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During coordinated development of two neighboring organs from the same germ layer,
how precursors of one organ resist the inductive signals of the other to avoid being
misinduced to wrong cell fate remains a general question in developmental biology.
The liver and anterior intestinal precursors located in close proximity along the gut axis
represent a typical example. Here we identify a zebrafish leberwurst (lbw) mutant with a
unique hepatized intestine phenotype, exhibiting replacement of anterior intestinal cells
by liver cells. /bw encodes the Cdx1b homeoprotein, which is specifically expressed
in the intestine, and its precursor cells. Mechanistically, in the intestinal precursors,
Cdx1b binds to genomic DNA at the regulatory region of secreted frizzled related
protein 5 (sfip5) to activate sfip5 transcription. Sfrp5 blocks the mesoderm-derived,
liver-inductive Wnt2bb signal, thus conferring intestinal precursor cells resistance to
Wnt2bb. These results demonstrate that the intestinal precursors avoid being misin-
duced toward hepatic lineages through the activation of the Cdx1b-Sfrp5 cascade,
implicating Cdx/Sfrp5 as a potential pharmacological target for the manipulation
of intestinal-hepatic bifurcations, and shedding light on the general question of how
precursor cells resist incorrect inductive signals during embryonic development.
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Development of the digestive system initiates from the convergence of postgastrula-
tional endoderm to form a nascent gut tube, which eventually produces the digestive
tract and accessory organs. The precursors of foregut digestive organs—including liver,
pancreas, and anterior intestine—arise from common endodermal progenitors and
locate in close proximity at different spatial domains along the undifferentiated gut
tube (1-3). For proper organogenesis and demarcation of organ boundaries, precursors
of each foregut digestive organ need, on the one hand, to receive proper inductive sig-
nals, and on the other hand should develop intrinsic mechanisms to resist the inductive
signals of other organs. The former aspect has been intensively investigated in past
years in different organisms, including zebrafish, Xenopus, and mammals. Multiple
transcriptional factors (4-8) and inductive signals (9—17) particularly derived from the
mesoderm have been identified to positively or negatively regulate the specification of
different foregut digestive organs. However, because of their close proximity on the
undifferentiated gut tube, precursors of different foregut digestive organs might all be
reached and could not be distinguished by the signaling molecules diffused from the
mesoderm. The latter aspect, mechanisms of how precursors of a foregut digestive
organ avoid being misinduced to wrong cell fate, still remain largely unknown.

The liver bud is induced to sprout from the undifferentiated foregut tube. Prior to
liver specification, hepatic precursors need to establish the competence so as to respond
to the mesoderm-derived liver-inductive signals (18, 19). However, expression patterns
of key factors involved in this competence establishment, including members of
forkhead box A (FoxA) and GATA families, as well as EpCAM, do not distinguish the
precursors of liver and anterior intestine (6, 20-22). Therefore, anterior intestinal pre-
cursors must develop intrinsic mechanisms to resist the liver-inductive signals, but these
mechanisms are poorly understood. This gap of knowledge is reflected by the lack of
genetic mutations that mislead anterior intestinal precursors toward hepatic lineage and
cause a hepatized intestine phenotype. The forward genetic screen covers the whole
genome without bias, which becomes a powerful tool to obtain genetic mutants with
unique phenotypes.

Results

The Ibw Mutant Exhibits Hepatized Anterior Intestine. A zebrafish N-Ethyl-NV-
Nitrosourea (ENU) mutagenesis and forward genetic screen were conducted under the
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Significance

To ensure proper cell
differentiation during
development requires, on the one
hand, cell-intrinsic potentials and
correct inductive signals, and on
other hand needs to resist
incorrect inductive signals,
particularly in cases that different
precursor cells are of comparable
differentiation potentials and
located in close proximity. The
precursor cells of liver and
anterior intestine represent a
typical example, but little is known
how the intestinal precursors
resist liver-inductive signals.
Herein, we elucidate mechanisms
showing how the intestinal
precursors resist the liver-
inductive signal to avoid being
misinduced to liver fate, in which
the Cdx1b-Wnt inhibition cascade
plays essential roles. This study
provides an example of the
mechanisms used by precursor
cells to resist incorrect inductive
signals and avoid wrong cell fate.
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Tg(ﬁszlOﬂ:DendmZ)[qmz transgenic background, in which
Dendra2 was driven by a hepatocyte-specific promoter fabp10a.
To characterize mechanisms underlying the resistance of intesti-
nal precursors to liver-inductive signals, we screened mutant
phenotypes exhibiting abnormal expression of liver markers in
the intestine. A recessive mutant named leberwurst (lbw*®>),
which displayed ectopic expression of fabpl0a:Dendra2 in the
anterior intestine without other visible phenotypes at 6 d
postfertilization (dpf), was identified (Fig. 1A4). These ectopic
Dendra2-expressing cells replaced the 4E8-labeled intestinal
enterocytes in the lumen of the anterior intestine (Fig. 1B), dis-
playing a posterior shift of the intestine-liver boundary. The
anterior intestine in /bw lost the intestinal markers fabp2,
sle15a1b, and rbp2a (Fig. 1 C, D, and G), while in the mean-
time it obtained functional hepatocyte markers angptl3, apol4,
Bhmt, g, and zr (Fig. 1 F~G and SI Appendix, Fig. S1A).
Sections, H&E staining, and periodic acid-Schiff (PAS) stain-
ing showed that the /bw intestinal epithelium lost the morphol-
ogies of intestinal folds, but gained the glycogen storage
function of hepatocytes (Fig. 1H). This hepatized anterior
intestine consistently maintained in /6w until it died from the
inability to digest and absorb the ingested food at 12 dpf.
These data demonstrate the replacement of intestinal cells by
functional liver cells in the anterior intestine of /bw, showing
hepatized anterior intestine and suggesting that the mutated

Tg(fabp10a:Dendra2), 6 dpf

6 dpf

gene encodes a key factor to resist the liver-inductive signals in
the intestinal precursors.

Recent advances in single-cell RNA-sequencing (scRNA-seq)
provide powerful tools for characterizing cell identities during
liver and intestine development based on molecular and genetic
characteristics (23-25). To further characterize the liver cells in
lbw intestine, we dissected /bw intestine at 6 dpf and carried
out scRNA-seq to compare its cell population clusters with
wild-type liver and intestine. A total of 21,548 cells from three
samples (/bw intestine, wild-type liver, and intestine) with more
than 6,000 cells per sample were analyzed. Approximately
20,000 mean reads, 2,100 unique molecular identifier (UMI)
counts, and 550 median genes in each cell were captured.
Uniform manifold approximation and projection (UMAP) and
t-distributed stochastic neighbor embedding (t-SNE) dimen-
sionality reduction analyses identified a total of 11 clusters
(Fig. 24 and SI Appendix, Fig. S1B). Among these 11 clusters,
the dark blue and dark red clusters were characterized as hepa-
tocyte and intestinal enterocyte populations, respectively, based
on relative expression levels of well-known marker genes (57
Appendix, Fig. S1Cand Dataset S1).

In contrast to the wild-type intestine, two major extra cell
clusters, hepatocyte-like cells and biliary-like cells, could be
identified in the /6w intestine by color-coding the tissues on

the UMAP (Fig. 2C, dashed frames). Of the total cells in the

Tg(fabp10a:Dendra2), 4E8, 6 dpf
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Fig. 1. The /bw mutant exhibits hepatized anterior intestine. (A) Ectopic expression of Dendra2 in the anterior intestine was observed in the /bw mutant

under the Tg(fabp10a:Dendra2) transgenic background. The dashed frames are shown at high magnification. (B) The 4E8-labeled intestinal enterocytes (red)
were replaced by the Dendra2-expressing cells (green) in the anterior intestine of /bw, exhibiting posterior shift of the intestine-liver boundary (WT, n = 34
of 35; Ibw, n = 28 of 32). The dotted lines indicated the cross-section planes. (C-F) In contrast to the wild-type (WT), the intestinal markers fabp2 (C, WT, n =
28 of 28; Ibw, n = 28 of 33) and sic15a1b (D, WT, n = 33 of 34; Ibw, n = 25 of 28) were absent in /bw, whereas the functional hepatocyte markers angpt/3
(E, WT, n = 23 of 25; Ibw, n = 34 of 37), and apo14 (F, WT, n = 34 of 34; Ibw, n = 36 of 40) became detectable in the anterior intestine of /bw. (G) The intestinal
sections showed that the enterocyte marker rbp2a was nearly lost in the /bw intestine; instead, the mature hepatocyte marker Bhmt became expressed.
(H) H&E and PAS staining showed that the /bw intestinal epithelium lost the morphologies of intestinal folds but gained the function of glycogen storage.
The liver is outlined at the upper left corner, and the dotted lines indicate the cross-section planes. (Scale bars, 100 um.) (A) Lateral views, anterior left;
(B) lateral and sectional views; (C-F) lateral views, anterior up; (G and H) sectional views. n = number of embryos with indicated phenotype/total analyzed in
each class.
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Fig. 2. scRNA-seq identifies hepatic clusters in the anterior intestine of /bw. (A) The UMAP analysis identified a total of 11 clusters from three samples,
including dissected /bw intestine, wild-type liver, and intestine. Different colors correspond to different cell clusters as annotated. (B and () Of total cells in
the hepatocyte-like cluster (dashed outlines), 76% from /bw intestine (green dots) were colocalized with the hepatocyte cluster from wild-type liver (blue
dots). The merged UMAP (B) and three samples (C) are exhibited. Note that both the hepatocyte-like cluster and biliary-like cluster were identified in /bw
intestine (C, dashed circles). (D) Gene-expression patterns showed expression of the hepatocyte markers fabp10q, ttr, and gc in the hepatocyte-like cluster
from Ibw intestine. (E and F) In the hepatocyte-like cluster (dashed outlines) from /bw intestine, the signature score of hepatocyte was significantly higher
than the signature score of anterior intestinal enterocyte (£), which was validated in violin plots of signature scores (F). The dotted line indicates the mean of each
violin. The corresponding score for each cell is calculated based on the expression dataset of top 50 genes in the wild-type hepatocytes and intestinal enterocytes.

hepatocyte-like cell cluster, 76% were colocalized with wild-type  cluster, validating that the gene-expression profiles of these cells
hepatocytes, while the rest were localized between the wild-type ~ were similar to hepatocytes (Fig. 2D and SI Appendix, Fig. S1D).
hepatocyte and enterocyte clusters (Fig. 2 Band ), which might ~ Furthermore, using the top 50 highly expressed genes in the
represent a hybrid state. Single-cell gene-expression patterns  wild-type hepatocytes and intestinal enterocytes (Dataset S1), we
showed that the hepatocyte markers fabplOa, ttr, g, bhms, have calculated the signature score for each cell in the /6w intes-
angptl3, and sePb were all expressed in the hepatocyte-like tine sample. UMAP feature (Fig. 2E) and violin plots (Fig. 2F)
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of signature scores showed that the cells in the hepatocyte-like
cluster were closer to the hepatocyte identities. These data authen-
ticate the presence of hepatocyte-like cells in the anterior intestine
of /bw, suggesting that the mutaton leads to misinduction of
anterior intestinal precursors into hepatic lineages.

The Ibw-Encoding Cdx1b Resists the Liver-Inductive Wnt2bb
signal. Using a standard set of simple sequence length polymor-
phism markers, we placed the /6w locus to chromosome 21 and
positioned it within an interval of about 200 kb containing
seven open reading frames, through fine-mapping (87 Appendix,
Fig. S24). Sequencing results showed that the /bw mutant allele
contained an A—T mutation in the second exon of cdx1b gene
(81 Appendix, Fig. S2 B and (), which led to the formation of a
premature stop codon and the consequent truncation of the
Cdx1b homeobox domain (Fig. 3 A and B). The nonsense-
mediated mRNA decay (26) resulted in significant reductions
of the cdxlb mRNA level in /bw homozygotes (SI Appendix,
Fig. S2D). A cdx1b“*"*1'> mutant generated by CRISPR/
Cas9, the cdx16”“*PR double heterozygotes, and antisense
morpholino oligonucleotides targeting the ATG region of
cdx1b (cdx16MO) (27), all phenocopied the hepatized anterior
intestine of /bw (Fig. 3C and SI Appendix, Fig. S2 B—F), vali-
dating that the /6w phenotypes were caused by the dysfunction
of Cdx1b. The Cdx1b dysfunction was ineffective to the swim
bladder marker anxa5b (SI Appendix, Fig. S2G). The cdx1b
mRNA is maternally contributed, and its zygotic expression
became detectable exclusively in the nascent gut tube from
24 h postfertilization (hpf) and maintained in the intestine
throughout development (27, 28). When translations of both
maternal and zygotic cdx16 mRNAs were blocked by cdx16MO,
the earliest liver specification markers Abex and prox! appeared
in the intestinal domain at 28 hpf (Fig. 3 D and £), the stage
when liver bud emerged. These results suggest Cdx1lb as the
key local factor in the anterior intestinal precursors to resist liver-
inductive signals.

Zebrafish Cdx1b is required for the intestinal differentiation
(28), but its roles and mechanisms in resisting the liver-
inductive signals have previously been unappreciated. Because
the mesoderm-derived Wnt2bb signal induces the initial speci-
fication of liver anlage from an undifferentiated gut tube (10)

A Wild-type cdx1b Ibw

and EpCAM licenses the whole gut tube to respond to Wnt2bb
(22), we checked whether the Wnt2bb signal is the antagoniz-
ing target of Cdxlb. The /lbw/cdx1b and pri/wnt2bb double
mutant exhibited strongly reduced liver and absence of fabp2,
rescuing the hepatized anterior intestine but maintaining the
defective intestinal differentiation as in the /bw single mutant
(Fig. 4 A and B). Similarly, the hepatized anterior intestine but
not loss of fabp2 in lbw was rescued by the heat-shock—induced
overexpression of Dkk1b, an inhibitor of Wnt/p-catenin signal-
ing (Fig. 4 Cand D). These data showed that in the absence of
the liver-inductive Wnt2bb signal, cdx/6 mutation failed to
cause hepatized anterior intestine, while still led to defects in
intestinal differentiation. Both Wnt reporter activities in the
sorted intestinal cells, as indicated by TOP-FLASH (Fig. 4E),
and the expression of the Wnt downstream target gene myca in
the anterior intestine were derepressed in /bw (Fig. 4F). All of
these results demonstrate that independent of its roles in the
intestinal differentiation, Cdx1b confers anterior intestinal pre-
cursors resistance to the liver-inductive Wnt2bb signal.

Cdx1b Activates sfrp5 Transcription to Block the Wnt2bb
signal. To understand mechanisms underlying the resistance to
Wnt2bb signaling, we analyzed whether the Cdx1b binding
sequences were present within the promoter/enhancer regions
of well-known Wnt inhibitors. A sequence in the promoter/
enhancer region of sfrp5, 1.9 kb upstream of its transcriptional
starting site (TSS), hereafter called —1.9sfrp5, was identified as
a potential binding site of Cdx1b (Fig. 5A4). Sfrp5 is a secreted
protein that competes to the Frizzled receptor for binding to
Wat ligands, thus blocking Wnt signaling (29, 30). Chromatin
immunoprecipitation (ChIP) from zebrafish embryos showed
the association of Cdx1b-HA to the genomic DNA at the
— 1.9frp5 locus (Fig. 5B). Electrophoretic mobility shift assay
(EMSA) indicated the direct binding of GST-Cdx1b recombi-
nant protein to the —1.95f7p5 DNA sequence (Fig. 5C). Activi-
ties of the luciferase reporter driven by the — I1.9sf7p5 sequence
were elevated by Cdx1b in the intestinal cells, but not in non-
digestive organ cells (Fig. 5D). Expressions of sfrp5 and cdx1b
in the gut tube appeared to be overlapped and posterior to
the liver anlage during the emergence and growth of liver bud

(Fig. 5E and SI Appendix, Fig. S3). Expression of sfrp5 in the
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Fig. 3. Loss of Cdx1b leads to misinduction of intestinal precursors to liver fate. (A and B) An A—T mutation in /bw led to the formation of a premature
stop codon in the coding region of cdx7b gene (A), which disrupted of the Cdx1b homeobox domain (B). (C) The cdx7b“*"R mutant (n = 58 to 67) and injec-
tion of cdx7bMO (n = 44 of 58) validated that the hepatized anterior intestine phenotype in /bw (n = 63 of 69) was caused by the dysfunction of Cdx1b. The
dashed outlines mark the intestine. (D and E) Expressions of the earliest liver specification markers hhex (D, conMO, n = 58 of 62; cdx1bMO, n = 40 of 53) and
prox1 (E, conMO, n = 51 of 54; cdx1bMO, n = 45 of 59) were detectable in the anterior intestinal domain (dashed brackets) of cdx7b morphants at 28 hpf.
(Scale bars, 50 pm.) (C) Lateral views, anterior up; (D and E) dorsal views, anterior up. n = number of embryos with indicated phenotype/total analyzed in

each class.
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Tg(fabp10a:Dendra2), 5 dpf WT Ibw E
WT Ibw prt Ibw & prt hs @ 26 hpf hs @ 26 hpf

II Ibw
'III 'III (1]

Fig. 4. Cdx1b resists the liver-inductive Wnt2bb signal in the anterior intestine. (A and B) The hepatized anterior intestine was rescued in the /bw/cdx7b and
prt/wnt2bb double mutant (A, WT, n = 29 of 30; /bw, n = 27 of 31; prt, n = 29 of 33; Ibw & prt, n = 18 of 22), whereas the defective intestinal differentiation
phenotype of /bw retained (B, WT, n = 38 of 38; lbw, n = 38 of 43; prt, n = 29 of 35; Ibw & prt, n = 19 of 24). (C and D) The heat-shock (hs)-induced overexpres-
sion of Dkk1b rescued the hepatized anterior intestine (C, no hs in WT, n = 30 of 32; hs in WT, n = 34 of 46; no hs in Ibw, n = 33 of 38; hs in lbw, n = 25
of 32), but not loss of fabp2 (D, no hs in WT, n = 32 of 35; hs in WT, n = 31 of 39; no hs in Ibw, n = 25 of 28; hs in Ibw, n = 28 of 35) in /bw. Note that over-
expression of Dkk1b leads to small liver in both siblings and /bw. (E) TOP-FLASH reporter showed activation of Wnt signaling in the sorted /bw intestinal cells
(n =10). (F) In contrast to the wild-type (n = 37 of 40), expression of the Wnt downstream target gene myca became activated in the anterior intestine of /bw
(arrow, n = 34 of 40). Data are expressed as mean + SD, ***P < 0.001, Student's t test. hs @ 26 hpf, heat shock at 26 hpf. (Scale bars, 50 pm.) (A-D) Lateral
views, anterior up; (F) dorsal views, anterior up. n = number of embryos with indicated phenotype/total analyzed in each class.
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w

Tg(hsp70I:dkk1b-GFP; fabp10a:Dendra2), 5 dpf

intestine was significantly reduced in /6w, which became even  significantly reduced proxI as well as ectopic expressions of
more evident in the cdx1b morphant (Fig. 5F). In contrast to sfrp5 and fabp2 in the liver (Figs. 5G and 6 A-C). A
the inactivated sfip5 expression and hepatized anterior intestine  sfyp5%SPRea% mutant generated by CRISPR/Cas9 exhibited
in /bw, the heat-shock—induced overexpression of cdxlbled to  expression of the hepatocyte markers gr and #7 in the anterior
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Fig. 5. Cdx1b binds to genomic DNA at the sfrp5 regulatory locus to activate its transcription. (A and B) A genomic locus 1.9 kb upstream of the sfrp5 TSS
was identified as the binding site of Cdx1b (A, fr2 marked in red), which was shown by ChIP analyses (B). fr represent the genomic DNA fragments upstream
of the sfrp5 TSS. (C) The EMSAs showed the direct binding of GST-Cdx1b recombinant protein to the DIG-labeled —17.9sfrp5 DNA sequence in vitro. The bind-
ing specificity was controlled by the supershift with anti-Flag antibodies. (D) Activities of luciferase reporter driven by the —7.9sfrp5 DNA sequence in the
sorted intestinal cells, but not in the nondigestive organ cells, were activated by cdx7b mRNA (n = 10). (E) The cdx7b and sfrp5 showed overlapped expression
patterns in the undifferentiated gut tube at 28 hpf (n = 52 of 56). Note that the expressions are posterior to the liver bud (arrowheads). (F and G) In contrast
to the controls (Mock at 48 hpf, n = 40 of 43; Mock at 60 hpf, n = 36 of 37), expression of sfrp5 in the intestine was significantly reduced in /bw and cdx1b
morphant at 48 hpf and 60 hpf (F, /bw at 48 hpf, n = 30 of 34; lbw at 60 hpf, n = 34 of 37; cdx1bMO at 48 hpf, n = 48 of 62; cdx7bMO at 60 hpf, n = 50 of 65),
whereas the heat-shock-induced cdx7b overexpression led to ectopic expression of sfrp5 in the liver bud (G, arrowheads, no hs, 48 hpf, n = 37 of 37; 60 hpf,
n = 32 of 35; hs, 48 hpf, n = 46 of 55; 60 hpf, n = 44 of 52). Data are expressed as mean+ SD, ***P < 0.001; **P < 0.01, Student's t test. hs @ 26 hpf, heat
shock at 26 hpf. (Scale bars, 50 pm.) (E) Dorsal views, anterior up; (F and G) ventral views, anterior up. n = number of embryos with indicated phenotype/
total analyzed in each class.

Tg(sox17:GFP), 28 hpf
Tg(hsp70l:cdx1b-p2a-mCherry)
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Fig. 6. Overexpression of Sfrp5 rescues the hepatized intestine but not defective intestinal differentiation of /bw. (A-C) In contrast to the wild-type control
(A, n = 22 of 22), the /bw mutant exhibited loss of fabp2 and ectopic expression of prox7 in the anterior intestine (B, dashed bracket, n = 27 of 31). In con-
trast, the heat-shock-induced cdx7h overexpression resulted in significantly reduced prox7 and ectopic fabp2 expression in the liver (C, arrowhead, n = 42 of
48). (D) The sfrp5F'SPR mutant phenocopied the hepatized anterior intestine of /lbw (WT, n = 33 of 34; Ibw, n = 32 of 36; sfrp5®*"R, n = 32 of 39). The dashed
outlines mark the intestine. (£ and F) Overexpression of Sfrp5 rescued the hepatized anterior intestine (£, Mock into WT, n = 32 of 34; sfrp5 mRNA into WT,
n = 53 of 65; Mock into /bw, n = 30 of 34; sfro5 mRNA into /bw, n = 30 of 38), but not defective intestinal differentiation, of /bw (F, Mock into WT, n = 36 of
36; sfrp5 mRNA into WT, n = 37 of 45; Mock into /bw, n = 28 of 32; sfrp5 mRNA into /bw, n = 26 of 35). (Scale bars, 50 pm.) (A-C) Ventral views, anterior up;
(D-F) lateral views, anterior up. n = number of embryos with indicated phenotype/total analyzed in each class.

intestine (S Appendix, Fig. S4 A-D), which phenocopied the
hepatized intestine of /bw (Fig. 6D). In contrast to the wild-

pe or single heterozygotes, the sfipS“S R 1 or
sfp SRR e 157PR double heterozygotes exhibited reduced
sfip5 expression to some extent, but devoid of the hepatized
intestine phenotype (SI Appendix, Fig. S4 E and F). Over-
expression of sf7p5 led to small liver in both siblings and /bw,
indicating the rescue of hepatized anterior intestine but not
defective intestinal differentiation in /6w (Fig. 6 E and F). All
of these results imply that Cdx1b may directly bind to the sfrp5
regulatory region and activates its transcription in the anterior
intestinal precursors, thus blocking the Wnt2bb liver-inductive
signal. Sfrp5 mediates the anti-Wnt2bb function, but not the
intestinal differentiation function, of Cdx1b.

Fgf Signaling Acts Additively with Cdx1b to Resist Liver Fate.
Note that the most anterior part of the intestine was not hepat-
ized in /bw (Figs. 1H, 3C, and 6D), which might be caused by
other factors acting in an additive fashion with Cdx1b to resist
liver fate in this domain. Fgfl10a has been reported to repress
ectopic hepatocyte formation induced by Wnt overexpression
(31). During the emergence of liver bud, wnt2bb was expressed
in the lateral plate mesoderm flanking the foregut tube (Fig.
7A4). While fgf10a was restrictively expressed in the mesen-
chyme surrounding the pancreatic and most anterior intestinal
domain, more medial than wnz2bb (Fig. 7B). The wnt2bb and
cdx1b are detectable at 24 hpf, which is earlier than the expres-
sion of f¢gf10a from 28 to 30 hpf (31, 32). Inhibition of Fgf
signaling by SU5402 in /bw led to expansion of the hepatized
tissue to the most anterior part of intestine, which did not
occur in /bw or SU5402 treatment alone (Fig. 7C). Thus, in
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the most anterior part of intestine, Cdx1b and Fgfl0a act in
an additive fashion to resist liver fate. Taken together, the intes-
tinal Cdx1b activates sfrp5 transcription, conferring anterior
intestinal precursors resistance to the liver-inductive Wnt2bb
signal, while Fgf10a acts additively with Cdx1b to resist liver
fate in the most anterior part of intestine (Fig. 7D).

Discussion

The liver and anterior intestinal precursors are in close proxim-
ity, and the liver anlage arises from the undifferentiated foregut
tube. Key molecules involved in the intrinsic competence estab-
lishment for liver formation such as FoxA and GATA factors
express in the precursors of both liver and anterior intestine (6,
20, 21). This expression pattern in the whole undifferentiated
gut tube is also the case for EpCAM, the key molecule that
licenses the responsive competence to the Wnt2bb signal (22).
These studies implicate that before specification to the intesti-
nal fate, anterior intestinal precursors are competent to respond
to liver-inductive signals. Thus, intestinal precursors must develop
mechanisms to resist liver-inductive signals. In this study, we
have presented evidences on how intestinal precursors resist the
liver-inductive Wnt signal to avoid being misinduced toward
hepatic lineages.

In previous zebrafish studies, the Cdxlb-deficient larvae
display hypoplastic intestines (27, 28). Here we show that /bw
exhibits hepatized anterior intestine, suggesting previously unap-
preciated roles of Cdx1b in the resistance of liver-inductive signals.
The knockout of mammalian Cdx2, the homolog of zebrafish
cdx1b, leads to sporadic transformation of duodenal cells to pyloric
stomach-like identities (33), implicating potential functions of

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205110119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205110119/-/DCSupplemental

Tg(sox17:GFP), 26 hpf

Tg(sox17:GFP), 30 hpf

WT, 125 hpf Ibw, 125 hpf

Control SU5402 Control SU5402

C

Tg(fabp10a:Dendra2)

Fig. 7.

Wht:

Mesoderm
|Fgf1 Oa

Lrwerdﬂ‘n Intestinal domain

Gut tube

I—.J .
Pancreatic domain

Anterior Posterior
Wl it wnt
Fgf
Wild-type .‘ . Sfrp5=Cdx1b

“ﬂt Wit
Fgf

Ibw

Wnte wnt it

Ibw
+8U5402

Inhibition of the Fgf signaling in /bw causes anterior expansion of hepatized intestine. (A) wnt2bb was expressed in the lateral plate mesoderm flank-

ing the foregut tube (yellow arrows, n = 34 of 37). (B) fgf10a was expressed in the mesenchyme surrounding the pancreatic and most anterior intestinal
domain, more medial than wnt2bb (yellow arrows, n = 55 of 61). The arrowheads indicate the liver bud. The asterisks indicate the lateral line neuromasts.
() Inhibition of the Fgf signaling by SU5402 in /bw resulted in anterior expansion of hepatized intestine (dotted bars) to the most anterior part, but not
SU5402 treatment or /bw alone (Control treatment in WT, n = 48 of 51; SU5402 treatment in WT, n = 41 of 56; Control treatment in /bw, n = 29 of 33;
SU5402 treatment in /bw, n = 28 of 36). (D) Illustrations of mechanisms underlying the resistance of intestinal precursors to the liver-inductive Wnt signal.
The intestinal Cdx1b activates sfrp5 transcription, conferring anterior intestinal precursors resistance to the liver-inductive Wnt2bb signal. Note that the
repression of liver fate by Fgf10a is effective on the most anterior intestine, in which Cdx1b and Fgf10a act in an additive fashion. (A and B) Ventral views,
anterior up; (C) lateral views, anterior up. n = number of embryos with indicated phenotype/total analyzed in each class.

Cdx2 in the duodenal precursors to resist the inductive signals
of more anterior digestive organs. The zebrafish Abex mutant
develops an intrahepatic intestinal tube due to derepression of
Cdx1b and Pdx1 (34), suggesting that the liver precursors also
need to resist the intestine-inductive signals, such as Cdx1b.
These reports, together with this study, imply that the intrinsic
transcriptional factors such as Cdx1b and Hhex not only pro-
mote cellular development autonomously, but also orchestrate
organogenesis of the entire foregut endoderm.

Frizzled (Fzd) is a large family of proteins that serve as recep-
tors in the Wnt signaling pathway (35). Fzd5 is required for
early liver formation and interacts genetically with Wnt2 and
Wnt2bb (36). Different thresholds of Wnt-Fzd7 signaling are
essential to maintain foregut progenitors (37). The secreted
frizzled-related proteins, such as Frzbl and Sfrp2, are identified
to express in the chicken intestinal tract (38). Sfrp5, previously
reported in Xenmopus, coordinates foregut specification and
morphogenesis by antagonizing both canonical and noncanoni-
cal Wnt signaling (29). In this study, Sfrp5 acts as the down-
stream effector of Cdx1b to resist the liver-inductive Wnt2bb
signaling. The C-terminal of SFRPs contains segments of
positive-charged residues that facilitate binding extracellular
matrix (ECM) molecules with affinicy (39). FGFs enhance
the extracellular accumulation of SFRPs through cobinding
the complexes of SFRP and ECM molecules (40, 41), which
may explain why the Sfrp5 protein in the wild-type embryos
cannot diffuse across the pancreatic domain to reach the liver
domain.

Note that the ectopic expressions of sf7p5 and fabp2 induced
by the cdx1b overexpression is restricted to the liver, but not
other tissues (Figs. 5G and 60). Additionally, Cdx1b fails to
activate the luciferase reporter driven by the — 1.9sf7p5 sequence
in nondigestive organ cells (Fig. 5D). These data hypothesize
that either cofactors of Cdx1b are specifically expressed in
the liver and intestinal precursors, or only the liver and intesti-
nal precursors maintain the competence to induce sfip5
expression after 26 hpf. But the identities of cofactors or mech-
anisms underlying the competence maintenance need further
investigations.

PNAS 2022 Vol.119 No.45 2205110119

Materials and Methods

Zebrafish Strains. The zebrafish facility and studies were approved by the Insti-
tutional Review Board of Southwest University (Chongqing, China). Zebrafish
strains were maintained under standard laboratory conditions according to Insti-
tutional Animal Care and Use Committee protocols. Embryos were treated with
0.003% 1-phenyl-2-thiourea (PTU, Sigma) from 24 hpf to prevent pigmentation.
All experimental protocols were approved. All results involved in the study were
acquired according to ethical standards.

Zebrafish of Ibw™%, cdx1pFEPRATS, prfm (10), 5frp5CR’5P R995 mutants,
and Tg(fabp10a:Dendra2)""%?, Tg(sox17:GFPF®”° (13), Tg(hsp70l:cdx1b-HA-p2a-
GFPY9'%, " Tq(hsp70l:cdx1b-p2a-mCherryf?", and  Tg(hsp70l:dkk1b-GFP)**?
(31) transgenic lines were established and used in this study.

scRNA-Seq. SCRNA-seq was performed using the 10X Chromium platform
according to a published protocol (23, 25). The Ibw intestine, wild-type liver, and
intestine were dissected at 6 dpf and collected in 500 L of DMEM-10%FBS
(Gibco). The viability of cells (~90%) was determined using Trypan blue staining.
The libraries were constructed using Chromium Single Cell 3’ GEM v3.1 Reagent
Kit and sequenced on an lllumina NovaSEq. 6000 with ~30% sequencing satu-
ration. Raw sequence reads were aligned to the zebrafish genome (GRCz11)
using the 10X Genomics Cell Ranger 4.0. The output gene-expression matrices
were further analyzed using the Seurat v3.2 package. UMAP and t-SNE were
used for clustering analysis at a resolution of 0.7 to identify distinct clusters of
cells and to visualize the clustering results. The Signature score was performed
using the AddModuleScore function in Seurat with default parameters.

Positional Cloning of Ibw. Heterozygous /bw was outcrossed with the poly-
morphic line SJD to perform mapping as previously described (42); 357 mutant
embryos were used for fine-mapping with simple sequence length polymor-
phism markers. The primer sequence of zmarkers can be found at www.zfin.org/,
and the following primers were designed to narrow down the determined
interval further: 121m25 forward (5'-CAGTCATCAGGGCTGACAGCAG-3'), reverse
(5'-GCATGATGGTCTACATCTGACAG-3'); L21m32 forward (5'-CTAACTGTTTIGCCTT
CAG-3'), reverse (5'-ATGTCCCCACTAGGTCAC-3'); L21m50 forward (5'-GAGGAGAG
CAGAGCCATTTGTC-3'), reverse (5'-GTGTGTACGTGTGCATATTCACAG-3'). The [bw/
cdxTh genotype was finally determined by sequencing the PCR fragment
containing the mutated bases.

bCRISPR 5CRIS PR

Generation of Zebrafish CRISPR Mutants. The cdx] and sfrp.
mutants in which mutagenesis were targeted at exon 2 and exon 1, respectively,
were generated by CRISPR/Cas9 as previously described (43, 44). The 20-nt
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guide RNA (gRNA) target sequences were used as follows: cdx7b exon 2 (5'-ACA
GCCGCTACATCACAATA-3'); sfrp5 exon 1 (5'-GGACCACGAGACCATGCCTG-3').
A mixture including 300 pg of Cas9 mRNA and 80 pg of gRNA was microinjected
into the one-cell-stage embryos under the AB genetic background. The DNA of
embryos or tail fins was extracted through the alkaline lysis procedure. The geno-
mic regions flanking the gRNA target sites were amplified and sequenced for vali-
dation. The validated embryos were raised to adults, then screened to identify
founders. The identified founders were crossed back to the AB genetic
background for two generations to obtain cdx7b®S"*/~ or sfp5CRPR+—
stable lines.

mRNAs and Morpholinos. The (DNAs of zebrafish cdx7b and sfrp5 were
amplified using PfuUltra High-Fidelity DNA polymerase (Stratagene) and subd-
oned into pCS2(+) vector for mRNA preparation. Linearized plasmids were used
to synthesize mRNAs by the mMESSAGE mMACHINE Transcription Kit (Ambion).
cdx7b and sfip5 mRNAs were injected at the one-cell stage with 150 to 200 pg
per embryo. Antisense morpholino oligonucleotides targeting the ATG region
of cdx1b (5'-CATITITICTGGTGGCTCCAGTGC-3') (27) were injected at the one-cell
stage with 2 ng per embryo. The control morpholino (conMO) contained
the same nucleotide sequences as cdx7bMO except for four mismatches:
(5'-CAaTTTTTgTGGTGCCTCCACTGC-3').

Antibody Staining, In Situ Hybridization, and Histological Staining.
Zebrafish embryos were fixed ovemight in 4% formaldehyde solution. Whole-
mount in situ hybridization was performed using fabp2 (28), slc15a1b, angptl3
(45), gc, anxa5b (46), and myca (31) antisense probes. Fluorescent in situ hybrid-
ization (FISH) and the combination of FISH and antibody staining were per-
formed as previously described (47-49) using apo14, ttr, rbp2a (50), hhex (57),
prox1 (52), fabp2, cdxTb (27), sfip5, wnt2bb (10), and fgf10a (31) antisense
probes labeled with digoxigenin or fluorescein, and antidigoxigenin-POD
(1:1,000; Roche), antifluorescein-POD (1:1,000; Roche), anti-GFP (1:1,000;
Abcam), anti-Dendra2 (1:1,000; Evrogen) antibodies, and tyramide signal ampli-
fication and fluorescence detection system (TSA, PerkinElmer). Antibody staining
on tissue sections was performed using anti-Bhmt (1:500; gift from the Peng
Laboratory, Zhejiang University, Hangzhou, China) primary antibodies. Whole-
mount antibody staining was performed using 4E8 (1:1,000; Abcam) primary
antibody. The nuclei were stained with DNA fluorochrome DAPI (Sigma). The sec-
ondary antibodies used in the study included Alexa 488-conjugated donkey anti-
rabbit 1gG (1:1,000; Invitrogen), Alexa 568-conjugated donkey anti-mouse 19G
(1:1,000; Invitrogen), and Alexa 647-conjugated donkey anti-goat IgG
(1:1,000; Invitrogen).

For histological staining, paraffin sections were first dewaxed and rehydrated,
then stained with H&E staining solution or 0.5% PAS reagent according to
standard procedures.

Generation of Transgenic Lines and Heat Shock Induction. To generate
pBluescript-hsp70l:cdx1b-HA-p2a-GFP and pBluescript-hsp70l:cdx1b-p2a-mCherry
plasmids, the cdx7b-HA-p2a-GFP and cdx7b-p2a-mCherry fragments were sub-
cloned downstream of hsp70l promoter. Constructs flanked by the I-Scel restric-
tion sites were coinjected with I-Scel (New England Biolabs) into zebrafish
embryos of the AB genetic background at the one-cell stage for transgenesis. Pri-
mers for cloning cdx7b-HA: forward (5'-ATGTACGTGAGTTATCTCCTAGATA-3'),
reverse (5'-AGCGTAGTCTGGGACGTCGTATGGGTAATACTCTTCTTTGATGGACATTGGC-3).

The Tg(hsp70l:dkk1b-GFP), Tg(hsp70l:cdx1b-HA-p2a-GFP), or Tg(hsp70l:cdx1b-
p2a-mCherry) transgenic embryos at 26 hpf were heat-shocked at 39 °C for
40 min, then incubated at 28.5 °C until the time point of analyses.

chip. ChIP was performed as previously described (53). The Tg(hsp70l:cdx1b-
HA-p2a-GFP) embryos were heat-shocked at 26 hpf, then collected and dissoci-
ated in the lysis buffer. The chromatin was sheared by sonication to an average
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fragment size of 150 to 300 bp. IP were performed using 4 pg of anti-HA
(Roche) antibodies. ChIP samples and corresponding inputs were detected by PCR
using 10 pairs of primers covering every 150 to 300 bp of the 2,500-bp genomic
DNA fragment upstream of the sfrp5 TSS. A genomic DNA fragment at the
-1.9sfp5 locus was identified to be associated with Cdx1b-HA using the -7.9sfp5
primers (5'-GGCTTATCTAGGTTAATTAGG-3' and 5'-GTTTAACAGAGCAAGGACAT-3').

EMSA. EMSA was performed using the DIG Gel Shift Kit (Roche) according to
the manufacturer's instructions. In vitro transcribed and translated GST-Cdx1b-
Flag was incubated with DIG-labeled —7.9sfip5 probe containing the Cdx1b-
binding site. For negative control and supershift experiments, DIG-labeled mutated
probe and 1 pg of anti-Flag antibody (Sigma) were added to the reaction, respec-
tively. The reaction mixtures were separated on a 5% native polyacrylamide gel
and electrically transferred to a nylon membrane. The chemiluminescent signals
were detected by alkaline phosphatase-conjugated anti-DIG antibodies (Roche)
and CSPD (Roche).

TOP-FLASH and Luciferase Reporter Assay. The 50 ng/ul TOP-FLASH or
40 nglpl pGL3 -1.9sfip5 luciferase reporter plasmids were injected into the
embryos at the one-cell stage. The injected embryos were divided into siblings
and lbw at 96 hpf based on phenotypes, and their intestinal tissues were iso-
lated with tweezers. The cells in the intestine, controlled by nondigestive organ
cells, were sorted and collected by flow cytometry, then incubated with 50 pL of
passive lysis buffer for 30 min at room temperature. Luciferase activity was
measured by GloMax 20/20 Luminometer (Promega) using the Dual-Luciferase
Reporter Assay System (Promega). Firefly luciferase activities were normalized
by Renilla luciferase activities in embryos coinjected with the 5 ng/pL vectors of
pRL-CMV.

Chemical Treatments. The 1 mM stock of the Fgf receptor inhibitor SU5402
(Sigma-Aldrich) was prepared in 100% DMSO and diluted to 2 pM with egg
water. The 0.2% DMSO solution in egg water was used as a control. The larvae
were treated with SU5402 from 24 to 38 hpf, then incubated in egg water with
PTU until the time point of analyses.

Quantification and Statistical Analysis. The /bw homozygotes could not
survive beyond 12 dpf, and the heterozygotes were raised to adulthood. More
than nine pairs of fish were used to set one specific cross. For a cross between
Ibw heterozygous parents, more than 40 embryos or larvae were used for analy-
ses in each treatment. The genetic ratio of /bw mutant conformed with the Men-
delian inheritance, and genotyping preceded phenotyping in homozygotes and
heterozygotes analyses. All experiments comparing treatment samples were per-
formed using randomly assigned siblings without investigator blinding. Sample
sizes were chosen according to the estimation of effect sizes. After at least two
repeats, data were analyzed for statistical significance using the comparison of
means, two-tailed Student's ¢ test and Fisher's exact test with [BM SPSS Statistics
v25. Variance for all groups of data were presented as +SD. No data were
excluded. A value of P < 0.05 was considered to be statistically significant. For
all statistical comparisons: *P < 0.05, **P < 0.01, ***P < 0.001.

Data, Materials, and Software Availability. All the scRNA-seq data in this
study have been submitted to the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA), hitps://www.ncbi.nlm.nih.gov/sra (BioPro-
ject accession no. PRINA857143) (54).
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