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HMGN Family Proteins Promote Astrocyte Dif-
ferentiation of Neural Precursor Cells
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Key words. Astrocytes ® Neural stem cells « Chromatin » HMGN proteins «
STAT3 transcription factor

Astrocytes are the most abundant cell type in the mammalian brain and
are important for the functions of the central nervous system {CNS). Alt-
hough previous studies have shown that the STAT signaling pathway or its
regulators promote the generation of astrocytes from multipotent neural
precursor cells {NPCs} in the developing mammalian brain, the molecular
mechanisms that regulate the astrocytic fate decision have still remained
largely unclear. Here, we show that the high mobility group nucleosome-
binding (HMGN) family proteins, HMGNL, 2 and 3, promote astrocyte dif-
ferentiation of NPCs during brain development. HMGN proteins were ex-
pressed in NPCs, Sox2" glial progenitors and GFAP" astrocytes in perinatal
and adult brains. Forced expression of either HMGN1, 2 or 3 in NPCs in cul-
tures or in the late embryonic neocortex increased the generation of astro-
cytes at the expense of neurons. Conversely, knockdown of either HMGN1,
2 or 3 in NPCs suppressed astrocyte differentiation and promoted neuronal
differentiation. Importantly, overexpression of HMGN proteins did not
induce the phosphorylation of STAT3 or activate STAT reporter genes. In
addition, HMGN family proteins did not enhance DNA demethylation and
acetylation of histone H3 around the STAT-binding site of the gfap pro-
moter. Moreover, knockdown of HMGN family proteins significantly re-
duced astrocyte differentiation induced by gliogenic signal ciliary
neurotrophic factor (CNTF), which activates the JAK-STAT pathway. There-
fore, we propose that HMGN family proteins are novel chromatin regulate-
ry factors that control astrocyte fate decision/differentiation in parallel
with or downstream of the JAK-STAT pathway through medulation of the
responsiveness to gliogenic signals. STEm CeLLs 2014; 00:000-000

nisms of the astrocyte fate decision are still poorly un-
derstood.
It has been well established that activation of STAT sig-

Astrocytes are associated with diverse functions such as
recycling neurotransmitters, storing energy, forming the
blood-brain barrier and regulating synapse formation in
the CNS [1-3]. Astrocytes, as well as neurons and
oligadendracytes, arise from NPCs. Astrogenesis occurs
towards the end of the neurogenesis period [4]. Alt-
hough recent findings have shown that astrocyte devel-
apment is regulated by extrinsic signals such as growth
factors/cytokines and cell-intrinsic programs such as
chromatin maodifications [5-8], the molecular mecha-

STEM CELLS 2014;00:00-00 wwew.StemCells.com

naling promotes astrocyte differentiation [9-12]. In-
deed, the interleukin-6 (IL-6) family of cytokines includ-
ing feukemia inhibitory factor (LIF}, CNTF and
cardiotrophin-1 (CT-1) that activates the JAK-STAT
pathway has been shown to promote astrocyte differ-
entiation. Moreover, astrocyte differentiation in the
developing CNS is accompanied by the increased ex-
pression and activation of the STAT signaling compo-
nents [13], and the deletion of gp130, the co-receptor
of the IL-6 family receptors, results in impaired astro-
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cyte differentiation [14]. Furthermore, the bone mor-
phogenetic protein (BMP) and Notch pathways cross-
talk with the JAK-STAT pathway and promote astrocyte
differentiation [15-17]. DNA methylation at astrocytic
gene loci maintained by Dnmtl is essential for antago-
nizing STAT signaling during the neurogenic phase, and
the Notch-NFIA pathway has been shown to overcome
this effect of Dnmtl in inducing astrocyte differentia-
tion [18-21]. Other molecules unrelated to STAT signal-
ing have also been implicated in the regulation of astro-
cyte differentiation, including Sox9, SCL, REST, SRF,
MEK-Etv5 and Nfe2ll [22-29]. However, it remains
largely unclear how these factors regulate astrocyte
differentiation.

HMGN family proteins (HMGN1-5) are architectural
non-histone chromosomal proteins that bind to nucleo-
somes and modulate the structure and function of
chromatin [30]. HMGN family proteins compete with
the linker histone H1 for chromatin binding sites and
reduce the Hl-mediated compaction of the chromatin
fiber [30]. Although HMGN1, 2 and 3 are highly ex-
pressed in the CNS [31-33], their roles in brain devel-
opment are unknown.

In this study, we found that HMGN family proteins
promote astrocyte differentiation in neocortical NPCs.
Consistent with this observation, HMGN family proteins
are expressed in NPCs, glial progenitors and astrocytes
in the perinatal and aduit brains. Given that knockdown
of HMGN family proteins reduced astrocyte differentia-
tion induced by CNTF, HMGN family proteins appear to
regulate astrocyte differentiation through medulation
of the responsiveness to gliogenic signals.

Plasmid constructs

The retrovirus vectors pMX-IRES-EGFP {pMXIG) [34] and
pcUXIE were kindly provided by T. Kitamura and H.
Song, respectively. pCAG-IRES-EGFP (pCAGIG) was a
kind gift from C.L. Cepko and T. Matsuda. Mouse
Hmgn1, Hmgn2 and Hmgn3b cDNAs were amplified by
PCR from a cDNA library prepared from mouse NPCs.
Hmgn3a c¢DNA was purchased from OriGene. STAT3-C
construct was kindly provided by 1.F. Bromberg. An acti-
vated mutant of Notchl was described previously [17].
These cDNAs were subcloned into pMXIG, pcUXIE and
pCAGIG. The pSIREN-shiuc {control short hairpin (sh)
RNAJ, pSIREN-shHmgnl (Hmgnl shRNA), pSIREN-
shHmgn2 (Hmgn2 shRNA) and pSIREN-shHmgn3
{Hmgn3 shRNA) retroviral constructs were generated as
specified by the manufacturer (BD Biosciences and
Clontech). The target sequences were as follows:
Hmgnl shRNA#1: 5-GCGGGAAAGGATAAAGCATCA-3,
#2: 5'-GCATCCATCACGTCTGTCAGT-3'; Hmgn2 shRNA#1L:

5'-GCGAAGAAGGGAGAGAAGGTA-3, #2: 5
GGTTTCCCAGTCCATTGAGTG-3’; Hmgn3 shRNA#1: 5'-
GGAACAAAGATTAGCAGAGGT-3, #2: 5'-

GCAAATACCAATTTCACATCG-3'. All these viral vectors
were transfected into the packaging cell line Plat-E or
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Plat-GP to produce retroviruses as described previously
[34].

Animals

All female mice were maintained according to protocols
approved by the Animal Care and Use Committee of the
University of Tokyo.

Cell culture

Neurosphere culture was performed as described pre-
viously [17, 35]. The cells obtained from the forebrains
of mouse embryos at E11.5 and E16.5 were cultured in
DMEM/F-12 (1:1} (Life Technologies) supplemented
with the B-27 supplement (Life Technologies), 20 ng/ml
fibroblast growth factor 2 {FGF2) (Life Technologies), 20
ng/ml epidermal growth factor (EGF) (Millipore) and 2
Ag/mi heparin (Sigma-Aldrich).

To infect cells with virus, primary neurospheres were
dissociated at day 2 after seeding and replated to yield
secondary spheres. The cells were harvested at day 4
and subjected to retrovirus infection by incubating with
high-titer virus to yield 60-80% infection efficiency. In
the  differentiation  assay, the  virus-infected
neurospheres were dissociated and seeded on poly-D-
lysine (100 Eg/ml, Sigma-Aldrich)-coated glass cham-
bers, and subsequently the cells were cultured for 6
days without FGF2 and EGF and subjected to
immunostaining. Clonal analysis was performed as de-
scribed previously [36]. In the proliferation assay, divid-
ing cells were labeled with 5-ethynyl-2'-deoxyuridine
(EdU 4 EM, Life Technologies) for 2 h. In some experi-
ments, cells were treated with 50 ng/ml CNTF (Sigma-
Aldrich). The quantitative results are expressed as mean
+ standard deviation {SD) of 3-5 independent culture
experiments, and statistical analyses were performed
with a two-tailed unpaired t-test.

Immunostaining and histological analysis
" Sixteen @m-thick cryosections were prepared from
mouse embryonic and postnatal forebrains, and adult
mouse brains. Immunostaining of brain sections and
cultured cells was performed as described previously
[17, 35] using the following antibodies: Tull (mouse,
1:5000; Covance}; GFAP (mouse, 1:1000; Millipore, and
rabbit, 1:1000; Dako); S100pB (rabbit, 1:500; Dako); 04
{mouse 1gM, 1:1000; Millipore}; Sox9 (rabbit, 1:1000;
Millipore, and goat, 1:100; Santa Cruz Biotechnology);
Sox10 (goat, 1:500; Santa Cruz Biotechnology); Sox2
(goat, 1:200; Santa Cruz Biotechnology); GFP (rabbit,
1:2000; MBL, and chicken, 1:2000; Abcam}; HMGN1
(rabbit, 1:10000; Abcam}; HMGN2 (mouse, 1:10000;
Millipore); HMGN3 (rabbit, 1:100; Santa Cruz Biotech-
nology}; Cux1 (rabbit, 1:200; Santa Cruz Biotechnology);
cleaved caspase3 {rabbit, 1:1000; Cell Signaling Tech-
nology); Thr2 {rabbit, 1:2000; Abcam}; NeuN (mouse,
1:200; Millipore, and rabbit, 1:1000; Millipore); CC1
{mouse, 1:500; Millipore); MBP (rabbit, 1:200; Milli-
pore); MAG (mouse, 1:400; Millipore); Doublecortin
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{Dcx) (goat, 1:200; Santa Cruz Biotechnology). EdU ia-
beling and staining were performed using the Click-
TEdU Imaging Kit {Life Technologies]. Immunoreactive
cells were visualized by staining with secondary anti-
bodies conjugated with Alexa Fluor 488 and 594 {1:400;
Life Technologies). Cell nuclei in cultured samples and in
tissue sections were stained with Hoechst 33342 (Sig-
ma-Aldrich}, TOTO-3 or TO-PRO-3 {Life Technologies). In
utero electroporation experiments, NPC differentiation
in the cortex of P7 mouse brains was examined by
counting the number of marker’/GFP” cells in defined
areas (1.2 mm x 1.2 mm = 1.44 mmz). From each ani-
mal, 2-5 coronal sections were chosen te cover compa-
rable regions of the anterior and posterior parts of the
forebrain.

in utero and postnatal electroporation

For in utero electroporation, introduction of plasmid
DNA into neuroepithelial cells of the mouse embryonic
brain was performed as described previously [36].
pCAGIG-HMGN vectors were injected at a concentration
of 2.5 mg/mi into the lateral ventricle of mouse brain at
E16.5. Electrodes were positioned at the flanking ven-
tricular regions of each embryo, and four pulses of 40V
for 50 ms were applied at intervals of 950 ms with an
electroporator (CUY21E; Tokiwa Science), The brains
were isolated at postnatal day 7 (P7). For postnatal
electroporation, pSIREN knockdown vectors for HMGN
proteins were injectad at a concentration of 2.5 mg/ml
into the lateral ventricle of PO mouse pups. Eight pulses
of 80 V for 50 ms were applied at intervals of 950 ms.
The brains were isolated at P3 and P7.

Reverse transcription and polymerase chain
reaction {RT-PCR}

Total RNA was obtained using TRizol {Life Technologies).
Reverse transcription {RT) was performed with 1 Eg of
total RNA and ReverTra Ace gPCR RT kit {TOYOBO), The
resulting ¢DMNA was subjected to real-time PCR in a
Roche LightCycler with SYBR Premix Ex Tag (Takara).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal control. The following sense and
antisense primers were used: mouse HMGNI1: 5-

GCGGGAAAGGATAAAGCATCA-3 and 5'-
CTCTGTGGTITGCTGGTC-3"; mouse HMGN2:  5'-
AACCAAGGTGAAGGACGA-3' and 5'-
GTTTGGGCTCTGGCTTT-3; mouse  HMGN3: 5
ACACAGAGGGCAAAGATG-3' and 5'-
GGAACAGGTTTCGCGGA-3; mouse  GAPDH:  5'-

TGEGTGTGAACCACGAG-3and 5-
AAGTTGTCATGGATGACCTT-3".

Western blot analysis

The expression of pSTAT3-Y705, STAT3 and HMGN fami-
iy proteins was examined by Western blot analyses as
described previously [17] using the following antibod-
ies: pSTAT3-Y705 (rabbit, 1:1000; Cell Signaling Tech-
nology); STAT3 (rabbit, 1:1000; Millipore); HMGN1
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{rabbit, 1:10000; Abcam); HMGN2 {mouse, 1:10000;
Millipore); and HMGN3 (rabbit, 1:100; Santa Cruz Bio-
technology). GAPDH (mouse, 1:1000; Millipore) was
used as an internal control.

Luciferase assay

Gfap promoter-Luc (GF1L-pGL3) {15] was kindly provid-
ed by K. Nakashima. NPCs were transfected with STAT-
dependent (4 x APRE} Luc plasmid or gfap promoter-Luc
plasmid, expression plasmids for HMGN family proteins
or STAT3-C and the pRL-SV40 plasmid encoding Renilla
luciferase {Promega) with the use of Lipofectamine
2000 {Life Technologies). The cells were cultured for 24
h with FGF2 and EGF, and then without FGF2 and EGF
far 24 h. Cell extracts were subsequently prepared and
assayed for luciferase activity (Promega). Firefly lucifer-
ase activity was normalized relative to the activity of
Renilla luciferase.

Bisulfite sequencing

Genomic DNA was isolated from the virus-infected NPCs
using the DNeasy Blood & Tissue kit [Qiagen) and was
treated with sodium bisulfite with the EpiTect Bisulfite
kit {Qiagen). The region in the gfap promoter containing
the STAT-binding site of the bisulfite-treated genomic
DNA was amplified by PCR using the following primers:
S-GGGATTTATTAGGAGAATTITAGTAAGTAG-3' and 5'-
TCTACCCATACTTAAACTTCTAATATCTAC-3’. The PCR
products were cloned into pGEM-T vector (Promega),
and at least 12 randomiy selected clones were se-
quenced. Sequence data were analyzed using the
QUMA guantification tool for methylation analysis.

Chromatin immunoprecipitation assay

NPCs were cultured without FGF2 and EGF for 2 days.
The cells were fixed in a 0.5% paraformaldehyde solu-
tion, suspended in lysis solution (1% SDS, 10 mM EDTA,
50 mivi Tris-HC! [pH 8.1]} and sonicated to shear ge-
nomic chromatin into DNA fragments of ~0.5 to 1.0 kb.
The lysate was incubated overnight at 4°C with anti-
acetylated (K9/K14) histone H3 {Millipore} and normal
rabbit 1gG {Santa Cruz Biotechnology) antibodies. After
the addition of Dynabeads Protein A {Life Technologies),
the mixture was incubated with rotation for 1 h. The
beads were then isolated and washed consecutively
with a low-salt solution {0.1% SDS, 1% Triton X-100, 2
mi EDTA, 20 mM Tris-HCl [pH 8.1], 150 mM NaCl), a
high-salt solution {0.1%S5DS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HC! [pH 8.1], 500 mM NacCl), a Licl
solution (0.25 ™M LiIC,, 1% NP-40, 1% sadium
deoxycholate, 1 mM EDTA, 10 mM Tris-HCl [pH 8.1]),
and twice with a Tris-EDTA solution {10 mM Tris-HCI [pH
8.0], 1 mM EDTA). Immune complexes were then eluted
from the beads with a solution containing 10 mM
dithiothreitol, 1% SDS and 0.1 M NaHCO3, after which
NaCl was added to a final concentration of 0.2 M and
the eluate was incubated at 65°C overnight. The pro-
teins were eliminated by digestion with proteinase K at

©AiphaMed Press 2014



4

Astrocyte differentiation by HMGN family proteins

45°C for 1 h, and the DNA was purified with a QlAquick
spin column (Qiagen). The eluted DNA was subjected ta
real-time PCR in a Roche LightCycler with SYBR Premix
Ex Taq (Takara). The amount of target genome DNA was
normalized relative to that of the input. The following
sense and antisense primers were used: gfap promoter:
5'-ACCTTGGCATAGACATAATGG-3' and 5'-
TAGACTTCTCGGAAAGCATCG-3'; gapdh promoter: 5'-

TGCAGTCCGTATTTATAGGAACC-3 and 5%
CTTGAGCTAGGACTGGATAAGCA-3; Mage-a2: 5%
GGACTCTGCGCCATTTTGTTCTGG-3' and o=

GCTAGGCAGGCTAAAGGTTGACC-3".

Microarray analysis

NPCs derived from E11.5 mouse forebrains were infect-
ed with control {(GFP alone) or HMGN1 virus. Three days
after infection, the virus-infected neurospheres were
dissociated and seeded on poly-D-lysine-coated dishes,
and subsequently the cells were cultured for 1 day
without FGF2 and EGF. The sample preparation and
microarray analysis were carried out by Cell Innovator
Inc. with Affymetrix Gene-Chip Mouse gene 1.0 ST Ar-
ray. The microarray data are available in the Gene Ex-
pression Omnibus {GEO} database {accession number:
GSE57534). The lists of up-regulated genes {Z-score 2
2.0 and ratio 2 1.50) and down-regulated genes (Z-score
< -2.0 and ratio < 0.66) were uploaded into Database
for Annotation, Visualization and Integrated Discovery
{DAVID), and Gene ontology {GO) and pathway analyses
were performed.

HMGN family proteins are expressed in NPCs,
glial progenitors and astrocytes in perinatal

and adult brains

Although it has been reported that HMGN1, 2 and 3 are
expressed in the mouse brain and spinal cord [31-33],
the detailed expression patterns of HMGN proteins in
the mouse brain have not been described. We thus per-
formed immunohistochemistry of mouse forebrains at
embryonic day (E) 18.5 and found that HMGNI, 2 and 3
were  highly expressed in  the  ventricular
zone/subventricular zone (VZ/SVZ) (Fig. 1A). HMGN1
and 3 were more expressed in the VZ than in the SVZ,
whereas HMGN2 was expressed to a similar extent in
both the VZ and SVZ (Fig. 1A). A large proportion of the
cells positive for HMGN1, 2 and 3 in the VZ/SVZ co-
expressed Sox9, a member of the Sox family of high
mobility group (HMG)-box transcription factors (The
percentage of HMGN1+ cells among Sox9+ cells
{HMGN1/Sox9), 95.5%; HMGN2/Sox9, 69.6%;
HMGN3/Sox9, 95.0%; Sox9/HMGN1, 72.6%;
Sox9/HMGN2, 46.2%; Sox9/HMGN3, 90.1%)} (Fig. 1A}
Since previous reports have shown that Sox9 is ex-
pressed in multipotent neural stem cells and glial pro-
genitars in the embryonic and adult CNS {22, 37-39], it
is plausible that HMGN1, 2 and 3 are expressed in NPCs
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and glial progenitors. HMGN1, 2 and 3 were also ex-
pressed in some cells outside of the VZ/SVZ (Fig. 1A-1D).
In the neocortex, these cells included both Sox9+ and
Sox9- cells. Importantly, at postnatal day (P} 3 and P7,
the majority of Sox9+ cells in the cortical plate co-
expressed HMGN1 and 3, but not HMGN2 (Fig. 1B-1D).
Interestingly, the majority of Sox9+ cells co-expressed
HMGN2 as well as HMGN1 and 3 in the adult cortex
(Fig. 1B-1D). Most GFAP+ astrocytes co-expressed
HMGN1, 2 and 3 in the P7 and adult cortices (Fig. 1E).
These results indicate that the expression of HMGN
family proteins was maintained in glial progenitors and
astrocytes in the perinatal and adult cortices. Together,
HMGN family proteins were expressed in NPCs and glial
lineage cells at later stages of brain development and in
the adult brain. However, HMGN proteins were also
expressed in the VZ/SVZ, preplate and cortical plate at
earlier stages of brain development, for instance at
E12.5 (Fig. 1F) and E16.5 (Supporting Information Fig.
S1), indicating that HMGN family proteins were ex-
pressed in neuronal lineage ceils. We further examined
the expression of HMGN family proteins in neurons and
astrocytes in vitro. HMGN1 and 2 were highly expressed
in both Dex+ immature neurons and Dex— cells (Sup-
porting Information Fig. S2A}). In contrast, the expres-
sion level of HMGN3 was very low in Dcx+ immature
neurons compared with that in Dex— cells (Supporting
Information Fig. S2A). The vast majority of GFAP+ astro-
cytes expressed HMGN1, 2 and 3, whereas NeuN+ ma-
ture neurons did them at very low levels (Supporting
information Fig. $2B, S2C). Consistent with this, NeuN+
mature neurons expressed much lower levels of
HMGN1, 2 and 3 than NeuN- cells in the P7 cortex
(Supporting Information Fig. S3). These results suggest
that total expression levels of HMGN1, 2 and 3 are
higher in astrocytic lineage cells than in neuronal line-
age cells although HMGN family proteins are expressed
in hoth lineage cells.

HMGN family proteins promote astrocyte dif-
ferentiation of NPCs in vitro

Since HMGN family proteins were expressed in the glial
lineage cells at perinatal stages, we next examined
whether HMGN family proteins regulate glial differenti-
ation. We labeled undifferentiated NPCs by infecting
cells with the green fluorescent protein (GFP)-
expressing recombinant retroviruses after expanding
NPCs derived from the E16.5 mouse forebrain by
neurosphere formation [17, 34, 35]. To induce their
differentiation, these cells were cultured in the absence
of FGF2 and EGF for 6 days. GFP™ and GFP™ cells in the
control virus-infected culture did not show significant
differences in their differentiation capacity {Fig. 2B).
Overexpression of HMGN1 resulted in a higher fraction
of GFAP™ astrocytes among GFP' cells compared to the
control (Fig. 2A, 2B). Overexpression of HMGN1 also
increased the fraction of cells positive for Sox9, a mark-
er of glial lineage cells, but did not affect the fraction of
04" oligodendrocytes (Fig. 2A, 2B). Conversely, overex-
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pression of HMGNL decreased the fraction of Tuj1®
neurons among GFP™ cells (Fig. 2A, 2B). Overexpression
of HMGN2 or HMGN3 had similar effects on NPC differ-
entiation (Fig. 24, 2B}. It is reported that the HMGN3
protein has two splice variants, HMGN3a and HMGN3h,
the latter lacking most of the C-terminal chromatin reg-
ulatory domain {40]. Both HMGN3 isoforms increased
the fraction of astrocytes and suppressed that of neu-
rons {Fig. 2A, 2B), suggesting that the C-terminal chro-
matin regulatory domain of HMGN3a might be dispen-
sable for this function. When we used NPCs isolated
from the E11.5 mouse forebrains, which have higher
neurogenic potential than E16.5 NPCs, we also ob-
served that overexpression of HMGN members in-
creased the fraction of astrocytes and decreased that of
neurens compared to control {Supporting Information
Fig. 54). We further asked whether HMGN family pro-
teins affect the proliferation and survival of NPCs. Cell
proliferation was evaluated by labeling with EdU for 2 h.
No significant difference in the percentage of EdU” cells
among GFP™ cells was observed between control and
HMGN-overexpressing cultures (Fig. 2C, 2D). The per-
centage of cells positive for cleaved Caspase3, a meas-
ure of apoptosis, among GFP” cells was less than 2% in
both control and HMGN-overexpressing cultures {Fig.
2C, 2E). Therefore, selective proliferation or elimination
of particular cell lineages does not appear to account
for the observed effects of HMGN proteins on NPC dif-
ferentiation propensity. Together, these results suggest
that HMGN family proteins promote astrocyte differen-
tiation of NPCs. To determine whether the increase in
GFAP” astrocytes is due either to the promation of as-
trocyte fate commitment by HMGN family proteins or
to the selective expansion of progenitors already cam-
mitted to astrocyte fate, we further performed a clonal
assay by using NPCs infected with control or HMGN1
viruses at a low titer. Overexpression of HMGN1 in-
creased the percentage of astrocyte-only and decreased
that of neuron-enly clones (Supporting Information Fig.
S5A). HMGN1 overexpression did not significantly affect
the size of the clones {Supporting Information Fig. $58).
These results suggest that HMGN family proteins con-
trol astrocyte fate decision of multipotent NPCs.

We next investigated the effects of knockdown of
HMGN family proteins on NPC differentiation. Knock-
down of HMGN1, 2 or 3 by shRNAs for each HMGN was
confirmed by quantitative reverse-transcription PCR
analysis {Fig. 3A-3C) and immunocytochemistry {Sup-
porting information Fig. $6). Each shRNA did not reduce
the expression of other family members of HMGN (Sup-
porting Information Fig. $7), indicating that each shRNA
specifically knocked down the expression of its target.
GFP+ and GFP- cells in the control virus (shRNA for {u-
ciferase)-infected culture did not show significant dif-
ferences in NPC differentiation capacity (Fig. 3E)
Knockdown of either HMGN1, 2 or 3 resulted in an in-
crease in the percentage of Tuli+ neurons and a de-
crease in that of GFAP+ astrocytes or Sex9+ cells com-
pared to control {Fig. 3D, 3E). Knockdown of HMGN

wwew.StemCells.com

family proteins had little effect on the population of
04+ oligodendrocytes (Fig. 3E}. We further knocked
down all three members of HMGN proteins simultane-
ously in NPCs {Supporting Information Fig. S8A). Triple
knockdown of HMGN1, 2 and 3 slightly enhanced single
knackdown phenotypes {Supporting Information Fig.
58B). These resuits suggest that HMGN proteins are
required for astrocyte differentiation of NPCs. To con-
firm the specificity of HMGN proteins knockdown ef-
fects on NPC differentiation, we performed rescue ex-
periments using HMGN1, 2 and 3 constructs lacking
their 3'-UTR regions because HMGN proteins shRNAs #2
were designed to target the 3’-UTR regions of HMGN1,
2 and 3 mRNAs. The expression of HMGN1, 2 or 3 was
restored by their overexpression in HMGN1, 2 or 3
knockdown cells, respectively (Fig. 3F-3H). Overexpres-
sion of HMGN1, 2 or 3 reversed the suppression of as-
trocyte differentiation and the promotion of neuronal
differentiation by knockdown of HMGN1, 2 or 3 (Fig. 3,
3). These results suggest that the observed phenotypes
by expressing HMGN1, 2 or 3 shRNA are atiributable to
specific knockdown of HMGN proteins, rather than off-
target effects.

HMGN family proteins promote astrocyte dif-
ferentiation of NPCs in vivo

We examined the roles of HMGN family proteins in NPC
differentiation in vivo. We introduced plasmids encod-
ing either GFP alone or GFP with HMGN1, 2, 3a or 3b
into mouse neocortical NPCs by in utero electroporation
at £16.5 and analyzed their brains at P7. Under the con-
trol at P7, the majority of GFP" cells differentiated into
neurons positive for Cux1, a marker of upper layer neu-
rons, and a very small number of GFP™ cells hecame
astrocytes positive for GFAP or another astrocyte mark-
er S100B {Fig. 4A-4C). Forced exprassion of HMGN1, 2,
33 or 3b markedly increased the number of GFAP™ or
S100B” astrocytes in the cortex (Fig. 4A, 4B). In addition,
overexpression of HMGN family members also in-
creased the number of Sox9” cells residing in the cortex
(Fig. 4A, 4C). Conversely, overexpression of HMGN fami-
ly members decreased the number of Cux1” neurons
(Fig. 4A, 4C). These results suggest that HMGN family
proteins promote astrocyte differentiation at perinatal
stages in vivo. Importantly, we found that the introduc-
tion of HMGN-expressing plasmids into neocortical
NPCs by in utero electroporation before E16.5 (cf.
£15.5) failed to increase the number of astrocytes in
vivo {data not shown).

We next examined the effects of knockdown of HMGN
family proteins on NPC differentiation in vivo. We intro-
duced knockdown plasmids encoding either shRNA for
luciferase with GFP or shRNA for HMGN1, 2 or 3 with
GFP into mouse neocortical NPCs by postnatal electro-
poration at PO and analyzed their brains at P3 and P7.
Knockdown of either HMGN1, 2 or 3 markedly de-
creased the fraction of GFAP” astrocytes in the cortex at
P7 compared to control {Fig. 5A, 5B). Conversely,
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knockdown of HMGN family proteins significantly in-
creased that of immature neurons or neuronal progeni-
tors positive for the marker Thr2 in the SVZ at P3 (Fig.
5A, SB). To rule out the off-target effects of these
shRNAs, we carried out rescue experiments in vivo.
Suppression of astrocyte differentiation by knockdown
of either HMGN1, 2 or 3 was rescued by overexpression
of HMGN1, 2 or 3 (Fig. 5C, 5D). These results suggest
that HMGN family proteins are necessary for astrocyte
differentiation at postnatal stages in vivo.

HMGN family proteins do not activate the
JAK-STAT pathway in NPCs

The JAK-STAT pathway regulates gfap gene expression.
STAT binds to the promoter region of gfap and directly
induces its expression [10, 15]. Therefore, we examined
whether HMGN family proteins activate the JAK-STAT
pathway. Although CNTF stimulation markedly en-
hanced tyrosine phosphorylation of STAT3 at position
705 (STAT3 pY705), which is crucial for activation of
STAT3, overexpression of HMGN1, 2, 3a or 3b failed to
do so (Fig. 6A, 6B). We further examined whether
HMGN family proteins directly activate STAT-mediated
transcription and induce the activation of the gfap gene
promoter by using a reporter gene assay. Overexpres-
sion of either HMGN1, 2, 3a or 3b did not increased the
activity of a STAT-dependent promoter (4 x APRE) [41]
or that of the gfap promoter (GF1L) [15] in NPCs in con-
trast to overexpression of an activated mutant of STAT3
{STAT3-C) [42] (Fig. 6C). These results suggest that
HMGN family proteins are unlikely to promote the acti-
vation of JAK-STAT pathway.

HMGN family proteins do not directly regu-

late the gfap gene locus in NPCs

The binding of STAT1/3 proteins to the gfap promoter is
regulated by DNA methylation of a STAT-bhinding site
within the promoter region [18-20]. At early stages of
neural development, the gfap gene locus is methylated,
thereby suppressing its activation. At later stages,
Notch-NFIA signaling reduces the DNA methylation lev-
el, which allows STAT1/3 proteins activated by
LIF/CNTF/CT-1 to access the gfap gene locus [18-20].
Therefore, we examined whether HMGN1 affects the
methylation status of the STAT-binding site at the gfap
promoter. The amount of demethylation of this site was
increased in NPCs expressing an active form of Notchl,
as reported previously [20], whereas overexpression of
HMGN1 did not change the methylation status of the
site compared with control (Fig. 6E). Therefore, HMGN1
does not appear to regulate the gfap gene locus
through the methylation of this site.

FGF2 signaling induces lysine 4 methylation of histone
H3 {(H3K4me2) and suppresses lysine 9 methylation of
histone H3 (H3K9me2), and retinoic acid increases acet-
ylation of histone H3 around the STAT-binding site of
the gfap promoter, resulting in the induction of GFAP
expression {43, 44]. It has been reported that HMGN
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family proteins stimulate lysine 14 acetylation of his-
tone H3 (H3K14ac} by p300/CBP-associated factor
(PCAF} and induce the expression of target genes [45-
47]. We then sought to investigate whether HMGN fam-
ily proteins enhance histone H3 acetylation at the gfap
promoter. Overexpression of HMGN1, 2, 3a or 3b did
not increase H3K9/K14ac around the STAT-binding site
at the gfap promoter 2 days after the induction of dif-
ferentiation (Fig. 6F). These data indicate that HMGN
family proteins do not directly regulate the gfap gene
locus.

HMGN family proteins modulate the re-

sponse to gliogenic signal CNTF

Since HMGN family proteins did not activate the JAK-
STAT pathway (Fig. 6), we next investigated whether
HMGN family proteins act downstream of the JAK-STAT
pathway in NPCs. We stimulated NPCs with CNTF to
examine whether the JAK-STAT pathway regulates the
expression of HMGN family proteins. We found that
CNTF stimulation did not change the expression level of
HMGN1, 2 and 3 (Fig. 6D}, suggesting that the STAT sig-
naling does not regulate the expression of HMGN family
proteins. We further examined whether HMGN family
proteins modulate the responsiveness of NPCs to CNTF.
CNTF stimulation resulted in an increase in the percent-
age of GFAP+ astrocytes and a decrease in that of Tu/1’
neurons compared to control (Fig. 7A, 7B). Knockdown
of either HMGN1, 2 or 3 reduced the increase in the
fraction of GFAP™ astrocytes induced by CNTF and had
an opposite effect on that of TuJl™ neurons (Fig. 7A,
7B). These results suggest that HMGN family proteins
promote astrocyte differentiation through modulation
of the responsiveness ta CNTF.

This study provides evidence for the involvement of
HMGN family proteins in regulating astrocyte differen-
tiation, We found that HMGN1, 2 and 3 are expressed
in NPCs, glial progenitors and astrocytes in the perinatal
and aduit brains and that they promote astrocyte dif-
ferentiation during brain development. Although vari-
ous signaling pathways that promote astrocyte differen-
tiation converge on the activation of the STAT transcrip-
tion factors, HMGN family proteins do not appear to do
s0. Our findings may thus reveal that HMGN family pro-
teins are novel components that promote astrocyte
differentiation in parallel to or downstream of the STAT
signaling pathway during development.

How do HMGN family proteins control astrocyte differ-
entiation, then? Although HMGN proteins display little
or no DNA sequence specificity when binding to nucleo-
somes [48], several reports have indicated that HMGN
proteins target specific genomic loci and can regulate
the expression of particular target genes. For instance, a
microarray analysis of the mouse hepatoma cell line
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Hepa-1 overexpressing HMGN3a and HMGN3b showed
that HMGN3a and HMGN3b regulate the expression of
individual genes, rather than having a broader, more
general effect on transcription [49]. Interestingly, previ-
ous studies have shown that HMGN proteins regulate
astrocyte-related genes (cf. Sox9 in limb buds, MeCP2 in
C04" T cells and in the brain, Glyt1 in Hepa-1 cells) [32,
47, 49, 50]. We therefore performed a microarray anal-
ysis of HMGNL-overexpressing NPCs to investigate
whether HMGN proteins can regulate the expression of
astrocyte-related genes in NPCs. However, there was
little difference in the expression of genes involved in
astrocyte differentiation between control and HMGN1-
overexpressing NPCs {Fold change in HMGN1/control:
Sox%, 0.97; MeCP2, 1.04; Glyti, 1.08; STAT1, 1.09;
STAT3, 1.06; JAKL, 1.15; JAK2, 1.06; gp130, 1.10; LIFR,
0.97; CNTFR, 1.07; NFIA, 1.07; NFiB, 1.04; NFIX, 0.96;
REST, 1.01; SRF, 1.02; EtvS, 1.12; Nfe2l1, 1.13; S100p,
1.01; GLTY, 1.06; Aldh1L1, 1.03) under a differentiation-
inducing condition in which NPCs were cultured without
FGF2 and EGF for 1 day although a significant increase
in the expression of GFAP (1.51-fold) was observed. We
further performed GO and pathway analyses using
DAVID software tools. GO terms enriched in HMGN1-
averexpressing cells were, for instance, neurological
system process, cell surface receptor linked signal
transduction and acetylation {Supporting Information
Fig. 59}, and were not associated with nervous system
development. These results suggest that overexpression
of HMGN1 alone is not sufficient to directly induce
astrocytic genes.

Because HMGN proteins are chromatin-associated fac-
tors that can modulate high order chromatin structure
in part through competing with the linker histone H1
and through regulating modifications of core histones
[30, 51-54], it is possible that HMGN proteins alane do
not induce transcription of their target genes, but ra-
ther change the chromatin structure so that other tran-
scription factors can induce target gene expression. This
may be consistent with our results that overexpression
of HMGN proteins alone did not induce a marked
change of expression profiles in NPCs, although it pro-
moted astrocyte differentiation, and that HMGN pro-
teins promoted astrocyte differentiation in late stage
NPCs but not in early stage NPCs in vive {data not
shown). It will be worth investigating the possihility that
HMGN proteins mediate chromatin permissiveness for
transcriptional regulation at astrocyte-related gene loci
and thus provide NPCs with the potential to differenti-
ate into the astrocytic lineage. Actually, a similar idea
has been proposed for another group of chromatin-
associated factors, high mobility group protein A
{HMGA) family proteins, in promoting the potential of
NPCs to differentiate into the neuronal lineage {55].
Namely, in the developing neocortex, HMGA proteins
modulate the chromatin structure of neocortical NPCs,
promote neuronal differentiation, and suppress astro-
cyte differentiation, although the causal relationship
hetween the HMGA-regulated chromatin structure and
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the differentiation potential has not been directly
demonstrated. Locus-specific analyses of the chromatin
accessibility to the transcription factors should shed
light on the roles of HMGN proteins in regulating the
astrogenic potential of NPCs. Interestingly, it is recently
reported that the absence of DNA methylation and/or
repressive histone modifications such as H3K9me2 or
H3K27me3 around the STAT-binding site of the gfap
promoter is insufficient to induce the expression of
GFAP and that alteration of chromatin accessibility
around STAT-binding site plays a critical role in the STAT
binding to its target site and the regulation of GFAP
expression [56]. Since knockdown of HMGN family pro-
teins significantly reduced astrocyte differentiation in-
duced by CNTF (Fig. 7), it is likely that HMGN family pro-
teins modulate the responsiveness to gliogenic signals
by altering chromatin accessibility around the STAT-
binding sites of the astrocyte-related gene promoters.
We revealed that HMGN1, 2 and 3 were expressed in
NPCs, Sox9” glial progenitors and GFAP astrocytes dur-
ing the astrocytic phase of brain development (Fig. 1),
which is consistent with the notion that HMGN proteins
contribute to astrocyte differentiation. However, HMGN
proteins were also expressed in NPCs and neuronal lin-
eage cells at earlier stages of brain development even
though NPCs in these stages mainly produce neurons,
not astrocytes {Fig. 1F and Supporting Information Fig.
S1). We further found that overexpression of HMGN
family proteins in neocortical NPCs before E16.5 {cf.
E15.5) failed to increase the number of astrocytes in
vivo {data not shown). These results suggest that an
additianal factor(s) present at late developmental stag-
es is required for, or an inhibitory factor(s) present at
early developmental stages suppresses, HMGN-
mediated astrocyte differentiation in vive. Because Sox9
expression has been shown to be associated with
hipotent progenitors for astrocytes and
oligodendrocytes in the spinal cord {22], we examined
whether HMGN family proteins are expressed in
oligodendrocyte progenitors that express another Sox
family protein Sox10 and oligodendrocytes. The majori-
ty of Sox10+ cells in the P7 cortex co-expressed HMGN1
and 3, but not HMGN2 {Supporting Information Fig.
S10A) and mature oligodendrocytes positive for CC1 or
MBP did not expressed HMGN1, 2 and 3 at P7 {Support-
ing Information Fig. 510B). Additionally, HMGN1, 2 and
3 were expressed in Sox10+ cells at high, low and mod-
erate levels, respectively (Supporting Information Fig.
$11A) and mature oligodendracytes positive for MAG or
MBP expressed HMGNI, 2 and 3 at very low levels in
vitra {Supporting Information Fig. $11B). From these
ohservation, we can not rule out the possibility that
HMGN family proteins are involved in oligodendrocyte
differentiation although overexpression or knockdown
of HMGN family proteins had no or a little effect on the
population of oligodendrocytes, respectively, at least
under our experimental condition (Fig, 2B, 3E, 31).

The differences in functions between HMGN1, 2 and 3
are still unciear. HMGN1 and HMGN2 show similar ex-
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pression patterns in some tissues [57]. Loss of HMGN1
has been reported to increase the amount of HMGN2
bound to the sox9 gene locus in the limb bud of HMGN1
knockout mice, suggesting a functional redundancy
among these proteins [32]. On the other hand, HMGN1
knockout mice exhibit defects in the development of
the corneal epithelia [58] and HMGN1-deficient MEFs
are hypersensitive to both UV and ionizing radiation
[59, 60], suggesting that HMGN2 fails to fully compen-
sate for the loss of HMGN1 in these contexts. In the
developing forebrain, we found that HMGN1, 2, 3a and
3b appear to have similar functions in NPCs, since over-
expression of each member showed similar effects on
the differentiation propensity of NPCs (Fig. 2A, 2B).
HMGN3b promoted astrocyte differentiation like other
HMGN proteins despite not having the C-terminal
chromatin regulatory domain (Fig. 2A, 2B). Since
HMGN3b as well as HMGN1, 2 and 3a has nucleosome-
binding domain, it can compete with the linker histone
H1 for chromatin binding sites. Therefore, it may be
important to aiter chromatin accessibility by competing
with the linker histone H1 for the promotion of astro-
cyte differentiation by HMGN family proteins. We also
found that knockdown of each member suppressed
astrocyte differentiation of NPCs (Fig. 3D, 3E, 3i, 3l).
This may suggest that HMGN family members cannot
compensate for each other’s functions in promoting
astrocyte differentiation or that there might be 2
threshold for the total level of HMGN family members
required for astrocyte differentiation. Total expression
levels of HMGN1, 2 and 3 appeared to be higher in
astrocytic lineage cells than in neuronal lineage cells
although HMGN family proteins were expressed in both
lineage cells (Fig. 1 and Supporting Information Fig. 51-
$3). In addition, the expression of total HMGN family
proteins appeared to be maintained at a certain level in
astrocytic lineage cells although it diminished in neu-
ronal lineage cells during differentiation process (Fig. 1
and Supporting Information Fig. $1-53). These observa-
tions may suggest that total expression levels of HMGN
family proteins should be maintained above a certain
threshold in astrocytic lineage cells and that a higher
amount of HMGN proteins are required for altering
chromatin accessibility at astrocyte-related gene loci.
Therefore, NPCs may fail to differentiate into astrocytes
when the total levels of HMGN family proteins are less
than the threshold by their knockdown.

Since we found that HMGN proteins facilitate astrocyte
differentiation, it is possible that upstream signaling
molecules that regulate the expression or activity of
HMGN proteins, if any, are involved in regulating the
differentiation of astrocytes. So far, we could not find
any evidence that astrocyte-inducing cytokines such as
CNTF and BMP increase the levels of HMGN family
members (Fig. 6D and data not shown). However, fu-
ture studies on the pathways upstream as well as
downstream of HMGN proteins may provide new in-
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sights into the control of astrocyte differentiation in the
developing forehrain.

N

In this study, we have demonstrated that HMGN family
proteins were expressed in NPCs, glial progenitors, and
astrocytes in the perinatal and adult brains and that
they promote astrocyte differentiation of NPCs. Alt-
hough various signaling pathways that promote astro-
cyte differentiation are reported to converge on the
activation of STAT, we have shown that HMGN family
proteins did not activate STAT signaling in NPCs. Since
knockdown of HMGN family proteins blocked the action
of CNTF to promote astrocyte differentiation, HMGN
proteins are likely to function as modulators of the re-
sponse to CNTF in NPCs. Thus, our findings suggest that
HMGN family proteins are novel components that pro-
mote astrocyte differentiation in the CNS through mod-
ulation of the responsiveness to gliogenic signals and
provide a new insight into the regulation of NPC differ-
entiation during brain development.
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