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Abstract

In contrast to mammals, adult fish display a remarkable ability to fully regenerate central nervous
system (CNS) axons, enabling functional recovery from CNS injury. Both fish and mammals
normally undergo a developmental downregulation of axon growth activity as neurons mature.
However, fish spontaneously undergo damage-induced “reprogramming” through re-expression
of genes necessary for axon growth, guidance, and restoration of functional synaptic connections
with target neurons. What remains unknown are the gene regulatory mechanisms that underlie
successful reprogramming of adult neurons for functional CNS axon regeneration. Here we
present the first comprehensive analysis of gene expression changes (RNA-seq) and DNA
regulatory element accessibility (ATAC-seq) in zebrafish retinal ganglion cells (RGCs) at specific
time points along the axon regeneration continuum from early growth to target reinnervation. Our
analyses reveal a regeneration program characterized by sequential activation of stage-specific
pathways, regulated by a temporally changing cast of transcription factors that bind to stably
accessible DNA regulatory regions. Strikingly, we also find a discrete set of regulatory regions
that change in accessibility, consistent with higher-order changes in chromatin organization that
mark (a) the beginning of regenerative axon growth in the optic nerve, and (b) the re-
establishment of synaptic connections in the brain. Together, these data provide valuable insight
into the regulatory logic driving successful vertebrate CNS axon regeneration, revealing key gene
and gene regulatory candidates for therapeutic development.
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Significance statement

CNS axon damage, due to acute nerve injury or degenerative diseases, often leads to permanent
loss of function in human patients. Despite recent discoveries of pathways that promote or inhibit
regenerative nerve growth in the mammalian CNS, the capacity for restoring neuronal
connections between the retina and the brain after optic nerve damage in mammals remains
elusive. Unlike mammals, optic nerve injury in fish induces the re-expression of developmentally
downregulated genes that encode proteins important for re-growing and re-establishing axonal
connections between the retina and the brain. These studies reveal stage-specific gene regulatory
mechanisms associated with regenerating RGCs as they reinitiate axon growth, cross the midline,
select appropriate brain targets, and re-establish synapses.
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Introduction

Damage to nerves in the CNS as a result of disease or injury most often results in a permanent
loss of function in humans. The loss of function stems from the failure of adult mammalian CNS
neurons to support regenerative axon growth. In adult mammalian RGC neurons, genetic
manipulations of neuron-intrinsic pathways have shown promise in activating a regenerative state
after optic nerve injury (1, 2). However, even under these growth-enhanced conditions,
regeneration mostly occurs only in a subset of RGCs (3), with the majority of axons rarely growing
beyond a few millimeters. Furthermore, the regenerating axons frequently grow in an undirected
manner, resulting in the “regenerated” axons terminating growth far from their appropriate brain
targets (4-6). As such, there remains a gap in our understanding of the genetic programs that
drive RGC axon regeneration culminating in target re-innervation and recovery of visual function.

In contrast to mammals, zebrafish display a remarkable ability to spontaneously regenerate RGC
axons. As opposed to regenerating axons in the growth-enhanced mouse models, regenerating
axons in the zebrafish optic nerve successfully navigate across the chiasm and reinnervate target
neurons in the optic tectum (7, 8), ultimately leading to functional recovery (9). It is well known
that proteins regulating RGC axon growth and guidance in the developing visual system are highly
conserved across vertebrate species, and are transcriptionally down-regulated once the mature
circuitry has been established (10, 11). In addition, like mammals, optic nerve injury in adult
zebrafish induces the expression of axon growth attenuators such as socs3 in RGCs (12, 13),
suggesting that expression of such negative regulators of axon growth is a normal part of the
regenerative program. One maijor difference in response to CNS axon injury between mammals
and fish is the re-expression of a genetic program that promotes axon growth and guidance (14,
15). However, we and others have found that the regulation of axon growth-associated genes
differs between development and regeneration (16-18). Thus, the difference between mammals
and vertebrate species capable of optic nerve regeneration is their ability to reprogram adult
RGCs for axon growth in response to optic nerve injury.

It has been established that specific regeneration-associated gene expression changes in the
adult zebrafish retina begin within the first day after optic nerve crush and persist through the re-
innervation of the optic tectum (19). What is less clear are the genome-wide changes in
expression within the RGCs over time as they first grow toward their intermediate target of the
optic chiasm and then navigate toward their principal brain target, the optic tectum. Here we
present the first comprehensive analysis of gene expression changes (RNA-seq) and DNA
regulatory element accessibility (ATAC-seq) in RGCs at specific time points along the axon
regeneration continuum from early growth to target reinnervation. Together these data reveal that
successful CNS axon regeneration is regulated by stage-specific gene regulatory modules, and
punctuated by regeneration-associated changes in chromatin accessibility at stages
corresponding to axonogenesis and synaptogenesis.

Results
Stage-specific temporal changes in regeneration-associated gene expression

We hypothesized that regeneration-associated gene expression changes in axotomized RGCs
would follow a temporal pattern corresponding to the changing requirements of axons as they
grow through different environments leading from retina to optic tectum. The timing of successful
axon regeneration after optic nerve crush in zebrafish is well characterized (7, 8, 20). To achieve
a comprehensive picture of the genetic programming driving successful vertebrate CNS axon
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regeneration, we used RNA-seq to identify changes in gene expression that accompanied axon
growth in regenerating RGCs at critical time points after optic nerve injury. We specifically
examined how transcript expression in naive retinas compared with that in retinas dissected from
fish at 2, 4, 7, and 12 days post-injury (dpi). Based on the previously established regeneration
chronologies, our chosen time-points correspond to following stages of optic nerve regeneration:
(a) axon growth past the site of injury toward the midline, (b) axon guidance across the midline,
(c) selection of axon targets within the brain, and (d) synaptogenesis in the optic tectum ((7, 8,
20); Fig. 1A).

Over the course of the first two weeks after optic nerve injury, we identified thousands of
transcripts that displayed regeneration-associated changes in expression with respect to the
baseline established from uninjured control retinas (Fig. 1B). Specifically, we found that 7,480
transcripts, roughly 19% of the retinal transcriptome, were differentially expressed in at least one
time point (Table S1). At time points corresponding to periods of regenerative axon growth from
retina to brain, 2-7 dpi, approximately three to four thousand transcripts were differentially
expressed at either higher or lower levels in injured retina when compared to control retinas. At
12 dpi, a time point corresponding to the re-establishment of synaptic connections in the tectum,
the number of differentially expressed transcripts was lower, but still exceeded 1,000. These
results reveal substantial changes in gene regulatory programming over the course of
regeneration.

To visualize the temporal patterns of transcript expression over the full course of axon
regeneration from retina to brain, we identified the timing of peak expression for each of the
differentially expressed transcripts. This was achieved by calculating the Z-score for normalized
transcript counts of individual transcripts in each sample, comparing against the mean derived
from all replicates across all time points. Transcripts were then clustered into seven groups based
on temporal patterning of Z-scores using the K-means algorithm (Fig. 1C, Differentially expressed
transcripts; Table S2). As hypothesized, we detected distinct clusters of transcripts that were
upregulated in response to injury that displayed peak expression at early, intermediate and late
time points during regeneration. We also observed transcripts that were expressed at their highest
levels in the uninjured retina and down-regulated early, midway, and later in the regenerative time
course. Finally, we observed transcripts expressed in uninjured retina that were down-regulated
early in regeneration, but displayed peak expression at the latest stage when regenerating fibers
are in the process of synaptogenesis. The temporal patterning of the differentially regulated genes
signifies a dynamic program of gene regulation that changes over the course of regeneration.

Given the temporal dynamics in gene expression associated with different stages of regeneration,
we queried the data for evidence of stage-specific processes that drive successful regeneration.
To identify canonical pathways represented by differentially expressed transcripts in each cluster,
we conducted Ingenuity Pathway Analysis (Qiagen, Redwood City, CA). Enriched pathways,
based on high stringency criteria (-log(p-value) > 4), were detected for six out of the seven
temporal clusters (Fig. 1C, Enriched pathways; Table S3). We found little overlap in enriched
pathways between the first three clusters, consistent with the idea of distinct processes active at
different stages of regeneration.

Many of the enriched pathways at each time point were consistent with pathways previously
associated with axon regeneration and/or developmental wiring of the nervous system. For
example, the enrichment of pathways involved in mTOR and cytokine signaling early in
regeneration is consistent with results in mammalian models in which activation of these pathways
enhances axon growth and survival of RGCs after optic nerve crush (2, 13, 21). Interestingly,
PTEN signaling pathway genes are enriched at an intermediate timepoint, consistent with the
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down-regulation of mTOR observed as a normal part of the regenerative program in zebrafish
(22). At timepoints associated with midline crossing and target selection, we also found an
enrichment of pathways involved in cytoskeletal regulation, cell-cell adhesion, and cell-substrate
interactions, as would be expected during axon growth and guidance. Simultaneously we see
pathways associated with neurotransmitter receptor signaling and G-protein coupled receptor
signaling that are downregulated during stages of axon growth and guidance, but are upregulated
during synaptogenesis. We also observed downregulation of neuroinflammatory pathways early
in regeneration, which may contribute to successful axon regeneration in zebrafish. Taken
together, these results demonstrate that post-injury transcriptional programming dictates the
timing of stage-specific processes associated with successful CNS axon regeneration.

Changes in transcription factor expression, not chromatin accessibility, are associated
with temporal patterning of regeneration-associated transcripts

In order to understand the regulatory system that guides the post-injury transcriptional program,
we identified putative regulatory DNA elements (promoters, enhancers and insulators) in RGCs
at different stages of regeneration. Assay for Transposase Accessible Chromatin sequencing
(ATAC-seq; (23)), was employed to assess chromatin accessibility in nuclei isolated from RGCs.
Transgenic zebrafish expressing GFP under the regulation of the gap43 promoter/enhancer (24)
enabled the specific isolation of RGCs from dissociated retinal cells at specific post-injury time
points using fluorescence activated cell sorting (FACS).

We detected over 40,000 peaklets representing consensus regions of accessible chromatin in
RGCs. The majority of peaks were located in intergenic regions, upstream or downstream from
annotated genes (Fig. 2A). Of the peaks located within genes, the vast majority were found within
non-coding sequences (Fig. 2A). Approximately 80% of accessible chromatin peaklets were found
distal to any annotated genes, consistent with potential function as enhancers or insulators (Fig.
S1). Correspondingly, the remaining approximately 20% of peaklets overlapped with 5° UTRs or
were located within 1kb of transcriptional start sites, consistent with potential function as
promoters (Fig. S1). These results are consistent with previous findings associating chromatin
accessible regions with proximal and distal gene regulatory elements (25).

Surprisingly, overall chromatin accessibility changed very little in response to optic nerve injury.
In fact, only 233 consensus regions of accessible chromatin (0.5%) were differentially accessible
in injured RGCs compared to control RGCs (Fig. 2B; Table S4). All but one of the differentially
accessible peaklets were found at 2 dpi or 12 dpi. Most of the differentially accessible peaklets at
2 dpi were differentially open, while most of those at 12 dpi were differentially closed. Furthermore,
the overlap between differentially accessible peaklets between the two time points consisted of
only two peaklets that were differentially open at both 2 and 12 dpi. Together these results suggest
that the accessibility of DNA regulatory elements in RGCs is relatively constant, even under
conditions that result in dynamic changes within the transcriptome. Thus, we predicted that the
availability of the transcription factors that bind to RGC DNA regulatory elements, rather than the
accessibility of the elements, must change over the course of regeneration.

To test the hypothesis that transcription factor expression is differentially regulated at different
stages of regeneration, we cross referenced our list of differentially expressed transcripts (Fig.
1C) to a recently compiled list of human transcription factors (26). We discovered 265 definitive
transcription factor encoding genes associated with 339 transcripts that were differentially
expressed at one or more post-injury time points (Fig. S2, Table S5). We further refined this list
to 205 transcripts corresponding to 159 transcription factor encoding genes with defined DNA
recognition motifs available in the JASPAR (27) or CIS-BP (28) databases. As predicted, we found
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that differentially expressed transcription factors display temporal clustering similar to that of the
regeneration-associated differentially expressed transcripts at large (Fig. 2C; Table S6).

Thirty transcription factor families are represented among the transcription factors that were
differentially expressed during regeneration. Over half of the differentially expressed transcription
factors fall into four families (basic leucine zipper, basic helix-loop-helix, 2-Cys-2-His zinc finger,
and homeodomain). Each of these four families of transcription factors included representatives
with peak expression early, middle, and late in the regenerative process, as well as those whose
expression was down-regulated during regeneration (Figs S3-S6). Within a given transcription
factor family, there are frequently binding motif similarities shared between members. However,
since transcription factors in these families may function as homo- and/or heterodimers, their
binding site affinity and transactivation ability may vary. Thus, a changing cast of transcription
factors would have the power to regulate the temporal progression of regeneration-associated
gene expression through a common set of accessible regulatory regions.

Binding sites for differentially expressed transcription factors are enriched in inferred RGC
regulatory elements detected by chromatin accessibility

To evaluate the potential for temporally expressed transcription factors to regulate stage-specific
regeneration-associated gene transcription, we used motif enrichment analysis (29). For each
cluster of temporally expressed transcripts we identified potential regulatory elements in the form
of accessible chromatin peaklets that were proximal (peaklet center within +1kb from transcription
start site) or distal (peaklet center within £100 kb from transcription start site, but not proximal) to
the associated gene. Proximal and distal peaklet sequences were then queried for enrichment of
binding motifs of transcription factors with similar temporal expression profiles (Table S7). For
transcripts whose expression is upregulated early in regeneration (Fig. 1C, growth toward the
midline cluster), we found that motifs for 17 out of the 31 transcription factors queried were
enriched in the surrounding regions of accessible chromatin (Fig. 3A; Table S7). Motifs for the
zinc finger transcription factors, KLF6 and WT1, were detected in over 70% of both proximal and
distal elements. Including KLF6, a number of previously identified regeneration-associated
transcription factors are both upregulated early in optic nerve regeneration (Fig. 2C) and have
binding sites that are enriched within putative regulatory elements surrounding genes that are
also upregulated early in regeneration (Fig. 3A, Fig. 1C). Most notable among these are ASCLA1
and the basic leucine zipper (bZIP) factors JUN, ATF3, FOSL1, and JUNB. In addition, other
transcription factors whose binding sites are enriched include those that have previously been
associated with axon growth in developing CNS neurons, such as WT1 and TCF3 (30, 31).

Promoters and enhancers rarely function in response to binding of single transcription factors.
This is due both to the propensity of transcription factors within the same family to dimerize, and
the existence of multiple transcription factor binding sites within a given promoter or enhancer. To
identify potential interactions between regeneration-associated transcription factors, we
quantified the frequency with which binding sites for differentially expressed transcription factors
co-occurred within putative regulatory elements. For example, although KLF6 and WT1 were the
most prevalent binding sites within both proximal and distal peaklets, the co-occurrence rate with
binding sites with other transcription factors present in this time window was among the lowest
(Fig. 3B). Within distal peaklets, KLF6 and WT1 binding sites frequently co-occurred with those
of 2-4 other factors (Fig. 3B, distal peaks). By comparison, binding motifs for FOSL1 and JUNB
displayed a high frequency of co-occurrence with binding sites for 6-7 other transcription factors
(Fig. 3B, distal peaks). A similar trend was observed among proximal peaklets, although the
differences were less marked (Fig. 3B, proximal peaks). These differences suggest the possibility
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that binding site composition and potential transcription factor interactions may be distinguishing
characteristics of regeneration-associated promoters and enhancers.

We further quantified the frequency of specific co-occurring binding sites. The co-occurrence of
members of the same family was expected due to similarities in recognition sequence specificity.
This was observed most clearly in the frequency of shared enriched peaklets between KLF6 and
WT1 binding sites, and between the bZIP factors (Fig. 3C). However, we also observed frequent
co-occurrence of binding sites between members of different transcription families, most notably
ASCL1 and NFATC2. These results suggest numerous complex regulatory mechanisms that fine-
tune the expression of regeneration-associated genes including: (a) multiple within-family
interactions that influence binding site specificity and affinity, as well as transcriptional activity;
and (b) a variety of higher order multi-family complexes that may physically and/or functionally
interact.

Regeneration-associated regulatory sequences target jun expression

Although chromatin accessibility remains mostly stable in RGCs in response to optic nerve injury,
we detected a small number of DNA elements in which chromatin accessibility changed in
regenerating neurons compared to controls. Intriguingly, the few differentially accessible
chromatin peaklets were not evenly distributed across the time points. Instead, most of the
elements that became more accessible in response to injury did so at the earliest time point (2
dpi). This led us to postulate a role for these elements in triggering the regenerative growth
program. We hypothesized that transcription factors regulated by such elements would not only
regulate biological processes necessary for initiation of axon growth, but would also contribute to
the regulation of downstream transcription factors that in turn regulate subsequent phases of
regeneration.

In order to identify potential transcription factor targets of the regeneration-associated regulatory
elements, we ranked the differentially expressed transcription factor genes (Fig. 2C) on the basis
of their proximity to the differentially accessible chromatin regions. Surprisingly, jun was the only
regeneration-associated transcription factor encoding gene that was located within at least 100
kb of a differentially accessible chromatin region. In fact, the jun gene is flanked by three peaklets
that are differentially open at 2 dpi with respect to controls (Fig. 4A). One peaklet is centered at
148 bp upstream of the transcription start site within the putative promoter, and the two remaining
peaklets are located distally, approximately 3.6 kb downstream of the transcription start site. Motif
enrichment analysis of these sequences identified a motif for the JUN family of transcription
factors, suggesting the potential for autoregulation. We also scanned these sequences for motifs
(32) of other regeneration-associated transcription factors whose expression peaks early in
regeneration (Fig. 2C, Fig. 3). In addition to JUN binding sites, we found high-scoring matches for
KLF6, WT1, SP8, SPIB, FOSL1, JUNB, ATF3, MAX and STAT3 motifs within these sequences.
Thus, differential activation of JUN early in regeneration is potentially a consequence of increased
accessibility of promoter and enhancer sequences to injury-induced transcription factors.

We next analyzed the putative target genes of JUN for specific functional roles in the regenerative
process. Putative JUN targets were identified based on our previous motif analysis (Fig. 3). Gene
ontology analysis revealed a number of enriched biological processes consistent with a role for
JUN in initiating axon regeneration (Table S8). The most significantly enriched terms include
those involved in the regulation of microtubule dynamics and organization of the cytoskeleton, as
well as those associated with small GTPase mediated signal transduction (Rho and Rab), and
calcium regulation (Fig. 4B). The biological processes associated with potential JUN targets are
a distinct subset of those associated with the larger list of all regeneration-associated genes in
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the same temporal clusters (Table S9). In the list of inferred JUN transcriptional targets, we also
identified 47 regeneration-associated transcription factor encoding genes (Fig. 4C). This list
includes 60% of the regeneration-associated transcription factors found in the first two temporal
clusters (Fig. 1C). Thus, JUN has the potential for promoting and sustaining the regenerative
program through activation of multiple downstream regeneration-associated transcription factors.
Together the putative JUN targets suggest a central role for JUN in initiating and supporting
successful CNS axon growth.

Discussion

We have conducted the first combined temporal analysis of chromatin accessibility and
transcriptomic changes that accompanies successful optic nerve regeneration. By identifying
accessible regulatory elements, coupled with stage-specific transcription factor availability and
downstream targets, these results provide a roadmap to the gene regulatory networks governing
successful optic nerve regeneration. A major conclusion of this study is that temporally distinct
functional modules are regulated by a dynamic cast of regeneration-associated transcription
factors binding to regulatory elements that are accessible in naive and regenerating RGCs. Many
of the transcription factors have previously established roles in axon regeneration, while the roles
of many more remain to be functionally validated. More than half of these regeneration-associated
transcription factors fall into four transcription factor families, each with over 25 members whose
peak expression varies in a stage-specific manner. This is the first study that establishes a
temporal hierarchy for regeneration-associated transcription factors based on expression patterns
of transcription factors, target genes, and binding site accessibility. Future studies that use mass
spectrometry approaches to identify stage-specific binding complexes could determine how the
relative stoichiometry of individual factors at different stages of regeneration impacts complex
formation and transcriptional activity.

Interestingly, the number of regeneration-associated changes in regulatory element accessibility
are more than an order of magnitude less frequent in number than regeneration-associated
changes in gene expression. Furthermore, the differentially accessible elements are almost
exclusively found at 2 dpi and 12 dpi, our earliest and latest timepoints, respectively. Based on
the timing and limited number of differentially accessible elements, we postulated a role for these
elements in triggering transcriptional programs for axon regrowth and synaptogenesis. We
hypothesize at least two mechanisms by which this could occur: (i) The elements may be
responsible for initiating the expression of key regeneration-associated transcription factors,
which would subsequently regulate other factors in the hierarchy; and (ii) The elements may serve
to shift the higher order chromatin structure to reposition enhancers and promoters for the
transitions necessary in adult RGCs to reinitiate programs for axonogenesis (2 dpi) and
synaptogenesis (12 dpi).

Our data contain evidence supporting both hypotheses. Supporting the first hypothesis, we find
that the gene encoding transcription factor JUN is flanked by promoter and distal enhancer
elements that increase in accessibility during axon regeneration. Supporting our second
hypothesis, we find that roughly half the differentially-accessible regions at both early and late
times are enriched in CTCF binding sites. CTCF is a transcription factor that has recently been
implicated in mediating chromatin looping and marking the boundaries of topologically associating
domains (33). A logical next step would be to functionally validate interactions between the
predicted jun promoter and enhancers, as well as additional long-range regulatory interactions
between stably and differentially accessible elements using chromatin capture and genome
editing technologies.
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These data provide a roadmap for the identification of key combinations of transcription factors
necessary to reprogram adult RGCs for optic nerve regeneration. Similar approaches have been
employed to discover transcription factors necessary for direct reprogramming of somatic cells to
produce motor neurons (34). However, to our knowledge, this is the first gene regulatory network
analysis of optic nerve regeneration that couples temporal analysis of gene expression with the
identification of putative regulatory interactions based on chromatin accessibility and transcription
factor expression. We expect that these findings may be applicable to neurons in other regions of
the CNS undergoing regenerative axon growth, such as the spinal cord and brain. In order to
facilitate comparisons between our data and those derived from other regenerative models, we
have created an interactive web application (Regeneration Rosetta;, http://Is-shiny-
prod.uwm.edu/rosetta/; (35)). This app enables users to upload a gene list of interest from any
Ensembl-supported species and determine how those genes are expressed and potentially
regulated in the context of optic nerve regeneration. Such cross-species and cross-system
analyses will facilitate identification of novel pathways specifically associated with successful CNS
regeneration.

Materials and Methods

Zebrafish husbandry and maintenance

Zebrafish husbandry and all experimental procedures were approved by the Institutional Animal
Care and Use Committee (IACUC). Zebrafish colonies were maintained as previously described
(36). Adult fish were housed in recirculating rack systems (Aquatic Habitats, Apopka, FL) at
28.5°C on a 14-hour light, 10-hour dark cycle, and fed twice daily with Adult Zebrafish Complete
Diet (VWR, West Chester, PA) and once daily with brine shrimp (Artemia). A wild type strain
(Ekkwill, EK) was used as a negative control for FACS. A transgenic reporter strain constructed
on the EK background, Tg (Tru.gap43:egfp) mil1, or fgap43:egfp (24) was used for all other
experiments.

Zebrafish optic nerve injury

Optic nerve crush (ONC) lesions were performed on adult zebrafish, 7-9 months of age, as
previously described (16). Briefly, fish were anesthetized in 0.46 mg/mL tricaine (Argent Chemical
Labs, Redmond, WA) in 30% Danieau (37). The left optic nerve of anesthetized fish was exposed
and crushed for 10 seconds using Dumont #5 forceps. The intact retina of an uninjured fish
served as the unoperated control (Odpi). Fish were sacrificed 0, 2, 4, 7, or 12 days post injury
(dpi) and retinas were dissected. Prior to dissection, left and right eyes of the fish were examined
under Nikon eclipse TE2000-U fluorescence microscope for GFP fluorescence as an indicator of
regeneration-induced transcriptional activity. GFP was easily detected through the lens in eyes
which had previously undergone optic nerve crush (Fig. S3).

RNA-seq data generation

RNA Isolation. RNA was extracted and purified from retinas dissected from naive (0 dpi) and
regenerating adult fish at 2, 4, 7, and 12 dpi. Three biological replicates of RNA were obtained for
each time point. To prevent RNA degradation, dissected retinas were immediately immersed in
an RNA stabilization reagent (RLT buffer of RNeasy Micro Kit, Cat No./ID 74004, Qiagen;
Valencia, CA). The retinas were homogenized (sterile Fisherbrand™ RNase-Free Disposable
Pellet Pestles Cat No.12-141-368) and filtered (Cat No./ID: 79654, Qiagen). Total RNA was
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extracted from the homogenized mixture according to manufacturer instructions (RNeasy Micro
Kit, Cat No./ID 74004, Qiagen). Total RNA concentration and purity were quantified with
NanoDrop ND2000 spectrophotometer (Thermo Scientific) and QuBit fluorometer (Invitrogen),
respectively. RNA integrity was quantified using 2100 Bioanalyzer (Agilent High Sensitivity RNA
6000 Pico Reagents Cat No. 5067-1514). For each biological replicate, 3-6 retinas were pooled,
cleaned and concentrated (RNA Clean & Concentrator kit, SKU R1013, Zymo Research) to obtain
1 ug total RNA. Total RNA concentration, purity, and integrity of pooled samples was determined
as described above. Only samples with RNA integrity numbers (RIN) ranging from 7.7 to 8.2 were
used for sequencing (Table S10).

Library preparation and sequencing. cDNA libraries (n=3 for 0, 2, 4, 7, and 12 dpi) were generated
using Tru-Seq Stranded Total & mRNA Sample Prep Kits, (lllumina 20020595) at University of
Wisconsin-Madison Biotechnology Center (UWBC). Each cDNA library was indexed for
multiplexing and subsequently sequenced on four lanes of the lllumina Hiseq2000 device, UWBC.
Libraries were sequenced at 50 bp, 30—40 million paired-end reads/sample, on lllumina HiSeq
2500 at UWBC, Madison.

Bioinformatic analysis. After merging technical replicates of RNA-seq samples across lanes,
TrimGalore (v0.4.4, --stringency 3 -q 20) was used in paired-end mode to trim adaptor sequences,
FastQC (v0.11.5) was used to validate sequence quality, and Kallisto (38) (v0.42.4) was used to
build an index on a FASTA file consisting of the zebrafish transcriptome (GRCz10 Danio rerio
genome assembly, Ensembl release 84 annotation) and the transgene sequence (Fig. S4).
Kallisto was subsequently used to quantify transcript abundances using 500 bootstrap samples.

ATAC-seq data generation

Cell sorting. RGCs were collected from dissociated regenerating and control retinas, at each time
point using fluorescent activated cell sorting (FACS). Zebrafish were sacrificed, and retinas were
dissected and immersed in ice cold PBS with no calcium and magnesium. To one well of a 24-
well plate, a single retina (divided into 8 uniform pieces) was added to 500 uL Accumax
(STEMCELL Technologies). Each retina was chemically digested for 70 mins with agitation on a
nutator. Reactions were quenched in heat inactivated fetal calf serum (HI-FCS; Gemini Bio-
Products) in DMEM/F12 (Gibco) and lysates were mechanically dissociated by gentle pipetting.
Undigested fragments were removed, and the cell suspension was pelleted at 200 g for 3 min.
Supernatant was aspirated and the pellet re-suspended in 100 pl fresh quenching buffer
(DMEM/F12 + 20% FCS). Cell suspensions from multiple retinas at each time point were pooled
(O dpi, 8-10 retina; 2, 4, 7, and 12 dpi, 4-6 retinas), filtered (Falcon, Cat No. 352235), and sorted
for RGCs expressing GFP using a Becton Dickinson FACSAria™ Il sorter. Negative control cells
were used to set gates to separate GFP positive (GFP+) from GFP negative (GFP-) fractions.
We collected 50,000 FACS-sorted GFP+ cells per sample that were immediately used for
chromatin isolation as described below. Three biologically distinct replicates of pooled cells were
collected for each time point.

Library preparation. ATAC-seq libraries were prepared using the Tn5 transposase system
(Nextera DNA library kit, lllumina, FC-121-1030) as previously described (23), and purified using
DNA Clean & Concentrator kit (SKU: ZD5205, Zymo).The purified samples were assessed for
quality as described above (NanoDrop ND2000 spectrophotometer and QuBit fluorometer) and
appropriate nucleosomal laddering was determined by 2100 Bioanalyzer (Agilent High Sensitivity
DNA Kit, Cat No. 5067-4626) (Table S11). For PCR amplification and qPCR side reactions,
PerfeCTa SYBR Green FastMix Quanta (VWR Cat No. 101414-150) was used (Table S12 for
PCR Primers).
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Sequencing. Prior to running the full sequence, Mi-seq was used to estimate sequencing depth.
One sample was below the cut-off criteria and therefore omitted. The remaining fourteen samples
were indexed for multiplexing and subsequently sequenced on four lanes of the lllumina
Hiseq2000, UWBC. Data were sequenced at 50 bp to obtain approximately 25 million paired-end
reads/samples.

Bioinformatic analysis. After merging technical replicates of ATAC-seq samples across lanes,
TrimGalore (v0.4.4, --stringency 3 -q 20) was used in paired-end mode to trim adaptor sequences
and FastQC (v0.11.5) was used to validate sequence quality. BWA-MEM (39) (v0.7.9a-r786) was
used to align reads to the zebrafish genome (GRCz10) and transgene sequence. Duplicate and
multiple mapped reads were removed using samtools (v1.6) (40). After concatenating aligned
reads across all replicates and time points, MACS2 (41) (v2.1.1.20160309, --no-model -g
1.37e+09 --keep-dup all --call-summits) was used in paired-end mode without shifting model to
call peaks from aligned reads, and summits of deconvoluted subpeaks were identified. Only peaks
with a p-value < 10'° were retained for subsequent analyses. For each remaining subpeak
summit, a 500bp “peaklet” interval was defined using [summit - 250bp, summit + 249bp] using
GenomicRanges (v1.30.3) (42). We refer to these peaklets as consensus regions of accessible
chromatin. Open chromatin in each replicate of each time point was then quantified using DiffBind
(v2.6.6, default parameters) by counting the number of overlapping reads for each retained
peaklet.

Statistical analysis of RNA-seq and ATAC-seq data

Following pseudoalignment and quantification of transcripts, differentially expressed transcripts
were identified using Sleuth (v0.29.0) (43). Specifically, a full model, including a factor for each
time point after injury (2, 4, 7, 12 dpi), was estimated for each transcript, and a Wald test was
calculated for each coefficient to identify significant differences with the initial time point (Odpi).
After controlling the false discovery rate (FDR) at 5% within each comparison using the Benjamini-
Hochberg (44) approach, differentially expressed transcripts with respect to the baseline were
identified for each post-injury time point. Beta values from the model were used as a biased
estimator of log-fold change. Expression heatmaps (based on Z-scores calculated using either
log fold-changes or log transcripts per million [TPM] estimates) were produced using
ComplexHeatmap (45) (v1.17.1), where transcript clusters were identified using the K-means
algorithm, and hierarchical clustering (Euclidean distance, complete linkage) was used to cluster
rows. The Ingenuity Pathway Analysis tool (Qiagen, Redwood City, CA, USA) was used to
analyze enrichment of molecular and functional gene networks within the differentially expressed
gene sets (FDR<0.05) at each time point after injury (2, 4, 7, 12 dpi) compared with the initial time
point (Odpi).

After quantifying peaklet accessibility, DESeq2 (v1.18.1) (46) was used to identify differentially
accessible peaklets in an analogous manner to the RNA-seq analysis described above. As before,
a full generalized linear model including a factor for each post-injury time point was estimated for
each peaklet, and a Wald test was calculated for each coefficient to determine significant
differences in accessibility compared to the baseline. Peaklets with FDR-controlled p-values <
0.05 in one of the four comparisons were considered to be differentially accessible.
ChIPpeakAnno (v3.12.7) (46, 47), the TxDb.Drerio.UCSC.danRer10.refGene UCSC annotation
package (v3.4.2), and AnnotationHub (v2.10.1) were used to annotate peaklets with genes.
Specifically, non-exonic (i.e., not overlapping exons by more than 50bp) peaklets overlapping a
transcription start site (TSS) or within 1kb of a TSS were considered to represent proximal peaks,
whereas those greater than 1kb but less than 100kb of a TSS were considered to represent distal
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peaks. All statistical analyses were performed in R (v3.4.3). Integrative Genome Viewer (IGV)
was used to visualize RNA-seq and ATAC-seq alignments (48).

We used motif analysis to determine potential binding sites of our differentially expressed
transcription factors within regions of accessible chromatin identified by ATAC-seq. Motif
enrichment and discovery was carried out using various applications within the MEME Suite of
motif-based sequence analysis tools (version 5.0.4; (49)). We compiled a user-supplied file for
motifs corresponding to the transcription factors we identified as differentially expressed (Fig. 2),
for which there were existing motifs in JASPAR or CIS-BP databases (Table S7). Motifs were
formatted to MEME Motif format as specified with the MEME suite applications (meme-suite.org).
The Analysis of Motif Enrichment (AME) tool was used to determine motif enrichment in
accessible chromatin surrounding genes in each temporal cluster (Fig. 1C ; (29)). FASTA files of
500 bp peaklet sequences located proximal (<1 kb from transcription start site) or distal (within >
1 kb, but <100 kb, from transcription start site) from differentially expressed genes were used in
conjunction with our user-supplied motif file. Analysis was run using average odds score
sequence scoring and Fisher’'s exact test for motif enrichment. The AME tool was also used to
identify motifs within the differentially accessible chromatin regions surrounding the jun gene (Fig.
4), using both our user supplied motif file and the built in motif file for Eukaryotic DNA, Vertebrates
(in vivo and in silico). The Find Individual Motif Occurrences (FIMO) tool (32) was used to scan
for additional binding sites with the putative jun promoter and enhancers sequences using our
user-supplied motif list. AME and FIMO analysis were both run using default parameter settings.

Data availability

Raw sequencing files for the RNA-seq and ATAC-seq data will be submitted upon publication to
the Sequence Read Archive (SRA). All scripts used to process and analyze the RNA-seq and
ATAC-seq data may be found at htips:/github.com/andreamrau/OpticRegen 2019. The
Regeneration Rosetta app may be accessed at http://Is-shiny-prod.uwm.edu/rosetta/, and all
associated source  files  for  creating the app may be found at
https://github.com/andreamrau/rosetta.
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Figure legends

Fig.1. Regeneration-associated genes display stage-specific expression after optic nerve
injury. (A) Schematic depicting stages of optic nerve regeneration from 0 — 12 days post-injury
(dpi). (B) RNA-seq results generated from dissected retinas of adult zebrafish at 7-9 months of
age. Transcripts from retinas dissected 2-12 days post optic nerve crush were compared with
those from uninjured animals. Together, 7,480 transcripts were expressed at either higher (red =
upregulated) or lower (blue = downregulated) levels in injured retina at 2, 4, 7, and/or 12 dpi when
compared to control retinas (0 dpi). (C) Temporally clustered transcripts demonstrate stage-
specific enrichment of canonical pathways. Expression heatmaps produced from Z-scores
(calculated using transcripts per million [TPM] estimates). Mean normalized transcript counts
were generated for each transcript across all samples at all time points. Each row represents a
single transcript where each biological sample was compared to the mean, with red and blue
indicating standard deviation above and below the mean, respectively. Each column represents
one of the three biological replicates for each time point. Genes within each cluster were analyzed
by Ingenuity Pathway Analysis (IPA) using —log(p-value)>4, to identify pathways expressed in a
regeneration stage-specific manner.

Fig. 2. Regeneration stage-specific gene expression changes are correlated with temporal
changes in transcription factor expression rather than changes in chromatin accessibility.
(A) Genomic distribution of 42,198 high confidence regions of accessible chromatin, identified
using ATAC-seq on samples of RGCs isolated from control and regenerating retinas using
fluorescence activated cell sorting (FACS). High confidence regions consist of 500 bp sequences
surrounding peaklet summits with p-value < 107°. The genic region includes 5-untranslated
regions (UTR), exons and introns. The intergenic region consist of sequences found between
annotated genes. (B) Most transcriptionally accessible regions do not change over the course of
regeneration when compared to uninjured control (O dpi). Differentially accessible regions (233
total) were observed primarily at early (2 dpi) and late (12 dpi) stages of regeneration. (C)
Temporal progression of transcription factors characterizes the distinct stages of regeneration.
The expression heatmap of 205 differentially expressed transcripts represents 159 unique
transcription factor (TF) genes. TSS, transcriptional start site.

Fig. 3. Potential regulatory interactions between regeneration-associated transcription
factors and putative promoters and enhancers.

(A) Stacked bar graph of number of peaks enriched with transcription factor (TF) motif in the
proximal (gray) and distal (black) sequences for each TF in the cluster axon growth towards
midline (cluster 1 in Fig.1 ). (B) Heat map of shared TF motif enrichment in cluster1 accessible
peaks. X-axis = number of shared TF motifs enriched in peaks, Y-axis = TF. Heatmap colors
based on % of total peaks enriched for given TF. (C) Pair-wise co-occurrence of TF motifs found
in the proximal and distal accessible regions surrounding the differentially expressed transcripts
of cluster 1. Node color corresponds to TF family based on DNA-binding domain (DBD). bHLH,
basic helix-loop-helix; bZIP, basic leucine zipper; C2H2 ZF, two cys, two his zinc finger; Ets, E26
transformation-specific; Rel, member of NF-kB family; STAT, signal transducer and activator of
transcription. Node size corresponds to percentage of peaks enriched for given TF. Edge
thickness corresponds to % shared enriched peaks.

Fig. 4. Jun is a potential regulatory target of regeneration-associated promoters and
enhancers.

(A) IGV browser screenshot displaying accessible chromatin sequence pileups (blue) and
expressed sequence pileups (green) surrounding jun gene at 0, 2, 4, 7, and 12 dpi. Red bars and
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boxes indicate sequence determined to be differentially open at 2 dpi compared to control (0 dpi).
Motif finding of sequences highlighted in red identified motifs corresponding to the JUN binding
site. (B) Gene ontology (GO) analysis of inferred targets of JUN suggests roles in calcium
regulation, microtubule dynamics, and translation. GO terms corresponding to JUN target genes
were summarized, clustered and visualized using REVIGO (50). Node size corresponds to GO
term frequency. Similar GO terms are linked by edges whose thickness corresponds to degree of
similarity. (C) Inferred targets of JUN include 47 regeneration-associated TF genes. TF genes are
grouped by transcription factor family: violet, leucine zipper; yellow, HMG/sox; green, helix-loop-
helix; dark blue, STAT; light blue, hox; orange, nuclear receptor; red, C2H2 zinc finger; white,
includes members of the AT hook, E2F, Ets, MBD, and TEA families as well as factors with
uncategorized DNA binding domains.
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Fig.1. Regeneration-associated genes display stage-specific expression after optic nerve
injury. (A) Schematic depicting stages of optic nerve regeneration from 0 — 12 days post-injury
(dpi). (B) RNA-seq results generated from dissected retinas of adult zebrafish at 7-9 months of
age. Transcripts from retinas dissected 2-12 days post optic nerve crush were compared with
those from uninjured animals. Together, 7,480 transcripts were expressed at either higher (red =
upregulated) or lower (blue = downregulated) levels in injured retina at 2, 4, 7, and/or 12 dpi when
compared to control retinas (0 dpi). (C) Temporally clustered transcripts demonstrate stage-
specific enrichment of canonical pathways. Expression heatmaps produced from Z-scores
(calculated using transcripts per million [TPM] estimates). Mean normalized transcript counts
were generated for each transcript across all samples at all time points. Each row represents a
single transcript where each biological sample was compared to the mean, with red and blue
indicating standard deviation above and below the mean, respectively. Each column represents


https://doi.org/10.1101/638734
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/638734; this version posted May 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

one of the three biological replicates for each time point. Genes within each cluster were analyzed
by Ingenuity Pathway Analysis (IPA) using —log(p-value)>4, to identify pathways expressed in a
regeneration stage-specific manner.
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Fig. 2. Regeneration stage-specific gene expression changes are correlated with temporal
changes in transcription factor expression rather than changes in chromatin accessibility.
(A) Genomic distribution of 42,198 high confidence regions of accessible chromatin, identified
using ATAC-seq on samples of RGCs isolated from control and regenerating retinas using
fluorescence activated cell sorting (FACS). High confidence regions consist of 500 bp sequences
surrounding peaklet summits with p-value < 107°. The genic region includes 5-untranslated
regions (UTR), exons and introns. The intergenic region consist of sequences found between
annotated genes. (B) Most transcriptionally accessible regions do not change over the course of
regeneration when compared to uninjured control (O dpi). Differentially accessible regions (233
total) were observed primarily at early (2 dpi) and late (12 dpi) stages of regeneration. (C)
Temporal progression of transcription factors characterizes the distinct stages of regeneration.
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The expression heatmap of 205 differentially expressed transcripts represents 159 unique
transcription factor (TF) genes. TSS, transcriptional start site.
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Fig. 3. Potential regulatory interactions between regeneration-associated transcription
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factors and putative promoters and enhancers.

(A) Stacked bar graph of number of peaks enriched with transcription factor (TF) motif in the
proximal (gray) and distal (black) sequences for each TF in the cluster axon growth towards
midline (cluster 1 in Fig.1 ). (B) Heat map of shared TF motif enrichment in cluster1 accessible
peaks. X-axis = number of shared TF motifs enriched in peaks, Y-axis = TF. Heatmap colors
based on % of total peaks enriched for given TF. (C) Pair-wise co-occurrence of TF motifs found
in the proximal and distal accessible regions surrounding the differentially expressed transcripts
of cluster 1. Node color corresponds to TF family based on DNA-binding domain (DBD). bHLH,
basic helix-loop-helix; bZIP, basic leucine zipper; C2H2 ZF, two cys, two his zinc finger; Ets, E26
transformation-specific; Rel, member of NF-kB family; STAT, signal transducer and activator of
transcription. Node size corresponds to percentage of peaks enriched for given TF. Edge
thickness corresponds to % shared enriched peaks.
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Fig. 4. Jun is a potential regulatory target of regeneration-associated promoters and
enhancers.

(A) IGV browser screenshot displaying accessible chromatin sequence pileups (blue) and
expressed sequence pileups (green) surrounding jun gene at 0, 2, 4, 7, and 12 dpi. Red bars and
boxes indicate sequence determined to be differentially open at 2 dpi compared to control (0 dpi).
Motif finding of sequences highlighted in red identified motifs corresponding to the JUN binding
site. (B) Gene ontology (GO) analysis of inferred targets of JUN suggests roles in calcium
regulation, microtubule dynamics, and translation. GO terms corresponding to JUN target genes
were summarized, clustered and visualized using REVIGO (50). Node size corresponds to GO
term frequency. Similar GO terms are linked by edges whose thickness corresponds to degree of
similarity. (C) Inferred targets of JUN include 47 regeneration-associated TF genes. TF genes are
grouped by transcription factor family: violet, leucine zipper; yellow, HMG/sox; green, helix-loop-
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helix; dark blue, STAT; light blue, hox; orange, nuclear receptor; red, C2H2 zinc finger; white,
includes members of the AT hook, E2F, Ets, MBD, and TEA families as well as factors with
uncategorized DNA binding domains.
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