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Pancreatic and intestinal endocrine cells in
zebrafish share common transcriptomic
signatures and regulatory programmes
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Abstract

Background: Endocrine cells of the zebrafish digestive system play an important role in regulating metabolism and
include pancreatic endocrine cells (PECs) clustered in the islets of Langerhans and the enteroendocrine cells (EECs)
scattered in the intestinal epithelium. Despite EECs and PECs are being located in distinct organs, their
differentiation involves shared molecular mechanisms and transcription factors. However, their degree of
relatedness remains unexplored. In this study, we investigated comprehensively the similarity of EECs and PECs by
defining their transcriptomic landscape and comparing the regulatory programmes controlled by Pax6b, a key
player in both EEC and PEC differentiations.

Results: RNA sequencing was performed on EECs and PECs isolated from wild-type and pax6b mutant zebrafish.
Data mining of wild-type zebrafish EEC data confirmed the expression of orthologues for most known mammalian
EEC hormones, but also revealed the expression of three additional neuropeptide hormones (Proenkephalin-a,
Calcitonin-a and Adcyap1a) not previously reported to be expressed by EECs in any species. Comparison of
transcriptomes from EECs, PECs and other zebrafish tissues highlights a very close similarity between EECs and PECs,
with more than 70% of genes being expressed in both endocrine cell types. Comparison of Pax6b-regulated genes
in EECs and PECs revealed a significant overlap. pax6b loss-of-function does not affect the total number of EECs and
PECs but instead disrupts the balance between endocrine cell subtypes, leading to an increase of ghrelin- and
motilin-like-expressing cells in both the intestine and pancreas at the expense of other endocrine cells such as beta
and delta cells in the pancreas and pyyb-expressing cells in the intestine. Finally, we show that the homeodomain
of Pax6b is dispensable for its action in both EECs and PECs.

(Continued on next page)

* Correspondence: mvoz@uliege.be; bpeers@uliege.be

"Marianne L. Voz and Bernard Peers are co-last authors and corresponding
authors.

TArnaud Lavergne and Estefania Tarifefio-Saldivia are co-first authors.
'Laboratory of Zebrafish Development and Disease Models (ZDDM), GIGA,
University of Liége, Avenue de 'Hopital 1, B34, Sart Tilman, 4000 Liege,
Belgium

Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-020-00840-1&domain=pdf
http://orcid.org/0000-0003-0498-6180
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:mvoz@uliege.be
mailto:bpeers@uliege.be

Lavergne et al. BMC Biology (2020) 18:109

(Continued from previous page)

Page 2 of 19

Conclusion: We have analysed the transcriptomic landscape of wild-type and pax6b mutant zebrafish EECs and
PECs. Our study highlights the close relatedness of EECs and PECs at the transcriptomic and regulatory levels,
supporting the hypothesis of a common phylogenetic origin and underscoring the potential implication of EECs in

metabolic diseases such as type 2 diabetes.
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Transcriptome comparison

Background

The enteroendocrine cells (EECs) and pancreatic endo-
crine cells (PECs) play a crucial role in the control of
metabolism of all vertebrates. The PECs, notably via the
antagonistic action of glucagon and insulin, secreted re-
spectively by the alpha and beta endocrine cells, regulate
glycaemia. The EECs also participate in this control
through the release of some hormones, like glucagon-
like peptide-1 (GLP-1) or glucose-dependent insulino-
tropic polypeptide (GIP), which display incretin effect,
enhancing the glucose-stimulated insulin secretion. The
EECs secrete more than 15 hormones that modulate
many physiological processes including the release of di-
gestive enzymes and bile from the exocrine pancreas and
gallbladder, control of intestinal motility, sensing of nu-
trients and microbial metabolites and stimulation or
suppression of appetite [1]. The EECs were initially clas-
sified into distinct subtypes according to the hormone
they secrete; however, subsequent analyses revealed that
there is an extensive co-expression of several hormones
in individual EEC [2]. Recent single-cell RNA-seq studies
have indeed confirmed this co-expression in murine
EECs thereby identifying at least 9 EEC subtypes ex-
pressing various combinations of neuropeptides or hor-
mones [3, 4].

EECs display similarities with pancreatic endocrine
cells (PECs). Some hormones are produced from both
pancreatic and intestinal endocrine cells, like somato-
statin (Sst), ghrelin (Grhl) or peptide YY (Pyy) [5, 6].
Also, many transcription factors are involved in the dif-
ferentiation of both EECs and PECs such as NeuroD,
Pax6, Isll, Nkx2.2, Insm1 and Arx [7-10]. For example,
Pax6 is crucial for the differentiation of PECs, and its in-
activation disturbs the adequate proportion of the differ-
ent endocrine cell subtypes. Indeed, in Pax6 KO mice
[11, 12] and in pax6b_/ ~ zebrafish [13], the number of
alpha, beta and delta pancreatic cells is significantly re-
duced while epsilon cells are increased. In the small in-
testine, Pax6 has been reported to be required for the
differentiation of some EEC subtypes [14, 15]; however,
it is still not known which set of genes is regulated by
Pax6 during EEC and PEC differentiation and whether
the Pax6-regulated network is shared by these two
tissues.

EECs have been detected in the gut of many vertebrate
and invertebrate species, and their formation appears
early during animal evolution dating back to the
cnidarian-bilaterian ancestor [16—18]. In contrast, the
pancreas and the PECs appeared much later with the
first vertebrate species [19, 20]. The similarity between
EECs and PECs could be due to several reasons. The
first possibility could be a common phylogenetic origin;
the PECs could have indeed derived from some EECs
and moved out from the gut to form clusters and to se-
crete other hormones like insulin and glucagon. This
scenario is compatible with the “sister cell-type model”
[21] where two cell types derived from an ancestral cell
type by segregation of function (e.g. secretion of distinct
hormones) due to the gain or loss of transcription fac-
tors. In this model, the two sister cell types still share
many characteristics and can display similarities in their
transcriptomes [22]. Another reason of the PEC and
EEC similarities could be the co-option of the EEC (or
neuronal) regulatory pathways by the pancreatic cells
[23]. To approach this matter, we have measured in the
present study the degree of similarity between EECs and
PECs at the genome-wide expression level and deter-
mined whether they share regulatory programmes. We
previously determined the transcriptomic landscape of
zebrafish PECs [24]. In contrast, the EECs from zebrafish
have not yet been fully characterized, and only a few
hormones have been shown be expressed in these cells
[25-29]. The first objective of this study was to perform
a detailed characterization of zebrafish EECs by deter-
mining their transcriptomic profiles and identifying all
neuropeptide hormones and regulatory genes expressed
in these cells. Secondly, the transcriptomic landscape of
zebrafish EECs was compared with those of zebrafish
PECs to measure the degree of similarity. Finally, we
analysed the consequences of pax6b inactivation on the
transcriptome of both pancreatic and intestinal endo-
crine cells and show that Pax6b controls a large set of
genes identical in both EECs and PECs further support-
ing their close relatedness. Finally, we discuss our find-
ings in light of the evolution of EECs and pancreatic
cells, supporting the model of a common phylogenetic
origin and bringing some implications for deciphering
the defects involved in type 2 diabetes.
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Results

Characterization of the enteroendocrine cells in zebrafish
In mice, at least 15 different hormones have been de-
scribed to be expressed in the gut [1, 8]. Out of these,
we identified in the zebrafish genome at least one ortho-
logue for 11 of them, 9 showing syntenic conservation at
their genomic loci with the murine/human genes,
thereby validating orthology relationship (Table 1). We
did not find any orthologous genes coding for gastrin
(gast), secretin (sct), the pancreatic polypeptide (pp) nor
motilin (mln); however, a motilin-like (minl) gene, pro-
posed to be the functional equivalent of motilin, is
present in the zebrafish genome [31]. In order to identify
all peptide hormones expressed in the gut of zebrafish
larva, we performed RNA-seq on isolated EECs. This
was achieved by microdissection of the intestines from
4-dpf zebrafish transgenic Tg(pax6b:GFP)“¢*'>% larvae,
which express GFP in the EECs [32], followed by cell
dissociation and selection of GFP+ EECs by FACS. The
restricted expression of Pax6b:GFP in the EEC and not
in the enteric neurons (EN) was confirmed by immuno-
histochemistry showing a total absence of colocalisation
between the Hu enteric marker and pax6b:GFP (Add-
itional file 1: Fig. S1). RNA-seq was performed on four
independent EEC preparations, and about 40 million
paired-end reads were obtained from each Illumina li-
brary, 70-80% of which mapped to the zebrafish gen-
ome. We provide the expression level of all genes in
counts per million (CPM) and in fragments per kilo-
base of exon model per million reads mapped
(FPKM) in additional file 2: Table S1. This expression
profiling allowed us to determine that, amongst the
12 zebrafish genes corresponding to EEC hormones,
11 are expressed in the zebrafish EECs at significant
levels (above 100 CPM or 100 FPKM), neurotensin
(nts) being the only hormone not expressed in EECs
(Table 1). The expression of many of these hormones
was further validated by whole-mount in situ
hybridization (WISH) thereby locating the region of
the gut displaying the strongest expression and defin-
ing the onset of their expression (Fig. 1 and Table 1).
The number of EECs detected in the gut of 4-dpf
zebrafish larvae by WISH varies for each hormone;
for example, more than 20 cells expressing peptide
YY-b (pyyb), cholecystokinin-a (ccka), preproglucagon-a
(gcga), galanin (galn) or insulin-like 5a (insl5a) tran-
scripts were detected (Fig. la, b, g—i; Table 1 and
Additional file 3: Fig. S2) while only few cells express
ghrelin (ghrl), glucose-dependent insulinotropic poly-
peptide (gip) and peptide YY-a (pyya) (Fig. 1d—f and
Table 1). These differences of expression are also
reflected in the RNA-seq data: gcga, ppyb, ccka, and
inslSa reaching more than 2000 CPM while ghrl and
gip range around 100 CPM (Table 1).
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Data mining of the zebrafish EEC RNA-seq with the
GO term “hormone” also revealed a strong expression of
three neuropeptide transcripts not described so far as
expressed in mammalian EECs: adenylate cyclase-
activating polypeptide la (adcyapla) (previously named
PACAP), proenkephalin-a (penka) and calcitonin (calca)
(Table 1). Fluorescent in situ hybridization experiments
(FISH) confirmed the expression of these transcripts in
the zebrafish EECs (Fig. 1j—1). An average of 68 penka+
and 12 calcitonin+ EECs were detected in the bulb and
the mid-gut and more than 80 cells expressing adcyapla
were found all over the gut (Table 1 and Additional file 3:
Fig. S2). As enteric neurons (ENs) surround the gut at
that stage and express a variety of neuropeptides, some
being expressed also by EEC, we next determined
whether some of the hormone expressed by EEC would
be also detected in ENs. For that purpose, we retrieve
the transcriptomic data of zebrafish ENs, recently deter-
mined by RNA-seq after sorting the ENs by FACS from
Tg(phox2b::GFP) larvae at 7 dpf [30]. Comparison of the
EN and EEC RNA-seq data indicates that most EEC hor-
mones display a much higher expression in EECs com-
pared to ENs, except for sstl.2, sst2 and vipb (see
Table 1). FISH using the EN-specific marker Phox2b
confirms the strong expression all over the gut of vipb in
ENs while the vipb+ EECs are mostly located in the pos-
terior gut (Additional file 4: Fig. S3A and B). Interest-
ingly, RNA-seq data indicate that adcyapla is exclusively
expressed by EECs while adcyaplb is restricted to ENs.
FISH confirms the strong expression of adcyapla in
EECs and not in phox2b+ ENs (Additional file 4: Fig. S3
C). However, IHC using an anti-ADCYAP1 antibody re-
veals staining in pax6b:GFP+ EECs as well as at the level
of EN axon fibres in larvae, as previously shown [33]
(Fig. 2b). Similar results were observed in the adult in-
testine (Fig. 2d). Taken together, all these data confirm
the expression of the Adcyapla in EECs and of
Adcyaplb in ENs. As for the two other new hormones
Calca and Penka, RNA-seq comparison indicates that
they are exclusively expressed by EECs, and this was
confirmed for Penka for which we observe strong
enkephalin immunostainings in EECs but not in ENs at
the larva stage as well as in adults (Fig. 2a, c).

Close relatedness between the enteroendocrine and
pancreatic endocrine cells

Although EECs and PECs are known to share common
features, we wanted to evaluate the degree of similarity
at a more global level. Thus, we compared the RNA-seq
data of the zebrafish PECs and EECs as well as of other
zebrafish cell types and organs used as control (Fig. 3a).
The heatmap shows that all endocrine cells cluster to-
gether apart from other pancreatic or intestinal cells and
other tissues. Indeed, the EEC cluster is much closer to
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Table 1 Identification and expression level of zebrafish enteroendocrine hormones

Mammalian Zebrafish Synteny Onset Expression (WISH) Cell number, EEC RNA- EN RNA-
hormones hormones time Bulb Mid-gut Posterior gut mean + SE seq (CPM) seq (CPM)
A 1 Gcg gcga Yes 3.5 dpf - v v 33+14 2058 57

gcgb Yes N.T* 177 14

2 Sst sstl.1 Yes - - - - 20 13
sstl.2 Yes N.T* 88 1519
sst2 Yes 3 dpf v v - 28+04 103 933

3 Ghrl ghrl No 3 dpf v - - 21+04 163 40

4 Pyy pyya Yes 4 dpf v - - 437 1
pyyb Yes 3 dpf v v - 41+£26 32,011 4

5 Cck ccka Yes 3 dpf v - - 23+30 6390 1

6 Gip gip Yes 4 dpf v - - 24+04 100 4

7 Vip vip Yes N.T* 0 511
vipb No 4 dpf - - v N.T* 927 868

8 Nts nts Yes - - - - 0 3

9 Insl5 insl5a No 4 dpf - v v 39422 5602 14
insl5b No N.T* 178 1

10 Nmb nmba Yes N.T* 45 116
nmbb No 3 dpf v - 14420 2150 0

11 Galn galn Yes 3.5 dpf - v v 26+18 824 157

12 Min / / / / / / /
minl No 3 dpf v / / 59+07 708 18

13 Gast / / / / / / /

14 Sct / / / / / / /

15 Pp / / / / / / /

B 16 Adcyap1 adcyapla No 3 dpf v v v 84+69 6927 2

adcyap1b No N.T* 6 251

17 Calca calca Yes 4 dpf v v - 12+07 2161 1

18 Penk penka Yes 3 dpf v v - 68+36 12,544 2
penkb Yes N.T* 2

(Upper A panel, lanes 1-15) Identification of the zebrafish orthologues for the 15 mammalian genes coding for enteroendocrine hormones by “in silico” search of
the zebrafish genome. (Lower B panel, lanes 16-18) Identification of the 3 novel hormones expressed in zebrafish EECs by screening the RNA-seq data with the
Gene Ontology term “hormone activity” (GO: 0005179) and selecting hormones expressed at high levels (> 2.000 CPM). Column 3 indicates the Ensembl ID of the
zebrafish genes. Column 4 displays whether a synteny conservation is observed between mouse and zebrafish loci. Column 5 indicates the expression onset time
determined by WISH for each hormone transcripts and their localization in the zebrafish gastrointestinal tract (column 6). Bulb corresponds to the enlarged rostral
part of the intestine; the mid-gut is located posterior to the bulb and contains the majority of goblet cells at 5 dpf; the posterior gut corresponds the most caudal
part of intestine containing few goblet cells [29]. Column 7 indicates the mean (+ standard errors (SE)) of the EEC numbers detected by WISH at 4 dpf. The
number of EEC counted for each individual larvae is provided in Fig. S2. N.T*: not tested; the number of vipb+ EEC cells could not be quantified as most of the
vipb+ cells detected in the gut are vipb+ enteric neurons. Column 8 indicates the expression levels determined by RNA-seq of EEC in CPM (counts per million).
Column 9 indicates the expression levels determined by RNA-seq of enteric neurons in CPM [30]. —: not detected by WISH; ¢: detected by WISH

Gcg glucagon, Sst somatostatin, Ghrl ghrelin, Pyy peptide YY, Gast gastrin, Ckk cholecystokinin, Gip glucose-dependent insulinotropic polypeptide, Vip vasoactive
intestinal peptide, Min motilin, min/ motilin-like, Pp pancreatic polypeptide, Nts neurotensin, Sct secretin, Ins/5 insulin-like peptide 5, Nmb neuromedin B, Adcyap1
adenylate cyclase-activating polypeptide 1, Galn galanin, Calca calcitonin

The close relatedness of EECs and PECs is also illus-
trated by the high percentage of genes expressed in both

the PEC cluster than to the ductal or the acinar pancre-
atic cells or even to the whole intestine tissue which is

mainly composed of enterocytes and of only 1-2% of
EECs. In agreement with previous reports showing
shared features between pancreatic cells and neurons
[23, 34], this clustering analysis reveals also transcrip-
tomic similarities of brain tissue not only with pancreatic
but also with intestinal endocrine cells.

tissues: amongst all genes expressed in pancreatic or in-
testinal endocrine cells above the threshold of 10 nor-
malized CPM (8326 and 8264 genes, respectively), 74%
of them are expressed in both tissues (Fig. 3b), while if
the same analysis is done for genes expressed in EECs
and liver, only 45% of them are expressed in both tissues
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Fig. 1. Expression of different enteroendocrine hormones in the zebrafish gut. Whole-mount in situ hybridization (WISH) obtained with different

hormonal probes at 3 dpf (a-h, k) or 4 dpf (i, k). Ventral views of embryos with anterior on the left. The dotted lines represent the location of the
gut. The probes used are as follows: adcyapla, adenylate cyclase-activating polypeptide 1a; ccka, cholecystokinin a; gcga, Glucagon a; pyya/b, Peptide
YYa/b; ghrl, Ghrelin; gip, glucose-dependent insulinotropic polypeptide; insl5a, insulin-like peptide 5a; calca, calcitonin. Scale bars, 50 um. i-l Fluorescent
in situ hybridization (FISH) (DAPI staining shown in grey)

(data not shown). Similar percentages are obtained when
considering genes coding for transcription factors (TF):
72% of all expressed TF-coding genes are detected in
both PECs and EECs, while only 45% are expressed in
both pancreatic endocrine cells and liver. The list of 481
TF expressed in both PECs and EECs (given in
Additional file 5: Table S2) includes notably most of the
transcription factors reported to be important for zebra-
fish PEC differentiation (Table 2). For example, arxa and
pax4, known to be an important determinant of cell fate
of pancreatic endocrine cells [35, 36], are also expressed
in the zebrafish gut, and like in pancreas, their expres-
sion is mainly non-overlapping (Fig. 4a). Fev, known to
be highly expressed in pancreatic endocrine cells [37], is
also amongst of the most highly expressed transcription
factors in the zebrafish EECs (Table 2) and is detected

by FISH in many cells all over the gut (Fig. 4b). Simi-
larly, insmlb [9] is also highly expressed in zebrafish
EECs (Fig. 4¢, d and Table 2) in addition to its expres-
sion in enteric neurons (labelled with asterisk in Fig. 4d)
as described in mice. Expression of pdxl, visualized
using the tg(BAC pdx1:GFP) [38], is also detected in
scattered EECs of the mid- and posterior gut (Fig. 4e, g),
in addition to a widespread expression in cells of the
rostral part of the intestine as previously described [39]
(Fig. 4e, f). The expression of pdx1 in EECs of the mid-
and posterior gut was confirmed by WISH (Fig. 4h) and
by immunohistochemistry (Fig. 4i). As expected, asclla
was barely detected in the transcriptome of 4-dpf EECs
(Table 2) as we have previously shown that its expres-
sion in the secretory precursor cells turns off as soon as
the cells pursue their differentiation process [27]. In the
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pax6b:GFP

nkx2.2:GFP

Fig. 2. Immunostaining of enkephalin and Adcyap1 in the zebrafish intestine. a, b Confocal images of the intestines from 5-dpf Tg(pax6b.GFP)
zebrafish larva stained with antibodies directed against GFP (green), Hu (white), ENKEPHALIN (a; red) or ADCYAP1 (b; red). ¢, d Confocal images of
the intestine of adult Tg(8.5nkx2.2:GFP) stained with antibodies directed against GFP (green), ENKEPHALIN (c; red) or ADCYAP1 (d; red). Arrows
show the location of some EECs expressing Adcyap1 (b, d) or enkephalin (c). Adcyap1 immunostaining is also observed at the level of EN axon
fibres in gut larva (b) and in the muscularis layer of the adult intestine (shown by an asterisk in d). The zebrafish Adcyapla and Adcyap1b display
respectively 6 and 3 mismatches with human ADCYAP1 at the level of the epitope reacting with the Adcyap1 antibody, explaining the stronger
signal of Adcyap1b in EN fibres. (The nkx2.2:GFP transgene is expressed specifically in EECs like Pax6b). Scale bar, 20 um

nkx2.2:GFP

same way, sox4b, coexpressed with asclla in the
secretory precursor cells, is hardly detected in the tran-
scriptome of the EECs at 4 dpf (Table 2), indicating that
sox4b is also switched off with the maturation of the
EECs. In contrast, Nkx6.1, Nkx6.2 and Mnx1 are the
only 3 transcription factors involved in zebrafish PEC
differentiation that are not expressed in EECs. Many of
these EEC/PEC transcription factors are expressed at
lower levels in enteric neurons as revealed by the EN
RNA-seq data (Table 2) with the exception of insmlb,
neurodl and asclla which are expressed above 50 CPM.

The number of genes which are selectively expressed
in PECs or in EECs is relatively low (gene lists available
in Additional file 6: Table S3). Gene Ontology (GO) en-
richment analyses of the PEC-specific genes highlight
terms such as “cell adhesion” due to the enriched ex-
pression of many cadherins and other cell adhesion mol-
ecules. This enrichment makes senses as the PECs are
clustered into islets while EECs are scattered in the gut.
The EEC-specific genes display an enrichment of GO
terms including “drug transmembrane transport”, “ABC
transporter” or “oxidation process” due to the enriched
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EEC
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Beta
Delta
Alpha
Ductal
Acinar

Intestine
Liver

B EEC > CPM10
n=8264

PEC > CPM10
n=8326

Fig. 3. Similar gene expression profiles between zebrafish EECs and
PECs. Global comparison of transcriptomic profiles (RNA-seq) from
distinct zebrafish tissues/organs. a Clustered heatmap displaying the
Euclidean distance matrix between every pair of zebrafish RNA-seq
datasets. The order of the different tissues is identical for the two
axes (rows and columns) as shown by the different colours on the
upper part and left part of the matrix. Each zebrafish tissue (analysed
in triplicate) was compared with the other samples as presented in
the matrix. Darker colour indicates closer distance (i.e. more similar
transcriptomes). EEC transcriptome is mostly similar to the
transcriptome of embryonic pancreatic endocrine cells (PECs) or to
the adult alpha, beta or delta pancreatic cells. The accession number
of all used RNA-seq datasets is given in the “Methods” section. b
Venn diagram showing the overlap (74%) of genes expressed in
both EECs and PECs above the threshold of 10 CPM. A total of 8264
genes and 8326 genes were expressed above 10 CPM (counts per

million) respectively in EECs and in PECs

expression of many transmembrane transporters and
cytochrome P450 type molecules (Additional file 6:
Table S3).

In conclusion, all these data indicate a close related-
ness between PECs and EECs at the level of their tran-
scriptomes and of their regulatory factors, suggesting the
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Table 2 Expression level in EECs of transcription factors
involved in zebrafish PEC differentiation

Pancreatic Onset time Expression in the gut  EEC RNA-  EN RNA-

1e_Edocrine in the gut Bub Mid- Posterior €9 (CPM) seq (CPM)
gut gut
ascllb - - - - 2 3
asclla* 36 hpf v v 25 55
sox4b* 38 hpf v v 36 22
insm1b <52 hpf** v v Y 638 189
insmla <52 hpf** ND ND ND 123 38
foxola <52 hpf** v v 504 33
neurod1* 52 hpf v v 474 67
nkx2.2a* 52 hpf v v 195 2
pax4 58 hpf v v 225 0
pax6b* 60 hpf v v J 826 23
rfx6* 62 hpf v o - - 13 8
fev 62 hpf v v 951 3
islT* 65 hpf v v v 134 31
arxa 66 hpf v v 54 1
pdx1 72 hpf in EEC - v / 614 4
nkx6.1 - - - - 1 2
nkx6.2 - - - - 5 1
mnx1 - - - - 1 0

Recapitulation of the WISH data performed on zebrafish embryos from 36 to
72 hpf showing the expression onset time and the distribution profile in the
gut determined by WISH for 17 transcription factors known to be involved in
pancreatic endocrine cell (PEC) differentiation. **Based on RNA-seq data from
FACS-sorted sox17:dsRED cells of the microdissected intestine at 52 hpf,
insmia, insm1b and foxola are already expressed in the gut at 52 hpf (Reuter
et al,, article in preparation). The two last columns indicate the expression
level in EECs and in enteric neurons (ENs) as determined by RNA-seq in
normalized CPM. (N.D.: not determined; —: not detected by WISH; ¥: detected
by WISH). All these TF are expressed at significant levels in EEC, except ascl/1b,
nkx6.1, nkx6.2 and mnx1. Expression data of genes labelled with an asterisk are
from [27]

involvement of similar regulatory programmes in these
two cell types.

Shared Pax6-dependent regulatory programmes between
pancreatic and intestinal endocrine cells

To investigate whether pancreatic and intestinal endo-
crine cells are controlled by similar regulatory pro-
grammes, we analysed the effect of Pax6 inactivation on
the transcriptome of both cell types. Zebrafish has two
pax6 paralogs; however, only pax6b is expressed in PECs
and EECs. To isolate pax6b mutant EECs and PECs,
pax6b*“°%¢ heterozygous fish harbouring the Tg(pax6bh:
GFP) transgene were inbred and pax6b*°°*® homozy-
gous embryos were selected based on lens abnormalities
[13]. The expression of the transgene Tg(pax6b:GFP)
was not perturbed in the homozygous mutants (data not
shown), allowing us to isolate by FACS the PECs or
EECs from pax6b~~ mutant larvae after microdissection
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immunostaining using Pdx1 antibody. P, pancreas. Scale bars, 20 uM

Fig. 4. Expression profiles of pax4, arx, pdx1 and fev in the zebrafish gut. Fluorescent in situ hybridization (FISH) performed on 66 hpf (a), 72 hpf
(b—d) or 96 hpf (e-i) embryos. Views of the gut (delimited by dotted lines; anterior to the left) showing the non-overlapping expression of pax4
(green) and arxa (red) (a), numerous EECs expressing fev (b) and insm1b (d). Higher magnification showing insm1+ EECs located within the gut
epithelium and insm1+ enteric neurons (shown by asterisks) outside but juxtaposed to the epithelium. e View of the gut from the tg(BAC
pdx1:GFP) larvae (GFP immunostaining) with higher magnification of the anterior (f) and posterior (g) parts. FISH using pdx1 probe (h) and

of the dorsal pancreatic bud or intestine, respectively.
RNA-seq was performed on three independent prepara-
tions of EECs or PECs purified from pax6b**°**® mutant
and from wild-type zebrafish (see the “Methods” sec-
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