as follows:
QRRQRTHFTSQQLQELEATFQRNRYPDMSMREEIAVWT-
NLTEPRVRVWFKNRRAKWRKRE.

EMSA

EMSA was performed using the LightShift® chemilumines-
cent EMSA kit (Thermo Scientific) according to the manufac-
turer’s protocol. Biotinylated probe and unlabeled probe were
made by Bioneer. 1 ng of biotinylated probe was incubated with
500 ng of purified PITX1 protein and 500 ng or 1000 ng of
unlabeled probe for 20 min at room temperature. The reac-
tion mixtures included 50 ng of poly(dI·dC). The reacted
probes were separated on 6% polyacrylamide gels and trans-
ferred to BiodyneTM B nylon membranes (Thermo Scientific).
Biotinylated probe was detected using the Fusion Solo 6X sys-
tem (Vilber).
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ChIP assay

Differentiating astrocytes were fixed in 1% formaldehyde
(Sigma) for 10 min, washed with PBS, resuspended in lysis
buffer, and centrifuged at 8000 rpm for 10min. The nuclei were
isolated with nuclei extraction buffer and sonicated using Ul-
trasonic Processors (Sonics Vibra-CellTM) at 20% amplitude for
3 min. The nuclei solution was centrifuged at 14,000 rpm for 20
min, and the concentration of supernatants was measured
using Nanodrop One (Thermo Scientific). Then 50 ng of sam-
ple of the supernatant was used as input control, whereas 200
ng of sample was mixed with 2 mg of anti-PITX1 antibody
(Abcam; ab70273) and rabbit IgG control (Santa Cruz; sc-2027)
each, followed by incubation at 4 °C overnight. Protein A/G
Plus agarose beads (Santa Cruz; sc-2003) were added to the
samples and incubated at 4 °C for 3 h. Then the beads were
washed twice with each of the following wash buffers (150 mM

NaCl low-salt buffer, 500 mM NaCl high-salt buffer, 250 mM

LiCl buffer, 10 mM Tris, and 1 mM EDTA buffer). The superna-
tant was removed, and the beads were resuspended in immuno-
precipitation elution buffer (1% SDS, 1 mM EDTA, Tris-Hcl
10 mM). Additionally, input control samples were added with
immunoprecipitation elution buffer. The bead mixture was
then centrifuged at 14,000 rpm for 3min, and the supernatants
of bead and input samples were incubated at 65 °C overnight.
10 ml of proteinase K (Sigma) and 250 ml of Tris buffer were
added to the samples and incubated at 42 °C for 2 h. 500 ml
of phenol/chloroform/isoamyl alcohol (Sigma) was added to
the sample and vortexed. The sample was centrifuged at
14,000 rpm at 4 °C for 10 min, and the supernatant was com-
bined with 500 ml of chloroform/isoamylalcohol (Sigma) and
vortexed. These samples were then centrifuged at 14,000 rpm
at 4 °C for 10 min, and the supernatant was mixed with glyco-
gen (Sigma) and sodium acetate (Sigma). Pure ethanol was
added to the samples and vortexed. The samples were incu-
bated at 220°C overnight. The samples were centrifuged at
14,000 rpm at 4 °C for 30 min, and the supernatant was
removed. The precipitate was washed with 80% ethanol. The
samples were then centrifuged at 14,000 rpm for 10min at 4 °C,
and the supernatant was removed. The pellet was dried for 10
min at room temperature and subsequently dissolved in Tris-
EDTA buffer. The isolated DNA was analyzed by PCR assays
using primers for the human SOX9 promoter and b-actin. The
primer sequences were as follows: b-actin, forward, 59-GAG-
CACAGAGCCTCGCCTTT-39, and reverse, 59-ACATGCCG-
GAGCCGTTGTC-39; SOX9 (2201 to114), forward, 59-CTA-
CCGTCCGCCCTTTG-39, and reverse, 59-GCTTTCGGC-
TCTCCAACTC-39; and SOX9 (21032 to 2804), forward,
59-GGAGCGTTTTGTCTGCGGT-39, and reverse, 59-GCC-
GACGCTCCTCAGTAA-39.
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