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Abstract: Injury to the central nervous system (CNS), in most vertebrate animals, results in perma-
nent damage and lack of function, due to their limited regenerative capacities. In contrast, echino-
derms can fully regenerate their radial nerve cord (RNC) following transection, with little or no
scarring. Investigators have associated the regenerative capacity of some organisms to the stress
response and inflammation produced by the injury. Here we explore the gene activation profile of
the stressed holothurian CNS. To do this, we performed RNA sequencing on isolated RNC explants
submitted to the stress of transection and enzyme dissection and compared to explants kept in cul-
ture for 3 days following dissection. We describe stress-associated genes, including members of
heat-shock families, ubiquitin-related pathways, transposons and apoptosis that were differentially
expressed. Surprisingly, the stress response does not induce apoptosis in this system. Other genes
associated with stress in other animal models, such as hero proteins and those associated with the
integrated stress response, were not found to be differentially expressed either. Our results provide
a new viewpoint on the stress response in the nervous system of an organism with an amazing
regenerative capacity. This is the first step to decipher the molecular processes that allow echino-
derms to undergo fully functional CNS regeneration while also providing a comparative view for
students of the stress response in other organisms.
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Introduction

In higher vertebrates, such as humans, severe trauma to their Central Nervous Sys-
tem (CNS) can lead to life-long paralysis, while less complex organisms are capable of
extensive CNS regeneration [1]. The reason behind such significant differences in regen-
erative potential remains unclear. However, recent studies have pinpointed the initial
stress response to CNS trauma as a trigger of subsequent events that may limit overall
tissue regeneration [2]. Paradoxically, the very mechanisms by which the CNS in higher
vertebrates responds to damage leads to its regenerative incompetence. At the cellular
and transcriptomic level, past research has often divided the response to spinal cord injury
(S5CI), a common CNS lesion, into an acute phase (~24 hrs), a subacute phase (2-7 days),
and a chronic phase (weeks, months) [3][4][5][6][7]. The acute phase corresponds to the
direct effect of the injury on the tissue, while both the subacute and the chronic phases are
mediated mainly by the immune system or other events that originate from the acute re-
sponse. The early response to trauma is of particular note; it is essential for wound healing
and clearing of debris at the injury site but, if prolonged and excessive, it leads to second-
ary damage such as glial scarring. This scarring creates a milieu unfavorable for tissue
renewal [8]. Experiments in non-mammalian species, particularly fishes and amphibians,
have shown some peculiarities that may account for the increased regenerative potential
of these species [9][10][11][12][13]. Thus, investigators have probed the gene expression
profiles of species that can regenerate their spinal cord, following transection, as a source

© 2022 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202210.0087.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 October 2022 doi:10.20944/preprints202210.0087.v1

2 of 28

of insights (and future therapies) to understand the limits of CNS regeneration in mam-
mals.

Organisms in the phylum Echinodermata hold a unique evolutionary position, that
places them at a basal branch in vertebrate evolution. Their nervous system has been de-
scribed by several investigators [14][15]. In brief, their CNS is composed of five radial
nerve cords (RNCs), arranged around a central axis, that come together in an anterior
nerve ring. The radial nerves are ganglionated containing neuronal and glial cell bodies
surrounding a central neuropil area [16]. However deceptively simple this arrangement
may seem, various subpopulations of cells give these tissues amazing functional complex-
ity, even in the absence of cephalization or specialized nervous structures. Furthermore,
these organisms are capable of extensive CNS regeneration [17][18]. The regenerative ca-
pabilities, relatively simple anatomy, and close relation to vertebrates make these organ-
isms ideal models for biomedical studies on CNS regeneration. Particularly, they allow
researchers to study the mechanisms by which, following injury, the animals minimize
neurodegeneration and trigger a regenerative process.

The brown rock sea cucumber, Holothuria glaberrima, has been a particular focus of
studies in the past. These studies include morphological characterization of the regener-
ating RNC structures, as well as the description of the cellular events that underlie the
regeneration process [17]. One of the main findings arising from these studies is the essen-
tial role that radial glia-like cells play in mediating CNS regeneration by giving rise to
neurons and other cells through dedifferentiation and proliferation [18][19]. Although
these studies thoroughly describe the cellular events that unfold during RNC regeneration
and the distinct populations of cells present during various regenerative stages, there is
limited information on the molecular events that occur during regeneration. Mashanov
and colleagues provided an overview of the transcriptomic changes during RNC regen-
eration at various stages in H. glaberrima (particularly 2, 12, and 20 days post-injury), as
well as the groups of genes that were found to be differentially expressed [1]. However,
the study suffers from a possible confounding effect, as the tissues for transcriptomic anal-
ysis were not exclusively RNCs. Due to the anatomical structure of the RNCs in holothu-
rians, surgical extraction of an isolated RNC is practically impossible and the RNC dissec-
tion includes mRNA from the surrounding connective tissues, body wall muscles, and
water vascular canal, among others. This can lead to a misidentification of the differen-
tially expressed genes found at each stage, as the genes may be differentially expressed in
some other tissue, but not the actual RNC.

We have now developed a protocol to isolate H. glaberima RNCs by collagenase treat-
ment [20]. This technique allows an almost complete isolation of RNCs from surrounding
tissues, thus producing a source of CNS tissue with little or no contamination from adja-
cent tissues. The protocol, nonetheless, is somewhat abrasive, and produces an acute
stress response on the isolated RNCs akin to the initial response to trauma experienced by
the RNC after injury. Therefore, we have used this protocol to characterize the molecular
basis of this stress response to understand the initial response to trauma of animals that
exhibit extraordinary capabilities for CNS regeneration.

Results and Discussion
Stress response genes of the holothurian central nervous system

To identify genes of interest involved in the holothurian CNS stress response, we
compared the gene expression of RNCs following their dissection and extraction from the
body wall by a 24-hour collagenase treatment with that of RNCs explants kept in culture
following 3 days after collagenase dissection [20]. The rationale behind this experiment
was that the transection of the RNCs from anterior and posterior regions and from the
peripheral nerves, together with the 24 hr collagenase treatment would induce a stress
response on the RNC cells that would be ameliorated as the tissues are kept in tissue cul-
ture for the next 3 days. Differential gene expression analysis was performed using the
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DESeq2 R package [21]. We identified 422 genes with a significant increase in expression
(log: Fold Change = 2 and FDR-adjusted p-value < 0.05) at 24 hours post-collagenase
treatment, relative to the level of expression at 3 days in tissue culture. Conversely, we
identified 454 genes that showed a significant decrease in expression (log: Fold Change <
-2 and FDR-adjusted p-value < 0.05) during the same time frame (Figure 1).
Differentially expressed genes were then used to create two fasta files for annotation
using a Python script provided by the developers of the Corset software [22]. The two fasta
files were then annotated using the BLAST command line tool [23], the Uniprot peptides
database used as our reference database [24]. The 30 genes with the most significant dif-
ferential expression annotated using the Uniprot database are presented in Table 1.

log, Fold Change

Figure 1: MA plot of genes in the holothurian CNS. Each point in the plot represents an individual gene. Points colored red represent upregulated genes (log. Fold

Change > 2 and FDR-adjusted p-value < 0.05), while points colored blue represent downregulated genes (log: Fold Change < -2 and FDR-adjusted p-value < 0.05).

Functional groups of genes involved in the stress response of the holothurian Central Nervous
System

Functional groups of genes were identified according to Gene Ontology (GO) Con-
sortium terminology. For upregulated genes, enriched terms in Molecular Functions (MF)
included Unfolded Protein Binding, Peptidase Activity, and Transmembrane Receptor
Activity. Biological Process (BP) enriched terms ranged from Cellular Response to Stimu-
lus, and Proteolysis, to Cell Adhesion. Finally, enriched terms in Cellular Components
(CQ) included Membrane Part, and Integral Component of Membrane (transmembrane
protein) (Figure 2a).

Conversely, enriched terms in MF for downregulated genes included RNA Polymer-
ase Activity, Oxidoreductase Activity, and Transferase Activity. BP enriched terms en-
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compassed RNA Processing, ncRNA Processing, and Ribosome Biogenesis. Lastly, CC en-
riched terms ranged from Mitochondrial Envelope to Intracellular Organelle Part, and
Membrane Protein Complex (Figure 2b).

These initial analyses provided a broad overview of the most prevalent processes
during the CNS stress response in H. glaberrima. The enriched GO terms served to identify
genes that were associated with certain cellular processes of the stressed tissues by either
increasing or decreasing their expression. It is interesting to compare these results with
those obtained after holothurian RNC transection in vivo [1]. In fact, there is little if any
similarity among the processes defined by their gene expression profile. In vivo, most pro-
cesses 2 days after transection, correspond to processes associated with extracellular ma-
trix or with muscle systems. The reason behind this is that, in vivo, the RNC is embedded
within the body wall and it is practically impossible to isolate the tissue by itself. Thus,
the in vivo results most probably represent the ongoing changes in the body wall tissues
with little if any contribution from the RNC. In this respect, our present results, showing
biological terms associated with the response to various stressors correspond to a factual
view of what is taking place within the RNC neuronal and glial cells after transection,
since little or no other tissue contamination is present in our in vitro explants.

The enriched terms, however, give only a general idea of what is occurring at
a molecular level during the stress response. To provide a more accurate description of
the factors involved, we surveyed the RNC transcriptome database for homologs that
matched classical stress actors in ubiquitination, apoptosis, and unfolded protein re-
sponses, along with other recently described families of stress-associated proteins such as
the stress-protective factors Hero [25].
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Figure 2: Bar plots showing top ten enriched functional terms for genes upregulated (a) and downregulated (b), at 24 hours post-collagenase treatment.
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Table 1 Genes with most significant differential expression

Gene Uniprot Accession ID Function Pattern of Expression
(vs Day3)
RAB12 Q61Q22 Signal Transduction Downregulated
THOC6 Q86W42 Protein Binding Downregulated
HSP40B Q3HS40 Unfolded Protein Binding Upregulated
TTLL7 A4QIF0 Cellular Protein Modification Process Upregulated
POLYQ P23398 Protein Binding Upregulated
RPS27A P62979 Structural Constituent of Ribosome Downregulated
HSPA1A PODMV8 Damaged DNA Binding Upregulated
TBC1D15 Q8TCO7 Rab GTPase Activator Activity Upregulated
EGR1 A41120 Differentiation and mitogenesis Upregulated
BCDO1 Q9HAY6 Vitamin A Metabolism Upregulated
NEURL1 QOMW30 E3 Ubiquitin Ligase Upregulated
HSPA2 P54652 Unfolded Protein Binding Upregulated
JUN P54864 Transcription Factor Upregulated
CBLIF p27352 Cobalamin Binding Downregulated
RPS5 P46782 Structural Constituent of Ribosome Downregulated
MRPL12 Q7YR75 Structural Constituent of Ribosome Downregulated
SPDEF 095238 Transcription Factor Downregulated
DMBT1 QIUGM3 DNA Binding Upregulated
BAG3 095817 Heat Shock Protein Binding Upregulated
DYRK2 Q5Z1U3 Regulation of Cell Growth and Development Upregulated
WARS2 QIUGM®6 Mitochondrial tRNA Ligase (Tryptophan) Downregulated
SLC6A1 P30531 GABA Transporter Upregulated
TIMMB8AL Q9WVA2 Mitochondrial Intermembrane Chaperone Downregulated
AP5S1 QINUS5 Endosomal Transport Downregulated
JRKL Q9Y4A0 DNA Binding Downregulated
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NETO2 Q8NC67 lonotropic Glutamate Receptor Binding Upregulated
LzIC Q8WZAO0 Beta-Catenin Binding Downregulated
NRL P54846 Transcriptional Regulator Upregulated

FAM171B Q6P995 Integral Component of Membrane Downregulated

Note: All genes have an adjusted p-value of < 0.05.

Heat Shock Proteins

The Heat shock protein (Hsp) family has been associated, not only with heat-induced
stress, but also to stress originating from multiple other environmental factors. This pro-
tein family is divided into five groups according to their size and sequence similarities:
the 60-, 70-, 90-, 100- kDa Hsps and the small size Hsps (sHsps). Therefore, we decided to
look for sequences that matched these and other members of the Hsp family, as well as
additional proteins commonly associated with Hsp family members. As expected, poten-
tial homolog sequences were highly represented in our transcriptome and showed signif-
icant upregulation after 24 hours of collagenase treatment.

We identified one putative Hsp20 sequence in the RNC transcriptome database. The
sequence was similar to the Hsp20 sequence of the purple sea urchin Strongylocentrotus
purpuratus. The sequence showed upregulated expression after collagenase treatment.

We next focused on Hsp90 homologs. We found one sequence similar to the Hsp90
protein (Figure 3) that aligned with a cytosolic Hsp90 protein from A. japonicus. We were
unable to detect isoforms of the Hsp90 proteins that are found in the mitochondria or en-
doplasmic reticulum [26]. The aforementioned contig was found to be significantly upreg-
ulated 24 hours after RNC transection and collagenase treatment.

In our probe, we also found a contig with very high similarity to the chaperone
DNAJA1B (also known as Hsp40) protein of A. japonicus. This contig was complete and
possessed significant upregulation of expression after RNC transection and enzymatic
dissection. A second partial sequence with significant homology to DNA]J, and distinct
from the first contig, was also found to be upregulated after collagenase treatment.

Rounding off our search for members of the classical Hsps, we probed the transcrip-
tome for Hsp70 homologs. For this class of Hsps, we found 5 distinct contigs (28% homol-
ogy, 19% identity amongst themselves), all similar to Hsp70 proteins from various organ-
isms. An alignment of the conserved Hsp70 functional domain of the 5 sequences is shown
in Figure 4. Two of these contigs contained a complete sequence, meaning they possessed
an initial Methionine and a stop codon, while the remaining sequences were partial. All
of the aforementioned contigs, whether complete or partial sequences, possessed signifi-
cant upregulation of expression at 24 hours post-collagenase treatment. The identification
of various distinct Hsp70 family members in the RNC transcriptome of the H. glaberrima
is consistent with the literature on this family of proteins, where multiple isoforms have
been identified for D. melanogaster, C. elegans, Ciona intestinalis, and H. sapiens [27]. In fact,
several Hsp have been characterized from different sea cucumber species. Among these
are Hsp 90, Hsp 70, Hsp 60 and members of the small Hsp family [28][29][30][31][32].
These genes have been reported to be expressed by cells in the intestine, coelomocytes and
many other tissues. Similarly, they are differentially expressed during stress, mainly due
to temperature, salinity, hypoxia, or immune activation. Still, few reports associate these
genes with regenerative processes, and none shows their expression in the nervous com-
ponents of echinoderms. Some of the relevant findings are reports demonstrating Hsp72
upregulation in the regenerating arms of crinoids, another echinoderm class [33] and the
changes observed in various Hsps during wound healing in the sea cucumber H. tubulosa
[30].
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We also searched for less known chaperones or putative heat shock proteins. In this
probe, we identified a homolog for the Sacsin chaperone in the RNC transcriptome. The
contig is similar to the DNAJC29 Sacsin from H. sapiens and M. musculus. This protein is a
regulator of the Hsp70 machinery and therefore an important regulator of stress. Particu-
larly, the interplay between Hsp70 and various co-chaperones has been shown to protect
from neurotoxicity by promoting ubiquitination and degradation of misfolded proteins
to prevent aggregation in models of neurodegenerative diseases [34][35].

While many chaperone proteins are upregulated following RNC dissection, we iden-
tified some exceptions to these findings. The first example to catch our attention was a
homolog for CALR, which encodes the Calreticulin protein. This expression pattern is par-
adoxical, because Calreticulin is another important quality control mediator, specifically
in the endoplasmic reticulum. This is made all the more striking when one considers that
this protein is necessary for survival post-stress in Caenorhabditis elegans in vivo [36]. A
possible explanation might be that Calreticulin is necessary for long-term stress response
and that its levels remain elevated in the explant after 3 days of the dissection by the col-
lagenase treatment.

Other downregulated factors that caught our attention were various mitochondrial
chaperones. Among these were homologs for BCS1 and TIMM10. Both contigs were sig-
nificantly downregulated after transection and 24 hours post-collagenase dissection.
These data, along with the data shown in Figure 2B, suggest a depletion of mitochondrial
activity in these cells following stress. Davis et al. [37] and Hayakawa et al. [38] have de-
scribed a phenomenon by which neurons transfer damaged mitochondria to surrounding
glial cells for lysosome degradation. This form of cell-to-cell signaling could potentially
explain the depletion of mitochondrial transcriptomic activity at 24 hours post-colla-
genase treatment. And because this transfer of mitochondria is two-sided, meaning that
neurons may receive new mitochondria from glial cells, this could also explain the ob-
served cell viability and low apoptotic index.

The protective effect of individual Hsps might vary depending on the stress factor
and on cell type. Nevertheless, there are several reports where the expression of Hsps is
associated with nervous system development and/or with its protection during disease,
injury or other stressors [39][40][41][42]. Some of the Hsps proposed nervous system roles,
including: suppressing inflammation, increasing survival, modulating differentiation
and/or neurogenesis, could be crucial for the holothurian CNS neurons during regenera-
tive processes.

In summary, we detected that, with the exception of Calreticulin and mitochondrial-
specific chaperone proteins, Hsps are mostly upregulated following CNS transection and
enzymatic dissection, a fact that suggests an essential role for these types of protein factors
in the stress response of the holothurian CNS.
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AIT39270.1 IRMPE I TENWYPMEEGE ARIRETFAFQAETAQLMSLIINTFYSNKEIFLRELISNSSDALDKIR]
TRINITY DNO939 IRMPE I TEWNPMEEVEGERRETFAFQAETAQLMSLIINTFYSNKETIFLRELISNSSDALDKIR]
ATT39270.1 (JVYESTTDPSKLDSGKEFYIKIIP IKTITIQDSGIGMTKAHLINNLGTIAKSGTKAFME
TRINITY_DNO939% NN YESLTDPSKLDSGKEFYIKIIPRADINKTITIQDSGIGMTKAHLINNLGT IAKSGTKAFME
ATT39270.1 IV T.OAGADI SMIGQFGVGFYSAYLVAEKVSVISKHNDDE @ AGGSFTV@RTPTPED,
TRINITY_DNO939 NN T.OAGADISMIGQFGVGFYSAYLVAEKVEVISKHNDDES] BJAGGSFTVINOTIPTPED
ATT39270.1 180 Fejeiiohn/InT IWEEKRTKDIVKKHSQFIGYPIKLOQLEKEREKEVSDDEEEESH
TRINITY DN939 181 Ligjsiei opuTm MEYIEEKKTIKEVVKKHSQF IGYPIKLOLEKEREKEVSDDEEEE[D:S
AIT39270.1 240 EK-HENe—--—- JREIMKDEDTPE IEDVEDDEDGKKKEKKIWKKIKEKYMDEEELNKTKPT
TRINITY DN939 241 D EHKDEDTPEIEDVEDDIBDGKKKDKKISKKIKEKYWDEEELNKTKPI

AIT39270.1 VAW TRNADDITSEEYGEFYKSLTNDWEEHLAVKHF SVEGQLEMRALLEFVPKRAPFDLFENKK]
TRINITY DN939 KIRNWTRNADDITNEEYGEFYKSLTNDWEEHLAVKHF SVEGQLEIRALLFVPKRAPFDLFENKK

ATIT39270.1 SELAKKNNIKLYVRRVFIMDNCEDLIPEYLNFVKGVVDSEDLPLNISREWLOQSKILKVI®KNI
TRINITY DN939 KT YAKKNNIKLYVRRVF IMENCEELIPEYLNFVKGVVDSEDLPLNI SREULOQSKILKVIBRIKNI

ATIT39270.1 LYV KKCMEL I DNYKKFYEQFSKNLKLGIHEDSONRSKLASFLRYHSSSSGDERTS
TRINITY DN939 YNV KK CMEL I DNYKKFYEQFSKNLKLGIHEDSQNRBKLASFLRYHSSSSGDEMTS

AIT39270.1 LWL KDYVSRMKENQTQIYYITGERRDOVEINSAFVERVKKRGFEVLYMVEPIDEY @VOQLKEF
TRINITY DN939% AT KDYVSRMKBNQOTQIYYITGENKEQVEINSAFVERVKKRGFEVLYMVEPIDEYSVOQLKEF

AIT39270.1 SELEDGKTLYSITKEGLELPEDEEEKKKREEANAKIBENLCKVIKDI LDKKVEK VK RLVSSP
TRINITY DN939% 541 DGKTLTS*TKEGLELPEDEEEKKKREEANAKFENLCKVIKDILDKKVEKVI ERLVSSP
ATT39270.1 SELECCTIVTSQYGWEANMERIMKAQALRDTSTMGYMSAKKHLEVMNPDHPTIETLRKKVDADKND
TRINITY_ DN939 JORNCCTIVTSQYGWSANMERIMKAQALRDT STMGYMSAKKHLEENPEHP INETLRKKVDADKND

ATT39270.1 (K SVKDFVMLLFETALLSSGFSLEDPQTHT@RIYRMIKLGLGIDEEDPEMEEPAREELPPL
TRINITY_ DN939 JYWKSVKDFVMLLFETALLSSGFSLEDPQTHTRRIYRMIKLGLGIDEEDPSMEEPASEELPPL

ATT39270.1 I FGCDEEDVSRMEEVD
TRINITY_ DN939 VAN GDEEDVSRMEEVD

Figure 3: Alignment of Hsp90 homolog identified in the RNC transcriptome with a Hsp90 sequence from A. japonicus.
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TRINITY DN66190 40 g------ TKDNHRLGQFELSGIPPAQRGVPKIVVTHDIDANGILNESAKDES TERIBKVT

TRINITY DN15987 SLN T T DK GRL T REE I DR MR A F K Y K et
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TRINITY:DN33613 55 ITNDKGR@THEEIDRM&EI EDDAQRERVSARNQLENYAFSV
TRINITY DN42771 (PN TNDKGRLSKEE TERMVED GEDEAQRORIAAKNAL-=-=====

TRINITY:DN6619O LT TNAKGRLTKEE IR
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Figure 4: Alignment of the conserved domains of the Hsp70 homologs identified in the RNC transcriptome.

Ubiquitin

Chaperones are known to promote the ubiquitination and degradations of misfolded
proteins. Thus, it is not surprising that we found that many of the proteins associated with
the ubiquitin proteasome system are also upregulated following RNC enzymatic dissec-
tion. The ubiquitin pathway is inextricably associated with stress responses at the molec-
ular level in higher eukaryotes. The pathway plays an important role in damaged protein
disposal during stress responses to prevent harmful protein aggregation and to help re-
store homeostasis in the long-term [43]. Previous work from our group and others have
provided insights on the role that this pathway may play in stress responses of echino-
derms [44][45][46]. Using these previous studies to confirm what we observed in our NGS
data, we decided to survey various components of this pathway, and other ubiquitin-as-
sociated factors, in our RNC transcriptome. We found various matches for ubiquitin and
polyubiquitin to be upregulated 24 hours post-collagenase treatment, as well as various
protein factors involved in the ligation of ubiquitin to defective protein products. Among
these were RBBP6, RNF31, UBE3C-E3, TRIM2, and (3-TrCP. We also identified the upreg-
ulation at 24 hours post-collagenase treatment of various protein factors known to be as-
sociated with the ubiquitin proteolysis pathway. These factors include DYRK2 and
ZFAND2B. Conversely, we identified inhibitors of ubiquitination among the downregu-
lated genes at 24 hours post-collagenase treatment. Such genes include NOP53, UBLCP1,
and BABAMI. From this list of downregulated genes, we also identified various factors
involved in protein ubiquitination, such as UBFD1, UBE2C, STUB1, CUL5, and UBE2U.
Finally, we identified a transcript with similarities to STUB1 with a significant downreg-
ulation of expression. This particular transcript encodes an E3 Ubiquitin-ligase, which was
the only transcript of an E3 ligase to be downregulated at 24 hours post-collagenase treat-
ment.

In these analyses, we identified 13 transcripts with similarity to Ubiquitin that were
upregulated 24 hours post-collagenase treatment. To elucidate the uniqueness of each of
these transcripts, we aligned all 13 translated transcripts using the Geneious software.
This alignment showed the transcripts formed three subgroups. The first subdivision con-
tained a single sequence including an initial Methionine and stop codon. The second sub-
division contained two sequences that shared 50% similarity between each other, but less
than 50% similarity with the rest of the surveyed transcripts; only one of these sequences
contained an initial Methionine, but no stop codon. And finally, the third subdivision had
9 sequences that were 43% similar and 39% identical amongst themselves. From these 9
sequences, we selected the most representative sequence based on its length and the se-
quence similarity it shared with the sequences from the other two sequence subdivisions.
The remaining 8 sequences might represent distinct alleles or sequencing errors, and we
therefore decided to focus only on one sequence from this group for the present study. In
summary, we identified at least four distinct transcripts that encode different Ubiquitin
proteins in H. glaberrima (Figure 5). The possibility that other ubiquitin isoforms are pre-
sent is very likely, since our analysis was highly conservative trying to identify only the
most distinct unique sequences.

As ubiquitination for proteasomal degradation is a common molecular hallmark of
stress in eukaryotes, we expected many components of this pathway to be significantly
upregulated at 24 hours post-collagenase treatment. Consistent with our expectations,
many upregulated factors included the genes that code for the actual ubiquitin and
polyubiquitin molecules, as well as various proteins involved in ubiquitin ligation. Our
data also uncovered a complex network of these proteins, where some ubiquitin ligases
are upregulated, but others experience significant downregulation during the CNS stress
response. We hypothesize that this molecular process within the cells of the holothurian
CNS involves the ubiquitination of only specific groups of proteins.
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The identification of at least four distinct Ubiquitin transcripts further supports the
idea of intricate regulation of proteasomal degradation, as the four transcripts share a cer-
tain degree of similarity (owed to their Ubiquitin domain), but with an interesting grade
of difference in the remaining sequence. Such differences in sequence composition are a
classic biological mechanism for specificity, particularly by binding specificity and affin-
ity. Another interesting possibility is that some of these transcripts might be pseudogenes.
One such pseudogene (UBBP4), with Ubiquitin domains, that is actively transcribed was
recently described by Dubois et al. [47] While we identified at least four transcripts, we do
not rule out the possibility of more transcripts being present in our RNC transcriptome,
be they protein-coding variants that allow further specificity, or pseudogene transcripts
with yet to be described functions.

Following up on the identification of various upregulated Ubiquitin transcripts at 24
hours post-collagenase treatment, we logically expected to find that E3 ubiquitin-ligases,
the final effectors of the ubiquitin-tagging modification, would follow the same pattern of
transcript abundance. This was true, to a certain extent, given our identification of three
such E3 ligases that were upregulated at 24 hours post-collagenase treatment:_RNF31,
UBE3C-E3, and TRIM2.

An exception to the expression patterns observed for most of the E3 ubiquitin-ligases
was that of STUB1. While all the other E3 ligases were upregulated at 24 hours post-col-
lagenase treatment, STUB1 was downregulated at this timepoint. A possible explanation
for this finding is that STUBL is a versatile protein with various roles to play in the stress
response. Among these functions is E4 ligase-like activity, wherein this protein regulates
other E3 ligases in the stepwise process of ubiquitination and proteasome degradation
[48]. Therefore, the time of action for STUBI in the RNC stress response may be later than
that of the other E3 ligases because of functional plasticity. It is also worth pointing out
that STUB1 has also been found to mediate ubiquitination of Hsp70 and Hsp90 chaper-
ones for proteasomal degradation [49]. The pattern of expression found for STUBI then is
consistent with the upregulation of these chaperones in the RNC transcriptome at 24
hours post-collagenase treatment.
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Figure 5: Alignment of the translated ORFs of the four distinct transcripts from the H.

glaberrima RNC transcriptome that matched Ubiquitin.

Apoptosis

Programmed cell death or apoptosis is closely related to cellular stress responses. It
was, therefore, important to determine the expression of genes associated with apoptosis
in our transcriptomic data. Several apoptotic related genes, namely TRAF3, AP-1, SQSTM-
1, BAK1, CCAR1, and LAMTOR-5, were found to be differentially expressed (Table 3).
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However, several other apoptosis-related genes, namely BIRC5 (survivin), a member of
the IAP family, BCL-2, and p53, although found in our transcriptome, showed no signifi-
cant differential expression. Similarly, a search for caspases (as these proteins are some of
the main effectors of cell death) in our transcriptome identified homologs for caspases 1-
3 and 6-8 but none were differentially expressed. These data appeared paradoxical at first
glance, with some apoptotic genes showing differential expression while others showing
no change in expression. In brief, it provided no clear clue of whether apoptosis was being
induced by the stress response or not. To settle the issue, we performed a TUNEL analysis
to quantitate apoptosis at the cellular level. In both collagenase treated tissues (24 hrs) and
explants left for 3 days in culture we found a small number of apoptotic cells in RNC
explants, the apoptotic index being quite low ( < 1%) (Figure 6), a finding that may be
explained in great part due to the action of chaperones [50]. Thus, taken together, our data
suggest that while some genes in the apoptosis pathway are differentially expressed,
apoptosis is not actively occurring during the stress response. This observation was sur-
prising, as stress is commonly known to mediate cell death through careful orchestration
by the endoplasmic reticulum and the unfolded protein response (UPR). Studies from
mammals indicate that modulation of apoptosis exerted by the UPR may be responsible
for this paradoxical outcome [51]. In fact, we have found XBP1, a factor involved in the
UPR, that was upregulated at 24 hours post-collagenase treatment. A contig homologous
to XBP1 was found to be significantly upregulated at 24 hours post-collagenase treatment.
XBP-1 encodes a transcription factor essential for the UPR in the ER. Specifically, the acti-
vated XBP-1 protein regulates a range of transcriptional targets, including GATA3, MYC,
and FOS[52]. In this process, the XBP1 transcription factor can act as a “switch” between
apoptosis and survivability by regulating its downstream effectors. In various Alz-
heimer’s Disease models the active form of XBP-1 shows neuroprotective activity by way
of preventing amyloid-beta neurotoxicity after ER stress[53], a fact that highlights the im-
portance of this factor in the prevention of stress-mediated neurodegeneration. This is, to
our knowledge, the first evidence of elements of this apoptosis repression pathway and
its associated physiological response being present in echinoderms. The broader implica-
tions of these data will be of great interest for future work, given that we have shown that
RNCs that are transected and treated with collagenase for 24 hours display many of the
traditional hallmarks of stress (widespread ubiquitination, Hsp activation), but avoid the
pitfall of apoptosis. Future experiments in our laboratory will provide data for appropri-
ate comparisons of this apoptosis repression response in H. glaberrima to that of other
mammals in which it has been described comprehensively.
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Figure 6: Micrographs of RNC explants at 3 days post-collagenase treatment (A) and 24 hours post-collagenase treatment (B). Cell
nuclei were stained with DAPI (red), and apoptotic cells were detected using TUNEL (green). Finally, the percentage of apoptotic
cells in RNC explants placed in culture for 24 hours and 3 days was calculated (C).
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Table 3 Apoptosis-related Genes in the RNC Transcriptome

Gene Gene Function Pattern of Expression
(vs Day3)
TRAF2 Apoptosis Inhibitor Upregulated
AP-1 Transcription factor involved in controlling Upregulated

proliferation, apoptosis, and proliferation

SQSTM-1 Promotes Autophagy Upregulated
BAK1 Promotes Apoptosis Upregulated

CCAR-1 Regulates cell division cycle and apoptosis Upregulated
HK1 Carbohydrate metabolism and maintenance of Downregulated

outer mitochondrial membrane

LAMTOR-5 Inhibits Apoptosis Downregulated
BIRC5 Apoptosis Inhibitor No significant change
XIAP Apoptosis Inhibitor No significant change
BCL-2 Apoptosis Regulator No significant change

p53 Apoptosis Inhibitor No significant change
CASP1-3 and 6-8 Apoptosis Mediators No significant change

Note: Differential expression significance threshold was set at adjusted p-value of < 0.05.

Other stress related genes
Retrotransposons

Retrotransposons have been implicated in the response of cells to stress [54]. In pre-
vious experiments, Mashanov and colleagues identified a series of long terminal repeat
(LTR) retrotransposons in the radial nerve cords of H. glaberrima [55]. Since the involve-
ment of these LTR retrotransposons in neural regeneration was a key finding of their
work, we decided to survey the presence of the 36 sequences in our transcriptome data-
base. We found all 36 LTR sequences. However, only two of the sequences were differen-
tially expressed relative to the Day3 group: Gypsy-19 and Gypsy-1, with the former being
upregulated and the latter downregulated. In vivo, it was shown that the expression of
most retrotransposons remains high for 1-3 weeks, thus it is possible that in our in vitro
explants, the expression remains high and therefore shows no difference from the recently
injured/enzymatically dissociated RNC. In this respect it is interesting that Gypsy-19, in
vivo, is one of the few transposons that shows and acute response increasing almost 4-fold
2 days after injury, but then going back to uninjured levels by the following week.

Hero proteins
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Recently, Tsuboyama et al. [25] described the Hero protein family, a group of heat-
soluble molecules found in non-extremophilic organisms. These proteins function as
shields for heat-susceptible proteins, protecting them under stressful conditions such as
heat-shock and desiccation, and thus counteracting protein denaturation. Moreover, this
family of proteins plays a role in preventing neurodegeneration; in Drosophila melanogaster
neurodegeneration models, these proteins block the pathological aggregation of proteins
observed in various neurodegenerative diseases. Because this family of proteins shows
promise for studies of neural diseases, we decided to search for homologs in the transcrip-
tome of the isolated RNCs.

To perform this search, we used the BLAST software, querying the RNC transcrip-
tome with the Uniprot database (which itself holds the Hero protein sequences). As the
Hero protein family is not necessarily defined by a specific primary structure or motif, it
is difficult to identify homologs in H. glaberrima for this novel family of proteins. Never-
theless, we have identified three homologs in the radial nerve cord transcriptome. Two of
the homologs (Hero45, Hero11) did not experience significant differential expression at 24
hours post-collagenase treatment, and the homolog that did experience significant differ-
ential expression (Hero7) was downregulated post-collagenase treatment. This observa-
tion contrasts with our expectations for the role these proteins play in neurodegeneration.

Integrated Stress Response

The integrated stress response (ISR) pathway has been described as an important
mechanism used by eukaryotic cells to mitigate cell extrinsic (e.g., nutrient deprivation)
and intrinsic (e.g., ER stress) stressors [56]. Pathway initiation is regulated by phosphory-
lation of eukaryotic translation initiation factor 2 alpha (elF2a) via PERK, PKR, HRI,
GCN2 kinases [57]. Once elF2a is phosphorylated global protein synthesis is reduced and
survival and recovery genes, such as activating transcription factor 4 (ATF4), are selec-
tively translated [56]. Given the physiological stress exerted to H. glaberrima RNC, we eval-
uated ISR pathway involvement by assessing 10 main ISR factors (Table 6). All except
C/EBP homologous protein (CHOP) were found in our transcriptome database. To our
surprise none of the listed factors showed differential gene expression compared to RNC
explant cultured 3 days post-collagenase treatment. These results are consistent with our
previous data. It is well known that apoptotic factors p53, BCL-2, and caspase-1 are effec-
tors of the ISR pathway none of which showed significant differential expression. There-
fore, the accumulation of these results suggests no active ISR signaling pathway in colla-
genase treated RNC.
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Table 6
Factors Factor Name Response Pattern of Expresion
Cell survival and recovery during ISR.
ATF4 Activating Transcription Factor 4 ISR effector and master transcription No significant change
factor.
PERK PKR-Like ER Kinase No significant change
PKR double-stranded RNA-dependent Kinase | Kinases that initiate the ISR reponse by |  No significant change
phosphorylating elF2a translation
HRI Heme-regulated elF2a Kinase initiation factor. No significant change
GCN2 General control non-derepressible No significant change

Initiates the UPR (Unfolded Protein

IRE1 inositol-requiring protein 1 Response) No significant change
ATF6 activating transcription factor 6 Initiates the UPR (Unfolded Protein No significant change
Response)
PP1 Protein Phosphatase 1 ISR termination signal No significant change
elF2a eukaryotic translation initiation factor 2A Phosphorylation ofltgs factor commenzes No significant change
CHOP C/EBP homologous Protein CHOP/ATF4 interaction negatively Not Found

regulates ATF4

Transcription Factors

We identified various differentially expressed contig sequences homologous to an
array of transcription factors (Table 2). Among these were ATF2, a transcription factor
that dimerizes with Jun [58] to regulate cellular stress responses, including the DNA dam-
age response [59]. RXRA was another upregulated factor identified in our transcriptome
database. This factor is primarily a retinoid X receptor [60], but also shuffles between the
nucleus, cytoplasm, and mitochondria. RXRA has been shown to translocate to dimerize
with NUR77, after which it is translocated to the mitochondria, and NUR77 interacts with
BCL-2 to induce apoptosis [61]. None of these transcription factors were reported to be
differentially expressed after transection in vivo [1], probably due to what was explained
earlier that in the in vivo studies other components (muscle, ECM) within the sample pre-
sented the larger gene expression changes.

Table 4 Transcription factors with significant differential expression

Gene | Pattern of Expression
(vs Day3)
ATF2 Upregulated
RXRA Upregulated
EF1A1 Upregulated
ZNFX-1 Upregulated
NR4A2 Upregulated

Note: All genes have an adjusted p-value of < 0.05.
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Conclusions

It is important to place our results within the context of the experimental procedure
and the tissue comparisons. For one, the stress elicited in our model system comes from
two different procedures. On the one hand it involves the transection of the RNC from
anterior and posterior regions of the radial nerve as well as the transection of peripheral
nerves. On the other hand the tissue is kept in a collagenase solution for ~24 hrs and then
dissociated from the surrounding body wall. Therefore, the protocol provides a very par-
ticular stimuli which may impact the expression of certain genes or signaling systems. The
procedure can be compared to dissecting out portions of the spinal cord from the sur-
rounding vertebra and cutting of the spinal nerves, then keeping them as explants in cul-
ture. Thus, some of the observed effects might be due to different “types” of stress, de-
pending on the cells that might have suffered injuries or alterations in their neuronal cir-
cuits. Second, and most important, is that the tissue used for gene expression comparisons
is the RNC kept in culture for three days following removal from the body wall by tran-
section and enzymatic dissection. Comparisons to the in situ RNC are not possible, in view
of the fact that the latter is embedded within the body wall of the animal, and it is impos-
sible to surgically isolate it without contamination from the surrounding tissues, as has
been shown in some of our comparisons. Therefore, it is plausible that some of the ob-
served responses are due to additional changes induced by the culture environment.
Nonetheless, experimental data from the laboratory have shown that RNCs kept in cul-
ture for up to 7 days maintain many of their morphological integrity and cell processes
[20]. In addition, it is important to state that our comparative analyses implies that a gene
that shows “no significant change” in its expression is either not changing at all in re-
sponse to the dissection or on the contrary that its expression changes take place after the
enzymatic dissection and continue even after 3 days in culture.

Having stated these provisions, it still is important to highlight that the profile of
gene expression strongly suggests a stress response comparative to those detected in
many tissues and animal species, but at the same time with a gene expression profile that
might be distinctive to the holothurian RNC. Most importantly, we provide evidence of
stress associated genes that are found within the holothurian nervous system transcrip-
tome and show how some of these might be playing a role in the stress response (as de-
termined by their changes in expression). Our work provides an important listing of those
genes that should be further studied in order to determine how the stress associated with
injury might elicit some of the mechanisms found in the holothurians that protect their
nervous system and allows for its full regeneration.

Table 5 All genes mentioned in the body of this text and their respective change in expression

Gene Log2 Fold Change FDR-adjusted p-value
RAB12 -3.52 0.0006
THOCG6 -3.91 9.90E-06
HSP40B 6.67 1.75E-06
TTLL7 5.96 0.0002
POLYQ 3.24 0.0001
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RPS27A -4.71 0.0009
HSPA1A 5.48 3.32E-08
TBC1D15 5.40 1.25E-05
EGR1 6.75 3.62E-25
BCDO1 5.93 1.13E-16
NEURL1 4.79 3.77E-14
HSPA2 5.97 5.93E-13
JUN 4.55 1.31E-05
CBLIF -4.76 1.66E-11
RPS5 -8.43 6.42E-09
MRPL12 -5.81 1.98E-08
SPDEF -5.38 1.09E-07
DMBT1 5.93 0.0008
BAG3 4.77 6.05E-07
DYRK2 3.43 6.25E-07
WARS2 -4.43 0.0001
SLC6A1 4.33 7.71E-07
TIMM8A1 -5.78 9.03E-07
AP5S1 -4.67 1.22E-06
JRKL -7.14 2.68E-06
NETO2 4.27 2.77E-06
LZIC -4.23 3.12E-06
NRL 5.86 4.29E-06
FAM171B -3.73 5.77E-06
HSP20 3.30 0.0002
HSP90 4.77 1.20E-07
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HSP70_1 4.39 1.24E-05
HSP70_2 6.73 2.30E-08
HSP70_3 5.17 1.07E-07
HSP70_4 3.52 0.0002
HSP70_5 5.54 9.24E-07
DNAJC29 3.34 0.00023117
CALR -5.59 5.90E-06
BCS1 -3551 0.00016118
TIMM10 -4.97 3.85E-05
RBBP6 2.49 0.0007
RNF31 2.54 0.0004
UBE3C-E3 3.07 0.0008
TRIM2 3.58 0.0008
B-TrCP 4.43 0.0003
DYRK2 3.43 6.25E-07
ZFAND2B 411 3.48E-05
NOP53 -3.98 0.0008
UBLCP1 -2.53 0.0006
BABAM1 -3.99 0.0003
UBFD1 -4.00 0.0005
UBE2C -4.45 0.0009
STUBL -3.11 0.0009
CuL5 -3.28 0.0005
UBE2U -4.39 4.29E-05
UBB_1 3.33 1.09E-05
UBB_2 3.15 1.25E-05
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UBB_3 3.20 0.00029068
UBB 4 3.87 1.20E-05
TRAF3 2.38 0.0006
AP-1 441 6.46E-07
SQSTM-1 2.47 0.0002
BAK1 2.88 0.0002
CCAR1 5.64 0.0008
HK1 -3.31 0.0004
LAMTOR-5 -4.58 0.0001
XBP-1 2.73 0.03
GYPSY-19 3.66 0.0001
GYPSY-1 -3.89 0.0002
HERO7 -2.62 0.001
ATF2 3.25 0.0006
RXRA 481 0.0009
EF1A1 4.41 6.91E-05
ZNFX-1 6.53 3.97E-06
NR4A2 291 0.0001
Materials and Methods

Sample Collection

Adult individuals of the sea cucumber Holothuria glaberrima were collected from the
north coast of Puerto Rico. Specimens were then stored in sea water aquaria at room tem-
perature for 24 hours. Samples from H. glaberrima specimens were collected by excising
radial nerve cords (RNCs) along with surrounding tissues. The RNCs are anatomically
located in close proximity to various tissue (such as connective structures, segments of the
body wall, and segments of water-vascular canal), making a perfect isolation via surgery
practically impossible. Given this limitation, we used a recently described protocol to iso-
late the RNC [20]. In brief, the excised tissue complexes were placed in collagenase for 24
hours. This treatment isolates RNCs by degrading the collagen composition of the sur-
rounding tissue. The surgical transection of the RNC from other CNS structures and from
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the peripheral nerves incites a stress response from the nervous tissue, allowing charac-
terization of the central nervous system (CNS) stress response in our model organism.
Therefore, comparisons were made between RNCs that had been collagenase-treated for
24 hrs and RNCs that were cultured as explants for 3 days following the collagenase treat-
ment.

RNA Extraction

Total RNA extraction was performed using phenol and chloroform standard rea-
gents, as well as the RNeasy mini kit (Qiagen, Germany). The concentration and purity of
the RNA was determined using the NanoDrop-1000 Spectrophotometer (Nano Drop
Technologies, Rockland, DE). Various RNC fragments from 1-2 specimens were pooled
together to gather RNA and were treated as individual samples. Thus, 5 biological repli-
cates were prepared: three corresponding to the RNCs treated with collagenase for 24
hours (0 day group) and two corresponding to the RNCs cultured for 3 days (3 day group)
following collagenase treatment.

RNA Sequencing

Prepared RNA samples were sent to the Sequencing and Genomics Facility of the
University of Puerto Rico in Rio Piedras for library preparation and RNA sequencing as
published before [62]. Libraries were prepared using the TruSeq RNA Library Prep Kit
(lumina, San Diego, CA). Subsequently, paired-end RNA sequencing was performed (II-
lumina NextSeq 500, Illumina). Raw sequencing reads from the Illumina platform were
deposited at NCBI Sequence Read Archive (SRA) under accession number
NCBIL:SRAXXXXX (number to be placed at a later date).

De novo Assembly Pipeline

The elvers software was used for the majority of the RNAseq analyses performed on
the RNC data. The standard workflow (Eel Pond Protocol) defined by the developers was
followed. This includes quality filtering, quality assessment, k-mer trimming and digital
normalization, de novo assembly, read quantification, and differential expression analyses.
All transcriptome processing was performed with the elvers modules, except for transcrip-
tome annotation and hierarchical clustering of assembled contigs, which were performed
separately. Additional differential expression analyses were also performed without the
use of the elvers differential expression analysis module.

Reads were quality trimmed using the Trimmomatic software. Illumina adapters,
leading and trailing bases with quality < 2 were removed from the sequencing data, as
well as reads shorter than 25 base pairs.

K-mer trimming and digital normalization for the quality-trimmed reads were per-
formed to reduce the computational burden of transcriptome assembly. A Python script
provided by the khmer module from the elvers software was utilized, with a k = 20. If a
particular k-mer was identified more than three times in the data, it was removed, thus
decreasing the amount of reads for assembly without forsaking the quality of the assem-
bled transcriptome.

The Trinity software was utilized for transcriptome assembly. Quality and k-mer
trimmed paired-end reads were provided as input, and default parameters were used to
generate contiguous sequences.

Quality-trimmed reads from the five sequenced libraries were aligned to the assem-
bled contigs using the Salmon software to quantify expression. The —dumpEq parameter
was specified to obtain equivalence classes. These classes are necessary for contig hierar-
chical clustering via the use of the Corset software. This step aimed to solve the redun-
dancy issue that is common to de novo transcriptome assemblers such as Trinity. The Corset
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software hierarchically clusters contigs based on shared reads and expression, summariz-
ing read counts into clusters which could then be interpreted as “genes”. Corset was uti-
lized with default parameters.

To perform the differential expression gene analysis, the DESeq2 R package was uti-
lized. The comparison was made taking the 0 day group as an experimental group and the
3 day group as a control group. To define a gene as differentially expressed, we established
a False Discovery Rate (FDR) threshold of < 0.05.

Transcriptome Annotation

The assembled RNC transcriptome was annotated using the BLAST command line
software. The Uniprot database was utilized as reference for identification of sequences
of interest. Homology for our contig sequences was defined via the use of two parameters:
E-value < le-5 and 50% identity between the matched sequence in the Uniprot database
and our contig sequence. Additional annotation for ubiquitin and Hsp family proteins
was also performed using the NCBI non-redundant (nr) database, with the established
parameters for defining matches.

Gene Set Enrichment Analysis and KEGG Pathway Enrichment

The DAVID (Database for Annotation, Visualization, and Integrated Discovery) soft-
ware was used to perform functional annotation and thus identify groups of genes and
molecular pathways that were significantly enriched during RNC stress response [63].
Particularly, the RDAVIDWebService R package was used to access the data available from
DAVID databases within the R interface. The obtained IDs from the Uniprot BLAST were
used as the gene background for enrichment analyses, and the following annotation cate-
gories were specified: "GOTERM_BP_ALL", "GOTERM_MF_ALL", "GOTERM_CC_ALL".
The obtained GO terms were filtered using the Revigo software to eliminate redundancy
of the functional enrichment terms [64].

TUNEL

For apoptosis measurements, RNCs were fixed in 4%paraformaldehyde and sec-
tioned as reported previously [20]. Deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) was performed to identify cells in the RNC explants that were un-
dergoing apoptosis. FragEL DNA Fragmentation Detection Kit, Fluorescent - TdT Enzyme
(Calbiochem, QIA39) was used and cells were quantified following the protocol previ-
ously adapted in our lab[20][65].
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