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Myc regulates programmed cell death and
radial glia dedifferentiation after neural injury

in an echinoderm
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Abstract

Background: Adult echinoderms can completely regenerate major parts of their central nervous system even after
severe injuries. Even though this capacity has long been known, the molecular mechanisms that drive fast and
complete regeneration in these animals have remained uninvestigated. The major obstacle for understanding these
molecular pathways has been the lack of functional genomic studies on regenerating adult echinoderms.

Results: Here, we employ RNA interference-mediated gene knockdown to characterize the role of Myc during the
early (first 48 hours) post-injury response in the radial nerve cord of the sea cucumber Holothuria glaberrima. Our
previous experiments identified Myc as the only pluripotency-associated factor, whose expression significantly
increased in the wounded CNS. The specific function(s) of this gene, however, remained unknown. Here we
demonstrate that knockdown of Myc inhibits dedifferentiation of radial glia and programmed cell death, the two
most prominent cellular events that take place in the regenerating sea cucumber nervous system shortly after injury.

Conclusions: In this study, we show that Myc overexpression is required for proper dedifferentiation of radial glial
cells and for triggering the programmed cell death in the vicinity of the injury. Myc is thus the first transcription factor,
whose functional role has been experimentally established in echinoderm regeneration.
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Background
Injuries to the central nervous system (CNS) in mammals
result in devastating consequences because of the lim-
ited capacity of the lesioned neurons to regenerate across
the wound site and re-establish appropriate connections.
On the other hand, there are animals who can com-
pletely regenerate their severed CNS in a fast and efficient
way. Among these animals, echinoderms are of particular
interest, because their phylogenetic position among basal
deuterostomes makes them equally suitable for studies of
evolution of neural regeneration in the animal kingdom
and for looking for insights into how CNS regeneration
can be improved in mammals.

The main components of the echinoderm CNS are five
equidistantly spaced radial nerve cords (RNCs) (Fig. 1),
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each innervating the adjacent structures in the respec-
tive sector of the body. At the oral end of the animal,
the five RNCs are joined together by a circumoral nerve
ring. An established injury paradigm to investigate neu-
ral regeneration in echinoderms has been to completely
cut one of the RNCs at about the mid-body level [1-3].
Among the most prominent components of the early
post-injury response are a sharp increase in programmed
cell death and extensive dedifferentiation of glial cells in
the vicinity of the lesion. The dedifferentiated glial cells
become highly proliferative and act as a major source of
both new glial cells and new neurons in the regenerat-
ing segment of the radial nerve cord [1, 3]. The ability of
the echinoderm glia to acquire pluripotency and take on
a leading role in neural regeneration contrasts with the
early post-traumatic events in mammals, where glial cells
form a scar, which inhibits any subsequent regeneration
across the wound gap [4, 5]. As the early processes in the
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Fig. 1 Organization of the uninjured radial nerve cord and surrounding tissues in the sea cucumber H. glaberrima. Paraffin sections stained with
Safranin O, Fast Green and Weigert Iron Hematoxilyn. A Transverse section. B Longitudinal section. bw, body wall; Imb, longitudinal muscle band;

rnc, radial nerve cord; tf, tube foot; wvc, water-vascular canal

lesioned CNS largely determine whether genuine regener-
ation or scarring will ensure, better understanding of the
events that unfold shortly after injury in the echinoderm
CNS may eventually lead to the development of better
therapeutic strategies to stimulate neural regeneration in
humans.

In an attempt to get insight into molecular mechanisms
involved in control of cell activation and dedifferentia-
tion in the regenerating echinoderm CNS, we investigated
expression patterns of pluripotency factors in the RNC
of a sea cucumber at various time points after injury
[6, 7]. We identified 11 homologs of vertebrate pluripo-
tency genes [8—10], of which only Myc expression showed
significant increase in response to the RNC injury. The sea
cucumber Myc is a homolog of mammalian Myc proteins,
global transcription regulators that moderate expression
of 10—15 % of the genome and play crucial roles in control
of cell growth, proliferation, balance between self-renewal
and differentiation, and apoptosis in various develop-
mental contexts and during oncogenic transformation
[11-14]. Interestingly, the expression level of the sea
cucumber Myc was already elevated during the early
response to RNC injury [7]. We therefore hypothesized
that this increase in Myc expression was somehow associ-
ated with the initiation of CNS regeneration, however, the
specific function(s) of the gene remained unknown.

In this study, we adapt RNA interference (RNAI)-
mediated gene silencing to determine the roles played by
Myc during the early post-injury response in the RNC
of the brown rock sea cucumber Holothuria glaberrima
Selenka, 1867. We show that elevated levels of Myc dur-
ing the first two days after the injury are required for
proper dedifferentiation of radial glial cells and for initia-
tion of programmed cell death in the vicinity of the lesion.
To our knowledge, the present study is the first imple-
mentation of RNAi methodology in regenerating adult
echinoderms. The ability to use functional genomics tools
makes it possible at last to experimentally decipher molec-
ular pathways underlying post-traumatic organogenesis in
these highly regenerating animals.

Results

Electroporation of DsiRNAs reduces Myc expression in the
injured radial nerve

In order to determine the functional role of Myc in
the early response to the CNS injury in H. glaberrima,
we designed two different Dicer-substrate small interfer-
ing RNAs (DsiRNAs), designated as Myc Dsil and Myc
Dsi2, which targeted distinct (non-overlapping) regions
of the Myc transcript (Fig. 2). The decision to use longer
DsiRNAs with a 25-nt sense strand and a 27-nt anti-
sense strand rather than more traditional shorter 21-nt
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Fig. 2 Diagram showing the sequences of the two Myc-targeting DsiRNAs (Myc Dsi1 and Myc Dsi2) and their target sites within the open reading
frame (ORF) of the H. glaberrima Myc transcript. Red and blue letters indicate additional RNA and DNA bases, respectively, which distinguish DsiRNAs

ORF

i
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duplexes was based on the fact that DsiRNAs can be
up to 100-fold more efficient than the classical 21-mers
[15]. DsiRNAs were injected and electroporated into the
RNC (Additional files 1 and 2). Besides reagent deliv-
ery, the injection procedure also served another function.
The diameter of the injection needle was chosen to be
greater than the width of the RNC, so that complete
transection is achieved during the injection procedure
(Additional file 2). Two days after surgery, quantitative
real-time RT-PCR (qRT-PCR) showed that injection and
electroporation of either Myc Dsil or Myc Dsi2 caused a
significant ~1.9-fold decrease in Myc mRNA expression
compared with the injection of the control GFP-trageting
DsiRNA (Fig. 3a), whereas the animals treated with the
control DsiRNA themselves did not show any significant
differences when compared with the animals injected with
the vehicle alone.

Likewise, in situ hybridization shows that RNAi-
mediated gene targeting causes Myc expression to fall
below the detection limit in the cells adjacent to the site of
injury/injection. No knockdown occurred when the ani-
mals were injected with the control GFP-targeting Dsi
RNA (Fig. 3b-¢’).

Forced downregulation of Myc transcripts impairs
dedifferentiation of radial glia

Glial dedifferentiation is one of the key cellular events
that take place in the injured sea cucumber RNC shortly
after transection [1, 3]. Under normal conditions, fully
differentiated radial glial cells show typical palisade mor-
phology, with their cell bodies mostly localized to the
apical region of the neuroepithelium and the long basal
processes extending through the entire thickness of the
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Fig. 3 RNA interference-mediated Myc knockdown. a Myc expression in the regenerating radial nerve cord on day 2 after injury/DsiRNA injection as
determined by gRT-PCR. Two DsiRNA constructs were used, Myc Dsi1 and Myc Dsi2, as described in Methods. Expression values are plotted as fold
change relative to a negative control (a GFP-targeting DsiRNA) and expressed in a log, scale. Error bars show standard deviation. **p < 0.01,

**¥p < 0.001. b-¢' Representative in situ hybridization micrographs showing Myc expression in the radial nerve cord on day 2 after
transection/DsiRNA injection. The upper (b and b’) and lower (c and ¢') rows of micrographs show longitudinal sections of the RNC of an animal
treated with a control (GFP-targeting) DsiRNA and an animal injected with one of the Myc-targeting DsiRNAs (Myc Dsi1), respectively. The
micrographs on the right (b’ and ¢') are high-magnification view of the boxed regions in the main micrographs on the left (b and ¢, respectively). The
red dashed line indicates the position of the plane of injury. Note the absence of in situ hybridization signal from the cell bodies in the apical region
of the ectoneural neuroepithelium of the RNC in the animal treated with Myc Dsi1, but not in the animal, which received the control DsiRNA injection
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neural parenchyma [16, 17]. In response to injury, how-
ever, the glial cells loose their basal processes, which
undergo fragmentation and become eventually phagocy-
tosed by adjacent cells. The glial cells bodies persist in the
apical region of the neuroepithelium and retain epithelial
characteristics such as intercellular junctions and api-
cobasal cell polarity, but undergo extensive reogranization
of the cytoskeleton and chromatin decondensation [1, 3].

In order to determine if there is any effect of RNAi-
induced Myc knock-down on post-traumatic dedifferen-
tiation of radial glial cells, we measured the relative area
of the RNC occupied by glial cells, which still retained
their basal processes (i.e., remained in the differentiated
state) on day 2 post-injury. The measurements were per-
formed on sagittal sections and covered the area span-
ning 1 mm from the site of the injury/injection. Myc
knock-down had a highly significant effect on the extent
of glial dedifferention (one-way ANOVA, F(3,13) =
18.99,p = 4.94 x 107°). Electroporation of either of
the two DsiRNAs, Myc Dsil or Myc Dsi2, resulted in a
~50-60-fold increase in the size of the relative area of
the radial nerve cord occupied by differentiated radial
glia (with basal processes), whereas electroporation of
the control (GFP-targeting) DsiRNA resulted in exactly
the same phenotype as injection of the vehicle alone, i.e.
extensive dedifferentiation (loss of the basal processes) in
the radial glia (Figs. 4 and 5a). Therefore, Myc is required
for induction of dedifferentiation of radial glial cells after
CNS injury.

Myc knock-down decreases the extent of programmed cell
death in the injured radial nerve cord

Besides glial dedifferentiation, extensive programmed cell
death is another characteristic feature of the early post-
injury phase in the RNC [1, 3]. By day 2, the number of
apoptotic cells in the vicinity of the injury increases 20-
fold in comparison with uninjured animals and then starts
to gradually return to the normal levels as regeneration
progresses [3].

Given that Myc, depending on the context, is known
either to trigger or suppress apoptosis in mammalian
models [12, 18], we employed TUNEL (terminal deoxynu-
cleotidyl transferase-mediated dUTP end labeling) assay
to determine if Myc is involved in regulation of the pro-
grammed cell death in the injured radial nerve cord
of H. glaberrima. There was a significant effect (one-
way ANOVA, F(3,15) = 94,p = 9.7 x 107%) of
RNAi-mediated Myc down-regulation on relative abun-
dance of TUNEL-positive cells in the vicinity (1 mm) of
the wound on day 2 post-injury. Myc-targeting DsiRNAs
caused a ~2-4-fold decrease in the number of the
cells undergoing programmed cell death, whereas the
control GFP-targeting DsiRNA did not result in any
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changes in comparison with vehicle-injected animals
(Figs. 5b and 6).

Discussion

In our earlier experiments [6, 7], we identified Myc as the
only pluripotency factor, whose expression significantly
increased in response to CNS injury in the sea cucum-
ber H. glaberrima. In vertebrates, Myc proteins are known
to act as major hubs in gene regulatory networks, as they
receive multiple inputs from various upstream signaling
pathways and then in turn regulate expression of a wide
range of downstream genes (up to 11-15 % of all promot-
ers), including other transcription factors [12, 14, 19]. H.
glaberrima Myc might thus be a crucial component of the
gene regulatory networks that trigger and control neural
regeneration. It was therefore important to determine its
specific functions.

Previously published evidence firmly established Myc
as a regulator of cell differentiation. For example, c-Myc
was one of the four components of the transcription
factor cocktail that produced induced pluripotent stem
cells from adult murine fibroblasts [8]. Myc downregu-
lation, on the other hand, causes cells to exit the cell
cycle and undergo differentiation [14]. Our data suggest
that upregulation of Myc expression is also required for
proper dedifferentiation of radial glial cells in the context
of response to CNS injury in the sea cucumber H. glaber-
rima. Interestingly, this function of Myc is not unique to
the rapidly regenerating echinoderm CNS, but can also be
harnessed to improve recovery following neural injuries in
animals with poor intrinsic regenerative abilities. Forced
constitutive expression of v-Myc (the viral form of Myc)
stabilized dedifferentiated state in rat embryonic radial
glia. Upon transplantation into the injured adult spinal
cord, these Myc-expressing cells were able to form bridges
across the lesion and improved functional recovery [20].
The role of Myc in control of glial differentiation may,
therefore, be part of a phylogenetically conserved program
of neural regeneration throughout Deuterostomia.

Another well-known function of Myc is regulation of
programmed cell death. Upregulation of Myc can either
trigger apoptosis or protect cells from cell death, depend-
ing on the context, in which it is expressed [14, 18]. In
sea cucumbers, a sharp increase in the extent of pro-
grammed cell death is one of the most notable com-
ponents of the early reaction to the RNC injury [1, 3].
Since RNAi-induced Myc knock-down resulted in a sig-
nificant decrease in abundance of apoptotic cells, we
concluded that Myc positively regulates programmed cell
death in the injured echinoderm CNS. It is not yet known,
however, whether in this case the wave of cell death is
merely a byproduct of the trauma or whether it is also
required for initiation and coordination of the subsequent
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Fig. 4 Representative micrographs showing the effect of Myc knockdown on glial dedifferentiation on day 2 post-injury/DsiRNA injection. The radial
glial cells are visualized by immunostaining with the ERG1 monoclonal antibody (red) [17]; the nuclei (in a, b, d, ) were stained with Hoechst (blue).
All micrographs are longitudinal sections with the plane of the injury (dashed line) to the right. a and b Control injections of the vehicle (a) and an
irrelevant (GFP-targeting) DsiRNA (b). ¢ Higher magnification of the radial nerve cord in a control (vehicle-injected) animal. d and e Injection of
Myc-targeting DsiRNAs, Myc Dsil (d) and Myc Dsi2 (e). f Higher magnification of the radial nerve cord in a Myc Dsi2-injected animal. Note that in the
control animals (a-c) the glial cells loose their long basal processes, while the cell bodies (arrow in €) remain in the apical region of the ectoneural
neuroepithelium (en). In contrast, many of the radial glial cells in the animals injected with Myc-targeting DsiRNAs (d-f) retained their basal
processes, which extended through the underlying neural parenchyma (asterisk)

regeneration, as in head regeneration in Hydra [21] and
tail regeneration in Xenopus tadpoles [22].

Conclusions

Taken together, our data demonstrate for the first time
the utility of RNA interference for determining functional
roles of genes of interest in regenerating adult echino-
derms. To our knowledge, Myc is the first transcription
factor whose function in echinoderm regeneration was
experimentally established. Quantitative PCR and in situ
hybridization showed that injection and electroporation
of Myc-targeting DsiRNAs resulted in a reliable knock-
down of about 50 %. Analysis of the RNAi phenotypes

revealed that in the context of post-traumatic neural
regeneration in a sea cucumber Myc promotes acquisition
of dedifferentiated state in glia and triggers programmed
cell death. We hypothesize that Myc might be a compo-
nent of a phylogenetically stable mechanism of deuteros-
tome neural regeneration, which has even been preserved
in a dormant state in poorly regenerating mammals.
Further research into specific roles of regulatory genes
associated with neural regeneration in echinoderms will
improve our understanding of evolution of regeneration
in deuterostomes and provide insights into which molecu-
lar pathways can be adjusted in mammals to improve their
regenerative capacities.
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Fig. 5 Effect of RNAi-mediated Myc silencing on glial dedifferentiation and programmed cell death. a Relative area occupied by fully differentiated
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Methods

RNA interference

Two different DsiRNA duplexes (Myc Dsil and Myc Dsi2)
targeting different sequences in the coding region of the
H. glaberrima Myc transcript (GenBank KM281937) were
designed using the siDirect (v2.0) software [23] and then
manually edited following the guidelines of the IDT’s
DsiRNA design manual [24]. Their sequences and tar-
get sites are shown in Fig. 2. The control DsiRNA was
designed to target the green fluorescent protein (GFP) and
had the following sequence: sense strand 5-AGC UGA
CCCUGA AGU UCA UCU GCA C-3/, anti-sense strand
5-GUG CAG AUG AAC UUC AGG GUC AGC UUG-
3’. Chemical synthesis of the DsiRNAs was outsourced to
Integrated DNA technology, Inc., Coraville, IA.

The liophilized DsiRNA reagents (as received from
the vendor) were resuspended in the RNase-free Duplex
Buffer (IDT) to yield a 100 uM solution, which was
heated to 94 °C for 2 min and then slowly cooled down
to room temperature to re-anneal the sense and anti-
sense strands of the duplex. Fast Green (the tracking
dye) was added to the solution to the final concentration
of 0.01 %.

Adult individuals of H. glaberrima were induced to
eviscerate by intracoelomic injection of 0.35M KCI. The
animals were then anesthetized in 0.2 % chlorobutanol
(Sigma) for 10-30 min. The inner (coelomic) surface of
the body wall was exposed through the anus by pushing
a glass rod against the epidermis, as described elsewhere
[3, 6] (Additional file 1). Using a Hamilton syringe, we

injected 11 ul of a DsiRNA solution or the vehicle into
the radial nerve cord. As the diameter of the needle was
wider than the radial nerve cord, the latter was com-
pletely transected during the injection procedure. Next, a
pin-and-paddle electrode (Nepa Gene, CUY661-3x7) was
used for in vivo electroporation (Additional files 1 and
2). The pin anode was inserted into the canal made by
the injection needle, whereas the paddle cathode was gen-
tly pressed against the longitudinal muscle band. Square
electric pulses (5V, 50 ms) were generated by an ECM
BTX 830 (Harvard Apparatus) electroporator and passed
five times with the interval between pulses being 950 ms.
The animals were then allowed to regenerate for two days
before being analyzed.

The efficiency of our transfection (injection and electro-
poration) procedures was estimated in a separate exper-
iment using tetramethylrhodamine-conjugated anionic
dextran (Molecular Probes, D-3308). As above, 11 ul of
dextran solution (5 pg/pl) was injected and electropo-
rated into the radial nerve cord. Two days after injection,
the tissues samples were fixed in 4 % paraformaldehyde
in 0.01 M PBS (pH 7.4), cryosectioned, mounted in an
antifading medium and analyzed using an epifluorescent
microscope. Three animals were analyzed, and in all of
them cells in large volumes of tissue extending at least
1,500 um from the point of injection incorporated the
marker (Additional file 3). We therefore concluded that
our transfection technique provided a reliable method
of delivering RNA duplexes into cells of the adult sea
cucumber radial nerve cords.
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Fig. 6 Representative micrographs showing the effect of Myc on programmed cell death on day 2 post-injury/DsiRNA injection. The cells
undergoing programmed cell death were visualized with TUNEL assay (green). All micrographs are sagittal sections with the plane of the injury
(dashed line) to the right. Dotted line indicates the outline of the radial nerve cord. a and b Control injections of the vehicle (a) and irrelevant control
GFP-targeting DsiRNA (b). ¢ and d Injection of Myc-targeting DsiRNAs, Myc Dsi1 (¢€) and Myc Dsi2 (d)

gRT-PCR possible. Total RNA was extracted with Trizol reagent
Pieces of the radial nerve cord extending 4-5 mm on (Sigma). Real-time PCR was performed as previously
either side of the injury/injection (total length 8—10 mm)  described [6, 7]. The primers were designed to flank
were excised with as little of the surrounding tissues as  DsiRNA target sites, as recommended by Holmes et al.
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[25], and had the following sequences: 5-CCA ACC GAG
CAA TAA TGG CTA C-3 and 5-CGA ATG GTC CGA
GAC TAA GGC-3 (Myc Dsil site); 5-CAA GAC TGT
ATG TGG AGT GCT TTT C-3 and 5-AGT CCG AGG
GTT GAC TAC AAT CAC-3 (Myc Dsi2 site). Results
were normalized relative to expression of ATP6L (the cor-
responding primers are 5-CGG AGC AGG ACT TAG
TGT CG-3 and 5-TTC CAA CAA ACA AAC GAG GCT-
3’), which was previously identified among the most stably
expressed genes in the normal and regenerating RNC of H.
glaberrima [6]. Each condition was represented by cDNA
samples from at least 5 different animals (biological repli-
cates), and each sample was analyzed in two separate
qRT-PCR reactions (technical replicates). Raw qRT-PCR
data can be found in Additional file 4. Statistical process-
ing of the data was performed using the MCMC.qpcr R
package [26, 27] in the “classic® mode, which allows a
normalization procedure relative to control genes.

In situ hybridization

Antisense riboprobes were transcribed from PCR-
generated templates using Roche DIG-labeling mix.
Tissue samples were fixed in 4 % paraformaldehyde
overnight. Hybridization reactions were performed on
10 um-thick longitudinal cryosections as described ear-
lier [28].

Immunohistochemstry and TUNEL assay

Tissue samples were fixed and cryosectioned as above. At
least three animals per condition were used. Immunos-
taining was carried out as described elsewhere [3, 17].
Briefly, after permeabilizing in 0.5 % Triton X-100 for
30 min, the sections were incubated in 0.1M glycine for
1 hour to quench residual autofluorescence and then
blocked for 1 hour in 2 % normal goat serum. The pri-
mary ERG1 antibody [17] was applied overnight at 4 °C.
After four washes with PBS (10 min each), the sections
were incubated in the Cy3-conjugated goat anti-mouse
secondary antibody (Jackson ImmunoResearch Laborato-
ries, Inc) for 1 hour at room temperature. After washing
off the excess antibody, the sections were mounted in an
antifading medium.

Cells undergoing programmed cell death were identi-
fied using the Fluorescent FragEL™DNA Fragmentation
Detection Kit (Calbiochem) as per the manufacturer’s
protocol.

The sections were viewed and photographed with a
Nikon Eclipse 600 microscope equipped with a SPOT
RT3 camera (Diagnostic Instruments, Inc.). Cell count-
ing and morphometric analysis were performed in at least
three non-consecutive sections (at intervals of 30 um)
per animal using the open source scientific image anal-
ysis software Fiji (http://fiji.sc/Fiji). The data were pro-
cessed with the R statistical environment [27]. Differences
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between groups were analyzed with one-way ANOVA
followed by Tukey’s post-hoc test.

Additional files

Additional file 1: Photographs illustrating different steps of the
surgical procedure. (1-3) Exposing the inner surface of the body wall
through the cloacal opening. (4) Injection. (5, 6) Electroporation.

Additional file 2: Diagram illustrating DsiRNA injection and
electroporation procedure. (A) Aqueous solution of DsiRNA (blue) was
injected into the radial nerve cord (RNC) (green) with a Hamilton syringe.
Since the diameter of the injection needle was greater than the width of
the RNC, the injection procedure resulted in complete transection of the
radial nerve. (B) The pin-and-paddle electrode was then used for
electroporation. Note that the pin anode was inserted into the injection
canal. bw, connective tissue of the body wall; ce, coelomic epithelium of
the body wall; ec, epineural canal; hc, hypoeural canal; rnc, radial nerve
cord; wvc, water-vascular canal.

Additional file 3: Representative micrographs illustrating efficiency
of the injection and electroporation technique. To directly demonstrate
the region of the radial nerve cord that is affected by our tranfection
approach, we injected and electroporated aqueous solution of fluorescent
dextran using the same technical parameters as for DsiRNA delivery. Red
fluorescence signal shows extensive incorporation of the dye into
numerous cells of the radial nerve. The region affected by electroporation
extends more than 1 mm from the point of injection. (A) Low
magnification view of the longitudinal section of the radial nerve cord. The
dashed line indicates the injection needle canal. (A") Higher magnification
of the boxed area in (A). (A") Detailed view of the boxed area in (A).

Additional file 4: Tabular (Excel spreadsheet) file containing raw
qRT-PCR data. The file includes columns of Ct values (one column per
primer pair), as well as a two-column table of PCR efficiencies. The
spreadsheets can be directly saved as comma-delimited (.csv) files and
used as input to the MCMC.gpcr R package [26, 27].

Additional file 5: Text file listing values of the relative area occupied
by differentiated glial cells within 1 mm from the wound and the
output of the corresponding R analysis.

Additional file 6: Text file listing values of the percentage of TUNEL
labeled cells and the output of the corresponding R analysis.
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