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SUMMARY

Human neural precursor cells (hNPCs) derived from pluripotent stem cells display a high propensity for neuronal differentiation, but
they require long-term culturing to differentiate efficiently into astrocytes. The mechanisms underlying this biased fate specification
of hNPCs remain elusive. Here, we show that hypoxia confers astrocytic differentiation potential on hNPCs through epigenetic gene
regulation, and that this was achieved by cooperation between hypoxia-inducible factor 1o and Notch signaling, accompanied by a
reduction of DNA methylation level in the promoter region of a typical astrocyte-specific gene, Glial fibrillary acidic protein. Furthermore,
we found that this hypoxic culture condition could be applied to rapid generation of astrocytes from Rett syndrome patient-derived
hNPCs, and that these astrocytes impaired neuronal development. Thus, our findings shed further light on the molecular mechanisms
regulating hNPC differentiation and provide attractive tools for the development of therapeutic strategies for treating astrocyte-mediated

neurological disorders.

INTRODUCTION

The mammalian CNS is composed mainly of three
neural cell types, neurons, astrocytes, and oligodendro-
cytes, all of which are generated from common multi-
potent neural precursor cells (NPCs) (Namihira and
Nakashima, 2013; Svendsen et al., 1998). With recent ad-
vances in stem cell culture techniques, NPCs derived
from human pluripotent stem cells (hPSCs), and embry-
onic and induced pluripotent stem cells (hESCs and
hiPSCs), have been shown to recapitulate neural devel-
opment to some extent in vitro (Takahashi et al., 2007;
Thomson et al., 1998; Yu et al., 2007) and to serve as a
model for various neurological disorders (Israel et al.,
2012; Marchetto et al., 2011; Park et al., 2008; Sanchez-
Danes et al., 2012). However, although human NPCs
(hNPCs) derived from hPSCs differentiate efficiently
into neurons, an extremely low fraction of them
generate astrocytes over a period of 4 weeks after the
induction of differentiation (Hu et al., 2010). Recent
studies have shown that hNPCs require prolonged cul-
ture (typically around 100-200 days) under sphere-form-
ing conditions to efficiently differentiate into astrocytes
(Edri et al.,, 2015; Kondo et al.,, 2013; Krencik et al.,
2011; Williams et al., 2014), thus retarding human astro-
cyte functional research that is relevant to neurological
diseases.

Constituting about 40% of all cells in the brain, astro-
cytes have long been classified as mere passive sup-

porting cells that, for example, promote survival and
functional synaptic formation of neurons; however, as-
trocytes are also essential for the phagocytic elimination
of synapses, which refines neuronal circuit development
(Allen and Barres, 2009). Because these roles of astro-
cytes are very important for brain function, astrocytes
are indispensable components in CNS integrity (Allen
et al., 2012; Christopherson et al., 2005; Hamilton and
Attwell, 2010; Haydon and Nedergaard, 2015; Kucukder-
eli et al., 2011; Molofsky et al., 2012; Ullian et al., 2001;
Zhang et al., 2016). Therefore, astrocyte dysfunction
is thought to be implicated in various neurological
disorders including Rett syndrome (RTT), which is
caused by methyl-CpG binding protein 2 (MECP2) muta-
tions (Amir et al., 1999; Bienvenu and Chelly, 2006;
Tsujimura et al., 2015). Mutant (MT) MECP2-expressing
astrocytes derived from RTT-hiPSCs have recently been
reported to have adverse effects on neuronal maturation
compared with their isogenic wild-type (WT) MECP2-
expressing astrocytes (Williams et al., 2014). However,
little progress in human astrocyte functional analysis
has been made because, as noted above, differentia-
tion of hPSC-derived hNPCs into astrocytes is a time-
consuming process.

The interleukin-6 family of cytokines, including leuke-
mia inhibitory factor (LIF), are well known to efficiently
induce astrocytic differentiation of late-gestational (Ig)
NPCs by activating the janus kinase (JAK)-signal trans-
ducer and activator of transcription (STAT) signaling
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pathway (Bonni et al.,, 1997; Nakashima et al., 1999;
Weible and Chan-Ling, 2007). However, these cyto-
kines are incapable of inducing astrocytic differentia-
tion of mid-gestational (mg)NPCs because astrocytic
genes, such as Glial fibrillary acidic protein (Gfap), are
silenced by DNA methylation (Fan et al., 2005; Takizawa
et al.,, 2001). Thus, mgNPCs have a strong tendency
to differentiate into neurons rather than astrocytes.
mgNPCs prepared from embryonic day 11 (E11) mouse
telencephalon can be induced with moderate efficiency
to differentiate into astrocytes after culturing for 4 days
(nominally corresponding to E15), while astrocytic
differentiation is effectively induced in 1gNPCs prepared
directly from E15 mouse telencephalon. We have
previously shown that this weaker acquisition of
astrocytic differentiation potential by mgNPCs cultured
in dishes is due to the high oxygen level compared
with that in vivo (Mutoh et al.,, 2012). The atmo-
sphere contains 21% O, (160 mm Hg), whereas inter-
stitial oxygen concentration ranges from 1% to 5%
(7-40 mm Hg) in mammalian tissues including the em-
bryonic brain (Mohyeldin et al., 2010; Simon and Keith,
2008). Thus, 21% O, (atmospheric) is actually physiolog-
ically abnormal in vivo; however, because cell cultures
are generally conducted in 21% O,, and it is common
to define atmospheric O, concentration as normoxia,
we refer to 21% O, as normoxia in this study. Notably,
when we cultured E11 mgNPCs for 4 days under hypoxia
(2% O), the cells differentiated efficiently into astro-
cytes, to a level comparable with that of E15 IgNPCs.
We also revealed that demethylation of Gfap in mgNPCs
is enhanced in hypoxic culture compared with that in
normoxia (21%) (Mutoh et al., 2012).

Given these findings, we hypothesized that the ineffi-
cient astrocytic differentiation of hPSC-derived hNPCs
is due to a retarded or suspended transition from mid-
to late-gestational stages of NPC development, so that
hypoxia should confer astrocytic differentiation potential
on hNPCs as we observed in mouse mgNPCs. We there-
fore cultured hPSC-derived hNPCs under hypoxic condi-
tions and found that this is indeed the case. The hNPCs
differentiated rapidly (within 4 weeks) into astrocytes,
and this was inversely correlated with the methylation
status of the GFAP promoter. We also show that conferral
of astrocytic differentiation potential on the hNPCs is
achieved by a collaboration between hypoxia-inducible
factor la (HIFle) and Notch signaling. Furthermore,
we show that astrocytes derived from RTT-hiPSCs using
our method impair aspects of neuronal development
such as neurite outgrowth and synaptic formation, indi-
cating that our protocol will accelerate investigations of
the functions of neurological disorder-relevant astrocytes
in vitro.
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RESULTS

Astrocytic Differentiation Potential of hNPCs Is
Inversely Correlated with DNA Methylation Status in
the GFAP Promoter

We first re-examined the differentiation tendencies of four
hNPC lines established from hiPSCs (AF22 and AF24),
hESCs (AF23) (Falk et al., 2012), and human fetal brain
(CB660) (Sun et al., 2008) by immunocytochemistry with
antibodies against the neuron and astrocyte markers
tubulin B 3 class III (TUBB3) and GFAP, respectively.
Whereas fetal brain-derived CB660 could efficiently differ-
entiate into both TUBB3-positive neurons and GFAP-
positive astrocytes after a 4-week differentiation period,
the astrocyte population was extremely low in AF22 and
AF23 (Figures 1A and 1B). Moreover, only a small fraction
of AF22 and AF23 differentiated into astrocytes even
when stimulated with LIF, which activated STAT3 in these
cells (Figures S1A and S1B). Interestingly, AF24 (hNPCs es-
tablished from CB660-derived hiPSCs) also barely differen-
tiated into astrocytes even in the presence of LIF (Figures
1A, 1B, S1A, and S1B). These results suggest that the capac-
ity to differentiate into astrocytes is restricted in hNPCs if
they are derived from hPSCs, regardless of the properties
of the original cells. Since it has been shown that mouse
mgNPCs have a limited astrocytic differentiation potential
due to the hyper-methylation status in astrocytic gene
promoters (Namihira et al., 2009; Takizawa et al., 2001),
we next examined the methylation status of the GFAP pro-
moter as a representative gene promoter in these cells (Fig-
ure 1C). Bisulfite sequence analysis revealed a high-methyl-
ation status for the GFAP promoter in AF22, 23, and 24 but
not in CB660 (Figures 1D and 1E). These methylation sta-
tuses were inversely correlated with the astrocytic differen-
tiation ability of each cell line (Figures 1B and 1E).

Hypoxia Increases Astrocytic Differentiation of hNPCs
in Association with Demethylation of the GFAP
Promoter

hNPCs with low astrocytic differentiation potential (AF22,
23, and 24) were all established from hPSCs, and had never
been exposed to hypoxia during or after their establish-
ment (Falk et al., 2012). In contrast, CB660 hNPCs were
prepared directly from a human fetal brain around gesta-
tional week 8 (Sun et al., 2008), indicating that they had
been under hypoxia until at least this time because embry-
onic tissues including brain are in hypoxic conditions (Mo-
hyeldin et al., 2010; Simon and Keith, 2008). Since we have
previously shown that hypoxia confers astrocytic differen-
tiation potential on mouse mgNPCs (Mutoh et al., 2012),
we speculated that the difference in astrocytic differentia-
tion between these hNPCs is attributable to their exposure
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to hypoxia. Therefore, we decided to test whether hypoxic
exposure enhances astrocytic differentiation of AF22-24.
Since HIFle, an oxygen sensor, has been shown to be
crucial for mouse mgNPCs to acquire astrocytic differentia-
tion ability (Mutoh et al., 2012), we first examined HIFla
expression together with that of HIF2a in our hNPC culture
(Figures 2C, 2D, and 2E). Once induced, HIF1a expression
was sustained until 28 days (Figures 2D and 2E). qRT-PCR
data indicated that HIF1« expression peaked at 21 days
after the onset of low-oxygen culture (Figure 2E). On the
contrary, HIF2o and HIF2« expression were induced tran-
siently, but then returned to basal levels (Figures 2D and
2E). These results are inconsistent with those of two previ-
ous studies (Forristal et al., 2009; Stacpoole et al., 2011).
However, this may be due to differences in cell types and
culture conditions: Forristal et al. (2009) performed exper-
iments using hESCs in the maintenance condition, and
Stacpoole et al. (2011) did so using hESC-derived NPCs,
which were maintained in aggregation form, in spinal mo-
tor neuron- and midbrain dopaminergic neuron-inducing
conditions, whereas we maintained and differentiated

Undifferentiated
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mean + SD; ***p < 0.001; one-way ANOVA
and Tukey's test). See also Figure S1.

hPCS-derived hNPCs in monolayer. Furthermore, cultures
in both of those studies but not in ours contained basic
fibroblast growth factor (bFGF), which has a variety of ef-
fects on cell behavior. We therefore presume that these dis-
crepancies explain the difference in HIFla and HIF2a
expression between the previous experiments and ours,
although we cannot completely exclude other possibilities.

When AF22-24 were cultured under hypoxia, we
observed a dramatic induction of GFAP- (Figures 2A and
2B for AF22-24) and aquaporin-4 (AQP4)-positive astro-
cytes (Figure S2A for AF22) after 28 days of differentiation.
In addition to GFAP and AQP4 mRNA expression, we also
confirmed the upregulation of expression of another astro-
cyte-specific gene, aldehyde dehydrogenase 1 family member
L1 (ALDHILI), in AF22 under hypoxia (Figure S2B).
Consistent with this observation, DNA methylation in
the GFAP promoter, including the STAT3 binding site,
was greatly reduced in AF22 under hypoxia compared
with normoxia after 28 days of differentiation (Figures 2C
and 2F). Moreover, mRNA expression of nuclear factor
IA (NFIA) and hairy and enhancer of split 5 (HESS),
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differentiation conditions (n = 3 indepen-
dent experiments; error bars are mean + SD;
*p < 0.05, **p < 0.01, ***p < 0.001; Stu-
dent’s t test). See also Figure S2.

downstream targets of Notch signaling (Mutoh et al.,
2012), was upregulated under the hypoxic condition (Fig-
ure S2C). Since Notch signaling is known to be important
for mouse mgNPCs to acquire astrocytic differentiation po-
tential by reducing DNA methylation levels in the pro-
moters of astrocyte-specific genes (Namihira et al., 2009),
it seemed likely that Notch signaling would also contribute
to demethylation of the GFAP promoter in the hNPCs
under hypoxia. We could detect the expression of at least
one astrocyte-inducing factor, LIF, in AF22 in the differen-
tiated condition (Figure S2D), suggesting that these cells are
in an environment where they can express GFAP once
the gene promoter has become demethylated. Since we
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have focused on astrocytic differentiation of hPSC-derived
NPCs in this study, we did not extensively investigate their
differentiation into oligodendrocytes, which are generated
at late-gestational stages in addition to astrocytes. How-
ever, although we must await detailed investigations
in the future, we did find that the expression of oligoden-
drocyte-related genes, such as platelet-derived growth factor
receptor B (PDGFR@), chondroitin sulfate proteoglycan 4
(CSPG4, also known as NG2), 2,3'-cyclic nucleotide
3’ phosphodiesterase (CNP), and proteolipid protein 1 (PLP1),
was increased in AF22 under hypoxia compared with nor-
moxia 28 days after the initiation of differentiation (Fig-
ure S2E), implying that our low-oxygen culture can
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Figure 3. A Hypoxic Environment inside the Aggregation Accounts for Enhanced Astrocytic Differentiation of hNPCs

(A) Experimental scheme for differentiation of AF22 through sphere-forming culture.

(B) Representative images of staining for Hypoxiprobe (pimonidazole adducts, green) and Hoechst (blue) of AF22 cultured in aggregation
forms under 21% or 30% 0, conditions. Pimonidazole adduct formation was clearly observed under 21% but not 30% 0,. Scale bar, 300 um.
(C) Representative images of staining for TUBB3 (green) and GFAP (red), indicating that efficient GFAP-positive astrocytic differentiation
of AF22 was induced through 21% 0, but not 30% 0, aggregation culture. Scale bar, 50 pum.

(D) Quantification of GFAP-positive cells cultured as in (C) (n = 3 independent experiments; error bars are mean + SD; **p <0.01; Student’s

t test). See also Figure S3.

likewise be applied to monitoring the induction of oligo-
dendrocytic differentiation of hPSC-derived NPCs.

Low Oxygen Level Is Responsible for Aggregation
Culture-Mediated Potentiation of hNPCs to
Differentiate into Astrocytes

Accumulating evidence suggests that aggregation (or
sphere) culture of hNPCs can improve the generation of as-
trocytes from the cells (Imamura et al., 2015; Lancaster et al.,
2013; Taguchi et al., 2014; Volkner et al., 2016). Taking this
and our findings above into consideration, we suspected
that the reason why aggregation culture can enhance astro-
cyticdifferentiation of NPCs is that the cells inside the aggre-
gation are in a hypoxic microenvironment even though the
culture itself is conducted at atmospheric oxygen level. To
test this, we cultured AF22, which had never or scarcely
been cultured in aggregation, for 15 days as spheres under
either normoxic (21% O,) or hyperoxic (30% O,) in undif-

ferentiated conditions, and then induced their differentia-
tion for 28 days in monolayer culture (Figure 3A). We
assessed oxygen levels in the aggregates using a chemical re-
agent, pimonidazole. Pimonidazole is reductively activated
in hypoxic cells and forms stable adducts with sulfhydryl
groups in amino acids, at around or below 10 mmHg, which
can be detected with specific antibodies (Arteel et al., 1998).
As we anticipated, pimonidazole adducts were clearly de-
tected inside the aggregation formed in normoxia but not
that in hyperoxia (Figure 3B), indicating that cells within
the normoxic aggregation are in a hypoxic environment.
We also confirmed that vascular endothelial growth factor,
a downstream target of HIF1a, was expressed in the aggre-
gates (Figure S3). Twenty-eight days after differentiation
was induced, we could detect efficient GFAP-positive astro-
cytic differentiation of AF22 that had been cultured
as spheres in normoxia but not in hyperoxia (Figures 34,
3C, and 3D), suggesting that the previously reported
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potentiation of hNPCs for astrocytic differentiation in
sphere culture (Edri etal., 2015) is attributable to low oxygen
levels in the aggregates.

Notch Signaling and HIF1a Function Synergistically to
Confer Astrocytic Differentiation Potential on hNPCs
Because Notch signaling has been shown to be crucial for
mouse mgNPCs to acquire astrocytic differentiation ability
(Namihira et al., 2009), we next examined whether this is
also the case for hNPCs. AF22 cultured under hypoxia
differentiated to GFAP-positive astrocytes in response to
LIF stimulation, but did not do so in the presence of a y-sec-
retase inhibitor (N-[N-(3,5-difluorophenacetyl)- -alanyl]-S-
phenylglycine t-butyl ester; DAPT) which is widely used
to block Notch signaling (Figures 4A-4C). When we acti-
vated Notch signaling by the expression of the Notch intra-
cellular domain (NICD), AF22 showed a slight but not sta-
tistically significant increase in astrocytic differentiation in
the normoxic culture conditions (Figures 4D and 4E). How-
ever, the expression of a constitutively active form of HIF1a
(HIF1a-CA) (Yan et al., 2007), to mimic the hypoxic situa-
tion in the cells, synergistically induced astrocytic differen-
tiation of AF22 with NICD under normoxia even in the
absence of exogenous LIF (Figures 4D and 4E). Consistent
with this, simultaneous expression of NICD and HIF1a-CA
significantly reduced the methylation level of the GFAP
promoter (Figures 4F and 4G). Taken together, these data
suggest that HIF1o and Notch signaling are cooperatively
important for hypoxia-mediated acquisition of astrocytic
differentiation potential by hNPCs derived from hPSCs.

Astrocytic Differentiation of hPSC-Derived hNPCs Is
Further Increased in the Presence of FBS under 1% O,
Conditions

Although hypoxia (2% O;) has been shown to enhance the
astrocytic differentiation of hPCS-derived hNPCs, we tried

to find more efficient conditions for astrocytic differentia-
tion of these cells. When we cultured AF22 in the presence
of fetal bovine serum (FBS) under 1% O, hypoxia as indi-
cated in Figure S4A, these cells differentiated to GFAP-pos-
itive astrocytes more efficiently than they did under all
other conditions examined in this study (Figures S4B and
$4C). In addition, we also confirmed the upregulation of
GFAP and ALDHI1L1 mRNA expression in AF22 under 1%
O, with FBS (Figure S4D). Although the expression of
another astrocytic marker, AQP4, was reduced in the pres-
ence of FBS compared with the serum-free 2% O, condition
(Figure S4D), the expression level was still much higher
than that in undifferentiated AF22, in accordance with a
previous study (Table S2 of Edri et al., 2015), supporting
our proposal that this hypoxic condition promotes astro-
cytic differentiation of hPSC-derived hNPCs.

Functional Analysis of RTT Patient-Derived Astrocytes
Generated in Hypoxic Culture

A recent study has shown that RTT-hiPSC-derived astro-
cytes have adverse effects on the morphology and function
of neurons (Williams et al., 2014). In that study, astrocytes
were generated from hiPSC-derived hNPCs only after more
than 200 days in culture, whereas our hypoxic culture
could yield astrocytes from hNPCs within 28 days (Figures
2A and 2B). However, it was unclear whether these astro-
cytes, generated rapidly through hypoxia, would be
functional enough to allow us to investigate pathological
aspects of patient-relevant astrocytes.

We have recently established isogenic pairs of either WT
or MT MECP2-expressing hiPSCs from a 10-year-old RTT
patient and converted them into hNPCs (RS2-65M and
RS2-62P, respectively) (Andoh-Noda et al., 2015). To obtain
RTT patient-derived astrocytes, we cultured RS2-65M and
RS2-62P in the presence of FBS under 1% O, (Figure 5A).
We found that more than 60% of cells differentiated into

Figure 4. Cooperation between Notch Signaling and HIF1« Mediates Astrocytic Differentiation under Hypoxia

(A) Experimental scheme for culturing AF22 to examine the effect of Notch signal activation using DAPT (7y-secretase inhibitor; 10 uM)
under the hypoxic differentiation condition.

(B) Representative images of staining for TUBB3 (green) and GFAP (red) 19 days after differentiation under hypoxia in the presence or
absence of DAPT. LIF was added to the culture medium for 4 days to stimulate astrocytic differentiation. Scale bar, 50 pum.

(C) Quantification of GFAP-positive cells for assessing the effect of Notch signaling (n = 3 independent experiments; Student’s t test).

(D) Representative images of staining for TUBB3 (green) and GFAP (red) at 28 days after overexpression of NICD with or without HIF1a-CA
expression under the normoxic differentiation condition. Nuclei were counterstained with Hoechst (gray). Scale bar, 50 um.

(E) Quantification of GFAP-positive cells for assessing differentiation of hNPCs in (D) (n =4 independent experiments; one-way ANOVA and
Tukey's test).

(F) Methylation status of the GFAP promoter in AF22 (left) and in AF22 expressing HIF1o-CA and NICD (right), after 28 days of differ-
entiation. Open and filled circles represent unmethylated and methylated CpG sites, respectively. The red bar of CG dinucleotide indicates a
methylation site of STAT3 binding site.

(G) Methylation frequency within the STAT3 binding site and total CpG sites in the GFAP promoter in (F). Solid bars depict methylation
levels in total CpG sites, and white bars depict that in the STAT3 binding site (n = 3 independent experiments; error bars are mean + SD;
N.S., not statistically significant, *p < 0.05, ***p < 0.001; Student’s ¢ test).
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Figure 5. Hypoxia Enables RTT Patient-Derived hNPCs to Rapidly Differentiate into Astrocytes

(A) Schematic representation of the protocol for generating astrocytes from RS2-65M and -62P.

(B) Representative images of staining for TUBB3 (green) and GFAP (red) after 28 days of astrocytic differentiation of RS2-65M and -62P
hNPCs. Scale bar, 200 pum.

(C) Quantification of GFAP-positive cells in (B) for assessing differentiation of hNPCs (n = 3 independent experiments; Student’s ¢ test).
(D) Methylation status of the GFAP promoter region in RS2-65M and -62P cultured in undifferentiated or differentiated conditions as in
(A). Open and filled circles represent unmethylated and methylated CpG sites, respectively. The red bar of CG dinucleotide indicates a
methylation site of STAT3 binding site.

(E) Methylation frequency within the STAT3 binding site and total CpG sites in the GFAP promoter in (D). Solid bars depict methylation
levels in total CpG sites, and white bars depict those in the STAT3 binding site (n = 3 independent experiments; error bars are mean + SD;
N.S., not statistically significant, *p < 0.05, **p < 0.01; one-way ANOVA and Tukey's test). See also Figure S4.

astrocytes in both cell lines after 28 days of differentiation To confirm previously reported effects of RTT patient-
(Figures 5B and 5C). In addition, bisulfite sequence analysis  derived astrocytes on soma size and neurite outgrowth
revealed that hypoxia reduced DNA methylation in the of neurons, we co-cultured hNPCs (AF22) in normoxia
GFAP promoter, including the STAT3 binding site, in both with WT or MT MECP2-expressing astrocyte-enriched
cells (Figures 5D and SE). cells generated under hypoxia from RS2-65M or RS2-62P,
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Figure 6. Astrocytes Derived from RTT-hiPSCs Impair Neuronal Maturation

(A) Experimental scheme for assessing soma size and neurite length in EGFP-labeled AF22 with neuronal morphology. Astrocytic differ-
entiation was induced in RS2-65M or -62P with FBS (from day 14 to 28) under hypoxia (1% 0,). EGFP-labeled AF22 were then seeded onto
these differentiated astrocytes and cultured under normoxia in the absence of FBS for 7 days.

(B) Representative images of staining for EGFP (green) and GFAP (red) of AF22 after 7 days of co-culture with differentiated RS2-65M
or -62P (more than 60% of these cells differentiated into astrocytes; see also Figure 5). Boxed areas in the upper images are enlarged
below. Scale bar, 20 pum.

(C) Quantification of soma area and neurite length of EGFP-labeled AF22 with neuronal morphology after 7 days of co-culture with
differentiated RS2-65M or -62P (n = 3 independent experiments).

(D) Experimental scheme for neuronal culture with conditioned medium of astrocyte-enriched cells (CMA) collected from differentiated
RS2-65M or -62P, which were cultured as in Figure 5. Each CMA was added to neuronal culture as 30% of the medium volume at day 12 and
the neurons were cultured for an additional 3 days.

(legend continued on next page)
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respectively (Figure 6A). After 7 days of co-culture, over
70% of AF22 became TUBB3-positive cells displaying
neuronal morphology on both WT and MT MECP2-ex-
pressing astrocyte-enriched cells, indicating that hNPCs
differentiated into neurons efficiently regardless of the
genotype of the astrocytes (data not shown). We found
that soma size and neurite length of cells with neuronal
morphology were reduced, as reported previously (Wil-
liams et al., 2014), when the cells were co-cultured with
MT MECP2-expressing astrocyte-enriched cells compared
with those observed in the co-culture with WT MECP2-ex-
pressing cells (Figures 6B and 6C).

A previous study has shown that hippocampal neurons
have lower spine density in RTT patients than in healthy
individuals (Chapleau et al., 2009). However, it remains un-
known whether astrocytes with MT MECP2 expression
contribute to this phenotype. To address this question,
we cultured WT mouse hippocampal neurons with condi-
tioned medium of astrocyte-enriched cells (CMA) from
WT or MT MECP2-expressing cells generated from hNPCs
as in Figure 6A (Figure 6D), and co-immunostained
these neurons with antibodies against discs large MAGUK
scaffold protein 4 (DLG4, also known as post-synaptic
density protein 95 (PSD-95)) and solute carrier family 17
menber 7 (SLC17A7, also known as vesicular glutamate
transporter 1 (VGLUT1)), which are post- and pre-synaptic
markers, respectively. We observed that treatment of
neurons with CMA from MT MECP2-expressing cells sup-
pressed synaptic formation (Figures 6E and 6F), raising
the possibility that MT MECP2-expressing astrocytes
indeed contribute to the dysregulation of synaptic (or
spine) formation reported in RTT patients.

DISCUSSION

With the advent of hESCs (Thomson et al., 1998) and
hiPSCs (Takahashi et al., 2007; Yu et al., 2007), our under-
standing of mechanisms underlying phenomena such as
cellular dysfunction in neurological diseases has advanced
greatly because these hPSCs are, at least in part, capable of
recapitulating development and disease phenotypes in cul-
ture (Sanchez-Danes et al., 2012). However, these studies
have mainly focused on neuronal functions and not on
the roles of astrocytes, even though astrocytes are known
to participate in various types of neurological disorders (Al-
len et al., 2012; Christopherson et al., 2005; Hamilton and

Attwell, 2010; Haydon and Nedergaard, 2015; Kucukdereli
etal., 2011; Molofsky et al., 2012; Ullian et al., 2001; Zhang
et al., 2016). One of the reasons for this discrepancy is that
generating neurons from hPC-derived hNPCs is relatively
easy, whereas generating astrocytes is extremely time
consuming (Edri et al., 2015; Kondo et al., 2013; Krencik
et al., 2011; Williams et al., 2014). In the mammalian
CNS, astrocytes are known to be produced from NPCs
at the late-gestational stage during development, and
mounting evidence has indicated that this stage-depen-
dent generation of astrocytes from NPCs is achieved by
systematic cooperation between environmental cues and
cell-intrinsic programs. In this context, we have previously
shown that the retarded acquisition of astrocytic differenti-
ation potential by mouse mgNPCs cultured in vitro is due
to the high oxygen levels compared with those encoun-
tered in vivo (Mutoh et al., 2012), leading us to hypothesize
that low oxygen level confers astrocytic differentiation po-
tential on hPSC-derived hNPCs. Consistent with our previ-
ous study in the mouse, recent work has suggested that
hypoxia mediates the potentiation of astrocytic differenti-
ation in hNPCs (Patterson et al., 2014; Xie et al., 2014). In
these papers, the microRNA let-7b was reported to enhance
astrocyte generation from hNPCs under hypoxia. let-7b
has subsequently been proposed to promote astrocytic dif-
ferentiation of mouse NPCs in parallel with JAK-STAT
signaling (Shenoy et al., 2015). In the present study,
we have verified a mechanism for potentiating hPSC-
derived hNPCs to differentiate into astrocytes: low oxygen
levels confer astrocytic differentiation potential on hNPCs
through a collaboration between HIFla and Notch
signaling, which leads to demethylation of the astrocyte-
specific gene GFAP.

Regarding mouse mgNPCs, we have previously indicated
that Notch signal activation in NPCs induces the expres-
sion of nuclear factor IA (Nfia), which binds to astrocyte-
specific gene promoters, resulting in dissociation of the
maintenance DNA methyltransferase 1 (Dnmt1) from the
promoters (Namihira et al., 2009). Dnmtl dissociation
eventually leads to demethylation of astrocyte-specific
gene promoters as NPCs continue to divide, thereby
conferring astrocytic differentiation capacity on mouse
NPCs (Namihira et al., 2009). Demethylation of astrocyte-
specific gene promoters was further enhanced when mouse
NPCs were cultured under in vivo-mimicking hypoxic con-
ditions, most likely because HIF1a physically interacts with
NICD to effectively induce a Notch signal target gene, Nfia

(E) Neurites of mouse hippocampal neurons were immunostained for DLG4 (green), SLC17A7 (red), and MAP2 (blue) after 3 days of culture
with CMA from differentiated RS2-65M or -62P. Representative images are shown. Scale bar, 10 um.

(F) Quantification of co-localized DLG4 and SLC17A7 signals in (E) for assessing normalized synaptic densities (n = 3 independent ex-
periments; 30 neurons in each sample; error bars are mean + SD; *p < 0.05; Student’s ¢ test).
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(Gustafsson et al., 2005; Namihira et al., 2009). In the pre-
sent study, although we have revealed that the expression
of Notch signal target genes including NFIA was upregu-
lated, and that HIFla cooperated with Notch signaling to
control astrocytic differentiation of hNPCs under hypoxia
as occurs in mouse NPCs, to elucidate whether hNPCs
exploit exactly the same mechanism as mouse NPCs
must await future investigation.

DNA methylation in the GFAP promoter, including the
STAT3 binding site, decreased gradually, and a substantial
difference was observed in AF22 between 2% and 21% O,
conditions 28 days after the induction of differentiation.
There are several possible reasons why it took a relatively
long time to see this methylation difference between 2%
and 21% O, conditions: (1) some time was required for the
relevant factor genes to be transcribed, translated into pro-
tein, and to accumulate sufficiently to function efficiently;
(2) as we have shown in the present and a previous study
(Namihira et al., 2009), Notch signaling in NPCs must be
activated to induce DNA demethylation in astrocytic gene
promoters. Notch ligands are expressed in immature neu-
rons, which are generated from NPCs, and these immature
neurons are produced only from around 10 days after the
initiation of differentiation (hNPCs need more time than ro-
dent NPCs before neuronal differentiation can be detected);
and, finally, (3) demethylation of astrocytic gene promoters
is mediated by a passive demethylation process that requires
DNA replication during cell division, meaning that this
demethylation does not occur immediately after the deme-
thylation-related factor Nfia, which induces dissociation of
Dnmtl from astrocytic gene promoters, is produced by
Notch signal activation in NPCs (Namihira et al., 2009).
Determining the precise cause of this time lag remains an
important challenge for future studies.

Here, using hNPCs derived from RTT patient iPSCs as an
example, we have shown that our method of hypoxia-medi-
ated rapid astrocytic differentiation of hNPCs can be applied
to functional analysis of patient-derived astrocytes. We re-
vealed that MECP2 MT astrocytes diminish the soma size,
neurite outgrowth, and synaptic formation of neurons. As
well as in RTT, astrocyte dysfunction has also been impli-
cated in many other neurological diseases such as Alexander
disease, which is characterized by genetic mutations in GFAP
(Hagemann et al., 2013). Several types of transgenic mice
with mutations in GFAP have been established. However,
not all of the human pathological phenotypes of astrocytes
can be reproduced in mice, necessitating research using hu-
man astrocytes, and this holds true for other astrocyte-medi-
ated neurological disorders. Our hypoxic culture greatly
accelerates the production of patient-relevant astrocytes,
bringing us one step closer to better understanding the
mechanisms underlying these disorders and also paving
the way for development of strategies for their treatment.

EXPERIMENTAL PROCEDURES

Cell Culture

Four hNPC lines, AF22 (58 passages), AF23 (29 passages), AF24 (21
passages), and CB660 (33 passages), were established and main-
tained in monolayer culture as described previously (Falk et al.,
2012; Sun et al., 2008). Isogenic pairs of either WT or MT
MECP2-expressing hNPCs derived from RTT patient iPSCs (RS2-
65M [11 passages] and RS2-62P [10 passages]) (Andoh-Noda
etal., 2015) were established and maintained briefly in sphere cul-
ture (fewer than 10 passages), and then maintained in monolayer
culture. All of these cells were plated onto 0.1 mg/mL poly-L-orni-
thine (Sigma)- and 10 pg/mL laminin (Corning)-coated plates
in maintenance medium: DMEM/F12 (Invitrogen), 0.1 mg/mL
penicillin/streptomycin (Nacalai Tesque), 1 uL/mL B27 (Gibco),
10 ng/mL bFGF (PeproTech), and 10 ng/mL epidermal growth fac-
tor (EGE PeproTech). Cells were passaged at a ratio of 1:3 every
third to fourth day using TrypLE (Gibco). To induce differentiation,
cells were plated onto Matrigel (Corning)-coated 35-mm dishes at
a density of 0.5-1.0 x 10° cells/dish in maintenance medium
lacking both EGF and bFGF (differentiation medium), and then
cultured in either normoxic (21% O,) or hypoxic (2% O) condi-
tions. Half of the medium was changed every 2 days. LIF
(1/1,000; Wako) was employed for further induction of astrocytes.
To inhibit Notch signaling, DAPT (EMD Millipore) was added to
the differentiation medium.

To induce astrocytic differentiation more efficiently, hNPCs es-
tablished from hPSCs were cultured in differentiation medium
under hypoxia (1% O,) for 14 days without FBS (Gibco), and
then for 7 days each with 1% and 5% FBS.

To obtain CMA, astrocyte-enriched cells differentiated from RS2-
65M or RS2-62P were washed with PBS, and the medium was
replaced with neuronal medium (Neurobasal Medium; Gibco) sup-
plemented with B27. On the next day, CMA was collected from the
culture dishes and added to cultured hippocampal neurons to
examine synaptic density.

Neuronal cultures were prepared from P1 mouse hippocampus
according to a previously described protocol (Tsujimura et al.,
2015), with some modification. In brief, the hippocampus was di-
gested with papain at 37°C for 20 min and triturated with a 1-mL
pipette. Minimum essential medium with 5% FBS and 0.6%
glucose was added and the mixture was plated onto a poly-L-
lysine-coated 35-mm culture dish. After 3 hr, the medium was
replaced with maintenance medium supplemented with B27
(Gibco) containing cytosine B-D-arabinofuranoside (5 mM; Sigma)
to eliminate proliferating cells. To avoid neuronal cell death by a
complete medium change, half of the medium was replaced every
3 days with fresh maintenance medium. After 12 days, the neurons
were used for assays.

The study protocol was reviewed and approved by Kyushu Uni-
versity Institutional Review Board for Clinical Research (Approval
No. 27-59).

Bisulfite Sequencing

Genomic DNA was extracted and subjected to bisulfite sequencing
as described previously (Takizawa et al., 2001). Specific DNA frag-
ments were amplified by PCR using primers described previously
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(Namihira et al., 2009; Takizawa et al., 2001). The PCR products
were cloned into pGEM-T Easy vector (Promega), and 15 randomly
picked clones from three samples were sequenced. Primer se-
quences for PCRs are available upon request.

Lentivirus Production

A human HIF1a-CA (Addgene) sequence was cloned into pSLIK-
Neo vector (Addgene). Tet-O-FUW-hNICD was purchased (Addg-
ene). To prepare lentivirus, HEK293T cells were co-transfected
with these constructs and lentiviral packaging vectors (pCAG-
HIVgp and pCMV-VSV-G-RSV-Rev). The culture supernatants
were collected 48 hr after transfection, and virus was introduced
into AF22 by adding the supernatants to the culture medium.
HIF1a-CA-expressing cells were purified by G418 (Nacalai Tesque).

Statistical Analysis

Statistical analyses were performed using either Student’s t test
(for comparisons between two groups) or one-way ANOVA (with
Tukey’s multiple comparison test or Dunnett’s post-test) (for
multiple groups comparison). All experiments were independently
replicated at least three times. Differences were considered statisti-
cally significant at P < 0.05.
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