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Abstract

The African spiny mouse, Acomys spp., is capable of scar-free dermal wound healing.
Here, we have performed a comprehensive analysis of gene expression throughout wound
healing following full-thickness excisional dermal wounds in both Acomys cahirinus and
Mus musculus. Additionally, we provide an annotated, de novo transcriptome assembly of
A. cahirinus skin and skin wounds. Using a novel computational comparative RNA-Seq
approach along with pathway and co-expression analyses, we identify enrichment of regen-
eration associated genes as well as upregulation of genes directly related to muscle devel-
opment or function. Our RT-gPCR data reveals induction of the myogenic regulatory
factors, as well as upregulation of embryonic myosin, starting between days 14 and 18 post-
wounding in A. cahirinus. In contrast, the myogenic regulatory factors remain downregu-
lated, embryonic myosin is only modestly upregulated, and no new muscle fibers of the pan-
niculus carnosus are generated in M. musculus wounds. Additionally, we show that Col6a1,
a key component of the satellite cell niche, is upregulated in A. cahirinus compared to M.
musculus. Our data also demonstrate that the macrophage profile and inflammatory
response is different between species, with A. cahirinus expressing significantly higher lev-
els of /110. We also demonstrate differential expression of the upstream regulators Wnt7a,
Whnt2 and Wnt6 during wound healing. Our analyses demonstrate that A. cahirinus is capa-
ble of de novo skeletal muscle regeneration of the panniculus carnosus following removal of
the extracellular matrix. We believe this study represents the first detailed analysis of de
novo skeletal muscle regeneration observed in an adult mammal.

Introduction

We have previously shown that, following full-thickness excisional skin wounds or biopsy
punches through the pinna of the ear, A. cahirinus is capable of perfectly regenerating skin,
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including hairs, sebaceous glands, cartilage, adipose tissue, smooth muscle and even skeletal
muscle without fibrosis or scarring [1-4]. Here, we follow up our initial findings with a more
comprehensive analysis of gene expression during wound healing in A. cahirinus and M. mus-
culus normal (unwounded; day 0) skin and dermal wounds 7 and 14 days after full-thickness
excisional wounding. To this end, we have generated a de novo transcriptome assembly of A.
cahirinus normal skin and wounds and have performed differential expression analyses using
RNA-Seq data. We have also developed a novel computational approach that allows for the
direct comparison of changes in gene expression over time between species, termed CORE,
that analyzes common orthologous regions between A. cahirinus and M. musculus. Co-expres-
sion and pathway analyses reveal differences in Wnt signaling, extracellular matrix compo-
nents, and inflammation pathways, in addition to revealing that A. cahirinus reactivates the
myogenesis pathway, which ultimately leads to de novo regeneration of skeletal muscle fibers.
This finding was investigated further using RT-qPCR on a time-course of wound healing in
both A. cahirinus and M. musculus wounds. These results demonstrate that A. cahirinus is
capable of de novo skeletal muscle regeneration of the panniculus carnosus (PC) of the skin.
We believe this to be the first detailed study of de novo skeletal muscle regeneration in an adult
mammal.

Skeletal muscle in mammals is one of the few tissues that can repeatedly repair itself
throughout life and we have recently described the enhanced regenerative abilities of A. cahiri-
nus to regenerate skeletal muscle of the tibialis anterior following myotoxin-induced injury
[4]. Following injury, muscle regeneration occurs in two major interdependent phases, degen-
eration followed by regeneration [5]. During the degeneration phase, an initial inflammatory
response to necrotic cell death recruits neutrophils and macrophages to the damaged tissue
[6]. During this phase, M1, pro-inflammatory macrophages and neutrophils work to remove
cell debris. Following the inflammatory phase of degeneration, an increase in Il10 transitions
the macrophage population to a more M2 healing population [7] and the resident muscle stem
cells, termed satellite cells, become active, generating a population of proliferating myoblasts
which then fuse to form myotubes. As proliferation of satellite cells occurs, they begin to
express the myogenic regulatory factors (MRFs) in a temporally induced fashion. Myogenic
factor 5 (Myf5) and MyoD are the first myogenic regulatory factors to be expressed and com-
mit cells down the myogenic program. This is followed shortly thereafter by the expression of
the terminal differentiation genes myogenic regulatory factor 4 (Mrf4) and myogenin (Myog),
leading to the fusion of myocytes into myotubes and eventually myofibers. Expression of Myog
also drives the expression of the embryonic myosin, myosin heavy chain 3 (Myh3), in develop-
ing and regenerating myofibers. These new fibers then undergo remodeling to mature muscle,
resulting in the functional repair of the damaged tissue. (reviewed in [6] (ref)). These new
fibers then undergo remodeling to mature muscle, resulting in the functional repair of the
damaged tissue [6].

However, in order for skeletal muscle to regenerate, it is an absolute requirement that the
existing extracellular matrix (ECM) template be intact following injury [8]. A traumatic injury
where skeletal muscle is either removed or destroyed is referred to as a volumetric muscle loss
(VML) injury. Following a VML injury, the biomechanical signals of the existing ECM tem-
plate, basement membrane and connective tissue of the muscle fibers are absent, leading to
failed repair and deposition of scar tissue [9]. There is currently no effective treatment to
restore muscle volume and function for these types of injuries, and new treatment options are
a significant unmet clinical need [10].

Previous work has demonstrated that the inflammatory response to wounding in A. cahiri-
nus is suppressed compared to that in M. musculus and that the macrophage profile within A.
cahirinus wounds is quite different [1, 2]. Additionally, we have shown that A. cahirinus
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wound dermis appears to be devoid of F4/80 positive macrophages, although these cells are
clearly visible at the wound periphery and in the underlying connective tissue fascia [2]. F4/80
has previously been thought to be a pan marker of macrophages [11]; however, Simkin et al.
have recently shown that F4/80 +ve macrophages present in wounded ear tissue in A. cahirinus
are not cd206 +ve, a marker of the M2 phenotype, and are likely of the M1, pro-inflammatory
phenotype [12]. Here, we expand on these initial reports and show that the A. cahirinus
wound dermis is surprisingly nearly devoid of macropahages in early wounds, although they
do appear in later day wounds.

Results

Sequencing metrics

Sequencing of both A. cahirinus and M. musculus resulted in approximately 42 million read
pairs per sample and over 1 billion read pairs total (S1 Table). Trimmed samples contained
approximately 29 million reads each with a total of approximately 717 million (S2 Table).
Approximately 66% of read pair sequences overlapped and were merged. Quality control iden-
tified one M. musculus sample that exhibited poor and unusual quality metrics in FASTQC
[13] and was consequently removed from further analysis.

De novo transcriptome assembly

Assembly of the A. cahirinus transcriptome (GEO GSE113081) resulted in 283,780 transcript
assemblies representing 220,101 Trinity genes with an N50 of 1,794, indicating that at least
50% of the assembled nucleotides are in transcripts at least 1,794 bases long (S3 Table). As a
better measure of assembly quality, the ExN50, which represents the N50 for the highest
expressed genes accounting for x% of the total normalized expression, was also calculated (S1
Fig) [14]. The maximum N50 in the ExXN50 data set was computed to be at E90 (transcripts
representing 90% of the normalized expression data), which had an N50 of 2,964 calculated
from 29,216 transcripts.

Functional annotation and ortholog identification

Functional annotation of the A. cahirinus transcriptome resulted in 128,567 putative transcripts
with NCBI BLAST [15] hits to the UniRef90 [16] and/or SwissProt [17] databases using either
BLASTX or the predicted TransDecoder [14] proteins and BLASTP (GEO GSE113081). The top
taxa with over 500 hits were all mammals with Mus musculus containing the most high-scoring
segment pairs (S1 Fig). There were 50,982 transcripts with eggnog annotations [18] representing
ortholog groups at predefined taxonomic levels, comprising 3,571 unique annotations.

Expression, co-expression and pathway analyses

We identified 21,663 orthologs between A. cahirinus and M. musculus, which corresponded to
153,029 Trinity contigs. Read count matrices were generated and differential expression (DE)
analyses were performed for Acomys per se, Mus per se and a combined Acomys-Mus analysis
(see Methods, Fig 1, S4 Table). Differentially expressed genes from the combined analysis were
further examined using Ingenuity Pathway Analysis (IPA) to identify enriched pathways and
regeneration-associated genes.

From IPA’s core analysis [19], 218 differentially expressed ‘regeneration’ genes, as defined
by IPA, were detected in the combined 7-0 contrast (Day 7 vs Day 0) (S1 Data) and 162 in the
14-0 contrast (S2 Data). We also collected lists of top regulators with their effects. The com-
bined 7-0 contrast contained 51 regulatory pathways such as fatty acid metabolism, cell-cell
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Fig 1. BED file generation and filtering using COREs between transcripts. Putative orthologs identified using a reciprocal best-hit approach are associated via
HSPs. HSPs between orthologs are isolated from all hits for reciprocated isoforms allowing the generation of BED files in which coordinates correspond to their
species-specific coordinates from the HSP. Multiple de novo isoforms from A. cahirinus are allowed to hit a single M. musculus transcript. M. musculus BAM files
are filtered using the M. musculus-specific coordinates, and A. cahirinus BAM files are similarly filtered.

https://doi.org/10.1371/journal.pone.0216228.9001

contact/adhesion, cell proliferation and cell movement (S3 Data). In the combined contrast
14-0, there were numerous muscle related regulatory pathways associated with skeletal muscle
contractility, development, damage, cell movement and disorders among its 31 regulator
effects (S4 Data).

The combined analysis count matrix was further used to perform a co-expression analysis.
The co-expression network generated by petal [20] was filtered at a correlation threshold of
0.914 resulting in a scale-free and small-world network (S2 Fig, S5 Table)[21].

The list of regulators and targets obtained from IPA were then used to extract genes of
interest from the co-expression network. One subnetwork of interest was extracted using the
top upstream regulator, Dmd, from the combined 14-0 contrast (Fig 2). Dmd codes for dystro-
phin and is associated with muscular dystrophy when mutated [22]. Essentially all of Dmd’s
co-expressed genes are associated with some aspect of muscle tissue, e.g. myogenic differentia-
tion and muscle development. As such, these may share some direct or indirect interactions
driving regeneration or development of muscle tissue within the excised wound.

A. cahirinus upregulates MRFs following full-thickness excisional
wounding
In addition to our IPA and co-expression analyses, our RNA-Seq results also demonstrated

that 32 of the top 50 genes upregulated in A. cahirinus day 14 dermal wounds are directly
related to muscle development and/or function. To validate these results and to better
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Fig 2. Dmd demonstrates co-expression with numerous muscle-related genes. a) Factor plot showing log,(RNA-Seq expression + 1) across samples with bars
representing 95% confidence intervals. All co-expressed genes are significantly differentially expressed between days 0 and 14 in the combined analysis and represent
regulators or regulator targets identified by IPA. b) Dmd and co-expressed genes in a network where edges represent a correlation of 0.914 or higher.

https://doi.org/10.1371/journal.pone.0216228.9002

understand the series of events surrounding the initiation of skeletal muscle regeneration in A.
cahirinus, we examined expression levels of myogenic regulatory factors (MRFs) by RT-qPCR
in an expanded time-course of wound healing in both A. cahirinus and M. musculus.
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Expression of the MRFs in A. cahirinus follows the same basic pattern over time. The levels
of Myog, Myf5 and MyoD mRNA are reduced in day 7-14 samples, as the PC is completely
removed in full-thickness excisional wounds. Expression of the MRFs is upregulated between
days 14 and 18, and remains high through day 28 (Fig 3A). Expression of the embryonic myo-
sin Myh3 is moderately upregulated in day 7-14 wounds. Following upregulation of the MRFs,
Mpyh3 is induced to very high levels in day 18, 21 and 28 wounds, as compared to normal skin
(Fig 3B).

In contrast to this, neither the MRFs nor embryonic myosin are induced to a high degree in
M. musculus at any of the examined time points (Fig 3C and 3D). Expression of Myog, Myf5
and MyoD]1 is unchanged, or downregulated, relative to unwounded skin at all time points
assayed (Fig 3C). Expression of Myh3 is unchanged in day 14, 18 and 28 wounds and upregu-
lated in day 7, 10, and 21 wounds; however the increase is at least an order of magnitude lower
than that observed in A. cahirinus (Fig 3D).

Newly formed muscle fibers in A. cahirinus express embryonic myosin

Histological examination of wound healing using Mason’s Trichrome reveals filamentous tis-
sue, originating from the PC at the wound margin, forming between days 7 and 10 after
wounding in A. cahirinus (Fig 4A). In contrast, M. musculus wounds stain intensely blue, indi-
cating a dense collagenous matrix (Fig 4B). In A. cahirinus this tissue becomes better defined
and resembles newly formed muscle fibers between day 18 and 28, while in M. musculus the
entirety of the wound is a dense collagenous matrix (Fig 4). To ascertain if this new filamen-
tous tissue in the A. cahirinus wound bed is indeed regenerating skeletal muscle, we assayed
wounds by immunohistochemistry (IHC) using an antibody to embryonic myosin (Myh3). In
A. cahirinus, Myh3 positive cells are first visible at the wound margin by day 14 but do not yet
appear to have migrated into the wound (Fig 5A). By day 18 Myh3 staining is visible beyond
the wound margin and into the wound bed itself. Additionally, there is Myh3 staining visible
in more of the intact PC of the surrounding tissue (Fig 5B). By day 21, new myofibers are
clearly visible well into the wound while staining of the intact PC remains near the cut edge
(Fig 5C). By day 28, new regenerating fibers are visible across the wound from end to end (Fig
5D). These newly regenerated fibers not only express embryonic myosin but some fibers also
express the mature muscle marker laminin a2 (Fig 5F, left panel) and are beginning to show
the same patchy expression of myosin heavy chain that the normal panniculus carnosus does
(Fig 5F, right panel).

In stark contrast to this, Myh3 staining is only visible in the remaining intact PC at the
wound margin in M. musculus day 14 wounds (Fig 5A). At later time points in M. musculus
wounds very little Myh3 staining is visible and no laminin a2 or myosin heavy chain immuno-
reactivity, suggesting that the PC degenerates near the cut edge of the wound margin, and at
no point are new regenerating fibers visible (Fig 4 and Fig 5B-5E).

Key collagens are differentially expressed during wound healing between A.
cahirinus and M. musculus

Previous dogma suggested that an existing ECM template was an absolute requirement for
skeletal muscle regeneration and that specific components of the stem-cell niche, such as colla-
gen 6al (Col6al), are critical to satellite cell function [23]. Therefore, we asked whether Col6al
was differentially expressed during regeneration of the PC. Col6al is upregulated in both spe-
cies at all wound time points assayed and is statistically upregulated in A. cahirinus compared
to M. musculus in day 18, 21 and 28 wounds (Fig 6A), which coincides with the induction of
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Fig 3. Myogenic regulatory factors and embryonic myosin are upregulated in A. cahirinus following excisional wounding. RT-qPCR analyses were performed for
normal skin and day 7, 10, 14, 18, 21 and 28 wounds (n = 3). (a) A. cahirinus myogenic regulatory factors Myog, Myf5, and MyoD1. (b) A. cahirinus embryonic myosin
Mpyh3. (c) M. musculus myogenic regulatory factors Myog, Myf5, and MyoD1. (d) M. musculus embryonic myosin Myh3. All values are expressed as fold change compared
to day 0 normal skin. Error bars are calculated using standard error propagation. P-values are as follows: * < 0.05; ** < 0.01.

https://doi.org/10.1371/journal.pone.0216228.9003

the MRFs and embryonic myosin (Fig 3A and 3B), consistent with its role in skeletal muscle
regeneration.

To further investigate the composition of the ECM of wounds, we next assayed for the
expression of collagen 12al (Col12al). We have previously shown that Col12al is wound
induced in M. musculus and appears to be a major constituent of wound matrix in day 14
wounds [2]. Here we performed a time course analysis of expression throughout wound
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Fig 4. Histological analysis of wound healing reveals de novo regeneration of muscle fibers in A. cahirinus. Masson Trichrome staining was performed for paraffin
wax embedded sections for day 7, 10, 14, 18, 21 and 28 wounds for (a) A cahirinus and (b) M. musculus. Scale bars 200 pum.

https://doi.org/10.1371/journal.pone.0216228.9004
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Fig 5. Embryonic myosin Myh3 staining indicates newly formed muscle fibers in Acomys but not Mus wounds.
Immunofluorescence was performed on fresh, unfixed cryosectioned tissues for Myh3 on (a) day14, (b) day 18 and (c)
day 21 wound sections. Day 28 sections for Myh3 spanning entire wound for (d) A. cahirinus and (e) M. musculus. (f)
Day 28 sections white lines mark the wound edge. Left panel, section stained with laminin a2 showing positive fibers in
the regenerated part of the wound (right of the white line). Right panel, section stained with myosin heavy chain
showing patchy staining in the normal pc (right of the white line) and in the wound (left of the white line). Blue-
Hoechst. Scale bars 100 pum.

https://doi.org/10.1371/journal.pone.0216228.g005

healing. While Col12a1l is statistically upregulated in both species, expression increased to a
statistically greater degree in M. musculus at all time points assayed (Fig 6B).

Inflammatory response to wounding

We have previously reported that the inflammatory response to wounding in A. cahirinus is
suppressed compared to that in M. musculus and that the macrophage profile within A. cahiri-
nus wounds is quite different [1, 2]. Simkin et al. have recently shown that F4/80 +ve macro-
phages present in wounded ear tissue in A. cahirinus are not cd206 +ve, a marker of the M2
phenotype, and are likely of the M1, pro-inflammatory phenotype [12]. As M2 macrophages
are generally thought to be beneficial, we next asked whether cd206 +ve macrophages were
present in dorsal dermal wounds.

Macrophages positive for cd206 staining are present in the wound bed and dermis at all
time points assayed in M. musculus dermal wounds, similar to our previous results for F4/80.
However, cd206 +ve macrophages are surprisingly absent in the early A. cahirinus wound bed,
up to day 10 (Fig 7A). By day 14, there are low numbers of cd206 +ve macrophages beginning
to appear directly underneath the wound epidermis, despite great numbers being present at
the wound margins (Fig 7C). By day 18, cd206 +ve macrophages are present throughout the
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Fig 7. Immune response to wounding. Immunohistochemistry performed with paraffin wax embedded samples for
cd206 in (a) day 10 and (b) day 28 wounds. (c) Immunofluorescence was performed for cd206 on fixed cryosections.
Scale bars 100 pm. (d) RT-qPCR analysis of I110. Asterisks over specific sample indicate significance to that species
normal skin day 0 sample, while asterisks over line spanning both species indicates significance between species.
Green-cd206; Blue-Hoechst. All other labels, symbols and calculations are as described in Fig 3.

https://doi.org/10.1371/journal.pone.0216228.9007

dermis with essentially the same number and distribution as in M. musculus and remain the
same through day 28 wounds (Fig 7B). We next utilized another widely used pan-macrophage
marker, ionized calcium-binding adaptor molecule 1 (Iba-1). Immunostaining in A. cahirinus
wounds showed that there are a small number of Iba-1 +ve cells present just below the wound
epidermis in day 7 and 10 wounds, while the dermis remains largely devoid of Iba-1 macro-
phages (S3 Fig), similar to our previous observation for F4/80 and cd206 +ve macrophages. By
day 14, Iba-1 +ve macrophages are present similar to cd206 +ve macrophages in both species
(S3 Fig).

As the transition of macrophages from M1 to an M2 phenotype is thought to be critical for
the progression of myogenic differentiation [7] we next examined the expression of interleukin
10 (I110), an anti-inflammatory cytokine [24-27], that has been shown to transition macro-
phages to an M2 phenotype [28]. Il10 expression was assayed by RT-qPCR in a time-course
analysis of wound healing in both A. cahirinus and M. musculus. 1110 expression was upregu-
lated to a much greater extent in A. cahirinus wounds than in M. musculus, with expression of
I110 peaking in A. cahirinus at or before day 7 (~100x) and declining by half at day 10 and half
again at day 14, and remaining upregulated ~ 5-fold in day 18-28 wounds (Fig 7D). Il10
expression in M. musculus is upregulated as well in day 7, 10 and 14 wounds, although to a
much lesser extent than observed in A. cahirinus, and remains unchanged in day 18-28
wounds (Fig 7D).

Differential expression of key Wnts observed during wound healing
between A. cahirinus and M. musculus

To gain a better understanding of the upstream regulatory events that precede the observed
regeneration in A. cahirinus we examined the expression profiles of three Wnts implicated in
skeletal muscle development (Wnt6) [29-31], muscle regeneration [32] and hair follicle neo-
genesis [33] (Wnt7a) and in the fibrotic response (Wnt2) [34] by qRT-PCR.

Expression levels of Wnt6 in A. cahirinus are essentially unchanged in day 7-14 wounds,
while in M. musculus Wnt6 is downregulated in day 7 and 10 and unchanged in day 14
wounds. Expression of Wnt6 is statistically upregulated in day 18-28 wounds in both A. cahiri-
nus and M. musculus. While the trend is for increased expression in A. cahirinus at all time
points assayed compared to M. musculus, only days 7 and 28 show statistically significant dif-
ferences in expression between species (Fig 8A). The increased expression of Wnt6 also coin-
cides with the induction of the MRFs, Myh3 and Col6al (Fig 3A and 3B) consistent with its
role in skeletal muscle development.

Whnt7a is significantly upregulated in A. cahirinus wounds, both compared to normal skin
and to M. musculus, at all time points assayed, while Wnt7a expression in M. musculus is either
unchanged or downregulated at all time points (Fig 8B. This is consistent with Wnt7a’s role in
skeletal muscle regeneration and hair follicle neogenesis [32, 33]. Wnt2 has been shown to be
associated with fibrosis [34] and we therefore asked whether Wnt2 is differentially expressed
during wound healing.

Whnt2 expression is elevated in A. cahirinus day 7 and 10 wounds relative to day 0, and this
difference is greater than the difference between M. musculus day 7 and 10 relative to day 0.
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Fig 8. Differential expression of key Wnts during wound healing between A. cahirinus and M. musculus. RT-qPCR
analyses were performed for (a) Wnt6, (b) Wnt7a and (c) Wnt2. All labels, symbols and calculations are as described in
Fig7.

https://doi.org/10.1371/journal.pone.0216228.9008

Wnt2 expression remains modestly elevated in A. cahirinus in day 14-28 wounds, compared
to normal skin. In M. musculus however, expression of Wnt2 is induced to high degree starting
at day 14, peaking at day 18 and slowly decreasing in days 21 and 28 wounds (Fig 8C). The
high level of expression coincides with the tissue-remodeling phase, and may help explain why
the M. musculus wound is remodeled as scar tissue. This is consistent with the observed role of
Wnt2 in regulating genes associated with fibrosis [34].

Discussion

To assess transcriptome completeness, we used BUSCO to identify near-universal single-copy
orthologs in vertebrata (S1 Fig). Compared to previous A. cahirinus transcriptome assemblies,
our assembly represents a substantial increase in the identification of complete and single-
copy orthologs. Other assemblies contained many more duplicated transcripts with one
assembly containing over 2.2 million transcripts [35]. While that same assembly had fewer
missing single-copy orthologs, it also represented 15 different organ types. In a slightly more
comparable assembly based upon a time series analysis of wounded ear tissue, single-copy
ortholog fragmentation was high along with increased duplication and missing transcripts
[36]. Differences are likely due to the lower coverage with shorter reads and tissue-specific
expression. As another metric indicative of transcriptome assembly quality, we provide the
ExN50 quality metric, which indicates that 90% of the total normalized expression results
from 29,087 transcripts as opposed to expression being dispersed broadly over many frag-
mented transcripts. The ExN50 plots the most highly expressed transcripts representing x% of
the total normalized expression data (S1 Fig). The E90ON50 of our transcriptome assembly has
an N50 of 2,932 and is composed of 29,087 transcripts representing 90% of the total normal-
ized expression. We also provide a descriptive annotation and statistics of our assembly (GEO
GSE113081, S3 Table). Together these metrics indicate a superior transcriptome assembly rep-
resentative of regeneration-associated expression in A. cahirinus skin.

There are numerous difficulties associated with comparing differential expression between
two different species such as different quality references, structural differences between
genomes or transcriptomes, different basal expression levels, identification of orthologs, and
the lack of methods to make these comparisons. Of the attempts made to date, some proce-
dures perform independent analyses of both species and attempt to reconcile differences based
upon set comparisons of differentially expressed genes [37]. However, this approach is sensi-
tive to the choice of significance cutoft, is ineffective for experiments with low power and may
suffer technical biases if different treatments are compared to the same control [38]. A few
studies use species for which genomes and annotations are readily available and limit the anal-
ysis to conserved regions [39-41]. This makes reconciling differences between species a matter
of comparing the genomes and using constitutively expressed exons common to the species
under consideration [39]. With the advent of de novo transcriptome assemblies, the opportuni-
ties for cross-species comparisons have drastically increased, but the methods available to
make these comparisons are still lacking.

Here, we identified Common Orthologous REgions (COREs) between species transcrip-
tomes so that direct comparisons of gene expression may be made (Fig 1) as well as perform
an individualized analysis for each species. The individualized analyses will be referred to as
Mus per se and Acomys per se. The cross-species analysis will be referred to as the combined
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analysis. The per se models, which represent the more traditional approach, allow us to analyze
differential expression within a single species using pairwise contrasts. In this scenario, com-
parisons between species are limited to comparing log-fold changes or differentially expressed
genes. The combined model is limited to homologous regions between orthologs but allows
for a direct comparison between species, which is especially important considering the basal
expression levels differ considerably for some genes between the two species. In these cases,
comparing log-fold changes or differential expression between species could be misleading.
The contrast for the combined model also differs in that it is a time-series contrast that assesses
the differences between species pairwise contrasts.

In the combined analysis, the position of species in the multi-dimensional scaling plot
makes biological sense as the A. cahirinus day 14 wounds are observably more similar to day 0
as the tissue has progressed in the regeneration of the skin (S1 Fig). Conversely, the tissue in
M. musculus day 14 has not regenerated and more closely resembles the day 7 wounds. Expres-
sion patterns match biological expectations and previous microarray data [1].

Generating gene co-expression networks to detect multi-species gene module conservation
is an increasingly popular tool for RNA-Seq studies [20, 42, 43]. Co-expression networks are
just one of many biological systems that demonstrate network dynamics and have been exten-
sively observed [44-47]. These networks exhibit small-world properties, which are character-
ized by high-connectivity among subnetworks resulting in relatively short paths to move
between any two nodes [48], and scale-free properties, which are characterized by many nodes
with few connections and few nodes with many connections [49]. For a network to exhibit the
small-world property, the average path length between nodes is expected to be shorter than a
random graph, and the average cluster coefficient is expected to be larger than random [48].
Similarly, the network is expected to be scale-free, which requires that the node degree distri-
bution follow a power-law distribution. Here, we use the R package petal, which uses these fea-
tures to dynamically determine a correlation threshold for network generation [21]. While
petal uses least squares to fit the log-transformed degree distribution to check for a power-law
distribution, this practice is not statistically robust [21](S4 Fig), and as such, we further vali-
dated the power-law distribution using bootstrapped maximum likelihood estimation [21](S5
Fig). This approach also confirmed that the network was scale-free.

We also performed a pathway analysis using IPA [19]. This approach differs from a co-
expression analysis in that differentially expressed genes from our study are used in conjunc-
tion with curated data from other studies providing additional information from previous co-
expression, interactions (gene-gene, protein-protein, gene-protein, etc.), known functionality
(wound healing, regeneration, muscle contraction, etc.) and more. We found that, based upon
our combined analysis, there were numerous regulators associated with cell-cell contact, cell
proliferation, movement and recruitment up-regulated in the day 7-0 contrast. Whereas the
day 14-0 contrast regulators included those associated with muscle development and contrac-
tion, fibroblast movement, myopathy, and muscle damage.

Genes of interest were extracted from the co-expression network using the lists of regula-
tors and their downstream targets from IPA’s regulatory effects analysis to generate factor
plots depicting expression patterns of regulatory genes and targets that are co-expressed and
differentially expressed. The Dmd subnetwork indicates that numerous muscle-related genes
exhibit correlated expression patterns following wounding (Fig 2). Expression levels of these
co-expressed genes are lower in day 7 wounds, in both A. cahirinus and M. musculus. This
makes sense biologically as all muscle tissue is removed following excisional wounding. By day
14, expression increases in A. cahirinus when skeletal muscle starts to form, while expression
stays decreased in M. musculus as no muscle tissue is regenerated. Histological analysis of
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wounds from later time-points suggests that muscle regeneration becomes more robust after
day 14.

It was previously believed that muscle regeneration in mammals could only occur in the
presence of an existing ECM template [8]. However, based on our current study, A. cahirinus
appears capable of de novo regeneration of muscle of the PC following removal of the instruc-
tive ECM template. As muscle regeneration shares many of the same molecular programs as
myogenesis during fetal development [6], we first assayed expression of the MRFs and embry-
onic myosin. In both embryonic and adult myogenesis the MRFs are expressed in a temporally
induced fashion, with Myf5 and MyoD1 expression occurring first, followed by expression of
Myog, which induces the expression of the embryonic myosin Myh3. Following tissue excision,
the MRFs are downregulated in both species; however, after day 14 the MRFs return to expres-
sion levels of normal tissue and remain at normal or elevated levels in A. cahirinus, indicating
that myogenesis has begun. Curiously, expression of Myh3 in A. cahirinus is upregulated in
early wounds, before upregulation of the MRFs is detectable by RT-qPCR and may represent
repair of the injured fibers at the wound margins. However, concurrent with upregulation of
the MRFs, Myh3 is induced to a high degree in A. cahirinus wounds indicating a robust regen-
eration of muscle fibers is occurring. As our RT-qPCR data represent expression changes that
are occurring in the whole wound tissue, we next sought to verify that new muscle fibers are
indeed being formed by assaying wounds by IHC using an antibody against Myh3. In A. cahir-
inus day 14 wounds, Myh3 staining is visible in the intact PC at the wound margin but does
not appear to have migrated into the wound bed. Additionally, myh3 staining appears to be
localized to a region near the severed fibers at the wound margin and is not visible further into
the intact PC, suggesting a rather localized response. By day 18, myh3 positive fibers are visible
beyond the wound margin and into the wound bed. Additionally, the morphology of these
fibers suggests that the PC is degenerating near the wound margin with small isolated cross-
sectional fibers visible similar to what is observed following myotoxin injury of skeletal muscle
[4, 50]. By day 21, myh3 positive fibers are visible well into the wound tissue, and are
completely spanning the wound by day 28, suggesting the de novo formation of functional
muscle fibers of the PC which was further supported by the appearance of laminin a2 and
myosin heavy chain immunoreactivity.

In stark contrast to A. cahirinus, the MRFs in M. musculus wounds remain downregulated
at all time points assayed. Interestingly, there appears to be a large decrease in expression at
day 14 for Myog and MyoD1. This expression pattern is confirmed in our RNA-Seq data,
which was performed on independent animals. Considering that MyoDI promotes expression
of Myog, which drives expression of Myh3, it is interesting to note that at this time point myh3
is at its lowest level. While expression of Myh3 is upregulated in M. musculus early wounds, no
Mpyh3 positive fibers are visible in the wound and may just represent either the repair occur-
ring at the wound margins or an unproductive attempt at regeneration.

Col6 is a major component of skeletal muscle ECM and has been shown to be critical for
proper function of satellite cells [23]. Our data indicate that Col6al is significantly upregulated
in A. cahirinus during the time that new muscle fibers are observed in the wound tissue, sug-
gesting a role in muscle ECM formation [2].

During the regeneration phase of muscle repair, when new muscle fibers are being formed,
there is also scar tissue being deposited. In small injuries, this scar tissue acts to bridge the gap
between muscle fibers and provides a means of propagating force along the remaining muscle,
thus restoring function. However, in large injuries, such as those observed in VML injuries,
the formation of scar tissue forms a dense cap of fibrotic tissue that blocks the regeneration of
new muscle fibers and results in reduced function of the repaired muscle [9]. We have previ-
ously shown that Col12, a small cross-linking collagen, is wound induced in M. musculus in
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skin wounds [1] and in the TA following myotoxin induced injury [4]. The resulting dense
fibrotic tissue may be acting to block regenerating muscle fibers from migrating into the
wound tissue. This is particularly interesting as Wnt2 is also significantly upregulated in M.
musculus compared to A. cahirinus during the period when muscle regeneration and tissue
remodeling would be occurring. Previous work by Bayle et al. have shown that Wnt2 is over-
expressed in the tight-skinned mouse (Tsk), which is used as a model of systemic sclerosis, a
connective tissue disorder associated with increased cutaneous fibrosis [34]. The authors sug-
gest that over-expression of Wnt2 contributes to the aberrant matrix remodeling associated
with the Tsk mouse phenotype.

Wnt6 has been shown to be involved in muscle development [29-31] and our RT-qPCR
data show an expression pattern similar to that of the MRFs and embryonic myosin in A.
cahirinus, consistent with a role in myogenesis. Interestingly, the expression of Wnt6 is also
significantly upregulated in M. musculus. Taken together with the expression patterns for
Wnt2 and Coll2, this suggests that Wnt6 may be providing the signal for myogenesis in M.
musculus, but fails in regeneration due to the strong fibrotic response of Wnt2 signaling.

We were also interested in the expression of Wnt7a, another Wnt that has been shown to
be involved in skeletal muscle regeneration [32] and hair follicle neogenesis [33]. Wnt7a is sig-
nificantly upregulated in A. cahirinus, while it is unchanged or downregulated in M. musculus.
These expression patterns are consistent with the role of Wnt7a since A. cahirinus regenerates
both skeletal muscle and hair follicles and M. musculus regenerates neither.

Macrophages play a critical role in wound healing and in muscle regeneration. Early in
wound healing, pro-inflammatory phagocytic M1 macrophages remove necrotic tissue and
cell debris, while in later wounds macrophages transition to an M2 phenotype. This transition
to M2 is facilitated by upregulation of 1110 and has been shown to be critical in proper muscle
regeneration [7]. Our expression data shows that I/10 is upregulated to a high degree in A.
cahirinus and is statistically upregulated compared to M. musculus. While RT-qPCR data
shows a very high fold change in expression of /10, the RNA-seq shows only a moderate
increase. This discrepancy can be explained by the fact that Il10 expression in day 0 samples is
quite low in both our RNA-Seq (56 Fig) and RT-qPCR datasets, making it difficult to accu-
rately predict fold change. Combined with our data for M2, cd206 positive macrophages, this
data suggests that the increased levels of 1110 in A. cahirinus may provide an environment for
more M2 macrophages in the wound and may promote regeneration over fibrosis. However, it
is still not clear whether the early dermis has a true absence of macrophages or if there is an
unobserved subtype present.

Our study demonstrates that A. cahirinus is capable of de novo regeneration of skeletal mus-
cle of the PC following full-thickness excisional wounding. We believe this to be the first
detailed analysis of de novo skeletal muscle regeneration occurring in an adult mammal. Addi-
tionally we have presented data suggesting a role of Wnt signaling in the initiation of regenera-
tion. The differential expression patterns of Wnts between A. cahirinus and M. musculus
demonstrate the importance of these upstream regulators and suggest Wnts as potential targets
for manipulation to favor muscle regeneration over fibrosis in VML injuries in future studies.

Methods
Animals

Animal protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Florida (Protocol numbers 201207707 for A. cahirinus studies
and 201203505 for M. musculus studies). All animals were housed and maintained by Animal
Care Services at the University of Florida and all experiments were performed following the
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guidelines defined in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. Acomys cahirinus were obtained from an in-house breeding colony and
CD-1 mice were obtained from Charles River Laboratories. All surgeries were performed
under isoflurane inhalation anesthesia and all efforts were made to minimize suffering. All ani-
mals were aged between 6 weeks and 6 months of age. One 8-mm full-thickness biopsy punch
was excised from the shaved dorsal skin and immediately placed in RN Alater Stabilization
Solution (Invitrogen AM7020) and stored at 4°C for 24hrs then stored at -80°C. Normal dorsal
skin was used as a day 0 control. For our initial analysis of gene expression, and transcriptome
assembly, we excised wounds from day 0, 7, and 14 wounds. These time-points were chosen
based on the major observable events during wound healing (inflammation and granulation
(day 7) and tissue remodeling (day 14)) and to complement data from our previous analysis of
gene expression using microarrays '. In order to further explore the observed increase in myo-
genic reated genes, we performed RT-PCR analysis on our initial time-points, plus the addi-
tion of day 10, 18, 21 and 28 wounds. Tissues were excised, excluding the normal surrounding
tissue for RNA-Seq and RT-PCR and including the surrounding tissue of the wound margins
for histology (n = 4 for each time point for each species for RNA-Seq; n = 3 for each time point
for each species for RT-qPCR).

RNA extraction

Tissue samples were removed from -80°C, thawed at 4°C, removed from RNAlater and
washed in nuclease-free water to remove RNALater crystals. Tissue was homogenized using a
1600 MiniG Tissue Homogenizer and Cell Lyser (SPEXSamplePrep) with 5/32” stainless-steel
grinding balls in TRIzol (Ambion) in 2ml screw-cap vials at 1500 RPM for 3 minutes. After
homogenization, TRIZol protocol was followed with modifications. Briefly; samples were
transferred to Phase Lock Gel Heavy 2mL tubes (QuantaBio; VWR 10847-802). After aqueous
phase removed to new tube, 1 volume of 70% ethanol was added and samples mixed. At this
point samples were processed according to the RNeasy Mini Kit (Qiagen 74104) or the Pure-
Link RNA Mini Kit (Invitrogen 12183018A) according to manufactures protocol, starting
from addition of sample to kit column tubes. After elution, samples were quantified and RNA
integrity number (RIN) determined using a 4200 TapeStation (Agilent) (All RINs for
RNA-Seq > 7 (avg 7.7), and > 6 for RT-PCR).

RNA-Seq Library construction and illumina sequencing

IMlumina ribo-depleted, 2 x 150 bp paired-end libraries were constructed using total RNA from
24 samples composed of 4 replicates per time point (day 0, 7 and 14) per species (A. cahirinus
and M. musculus). Additionally, a duplex-specific nuclease (DSN) library was constructed
using RNA from all 12 A. cahirinus samples. All 25 libraries were sequenced using an Illumina
NextSeq500. Library construction and sequencing was performed by Cofactor Genomics

(St. Louis, Missouri).

RNA processing

Raw reads were quality assessed pre- and post-filtering using FastQC [fastqc/0.11.4] [13] and
trimmed using Trimmomatic [trimmomatic/0.32, ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10
HEADCROP:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:40] [51].
Trimmed reads were merged using SeqPrep [seqprep/1.1, -L 40 -n 0.95 -0 25] [52] resulting in
both unmerged paired-end reads and merged reads (average ~250-bp in length).
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De novo assembly and annotation of A. cahirinus transcriptome

A. cahirinus merged and paired-end RNA-Seq reads from all three time-points, plus the DSN
library, were assembled using Trinity [trinity/2.0.4,—SS_lib_type FR—min_contig_length
500] [53], with in silico normalization at 50X coverage to remove systemic variation. The
resulting assembly was functionally annotated using Trinotate [trinotate/2.0.1] [14], which uti-
lizes a variety of homology searches to publically available data to identify homologous
sequences (SwissProt/UniRef90 [16, 17]), protein domains (HMMER/PFAM) [54, 55], rRNA
(RNAMMER) [56], protein signal peptides and transmembrane domains (signalp/tmHMM)
[57-59]. The annotation report only includes hits meeting a minimum E-value cutoff of 1E-5.

Ortholog identification

Orthologs were identified between A. cahirinus and M. musculus using a reciprocal best-hit
BLAST approach between A. cahirinus transcripts and M. musculus RefSeq [60] sequences at
E-value < 1E-5 using WU-BLAST BLASTN [61] where multiple A. cahirinus isoforms were
allowed to hit a single M. musculus reference [62]. All of the high-scoring segment pairs
(HSPs) from each orthologous pair were then used to generate BED files corresponding to
COREs between species and a gene-transcript map for the combined analysis that paired M.
musculus gene names to A. cahirinus isoforms so that gene-level counts could be obtained for
the A. cahirinus assembly. For the A. cahirinus per se analysis, this gene-transcript map was
further augmented with Trinity genes for which orthologs could not be identified so that all
transcripts in the A. cahirinus assembly were quantified.

Alignment and transcript abundance estimation

Two separate approaches were used to assess transcript abundance in skin, which we will refer
to as per se and combined. In the per se approach, transcript abundance and differential
expression analyses were performed within each species independently, i.e. M. musculus
wound versus M. musculus normal skin. For the Mus per se analysis, paired-end and merged
reads were mapped to a M. musculus RefSeq [60] in silico transcriptome and transcript abun-
dance estimates were obtained using RSEM [rsem/1.2.28,—paired-end—bowtie2—estimate-
rspd—append-names] [63]. For the Acomys per se analysis, paired-end and merged reads were
mapped to our Trinity transcriptome using the Trinity transcript quantification pipeline [14].
Alignments were performed using Bowtie 2 [bowtie2/2.2.6, -q—phred33—sensitive—dpad 0
—gbar 99999999—mp 1,1—np 1—score-min L,0,-0.1 -I 1 -X 1000—no-mixed—no-discordant
-p 6 -k 200] [64] before using RSEM [63] to calculate abundance estimates. In the combined
approach, merged reads were aligned to the corresponding transcriptome references and then
filtered using a custom BED file containing COREs between orthologs. From the resulting
count matrices, gene-level abundances were used to evaluate differential expression across
samples.

Differential expression analysis

Analysis of differential expression was performed using the R [65] package voom [66]. All
genes were required to contain >10 counts-per-million (CPM), based upon the average library
size, in three samples (four samples for the Acomys per se analysis). The resulting CPM matri-
ces were TMM normalized [67], log transformed and linear model weights were estimated
[66]. The resulting log CPM and associated precision weights were then processed using
empirical Bayesian moderated t-statistics to determine differentially expressed genes [66]. The
previously described transcript quantification approaches, per se and combined, resulted in
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three DE experimental designs—Mus per se, Acomys per se and Mus-Acomys combined analy-
ses. Samples were compared in the per se models, which analyze differential expression within
a single species across the full length of its gene, using pairwise contrasts. The combined model
is limited to COREs but allows for a direct comparison between species across the time series.

BUSCO

Transcriptome quality was assessed using BUSCO [busco/2.0b, -m tran -1 vertebrata] [68]. We
further assessed the quality of recent transcriptome assemblies in A. cahirinus [35, 36] and the
M. musculus RefSeq build GRCm38.p3 [60] reference for all transcripts and only those M.
musculus transcripts expressed in our study to make comparisons among assembly qualities.

Co-expression network analysis

A co-expression network was built using the TMM [67] normalized reads after filtering out
low-read-count genes. The resulting matrix contained 14,548 genes and 23 sample columns,
where samples included both M. musculus and A. cahirinus samples. Gene pairwise correlation
was calculated using Spearman correlation in petal [20]. No explicit threshold was designated
for correlation cutoff. Instead, petal dynamically selects a threshold that produces a scale-free
and small-world network. The scale-free property is mathematically determined such that the
node degree distribution follows a power-law distribution, p; = Ck™*.

While power-law distributions are ubiquitous in nature, problematically, many perceived
power-law distributions are fit using linear regression or visually inferred after logarithmically
transforming the degree distribution [21], log(px) = —a log(k) + c. When validating a power-
law distribution, petal log transforms the degree distribution so linear regression may be
applied. In petal, the slope of the linear regression, which corresponds to the exponent in the
power-law function, is expected to lie within the interval (1,3) if the data were derived from a
power-law distribution. Also, the R? value is used to determine if the linear fit was good. How-
ever, a good R” does not necessarily indicate a good fit, and petal does not perform any explicit
hypothesis testing for a power-law distribution. After visualization of the linear fit and residu-
als, it is clear that there is heteroscedasticity, non-random residuals, heavy tails in the q-q plot
of the residuals, and numerous outliers and high leverage points. In linear regression, it is typi-
cally assumed that there is homogeneity of variance (homoscedasticity) and residuals are
approximately normally distributed. Any null hypothesis significance testing performed using
data violating the assumption of homoscedasticity would result in a biased estimate of stan-
dard error, which would subsequently affect the p-value and inference. To perform a robust
test for a power-law distribution, we tested goodness of fit using bootstrapped maximum likeli-
hood estimation with poweRlaw [0.70.1] [21]) in R [65].

Pathway analysis

Transcriptional regulators and targets that explain observed gene expression changes in the
dataset were identified using IPA where transcriptional regulators may be any molecule capa-
ble of affecting the expression of other molecules (e.g. transcription factors, miRNA, kinases or
other compounds) [19]. IPA uses manually curated content to identify biologically relevant
pathways from a table containing differentially expressed genes, fold changes, FDR, and mean
expression. IPA determines if observed changes in expression across genes is generally consis-
tent with changes in any transcriptional regulator expression from the set of all known regula-
tors. Significant regulators are identified using both Fisher’s Exact Test and the manually
curated content to determine enrichment for targets of transcriptional regulators. The IPA
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parameters selected limited inference to experimentally validated, direct and indirect interac-
tions within mammalian species and a maximum of 25 networks per analysis (S6 Table).

Using custom CPython scripts, we subsequently extracted these transcriptional regulators
and targets identified by IPA from the co-expression network generated by petal to isolate sub-
networks of interest. Each regulator or target was individually isolated from the co-expression
network along with neighboring, correlated nodes if those nodes were also transcriptional reg-
ulators or targets identified by IPA. This resulted in subnetworks where the primary regulator
or target selected was the center of the subnetwork and was connected by an edge (spearman
correlation > 0.914 as determined by petal) to every other node in the subnetwork. Subnet-
works of all sizes were generated with those including 10 or more nodes identified as being of
particular interest. As such, all genes in each subnetwork are differentially expressed, co-
expressed and represent either transcriptional regulators or targets. The subnetworks were
visualized using Cytoscape [cytoscape/3] [69].

To visually compare expression patterns over time between the two species for subnetworks
of particular interest, we used regulators and targets identified within each subnetworks to
extract gene-specific expression from our combined Acomys-Mus expression matrix. We plot-
ted the mean log, expression in line graphs with 95% confidence intervals using custom CPy-
thon scripts. As such, genes within line graphs are differentially expressed, co-expressed, and
represent transcriptional regulators or targets identified by IPA.

RT-qPCR analysis

cDNA was generated from 1.5 pg of RNA using SuperScript IV VILO Reverse Transcriptase
(Invitrogen 11756050) following the manufacturers protocol. Real-Time PCR was performed
using Sso-Fast EvaGreen Supermix (Bio-Rad 172-5200) on a Bio-Rad C1000 Touch Thermal
Cycler. Fold change in expression was calculated using the AACt relative expression method
[70]. Sequence of PCR primers can be found in S7 Table.

Histology

For general histological and immunological studies group sizes were n = 4. For general histol-
ogy, both wounds and normal skin were fixed in 4% paraformaldehyde overnight, embedded
in paraffin wax and sectioned at 10 pum. Masson Trichrome staining was performed following
manufacturer’s recommended protocol (Fisher Scientific 22-110-648). For immunocytochem-
istry on paraffin wax sections the dehydrated sections were microwaved for 4 minutes in cit-
rate buffer pH 6 for antigen retrieval and the Vectastain Eite ABC kit (Vector Labs) was used
with diaminobenzidine as the chromogen and the stained sections dehydrated and mounted
in Permount. For immunocytochemistry on frozen sections, fixed sections were placed over-
night in 30% sucrose at 4°C, embedded in OCT and cryosectioned at 15 um. Fresh, unfixed tis-
sue was embedded directly in OCT and cryosectioned for Myh3 and BA-F8 immunostaining.
Cryosections were blocked for 1 hr in 0.5% Triton X-100, 0.1% fish skin gelatin (Sigma), 0.1%
Tween, 10% donkey serum in phosphate buffered saline (PBS), then incubated with primary
antibodies at a 1 in 100 dilution in blocking solution overnight at 4°C. The following day sec-
tions were washed in PBS and incubated for 1 hr in the dark with secondary antibodies at a
dilution of 1 in 200 and mounted in 80% glycerol containing 1 in 10,000 Hoeschst. The pri-
mary antibodies used in this study were Myh3 (DSHB F1.652), cd206 (Abcam ab64693), Iba-1
(Wako NCNP24), laminin a2 (Abcam ab11576) at 1:100 and myosin heavy chain (DSHB
BA-F8) at 1:10. The secondary antibodies used for fluorescence were Alexa Fluor 488 and 647
donkey anti-mouse IgG and Alexa Fluor 488 donkey anti-rabbit IgG (Abcam) at 1:200.
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Supporting information

S$1 Fig. Transcriptome metric plots. a) BUSCO metrics for individual transcriptome assem-
blies. In silico transcriptome presents all M. musculus RefSeq transcripts, and In silico tran-
scriptome expressed are only the M. musculus RefSeq sequences expressed in this study.
Current study is the A. cahirinus transcriptome from this study. Mamrot et al. (2017) a multi-
tissue, single-replicate A. cahirinus assembly. Gawriluk et al. (2016) represents an A. cahirinus
ear punch transcriptome generated from time course data b) Top BLAST hits for taxa across
Ensembl and SwissProt databases. Taxa had a minimum of 500 hits using Acomys cahirinus
transcripts as query sequences. ¢) Multi-dimensional scaling plot of sample gene expression.
Abbreviations are formatted as species (aco, mus), time point (0, 7, 14), sample number. Axes
represent the leading log fold change across the top two principal axes. d) Ex-N50 plotted
against Ex. ExXN50 represents the N50 for the highest expressed genes accounting for x% of the
total normalized expression. The first point therefore represents a N50 of about 500 for the
highest expressed genes representing about 18% of the total normalized expression.

(PDF)

S2 Fig. Scale-free and small-world characteristics. A scale-free network follows a power-law
distribution with parameters o and x,,;,, a) Histogram of alpha values from bootstrapped maxi-
mum likelihood estimates b) Histogram of x,,;,, values from bootstrapped maximum likeli-
hood estimates. A network with small-world characteristics has c) large average clustering
coefficient and d) short average path length.

(PDF)

S3 Fig. A. cahirinus early wound dermis shows limited Iba-1 +ve cells by immunofluores-
cence. Immunofluorescence was performed on fixed cryosectioned tissues for Iba-1 on (a) day
7, (b) day 10, (c) day 14 and (d) day 18 wound sections. Green-Iba-1; Blue-Hoechst. Scale
bars 100 yum.

(PDF)

$4 Fig. Linear fit assessment for power-law distribution. a) Linear fit of log frequency-log
degree plot. b) Residual plot from the log frequency-log degree fit. ¢) Q-Q plot demonstrating
deviations of residual plot from a normal distribution. d) Studentized residuals beyond an
absolute value of 2 are labeled as outliers (red plus). High leverage points are indicated by
green xs.

(PDF)

S5 Fig. Maximum likelihood estimates across bootstrapped datasets. Estimated parameters
include x,;, and o (Par 1). Corresponding p-values are also generated for bootstrapped esti-

mates where the null is a power-law distribution. Red lines indicate 95% confidence intervals.
(PDF)

S6 Fig. Factor plots of log2(RNA-Seq expression + 1) across samples. Plot of 1110 expression
where day 0 A. cahirinus expression is low/zero. Bars represent 95% confidence intervals.
(PDF)

S1 Table. Raw read counts.
(PDF)

S2 Table. Trimmed read counts.
(PDF)
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S3 Table. Trinity statistics.
(PDF)

S4 Table. Counts for differentially expressed genes across contrasts. FDR represents the
false discovery rate, and FC represents the fold change. Known represents A. cahirinus genes
with orthologs identified in M. musculus. Unknown represents genes without an identifiable
annotation.

(PDF)

S5 Table. Threshold statistics from petal. Correlation thresholds were determined using
scale-free parameters R* and the slope of the log-log plot as well as small-world parameters
mean clustering coefficient (MeanCC) and mean path length (MeanPath). The %Used repre-
sents the percent of the original dataset in the network and %BigComp provides the percent of
network vertices in the largest component.

(PDF)

S6 Table. IPA parameters.
(PDF)

S7 Table. RT-qPCR oligo sequences. List of RT-qPCR oligos used for both Mus and Acomys.
(PDF)

S8 Table. Petal R session information. R environment session information for petal analysis.
(PDF)

S1 Data. These data represent the output from IPA’s Bio Functions within the CORE
Analysis which provides detailed examination of downstream gene effects and their signif-
icance. Evidence is derived from published literature and significance is determined from a
provided time-course differential expression days 7-0 contrast results. These data were specifi-
cally derived from regeneration-associated genes as identified by IPA.

(TXT)

$2 Data. These data represent the output from IPA’s Bio Functions within the CORE
Analysis which provides detailed examination of downstream gene effects and their signif-
icance. Evidence is derived from published literature and significance is determined from a
provided time-course differential expression days 14-0 contrast results. These data were spe-

cifically derived from regeneration-associated genes as identified by IPA.
(TXT)

S3 Data. These data represent the output from IPA’s regulatory effects analysis for the
time-course 7-0 contrast where IPA attempts to predict activated or inhibited upstream
regulators that may increase or decrease phenotypic or functional outcomes downstream.
The consistency score is calculated by IPA for each regulator effect network. The consistency
score is higher for networks that are directionally consistent, that is where most of the expres-
sion states for regulators and targets match expected states for given diseases or functions
based upon existing literature. Identified regulators and targets are provided along with their
predicted function.

(TXT)

S$4 Data. These data represent the output from IPA’s regulatory effects analysis for the

time-course 14-0 contrast where IPA attempts to predict activated or inhibited upstream
regulators that may increase or decrease phenotypic or functional outcomes downstream.
The consistency score is calculated by IPA for each regulator effect network. The consistency
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score is higher for networks that are directionally consistent, that is where most of the expres-
sion states for regulators and targets match expected states for given diseases or functions
based upon existing literature. Identified regulators and targets are provided along with their
predicted function.

(TXT)

S5 Data. Mus per se-Day 7 vs Day 0 differential expression results table. Column A-fold
change in expression. Column B-official gene symbol. Column C-official gene name. Column
D—Benjamini and Hochberg false discover rate adjustment. Column E-log fold change in
expression. Column F-average expression of gene across samples. Column G-t statistic. Col-
umn H-p-value. Column I-B statistic (log odds). Column J-log counts per million of expres-
sion across samples.

(XLSX)

S6 Data. Mus per se-Day 14 vs Day 0 differential expression results table. Column headers
as described in S5 Data.
(XLSX)

S7 Data. Acomys per se-Day 7 vs Day 0 differential expression results table. Column head-
ers as described in S5 Data.
(XLSX)

S8 Data. Acomys per se-Day 14 vs Day 0 differential expression results table. Column head-
ers as described in S5 Data.
(XLSX)

$9 Data. Combined Analyses—Acomys vs Mus-Day 7 vs Day 0 differential expression
results table. Column headers as described in S5 Data.
(XLSX)

$10 Data. Combined Analyses—-Acomys vs Mus-Day 14 vs Day 0 differential expression
results table. Column headers as described in S5 Data.
(XLSX)

S11 Data. IPA results. Results from IPA core analyses. Each sheet represents the contrasts for
S1-54 Data.
(XLSX)

Acknowledgments

We thank UF Research Computing for access to computer infrastructure and systems support.
The Department of Biological Sciences at University of Florida, the Florida Genetics Institute
and the University of Florida College of Liberal Arts and sciences supported this work. The
contents of this article are solely the responsibility of the authors and do not necessarily repre-
sent the official views of the NIH.

Author Contributions
Conceptualization: Malcolm Maden, W. Brad Barbazuk.
Data curation: Jason O. Brant, W. Brad Barbazuk.

Formal analysis: Jason O. Brant, J. Lucas Boatwright, Ruth Davenport, Aaron Gabriel W.
Sandoval, Malcolm Maden, W. Brad Barbazuk.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216228 May 29, 2019 24/28


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216228.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216228.s020
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216228.s021
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216228.s022
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216228.s023
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216228.s024
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216228.s025
https://doi.org/10.1371/journal.pone.0216228

@ PLOS|ONE

De novo skeletal muscle regeneration in Acomys cahirinus

Funding acquisition: Malcolm Maden, W. Brad Barbazuk.

Investigation: Jason O. Brant, Malcolm Maden, W. Brad Barbazuk.
Methodology: Jason O. Brant, W. Brad Barbazuk.

Project administration: Jason O. Brant, Malcolm Maden, W. Brad Barbazuk.
Software: Jason O. Brant, J. Lucas Boatwright.

Supervision: Jason O. Brant, Malcolm Maden, W. Brad Barbazuk.
Validation: Jason O. Brant.

Visualization: Jason O. Brant.

Writing - original draft: Jason O. Brant, J. Lucas Boatwright.

Writing - review & editing: Jason O. Brant, J. Lucas Boatwright, Malcolm Maden, W. Brad
Barbazuk.

References

1. BrantJO, Lopez MC, Baker HV, Barbazuk WB, Maden M. A Comparative Analysis of Gene Expression
Profiles during Skin Regeneration in Mus and Acomys. PLoS One. 2015; 10(11):e0142931. https://doi.
org/10.1371/journal.pone.0142931 PMID: 26606282; PubMed Central PMCID: PMC4659537.

2. BrantJO, Yoon JH, Polvadore T, Barbazuk WB, Maden M. Cellular events during scar-free skin regen-
eration in the spiny mouse, Acomys. Wound Repair Regen. 2016; 24(1):75-88. https://doi.org/10.1111/
wrr.12385 PMID: 26606280.

3. Seifert AW, Kiama SG, Seifert MG, Goheen JR, Palmer TM, Maden M. Skin shedding and tissue regen-
eration in African spiny mice (Acomys). Nature. 2012; 489(7417):561-5. https://doi.org/10.1038/
nature11499 PMID: 23018966; PubMed Central PMCID: PMC3480082.

4. Maden M, Brant JO, Rubiano A, Sandoval AGW, Simmons C, Mitchell R, et al. Perfect chronic skeletal
muscle regeneration in adult spiny mice, Acomys cahirinus. Sci Rep. 2018; 8(1):8920. https://doi.org/
10.1038/s41598-018-27178-7 PMID: 29892004; PubMed Central PMCID: PMC5995887.

5. Carlson BM, Faulkner JA. The regeneration of skeletal muscle fibers following injury: a review. Med Sci
Sports Exerc. 1983; 15(3):187-98. PMID: 6353126.

6. Musaro A. The Basis of Muscle Regeneration. Advances in Biology. 2014; 2014:16. https://doi.org/10.
1155/2014/612471

7. Deng B, Wehling-Henricks M, Villalta SA, Wang Y, Tidball JG. IL-10 triggers changes in macrophage
phenotype that promote muscle growth and regeneration. J Immunol. 2012; 189(7):3669-80. https://
doi.org/10.4049/jimmunol.1103180 PMID: 22933625; PubMed Central PMCID: PMC3448810.

8. Ciciliot S, Schiaffino S. Regeneration of mammalian skeletal muscle. Basic mechanisms and clinical
implications. Curr Pharm Des. 2010; 16(8):906—14. PMID: 20041823.

9. Turner NJ, Badylak SF. Regeneration of skeletal muscle. Cell Tissue Res. 2012; 347(3):759-74.
https://doi.org/10.1007/s00441-011-1185-7 PMID: 21667167.

10. Grasman JM, Zayas MJ, Page RL, Pins GD. Biomimetic scaffolds for regeneration of volumetric muscle
loss in skeletal muscle injuries. Acta Biomater. 2015; 25:2—15. https://doi.org/10.1016/j.actbio.2015.07.
038 PMID: 26219862; PubMed Central PMCID: PMC4562809.

11.  Austyn JM, Gordon S. F4/80, a monoclonal antibody directed specifically against the mouse macro-
phage. Eur J Immunol. 1981; 11(10):805—15. https://doi.org/10.1002/eji.1830111013 PMID: 7308288.

12. Simkin J, Gawriluk TR, Gensel JC, Seifert AW. Macrophages are necessary for epimorphic regenera-
tion in African spiny mice. Elife. 2017; 6. https://doi.org/10.7554/eLife.24623 PMID: 28508748; PubMed
Central PMCID: PMC5433844.

13. Andrews S. FastQC: a quality control tool for high throughput sequencing data. http://www.
bioinformatics.babraham.ac.uk/projects/fastqc2010.

14. Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, Bowden J, et al. De novo transcript
sequence reconstruction from RNA-seq using the Trinity platform for reference generation and analysis.
Nat Protoc. 2013; 8(8):1494-512. https://doi.org/10.1038/nprot.2013.084 PMID: 23845962; PubMed
Central PMCID: PMC3875132.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216228 May 29, 2019 25/28


https://doi.org/10.1371/journal.pone.0142931
https://doi.org/10.1371/journal.pone.0142931
http://www.ncbi.nlm.nih.gov/pubmed/26606282
https://doi.org/10.1111/wrr.12385
https://doi.org/10.1111/wrr.12385
http://www.ncbi.nlm.nih.gov/pubmed/26606280
https://doi.org/10.1038/nature11499
https://doi.org/10.1038/nature11499
http://www.ncbi.nlm.nih.gov/pubmed/23018966
https://doi.org/10.1038/s41598-018-27178-7
https://doi.org/10.1038/s41598-018-27178-7
http://www.ncbi.nlm.nih.gov/pubmed/29892004
http://www.ncbi.nlm.nih.gov/pubmed/6353126
https://doi.org/10.1155/2014/612471
https://doi.org/10.1155/2014/612471
https://doi.org/10.4049/jimmunol.1103180
https://doi.org/10.4049/jimmunol.1103180
http://www.ncbi.nlm.nih.gov/pubmed/22933625
http://www.ncbi.nlm.nih.gov/pubmed/20041823
https://doi.org/10.1007/s00441-011-1185-7
http://www.ncbi.nlm.nih.gov/pubmed/21667167
https://doi.org/10.1016/j.actbio.2015.07.038
https://doi.org/10.1016/j.actbio.2015.07.038
http://www.ncbi.nlm.nih.gov/pubmed/26219862
https://doi.org/10.1002/eji.1830111013
http://www.ncbi.nlm.nih.gov/pubmed/7308288
https://doi.org/10.7554/eLife.24623
http://www.ncbi.nlm.nih.gov/pubmed/28508748
http://www.bioinformatics.babraham.ac.uk/projects/fastqc2010
http://www.bioinformatics.babraham.ac.uk/projects/fastqc2010
https://doi.org/10.1038/nprot.2013.084
http://www.ncbi.nlm.nih.gov/pubmed/23845962
https://doi.org/10.1371/journal.pone.0216228

@ PLOS|ONE

De novo skeletal muscle regeneration in Acomys cahirinus

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol.
1990; 215(3):403-10. https://doi.org/10.1016/S0022-2836(05)80360-2 PMID: 2231712.

The UniProt C. UniProt: the universal protein knowledgebase. Nucleic Acids Res. 2017; 45(D1):D158—
D69. https://doi.org/10.1093/nar/gkw1099 PMID: 27899622; PubMed Central PMCID: PMC5210571.

Bairoch A, Apweiler R. The SWISS-PROT protein sequence data bank and its supplement TrEMBL in
1999. Nucleic Acids Res. 1999; 27(1):49-54. https://doi.org/10.1093/nar/27.1.49 PMID: 9847139;
PubMed Central PMCID: PMC148094.

Powell S, Szklarczyk D, Trachana K, Roth A, Kuhn M, Muller J, et al. eggNOG v3.0: orthologous groups
covering 1133 organisms at 41 different taxonomic ranges. Nucleic Acids Res. 2012; 40(Database
issue):D284-9. https://doi.org/10.1093/nar/gkr1060 PMID: 22096231; PubMed Central PMCID:
PMC3245133.

Kramer A, Green J, Pollard J Jr., Tugendreich S. Causal analysis approaches in Ingenuity Pathway
Analysis. Bioinformatics. 2014; 30(4):523-30. https://doi.org/10.1093/bioinformatics/btt703 PMID:
24336805; PubMed Central PMCID: PMC3928520.

Petereit J, Smith S, Harris FC Jr., Schlauch KA. petal: Co-expression network modelling in R. BMC Syst
Biol. 2016; 10 Suppl 2:51. https://doi.org/10.1186/s12918-016-0298-8 PMID: 27490697; PubMed Cen-
tral PMCID: PMC4977474.

Gillespie CS. Fitting Heavy Tailed Distributions: The poweRlaw Package. Journal of Statistical Soft-
ware. 2015; 64(2). PubMed PMID: WOS:000352910600001.

Hoffman EP, Brown RH Jr., Kunkel LM. Dystrophin: the protein product of the Duchenne muscular dys-
trophy locus. Cell. 1987; 51(6):919-28. PMID: 3319190.

Urciuolo A, Quarta M, Morbidoni V, Gattazzo F, Molon S, Grumati P, et al. Collagen VI regulates satel-
lite cell self-renewal and muscle regeneration. Nat Commun. 2013; 4:1964. https://doi.org/10.1038/
ncomms2964 PMID: 23743995; PubMed Central PMCID: PMC3682802.

Fiorentino DF, Bond MW, Mosmann TR. Two types of mouse T helper cell. IV. Th2 clones secrete a fac-
tor that inhibits cytokine production by Th1 clones. J Exp Med. 1989; 170(6):2081-95. PMID: 2531194;
PubMed Central PMCID: PMC2189521.

Bogdan C, Vodovotz Y, Nathan C. Macrophage deactivation by interleukin 10. J Exp Med. 1991; 174
(6):1549-55. PMID: 1744584; PubMed Central PMCID: PMC2119047.

Fiorentino DF, Zlotnik A, Vieira P, Mosmann TR, Howard M, Moore KW, et al. IL-10 acts on the antigen-
presenting cell to inhibit cytokine production by Th1 cells. J Immunol. 1991; 146(10):3444-51. PMID:
1827484.

Bogdan C, Paik J, Vodovotz Y, Nathan C. Contrasting mechanisms for suppression of macrophage
cytokine release by transforming growth factor-beta and interleukin-10. J Biol Chem. 1992; 267
(32):23301-8. PMID: 1429677.

Sulahian TH, Hogger P, Wahner AE, Wardwell K, Goulding NJ, Sorg C, et al. Human monocytes
express CD163, which is upregulated by IL-10 and identical to p155. Cytokine. 2000; 12(9):1312-21.
https://doi.org/10.1006/cyt0.2000.0720 PMID: 10975989.

Tajbakhsh S, Borello U, Vivarelli E, Kelly R, Papkoff J, Duprez D, et al. Differential activation of Myf5
and MyoD by different Wnts in explants of mouse paraxial mesoderm and the later activation of myo-
genesis in the absence of Myf5. Development. 1998; 125(21):4155-62. PMID: 9753670.

Linker C, Lesbros C, Gros J, Burrus LW, Rawls A, Marcelle C. beta-Catenin-dependent Wnt signalling
controls the epithelial organisation of somites through the activation of paraxis. Development. 2005;
132(17):3895-905. https://doi.org/10.1242/dev.01961 PMID: 16100089.

Cossu G, Borello U. Wnt signaling and the activation of myogenesis in mammals. EMBO J. 1999; 18
(24):6867—72. https://doi.org/10.1093/emboj/18.24.6867 PMID: 10601008; PubMed Central PMCID:
PMC1171749.

Le Grand F, Jones AE, Seale V, Scime A, Rudnicki MA. Wnt7a activates the planar cell polarity pathway
to drive the symmetric expansion of satellite stem cells. Cell Stem Cell. 2009; 4(6):535—47. https://doi.
org/10.1016/j.stem.2009.03.013 PMID: 19497282; PubMed Central PMCID: PMC2743383.

Ito M, Yang Z, AndI T, Cui C, Kim N, Millar SE, et al. Wnt-dependent de novo hair follicle regeneration in
adult mouse skin after wounding. Nature. 2007; 447(7142):316-20. https://doi.org/10.1038/
nature05766 PMID: 17507982.

Bayle J, Fitch J, Jacobsen K, Kumar R, Lafyatis R, Lemaire R. Increased expression of Wnt2 and
SFRP4 in Tsk mouse skin: role of Wnt signaling in altered dermal fibrillin deposition and systemic scle-
rosis. J Invest Dermatol. 2008; 128(4):871-81. https://doi.org/10.1038/s].jid.5701101 PMID: 17943183.

Mamrot J, Legaie R, Ellery SJ, Wilson T, Seemann T, Powell DR, et al. De novo transcriptome assem-
bly for the spiny mouse (Acomys cahirinus). Sci Rep. 2017; 7(1):8996. https://doi.org/10.1038/s41598-
017-09334-7 PMID: 28827620; PubMed Central PMCID: PMC5566366.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216228 May 29, 2019 26/28


https://doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1093/nar/gkw1099
http://www.ncbi.nlm.nih.gov/pubmed/27899622
https://doi.org/10.1093/nar/27.1.49
http://www.ncbi.nlm.nih.gov/pubmed/9847139
https://doi.org/10.1093/nar/gkr1060
http://www.ncbi.nlm.nih.gov/pubmed/22096231
https://doi.org/10.1093/bioinformatics/btt703
http://www.ncbi.nlm.nih.gov/pubmed/24336805
https://doi.org/10.1186/s12918-016-0298-8
http://www.ncbi.nlm.nih.gov/pubmed/27490697
http://www.ncbi.nlm.nih.gov/pubmed/3319190
https://doi.org/10.1038/ncomms2964
https://doi.org/10.1038/ncomms2964
http://www.ncbi.nlm.nih.gov/pubmed/23743995
http://www.ncbi.nlm.nih.gov/pubmed/2531194
http://www.ncbi.nlm.nih.gov/pubmed/1744584
http://www.ncbi.nlm.nih.gov/pubmed/1827484
http://www.ncbi.nlm.nih.gov/pubmed/1429677
https://doi.org/10.1006/cyto.2000.0720
http://www.ncbi.nlm.nih.gov/pubmed/10975989
http://www.ncbi.nlm.nih.gov/pubmed/9753670
https://doi.org/10.1242/dev.01961
http://www.ncbi.nlm.nih.gov/pubmed/16100089
https://doi.org/10.1093/emboj/18.24.6867
http://www.ncbi.nlm.nih.gov/pubmed/10601008
https://doi.org/10.1016/j.stem.2009.03.013
https://doi.org/10.1016/j.stem.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19497282
https://doi.org/10.1038/nature05766
https://doi.org/10.1038/nature05766
http://www.ncbi.nlm.nih.gov/pubmed/17507982
https://doi.org/10.1038/sj.jid.5701101
http://www.ncbi.nlm.nih.gov/pubmed/17943183
https://doi.org/10.1038/s41598-017-09334-7
https://doi.org/10.1038/s41598-017-09334-7
http://www.ncbi.nlm.nih.gov/pubmed/28827620
https://doi.org/10.1371/journal.pone.0216228

@ PLOS|ONE

De novo skeletal muscle regeneration in Acomys cahirinus

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Gawriluk TR, Simkin J, Thompson KL, Biswas SK, Clare-Salzler Z, Kimani JM, et al. Comparative anal-
ysis of ear-hole closure identifies epimorphic regeneration as a discrete trait in mammals. Nat Commun.
2016; 7:11164. https://doi.org/10.1038/ncomms11164 PMID: 27109826; PubMed Central PMCID:
PMC4848467.

Rowley JW, Oler AJ, Tolley ND, Hunter BN, Low EN, Nix DA, et al. Genome-wide RNA-seq analysis of
human and mouse platelet transcriptomes. Blood. 2011; 118(14):e101-11. https://doi.org/10.1182/
blood-2011-03-339705 PMID: 21596849; PubMed Central PMCID: PMC3193274.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analy-
ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015; 43(7):e47. https://doi.org/
10.10983/nar/gkv007 PMID: 25605792; PubMed Central PMCID: PMC4402510.

Liu S, Lin L, Jiang P, Wang D, Xing Y. A comparison of RNA-Seq and high-density exon array for detect-
ing differential gene expression between closely related species. Nucleic Acids Res. 2011; 39(2):578—
88. hitps://doi.org/10.1093/nar/gkq817 PMID: 20864445; PubMed Central PMCID: PMC3025565.

Brawand D, Soumillon M, Necsulea A, Julien P, Csardi G, Harrigan P, et al. The evolution of gene
expression levels in mammalian organs. Nature. 2011; 478(7369):343-8. https://doi.org/10.1038/
nature10532 PMID: 22012392.

Barbosa-Morais NL, Irimia M, Pan Q, Xiong HY, Gueroussov S, Lee LJ, et al. The evolutionary land-
scape of alternative splicing in vertebrate species. Science. 2012; 338(6114):1587-93. https://doi.org/
10.1126/science.1230612 PMID: 23258890.

Stuart JM, Segal E, Koller D, Kim SK. A gene-coexpression network for global discovery of conserved
genetic modules. Science. 2003; 302(5643):249-55. https://doi.org/10.1126/science.1087447 PMID:
12934013.

Oldham MC, Horvath S, Geschwind DH. Conservation and evolution of gene coexpression networks in
human and chimpanzee brains. Proc Natl Acad Sci U S A. 2006; 103(47):17973-8. https://doi.org/10.
1073/pnas.0605938103 PMID: 17101986; PubMed Central PMCID: PMC1693857.

van Noort V, Snel B, Huynen MA. The yeast coexpression network has a small-world, scale-free archi-
tecture and can be explained by a simple model. EMBO Rep. 2004; 5(3):280—4. https://doi.org/10.1038/
sj.embor.7400090 PMID: 14968131; PubMed Central PMCID: PMC1299002.

Lee Tl, Rinaldi NJ, Robert F, Odom DT, Bar-Joseph Z, Gerber GK, et al. Transcriptional regulatory net-
works in Saccharomyces cerevisiae. Science. 2002; 298(5594):799-804. https://doi.org/10.1126/
science.1075090 PMID: 12399584.

Guelzim N, Bottani S, Bourgine P, Kepes F. Topological and causal structure of the yeast transcriptional
regulatory network. Nat Genet. 2002; 31(1):60-3. https://doi.org/10.1038/ng873 PMID: 11967534.

Yu H, Braun P, Yildirim MA, Lemmens |, Venkatesan K, Sahalie J, et al. High-quality binary protein inter-
action map of the yeast interactome network. Science. 2008; 322(5898):104—-10. https://doi.org/10.
1126/science.1158684 PMID: 18719252; PubMed Central PMCID: PMC2746753.

Watts DJ, Strogatz SH. Collective dynamics of 'small-world’ networks. Nature. 1998; 393(6684):440-2.
https://doi.org/10.1038/30918 PMID: 9623998.

Barabasi AL. Scale-free networks: a decade and beyond. Science. 2009; 325(5939):412-3. https://doi.
org/10.1126/science.1173299 PMID: 19628854.

Charge SB, Rudnicki MA. Cellular and molecular regulation of muscle regeneration. Physiol Rev. 2004;
84(1):209-38. https://doi.org/10.1152/physrev.00019.2003 PMID: 14715915.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data. Bioinfor-
matics. 2014; 30(15):2114-20. https://doi.org/10.1093/bicinformatics/btu170 PMID: 24695404;
PubMed Central PMCID: PMC4103590.

john SJ. SeqgPrep: Tool for stripping adaptors and/or merging paired reads with overlap into single
reads. https://github.com/jstjohn/SeqPrep2011.

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit |, et al. Full-length transcriptome
assembly from RNA-Seq data without a reference genome. Nat Biotechnol. 2011; 29(7):644-52.
https://doi.org/10.1038/nbt. 1883 PMID: 21572440; PubMed Central PMCID: PMC3571712.

Punta M, Coggill PC, Eberhardt RY, Mistry J, Tate J, Boursnell C, et al. The Pfam protein families data-
base. Nucleic Acids Res. 2012; 40(Database issue):D290-301. https://doi.org/10.1093/nar/gkr1065
PMID: 22127870; PubMed Central PMCID: PMC3245129.

Finn RD, Clements J, Eddy SR. HMMER web server: interactive sequence similarity searching. Nucleic
Acids Res. 2011; 39(Web Server issue):W29-37. https://doi.org/10.1093/nar/gkr367 PMID: 21593126;
PubMed Central PMCID: PMC3125773.

Lagesen K, Hallin P, Rodland EA, Staerfeldt HH, Rognes T, Ussery DW. RNAmmer: consistent and
rapid annotation of ribosomal RNA genes. Nucleic Acids Res. 2007; 35(9):3100-8. https://doi.org/10.
1093/nar/gkm160 PMID: 17452365; PubMed Central PMCID: PMC1888812.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216228 May 29, 2019 27/28


https://doi.org/10.1038/ncomms11164
http://www.ncbi.nlm.nih.gov/pubmed/27109826
https://doi.org/10.1182/blood-2011-03-339705
https://doi.org/10.1182/blood-2011-03-339705
http://www.ncbi.nlm.nih.gov/pubmed/21596849
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
https://doi.org/10.1093/nar/gkq817
http://www.ncbi.nlm.nih.gov/pubmed/20864445
https://doi.org/10.1038/nature10532
https://doi.org/10.1038/nature10532
http://www.ncbi.nlm.nih.gov/pubmed/22012392
https://doi.org/10.1126/science.1230612
https://doi.org/10.1126/science.1230612
http://www.ncbi.nlm.nih.gov/pubmed/23258890
https://doi.org/10.1126/science.1087447
http://www.ncbi.nlm.nih.gov/pubmed/12934013
https://doi.org/10.1073/pnas.0605938103
https://doi.org/10.1073/pnas.0605938103
http://www.ncbi.nlm.nih.gov/pubmed/17101986
https://doi.org/10.1038/sj.embor.7400090
https://doi.org/10.1038/sj.embor.7400090
http://www.ncbi.nlm.nih.gov/pubmed/14968131
https://doi.org/10.1126/science.1075090
https://doi.org/10.1126/science.1075090
http://www.ncbi.nlm.nih.gov/pubmed/12399584
https://doi.org/10.1038/ng873
http://www.ncbi.nlm.nih.gov/pubmed/11967534
https://doi.org/10.1126/science.1158684
https://doi.org/10.1126/science.1158684
http://www.ncbi.nlm.nih.gov/pubmed/18719252
https://doi.org/10.1038/30918
http://www.ncbi.nlm.nih.gov/pubmed/9623998
https://doi.org/10.1126/science.1173299
https://doi.org/10.1126/science.1173299
http://www.ncbi.nlm.nih.gov/pubmed/19628854
https://doi.org/10.1152/physrev.00019.2003
http://www.ncbi.nlm.nih.gov/pubmed/14715915
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://github.com/jstjohn/SeqPrep2011
https://doi.org/10.1038/nbt.1883
http://www.ncbi.nlm.nih.gov/pubmed/21572440
https://doi.org/10.1093/nar/gkr1065
http://www.ncbi.nlm.nih.gov/pubmed/22127870
https://doi.org/10.1093/nar/gkr367
http://www.ncbi.nlm.nih.gov/pubmed/21593126
https://doi.org/10.1093/nar/gkm160
https://doi.org/10.1093/nar/gkm160
http://www.ncbi.nlm.nih.gov/pubmed/17452365
https://doi.org/10.1371/journal.pone.0216228

@ PLOS|ONE

De novo skeletal muscle regeneration in Acomys cahirinus

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating signal peptides from trans-
membrane regions. Nat Methods. 2011; 8(10):785-6. https://doi.org/10.1038/nmeth.1701 PMID:
21959131.

Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting transmembrane protein topology with a
hidden Markov model: application to complete genomes. J Mol Biol. 2001; 305(3):567—-80. https://doi.
org/10.1006/jmbi.2000.4315 PMID: 11152613.

Sonnhammer EL, von Heijne G, Krogh A. A hidden Markov model for predicting transmembrane helices
in protein sequences. Proc Int Conf Intell Syst Mol Biol. 1998; 6:175-82. PMID: 9783223.

Pruitt KD, Brown GR, Hiatt SM, Thibaud-Nissen F, Astashyn A, Ermolaeva O, et al. RefSeq: an update
on mammalian reference sequences. Nucleic Acids Res. 2014; 42(Database issue):D756—63. https://
doi.org/10.1093/nar/gkt1114 PMID: 24259432; PubMed Central PMCID: PMC3965018.

Gish W. WU-BLAST 2.0. http://blastwustledu. 04-02-2002.

Chen F, Mackey AJ, Stoeckert CJ Jr., Roos DS. OrthoMCL-DB: querying a comprehensive multi-spe-
cies collection of ortholog groups. Nucleic Acids Res. 2006; 34(Database issue):D363-8. https:/doi.
org/10.1093/nar/gkj123 PMID: 16381887; PubMed Central PMCID: PMC1347485.

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or without a refer-
ence genome. BMC Bioinformatics. 2011; 12:323. https://doi.org/10.1186/1471-2105-12-323 PMID:
21816040; PubMed Central PMCID: PMC3163565.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9(4):357-9.
https://doi.org/10.1038/nmeth.1923 PMID: 22388286; PubMed Central PMCID: PMC3322381.

R Development Core Team. R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing. 2016.

Law CW, Chen Y, Shi W, Smyth GK. voom: Precision weights unlock linear model analysis tools for
RNA-seq read counts. Genome Biol. 2014; 15(2):R29. https://doi.org/10.1186/gb-2014-15-2-r29 PMID:
24485249; PubMed Central PMCID: PMC4053721.

Robinson MD, Oshlack A. A scaling normalization method for differential expression analysis of RNA-
seq data. Genome Biol. 2010; 11(3):R25. https://doi.org/10.1186/gb-2010-11-3-r25 PMID: 20196867
PubMed Central PMCID: PMC2864565.

Simao FA, Waterhouse RM, loannidis P, Kriventseva EV, Zdobnov EM. BUSCO: assessing genome
assembly and annotation completeness with single-copy orthologs. Bioinformatics. 2015; 31(19):3210—
2. https://doi.org/10.1093/bioinformatics/btv351 PMID: 26059717.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a software environ-
ment for integrated models of biomolecular interaction networks. Genome Res. 2003; 13(11):2498—
504. https://doi.org/10.1101/gr.1239303 PMID: 14597658; PubMed Central PMCID: PMC403769.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402—8. Epub 2002/02/16. https://doi.org/10.
1006/meth.2001.1262 PMID: 11846609.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216228 May 29, 2019 28/28


https://doi.org/10.1038/nmeth.1701
http://www.ncbi.nlm.nih.gov/pubmed/21959131
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1006/jmbi.2000.4315
http://www.ncbi.nlm.nih.gov/pubmed/11152613
http://www.ncbi.nlm.nih.gov/pubmed/9783223
https://doi.org/10.1093/nar/gkt1114
https://doi.org/10.1093/nar/gkt1114
http://www.ncbi.nlm.nih.gov/pubmed/24259432
http://blastwustledu
https://doi.org/10.1093/nar/gkj123
https://doi.org/10.1093/nar/gkj123
http://www.ncbi.nlm.nih.gov/pubmed/16381887
https://doi.org/10.1186/1471-2105-12-323
http://www.ncbi.nlm.nih.gov/pubmed/21816040
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1186/gb-2014-15-2-r29
http://www.ncbi.nlm.nih.gov/pubmed/24485249
https://doi.org/10.1186/gb-2010-11-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/20196867
https://doi.org/10.1093/bioinformatics/btv351
http://www.ncbi.nlm.nih.gov/pubmed/26059717
https://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1371/journal.pone.0216228

