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Sea stars and sea urchins are model systems for interrogating the
types of deep evolutionary changes that have restructured de-
velopmental gene regulatory networks (GRNs). Although cis-reg-
ulatory DNA evolution is likely the predominant mechanism of
change, it was recently shown that Tbrain, a Tbox transcription
factor protein, has evolved a changed preference for a low-affinity,
secondary binding motif. The primary, high-affinity motif is con-
served. To date, however, no genome-wide comparisons have been
performed to provide an unbiased assessment of the evolution of
GRNs between these taxa, and no study has attempted to deter-
mine the interplay between transcription factor binding motif evo-
lution and GRN topology. The study here measures genome-wide
binding of Tbrain orthologs by using ChlIP-sequencing and asso-
ciates these orthologs with putative target genes to assess global
function. Targets of both factors are enriched for other regulatory
genes, although nonoverlapping sets of functional enrichments in
the two datasets suggest a much diverged function. The number of
low-affinity binding motifs is significantly depressed in sea urchins
compared with sea star, but both motif types are associated with
genes from a range of functional categories. Only a small fraction
(~10%) of genes are predicted to be orthologous targets. Collectively,
these data indicate that Tbr has evolved significantly different devel-
opmental roles in these echinoderms and that the targets and the
binding motifs in associated cis-regulatory sequences are dispersed
throughout the hierarchy of the GRN, rather than being biased to-
ward terminal process or discrete functional blocks, which suggests
extensive evolutionary tinkering.

Tbrain | echinoderm | binding site affinity | ChIP-seq

One of the most striking revelations that arose from the
emergence of the field of “EvoDevo” in the late 1980s was
the concept of functional equivalence [i.e., that orthologous
transcription factors (TFs) from vastly different species will
functionally compensate for each other when experimentally
substituted in vivo]. This concept implies that the function of
these orthologous proteins has remained essentially unchanged
over hundreds of millions of years. The experimental observa-
tions that demonstrated this concept (e.g., refs. 1 and 2) fit neatly
with theoretical predictions that TFs, which regulate many target
genes in multiple spatiotemporal contexts, will be highly con-
strained, and therefore any change in function will have wide-
sweeping changes that are unlikely to pass the filter of natural
selection (3). Thus, it is argued, changes in developmental gene
regulatory networks (GRNs) must arise from alterations to the
DNA of the cis-regulatory targets bound by these factors. In other
words, the biochemical function of a TF (i.e., the preferred se-
quence motif to which the factor binds) remains conserved, whereas
its developmental function, the genes that are regulated, evolves
more rapidly through cis-DNA evolution of the target genes.
Modern and genome-wide assessments have largely borne out
the results of these earlier experiments and theoretical predic-
tions (4, 5). However, there has been a recent and growing
interest in understanding how TFs might evolve changed
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biochemical functions (6). Conceptually, this investigation must
entail understanding how these proteins evolve changes that
limit the dramatic effects of pleiotropy and can include evolving
differences with small phenotypic effects and independently
changing individual subsets, or modules, of functions (7).

A recently recognized, and surprising, source of modularity
has been DNA binding itself. The potential prevalence of this
source of variation was realized only after protein-binding micro-
array technology, which universally assesses DNA-binding (8, 9),
provided a high-resolution description of binding-site preferences.
Studies using this technology have shown that many TF binding
motif preferences can be described by multiple position weight
matrices (PWMs). These PWMs are commonly called primary and
secondary motifs, where the primary is the most preferred and often
higher-affinity motif. An increasing number of studies are showing
that low-affinity secondary sites can execute particular functions,
including providing specificity, controlling the timing of gene
expression, and even mediating activation vs. repressive regula-
tion (10-12). Recent work from our laboratory has shown that
Tbrain (Tbr), a T-box TF, has evolved modular preferences for
binding sequence recognition (13). We showed that the primary
motif recognized by the sea star (Patiria miniata) and sea urchin
(Strongylocentrotus purpuratus) Tbr proteins were extraordinarily
similar, and this similarity extended even to the mouse ortholog
Eomesodermin. Sea stars and sea urchins are representatives of
two classes of echinoderms, which last shared an ancestor >450
million years ago in the early Ordovician (14), whereas the
common ancestor of echinoderms and mice sits at the base of all
deuterostomes. Our finding, therefore, is in keeping with the
theoretical prediction that highly pleiotropic factors are con-
strained from evolving changed motif preferences over even
immense evolutionary distances. Importantly, however, we also
showed that the factors from mouse and sea star recognized dif-
ferent secondary motifs, whereas the sea urchin protein showed no
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preference for any secondary motif. These results therefore dem-
onstrate that these proteins have evolved a modular change of
preference for a low-affinity binding motif.

The next challenge is to understand the developmental con-
sequences of this modular use of evolvable binding motifs in
these taxa. Sea urchin and sea star tbr genes have been partially
functionally characterized (15-17), but we have no genome-wide
understanding of their function. Therefore, we first determined
the developmental function of Tbr in these taxa and asked
whether these factors are indeed highly pleiotropic, whether they
share developmental functions, and how these functions might fit
within a developmental GRN. As a measure of developmental
function, we assessed the binding of Tbr factors genome-wide in
both the sea star and sea urchin at comparable developmental
stages and identified genes likely to be regulated by Tbr at these
sites. We then sought to determine the distribution of primary
and secondary motif use associated with these taxa and the
functions of identified genes. This approach allowed us to assess
the evolution of the developmental role of Tbr in these taxa and
to understand how this developmental function then interfaces
with the evolution of the biochemical function of motif use.

Results

Tbr function in sea urchins is reasonably well understood, be-
cause the factor acts within the GRN for specification of the
primary mesenchyme lineage, which is considered the most well-
described GRN for the specification of any cell type (15). In the
sea urchin, tbr is localized exclusively to this lineage (ref. 18 and
Fig. 1). However, there has been no systematic assessment of Tbr
binding sites, and there is no cis-regulatory module (CRM) yet
known to be directly bound by Tbr. These data are needed to
understand the intersection of binding site and developmental
function of Tbr. Therefore, we used ChIP-sequencing (ChIP-
seq) to identify S. purpuratus Tbr (SpTbr) binding sites genome-
wide. Whole-mount immunofluorescence (IF) using our specific
antibody (13) revealed that SpTbr is localized to primary mes-
enchyme cells (PMC) at 24 h (Fig. 1B), which is the same cell
population that expresses the Sp-tbr transcript (18), although the
transcripts are known to be maternally deposited. ChIP-seq was
performed by using this antibody to specifically enrich SpTbr-
bound chromatin at this stage. Resulting reads were mapped to
the genome, and peaks were called by MACS2 (Materials and
Methods; see Fig. S1 for experimental workflow). In total, we found
3,149 peak regions that were enriched by SpTbr ChIP across the
genome compared with the chromatin-only input control.

Targets of Tbr in sea urchin have been detected by performing
quantitative PCR and whole-mount in situ hybridization (WMISH)
to analyze the effects of Sp-tbr morpholino antisense oligonucleotide
(MASO) knockdown (15, 16). Known targets include Sp-Nrl,

A Sp-Tbr C. SpTbr Peaks:
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Sp-FoxN2/3, Sp-FoxB, Sp-Erg, and Sp-Msp130, which are curated
within the PMC-GRN, as well as Sp-Nebnph, Sp-Lispl, Sp-C-
lectin/PMC, SPU_018403, and Sp-Hypp_2998. For 8 of these 11
targets, SpTbr ChIP peaks are detected within 75 kb of the gene
(Table 1). In several cases, multiple genes that are clustered in
the genome share a single peak. Peaks associated with several
genes also overlap with assay for transposase-accessible chro-
matin-sequencing (ATAC-seq) chromatin accessibility peaks
from similar-stage embryos (Table 1, Fig. 1 C and D, and Fig. S2)
(see below). Although there is a MACS called peak on the same
genomic scaffold as Sp-FoxB, it is 281 kb away from the body of
the gene and, therefore, is less likely to represent a functional
interaction between the binding site and the gene. This finding
supports an indirect effect of SpTbr on Sp-FoxB expression, as
suggested by the data supporting the GRN model. The only gene
from the developmental GRN without an SpTbr ChIP-seq peak
detected on the same scaffold is Sp-Erg. The identification of sig-
nificantly enriched peaks near known SpTbr target genes supports
the conclusion that the ChIP-seq protocol is capable of detecting
genomic targets of SpTbr binding.

To reduce potential false-positive peaks from our analysis, we
additionally restricted our peak set to those associated with an
annotated gene. It is not uncommon, in the sea urchin genome,
for characterized CRMs to be 10 kb or more from the coding
gene, both upstream and downstream of the transcription start
(e.g., refs. 19 and 20). Given that the majority of predicted SpTbr
targets for which a ChIP peak is detected are observed within
75 kb of that peak (Table 1), we elected to further filter the
SpTbr ChIP peaks to those within 75 kb of a gene annotation.
This distance corresponds to approximately three times the av-
erage intergenic distance predicted for the sea urchin genome
(21). This method further filtered the set of SpTbr peaks to 1,952
(61.9% of all peaks) (Fig. S1). This approach may also eliminate
genuinely functional peaks, but because our goal is to associate
peaks with putative function, those not obviously associated with
a gene are not required in our later analyses.

To further corroborate these peaks, we used unpublished, but
publicly accessible, ATAC-seq chromatin accessibility data. The
ATAC assay identifies open chromatin based on the propensity
for in vitro transposase integration genome-wide. These data are
available as JBrowse tracks at Echinobase.org (22), representing
MACS?2 called peaks of ATAC-based chromatin accessibility
data from three replicate measurements of embryos at 24 hours
post fertilization (hpf). We used the regions common to all three
replicate ATAC samples and filtered the detected 3,149 peaks
for only those that overlap the consensus region of ATAC sen-
sitivity. A total of 1,542 SpTbr peaks (49.0%) overlap ATAC
peaks. This fraction of ChIP overlap with chromatin accessibility
is comparable to what has been reported in the literature for

10 kb 1kb

Fig. 1. Anti-SpTbr antibody validation. (A) WMISH for Sp-tbr in S. purpuratus at 24 hpf showing expression localized to the ingressed primary mesenchyme
cell population. (B) IF localization of SpTbr in an S. purpuratus embryo; staining is also observed in the primary mesenchyme cells. (C) Example data from the
SpTbr ChIP-seq experiments showing the Sp-Nrl locus. The top track shows regions called as SpTbr ChIP peaks by MACS2 analysis, where the color intensity of
the box corresponds to peak fold enrichment. The two tracks in gray are bedgraph data output from MACS2 showing sequence tag pileups from ChIP
and local lambda from input chromatin datasets. The blue bed track represents consensus ATAC-seq peaks for three replicate 24-hpf datasets (hosted at
Echinobase.org), and the bottom track is the annotated S. purpuratus gene models. The target gene is highlighted by a red line. (Scale bar: 10 kb.) The area
surrounding the detected ChIP peaks, indicated by a square bracket, is expanded in D to show finer resolution of ChIP and ATAC intersection. (Scale bar: 1 kb.)
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Table 1. ChlIP-seq peaks near predicted targets of SpTbr

Glean ID Gene name Peak_ID ATAC overlap Distance, kb
SPU_013698* Sp-Nrl tbr_macs_peak_2546 Yes 72
SPU_015243* Sp-FoxN2/3 tbr_macs_peak_2415 Yes 63
SPU_002088* Sp-Msp130 tbr_macs_peak_1696 No' 36
SPU_013821* Sp-Msp130_1 34
SPU_004551* Sp-FoxB (tbr_macs_peak_3011) (No) (281)
SPU_018483* Sp-Erg — — —
SPU_009123* Sp-Nebnph tbr_macs_peak_2337 No 48
SPU_009124* Sp-Lisp1 28
SPU_018403* None tbr_macs_peak_977 Yes 18
SPU_018407* Sp-Hypp_2998 35

SPU_027906* Sp-C-lectin/PMC1

Genes predicted to be targets of SpTbr either from the curated sea urchin developmental GRN dataset or from
Rafiq et al. (16) were surveyed to determine whether a SpTbr ChIP peak was detected on the same scaffold. If a
detected SpTbr ChIP peak was detected, the presence of an overlapping ATAC-seq peak was scored, and the
distance from the peak to the body of the gene is reported. In several cases, multiple genes shared a single peak
(e.g., Sp-Msp130 and Sp-Msp130_1 or Sp-Nebnph and Sp-Lisp1). These genes are grouped together by like
shading; the peak ID is reported once, and the distance from the peak to each gene is indicated. Genes in this
set for which no peak is detected are marked with —. The peak associated with Sp-FoxB is indicated in paren-
theses because its extreme distance to the body of the gene—281 kb—makes it unlikely that this peak is involved

in the direct regulation of Sp-FoxB.
*SpTbr targets predicted from PMC-GRN.

TAlthough there is no ATAC-seq peak overlapping the SpTbr peak at the Sp-Msp130 locus, there is an ATAC peak

immediately adjacent, as shown in Fig. S2.
*SpTbr targets predicted by Rafiq et al. (16).

other organisms (e.g., ref. 23). In total, 1,492 SpTbr peaks both
overlap an ATAC peak and are positioned within 75 kb of an
annotated gene (Fig. S1). These peaks now represent the high-
est-stringency set that we use for further analyses.

To predict the function of SpTbr genome-wide, we next per-
formed Gene Ontology (GO) term enrichment analysis based on
the annotation of the 1,052 genes that are closest to the 1,492
SpTbr peaks. The most significantly enriched terms among these
genes were found to be “nucleic acid binding TF activity” (63
genes, P = 2.3¢7>%), “MAP kinase phosphatase activity” (5 genes,
P = 13e™"), “proteoglycan binding” (3 genes, P = 0.02), and
“regulation of signal transduction” (10 genes, P = 0.04) (Fig. 2
and Dataset S1). These enrichments highlight the known roles of
SpTbr in regulating both gene expression and cell signaling, both
central mechanisms of information flow through GRNs. Indeed,
the genes identified are significantly enriched for genes present
in the current GRN model (49 genes, hypergeometric P = 2.3¢™).
The MAPK pathway, in particular, is known to be critical for PMC
ingression and patterning during the stage sampled here (24, 25),
although to our knowledge Tbr has not been previously been
implicated as a direct regulator of this pathway. It has been
demonstrated, however, that Tbr is required for the epithelial—
mesenchymal transition associated with PMC ingression (26).
These data suggest the potential for regulatory feedback between
MAPK signaling and PMC-GRN regulatory genes, where, for
example, SpTbr may regulate aspects of the MAPK pathway
that, in turn, have been shown to phosphorylate and regulate
SpEtsl at the top of the network and act as a regulatory input to
SpTbr in PMCs (25, 26).

Having defined a set of high-confidence SpTbr binding sites
genome-wide and associations with adjacent genes in sea urchins,
we next shifted our focus to ascertaining the targets of sea star Tbr
(P. miniata Tbr; PmTbr). Gastrulation in the sea star begins with
the invagination of the vegetal plate (there is no ingressing primary
mesenchyme) at ~30 hpf (27). At this stage, PmTbr is localized
throughout endomesoderm, as well as at lower levels throughout
the ectoderm (13), and therefore the ortholog is distributed far
more broadly within the sea star than the sea urchin embryo.

5856 | www.pnas.org/cgi/doi/10.1073/pnas.1610611114

The sea star anti-Tbr antibody was generated against a peptide
specific to PmTbr, as described in ref. 13. Our initial analysis of
PmTbr ChIP-seq peaks revealed a statistical overrepresentation
of predicted repetitive elements (details in SI Materials and
Methods). Sequencing reads that aligned to predicted RTE-2—
like elements, which conspicuously and significantly overlapped
with the initial peak set, were removed before subsequent peak
detection. Ultimately, 13,977 peaks were called by MACS2 using
the filtered read set, of which 9,164 (65.6%) were within 75 kb of
an annotated gene. We detected more peaks in the PmTbr ChIP-
seq than in the SpTbr ChIP-seq (9,164 vs. 1,952), although a similar
percentage were associated with a gene (65.6% vs. 62.0%). This
observation is consistent with the larger domain of PmTbr in sea
stars, throughout the endomesoderm and ectoderm, compared
with the highly restricted localization of SpTbr to the small number
of PMCs in sea urchins.

The only previously known direct target of PmTbr is Pm-Owx
(28). The previously functionally characterized CRM is com-
pletely overlapped by a significant MACS-called ChIP-seq peak
(Fig. 34). Furthermore, Pm-Delta has previously been shown to
be sensitive to PmTbr morpholino knockdown, and in the ChIP-
seq data, we found a significant MACS-called PmTbr peak 11 kb
away from the Pm-Delta gene (Fig. 3B). Although there are fewer
known targets for PmTbr in sea star compared with sea urchin, we
found ChIP peaks proximal to both known targets, indicating that
the PmTbr ChIP-seq dataset is capable of detecting genomic
binding sites of PmTbr.

In the absence of available sea star ATAC-seq data to corrobo-
rate peaks, and given the limited known functions of sea star Tbr,
we performed RNA-sequencing (RNA-seq) on Pm-tbr knockdowns
to enable further filtering of PmTbr peaks for functionality. We
used RNA collected at early gastrula from Tbr antisense morpho-
lino injected embryos (anti-Tbr MASO) compared with control
morpholino injected (control). Genes significantly differentially
expressed [false discovery rate (FDR) < 0.05] between control
and anti-Tbr MASOs in biological triplicate were detected. In
total 2,562 genes (9.3% of all expressed genes) were found to be
significantly differentially expressed and 1,165 of these (45.5%)
were found to be within 75 kb of a PmTbr ChIP-seq peak (1,105

Cary et al.
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Fig. 2. GO term enrichments for Tbr target genes. The significantly
enriched GO terms for each set of targets is reported as a point where the
color intensity corresponds to the corrected hypergeometric P value for that
enrichment, and the area corresponds to the percent of all genes annotated
with that term identified among the target set. (4) GO term enrichments for
targets of SpTbr peaks, including all peaks as well as the subsets of peaks
containing primary motifs (1° peak) or secondary motifs (2° peak). (B) GO
term enrichments for PmTbr targets, including genes that are differentially
expressed after Tbr knockdown (All DEG), DEGs that are up- or down-reg-
ulated (DEG [up] and DEG [down], respectively), DEGs that have a PmTbr
peak assigned (DEG + peak), and DEGs with assigned peaks that contain
primary motifs (1° peak) or secondary motifs (2° peak). (C) GO term enrichments
for the 108 orthologous target genes found to be regulated by Tbr in both sea
urchin and sea star datasets. These are subsetted to indicate whether the
assigned peak in each dataset contains primary motifs (SpTbr 1° peak and PmTbr
1° peak) or secondary motifs (SpTbr 2° peak and PmTbr 2° peak).

peaks) (Fig. 4 and Fig. S1). This fraction of differentially
expressed genes (DEGs) associated with ChIP peaks is within
the range of what has been observed in other model systems (29,
30). Importantly, when we considered the union of DEGs with
an associated peak we found both up- and down-regulated genes;
676 of 1,521 (44.4%) significantly up-regulated genes and 489 of
1,041 (47.0%) significantly down-regulated genes had an asso-
ciated ChIP peak. This finding is strong evidence that PmTbr has
the potential to act as both a direct repressor and an activator.
This activity is consistent with known dual repressor/activator
functions in related Tbox genes from other taxa (31, 32).

Cary et al.

We examined the previously characterized targets of PmTbr
(i.e., Pm-Otx and -Delta) and found that neither were signifi-
cantly differentially expressed. Pm-Otx was found to be 1.3-fold
down relative to the control, and Pm-Delta was found to be 1.7-
fold down. The directionality of both of these genes was con-
sistent with previous data, even though the changes were not
statistically significant by RNA-seq. Thus, our RNA-seq analysis
at this time point may miss some target genes we expect are
regulated by PmTbr, but we chose to use the DEGs to help filter
detected peaks because, again, we sought to minimize the po-
tential for false positives among identified peaks.

To assess GO term enrichment to explore the function of
PmTbr genome-wide, GO annotations were mapped from sea
urchin genes to predicted sea star orthologs. First, likely sea star
orthologs of sea urchin genes were predicted by using a re-
ciprocal best blast hits (BBH) method. We examined term en-
richments among the sea urchin orthologs to genes of interest
from the sea star dataset—both the 2,562 genes that significantly
changed after Pm-tbr knockdown, as well as the subset of 1,165
DEGs that also have a PmTbr ChIP peak detected within 75 kb.
In general, GO term enrichments from the sea star dataset were
less robust, owing to the fact that only a fraction of the genes
examined (35-41%) have a reciprocal BBH mapping that in-
forms the annotation of the sea star genes. Nonetheless, these
enrichments suggest both conserved and divergent functions for
Tbr in these two species. For example, the set of DEGs proximal
to PmTbr ChIP peaks were enriched for some of the same
ontology terms as was found in the sea urchin set—including
“sequence-specific DNA binding TF activity” (17 genes, P = 0.069).
The MAP kinase-associated terms were not found to be enriched
in the sea star set, and there is no evidence to suggest that the
MAP kinase pathway is used during sea star gastrulation. Addi-
tionally, there were several other terms enriched in the sea star set,
not found in the sea urchin set, including “scavenger receptor
activity” (six genes, P = 0.023), “apoptotic process” (six genes, P =
0.14), “cell adhesion” (six genes, P = 0.35), and “aminoacyl-tRNA
ligase activity” (seven genes, P = 0.069) (Fig. 2 and Dataset S1).
These terms are all more significantly enriched (all P < 0.05) among
genes that were up-regulated by Pm-tbr knockdown (i.e., those
genes that PmTbr would be predicted to repress), whereas there
were no significant term enrichments for genes down-regulated by
the Pm-tbr MASO knockdown. Thus, genes up-regulated by Pm-tbr
knockdown are more functionally coherent, further supporting the
hypothesis that PmTbr functions as a repressor.

We next compared binding site motif utilization in peaks from
both species. We have previously defined the PWMs for Tbr
primary and secondary site motifs in vitro. Although the sea star
and sea urchin primary site PWM are quite similar, only sea star
Tbr has an enhanced preference and affinity for the defined
secondary site motif. We used the Finding Individual Motif
Occurrences (FIMO) tool from the MEME-suite to scan both
peak sets for the presence of the primary and secondary site
motifs, and overlapping motif occurrences were filtered such that
only the most significant motif was reported for each position.
This filtering step is important because the primary and sec-
ondary site PWMs are partially overlapping, and frequently we
would find both primary and secondary sites called at one po-
sition within a peak, although one with a much higher score and
associated P value. Each peak was then classified based on the
presence or absence of each motif. Although the SpTbr protein
has a very low affinity for the secondary motif in vitro, the pro-
tein is nonetheless apparently capable of binding to sites with this
motif in vivo, because we found several hundred SpTbr peaks in
which only this motif was detected (Fig. S6). However, the
proportion of sea urchin peaks with a secondary motif-containing
site was significantly lower than the proportion of sea star peaks
with a secondary site (x> P = 1.8e™*) (Fig. S6). The proportion of
peaks with primary sites, conversely, was not significantly different
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Fig.3. Known PmTbr targets have proximal ChIP peaks. For both the Pm-Otx locus (A) and Pm-Delta locus (B), the top track shows regions called by MACS2 as
PmTbr ChIP peaks, and corresponding ChIP sequence tag pileup and local lambda pileup (input) are shown as bedgraph tracks in gray. The bottom track
shows annotated genes in the locus with the known target of PmTbr indicated by a red line. For each locus, an expansion of the area around the detected
peak, indicated by a square bracket, is shown to the right of the vertical black line. The position of the previously described Pm-Otx CRM is indicated by the

red box.

between the two datasets (x* P = 0.069). Therefore, even though
the secondary motif was present in the sea urchin dataset, it was
present in significantly fewer of the detected peaks, suggesting a
bias against use of this lower-affinity motif. We found minimal
differences among the GO term enrichments for peaks with pri-
mary vs. secondary site motifs. In the sea urchin, primary site-
containing peaks were near genes enriched in the MAPK pathway
and thyroid hormone receptor activity, whereas secondary site
peaks were near genes enriched for growth factor activity. Sea star
primary site-containing peaks were near genes enriched for de-
velopmental processes and tRNA ligase activity, whereas targets
near secondary site peaks were enriched for cell death (Fig. 2 and
Dataset S1). There was no association between motif use and up-
or down-regulation among the sea star target genes.

We were next interested to understand which, if any, orthologous
genes and processes were regulated by Tbr in both sea urchin
and sea star. Although multiple studies have compared gene
function by assessing specific differential target gene expression in
knockdowns vs. controls (e.g., refs. 33-36), this study provides the

opportunity to perform an unbiased genome-wide survey, as well
as to compare potential direct regulation through comparison of
our ChIP-seq datasets. There is no previous knowledge to provide
an expectation of conservation and divergence between these
echinoderms. Estimates of binding site conservation across other
taxa show a wide range of target conservation. Experiments in
yeast (37) and mammals (5, 38-40) reported low levels (e.g.,
5-40%) of target conservation for several TFs examined, whereas
studies of the mesodermal regulator Twist in Drosophila species
revealed as high as 60-80% target conservation across the six
species tested (41). Thus, the level of target conservation may be
factor- and clade-dependent.

Using the reciprocal BBH mappings, we sought to identify
orthologous genes that have proximal peaks in both sea urchin
and sea star datasets. Given the differences in genome assembly
completeness, and our preference toward eliminating false positives
over maintaining data, we cannot make strong conclusions about
missing associations (i.e., those genes that have a peak in one dataset
but are missing a peak in the other) because there is a likelihood
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Fig. 4.
experiment, and the fold change for each gene is plotted against the calcul

10 20 30 40

Identification of targets of PmTbr by integration of ChIP-seq and RNA-seq data. Each point represents a gene detected in the Pm-Tbr MASO RNA-seq

ated FDR. Significantly, DEGs are further annotated to indicate whether a cor-

responding ChIP peak was detected in the PmTbr ChIP-seq dataset (red points), where the intensity of the point color corresponds to the FDR of the associated
peak; color scale is indicated on bottom key. Finally, any significant DEG that has a sea urchin ortholog with a peak detected within 75 kb is indicated as a
black point. Points where both the sea star and sea urchin ortholog have an associated peak are colored red with a black point in the center. Several genes of

interest from this category are labeled.
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for false-negative associations in the sea star dataset, where the
genome is assembled into generally smaller scaffolds (20) (Fig.
S5). Therefore, we restrict the following analyses to associations
between genes and peaks found in both datasets. Of the 4,444 sea
urchin genes detected within 75 kb of a SpTbr peak, 995 had an
orthologous sea star gene that also had a proximal PmTbr peak. A
total of 108 of these genes (10.9%) were also differentially
expressed in the Pm-Tbr knockdown RNA-seq dataset (Dataset
S2). The GO terms enriched in the set of 108 genes with orthol-
ogous genes in both species that had peaks included “protein
phosphorylation” (eight genes, P = 0.007), aminoacyl-tRNA ligase
activity (three genes, P = 0.02), and “TF activity, sequence-specific
DNA binding” (five genes, P = 0.057) (Fig. 2 and Dataset S1).

Finally, we asked whether the gene targets that are regulated
in common (108 genes) (Fig. 4 and Dataset S2) had any notable
binding site motif attributes. We found a similar decrease in the
number of secondary motifs present in SpTbr peaks associated
with the 108 genes in the overlapping ortholog set, compared
with the total peak dataset (Fig. S6). The proportion of sec-
ondary sites in the sea urchin peaks in this subset was signifi-
cantly lower (x> P = 0.014), whereas there was no significant
difference in the proportion of primary site peaks (3% P = 0.34).
A total of 17 of these genes were associated with peaks that had
the same combination of primary and secondary motifs in both
organisms (Dataset S2). Here, again, we found limited functional
differences for genes associated with either primary vs. second-
ary site motif-containing peaks (Fig. 2 and Dataset S1). There-
fore, primary and secondary motif use is not biased toward any of
the functional categories tested here.

Discussion

Echinoderms are a powerful model system for understanding
deep divergence in developmental GRNs and the consequences
that these changes have for the evolution of morphology. De-
spite extensive comparative studies (33, 34, 36, 42), there has
been no direct and unbiased whole-genome comparison of the
role of orthologous factors in these taxa. Put simply, we are as yet
completely ignorant of the scale of conservation and change that
might occur among these classes. Indeed, although there are
many studies among classes of chordates (5), such comparisons
are essentially unknown in any other animal taxa at this level of
evolutionary comparison. Echinoderms diverged into separate
classes ~450-500 Mya in the Ordovician, but the radiation is con-
sidered to have occurred extremely rapidly, with five separate
classes emerging in as few as 5 million years (14, 43, 44). During this
rapid radiation, the classes underwent dramatic morphological
change, and yet their body plans, both as adults and larvae, have
remained remarkably stable since. This stability contrasts with ver-
tebrate classes, which have undergone multiple waves of morpho-
logical radiations. Recently, this deep evolutionary separation of
echinoderm classes has also been shown to present an opportunity
to understand how TF proteins might evolve changed biochemical
functions (13). Specifically, our previous study showed that the TF
Tbr has evolved changed preferences for a low-affinity motif among
echinoderm classes, and these secondary motifs were more sensitive
to changing levels of Tbr. However, the role that such differences in
motif utilization might have for the structure and function of the
GRN is unknown in any taxa.

ChIP-seq provides the only method to assess direct binding
and to reveal CRMs genome-wide, and it is therefore the only
current technology that can provide a holistic comparison of
direct regulatory connections and motif utilization. This approach
has only recently become feasible in echinoderms because of the
improvements made to the assembled genomes for these species
(21). The high number of scaffolds in these genomes, however, still
limits our ability to collect all associations between factor binding
and target genes. In using these genomic techniques, a key goal has
been to minimize false positives by stringently filtering the data in
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various ways. These aspects of our analysis restrict our ability to
make conclusions about missing associations because they may be
missed due to the limitations of the genome or by the application of
stringent filters.

Accepting the nature of these limitations, our study has shown
that Tbr in these species is highly pleiotropic, and especially so in
sea stars, where PmTbr has 9,164 predicted binding sites com-
pared with only 1,952 in sea urchins. The expression of tbr has
been well characterized in many species from different groups of
echinoderms. Whereas in euechinoid sea urchins (e.g., S. pur-
puratus), tbr expression is restricted to skeletogenic mesoderm,
orthologs in other echinoderm groups are expressed more
broadly throughout the endomesoderm [e.g., as has been shown
in sea stars (13), brittle stars (45), cidaroid sea urchins (46), and
sea cucumbers (34)]. Parsimony, therefore, suggests that the
euechinoid sea urchins have relatively recently lost this broader
domain of tbr expression. The reduced number of Tbr binding
sites identified in the sea urchin supports this hypothesis. This
finding also suggests that our dataset should identify processes
associated with a dramatic loss of target genes in sea urchin.
Indeed, our data highlight functions found to be significantly
enriched among sea star target genes that are lost in the sea urchin
set, specifically those related to scavenger receptor activity and
apoptotic processes suggesting a specific loss of these functions.
Intriguingly, sea star Tbr appears to act as a repressor of these
genes, implying that sea urchin Tbr has specifically lost repressor
activities relative to the sea star. Both the sea urchin and sea star
factors have predicted roles in regulating genes at all levels of the
GRN hierarchy (i.e., other regulatory genes as well as genes in-
volved in differentiation, cellular processes, and morphogenesis,
which are found at the termini of the GRN). Therefore, alterations
in function have not occurred solely through loss of terminal pro-
cesses, but also through changes to regulation of other TFs and,
hence, we predict, to GRN topology.

Even though the sea urchin and sea star proteins have very
different domains of expression, and show a marked difference
in numbers and types of regulated genes, they nonetheless share
~10% of their targets. Because we have only two taxa for com-
parison, we cannot know to what extent these are evolutionarily
maintained and thus genuinely homologous, or are converged
upon independently. However, this study reveals the overlap in
targets that may occur in these taxa and is within the low range of
similar comparisons of yeast and vertebrate lineages (5, 37-40).
GO analyses and close inspection of the target genes in common
indicate that protein kinases and other regulatory genes are
commonly regulated, again pointing to a role for Tbr within the
body of the GRN topology. This finding implies that GRN
structure can change dramatically, while maintaining some reg-
ulatory connections. A future direction will be to more carefully
dissect the GRN circuitry surrounding these conserved nodes to
understand the types of motifs and network functions that can be
maintained in the face of such dramatic rewiring.

We found peaks containing secondary binding motifs in sea
urchin as well as sea star, which shows that, although it has very
low affinity for these motifs in vitro, in vivo SpTbr is able to bind
to these sites. This finding suggests that some combination of
CRM characteristics must act to stabilize binding to these low-
affinity sites in vivo. For example, CRMs may contain multiple
Tbr binding sites or potential cofactor binding sites that could
mitigate the effect of a single low-affinity site. Importantly, we
show that secondary motifs are significantly underrepresented in
sea urchins compared with sea stars, which implies that there are
indeed fewer permissive contexts, or an increase in the require-
ments for functional utilization, for these motifs in sea urchin
CRMs. This finding has important implications for how changes
to TF binding affinity can restructure GRNs during evolution.
Genes regulated by CRMs containing only a single low-affinity
binding site (i.e., a secondary motif) will be prone to loss of regulation
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as the TF evolves a further reduced affinity, such as we found for sea
urchin Tbr. Many CRMs, however, are likely to be regulated by
combinations of binding sites, including multiple low-affinity sites, as
well as high-affinity motifs and comotifs, and are therefore expected
to be relatively insulated from changes to TF binding affinity. Based
on the described functions of low-affinity motifs (47), the CRMs most
sensitive to a reduction in TF affinity may be those that regulate genes
expressed at low levels, those that provide highly specific expression
(for example in the presence of multiple related TFs), those that
mediate repressive vs. activator functions, or possibly those that affect
precise developmental expression timing.

It has been shown for many species, including in echinoderms,
that there is a high rate of turnover in TF binding sites (48).
Thus, there will be a gradual turnover that results in the loss of
low-affinity motifs, a switching from high to low affinity, and loss
of comotifs. Changes in affinity of these motifs can result from
just one SNP, and hence can be quite frequent. Such turnover
can lead to scenarios in which a gene is now regulated by a single,
or few, low-affinity motifs. In the sea star, where the TF can
readily bind these secondary motifs, the gene will maintain TF
regulation. The sea urchin, however, may no longer express these
genes in response to TF input. At this point, the CRM is no
longer under selection for this TF binding and could rapidly
acquire further mutations that are deleterious in this context. For
example, loss of Tbr regulation might lead to a change in the
timing of the regulation of the target, thereby relaxing other
features of the CRM that direct function at this stage. Conversely
the sea star CRM, being under maintained functional selection, may
in the future acquire additional motifs and/or switch back from a
low- to a high-affinity site. Thus, the relatively higher-affinity pref-
erence for a secondary motif in sea stars should provide an in-
creased robustness to natural turnover in CRM sequences. The sea
star has a greater range of functional binding site variants, and thus
a larger sequence space for maintained selection. This hypothesis
leads to the following predictions: that genes regulated by one or
few low-affinity motifs will be more sensitive to TF levels, and that
the sea star should have a greater frequency of CRMs under the
control of single or few numbers of secondary motifs, whereas the
frequency of these should be suppressed in sea urchins. Addition-
ally, we predict greater population-level variation among Tbr-reg-
ulated CRMs in sea stars than in sea urchins. Ultimately, it will be
essential to consider the consequences of binding site turnover and
CRM loss in the context of the broader GRN and recognize that
not all losses will manifest equivalent developmental phenotypes.
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Materials and Methods

ChiP-Seq Analysis of SpTbr and PmTbr. ChIP was performed as described (13)
(details in SI Materials and Methods). Custom rabbit polyclonal antibodies
were produced by Thermo-Fisher against peptides from the nonconserved N
terminus of each protein (PmTbr: EQGERYTVSHHGATEDTR; SpTbr:
KFQKTTEPEESDKVYEDENLDRD) to ensure high specificity for Tbr over other
t-box TFs present in the genome (e.g., Tbx2/3 and Brachyury). Embryos were
cultured until mesenchyme blastula stage (S. purpuratus; ~24 hpf) or
hatched blastula stage (P. miniata; ~30 hpf), at which point they were col-
lected and processed as described (ref. 13 and S/ Materials and Methods).
One biological replicate each, prepared by pooling chromatin from two or
three independently fertilized cultures before immunoprecipitation, was
used to prepare sequencing libraries from total (input) and immunopreci-
pitated chromatin, and lllumina HiSeq 2500 76-bp SR sequencing runs were
performed (Yale Center for Genome Analysis). Analysis of ChIP-seq data are
described (S/ Materials and Methods). Raw and processed sequencing reads
have been deposited into the National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus database (accession no. GSE89862), and
analysis scripts are available upon request.

RNA-Seq Analysis of PmTbr Knockdown. P. miniata zygotes were injected with
600 pM Tbr MASO or standard control MASO (Gene Tools) as described (1, 2,
49, 50). RNA was extracted by using the GenElute Mammalian Total RNA Kit
(Sigma-Aldrich). Illumina TruSeq library preparation and HiSeq 2500 50-bp
SR sequencing were performed (University of Southern California Epige-
nome Center). RNA from biological triplicate paired sibling control- and Tbr-
MASO injected embryos was analyzed. Analysis of RNA-seq data is described
in SI Materials and Methods. Raw and processed sequencing reads have been
deposited into the NCBI Gene Expression Omnibus database (accession no.
GSE89863), and analysis scripts are available upon request.

Ortholog Mapping, GO Set Enrichment, and Motif Detection. Orthologous
genes between the sea star and sea urchin transcriptome were detected by
using a reciprocal BBH script generated in-house (S/ Materials and Methods).
GO term annotations for sea urchin genes were extracted from annotation
files available through Echinobase. Term enrichment testing was performed
by using the GOstats Bioconductor package, with statistical assessment de-
termined by hypergeometric test, and reported P values were adjusted to
compensate for multiple testing errors using the Benjamini-Hochberg cor-
rection (SI Materials and Methods). Motif occurrences within peaks was
detected by using the FIMO program (S/ Materials and Methods).
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