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SUMMARY
Spinal cord injury (SCI) is one of the most devastating neural injuries without effective therapeutic solu-
tions. Astrocytes are the predominant component of the scar. Understanding the complex contributions
of reactive astrocytes to SCI pathophysiologies is fundamentally important for developing therapeutic
strategies. We have studied the molecular changes in the injury environment and the astrocyte-specific re-
sponses by astrocyte purification from injured spinal cords from acute to chronic stages. In addition to pro-
tein-coding genes, we have systematically analyzed the expression profiles of long non-coding RNAs
(lncRNAs) (>200 bp), which are regulatory RNAs that play important roles in the CNS. We have identified
a highly conserved lncRNA, Zeb2os, and demonstrated using functional assays that it plays an important
role in reactive astrogliosis through the Zeb2os/Zeb2/Stat3 axis. These studies provide valuable insights
into the molecular basis of reactive astrogliosis and fill the knowledge gap regarding the function(s) of
lncRNAs in astrogliosis and SCI.
INTRODUCTION

Spinal cord injury (SCI) is among the most devastating of neuro-

logical diseases (Petruska et al., 2013). Currently, there is no

effective therapeutic solution for SCI. Astrocytes, the predomi-

nant component of the scar, can respond to the microenviron-

ment of the injury, become reactive, and proliferate within a short

time following SCI. Astrocytes play crucial roles in neural protec-

tion and repair, and can reduce the spread of inflammatory cells

to undamaged tissue at the acute injury stage (Barres, 2008;

Hackett and Lee, 2016; Khakh and Sofroniew, 2015; Mironets

et al., 2016; Molofsky et al., 2012; Narang and Zheng, 2018; So-

froniew, 2014; Tran et al., 2018). Reactive astrocytes can also se-

cret inhibitory molecules and block axonal regeneration (Filous

and Silver, 2016; Hackett and Lee, 2016; Hara et al., 2017; Mir-

onets et al., 2016; Su et al., 2014; Tran et al., 2018). Understand-

ing the complex contributions of reactive astrocytes to SCI path-

ophysiologies is fundamentally important for developing

therapeutic strategies.
This is an open access article under the CC BY-N
To better understand the mechanisms of reactive astrogliosis

in SCI, identify molecular targets in the injury environment, and

improve axonal regeneration, we have investigated gene expres-

sion changes in SCI epicenter tissue and purified astrocytes from

adult mouse spinal cords at both acute and chronic injury stages

using RNA-sequencing (RNA-seq) (Cabili et al., 2011; Cuevas-

Diaz Duran et al., 2019b;Mercer et al., 2008; Pastori andWahles-

tedt, 2012; Sauvageau et al., 2013). The comparison of RNA-seq

datasets of spinal cord tissue and purified astrocytes provided

valuable information on the overall changes in gene expression

in the injury environment also the astrocyte-specific responses

and contributions. We also compared the RNA-seq datasets

that we generated from tissue samples from mouse and rat

SCI and identified the common bioprocesses between these

widely used rodent SCI models.

We have previously systematically analyzed the expression

profiles of long non-coding RNAs (lncRNAs; >200 nt in length

and lacking an open reading frame) and protein-coding genes

in SCI (Chen et al., 2013; Duran et al., 2017). LncRNAs regulate
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many biological processes including embryonic stem cell differ-

entiation, neurogenesis, and cancer (Briggs et al., 2015; Cuevas-

Diaz Duran et al., 2019a, 2019b; Dong et al., 2015; Sauvageau

et al., 2013). Several studies including ours have revealed that

lncRNAs are transcribed in tissue- and cell-type-specific

manners to exert their functions (Cabili et al., 2011; Cuevas-

Diaz Duran et al., 2019b). Gene expression profile analyses

have revealed significant changes in lncRNA expression in rats

or mice after SCI (Duran et al., 2017; Li et al., 2019). At the cellular

level, lncRNAs regulate the expression of protein-coding RNAs

and hence participate in neuronal death, demyelination, and

glia activation (Li et al., 2019). Therefore, lncRNAs represent

promising biomarkers for the diagnosis, treatment, and prog-

nosis of SCI. However, there is still a significant knowledge

gap regarding the functional role(s) and mechanisms of lncRNAs

in reactive astrogliosis and SCI.

We have tested a number of candidate lncRNAs that are up-

regulated in reactive astrocytes after SCI in mice and identified

a gene, Zeb2os, which is highly conserved with a human

lncRNA. Zeb2os and its antisense protein-coding gene Zeb2

(zinc finger E-box-binding homeobox 2, which is also named

Sip1, Smad-interacting protein 1) are both upregulated in astro-

cytes purified from injured spinal cords at 7 days (7D) post-

injury and remain elevated at 1 and 3 months (1M and 3M)

post-injury. Additionally, our RNAscope experiment showed

that Zeb2os and Zeb2 co-localize in cultured primary astro-

cytes and SCI tissue sections. Zeb2 mutations have been re-

ported in human Mowat-Wilson syndrome (Yamada et al.,

2014), and important roles of Zeb2 in myelination in the CNS

(Weng et al., 2012), Schwann cell differentiation (Wu et al.,

2016b), and Bergmann glia development (He et al., 2018)

have been described. When we submitted the present manu-

script, Vivinetto et al. (2020) had just reported that Zeb2 plays

a role in reactive astrogliosis at the acute injury stage, in agree-

ment with our findings. Additionally, Zeb2os expression is high-

ly correlated with that of an essential transcription factor (TF) in

reactive astrogliosis, Stat3, at different stages of SCI. Signal

transducers and activators of transcription 3 (STAT3) signaling

can be triggered by upstream regulators such as ciliary neuro-

trophic factor (CNTF) and leukemia inhibitory factor (LIF), and

STAT3 plays critical roles in reactive astrogliosis, upregulation

of GFAP expression, and scar progression (Anderson et al.,

2016; Herrmann et al., 2008; Liddelow and Barres, 2017; Lidde-

low et al., 2017). Here, we have demonstrated by short hairpin

RNA (shRNA) gene knockdown (KD) that Zeb2os performs

important functions during reactive astrogliosis in both primary

astrocyte cultures and SCI animal models. Zeb2os KD in pri-

mary astrocytes led to significantly decreased expression of

genes including Gfap, Zeb2, Stat3, and other genes involved

in scar progression. Furthermore, our chromatin-immunopre-

cipitation sequencing (ChIP-seq) experiment revealed that

STAT3 bound to Zeb2 promoter region. Thus, Zeb2os regulates

Zeb2 and Stat3 directly or indirectly and STAT3 might regulate

Zeb2 expression. Importantly, we verified that Zeb2os KD

reduced reactive astrogliosis in mouse models of SCI. Finally,

we have built a valuable resource (GEO: GSE153721) for the

scientific community to investigate the functions of reactive as-

trocytes from acute to chronic stages after CNS injury.
2 Cell Reports 34, 108721, February 2, 2021
RESULTS

Systematic analysis of coding and lncRNAs at the SCI
epicenter at acute and chronic stages
In order to understand the molecular mechanisms involved in

acute and chronic SCI pathologies, we carried out RNA-seq of

SCI epicenter tissue from acute (2D and 7D) (Chen et al., 2013)

and chronic (1M and 3M) stages after SCI (Figures S1A and

S1B; Table S1). We used the moderate contusive SCI, which is

a clinically relevant model with extensive scarring (Chen et al.,

2013; Duran et al., 2017). A consensus dendrogram showed

that all the samples were clustered well by stages, which sug-

gests that the biological replicates were highly consistent

(Figure S1C).

Recent studies have revealed that lncRNAs are abundant in

the genome and may play critical roles in nervous system dis-

orders, including SCI (Briggs et al., 2015). We have built a

comprehensive lncRNA annotation database by combining

GENCODE and NCBI annotations (Figures S1D–S1G; Table

S2; STAR methods). To evaluate temporal transcriptional dy-

namics, we performed pairwise comparisons between sam-

ples from different time points following SCI and control and

hierarchical clustering of 6,453 differentially expressed genes

(DEGs) including 5,675 protein-coding genes and 778

lncRNAs that are DEGs in at least one comparison. Five clus-

ters were sufficient to represent non-overlapping gene profiles

with distinct enriched gene sets, as indicated in Figure 1A. For

example, the expression of genes in cluster 2, which are en-

riched in gene sets associated with protein metabolism and

synthesis, was elevated during acute stages and gradually

decreased during chronic stages. The expression of genes

in cluster 3, which are enriched in extracellular matrix-related

gene sets, increased during chronic stages. Selected highly

enriched gene sets from acute and chronic SCI stages are

shown in Figures 1B and 1C. For example, genes encoding

putative proteins with functions in cell proliferation and differ-

entiation are enriched during acute stages, whereas those en-

coding putative cell-cell adhesion and extracellular matrix

proteins are enriched in chronic stages.

Both mouse and rat are widely used animal models for SCI

research, but due to their physiological and life-span differences,

not all aspects of SCI injury pathology are comparable between

the two. In order to identify the common bioprocesses during

SCI between these species, we re-analyzed the DEGs from

acute and chronic stages in moderate contusive SCI rat models

using data published by our group and others with similar injury

models and sample collection methods (Duran et al., 2017; Shi

et al., 2017) (Figure S1H; Table S3). The enriched pathways of

the common DEGs in mouse and rat after SCI were identified us-

ing gene set enrichment (MSigDB). DEGs related to STAT3

signaling, and the nuclear factor kB (NF-kB) and cell-cycle path-

ways were enriched mainly during acute stages, and those

related to extracellular space and biological adhesion were en-

riched mainly during chronic stages (Figures S1I and S1J).

Taken together, our gene expression profile analyses have

demonstrated significant changes in the expression of not only

protein-coding genes but also lncRNAs in both mouse and rat

models of SCI.



Figure 1. Systematic analysis of coding and long non-coding RNAs in the SCI epicenter at acute and chronic stages in mouse

(A) Hierarchical cluster analysis showing expression patterns of DEGs over the SCI time course. The enriched gene sets in each cluster were identified using a

hypergeometric test (FDR <0.05). CTR, sham control group.

(B and C) Gene set enrichment analysis. The most enriched gene sets for acute (B) and chronic (C) SCI stages (p value <0.05).

(D) Upper panel: heatmap representing an association matrix of upregulated conserved lncRNAs and enriched functional terms. Lower panel: the average of

log2(FPKM) of selected lncRNAs.

(legend continued on next page)
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Differential expression of lncRNAs and TFs potentially
regulating lncRNA expression changes after SCI
We found that although hundreds of lncRNAs are differentially

expressed (DE) after SCI (Figure S1A), few of these have been

previously studied (Li et al., 2019). To address the potential

contribution of DE lncRNAs to the progression of SCI, we identi-

fied 297 DE lncRNAs that were upregulated at least in one time

point after SCI. We analyzed the homology of upregulated

lncRNAs in mouse and human using slncky software (Chen

et al., 2016) and found 15 lncRNAs homologous between spe-

cies. The results of ‘‘guilt-by-association’’ analysis (see STAR

methods) showed that the expression of these lncRNAs is

significantly correlated with that of protein-coding genes with

functions such as immune response, cell differentiation, cell pro-

liferation, and cytokine biosynthesis (Figure 1D). Some of these

lncRNAs also exhibit a high degree of secondary structure con-

servation between species, which also suggests conserved

functions (e.g., 2900097C17Rik, Figure S2A).

Moreover, we have found TFs that are differentially expressed

following SCI (Figure S1A). To identify TFs that regulate lncRNA

expression during the progression of SCI pathology, we

searched for TF-binding motifs in the regulatory regions of the

DE lncRNAs. Occurrences of known and discovered ENCODE

motifs were queried using FIMO, and a total of 50 significant

TF motifs were found among the DE lncRNAs. These TF motifs

were further filtered to include only those found in more than

120 promoter regions of the DE lncRNAs (Figure 1E). Interest-

ingly, our results showed that 369 out of 778 (47%) DE lncRNA

promoters contained STAT3motifs (Figure 1E), which suggested

that Stat3 may have important functions in the regulation of

lncRNAs after SCI.

Previous studies have demonstrated that STAT3 is a critical TF

in reactive astrogliosis after SCI (Herrmann et al., 2008). STAT3

can modulate astrocyte functions such as proliferation, migra-

tion, and cell-cycle processes (Herrmann et al., 2008). Astro-

cytes are the predominant component of the glial scar around

the SCI epicenter. In order to comprehensively understand the

molecular targets regulated by STAT3 after SCI, we performed

a STAT3 ChIP-seq experiment using sham and injured spinal

cord epicenter tissue encompassing the scar at 7D post SCI,

and found 13,465 target genes for STAT3 after SCI. The specific

genes that contained STAT3 binding peaks after SCI were en-

riched in the functions cell death and survival, cell morphology,

and cellular growth and proliferation, among others (Figure S3A).

To determine whether there was any correlation between the

occurrence of STAT3 binding targets and the expression of

any genes at 7D after SCI, we performed gene set enrichment

analysis (GSEA) (Subramanian et al., 2005) (Figure S3B). GSEA

revealed statistically significant enrichment of STAT3 (normal-

ized enrichment score [NES] = 1.33, nominal p value = 0, and

false discovery rate [FDR] = 0) targets among genes that were

upregulated at 7D post-injury when compared to a random dis-
(E) TFs with binding motifs found in the upstream regulatory regions (5 kb upstrea

lncRNAs. The x axis indicates the number of DE lncRNAs containing binding mo

<0.01.

(F and G) Genome browser views displaying STAT3 ChIP-seq binding signals in th

Sngh15 (G) within 5 kb upstream of the TSS of the genes and within the gene bo
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tribution. For example, our data revealed STAT3 binding peaks in

the promoter regions of Zeb2 (Figure 1F). We also found 152

lncRNAs that are differentially expressed and have STAT3 bind-

ing peaks after SCI (Figure S3C). For example, lncRNA Snhg15

has STAT3 binding peaks and its expression increased after

SCI (Figure 1G).

The dynamics of reactive astrocyte gene expression in a
time course after SCI
To investigate the molecular basis of reactive astrogliosis, we

purified astrocytes from the epicenter tissue of shamandmoder-

ately contusedGFAP-Cre: R26-tdT adultmice at 7D, 1M, and 3M

post-injury by fluorescence-activated cell sorting (FACS) based

on GFAP-tdTomato expression using a published protocol (Fig-

ure S4A) (Cahoy et al., 2008; Zamanian et al., 2012; Zhang et al.,

2014). Compared to tdTomato-negative cells or spinal cord tis-

sue, qPCR of cell marker genes showed that tdTomato-positive

cells expressed minimal levels of markers from contaminating

oligodendrocyte lineage cells (Mbp), neurons (Tuj1), or microglia

(Iba1) and high levels of the astrocyte marker Gfap, indicating

that the isolated astrocytes were relatively pure (Figure 2A).

Our RNA-seq analysis provided valuable information on astro-

cyte gene expression dynamics after SCI, when the expression

of thousands of protein-coding genes and hundreds of lncRNA

genes changes (Figures 2B and 2C; Table S4). The enrichment

analysis of the common DEGs from all stages showed that these

genes were enriched not only in immune system and cytokine

production but also in secretory vesicle and complement system

functions (Figure S4B), which suggests that astrocytes might

function during cell-cell communication through secreted vesicle

and complement signaling. Additionally, we defined five expres-

sion patterns in astrocytes during the SCI time course (Figure 2D)

and performed Ingenuity Pathway Analysis (IPA) of genes en-

riched in acute and chronic stages. Genes in cluster 5 that are

highly expressed during acute stages (7D post-injury) are en-

riched in, for example, cell cycle (-log10(p value) = 6.273), Wnt/

b-catenin signaling (-log10(p value) = 2.022), and RhoA signaling

(-log10(p value) = 1.983). Genes in cluster 2 that are highly ex-

pressed in chronic stages (1M and 3M) are enriched in FGF

(-log10(p value) = 3.025) and neuroinflammation signaling

(-log10(p value) = 2.699). Our results also showed that some

axon growth permissive molecules relatively decreased in

chronic astrocytes (1M) compared to acute reactive astrocytes

(7D), and some axon growth inhibitory factors and scar forming

related genes increased in chronic astrocytes (1M) compared

to acute reactive astrocytes (7D) (Table S5).

To reveal overall gene expression changes in the injury

environment and the astrocyte-specific responses and contribu-

tions, we compared the expression of integrins, inhibitory fac-

tors, axon growth permissive and synaptogenesis factors be-

tween RNA-seq datasets of spinal cord tissue and purified

astrocyte after SCI (Anderson et al., 2016; Chung et al., 2015;
m and 1 kb downstream of transcription start site [TSS]) of more than 120 DE

tifs for particular TFs. DE TFs are shown in red and non-DE TFs in black. FDR

e top two tracks and gene expression in the remaining tracks for Zeb2 (F) and

dies.



Figure 2. Purification of astrocytes over the SCI time course and RNA-seq

(A) qPCR result for the expression of different cell-typemarkers in FACS-sorted tdTomato-positive cells (pos) comparedwith sorted tdTomato-negative cells (neg) or

uninjured spinal cord tissue (sp). Data are presented as means ± SEM; n = 3 independent experiments; **p < 0.01 compared with neg or sp (independent t test).

(B) Differentially expressed (DE) protein-coding genes and lncRNAs in purified astrocytes after SCI (log2|fold-change| >1, FDR <0.05, at least one sample

fragments per kilobase of exon model per million reads mapped [FPKM] >1).

(C) Venn diagram depicting the extent of overlap between expression of DEGs at different time points in purified astrocytes.

(D) Hierarchical cluster analysis showing expression patterns of DEGs for each sample.

(E) Comparison of RNA-seq results for expression of integrins, inhibitory factors, and axon growth permissive and synaptogenesis factors in purified astrocytes

and spinal cord tissue samples (*FDR <0.05, **FDR <0.01, ***FDR <0.001).

(F) Complement system pathway is enriched in purified astrocytes by RNA-seq at 7D after SCI (*FDR <0.05, **FDR <0.01, ***FDR <0.001).

(G) Transcript abundances of Zeb2os, Zeb2, and Stat3 in purified astrocytes from sham samples and SCI stages are correlated (*FDR <0.05, **FDR <0.01, ***FDR

<0.001).
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O’Shea et al., 2017). The levels of these factors are dynamically

regulated across injury stages. Percentile ranking of gene

expression in all samples showed 616 genes in cluster 2,

including Lamb1, Ncam1, and Bmp7 (Figure S4C), with higher-

ranking expression in purified astrocytes compared to bulk tis-

sue samples, indicating that astrocytes is a critical cell type for
expressing genes encoding these axon growth permissive fac-

tors after SCI. In contrast, the expression of genes encoding

some other permissive and synaptogenesis-related factors

such as thrombospondin 1 (Thbs1), Thbs3, syndecan-4 (Sdc4),

and laminin subunit beta 2 (Lamb2) were significantly elevated

in tissue samples at specific stages, but not in purified astrocytes
Cell Reports 34, 108721, February 2, 2021 5
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(Figure 2E). Moreover, the expression of some inhibitory factors

such as slit guidance ligand 1 (Slit1) at 7D and phosphatase and

tensin homolog (Pten) at both 7D and 1M was also elevated in

purified astrocytes but not in tissue samples (Figure 2E). Further,

the expression of integrin-encoding genes including Itga1, Itgb2,

and Itgb5 (Figure 2E) was significantly upregulated in both post-

SCI tissue and purified astrocyte samples. Interestingly, the

abundance of Itga1 transcripts increased in tissue samples

only at 7D, but was elevated in purified astrocytes at all SCI

stages (Figure 2E).

We analyzed enriched pathways among the DE genes ex-

pressed in purified astrocytes after SCI. Complement pathway

(7D post-injury: -log10(p value) = 4.279) and STAT3 pathways

(7D post-injury: -log10(p value) = 6.326) are remarkably upregu-

lated among the enriched signaling pathways (Figures 2F and

S4D). The complement cascade is an important component of

the innate immune system that triggers early inflammatory re-

sponses, and many complement pathway genes have an effect

on axon growth and neuronal functions (Peterson et al., 2015).

The complement cascade is composed of classical, lectin, and

alternative activation pathways which converge at the point of

C3 activation. In this study, the expression of a large number

of complement genes in classical and alternative pathways

was significantly elevated at both acute (7D; shown in IPA sche-

matic in Figure 2F) and chronic stages of SCI (e.g., C3 and

C3ar1). In addition, the STAT3 pathway is known to regulate

reactive astrogliosis after SCI (Ben Haim et al., 2015; Herrmann

et al., 2008). Our data showed enrichment of STAT3 signaling

pathways at all stages of SCI with increased expression of mul-

tiple components including STAT3 itself and downstream genes

(Figure S4D).

Highly conserved lncRNA Zeb2os and its antisense
protein-coding gene Zeb2 are upregulated in astrocytes
after SCI and co-localize
We identified DE lncRNAs homologous to human genomic re-

gions that contain single-nucleotide polymorphisms associated

with diseases (Buniello et al., 2019; Landrum et al., 2014). The

guilt-by-association analysis of these conserved lncRNAs in pu-

rified astrocytes revealed that Zeb2os has a highly significant

positive correlation with astrocyte functions, STAT3 pathway,

and integrin pathway (Figure S4E). Zeb2os is also a highly

conserved in human (ZEB2-AS1) (Figure S2B). Our RNA-seq

data showed that the expression Zeb2os and its antisense and

overlapping protein-coding gene Zeb2 both increased in astro-

cytes after SCI at 7D and remain elevated at 1M and 3M (Fig-

ure 2G). Their expressions had high correlation at different SCI

stages. Our observations are consistent with the increased

expression of Zeb2 in the astrocyte gene expression dataset

generated by Anderson et al. (2016) in crush-injured mice at

14 days post SCI compared to uninjured control mice. Zeb2os

expression is also highly correlated with that of Stat3 over the

injury time course (Figure 2G). RNAscope and immunostaining

results verified that Zeb2os was expressed in primary astrocyte

culture after scratch assays and in reactive astrocytes after SCI

(Figures 3A and 3B).

LncRNAs are versatile molecules that can regulate gene tran-

scription through RNA-RNA, RNA-DNA (e.g., binding to DNA
6 Cell Reports 34, 108721, February 2, 2021
promoter of TGs), or lncRNA-protein interactions. Our bioinfor-

matics analysis using IntaRNA 2.0 (Mann et al., 2017) indicates

a high probability of Zeb2os-Zeb2 interaction (Figure 3C). This

result has been verified using a combination of RNAscope in

situ hybridization and both in vitro and in vivo immunofluores-

cence with images captured using both an inverted fluorescence

microscope and a confocal microscope (Figures 3D and 3E). We

observed that co-localization of Zeb2os and Zeb2 mRNA

occurred mostly at outer edge of astrocyte nuclei and

cytoplasm.

Zeb2os plays an important role in reactive astrogliosis
To investigate the role of Zeb2os in astrocytes, we knocked

down Zeb2os by shRNA using lentivirus in primary astrocyte cul-

tures. Compared to the luciferase control, the Zeb2os KD group

showed a significant decrease in the expression of Zeb2os,

Zeb2, and Gfap, as shown by qPCR (Figure 4A). Thus, it is

possible that Zeb2os plays a role in reactive astrogliosis by regu-

lating Zeb2. Further, astrocyte proliferation significantly

decreased in Zeb2os KD astrocytes, as shown by bromodeox-

yuridine (BrdU) staining (Figure 4C). However, scratch wound

assay showed astrocyte migration was not significantly affected

by Zeb2os KD compared to control (Figures S5A–S5C). We also

performed Zeb2 KD in primary astrocytes using shRNA. RNA-

seq results showed that Zeb2 KD is successful (with �6-fold

reduction in Zeb2 expression). Zeb2 KD led to downregulation

of Pten, Gsk3b, as well as the families of Adam, Integrin, Aqp,

and Cdh genes (Figure S6A). We also found that knocking

down Zeb2 decreased astrocyte proliferation shown by BrdU

staining and Cspg4 expression verified by qPCR (Figure 4B).

Note that CSPG4 (NG2) is a well-established oligodendrocyte

precursor cell (OPC) marker, thereby we further verified its

expression in primary cell culture by triple-staining of CSPG4,

GFAP, and PDGFRa. Figure S5D showed CSPG4 is localized

in GFAP-positive astrocytes, consistent with the previous study

(Anderson et al., 2016). Additionally, there was a trend of

reduced Gfap expression in KD group compared to control

group but not statistically significant (Figure 4B). Therefore, Ze-

b2os KD caused a greater reduction in Gfap expression and

astrocyte proliferation in cultured primary astrocytes than did

Zeb2 KD.

We also performed RNA-seq using RNA samples from Ze-

b2os KD cells compared with those from negative control cells.

Zeb2os KD in primary astrocytes affected the expression of a

number of downstream genes (Figure 4D; Table S6). For

example, the expression of RNAs encoding TF Stat3 and astro-

cyte markers such as Slc1a3, Gfap, Aqp4, and Aldh1l1 all

significantly decreased in Zeb2os KD samples (group 1 in Fig-

ure 4D). Additionally, the expression of genes encoding integ-

rin-family proteins also decreased (group 2 in Figure 4D). More-

over, we found that the expression of many genes related to

scar development and inhibitory factors including Ephb2,

Rgma (group 4 in Figure 4D), Ephb3, neurocan (Ncan), Neo1,

Plxnb1, Pten, Robo1, Robo2, and Sema3f (group 6 in Figure 4D)

(Anderson et al., 2016; Benson et al., 2005; Bundesen et al.,

2003; Renault-Mihara et al., 2017; Wanner et al., 2008; Zhang

et al., 2018) decreased in Zeb2os KD cells. Furthermore, in

Zeb2os KD cells, the expression of previously reported



Figure 3. Zeb2os is expressed and colocal-

ized with Zeb2 in reactive astrocytes and

injured spinal cord

(A and B) Representative images showing the co-

localization of Zeb2os mRNA (red) and GFAP pro-

tein (green) in vitro (scratched astrocytes after 48 h)

(scale bars, 50 mm) (A), and in vivo (B) (sham and

mice 17 days post-injury [dpi]) (scale bars, 20 mm).

(C) Bioinformatic analysis of the probability of Ze-

b2os-Zeb2 interaction using IntaRNA 2.0.

(D and E) Combination of RNAscope and immuno-

histochemistry showing Zeb2os mRNA (red) colo-

calized with Zeb2 mRNA (green) (indicated by tri-

angles) in scratched astrocytes (D), Insets show a

magnification of the boxed area (scale bar, 20 mm),

and in injured spinal cord 17 days post-injury (E)

(indicated by arrows) (scale bar, 3 mm).
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scar-forming astrocyte (SA) marker genes, including Cdh2,

phosphacan (Ptprz1), Chst11, and Xylt1 (group5 in Figure 4D)

(Hara et al., 2017) also uniformly displayed either significant

reduction or decreasing tendencies. These results suggest

that knocking down Zeb2os might attenuate astrocyte scar

progression. Therefore, we carried out functional and pathway

analyses for downstream DEGs affected by Zeb2os KD (Fig-

ure 4E). Some of the signaling pathways affected by Zeb2os

KD include the complement signaling pathway (-log10(p value) =

1.983) and the cell-cycle G1/S checkpoint regulation pathway

(-log10(p value) = 2.23), which were significantly suppressed

in Zeb2os KD astrocytes (Figures S6E and S6F), which is

consistent with our BrdU cell proliferation result (Figure 4C).

Most of the DEGs in the complement pathway such as C3

and C3ar1 (group 3 in Figures 4D and S6E) also showed signif-

icantly decreased expression in Zeb2os KD astrocytes.
C

To further verify the role of Zeb2os in

reactive astrogliosis, we designed a Cre-

dependent Zeb2os KD eGFP-adeno-asso-

ciated virus (AAV) vector (Figure 5A) and

validated its KD effect in primary astro-

cytes cultured from GFAP-Cre transgenic

mice. qPCR of Zeb2os KD cells compared

to controls showed significantly decreased

expression of Zeb2os, Zeb2, and Gfap

(Figure 5B), which was consistent with pre-

vious lentivirus results (Figure 4A). We then

used AAV administration of control and Ze-

b2os KD constructs into GFAP-Cre SCI

mice at 10 days post-injury (dpi) when the

scar formation was well under way but

not yet complete. Spinal cords were

collected after another 7 days (17 dpi)

following AAV injection (Figure 5A). Fig-

ure 5C showed that the Zeb2os KD AAV

specifically infected astrocytes in the

injured GFAP-Cre mouse spinal cord. To

verify the AAV knockdown effect on Ze-

b2os in vivo, lncRNA was detected using

RNAscope. Sections in one set of slides
were used for co-detection of Zeb2os mRNA, egfp mRNA, and

DRAQ5 Far-Red DNA dye. Zeb2os expression was then quanti-

fied in cells co-labeledwith egfp andDRAQ5.We observed a sig-

nificant reduction of Zeb2os expression after its knockdown

compared to control (Figures 5D and 5E). Next, the impact of Ze-

b2osKD on reactive astrogliosis was assessed bymeasuring the

expression of GFAP and phosphorylated STAT3 (pSTAT3) (Herr-

mann et al., 2008). The percentages of GFAP-immunoreactive

(IR) areas in the Zeb2os KD AAV-transduced astrocytes (GFP-

IR) significantly decreased in the Zeb2os KD group compared

to the control group (400, 800, and 1,200 mm rostral and 400

and 1,200 mm caudal to the injury epicenter) (Figures 6A and

6B). The percentages of pSTAT3-IR areas in the Zeb2os KD

AAV-transduced astrocytes (GFP-IR) also significantly

decreased in the Zeb2os KD group compared to the control

group at the epicenter and surrounding injured segment (400
ell Reports 34, 108721, February 2, 2021 7



Figure 4. Zeb2os and Zeb2 shRNA knockdown

(A) qPCR analysis of Zeb2os KD in primary astrocytes using lentivirus. Data are presented as means ± SEM; n = 3 independent experiments; *p < 0.05 compared

with Luci (independent t test); Luci, Luciferase shRNA control; Zeb2os-1 and Zeb2os-2, two different Zeb2os shRNA knockdown constructs.

(B) qPCR analysis of Zeb2 KD. Graph showing the comparison of BrdU-positive cells per unit field between the control and Zeb2 KD groups. The percentage of

BrdU-expressing cells is significantly decreased in the Zeb2-1 KD group. Results are expressed as the mean ± SEM for each group (n = 3). *p < 0.05 compared

with Luci (independent t test); Zeb2-1 and Zeb2-2, two Zeb2 shRNA knockdown constructs.

(C) DAPI (blue)/BrdU (green) double labeling in primary astrocytes from control (Luci ctrl) and Zeb2os KD groups. Comparison of BrdU-positive cells per unit field

between the control and Zeb2os KD groups (scale bar, 100 mm). The percentage of BrdU-expressing cells is significantly decreased in the Zeb2os KD group.

Results are expressed as the mean ± SEM for each group (n = 3). *p < 0.05 compared with Luci (independent t test) .

(D) RNA-seq expression results for comparison of Zeb2os knockdown astrocytes to control. Group 1: Stat3 and astrocyte markers; group 2: integrins; group 3:

complement genes; group 4: scar formation-related genes; group 5: SAmarkers; and group 6: inhibitory factors. *FDR <0.05, **FDR <0.01, ***FDR <0.001 (n = 2).

(E) Hierarchical cluster analysis of expression patterns of DEGs for Zeb2osKD (|fold-change| >1.5, FDR <0.05, at least one sample FPKM>1). CTR, control group.
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and 800 mm rostral and 800 mm caudal to the injury epicenter)

(Figures 6C and 6D). Additionally, we evaluated whether Zeb2os

KD affects lesion volume by measuring the lesion core using

GFAP immunostaining. The lesion areas surrounded by astro-
8 Cell Reports 34, 108721, February 2, 2021
cyte borders were regarded as lesion cores (Bellver-Landete

et al., 2019; Butenschön et al., 2016; Renault-Mihara et al.,

2011; Wanner et al., 2013). The result revealed a reduction of

the lesion volume at 17 days post-SCI in Zeb2os KD-treated



Figure 5. Zeb2os shRNA knockdown by AAV

transduction in GFAP-Cre mice at 17 days af-

ter SCI

(A) Design of Cre-dependent Zeb2os shRNA KD

AAV and experimental timeline of SCI followed by

AAV injection in GFAP-Cre transgenic mice. Graph

showing shRNA KD using AAV generated consis-

tent results as lentivirus KD.

(B) qPCR analysis of gene expression in Zeb2os KD

in primary astrocytes using AAV. Data are presented

as means ± SEM; n = 3 independent experiments;

*p < 0.05, **p < 0.01, Zeb2os KD versus control

(independent t test).

(C) AAV transduction marker GFP (green) colocali-

zationwithGFAP (red) in spinal cord astrocytes. Top

row: whole spinal cord section (Zeb2os KD rostral

800 mm distal to epicenter); bottom row: magnified

region (box). (scale bar, 200 mm, top row; scale bar,

10 mm, bottom row).

(D) RNAscope and immunohistochemistry showing

Zeb2os mRNA (red) expression in Zeb2os KD AAV-

transduced astrocytes (green) compared to the

eGFP AAV-transduced control. DRAQ5 was used

for nuclear staining (white) (scale bar, 5 mm).

(E)ExpressionofZeb2osmRNAdotnumberpercell in

AAV transduced astrocytes using RNAscope (n = 3–

6). Data are presented as mean ± SEM; **p < 0.01,

compared with control group (independent t test).
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mice compared to the control group (Figure 6E). Furthermore, we

assessed neuroinflammation by staining CD68, a common

marker of microglia/macrophages (Cheng et al., 2018; Gallegos

et al., 2020). Result showed the percentage of CD68-IR area in

cross sections at various distance from epicenter showed no

significant difference between Zeb2os KD and control groups,

indicating the neuroinflammation was not exacerbated by Ze-

b2os KD (Figures S7A and S7B). We also used 5-HT (serotonin)

immunostaining to evaluate whether knocking down Zeb2os

affected serotonin axon sprouting after SCI. 5-HT-positive axons

originated from the brainstem serotonergic neurons mainly

innervate neurons at spinal ventral horns (Gallegos et al., 2020;

Lee et al., 2010). We observed an increasing trend at 400, 800,

and 1,600 mm rostral and 400, 1,600, and 2,000 mm caudal to

the injury epicenter at 7D after Zeb2os KD although they were

not statistically significant (Figures S7C and S7D). Taken

together, the above results suggest Zeb2os KD can attenuate

reactive astrogliosis by regulating GFAP and pSTAT3 expression

and prevent the sequential damage by reducing the lesion size

after SCI.

DISCUSSION

Astrocyte activation is an important biological response after

CNS injuries and during neurodegenerative diseases. There is

debate in the field as to whether astrocytes, by responding to

the injury microenvironment, play inhibitory or beneficial/neuro-

protective roles (Anderson et al., 2016, 2018; Filous and Silver,

2016; Khakh and Deneen, 2019; Tran et al., 2018). The compar-

ison of RNA-seq datasets from spinal cord tissue and purified

astrocytes reveals the overall gene expression changes in the

injury environment and the astrocyte-specific responses and
contributions. We found both axon growth permissive and inhib-

itory factors from purified astrocytes after SCI, including CSPGs,

integrin-family genes, fibrosis-associated genes, and axon

growth permissive factors such as Lamb1, Ncam1, and Bmp7

(Figure S4C), which indicates that astrocytes are a critical cell

type for secreting both of these factors. Our current study paved

the way for single cell RNA-seq of purified astrocytes, which will

help to delineate the states or phenotypes of reactive astrocytes

in the future.

There is a significant knowledge gap in the functional role of

lncRNAs during reactive astrogliosis, the mechanisms of which

are not well understood. Between 70% and 90% of the mamma-

lian genome is transcribed into RNA at some point during devel-

opment; however, less than 2%of the genome is associatedwith

protein-coding genes (Cabili et al., 2011; Carninci et al., 2005;

Birney et al., 2007; Guttman et al., 2009; Kapranov et al.,

2007). By targeting RNA, we are significantly increasing the num-

ber of potential molecular targets and enabling new classes of

mechanistic discoveries (Li et al., 2019). In our SCI RNA-seq re-

sults, we found the upregulated lncRNAs with homologous

lncRNAs in the human genome that are significantly correlated

with protein-coding genes functionally enriched in immune

response, cell differentiation, and proliferation. This suggests

that these lncRNAs may play roles in SCI pathophysiological

processes. Thus, we have tested a number of candidates and

found a gene of interest, Zeb2os, which is highly conserved

with a human lncRNA ZEB2-AS1. We have shown that Zeb2os

expression has high correlation over the injury time course with

the expression of Zeb2 and Stat3. We have demonstrated by

functional assays that Zeb2os plays an important functional

role in reactive astrogliosis. Virus-mediated knockdown of Ze-

b2os in primary astrocytes leads to significantly reduction in
Cell Reports 34, 108721, February 2, 2021 9



Figure 6. Zeb2os shRNA knockdown by AAV transduction reduced GFAP and pSTAT3 expression aswell as lesion volume in GFAP-Cremice

at 17 days after SCI

(A) Immunohistochemistry of GFAP (red) expression in Zeb2os KD in astrocytic scar compared with control (scale bar, 20 mm).

(B) Mean percentage of GFAP-immunoreactive area in the AAV transduced region of spinal cord sections at various distances from the SCI epicenter (Epi) (n = 5–

7).

(C) Immunohistochemistry of pSTAT3 (red) expression in Zeb2os KD astrocytes compared with control (scale bar, 20 mm).

(D) Mean percentage of pSTAT3-immunoreactive area in the AAV transduced region of spinal cord sections at various distances from the SCI epicenter (Epi) (n =

4–6).

(E) Quantification of the lesion volume using GFAP immunostaining (n = 3).

Data are presented as mean ± SEM; *p < 0.05, **p < 0.01, compared with control group (independent t test) (B, D and E).
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astrocyte proliferation as shown by BrdU staining, and

decreased expression of many genes including Gfap, Zeb2,

Stat3, Ncan, phosphacan, and integrins, which may be involved

in scar progression.

STAT3 is an essential TF in reactive astrogliosis and scar pro-

gression (Anderson et al., 2016; Herrmann et al., 2008; Liddelow

and Barres, 2017; Liddelow et al., 2017). Our ChIP-seq experi-

ment showed that STAT3 bound to the Zeb2 promoter region,

thus Zeb2os could regulate Zeb2 andStat3 either directly or indi-

rectly and STAT3 might regulate Zeb2 expression. The functions

of Stat3 in cell proliferation and cell-cycle processes (Wanner

et al., 2013) were consistent with genes and pathways affected

by Zeb2os KD. Therefore, lncRNA Zeb2os is a previously un-

known regulator of Stat3, in addition to its well-known upstream

regulatory pathways.

In order to better understand the effects of Stat3, Zeb2, or Ze-

b2os, in reactive astrogliosis, we have analyzed Stat3 KO astro-

cyte RNA-seq dataset (Anderson et al., 2016) and performed

RNA-seq using Zeb2 knockdown primary astrocyte (Table S7).

We compared the DEGs in astrocytes after Zeb2os KD or

Stat3 KO. We found 471 DEGs are common between Stat3 KO

and Zeb2os KD astrocytes (Figure S6B), and 311 DEGs are com-

mon between Zeb2os and Zeb2 KD astrocytes (Figure S6C). As
10 Cell Reports 34, 108721, February 2, 2021
mentioned above, Zeb2os KD caused a significant reduction in

Stat3 expression in primary astrocyte culture (Figure 4D, group

1) and pSTAT3 expression in injured spinal cord (Figures 6C

and 6D). Interestingly, IPA analysis for common DEGs between

Zeb2os KD and Stat3 KO shows these genes are enriched in

complement system, JAK/Stat signaling, PTEN signaling, and

cyclins and cell-cycle regulation pathways, etc. (Figure S6D).

The IPA analysis showed that Zeb2os KD unique genes are en-

riched in, for example, Wnt/b-catenin signaling (-log(p value) =

2.43) and cell-cycle pathways (-log(p value) = 2.68); while Stat3

KOunique genes are enriched in TREM1signaling (-log(p value) =

12.4), Toll-like receptor signaling (-log(p value) = 4.57), and NF-

kB signaling (-log(p value) = 3.43), etc. These results suggested

Zeb2os regulates astrocyte functions through STAT3 pathway.

RNA-seq result shows that Zeb2 shRNA successfully knocks

down its expression in astrocytes (with �6-fold reduction in

expression). Our results showed stronger effect on astrogliosis

by Zeb2os KD than Zeb2 KD (Figure 4A-4C). GFAP and other as-

trocytic genes, as well as proliferation decreased more signifi-

cantly in Zeb2os KD primary astrocytes than Zeb2 KD (Fig-

ure 4A-4C). The comparison of affected DEGs in Zeb2os KD

and Zeb2KD showed that Zeb2osKD unique genes are enriched

in Wnt/b-catenin signaling (-log(p-value) = 2.47), complement



Figure 7. Working model of a Zeb2os/Zeb2/Stat3 axis in reactive

astrogliosis
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system(-log(p-value) = 2.29) and cell cycle (-log(p-value) = 1.97)

etc. Some of the Zeb2 KD unique DEGs enriched pathways

include Ephrin receptor signaling (-log(p-value) = 2.94) and

RhoA signaling (-log(p-value) = 2.97) (Murai and Pasquale,

2011; Renault-Mihara and Okano, 2017). Thereby, Zeb2 only

mediates the effects of Zeb2os partially. Beltran et al. (2008) re-

ported that Zeb2os regulates Zeb2 at translational levels during

epithelial-mesenchymal transition in cancer cells. Our results

show that in astrocytes Zeb2os knockdown significantly down-

regulated Zeb2 at transcriptional level by qPCR. Unlike in cancer

cells, Chd1 (E-cadherin) is almost absent in CNS cell types

(http://jiaqianwulab.org/resource.htm). Astrocyte migration did

not change significantly in Zeb2os KD in a scratch wound assay

(Figures S5A–S5C). RNAscope experiments showed that Ze-

b2os RNA is expressed and colocalized with Zeb2 RNA in

reactive astrocytes. LncRNAs are versatile molecules that can

regulate target genes through RNA-RNA, RNA-DNA, or RNA-

protein interactions.

Overall, our in vivo studies confirmed that Zeb2os KD

reduced reactive astrogliosis and lesion volume without exac-

erbating neuroinflammation. Although not statistically signifi-

cant, there is a trend of increased axon regeneration/sprouting

at 7D after Zeb2os KD. Longer survival times after Zeb2os KD

or/and combining with rehabilitation in the future might pro-

mote significant axonal regeneration (Hawthorne et al., 2011).

Furthermore, we found Zeb2os KD suppressed expression of

genes in the complement pathway. Stat3 KO RNA-seq data

also showed complement pathway is affected (Figure S6D).

Previous studies reported that complement genes are upregu-

lated in reactive astrocytes, and that inactivating C3ar

(C3aRKO) in Alzheimer’s disease mouse models can reduce

disease pathology and gliosis (Lian et al., 2016; Liddelow

et al., 2017). Additionally, our functional enrichment and

pathway analysis showed that DEGs in purified astrocytes

from the injured spinal cord were enriched in complement sys-

tem. Whether complement genes are related to scar formation
is a very interesting topic for future investigation. Based on pre-

vious studies and our current findings, we developed the work-

ing model that lncRNA Zeb2os functions in regulating reactive

astrogliosis through Zeb2os/Zeb2/Stat3 axis and other target

genes (TG) (Figure 7). The detailed mechanisms are our next

phase of studies.

It is possible that Zeb2os functions differently at different

stages of SCI. It might have neuroprotective effects at early

stages but inhibitory effects at later stages. Previous studies

have provided evidence that after injury astrocytes change

over time from an initially beneficial state (reactive astrocytes

[RA]) to a maladaptive state (scar-forming astrocytes [SA]) that

inhibits neuroregeneration (Hara et al., 2017). RAs serve adaptive

functions during the early stages of SCI by secluding inflamma-

tory cells, limiting injury to a confined area, and promoting tissue

repair (Filous and Silver, 2016; Mattucci et al., 2019; Tran et al.,

2018), whereas SAs express significantly higher of scar-related

CSPGs and SLIT proteins (Hara et al., 2017; Silver et al., 2014;

Wu et al., 2016a). Attenuating astrocytic scar progression

instead of removing the scar can promote functional improve-

ment after SCI (Hara et al., 2017). On the other hand, preventing

the formation of the astrocytic scar or the full astrocyte response

to injury in the early stages after SCI can worsen SCI pathologies

(Anderson et al., 2016; Vivinetto et al., 2020). Interestingly, Vivi-

netto et al. (2020) reported very recently that targeted knockout

of Zeb2 in astrocytes (starting at 3 days before injury and for 7

continuous days after SCI) reduced reactive astrogliosis,

increased injury size, and resulted in greater functional deficits.

These results suggest that Zeb2 is important in regulating reac-

tive astrogliosis and neuroprotection during the acute stage after

SCI. Our current study is a comprehensive investigation of the

expression of coding and long non-coding genes from acute to

chronic SCI stages and demonstrates that Zeb2os has important

roles in reactive astrogliosis and that regulation of Zeb2

expression could be a mechanism by which it regulates reactive

astrogliosis during acute SCI. It is interesting to note that Zeb2os

remains upregulated at the chronic SCI stages and regulates the

expression of genes related to SA, suggesting that Zeb2osmight

also play an important role in scar progression at the later stages

of SCI, including chronic SCI.

In summary, we have demonstrated by shRNA gene knock-

down and functional assays that Zeb2os plays an important

functional role in reactive astrogliosis both in vitro and in vivo.

Modulating the astrocytic scar together with growth factors,

growth-supportive substrates, and chemoattractive molecules

(Anderson et al., 2018) could further enhance neuroregeneration

after SCI. Continued investigation will be important for revealing

the functions of Zeb2os during scar progression in chronic SCI

and could lead to the development of RNA-based therapies for

SCI and other neurological diseases involving reactive

astrogliosis.
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Rabbit polyclonal anti-Stat3 Santa Cruz Cat# sc-482x; RRID: AB_632440

Mouse monoclonal anti-BrDU Cell Signaling Technology Cat# 50230; RRID: AB_2799369
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Rat monoclonal anti-GFAP Thermofisher Cat# 13-0300; RRID: AB_2532994

Chicken polyclonal anti-GFAP Millipore Cat# AB5541; RRID: AB_177521

Chicken polyclonal anti-GFP Millipore Cat# AB16901; RRID: AB_90890

Rabbit monoclonal anti-GFP Thermofisher Cat# G10362; RRID: AB_2536526

Goat polyclonal anti-GFP Novus Cat# NB 100-1770; RRID: AB_523903

Rabbit polyclonal anti-CSPG4 (NG2) Millipore Cat# AB5320; RRID: AB_91789

Rabbit anti-phosphorylated STAT3

(pSTAT3) (tyr705)

Cell Signaling Technology Cat# 9145S; RRID: AB_2491009

Rat monoclonal anti-CD68 Bio-Rad Cat# MCA1957GA; RRID: AB_324217

Rabbit polyclonal anti-5-HT (Serotonin) ImmunoStar Cat# 20080; RRID: AB_572263

Donkey anti-chicken FITC Jackson ImmunoResearch Labs Cat# 703-095-155; RRID: AB_2340356

Donkey anti-goat FITC Jackson ImmunoResearch Labs Cat# 705-095-003; RRID: AB_2340400

Donkey anti-chicken AMCA Jackson ImmunoResearch Labs Cat# 703-155-155; RRID: AB_2340361

Donkey anti-rabbit Cy5 Jackson ImmunoResearch Labs Cat# 711-175-152; RRID: AB_2340607

Donkey anti-rat TRITC Jackson ImmunoResearch Labs Cat# 712-025-150; RRID: AB_2340635

Goat anti-mouse Alexa Fluor 488 Thermofisher Cat# A-11029; RRID: AB_2534088

Bacterial and virus strains

NEB Stable Competent E. coli (High

Efficiency)

New England Biolabs C3040H

MISSION Zeb2 shRNA Bacterial Glycerol

Stock

Sigma SHCLNG-NM_015753

pLKO.1-Luciferase-puro This paper N/A

pLKO.1-Zeb2os shRNA-puro This paper N/A

pLKO.1-Zeb2 shRNA-puro This paper N/A

pAAV-CAG-FLEX-eGFP Gene Vector Core at the Baylor College of

Medicine

N/A

pAAV-CAG-FLEX-Zeb2os shRNA-eGFP Gene Vector Core at the Baylor College of

Medicine

N/A

Biological samples

Postnatal C57BL/6J primary astrocytes This paper N/A

Postnatal GFAP-Cre primary astrocytes This paper N/A

Adult GFAP-Cre:R26-tdT purified

astrocytes

This paper N/A

Adult C57BL/6J spinal cords This paper N/A

Adult GFAP-Cre spinal cords This paper N/A

HEK293T cells ATCC CRL-3216

Chemicals, peptides, and recombinant proteins

Phusion High-Fidelity PCR Master Mix with

HF Buffer

New England Biolabs M0531L

Papain Worthington Biochemical LS003126

(Continued on next page)
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Trypsin-EDTA (0.25%) Thermofisher 25200056

Deoxyribonuclease I (DNase I) Worthington Biochemical LS002138

L-Cysteine, Hydrochloride Calbiochem 2430

DMEM Corning 10-013-CM

Bovine Serum Albumin (BSA) Thermofisher BP9706100

DPBS Thermofisher 14190144

Myelin Removal Beads II Miltenyi Biotec 130-096-733

TRIzol Thermofisher 15596026

NEBNext Multiplex Oligos for Illumina New England Biolabs E7335S

Phenol:Chloroform:Isoamyl Alcohol Thermofisher 15-593-031

FBS Thermofisher 16140-071

Penicillin-Streptomycin Thermofisher 15140122

Poly-L-Ornithine Advanced BioMatrix 5058

Paraformaldehyde Sigma 158127-500G

Neural Tissue Dissociation Kit (P) Miltenyi Biotec 130-092-628

Lipofectamine 3000 Thermofisher L3000015

iMFectin Poly DNA Transfection Reagent GenDEPOT I7200

Ethanol Thermofisher 241ACS200CSGL

RNase/DNase-Free Water Thermofisher 10977023

DNase I Thermofisher 18068015

DAPI Santa Cruz sc-3598

Sucrose Sigma S1888

O.C.T. Compound Thermofisher 23-730-571

Triton X-100 Sigma T8787

Normal Donkey Serum Jackson ImmunoResearch Labs 017-000-121

ProLong Gold Antifade Mountant Thermofisher P10144

DRAQ5 Thermofisher 62251

PBS Quality Biological J3734L

Critical commercial assays

NEBNext Ultra Directional RNA Library Prep

Kit for Illumina

New England Biolabs E7420S

DNA SMART ChIP-Seq Kit Takara Bio 634865

RNAscope 2.5 HD Reagent Kit-RED Advanced Cell Diagnostics 322350

RNAscope Multiplex Fluorescent V2 Assay Advanced Cell Diagnostics 323100

RNAscope Probe Mm-Zeb2os Advanced Cell Diagnostics 466611

RNAscope Probe Mm-Zeb2-C2 Advanced Cell Diagnostics 436391-C2

RNAscope Probe EGFP-C3 Advanced Cell Diagnostics 400281-C3

RNAscope Negative Control Probe- DapB Advanced Cell Diagnostics 310043

Deposited data

Raw sequencing data GEO GEO: GSE153721

Experimental models: organisms/strains

Mouse: C57BL/6J Jackson Laboratory JAX: 000664

Mouse: GFAP-Cre (B6.Cg-Tg(Gfap-cre)

73.12Mvs/J)

Jackson Laboratory JAX: 012886

Mouse: R26-tdT (B6.Cg-Gt(ROSA)

26Sortm9(CAG-tdTomato)Hze/J)

Jackson Laboratory JAX: 007909

Mouse: GFAP-Cre:R26-tdT This paper N/A

(Continued on next page)
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Oligonucleotides

Zeb2os-1 sense shRNA This paper AGCTTAAAAAGGAGAAAGGT

CAGAGGAACTTCTCGAGAAG

TTCCTCTGACCTTTCTCCGAT

Zeb2os-1 antisense shRNA This paper ATCGGAGAAAGGTCAGAGGA

ACTTCTCGAGAAGTTCCTCTG

ACCTTTCTCCTTTTTA

Zeb2os-2 sense shRNA This paper AGCTTAAAAAGAAGGGATTTCC

TGGAGAATACTCGAGTATTCTC

CAGGAAATCCCTTCGAT

Zeb2os-2 antisense shRNA This paper ATCGAAGGGATTTCCTGGAGAAT

ACTCGAGTATTCTCCAGGAAATC

CCTTCTTTTTA

Zeb2 forward This paper 50-GTTCGGCATGAACCCATTTAG-30

Zeb2 reverse This paper 50-TCCTCTGGTATTTCCTCCTTTG-30

Zeb2os forward This paper 50-GATCTCAGTGTGCAGTGTATGT-30

Zeb2os reverse This paper 50-GTCCTAAGTTCCTCTGACCTTTC-30

Recombinant DNA

pLKO.1-puro Sigma SHC001

pLKO.1-Zeb2 shRNA-puro Sigma SHCLNG-NM_015753

pLKO.1-Luci-puro This paper N/A

pLKO.1-Zeb2os shRNA-puro This paper N/A

pAAV-CAG-FLEX-SwaI-SV40pA Dr. Haipeng Xue in UTH N/A

pAAV-CAG-FLEX-eGFP This paper N/A

pAAV-CAG-FLEX-Zeb2os shRNA-eGFP This paper N/A

Software and algorithms

ImageJ/Fiji NIH https://imagej.nih.gov/ij/index.html;

RRID: SCR_003070

Prism GraphPad Software https://www.graphpad.com:443/;

RRID:SCR_002798

R Studio R Studio https://rstudio.com/

Fastqc Babraham Institute https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

RCircos Zhang et al., 2013 https://cran.r-project.org/web/packages/

RCircos/index.html

Bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

SPP Kharchenko et al., 2008 https://sites.google.com/a/brown.edu/

bioinformatics-in-biomed/

spp-r-from-chip-seq

TopHat v2.1.0 Kim et al., 2013 https://ccb.jhu.edu/software/tophat/

downloads/

Cufflinks v2.2.1 Trapnell et al., 2012 http://cole-trapnell-lab.github.io/cufflinks/

releases/v2.2.1/

htseq-count Anders et al., 2015 https://github.com/simon-anders/htseq

Ingenuity Pathway Analysis (IPA) QIAGEN https://www.qiagenbioinformatics.com

DESeq2 Anders and Huber, 2010 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Integrative Genomics Viewer (IGV) Robinson et al., 2017 http://software.broadinstitute.org/

software/igv/

(Continued on next page)
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GSEA Subramanian et al., 2005 https://www.gsea-msigdb.org/gsea/index.

jsp

slncky.v1.0 Chen et al., 2016 https://slncky.github.io/index.html

IntaRNA 2.0 Mann et al., 2017 https://github.com/BackofenLab/IntaRNA

NUPACK Zadeh et al., 2011 http://www.nupack.org/partition/new

BEDTools Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/

MEME MEME Suite http://meme-suite.org/index.html

Other

BD FACS Aria II flow cytometer BD Biosciences https://www.bdbiosciences.com/en-us

Infinite Horizons Impactor Precision Systems and Instrumentation IH-0400 Impactor

Leica cryostat Leica Microsystems CM1950

Illumina HiSeq2000 Psomagen https://psomagen.com

Illumina HiSeq2500 Psomagen https://psomagen.com

Illumina Novaseq6000 Psomagen https://psomagen.com

Zeiss Observer Z1 motorized Inverted

Fluorescence Microscope

Zeiss https://www.zeiss.com/microscopy/us/

products/light-microscopes/

axio-observer-for-biology.html

Leica TCS SP5 Confocal Laser Scanning

Microscope

Leica https://www.leica-microsystems.com/

products/confocal-microscopes/p/

leica-tcs-sp5

Nikon Eclipse TE2000E Widefield

Fluorescence Microscope

Nikon https://www.microscope.healthcare.nikon.

com

Olympus IX81 motorized inverted

Fluorescence Microscope

Olympus https://www.olympus-lifescience.com

Reactive astrocyte RNA-seq database (Anderson et al., 2016) https://astrocyte.rnaseq.sofroniewlab.

neurobio.ucla.edu/homesci
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jia Qian

Wu (Jiaqian2009.wu@gmail.com).

Materials availability
Wewill make the materials developed available to the scientific community. This includes transgenic animals, reagents and cells. We

may request reasonable payment for maintenance and transport of materials, and/or a completed Materials Transfer Agreement.

Data and code availability
The accession number for the raw and processed sequencing data reported in this paper is GEO : GSE153721.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models
All animal care and surgical interventions were undertaken in strict accordance with the approval of the Animal Welfare Committee at

the University of Texas Health Science Center at Houston (UTHealth). Animals were housed in standard laboratory conditions with 12

light/12 dark cycle andwith free access to water and food. To obtain purified astrocytes for use in RNA-Seq, transgenic mousemodel

GFAP-Cre:R26-tdT (12–14 weeks old) was generated by mating heterozygous GFAP-Cre (B6.Cg-Tg(Gfap-cre)73.12Mvs/J) mice

(JAX, Stock No. 012886) with R26-tdT (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) mice (also known as: Ai9 or Ai9(RCL-

tdT) (JAX, Stock No.007909)). Young mice were genotyped by PCR to detect the Cre sequence using DNA extracted from mouse

tails at 18 days after birth. C57BL/6J (JAX, Stock No.000664) mice (12–14 weeks old) were used for collecting samples for RNA-

Seq and ChIP-Seq. For AAV injection, heterozygous GFAP-Cre mice (16–20 weeks old) were generated by mating homozygous

GFAP-Cre with C57BL/6J mice. All the mice were randomly assigned to experimental groups.
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Primary astrocyte culture
Primary astrocytes were isolated from postnatal mouse brain at postnatal day 4 (P4)–P7 using a Neural Tissue Dissociation Kit (P)

(Miltenyi Biotec). Suspensions of single live cells were cultured in DMEM media (Corning) supplemented with 10% FBS, 100

units/ml of penicillin and 100 mg/ml of streptomycin (Thermo Fisher Scientific). Microglia, oligodendrocyte progenitor cells, and neu-

rons were removed by shaking at 220 rpm overnight at 7D after plating. After the shaking procedure, the majority of the cells that

remain attached were astrocytes. The astrocytes were seeded into cell culture plates and ready for further applications.

METHOD DETAILS

Surgery procedures
A moderate contusive injury was performed using the Infinite Horizons Impactor (Precision Systems and Instrumentation) at the T9

level of the exposed spinal cord (60 kdyn) as described in our previous study (Chen et al., 2013; Duran et al., 2017). Animals in the

sham control group received a dorsal laminectomy only. After surgery, bladder compression, hydration, and nutritional support were

applied as needed to aid recovery. After transcardial perfusion with PBS, 5-mmsegment of SCI epicenter tissuewas harvested at 7D,

1M, or 3M post-injury for RNA-Seq, and tissue for ChIP-Seq was harvested at 7D post-injury. Tissues from three mice were pooled

together for each biological replicate.

For AAV injection, GFAP-Cre mice were anesthetized with a mixed solution of ketamine (80 mg/kg ip) and xylazine (10 mg/kg ip)

and the sutured incision was reopened to re-expose the dorsal surface of injured spinal cord at the T9 spinal cord segment to receive

AAV injection at 10 days post-injury. Onemicroliter of AAV (AAV Zeb2os KD-1 and AAV Zeb2osKD-2mixed equally) was injected to a

depth of 0.8mmat the SCI epicenter, and then 0.5 ml/site was also injected to a depth of 1.0mmat 0.5mmboth rostrally and caudally

from the epicenter (a total of 2 mL injected). Spinal cords were then harvested at 17 days post-injury for further applications.

Tissue dissociation and astrocyte purification
Epicenter spinal cord tissue for astrocyte purification was harvested after transcardial perfusion with PBS at respective time points

and dissociated using a mixed digestion solution of 0.01% papain (Worthington Biochemical), 0.025% trypsin-EDTA (Thermo Fisher

Scientific), 0.01% DNase I (Worthington Biochemical), and 0.01% L-cysteine (Calbiochem) in DMEM (Corning) with 0.02% BSA

(Thermo Fisher Scientific) for 15 min at 37�C with gentle shaking (70 rpm). The cells were separated from the undigested pellet by

triturating with a wide-tipped, fire-polished glass Pasteur pipette eight times. After repeating digestion and separation twice, the cells

were resuspended in DMEM and 4% BSA and the suspension was filtered using a 40-mm cell strainer by centrifugation. The cells

were then resuspended in buffer containing Myelin Removal Beads II (Miltenyi Biotec) following the manufacturer’s protocol to

remove myelin. Next, tdTomato-positive cells for RNA library construction were collected by FACS using a BD FACS Aria II flow cy-

tometer (BD Biosciences).

RNA isolation and RNA-Seq
RNA libraries were prepared as described in previous studies (Chen et al., 2013; Duran et al., 2017). Briefly, RNA was isolated from

either tissue samples or cells using TRIzol (Invitrogen) following the manufacturer’s protocol. About 300–500 ng total RNA was used

to construct each RNA-Seq library. The paired-end sequencing libraries were prepared using NEBNext� Ultra Directional RNA Li-

brary Prep Kit for Illumina (New England Biolabs) following the manufacturer’s instructions. Sequencing was performed using the

Illumina HiSeq2000, HiSeq2500 or Novaseq sequencing instrument.

STAT3 ChIP-Seq
ChIPwas performed using STAT3 antibody (sc-482x, Santa Cruz Biotechnology) in dissociated spinal cord cells. ChIP DNA and input

DNA were extracted using phenol:chloroform:isoamyl alcohol (25:24:1) as described in our previous studies (Dong et al., 2015; Dong

et al., 2018). The ChIP-Seq libraries were constructed using the DNA SMART ChIP-Seq Kit (Clontech Laboratories) following the

manufacturer’s instructions and were sequenced on the Illumina HiSeq 2000 Sequencer to obtain 75-bp paired-end sequencing

reads.

Astrocyte scratch assay
The primary astrocytes were isolated as mentioned above. To perform scratch assay, primary astrocytes were cultured on poly-L-

ornithine-coated (Advanced BioMatrix) microscope slides (Thermo Fisher Scientific). After the cells reached about 80% confluence,

in vitro ‘‘wounds’’ were created by two diagonal line scratches across the astrocyte monolayer using a P-200 pipette tip. The cells

were then fixed with 4% paraformaldehyde (PFA) for 15 mins at 48 hours after scratch assay and used for immunohistochemistry or

RNAscope assays.

Similar model was also applied to assess the effects of Zeb2os KD on the astrocyte migration associated with wound closing. As-

trocytes were first transducedwith control and Zeb2osKDAAVs for 5 days and seeded in 6-well plate at a density of 13 106 cells/ml.

A single scratch wound was created across the cell monolayer using P-20 pipette tip in all wells. After washed with regular growth

medium, cells were then plated into an environmental chamber for 2 days. Four wound fieldswithin eachwell were randomly selected

and repeatedly imaged at fixed time intervals (every 3 h) with 10x objective of Olympus IX81. Wound closure wasmeasured using the
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wound confluence (% confluence) over a time course and the area under the curve (AUC) of the % confluence function plotted

against time were also calculated to observe the wound closing efficacy (Parmentier-Batteur et al., 2011). All statistical analysis

was performed using an independent t test (n = 4).

Plasmid construction
For lentivirus-mediated gene knockdown, Zeb2 KD shRNA containing plasmids were purchased from Sigma (SHCLNG-

NM_015753). As there is no commercial available shRNA constructs for lncRNA Zeb2os, the shRNAs were designed and ligated

into a pLKO.1-puro backbone as described in a previous study (Dong et al., 2015). The shRNAs were strand-specific (directional)

(sequences are listed in Table S1). We used two plasmids for each Zeb2os shRNA KD (Zeb2os-1 and Zeb2os-2) and Zeb2 shRNA

KD (Zeb2-1 and Zeb2-2), which exhibited greater than 50% knockdown efficiency. The luciferase lentiviral shRNA (Luci) construct

expressing a shRNA sequence that targets firefly luciferase and has no significant homology to any mammalian transcript was

used as a control.

To generate AAV-mediated Zeb2os knockdown plasmids (pAAV-CAG-FLEX-shRNA-eGFP), the enhanced green fluorescent pro-

tein (eGFP) fragment was combined with the Zeb2os shRNA fragments and inversely ligated into a floxed backbone (Figure 5A),

pAAV-CAG-FLEX-SwaI-SV40pA, which was a gift from Dr. Haipeng Xue at UTHealth and sequenced verified. The recombined

construct with inversely oriented eGFP only was used as a control (pAAV-CAG-FLEX-eGFP).

Viral packaging and transduction
Lentivirus were packaged for Zeb2 and Zeb2os KD as described in a previous study (Dong et al., 2015). To knock down the expres-

sion of target genes, primary astrocytes were cultured in 6-well plates to 70% confluence and then transduced with either sh-Luci or

shRNA lentivirus for 24 hours. Puromycin (Sigma-Aldrich) at 1 mg/ml was used to select the transduced cells for 5 days, and then cells

were collected for qPCR, BrDU assay, and RNA-Seq.

AAV viruses were prepared by the Gene Vector Core at the Baylor College of Medicine. Briefly, AAV serotype 5 vectors including

Zeb2os KD and control vectors, RC5 Rep-Cap plasmid, and pAdDF6 helper plasmid were prepared using three-plasmid transfection

using the iMFectin Poly DNA Transfection Reagent (GenDEPOT) in the HEK293T cell line. AAV purification was performed based on

the method developed by Ayuso et al. (Ayuso et al., 2010). The titers (control: 1.58 3 1013g.c./ml (genome copies/ml), KD: AAV Ze-

b2os-1: 3.073 1013g.c./ml and AAV Zeb2os-2: 4.033 1013g.c./ml) were determined by real time PCR as previously published (Ljung-

berg et al., 2012). To verify the Zeb2os KD effect of the transduced AAV, Cre-expressing astrocytes were isolated from GFAP-Cre

postnatal mice following the above method and were transduced with control and Zeb2os KD AAVs. Approximately 1.43 105 cells/

well in 24-well plate were transduced with AAV. Cells were harvested at 7D post-transduction for assessment by qPCR.

Quantitative RT-PCR (qPCR) analysis
Total mRNA was isolated from primary astrocytes and tissue using TRIzol, then cDNA synthesis and qPCR were performed as

described in our previous study (Dong et al., 2015). Relative mRNA expression was then calculated using comparative methods (2�
DDCT) using Gapdh or b-actin as expression references. Averages and SEM values were calculated from three independent experi-

ments. The primers were designed as described in a previous study (Zhang et al., 2014). Zeb2os and Zeb2 primer sequences are

listed in ‘‘KEY RESOURCES TABLE.’’

Cell proliferation assay by BrdU
Puromycin-selected lentivirus-transduced primary astrocytes from both KD and control groups were incubated in medium with the

BrdU labeling reagent (Thermo Fisher Scientific) for 60 min and were subsequently fixed with 70% ethanol for 20 min at RT. After

washing three times with PBS, cells were treated with 1.5M HCl (Sigma-Aldrich) for 30 min and were stained with mouse BrdU anti-

body (Cell Signaling), Alexa Fluor 488-conjugated goat anti-mouse IgG (H+L) antibody (Invitrogen), and DAPI. Three independent in-

cubations were carried out and results were obtained by counting from 10 random fields for each experiment. Images were captured

using a Zeiss Observer Z1 inverted fluorescence microscope at 20x magnification.

RNAscope in situ hybridization
RNAscope (Advanced Cell Diagnostics; ACD) in situ hybridization was performed on tissue sections and primary cultured cells. RNA-

scope 2.5 HD Assay-RED (ACD) and Multiplex Fluorescent V2 Assay (ACD) were used as required to label single and multiplex

probes, respectively. The assays were performed according to the manufacturer’s instructions for fixed-frozen tissue and adherent

cells. RNAscope probes Mm-Zeb2os (ACD), Mm-Zeb2-C2 (ACD), and egfp (ACD) were used in this study, and the RNAscope nega-

tive control probe DapB (ACD) was used as a negative control.

Immunohistochemistry and immunocytochemistry staining
Mice were transcardially perfused with PBS followed by 4% PFA, and then spinal cord segments from 1 cm rostral to 1 cm caudal of

the injury epicenter (2 cm total length) were harvested and cryoprotected in serial sucrose (20% and 30%) and embedded into

optimal cutting temperature compound (Thermo Fisher Scientific). Spinal cords were transversely sectioned at 20 mm thickness

using a cryostat (Leica CM1950; Leica Microsystems, Wetzlar, Germany) and sections were mounted on serial Superfrost Plus
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Gold Microscope slides (Thermo Fisher Scientific). For unbiased assessment, 1 in 10 series were processed for immunohistochem-

istry in one of two sets. Two sets of slides were used for immunostaining or RNAscope assays with the following procedures. After

washing with PBS-T (0.2% Triton X-100 in PBS; Sigma-Aldrich) three times, tissue sections or cultured cells on slides were blocked

with PBS-T containing 10%donkey serum (Jackson ImmunoResearch) for 1 hour, and then incubatedwith primary antibodies diluted

in blocking solution at 4�C overnight. The primary antibodies used in this study included rabbit anti-GFAP (1:500, Agilent Z0334), rat

anti-GFAP (1:200, Invitrogen, 13-0300), chicken anti-GFAP (1:500, EMDMillipore, ab5541), chicken anti-GFP (1:400, EMDMillipore,

ab16901), rabbit anti-GFP (1:200, Invitrogen, G10362), goat anti-GFP (1:700, Novus Biologicals, NB100-1770), rabbit anti-CSPG4

(NG2) (1:200, EMD Millipore, ab5320), rabbit anti-pSTAT3 (tyr705; 1:300, Cell Signaling Technology, 9145S), rat anti-CD68 (1:500,

Bio-Rad, MCA1957GA) and rabbit anti-5-HT (serotonin) (1:250, ImmunoStar, 20080). After washing three times with PBS-T, the sec-

tions or cells were incubated with secondary antibodies for 1 hour at RT and coverslips were applied with ProLong Gold Antifade

Mountant (Thermo Fisher Scientific). The secondary antibodies used in this study included FITC-conjugated donkey anti-chicken

(1:200, Jackson ImmunoResearch, 703-095-155), FITC-conjugated donkey anti-goat (1:400, Jackson ImmunoResearch, 705-095-

003), AMCA-conjugated donkey anti-chicken (1:300, Jackson ImmunoResearch, 703-155-155), Cy5-conjugated donkey anti-rabbit

(1:200, Jackson ImmunoResearch, 711-175-152), TRITC-conjugated donkey anti-rat (1:200, Jackson ImmunoResearch, 712-025-

150). DAPI (1:1000, Santa Cruz Biotechnology, SC3598) and DRAQ5 (1:1000, Thermo Fisher Scientific, 62251) were used for staining

of DNA in nuclei.

Quantitative analyses of images
To verify the Zeb2os KDwith RNAscope, one set of slides was simultaneously labeled with Zeb2osmRNA, egfpmRNA, and DRAQ5.

A z stack of 1-mm-thick images was captured through the depth of the section using a 63x oil objective on a Leica TCS SP5 Confocal

Laser Scanning Microscope. As AAV injections (negative control and KD construct) were used to selectively target Cre-expressing

astrocytes, the egfp-in situ hybridized (egfp-ISH) area was defined as AAV-transduced astrocytes (Figure 5D). Zeb2os expression in

single cells defined as colabeling with egfp-ISH and DRAQ5 in the region of interest was measured following the guidelines recom-

mended by ACD using ImageJ/Fiji (v1.52n, NIH, https://imagej.nih.gov/). A total of at least 200 cells in nine different sections (spaced

200 mm apart) from each group were measured. Zeb2os expression was presented as the average number of dots representing la-

beling with Zeb2os mRNA in each cell (dots/cell) in the region of interest. Mean dots/cell values were calculated and statistically

analyzed using independent t tests (n = 3-6).

To assess the extent of reactive astrogliosis and lesion volume impacted by Zeb2os KD, one set of the slides was counterstained

with GFP, GFAP and DAPI, and the other set with GFP and pSTAT3. Images of the injury site were captured starting from the

epicenter and every 400 mm traversing rostrally and caudally at 20x magnification on a Zeiss Observer Z1 inverted microscope.

GFAP-IR and pSTAT3-IR area were quantified based on previously studies with modifications (Cao et al., 2001; Gallegos et al.,

2020; Mattugini et al., 2019) using ImageJ/Fiji (v1.52n). Briefly, a set threshold was used to automatically calculate the areas of

GFP-IR and the GFAP-IR within GFP-IR were analyzed using ImageJ/Fiji. The ratios of GFAP-IR to GFP-IR area were calculated

on the sections every 400 mm apart over a total distance of 1,200 mm rostral and caudal to the injury epicenter and were compared

between KD and control groups (n = 5-7 mice). The percentage of pSTAT3 was quantified following the same method (n = 4-6 mice).

Statistical analysis was performed as using independent t tests. The person who analyzed the images was blinded to the experi-

mental groups.

Additionally, for lesion volume quantification, we manually outlined and measured the lesion areas surrounded by GFAP-positive

astrocytic processes from rostral 1,200 mm to the caudal 1,200 mm (spaced by 400 mm) in the cross sections of each cord using Im-

ageJ/Fiji (Bellver-Landete et al., 2019; Butenschön et al., 2016; Renault-Mihara et al., 2011; Wanner et al., 2013). The total lesion vol-

ume was measured by summing the individual subvolumes which was calculated by multiplying the cross-sectional lesion area (A) x

distance between sections (400 mm) (n = 3 mice). Independent t test was used to statistically analyze the differences of lesion volume

between groups.

Furthermore, another set of slides was counterstained with CD68, 5-HT and GFP to evaluate neuroinflammation and serotonin

axon sprouting after SCI. Images were captured on the sections every 400 mm over a total distance of 2,000 mm rostral and caudal

to the epicenter at 20x magnification. To assess neuroinflammation, total area of cross section was manually traced and cross-

sectional CD68-IR area was measured using ImageJ following the same method as previously described (Cheng et al., 2018; Galle-

gos et al., 2020). The percentage of CD68-IR to the total area was calculated at all measured sections (n = 5-6). To assess the sprout-

ing of serotonin axons, an area of approximately 229 mmdiameter circle in the ventral horns was applied as the region of interest (ROI)

and 5-HT-IR areawithin the ROI wasmeasured by setting a threshold (Gallegos et al., 2020; Lee et al., 2010). The percentage of 5-HT-

IR area was calculated by dividing 5-HT-IR area by ROI area (n = 5). The difference of mean values between groups were compared

using independent t tests.

lncRNA annotation and categorization
We surveyed public lncRNA databases for sequences with known and predicted annotations. We combined lncRNA annotations

from GENCODE M14 and NCBI (GCF_000001635.25_GRCm38.p5). Annotations were filtered by removing lncRNA transcripts

smaller than 200 nt and those with overlapping exons using BEDTools (Quinlan and Hall, 2010). The resulting lncRNA set consists

of 35,368 transcripts representing 21,811 genes. Annotated lncRNA transcripts were classified based on their mapped genomic
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location relative to the closest protein-coding gene transcript, according to a previously published classification (Derrien et al., 2012;

Duran et al., 2017). We also found another category (‘‘others’’) in which the genic region of genes encoding lncRNAs and their neigh-

boring protein-coding genes overlapped without any overlaps between their exons.

RNA-Seq analysis
The quality of all sequenced samples (mouse and rat) was analyzed using FastQC. Read mapping, transcript assembly, and expres-

sion estimation were performed using an in-house pipeline (Duran et al., 2017). High-quality reads were mapped to the mousemm10

or rat Rnor6 reference genomes. Mapping and transcript assembly were performed using TopHat v2.1.0 (Kim et al., 2013) and Cuf-

flinks v2.2.1 (Trapnell et al., 2012), respectively, using default parameters (Duran et al., 2017). FPKM (Fragments Per Kilobase of tran-

script per Million mapped reads) values were obtained for genes and transcripts included in the combined annotation file. To avoid

FPKM inflation, FPKM values of less than 0.1 were set to 0.1 (Quackenbush, 2002). A Euclidean distance matrix of log2-transformed

quantile normalized FPKM was used to perform hierarchical cluster analysis following Ward’s method (Duran et al., 2017). Read

counts corresponding to genes and transcripts were also obtained using htseq-count (Anders et al., 2015). The gene read counts

of samples were normalized and compared to control samples using DESeq2 (Anders and Huber, 2010). Only DEGs were used in

downstream analysis. Enriched pathways were identified by IPA (QIAGEN, https://www.qiagenbioinformatics.com). A total of

1,747 TFs in mouse collected from AnimalTFDB 2.0 (Zhang et al., 2015) and TcoF-DB v2 (Schmeier et al., 2017) were used for further

analysis.

ChIP-Seq analysis
All reads weremapped to themousemm10 reference genome using Bowtie2 (Langmead and Salzberg, 2012), and only uniquemap-

ped reads were used for subsequent analysis. STAT3 ChIP-Seq data were analyzed using the TF pipeline from ENCODE (Landt et al.,

2012). Peaks for STAT3 were called using SPP (Kharchenko et al., 2008) and filtered to exclude regions blacklisted by ENCODE, and

peaks with an FDR > 0.05 or fold-enrichment < 5. The resulting peaks were annotated within 5 kb upstream of the TSS of a gene and

within its gene body. A Circos plot of lncRNAs with STAT3-bound peaks was drawn using the RCircos R library (Zhang et al., 2013).

The STAT3-bound peaks and gene expression were visualized using the Integrative Genomics Viewer (IGV) (Robinson et al., 2017).

Predicting potential functions of lncRNAs
We performed ‘‘guilt-by-association’’ analysis to predict the potential functions of DE lncRNAs, as described in our previous studies

(Duran et al., 2017). First, we calculated the Pearson correlation between the expression of lncRNAs and protein-coding genes. Then,

the ranked list of protein-coding genes for each lncRNAwas used in GSEA (Subramanian et al., 2005) to identify significantly enriched

gene sets from MSiGdb (Liberzon et al., 2011). Gene sets with an FDR < 0.25 were used to generate an association matrix. Normal-

ized enrichment scores (NES) were used to designate significantly enriched gene sets.

Gene set enrichment analysis
TheMSigDB gene sets for mouse were downloaded from http://bioinf.wehi.edu.au/software/MSigDB/. Analysis of the enrichment of

gene sets was performed using a hypergeometric statistical test (phyper R function). Gene sets with an FDR < 0.05 were considered

significant.

Comparison of transcriptomes of purified astrocyte and tissue samples
The percentile rankings of FPKM for each gene identified in each purified astrocyte and tissue samples were calculated for further

analysis. We removed genes with FPKM< 1 across all samples, as these genes are not expressed or are expressed at very low levels

in all samples. Percentile rankings were subjected to hierarchical cluster analysis using Ward’s method (Duran et al., 2017).

lncRNA genes homologous between mouse and human
A set of 27,908 lncRNA transcripts encoded by the human genome were downloaded from GENCODE (GRCH38, version 27) and

lncRNA-encoding genes homologous between mouse and human were identified using slncky.v1.0 (Chen et al., 2016). To reduce

the number of possible spurious homologies between pairs of mouse and human lncRNAs, we filtered the homologous transcripts

by requiring either transcript-transcript identity greater than 60%with the FDR set at 0.01) or at least one conserved splice site (Chen

et al., 2016). Finally, 671 highly conserved lncRNA transcript pairs representing 362 lncRNAs in the mouse genome were identified

between mouse and human.

Mouse lncRNAs with human homologs harboring disease-associated SNPs
GWAS (Genome-wide association study) data (v1.0.1) was downloaded from GWAS Catalog (Buniello et al., 2019) and Clinically

Relevant Sequence Variations (clinvar_20180128) data was downloaded from NCBI (Landrum et al., 2014). The diseases or traits

associated with the homologous lncRNA-encoding genes in human and mouse genome were collected.
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Analysis of RNA secondary structure
RNA structure plays key roles in the functions of lncRNAs (Novikova et al., 2012). First, we used Meme tools to detect consensus

regions in the primary transcript sequences of lncRNAs that are homologous between mice and humans (Bailey and Elkan, 1994).

We then predicted the secondary structures of these conserved regions using NUPACK software with minimum free energy

(MFE) (Zadeh et al., 2011).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed with GraphPad Prism 5.0 software. Further statistical details are indicated in the figure leg-

ends. The number of animals per group was based on the previous experience and calculated with StatMate software (GraphPad)

to provide at least 80% calculable power with the following parameters: probability of type I error (0.05), conservative effect size

(0.25). The values of n refer to the number of mice used in the animal experiments. In other sections, n refers to the number of exper-

imental repeats. Data are presented as themeans ± standard error of themean (SEM) or mean ± standard deviation (SD). Differences

between experimental groups were analyzed using independent t test (paired, two-sided). A p value less than 0.05 was considered

statistically significant. For all imaging and quantifications, personnel measuring the experimental results were blinded to the exper-

imental groups.
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