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Abstract

Background: Chromatin-modifying proteins are key players in the regulation of development and cell differentiation
in animals. Most chromatin modifiers, however, predate the evolution of animal multicellularity, and how they gained
new functions and became integrated into the regulatory networks underlying development is unclear. One way this
may occur is the evolution of new scaffolding proteins that integrate multiple chromatin regulators into larger com-
plexes that facilitate coordinated deposition or removal of different chromatin modifications. We test this hypothesis
by analyzing the evolution of the CoREST-Lsd1-HDAC complex.

Results: Using phylogenetic analyses, we show that a bona fide CoREST homolog is found only in choanoflagellates
and animals. We then use the sea anemone Nematostella vectensis as a model for early branching metazoans and
identify a conserved CoREST complex by immunoprecipitation and mass spectrometry of an endogenously tagged
Lsd1 allele. In addition to CoREST, Lsd1 and HDAC1/2 this complex contains homologs of HMG20A/B and PHF21A,
two subunits that have previously only been identified in mammalian CoREST complexes. NvCoREST expression
overlaps fully with that of NvLsd1 throughout development, with higher levels in differentiated neural cells. NvCoREST
mutants, generated using CRISPR-Cas9, fail to develop beyond the primary polyp stage, thereby revealing essential
roles during development and for the differentiation of cnidocytes that phenocopy NvLsd1 mutants. We also show
that this requirement is cell autonomous using a cell-type-specific rescue approach.

Conclusions: The identification of a Nematostella COREST-Lsd1-HDAC1/2 complex, its similarity in composition with
the vertebrate complex, and the near-identical expression patterns and mutant phenotypes of NvCoREST and NvlLsd1
suggest that the complex was present before the last common cnidarian-bilaterian ancestor and thus represents an
ancient component of the animal developmental toolkit.
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Background

Understanding the evolution of animal development and

cell differentiation requires analysis of the gene regu-

latory programs that direct these processes. In recent
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been shown to be another essential aspect of transcrip-
tion during development [7-9], but its potential role
in the evolution of developmental gene regulation has
received little attention.

Most chromatin regulators are ancient and predate
the evolution of animal multicellularity [10]. One possi-
ble way to evolve new roles in developmental programs
is the integration of chromatin regulators into multipro-
tein complexes that facilitate the coordination of different
regulatory (e.g. enzymatic) activities and/or facilitate tar-
geting to specific genomic loci. Here, we use the CoREST
complex to explore this scenario in an early-diverging
group of animals.

The CoREST complex was initially discovered in mam-
mals as a complex required for repression of neuronal
genes. It consists of three core proteins: Lysine-specific
demethylase 1 (Lsdl/Kdmla), Co-repressor of REST
(CoREST), and Histone deacetylase 1/2 (HDAC1/2),
as well as several other subunits [11-18]. The CoREST
complex is capable of repressing transcription through
coordinated deacetylation and demethylation of histones
[19-23]. The Lsd1-CoREST interaction and the tertiary
complex have been extensively examined, both structur-
ally and biochemically, and CoREST has been shown to
be required for demethylation of lysine 4 of histone H3
(H3K4) on nucleosome substrates by Lsd1 in mammals
[20, 22, 24-28]. The presence of this complex has been
shown in mammals [15], Drosophila melanogaster [29],
and Caenorhabditis elegans [30, 31] indicating it is at
least conserved throughout Bilateria. The CoREST com-
plex and CoREST proteins have been shown to play roles
in the differentiation and homeostasis of various tissues,
including the nervous system [32-37], epidermis [38],
immune system [39], and the hematopoietic system [40]
in mammals. In Drosophila, dLsd1 and CoRest play roles
in spermatogenesis and follicle cell differentiation in the
ovary [29, 41, 42] while in C. elegans homologs of both
are involved in reprogramming of the zygotic genome
after fertilization, something which is conserved in mice
[43-45].

Nematostella vectensis, the starlet sea anemone, rep-
resents a particularly attractive system to investigate the
evolution of animal development. It is a member of the
phylum Chnidaria, the sister group to the bilaterian ani-
mals, and therefore possesses an informative phyloge-
netic position which, through comparative analysis, can
unveil aspects of early animal evolution. In addition, a
diverse array of experimental tools and resources is avail-
able for Nematostella [46, 47]. Like most cnidarians,
Nematostella has a simple adult body plan, known as a
polyp, which resembles a tube with an opening at one
end (oral) which serves as the mouth/anus and is sur-
rounded by a ring of tentacles. Adults are dioecious and
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release sperm/eggs into the water column where fertili-
zation occurs. Development proceeds through a hollow
blastula which gastrulates via invagination to generate
the two germ layers: ectoderm and endoderm. Following
gastrulation, the animal develops into a free-swimming
planula larva which eventually settles and metamorpho-
ses into a primary polyp which will feed and grow to sex-
ual maturity in approximately three months [48-50].

We have previously shown that the Nematostella
ortholog of Lsdl, NvLsdl, in expressed ubiquitously
throughout development but that its levels are devel-
opmentally regulated and are specifically high in differ-
entiated neural cells relative to their progenitors. Using
a mutant allele, we have also shown that loss of NvLsd1
leads to a range of developmental abnormalities, the
most pronounced of which is the almost total loss of dif-
ferentiated cnidocytes, cnidarian-specific neural cells
[51]. Here, by interrogating the interactome of NvLsd1l
we found that the CoREST complex is conserved in
Nematostella. We show that NvLsdl and NvCoREST
are expressed in precisely the same fashion throughout
development. Using two mutant lines we show that loss
of NvCoREST phenocopies loss of NvLsdl and that the
CoREST complex is required for normal development
and cnidocyte differentiation in Nematostella.

Results

The CoREST complex is present in Nematostella vectensis
Using a literature and homology-based approach we
searched for core components of the CoREST complex in
the genomes of a representative group of eukaryotes (see
materials and methods and Additional file 1: Table S1).
Lsdl and HDAC1/2 are found across eukaryotes and
are thought to have been present in the last common
eukaryotic ancestor [10, 52-55]. CoREST orthologs, on
the other hand, have a more complex evolutionary his-
tory. We find that definitive CoREST orthologs contain-
ing all three diagnostic domains, i.e., proteins with two
SANT domains and an ELM2 domain, exist only in ani-
mals (54/54 species searched) and in choanoflagellates
(5/22 species searched) (Additional file 1: Table S1). We
do, however, find related sequences in other eukary-
otic groups which, in many instances contain only one
SANT domain connected to an ELM2 domain. Using
domain-specific phylogenies, we show that the choano-
flagellate CoREST SANT and ELM2 domains cluster
with the respective domains from animal CoREST pro-
teins (Additional files 2 and 3: Fig. S1 and 2) making it
unlikely that these evolved from independent domain
duplications. Instead, we conclude that bona fide CoR-
EST proteins evolved before the last common ancestor
of animals and choanoflagellates from a more ances-
tral CoREST-like protein possessing only a single SANT
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Fig. 1 The CoREST complex is present in Nematostella. A Phylogenetic tree showing the presence/absence of Lsd1, HDAC1/2, and CoREST
orthologs in the different groups. The tree on the left shows the relationships between the different clades analyzed. Green circles indicate

the presence of orthologs within that group while red circles indicate their absence. A yellow circle indicates the groups where we see a
CoREST-like protein containing only a single SANT domain. On the right are two representative protein sequences from Nematostella vectencis and
Ichthyophonus hoferi. B Dot plot showing proteins derived from a comparison of Co-IP with GFP-Trap beads from NvLsd 1" and wild-type planula.
Data is derived from three independent biological replicates. Only proteins with p-value <0.05 (Student’s t-test, two-tailed) are shown. Fold change
(FC) in the NvLsd®™ sample over wildtype is shown on the x-axis and p-value on the y-axis. The four proteins with the highest FC are annotated with
names. C Schematic representation of the human CoREST complex as first identified [15] D Table showing the fold change and p-value for the five
most enriched proteins in the NvLsd®”” sample over wildtype. * We did not calculate a p-value for NvPHF21a-like due to a missing value in one of
the control samples. E Co-IPs from NvLsd 17 planula with either anti-GFP Trap beads or control agarose beads followed by western blot analysis
with indicated antibodies. This was repeated 3 times independently with the same result

domain (Fig. 1A). In addition, similar to a recent preprint
[56], we find CoREST sequences in plants by Blast search,
but our analysis shows these to be contaminations from
insects/mites. Firstly, in the cases where a genome for the
plants is available, we do not find the sequences in those
genomes, and secondly, phylogenetic analysis of the

remaining sequences shows that they most likely repre-
sent arthropod sequences (Additional file 4: Fig. S3).
Based on the presence of all three core components in
non-bilaterian animals we hypothesized that the CoR-
EST complex predates the cnidarian-bilaterian split.
To test this, we used an unbiased approach to identify
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interactors of NvLsdl. We took advantage of our previ-
ously characterized line in which we have endogenously
tagged NvLsdl with eGFP using CRISPR-Cas9 [51]. We
used co-immunoprecipitation (Co-IP) with the GFP-
Trap system coupled to liquid chromatography-mass
spectrometry (LC—MS) to identify proteins that interact
with NvLsdl at the planula stage. We found that both
NvCoREST and NVHDAC1/2 were highly enriched in
the NvLsd1-GFP sample (Fig. 1C, D and Additional
file 1: Table S2) as was GFP (~ ninefold upregulation). In
addition, we found two other proteins, NvHMG20-like
and NvPHF21la-like, putative Nematostella orthologs of
HMG20A/B (iBRAF/BRAF35) and PHF21A (BHCS0),
which have also been identified as components of the ver-
tebrate CoREST complex [15, 57-59] (Fig. 1B-D). In the
case of NvPHF21a-like, we were unable to use a Student’s
t-test as there was a missing value in one of the samples
(i.e., making =2 and therefore not suitable to perform
a Student’s t-test with all valid values). This could indi-
cate that there was too little NVPHF21a-like in the sam-
ple to be detected. We are, however, confident that this
is a bona fide interactor because it has a very high and
consistent fold change in the two replicates for which
we have values for both NvLsd1°* and control Co-IPs
(Additional file 1: Table S2) (10.29 and 10.66 in the two
replicates) and as it was among the most highly enriched
proteins in a pilot experiment (along with the other four
proteins shown here) (Additional file 5). As CoREST is
an essential, core component of the complex we decided
to investigate NVCoREST further. We generated an anti-
body against amino acids 1-199 of NvCoREST (Addi-
tional file 6: Fig. S4A). This antibody recognizes two
bands by western blot (Additional file 6: Fig. S4B) which
correspond approximately in size to two splice isoforms
of NvCoREST which we can detect by PCR and which we
have cloned and sequenced (Additional file 6: Fig. S4C).
IP and western blot showed that NvLsdl interacts with
both isoforms of NvCoREST (Fig. 1E). Together this data
shows that the CoREST complex is indeed present in
Nematostella and contains the same subunits as present
in vertebrates.

NvCoREST expression is high in differentiated neural cells

Having established that the CoREST complex is pre-
sent in Nematostella we next wanted to understand how
NvCoREST is expressed. Using immunofluorescence
staining, we see that NvCoREST is ubiquitous and pre-
sent in every nucleus at every stage studied except for
mitotic nuclei from which it is excluded (Fig. 2A-D and
Additional file 7: Fig. S5). The levels of NvCoREST are,
however, heterogeneous and this heterogeneity appears
gradually during development (Additional file 7: Fig. S5).
Immunofluorescence staining in the NvLsd1-GEFP line
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revealed that cells with higher levels of NvCoREST also
have higher levels of NvLsd1-GFP (Fig. 2E). We have pre-
viously shown that NvLsdl levels are high in differenti-
ated neural cells but not their progenitors [51]. We also
show this here for NvCoREST using immunofluorescence
staining in parallel with EAU labeling for proliferating
cells/progenitors and by immunofluorescence staining in
three different neural reporter lines: NvNcol3:mOrange2
which labels cnidocytes, a cnidarian-specific neural cell
type [60], NvFoxQ2d::mOrange which labels sensory cells
[61] and NvElav1:mOrange which labels a large propor-
tion of sensory cells and ganglion neurons [62]. We find
that NvCoREST is relatively low in proliferating cells and
high in differentiated neural cells (Fig. 3). Together this
shows that NVCoREST expression is fully overlapping
with that of NvLsd1 and is high in differentiated cells of
the nervous system relative to their progenitors.

NvCoREST is essential for Nematostella development

Next, to understand the function of NvCoREST, we gen-
erated two independent mutant lines using CRISPR-
Cas9 targeting two different exons. Mutant 1 is an A to
TGG substitution in exon 2 and mutant 2 harbors an
insertion of a T in exon 3 (Fig. 4A). Both changes in the
reading frame lead to premature stop codons and are
predicted to generate early truncations of the NvCoR-
EST protein leading to loss of both the long and short
isoforms of NvCoREST (Fig. 4B). To assess the effects
of loss of NVCoREST we in-crossed heterozygous ani-
mals from both lines, separately (Additional file 8: Fig.
S6A). We did not see any difference in the overall sur-
vival of CoREST™/~ embryos (representing~23% of
planula larva) (Additional file 8: Fig. S6B). We then grew
these animals to the primary polyp stage. At this stage
we noted that the animals displayed either normal mor-
phology or showed a severe size defect (Fig. 4C-F and
Additional file 8: Fig. S6C). We can separate the animals
based on this phenotype and using sequencing we see
that most animals sorted as having this phenotype are
homozygous mutant (hereafter referred to as mutant)
and, importantly, animals exhibiting a wild-type pheno-
type are never homozygous mutants (hereafter referred
to as control) (Fig. 4C-F). The mutant phenotype was
seen in approximately 29% of animals, representing close
to mendelian ratios (Additional file 8: Fig. S6D). We also
performed immunofluorescence staining for NvCoREST
and we do not see any nuclear staining in mutant animals
from either line (Additional file 9: Fig. S7). In neither case
were we able to find homozygous animals at the juvenile
or adult stage showing that they do not survive past this
stage. A more detailed morphological analysis shows that
despite the overall growth defect, mutant animals have
metamorphosed and generated the normal structures
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Fig. 2 NvCoREST is ubiquitously expressed throughout development. A-D Confocal images of immunofluorescence staining showing NvCoREST
localization throughout development. Stages are shown on top. E Close up of the ectoderm at planula stage showing colocalization of NvLsd1-GFP
and NVCoREST. NvCoREST is shown in magenta, DNA in blue, and NvLsd1-GFP in green. All stainings were performed at least two times
independently with a minimum of 10 embryos imaged per stage, per replicate with the same results. Scale bars: 50 um (A-D) and 20 um (E)
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expected to be present at this stage, i.e., four tentacles,
pharynx, and two primary mesenteries (Fig. 4G-]). Over-
all, this data shows that NvCoREST is required for nor-
mal development in Nematostella.

Cnidocyte differentiation requires NvCoREST

We next looked at the effect of loss of NvCoREST on
cnidocytes given that we have previously shown that
NvLsd1 is essential during cnidocyte differentiation. Cni-
docytes are highly specialized, cnidarian-specific neu-
ral cells used for prey capture and defense and contain

a specialized organelle, the cnidocyst, which contains a
coiled thread that can be explosively discharged and acts
like a harpoon [63]. In both mutant lines, we see that loss
of NvCoREST leads to an almost complete loss of differ-
entiated cnidocytes as determined using a protocol that
utilizes DAPI to label the mature cnidocyst (Fig. 5A-D)
[64, 65]. We also wanted to assess whether the reduction
in cnidocyte number was due to a role for NvCoREST in
the specification or later differentiation of cnidocytes. To
do so we performed immunofluorescence staining for
NvNcol3, a protein found in the cnidocyst. The epitope
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the same results. Scale bars: 10 pm

Fig. 3 NvCoREST is low in proliferating cells and high in differentiated neural cells. A Confocal images of planula incubated with EdU for 30 min
followed by immunofluorescence staining and Click-iT EdU detection. NvCoREST is shown in green, Click-iT EJU in magenta, and DNA in blue.
B-D Confocal images of planula-stage transgenics stained for mOrange (magenta), NvCoREST (green), and DNA (blue) Transgenic lines used are
indicated on the left. Stainings were performed two times independently with a minimum of 10 embryos imaged per genotype, per replicate with

recognized by this antibody, however, is only available
prior to the maturation of the cnidocyst and thereby acts
as a marker for earlier stages of cnidocyte differentiation
[66]. We found that there was abundant NvNcol3 stain-
ing in the NvCoREST mutants (Additional file 10: Fig.
S8). The NvNcol3 staining, however, did not show the
regular elongated capsules that are visible in the controls
(arrows in Additional file 10: Fig. S8A’-A”). This indi-
cates that cnidocytes were still specified in the absence
of NvCoREST but could not complete the differentia-
tion process. In the case of NvLsdl, we have previously
shown that the requirement during cnidocyte differentia-
tion is cell autonomous as the phenotype can be rescued
by re-expression of NvLsdl using NvPOU4 regulatory

elements that drive expression predominantly in cnido-
cytes in the ectoderm [51, 67]. We performed the same
analysis here using a NvPOU4::NvCoREST-mCherry plas-
mid. We find that in almost all cases (18/19) where we
saw mosaic patches expressing NVCoREST-mCherry, we
also see a rescue of the cnidocyte phenotype, something
we do not see when we express NvHistone2B-mCherry
as control (Fig. 5E, F). Unfortunately, we were unable to
achieve expression of a rescue construct encoding the
shorter splice variant of NvCoREST. Finally, we have also
shown that loss of NvLsdI results in a phenotype in the
NvElavI:mOrange™ nervous system characterized by
a modest disorganization of the nerve net, the appear-
ance of numerous mOranget puncta, and expansion of

(See figure on next page.)

Fig. 4 NvCoREST is required for normal development in Nematostella. A Schematic showing the intron—exon structure of NvCoREST, the location

of the alternatively spliced exon, and indicating both the position and sequence of mutations in NvCoREST Mutant 1 and Mutant 2 lines. B Diagram
representing the domain architecture of the NvCoREST long and short isoforms and the truncated products predicted based on the mutations. C-F
Live images of primary polyp stage animals generated from in-crosses of heterozygous NvCoREST Mutant 1 or Mutant 2 animals, separated based
on size phenotype (indicated on top). Below the images is sequencing data showing the number of animals with the indicated genotype found

via sequencing within these pools of animals. Numbers are combined data from 4 independent replicates. G-J Confocal images of representative
animals from each phenotypic group stained with phalloidin for F-actin (magenta) and DNA (blue). Stainings were performed three times,
independently with a minimum of 10 embryos imaged per condition, per replicate with the same results. Scale bars: 200 um (C-F) and 50 um (G-J)
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Fig. 5 Loss of NvCoREST leads to a defect in cnidocyte differentiation. A-D Confocal images of control or mutant primary polyps from NvCoREST
Mutant 1 or 2 showing cnidocysts (green) and DNA (blue). The mutant line is shown on top and the genotype to the left. Stainings were performed
three times independently with the same results with a minimum of 10 embryos imaged per condition, per replicate. E, F Confocal images of
immunofluorescence staining on mutant primary polyps from NvCoREST Mutant 1 line showing mosaic patches of NvPOU4:H2B-mCherry (E) or
NvPOU4:NvCoREST-mCherry (F) expression stained with anti-DsRed antibody for mCherry (magenta), DAPI for cnidocysts (green), and DNA (blue).
Data was collected across two independent biological replicates and n= 10 for NvPOU4:H2B-mCherry and n=19 for NvPOU4:NvCoREST-mCherry
of which 10/10 and 18/19, respectively, had the observed phenotype. Scale bars: 50 um

the mOrange signal into surrounding epithelial cells. We  compare control and mutant animals, we see a similar,
have also looked here at the NvElavI:mOrange™ nerv-  but less severe effect as in NvLsdl mutants (Additional
ous system by crossing the NvElavi:mOrange transgene  file 11: Fig. S9). Together this shows that NvCoREST is
into the background of NvCoREST mutant 1. When we  essential for the post-mitotic differentiation of cnidocytes
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while being largely dispensable for the formation of the
NvElavi:mOrange' nervous system.

Discussion

We show here that CoREST is specific to animals and
choanoflagellates, that the CoREST complex is present in
Nematostella and that it is required during development
and for the differentiation of cnidocytes. These obser-
vations provide a plausible explanation as to how the
more ancient complex members, Lsdl and HDAC1/2,
may have been co-opted during evolution to play roles
in development. The integration of these two chromatin
modifiers into the CoREST complex thus may have facili-
tated the coordinated regulation of chromatin at specific
genomic loci.

We show that although bone fide CoREST proteins
exist only in animals and choanoflagellates, related
sequences are found in other clades. A recent report
described CoREST sequences in plants but we show here
that these sequences represent contaminations, most
likely from arthropods. From our data, we hypothesize
that CoREST evolved from an ancestral protein that con-
tains only one SANT domain. Whether these CoREST-
like proteins function in a similar manner to animal
CoREST proteins is not clear. In animals, the SANT2
domain is required to stimulate the activity of Lsdl,
while the interaction with Lsd1 is mediated via the linker
region between the SANT domains [23, 24]. The other
SANT domain, along with the ELM2 domain, is impor-
tant for the interaction between CoREST and HDAC1/2
[16, 23] and possibly for nucleosome binding [22]. It
is therefore possible that the ancestral CoREST-like
sequence was capable only of interaction with HDAC1/2
or Lsd1 and not with both and that the ability to concom-
itantly bind both, and therefore form a CoREST/Lsdl/
HDAC1/2 complex, evolved only in choanoflagellates
and animals. Further investigation would be required to
test the binding specificity of the non-animal CoREST-
like proteins and determine if they interact with Lsdl,
HDAC1/2, or both. In Nematostella, we have shown that
there are two splice isoforms of NvCoREST, one of which
has a partial deletion of the SANT2 domain. This protein
is, however, able to bind NvLsd1, likely due to the intact
linker region, and therefore, the function and role of
this variant are hitherto unknown. Given that this splice
variant lacks most of the SANT2 domain it is possible
it may act as a dominant negative which can bind Lsd1
but not stimulate its activity, but this would need to be
tested experimentally. Similarly, a splice variant of human
RCOR3 (CoREST3) lacks the SANT2 domain and cannot
stimulate LSD1 activity [35]. It has also been shown that
Drosophila CoREST has several splice isoforms including
one which lacks the SANT2 domain entirely, although
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again the functional consequences of this are unknown
[68]. Another Drosophila spice variant contains a large
insertion in the linker domain which abolishes binding to
Lsd1 [29].

Our data point to a strong functional connection
between NvLsd1 and NvCoREST. Not only do they inter-
act but both proteins are also expressed in precisely the
same manner and the phenotypes of loss of NvCoREST
and NvLsdl are highly similar regarding the size of the
animals as well as the loss of cnidocytes [51]. We con-
sider this as strong support for the hypothesis that most
of the roles of NvLsdl in Nematostella are mediated
through the NvCoREST complex. A similar picture has
also emerged in bilaterians where Lsdl and CoREST
interact, co-localize, and indeed phenocopy each other
in multiple systems [15, 29-31, 41, 43]. In the future, it
will be useful to interrogate H3K4 methylation in differ-
ent cell types in Nematostella in the presence or absence
of NvLsd1 and NvCoREST in order to refine the precise
molecular basis of these phenotypes and directly com-
pare the phenotypes by, for example, comparing all dif-
ferentially expressed genes.

There are, however, differences between the two loss-
of-function phenotypes. The size defect observed in
NvCoREST mutants appears to be more severe than
that seen in NvLsdl mutants, though it is possible that
these differences result from the use of non-isogenic
animals for generating the mutants. Secondly, we do
not see the same strong effects in NvCoREST mutants
on the NvElavi:mOrange® nervous system as in
NvLsdl mutants. Attempts to quantify this defect (in
both NvLsdl and NvCoREST mutants) have thus far
proved difficult and therefore this effect remains purely
qualitative. For this reason, we cannot say with cer-
tainty what effect, if any, loss of NvCoREST has on the
NvElavi:mOrange' nervous system. Despite this uncer-
tainty, this may indicate that some functions of NvLsdI
are not mediated through the NvCoREST complex. This
is interesting as roles outside of the CoREST complex
have been assigned for NvLsdl in mammals, particu-
larly as a transcriptional activator e.g., in the mammalian
nervous system [69-72]. It will therefore be interesting in
the future to more deeply analyze the function of NvLsd1
and NvCoREST in the NvElavi:mOrange™ nervous sys-
tem and the development of tools for cell type-specific
loss of function will greatly help in this regard.

Though the CoREST proteins of choanoflagellates and
animals have a common evolutionary origin, they have
been lost repeatedly from choanoflagellates, but in none
of the animal genomes that we analyzed (Additional file 1:
Table S1). Despite potential bias introduced by the search
strategy and the possibility for sequence divergence to
mask orthology, this indicates that an essential function
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of CoREST evolved only in animals. Even within animals,
it is possible that CoREST first had a different function
and only later became the scaffold of the CoREST com-
plex as it exists in bilaterians. We have shown here that
at least in the cnidarian-bilaterian ancestor this func-
tion was already present. Using our unbiased approach,
we have shown that not only the three core components
CoREST, Lsd1, and HDAC1/2 are present in the Nema-
tostella CoREST complex, but homologs of the two addi-
tional components of the vertebrate CoREST complex,
PHF21A, and HMG20A/B, are also present. A recent
report on CoREST-containing complexes in Drosophila
did not uncover any related proteins as major complex
constituents [29]. This suggests that the complex present
in Nematostella is highly similar to that found in verte-
brates and may have maintained some ancestral features
that have been lost in other lineages. We have similarly
recently shown that Nematostella contains a more verte-
brate-like Polycomb Repressive Complex 1 (PRC1) reper-
toire at the level of presence/absence of complex specific
components [73]. Together this suggests that anthozoan
cnidarians and vertebrates may have retained more com-
ponents of an ancestral machinery for chromatin regula-
tion than other lineages and that Nematostella therefore
is a useful model system in which to dissect fundamental
aspects of the biology of such complexes.

Conclusions

We have shown here that a vertebrate-like CoREST-
Lsd1-HDAC1/2 complex evolved early in animal evo-
lution and is required for differentiation of a neural cell
type in Nematostella. Our observations suggest that the
evolution of multiprotein chromatin modification com-
plexes is one mechanism that contributed to the elabo-
ration of gene regulatory programs involved in cell type
differentiation in early animals.

Methods

Animal care and maintenance

Nematostella were maintained at 18—19 °C in 1/3 filtered
seawater [Nematostella medium (NM)] and spawned as
described previously [74]. Fertilized eggs were removed
from their jelly packages by incubating in 3% cysteine in
NM for 20 min followed by extensive washing in NM.
Embryos were reared at 21 °C and were fixed at 12 h post
fertilization (hpf) (blastula), 16 hpf (late blastula), 20 hpf
(early gastrula), 30 pfh (late gastrula), 72 hpf (planula), or
at 13 days (primary polyp).

Orthology search

The presence/absence of orthologs of Lsd1 and HDAC1/2
in different groups was extracted from existing litera-
ture [10, 52—55]. The presence of choanoflagellate Lsd1
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orthologs was assessed by reciprocal blast searches in
the genomes of Salpingoeca rosetta and Monosiga brevi-
collis. Homologs of HMG20a/b and PHF21a were iden-
tified by reciprocal blast search in the Nematostella
genome using human HMG20a (UniProt: Q9NP66)
and PHF2la (UniProt: Q96BD5), respectively as a
query. CoREST homologs were searched by BlastP and
TBlastN through the NCBI BLAST interface on avail-
able proteins, genomes, and transcriptomes as well as
on dedicated databases (see Additional file 1: Table S1)
[75-77], using the human CoREST1, Nematostella vect-
ensis CoREST, and Chromosphaera perkinsii CoREST-
like sequences as queries. Proteins were considered as
putative CoREST-like if they included successive ELM2
and SANT domains. The analyzed genomes are listed in
Additional file 1: Table S1 and the accession numbers are
given in Additional files 2, 3 and 4: Fig. S1-3. ELM2 and
SANT domains were then extracted manually from the
retrieved sequences and aligned with a selection of ELM2
and SANT domain sequences obtained from the PFAM
database. ELM2, SANT and CoREST metazoan proteins
were each aligned using the MAFFT v7.271 L-INS-I algo-
rithm [78]. Neighbor-joining analyses including boot-
strap analyses (500 replicates) were performed using
MEGA v7 [79].

Immunoprecipitation

Embryos from either wildtype or NvLsd19F*/GFP crosses
were grown until the planula stage. Approximately 50 pl
of planula (volume of tissue without media) were used
per IP. They were placed in lysis buffer (10 mM TricHCl
pH 8, 150 mM NaCl, 2 mM EDTA, 1% NP40, 10% glyc-
erol) with cOmplete EDTA-free Protease Inhibitor Cock-
tail (Roche, 4,693,159,001) and homogenized by passing
through a 27-G needle. Samples were then incubated on
ice for 30 min and mixed approximately every 5 min by
passing through the needle. Samples were then centri-
fuged at full speed for 15 min and 600 pl of supernatant
was used for IP. For each sample, 30 pl GFP-Trap Aga-
rose or Binding Control Agarose Beads (Chromotek,
gta-10, and bab-20) were washed once in dilution buffer
(10 mM TricHCI pH 7.5, 150 mM NaCl, 0.5 mM EDTA)
and then spun at 2500 g for 2 min. The lysate was diluted
with 900 pl dilution buffer and then added to the beads.
This was incubated at 4 °C for 2 h rotating. Follow-
ing this, the beads were washed at least 6 times in 1 ml
wash buffer (Dilution buffer +0.5% NP40) for>10 min
each at 4 °C. In the final wash, the beads were moved to
a new tube. When protein was used for LC-MS analy-
sis the wash buffer was removed and the beads were
resuspended in 100 pl MilliQ H,O and frozen at— 80 °C
until being processed further. In the case of western
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blotting the beads were incubated in 2X Laemmli sample
buffer (0.1 M TrisHCI pH 6.8, 2% SDS, 20% glycerol, 4%
[B-mercaptoethanol, 0.02% bromophenol blue) at 95 °C,
spun down and the supernatant was used for further
analysis.

Sample preparation for liquid chromatography-mass
spectrometry (LC-MS)

Beads were thawed to room temperature (RT) and cen-
trifuged at 2500 g for 2 min and the H,O was removed.
The beads were then resuspended in 40 pl trypsin buffer
(50 mM Tris, 1 mM CaCl,, pH8), 4 pl of 0.1 M DTT was
added, and the samples were heated to 95 °C for 5 min.
The samples were then cooled to RT and 5 pl of 200 mM
iodoacetamide was added, and the samples were incu-
bated, shaking at RT for one hour. 0.8 ul of 0.1 M DTT
was added to quench the remaining iodoacetamide, and
samples were incubated shaking for 10 min. The pH was
adjusted to approximately pH8 with 0.5 M Tris, 2 pg of
Trypsin (Promega, V5111) was added to each sample and
they were incubated shaking at 37 °C overnight (o/n).
Following this, 5 pl of 10% trifluoroacetic acid was added
to each sample and the peptide solutions were cleaned
up with an Oasis HLB pElution plate (2 mg sorbent;
Waters). Following elution, samples were frozen at— 80
and freeze-dried.

LC-MS analysis

Preliminary studies with samples containing 0.8 ug tryp-
tic peptides dissolved in 2% acetonitrile (ACN) and 0.5%
formic acid (FA) were injected into an Ultimate 3000
RSLC system coupled to a Q Exactive HF mass spec-
trometer (Thermo Scientific, Waltham, MA, USA). The
MSI1 resolution was 120,000 and the scan range 375-
1500 m/z, the AGC target was set to 3e® and the maxi-
mum injection time was 100 ms The intensity threshold
was set at 5.0e* and dynamic exclusion lasted for 20 s.
The MS/MS scans consisted of HCD with normalized
collision energy at 28, quadrupole isolation window at
1.6 m/z, and Orbitrap resolution at 15,000.

For the final experiments, control and NvLsd1 GFP sam-
ples containing the same amount of peptide were ana-
lyzed in an Orbitrap Eclipse Tribrid mass spectrometer
equipped with an EASY-IC/ETD/PTCR ion source and
FAIMS Pro interface (Thermo Scientific, San Jose, CA,
USA). The MS1 resolution and the scan range were set as
above, AGC target was set to standard, maximum injec-
tion time was automatic and RF lens at 30%. The inten-
sity threshold was also at 5.0e* and dynamic exclusion
lasted for 30 s. The MS/MS scans consisted of HCD with
collision energy at 30%, quadrupole isolation window
at 4 m/z, and Orbitrap resolution at 30,000. FAIMS was
set up with the standard resolution mode and a total gas
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flow of 4.6 L/min. The CVs were set to —45 and — 65 V.
The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE [80] partner repository with the dataset identifier
PXDO033068.

Statistical and bioinformatic analyses

The LC-Q Exactive raw files were searched in MaxQuant
(version 1.6.14.0, Max Planck Institute for Biochemis-
try, Martinsread, Germany) [81] and the spectra were
searched against the nveGenes.vienna database version
2008 02  (https://figshare.com/articles/dataset/Nemat
ostella_vectensis_transcriptome_and_gene_models_
v2_0/807696). The LC-Eclipse raw files were searched
in Proteome Discoverer Software (version 2.5, Thermo
Fisher Scientific, Bremen, Germany) using the SEQUEST
HT database search engine with Percolator valida-
tion (FDR<0.01), and against the uniprot-proteome
UP000001593 database version 2021_02. In order to test
for GFP within the samples, we added GFP to this data-
base (UniProt ID: P42212). Perseus (version 1.6.15.0,
Max Planck Institute for Biochemistry) [82] was used to
process and normalize the data. Proteins with three valid
values in each group were selected for statistical com-
parisons using ¢-test. Proteins with p-values<0.05 were
considered to have significantly different abundance.
Analyzed data is provided in Additional file 5.

Western blotting

Protein extraction was performed on Ls or wild-type
planula. Animals were placed in RIPA buffer (150 mM
NaCl, 50 mM Tris pH8, 1% NP40, 0.5% DOC, 0.1% SDS)
supplemented with cOmplete EDTA-free Protease Inhibi-
tor Cocktail (Roche, 4,693,159,001) and homogenized
by passing through a 27G needle. Samples were incu-
bated on ice for 30 min and mixed by passing through
the needle every 5 min and centrifuged at full speed for
15 min at 4 °C. The supernatant was kept and the protein
concentration was quantified using the Qubit" Protein
Assay (Invitrogen, Q33212). Thirty micrograms of protein
was used per lane, mixed 1:1 with 2X Laemmli sample
buffer, and boiled for 5 min before loading. For IP sam-
ples, beads were boiled in 2 volumes 2 x Laemmli sam-
ple buffer for 5 min, spun down and the supernatant was
loaded directly onto the gel. PageRuler " Plus prestained
protein ladder, 10 to 250 kDa (Thermo Scientific, 26,619)
was used. SDS PAGE was performed using 7.5% or 4-20%
Mini-PROTEAN® TGX™ precast protein gels (BIO-RAD,
4,561,023/4561094) run in running buffer (25 mM Tris,
192 mM Glycine, 0.1% SDS) at 100 V for ~ 120 min. Trans-
fer was performed using Trans-Blot Turbo Mini 0.2 pm
PVDF Transfer Pack (BIO-RAD, 1,704,156) on a Trans-
Blot Turbo transfer system (BIO-RAD) using the high

dGFP
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molecular weight program. After transfer, the membrane
was washed in PBT (PBS+0.1% Tween) several times
and blocked with 5% milk powder in PBT (MPBT) at RT
for 1 h. The blots were incubated o/n at 4 °C in 1° anti-
body in MPBT. The membranes were then washed several
times in PBT and incubated in 2° antibody in MPBT at RT
for 1 h. Membranes were then washed several times in
TBT and the signal was revealed using Clarify ECL sub-
strate (BIO-RAD, 1,705,060) and imaged on a ChemiDoc
XRS + (BIO-RAD). The blots were then washed in PBT
and blocked again in 5% MPBT for 1 h at RT. They were
then incubated o/n at 4 °C with 1° antibody and processed
as for the first antibody. Antibodies and dilutions are
listed in Additional file 1: Table S4.

Immunofluorescence

Animals at the planula stage and older were anesthe-
tized with MgCl, and then killed quickly by adding a
small volume (20-30 ul/ml) of 37% formaldehyde
directly into the media. They were then fixed in ice-
cold 3.7% formaldehyde in PBTx [PBS(Phosphate Buff-
ered Saline) + 0.2% Triton X-100] for 30—-60 min (when
staining for NVCoREST short fixations yield better
staining) or for>60 min or o/n (for all other antibod-
ies) at 4 °C. Samples were washed >4 times in PBTx at
RT, blocked in Block (3% BSA/5% Goat serum in PBTx)
for>1 h at RT, and incubated in primary antibody
diluted in Block o/n at 4 °C. Samples were then washed
extensively in PBTx (>5 washes for 2 h or more) at RT,
blocked for 1 h at RT in Block, and incubated o/n or
over the weekend in secondary antibody diluted in
Block at 4 °C. If Phalloidin staining was performed,
Alexa Fluor'" 488 or 633 Phalloidin (Thermo Fisher
Scientific, A12379/A22284) was added here at 1:50-
1:100. Samples were then incubated in Hoechst 33,342
(Thermo Fisher Scientific, 62,249) at 1:100 in PBTx for
1 h at RT followed by extensive washing in PBTx (>5
washes for 2 h or more). Animals were mounted in Pro-
Long " Gold Antifade Mountant with DAPI (Thermo
Fisher Scientific, P36935) and imaged on a Leica SP5
confocal microscope. Antibodies and dilutions are
listed in Additional file 1: Table S4.

EdU labeling

Animals used in Edu labeling experiments were incu-
bated in 10 mM EdU in NM for the desired time and
then treated for IF as described. After the final set of
PBTx washes, EdU incorporation was visualized using
the Click-iT™ EdU Imaging Kit with Alexa Fluor"" 488 or
647 (Thermo Fisher Scientific, C10337/C10337) follow-
ing the manufacturer’s protocol. Samples were mounted
and imaged as for IF.
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DAPI staining for cnidocysts and counting

DAPI staining for cnidocysts was performed as previ-
ously published [64, 65] with slight modifications. Ani-
mals were processed as for IF with the addition of 10 mM
EDTA to all solutions. Following the final PBTx wash, the
samples were washed twice with MilliQ H,O and then
incubated in 200 pg/ml DAPI in milliQ H,O o/n at RT.
The samples were then washed once with MilliQ H,O,
twice with PBTx with 10 mM EDTA, and mounted and
imaged as for IF.

CRISPR-Cas9 injections and genotyping

sgRNA was produced using a template generated by
primer annealing. A PCR was set up containing 5 pl
of each primer (100 mM) (one sgRNA specific and
one generic), 2 ul ANTPs (10 mM each), 2 pl Q5 pol-
ymerase (NEB, M0491), 10 pl Q5 reaction buffer and
31 pl H,O with the following protocol: 98 °C, 90 s;
55 °C, 30 s; and 72 °C, 60 s. This was purified using
a PCR clean-up kit (Promega, A9281). The sgRNAs
were synthesized using the MEGAscript" T7 Tran-
scription Kit (Invitrogen, AMB13345) including the
DNase treatment, and were precipitated by adding
1:1 LiCl (7.5 M) (Invitrogen AM9480) and incubating
at — 20 °C for 30 min followed by centrifugation at full
speed at 4 °C for 15 min and extensive EtOH washes.
The concentration was calculated using a Nanodrop.
Primers are given in Additional file 1: Table S3.
NvCoREST mutants were produced similarly to previ-
ously published [51, 83, 84]. Eggs were injected with
a mix containing sgRNA (130 ng/pl), Cas9 (PNA Bio,
CPO1) (500 ng/ul), and 1:4 Dextran, Alexa Fluor™ 568
(Invitrogen, D22912) (200 ng/pl in 1.1 M KCl) that
was incubated at 37 °C for 5-10 min prior to injec-
tion. Injected animals were raised to sexual maturity
and crossed to wildtypes. Individual F1 offspring were
analyzed by PCR and sequencing to identify FO’s car-
rying the desired mutations. To extract genomic DNA,
individual primary polyps were placed in tubes, the
NM removed and 100% EtOH added. After 5 min,
this was removed, and the tubes were placed at 50 °C
for 45 min to allow the remaining EtOH to evaporate.
50 ul genomic extraction buffer (10 mM Tris pHS,
1 mM EDTA, 25 mM NacCl, 200 pg/ul ProteinaseK) was
added to each and incubated at 50 °C for 2 h and 98 °C
for 15 min. 2 pl of this was used for PCR and sequenc-
ing. Primers are given in Additional file 1: Table S3.
Once an FO carrier was identified, the remaining F1
offspring from that carrier were genotyped using a
piece of tissue to generate a pool of F1 heterozygous
animals which were then crossed and the offspring of
these crosses were used in experiments.
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Selection and analysis of homozygous mutants

To evaluate the survival of NvCoREST mutants, 20 embryos
from Mutant 1 heterozygous in-crosses were separated after
fertilization and grown until planula larva (approximately
72 h). This was repeated twice with 17 and 18 embryos
surviving in each experiment. These embryos were then
genotyped as described above. For analysis of the numbers
of animals at the primary polyp stage, between 30 and 40
embryos were grown until 13 days and then separated based
on phenotype, imaged, and genotyped individually. The
numbers counted are lower as some animals die prior to this
stage, both in mutants and in wild-type animals.

Cloning

For generating cDNA for PCR, RNA was extracted as pre-
viously published [51]. The SuperScript " III first-strand
synthesis system (Invitrogen, 18,080,051) was used to
generate cDNA. All PCRs were performed with Q5 poly-
merase and primers are listed Additional file 1: Table S3.
For cloning of the NvCoREST cDNA (Figure S2) the frag-
ments were cloned using the CloneJET PCR Cloning
Kit (Thermo Fisher Scientific, K1231). To generate the
NvPOU4:NvCoREST-mCherry construct the backbone
was amplified from the NvPOU4: mCherry construct
[67] and the CoREST open reading frame from cDNA,
respectively. Assembly of the construct was done using the
NEBuilder® HiFi DNA Assembly master mix (NEB, E2621).

Transgenesis

In order to generate FO mosaic transgenics, we used
I-Scel mediated transgenesis as previously described [85]
with minor modifications. Eggs were injected with a mix
containing: plasmid DNA (10 ng/pl), IScel (1U/ul) (NEB,
R0694), Dextran Alexa Fluor' 568 (100 ng/pl), and Cut-
Smart buffer (1 x). The mix was incubated for 30 min at
37 °C before injection.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512915-022-01385-1.

Additional file 1: Table S1-4. Table S1. Search for COREST-like in non-
metazoan and metazoan genomes and transcriptomes. Table S2. Data
from individual replicates of LC-MS experiments. Table S3. List of primers
used in this study. Table S4. List of antibodies and dilutions.

Additional file 2: Fig S1. Neighbor-joining phylogeny of the SANT domain,
including a selection of SANT domain sequences from various protein fami-
lies, as well as metazoan and non-metazoan CoREST-like sequences.

Additional file 3: Fig S2. Neighbor-joining phylogeny of the ELM2 domain,
including a selection of ELM2 domain sequences from various protein fami-
lies, as well as metazoan and non-metazoan CoREST-like sequences.

Additional file 4: Fig S3. Neighbor-joining phylogeny of metazoan CoR-
EST full protein. Bootstrap values are indicated next to the nodes. The tree
is rooted with poriferan and ctenophore sequences. The distance scale
represents the percentage of genetic or nucleotide variation between the
sequences. The 4 “Plant CoREST-like" sequences retrieved from the NCBI
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TSA database group are likely arthropod contaminations as they cluster
with insect and acharian CoREST sequences.

Additional file 5. Analyzed mass spec data.

Additional file 6: Fig S4. NvCoREST isoforms and antibody validation.

(A) Alignment of full length Nematostella CoREST with human CoR-

ESTT (UniProt: Q9UKLO). Alignment was performed using Clustal Omega
[86]. Conserved domains are highlighted with coloured boxes; ELM2 in
yellow, SANTT in green and SANT2 in cyan. The portion of the protein
used to generate the NvCoREST antibody is outlined with a red box. The
alternatively spliced exon is outlined with a black box. (B) Western blot
using anti-NvCoREST antibody showing two bands corresponding in size
to the expected sizes of the full length and short isoform of NvCoREST,
shown in the box at the bottom. Protein was extracted at planula stage.
(C) PCR analysis using primers to amplify full length NvCoREST from cDNA
from different developmental stages. The stage from which the cDNA was
generated is shown on top measured in hours post fertilization (hpf). The
expected sizes of full length and the short isoform of NvCoREST are shown
in a box. Three bands are present; the highest and lowest correspond to
the full length and short isoform of NvCoREST, respectively, and were suc-
cessfully closed and sequenced. The middle band was never cloned and
is presumably a PCR artifact, likely due to hybridization between the full
length and short isoforms. Western blot and PCR analysis were carried out
two times, independently with the same results.

Additional file 7: Fig S5. The heterogeneity in NVvCoREST levels appears
over developmental time. (A to C) Confocal images of immunofluores-
cence staining performed on early embryos. Stages used are indicated

to the left of the images. (A"to C") show close ups. Staining’s were per-
formed two times independently with a minimum of 10 embryos imaged
per replicate with the same results. Scale bars: 20 um.

Additional file 8: Fig S6. Additional data on NvCoREST mutants. (A)
Schematic representation of the crosses used when analyzing NvCoREST
mutants. (B) Genotyping results on larva derived from NvCoREST mutant
1 in-crosses at planula larva stage. The planulae showed no visible pheno-
type and were selected at random and genotyped by PCR and sequenc-
ing. (C) Brightfield image of live primary polyps derived from an in-cross
of heterozygous NVvCoREST mutant 1 animals. The animals displaying the
mutant phenotype are highlighted with a white circle. (D) Data showing
the number of animals with mutant or wildtype phenotype from 4 inde-
pendent replicates. For each experiment 20-30 eggs were selected and
grown to primary polyp stage and then those surviving were separated
into either wildtype or mutant categories and counted.

Additional file 9: Fig S7. NvCoREST staining is absent in both NvCoREST
mutant lines. (A to D) Confocal images of immunofluorescence staining
on mutant and control primary polyps from NvCoREST Mutant 1 or 2
lines stained for NvCoREST (magenta) and DNA (blue). Mutant line and
genotype are shown to the left. Ubiquitous nuclear NvCoREST staining
can be seen in control but is absent in mutant animals while non-specific
staining of actin filaments can be seen in both. Stainings were performed
two times independently with a minimum of 10 embryos imaged per
genotype, per replicate with the same results. Scale bars: 20 um.

Additional file 10: Fig S8. NvCoREST mutants still express NvNcol3. (A
and B) Confocal images of immunofluorescence staining on NvCoREST
Mutant 1 primary polyps showing NvNcol3 in Magenta, DNA in blue and
cnidocysts in Green. Arrows in A'and A"indicate developing cnidocysts
with normal morphology. The experiment was performed twice, inde-
pendently and a minimum of 10 animals per genotype, per replicate were
analyzed and showed the same result. Scale bars: 50 pm.

Additional file 11: Fig S9. Loss of NvCoREST does not affect the
NvElav1:mOrange™ nervous system. (A and B) Confocal images of
immunofluorescence staining on control and mutant primary polyps
showing DNA in blue and NvElavT:mOrange in magenta. Heterozygous
NVCoREST mutant 1 animals were crossed to animals double heterozy-
gous for NvCoREST mutant 1 and the NvElavi:mOrange transgene. The
experiment was performed three times, independently and a minimum
of 10 animals per genotype, per replicate were analyzed and showed the
same result. Scale bars: 50 um.
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