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Abstract

Teleosts live in aquatic habitats, where they encounter ionic and acid-base fluctuations as
well as infectious pathogens. To protect from these external challenges, the teleost epider-
mis is composed of living cells, including keratinocytes and ionocytes that maintain body
fluid ionic homeostasis, and mucous cells that secret mucus. While ionocyte progenitors are
known to be specified by Delta-Notch-mediated lateral inhibition during late gastrulation and
early segmentation, it remains unclear how epidermal mucous cells (EMCs) are differenti-
ated and maintained. Here, we show that Delta/Jagged-mediated activation of Notch signal-
ing induces the differentiation of agr2-positive (agr2*) EMCs in zebrafish embryos during
segmentation. We demonstrated that agr2” EMCs contain cytoplasmic secretory granules
and express muc5. 1 and muc5.2. Reductions in agr2” EMC number were observed in mib
mutants and notch3 MOs-injected notch1a mutants, while increases in agr2* cell number
were detected in notch1a- and X-Su(H)/ANK-overexpressing embryos. Treatment with y-
secretase inhibitors further revealed that Notch signaling is required during bud to 15 hpf for
the differentiation of agr2" EMCs. Increased agr2* EMC numbers were also observed in
Jjagia-, jag1b-, jag2a- and dlc-overexpressing, but not jag2b-overexpressing embryos.
Meanwhile, reductions in agr2" EMC numbers were detected in jag7a morphants, jag1b
mutants, jag2a mutants and dlc morphants, but not jag2b mutants. Reduced numbers of
pvalb8-positive epidermal cells were also observed in mib or jag2a mutants and jagia or
Jjag1b morphants, while increased pvalb8-positive epidermal cell numbers were detected in
notch1a-overexpressing, but not dic-overexpressing embryos. BrdU labeling further
revealed that the agr2* EMC population is maintained by proliferation. Cell lineage experi-
ments showed that agr2” EMCs are derived from the same ectodermal precursors as kerati-
nocytes or ionocytes. Together, our results indicate that specification of agr2* EMCs in
zebrafish embryos is induced by DeltaC/Jagged-dependent activation of Notch1a/3 signal-
ing, and the cell population is maintained by proliferation.
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Author summary

As aquatic organisms, fish must tolerate environmental challenges that include acid-base
fluctuations and water-borne pathogens. The skin provides a first line of defense against
these challenges, and specific cell types in the tissue are responsible for different protective
functions. For example, keratinocytes provide body coverage, ionocytes are responsible
for maintaining body fluid ionic homeostasis, and epidermal mucous cells generate a pro-
tective layer of mucus that covers the entire fish surface. In this study, we uncovered the
developmental process in zebrafish that underlies the generation of epidermal mucous
cells. First, we characterized epidermal mucous cells according to their expression of a
particular gene, agr2. Then, we found that these cells differentiate soon after ionocytes
and keratinocytes, and the molecular pathways that guide differentiation of all three cell
types involve similar signals. While ionocytes and keratinocytes are known to be specified
by Delta-Notch-mediated lateral inhibition, we found that epidermal mucous cells are
specified by activation of Notch by Delta and Jagged ligands. Thus, our results suggest
that the specification of these major cell types in the epidermis occurs via a streamlined
Notch-dependent process. This utilization of temporally distinct signaling events can
therefore generate diverse cell types in the fish epidermis.

Introduction

Mammalian skin is composed of four stratified epithelial layers, including the stratum basale,
stratum spinosum, stratum granulosum and the outermost stratum corneum [1]. Notably, the
stratum corneum consists of layers of dead corneocytes that serve as an inert hydrophobic
boundary between the animal and the environment. Together the stratified epithelia of skin
epidermis form a complex barrier that protects terrestrial vertebrates from dehydration, patho-
gen infection and mechanical stress. Several transcription factors and signaling pathways (p63,
KLF4, IRF6, Grhl3, MAPK cascade and Notch signaling) have been implicated in epidermal
stratification, renewal and differentiation [2-8].

In contrast to mammalian species, which are mostly terrestrial, teleosts live in aquatic habi-
tats, where they encounter jonic, osmotic and acid-base fluctuations as well as infectious path-
ogens. To cope with these environmental challenges, teleost skin is composed of living cells
covered with a layer of mucus [9]. In zebrafish, the embryonic epidermis consists of a surface
enveloping layer, which develops into periderm, and an inner epidermal basal layer containing
both undifferentiated and differentiated cells (ionocytes and mucous cells) [10]. In the adult
zebrafish, the epidermis consists of three layers: a surface layer of keratinocytes, an intermedi-
ate layer composed of ionocytes, mucous cells, club cells and undifferentiated cells, and a basal
layer of undifferentiated cells.

In the skin of embryos and the gills of adult fish, specialized ionocytes serve to maintain
body fluid ionic homeostasis [11,12]. Both ionocytes and keratinocytes are derived from com-
mon precursors, which are located in the ventral non-neural ectoderm and express a domi-
nant-negative form of p63 (ANp63) at the late gastrula stage of zebrafish embryos [13].
Whether cells from p63* ventral ectoderm become ionocytes or keratinocytes is determined
by Delta-Notch lateral inhibition [14,15]. Epidermal cells that express high levels of Dlc ligand
develop into ionocyte progenitors. The Dlc ligand interacts with Notch1la/3 receptors on adja-
cent epidermal cells to prevent dic expression in those cells, causing them to become keratino-
cytes. Notably, the ionocyte progenitor population was recently shown to be maintained by
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KIf4 via its regulation of p63" epidermal stem cell proliferation and DeltaC-Notch lateral inhi-
bition [16]. The development of different types of ionocytes, including Na*, K*-ATPase-rich
cells (NaRCs) and H*-ATPase-rich cells (HRCs), is further mediated by the foxi3a/foxi3b regu-
latory loop [14].

A third type of epidermal cells is mucous cells. The major components of mucus are
mucous cell-secreted Mucin glycoproteins, which form a network of polymers joined by disul-
fide bridges [17]. Innate immune-related proteins (antimicrobial peptide and apolipoprotein
A-I) are also found in fish epidermal mucus [18-20]. Thus, mucus is considered to be the first
line of defense against pathogen invasion; however, it remains unclear how epidermal mucous
cells (EMCs) develop in fish. A recent study showed that pvalb8 (a putative EMC marker),
atplblb (a NaRC marker) and atp6viaa (a HRC marker, previously named atp6vlial) display
complementary punctate expression patterns in zebrafish embryos at 24 hours post-fertiliza-
tion (hpf) [21]. Furthermore, knockdown of foxi3a caused loss of atp1b1b* ionocytes and
expansion of pvalb8-positive cells, suggesting that pvalb8-positive cells and ionocytes are
derived from common non-keratinocyte precursors [21]. Previously, we found that the gene,
anterior gradient 2 (agr2), is expressed in most zebrafish organs that contain mucus-secreting
cells, including the intestine and epidermis of embryos [22]. Importantly, knockdown of agr2
was shown to disrupt terminal differentiation of intestinal goblet cells in zebrafish embryos
[23], and maturation of intestinal goblet cells is known to be regulated by Foxa2 and Hiflab-
induced agr2 expression [24]. We were therefore interested to determine whether agr2” EMCs
are derived from non-keratinocyte precursors, like pvalb8-positive cells.

In this study, we first demonstrated that agr2” EMCs contain cytoplasmic secretory gran-
ules and express muc5.1 and muc5.2. Then, we found that the numbers of agr2® EMCs were
reduced in mib mutants and notch3 MOs-injected notchla mutants. On the other hand, the
agr2” EMC numbers were increased in notchla- and X-Su(H)/ANK-overexpressing embryos.
Treatment with y-secretase inhibitors further revealed that Notch signaling is required during
bud to 15 hpf for the differentiation of agr2” EMCs. Next, we determined that agr2* EMC
numbers were increased in jagla-, jaglb-, jag2a- and dlc-overexpressing, but not jag2b-overex-
pressing embryos, while agr2* EMC numbers were diminished in jagla morphants, jaglb
mutants, jag2a mutants and dlc morphants, but not jag2b mutants. Reductions in pvalb8-posi-
tive epidermal cell numbers were also observed in mib mutants, jagla morphants, jaglb mor-
phants and jag2a mutants, while increased pvalb8-positive epidermal cell numbers were
detected in notchla-overexpressing, but not dlc-overexpressing embryos. BrdU labeling was
then used to show that the agr2* EMC population is maintained by proliferation. Cell lineage
experiments further demonstrated that agr2”™ EMCs and keratinocytes or ionocytes are derived
from common ectodermal precursors.

Results
Development of agr2-expressing EMCs

Initially, we conducted in situ hybridization to find the earliest stage at which agr2* EMCs
emerge. At 15 s, agr2 began to be expressed in the epidermis of the developing yolk extension,
in addition to its expression in the otic vesicles, hatching gland and future anus (Fig 1 Aa).
Increased signal for agr2” EMCs was then detected in both tail and yolk extension during 18 s
and 19 hpf stages (Fig 1Ab and 1Ac). Agr2® EMCs were detected in the yolk sac from 20 hpf
and in the trunk, tail and different yolk regions at 22 hpf (Fig 1Ad-1Af).

Previously, we investigated the mechanisms controlling agr2 expression in the pharynx and
intestine of zebrafish; in doing so, we generated a Tg(-6.0 k agr2:EGFP) transgenic line, which
recapitulated endogenous agr2 expression [24]. In order to confirm whether EGFP in the
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Fig 1. Characterization of agr2* epidermal mucous cells. (A). Developmental expression pattern of agr2 in the
epidermis from 15 s to 22 hpf. hg, hatching gland; ov, otic vesicle. Arrows, EMCs. Arrowhead, anus. Scale bar, 100 pm.
(B). Colocalization of Agr2 (red) and EGFP (green) was detected in the trunk and yolk regions of Tg(-6.0 k agr2: EGFP)
embryos at 48 hpf. Scale bar, 100 um. (C). egfp (green) is coexpressed with muc5.1/muc5.2 (red) in Tg(-6.0 k agr2:
EGFP) embryos at 48 hpf. Scale bar, 100 um. (D). Ultrastructure of EMCs and GFP immuno labeling in Tg(-6.0 k agr2:
EGFP) embryos at 72 hpf. n, nucleus; sg, secretory granules. Yellow arrowhead, endoplasmic reticulum. Yellow square
box indicates enlarged area. Scale bars, 1 pm. Scale bar for enlarged image (c), 0.5 pm.

https://doi.org/10.1371/journal.pgen.1009969.9001
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reporter line colocalizes with Agr2 in EMCs, we performed double immunofluorescence stain-
ing using anti-salmon Agr2 and anti-GFP antibodies. Colocalization of Agr2 and EGFP was
detected in the EMCs within the yolks and trunks of Tg(-6.0 k agr2:EGFP) transgenic embryos
at 48 hpf (Fig 1B).

In previous studies, pvalb8-positive cells were identified as putative EMCs in zebrafish
embryos [21,25]. We therefore wondered whether agr2 and pvalb8 are co-expressed in the
same epidermal cells. To answer this question, we conducted double fluorescence in situ
hybridization on Tg(-6.0 k agr2:EGFP) transgenic embryos. Distinct epidermal cells expressing
egfp/agr2 or pvalb8 were identified in the trunk and yolk sac at 24 hpf, indicating that agr2*
EMCs and pvalb8-positive cells may represent two different populations of EMCs (S1 Fig).

Since intestinal goblet cells mostly secrete Muc2 glycoprotein to create a mucus layer [26],
we investigated which mucin genes are expressed in the EMCs. We found that muc5.1/5.2
were co-expressed with egfp in the EMCs within the trunks and yolks of Tg(-6.0 k agr2:EGFP)
embryos at 48 hpf (Fig 1C).

To examine the ultrastructure of EMCs, we conducted transmission electron microscopy
analyses and immunogold labeling on 72 hpf Tg(-6.0 k agr2:EGFP) embryos (Fig 1D). The
cytoplasm of each EMC was filled with secretory granules surrounded by endoplasmic reticu-
lum, and the nucleus was located at one side of the cell (Fig 1Da). GFP immunogold electron
microscopy staining showed that gold-labeled GFP was distributed in the rough endoplasmic
reticulum and lumen, cytoplasm and secretory granules (Fig 1Db and 1Dc). Together, these
results indicated that agr2” EMCs develop during mid-segmentation stages and secrete
Muc5.1/5.2 glycoprotein to form a mucus layer. Moreover, agr2*® EMCs and pvalb8-positive
cells may represent two different populations of EMCs.

Proper Notch signaling is required for the differentiation of agr2* EMCs

Since Delta-Notch-mediated lateral inhibition determines the cell fates of ionocytes and kerati-
nocytes [14,15], we wondered whether Notch signaling is also involved in the development of
agr2” EMCs. We conducted in situ hybridization using agr2 RNA probes and observed a sig-
nificant reduction in agr2* EMC numbers in the yolks and trunks of mib">?" and mib""
mutants compared to respective sibling wild-type embryos at 24 hpf (Fig 2Aa-2Af). Of note,
the reduction of agr2” EMC number was higher for mib">?” mutants (95.6%) than that for
mib”! mutants (76.6%), which is consistent with the fact that mib*®*?’ is an antimorphic allele
[27]. Additionally, we observed a substantial decrease in pvalb8-positive cell number in the
yolks and trunks of mib™>%" 91 mutants compared to respective sibling wild-type
embryos at 24 hpf, although reduction levels were less than those of agr2* EMC number

(S2A Fig).

We next investigated the timing at which agr2* EMCs require Notch signaling. We incu-
bated zebrafish embryos with a y-secretase inhibitor (MK0752) at different developmental
stages to evaluate the effects on agr2” EMCs. Initially, we treated embryos with 100 uM
MKO0752 for the intervals of bud (10 hpf)-17 hpf, 10-20 hpf or 10-24 hpf. We observed sub-
stantial reductions in agr2” EMC numbers in the trunks and yolks compared to embryos
treated with DMSO from 10-24 hpf (S2B Fig). In order to find the required minimal treatment
time, we treated embryos with 50 uM MKO0752 from 10-13 and 10-14 hpf or 11-14 and 11-15
hpf. We found that 3 h of MK0752 treatment did not affect agr2* EMC number in the trunks
and yolks, whereas 4 h of MK0752 treatment significantly reduced agr2” EMC numbers in
these regions compared to DMSO-treated embryos (S2C Fig). We then treated embryos with
75 uM MKO0752 from 10-15, 10-16 and 10-17 hpf and observed incremental reductions of
agr2” EMC numbers in the trunks and yolks compared to embryos treated with DMSO from

and mib
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Fig 2. Notch signaling is required for the differentiation of agr2* epidermal mucous cells. (A).Significant
reductions in agr2* EMC numbers were detected in two mib homozygous mutants compared to sibling wild-type
embryos at 24 hpf. (B). Larger reductions in agr2* EMC numbers were detected in embryos treated with y-secretase
inhibitor (MK0752) from 10-15 hpf, 10-16 hpf and 10-17 hpf than in those treated from 12-17 hpf. Arrows, EMCs.
Scale bars, 100 um. Mean + SEM. Student’s t-test. *p<0.05; **p<0.01; ***p<0.001; ns, not significant. Underlying data
are available in S1 Data.

https://doi.org/10.1371/journal.pgen.1009969.9002

10-17 hpf (Fig 2B). Substantial decreases were seen in total agr2* EMC number and EMC
number in the yolk (but not in the trunk) in 12-17 hpf-treated embryos; however, these reduc-
tions were less than those detected in MK0752-treated embryos from 10-15 hpf. Together,
these results indicate that Notch signaling is essential for the development of agr2* EMCs and
pvalb8-positive cells. Furthermore, Notch signaling is required specifically from 10 to 15 hpf
for the development of agr2” EMCs.
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Jagged-mediated activation of Notch signaling is required for the
differentiation of agr2” EMCs

Since Notchla and Notch3 are determinants of cell fate for ionocytes and keratinocytes [14],
we evaluated whether overexpression of notchla, notch3 or a dominant activator of Notch sig-
naling, X-Su(H)/ANK [28], affects the development of agr2* EMCs. The agr2* EMC numbers
were elevated in the trunks and yolks of embryos injected with 200 pg notchla intracellular
domain (ICD) but not LacZ mRNA at 19 and 30 hpf (Figs 3Aa-3Ac and S3Aa-S3Ac). Similarly,
significantly increased agr2” EMC numbers were observed in the trunks and yolks of embryos
injected with 10 pg X-Su(H)/ANK mRNA compared to LacZ-injected controls at 24 hpf (Fig
3Ad-3Af). Also, the pvalb8-positive cell numbers were increased in the trunks and yolks of
embryos injected with 200 pg notchla ICD but not LacZ mRNA at 24 hpf (S3Ad-S3Af Fig).
These data suggested that activation of Notch signaling via overexpression of notchla ICD or
X-Su(H)/ANK results in the increased trunk and yolk agr2* EMC numbers. In addition, Notch
signaling activation by notchla ICD overexpression promoted increase of pvalb8-positive cell
numbers in the trunks and yolks.

In contrast, agr2” EMC number was diminished in embryos injected with various doses (10
to 200 pg) of notch3 ICD compared to LacZ-injected controls at 24 hpf (S3B Fig). Interestingly,
this result is similar to a previous in vitro finding that mouse Notch3 ICD inhibits Notchl
ICD-induced HES expression in a concentration dependent manner [29]. Thus, overexpressed
zebrafish Notch3 ICD may also function as a repressor of endogenous Notchla ICD to reduce
the number of agr2* EMCs.

We next investigated whether deficiency of notchla or notch3 affects the development of
agr2* EMCs. The numbers of agr2* EMCs in the trunks and yolks were similar in notch1a™***
homozygous mutants and sibling wild-type embryos at 24 hpf (Fig 3Ba, 3Bb, and 3Bg). Like-
wise, comparable trunk and yolk agr2” EMC numbers were observed in 0.8 ng notch3
UTRMO- or 2 ng notch3 SPMO-injected and wild-type embryos at 24 hpf (Figs 3Bj-3Bl and
S3C). We next investigated whether the lack of both notchla and notch3 affects the develop-
ment of agr2* EMCs. The agr2* EMC numbers in the trunks and yolks of notch1a™*** homo-
zygous mutants injected with suboptimal doses (0.4 ng and 0.6 ng) of notch3 UTRMO were
greatly reduced compared to sibling controls injected with the same amounts of MO (Fig 3Bc-
3Bf, 3Bh, and 3Bi). Similar reduction of agr2” EMC number was observed in the trunks and
yolks of notch1a™*** homozygous mutants injected with suboptimal doses (1 ng and 1.5 ng) of
notch3 SPMO (S3D Fig). These results indicate that both Notchla and Notch3 are required for
the differentiation of agr2* EMCs.

Zebrafish has four Jagged ligands, and jag2a and jag2b are expressed in the epidermis of
yolk sac in a punctate pattern at 11 s stage [15], so we next investigated which Jagged ligand is
involved in the development of agr2* EMCs by modulating their expression in zebrafish
embryos. Injection of 300 pg jaglb but not LacZ mRNA substantially increased agr2” EMC
numbers in the trunks and yolks of embryos at 24 hpf (Fig 4Ad-4Af). While injections of 250
pg jagla or 200 pg jag2a did not increase agr2” EMC numbers in the trunk, the agr2® EMC
numbers in the yolk and total EMCs were elevated when compared to LacZ-injected embryos
at 24 hpf (Fig 4Aa-4Ac, and 4Ag-4Ai).

We then investigated whether deficiency of different Jagged ligands affects the development
of agr2* EMCs. Reduced numbers of trunk and yolk agr2* EMCs were observed in jaglb”*>’
and jag2a**"""’° homozygous mutants (Fig 4Be-4Bg and 4Bi-4Bk) as well as in jaglb and jag2a
morphants (Fig 4Bh and 4Bl) compared to wild-type embryos at 24 hpf. Substantially
decreased agr2” EMC numbers in the trunks and yolks were also observed in embryos injected
with jagla UTR MO or jagla SPMO, compared to wild-type embryos (Fig 4Ba-4Bd). In
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Fig 3. Notchla and Notch3 receptors participate in the differentiation of agr2* epidermal mucous cells. (A).
notchla or X-Su(H)-ANK-overexpressing embryos display significant increases in agr2” EMC numbers in the trunks
and yolks compared to LacZ-overexpressing embryos at 30 or 24 hpf. (B). Similar agr2” EMC numbers in the trunks
and yolks were detected in notchla homozygous mutants or notch3 morphants compared to sibling wild-type or wild-
type embryos at 24 hpf. Substantial reductions in agr2* EMC numbers in the trunks and yolks are detected in notchla
homozygous mutants injected with 0.4 or 0.6 ng notch3 UTRMO compared to sibling wild types injected with the
same amount of notch3 UTRMO at 24 hpf. Arrows, EMCs. Scale bars, 100 pm. Mean + SEM. Student’s ¢-test. *p<0.05;
**p<0.01; ***p<0.001; ns, not significant. Underlying data are available in S1 Data.

https://doi.org/10.1371/journal.pgen.1009969.9003
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Fig 4. Jagged1la, Jagged1b and Jagged2a ligands participate in the differentiation of agr2* epidermal mucous cells.
(A).Significant increases in agr2” EMC numbers in the trunks and yolks were detected in embryos overexpressing
jagla, jaglb or jag2a mRNA compared to LacZ mRNA-overexpressing embryos at 24 hpf. (B). Significant reductions
in agr2" EMC numbers in the trunks and yolks were detected in embryos injected with jagla UTRMO, jagla SPMO,
jaglb UTRMO or jag2a MO, as well as jaglb and jag2a homozygous mutants compared to wild-type embryos at 24
hpf. (C). Further reductions in agr2* EMC numbers in the trunks and yolks were observed in jaglb homozygous
mutant embryos injected with jagla and jag2a MOs compared to those injected with jagla or jag2a MO alone or un-
injected jaglb homozygous mutant embryos at 24 hpf. Arrows, EMCs. Scale bars, 100 um. Mean + SEM. Student’s ¢-
test. *p<<0.05; “*p<0.01; ***p<0.001; ns, not significant. Underlying data are available in S1 Data.

https://doi.org/10.1371/journal.pgen.1009969.9004
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contrast, trunk and yolk agr2” EMC numbers were similar in jagla**'%® homozygous mutants
and sibling wild-type embryos (S4A Fig). We also evaluated whether the jagla*'®®
null allele. We performed DNA sequencing to confirm that jagla**'*® homozygous mutants

mutant is a

harbor a G to T mutation in the gene, which is predicted to encode a truncated Jagla protein
with MNNL, DSL and six EGF domains. Expression levels of jagla, jaglb, jag2a or jag2b were
not affected in jagla**'*® homozygous mutants according to RT-qPCR (S4B Fig). We then
knocked down jaglb and jag2a in wild types and jagla**'®®
numbers of trunk and yolk agr2” EMCs were identified in jag1b and jag2a MOs-injected wild-
type and jagla*'®®
we suspect that mutated Jagla protein in jagla*'*® homozygous mutants still functions nor-
mally, at least in terms of agr2* EMC development. Similarly, no alterations of agr2* EMC
numbers in the trunks and yolks were detected after injection of 500 pg jag2b or in jag2b™*'7*
heterozygous or homozygous mutants as compared to LacZ-injected or sibling wild-type
embryos at 24 hpf (54D Fig).

Low but significant decreases in total agr2* EMC numbers were detected in jaglb”>
(19.9%) and jag2a™'?°”® (14.6%) homozygous mutant embryos, suggesting that these Jagged
ligands have redundant functions. We investigated whether knockdown of jagla, jag2a or
both genes in jagIb”*’ homozygous mutants could further reduce agr2* EMC numbers. Com-
pared to un-injected jagIb"*° homozygous mutants, a 24.8% decrease in the total agr2* EMC
number was detected in jaglb”** homozygous mutants injected with both jagla and jag2a
MOs at 24 hpf (Fig 4C). This result suggests that jagla, jaglb and jag2a function redundantly
during the development of agr2” EMCs. We also evaluated whether deficiency of jagla, jaglb
or jag2a affects the development of pvalb8-positive cells. Similarly, low but significant reduc-
tions in trunk and yolk pvalb8-positive cell numbers were detected in jagla morphants, jaglb
morphants and jag2a mutants (S4E Fig).

Together, these results demonstrate that Jagla/1b/2a-mediated activation of Notchla/3 sig-
naling induces the differentiation of agr2* EMCs. Likewise, Jaggedla/1b/2a-mediated activa-
tion of Notchla signaling also results in the differentiation of pvalb8-positive cells.

mutants. Similar reductions in the

mutants, compared to un-injected controls at 24 hpf (S4C Fig). Therefore,

agr2” EMCs, ionocytes and keratinocytes are derived from a common non-
neural ectodermal precursor

Previous studies showed that keratinocytes and ionocytes are derived from common precur-
sors from ventral ectoderm [15]. To investigate whether agr2* EMCs, kerationocyte and iono-
cytes have the same embryonic origin, we conducted cell-lineage experiments. We
transplanted single ventral cells from embryos that had been injected with fluorescent dextran
at the 1-cell stage homotypically into unlabeled recipient embryos at shield stage. Chimeric
embryos were fixed at 24 hpf and stained with anti-p63 antibody (labels keratinocytes) and
anti-salmon Agr2 antibody, or the embryos were stained with anti-Na*-K"-ATPase antibody
and anti- salmon Agr2 antibody (Fig 5A). We identified one embryo (1/7) in which the clones
of labeled descendants comprised three p63-positive cells, four Agr2-positive cells and three
Agr2/P63-negative cells (Fig 5Aa-5Ae). These results indicate that agr2* EMCs and keratino-
cytes are indeed derived from common ectodermal precursors. Similarly, we identified one
embryo (1/10) in which the clones of labeled cells consisted of two Agr2-positive cells, three
Na*-K"-ATPase-positive cells, and three Agr2/Na*-K"-ATPase-negative cells (Fig 5Af-5A1).
These results demonstrate that agr2” EMCs and ionocytes are also derived from common ecto-
dermal precursors.

Since jagla, jaglb and jag2a are required for the development of agr2” EMCs (Fig 4) and
jag2b was shown to be co-expressed with foxi3a and foxi3b in ionocyte progenitors at 11 s
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Fig 5. agr2” EMCs and keratinocytes or ionocytes are derived from common ectodermal precursors, coexpression
of jagla/jaglb/jag2a with foxi3a, grhll or p63, agr2 is expressed next to foxi3a or jagla/ jaglb/jag2a and
coexpression of agr2 and grhll. (A). agr2” EMCs and keratinocytes or ionocytes are derived from common
ectodermal precursors. Yellow arrows (a, b, d, f, g) indicate Agr2* and dextran® (dextran-488) cells. White arrows (d,
e) indicate P63" and dextran® cells. Red arrows (c, d) and pink arrows (f, h) indicate only dextran™ cells. Red arrows (h,
i) indicate Na*-K*-ATPase" and dextran® cells. Scale bars, 10 um. (B). Coexpression of jagla/jaglbljag2a with foxi3a,
grhll or p63 detected at 5 s. White square boxes indicate enlarged area. White arrows indicate examples of colocalized
cells. Yellow arrows indicate example of jagla-, jaglb- or jag2a-expressing cells. Images (k-o) were derived from 3 to 4
Z-stacks. (C). Some foxi3a" cells locate next to agr2” EMCs in the trunks and yolks of embryos at 24 hpf. Some jagla-,
jaglb- or jag2a-expressing cells were located next to agr2” EMCs in the epidermis of embryos at 22 hpf. Coexpression
of grhll and agr2 was observed in embryos at 22 hpf. White arrows (¢, f, g-1) indicate examples of agr2* EMCs located
adjacent to foxi3a"® or jagla-, jaglb- or jag2a-expressing cells. White arrows (o) indicate examples of colocalized cells.
Scale bars, 100 um. Underlying data are available in S1 Data.

https://doi.org/10.1371/journal.pgen.1009969.g005
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stage [15], we further conducted double in situ hybridization for foxi3a or grhll with jagla,
jaglb or jag2a, as well as immunofluorescence staining of p63 with fluorescence in situ hybrid-
ization for jagla, jaglb or jag2a at 5 s stage (Fig 5B). jagla exhibited weak expression in a
punctate pattern in the epidermis at 5 s (Fig 5Bb), while jaglb and jag2a showed prominent
puncatate expression in the epidermis at 5 s and 10 s (Figs 5Bg and S5Cb, S5Cg, S5Ch). Consis-
tent with previous findings, co-expression of foxi3a with jagla, jaglb or jag2a was identified in
the majority of ionocyte progenitors at 5 s. Many jagla*/foxi3a™ cells, jaglb*/foxi3a cells or
jag2a™[foxi3a” cells were also identified at this stage (Fig 5Bc-5Be). Similarly, co-expression of
grhll with jaglb, jagla or jag2a was identified in the majority of non-keratinocyte epidermal
cells at 5 s. Many jaglb*/grhll cells, jagla®/grhll™ cells or jag2a™/grhll cells were also identi-
fied at this stage (Fig 5Bh-5Bj). A previous study showed that foxi3a is expressed in a sub-pop-
ulation of p63* epidermal stem cells at bud stage [14], and we also found that jagla, jaglb and
jag2a are expressed in some p63™ epidermal stem cells at 5 s stages (Fig 5Bm-5Bo).

We next compared the expression sites of agr2” EMCs with foxi3a, three jagged ligands or
grhll by double in situ hybridization (Fig 5C). Although some foxi3a* ionocytes were localized
adjacent to agr2* EMCs in the yolks and trunks at 24 hpf (Fig 5Cc and 5Cf), we suspect this
close proximity may be a random event because knockdown of foxi3a did not affect the devel-
opment of agr2” EMCs (see S5A Fig). Additionally, we found that approximately 87.5+1.8%
jagla® (n=5), 86.0+3.0% jaglb" (n = 4) and 88.4+4.6% jag2a" (n = 6) epidermal cells were
localized next to agr2” EMCs at 22 hpf (total yolk agr2® EMC number was used as the denomi-
nator; Fig 5Cg-5Cl), suggesting that agr2* EMCs may receive Notch signals from neighboring
Jagged-expressing cells. Interestingly, co-expression of agr2 with grhll was observed in the
majority of agr2” EMCs at 22 hpf (Fig 5Cm-5Co); this indicates that grhll is a common marker
for all non-keratinocyte epidermal cells including newly-identified agr2” EMCs and the previ-
ously-identified pvalb8-positive cells and foxi3a*/foxi3b" ionocyte progenitors [21].

Co-expression of foxi3a and jaglb, jagla or jag2a was observed in ionocyte progenitors at 5
s (Fig 5Ba-5Be), suggesting a potential role of ionocytes in the development of agr2* EMCs.
We then investigated whether trunk and yolk agr2” EMC numbers were affected in foxi3a
morphants at 24 hpf (S5A Fig). Loss of atp6vIaa-positive ionocytes was identified in foxi3a
morphants compared with wild-types and control embryos injected with foxi3a misMO
(S5Ae-S5Ag Fig). Unexpectedly, comparable numbers of agr2” EMCs in the trunk and yolk
were observed between foxi3a morphants and wild-types. However, low level but significant
increases in trunk and total agr2” EMC numbers were identified in foxi3a morphants com-
pared with foxi3a misMO-injected control embryos, which may be due to a toxic effect of the
foxi3a misMO injection (S5Aa-S5Ad Fig).

Since co-expression of grhll and jaglb, jagla or jag2a was also observed at 5 s (Fig 5Cm-
5Co), we further investigated whether knockdown of grhlI affected trunk and yolk agr2* EMC
numbers at 24 hpf (S5B Fig). Similar numbers of agr2” EMCs in the trunks and yolks were
observed among wild-type embryos and those that had been injected with grhll ATGMO or
grhll SPMO (S5Ba-d Fig). Consistent with a previous study showing that Grhll negatively reg-
ulates its own transcription [21], embryos injected with grhll ATGMO or grhll SPMO dis-
played higher numbers of grhii-positive cells than wild-type controls (S5Be-S5Bg Fig). These
results indicate that ionocytes and grhl1-positive cells are not the origin of the Jagged signals
that promote the development of agr2” EMCs.

Since Dlc-Notch-mediated lateral inhibition is essential to specify epidermal ionocyte pro-
genitors from epidermal stem cells [14], we wondered whether Dlc participates in the specifi-
cation of agr2" EMCs. Our previous study showed that dic” ionocyte progenitor numbers
reached a maximum at bud stage and were decreased at the 5 s stage [16], so we next con-
ducted double in situ hybridization for dic with jaglb, jagla or jag2a at 5 s and 10 s stages
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(S5C Fig). The dlc” ionocyte progenitor number was dramatically reduced at 10 s (S5Cf Fig).
Co-expression of dic with jag2a, jagla or jaglb was observed in some ionocyte progenitors at 5
sand 10 s (S5Ca-S5Ce and S5C;j Fig). Nevertheless, many jaglb*/dlc cells, jagla™/dlc” cells, or
jag2a™/dlc cells were identified in the yolk at these two stages (S5Cc-S5Ce, S5Ci, and S5C;
Fig). We then investigated whether deficiency of dic affects trunk and yolk agr2* EMC num-
bers (S5D Fig). Comparable numbers of agr2* EMCs in the trunks and yolks were identified in
dic"™*® mutants and sibling wild-type embryos at 24 hpf (S5Da-S5Dc Fig). Since dlc"*®
is a hypomorphic allele [30], we then investigated the effects of dlc morpholino knockown on
trunk and yolk agr2” EMC numbers [31]. Unexpectedly, significant reductions in the trunk
and total agr2” EMC numbers were detected in embryos injected with dlc MO compared to
wild-type embryos at 24 hpf (S5Dd-f Fig). As in the previous experiments, increases in foxi3a"
ionocyte numbers were observed in dlc morphants compared with wild-types at bud stage
(S5Dg and S5Dh Fig). We next investigated whether overexpression of dlc mRNA affects the
development of agr2” EMCs. Increased numbers of trunk or yolk and total agr2” EMCs were
detected in embryos injected with 92 or 184 pg dlc mRNA but not LacZ mRNA at 24 hpf
(S5Di-S5D1 Fig). However, similar trunk and yolk pvalb8-positive cell numbers were observed
in embryos injected with 92 or 184 pg dlc mRNA or LacZ mRNA at 24 hpf (S5Dm-S5Do Fig).
We also investigated whether quadruple MO-mediated knockdown of dlc, jagla, jaglb and
jag2a could further reduce trunk and yolk agr2” EMC numbers. Compared to wild-type
embryos, a 23.8% decrease in the total agr2” EMC number was detected in embryos injected
with dic, jagla, jaglb and jag2a MOs (S5Dp-S5Dr Fig). These results suggest that Dlc also par-
ticipates in the differentiation of agr2” EMCs but not pvalb8-positive cells.

Since agr2* EMC numbers increased with embryonic growth, we wondered how the popu-
lation is maintained after differentiation. We conducted BrdU labeling and agr2 in situ hybrid-
ization or Agr2 immunofluorescence on wild-type embryos at 26 s and 24 hpf or 30 and 48 hpf
(Fig 6A). A high percentage (16.8%) of BrdU agr2" EMCs was observed in the yolk and trunk
of 26 s embryos (Fig 6Aa-6Ac and 6Am), and the highest proliferation rate (20.1%) was
detected at 24 hpf (Fig 6Ad-6Af and 6Am). Lower percentages (10.2% to 4.4%) of BrdU* Agr2*
EMCs were observed in the yolk and trunk of embryos at 30 and 48 hpf (Fig 6Ag-6Am).

Together, these results suggest that some p63™ epidermal stem cells, but not ionocytes or

mutant

grhll-positive cells, are the Jagged-expressing cells that activate Notchla/3 signaling to induce
the development of agr2” EMCs. Then, after differentiation, agr2” EMCs proliferate to main-
tain the population.

Discussion

Among the differentiated epidermal cells in teleosts (keratinocytes, ionocytes and mucous
cells), ionocytes and EMCs are evenly dispersed throughout the tissue. The specification of
ionocytes begins at late gastrulation stage via Dlc-Notchla/3-mediated lateral inhibition [14].
In this report, we demonstrate that Dlc/Jagla/1b/2a-mediated activation of Notchla/3 signal-
ing directly or indirectly induces the differentiation of EMCs expressing agr2 during mid-seg-
mentation stages. We also show that the agr2” EMC population is maintained by proliferation
(Fig 6).

We showed that agr2® EMCs appear initially in the yolk extension at 15 s and in the tail,
trunk and yolk sac from 15 s to 22 hpf. Similar to intestinal goblet cells, agr2® EMCs contain
secretory granules and synthesize Muc5.1/5.2 glycoprotein to form a mucus layer (Fig 1). Dra-
matically reduced numbers of agr2* EMCs in the yolks and trunks were identified in two mib
mutants defective in Notch signaling. Furthermore, treatment with a y-secretase inhibitor also
indicated that differentiation of agr2™ EMCs requires Notch signaling specifically from 10 to
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Fig 6. agr2® EMC population is maintained by proliferation. (A). Double immunofluorescence and in situ
hybridization or double immunofluorescence reveals colocalization of BrdU (green) and agr2/Agr2 (red) in the yolks
of embryos at 26 s, 24, 30 and 48 hpf. BrdU labeling assay revealed that agr2” EMCs proliferate after differentiation.
The highest proliferation rate was detected at 24 hpf. White arrows indicate BrdU"agr2” EMCs. Yellow arrows indicate
positions of YZ projections of confocal images. Mean + SEM. Scale bars, 100 um. (B). A model depicts the timing at
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which sequential specification of ionocytes/keratinocytes and agr2” EMCs/pvalb8-positive cells occurring in zebrafish
embryos. The previously-explored specification of ionocytes and keratinocytes via Dlc-mediated Notchla/3 lateral
inhibition occurs at late gastrulation stage, while the newly-identified induction of agr2” EMCs by Dlc and Jagla/1b/
2a-mediated activation of Notchla/3 signaling and the induction of pvalb8-positive cells via Jagla/Jaglb/Jag2a-
mediated activation of Notchla signaling occur during segmentation stage. Underlying data are available in S1 Data.

https://doi.org/10.1371/journal.pgen.1009969.9006

15 hpf (Fig 2). We then identified Notchla and Notch3 receptors and three Jagged ligands
(Jagla, Jaglb and Jag2a) as major components in the differentiation of agr2* EMCs, according
to overexpression, morpholino knockdown and mutant analyses (Fig 3 and Fig 4). Cell lineage
experiments further demonstrated that agr2” EMCs and keratinocytes or ionocytes are derived
from common ectodermal precursors (Fig 5).

Dlc and Jagla/1b/2a are two alternate ligands of Notch signaling and they specify two
major cell types in the epidermis via a streamlined Notch-dependent process. The specification
of ionocytes by Dlc-Notchla/3 mediated lateral inhibition occurs early, during late gastrula-
tion stage [14], while Jagla/1b/2a-mediated Notchla/3 activation induces differentiation of
agr2” EMCs later, during mid-segmentation stages (Fig 6B). Although Dlc is mainly responsi-
ble for the first specification event, knockdown of dlc decreased trunk and total agr2® EMC
numbers, and overexpression of dic increased trunk or yolk and total agr2® EMC numbers
(S5D Fig). These results indicate that Dlc also participates in the differentiation of agr2*
EMCs. Interestingly, a 23.8% decrease in the total agr2® EMC number was detected in embryos
injected with four MOs against dlc, jagla, jaglb and jag2a; this level of decrease is similar to
that (24.8%) observed in jagIb”*’ homozygous mutants injected with both jagla and jag2a
MOs (Figs S5D and 4C).This result may be due to that dic* ionocyte progenitor cell numbers
reached a maximum at bud stage and were diminished at 10 s stage (S5C Fig) [16]. In contrast,
epidermal cells expressing jagla, jaglb or jag2a were identified in embryos at 5 s (Fig 5B), 10's
(S5C Fig), 22 hpf (Fig 5C) and 30 hpf [32]. Although co-expression of dic or foxi3a with jagla,
jaglb or jag2a was observed at 5 s stage (Figs 5B and S5C), the identified cells may not partici-
pate in the specification of ionocytes because no alterations in numbers of atp1b1b™ or atp6-
vlaa”" ionocytes were observed in embryos injected with single or quadruple MOs against all
four jag genes [15]. Expression of various jag genes occurs during 5 s to 10 s stage, which is
also in line with the conclusion that Notch signaling is required from 10 to 15 hpf for the devel-
opment of agr2* EMCs (Fig 2). In addition, epidermal cells expressing jagla, jaglb or jag2a
were localized nearby agr2™ EMCs at 22 hpf (Fig 5C). These results support the conclusion
that the second specification event is initiated by Jagla/1b/2a ligands.

Although coexpression of three jag ligands was identified in ionocyte progenitor and non-
keratinocyte markers, knockdowns of foxi3a or grhll do not affect the development of agr2™
EMCs (S5A and S5B Fig). Nevertheless, we found coexpression of jagla, jaglb and jag2a in
some p63" epidermal stem cells at 5 s (Fig 5B), suggesting that p63™ epidermal stem cells are
the Jagla, Jaglb, and Jag2a presenting cells for agr2* EMC differentiation. A previous publica-
tion reported that expression of human JAGI and JAG2 was upregulated by p63 and a
p63-binding site in the JAGI gene that interacts with p63 protein was identified in vivo [33].
These findings further support the idea that p63* epidermal progenitor cells expressing Jagla,
Jaglb, and Jag2a are responsible for inducing the formation of agr2* EMCs in neighboring
cells. While our model indicates sequential specification of ionocytes/kerationocytes and agr2™
EMCs via Dlc-Notchla/3-mediated lateral inhibition and Dlc/Jagla/1b/2a-mediated Notch
1a/3 activation (Fig 6B), a variant of this model could also be proposed. That is, early devel-
oped p63™ keratinocytes may begin to express Jagla/1b/2a during bud to 15 hpf and supply
Notchla/3 signal that activates differentiation of neighboring epidermal cells into agr2*
EMCs. However, the cell fates of these jagla/1b/2a-expressing epidermal cells are still
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unknown (Fig 6B). Single cell RNA seq of ANp63-lineage traced epidermal cells may provide
definitive answers in the future.

Additionally, we showed that agr2* EMCs and pvalb8-positive cells may represent two dif-
ferent populations of EMCs (S1 Fig). Significantly reduced trunk and yolk pvalb8-positive cell
numbers were observed in mib"?” and mib”"*! mutants as well as jagla morphants, jaglb
morphants and jag2a mutants (S2A and S4E Figs), while increased trunk and yolk pvalb8-posi-
tive cell numbers were identified in notchla-overexpressing, but not dic-overexpressing
embryos (S3A and S5D Figs). Unlike pvalb8-positive cell numbers, which were negatively reg-
ulated by Foxi3a [21], the agr2” EMC numbers in foxi3a morphants and wild-type embryos
were similar at 24 hpf (S5A Fig). Such differential regulation of Foxi3a on numbers of pvalb8-
positive cells and agr2” EMCs remains to be studied in the future. Nevertheless, our results
suggest that Jagla/1b/2a-mediated Notch signaling activation might participate in the develop-
ment of mucous cell types other than agr2” EMCs, such as pvalb8-expressing putative EMCs.

Although several major features of teleost and mammalian epithelia are different, both
function to protect organisms from environmental challenges. Moreover, the activation of
Notch1 signaling by Delta-1 or Jagged-1 has been implicated in early and late events of kerati-
nocyte differentiation within mammalian epidermis [34,35]. Within the stratified epithelium,
Notch signaling induces terminal differentiation of spinous cells in a Hes1-independent man-
ner; Notch signaling also promotes Ascl2 transcription to induce granular differentiation,
which is repressed by Hes1 protein [36]. Similarly, we showed that activation of Notchla/3 sig-
naling by Dlc/Jagla/1b/2a promote the differentiation of agr2* EMCs in zebrafish embryos.
Therefore, Notch signaling appears to exert an essential and conserved role in the differentia-
tion of epithelial cells, such as EMCs in teleosts and keratinocytes in terrestrial vertebrates.

After induction of agr2* EMCs by Delta/Jagged-mediated activation of Notchla/3, the
agr2” EMCs population is maintained by proliferation (Fig 6A). High proliferation rates
(16.8-20%) were detected in 26 s and 24 hpf embryos, while a lower (4.4%) proliferation rate
was observed at 48 hpf. Likewise, after specification by Dlc-Notchla/3 lateral inhibition during
late gastrulation and early somite stages, ionocytes also maintain their population by prolifera-
tion; a similarly low (3%) proliferation rate was observed in NaR cells at 120 hpf [37]. In con-
trast, mouse Notchl coordinates keratinocyte growth arrest and differentiation by induction
of p21WAFL/Cipl
(8].

Although EMCs and intestinal goblet cells both express agr2 and serve primarily as secre-
tory cells, their differentiation and regulation are quite different. In zebrafish intestine, Delta-
Notch signaling controls the decision between secretory and absorptive cell fates [38]. Most

expression and early differentiation markers (keratin 14, integrin 1 and p4)

intestinal cells adopt a secretory cell fate in DeltaD-defective aei mutants and mib mutant fish
embryos. On the contrary, we observed reduced agr2* EMC numbers in various mutants or
morphants defective in Dlc and Jagged ligands (jagla/1b/2a) or Notch receptors (notchla/3),
and mib mutants (Figs 2, 3, 4, and S5). We suspect that the choice between cell fate specifica-
tion through Delta-Notch lateral inhibition or Delta/Jagged-induced Notch signaling may
determine the distribution patterns and abundances of goblet and mucous cells in the intestine
or epidermis. Overall, our findings reveal that the differentiation of agr2” EMCs is controlled
by Delta/Jagged ligand induction of Notch signaling. This result is consistent with a recent
publication that showed Notch signaling induces a secretory cell fate change in epidermal mul-
ticiliated cells of Xenopus embryos [39]. Thus, our results suggest that the specification of three
major cell types in the epidermis depends on temporally distinct Notch-dependent signaling
events, and this consistent involvement of Notch signaling in epidermal cell development may
be common to many vertebrate species.
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Materials and methods
Ethics statement

All animal procedures were approved by the Academia Sinica Institutional Animal Care & Use
Committee (AS TACUC; Protocol ID: 15-12-918 and 18-12-1250) or by the Institutional Ani-
mal Care and Use Committee, NHRI, Taiwan (NHRI-IACUC-106063-A, NHRI-IACUC-
107094-A and NHRI-TACUC-109036-A). All animal experiments were carried out in accor-
dance with the approved protocols.

Zebrafish strains and breeding conditions

Adult zebrafish were maintained in a high-density self-circulation system (Aqua Blue) or in
20-liter aquaria supplied with aerated filtered fresh water, located in a room with a 14/10-h
light/dark photoperiod. Embryos were incubated at 28.5°C or 25°C depending on the stage at
which they were harvested. Stage determination was based on described criteria [40]. Various
mutants, transgenic lines and wild-types used in this study were: Al mib' ™2 bl
jaglasul68/+,jag1 bjj59/+’jag2a5a10076/+,jag2b5a1720/+, notchlath35b/+, Tg(—60k ang:EGFP)uS”Tg, AB
wild types, and ASAB wild types.

Morpholino knockdown, capped mRNA and probe synthesis and mRNA
overexpression

Various morpholio oligonucleotides (MOs) from Gene Tools used in this study were as fol-
lows: dlc MO: 5-CGATAGCAGACTGTGAGAGTAGTCC -3, 4.9 ng [31]; foxi3a ATGMO:
5-AGACTGTGGAACAAATGATGTCATG -3, 4.3 ng [14]; foxi3a misMO: 5-AGAGTGTGC
AAGAAATCATGTGATG-3, 4.3 ng (mismatched sequence is italized) [14]; grhll ATGMO:
5-GTGACATCTCTTATGGTCGAACTGG-3’, 3 ng [21]; grhil SPMO: 5°-CTTTGATGAGAG
CTTCACCTTTTGT-3, 3 ng [21]; jagla UTRMO: 5- CGGTTTGTCTGTCTGTGTGT
CTGTC-3, 0.5 ng [41]; jagla SPMO: 5- ATAAAAGATACTCACTGCCAGTGCT-3’, 1.0 ng;
jaglb UTRMO: 5- TCACGGCTCTAATGTACTCCCCGAT-3’, 1.2 ng [42]; jag2a MO: 5’
CTCCAAAATAGTTATGCATGACTCC-3’, 4 ng (start codon is underlined); notch3
UTRMO: 5-ACATCCTTTAAGAAATGAATCGGCG-3’, 0.8 ng [43]; notch3 SPMO: 5’
AAGGATCAGTCATCTTACCTTCGCT-3’, 2 ng [43] Various MOs were diluted in Danieau
solution and individually injected into the cytoplasm of one- or two-cell zygotes.

Capped full-length dic, jagla, jaglb, jag2a, jag2b, LacZ, notchla ICD, notch3 ICD, and X-Su
(H)/ANK mRNA were synthesized using NotI-linearied PCS2"-MT-dlc plasmid, NotI-linear-
ized pCS2"-MT-jagla plasmid, NotI-linearized pCS2"-MT-jaglb plasmid, Notl-linearized
pCS2™-jag2a plasmid, Sacll-linearized pCS2*-jag2b plasmid, Notl-linearized pcDNA3.1/Myc-
His(+)/LacZ plasmid, Notl-linearized pCS2*-MT-notchla ICD plasmid, Notl-linearized
pCS3*-MT-notch3 ICD plasmid, and Notl-linearized pCS2"-X-Su(H)-ANK plasmid as tem-
plates with the mMESSAGE mMACHINE SP6 or T7 transcription kit (Invitrogen). Digoxi-
genin (DIG)- or fluorescein-labeled RNA probes were generated using respective linearized
constructs as templates and DIG or fluorescein RNA labeling kit with SP6 or T7 RNA poly-
merase (SP6, Roche; T7, Invitrogen). Restriction enzymes used for linearization and RNA
polymerase for probe synthesis were: agr2 (Ncol/SP6), atp6vlaa (Sacll/SP6), dlc (Ncol/SP6),
egfp (HindIII/SP6), grhll (Sall/T7), jagla (Ncol/SP6), jaglb (Sall/T7), jag2a (Sall/T7), mucin
5.1(Ncol/SP6), mucin 5.2 (Ncol/SP6) and pvalb8 (Sall/T7). Overexpression experiments were
conducted by microinjecting 92 or 184 pg dlc, 250 pg jagla, 300 pg jaglb, 200 pg jag2a, 500 pg
jag2b, 200 pg notchla ICD, notch3 ICD (10, 50, 100, 200 pg) or 10 pg X-Su(H)-ANK into the
cytoplasm of one- or two-cell zygotes.
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MK-0752 treatment

Working solutions were prepared from 10 mM MK-0752 (Selleckchem) stock solution and
100% DMSO (Invitrogen) in 1x E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl,, 0.33
mM MgSO,). Embryos (20 embryos/mL) were incubated with 100 uM MK-0752 or 1%
DMSO from bud to 17 or 20 hpf at 28.5°C, followed by 1x E3 medium washes and mainte-
nance at 28.5°C. Embryos were maintained until 24 hpf, at which point they were fixed with
4% paraformaldehyde (PFA) in 1x PBS at 4°C overnight. Embryos were also incubated with
100 uM MK-0752 or 1% DMSO from bud to 24 hpf at 28.5°C before fixation. Embryos were
incubated with 50 pM MK-0752 or 0.5% DMSO from bud to 13 or 14 hpf, or from 11 to 14 or
15 hpf, followed by 1x E3 medium washes and maintained at 28.5°C until 24 hpf stage for fixa-
tion. Embryos were also incubated with 75 uM MK-0752 or 0.75% DMSO from bud to 15, 16
or 17 hpf, or from 12 to 17 hpf at 28.5°C, followed by 1x E3 medium washes; embryos were
maintained at 28.5°C until fixation at the 24 hpf stage.

BrdU incorporation

Embryos at 24 s, 23 hpf, 29 hpf or 47 hpf were treated with egg water containing 10 mM BrdU
and 15% DMSO in 2 mL tube for 20 min on ice. Samples were then transferred to a 9-cm petri
dish and washed with egg water five times, then incubated for 40 min at 28.5°C before fixation
at 26 s, 24 hpf, 30 hpf and 48 hpf with 4% PFA in 1x PBS at 4°C overnight. After several PBST
washes, embryos were dehydrated with 25% methanol/75% PBST, 50% methanol/50% PBST,
75% methanol/25% PBST and 100% methanol for 5 min, three times, and stored in 100%
methanol at -20°C.

Whole-mount in situ hybridization

Dechorionated embryos at 24 hpf were fixed with freshly prepared 4% PFA in 1x PBS at 4°C
overnight. Embryos were washed with diethyl pyrocarbonate (DEPC)-treated 1x PBS contain-
ing 0.1% Tween 20 (PBST) for 5 min at room temperature (RT), three times, followed by dehy-
dration with 25% methanol/75% DEPC-PBST, 50% methanol/50% DEPC-PBST, 75%
methanol/25% DEPC-PBST and 100% methanol and storage in 100% methanol at -20°C.
After rehydration with a methanol/DEPC-PBST series and DEPC-PBST washes, embryos
were digested with 10 ug/mL proteinase K (Roche) in DEPC-PBST for 3 min at RT, followed
by DEPC-PBST washes and re-fixation with 4% PFA in 1x PBS for 20 min at RT. After several
DEPC-PBST washes, embryos were incubated in hybridization buffer (50% formamide, 5x
SSC, 0.1% Tween-20, 500 pug/mL yeast tRNA, 50 pg/mL heparin adjusted to pH 5.2 with 2 M
citric acid) at 65°C for 3 h before incubation in probe solution (150 ng RNA probe per 300 uL
hybridization buffer) at 65°C overnight for hybridization. Embryos were washed at 65°C with
pre-heated 25%, 50%, 75% Hyb" buffer (50% formamide, 5x SSC, 0.1% Tween-20) in 2x SSC
for 10 min each, 2x SSC for 10 min then 1 h and 0.2x SSC containing 0.1% Tween-20 for 30
min four times at 70°C. Embryos were then incubated in 1% blocking reagent (Roche) for 3 h
at RT before incubation with pre-absorbed anti-digoxygenin (DIG)-alkaline phosphatase anti-
body (1:4000) in 0.5% blocking solution at 4°C overnight. After several PBST washes, embryos
were equilibrated in freshly made staining buffer (0.1 M Tris-HCI pH 9.5, 50 mM MgCl,, 0.1
M Na(l, 0.1% Tween-20) for 5 min three times and later stained with NBT/BCIP-containing
staining buffer (3.5 pL of 100 mg/mL NBT in 70% dimethylformamide and 3.5 uL of 50 mg/
mL X-phosphate in dimethylformamide added to 1 mL staining buffer) until the color signal
was clearly apparent. Embryos were rinsed with PBST, washed in 100% methanol for 20 min.
After several PBST washes, embryos were stored in 4% PFA in 1x PBS at 4°C before samples
were photographed.
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Double immunofluorescence for Agr2 and EGFP

Dechorinated 48 hpf Tg(-6.0k agr2: EGFP) embryos were fixed with 4% PFA in 1x PBS at 4°C
overnight. After four washes with PBST for 5 min at RT, embryos were dehydrated with 25%
methanol/75% PBST, 50% methanol/50% PBST, 75% methanol/25% PBST and 100% metha-
nol for 5 min, three times, and stored in 100% methanol at -20°C. Embryos were treated with
acetone for 15 min at -20°C before being rehydrated through 75% methanol/25% PBST, 50%
methanol/50% PBST, 25% methanol/75% PBST and PBST four times for 5 min each. Embryos
were treated with 150 mM Tris-HCI, pH 9.5 for 15 min at 70°C, followed by re-fixation with
4% PFA in 1x PBS for 5-10 min at RT. After four PBST washes for 5 min each, embryos were
blocked in PBST containing 1% blocking reagent for 1.5 h at RT. Embryos were then treated
with anti-salmon Agr2 antibody (1:200) and anti-GFP antibody (1:400, Sigma-Aldrich) in
PBST containing 1% blocking reagent at 4°C overnight. After PBST washes for 10 min, six
times, embryos were blocked with 1% blocking reagent for 1 h at RT followed by incubation
with anti-mouse Alexa Fluor 488 antibody (1:200, Invitrogen) and anti-rabbit Alexa Fluor 568
antibody (1:200, Invitrogen). After six PBST washes for 10 min each, embryos were stored in
4% PFA in 1x PBS at 4°C before being photographed.

Double fluorescence in situ hybridization for egfp and muc5.1/5.2, egfp and
pvalb8, agr2 and foxi3a or agr2 and grhll

Dechorinated Tg(-6.0k agr2:EGFP) embryos at 24 or 48 hpf and dechorinated wild-type
embryos at 22 or 24 hpf were fixed with 4% PFA in 1x PBS at 4°C overnight. After four
DEPC-PBST washes for 5 min each, embryos were dehydrated through 25% methanol/75%
DEPC-PBST, 50% methanol/50% DEPC-PBST, 75% methanol/25% DEPC-PBST and 100%
methanol and stored in 100% methanol at -20°C. After rehydration with a methanol/
DEPC-PBST series and DEPC-PBST washes, embryos were digested with 10 ug/mL pro-
teinase K in DEPC-PBST (1-3 min for 22 hpf, 3 min for 24 hpf and 20 min for 48 hpf) at
RT, followed by DEPC-PBST washes and re-fixation with 4% PFA in 1x PBS for 20 min at
RT. After several DEPC-PBST washes, embryos were incubated in hybridization buffer
(50% formamide, 5x SSC, 0.1% Tween-20, 500 pg/mL yeast tRNA, 50 ug/mL heparin
adjusted to pH 5.2 with 2 M citric acid) at 65°C for 1 h before incubation in probe solution
(300 ng each for muc5.1 and muc5.2, 300 ng pvalb8 and 150 ng eGFP RNA probes, 150 ng
agr2 and 150 ng foxi3a or 150 ng grhl1 in 300 uL hybridization buffer) at 65°C overnight
for hybridization. Embryos were washed with pre-heated 75%, 50%, 25% Hyb" buffer in 2x
SSC for 10 min each, 2x SSC for 30 min, two times, and 0.2x SSC for 30 min four times at
70°C. After two PBST washes for 5 min each, embryos were blocked in 1% blocking reagent
in PBST for 1.5 h at RT, followed by incubation with anti-DIG- horse-radish peroxidase
(POD) antibody (1:600) in 0.5% blocking reagent at 4°C overnight. After six PBST washes
for 15 min each, embryos were incubated for 45 to 60 min at RT with TSA plus Cy3-tyra-
mide substrate (1:100, Akoya Biosciences) diluted in amplification buffer. Embryos then
washed in PBST, 25% PBST/75% methanol, 50% PBST/50% methanol, 25% PBST/75%
methanol and 100% methanol for 10 min each at RT, followed by inactivation of POD with
1% H,0, in 100% methanol for 30 min at RT. Embryos were then blocked with 1% block-
ing reagent in PBST for 1 h at RT, followed by incubation with anti-fluorescein-POD anti-
body (1:600) in 0.5% blocking reagent at 4°C overnight. Embryos were washed with PBST
for 15 min six times, followed by incubation in TSA plus FITC-tyramide substrate (1:100)
diluted in amplification buffer for 45 to 60 min at RT. Embryos were washed with PBST for
10 min four times and stored in 4% PFA in 1x PBS at 4°C.
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Double fluorescence in situ hybridization for jagla/jaglb/jag2a and foxi3a,
grhll, dic or agr2

Dechorinated wild-type embryos at 5 s, 10 s or 22 hpf were fixed with 4% PFA in 1x PBS at
4°C overnight. After four DEPC-PBST washes for 5 min each, embryos were dehydrated
through 25% methanol/75% DEPC-PBST, 50% methanol/50% DEPC-PBST, 75% methanol/
25% DEPC-PBST and 100% methanol and stored in 100% methanol at -20°C. After rehydra-
tion with a methanol/DEPC-PBST series and DEPC-PBST washes, embryos were digested
with 10 pg/mL proteinase K in DEPC-PBST for 1 min at RT, followed by DEPC-PBST washes
and re-fixation with 4% PFA in 1x PBS for 20 min at RT. After several DEPC-PBST washes,
embryos were incubated in hybridization buffer (50% formamide, 5x SSC, 0.1% Tween-20,
500 pg/mL yeast tRNA, 50 ug/mL heparin adjusted to pH 5.2 with 2 M citric acid) at 65°C for
4 h before incubation in probe solution (200 ng each for jagla, jaglb and jag2a and 150 ng dlc,
150 ng foxi3a or 150 ng agr2 in 300 pL hybridization buffer) at 65°C overnight for hybridiza-
tion. Embryos were washed with pre-heated 75%, 50%, 25% Hyb™ buffer in 2x SSC for 10 min
each, 2x SSC for 30 min, two times, and 0.2x SSC for 30 min four times at 65°C. After two
PBST washes for 5 min each, embryos were blocked in 1% blocking reagent in 1x PBST for 3 h
at RT, followed by incubation with anti-DIG-POD antibody (1:600) in 0.5% blocking reagent
at 4°C overnight. After six to eight PBST washes for 15 min each, embryos were incubated for
40 min at RT with TSA plus Cy3-tyramide substrate (1:100, Akoya Biosciences) diluted in
amplification buffer. Embryos were washed for 10 min three times in PBST and incubated in
100 mM glycin pH 2.2 for 10 min at RT. Embryos were washed for 10 min each in 50% metha-
nol/50% PBST and 100% methanol at RT, followed by PBST washes for 10 min two times.
Embryos were blocked in 1% blocking reagent in PBST for 1 h at RT, followed by incubation
with anti-fluorescein-POD antibody (1:600) in 0.5% blocking reagent at 4°C overnight.
Embryos were washed with PBST for 15 min six to eight times, followed by incubation in TSA
plus FITC-tyramide substrate (1:100) diluted in amplification buffer for 40 min at RT.
Embryos were washed with PBST for 10 min four times and stored in 4% PFA in 1x PBS at
4°C.

Imunofluorescence for p63 and fluorescence in situ hybridization for jagla,
jaglb or jag2a

Dechorinated wild-type embryos at 5 s were fixed with 4% PFA in 1x PBS at 4°C overnight.
After four DEPC-PBST washes for 5 min each, embryos were dehydrated through 25% metha-
nol/75% DEPC-PBST, 50% methanol/50% DEPC-PBST, 75% methanol/25% DEPC-PBST and
100% methanol and stored in 100% methanol at -20°C. After rehydration with a methanol/
DEPC-PBST series and DEPC-PBST washes, embryos were digested with 10 ug/mL proteinase
Kin DEPC-PBST for 1 min at RT, followed by DEPC-PBST washes and re-fixation with 4%
PFA in 1x PBS for 20 min at RT. After several DEPC-PBST washes, embryos were incubated
in hybridization buffer (50% formamide, 5x SSC, 0.1% Tween-20, 500 pg/mL yeast tRNA,

50 ug/mL heparin adjusted to pH 5.2 with 2 M citric acid) at 65°C for 4 h before incubation in
probe solution (200 ng each for jagla, jaglb and jag2a in 300 pL hybridization buffer) at 65°C
overnight for hybridization. Embryos were washed with pre-heated 75%, 50%, 25% Hyb"
buffer in 2x SSC for 10 min each, 2x SSC for 30 min, two times, and 0.2x SSC for 30 min four
times at 65°C. After two PBST washes for 5 min each, embryos were blocked in 1% blocking
reagent in PBST for 3 h at RT, followed by incubation with anti-DIG-POD antibody (1:600) in
0.5% blocking reagent at 4°C overnight. After six to eight PBST washes for 15 min each,
embryos were incubated for 40 min at RT with TSA plus Cy3-tyramide substrate (1:100,
Akoya Biosciences) diluted in amplification buffer. Embryos were washed for 10 min three
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times in PBST, followed by incubation in 100 mM glycine pH 2.2 for 10 min. Embryos were
washed for 10 min each in 50% methanol/50% PBST and 100% methanol at RT, followed by
PBST washes for 10 min two times. Embryos were treated with 150 mM Tris-HCI, pH 9.5 for
15 min at 70°C, followed by re-fixation with 4% PFA in 1x PBS for 5-10 min at RT. After four
PBST washes for 5 min each, embryos were blocked in PBST containing 0.5% blocking reagent
for 1 h at RT. Embryos then treated with anti-p63 antibody (1:50, Abcam) in PBST containing
0.5% blocking reagent at 4°C overnight. After PBST washes for 10 min, six times, embryos
were blocked with 1% blocking reagent for 1 h at RT followed by incubation with anti-mouse
Alexa Fluor 488 antibody (1:200, Invitrogen). After PBST washes for 10 min, six times,
embryos were stored in 4% PFA in 1x PBS at 4°C.

Lineage tracing experiments

The donor embryos were injected with 5% dextran-Alexa Fluor 488 (anionic, fixable, 10 kDa)
in 0.1 M KCl at the 1-cell stage. To obtain single cells for transplantation, cells from the ventral
ectoderm at shield stage were loaded into a transplant needle (10 psi) and released on a 1.5%
agarose plate containing PBS. Single cells were then loaded into a needle and transferred into
the ventral ectoderm region of host embryos. Dechorinated 24 hpf recipients were fixed with
4% PFA at 4°C overnight. For Agr2” cells and keratinocytes, fixed embryos were washed with
1x PBS containing 0.3% triton X-100 (PBT) for 5 min three times at RT. After washing with
PBS for 5 min twice, embryos were treated with 10 pg/mL proteinase K for 5 min at 28°C.
Embryos were then washed twice with PBT for 5 min each, and further fixed with 4% PFA for
20 min at RT. After washing with PBT for 5 min three times, embryos were blocked with 4%
BSA in PBT for 1 h at RT. Embryos were incubated with rabbit anti-salmon Agr2 antibody
(1:200) and mouse anti-human P63 antibody (1:200; 4A4, Abcam) in 4% BSA at 4°C over-
night. After washing with PBT for 15 min four times, embryos were incubated with goat anti-
rabbit IgG Alexa Fluor 647 antibody (1:200) and goat anti-mouse IgG Alexa Fluor 594 plus
(1:200) in 4% BSA at 4°C overnight. For experiments on Agr2” cells and ionocytes, fixed
embryos were dehydrated with 25% methanol/75% PBST, 50% methanol/50% PBST, 75%
methanol/25% PBST and 100% methanol for 10 min two times and stored in 100% methanol
at -20°C. Embryos were treated with 100% acetone for 15 min at -20°C before being rehy-
drated with 75% methanol/25% PBST, 50% methanol/50% PBST, 25% methanol/75% PBST
and 100% PBT for 5 min four times. Embryos were blocked with 4% BSA in PBT for 1 h at RT.
Embryos were incubated with rabbit anti-salmon Agr2 antibody (1:200) and mouse anti-
chicken alpha-subunit of Na*, K™-ATPase antibody (1:200; 0.5, DSHB Hybridoma) in 4% BSA
at 4°C overnight. After washing with PBT for 15 min four times, embryos were incubated with
goat anti-rabbit IgG Alexa Fluor 647 antibody (1:200) and goat anti-mouse IgG Alexa Fluor
594 plus (1:200) in 4% BSA at 4°C overnight. After washing with PBT for 15 min four times,
embryos were washed with PBS for 5 min three times. Embryos were then stored in antifade
reagent (SlowFade Diamond Antifade Mountant with DAPI).

Double immunofluorescence for BrdU and Agr2

Fixed BrdU-incorporated embryos at 30 and 48 hpf were rehydrated with 75% methanol/25%
PBST, 50% methanol/50% PBST, 25% methanol/75% PBST and PBST for 5 min four times.
After treatment of 10 ug/mL proteinase K (3 min for 30 hpf and 20 min for 48 hpf) at RT,
embryos were washed with PBST for 5-10 min four times, followed by a brief rinse with 2 N
HCI and incubation in 2 N HCI for 20 min at RT. After four PBST washes for 5-10 min each,
embryos were blocked in 1% blocking reagent for 1 h at RT before incubation with mouse
anti-BrdU antibody (1:200, BD Biosciences) and rabbit anti-salmon Agr2 antibody (1:200) in
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1% blocking reagents at 4°C overnight. Following six PBST washes for 15 min each, embryos
were blocked in 1% blocking reagent for 1 h at RT before incubation with anti-mouse Alexa
Fluor 488 (1:200) and anti-rabbit Alexa Fluor 568 (1:200) in 0.5% blocking reagent for 3 h at
RT. Embryos were then washed with 1x PBS containing 0.3% Tween 20 for 15 min twice, fol-
lowed by four PBST washes for 15 min each. Embryos were incubated in Hoechst 33342 in
PBST (Invitrogen) for 30 min at RT. After several PBST washes, embryos were stored in 4%
PFA in 1x PBS at 4°C before being embedded in 1% low-melting agar for confocal imaging.

BrdU immunofluorescence and agr2 fluorescence in situ hybridization

BrdU-treated embryos fixed at 26 s and 24 hpf were rehydrated with 75% methanol/25%
DEPC-PBST, 50% methanol/50% DEPC-PBST, 25% methanol/75% DEPC-PBST and washed
with DEPC-PBST for 5 min four times. After incubation in Hyb™ buffer for 5 min and in
hybridization buffer for 1 h at 65°C, embryos were hybridized with agr2 antisense RNA probe
(150 ng in 300 pL) in hybridization buffer at 65°C overnight. Embryos were washed at 65°C
with pre-heated 25%, 50%, 75% Hyb" buffer in 2x SSC for 10 min each, 2x SSC for 10 min then
1 h, and 0.2x SSC containing 0.1% Tween-20 for 30 min, four times, at 70°C. After two PBST
washes for 5 min each, embryos were blocked in 1% blocking reagent in PBST for 1.5 h at RT
before incubation with anti-DIG-POD antibody (1:600) in 0.5% blocking reagent in PBST at
4°C overnight. Following six PBST washes for 15 min, embryos were incubated in TSA plus
Cy3-tyramide substrate (1:100 diluted in amplification buffer) for 45-60 min at RT. Embryos
were then washed with PBST for 10 min twice at RT, followed by incubation in 100 mM gly-
cine for 20 min at RT. After PBST washes for 5 min, five times at RT, embryos were treated
with 2 N HCl for 20 min at RT. After PBST washes for 5 min, five times, at RT, embryos were
incubated in 1% blocking reagent for 1 h at RT. Embryos were then incubated with anti-BrdU
antibody (1:200) in 1% blocking reagent at 4°C overnight. Embryos were washed with PBST
for 10 min, six times, followed by incubation with anti-mouse Alexa Fluor 488 (1:200) in 0.5%
blocking reagent for 3 h at RT. After six PBST washes for 10 min each, embryos were incu-
bated in Hoechst 33342 in PBST (1:1000) for 30 min at RT, followed by PBST washes. Embryos
were stored in 4% PFA in 1 x PBS at 4°C before being embedded in 1% low-melting agar for
confocal imaging.

Transmission electron microscopy and immunogold labeling

Tg(-6.0k agr2:EGFP) embryos at 72 hpf were fixed in prefixative solution (4% PFA and 2.5%
glutaraldehyde in 1 x PBS, pH 7.2) at 4°C overnight. Samples were washed with 1x PBS, pH 7.2
for 15 min, three times, at RT with shaking, followed by incubation in postfixative solution (1-
2% osmium tetroxide in 1x PBS, pH 7.2) for 2 h at RT in the dark. Samples were washed with
1x PBS for 15 min, two times, at RT with shaking in the dark, followed by dehydration in 30%
ethanol/1 x PBS, 50% ethanol/50% 1 x PBS, 70% ethanol/30% 1 x PBS, 80% ethanol/20% 1 x
PBS, 90% ethanol/10% 1 x PBS, 95% ethanol/5% 1 x PBS and 100% ethanol for 15 min at RT
with shaking in the dark. Samples were dehydrated in 100% ethanol for 15 min, three times,
followed by incubation in 100% propylene oxide for 15 min, three times, at RT with shaking in
the dark. Samples were incubated in solution containing propylene oxide and Spurr’s resin
(3:1) at RT overnight, followed by incubation in a solution containing propylene oxide and
Spurr’s resin (1:1) and a solution containing propylene oxide and Spurr’s resin (1:3) for 8 h at
RT. Samples were then embedded in 100% Spurr’s resin for 8 h, three times, at RT with shak-
ing, followed by embedding in 100% Spurr’s resin at 60°C for 24 h. Sections (90 nm) were pro-
duced using a Leica EM UC7 ultramicrotome and examined using an electron microscope
(Tecnai G2 F20S-TWIN, FEI) equipped with a digital camera (UltraScan 1000, Gatan).
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For immuno-EM sample preparation [44], embryos were anaesthetized and pre-fixed by
4% PFA for 30 min. Embryos were incubated in 20% BSA at RT and placed into HPF carrier A
(200 um in depth) and carrier B as cap (flat side) to process high-pressure freezing of embryos
in EM HPF (HPM100, Leica) to -196°C. Embryos were then transferred to EM AFS2 (Leica)
for freeze substitution: Embryos were incubated in 0.2% uranyl acetate in acetone containing
5% water and 4% methanol for 2 to 3 days at -90°C; embryos were warmed to -45°C through a
5°C per day gradient; Embryos were washed with acetone, followed by infiltration with gradi-
ent Lowicryl resin (HM20) over one day at -45°C; Embryos were polymerized using UV light
for 2 days at -25°C, followed by 2 days at 20°C. For immunogold labeling of GFP, sections (90
nm) were washed with 1 x PBS for 10 min three times, followed by blocking in 2% BSA/1 x
PBS for 30 min and incubated with anti-GFP (1:200 or 1:500; Sigma-Aldrich) diluted in 1%
BSA/1 x PBS for overnight. After PBS washes for 10 min three times, sections were incubated
with Protein A conjugated with 5 nm gold (1: 50; BBI) diluted in PBS for 2 h. After PBS washes
for 10 min three times, sections were fixed in 1% glutaraldehyde for 10 min and washed with
dH,O0 for 1 min before imaging on an electron microscope (Tecnai G2 F20S-TWIN, FEI)
equipped with a digital camera (UltraScan 1000, Gatan).

Photography, quantification of epidermal mucous cell number and
statistical methods

Images of embryos were taken using an AxioCam HRC camera on a Zeiss Axioplan 2 micro-
scope in DIC mode. High-resolution fluorescence images were taken using a Leica
TCS-SP5-MP, a Zeiss LSM880 with AiryScan or a Nikon A1R confocal microscope. EMC
number was counted from images taken on compound or confocal microscopes using Image]J
software as follows: (i) the image was loaded into Image]; (ii) ‘Cell counter’ was selected from
‘Analyze’ items on the Plugins menu; (iii) ‘Initialize” was selected; and (iv) cell number was
determined. All experimental values are presented as mean + SEM. Two-tailed Student’s t-test
with unequal variance was conducted in Microsoft Excel to compare experimental groups.

Real-time quantitative reverse-transcription PCR (RT-qPCR)

DNase I-treated total RNA (1 ug) isolated from AB or jagla mutant embryos at 24 hpf was
used to produce first-strand cDNA using oligo (dT) primer and SuperScript III Reverse tran-
scriptase (Invitrogen) at 65°C for 5 min and 50°C for 1 h. qPCRs were conducted by adding
cDNAs into 1x SYBR green PCR master mix containing 5 pmole of the respective forward and
reverse primers for 18s rRNA, jagla, jaglb, jag2a or jag2b genes. PCR condition were set to
94°C for 1 min for 1 cycle; and 94°C for 10 s, 60°C for 10 s and 72°C for 10 s for 40 cycles;
72°C for 1 min. Respective primer pair for 18s rRNA was

F-TCGCTAGTTGGCATCGTTTATG and R-CGGAGGTTCGAAGACGATCA,; for jagla was
F-CAGGCTGGTCCGGGTTATTT and

R- GGATGAACTGCGACCAGGAA; for jaglb was

F- GCTGTGCGGAAACTCTCTCT and R- GCAGCGAAATGCTAACCGAG; for jag2a was
F- CAGCAGCACAGGACACACTA and

R- GCCTTGGGCCATTCGGATTA,; for jag2b was

F- TTCACGAGGAGGGCTAGAGT and R- CTGGAGACCCTGAAACCGAG. To calcu-
late the expression level, the comparative cycle threshold (Ct) was used (Roche). ACt = avg.
Ctgor-avg. Ctigs rrnas AACE = AClag mutant—2\Ctys; Fold change = 2 (“*““"); The biological
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variance was reported as the SEM, calculated as the standard deviation of multiple samples
from two repeats divided by the square root of the number of samples from two repeats.

Supporting information

S1 Fig. agr2” EMCs and pvalb8-positive cells may represent two different populations of
epidermal mucous cells. Double fluorescence in situ hybridization demonstrates egfp/agr2
(green) or pvalb8 (red) expression in different epidermal cells in the trunk and yolk sac of Tg
(-6.0 k agr2:EGFP) transgenic embryos at 24 hpf. Arrowhead indicates nonspecific EGFP
expression in the intestine. Scale bars, 100 pm.

(TIF)

S2 Fig. Proper Notch signaling is required for the differentiation of agr2* epidermal
mucous cells and pvalb8-positive cells. (A). Substantial reductions in pvalb8-positive cell
numbers were observed in the trunks and yolks of mib"**? 1 mutants compared
with sibling wild-types at 24 hpf. (B). Significant reductions of agr2” EMC numbers in the
trunks and yolks were detected in embryos treated with 100 (M of y-secretase inhibitor
(MK0752) from 10-17 hpf, 10-20 hpf and 10-24 hpf compared to DMSO-treated embryos
during 10-24 hpf. (C). Substantial decreases in agr2” EMC numbers in the trunks and yolks
were detected in embryos treated with 50 uM of MK0752 from 10-14 hpf or 11-15 hpf but not
from 10-13 hpf or 11-14 hpf, as compared to respective DMSO-treated embryos during 10-14
hpf or 11-15 hpf. Arrows, EMCs or pvalb8-positive cells. Scale bars, 100 pm. Mean + SEM.
Student’s t-test. *p<0.05; ***p<0.001; ns, not significant. Underlying data are available in S2
Data.

(TIF)

and mib

S3 Fig. Overexpression of notchla but not notch3 ICD promotes the differentiation of
agr2* epidermal mucous cells and pvalb8-positive cells. (A). Significant increases in agr2*
EMC and pvalb8-positive cell numbers in the trunks and yolks were detected in notchla
mRNA-overexpressing embryos at 19 or 24 hpf. (B). Concentration-dependent reductions in
agr2” EMC numbers in the trunks and yolks were detected in embryos injected with 10, 50,
100 or 200 pg notch3 ICD mRNA compared to embryos injected with 200 pg LacZ mRNA at
24 hpf. (C). Comparable agr2® EMC numbers were detected in the trunks and yolks of wild
types and notch3 SPMO-injected embryos at 24 hpf. (D). Substantial reductions in agr2* EMC
numbers in the trunks and yolks were detected in notchla homozygous mutants injected with
1 or 1.5 ng notch3 SPMO compared to sibling wild-type embryos injected with the same
amount of notch3 SPMO at 24 hpf. Arrows, EMCs or pvalb8-positive cells. Scale bars, 100 um.
Mean + SEM. Student’s ¢-test. *p<0.05; ***p<0.001; ns, not significant. Underlying data are
avaijlable in S2 Data.

(TIF)

$4 Fig. While agr2” EMC numbers are not altered in jagla mutants, jag2b mutants and
jag2b-overexpressing embryos, Jaggedla, Jagged1b and Jagged2a are required for the dif-
ferentiation of pvalb8-positive cells. (A). Similar agr2” EMC numbers were observed in the
trunks and yolks of jagla homozygous mutants compared to sibling wild-type embryos at 24
hpf. Scale bars, 100 um. (B). Jagla mutant protein is predicted to contain only MNNL, DSL
and six EGF domains with a premature stop codon. However, similar mRNA expression levels
for jagla, jaglb, jag2a and jag2b were detected in both jagla homozygous mutants and wild-
type embryos by RT-qPCR, using 18s rRNA as a reference gene. (C). Similar reduced levels of
trunk and yolk agr2* EMC numbers were detected in wild-types or jagla mutants injected
with both jaglb and jag2a MOs at 24 hpf. (D). Similar agr2* EMC numbers in the trunks and
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yolks were detected in embryos injected with 500 pg jag2b mRNA compared to LacZ-injected
embryos at 24 hpf. No alterations of agr2* EMC numbers in the trunks and yolks can be iden-
tified among jag2b heterozygous, homozygous mutant or sibling wild-type embryos at 24 hpf.
(E). Significant reductions of pvalb8-positive cell numbers were detected in the trunks of jag2a
mutants or embryos injected with jagla SPMO or jaglb UTRMO. Substantial decreases in
pvalb8-positive cell numbers were observed in the trunks and yolks of embryos injected with
jagla UTRMO at 24 hpf. Arrows, EMCs or pvalb8-positive cells. Scale bars, 100 um.

Mean + SEM. Student’s t-test. “p<<0.05; **p<0.01; ***p<0.001; ns, not significant. Underlying
data are available in S2 Data.

(TIF)

S5 Fig. Expression pattern of dlc and jagla/jaglb/jag2a and Dlc but not ionocyte or grhli-
positive cells participate in the development of agr2* epidermal mucous cells. (A). Compa-
rable trunk and yolk agr2” EMC numbers were detected in wild-types and embryos injected
with foxi3a ATGMO at 24 hpf. Low but significant increases in trunk agr2* EMC numbers
were observed in embryos injected with foxi3a ATGMO compared with foxi3a misMO-
injected control embryos. atp6vlaa-positive ionocytes were not detected in embryos injected
with foxi3a ATGMO unlike those injected with control foxi3a misMO and wild-types. (B).
Comparable trunk and yolk agr2® EMC numbers were detected in wild-types and embryos
injected with grhll ATGMO or grhll SPMO at 24 hpf. Increased grhll-positive cell numbers
were observed in the trunks and yolks of embryos injected with grhll ATGMO or grhll SPMO
compared with wild-types. (C). Co-expression of dlc and jagla, jaglb or jag2a was detected in
embryos at 5 s and 10 s. White box indicates the enlarged area. White arrows indicate example
cells with colocalization of markers. Yellow arrows indicate example jagla-, jaglb- or jag2a-
expressing cells. (D). Similar trunk and yolk agr2” EMC numbers were detected in sibling wild
types and dlc"™*®
agr2” EMCs were detected in dlc morphants compared to wild-type embryos at 24 hpf.
Increased foxi3a™ ionocyte numbers were observed in the yolk sac of dic morphants compared
to wild types at bud. Increases in the numbers of trunk or yolk and total agr2* EMCs were
detected in 92 or 184 pg dlc mRNA-injected embryos compared to LacZ mRNA-injected
embryos at 24 hpf. Similar trunk and yolk pvalb8-positive cell numbers were observed in 92 or
184 pg dlc mRNA-injected embryos and LacZ mRNA-injected embryos at 24 hpf. Reductions
in trunk and yolk agr2* EMC numbers were detected in embryos injected with dic, jagla,
jaglb and jag2a MOs compared with wild-type embryos at 24 hpf. Arrows, EMCs or pvalb8-
positive cells. Scale bars, 100 um. Mean + SEM. Student’s ¢-test. *p<0.05; **p<0.01;
***p<0.001; ns, not significant. Underlying data are available in S2 Data.

(TIF)

mutants at 24 hpf. Significant reductions in the numbers of trunk and total

S1 Data. Data underlying Figs 2Ac, 2Af, 2Bf, 3Ac, 3Af, 3Bg, 3Bh, 3Bi, 3Bl, 4Ac, 4Af, 4Ai,
4Bc, 4Bd, 4Bg, 4Bh, 4Bk, 4Bl, 4Ce and 6Am.
(XLSX)

$2 Data. Data underlying S2Ac, S2Af, S2Be, S2Cd, S2Ch, S3Ac, S3Af, S3Bf, S3Cc, S3Dc,
S3Df, S4Ac, S4B, S4Cc, S4Cf, S4Dc, S4Dg, S4Ed, S4Ee, S4Ei, S4Ej, S5Ad, S5Bd, S5Dc,
S5Df, S5Dk, S5DI, S5Do and S5Dr Figs.

(XLSX)

Acknowledgments

We thank professors R.N. Morrison and B. F. Nowak for providing the anti-salmon Agr2 anti-
serum and Professor P. P. Hwang for providing anti-Na"-K*-ATPase (a.5) antibody. We are

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009969 December 28, 2021 25/28


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009969.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009969.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009969.s007
https://doi.org/10.1371/journal.pgen.1009969

PLOS GENETICS

Delta/Jagged-mediated Notch signaling and epidermal mucous cell differentiation

grateful to the Core Facility of the Institute of Cellular and Organismic Biology, Academia
Sinica for transmission electron microscope and confocal assistance. We also thank the Tai-
wan Zebrafish Core Facilities (TZCAS and TZeNH), which are supported by the Ministry of
Science and Technology, Taiwan [MOST 110-2740-B-400-001], for providing the ASAB and
AB strains.

Author Contributions
Conceptualization: Yu-Fen Lu, Da-Wei Liu, I-Chen Li, Yun-Jin Jiang, Sheng-Ping L. Hwang.

Data curation: Yu-Fen Lu, Da-Wei Liu, I-Chen Li, Jamie Lin, Chien-Ming Wang, Kuo-Chang
Chu, Hsiao-Hui Kuo, Che-Yi Lin.

Funding acquisition: Yun-Jin Jiang, Sheng-Ping L. Hwang.

Investigation: Yu-Fen Lu, Da-Wei Liu, I-Chen Li, Jamie Lin, Chien-Ming Wang, Kuo-Chang
Chu, Hsiao-Hui Kuo, Che-Yi Lin.

Methodology: Yu-Fen Lu, Da-Wei Liu, I-Chen Li, Jamie Lin, Chien-Ming Wang, Kuo-Chang
Chu, Hsiao-Hui Kuo, Che-Yi Lin, Ling-Huei Yih.

Resources: Ling-Huei Yih, Yun-Jin Jiang, Sheng-Ping L. Hwang.
Software: Che-Yi Lin.
Supervision: Yun-Jin Jiang, Sheng-Ping L. Hwang.

Validation: Yu-Fen Lu, Da-Wei Liu, I-Chen Li, Jamie Lin, Chien-Ming Wang, Kuo-Chang
Chu, Hsiao-Hui Kuo, Ling-Huei Yih, Yun-Jin Jiang, Sheng-Ping L. Hwang.

Writing - original draft: Yun-Jin Jiang, Sheng-Ping L. Hwang.

Writing - review & editing: Yu-Fen Lu, Da-Wei Liu, Ling-Huei Yih, Yun-Jin Jiang, Sheng-
Ping L. Hwang.

References

1. Matsui T, Amagai M. Dissecting the formation, structure and barrier function of the stratum corneum. Int
Immunol. 2015; 27(6):269-80. https://doi.org/10.1093/intimm/dxv013 PMID: 25813515.

2. Sotiropoulou PA, Blanpain C. Development and homeostasis of the skin epidermis. Cold Spring Harb
Perspect Biol. 2012; 4(7):a008383. https://doi.org/10.1101/cshperspect.a008383 PMID: 22751151;
PubMed Central PMCID: PMC3385954.

3. Koster MI, Dai D, Marinari B, Sano Y, Costanzo A, Karin M, et al. p63 induces key target genes required
for epidermal morphogenesis. Proc Natl Acad Sci U S A. 2007; 104(9):3255-60. https://doi.org/10.
1073/pnas.0611376104 PMID: 17360634; PubMed Central PMCID: PMC1805532.

4. Segre JA, Bauer C, Fuchs E. Kif4 is a transcription factor required for establishing the barrier function of
the skin. Nat Genet. 1999; 22(4):356—60. Epub 1999/08/04. https://doi.org/10.1038/11926 PMID:
10431239.

5. Richardson RJ, Dixon J, Malhotra S, Hardman MJ, Knowles L, Boot-Handford RP, et al. Irf6 is a key
determinant of the keratinocyte proliferation-differentiation switch. Nat Genet. 2006; 38(11):1329-34.
https://doi.org/10.1038/ng1894 PMID: 17041603.

6. Ting SB, Caddy J, Hislop N, Wilanowski T, Auden A, Zhao LL, et al. A homolog of Drosophila grainy
head is essential for epidermal integrity in mice. Science. 2005; 308(5720):411-3. https://doi.org/10.
1126/science.1107511 PMID: 15831758.

7. Scholl FA, Dumesic PA, Barragan DI, Harada K, Bissonauth V, Charron J, et al. Mek1/2 MAPK kinases
are essential for Mammalian development, homeostasis, and Raf-induced hyperplasia. Dev Cell. 2007;
12(4):615-29. https://doi.org/10.1016/j.devcel.2007.03.009 PMID: 17419998.

8. Rangarajan A, Talora C, Okuyama R, Nicolas M, Mammucari C, Oh H, et al. Notch signaling is a direct
determinant of keratinocyte growth arrest and entry into differentiation. EMBO J. 2001; 20(13):3427—-
36. https://doi.org/10.1093/emboj/20.13.3427 PMID: 11432830; PubMed Central PMCID: PMC125257.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009969 December 28, 2021 26/28


https://doi.org/10.1093/intimm/dxv013
http://www.ncbi.nlm.nih.gov/pubmed/25813515
https://doi.org/10.1101/cshperspect.a008383
http://www.ncbi.nlm.nih.gov/pubmed/22751151
https://doi.org/10.1073/pnas.0611376104
https://doi.org/10.1073/pnas.0611376104
http://www.ncbi.nlm.nih.gov/pubmed/17360634
https://doi.org/10.1038/11926
http://www.ncbi.nlm.nih.gov/pubmed/10431239
https://doi.org/10.1038/ng1894
http://www.ncbi.nlm.nih.gov/pubmed/17041603
https://doi.org/10.1126/science.1107511
https://doi.org/10.1126/science.1107511
http://www.ncbi.nlm.nih.gov/pubmed/15831758
https://doi.org/10.1016/j.devcel.2007.03.009
http://www.ncbi.nlm.nih.gov/pubmed/17419998
https://doi.org/10.1093/emboj/20.13.3427
http://www.ncbi.nlm.nih.gov/pubmed/11432830
https://doi.org/10.1371/journal.pgen.1009969

PLOS GENETICS

Delta/Jagged-mediated Notch signaling and epidermal mucous cell differentiation

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Hawkes JW. The structure of fish skin. |. General organization. Cell Tissue Res. 1974; 149(2):147-58.
https://doi.org/10.1007/BF00222270 PMID: 4424315.

Chang WJ, Hwang PP. Development of zebrafish epidermis. Birth Defects Res C Embryo Today. 2011;
93(3):205—-14. Epub 2011/09/21. https://doi.org/10.1002/bdrc.20215 PMID: 21932430.

Evans DH. Teleost fish osmoregulation: what have we learned since August Krogh, Homer Smith, and
Ancel Keys. Am J Physiol Regul Integr Comp Physiol. 2008; 295(2):R704—13. https://doi.org/10.1152/
ajpregu.90337.2008 PMID: 18525009.

Hwang PP, Chou MY. Zebrafish as an animal model to study ion homeostasis. Pflugers Arch. 2013;
465(9):1233—47. https://doi.org/10.1007/s00424-013-1269-1 PMID: 23568368; PubMed Central
PMCID: PMC3745619.

Bakkers J, Hild M, Kramer C, Furutani-Seiki M, Hammerschmidt M. Zebrafish DeltaNp63 is a direct tar-
get of Bmp signaling and encodes a transcriptional repressor blocking neural specification in the ventral
ectoderm. Dev Cell. 2002; 2(5):617-27. https://doi.org/10.1016/s1534-5807(02)00163-6 PMID:
12015969.

Hsiao CD, You MS, Guh YJ, Ma M, Jiang YJ, Hwang PP. A positive regulatory loop between foxi3a and
foxi3b is essential for specification and differentiation of zebrafish epidermal ionocytes. PLoS One.
2007; 2(3):e302. Epub 2007/03/22. https://doi.org/10.1371/journal.pone.0000302 PMID: 17375188;
PubMed Central PMCID: PMC1810426.

Janicke M, Carney TJ, Hammerschmidt M. Foxi3 transcription factors and Notch signaling control the
formation of skin ionocytes from epidermal precursors of the zebrafish embryo. Dev Biol. 2007; 307
(2):258-71. Epub 2007/06/09. S0012-1606(07)00867-6 [pii] https://doi.org/10.1016/j.ydbio.2007.04.
044 PMID: 17555741,

Chen YC, Liao BK, Lu YF, Liu YH, Hsieh FC, Hwang PP, et al. Zebrafish Kif4 maintains the ionocyte
progenitor population by regulating epidermal stem cell proliferation and lateral inhibition. PLoS Genet.
2019; 15(4):e1008058. https://doi.org/10.1371/journal.pgen.1008058 PMID: 30933982; PubMed Cen-
tral PMCID: PMC6459544.

Corfield AP. Mucins: a biologically relevant glycan barrier in mucosal protection. Biochim Biophys Acta.
2015; 1850(1):236-52. https://doi.org/10.1016/j.bbagen.2014.05.003 PMID: 24821013.

Cole AM, Weis P, Diamond G. Isolation and characterization of pleurocidin, an antimicrobial peptide in
the skin secretions of winter flounder. J Biol Chem. 1997; 272(18):12008—13. https://doi.org/10.1074/
jbc.272.18.12008 PMID: 9115266.

Ebran N, Julien S, Orange N, Saglio P, Lemaitre C, Molle G. Pore-forming properties and antibacterial
activity of proteins extracted from epidermal mucus of fish. Comp Biochem Physiol A Mol Integr Physiol.
1999; 122(2):181-9. https://doi.org/10.1016/s1095-6433(98)10165-4 PMID: 10327617.

Concha MI, Molina S, Oyarzun C, Villanueva J, Amthauer R. Local expression of apolipoprotein A-|
gene and a possible role for HDL in primary defence in the carp skin. Fish Shellfish Immunol. 2003; 14
(3):259-73. https://doi.org/10.1006/fsim.2002.0435 PMID: 12681280.

Janicke M, Renisch B, Hammerschmidt M. Zebrafish grainyhead-like1 is a common marker of different
non-keratinocyte epidermal cell lineages, which segregate from each other in a Foxi3-dependent man-
ner. Int J Dev Biol. 2010; 54(5):837-50. https://doi.org/10.1387/ijdb.092877mj PMID: 19757382;
PubMed Central PMCID: PMC3408584.

Shih LJ, Lu YF, Chen YH, Lin CC, Chen JA, Hwang SP. Characterization of the agr2 gene, a homologue
of X. laevis anterior gradient 2, from the zebrafish, Danio rerio. Gene Expr Patterns. 2007; 7(4):452—60.
https://doi.org/10.1016/j.modgep.2006.11.003 PMID: 17175205.

Chen YC, Lu YF, Li IC, Hwang SP. Zebrafish Agr2 is required for terminal differentiation of intestinal
goblet cells. PLoS One. 2012; 7(4):e34408. Epub 2012/04/20. https://doi.org/10.1371/journal.pone.
0034408 PONE-D-11-22930 [pii]. PMID: 22514630; PubMed Central PMCID: PMC3326001.

Lai YR, Lu YF, Lien HW, Huang CJ, Hwang SP. Foxa2 and Hif1ab regulate maturation of intestinal gob-
let cells by modulating agr2 expression in zebrafish embryos. Biochem J. 2016; 473(14):2205-18.
https://doi.org/10.1042/BCJ20160392 PMID: 27222589.

Hsiao CD, Tsai WY, Tsai HJ. Isolation and expression of two zebrafish homologues of parvalbumin
genes related to chicken CPV3 and mammalian oncomodulin. Mech Dev. 2002; 119 Suppl 1:S161-6.
https://doi.org/10.1016/s0925-4773(03)00110-2. PMID: 14516679.

Schneider H, Pelaseyed T, Svensson F, Johansson MEV. Study of mucin turnover in the small intestine
by in vivo labeling. Sci Rep. 2018; 8(1):5760. https://doi.org/10.1038/s41598-018-24148-x PMID:
29636525; PubMed Central PMCID: PMC5893601.

Zhang C, Li Q, Lim CH, Qiu X, Jiang YJ. The characterization of zebrafish antimorphic mib alleles
reveals that Mib and Mind bomb-2 (Mib2) function redundantly. Dev Biol. 2007; 305(1):14-27. hitps://
doi.org/10.1016/j.ydbio.2007.01.034 PMID: 17331493.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009969 December 28, 2021 27/28


https://doi.org/10.1007/BF00222270
http://www.ncbi.nlm.nih.gov/pubmed/4424315
https://doi.org/10.1002/bdrc.20215
http://www.ncbi.nlm.nih.gov/pubmed/21932430
https://doi.org/10.1152/ajpregu.90337.2008
https://doi.org/10.1152/ajpregu.90337.2008
http://www.ncbi.nlm.nih.gov/pubmed/18525009
https://doi.org/10.1007/s00424-013-1269-1
http://www.ncbi.nlm.nih.gov/pubmed/23568368
https://doi.org/10.1016/s1534-5807%2802%2900163-6
http://www.ncbi.nlm.nih.gov/pubmed/12015969
https://doi.org/10.1371/journal.pone.0000302
http://www.ncbi.nlm.nih.gov/pubmed/17375188
https://doi.org/10.1016/j.ydbio.2007.04.044
https://doi.org/10.1016/j.ydbio.2007.04.044
http://www.ncbi.nlm.nih.gov/pubmed/17555741
https://doi.org/10.1371/journal.pgen.1008058
http://www.ncbi.nlm.nih.gov/pubmed/30933982
https://doi.org/10.1016/j.bbagen.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24821013
https://doi.org/10.1074/jbc.272.18.12008
https://doi.org/10.1074/jbc.272.18.12008
http://www.ncbi.nlm.nih.gov/pubmed/9115266
https://doi.org/10.1016/s1095-6433%2898%2910165-4
http://www.ncbi.nlm.nih.gov/pubmed/10327617
https://doi.org/10.1006/fsim.2002.0435
http://www.ncbi.nlm.nih.gov/pubmed/12681280
https://doi.org/10.1387/ijdb.092877mj
http://www.ncbi.nlm.nih.gov/pubmed/19757382
https://doi.org/10.1016/j.modgep.2006.11.003
http://www.ncbi.nlm.nih.gov/pubmed/17175205
https://doi.org/10.1371/journal.pone.0034408
https://doi.org/10.1371/journal.pone.0034408
http://www.ncbi.nlm.nih.gov/pubmed/22514630
https://doi.org/10.1042/BCJ20160392
http://www.ncbi.nlm.nih.gov/pubmed/27222589
https://doi.org/10.1016/s0925-4773%2803%2900110-2.
http://www.ncbi.nlm.nih.gov/pubmed/14516679
https://doi.org/10.1038/s41598-018-24148-x
http://www.ncbi.nlm.nih.gov/pubmed/29636525
https://doi.org/10.1016/j.ydbio.2007.01.034
https://doi.org/10.1016/j.ydbio.2007.01.034
http://www.ncbi.nlm.nih.gov/pubmed/17331493
https://doi.org/10.1371/journal.pgen.1009969

PLOS GENETICS

Delta/Jagged-mediated Notch signaling and epidermal mucous cell differentiation

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Wettstein DA, Turner DL, Kintner C. The Xenopus homolog of Drosophila Suppressor of Hairless medi-
ates Notch signaling during primary neurogenesis. Development. 1997; 124(3):693-702. PMID:
9043084

Beatus P, Lundkvist J, Oberg C, Lendahl U. The notch 3 intracellular domain represses notch 1-medi-
ated activation through Hairy/Enhancer of split (HES) promoters. Development. 1999; 126(17):3925—
35. PMID: 10433920.

Julich D, Hwee Lim C, Round J, Nicolaije C, Schroeder J, Davies A, et al. beamter/deltaC and the role
of Notch ligands in the zebrafish somite segmentation, hindbrain neurogenesis and hypochord differen-
tiation. Dev Biol. 2005; 286(2):391-404. https://doi.org/10.1016/j.ydbio.2005.06.040 PMID: 16125692.

Holley SA, Julich D, Rauch GJ, Geisler R, Nusslein-Volhard C. her1 and the notch pathway function
within the oscillator mechanism that regulates zebrafish somitogenesis. Development. 2002; 129
(5):1175-83. PMID: 11874913.

Zecchin E, Conigliaro A, Tiso N, Argenton F, Bortolussi M. Expression analysis of jagged genes in zeb-
rafish embryos. Dev Dyn. 2005; 233(2):638-45. https://doi.org/10.1002/dvdy.20366 PMID: 15830385.

Sasaki Y, Ishida S, Morimoto |, Yamashita T, Kojima T, Kihara C, et al. The p53 family member genes
are involved in the Notch signal pathway. J Biol Chem. 2002; 277(1):719-24. https://doi.org/10.1074/
jbc.M108080200 PMID: 11641404.

Lowell S, Jones P, Le Roux |, Dunne J, Watt FM. Stimulation of human epidermal differentiation by
delta-notch signalling at the boundaries of stem-cell clusters. Curr Biol. 2000; 10(9):491-500. https://
doi.org/10.1016/s0960-9822(00)00451-6 PMID: 10801437.

Nickoloff BJ, Qin JZ, Chaturvedi V, Denning MF, Bonish B, Miele L. Jagged-1 mediated activation of
notch signaling induces complete maturation of human keratinocytes through NF-kappaB and PPAR-
gamma. Cell Death Differ. 2002; 9(8):842-55. https://doi.org/10.1038/sj.cdd.4401036 PMID:
12107827.

Moriyama M, Durham AD, Moriyama H, Hasegawa K, Nishikawa S, Radtke F, et al. Multiple roles of
Notch signaling in the regulation of epidermal development. Dev Cell. 2008; 14(4):594-604. https://doi.
org/10.1016/j.devcel.2008.01.017 PMID: 18410734.

Dai W, Bai Y, Hebda L, Zhong X, Liu J, Kao J, et al. Calcium deficiency-induced and TRP channel-regu-
lated IGF1R-PI3K-Akt signaling regulates abnormal epithelial cell proliferation. Cell Death Differ. 2014;
21(4):568-81. https://doi.org/10.1038/cdd.2013.177 PMID: 2433604 7; PubMed Central PMCID:
PMC3950320.

Crosnier C, Vargesson N, Gschmeissner S, Ariza-McNaughton L, Morrison A, Lewis J. Delta-Notch sig-
nalling controls commitment to a secretory fate in the zebrafish intestine. Development. 2005; 132
(5):1093-104. https://doi.org/10.1242/dev.01644 PMID: 15689380.

Tasca A, Helmstadter M, Brislinger MM, Haas M, Mitchell B, Walentek P. Notch signaling induces either
apoptosis or cell fate change in multiciliated cells during mucociliary tissue remodeling. Dev Cell. 2020.
https://doi.org/10.1016/j.devcel.2020.12.005 PMID: 33400913.

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages of embryonic development of the
zebrafish. Dev Dyn. 1995; 203(3):253-310. Epub 1995/07/01. https://doi.org/10.1002/aja.1002030302
PMID: 8589427.

Lorent K, Yeo SY, Oda T, Chandrasekharappa S, Chitnis A, Matthews RP, et al. Inhibition of Jagged-
mediated Notch signaling disrupts zebrafish biliary development and generates multi-organ defects
compatible with an Alagille syndrome phenocopy. Development. 2004; 131(22):5753-66. https://doi.
org/10.1242/dev.01411 PMID: 15509774.

Chou CW, Lin J, Jiang YJ, Liu YW. Aberrant Global and Jagged-Mediated Notch Signaling Disrupts
Segregation Between wt1-Expressing and Steroidogenic Tissues in Zebrafish. Endocrinology. 2017;
158(12):4206-17. https://doi.org/10.1210/en.2017-00548 PMID: 29029162,

Ma M, Jiang YJ. Jagged2a-notch signaling mediates cell fate choice in the zebrafish pronephric duct.
PLoS Genet. 2007; 3(1):e18. https://doi.org/10.1371/journal.pgen.0030018 PMID: 17257056; PubMed
Central PMCID: PMC1781496.

Nixon SJ, Webb RI, Floetenmeyer M, Schieber N, Lo HP, Parton RG. A single method for cryofixation
and correlative light, electron microscopy and tomography of zebrafish embryos. Traffic. 2009; 10
(2):131-6. https://doi.org/10.1111/j.1600-0854.2008.00859.x PMID: 19054388

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009969 December 28, 2021 28/28


http://www.ncbi.nlm.nih.gov/pubmed/9043084
http://www.ncbi.nlm.nih.gov/pubmed/10433920
https://doi.org/10.1016/j.ydbio.2005.06.040
http://www.ncbi.nlm.nih.gov/pubmed/16125692
http://www.ncbi.nlm.nih.gov/pubmed/11874913
https://doi.org/10.1002/dvdy.20366
http://www.ncbi.nlm.nih.gov/pubmed/15830385
https://doi.org/10.1074/jbc.M108080200
https://doi.org/10.1074/jbc.M108080200
http://www.ncbi.nlm.nih.gov/pubmed/11641404
https://doi.org/10.1016/s0960-9822%2800%2900451-6
https://doi.org/10.1016/s0960-9822%2800%2900451-6
http://www.ncbi.nlm.nih.gov/pubmed/10801437
https://doi.org/10.1038/sj.cdd.4401036
http://www.ncbi.nlm.nih.gov/pubmed/12107827
https://doi.org/10.1016/j.devcel.2008.01.017
https://doi.org/10.1016/j.devcel.2008.01.017
http://www.ncbi.nlm.nih.gov/pubmed/18410734
https://doi.org/10.1038/cdd.2013.177
http://www.ncbi.nlm.nih.gov/pubmed/24336047
https://doi.org/10.1242/dev.01644
http://www.ncbi.nlm.nih.gov/pubmed/15689380
https://doi.org/10.1016/j.devcel.2020.12.005
http://www.ncbi.nlm.nih.gov/pubmed/33400913
https://doi.org/10.1002/aja.1002030302
http://www.ncbi.nlm.nih.gov/pubmed/8589427
https://doi.org/10.1242/dev.01411
https://doi.org/10.1242/dev.01411
http://www.ncbi.nlm.nih.gov/pubmed/15509774
https://doi.org/10.1210/en.2017-00548
http://www.ncbi.nlm.nih.gov/pubmed/29029162
https://doi.org/10.1371/journal.pgen.0030018
http://www.ncbi.nlm.nih.gov/pubmed/17257056
https://doi.org/10.1111/j.1600-0854.2008.00859.x
http://www.ncbi.nlm.nih.gov/pubmed/19054388
https://doi.org/10.1371/journal.pgen.1009969

