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Summary

The astrocytic response to injury is characterized on the cellular level, but our understanding of the
molecular mechanisms controlling the cellular processes is incomplete. The astrocytic response to
injury is similar to wound healing responses in non-neural tissues that involve epithelial-to-
mesenchymal transitions (EMT) and an upregulation in ZEB transcription factors. Here we show
that injury-induced astrogliosis increases EMT-related genes expression, including the Zeb2, as
well as long non-coding RNAs, including ZebZos, which facilitates ZEB?2 protein translation. In
mouse models of either contusive spinal cord injury or transient ischemic stroke, the conditional
knockout of Zeb2in astrocytes attenuates astrogliosis, generates larger lesions, and delays
recovery of motor function. These findings reveal ZEB2 as an important regulator of the astrocytic
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response to injury and suggest that astrogliosis is an EMT-like process, which provides a
conceptual connection for the molecular and cellular similarities between astrogliosis and wound-
healing responses in non-neural tissue.

eTOC blurb

Vivinetto et al. identify the EMT-related transcription factor ZEB2 as a regulator of the astrocytic
response to injury. Mouse models of either stroke or SCI show that knock-out of Zeb2in
astrocytes attenuates astrogliosis, increases lesion sizes, and delays recovery motor function.
Together, the findings suggest that astrogliosis is an EMT-like process.
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Introduction

Injury in the central nervous system (CNS) initiates astrogliosis, which is characterized by
cellular changes to astrocytes that include hypertrophy and thickened processes as well as
extensive changes in gene expression (Sofroniew, 2014). The scale of the astrocytic response
is dependent on injury severity and distance from the lesion. After severe injuries, reactive
astrocytes adjacent to the lesion organize to form a dense boundary that isolates the lesion
and protects surrounding tissue from further damage. In addition to generating a physical
barrier, reactive astrocytes also facilitate blood-brain-barrier repair as well as attenuate
osmotic and oxidative stresses (Pekny and Pekna, 2014). Studies that either genetically

Cell Rep. Author manuscript; available in PMC 2020 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vivinetto et al.

Results

Page 3

modified or ablated astrocytes have demonstrated the importance of astrogliosis and
astrocyte boundary formation in protecting neurons and neurological function. These studies
showed that disrupting the astrocytic response to injury increases the lesion size and worsens
recovery of neurological function (Anderson et al., 2016; Bhalala et al., 2012; Brambilla et
al., 2005; Bush et al., 1999; Faulkner et al., 2004; Herrmann et al., 2008; Hsu et al., 2008;
Okada et al., 2006; Sahni et al., 2010; Wanner et al., 2013). Reactive astrocytes that undergo
mild to moderate astrogliosis can resolve and return to their pre-injury physiology, but the
boundary-forming astrocytes adjacent to the lesion maintain their reactive phenotype in the
chronic phase (Sofroniew, 2014).

The astrocytic cellular response to CNS injury has several similarities with wound healing in
non-neural tissue (Burda and Sofroniew, 2014; Stroncek and Reichert, 2008). Moreover, in
several tissues, severe injury and inflammation can also result in fibrosis and the formation
of a scar tissue boundary that resembles the chronic astrocytic boundary. The non-neural
wound healing process involves epithelial cells that undergo a transition to a mesenchymal
phenotype that includes extensive cytoskeletal remodeling, degrading cell-cell junctions, and
altering the ECM (Haensel and Dai, 2018). This epithelial-to-mesenchymal transition
(EMT) is promoted by signaling pathways, such as JAK/STAT, EGF, and TNFa (Jere et al.,
2017; Stone et al., 2016; Yan et al., 2010), which also promote astrogliosis after injury (Li et
al., 2011; Okada et al., 2006; Wanner et al., 2013; White et al., 2011). In addition to wound
healing, EMT is also a well-studied process in development and cancer metastasis (Nieto et
al., 2016). The similarities between astrogliosis and EMT suggest that the astrocyte response
to injury can be modified by targeting EMT-related factors.

Zeb2 encodes a zinc-finger homeodomain transcription factor protein that has an established
role in controlling cell mobility, cell adhesion, and cytoskeletal reorganization in wound
healing, development, and cancer (Lamouille et al., 2014; Rogers et al., 2013; Zheng and
Kang, 2014). Zeb2 also regulates several processes in neural development, including
neuroectoderm formation, alternative cell fate decisions, proliferation and differentiation
(Chng et al., 2010; Dang and Tropepe, 2010; Dang et al., 2012; He et al., 2018; McKinsey et
al., 2013; Miquelajauregui et al., 2007; Nitta et al., 2004; Seuntjens et al., 2009; Van de
Putte et al., 2003; van Grunsven et al., 2007; Weng et al., 2012). The role for Zeb2in the
normal or pathological adult CNS, however, is unknown. In this study, we identified a subset
of EMT-related genes, which included Zeb2, whose expression is upregulated in astrogliosis.
We explored the role of Zeb2in regulating the astrocytic response to injury in mouse model
systems of either spinal cord injury (SCI) or ischemic stroke. These studies identify Zeb2as
a regulator of astrogliosis and the recovery of motor function. Together, these findings
provide insight into the molecular mechanisms directing the astrocytic response to injury
and suggest that astrogliosis is related to wound healing processes in non-neural tissues on
both a cellular and molecular level.

EMT-like changes in astrocytic gene expression following injury

To identify EMT-related genes that have expression levels modified by the induction of
astrogliosis following injury, we examined publicly available RNA-seq data of astrocyte
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gene expression in adult mice that were either uninjured or at 14 days following a spinal
cord crush injury (Anderson et al., 2016). This analysis examined a set of 181 genes
combined from canonical EMT-related marker genes (Zeisberg and Neilson, 2009) and the
EMT Gene Set Enrichment Analysis (GSEA) dataset for genes defining EMT in wound
healing, fibrosis, and metastasis (Subramanian et al., 2005). Changes in gene expression
associated with EMT include genes that have expression levels up-regulated and genes that
have expression levels down-regulated. The combined dataset we examined contained 139
pro-EMT genes that are upregulated during EMT and/or promote EMT, as well as 42 EMT
genes that are down-regulated during EMT and/or suppress EMT. Both pro- and anti-EMT
genes broadly belonged to seven functional categories: cell-surface and adhesion proteins,
cytoskeleton-associated proteins, ECM proteins, intercellular signaling proteins,
transcription factors, intracellular signaling, and cellular metabolism.

Astrogliosis and EMT share several similar cellular features, but reactive astrocytes never
attain a fully mesenchymal phenotype, which suggests that astrogliosis involves only a
partial upregulation of pro-EMT genes. Consistent with this expectation, the expression
levels for a subset of pro-EMT genes (41%, 57/139 genes) were increased in reactive
astrocytes, whereas the levels for most remaining pro-EMT genes (71/83 genes) were
unchanged (Supplemental Figure 1). The majority of pro-EMT genes (35/57 genes) that
increased in reactive astrocytes were either ECM or cell-surface and adhesion proteins
(Supplemental Figure 1). Since naive astrocytes have only limited morphological and
functional similarities to epithelial cells, only modest changes in the expression levels of
EMT genes that suppress epithelial phenotypes were expected in astrogliosis. Consistent
with this expectation, the expression levels for most anti-EMT genes (62%, 26/42 genes)
remain unchanged in reactive astrocytes (Supplemental Figure 2), and only a small subset of
anti-EMT genes (8/42 genes) was also down-regulated in reactive astrocytes (Supplemental
Figure 2). Thus, despite the differences in the starting phenotypes of epithelial cells and
astrocytes, our analysis indicates that EMT and astrogliosis upregulate a shared subset of
genes that underlie many of the similar cellular changes that occur in both processes.
Together, these findings indicate that changes in gene expression that are part of the
astrocyte response to injury overlap with established changes in gene expression associated
with EMT.

SCl-induced expression of ZEB1/2 in mouse astrocytes

Because the expression of a substantial subset of EMT-related genes is upregulated in
astrogliosis, we expected that targeting key EMT genes could modify the induction of
astrogliosis after injury. We focused on the SNAIL, TWIST, and/or ZEB transcription
factors because these proteins are important regulators of gene expression in EMT
(Lamouille et al., 2014). Our analysis of EMT-related genes found that spinal cord astrocytes
have little or no expression of 7wistand Snail family genes either before or after injury
(Figure 1A). By contrast, Zeb1/2were expressed in both uninjured and post-SCI astrocytes,
and only ZebZ2 expression levels were responsive to SCI (Figure 1A). We performed qRT-
PCR assays with whole spinal cord tissue from adult C57BI6 mice with contusive SCI and
confirmed that Zeb expression levels do not significantly change following injury (Figure
1B) and that ZebZ2 expression levels increase following SCI (Figure 1C). Our gRT-PCR
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analysis found that the up-regulation of Zeb2expression peaks at 7 days post-injury and
returns to baseline levels by 14 days post-injury, which contrasts with the RNA-seq data
indicating that Zeb2levels remain elevated at 14 days post-injury (cfFigure 1A vs. Figure
1C). This discrepancy likely reflects differences in RNA isolation methods (we used whole
spinal cord tissue, whereas the RNA-seq database isolated RNA from astrocytic ribosomes)
and/or differences in the type of injury used to generate reactive astrocytes (spinal cord crush
vs. contusion). Despite this discrepancy, the findings clearly show that the Zeb1/2 canonical
EMT transcription factor genes are expressed in naive and reactive adult astrocytes.

To further explore the role of Zeb1/2in the astrocytic response to injury, we examined ZEB1
and ZEB?2 protein expression in spinal cord tissue from sham-injured and 14-day post-
injured mice. This immunofluorescence analysis showed that both ZEB1 and ZEB2
expression levels strongly increase after injury (Figure 1D-G). Both transcription factors are
expressed in the spinal cord tissue surrounding the lesion, but ZEB1 was also strongly
expressed within the lesion core, whereas ZEB2 was absent from the lesion core (Figure 1E
vs. 1G). Further immunofluorescence analyses of ZEB1 expression in the spinal cord
surrounding the lesion showed that ZEB1 is expressed in many cell types, including
astrocytes (GFAP+), neurons (NeuN+), oligodendrocytes (OLIG2+), microglia/macrophages
(CD11b+), and endothelial cells (CD31+)(Supplemental Figure 3). By contrast, ZEB2
expression in the spinal cord after injury was nearly exclusive to astrocytes (Figure 1H, M,
R). ZEB2 expression was absent in microglia/macrophages (CD11b+; Figure 11, N, S),
endothelial cells (CD31+; Figure 1J, O, T), and neurons (NeuN+; Figure 1K, P, U), and only
a small number of scattered oligodendrocytes (OLIG2+; Figure 1L, Q, V) co-expressed
ZEB?2. Together, these findings show that SCI induces a strong, but differential, increase in
ZEB1 and ZEB2 expression levels. The induction of ZEB1 expression is broad and observed
in many cell types, whereas ZEB2 was almost exclusive to reactive astrocytes. Given our
focus on molecular mechanisms regulating astrogliosis, our studies hereafter concentrated
on the role of ZEB2.

To better characterize the temporal changes in ZEB2 protein expression,
immunofluorescence and western blots analyzed protein expression in mice at multiple time
points post-SCI. At 3 days, the immunofluorescence analyses showed scattered expression at
the lesion border and in the parenchyma, as well as expression in cells lining the central
canal. At 7 days post-injury, however, there was wide-spread and strong expression in
astrocytes surrounding the lesion as well as in white and gray matter astrocytes within the
rostral and caudal territories. This expression appeared to peak between post-injury days 7
and 14, after which expression levels decreased, but remained detectable near the lesion
boundary for as long as 30-days post-SCI (Figure 2A-F). Western blot analyses with whole
spinal cord tissue revealed that ZEB2 was partitioned to both the cytoplasm and nucleus
(Figure 2G-I). Distinct isoforms were detected in the cytoplasm and nucleus of sham-
injured mice, whereas nuclear isoforms were also present in the cytoplasm post-injury.
Together, these findings indicate that there is a dynamic and complex regulation of ZEB2
expression and cellular localization following injury.
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SCl-induced expression of Zeb20s in astrocytes

Efficient translation of Zeb2 mRNA into protein requires the co-expression of the Zeb2os
long non-coding RNA (IncRNA)(Beltran et al., 2008). ZebZ2os is a conserved INCRNA in
mice and humans that is transcribed from the opposite genomic strand encoding Zeb2and
partially overlaps with the Zeb625’-UTR (Figure 3A). Like Zeb2 and canonical markers of
astrogliosis, such as Gfap, examination of the astrocyte RNA-seq data (Anderson et al.,
2016) found that SCI induces ZebZos expression in astrocytes (Figure 3B-D). gRT-PCR
analyses with whole spinal cord tissue showed that Zeb2os levels also peaked at post-injury
day 7 (Figure 3E) and /n situ hybridization confirmed induction of ZebZos in astrocytes
following SCI (Figure 3F-J). STAT3 is a transcription factor that is a well-established
regulator of astrogliosis and the targeted loss of Stat3in astrocytes diminishes astrogliosis,
disrupts border formation, increases lesion size, and impairs recovery of motor function after
SCI (Anderson et al., 2016; Herrmann et al., 2008; Okada et al., 2006; Wanner et al., 2013).
Our analysis of the astrocyte RNA-seq data found that the SCI-induced upregulation of
ZebZos, but not Zeb2, expression, was dependent on Stat3 (Figure 3B-D). Moreover, we
found that Zeb2o0s was one of 17 IncRNAs that significantly changed their expression level
following SCI, and the loss of Stat3in astrocytes blocks the injury-induced changes for 11
of these INcCRNAs, including Zeb2os (Figure 3K; Supplemental Figure 4). Together, these
findings suggest that the injury-induced activation of STAT3 indirectly drives ZEB2 protein
expression through the up-regulation of ZebZos expression.

Targeted knockout of Zeb2 in astrocytes attenuates astrogliosis

To establish whether Zeb2was required for astrogliosis after SCI, we conditionally deleted
Zeb2from astrocytes of Gfap-creER72/Zeb2MoX/floxX adqult mice. Severe injury triggers the
generation of new astrocytes near the lesion (Sofroniew, 2014) and in order to ensure that
astrocytes generated after injury also have Zeb2 deleted, tamoxifen was administered for 7
continuous days starting 3 days prior to injury. At 14 days post-injury, elimination of ZEB2
expression was largely complete, with only scattered ZEB2+ astrocytes adjacent to the
lesion (Supplemental Figure 5A, B).

Analysis of conditional astrocytic Zeb2knockout (Zeb2cKO) mice revealed several changes
in the astrocytic response after SCI. Knockout of astrocytic ZebZ significantly increased the
lesion size at 14days post-injury (Figure 4A-H), which was accompanied by a reduction in
GFAP expression intensity (Figure 41-L). Reconstructions of individual astrocytes in the
gray matter 1mm from the lesion boundary revealed reduced hypertrophy in the primary
processes of Zeb2cKO mice 14 days post-injury (Figure 4M-Q). By contrast, astrocytes in
gray matter 3mm from the lesion boundary, where astrogliosis is less severe, showed no
noticeable difference in the thickness of processes. This indicates that the differences
observed at 1Imm are likely due to an impaired astrocytic response in Zeb2cKO mice rather
than Zeb2cKO astrocytes having general morphological changes. Together, these findings
show that the induction of astrogliosis by SCI was attenuated in the Zeb2cKO mice and that
Zeb2is necessary for the full astrocytic response to injury.

To establish whether Zeb2 also regulates the astrocytic response to injury in the brain, we
examined ZEB2 expression in mice after a 30-minute ischemic stroke (transient medial
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cerebral arterial occlusion). Analysis of Zeb2and Zeb2os expression levels from whole
brain tissue found that expression levels for both genes were increased specifically in the
hemisphere ipsilateral to the infarct and these levels remain elevated for at least 14days after
stroke (Figure 5A, B). Immunofluorescence analysis showed that stroke strongly induced
ZEB?2 expression in astrocytes in the hemisphere ipsilateral to the infarct (Figure 5C-G),
suggesting that the induction of ZEB2 expression in astrocytes following injury is a general
response in the CNS.

To address whether the targeted loss of Zeb2in brain astrocytes also attenuated astrogliosis
and impacted the lesion size following stroke, Zeb2cKO mice were administered tamoxifen
for the 5 days prior to stroke, but not on the day of injury or afterward because initial studies
with mice receiving tamoxifen post-stroke resulted in high mortality rates. This treatment
protocol also showed a knock-down, but not complete elimination, of ZEB2 from astrocytes
with scattered ZEB2+ astrocytes at the lesion boundary when brains were examined 3 days
post-stroke (Supplemental Figure 5C, D). Zeb2cKO mice had significantly larger infarct
volumes and greater brain swelling relative to control mice at 3 days post-stroke, (Figure
5H-K). Immunofluorescence also showed that GFAP expression was reduced in the
Zeb2cKO mice, consistent with the targeted knockout of Zeb2 attenuating the astrocytic
response to injury (Figure 5L, M). The exacerbated injury severity and brain swelling in
Zeb2cKO mice were also accompanied by a significant increase 1gG+ area and intensity,
which indicated a profoundly larger disruption of the blood-brain-barrier (Figure 5N-Q). In
addition, FITC-dextran injections also revealed enhanced vascular permeability in the
ipsilateral hemisphere of Zeb2cKO mice following stroke (Figure 5R-U). Together, these
findings show that the astrocytic response in Zeb2cKO mice was attenuated following stroke
and accompanied by increased lesion sizes and disruptions of the blood-brain-barrier.

Impaired motor recovery in Zeb2cKO mice

To address whether the knockout of Zeb2in astrocytes impacted the acute recovery of
function following injury, motor and reflex skills of Zeb2cKO and control mice were
evaluated with a modified neurological severity score at both 1- and 3-days post-stroke (Li et
al., 2000)(Figure 6A-C). At both time points, Zeb2cKO mice scored significantly worse
than control mice and neither group significantly improved between 1- and 3-days post-
stroke. Zeb2cKO mice had poorer performances on placement and proprioceptive tests,
suggesting increased sensory deficits as compared to control mice. Zeb2¢cKO mice also had
an increased tendency to circle towards the paretic side and were more likely to have an
inability to walk in a straight line, indicating increased motor impairment. By contrast, both
Zeb2cKO and control mice showed similar motor performance on balance beam tests and
had similar reflexes to auditory or touch sensory inputs. Together, the increased overall
sensory and motor impairment in Zeb2cKO mice was consistent with these mice
experiencing larger lesions and more severe stroke-related injury than control mice.

To address whether sub-acute recovery of motor function following injury was also impacted
by the knockout of Zeb2in astrocytes, motor function was examined in mice following
contusive SCI. In general, Zeb2cKO mice showed a slower recovery of motor function. At
post-injury day 4, 2 out of 9 control mice and 6 out of 11 Zeb2cKO mice dragged both
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hindlimbs either with no or slight ankle flexion. By post-injury day 6, all control mice were
stepping with at least one hindlimb, whereas 3 Zeb2cKO mice continued to drag both
hindlimbs with a range of ankle flexion. All control mice had at least occasional plantar
stepping on hindlimbs by post-injury day 8, but it took 12 days post-SCI for all Zeb2cKO
mice to also show at least occasional plantar stepping with the hindlimbs. This overall
pattern suggested that the recovery of motor function was delayed in Zeb2cKO mice.

The recovery of motor function in SCI mice was also examined by automated quantitative
gait analysis (CatWalk) every other day from 4 to 14 days after injury (Figure 6D). Step
sequence pattern analysis showed that prior to injury mice used either alternate or cruciate
stepping sequences, but not rotate sequences (Figure 6E). After injury, however, both control
and Zeb2cKO mice had a preference for alternate step sequences and also began using rotate
sequences (Figure 6E). There was no significant preference for any step sequence pattern
between control and Zeb2cKO mice, but Zeb2cKO mice were delayed in their recovery of
the regularity index (Figure 6F), which is a measure of interlimb coordination (Hamers et
al., 2001). The forelimbs, but not the hindlimbs, of Zeb2cKO mice also maintained a
significantly wider base of support at 14 days post-injury (Figure 6G, H), indicating that
compensatory changes in forelimb use with Zeb2cKO mice persisted. Consistent with this
persistent altered use of the forelimbs, the maximum contact area for both forepaws, but not
hind paws, was also significantly larger after 14 days post-injury (Figure 61,J). By contrast,
swing duration and stride length gait parameters did not show significant differences
between control and Zeb2cKO mice (Supplemental Figure 6). Together, both stroke and SCI
model systems of neurological injury show that the targeted knock-down of astrocytic Zeb2
impedes the recovery of motor function after injury.

Discussion

These studies identified Zeb2as an important regulator of astrogliosis after both stroke and
SCI. The targeted knock down of Zeb2in astrocytes attenuates astrogliosis, increases lesion
size, and impairs recovery of motor function. Together, these findings indicate that a key role
for ZebZ2in the astrocytic response to injury is to promote astrogliosis and preserve
neurological function.

The full effect of the targeted loss of astrocytic Zeb2is likely underestimated in this study
because the knock-out of ZebZ2in astrocytes was not complete. Previous studies that
genetically modified astrocytes have typically used constitutive promoters, such as Gfap, to
drive recombination because the loss of the target genes did not noticeably disrupt neural
development (Anderson et al., 2016; Brambilla et al., 2005; Okada et al., 2006; Sahni et al.,
2010; Wanner et al., 2013; White et al., 2011). By contrast, Zeb2 has established
developmental roles in the nervous system (Epifanova et al., 2019; Hegarty et al., 2015;
McKinsey et al., 2013; Miquelajauregui et al., 2007; Van de Putte et al., 2003), and a
previous study that deleted Zeb2with constitutively active CRE recombinase expressed
under the control of a Gfap promoter reported the onset of severe tremors and defects in
balance control approximately two week after birth (He et al., 2018). In order to prevent
disrupting nervous system development and avoid defects that could confound our studies to
address the astrocytic response in the adult nervous system, we relied on conditional
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tamoxifen-driven recombination to knock-out Zeb2in astrocytes. This inducible system,
eliminated most, but not all, ZEB2-expressing astrocytes following either SCI or stroke. This
system, however, also did not produce either tremors or balance deficits in mice after
receiving tamoxifen prior to injury.

The origin of ZEB2-expressing astrocytes at the lesion border in Zeb2cKO mice is unclear.
These ZEB2-expressing astrocytes may have been generated after the final tamoxifen
administration. Alternatively, or in addition, since the specific cell type responsible for post-
injury astrocyte production is not established, the ZEB2-expressing astrocytes at the lesion
boundary may have been derived from non-Gfap-expressing cells that were able to escape
tamoxifen-induced recombination and Zeb2 deletion. In the adult brain, some astrocytes
generated following stroke are derived from progenitors in the subventricular zone (SVZ)
adult neurogenic niche (Benner et al., 2013; Carlen et al., 2009; Faiz et al., 2015). Thus,
some ZEB2-expressing astrocytes near the stroke lesion in our Zeb2 cKO mice were possibly
generated from proliferative transit-amplifying cells in the SVZ. These proliferative cells do
not express GFAP (Mamber et al., 2013) and would not contain active CRE recombinase
following tamoxifen administration, which would prevent their progenitors from being
Zeb2cKO cells. SVZ-derived astrocytes require several days to migrate and reach cortical
lesion boundaries (Benner et al., 2013; Faiz et al., 2015), however, which suggests that local
proliferative cells may also contribute to the ZEB2-expressing astrocytes near the lesion we
observed only 3 days after stroke in our ZebZKO mice. In the adult spinal cord, ependymal
cells are a reported source of neural stem cells after injury that can generate several cell
types, including astrocytes (Barnabe-Heider et al., 2010; Johansson et al., 1999; Meletis et
al., 2008; Sabelstrom et al., 2013). Others have reported, however, that ependymal cells
generate astrocytes only after severe injury associated with damage to the ependymal layer,
but even in these cases, the contribution to post-injury astrocyte production was minimal
(Ren et al., 2017). Future studies using lineage tracing will be required to unambiguously
identify the origin, or origins, of these cells.

The regulatory role for ZEB2 in the astrocytic response to injury enhances our
understanding of molecular mechanisms that underlie the cellular processes shared between
astrogliosis and wound healing in other tissues (Burda and Sofroniew, 2014; Stroncek and
Reichert, 2008). Zeb2was identified as part of a subset of EMT-related genes upregulated in
astrocytes following injury. This subset also includes many genes encoding cell-surface,
cell-adhesion, cytoskeletal, ECM, as well as inter- and intracellular signaling proteins, that
together are integral for the cytoskeletal reorganization, modification of cellular junctions,
tissue remodeling, and deposition of ECM components that occur in both astrogliosis and
wound healing. Together, these molecular and cellular similarities strongly suggest that the
induction of astrogliosis is an EMT-like process.

Viewing astrogliosis as an EMT-related process provides a conceptual connection for the
molecular and cellular similarities to wound-healing responses in other tissues, as well as
events in development and cancer. Astrogliosis and EMT are both generally reversible
processes, although the starting and ending cellular phenotypes in astrogliosis do not
correspond to the epithelial and mesenchymal cell types associated with canonical EMT in
other tissues. EMT is not a completely binary process, however, and cells with partial- EMT
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phenotypes are common, including in wound healing (Nieto et al., 2016). Our finding that a
subset of canonical EMT genes is upregulated in reactive astrocytes is consistent with
astrogliosis representing a partial EMT-process. In glioblastoma multiforme, the
transformation of astrocytoma cells into an invasive phenotype is also an EMT-like process,
but to reflect the differences with canonical EMT, the transformation of astrocytoma cells
has been labeled a glial-to-mesenchymal transition (GMT)(Mahabir et al., 2014). Similarly,
since reactive astrocytes are distinct from GBM cells as well as mesenchymal cells in
canonical EMT processes, we propose labeling the underlying EMT-like process in
astrogliosis an Astrocyte-to-Reactive Astrocyte Transition (ARAT).

Our findings reveal ZEB?2 as a key driver of ARAT and astrogliosis, but ZEB1 co-expression
in some astrocytes may partially compensate when Zeb2is knocked down. ZEB1/2 proteins
have substantial homology, but they are not functionally redundant and germ-line knockouts
of either Zeb1 or Zeb2 are lethal with different timing and phenotypes for each genotype
(Takagi et al., 1998; Van de Putte et al., 2003). Moreover, there are also significant
differences in protein-protein interactions and gene expression patterns (Vandewalle et al.,
2009). In this study, both ZEB1/2 expression levels were upregulated following injury, but
ZEB1 was expressed in a wide range of cell types, including astrocytes, oligodendrocytes,
neuron, microglia/macrophages, and endothelial cells, whereas ZEB2 was restricted to
astrocytes. This differential expression suggests that ZEB2 is part of an astrocyte-specific
response, whereas ZEB1 may be part of general injury response in many cell types and is
not specifically required for ARAT and astrogliosis.

Injury-induced ZEB2 expression in the adult CNS is complex and is possibly regulated at
several levels. ZEB2 protein levels were low in uninjured tissue, despite the expression of
Zeb2 mRNA, but consistent with the regulation of its translation in cancer cells (Beltran et
al., 2008), ZEB2 protein levels increased following injury with the induction of Zeb2os
IncRNA expression. Zeb2o0s was identified as one of several astrocytic INcCRNAs that have
expression levels significantly altered following injury, which suggests that IncRNAs likely
have several pivotal roles in directing the astrocytic response to injury. Our findings also
show low levels of ZEB1 protein expression in uninjured tissue despite ZebZ mRNA
expression, and a strong upregulation of ZEB1 levels following injury. In humans, like
ZebZos, the INcCRNA Zeb1-AS is also expressed from the genomic strand opposite to Zeb1
and promotes ZEB1 translation (Zhao et al., 2019), suggesting that both ZEB1/2 have
similar IncRNA-mediated post-transcriptional regulatory mechanisms. In mice, however,
Zeb1-AS has not been characterized and underscores our limited understanding of InNcRNAs
and their function in reactive astrocytes and other cell types in the nervous system following
injury. In many tissues, ZEB1/2 levels are also modulated by miRNA-mediated mechanisms
(Abba et al., 2016), but like IncRNAs, our understanding of how miRNA levels are modified
in reactive astrocytes and contribute to astrogliosis is limited.

Our findings also reveal that there are multiple ZEB2 isoforms distributed between the
nucleus and cytoplasm both before and after injury. These isoforms may represent
differentially spliced transcripts and/or differential post-translational modifications,
including SUMOlyation and phosphorylation (Li et al., 2019; Long et al., 2005). Nuclear
localization of ZEB2 is required for its role as a gene transcription regulatory factor, and its
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cytoplasmic localization may reflect related interactions with SMAD transcription
regulatory proteins, which also traffic in between the nucleus and cytoplasm (Hill, 2009).
Alternatively or in addition, recent reports indicate that ZEB2 can also bind a-tubulin
(Fouani et al., 2020), which suggests that ZEB2 may influence astrocyte cytoskeleton
organization through mechanisms other than solely by regulating gene transcription.

The protective role of reactive astrocytes in the acute and sub-acute stages of recovery after
injury in the nervous system, as well as their role in the chronic boundary, has led to an
emerging interest in targeting these cells to improve functional outcomes from neurological
injury (Becerra-Calixto and Cardona-Gomez, 2017; Gleichman and Carmichael, 2014;
Liddelow and Barres, 2017; Liu and Chopp, 2016; Pekny and Pekna, 2014). To identify
suitable targets and advance the development of such approaches requires a more complete
knowledge of the molecular regulatory pathways directing the astrocytic response to injury.
In this study, we have identified ZEB2 as an important regulator of astrogliosis after either
stroke or SCI that influences lesion size and motor function recovery. Several factors and
molecular pathways that trigger and sustain astrogliosis have been identified (Sofroniew,
2009), but nearly all of these factors and pathways function in several cell types after injury.
ZEB?2, however, appears to be an astrocyte-specific factor and may provide opportunities to
selectively target reactive astrocytes following injury in order to improve neuroprotection
and recovery of neurological function.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, John Cave (joc2042@med.comell.edu).

Materials Availability—This study did not generate new reagents or mouse lines.

Data and Code Availability—This study did not generate any code and the datasets
analyzed are publicly available.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Zeb2X mice were rederived by the Mouse Genetics Core Facility at Weill
Cornell Medicine from cryopreserved sperm purchased from the Riken Institute (stock
number RBRC01924). The generation of the Zeb2°X mice has been previously described
(Higashi et al., 2002). The Zeb2°X mice were crossed with the Gfap-cre£?72 mouse line
purchased from Jackson Labs (stock number 012849). Generation of this Gfap-creFR"? line
has been previously described (Ganat et al., 2006). All mice, including C57BL/6J mice
(Jackson Labs stock number 000664), were housed in humidity-controlled cages at 22°C
under a 12:12 h light/dark cycle and provided with food and water ad libitum. All studies
adult mice (3—-4mo) of both sexes that weighed approximately 25¢g. Mice were randomly
assigned to experimental groups. All procedures were carried out under protocols approved
by the Weill Cornell Medicine Institutional Animal Care and Use Committee and conformed
to NIH guidelines.
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METHOD DETAILS

Gene Expression Analysis—All gene expression changes in reactive astrocytes relative
to uninjured astrocytes were determined using publicly available RNA-seq data of astrocyte
gene expression from uninjured and 14-day post-SCI adult mice (Anderson et al., 2016).
This database contains gene expression information using spinal cord astrocyte-specific
ribosome-associated RNA isolated from mice 2 weeks after either SCI or laminectomy. The
set of 181 EMT-related genes analyzed in this study was generated by combining canonical
EMT genes (Zeisberg and Neilson, 2009) and genes listed in GSEA Hallmark Epithelial-
Mesenchymal Transition dataset (M5930) for EMT in wound healing, fibrosis, and
metastasis (Subramanian et al., 2005). For the separate analysis INCRNA expression levels, a
set of 50 IncRNAs were identified in the literature as either having expression levels that
were either responsive to neurological injury (stroke or SCI) or involved with development.
IncRNAs associated with development were included since developmentally-related
pathways are involved in neuroprotective and regenerative responses to injury.

Spinal Cord Injury—Adult (3-4 mo) Gfap-cretR72/Zeb 2" (Zeh2cKO) and Zet™
(control) mice of both sexes that were approximately 25 g were administered tamoxifen
(Sigma) by intraperitoneal IP injection at 100 mg/kg (2.5 mg in 0.1 ml of a 9:1 canola oil:
ethanol mixture). Tamoxifen was delivered daily for three days prior to injury, the day of
injury, and three days after injury. On the day of injury, mice were anesthetized with
isoflurane (2.5%) before performing a laminectomy to remove the dorsal process of thoracic
vertebrae 9 (T9) and expose the spinal cord. The lateral processes of T8 and T10 were
clamped and a 50 kDyn injury was induced using the Infinite Horizon Impactor (Precision
Systems & Instrumentation). The impact curve was checked for hit quality at the time of
injury and the injury site was inspected for bruising before suturing the muscles closed in
two separate anatomical layers and closing the skin with wound clips. Body temperature was
monitored and maintained throughout the surgery using a thermo-regulated heating pad.
Buprenorphine (0.05 mg/kg) was administered twice-a-day for the first two days post-
surgery to alleviate pain. Lactated Ringer’s solution (1 ml) was provided 1-2 times per day
for the first two days post-surgery to prevent dehydration. Gentamycin (5 mg/kg) was
administered once-a-day for the first 7 days post-surgery to prevent infections. Cages were
placed on thermo-regulated heating pads to assist thermoregulation during the first week
post-surgery. All procedures were carried out under protocols approved by the Weill Cornell
Medicine Institutional Animal Care and Use Committee and conformed to NIH guidelines.

Quantitative Analysis of Gait Parameters after SCI—Recovery of motor function
was evaluated using the automated CatWalk System (Noldus Inc.). Prior to recording
baseline measurements, mice were allowed to adapt to the CatWalk apparatus by performing
at least 3 compliant runs per day for 3 days. Pre-injury baseline values were collected on the
day before the start of the tamoxifen injections (day —4) and on the fourth day of tamoxifen
injections before SCI surgery (day 0). Following SCI, gait parameters were measured on
days post-injury days 4, 6, 8, 10, 12, and 14. Three independent cohorts of control and
Zeb2cKO mice were analyzed so that a total of 9 control and 11 Zeb2ZKO mice were
analyzed. Based on previously established metrics for rodents following contusive SCI
(Hamers et al., 2006), analysis of gait parameters focused on the regularity index, base of
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support, maximum contact area, stride length, and swing speed. Analyses of gait parameters
were conducted by investigators blinded to the animal genotype. All CatWalk gait
parameters were analyzed on Prism software (Graphpad Software) using repeated-measures
ANOVA (a=0.05) with a Bonferroni’s multiple comparisons post-hoc test (a=0.05).

Transient Ischemic Stroke—Adult (3-4 mo) Gfap-creFR72/Zeb 2 (Zeb2cKO) and
Zeb2™ (control) mice of both sexes that were approximately 25 g were administered
tamoxifen (Sigma) by intraperitoneal IP injection at 100 mg/kg (2.5 mgin 0.1 ml of a 9:1
canola oil: ethanol mixture). Tamoxifen was delivered daily for five days prior to injury. As
previously described (Kim et al., 2014; Woo et al., 2016; Yang et al., 2019), mice were
subjected to transient middle cerebral artery occlusion (MCAQ). Mice were anesthetized
with isoflurane and a 6-0 Teflon-coated monofilament surgical suture (5—6 mm coating
length; 0.25 mm diameter; cat# 602556PK10; Doccol Corp.) was inserted into the exposed
external carotid artery, advanced into the internal carotid artery, and wedged into the Circle
of Willis to block the origin of middle cerebral artery until the cerebral blood flow (CBF)
had sufficiently dropped. CBF was blocked for 30 min before reperfusion, which was
confirmed at the time of filament withdrawal. The CBF was measured by Laser-Doppler
flowmeter (Periflux System 5010; Perimed AB) before MCAO, during occlusion period, and
10 min after reperfusion. Mice exhibiting greater than 80% reduction of pre-ischemic
baseline CBF (20% of pre-stroke baseline) during MCAO and greater than 80% of pre-
stroke baseline at 10 min of reperfusion were included in the study.

Post-Stroke Neurological Assessment—Neurological deficits in motor and reflex
skills were assessed on the basis of motor and sensory tests on post-stroke days 1 and 3.
Neurological scores were graded using a scale of 0 to 14 (0 indicating no deficits and 14
indicating maximum deficits)(Li et al., 2000). The motor function was tested by: 1) raising
the mouse by its tail to assess forelimb flexion, hindlimb flexion, and head movement (>10°
with respect to the vertical axis within 30 sec; scored 0-3); 2) placing a mouse on the floor
to determine inability to walk straight, circling, and falling down to the paretic side (scored
0-3); 3) abnormal movements to assess immobility and staring, tremor, and seizures,
myoclonus or myodystony (scored 0-3). Sensory tests were determined by a placing test
(scored 0-2) and a proprioceptive test (scored 0-3). All post-stroke neurological assessments
were carried out by investigators blinded to the animal’s genotype. Assessment scores
between control and Zeb2cKO mice were analyzed on Prism software (Graphpad Software)
using two-tailed t-tests.

Tissue Collection—Mice were sacrificed by a lethal injection of ketamine and xylazine
(150 mg/kg and 15 mg/kg, respectively; Henry Schein). For gRT-PCR and western blots
with SCI mice, unfixed spinal cord tissue was isolated and prepared for analysis. For
immunofluorescence analysis of SCI mice, tissue was fixed by trans-cardial perfusion with
saline and heparin that was followed by 4% paraformaldehyde in Sorenson’s buffer. Isolated
spinal cords were post-fixed overnight before being cryoprotected with 30% sucrose in PBS
and 20 um sections were prepared for analyses. For all stroke-related analyses, isolated
brains were flash-frozen before being cut into serial 20 um sections at 600 pm intervals.
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qRT-PCR—For SCI mice, 10 mm tissue blocks centered on the lesion were collected and
placed in 0.5 ml of RNAlater (ThermoFisher) before being frozen at —80°C. Samples were
batch-processed after collection of all experiment time points. Frozen tissue was ground
with a pestle in a microcentrifuge tube that was immersed in dry ice/ethanol. RNA was
isolated using QlAshredder columns (Qiagen) and RNAeasy mini Kits (Qiagen) according to
the manufacturer’s instructions. RNA was quantified using a Nanodrop microvolume
spectrophotometer (ThermoFisher) and cDNA was generated with the Superscript 111 First-
Strand Synthesis kit (ThermoFisher). Real-time (RT) PCR amplification was performed with
a QuantStudio Flex6 Real-Time PCR system (ThermoFisher). RT-PCR reactions to measure
Zeb1 expression levels used SYBR green PCR master mix (ThermoFisher) with Zebz
forward (5’-ACAAGACACCGCCGTCATTT-3) and reverse primers (5’-
GCAGGTGAGCAACTGGGAAA-3"). RT-PCR reactions to measure Zeb2and Zeb20s
expression levels used Tagman universal master mix and TagMan assays (Mm00497193 m1
and Mm01269795_m1, respectively). All expression levels were normalized to Gapdh levels
(using TagMan assay MmM99999915 g1). All quantitative PCR data were analyzed on Prism
software (Graphpad Software) by a 2-way ANOVA (a=0.05) followed by a Bonferroni’s
multiple comparisons test (a=0.05).

Western Blots—Protein samples were isolated from freshly dissected 10 mm spinal cord
sections centered on the lesion that were mechanically homogenized. Total protein samples
were generated with RIPA buffer containing protease inhibitors. Nuclear and cytoplasmic
samples were generated using the NE-PER Nuclear and Cytoplasmic Extraction kit
(ThermoFisher) and following the manufacturer’s instructions. Protein concentrations were
determined by DC assay (BioRad), as per the manufacturer’s instructions. For western
blotting, all protein samples were heat-denatured (95 °C, 5 min) prior to loading either 30
mg of nuclear protein, 50 pg of cytoplasmic, or 50 ug of total lysates per lane. Proteins were
resolved by electrophoresis with pre-cast 8% acrylamide gels (BioRad) and then transferred
to nitrocellulose membranes that were subsequently treated with Odyssey blocking buffer
(LiCor). To visualize proteins, the nitrocellulose membranes were incubated with primary
antibodies overnight at 4°C before being incubated with appropriate IRDye 680 or 800
secondary antibodies (1:10,000 dilution; LiCor) for 120 min at room temperature. Primary
antibodies used were ZEB2 (1:1000, rabbit, Tarabykin laboratory), GFAP (1:1000, rabbit,
Dako/Agilent), and p-actin (1:5000, mouse, Sigma). Membranes were imaged and band
intensities were quantified using an Odyssey Imaging System (LiCor). Protein band
intensities were normalized p-actin and analyzed on Prism software (Graphpad Software)
using two-tailed t-tests.

Immunofluorescence—~For SCI mice, horizontal longitudinal spinal cord tissue sections
were blocked in phosphate buffer (PB) containing 5% Chemiblock, 0.5% Triton X-100, and
0.05% sodium azide for 30 minutes at room temperature. For mice with a stroke, tissue
sections were fixed with 4% paraformaldehyde in phosphate buffer for 20 minutes at room
temperature before being blocked in PB with 1 % BSA and 0.05% sodium azide for 60
minutes at room temperature. All tissue sections were incubated overnight at room
temperature with primary antibodies in PB and 0.05% sodium azide (for SCI, PB also
contained 5% Chemiblock, 0.1% Triton X-100, whereas PB for sections from mice with a
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stroke also contained 0.5% BSA). Sections were then incubated with appropriate Alexa
Fluor (ThermoFisher) secondary antibodies (1:1000 dilution) in PB for 2 hours at room
temperature. Sections were mounted with ProLong Gold Antifade Reagent containing DAPI
(ThermoFisher). The following primary antibodies and dilutions were used: CD11b (1:500,
rat, Abcam), CD31 (1:5000, goat, R&D Systems), CD31 (1:200, rat, BD Biosciences),
GFAP (1:500, goat, Santa Cruz Biotech), GFAP (1:1000, rabbit, Dako/Agilent), OLIG2
(1:500, mouse, Santa Cruz Biotech), NEUN (1:500, mouse, Millipore), ZEB2 (1:1000,
rabbit, Tarabykin laboratory), ZEB1 (1:500, goat, Santa Cruz Biotech), B-ACTIN (1:5000,
mouse, Sigma), and B-ACTIN (1:5000, rabbit, Sigma).

In Situ Hybridization—For /n situ hybridization assays in the absence of
immunofluorescence, assays were performed with RNAScope fluorescent multiplex
detection reagents (ACDBio) and HybEZ hybridization system (ACDBio) according to the
manufacturer’s instructions. For co-labeling of tissue by /n situ hybridization and
immunofluorescence, tissue sections were post-fixed in paraformaldehyde in Sorenson’s
buffer at 4 °C for 30 minutes, then washed twice with PB before being submerged and
boiled in Target Retrieval Buffer (ACDBI0) at 98-99 °C for 5 minutes. Following antigen
retrieval, sections were washed twice with distilled water and then dehydrated in 100%
EtOH for 5 minutes. Sections were air-dried before a hydrophobic barrier was created with
an ImmEdge pen (Vector Laboratories). Sections were then covered with RNAScope
protease 111 solution (ACDBI0) and incubated at 40 °C with a HybEZ hybridization system
(ACDBIO0), after which sections were washed and then incubated with a Zeb20s C1 probe
(ACDBIO0). Sections were subsequently treated according to the RNAScope fluorescent
multiplex detection protocol (ACDBIo). After the last wash, sections were blocked with 1%
BSA and 0.1% Triton X-100 and then incubated overnight with primary GFAP antibody
(Dako, 1:500 dilution). Sections were visualized with Alexa Fluor secondary antibodies
(ThermoFisher, 1:000 dilution) and cover-slipped using Prolong Gold Antifade Reagent
containing DAPI (ThermoFisher).

IgG Immunohistochemistry—-Brain sections from mice with stroke were fixed with 4%
paraformaldehyde for 15 minutes at room temperature, then treated with 3% H,0O, for 30
min to block endogenous peroxidase activity. Sections were washed and then incubated with
a blocking solution containing 1% BSA and 10% normal goat serum for 1 hour at room
temperature. Sections were then incubated overnight at 4 °C with anti-mouse 1gG antibody
(1:1000 dilution, Vector Laboratories) before being washed with PBS and then incubated
with avidin/biotinylated peroxidase (ABC kit, Vector Laboratories) for 1 hour at room
temperature. Antibody labeling was visualized using the diaminobenzidine (DAB) substrate
(Sigma). For each mouse, 1gG positive areas and hemispheric intensity ratios were measured
with 3 sections spaced 600 pm throughout the lesion using Image J software (NIH) and
analyzed with Prism software (Graphpad Software) using two-tailed t-tests. Analyses of IgG
positive areas and hemispheric intensity ratios were carried out blinded to the animal’s
genotype.

Dextran Fluorescence—For mice with a stroke at 3 days post-injury, 25 mg/kg
fluorescein isothiocyanate (FITC) conjugated 70 kDa Dextran (Sigma) was retro-orbitally
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injected six hours prior to animal sacrifice and trans-cardial perfusion with PBS. Following
perfusion, brains were flash-frozen and 20 pm sections were prepared with a cryostat.
Sections were fixed with 4% paraformaldehyde in phosphate buffer and cover-slipped. For
each mouse, Dextran fluorescence areas and intensities were measured in 3 sections spaced
600 pm throughout the lesion using Image J software (NIH) and analyzed with Prism
software (Graphpad Software) using two-tailed t-tests. Analyses of dextran fluorescence
areas and intensities were carried out blinded to the animal’s genotype.

SCI Lesion Volume Analysis—A 12.7 mm (0.5 inch) block of the spinal cord tissue
centered on the injury epicenter was used to generate five sets of 20 um-thick longitudinal,
horizontal sections. For each mouse, GFAP and CD11 b expression was visualized by
immunofluorescence in a set of serial sections that spanned the entire dorsal-ventral axis
(consisting of 20-25 sections per mouse). Entire sections were imaged at 10X on a Zeiss
Axiolmager M2 epifluorescence microscope and composite images for sections were tiled
using the Virtual Tissue Section Manager as part of Stereo Investigator (MBF Bioscience).
Lesions volumes determined using Neurolucida (MBF Bioscience) with lesion boundaries
defined by the margins of CD11b+, GFAP- staining. Lesion tracing and reconstructions
were carried out blinded to the animal’s genotype. Lesion volumes were analyzed by a two-
tailed t-test with Prism software (Graphpad Software).

Infarct Volume and Brain Swelling in Mice with a Stroke—Three days after stroke,
20 pm-thick sections were serially collected at 600 pm intervals across a ~7.3 mm region
spanning the rostro-caudal axis (approximately +3.1 mm and —4.2 mm from bregma). A
total of 13 sections were used for infarct size and swelling measurements, which were
performed with Axiovision software (Zeiss). As previously described (Kim et al., 2014;
Yang et al., 2019), brain sections were examined by phase contrast microscopy and infarct
territories were traced within each section to calculate the infarct area. The percent
hemispheric swelling was calculated by dividing the difference between ipsilateral and
contralateral hemispheric volume by contralateral hemispheric volume and multiplying by
100. Infarct volume and brain swelling analyses were carried out blinded to the animal’s
genotype. Infarct volumes and percent swelling were each analyzed by two-tailed t-tests
using with Prism software (Graphpad Software).

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample sizes were based on previous experience and statistical methods were not used to
predetermine sample size. Data are presented as the mean * standard error of the mean
(SEM). Sample sizes (n) of either animals or the number of experimental repeats, as well as
statistical methods and results are provided in the corresponding figure legends.
Comparisons between two groups were made using two-tailed unpaired Student’s t tests,
otherwise one way- or two-way ANOVA with repeated-measures applied when appropriate
were used. Bonferroni post-hoc correction tests were employed following ANOVA
comparisons. Differences were considered statistically significant when p values were below
0.05. All data were analyzed using Prism software (GraphPad Software) and post-hoc power
calculations were performed with G*Power (Faul et al., 2009).
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Highlights
Zeb2 promotes astrogliosis and preservation of neurological function after injury
Naive astrocytes have Zeb2 mRNA, but protein expression is induced only after injury
Stroke and SCI also modify expression of several IncRNAs, including Zeb2os

Role of Zeb2and gene expression changes suggest astrogliosis is an EMT-like process
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Figure 1.
Expression of Zeb1/2following SCI. A, expression levels from RNA-seq data (Anderson et

al., 2016) for canonical EMT transcription factor gene families (Snail, Twist, and Zeb) in
astrocytes from uninjured mice and reactive astrocytes 14 days after SCI. Asterisks indicate
significant changes indicated in expression levels, as indicated by the database (Anderson et
al., 2016). B and C, time course qRT-PCR analysis of whole spinal cord tissue from either
uninjured mice or those with SCI for Zeb1 and ZebZ, respectively. Asterisks indicate
significant changes relative to uninjured mice (for both B and C: one-way ANOVA, n=3 for
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each time point and 3 technical repeats for each time point; and power=0.99 and 0.82 for B
and C, respectively; asterisks indicate p<0.04 for C). D-G, immunofluorescence of spinal
cord ZEB1 and ZEB2 expression in sham and SCI mice 14 days after injury. Lesions are
outlined by white dashed lines. H-V, immunofluorescence analysis in the spinal cord 14
days after injury at ~1500um from the lesion shows ZEB2 was expressed in nearly all
astrocytes (GFAP), but absent from oligodendrocytes (OL1G2), neurons (NeuN), microglia/
macrophages (CD11b), and endothelial cells (CD31). See also Supplemental Figures S1-S3.
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Immunofluorescence time-course analysis of SCl-induced ZEB2 expression. A-F,
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immunofluorescence shows that ZEB2 expression around the lesion after SCI peaks between
7 and 14 days after SCI. Lesions are outlined by white dashed lines. G and H, western blot

time course analysis of whole spinal cord tissue show multiple ZEB2 isoforms in
cytoplasmic and nuclear fractions, respectively. I, western blots showing the relative sizes of
ZEB2 isoforms in the cytoplasmic and nuclear fractions.
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Figure 3.

Injury-induced ZebZos expression following SCI. A, schematic of the overlapping genomic
structure of mouse ZebZos and Zeb2. B-D, RNA-seq data (Anderson et al., 2016) for Zeb2,
ZebZ2os, and Gfap expression in astrocytes from uninjured mice and reactive astrocytes 14
days after SCI in either wild-type (WT) or Stat3~-. Asterisks indicate significant changes
in expression levels relative to uninjured astrocytes, as indicated by the database (Anderson
et al., 2016). E, qRT-PCR time course analysis of ZebZos expression in whole spinal cord
tissue following SCI. Asterisks indicate significant changes relative to uninjured mice (one-
way ANOVA, asterisk indicates p<0.01; n=3 for each time point and 3 technical repeats for
each time point, power=0.60). F and G, /n situ hybridization assays showing Zeb2os
expression levels in uninjured mice and SCI mice 7 days post-injury, respectively. H-J, in
situhybridization and immunofluorescence assays in gray matter tissue from SCI mice 7
days post-injury showing the upregulation of Zeb20s expression in and around GFAP-
expressing astrocytes. In injured tissue, images were collected approximately 250 pm from
the lesion border. K, RNA-seq data (Anderson et al., 2016) for IncRNAs with expression
levels that significantly change following SCI in WT and/or Stat3”~ astrocytes 14 days
following SCI. Significant changes are indicated in the log2-fold change and non-significant
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changes are indicated by “NS,” as indicated in the database (Anderson et al., 2016). See also
Supplemental Figure S4.
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Figure 4.
Attenuated astrogliosis and increased lesion volumes after SCI in Zeb2cKO mice. A-C and

D-F, immunofluorescence for GFAP (astrocytes) and microglia/macrophages (CD11b)
expression in the spinal cord in control and ZebZKO mice, respectively, at 14 days post-SCI
reveals larger lesion volumes in Zeb2cKO mice. G, relative positions in the spinal cord of
sections shown in A-F, which are centered on the central canal. H, lesion volume
measurements show that lesion volumes are increased in Zeb2¢cKO mice (unpaired Student t
test, n=9 for control and n= 11 for Zeb2cKO mice, p<0.01, and power=0.92). | and J,
immunofluorescence for GFAP expression in control and Zeb2 cKO mice, respectively. K,
western blot analysis of GFAP expression in whole spinal cord tissue from control and
Zeb2cKO mice. L, quantification of western blot band intensities shows a significant
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decrease in GFAP expression levels, relative to B-Actin (unpaired Student t test, n=3 for
each genotype, p<0.03, power=0.73). M-N and O-P, show astrocyte reconstructions using
GFAP expression in reactive astrocytes at Imm and 3 mm, respectively, from the lesion for
control and Zeb2cKO mice. Q, measurements of primary process thickness in reconstructed
astrocytes at 1 mm from the lesion shows that astrocytes in Zeb2cKO mice have thinner
processes than control mice (unpaired, nested Student t test, n=3 animals of each genotype
with 42 and 55 measurements for control and ZebZKO, respectively, p<0.01).
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Figure 5.
Injury-induced ZEB2 expression and attenuation of astrogliosis in Zeb2cKO mice following

ischemic stroke. A and B, the relative expression levels for Zeb2and ZebZos significantly
increased in the ipsilateral hemisphere, relative to the contralateral hemisphere, following
ischemic stroke (two-way ANOVA, n=3 for both Zeb2and ZebZos, asterisks indicate
p<0.01, power=0.99 for A and B, respectively). C-G, immunofluorescence for ZEB2 and
GFAP expression in the same section 3 days post-stroke shows a strong induction of ZEB2
expression in reactive astrocytes surrounding the infarct. Infarct regions in C and D are

Cell Rep. Author manuscript; available in PMC 2020 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vivinetto et al.

Page 31

outlined with dashed white lines and region shown in E-G are indicated by white boxes. H
and I, coronal brain sections from control and Zeb2cKO mice, respectively, showing infarct
regions at 3 days post-stroke. Infarct regions are outlined with black dashed lines. J, lesion
volumes in 3-day post-stroke brains (unpaired Student t test, n=12 for control and n=10 for
ZebZKO, p<0.01, power=0.78). K, brain swelling in 3-day post-stroke brains (unpaired
Student t test, n=12 for control and n=10 for ZebZKO, p<0.05, power=0.47). L and M,
immunofluorescence for GFAP expression control and Zeb2cKO mice, respectively. N and
O, immunohistochemistry for 1gG in brain sections control and Zeb2cKO mice with stroke,
respectively. IgG+ territories are outlined by yellow dashed lines. P, area of 1gG staining in
3-day post-stroke brains (unpaired Student t test, n=6 for each genotype, p<0.05,
power=0.99). Q, interhemispheric ratio of 1gG staining intensity in 3-day post-stroke brains
(unpaired Student t test, n=6 for each genotype, p<0.05, power=0.99). R and S, Dextran
fluorescence in brain sections from control and Zeb2cKO mice with stroke, respectively. T,
area of Dextran fluorescence in 3-day post-stroke brains (unpaired Student t test, n=3 for
each genotype, p<0.01, power=0.99). U, interhemispheric ratio of Dextran fluorescence
intensity in 3-day post-stroke brains (unpaired Student t test, n=3 for each genotype, p<0.05,
power=0.99).
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Figure 6.
Delayed recovery of motor function following injury in Zeb2cKO mice. A, experimental

outline for monitoring acute recovery of motor function following ischemic stroke. B and C,
neurological assessments at 1 and 3 days post-stroke, respectively, found impaired recovery
of motor and reflex skills in Zeb2c KO mice (for B: unpaired Student t test, n=13 for control
and n=10 for ZebZKO, p<0.05, power=0.53; for C: unpaired Student t test, n=10 for both
genotypes, p<0.02, power=0.71). D, experimental outline for monitoring acute and sub-acute
recovery of motor function following contusive SCI. E, step sequence pattern usage in mice
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before and after SCI. F-J, time course for the regularity index, base of support, and
maximum contact area before gait analysis (CatWalk) parameters before and after SCI. Two-
way ANOVA with repeated measures, n=9 for control and n=11 for Zeb2cKO mice,
asterisks indicate p<0.03, power=0.99 (F), 0.98 (G), 0.87 (H), 0.99 and 0.98 (1), 0.56 and
0.92 (J). See also Supplemental Figure S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
rat anti-CD11b Abcam ab8878; RRID:AB_306831

goat anti-CD31

R&D Systems

AF3628; RRID:AB_2161028

rat anti-CD31

BD Biosciences

550274, RRID:AB_393571

goat anti-GFAP

Santa Cruz Biotech

sc-6170; RRID:AB_641021

rabbit anti-GFAP

Dako/Agilent

70334, RRID:AB_10013382

mouse anti-OLIG2

Santa Cruz Biotech

sc-48817; RRID:AB_2157550

mouse anti-NEUN

Millipore

MAB377; RRID:AB_2298772

rabbit anti-ZEB2

Seuntjens et al, 2009

N/A

goat anti-ZEB1

Santa Cruz Biotech

sc-10572; RRID:AB_2273177

mouse anti- B-ACTIN

Sigma

A5316; RRID:AB_476743

rabbit anti- B-ACTIN

Sigma

A2066; RRID:AB_476693

Alexa Fluor Plus 594 donkey anti-rabbit

ThermoFisher/Invitrogen

A32754; RRID:AB_2762827

Alexa Fluor Plus 488 donkey anti-rabbit

ThermoFisher/Invitrogen

A32790; RRID:AB_2762833

Alexa Fluor Plus 594 donkey anti-mouse

ThermoFisher/Invitrogen

A32744; RRID:AB_2762826

Alexa Fluor Plus 594 goat anti-rat

ThermoFisher/Invitrogen

A11007; RRID:AB_10561522

Alexa Fluor Plus 594 donkey anti-goat

ThermoFisher/Invitrogen

A32758; RRID:AB_2762828

Alexa Fluor Plus 488 donkey anti-goat

ThermoFisher/Invitrogen

A32814; RRID:AB_2762838

IRDye 800CW goat anti-mouse Li-Cor 925-32210; RRID:AB_2687825
IRDye 680LT goat anti-rabbit Li-Cor 925-68021; RRID:AB_2713919
IRDye 680RD donkey anti-goat Li-Cor 926-68074; RRID:AB_10956736
IRDye 800CW donkey anti-rabbit Li-Cor 926-32213; RRID:AB_621848

biotinylated goat anti-mouse 1gG antibody

Vector Laboratories

BA-9200; RRID:AB_2336171

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma T5648-5G
ProLong Gold Antifade Mountant with DAPI ThermoFisher/Invitrogen | P36935
Odyssey blocking buffer LiCor 927-40100
RNAlater stabilization solution ThermoFisher/Invitrogen | AM7020
RNAscope protease 111 reagents ACDBio 322340
RNAscope target retrieval buffer ACDBIo 322000
Normal goat serum Sigma G9023
Diaminobenzidine (DAB) substrate Sigma D4293
FITC-conjugated 70 kDa dextran Sigma 46945-100MG-F
Critical Commercial Assays

RNeasy mini-prep kit Qiagen 74104
QIlAshredder columns Qiagen 79654
Superscript 11 first-strand synthesis kit ThermoFisher/Invitrogen | 18080051
SYBR green PCR master mix ThermoFisher/Invitrogen | 4309155
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kit

REAGENT or RESOURCE SOURCE IDENTIFIER
Tagman universal master mix ThermoFisher/Invitrogen | 4364341
NE-PER nuclear and cytoplasmic extraction kit ThermoFisher/Invitrogen | 78833

DC assay BioRad 5000116
RNAScope fluorescent multiplex detection reagent ACDBio 320850

ABC kit

Vector Laboratories

PK-6100; RRID:AB_2336819

Experimental Models: Organisms/Strains

Mouse: C57BL/6J

The Jackson Laboratory

JAX000664; RRID:IMSR_JAX:000664

Mouse: Gfap-creERT2: Tg(GFAP-cre/ERT2)505Fmv

The Jackson Laboratory

JAX012849; RRID:IMSR_JAX:012849

Mouse: Zeb2flox: B6;129(Cg)-Zeb2<tm1.1Yhi>

Riken Institute

RBRCO01924; RRID:IMSR_RBRC01924

Oligonucleotides

Zeb1 forward primer: This paper N/A
ACAAGACACCGCCGTCATTT

Zeb1 reverse primer: This paper N/A
GCAGGTGAGCAACTGGGAAA

Zeb2 (MmO00497193_m1) ThermoFisher 4331182
Zeb20s (Mm01269795_m1) ThermoFisher 4351372
Gapdh (Mm99999915_g1) ThermoFisher 4331182
Zeb20s C1 probe for RNAScope ACDBio 466611

Software and Algorithms

Health

Prism GraphPad Software RRID:SCR_002798

G*Power Faul et al., 2009 https://www.psychologie.hhu.de/en/research-teams/
cognitive-and-industrial-psychology/gpower.html

ImageJ National Institutes of https://imagej.nih.gov/ij/

Stereo Investigator

MBF Bioscience

RRID:SCR_002526

Neurolucida MBF Bioscience RRID:SCR_001775
Axiovision Zeiss RRID:SCR_002677
Other

Infinite Horizons Impactor

Precision Systems &
Instrumentation

1H-0400 Impactor

CatWalk XT Noldus Inc. N/A

Periflux System Laser-Doppler flowmeter Perimed AB PF5010

6-0 teflon-coated monofilament suture for MCAO Doccol Corp. 602556PK10
(5-6mm coating length, 0.25mm diameter)

HybEZ Hybridization System ACDBIo 310010
Odyssey Imaging System LiCor N/A

Reactive astrocyte RNA-seq database

Anderson et al., 2016

https://astrocyte.rnaseq.sofroniewlab.neurobio.ucla.edu/
homesci

GSEA hallmark epithelial-to-mesenchymal transition
(M5930)

GSEA; MSigDB; Univ.
California San Diego;
Broad Institute

https://www.gsea-msigdb.org/gsea/msigdb/cards/
hallmark_epithelial_mesenchymal_transition
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