s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Mol Cell. Author manuscript; available in PMC 2019 May 30.

Published in final edited form as:
Mol Cell. 2018 November 1; 72(3): 553-567.e5. doi:10.1016/j.molcel.2018.09.021.

Regulation of neuroregeneration by long noncoding RNAs

Rotem Ben-Tov Perry”, Hadas Hezroni, Micah Jonathan Goldrich, and Igor Ulitsky”
Department of Biological Regulation, Weizmann Institute of Science, Rehovot, Israel 76100

Summary

In mammals, neurons in the peripheral nervous system (PNS) have regenerative capacity following
injury, but it is generally absent in the central nervous system (CNS). This difference is attributed,
at least in part, to the intrinsic ability of PNS neurons to activate a unique regenerative
transcriptional program following injury. Here we profiled gene expression following sciatic nerve
crush in mice, and identified long noncoding RNAs (IncRNAs) that act in the regenerating
neurons, and which are typically not expressed in other contexts. We show that two of these
IncRNAs regulate the extent of neuronal outgrowth. We then focus on one of these, Silc1, and
show that it regulates neuroregeneration in cultured cells and in vivo, through cis-acting activation
of the transcription factor Sox11.

Introduction

The ability of PNS neurons to re-establish functional connections following injury depends
on regulatory networks that orchestrate the regeneration program. The protein-coding
components of the transcriptional response to injury are relatively well understood (Abe and
Cavalli, 2008), and include induction of regeneration-associated genes (RAGS) such as the
transcription factors Jun, Atf3, and Sox11 (Jankowski et al., 2006; Raivich et al., 2004;
Seijffers et al., 2007; Tsujino et al., 2000). These transcription factors direct production of
mRNAs encoding adhesion molecules, cytoskeletal elements, growth factors, cytokines,
neuropeptides, and other molecules involved in regeneration (Patodia and Raivich, 2012).

Advances in transcriptome mapping in the past decade revealed pervasive transcription
outside of the boundaries of protein-coding genes (Guttman et al., 2009; Kapranov et al.,
2007; Ravasi et al., 2006). Tens of thousands of distinct loci in the mammalian genome are
transcribed into long RNA molecules, collectively called long noncoding RNAs (IncRNAS),
but the functions of the vast majority of these genes remain unknown. IncRNAs are typically
expressed at relatively low levels, are more tissue-specific than mRNAs, and are generally
poorly conserved in evolution (Ulitsky, 2016). Perturbations of an increasing number of
IncRNAS have been shown to be consequential in cultured cells, but only few functions have
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been characterized in vivo (Perry and Ulitsky, 2016; Sauvageau et al., 2013). Genetic
manipulations of some IncRNA loci affect mouse physiology during embryonic
development or in adults, in particular in the nervous system (Briggs et al., 2015), but how
those RNAs act is typically unknown.

Transcriptome-wide changes following PNS injury were characterized in mouse and rat
using microarrays and, more recently, RNA-seq (Bosse et al., 2006; Costigan et al., 2002;
Hu et al., 2016; Kubo et al., 2002; Kiiry et al., 2004; Lisi et al., 2017; Michaelevski et al.,
2010). The activity and functions of microRNAs following PNS injuries have been
extensively studied, but much less is known about the functions of IncRNAs in regeneration.
Two studies reported changes in InNcRNA expression in the dorsal root ganglia (DRG)
following sciatic injury in rats (Yao et al., 2015; Yu et al., 2013), but the functions of those
IncRNAS /n vivo, their regulatory targets, and the extent of their conservation remain
unknown. Understanding the regulatory program of the transcriptional response to injury,
and how IncRNAs contribute to the intrinsic ability of PNS neurons to regenerate, is crucial
for improving regenerative outcomes in both the PNS and the CNS.

Results

Identification of long noncoding RNAs expressed following sciatic nerve injury

In order to characterize IncCRNAS that potentially act during neuronal regeneration in mouse,
we used strand-specific RNA-seq to characterize gene expression patterns in the DRG of
naive, sham-operated, and injured limbs, at three time points representing different stages of
injury response and regeneration (days 1, 4, and 7 post injury, Figure 1A), and used these
data to assemble a DRG transcriptome (Data S1). Unsupervised clustering of the data (see
Methods) revealed various gene expression responses (Figure S1A and Data S2). Annotation
of the genes in each cluster using Enrichr (Chen et al., 2013) associated different clusters
with biological processes and cell types in which they are likely to be active (Figure S1A).
Different clusters also overlap to varying degrees with genes differentially expressed
following induction of neuronal activity (taken from (Benito et al., 2011), Figure S1B and
Discussion). We focused on cluster #4, which included 1,130 genes that gradually responded
to injury with peak induction at day 7, which corresponds to the active regeneration stage
(Araki and Milbrandt, 2000; Kubo et al., 2002), and where genes showed large differences
between injury and sham conditions (Figure 1B). The 947 protein-coding genes in this
cluster included known RAGs such as Atf3, Sox11, Sprria, Gap43, and others, and were
enriched for Gene Ontology terms relevant to regeneration (Figure S1C and Data S2). The
183 non-coding genes in the cluster included 72 genes annotated in GENCODE vM10 and
111 previously uncharacterized genes, and we annotated 66 of the 183 as bona fide distinct
IncRNASs using PLAR (Hezroni et al., 2015) (Data S2). Strikingly, whereas most protein-
coding genes in cluster #4 were expressed in the majority of mouse tissues, INCRNAs were
highly tissue-specific, much more so than IncRNAs in the other clusters (P<10710, Figure
1C), with some injury-induced IncRNAs not expressed in any of >60 tissues profiled by the
ENCODE project. Nine of the IncRNAs in cluster #4 were conserved in sequence and
synteny in human (see Methods), and to the best of our knowledge none of these have
undergone any functional characterization in human or mouse. For 13 of the 66 INCRNAs in
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cluster #4, the closest protein-coding gene was also found in cluster #4 (mean distance from
the INcCRNA ~38 kb), indicating that they are co-regulated with or potentially regulate one of
their neighboring genes. In contrast, for 25/66 IncRNAs, no neighboring genes within 1 Mb
were found in cluster #4, suggesting independent induction following injury. We then
combined these criteria with expression patterns and manual inspection and chose to focus
on three IncRNAs: Gm9866 (which we named Sciatic Injury induced LnCRNA 1, or Silcl),
1700042G15Rik (which we named NOncoding RNA Regulator of Injury of Sciatic nerve 1,
or Norris1, Figure S1D), and 5930412G12Rik (which we named Fzd10as1, Figure S1E).
These IncRNAs were annotated by both GENCODE and PLAR as IncRNAs, were
significantly (P<0.05) up-regulated in injured neurons compared to sham operated ones at
day 7, were expressed at FPKM>1 following injury, and showed evidence of sequence
conservation in rat and human. We validated the up-regulation of Sox11, Atf3, and the three
IncRNAs by qRT-PCR (Figure 1D-E and Figure S1F). Each of the selected INcRNAs resides
in a different genomic context: Si/c1 is found in a gene desert downstream of Sox11 (see
below); Norris1 resides in an intergenic region between Pipn3and Palm2, two genes that do
not appear to be related to neuroregeneration and are separated from Aorris1 by >50 kb; and
Fzd10as1 is transcribed divergently from a shared promoter with Fzd10, a Wnt receptor
(Figure S1E).

Silcl and Norrisl are required for regeneration following replating of DRG neurons

In order to study the functions of the three IncRNA candidates in neurite outgrowth after
injury, we used SMARTpool siRNAs to reduce their expression in cultured DRG neurons.
48 hr after siRNA treatment the cells were re-plated in fresh medium for an additional 24 hr
to mimic the injury response and to monitor axonal regrowth (Frey et al., 2015). For Silc1
and Norris1 we obtained >60% knockdown (KD) efficiency (Figure 2A), whereas Fzf10as1
could not be efficiently targeted with either siRNAs or shRNAs. Reduction in Si/cZ and
NorrisI levels led to a reduction in total axonal outgrowth without any apparent effect on
cell viability (Figure 2B and S2A). SilcI and Norris1 therefore appear to be required for
proper neurite growth in an in-vitro setting that simulates a PNS injury.

In order to characterize the transcriptional response following IncRNA KD, we performed
RNA-seq at 72 hr following transfection of SiRNAs targeting Silc1, Norris1, Sox11, and
Atf3. All perturbations affected gene expression, and the responses to KD of Si/cZ and
Sox11 were strikingly similar (Spearman’s r=0.37, P<1071®, Figure 2C). Silc1 KD led to a
reduction in mRNA levels of Sox11and its downstream target A#/3 (Jankowski et al., 2009),
which we confirmed by qRT-PCR (Figure 2D and S2A). As this analysis suggested a
potential mechanism for the mode of action of Si/cZ, we focused on this INCRNA for the rest
of the study.

Silc1 resides ~200 kb downstream of Sox11, a known regulator of neurogenesis and
neuronal regeneration (Jankowski et al., 2006, 2009, 2018; Jing et al., 2012) (Figure 2E and
S2B). The ~600 kb region downstream of SoxZ1 does not contain any protein-coding genes,
and harbors a large number of putative enhancers. One of these is located in an intron of
Silc1, decorated with histone marks associated with enhancer activity in the embryonic
brain, and bound by SOX2 and SOX3, but not SOX11, in neuronal progenitors (Bergsland et
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al., 2011) (Figure 2E and S2B). This region does not exhibit chromatin marks associated
with active enhancers in adult tissues (Figure 2E and below). Hi-C chromosome
conformation data from mouse brain (Deng et al., 2015) show that the Si/cZ locus is in
spatial proximity to Sox11, suggesting a possible regulatory relationship between the two
loci in the nervous system (Figure 2F).

Both Si/c1and Sox11 are expressed in various neuronal tissues (Figure S2C). In the DRG
and in other neuronal contexts, Si/cI levels are higher postnatally than in embryos, in
contrast to Sox11, which is expressed at higher levels in embryonic tissues and is reduced
after birth (Figure S2C-D). Consistent with this expression pattern, H3K4me3 chromatin
mark is observed on the Si/cI promoter in the adult cortex (Figure 2E), forebrain, and retina
(see below), but not in the embryonic brain. When comparing publically available RNA-seq
datasets from various neuronal injuries, including those of the CNS and PNS, Si/cI
induction was reproducible and specific to sciatic crush injury (Figure S2E-H). In bulk
RNA-seq and CAGE comparisons of cell types from the cortex (Figure S2C and S21), as
well as single-cell RNA-seq data from the DRG (Figure S2J-K), Silc1 is expressed only in
neuronal cells, whereas Sox11 is also expressed in glial cells. In the naive DRG, SifcZ is
expressed in several neuronal subtypes, predominantly in myelinated neurons, and is more
subtype-specific than than SoxZ1 (Figure S2J-K). We conclude that Si/cZ and Sox11 are co-
expressed in some postnatal neuronal cells, and that the combined induction of the two
genes is a specific feature of regenerating peripheral neurons in the DRG.

Silc1 is a bona fide noncoding RNA based on negative PhyloCSF (Lin et al., 2011) scores
throughout the locus (Figure S2B), the three coding potential predictors implemented in
PLAR (Hezroni et al., 2015), and CPAT (Wang et al., 2013). There are three annotated
splicing isoforms for Silc in RefSeq that share the same promoter (supported by CAGE
data from the FANTOMS5 project, Figure 2E) and poly(A) site (supported by PolyA-seq
data, Figure 2E). RT-PCR followed by sequencing showed that the two-exon ~1.4 kb
isoform of Silc1 is predominantly expressed in adult mouse brain and DRG (Figure S2L).
Single molecule FISH in cultured DRG neurons and in brain cortex showed predominantly
nuclear localization of SifcZ RNA (Figure 2G and Figure S2M).

Silc1 knockdown affects regeneration through reduction in Sox11 levels

Silc1 knockdown using siRNAs in cultured primary DRG neurons resulted in reduced
mMRNA and protein levels of Sox11and Growth associated protein 43 (Gap43), which is
associated with an effective regenerative response in the nervous system (Chong et al., 1994;
Skene et al., 1986) (Figure 3A-B). Previous work demonstrated that cells transfected with
siRNAs targeting Sox11 exhibit a significant decrease in regeneration, as indicated by
reduced neurite length and branching index (Jankowski et al., 2006). We hypothesized that
the neuron growth phenotype observed following SifcZ KD is mediated by reduction of
Sox11 levels, and attempted to rescue the KD cells with exogenous expression of Sox11.
Infection of cultured DRG neurons with a Sox11-GFP lentivirus restored the neurite
outgrowth of cells transfected with siRNAs against Si/cZ and Sox11 to the levels observed
with a control siRNA, whereas a GFP-only lentivirus had no effect (Figure 3C). We
conclude that Sifc1 affects neuronal regeneration through induction of SoxZ1. To further
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corroborate this model, we used the CRISPR activation (CRISPRa) system (Gilbert et al.,
2013), based on dCas9-VP64, a catalytically inactive Cas9 fused to an transcriptional
activator, and guide RNAs (gRNAs) targeting the Si/cZ promoter. Transfection of dCas9-
VP64 and the gRNAs into two cell lines (Neuro2a/N2a and B16) that do not express Sifc1
increased expression of Si/cI expression level by 6-8-fold in both cell lines, and increased
Sox11 expression in N2a neuronal cells, whereas no change in Sox11 levels was observed in
B16 melanoma cells (Figure S3A-B). Lentiviral injection of cultured DRG neurons with
dCas9-VP64 and the gRNAs enhanced neurite outgrowth (Figure 3D, RNA levels could not
be measured in infected neurons due to difficulties of recovering only the subset of cells that
were infected). In order to rule out a direct effect of dCas9-VP64 on the Sox11 promoter,
which can be found in spatial proximity to Si/cZ promoter in neuronal cells (Figure 2F), we
transfected N2a cells with dCas9-VP64 and five different gRNAs targeted directly to the
Sox11 promoter, and observed no effect on either SilcZ or Sox11 levels (Figure S3D). In
contrast to the effects of Si/cZ CRISPRa, transfection of N2a cells with an expression
plasmid encoding S//cZ cDNA increased Sifc1 levels by >5,000-fold, but had no effect on
Sox11 levels (Figure S3C). Taken together, specifically in neuronal cells, increase of Silc1
transcription leads to up-regulation of SoxZZ mRNA levels in cisand increased neurite
outgrowth.

Silc1 knockout mice have reduced Sox11 levels in neuronal cells and exhibit delayed
regeneration following injury

In order to examine S//c1 function /in vivo, we generated Si/cZ knockout (KO) mice using
CRISPR/Cas9 with gRNAs flanking the Si/cZ promoter and exon 1 (Figure 4A and S4A).
These mice were born at expected Mendelian ratios (Figure S4B) and exhibited no gross
morphological defects (Figure S4C). Si/c1 promoter KO resulted in >90% decrease in Silcl
levels in cultured adult DRG neurons, DRG tissue samples, and in adult brain, as measured
by gRT-PCR and RNA-seq (Figure 4B-C). Sox11 levels in the DRG tissue samples did not
change significantly at three tested embryonic or postnatal (Figure 4D), and a significant
reduction was observed in the brain only in the adult (eight weeks old mice). In adult
cultured DRG neurons following replating, Si/cZ”- mice exhibited a ~60% decrease in
Sox11I mRNA levels (Figure 4B), and decrease in SOX11 protein as detected by staining
(Figure 4E) and Western blot (WB) of adult brain extracts (Figure 4F; SOX11 could not be
detected by WB of DRG extract from either WT or Si/c1”~ mice). Therefore, Silc appears
to regulate Sox11 levels only in adult neurons, and not during embryonic or early postnatal
development, where Sox11 is presumably primarily regulated by other elements.

In order to test if loss of Si/cI affected expression from the cisallele of Sox11, we crossed a
SilcI*- C57BL/6J mouse with WT FVB/NJ mice to obtain SilcI*- heterozygotes in which
the Silc1+allele was found in cisto a G allele of the rs4222054 SNP in the Sox113' UTR,
and the SilcI-allele in cisto an A allele. We then used allele-specific RT-PCR to compare
the expression of Sox11 in replated cultured DRG neurons from Silct’* and Silct!- mixed
background mice, and found that loss of Si/cZ led to reduction in SoxZ1 expression only
from the allele in cis to deletion (Figure 4H and S4D), supporting a model where Silc1 is
acting to increase Sox11 transcription from the allele that is found on the same chromosome
and in spatial proximity to the Si/cI locus (Figure 2F).
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In cultured DRG, Si/c1 KO led to a reduction in total axonal outgrowth following replating
(Figure 4G), recapitulating the phenotype observed upon Si/cZ RNA depletion with siRNAs
(Figure 2B).To determine whether loss of SilcI expression and the reduction in Sox11 levels
have functional effects on nerve regeneration and recovery, we examined recovery from
sciatic nerve crush in WT and Si/cZ”- mice following sciatic nerve injury using CatWalk gait
analysis (Bozkurt et al., 2008; Kappos et al., 2017; Perry et al., 2012). In this system,
animals are followed by video recording while crossing a glass runway, enabling
examination of gait and locomotion and subsequent analyses of both dynamic and static gait
parameters. This system allows testing the outcome of the injury and the functional recovery
in a comprehensive manner. Following unilateral sciatic nerve crush in the right hind leg,
mice were monitored over a period of 23 days at 2—4 day intervals. Before sciatic injury, no
significant differences were observed in basal gait parameters between WT and Si/c17-
mice. One day after injury, significant reduction in both static and dynamic gait parameters
was observed for the injured limb in both genotypes. The injured mice exhibited reductions
in print area (the area of the paw that touches the surface when stepping) and swing speed (a
parameter combining stride length and swing duration) for the injured limb (Figure 5A).
Recovery, manifested by improvement in both these parameters over time, was evident in
both genotypes but at significantly different rates (Figure 5A). The differences between the
genotypes were most prominent at five days post injury, when the WT animals were already
making appreciable use of the injured limb while the Si/cZ”- mice were not (significantly
lower print area in Si/c2”~ vs WT animals, P<0.005, Figure 5A). Furthermore, WT mice
reached an asymptote in their recovery process on day 5, whereas Si/cZ”~ mice reached an
asymptote only on day 11. These observations show that loss of Si/cI results in functional
consequences in the recovery process.

To support the behavioral data, we examined axonal morphologies in sciatic nerve using
GAP43 staining at day 1, 4, 7, and 25 following sciatic injury. GAP43 is expressed at
elevated levels in differentiating neurons during development and regeneration, and is
commonly used as a marker of regeneration in the adult nervous system (Van der Zee et al.,
1989). Significant differences were seen in branch length between WT and Si/cZ”- mice at 2
and 3 mm proximal to the injury site four and seven days post injury, indicating reduced
regeneration in axons of neurons lacking Sifc (Figure 5B-C and Figure S5). Thus,
behavioral and histological parameters show delayed regeneration of sensory neurons in
Silc1!" mice.

Loss of Silcl results in dysregulated gene expression in the DRG following injury

In order to better understand the consequences of Si/c1 deficiency, we used RNA-seq to
characterize gene expression in the whole adult brain and in the DRG of Si/cZ”~ mice and
their WT littermates. DRG were profiled in naive conditions as well as 4 and 7 days
following injury or sham operation. Few changes were present in the naive DRG and in the
brain, suggesting limited effects of loss of Si/c1 expression during development. In contrast,
substantial changes were observed at four days following injury, with some similarity in
changes in injured and in sham-operated mice (Figure 6A-B and Data S3), which may stem
from the induction of SifcZ and Sox11 following the sham operation (Figure 1D-E). Beyond
these differences, and consistently with the phenotype of delayed but nevertheless full
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regeneration, the overall gene expression changes between the injured and the sham operated
DRG were similar in the WT and Si/cZ”- mice, in particular at day 7 (Figure S6). When
examining changes in genes belonging to particular clusters of expression patterns following
injury (Figure S1A), injured DRG from Silc1”- mice displayed significantly reduced
expression of genes normally up-regulated following injury (clusters #4 and #6, Figure 6B),
with a particularly prominent reduction at day 4 in expression of genes in cluster #6, which
included genes induced by day 4 after injury (Figure S1A). Further, there was increased
expression in SilcI”’- DRG of genes that are typically repressed following injury (clusters
#10 and #14, Figure S1A and Figure 6B). These changes were also stronger at day 4,
consistent with the more prominent peak difference in behavioral parameters at the earlier
time point. Genes in injury-related clusters exhibited no substantial changes in expression in
the naive DRG (Figure 6B). Consistent with the changes in gene expression following
injury, we also observed a significant reduction in SOX11 protein levels at day 4 following
injury (Figure 6C).

In order to characterize changes in chromatin accessibility, we performed ATAC-seq
(Buenrostro et al., 2013) on 4 days injured or sham-operated DRG from WT and Silc1-
mice. When considering 71,615 regions found to be accessible in one of the conditions or
15,468 peaks overlapping promoters of our DRG transcriptome (see Methods), regions
overlapping binding peaks of SoxZ1 in neurons (from (Bergsland et al., 2011)) exhibited
reduced accessibility following injury compared to other peaks, and compared to sham
operated DRG (Figure 6D). These differences suggest that loss of Si/cZ leads to a significant
perturbation in the regulation of promoter and enhancer regions bound by Sox11.

Discussion

Using RNA-seq we characterized the changes in gene expression in the mouse DRG
following sciatic nerve injury and grouped the genes into 17 clusters. Several of these
clusters showed consistent responses to injury, of which we focused on IncRNAs in cluster
#4, which were gradually induced following injury, peaking at day 7. Another interesting
cluster is #13, which represents an early injury-specific response that peaks at day 1. Several
recent studies (reviewed in (Mahar and Cavalli, 2018)) showed that some genes acting early
following regeneration are also involved in neuronal activity. Indeed, we find an overlap
between cluster #13 and neuronal activity-driven gene expression profiles. Cluster #13
contains 12 IncRNAs, which may also have such a dual function.

IncRNAs are typically poorly conserved in evolution, though over a thousand are conserved
throughout mammals and around one hundred IncRNAs are retained across vertebrates
(Hezroni et al., 2015; Ulitsky, 2016; Ulitsky et al., 2011). Si/c1 is conserved in sequence and
expression in various eutherian mammals, where it is robustly expressed in neuronal tissues
(Figure 7A). There are four prominent regions of high sequence conservation in this locus
(annotated cr1-4 in Figure 7A). Only crl, which corresponds to the first exon of Silcl, is
part of the exonic sequence of Si/c1 throughout eutherian mammals (the five species in
Figure 7A, as well as rhesus and marmoset (Hezroni et al., 2015)), and cr2 and cr3 overlap
introns or exons of S//c1 in all species. Region cr2 corresponds to a region showing
extensive enhancer marks in the mouse embryo, which is bound by Sox2 and Sox3 in
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neuronal progenitors (Figure 2E), but does not appear to be active in the adult DRG,
regardless of injury (see below). Both cr2 and cr3 are conserved in opossum, chicken, and
lizard, and cr3 is conserved in Xengpus. However, in those additional species, there is no
evidence for IncRNA transcription in the vicinity of cr2—-3 in any of several profiled tissues,
which include whole adult brain (Hezroni et al., 2015). This suggests that Si/cI appeared
and gained a regulatory function in mammals within a genomic region that previously had a
IncRNA-independent function, most likely as an embryonic enhancer of Sox11.

The fourth conserved region in the SifcZ locus, cr4, lies outside of the SilcZ transcription
unit in mouse (Figure 7A), and corresponds to a promoter of a different IncRNA,
LOC400940, in human. LOC400940 is more broadly expressed than S/LCZ1 in human cell
lines, and plausibly evolved from an enhancer RNA that gained transcription in the primate
lineage, as there is evidence for a transcript starting at cr4 also in rhesus, but not in other
mammals. Si/c1 conservation pattern thus places it in a broad group of “class 2” IncCRNAs,
which have a single conserved exonic sequence (in exon 1) nested in a longer transcript that
exhibits a rapidly evolving exon-intron architecture (Ulitsky, 2016). Functional sequences or
structures in SilcZ RNA, if any, are thus likely to be present in the first exon.

We show here that Si/c1 facilitates up-regulation of SoxZ1 in the injured DRG and is
required for maintaining SoxZ1 expression levels in the adult brain. Genomic data from
various systems suggest that this regulation occurs primarily after birth. In the DRG, Silc1
levels are much higher postnatally than in the embryo, in contrast to SoxZ1, which is more
highly expressed in the embryo (Figure S2C-D). Similar dynamics are observed in other
neuronal systems that were profiled at higher resolution, including the retina (Aldiri et al.,
2017) and the forebrain (ENCODE project) (Figure S7A). In those systems, Sox11 levels
peak around E14.5, whereas Silc1 expression is observed primarily postnatally. These
expression patterns correlate with chromatin marks in the region: the levels of the promoter
mark H3K4me3 at the Si/cZ promoter increase postnatally, and correlate with SiflcZ
expression levels. The levels of H3K27ac, a mark of active enhancers, are high at the cr2
region in Si/c1 intron in the embryo, and are then reduced to background levels postnatally.
Together with our results showing that up-regulation of Si/cI facilitates Sox11 expression in
adult neuronal cells, these data suggest a switch in Sox11 regulation by the Sif/cZ locus that
occurs around birth, where loss of activity of the enhancer in Si/c intron coincides with
gain of Silc1 expression. Importantly, it is possible that the phenotypic effects we observed
in Silc1!- mice are due to loss of Silc1 activity in late embryonic or postnatal development,
and not due to its functions following the injury. The lack of appreciable difference between
WT and SifcI’- mice in basal gait parameters and the limited differential expression in naive
DRG or adult brain (Figure 6A) argue against this possibility, but a conclusive analysis will
require establishment of a conditional KO mouse for Si/cZ, and the activation of the KO
specifically in the DRG sensory neurons in the adult mice, prior to injury. We also note that
regeneration occurs, albeit at a slower rate, in the Si/cZ”- mice, and SoxZ1 is induced at day
7 following injury to similar levels in WT and Si/cZ”- mice, and so compensatory
mechanisms likely exist for SoxZ1 induction. These presumably involve other enhancers in
the ~2Mb gene desert surrounding SoxZ1, and may overlap with the mechanisms activating
Sox11in embryonic and/or glial cells, where Si/c1 is not expressed at appreciable levels.
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The mechanism through which Si/c1 activates Sox11 expression is currently unknown. Silc1
activity resembles that of Upperhandand ThymoD IncRNAs (Anderson et al., 2016; Isoda et
al., 2017), whose transcription is required for the activation of their proximal genes Hand?
and Bc/11b, respectively, during development, also through a largely unknown mechanism.
However, unlike Upperhand, where reduction of the RNA levels did not appear
consequential for HandZ levels, the RNA product of Si/cI appears to be required for its
function, as we observed similar effects following promoter deletion, which abolishes
transcription, and when using siRNAs that degrade the RNA product of Si/c1. It was
suggested that Upperhand functions through modulation of activity of enhancers overlapping
its transcription unit (Anderson et al., 2016). Si/c1 transcription unit overlaps regions that
bear enhancer-associated chromatin marks in the embryo, but those do not appear accessible
in our ATAC-seq data, which does show an increase in accessibility of the Si/cZ promoter
following injury (Figure S7B). Our sensitivity to detect differential accessibility of regions
in the Si/c1 locus might be limited by the complexity of the DRG tissue, although we are
able to detect differential accessibility in other regions (Figure S7B). Silc1 activity and
induction of Sox11 following injury are thus likely unrelated to those enhancer regions. It is
possible that Si/cI activation, or the deletion of the Si/cZ promoter, affect the spatial contact
landscape in the gene desert flanking Sox11, akin to some IncRNAs like CCAT1 (Xiang et
al., 2014). Hi-C analysis of neuronal differentiation data (Bonev et al., 2017), suggest that
contacts between SoxZ1 and the broad region surrounding Si/c1 are readily detectable in
neuronal progenitors, where Silc1 levels are very low (~100 times lower than in the DRG
following injury, Figure S7C-D), and so we think that it is unlikely that Si/cZ expression is
important for the establishment or maintenance of spatial contacts between Si/cZ and Sox11
loci. Another possibility is that Silc affects release of a paused RNA polymerase at the
Sox11 promoter, as has been reported for some enhancer RNAs (eRNAS) and IncRNAs
(Ntini et al., 2018; Schaukowitch et al., 2014). This possible mode of action is consistent
with the observation that there is no evident change in chromatin accessibility at the Sox11
promoter following injury (Figure S7B), and with the substantial Pol2 pausing at the Sox11
promoter in neuronal tissues (Figure S7E). Exploring these options is currently hindered by
the limited material for chromatin-associated applications in the DRG, and by the fact that
we could not identify any mouse cell line that expresses Si/c1.

Interestingly, INcRNAs are overall enriched in regions flanking genes encoding
transcriptional regulators (Guttman et al., 2009; Ulitsky et al., 2011) and other functional
IncRNAS have recently been observed downstream of other SOX genes. ROCR/
LOC102723505s found in a gene desert downstream of Sox9, and was shown to be
required for induction of Sox9during chondrogenic differentiation of mesenchymal stem
cells (Barter et al., 2017). CASC15in human and 2610307P16Rik/Casc15in mouse are
IncRNAs found ~70 kb downstream of Sox4, and KD or KO of these IncRNAs resulted in
reduction of Sox4 levels in both species (Fernando et al., 2017). Peri/is a INCRNA essential
for viability in mice (Sauvageau et al., 2013), which is found ~110 kb downstream of Sox2.
Peril expression domain in the mouse brain overlaps that of Sox2 (Goff et al., 2015). Sox1
and Sox2also have overlapping INcRNA transcripts that span hundreds of kb, containing the
SOX gene in one of their introns (Ahmad et al., 2017; Amaral et al., 2009). While there is
currently neither an obvious common origin nor evident commonalities in the mechanisms
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of action of those INcCRNAsS, the similarity in their activities and genomic context suggest
that cis-acting regulation by InNcRNAs is a common and potentially ancient theme in the
biology of the SOX gene family.

Norris1, whose induction following injury we also identified here as required for proper
regeneration in cultured DRG, is an example of an exquisitely tissue-specific INCRNA.
Norris1 is highly expressed in the testis (Figure S1D), but we did not observe substantial
expression of Norris1 in any tissues, cell lines, or treatments measured by the ENCODE or
FANTOMS projects, or other datasets assembled in the EBI expression atlas. Interestingly,
in the testis, Norris1 serves as a precursor for a large number of piRNAs (Figure S1D). We
therefore profiled small RNAs in naive and injured DRG, but did not observe any evidence
for small RNAs emanating from this locus (Data S4), suggesting that NMorris does not act
through the piRNA pathway in neuroregeneration. Norris1 also does not appear to act in cis,
as none of the adjacent genes appeared induced in regeneration, and inspection of HiC data
from various mouse tissues did not suggest any genes or regions that form frequent contacts
with the NorrisI locus.

It is well appreciated that IncRNAs are expressed in a much more tissue-specific manner
than protein-coding genes (Cabili et al., 2011). Indeed, we find that many of the IncRNAs
that act in the DRG during neuroregeneration following injury are highly specific in their
expression, much more so than the classical and well-studied protein-coding RAGs (Figure
1C). Using data from other studies, we observed that some of those are only observed in this
specific physiological context; others, like Morrisi, are expressed in few other contexts but
are not found in the CNS, whereas others, like Si/c2, act in a subset of conditions in the CNS
and PNS, where they are only induced following injuries associated with neuroregeneration
in the PNS (Figure S2E-H). Changes in IncRNA activity may thus explain some of the
differences in the regulatory programs activated following injury in different parts of the
nervous system; therefore, their manipulation using the oligonucleotide- and CRISPR-based
therapeutic interventions (Nguyen and Wong, 2017) carries the potential to specifically
reprogram these cells following injury and potentially improve regenerative outcomes
following neuronal lesions.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by Igor Ulitsky (igor.ulitsky@weizmann.ac.il).

Experimental Model and Subject Details

Animals—The study was conducted in accordance with the guidelines of the Weizmann
Institutional Animal Care and Use Committee (IACUC). C57blacké Ola HSD male mice
were purchased from Harlan Laboratories (Rehovot, Israel). All other mouse strains were
bred and maintained at the Veterinary Resources Department of the Weizmann Institute.

Sciatic nerve crush—Mice (6-8 weeks) were anesthetized with an intraperitoneal
injection of xylazine and ketamine (10 mg/kg body weight). A 1-cm-long incision was made
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in the skin of the thigh perpendicular to the femur. A small incision was made between the
thigh muscles and the muscles were separated by insertion and opening of the tip of the
scissors between the muscles. The sciatic nerve was identified and pulled out using 45°
forceps. The tissue was crushed using fine forceps (Dumont no. 4) three times for 30
seconds at mid-thigh level. The sciatic was positioned back in its place by gently pulling the
hind leg. The incision was closed using reflex wound clips.

DRG cultures—Adult mouse DRGs were dissociated for neuron cultures with 100 U of
papain followed by 1 mg/ml collagenase-I1 and 1.2 mg/ml dispase. The ganglia were then
triturated in HBSS, 10 mM glucose, and 5 mM HEPES (pH 7.35). Neurons were recovered
through percoll, plated on laminin, and grown in F12 medium for 48 hours (Hanz et al.,
2003; Perlson et al., 2005; Rishal et al., 2010).

Method Details

sSiRNA treatment—Adult male mice DRG cultures were transfected with siGenome
siRNAs (Table S2) using DharmaFect 4 (Dharmacon), replated 24 hr later, and imaged 72 hr
after transfection. Neuronal images were acquired at X10 magnification on an ImageXpress
Micro (Molecular Devices) automated microscopy system and quantified using WIS-
Neuromath (www.wisdom.weizmann.ac.il/~vision/NeuroMath/). The parameters reported
include total outgrowth, defined as the sum of lengths of all processes and branches per cell.
Statistical significance was evaluated using Student’s t test.

Generation of Silc1 KO mice—The CRISPR KO mice were generated as in (Wang et
al., 2013). Silcl KO mice were generated by standard procedures at the Weizmann
transgenic core facility using two single guide RNAs (sgRNAS) with recognition sites before
the SilcI promoter (chr12:27160159, mm10 assembly) and after exon 1 (chr12:27160890,
mmZ10 assembly).

Silc1!- mice were identified by genotyping and sequencing. Lines were bred and maintained
on C57BL/6 background at the Veterinary Resources facility of the Weizmann Institute. All
the experiments were done on 6-8 weeks old mice from F3 generation.

Lentivirus production, plasmids, and transfections—Lentivirus production was
performed as previously described (Tiscornia et al., 2006). All transfections were performed
using Lipofectamine 3000 reagent (Thermo Fisher Scientific) using Neuro 2a or B16
melanoma cells from mouse that were routinely cultured in DMEM containing 10% fetal
bovine serum and 100 U penicillin/0.1 mg ml~1 streptomycin at 37 °C in a humidified
incubator with 5% CO,.

For SilcI overexpression, SifcI was cloned downstream of a CMV promoter in a
pcDNAS3.1(+) vector. We also introduced GFP replacing neomycin under SV40 promoter
into the same vector, and as control we used pcDNA3.1(+) GFP (Invitrogen). For Sox11
rescue experiments, SoxZ1 was cloned into pLenti CMV GFP between BamHI sites. For
Silc1 induction from its endogenous locus using CRISPRa, we used pHAGE EFlalpha
dCAS-vp64-HA (Addgene 50918) and pKLV-U6gRNA-BFP (Addgene 50946) vectors.
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CatWalk gait analysis—Before the surgery, male mice (6-8 weeks) were trained three
times for baseline value measurements (Noldus Information Technology, The Netherlands).
Data were collected and analyzed with CatWalk™ XT 10.6 (Noldus). Data sampling per
mouse per day of assessment included five runs. Post operation data collection were
performed 1, 3, 5, 7, 11, 15, 19, and 23 days following the sciatic nerve crash lesion. The
collected indices included print area (represents the complete print including all frames that
makes up a stance) and swing speed (computed from stride length and swing duration and is
expressed in pixels/second). Data are expressed as a ratio between the ipsilateral to the
contralateral hind paws divided by baseline value of each mouse. Data are expressed as
mean + standard-error-of-the-mean (SEM). A p-value of 0.05 was regarded as the threshold
of statistical significance.

Western blot and immunofluorescence—Cultured DRG cells from WT and Silc1-
mice were fixed with 4% paraformaldehyde 24 hr after re-plating and stained with anti-NFH
for process length determination. Sciatic nerves were fixed with 4% paraformaldehyde for 3
hr followed by overnight in 30% sucrose with overhead rotation. Tissue was frozen in
Tissue-Tek O.C.T compound (Sakura 4583) blocks and sectioned using a Leica cryostat
(CM3050) at 10 micrometers thickness. Blocking/permeabilization were done with 5%
donkey serum, 2% BSA, and 0.1% Triton X-100 in PBS. Primary antibodies were diluted in
permeabilization buffer. Imaging was done using Leica DM4000 B microscopy with Leica
DFC365 FX CCD microscope camera and Leica application suite (LAS) X software.

Western blots were carried out as previously described (Hanz et al., 2003; Perlson et al.,
2005). For Westerns, the samples were resolved on 10% SDS PAGE, transferred to
nitrocellulose and incubated with primary antibodies overnight. AzureSpectra fluorescent
700 anti-mouse and 800 anti-rabbit (Azure biosystem) were used as the secondary
antibodies for fluorescent quantification of Western blots. Blots were imaged on an Azure
Imager system.

Quantification of immunofluorescence—The immunofluorescence staining were
quantified using Fiji (ImageJ) analysis software. For GAP43 staining a custom script was
used to measure the branch length of new fibers in the sciatic in different distances from the
injury site. New neurites were located based on GAP43 channel, tubeness was used to
enhance the fibers, threshold with fixed values was used to filter out small segments. For
each image, ordered by distance from the injury point, a mask of the neurites in the area was
created and further processed using the GDSC Skeleton Analyzer plugin.

Single-molecule FISH and immunofluorescence—L.ibrary of 48 probes (Table S3)
was designed the target the mouse Si/cZ RNA sequence (Stellaris RNA FISH probes,
Biosearch Technologies). Hybridization conditions and imaging were as described
previously (Lyubimova et al., 2013) except for the addition of immunofluorescence
detection of chicken anti-NF-H (Abcam Ab72996). For immunofluorescence, the antibody
was diluted in hybridization buffer (1:1000), added to the FISH probes and incubated
overnight at 30 °C. Secondary antibody Cy2-conjugated donkey anti-chicken (1:1000) was
added to glucose oxidase (GLOX) buffer for 20 min in room temperature. sSmFISH imaging
was performed on a Nikon-Ti-E inverted fluorescence microscope with a 100 x oil-
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immersion objective and a Photometrics Pixis 1024 CCD camera using MetaMorph software
as previously described (Bahar Halpern and Itzkovitz, 2016).

RNAscope FISH—Brains were immediately frozen on dry ice in tissue-freezing medium.
Brains were sliced on a cryostat (Leica CM 1950) into 8-um sections, adhered to SuperFrost
Plus slides (VWR), and immediately stored at —80 °C until use. Samples were processed
according to the ACD RNAscope Fluorescent Multiplex Assay manual using Si/cI probes-
RNAscope 2.5vs probe “Mm GM9866” Cat No. 536709 (Wang et al., 2012).

RNA extraction and sequencing—Total RNA was extracted from total DRGs pooled
from three male mice using the TRIREAGENT (MRC) according to the manufacturer’s
protocol. Strand-specific mMRNA-seq libraries were prepared from 300-500 ng total RNA
using the TruSeq Stranded mRNA Library Prep Kit (Illumina), according to the
manufacturer’s protocol, and sequenced on a NextSeq 500 machine to obtain 75 nt and 150
nt single- or paired-end reads. All RNA-seq dataset is deposited in GEO database under the
accession GSE111497.

ATAC-seq—ATAC-seq was performed as previously described (Buenrostro et al., 2013)
with minor adjustment for application to tissue material. Six fresh L4-L6 DRGs were
extracted in 100 pl ice cold cell lysis buffer (10mM Tris-HCI pH 7.4, 10mM NaCl, 3mM
MgCly,, 0.5% IGEPAL CA-630) for 5 minutes on ice, then a 21g needle on a 1 mL syringe
was used to shear the tissue through the needle 5 times. Libraries were sequence with
paired-end sequencing on lllumina NextSeq 500.

Quantification and Statistical Analysis

Transcriptome reconstruction—For transcriptome reconstruction, reads were mapped
to the mouse genome (mm10) using HiSat (Kim et al., 2015), and expression levels of
GENCODE vM10 transcripts were first quantified using RSEM (Li and Dewey, 2011).
Transcripts that were expressed with an FPKM=0.5 in at least one condition were used as
reference for a transcriptome reconstruction using StringTie (Pertea et al., 2015), which was
applied separately in each condition, and the resulting transcript models were then merged
into a unified transcriptome (using the filtered GENCODE transcriptome and stringtie --
merge with parameters -m 300 -c 0.5 -F 0.5 -f 0.05). The expression levels of those
transcripts were then quantified using RSEM, and normalized using DESeg2. IncRNASs in
the transcriptome were then identified using PLAR (Hezroni et al., 2015). We then focused
on 12,816 genes that showed a difference of expression of at least 0.25 in at least one
condition compared to the naive DRG, and clustered those genes using CLICK (Sharan and
Shamir, 2000) as implemented in Expander (Ulitsky et al., 2010).

RNA-seq analysis and differential expression—For generation of coverage tracks,
RNA-seq reads were mapped to the mouse genome using STAR (Dobin et al., 2013).
Differential expression following siRNA-mediated knockdowns was performed using
DESeq2 (Love et al., 2014). Public RNA-seq datasets were downloaded from SRA database
and quantified using RSEM.
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ATAC-seq data analysis—Three replicates were combined for all the analysis into four
groups (WT/KO, injury/sham). Reads were mapped to the mouse genome (mm10 assembly)
using Bowtie2 with the “-X 2000 parameter. As ATAC-seq libraries typically contain
multimodal fragment length distributions, and those were slightly different for different
repeats, we performed the following subsampling procedure to unify the fragment length
distribution. All the reads were first binned by their inferred insert length (obtained from the
BAM file). We then traversed the bins, and kept in each bin an equal number of reads from
each of the four groups (matching the read number in each bin to number of reads in the
group which had the least reads in the bin), subsampling reads at random. This procedure
resulted in 73,944,617 paired-end read mappings per group. Peaks of accessible chromatin
where then found in each group using MACS2 with the following parameters “callpeak -B -
format BAMPE -g mm”. The peaks from the four groups were merged using bedtools, and
the heights of the merged peaks in each group were computed using
bigWigAverageOverBed with -minMax parameter. Overlaps of peaks with ChlP-seq based
peaks of Sox11 binding (Bergsland et al., 2011) were found using the GenomicRanges
library in R. KO/WT ratios of the peak heights were normalized by the ratios of the sum of
all the peaks in each comparison.

Data and Software Availability

Accession numbers—All the RNA-seq data has been deposited in the GEO database
under ID code GSE111497 and ATAC-seq data under ID code GSE119489.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Transcriptional changesin the DRG following sciatic nerve crush.
(A) Experimental setup. (B) Expression patterns of genes in cluster #4. Each row was

normalized to the mean expression pattern in the three replicates of naive DRG. Selected
protein-coding (black) and IncRNA (red) genes are indicated. (C) Distributions of the
number of ENCODE tissue samples in which genes from the indicated groups were
expressed. The number of genes in each group appears below the group name. P-values
computed using two-sided Wilcoxon test. (D) Average expression of Sox11 in the indicated
DRG tissue samples, measured by gRT-PCR, and normalized to p actin. Mean + SEM, n=3,
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*p <0.05, ** p <0.005, *** p < 0.001, unpaired two sample t-test. (E) Same as D for SilcZ,
Norrisl, and Fzd10as1. See also Figure S1, Data S1, and Data S2.
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Figure 2. Knockdown of Silcl and Norrisl using RNAI affects neuroregeneration.
(A) qRT-PCR of Silc1 and Norris1 following their knockdown in cultured neurons using

SMARTpool siRNAs. Mean £ SEM is shown, n=3, * p < 0.05, ** p < 0.005, unpaired two
sample t-test. (B) Left: representative image of replated neurons following the indicated
treatment. Right: quantification of total outgrowth (%) for n>1000 neurons from three
biological repeats (Mean + SEM, n=3, ** p < 0.005, *** p < 0.001, unpaired two sample t-
test). Scale bar 80 um. (C) Changes in gene expression following siRNA transfection,
normalized to a non-targeting siRNA. Only genes with a log2-transformed absolute change
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=0.4 are shown. Clustering of rows and columns is based on Euclidean distance. (D)
Changes in expression of Sox11 (top) and Atf3 (bottom) following the indicated
transfections (Mean £ SEM, n=3, * p < 0.05, ** p < 0.005, unpaired two sample t-test). (E)
Silc1 locus outline. ChiP-seq data are from the ENCODE project. Other information from
the UCSC genome browser. (F) Hi-C data from the mouse brain (Deng et al., 2015) in the
Sox11 downstream region, visualized using JuiceBox (Durand et al., 2016). Red squares
correspond to regions with contact frequency higher than background. (G) Top: fluorescent
in situhybridization (FISH) assay using RNAscope and cortex sections from mice with the
indicated genotype. A no-probe control was performed in parallel as an indicator of
background staining. Tissues were counterstained with Si/cZ probes (red) and DAPI (blue),
and imaged using 150X oil-immersion objective. Scale bar 10 pm. Bottom: smFISH on
cultured DRG neurons from Si/c1*/* and Sifc'- mice using Stellaris probes for Silc1 (red)
and DAPI staining (blue), imaged using 100X oil-immersion objective. Arrows indicate
Silcl expression in the cell body nucleus. Scale bar 100 um. See also Figure S2.
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Figure 3. Silcl acts through regulation of Sox11.
(A) Changes in Sox11 expression in cultured neurons following the indicated condition.

Top: Normalized RNA-seq coverage; Left: staining for NeuN and SOX11 proteins; Right:
Quantification of n=60 cells (Mean + SEM, ** p < 0.005, unpaired two sample t-test). Scale
bar 40 um. (B) Changes in Gap43 expression following the indicated KD. Top: Normalized
RNA-seq coverage; Left: staining with anti-NFH for process length determination and with
anti-GAP43. Scale bars 200 um; Right: Quantification of NFH and GAP43 positive cells in
n>1000 cells, 3 biological repeats (Mean + SEM, * p < 0.05, unpaired two sample t-test).
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(C) Neurite outgrowth following combined treatment of cultured DRG with siRNAs and
lentiviruses. The cells were stained with anti-NFH and only GFP positive cells were imaged
for process length determination. Scale bars 200 um. Right: quantification of n=40 cells. 3
biological repeats (Mean + SEM, * p < 0.05, unpaired two sample t-test). (D) Activation of
Silc1 using CRISPRa in cultured DRG increases neurite outgrowth. Only cells that were
positive for NFH, HA, and BFP were imaged for process length determination. Scale bars
400 pm. Right: quantification of n>700 cells, 3 biological repeats (Mean + SEM, * p < 0.05,
unpaired two sample t-test). See also Figure S3.
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(A) Left: Sifc1 KO using CRISPR/Cas9. Right: RT-PCR confirmation using F1 and R1
primers (see Methods). (B) Expression of SifcZ and Sox11in cultured DRG neurons 24
hours after re-plating. n=3, Mean = SEM is shown, * p < 0.05, ** p < 0.005, and *** p <
0.001, unpaired two sample t-test. (C) RNA-seq read coverage in the Si/c1 locus in the brain
and DRG of WT and Si/cZ”- mice. Representative samples are shown, normalized together
to the same scale. (D) Expression of SoxZZ mRNA measured using qRT-PCR with brain and
DRG tissue from the indicated stage. n=3-7, Mean + SEM is shown, * p < 0.05, unpaired
two sample t-test. (E) Left: Staining with anti-SOX11 and anti-NeuN in representative DRG
culture cells. Right: Quantification of staining in 70-80 cells. Scale bar 20 um. (F) Western
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blot using SOX11 and GAPDH antibodies and whole brain tissue from mice with the
indicated genotype. n=3, Mean + SEM is shown, * p < 0.05, unpaired two sample t-test. (G)
Total neurite outgrowth in cultured DRG 24 hours following replating. Left: quantification
of n>1000 cells. 3 biological repeats, Mean + SEM is shown, ** p < 0.005, unpaired two
sample t-test. Right: representative cells stained with anti-NFH. Scale bar 80 um. (H)
Expression of Silcl and Sox11 mRNA measured with qRT-PCR on cDNA from progeny of
C57BL/6J (B6) Silc1*/ and FVB/NJ Silc1*/* mice. n=3, Mean + SEM, * p < 0.05, unpaired
two sample t-test. See also Figure S4.
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Figure 5. Delayed regeneration in Silc1”" mice.

(A) Left: The print area of the ipsilateral hind paw is expressed in relation to that of the
contralateral hind paw and to the baseline of each animal over subsequent days (cm?). **
p<0.005 using two-way ANOVA. Data are expressed as average + SEM (WT n=14; Silc1’-
n=13). Right: The swing speed of the ipsilateral hind paw is expressed in relation to that of
the contralateral hind paw and to the baseline of each animal over subsequent days (cm/s).
Asterisk indicates * p<0.05 using two-way ANOVA. Data are expressed as average + SEM
(WT n=14 and Si/c1’- n=13). (B) Representative images of longitudinal sections 2 mm
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proximal to the injury site, from WT and Si/c2- sciatic nerve, 1, 4, 7, and 25 days after
sciatic lesion. Staining for GAP43 (red), TUJ1 (green), and DAPI (blue). 20x magnification
using Leica DM4000 B fluorescence microscopy. Scale bar 100 um. (C) Quantification of
axonal fibers branch length (um), 2mm and 3mm proximal to injury site. Median = SEM,
n=3, asterisk denotes p < 0.05 (independent two-sample t-test). The Quantification was done
using script in Fiji software (see Methods). See also Figure S5.
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Figure 6. Changesin gene expression and chromatin accessibility in Silc1”" mice.

(A) Top: Volcano plots showing changes in gene expression in SilcZ”~ mice compared to
WT littermates. Red points correspond to adjusted P-value < 0.05. Bottom: Heatmap of the
same fold changes, omitting genes in clusters #2, 5, 7, and 8, which like represent genes
expressed in non-neuronal cells (Figure S1A). (B) Changes in gene expression in the injured
DRG of genes in indicated clusters of response to injury (Figure S1A), at the indicated day
following injury. (C) Differences in chromatin accessibility in peaks identified in ATAC-seq
data (see Methods), at four days following injury or sham operation, for peaks overlapping
regions bound by Sox11 in neurons (Bergsland et al., 2011) and the other regions. (D)
Staining of SOX11 in the DRG at day 4 following sham operation or sciatic nerve crush.
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Scale bar 100 um. n=3, Mean + SEM is shown, unpaired two sample t-test. See also Figure
S6 and Data S3.
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Figure 7. Conservation of Silcl IncRNA in mammals.

(A) The Silc1 locus in five mammalian species. Shaded regions indicate four regions of high
sequence conservation. Gene models in human and mouse are from RefSeq, and in rabbit
and dog from PLAR transcript reconstructions (Hezroni et al., 2015). RNA-seq datasets
from brain regions were taken from publically-available datasets: SRP100399 (mouse),
SRP042639 (cow), SRP009687 (dog), SRP009665 (rabbit), and HPA (Fagerberg et al.,
2014) (human). (B) Model for Silcl activity. See also Figure S7.
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