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Abstract

Background: Members of the sulfotransferase superfamily (SULT) influence the activity
of a wide range of hormones, neurotransmitters, metabolites and xenobiotics. However, their
roles in developmental processes are not well characterized even though they are expressed
during embryogenesis. We previously found in a microarray screen that Six1 up-regulates
LOC100037047, which encodes XB5850668.L, an uncharacterized sulfotransferase.

Results: Since Six1 is required for patterning the embryonic ectoderm into its neural plate,
neural crest, preplacodal and epidermal domains, we used loss- and gain-of function assays

to characterize the role of XB5850668.L during this process. Knockdown of endogenous
XB5850668.L resulted in the reduction of epidermal, neural crest, cranial placode and otic vesicle
gene expression domains, concomitant with neural plate expansion. Increased levels had minimal
effects, but infrequently expanded neural plate and neural crest gene domains, and infrequently
reduced cranial placode and otic vesicle gene domains. Mutation of two key amino acids in the
sulfotransferase catalytic domain required for PAPS binding and enzymatic activity tended to
reduce the effects of overexpressing the wild-type protein.

Conclusions: Our analyses indicates that XB5850668.L is a member of the SULT?2 family that
plays important roles in patterning the embryonic ectoderm. Some aspects of its influence likely
depend on sulfotransferase activity.
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INTRODUCTION

Members of the cytosolic sulfotransferase (SULT) superfamily catalyze the transfer of a
sulfuryl (SO3) group from a donor to a substrate. The most common sulfate donor is
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3’phosphoadenosine 5’phosphosulfate (PAPS), whereas substrates include many hormones,
neurotransmitters, metabolites and xenobiotic compounds, such as environmental toxins,
antibiotics and cancer promoting compounds.t- 2: 3.4 Members of the SULT superfamily
share considerable amino acid sequence and structural similarities. However, each family
displays distinct but overlapping substrate specificities resulting in different biological
functions.l: 5 6 The biological functions and substrate specificities have been extensively
studied in adult tissues where they play important roles in detoxifying compounds and
metabolizing drugs.8: 7 Adding sulfuryl groups to endogenous and xenobiotic compounds
is thought to increase their water solubility, thus increasing diffusion and excretion, and to
modify their bioactivity. The role of SULTS in developmental processes, however, has not
been studied in any detail. SULTs have been detected in embryonic tissues in nematode,
fly, fish, frog and humans,* 8 9.10. 11,12 bt aside from studies that identified potential
substrates, little is known about how their activities affect developmental processes.

In a search for downstream targets of Six1, a homeodomain-containing transcription
factor involved in patterning the embryonic ectoderm and development of cranial sensory
organs,13: 14. 15 we performed a microarray screen to identify novel genes regulated by
Six1 in ectodermal explants. We identified an mRNA designated L OC100037047 that was
upregulated >3-fold by Six1 and whose embryonic expression required the presence of
Six1.16 The provisional gene symbol for L OC100037047is XB5850668.L, which encodes
an uncharacterized sulfotransferase. XB5850668.L is expressed in many of the same
embryonic tissues as SixZ,17 including the cranial sensory placodes, neural crest-derived
branchial arches, somites and nephric mesoderm.16 Herein we present a phylogenetic
analysis that indicates XB5850668.L is a member of the SULT2 family.

Because the patterning of the cranial derivatives of the embryonic ectoderm is involved in
many craniofacial syndromes, we investigated whether the establishment of the progenitor
fields of the neural and non-neural domains of the embryonic ectoderm are altered after
either loss-of-function or gain-of function of this uncharacterized sulfotransferase. Reducing
the endogenous levels of XB5850668.L by microinjection of translation blocking antisense
morpholino oligonucleotides (MOs) caused neural plate gene expression domains to expand,
whereas the predominant phenotype for neural crest, preplacodal ectoderm (PPE) and
epidermal gene domains was a reduced expression domain. At later stages, otic vesicle gene
expression domains also were reduced. In contrast, increasing the levels of XB5850668.L
by mRNA injections had no effect in the majority of embryos. A small percentage of
embryos showed broader domains of neural plate and neural crest genes, whereas about
40% of embryos showed smaller domains of most PPE and all otic vesicle genes analyzed.
To determine whether the overexpression effects required enzymatic activity, we mutated
two key amino acids required for the sulfotransferase activity of other members of the
SULT superfamily.18: 19 We found that for most genes, at least one of the mutated proteins
caused less of an effect compared to that of the wild type protein. Together these results
demonstrate that XB5850668.L plays a role in craniofacial development by balancing the
proportion of the embryonic ectoderm that differentiates into neural plate versus neural crest
and cranial placode structures. Because XB5850668.L is regulated by Six1,16 a gene that is
mutated in Branchio-oto-renal (BOR; OMIM 608389) and in Deafness, autosomal dominant
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23 (DFNA23; OMIM 605192) syndromes, we suggest that members of the SULT2 family
should be investigated for potential involvement in with these syndromes.

LOC100037047-XB5850668.L encodes a sulfotransferase

LOC100037047 (NCBI accession number BC130199.1,2%) was identified as an upregulated
Six1 target by a microarray screen of SixZ-treated ectodermal explants.18 Specifically,
LOC100037047 was increased >3-fold by Six1 in the explants, and its expression

domain was expanded in embryos by SixZ mRNA injection and reduced by SixZ
translation-blocking antisense morpholino oligonucleotide (MO) injection. Sequencing of
the commercially available full-length ORF clone (BG885936, Open Biosystems) identified
this clone as a minor variant of Xenopus laevis L OC100037047 (Fig. 1). According to the
Xenopus laevis gene assembly (v10.1) the provisional gene symbol for LOC100037047 is
XB5850668.L (xenbase.org; NCBI Accession number NM_001097778), which is located
on chromosome 7L; there is no homeolog on chromosome 7S (Fig. 2A). It has 88.16%
identity with the Xenopus tropicalis ortholog, XB5850668 (NCBI Accession number
NM_001126496.1). XB5850668.L likely functions as a sulfotransferase because it contains
a highly conserved sulfotransferase domain between residues 30-276 (Fig. 1), including

the 5° phosphosulfate binding loop (PSB loop) (aa 38-45; aa 118-128) and the C-terminal
PB-loop motif (aa 245-257) both of which are required for PAPS binding.”- 18. 19

In comparison to LOC100037047 (BC130199.1) and XB5850668.L (NM_001097778),
BG885936 has four amino acid (aa) substitutions (Fig. 1). At aa 17, which lies outside

the sulfotransferase domain, lysine (K) is substituted by asparagine (N); this amino acid also
is K in X tropicalis XB5850668 (NM_001126496.1). At aa 151, leucine (L) is substituted
by isoleucine (1); this amino acid is L in X tropicalis XB5850668. At aa 219, threonine (T)
is substituted to isoleucine (I); this amino acid also is | in X. tropicalis XB5850668. At aa
229, serine (S) is substituted to a threonine (T) that is not predicted to be phosphorylated
(NetPhos2.0); this amino acid also is S in X. fropicalis XB5850668. These minor variants
fall outside the key regions for PAPS binding (Fig. 1) and therefore are not expected

to have an effect on sulfotransferase activity. However, amino acid changes within the
sulfotransferase domain potentially could influence substrate specificity.>

Phylogenetic analysis of the vertebrate SULT2 gene family and identification of Xenopus

members

A BLAST search analysis of X. /aevis XB5850668.L identified 8 members of the X

laevis SULT?2 gene family. In the allotetraploid X. /aevis, 5 members were derived from
chromosome 7 of the L-subgenome and 2 of the S-subgenome (Fig. 2A). This chromosomal
region showed shared synteny between X. /aevis and X. tropicalis (Table 1), but little
synteny across species from mammals to a teleost (Table 2). Annotations of these genes in
public databases are still currently incomplete. Therefore, to clarify their identification, we
conducted a maximum likelihood (ML) phylogenetic tree (Fig. 2B) with the SULT2 gene
family members of various animal groups from fish to mammals. Our ML tree of SULT2
genes did not correspond to a phylogenetic tree of vertebrates, suggesting multiple events
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of gene duplication and subsequent deletion in SULT2 loci during vertebrate evolution. In
the vertebrate SULT2 gene family, our ML tree revealed the presence of at least eight major
classes with more than 47% amino acid identities. Among them, three SULT2 classes were
detected in Xenopus. These are: (1) SULT2A1 and its related genes (greenin Fig. 2A),
which are most related to the mammalian SULT2A/2B classes; (2) SULT2BL1 class (b/ue

in Fig. 2A), which did not form a monophyletic clade with any of the mammalian, avian

or reptilian SULT2B1 classes; and (3) the intermediate class (redin Fig. 2A), to which X.
laevis XB5850668.L belongs. Homeologous genes of XB5850668.L and related gene (LOC
108695914.L) were not detected in the S-subgenome in X. /aevis (Fig. 2A). The deduced
amino acid sequences of the Xengpus SULT2 and related genes showed >51%, >58% and
92% identities within the classes (1), (2) and (3), respectively, and 40-54% identities among
the three classes.

Loss of endogenous XB5850668.L expands neural plate and reduces neural crest, PPE and
epidermal gene expression domains

To determine whether XB5850668.L is involved in separating the embryonic ectoderm into
its four primary domains — neural plate, neural crest, cranial placodes and epidermis — we
injected an equimolar mixture of two translation-blocking MOs (Fig. 3A) into blastomeres
that are the major contributors to the cranial neural crest and PPE.2 Western blot analysis
showed that an equimolar combination of MO1 and MO2 effectively blocked XB5850668.L
translation (Fig. 3B) and when the mixture was injected into embryos there was a higher
frequency of gene expression phenotypes than obtained by each MO alone (Fig. 3C).
Expression of an MO-insensitive version of XB5850668.L. mRNA allowed translation in
the presence of both MOs (Fig. 3B) and rescued MO phenotypes in embryos (Fig. 3D, E).
Therefore, for all embryo experiments described below an equimolar mixture of MO1 and
MO2 was used to effectively reduce endogenous XB5850668.L.

At the end of gastrulation (stage 13), a neural border zone arises between the neural and
non-neural ectoderm.22 After XB5850668.L knockdown, the neural border domains of pax3
and msxZ, which are mostly associated later in development with neural crest fate,23: 24
were broader in the majority of embryos (60% and 49%, respectively) but smaller in about
one-fourth (22% and 25%, respectively) (Fig. 4A, B). In contrast, the neural border domains
of dix5and tfapZa, which are mostly associated later in development with non-neural
ectodermal fate,2> were predominantly reduced (59% and 64%, respectively), although a
small percentage of embryos (9% and 8%, respectively) had broader domains (Fig. 4A, B).

We next examined gene expression at neural plate stages (stages 16-18) when the four
ectodermal domains are established. Knock-down resulted in broader neural plate domains
of soxZ, sox11, and irx1 in the majority (>80%) of embryos (Fig. 4C, D). Consistent with
these changes, nearly all embryos (95.45%, n=22) showed a reduced epidermal domain, as
indicated by krt12.4 expression (Fig. 4E). At neural plate stages, pax3expression is detected
in the neural crest and hatching gland.2>: 26 Both of these pax3expression domains most
frequently were reduced in size (49%), as were the neural crest domains of foxd3and sox9
(65% and 59% respectively) (Fig. 4F, G). For each of these three genes, about one fourth

of embryos had a broader domain (22%, 22%, 27%, respectively) (Fig. 4G). Similar to the
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neural border expression of dix5and tfap2a, the PPE domains of sixZ, sox11, and irx1,
which are required for cranial placode formation,23: 27 were predominantly reduced (80%,
67%, 78%, respectively), with a minority of embryos showing broader domains (5%, 16%,
3%, respectively) (Fig. 4H, 1). The otic placode domain of sox9, which is required for otic
placode specification,?8 also was predominantly reduced (66%) with only a few embryos
(5%) showing a broader domain (Fig. 4F, I). Together, these data indicate that XB5850668.L
is required for the appropriate segregation of the embryonic ectoderm into its four major
domains. In its absence, the expression domains of some neural border genes (pax3, msxI)
and the neural plate genes most frequently were expanded, whereas those of other neural
border genes (dlx5, tfapZa) as well as neural crest, placode and epidermal genes most
frequently were reduced.

Loss of XB5850668.L reduces gene expression domains in the larval otic vesicle

Since the predominant effect of XB5850668.L knockdown on the PPE was a reduced
expression domain, we next monitored the expression of a number of genes that are
responsible for the formation of the larval otic vesicle (OV), an important derivative of

the PPE that gives rise to the inner ear. Morphant embryos were grown to early larval

stages (st 28-32) when the OV has formed. Similar to effects on PPE genes, sixZ, /rxI and
sox9expression was primarily reduced (62%, 66%, 96%, respectively) with a few embryos
(1.6%) having a larger irxI domain (Fig. 5A, B, C, G). The expression domains of eyaZ, a
cofactor of Six1,2° pax2, which patterns the ventromedial OV,3%: 31. 32 and gl/x5, which is
required primarily for the vestibular OV region,33 34 also were reduced in a high percentage
of morphants (75%, 63%, 63%, respectively), with a few embryos (6%) having a larger dix5
domain (Fig. 5D-G). Thus, the early reduction in PPE gene domains caused by knockdown
persisted as reduced expression of a number of genes required for OV formation and
patterning. This observation further supports the conclusion that XB5850668.L is required
for cranial placode formation.

Increasing XB5850668.L has minor effects on embryonic ectodermal gene expression

To determine whether increased levels of XB5850668.L alters the expression of the early
ectodermal genes, we injected mRNA (100 pg) encoding the wild type (wt) protein. At the
completion of gastrulation, the majority of embryos showed no change in neural border gene
expression. However, the intensity of staining in the pax3and msxZ domains was reduced

in about a third of embryos (30% and 29%, respectively), although a small number (7.5%
and 3.6%, respectively) had darker staining (Fig. 6A, B). There were virtually no effects

on the neural border expression of dix5or tfapZa (Fig. 6A, B). Thus, increased levels of
XB5850668.L protein had an effect on the neural border domains of only pax3and msx1.

At neural plate stages, most embryos showed no change in neural plate expression of sox2,
sox11or irx1(68%, 57%, 74%, respectively). However, some embryos had a broader neural
plate domain (23%, 43%, 18%, respectively), and a few had a smaller domain (9%, 0%, 8%,
respectively) (Fig. 6C, D). The majority of embryos also showed no effect on the krt12.4
epidermal domain (Fig. 6E; 75%, n=56), although 25% had a smaller expression domain.
Increased levels predominantly caused no effect on the pax3neural crest and hatching gland
domains or on the foxd3and sox9neural crest domains (45%, 54%, 73%, respectively)
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(Fig. 6F, G). However, some showed expanded domains (23%, 37%, 12%, respectively)

and others showed reduced domains (32%, 10%, 15%, respectively) (Fig. 6F, G). Increased
levels had no effect on the PPE domains of sixZ, irxZ and sox9in the majority of embryos
(54%, 58%, 50%, respectively), but reduced their PPE expression domains in many embryos
(44%, 40%, 45%, respectively) (Fig. 6H, I). Increased levels caused pleiotropic effects on
the sox11 PPE expression domain (Fig. 61): it was not affected in 40% of embryos, broader
in 37% (Fig. 6H) and reduced in 23% (Fig. 6C).

XB5850668.L gain-of-function also has minor effects on otic vesicle gene expression

Because increased levels of XB5850668.L reduced two genes expressed in the PPE that later
are required for OV formation (sixZ, irxI) and one expressed in the otic placode (sox9),

we next determined the effects of increased XB5850668.L on gene expression in the OV.
For six1, irx1, sox9, pax2, eyaZ, dix5, and thx1,35 3637 the predominant phenotype was
either no change in gene expression (39%, 47%, 42%, 43%, 38%, 43%, 39%, respectively)
or reduced gene expression (49%, 42%, 37%, 48%, 46%, 46%, 56%, respectively) (Fig. 7).
Smaller numbers of embryos had enlarged gene expression domains (12%, 11%, 21%, 9%,
16%, 11%, 5%, respectively) (Fig. 7). Thus, increased levels of XB5850668.L can interfere
with the expression of several of the genes required for OV formation and patterning.

Two amino acids key for sulfotransferase activity may be required

Members of the SULT superfamily share considerable amino acid sequence and structural
similarities.: 45 Each member contains structural features that are necessary for binding the
donor, PAPS, including two key amino acids that are required for enzymatic activity: residue
#40 (Lysine, K) and residue #96 (Histidine, H), which are conserved across Sultl and Sult2
proteins, including XB5850668.L (Fig. 1). K40 lies within the highly conserved 5’ PSB loop
which is required for binding the 5’phosphosulfate of PAPS; H96 is a key proton acceptor
that lies within the catalytic domain and is required for enzymatic activity.> 7-18. 19 To
determine whether these sites are necessary for the changes in gene expression in the neural
plate stage and larval OV domains that occurred when wild type (wt) protein levels were
increased (Figs. 6, 7), we made single (K40l; H96F) or double (K40I+H96F) amino acid
substitutions that are predicted to perturb PAPS binding and/or enzymatic activity. Mutant
MRNAs were injected at 100pg and compared to the results from injection of 100pg of

wt XB5850668.L. For the neural plate expression of sox2and sox11 (Fig. 8A, B) and the
PPE expression of sixZ and sox11 (Fig. 8F, G), the K40l mutant, H96F mutant or double
mutant caused fewer effects compared to wt, suggesting the mutation caused a loss of
catalytic function, either via deficient PAPS binding (K40I), enzymatic activity (H96F) or
both. Consistent with these results, there were downward trends in the effects of the mutants
on Jrx1 neural plate or sox9 otic placode expression domains (Fig. 8C, 1), but these did not
reach statistical significance. In contrast, the K40l mutant expanded foxd3and sox9neural
crest domains (Fig. 8D, E), and the double mutant caused a higher frequency of reduced /rxZ
PPE domain (Fig. 8H) compared to wt. These results suggest that for these genes the K40l
and double mutants may have caused substrates to bind in the absence of PAPS, changing
the enzyme to an inactive or dominant-negative conformation, as reported for other SULTSs.>
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For most OV genes analyzed, the double mutant caused fewer effects compared to wt, but
these only reached statistical significance for sox9, eya2, pax2and tbxI (Fig. 9C, D, E,

G). The K40l mutant also showed less frequent effects for irx1, pax2and tbx1, but only
reached significance for the latter (Fig. 9G). Likewise, the HO6F mutant caused less frequent
effects for six1, sox9, pax2and tbxI, but only reached significance for the latter (Fig. 9G).
Together, these results indicate that for these genes the mutations caused a loss of catalytic
function. However, for sox9and eyaZ, the reduced OV expression phenotype caused by

wt was significantly enhanced by the K401 mutant (Fig. 9C, D), suggesting an effect that
perhaps results from an inactive or dominant-negative conformation.

Overall, these data indicate that the two key amino acids that are required for
sulfotransferase catalytic activity are likely necessary for the effects of increased
XB5850668.L on the relative sizes of many of the ectodermal domain and OV genes, but the
K401 mutation in particular may affect the expression of some of these genes independent of
its ability to bind PAPS or enzymatic activity.

DISCUSSION

The SULT superfamily is comprised of a large number of proteins, classified by

sequence into several families, that sulfonate a wide range of substrates with overlapping
specificities® 7- 38 In humans, there are five families: twelve genes belong to the SULT1
family, three to the SULT2 family, and single genes each to the SULT3, SULT4 and SULT6
families.5: 39 40 |n mouse, there are seven families (Sult1-Sult7), each of which contains
several subfamilies.*

XB5850668.L is an uncharacterized sulfotransferase that to date had not been assigned

to a specific SULT family. Three protein structure databases suggest XB5850668.L is

a member of the SULT1 family ([ISP-LINK MISSING]uniprot.org/uniprotkb/A1L3M6/
entry; alphafold.ebi.ac.uk/entry/A1L3M6; modbase.compbio.ucsf.edu), however it was

not identified in a phylogenetic analysis of the Xenopus Sultl family.#! Instead, our
phylogenetic analysis firmly places it in the SULT2 family, and in a subfamily distinct
from either Sult2a or Sult2b. The SULT2 phylogenetic tree and the Xenogpus Sult2 genomic
arrangement on chromosome 7 suggest there have been multiple events of gene duplication
and subsequent deletion in SULT2 loci during vertebrate evolution. In humans, three genes
comprise the SULT2 family.6 SULT2A1 protein plays an important role in androgen and
bile salt metabolism, SULT2AZPis a pseudogene, and SULTZB is expressed as two

splice variants that sulfonate either a steroid hormone precursor or cholesterol. Numerous
SNPs have been reported in human SULT2A1 and SULTZB that affect the efficacy of
enzymatic activity and proclivity to disease.® In zebrafish, there also are three members of
the SULT2 family; these also play roles in steroid hormone and cholesterol metabolism.*
Our phylogenetic analysis indicates that the SULT2 family of the diploid Xenopus tropicalis
and the allotetraploid Xenopus laevis also are comprised of three subfamilies: 1) SULT2A1
and its related genes (XB986081 in X. tropicalisand LOC108695915 and XB986081

in X. /aevis); 2) SULT2B1,; and 3) an intermediate class including LOC100498051 and
XB5850668 in both X. tropicalisand X. laevis. While to our knowledge none of these have
been functionally tested for sulfotransferase activity or had their sulfate donor or substrates
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identified, conservation of function with human and fish homologs would suggest potential
roles in steroid hormone and cholesterol metabolism.

The roles of sulfonation in developmental processes

The addition and removal of sulfate-containing moieties on bioactive compounds play
important roles in modulating their solubility, activity and efficacy.3® The regulated removal
of sulfate-containing moieties by sulfatases (SULFs) are known to have many important
functions during development. For example, Sulf2a, which selectively removes 6-O groups
from heparin sulfate, modulates the activity of heparan sulfate proteoglycans by altering

the binding sites for several signaling molecules, including Fgf, Hh, Gdnf and Wnt ligands.
42,43,44 1n Xenopus, Sulfl and Sulf2 enhance the axis-inducing activity of Wnt11, restrict
Bmp and Fgf signaling during cell movement and differentiation, and are required for
appropriate cranial neural crest migration. 45 46. 47,48

In contrast, although the addition of sulfuryl groups to bioactive compounds by SULTs

is well recognized to modulate the activity of hormones, neurotransmitters, metabolic

and xenobiotic compounds in adult tissues, there has been little insight into the roles

they might play in developmental processes. It has been proposed that in humans SULT
proteins protect the fetus from excessive hormonal activity as well as blood-borne maternal
environmental toxins,® but this is yet to be experimentally tested. Previously, we suggested
that XB5850668.L has a role in developmental processes because XB5850668.L. mRNAs
were detected in the neural border zone, branchial arch-derived neural crest, cranial
placodes, neural tube, somites and nephric mesoderm.16 Additionally, whole embryo
RNAseq detected abundant transcripts through gastrula stages (xenbase.org based on 12. 49),
and semi-quantitative RT-PCR detected the highest levels of transcripts between gastrula
and neural plate stages.1® Proteomic data also indicate that it is available to participate in
developmental processes such as those investigated herein (xenbase.org based on 49: 50),

Our previous work showed that XB5850668.L is upregulated by Six1 in ectodermal
explants.16 Likewise, Riddiford and Schlosser reported several sulfotransferases as potential
Six1/Eyal targets in the PPE using RNAseq assays.?! These data indicate that sulfonation
may play an important role in developmental processes regulated by Six1. Therefore, we
performed gain- and loss-of-function studies to determine whether XB5850668.L functions
during the period when Six1 has a key role in establishing and patterning the embryonic
ectodermal domains - neural plate, neural crest, PPE and epidermis.2” The experiments
described herein demonstrate that it is required for the appropriate segregation of the
embryonic ectoderm into its four major domains. In its absence, most genes expressed in the
neural border and neural plate had expanded domains, whereas in the majority of embryos
the genes expressed in the neural crest, PPE and epidermis domains were reduced. These
results suggest that the processes that apportion cells to these different ectodermal domains
depend upon factors that require sulfonation.

In contrast, increasing the levels of XB5850668.L protein by targeted mMRNA injections had
minimal effects on gene expression patterns in most embryos. This result is not because

the MRNA dose was too small because there was no statistical difference in phenotype
frequencies when the mRNA dose was increased to 200pg (data not shown). Those embryos
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injected with either dose that did show a phenotype had either a moderately expanded
neural plate or neural crest gene domain, or reduced epidermis or PPE domains. This is
consistent with reports that when neural crest domains are expanded, PPE domains are
reduced, suggesting that there is a competition between the two fates that are derived in
common from the neural border zone.15: 52.53 Both the loss and gain of XB5850668.L had
long lasting effects in the PPE, as gene expression domains in the larval otic vesicle were
similarly affected. It is interesting that the effects of XB5850668.L knockdown were more
pronounced than the effects of increased expression. We speculate that if XB5850668.L is
proved to function as a sulfotransferase, this difference might be explained by the need for a
basal level of sulfonation that would be reduced by its knockdown, whereas excess enzyme
might not increase sulfonation above the level produced by endogenous enzymes on a stable
reservoir of available substrates.

Is sulfotranferase activity required for these effects?

Based on sequence alignment with the human SULT proteins, amino acids #40

(Lysine, K) and #96 (Histidine, H) are within the sulfotransferase catalytic domain

and their corresponding amino acids in mammalian SULTS are required for enzymatic
activity.> 7- 18,19 To determine whether these residues contributed to the phenotypes caused
by increased levels of XB5850668.L reported above, we made amino acid substitutions at
both of these sites. For most genes assessed, we found that the effects of mutant mMRNA

on gene expression domains were reduced compared to wild type, indicating that they lack
wild-type function. Although not all changes reached statistical significance (Figs. 8, 9), the
downward trend for most genes suggests that changing these amino acids diminishes protein
function. However, it remains to be biochemically confirmed whether these effects can be
attributed to loss of sulfonating activity. It also will be important to establish that the level
of expression of the mutant mMRNAs was comparable to the wt mRNA once an antibody to
specific XB5850668.L becomes available.

The K40l substitution is predicted to prevent PAPS binding, which is required not only
for enzymatic activity, but also for the formation of loops in the protein that facilitate
substrate binding.1: > ¢ In addition, aspects of protein function other than catalytic activity
may be affected by lack of PAPS binding. For example, there are endogenous compounds
that bind to SULTS in the absence of PAPS to prevent substrate binding, and amino

acid substitutions can cause conformational changes that allow substrates with inhibitory
functions to bind.: % 6 Thus, the K401 mutant may affect gene expression through either
reduction or loss of sulfonating activity or as a dominant-negative protein that prevents
appropriate substrate binding. In addition, some SULTs may have non-sulfonating functions.
For example, SULT4al contains all the conserved signatures for PAPS binding but does
not bind PAPS and shows no sulfonating activity.® Therefore, an important next step for
interpreting the changes in gene expression reported herein is to biochemically define the
sulfonation activity of XB5850668.L and identify its specific sulfate donor and substrates.

Interestingly, XB5850668.L expression patterns are similar to those of a few sulfatases,
suggesting that both adding and removing sulfate moieties within the same tissue is
important. For example, in mouse and Xernopus embryos, the cranial expression of Sulf2a
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includes the neural tube, neural crest-derived branchial arch mesenchyme and cranial
sensory placodes.47: 54 5556, 57 Since there is evidence from adult tissues that there

are substrates that inhibit PAPS binding to Sults and thus catalytic activity,® it will be
interesting to determine putative substrates of XB5850668.L and compare them to those
of SULFs to determine if they have coordinated roles during the developmental processes.
For example, there is a rich literature establishing that signaling molecules involved in
establishing the neural and non-neural ectodermal domains, including Bmps, Noggin, Wnts
and Fgfs, require modulation of the sulfonated state of heparin sulfate proteoglycans for
efficient binding and activity (e.g.,%® 59). Since these signaling molecules are important
regulators of the relative sizes of the embryonic ectodermal domains,27: 60 61, 62, 63, 64, 65
it will be important to determine whether cytoplasmic and/or membrane-bound SULTS,
and specifically XB5850668.L, are involved in adding sulfate-containing moieties to
biomolecules that regulate these same processes.

EXPERIMENTAL PROCEDURES

Phylogenetic analysis

Based on the amino acid sequence of X, /aevis XB5850668.L, the cDNA and genomic
databases in NCBI (http://www.ncbi.nlm.nih.gov) and Xenbase (http://www.xenbase.org)
were searched using BLASTP. SULT2 amino acid sequences were collected from the
following animals in addition to X. /aevis (X1). teleost (zebrafish Danio rerio, Dr),
amphibian (X. tropicalis,, X1), reptilian (green anole Anolis carolinensis, Ac), avian (chicken
Gallus gallus, Gg) and mammalian (house mouse Mus musculusm Mm, and human Homo
sapien, Hs) species (Table 1). We also collected D. rerio SULT1 gene family sequences

as a SULT family out-group. Alignment and phylogenetic reconstructions were performed
using the function “build” of ETE3 v3.1.1,56 (as implemented on GenomeNet (https:/
www.genome.jp/tools/ete/). A maximum likelihood (ML) phylogenetic tree was inferred
using PhyML v20160115 run with model and parameters: --pinv e --alpha e --nclasses 4 -0
tlr -f m --bootstrap —2.57 Branch supports are the Chi square-based parametric values return
by the approximate likelihood ratio test.

Plasmid constructs:

A full-length Xenopus laevis L OC100037047 plasmid was purchased from Open
Biosystems (BG885936). Sequencing identified it as a minor variant of LOC100037047
that had been deposited in GenBank (BC130199.1) as part of the NICHD Xenopus

Gene Collection initiative.29 According to the Xenopus laevis gene assembly (v10.1;
xenbase.org) the provisional gene symbol for LOC100037047 is XB5850668.L. The
BG885936 ORF was subcloned into Stul and Xhol sites of pCS2* (0CS2*-XB5850668.L)
using the Clone EZ PCR cloning kit (GenScript). Two HA-tagged versions of this plasmid
were generated using the QuikChange Lightning Site-Directed Mutagenesis kit (Agilent):
PCSZ*-5°UTR-XB5850668.L-3’HA, which contains a portion of the 5’UTR rendering it
sensitive to antisense morpholino oligonucleotides (MO1 and MO2; (Fig. 3A) and pCSZ2*-
XB5850668.L —-3’HA, which does not contain the 5’UTR rendering it insensitive to
MO#1 (Fig. 3A). The same kit was used to introduce single nucleotide substitutions into
PCSZ"-XB5850668.L at sites predicted to be required for sulfotransferase activity: K40
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and H96. For single amino acid changes, aa 40 was changed from lysine to isoleucine
(0CS2*-XB5850668.1-K40/ [AAG to AAT] and aa 96 was changed from histidine to
phenylalanine (pCS2*-XB5850668.L-H96F [CAT to TTT]. To change both K40 and H96
(0CS2*-XB5850668.L -K401+H96F, AAG was changed to ATC and CAT was changed

to TTT) (pCS2*-XB5850668.1 -K401+H96F). All plasmids were confirmed by full-length
sequencing in both directions.

In vitro synthesis of mMRNAs and antisense RNA probes

mRNAs encoding wild type (wt) Xenopus laevis XB5850668.L, the mutated versions of
XB5850668.L (K40I; H96F; K40I1+H96F) and a nuclear-localized B-galactosidase (npgal)
were synthesized /n vitro (mMessage mMachine kit, Thermo Fisher). Dig-labeled, antisense
RNA probes for in situhybridization (ISH) were synthesized in vitro (MEGAscript Kit;
Thermo Fisher) as previously described.58

Antisense morpholino oligonucleotides

To knock-down the endogenous level of XB5850668.L protein, two lissamine-labeled
translation-blocking antisense morpholino oligonucleotides that bind to Xenogpus laevis
XB5850668.L. mRNA were purchased (Gene Tools, LLC). MO2 binds in the 5’UTR

and MO1 binds in the coding region at the translation start site of both BG885936 and
XB5850668.L (Fig. 3A). These MOs will not bind to two other variants of XB5850668.L
(variant X1, XM _018224208.2; variant X2, XM_041568315.1). To verify the ability of
the MOs to block XB5850668.L translation, Xenopus stage VI oocytes were injected with
9ng of an equimolar mixture of MO1+MO?2, and subsequently injected with 2ng of either
5’UTR-XB5850668.L-3’HA (MO-sensitive), or XB5850668.L-3’HA (MO2-insensitive)
mRNA. Oocytes were cultured overnight at 18°C. Lysates were prepared and Western
blotting performed with rabbit anti-HA antibody (C29F4, Cell Signaling) as previously
described.® Western blots of 1-egg equivalents per lane demonstrate that in the presence
of both MOs, XB5850668.L-3’HA mRNA was translated (Fig. 3B), albeit at a lower

level than in the absence of the MOs likely due to MO1 binding (Fig. 3A). In contrast,
although 5°UTR-XB5850668.L-3’HA mRNA was translated in the absence of the MOs, in
their presence its translation was blocked (Fig. 3B). To determine whether the MOs were
specific to XB5850668.L, we tested whether MO2-insensitive mRNA could recue the gene
expression effects of the MOs. Embryos were microinjected on one side at the 4-cell stage
with 9ng of the MO mixture followed by microinjection of 100 pg of MO2-insensitive
MRNA into the daughter 8-cell blastomeres. At stage 16-18, embryos were processed

for foxa3or six1 expression by ISH (Fig. 3D, E), as described below. Co-injection of
MO-insensitive mMRNA prevented the reduction in gene expression in a significant percent of
embryos (p<0.05, Chi-square test), demonstrating specificity of the MOs.

Obtaining embryos and microinjections

Fertilized Xenopus laevis eggs were obtained by gonadotropin-induced natural mating of
wild type, outbred adults as previously described.” Embryos were selected at the 2-cell
stage if the first cleavage furrow bisected the lightly pigmented region of the animal
hemisphere to accurately identify the dorsal-ventral axis.”* When these selected embryos
reached the 8-cell stage, the dorsal animal and ventral animal blastomeres that are the major
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contributors to the cranial neural crest and pre-placodal ectoderm,?! were each microinjected
on one side of the embryo with 1 nl of mMRNA (100 pg) or an equimolar mixture of MO1
and MO2 (9 ng), according to standard methods.”2 Injections were done on only one side of
the embryo and the uninjected side used as an internal control of gene expression. Embryos
were cultured in a diluted series of Steinberg’s solution until fixation.

Fixation, histochemistry and in situ hybridization (ISH)

Embryos were cultured to neural border (st 13), neural plate (st 16-18) or otic vesicle (st
28-32) stages,’ fixed in 4% paraformaldehyde (in 0.1M MOPS, 2mM EGTA Magnesium,
1mM MgSOy, pH 7.4), stained for B-Gal histochemistry if injected with mRNAs, and
processed for in situ hybridization (ISH) as previously described.58 Embryos in which the
npGal (MRNA injections) or lissamine (MO injections) lineage tracer was located in the
appropriate tissue domain were processed by ISH.

Gene expression analysis

To assess whether altered levels of XB5850668.L affect the size of the expression
domains of genes of interest, we compared the expression intensity and domain size
between the injected, lineage-labeled side and the control, uninjected side of the same
embryo. This direct intra-embryo comparison minimizes inter-embryo variation that might
occur due to differences in developmental stages or experimental batches. Embryos were
scored independently by at least two authors, and the values reported are means of their
independent scores. Embryos that showed a more intense and/or larger expression domain
on the injected side compared to control side of the same embryo were scored as “broader”.
Embryos that showed reduced staining intensity or smaller expression domain on the
injected side compared to control side of the same embryo were scored as “reduced”.

The percentages of embryos that showed “broader” expression, “reduced” expression, or
“no change” between injected and control sides of the same embryo were calculated for
each gene assayed. To determine if the level of exogenous protein had an effect, two
different doses of wild type (wt) XB5850668.. mRNA (100 pg vs. 200 pg) were injected
and the frequencies of each phenotype compared by the Chi-square test (p<0.05); there
were no significance differences in frequencies between the two mRNA doses. Likewise,
to determine if the amino acid changes reduced activity, the frequencies of each phenotype
for samples injected with either wt or mutated XB5850668.L. mRNA (100pg each) were
compared by the Chi-square test (p<0.05). Embryos assessed for each gene were derived
from a minimum of three independent experiments from different sets of outbred parents to
attain genetic diversity.
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Bullet points:

. XB5850668.L is an uncharacterized sulfotransferase

. It is a member of the SULT2 family

. It is required for proportioning the embryonic ectoderm
. Some of its effects require sulfotransferase activity

Dev Dyn. Author manuscript; available in PMC 2024 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Marchak et al. Page 18

4
1 1-0 20 3.0 4.0 5-0 60
XB5850668.L. MECVEYKGYRFPATTVKDLEFAENELQVLDDDVFNVTYPKSGTTWMIEILSLIHSNGDPT
BGBB530 essscssococsccsoase Niweooionueosioosuscsncosssssscsscssssssassss
70 80 90 3 100 110 120

WSQEVPNWDRVPWIEVQGTEEKLKKIQDRRRYFSSHLPROFFCKSFTNSKAKVIYTARHP

130 140 150 160 170 180
KDVAVSFYHFSKINKLFEYPENFDLFLKNFLSGNLPYGSWFDHVKGWLELAGKDNFLFNT

190 200 210 220 230 240
YEDLQKDLRGSLKRICTFIGKELDEAALDAVMENVSFKTMKDNRMANFSLVPERIMDLTK
...................................... 1 [P . 1. S ———————

250 260 270 280

GQFMRKGI SéDWKNHFTVAQSEYFDKVFKE KMADIGVKLPWEEN

D L I I I I I I L I I I I I

Figure 1:
Clone BG88539 encodes a sulfotransferase. Amino acid sequence of BG88539 (red font)

is identical (red dots) to that of XB5850668.L (black font, NM_001097778; and to
LOC100037047, BC130199.1, not shown) except at amino acids #17, #151, #219 and #229.
The highly conserved sulfotransferase domain extends from residues 30-276 and includes
signature sequences (red bars) for the 5° phosphosulfate binding loop (PSB loop; aa 38-45;
aa 118-128) and a C-terminal P-loop motif (aa 245-257) that are required for PAPS binding.
Red arrows denote the amino acids (K40, H96) that were experimentally altered.

Dev Dyn. Author manuscript; available in PMC 2024 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Marchak et al.

A

(40-54%)
1 (>51%)
(>92%) (>58%) CT1%) | Amino acid identity of
(>89%) SULTZ (%)
X. laevis Chr.7L
110.68 122.9 123 (Mb)
- =
LOC108696785
RNAgenes syiizb1.L ntns.L fam3el LOC108696783 XB5850668.L Loc108695915°H12a1 L ¥
axin2.L«— LOC108695914 XB9BE081.L cptial.l—
pitpncil.L— sl
X. laevis Chr.7S 102.6
92.71 102.4 102.5
= 7 ./ ~N—
ncRNA gene«— sulzbl.S N5.S axin2.S— fam83e.S  LOC108697827 sul?al.s ps9.S LOC108697830—
pitprcl.S— cpttl—~
X. tropicalis Chr.7
105.43 116.8 116.9 117
= — <= (=
catde — <‘4:H/ axin2e— = adm—
sult2b ntn1  pitpnctl— fam83e LOC100498051 XB986081 sult2a ps9 Hale
myose— XB5850668 ®
rasipl«— LOC100497104

Dev Dyn. Author manuscript; available in PMC 2024 December 01.

Page 19



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Marchak et al.

% Mmsult2al NP 001104768
L4
99 0.5 o HsSULT2A1 NP 003158

93 HsSULT2B1 NP 814444
D,l

M msult2b1 NP 059493

XIsultZﬂ‘I S XP 018083757
EIF Xtsultza1 NP 001120025
Xisult2al.L NP 0010838399

X[XB986081.L NP 001087590

o

L1k XILOC1086955915.L XP 041425583
0.
X

gc

B9E6081 XP 031761967

02 AcLOC100566507 XP 003225132
0.4 CO > AcLOC100553860 XP 008115266

———— AcsultZal XP 008114710
93 0.3

03 99 CosuRp1 XP 424434
0.3 I GLOCTE9841 XP 015156084
0.0
Acsult2bl XP 008115406
0.4

93 XILOC1085695914.L XP 018080352
—{, 1
99 99 0.3 XtLOC100498051 XP 002935042

-8

(0% |
93 E X[XBS8S0658.L NP 001091247
oy
0.3 XtXBS850668 NP 001119968
0.1
5 AcLOC100553861 XP 008115411
.4

L 98 99 [~ Xisult2b1.L NP 001091145
0.1 Efgo
L xsurzb1.s XP 018082573
.0
0.4 Xtsult2b1 XP 012821916
0.0

99 Drsult2st1 NP 944596
93 0.5 E Drsul2st2 NP 001071637
0.1

o 0:2 Drsul2st? NP 001071636
% o GoLOC415852 XP 414212
T-{I AcLOC100S52487 XP 016852911
%) = % Drsultists NP 001185332
A Tmmﬁ AAHTS996
a " Drsultist! NP 891985
0.7 5? ‘DDrsuletz NP 899190
0.1 DDrsultislS NP 899191
Drsult1st4 NP 991183
Drsult1st7 NP 001132953
Drsultistd NP 001132954
0.0 o‘ — Drsutists XP 009302521
—_—
050
Figure 2:

i

Page 20

SULT2

SULT1 (outgroup)

Chromosomal localization of the members of SULT2 gene family including XB5850668.L
in Xenopus laevis and Xenopus tropicalis, and their phylogenetic relationships.

A: The loci of SULT2 family genes on Xenopus chromosome 7. The gene cluster consists
of 6 members on the L-subgenome and 2 members on the S-subgenome in the allotetraploid
X. laevis, and 5 members in the diploid X. tropicalis. Four members were lost from the
S-subgenome in X. /aevis. This chromosomal region showed shared synteny between X.
laevis and X. tropicalis (see also Table 1), but little synteny across species from mammals to
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a teleost (see also Table 2). The three groups in the Xenopus SULT2 gene family are shown
by bold arrows in blue, red, and green, and their phylogenetic relationships are depicted with
amino acid identity (%) above the chromosomal maps.

B: Phylogenetic tree of the vertebrate SULT2 gene family. The tree was constructed with the
maximum likelihood method from eight X, /aevis (X1), five X. tropicalis (X?) and 16 other
vertebrate SULT2 amino acid sequences and with nine Danio rerio (Dr) SULT1 amino acid
sequences as an outgroup. Node values represent the Chi-square-based parametric values
returned by the approximate likelihood ratio test. Gene and protein 1Ds, and annotations

and other information for each member are shown in Table 1. The first two letters of

the gene names denote the species: Ac, Anolis carolinensis (green anole); Dr, Danio rerio
(zebrafish); Gg, Gallus gallus (chicken); Hs, Homo sapiens (human); Mm, Mus musculus
(house mouse); XI, Xenopus laevis (African clawed frog); and Xt, Xenopus tropicalis
(western clawed frog). The last letter (S or L) of the gene names for Xenopus laevis indicate
homeologs derived from either the S- or L-subgenome. The three groups in the Xenopus
SULT2 gene family are shown by bold branches and a bracket, and the XB5850668.L gene
is outlined by a red'rectangle.
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Figure 3:
Validation of efficacy and specificity of the XB5850668.L antisense morpholino

oligonucleotides.

A: Sequence of a portion of the 5’UTR (to the left of the translational start ATG
[underlined]) and the coding region (to the right of the ATG) of XB5850668... mRNA. In
red are the two antisense morpholino oligonucleotides (MO1, MO2) that were used to block
translation of endogenous XB5850668.L mRNA. These MOs bind with no mismatches

to LOC100037047 and BG88539 mRNAs, but not to other closely related variants (e.g.,
XM_041568315, XM_018224208).

B: Western blot of 1-egg equivalent lysates from oocytes injected with HA-tagged

mRNAs containing (5’UTR-XB5850889.L-3’"HA) or not containing (XB5850889.L-3"HA)
the 5’UTR to which MO2 binds. Both mRNAs are efficiently translated in the

absence of an equimolar mixture of MO1+MO2. In the presence of both MOs, 5°UTR-
XB5850889.L-3’HA translation is blocked, whereas XB5850889.L-3°’HA translation is
detected due to lack of MO2 binding but reduced due to binding of MO1. Two lanes per

Dev Dyn. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marchak et al.

Page 23

condition were run on each blot and assays were run in duplicate two independent times.
Uninjected = lysate from oocytes that were not injected with either mRNA.

C: The percentage of embryos that showed reduced foxd3 expression in the neural crest
(foxd3-NC), reduced sox11 expression in the preplacodal ectoderm (sox11-PPE) or broader
expression of sox11 in the neural plate (sox11-NP). While MOL1 (green bars) and MO2
(orange bars) both caused these phenotypes, the combination of an equimolar mixture of
both MOs (blue bars) resulted in the greatest effect. Therefore, an equimolar combination of
MO1+MO2 was used in all knock-down experiments (see Figs. 4 and 5).

D: Neural crest foxd3expression domain at st 16 is unchanged on the side injected with

a combination of both MOs and MO-insensitive MRNA (MOs+mRNA); pink dots indicate
lineage-labeled nuclei on the injected side. Bar graph indicates that the foxa3 expression
domain is reduced in the majority of MO-injected embryos (see also Figure 4F, G), whereas
the majority of embryos have a normal foxd3 expression domain with co-injection of
MO-insensitive MRNA. The percentage of embryos showing reduced (dark blue), broader
(medium blue) or no change (light blue) in foxd3 expression domains are significantly
different between conditions (*, p<0.05, Chi-square test). Numbers above bars indicate
number of embryos analyzed.

E: PPE sixI expression domain at st 17 is unchanged on the side injected with a
combination of both MOs and MO-insensitive mMRNA (MOs+mRNA); pink dots indicate
lineage-labeled nuclei on the injected side. Bar graph indicates that the sixZ expression
domain is reduced in the majority of MO-injected embryos (see also Figure 4H, 1),

whereas the majority of embryos have a normal sixZ expression domain with co-injection
of MO-insensitive MRNA. The percentage of embryos showing reduced (dark blue), broader
(medium blue) or no change (light blue) in sixZ expression domains are significantly
different between conditions (*, p<0.05, Chi-square test). Numbers above bars indicate
number of embryos analyzed.

Dev Dyn. Author manuscript; available in PMC 2024 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Marchak et al.

Page 24

Loss of endogenous XB5850668.L alters gene expression in each ectodermal domain.

A: The expression domains of neural border genes were differentially affected by loss of
XB5850668.L. Those associated later in development with the lateral neural plate and neural
crest (pax3, anterior view; msxZ, side views) were predominantly broader on the MO side
of the embryo compared to the control side (ctrl) of the same embryo. Those associated
later in development with epidermis and PPE (d/x5, anterior view; tfapZa, side views) were
predominantly reduced in size and intensity on the MO side of the embryo compared to the
control side (ctrl) of the same embryo. Arrow in d/x5embryo points out the major domain
(on the control side) that was analyzed. Dorsal is to the top of each image.

B: Percentage of embryos in which neural border gene expression domains were reduced in
size (dark blue), broader (medium blue), or did not change (light blue) when analyzed at the
end of gastrulation (st 13). The number of embryos analyzed for each gene is at the top of
each bar.

C: The expression domains of three neural plate genes (sox2, sox11, irxI) were broader
upon loss of XB5850668.L (MO) compared to the control side (ctrl) of the same embryo.
Anterior views with dorsal to the top.

D: Percentage of embryos in which neural plate expression domains were reduced in size
(dark blue), broader (medium blue) or did not change (light blue) when analyzed at neural

Dev Dyn. Author manuscript; available in PMC 2024 December 01.

A ctrl MO
T -
B
Q
o
©
msx1 tfap2a
= pax3 P
ctrl MO 50 44
§1oo C ?wo
o o
_E‘ 80 % 280
§ 60 2 5 60
s = s r
o 40 @
g 5 g
< 20 4] £ 20
] 2 i
n o
= Tpax3 msx1  dixs trapza S0X2 sox11 L sox11 irx1
ctrl ctrl MO 44
E e I %00
% s
g § 60
5
E g 40
= B
@ T 20
Z i} i
krt12.4 foxd3 H pax3 foxd3 sox9
H otrl Mo | 7 45 36 44
8mo
- = 80
‘\ o
] g 60
3] 2 40
S " g
o g 20
: sox11 irx1 5 0
six1 S Tsix? osox11 i1 sox9
Ereduced @broader Ono change
Figure 4:




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marchak et al.

Page 25

plate stages (st 16-18). The number of embryos analyzed for each gene is at the top of each
bar.

E: The expression domain of epidermis-specific keratin (krt12.4) was reduced, i.e., further
from the midline, on the MO side of the embryo (95.45%, n=22). Anterior view with dorsal
to the top.

F: The expression domains of three genes associated with neural crest (pax3, foxd3, sox9)
were predominantly reduced in size on the XB5850668.L MO side of the embryo compared
to the control side (ctrl) of the same embryo. For pax3, the most noticeable staining at this
stage was in the hatching gland precursors. The black arrow on the sox9embryo denotes the
control otic placode domain and the red arrow denotes the otic placode domain on the MO
side. Anterior views with dorsal to the top. Inset shows sox9otic placode expression in a
different embryo, demonstrating a reduced domain on the MO side (red arrow) compared to
control side (black arrow). Lateral views with dorsal to the top.

G: Percentage of embryos in which neural crest expression domains were reduced (dark
blue), broader (medium blue) or did not change (light blue) when analyzed at neural plate
stages (st 16-18). The number of embryos analyzed for each gene is at the top of each bar.
H: The expression domains of three PPE genes (sixZ, anterior view; sox11, side views; irx1,
side views) were reduced on the XB5850668.L MO side of the embryo compared to the
control side (ctrl) of the same embryo. For soxZ1 and /rxZ, the black arrows denote the
control PPE domain and the red arrows denote the PPE domain on the MO side. Dorsal is to
the top of each image.

I: Percentage of embryos in which PPE expression domains were reduced (dark blue),
broader (medium blue) or did not change (light blue) when analyzed at neural plate stages
(st 16-18). The number of embryos analyzed for each gene is at the top of each bar.
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irx1 sox9 eya2 pax2

six1

XB5850668.L is required for otic vesicle gene expression
A: Knockdown of XB5850668.L translation on one side of the larva (asterisk, right panel)
results in reduced expression of sixZ in the otic vesicle (QV, blue circle) compared to the

control side of the same embryo (left panel).

Breduced M broader

O no change

B: Knockdown of XB5850668.L translation on one side of the larva (asterisk, right panel)
results in reduced expression of jrxZ in the OV (blue circle) compared to the control side of

the same embryo (left panel).

C: Knockdown of XB5850668.L translation on one side of the larva (asterisk, right panel)
results in reduced expression of sox9in the OV (blue circle) compared to the control side of

the same embryo (left panel).

D: Knockdown of XB5850668.L translation on one side of the larva (asterisk, right panel)
results in reduced expression of eyaZin the OV (blue circle) compared to the control side of

the same embryo (left panel).

E: Knockdown of XB5850668.L translation on one side of the larva (asterisk, right panel)
results in reduced expression of pax2in the OV (blue circle) compared to the control side of

the same embryo (left panel).

F: Knockdown of XB5850668.L translation on one side of the larva (asterisk, right panel)
results in reduced expression of d/x5in the OV (blue circle) compared to the control side of

the same embryo (left panel).

G: Percentage of embryos in which OV expression domains of genes were reduced (dark
blue), broader (medium blue) or did not change (light blue) when analyzed at larval stages
(st 28-32). The number of embryos analyzed for each gene is on top of each bar.
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Figure 6:
Increasing XB5850668.L has minimal effects on ectodermal gene expression domains.

A: The expression domains of neural border genes were mostly unaffected by increased
XB5850668.L. However, a small percentage of those associated later in development
with the lateral neural plate and neural crest (pax3, msxZ, anterior views) showed
reduced intensity of expression on the mMRNA-injected side of the embryo (pink lineage-
labeled nuclei) compared to the control side (ctrl) of the same embryo. dix5, which

later in development is associated with epidermis and PPE, was unaffected by increased
XB5850668.L (anterior view); the same was found for #fap2a expression (shown in 2B).
Dorsal is to the top of each image.
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B: Percentage of embryos in which neural border expression domains were reduced (dark
blue), broader (medium blue), or did not change (light blue) when analyzed at the end of
gastrulation (st 13). The number of embryos analyzed for each gene at the top of each bar.
C: The expression domains of neural plate genes were mostly unaffected by increased
XB5850668.L. However, a small percentage of embryos showed broader neural plate
domains on the mRNA-injected side of the embryo (pink lineage-labeled nuclei) compared
to the control side (ctrl) of the same embryo. Arrows in soxZ1 show its PPE expression
domain on the control (black) and mRNA-injected (red) sides. In this case, increased
XB5850668.L resulted in a narrower sox11 PPE domain. Anterior views with dorsal to

the top.

D: Percentage of embryos in which neural plate expression domains were reduced (dark
blue), broader (medium blue) or did not change (light blue) when analyzed at neural plate
stages (st 16-18). The number of embryos analyzed for each gene is at the top of each bar.
E: The expression of epidermis-specific keratin (krt12.4) was reduced on the mRNA-
injected side in only 25% of embryos; there was no change in expression in 75% of embryos
(n=56). Anterior view with dorsal to the top.

F: The expression domains of neural crest genes were mostly unaffected by increased
XB5850668.L (see 6H for sox9). However, small percentages of embryos showed a broader
domain (pax3, foxd3) or reduced staining intensity (sox9) on the mRNA-injected side of the
embryo (pink lineage-labeled nuclei) compared to the control side (ctrl) of the same embryo.
For pax3, both the neural crest (bracket) and hatching gland (arrow) domains were affected.
Arrows in sox9show its otic placode domain on the control (black) and mRNA-injected
(red) sides, which frequently was reduced (see also 6H, I). Anterior views with dorsal to the
top.

G: Percentage of embryos in which neural crest expression domains were reduced (dark
blue), broader (medium blue) or did not change (light blue) when analyzed at neural plate
stages (st 16-18). The number of embryos analyzed for each gene is at the top of each bar.
H: The expression domains of PPE/placode genes were mostly unaffected by increased
XB5850668.L. However, small percentages of embryos showed a broader domain (sox11)
or a reduced domain (sox11in 6C; sox9and also 6F) on the mRNA-injected side of the
embryo (pink lineage-labeled nuclei) compared to the control side (ctrl) of the same embryo.
Arrows indicate PPE/placode domains on the control (black) and mRNA-injected (red)
sides. Anterior views with dorsal to the top.

I: Percentage of embryos in which PPE expression domains were reduced (dark blue),
broader (medium blue) or did not change (light blue) when analyzed at neural plate stages
(st 16-18). The number of embryos analyzed for each gene is at the top of each bar.
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Figure 7:
XB5850668.L gain-of-function has minimal effects on otic vesicle gene expression.

Percentage of embryos in which OV expression domains were reduced (dark blue), broader
(medium blue) or did not change (light blue) when analyzed at larval stages (st 28-32). The
number of embryos analyzed for each gene is inside the bars.
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Figure 8:

Mutation of amino acids in the PAPS binding (H40I) or catalytic (H96F) domains tend to
attenuate effects of wild type XB5850668.L gain-of-function on ectodermal gene expression
domains. The percentage of embryos in which the expression domain was reduced (dark
blue), broader (medium blue) or did not change (light blue) after injections of mMRNAs
(100pg) encoding wild type (wt) or mutated versions (K40l, H96F, double = K40I+H96F)
of XB5850668.L. The number of embryos analyzed is inside each bar. * indicates mutant
mRNA phenotype frequencies that were significantly different from wt at the p<0.05 level

(Chi square test).

A: sox2neural plate (np) expression domain changes.
B: sox11 neural plate (np) expression domain changes.
C: irx1 neural plate (np) expression domain changes.

D: foxa3neural crest (nc) expression domain changes.
E: sox9neural crest (nc) expression domain changes.

F: six1 preplacodal (ppe) expression domain changes.
G: sox11 preplacodal (ppe) expression domain changes.
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H: /rxI preplacodal (ppe) expression domain changes.
I: sox9otic placode (op) expression domain changes.
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Figure 9:

Mutation of amino acids in the PAPS binding (H40I) or catalytic (H96F) domains tend to
attenuate effects of wild type XB5850668.L gain-of-function on otic vesicle gene domains.
Percentage of embryos in which an OV gene expression domain was reduced (dark blue),
broader (medium blue) or did not change (light blue) after injections of mMRNAs (100

pg) encoding wild type (wt) or mutated versions (K401, H96F, double = K401+H96F) of

XB5850668.L. The number of embryos analyzed for each gene is inside the bars. * indicates
mutant mRNA phenotype frequencies that were significantly different from wt at the p<0.05

level (Chi square test).

A six1 QV expression domain changes.
B: /irxI1 OV expression domain changes.
C: s0x9 OV expression domain changes.
D: eya2 OV expression domain changes.
E: pax2 OV expression domain changes.
F: dix5QV expression domain changes.
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G: thbx1 OV expression domain changes.
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