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Abstract

Injury to the adult brain induces activation of local astrocytes, which serves as a compensatory response that modulates
tissue damage and recovery. However, the mechanism governing astrocyte activation during brain injury remains largely
unknown. Here we provide in vivo evidence that SOX2, a transcription factor critical for stem cells and brain development,
is also required for injury-induced activation of adult cortical astrocytes. Genome-wide chromatin immunoprecipitation-seq
analysis of mouse cortical tissues reveals that SOX2 binds to regulatory regions of genes associated with signaling pathways
that control glial cell activation, such as Nr2el, Mmd2, Wnt7a, and Akt2. Astrocyte-specific deletion of Sox2 in adult mice
greatly diminishes glial response to controlled cortical impact injury and, most unexpectedly, dampens injury-induced
cortical loss and benefits behavioral recovery of mice after injury. Together, these results uncover an essential role of SOX2
in somatic cells under pathological conditions and indicate that SOX2-dependent astrocyte activation could be targeted for
functional recovery after traumatic brain injury.
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Introduction

Traumatic brain injury (TBI) is primarily triggered by an exter-
nal mechanical force. It induces a complex pathological process
that includes glial activation, inflammation, cell death, and tis-
sue loss (Xiong et al. 2013). At the cellular level, astrocytes are a
principal cell type that contributes to glial response and inflam-
mation, which ultimately regulates overall cell death and tissue

damage (Sofroniew and Vinters 2010; Burda and Sofroniew
2014; Pekny and Pekna 2014). In response to injury, local astro-
cytes turn into an active form called “reactive astrocytes,” char-
acterized by changes in morphology and gene expression, cell
cycle re-entry, and production of proinflammatory cytokines
(Sofroniew 2009; Buffo et al. 2010). Astrocyte activation, or
astrogliosis, plays a central role in the response to most
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neurological diseases and traumatic injuries. These reactive
astrocytes constitute a major cellular component of scar forma-
tion that is critical for wound healing and tissue remodeling in
response to brain injury (Ridet et al. 1997; Bush et al. 1999).
Thus, targeting specific genes that modulate reactive astrocytes
will have important influences on the outcome of neural injury
(Pardo et al. 2016).

SOX2 (Sex determining region of Y chromosome [Sry]-
related high mobility group box 2) belongs to the SOX family of
transcription factors (Gubbay et al. 1990). It is one of the earliest
transcription factors expressed in neural stem cells, and plays
a key role in specifying early neural lineages and brain develop-
ment (Avilion et al. 2003; Bylund et al. 2003). In the adult, SOX2
is enriched in neurogenic regions of the brain, including the
subventricular zone of the lateral ventricle and the subgranular
zone of the dentate gyrus (Bylund et al. 2003; Graham et al.
2003; Ferri et al. 2004; Episkopou 2005). SOX2* cells are self-
renewable and multipotent in the adult neurogenic niche (Suh
et al. 2007). Outside of neural stem cell populations, SOX2 is
detectable in proliferating astrocytes in the developing mouse
brain and early postnatal astrocytes in culture (Bani-Yaghoub
et al. 2006). Interestingly, its expression becomes silenced in
astrocytes after long-term culture, but expression can be reacti-
vated by injury or growth stimulation. This SOX2 reactivation
accompanies astrocyte proliferation (Bani-Yaghoub et al. 2006).
Nevertheless, not much is known about the expression and
function of SOX2 in adult cortical astrocytes and its role under
pathological conditions.

Here, we examined the expression and function of SOX2 in
the adult brain under normal condition and after TBI. We found
that SOX2 is constitutively expressed in postmitotic cortical
astrocytes, and that its expression is greatly upregulated in
response to TBI. Using an inducible knockout model of Sox2
mutant mice, we also investigated its function in adult astro-
cytes. Although no obvious changes were detected in astrocyte
survival and morphology or animal behaviors under normal
conditions, injury-induced reactive astrogliosis was greatly
dampened in Sox2 mutant mice. Unexpectedly, Sox2-deletion
significantly ameliorated injury-induced tissue loss and behav-
ioral deficits, indicating that SOX2-mediated reactive astroglio-
sis is maladaptive to traumatic injury.

Materials and Methods
Animals

The following transgenic mice were used: Sox2”/ (The Jackson
Laboratory, stock 013093) (Shaham et al. 2009), Aldh1l1-EGFP
(MMRRC, stock 011015-UCD) (Gong et al. 2003), hGFAP-CreER™
(The Jackson Laboratory, stock 012849) (Ganat et al. 2006),
mGfap-Cre (The Jackson Laboratory, stock 024098) (Gregorian
et al. 2009), Rosa-tdTomato (Rosa-tdT; The Jackson Laboratory,
stock 007914) (Madisen et al. 2010), and Rosa-YFP (The Jackson
Laboratory, stock 006148) (Srinivas et al. 2001). Wild-type male
C57BL/6] mice were purchased from The Jackson Laboratory.
The hGFAP-CreER™, Sox2”f, and Rosa-tdT mice were bred
together to generate hGFAP-CreER™?; Sox2f; Rosa-tdT mice. Mice
were housed under a 12-h light/dark cycle with ad libitum
access to food and water in a controlled animal facility. Adult
male and female mice at 6 weeks of age and older were used
unless otherwise stated. No overt gender-associated mutant
phenotype was observed. Experimental procedures and proto-
cols were approved by the Institutional Animal Care and Use
Committee at UT Southwestern Medical Center.

Tamoxifen and BrdU Treatments

Tamoxifen (T5648; Sigma) was dissolved in a mixture of etha-
nol and sesame oil (1:9 by volume) at a concentration of 40 mg/
ml. Tamoxifen was given by intraperitoneally injection at a
daily dose of 1mg/10g body weight for 3-5 days. Mice were
analyzed at least 7 days post tamoxifen treatments. BrdU
(B5002; Sigma; 1g/l) was supplied in drinking water for dura-
tions as indicated in the text.

Controlled Cortical Impact Injury

The controlled cortical impact (CCI) model of TBI was employed.
Under anesthesia, a skin incision was made in the mouse fore-
head to expose the skull. A craniotomy was performed over the
right hemisphere and the bone flap (2.2mm in diameter) was
carefully removed. A cortical injury (0 bregma, 1mm lateral to
the sagittal suture line) was introduced at an impact depth of
1mm with a 2-mm diameter round impact tip (speed 3.0m/s,
dwell time 100 ms) by using an electromagnetically driven CCI
device (Impact One™ Stereotaxic CCI Instrument, Leica). Both
motor and sensory cortices were impacted. After injury, the skin
was sutured and further secured with liquid adhesive.

Behavior Tests

In accordance with previous publications on TBI (Schwarzbold
et al. 2010; Washington et al. 2012; Tweedie et al. 2013; Kondo
et al. 2015), we chose a battery of behavior paradigms to exam-
ine neurological functions associated with the injured cortical
area. All animals were encoded before tests. Their behaviors
were evaluated by 2 observers who were blinded to the experi-
mental conditions and treatments. Data were collected and
then decoded for group analyses. Nine or more mice were
included in each experimental group.

Modified neurologic severity scores (mNSS): mNSS was used
to exam the overall neurologic functions of mice before and 1,
7,14, 21, and 28 days after injury. mNSS was graded on a scale
of 0-14 as previously described with modifications (normal
score 0; maximal deficit score 14, for details see Supplementary
Table S4) (Chen et al. 2005). The mNSS value correlates with
impairment severity.

Elevated plus maze: An elevated plus maze was used to assess
risk-taking behavior of mice 5 weeks after injury as previously
described (Walf and Frye 2007; Kondo et al. 2015). Briefly, the
maze consisted of 4 arms in a “plus” shape formation. The 2
open arms have no wall and the 2 closed arms have surrounding
walls (30 x 5 x 15 cm®) and an open top. The entire maze is raised
85 cm above the floor. Mice are placed in the center of the maze,
facing one of the open arms, and allowed to explore the maze
for a total of 5 min. The total time spent in the 2 closed and the 2
open arms was recorded and used as a surrogate measure of
risk-taking behavior; mice that spent less time in the open arms
were considered to have lower levels of risk-taking behavior.

Tail suspension test: The tail suspension test was used to mea-
sure behavioral despair. We carried out tail suspension test 6
weeks after injury using a methodology described previously (Can
et al. 2012). Briefly, the mice were suspended by the tail using
adhesive tape 50cm above the floor for 6 min. The immobility
time of each mouse—with immobility defined as hanging pas-
sively, without active movements—was recorded. An increased
immobility time is considered as depression-like behavior.

Morris water maze: Morris water maze (MWM) was used to
evaluate spatial learning and memory under normal condition
or 8 weeks after injury as previously described (Zhang et al.



56 | Cerebral Cortex, 2019, Vol. 29, No. 1

2008). Mice were trained 4 trials per day for 10 days. The probe
trial was conducted 24 h after the last learning session. The
entire procedure in the pool was monitored by an automatic
tracking system to record swim speed, time to platform, total
distance moved, and time spent in the target quadrant where
the platform was previously located.

Immunohistochemistry

Mice were euthanized with CO, overdose and intracardially per-
fused with ice-cold PBS and 4% paraformaldehyde (PFA) in PBS.
Brains were collected and postfixed with 4% PFA overnight at 4 °C.
Then the brain samples were cryoprotected with 30% sucrose
solution in PBS for 24h and cut into 40-pm-thick sections.
Sections were serially collected and stored in anti-freezing solu-
tion at —20 °C. Immunohistochemistry was performed as previ-
ously described (Niu et al. 2013). The following primary antibodies
were used: GFAP (G3893; mouse; 1:500; Sigma), BrdU (OBT0030; rat
BU1/75; 1:500; Accurate Chemical), SOX1 (4194 S; rabbit; 1:500; Cell
Signaling Technology), SOX2 (Sc-17320; goat; 1:200; Santa Cruz),
SOX3 (rabbit; 1:200; a gift from M. Klymkowsky (Wang et al. 2006)),
RBFOX3 (MAB377, mouse, 1:500, Millipore), OLIG2 (AB9610; rabbit;
1:500; Millipore), NG2 (MAB5384; mouse; 1:500; Millipore), IBA1
(019-19741; rabbit; 1:500; Waco), ALDC (sc-12065; goat; 1:200; Santa
Cruz), ALDH1L1(75-140; mouse; 1:50; NeuroMab), GS (MAB302;
mouse; 1:50; Chemicon), KI67 (LS-C121244; rabbit; 1:200; Lifespan
Biosciences), and GFP (detecting both GFP and YFP, chick, 1:500,
Aves Labs). Alexa Fluor 488-, 555-, or 647-conjugated corre-
sponding secondary antibodies from Jackson ImmunoResearch
were used for indirect fluorescence. Cell nuclei were counter-
stained with Hoechst33342 (Ho) when appropriate. Images were
taken using a Zeiss LSM700 confocal microscope. A Cell Counter
software plugin in the Image] program was used to count cells.
Data were obtained from 12 random sections from 3 to 6 mice
in each group.

Quantification of Reactive Gliosis and Lesion Size After
Injury

Reactive gliosis was examined as described previously (Clausen
et al. 2011; Kang et al. 2014). Briefly, one-third of the brain sec-
tions spanning the whole injury cortex of each mouse were
used for quantification. Reactive gliosis indicated by GFAP*
area was measured by using the Stereo Investigator software
(MBF Bioscience) under identical imaging parameters with a
fluorescent microscope. In each slice, the GFAP" area was
quantified from above the top edge of the corpus callosum to
the edge of lesion area with the same threshold of fluorescent
intensity. The total GFAP* area for each mouse was then calcu-
lated as the following: total GFAP* area = (3|, GFAP* area) x 3.
Brain lesion size was determined as previously described (Myer
et al. 2006). Briefly, one-sixth of the brain sections spanning the
whole injury cortex of each mouse were used for quantification.
Borders between healthy and degenerated cortex were gener-
ally sharp and clearly defined by Hoechst33342 staining. Areas
of healthy cortical tissues on the ipsilateral and contralateral
sides were measured with ImageJ and were used to calculate
relative lesion size as a ratio of the 2 sides.

Chromatin Immunoprecipitation and Sequencing

The cortices of wild-type mice were dissected on ice and cut
into small pieces. After isolation, these cortical tissues were
incubated for 20 min at RT with 10 ml of long-arm cross-linker

solution consisting of 15mM Hepes-Cl (pH 7.6), 60mM KCl,
15mM NaCl, 0.34M sucrose, 2mM MgCl,, and freshly added
1.5mM ethylene glycol bis (succinimidyl succinate, EGTA) and
1tab/10 mL EDTA-free protease inhibitor tablet. The tissues
were crosslinked with 5 volumes of freshly prepared solution
(1% formaldehyde, 50 mM Hepes-KOH (pH 7.5), 100 mM Nacl,
1mM EDTA, and 0.5mM EGTA) for 12min at RT. The reaction
was quenched with 1/20 volume of 2.5M glycine followed by 2
washes with ice-cold PBS. Subsequently, the tissues were
dounced in ice-cold PBS first with a loose and later with a tight
pestle, followed by filtration through a 100-pm cell strainer to
remove connective tissues. Dissociated cells were collected by
centrifugation at 2000 rcf for 5min at 4°C. Cell pellets were
resuspended in 10ml of lysis buffer I (50 mM HEPES-KOH [pH
7.5], 140 mM NaCl, 1mM EDTA, 10% Glycerol, 0.5% Igepal CA-
630, 0.25% Triton X-100, and protease inhibitor). After incuba-
tion with gentle rocking for 10 min at 4 °C, cells were collected
by centrifugation at 2000 rcf for 4min at 4°C. Pellets were
resuspended in 10 ml of lysis buffer II (10 mM Tris-HCL [pH 8.0],
200 mM NaCl, 1mM EDTA, 0.5mM EGTA, and protease inhibi-
tor) and incubated with gentle rocking for 5min at 4 °C. Nuclei
were collected by spinning at 2000 rcf for 5min at 4°C and
resuspended in shearing buffer (50 mM HEPES [pH 8.0], 10 mM
EDTA [pH 8.0], 1% SDS, EDTA-free complete protease inhibitor).
Chromatin was sheared for 45 min with 30s ON and 30s OFF
cycles until DNA fragments were 200-600 bp. Immunoprecipita-
tion was performed using anti-SOX2 (AB5603, rabbit, 5 pg, Milli-
pore) as previously described (Islam et al. 2015). Chromatin
immunoprecipitation (ChIP) experiments were repeated in trip-
licate and 3 mice were used for each immunoprecipitation
reaction. ChIP-seq libraries were generated using a NEBNext
ChlIP-Seq Library Prep Master Mix Set for Illumina (New England
Biolabs, E6240S) with NEBNext Multiplex Oligos for Illumina
(New England Biolabs, E7335S). Briefly, 5 ng purified chromatin
and 5ng purified immunoprecipitated chromatin were used for
ChlIP-seq library construction. Replicate libraries were prepared
from 3 independent immunoprecipitations. Single-end 50-base
length sequencing reads were generated on an Illumina HiSeq
2500 System. Reads were aligned to the mouse reference
sequence GRCm38/mm10 with the Bowtie algorithm. Peak call-
ing, peak-gene annotation, and motif discovery (parameter: 200
nucleotide window from peak center) were performed using
HOMER (version 4.7). Gene ontology classification was per-
formed using HOMER and Wikipathway analysis (version 2.0.2).
The UCSC Genome Browser was used to visualize tag densities
and multiexperiment datasets. The dataset GSE85213 was sub-
mitted to the Gene Expression Omnibus (GEO) data repository.

Primary Astrocyte Culture and 4-OH-Tamoxifen
Treatment

We isolated primary cortical astrocytes from individual postna-
tal day 1 (P1) to P2 pups of hGFAP-CreER™%; Sox2™f; Rosa-tdT mice
as previously described (Schildge et al. 2013). After genotyping,
we combined cells with the same genotype and cultured them
in DMEM high glucose with 10% of FBS. We removed loosely
attached microglia/macrophages and oligodendrocyte precur-
sor cells from the cell monolayer by vigorous shaking or blast-
ing with medium through a 10 ml pipette. Cells were passaged
and cultured in vitro for 3 weeks with medium change every 3
days. We then treated the cells for 3 days with daily change of
fresh medium containing 1pM 4-OH-tamoxifen. Cells were
then collected for analysis.
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Isolation of Adult Cortical Astrocytes

We used a sucrose density centrifugation and immunopanning
to purify adult astrocytes from cortical tissues at 3 days post
CCI injury. Briefly, we dissected the cortical tissues surrounding
the injury area in ice-cold PBS and transferred them into 1.5 ml
Eppendorf tubes containing 1ml warm PPD solution (200 pl
Papain, 10.4mg DNase I, 200 mg Dispase II in 100 ml DMEM
high glucose medium). We dissociated the tissues through
pipetting with a 1ml tip for 10 times, incubated for 15-20 min
with occasional mixing at 37 °C, and dissociated again through
pipetting. We then collected cells through centrifugation for
3 min at 500 rcf and resuspended them into 10 ml PBS with 30%
sucrose and 3% FBS. This cell mixture was filtered through a
40-pm mesh into a 50-ml tube. After a 30-s spin at 1000 rcf, the
supernatant was transferred to a new tube and further centri-
fuged for 1.5min at 1000 rcf to collect cell pellets. Cells were
then resuspended in 4 ml PBS containing 0.02% BSA/DNase and
subjected to immunopanning. Panning petri dishes were pre-
pared ahead of cell isolation. Each 6-cm petri dish was coated
with 4ml secondary antibody-containing 50 mM Tris-HCl (pH
9.5) buffer. The “secondary antibody-only” dish was coated
with buffer containing 12 pg of donkey anti-goat IgG (H + L)
antibody, while the “CD45” dish was coated with buffer con-
taining 12pg of goat anti-rat IgG (H + L) antibody (Jackson
ImmunoResearch). After overnight incubation at 4°C, these
dishes were then washed 3 times with PBS. The “secondary
antibody only” dish was further coated with 2.4ml PBS with
0.2% BSA/DNase, while the “CD45” dish was coated with the
above buffer containing 0.2pg of rat anti-mouse CD45 (BD
Biosciences). These dishes were incubated for at least 2h at RT
before use. For immunopanning, cells were first added to “second-
ary antibody only” dishes, which were gently swirled to evenly
distribute the cells. After sitting for 10 min, the dishes were gently
shaken and then incubated for another 10 min. The unbound cells
(the supernatant) were transferred to the “CD45” dishes for further
panning with the same method. The final unbound cells—pre-
dominantly astrocytes—were transferred to a 10 ml conical tube
and collected by spinning for 3min at 200 rcf at RT. Cell pellets
were then directly lysed in 1 ml Trizol regent for RNA isolation.

Quantitative RT-PCR

Total RNAs were extracted from cells with Trizol regent. qRT-
PCR was performed with SYBR Green chemistry and primers
listed in Supplementary Table S3.

Statistical Analysis

Experiments were routinely repeated at least 3 times and the repeat
number was increased according to sample variations. Data were
analyzed using GraphPad Prism 6 software and presented as means
+ standard error of the mean (S.EM.). Pairwise comparisons were
analyzed by two-tailed Student’s t-test. One-way ANOVA with
Tukey’s post hoc test was used for 3 or more independent variables.
Two-way ANOVA and post hoc Tukey’s test were used for mNSS
and Morris water maze. A P value < 0.05 was considered significant.

Results

Astrocyte-Enriched Expression of SOX2 in the Adult
Cortex

SOX2 plays critical roles during neural development (Bylund
et al. 2003; Tanaka et al. 2004); however, its function in adult

non-neurogenic brain regions is not clear. We first examined
SOX2 expression through immunohistochemistry. Both west-
ern blotting and immunocytochemistry confirmed that the
antibody specifically recognizes SOX2 but not the closely
related SOX1 or SOX3 (Supplementary Fig. Sla, b). Interestingly,
SOX2 was broadly detectable in the adult mouse cortex
(Supplementary Fig. S1c), although only 7% is RBFOX3" neurons
and the expression in these cells is generally much weaker
(Fig. 1a, arrowhead). SOX2 expression in astrocytes were deter-
mined in Aldh1l1-EGFP mice, in which GFP expression is con-
trolled by regulatory elements for the astrocyte-enriched
Aldhlll gene (Tsai et al. 2012). Quantification showed that
approximately 63.8% of SOX2* cells express GFP (Fig. 1b).

SOX2 expression in astrocytes was further confirmed with the
specific marker glutamine synthetase (GS; Fig. 1b). Over 60% of
SOX2* cells express GS, whereas only 16% of the population
express OLIG2, a marker for oligodendrocytes and oligodendro-
cyte precursor cells (Fig. 1b, ). SOX2 expression, nonetheless, is
relatively lower in OLIG2*GFP~ cells than in neighboring
OLIG2'GFP" cells (Fig. 1c, arrows and arrowheads; the ratio of
SOX2 fluorescence intensity in OLIG2"GFP* vs. OLIG2*GFP™ = 3.3,
n = 50, P < 0.0001). In sharp contrast, SOX2 was not observed in
IBA1™ cells, a microglia/macrophage-restricted marker (Fig. 1d). To
determine whether aging influences SOX2 expression patterns,
we compared SOX2 expression in both young (2 months old) and
aged (24 months old) mice. No significant difference was identi-
fied in either the cellular distributions or expression levels
(Fig. 1b, c, e). Together, these data reveal that SOX2 is predomi-
nantly expressed in cortical astrocytes and its expression is not
much altered during the aging process.

Identification of Genome-Wide SOX2-Binding Sites in
the Adult Cortex

The role of SOX2 is well established in neural stem cell regula-
tion and development of the nervous system (Suh et al. 2007,
Pevny and Nicolis 2010); however, not much is known about how
SOX2 functions in the adult cortex. We performed ChIP-seq using
adult mouse cortical tissue to define the genome-wide binding
patterns of SOX2. Bioinformatic analysis revealed 9334 bound
sites that are shared between three biologically independent
samples. Among these, 2114 high-fidelity sites have a peak score
> 10. A de novo motif search identified motifs enriched within
each dataset. The 2 most enriched motifs resemble the canonical
SOX binding site or HMG-box (Fig. 2a). Two variants of this HMG-
box together represented more than 80% of the searched target
sequences. The second most enriched motif is annotated to POU
factors, which were previously shown as cofactors of SOX family
transcription factors (Tanaka et al. 2004). Approximately 43% of
searched target sequences contain this POU-binding motif
(Fig. 2a). These results strongly validate the high quality of our
SOX2 ChIP-seq datasets and suggest that many genes may be co-
regulated by SOX2 and POU factors.

SOX2-bound sites are mainly localized to intronic (41.3%),
intergenic (36.1%), and promoter-transcription start site (19.2%)
regions (Fig. 2b). Among the genes annotated to SOX2-bound
elements, numerous have been implicated in astrogliosis and
reactive astrocyte proliferation after TBI or other brain diseases,
such as Nr2el, Mmd2, Wnt7a, and Akt2 (Fig. 2c, and
Supplementary Table S1). Interestingly, the SOX2-binding site
in the Nr2el locus was previously identified to be functional in
a transgenic enhancer analysis (Islam et al. 2015), further con-
firming the specificity and fidelity of our ChIP-seq results. To
globally assess the function of SOX2 targeted genes, we
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2 mo

2 mo

2mo

2 mo

24 mo

Figure 1. SOX2 expression in adult mouse cortex. (a) Rare and weak SOX2 expression in cortical neurons (indicated by an arrowhead). Non-neuronal expression is
generally much stronger (indicated by arrows). (b) SOX2 expression in cortical astrocytes of Aldh1l1-EGFP mice. Astrocytes were identified by GS and the reporter GFP.
Arrows show a representative GFP*GS*SOX2" cell. mo, month. (c) SOX2 expression in cortical OLIG2* oligodendrocytes or oligodendrocyte precursors of Aldh111-EGFP
mice. Arrows show a representative SOX2"€"0OLIG2"GFP* cell, whereas arrowheads show a representative SOX2'°"OLIG2*GFP~ cell. SOX2 expression is always weaker
in OLIG2* cells. (d) SOX2 is not expressed in IBA1* microglia. A representative SOX2*IBA1™ cell is indicated by an arrow. (¢) SOX2 expression in cortical GFP* astrocytes
(indicated by an arrow, SOX2M€*0LIG2 GFP*) or OLIG2" cells (indicated by an arrowhead, SOX2'°"OLIG2*GFP~) of 24-month-old Aldh111-EGFP mice. Scale bars: 25 ym

(a) and 50 pm (b-e).

performed gene ontology (GO) analysis of all the genes with a
peak score >10 using HOMER and Wikipathway analysis. An
extensive list of enriched GO terms is presented in Supplementary
Table S2. Importantly, the most enriched GO terms related to
astrogliosis including the WNT signaling pathway (WP539), the
Delta-Notch signaling pathway (WP265), the TGF-§ signaling
pathway (WP113), the IL-6 signaling pathway (WP387), and the

MAPK signaling pathway (WP493) (Fig. 2d, and Supplementary
Table S2). We confirmed through quantitative RT-PCR (qRT-PCR)
analysis that expression of genes involved in astrogliosis was
largely altered upon Sox2 deletion in cultured astrocytes
(Supplementary Fig. S2, Supplementary Table S3). These results
suggest that SOX2 regulates astrocyte function by directly tar-
geting components of multiple signaling pathways.
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Figure 2. ChIP-seq analysis to reveal SOX2-regulated genes in the adult mouse cortex. (a) The predominant SOX2-bound motifs identified by genome-wide ChIP-seq
analysis. (b) Genome-wide distribution of SOX2-binding peaks. (c) Representative genes directly targeted by SOX2. ChIP-seq was performed in triplicates using inde-
pendent cortical tissues. (d) Highly enriched Gene Ontology terms by Wikipathway analysis.

Minimal Effect of Sox2-Deletion on Astrocytes and
Animal Behaviors Under Homeostasis

To examine SOX2 function in adult astrocytes in vivo, we gener-
ated hGFAP-CreER™2% Sox2/f; Rosa-tdT mice, in which the floxed
alleles of Sox2 can be conditionally deleted in astrocytes that are
simultaneously marked by the Cre-dependent reporter tdTomato
(tdT) (Fig. 3a). For simplicity, this Sox2 mutant line is hereafter
referred as Sox2-cKO. The floxed allele-negative mice were used
as wild-type controls and dubbed Sox2-WT. The adult mice were
intraperitoneally injected with tamoxifen for 4 days and ana-
lyzed 7 days after the final injection. Immunohistochemistry
confirmed an efficient deletion of SOX2 expression in cortical
astrocytes of adult Sox2-cKO mice (Fig. 3b,c). Unexpectedly, the
adult Sox2-cKO brains did not show any gross morphological
abnormalities when compared with Sox2-WT littermate controls
even at 3 months following tamoxifen injections. Quantification
of cortical astrocytes failed to reveal any obvious changes in cell
density in Sox2-cKO mice (Fig. 3d, e). Astrocyte morphology also
remained similar between wild-type controls and Sox2-cKO
mice (Fig. 3d, f, g). Nonetheless, due to its expression in adult
neural stem cells, Sox2 mutant mice showed a mild but signifi-
cant reduction of neurogenesis in the dentate gyrus and lateral
ventricle (Supplementary Fig. S3).

We then examined whether Sox2-deletion led to any changes
on animal behavior through a series of tests (Supplementary
Fig. S4a). The overall neurological function was assessed through

a modified neurological severity score (mNSS) system, which
mainly measures reflex and body coordination (Supplementary
Table S4). Both Sox2-cKO mice and wild-type controls performed
equally well as indicated by an average score of 1-1.5 during a
time course analysis (Fig. 3h). A two-way ANOVA and post hoc
multiple comparisons failed to reveal any significant difference
between experimental groups. The depression-like behavior was
examined by tail suspension test (Fig. 3i). The average duration
in immobility was around 120s during a 6-min test session; and
no significant difference was identified between wild-type and
Sox2-cKO mice. Risk-taking and anxiety-like behavior was
monitored by elevated plus maze. Similarly, we failed to
observe any significant deficits in mice with Sox2-cKO (Fig. 3j).
In addition, spatial learning and memory examined by the
Morris water maze was also similar between wild-type and Sox2-
cKO mice (Supplementary Fig. S4b, c). Together, these data indi-
cate that SOX2 is not required for astrocyte survival and mor-
phology. It also has no significant influence on cognitive and
emotional behaviors of mice under normal condition.

Robust Response of SOX2* Cells to TBI

We used a CCI-induced TBI model to examine a potential role
of SOX2 under pathological conditions (Fig. 4a). A time course
analysis showed that CCI induced a rapid increase of both the
number of SOX2* cells and the intensity of SOX2 expression
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surrounding the injury site (Fig. 4b-d). Such increase was then
much reduced at 28 days post CCI. Most importantly, we found
that over 20% of those SOX2* cells surrounding the injury area
expressed the cell proliferation marker KI67, indicating that a
significant fraction of these cells entered cell cycle after injury
(Fig. 4e, f).

CCI leads to reactive gliosis, including activation of astro-
cytes, microglia, and NG2* glia (Susarla et al. 2014). We analyzed
each of these cell types for SOX2 expression 3 days post-CCI. To
facilitate detection, cortical astrocytes were traced in mGfap-Cre;
Rosa-YFP mice (Srinivas et al. 2001; Gregorian et al. 2009). These
cortical YFP* cells strongly expressed SOX2 and nearly all
expressed the reactive astrocyte marker GFAP (Fig. 5a). The ratio
of SOX2*YFP* cells among all cortical SOX2* cells increased
from 60% in the noninjured condition to over 80% after CCI
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(Fig. 5b). This significant increase confirmed a specific response
of SOX2" astrocytes to CCIL.

Although CCI induced robust activation of microglia/macro-
phages as indicated by morphological change and upregulated
IBA1 expression, no microglia/macrophage stained positive for
SOX2 (Fig. 5¢). CCI also did not cause misexpression of SOX2 in
RBFOX3* neurons (Supplementary Fig. S5). Nonetheless, NG2*
or OLIG2" cells were detected surrounding the injury site, many
of which expressed SOX2 (Fig. 5d, e; arrows). These cells repre-
sented 20-30% of total SOX2* cells in the injured cortex (Fig. 5f, g).
Interestingly, nearly all SOX2"NG2" cells were also YFP* and more
than 60% of SOX2"OLIG2" cells were labeled by YFP (Fig. 5d, e),
indicating that a fraction of astrocytes expressed NG2 and/or
OLIG2 after CCI. Nonetheless, SOX2*GFP* cells were the predomi-
nant cells surrounding the injury site with an overall density of
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Figure 4. TBI-induced upregulation of SOX2 expression. (a) A schematic diagram showing controlled cortical impact (CCI)-induced TBI and counting area (red colored
box) for quantification. (b) Density of SOX2* cells surrounding the injured cortex (means + S.EM., n = 3-5 mice; F = 42.82 and P < 0.0001 by one-way ANOVA; **P =
0.0004 and ****P = 0.0001 by post hoc Tukey’s test). (c) Enhanced SOX2 expression in cells surrounding the injured cortex (means + S.EM., n = 3 mice; F = 14.71 and P =
0.0004 by one-way ANOVA; *P = 0.0032 and ***P = 0.0004 by post hoc Tukey’s test). (d) Representative confocal images of SOX2-staining in the injured cortex. Enlarged
views of the boxed regions are also shown. d, days post CCI injury. (e, f) Representative images and quantification data of proliferating SOX2* cells surrounding the
injury core at 3 days postinjury (dpi) (means + S.E.M., n = 3 mice, ***P < 0.0001 by t-test). Scale bars: 50 pm.
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SOX2-expressing reactive glial cells (means + S.E.M., n = 3 mice). Scale bars: 50 pm.

more than 1000 cells/mm? (Fig. 5h). The density for SOX2 OLIG2*
or SOX2*NG2* cells was much lower at 256 and 129 cells/mm?,
respectively (Fig. 5h). Together, these results suggest that CCI
induces a very robust response by SOX2* cells, with a majority of
the responsive cells being reactive astrocytes.

Requirement of SOX2 for Injury-Induced Reactive
Astrocytes

Proliferation is a key feature of astrogliosis following TBI (Kernie
et al. 2001; Susarla et al. 2014). We firstly determined a critical

time period during which a majority of reactive astrocytes
undergo proliferation. We focused our analysis on the cerebral
cortex because injury in this brain region causes robust SOX2
expression, although CCI might impact on both the grey and
white matter (Hall et al. 2005). BrdU was administrated in drink-
ing water from O to 7 days, 8 to 14 days, and 15 to 21 days after
CCI (Fig. 6a). Reactive astrocytes were identified by staining for
GFAP around the injury site. Quantification showed that astro-
cyte proliferation mainly occurred during the first 7 days postin-
jury (Fig. 6b). Only a very few proliferating astrocytes were
detected during the following 2-time periods (Fig. 6b, c).
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Therefore, we focused our further analysis on the first 7 days
postinjury. Both adult Sox2-cKO mice and their littermate con-
trols underwent CCI and were then administered BrdU-
containing drinking water for 7 days. Sox2-deletion reduced pro-
liferating reactive astrocytes by more than 50% over the first 7
days postinjury, indicated by double-staining of BrdU and GFAP
around the injury core (Fig. 6d, e). The overall GFAP" reactive
astrocytes were accordingly reduced by roughly 50% in Sox2-cKO
mice, compared with wild-type controls (Fig. 6f). Interestingly,
the average cell-body area of Sox2-deleted astrocytes was also
significantly smaller than controls (Fig. 6g), indicating a reduced
hypertrophic response to CCI. We then isolated astrocytes from
the injured cortex 3 days after CCI and confirmed many of those
SOX2-regulated candidate genes that were identified by ChIP-seq
(Fig. 6h). These results clearly indicate that SOX2 plays a key role
in activating cortical astrocytes after brain injury.

Cortical injury-induced microglia activation/macrophage
recruitment was unexpectedly much reduced in Sox2-cKO mice
(Supplementary Fig. S6a-b). The total number of microglia/
macrophages surrounding the injury site decreased more than
50%, whereas those cells in proliferation reduced 65% upon
inducible deletion of Sox2. Since Sox2 is not expressed in micro-
glia/macrophages, these data indicate that Sox2-dependent
reactive astrogliosis noncell autonomously modulates micro-
glia/macrophages after CCI. Interestingly, neuronal cell density
surrounding the injury area was significantly higher in Sox2
mutants than in wild-type controls (Supplementary Fig. S7a),
although they showed no difference in NG2 glia density, cell
apoptosis, or postinjury angiogenesis at 7dpi (Supplementary
Figs Sé6c, d and S7b, c).

Sox2-Deletion in Astrocytes Promotes Functional
Recovery After Injury

To determine whether SOX2 in reactive astrocytes played a role
during tissue remodeling after brain injury, we analyzed glial-
scar formation and lesion size surrounding the injured cortical
region. Both wild-type and Sox2-cKO mice underwent CCI and
were sacrificed for analysis 2 months later. Glial scars and
lesion area were demarcated by GFAP and nuclear Hoechst3342
staining, respectively. We found that the total lesion size in the
Sox2-cKO brains was much smaller than in the respective wild-
type controls (Fig. 7a, b). Glial scars were observed in the sur-
rounding lesion area in both wild-type and Sox2-cKO mice;
however, the total cortical area with reactive astrocytes (GFAP*
area) was significantly reduced in Sox2-cKO mice (Fig. 7c).

In addition to molecular and cellular changes, TBI also leads
to behavioral deficits (Luukkainen et al. 2012; Yang et al. 2012).
Accordingly, we conducted a series of neurological analysis of
mice after CCI (Supplementary Fig. S8a). Overall neurological
function was monitored by mNSS over time. When examined
at 24h postinjury, both Sox2-cKO and control mice were
impaired to a nearly identical degree (Fig. 7d), indicating rela-
tively uniform injuries among these mice. Interestingly, the
neurological function of Sox2-cKO mice significantly improved
during the following weeks, while their wild-type controls
showed only mild gains during the first 7 days postinjury
(Fig. 7d). When examined at 5 weeks postinjury, Sox2-cKO mice
also spent significantly less time in immobility during the tail-
suspension test, revealing much-reduced depression-like
behavior (Fig. 7e). Sox2-deletion similarly improved animal per-
formance in the elevated plus maze tests when examined at 6
weeks postinjury. Sox2-cKO mice stayed significantly less time
in the open arm, whereas their total entries to this arm

remained similar to their controls (Fig. 7f). Such results suggest
that deletion of Sox2 in astrocytes protects mice from CCI-
induced risk-taking irrational behavior. Nonetheless, Sox2-cKO
mice performed similarly as their wild-type controls on the
hippocampus-dependent learning and memory by Morris water
maze tests (Supplementary Fig. S8b, c).

Discussion

A better understanding of the molecular mechanisms control-
ling reactive astrocyte function is fundamental to therapeutic
interventions for brain trauma. In this study, we show that the
transcription factor SOX2 plays a critical role in TBI-induced
reactive astrocytes. SOX2 is basally expressed in normal corti-
cal astrocytes and highly induced by TBI. As a transcription fac-
tor, SOX2 binds to regulatory regions of many genes involved in
regulating reactive astrocyte functions, such as cell cycle re-
entry and cytokine signaling. Injury-induced proliferation of
cortical astrocytes critically requires SOX2. Since reactive gliosis
is generally believed to help maintain tissue integrity after
traumatic injury (Faulkner et al. 2004; Rolls et al. 2009; Burda
et al. 2016), it is unexpected that conditional deletion of Sox2 in
adult astrocytes significantly reduces injury area and lesion
size, and improves behavioral recovery after TBI. Therefore, our
results uncover for the first time that SOX2-dependent signal-
ing pathways in reactive astrocytes may be specifically targeted
for brain recovery after traumatic injury.

SOX2 is well known for its critical role in embryonic stem
cells, neural stem cells, brain development, and adult neuro-
genesis (Graham et al. 2003; Ferri et al. 2004; Episkopou 2005;
Bani-Yaghoub et al. 2006; Pevny and Nicolis 2010). Nonetheless,
its function in differentiated cells is less clear. Our analysis
reveals that SOX2 is basally expressed and can be further
induced by TBI in adult cortical astrocytes. This result is consis-
tent with prior reports showing an astrocyte-enriched expres-
sion of SOX2 in both the brain and spinal cord (Bani-Yaghoub
et al. 2006; Guo et al. 2011). Similar to TBI, contusion spinal cord
injury and focal demyelination can also upregulate SOX2
expression in oligodendrocyte progenitor cells (OPCs) and epen-
dymal cells (Lee et al. 2013; Zhao et al. 2015). Such induced
SOX2 expression in OPCs may be required for differentiation
and remyelination (Zhao et al. 2015). In addition to the central
nervous system, SOX2 is detectable in GFAP™ glial cells after
nerve injury of the inner ear (Lang et al. 2011). Further, these
injury-responsive SOX2* glial cells gain neural stem cell-like
properties in culture (Lang et al. 2015). Although the exact
molecular mechanism remains to be investigated, the injury-
induced expression of growth factors and cytokines may be
responsible for SOX2 upregulation in multiple glial cells after
injury (Bani-Yaghoub et al. 2006; Srinivasan et al. 2016).

The injury-induced upregulation of SOX2 suggests it may play
a unique role in astrocyte activation after brain injury. In this
regard, we have recently demonstrated that SOX2 overexpression
is sufficient to reprogram astrocytes into neuroblasts and func-
tional neurons in the adult brain and spinal cord (Niu et al. 2013,
2015; Su et al. 2014; Wang et al. 2016). Brain NG2 glia can be simi-
larly reprogrammed by ectopic SOX2 after injury (Heinrich et al.
2014). However, such neurogenic reprogramming of reactive
astrocytes or NG2 glia has not been observed in spite of robust
expression of endogenous SOX2 surrounding injured regions of
brain or spinal cord, which suggests that an expression threshold
or another yet-to-be-identified mechanism is required for this
fate reprogramming in vivo. Nonetheless, SOX2 upregulation may
lead to dedifferentiation of reactive astrocytes.
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Figure 6. Astrocyte activation requires SOX2. (a) A strategy for analysis of astrocyte activation post CCI-induced injury. Immunohistochemistry was performed at the
indicated time points. dpi, days postinjury. (b) Quantification of reactive astrocytes during a time course. Cells were counted surrounding the injured cortex (means +
S.E.M., n = 4 mice). (c) Representative images of activated cortical astrocytes indicated by BrdU-incorporation and GFAP staining. (d) Confocal images showing reduced
proliferation of cortical astrocytes in mice with Sox2-deletion. Enlarged views of the boxed regions are shown on the respective right panels. (¢) Quantification of pro-
liferating cortical astrocytes at 7 dpi (means + S.E.M., n = 4 mice for each genotype, *P = 0.0049 by t-test). (f) Quantification of total activated cortical astrocytes indicated
by GFAP staining at 7 dpi (means + S.E.M., n = 4 mice for each genotype, *P = 0.0009 by t-test). (9) Quantification of cell body areas of GFAP* cells at 7 dpi (means + S.EM.,,
n =4 mice, *P < 0.01 by t-test). (h) Expression of SOX2 targeted genes from isolated adult cortical astrocytes 3 days after CCI (means + S.E.M.; n = 4 mice; P < 0.05 for each
of the genes by t-test). Scale bars: 50 pm.

Through inducible deletion of Sox2 in adult astrocytes, we astrocytes are the predominant cell type expressing SOX2 in
reveal for the first time an essential role of SOX2 in regulating this region, our identified binding sites largely represent SOX2
the functions of reactive astrocytes after TBI. At the molecular regulatory regions in these adult differentiated cells. A global
level, our ChIP-seq analysis identified more than 2100 high- GO analysis of annotated genes indicates that numerous SOX2

fidelity SOX2 bound sites in mouse cortical tissue. Since cortical targets directly contribute to the regulation of the WNT, Delta-
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Figure 7. Sox2-deletion ameliorates TBI-induced functional impairments. (a) Whole brain overviews of the indicated mice at 2 months after CCIL. The lesioned brain areas are
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test). Scale bars: 1 mm. (c) Quantification of cortical areas with reactive astrogliosis. Coronal brain sections with GFAP staining showing areas for quantification. The regions
with reactive gliosis are outlined by the dashed lines (means + S.E.M.; n = 6 mice for each genotype; *P = 0.0098 by t-test). Scale bars: 100 pm. (d) mNSS showing TBI-induced
overall neurological impairments (means + S.EM.; n = 12 and 11 for WT and cKO mice, respectively). Data were analyzed by two-way ANOVA and post hoc Tukey’s test
(genotype effect: F = 40.44, P < 0.0001; time effect: F = 8.758, P < 0.0001; effect of genotype x time, F = 2.721, P = 0.033; ™P < 0.01 and **P < 0.001). (¢) Tail suspension test to
examine depression-like behavior (means + SEM,; n = 12 and 11 for WT and cKO mice, respectively; **P < 0.0001 by t-test). (f) Elevated plus maze test to examine risk-
taking irrational behavior (means + S.EM.; n = 12 and 11 for WT and cKO mice, respectively; *P = 0.02 by t-test; n.s., not significant).

Notch, TGF-p, IL-6, and MAPK signaling pathways. These path-
ways are known to have critical roles in astrogenesis during
normal neural development and in astrogliosis under patholog-
ical conditions (Schachtrup et al. 2010; Benner et al. 2013;
Choi et al. 2013; Wanner et al. 2013; LeComte et al. 2015; Yang
et al. 2016). For example, MMD?2 directly regulates ERK phos-
phorylation and plays a key role in astrogliosis (Jin et al. 2012;
Kang et al. 2012). WNT7a, a principle upstream factor activating
beta-catenin, is highly expressed in astrocytes and critical for
cell proliferation (Chen , Guan, Liu et al. 2012; Chen , Guan,
Zhang et al. 2012). AKT2 and AKT3 are key components of PI3K/
AKT and MAPK pathway, which regulates the expression of
EGFR and interact with PTEN signaling, and play essential roles

in regulating astrogliosis (Endersby et al. 2011; Choi et al. 2013;
Xie et al. 2016). NR2E1 (also known as TLX) is enriched in adult
neural stem cells and astrocytes in the adult brain with impor-
tant roles in astrogliosis through regulation of the BMP signal-
ing (Shi et al. 2004; Niu et al. 2011; Qin et al. 2014). Interestingly,
the direct regulation of NR2E1 by SOX2 was previously con-
firmed by enhancer analysis both in cell culture and in trans-
genic mice (Shimozaki et al. 2012; Islam et al. 2015). Together,
these results indicate that SOX2 regulates astrocyte activation
by controlling the activity of multiple signaling pathways.

It is unexpected that astrocyte-specific deletion of Sox2 in
mice results in a much-reduced lesion size and significantly
improved behavioral recovery after TBI. Emerging evidence
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shows that reactive astrocytes are critical for restricting inflam-
mation and preserving tissue and function (Faulkner et al. 2004;
Rolls et al. 2009; Burda et al. 2016). For example, preventing
astrocyte scar formation impedes recovery after spinal cord
injury (Anderson et al. 2016). Ablation of proliferating reactive
astrocytes leads to increased neuronal degeneration, inflamma-
tion, and tissue loss in mouse TBI models that are induced by
either CCI or stab wound (Bush et al. 1999; Myer et al. 2006).
Nonetheless, some studies also reveal that reactive astrogliosis
contributes to secondary tissue loss, impaired regeneration, and
functional disabilities (McGraw et al. 2001; Raghupathi 2004).
Glial scars formed by reactive astrocytes constitute a major
inhibitory environment for axonal and cellular regeneration
postinjury (Bush et al. 1999; Silver and Miller 2004). For example,
reducing astrogliosis and astroglial scar formation through
either cell-cycle inhibition or expression of an anti-glial-scar
factor increases nerve fiber growth in the core area of the injury
site, and improves axonal regeneration and functional recovery
after TBI or SCI (Di Giovanni et al. 2005; Jeong et al. 2012). These
reported different roles of reactive astrocytes may depend on
the type of injuries and very likely on the methods to manipu-
late the fate of reactive astrocytes. The outcome for cell-
ablation-based methods may be understandably different from
outcomes based on gene expression and cell-cycle regulation.

TBI results in damages to the lesion core, and molecular and
cellular dysfunctions in the penumbra, which ultimately lead
to behavior impairments. The mNSS measures performances of
several behaviors and is generally used to evaluate neurological
deficits after stroke or TBI (Chen et al. 2005; Schwarzbold et al.
2010; Ge et al. 2014). A time-course analysis of mNSS showed
that Sox2-cKO mice recovered significantly better than controls.
Emotional behaviors associated with the prefrontal cortex,
which are frequently impaired in animals with TBI-induced
cortical injuries (Schwarzbold et al. 2010; Washington et al.
2012; Huang et al. 2013), can be assessed through elevated plus
maze and tail suspension tests (Schwarzbold et al. 2010;
Adhikari et al. 2011). In both of these paradigms, Sox2-cKO mice
were less impaired. In contrast, Sox2-deletion has no significant
effect on hippocampus-dependent learning and memory mea-
sured by MWM tests. Together, these data indicate that SOX2-
mediated response in astrocytes exacerbates certain functional
deficits after cortical injury.

In summary, our results reveal that SOX2 plays an impor-
tant role in TBI-induced reactive gliosis and behavioral deficits.
They further suggest that the SOX2-dependent pathways may
be specifically targeted for recovery after TBI.
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Supplementary data is available at Cerebral Cortex online.
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