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Abstract

Background and Aims: Alagille Syndrome (ALGS) is a congenital disorder
caused by mutations in the Notch ligand gene JAGGED1, leading to neonatal
loss of intrahepatic duct (IHD) cells and cholestasis. Cholestasis can resolve
in certain patients with ALGS, suggesting regeneration of IHD cells. However,
the mechanisms driving IHD cell regeneration following Jagged loss remains
unclear. Here, we show that cholestasis due to developmental loss of IHD
cells can be consistently phenocopied in zebrafish with compound jagged1b
and jagged2b mutations or knockdown.

Approach and Results: Leveraging the transience of jagged knockdown
in juvenile zebrafish, we find that resumption of Jagged expression leads
to robust regeneration of IHD cells through a Notch-dependent mecha-
nism. Combining multiple lineage tracing strategies with whole-liver three-
dimensional imaging, we demonstrate that the extrahepatic duct (EHD) is the
primary source of multipotent progenitors that contribute to the regeneration,
but not to the development, of IHD cells. Hepatocyte-to-IHD cell transdiffer-
entiation is possible but rarely detected. Progenitors in the EHD proliferate
and migrate into the liver with Notch signaling loss and differentiate into IHD
cells if Notch signaling increases. Tissue-specific mosaic analysis with an
inducible dominant-negative Fgf receptor suggests that Fgf signaling from the
surrounding mesenchymal cells maintains this extrahepatic niche by directly
preventing premature differentiation and allocation of EHD progenitors to the

Abbreviations: Alcama, activated leukocyte cell adhesion molecule A; ALGS, Alagille Syndrome; Anxa4, annexin A4; Bhmt, betaine—homocysteine
S-methyltransferase; Cre, cyclization recombination; CrefR2, Cre recombinase fusion protein with mutant estrogen receptor ligand binding domain; dn,
dominant negative; dpf, days post fertilization; EAU, 5-ethynyl-2'-deoxyuridine; EGFP, enhanced GFP; EHD, extrahepatic duct; EHPD, extrahepatopancreatic
duct; EpCAM, epithelial cell adhesion molecule; fabp10/10a, fatty acid binding protein 10/10a; Fgfr, Fgf receptor; FISH, fluorescent in situ hybridization; GB,
gallbladder; GFP, green fluorescent protein; GSI, gamma-secretase inhibitor; Hnf4a, hepatocyte nuclear factor 4a; hpf, hours post fertilization;
hs:switch2dnFGFR, hsp70:3xSTO loxed_gnFGFR1a-EGFP; IHD, intrahepatic duct; JAG1, Jagged 1; Krt, keratin; Mdr1, multidrug resistance protein 1; MO,
morpholino; 4-OHT, 4-hydroxytamoxifen; pan-Cdh, pan-cadherin; Prox1a, prospero homeobox 1a; ptf1a, pancreas-associated transcription factor 1a; Sox9,
SRY (sex-determining region Y)-box 9; sw2mCh, Tg(UBB:loxP-CFP-STOP-Terminator-loxP-hmgb1-mCherry); Tg, transgenic; tp1, terminal protein 1.
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INTRODUCTION

The liver is known for its robust regenerative capacity in
vertebrates as diverse as mammals and fish. Perhaps
analogous with the intestine, both of these organs re-
quire extensive regenerative potential to recover the
large number of cells lost to their inherent functions. The
regenerative abilities of these endodermal organs may
be supported by their having multiple genetic mecha-
nisms and cellular sources to replace lost or damaged
cells. The particular mechanisms employed for regen-
eration appear to depend on the cause, severity, and
persistence of the cell loss, whether it is due to normal
turnover or to chemical, mechanical, or genetic dam-
age.[1'3] Therefore, investigations of regenerative mech-
anisms using damage models that more closely mimic
specific human conditions will be most pertinent.[“’s]

To study a medically relevant liver damage condi-
tion, we genetically model the developmental intrahe-
patic duct (IHD) cell paucity and cholestasis associated
with Alagille Syndrome (ALGS) using the zebrafish.
The mammalian and zebrafish hepatopancreatic organ
system, which includes the liver, pancreas, gallblad-
der, and particularly the extrahepatopancreatic ducts
(EHPDs) that join these organs together with the in-
testine, are highly conserved in topology (Supporting
Figure S1). Together with the conserved developmental
genetics of this organ system, the zebrafish is a reli-
able vertebrate model for human liver and pancreatic
diseases.®’!

ALGS is an autosomal dominant disorder with a
prevalence estimated at 1 in 40,000 births'®! and a 24%
survival rate by 19 years of age for those with cholesta-
sis.®"% Cholestasis in ALGS is caused by develop-
mental loss of duct cells within the liver, leading to poor
bile transport. Accumulation of waste metabolites such
as bilirubin results in progressive liver damage and
ultimately liver failure, requiring organ replacement.
Therefore, understanding whether and how intrahe-
patic cholangiocytes can be regenerated in an ALGS
model may provide therapeutic insights.

liver. Indeed, transcriptional profiling and functional analysis of adult mouse
EHD organoids uncover their distinct differentiation and proliferative potential
relative to IHD organoids.

Conclusions: Our data show that IHD cells regenerate upon resumption
of Jagged/Notch signaling, from multipotent progenitors originating from an
Fgf-dependent extrahepatic stem cell niche. We posit that if Jagged/Notch
signaling is augmented, through normal stochastic variation, gene therapy,
or a Notch agonist, regeneration of IHD cells in patients with ALGS may be

ALGS is associated with mutations primarily in
JAGGED1 (JAG1, ~97%) and NOTCH2 (~2%)."""'4l By
knocking down both jagged1b and jagged2b in zebraf-
ish, we generated a robust ALGS genetic model with
highly penetrant liver duct cell loss and regeneration.
This genetic disease model provides a unique oppor-
tunity to investigate the cellular and molecular mech-
anisms driving cholangiocyte regeneration following
neonatal loss resulting from Jagged insufficiency.
Combined with lineage tracing strategies and func-
tional mosaic analysis, we observed the extrahepatic
duct (EHD) to be a regenerative stem cell niche that is
directly regulated by Fgf signaling. Furthermore, we find
that adult mouse EHD cells have a stem cell-like tran-
scriptional profile and heightened proliferative potential
relative to IHD cells. These insights into the mecha-
nisms regulating liver cholangiocyte regeneration sug-
gest that a mild increase in Notch signaling or a mild
decrease in Fgf signaling may be potential therapeutic
avenues for stimulating cholangiocyte regeneration.

MATERIALS AND METHODS
Animal care and zebrafish strains

Adult zebrafish and embryos were cared for and main-
tained under standard conditions. All research activity
involving zebrafish was reviewed and approved by the
SBP Medical Discovery Institute Institutional Animal
Care and Use Committee. The following mutants and
transgenic (Tg) lines were used: jag1bb”05; jagah“3425;
fgf10a®*°, Tg(krt18a:eGFP)**'%; Tg(kdrl:mCherry)“°?,
Tg(T2KTp1bglob:hmgb1-mCherry)y""" abbreviated as
tp1 (terminal protein 1)::mCherry; Tg(Tp1bglob:e GFP)“™4,
abbreviated as tp1:GFP; Tg(ptf1a:GFP,
Tg(fabp10:DsRed)%"%; TgBAC(hnflba:GFP)* (generated
here), Tg(sox17.GFP)$87° ¥l TgBAC (ptf1a:CretRt?)m 207,
Tg(fabp10a:CretRt?)pt602. Tg(UBB:loxP-CFP-STOP-
Terminator-loxP-hmgb1-mCherry)®%; Tg(sox17:CrefR;
cmic2:DsRed)"; Tg(hsp70:loxP-3xSTOP-loxP-
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dnFGFR1-EGFP; cryaa:DsRed)%2. For references and
details regarding the Tg zebrafish generation, see the
Supporting Information.

Morpholino injection

Morpholinos (MOs) for jag1b (5'-CTGAACTCCGTCGC
AGAATCATGCC-3') and jag2b (5-TCCTGATACAATT
CCACATGCCGCC-3™! (Gene Tools) were combined
and injected into the yolk of host embryos at the one-
cell stage in 0.2 M KCI and phenol red. MOs were deliv-
ered in 2 nL at final concentrations of 0.25 mM (jag1b)
and 1 mM (jag2b).

Immunofluorescence staining, fluorescent
in situ hybridization, and imaging

Whole-mount fluorescent in situ hybridization (FISH)
was performed as previously described using the fgf10
probe.“el Whole-mount immunofluorescence staining
was performed as described."® Antibodies used in-
clude rabbit anti—prospero homeobox 1a (anti-Prox1a;
1:100, GTX128354; GeneTex), goat anti—hepatocyte
nuclear factor 4a (anti-Hnf4a; 1:50, sc6556; Santa
Cruz), mouse anti—activated leukocyte cell adhesion
molecule A (anti-Alcama; 1:20, zn-8; Developmental
Studies Hybridoma Bank, DSHB), mouse anti-Islet1/2
(1:20, 39.4D5; DSHB), rabbit anti-pan-cadherin (pan-
Cdh; 1:5000; Sigma), mouse anti—annexin A4 (anti-
Anxa4; 1:100, ab71286, aka 2F11; Abcam),l'™® rabbit
anti—betaine—homocysteine S-methyltransferase (anti-
Bhmt; 1:200, ab96415; Abcam), mouse anti—multidrug
resistance protein 1 (anti-Mdr1; 1:200, sc-71557;
Santa Cruz), chicken anti—green fluorescent protein
(GFP; 1:300, GFP1010; Aves Labs), goat anti-mCherry
(1:500, LS-C204207; LSBio), rabbit anti—cytokeratin 7
(1:200, ab181598; Abcam), and mouse anti—SRY (sex-
determining region Y)-box 9 (Sox9; (1:200, ab76997;
Abcam). Imaging was performed on a Zeiss LSM710
running Zen 2010 (Black), and images were processed
with Adobe Photoshop.

Lineage tracing and cell counting

For cyclization recombination (CrefR®%; Cre recombi-
nase fusion protein with mutant estrogen receptor ligand
binding domain) induction, embryos were incubated in
20 pM 4-hydroxytamoxifen (4-OHT; T176; Sigma) for 16
h for sox17:CretR? starting at 8 h post fertilization (hpf)
and for 24 h for fatty acid binding protein 10:CrefR®2
(fabp10:CretR2) and pancreas-associated transcription
factor 1a:CrefR?2 (ptf1a:CretR') starting at 24 hpf. After
4-OHT treatment, embryos were washed with egg
water with 1% DMSO 3 times before placing into fresh

egg water. These 4-OHT exposure strategies were
applied to both Tg(UBB:loxP-CFP-STOP-Terminator-
loxP-hmgb1-mCherry)"" and  Tg(hsp70:loxP-STOP-
loxP-dnFGFR1-EGFP)*? responder lines. To reveal
and quantify lineage-traced cells, embryos were cos-
tained with anti-mCherry antibody and DAPI. mCherry/
DAPI-positive nuclei within whole livers and EHDs
were manually counted from confocal z-stack images
captured at a focal depth of 1.5 pm. Control and experi-
mental samples were scored blinded when possible.

Additional methods are available in the Supporting
Information.

RESULTS

IHD agenesis due to loss of jag1b/2b is
reversible through a Notch-dependent
mechanism

Using jag7b and jag2b (jag1b/2b) mutant zebrafish, we
were able to reduce Jag/Notch signaling and pheno-
copy ALGS biliary paucity and agenesis.'™™ We show
here that compound homozygous jag7b/2b mutants
(jag1b™"; jag2b™") fail to initially specify cholangio-
cytes (IHD cells) in the developing liver bud at 72 hpf,
resulting in a liver comprised entirely of hepatocytes
that continues to grow (72 hpf to 9 dpf; Figure 1A).
Without the IHD network, bile (assessed with a vital,
metabolized fluorescent lipid analog, BODIPY-FL
C5:0) failed to be transported to and through the EHD
(aka common hepatic duct),= and into the gallbladder
(GB; Figure 1B). Consequently, the trapped BODIPY
accumulates throughout the liver and forms large
lipid droplets. These lipid droplets are located at the
foci of rosette structures formed by hepatocytes sur-
rounding a densely packed group of Mdr1* canaliculi
(Figure 1B).1""®1" Further, senescence-associated
beta-galactosidase (SA p-gal) staining reveals cellular
senescence throughout much of the liver of jag1b/2b
mutants (Figure 1B), suggesting extensive liver dam-
age. These observations suggest severe cholestasis in
jag1b/2b mutants (Figure 1B—D)."""®I Nearly all double
mutants die by 9 dpf, without any detectable IHD cells
(Figure 1A-E).

To determine whether restoring endogenous Jagged/
Notch signaling following its loss during liver develop-
ment will lead to IHD cell regeneration, both Jag1b
and Jag2b were transiently knocked down. Antisense
MOs targeting jag7b and jag2b messenger RNA were
microinjected into the zebrafish embryos, leading to
a phenocopy of the IHD cell agenesis[20] observed
in jag1b/2b mutants (72 hpf panels; Figure 1A,E). As
with wild type at 72 hpf, livers in jag1b/2b mutants and
morphants (animals with MO knockdown) continued to
grow, indicating that liver development was not delayed
in the absence of IHD cells (Figure 1A,F). However, in
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FIGURE 1 Developmental loss of IHD cells regenerates upon resumption of Jagged/Notch signaling. (A) Confocal images of zebrafish
livers at embryonic (72 hpf) and juvenile (6 dpf and 9 dpf) stages in wild type with IHD cells and jag1b/2b mutant (jag1b'/';2b'/') without IHD

cells. IHD cells, tp1:GFP*/Prox1*/Alcama‘/Anx4a*; hepatocytes, Hnf4a'/Prox1a®. F-actin (phalloidin®) staining reveals cholestatic rosettes
(magenta arrows) in mutants. (B) BODIPY vital labeling shows ductal bile flow in wild type, but this appears as pooled droplets (magenta
arrows) in mutants. White dotted lines indicate liver margin. Mdr1 staining shows bile canaliculi distributed along the IHD in wild type but
densely aggregated at the center of cholestatic rosettes (magenta arrows) in mutants; SA $-gal staining shows cellular senescence (red
arrows) in mutants but not in wild type. (C) Number of IHD cells per liver in wild type and jag7b/2b mutants. Animal numbers are indicated
in graph. (D) Relative liver size, number of cholestatic rosettes, and survival rates of wild type and jag7b/2b mutants. Survival rates from
four independent experiments (n = 80 wild type, n = 98 mutants). (E) IHD cells (arrows) found in developing livers from control are absent
in Jagged1b/2b morphants at 72 hpf. IHD cells, Alcama*/tp1GFP*/Prox1a’; hepatocytes, Hnf4a*/Bhmt". n is noted in graph. (F) (top) Dotted
blue rectangle outlines area with liver (fabp10a:DsRed") imaged in live zebrafish. (bottom) Live time course of the same liver from 4—8
dpf with IHD cells labeled (tp1:GFP") in wild type control and Jagged1b/2b morphant. Red arrow indicates initial regenerated IHD cells.
Green dotted lines indicate liver margin. (G) Number of IHD cells in control (n = 4) and Jag1b/2b morphant (n = 5) livers from time course

experiments. (H) Survival rates at 2 months post fertilization (n = 80 wild type, n = 79 morphants). (I) IHD cells (Alcama®/tp1:GFP") in control

and Jag1b/2b morphants with LY411575 treatment at 6 dpf and LY411575 washout at 8 dpf. (J) Quantification of IHD cell number in (I) at 6
dpf and 8 dpf. Scale bars, 50 pm. Abbreviations: Ctrl, control; LY, LY411575; LY + wash, LY411575 washout; mpf, months post fertilization;
ND, not detected; wt, wild type; p value, *<0.05, **<0.01, ***<0.001, ****<0.0001

contrast to mutants, Jag1b/2b morphants consistently (tp1:GFP™) cells express multiple IHD cell markers
start to show regeneration of the IHD cells at 4 dpf  (keratin 18a [krt18a]:GFP*/pan-Cdh*/Alcama®) and are
(Figure 1F,G). The regenerated canonical Notch-active organized into a ductal network pattern, indicative of
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the cholangiocyte lineage (Supporting Figure S2A,B).
Further, live labeling with BODIPY and antibody stain-
ing for efflux transporter Mdr1 show that bile can be
secreted from hepatocytes into the regenerated IHD
and transported to the GB (Supporting Figure S2C,E),
demonstrating functional, regenerated IHDs.

We hypothesize that as the cellular concentration
of the MOs decreases with the expansion of the liver,
inhibition of Jag1b/2b translation also decreases, al-
lowing endogenous Jag/Notch signaling to resume
and stimulate IHD cell regeneration. To test this hy-
pothesis, Jag1b/2b morphants were treated with the
gamma-secretase inhibitor (GSI) LY411575 to prevent
resumption of Jag/Notch signaling before IHD cell
regeneration initiates (Figure 11). As expected, GSI-
treated morphants fail to regenerate IHD cells, even by
8 dpf (Figure 11,J). Furthermore, removal of GSI at later
time points allows regeneration to proceed (Figure 11,J).
These findings support a Notch-dependent regenera-
tive mechanism.

The EHD contributes multipotent
progenitors to IHD regeneration

To further investigate the regenerative mechanisms
following resumption of Jagged/Notch signaling, we
sought to determine the source of the regenerated IHD
cells. Upon examination of the liver from the earliest
stage of IHD regeneration, we found that the initial re-
generated cholangiocytes did not appear from within
the liver, as observed during normal liver development
(50 hpf; Supporting Figure S3A). Instead, they emerged
from the proximal region of the liver, where the EHD is
connected (Figure 2A—C; Supporting Figure S3B). As
regeneration proceeds, regenerated IHD cells progres-
sively repopulate the liver in a proximal to distal manner
(Supporting Figure S3C). Because the initial regener-
ated cholangiocytes are directly or closely associated
with the EHD (Figure 2A-C), we hypothesized that
these cells arose from the EHD. However, testing this
hypothesis in vivo through lineage tracing requires a
Cre reporter line that can label cells in the EHD but not
the liver. Such a line is currently not available.
Fortunately, previous work with the pancreatic gene
ptfia revealed that, in ptfia loss-of-function zebrafish
and mice, ptf1a:GFP reporter expression expands into
the EHPD, including the common bile duct and a sub-
set of cells in the EHD, but not the liver.[2"22 Leveraging
this insight, we crossed a zebrafish ptf1a:CrefR? re-
porter line®® to the ubiquitously active Cre responder
line Tg(UBB:loxP-CFP-STOP-Terminator-loxP-hmgb1-
mCherry)'®! (hereafter sw2mCh) and knocked down
Ptf1al?? (Figure 2D). With this strategy, a small sub-
population of EHD cells, but not IHD cells, can be per-
manently labeled with mCherry expression (Figure 2E).
However, in Jag1b/2b morphants, we found that both

EHD and regenerated IHD cells were lineage-labeled
(Figure 2F). These results suggest that the EHD does
contribute cells to IHD cell regeneration but not to IHD
cell development. Consistently, examination of the ear-
liest IHD cells during normal development reveals that
they arise within the liver and are not directly associ-
ated with the EHD, as observed with regenerated IHD
cells. These findings provide in vivo evidence of EHD
cells as a source of IHD regeneration. Interestingly,
sporadic hepatocytes near the regenerated IHD cells
were also lineage-labeled (Figure 2F,G), demonstrating
that the EHD-derived cells can be multipotent, having
the potential to give rise to either cholangiocytes or he-
patocytes in the liver, depending on the availability of
Jagged/Notch signaling (Figure 21,J).

Regenerated IHD cells arise almost
exclusively from EHD progenitors,
with minimal contribution from
transdifferentiated hepatocytes

To assess whether EHD cells are the primary source
of IHD regeneration, additional lineage tracing strate-
gies were employed. First, we generated and used
a sox17:CrefR2 J|ine to specifically label endoderm
cells?*2 (Supporting Figure S4). We found that
sox17:CretR2 can efficiently label EHDs and hepato-
cytes at 3 dpf, when IHD cells have yet to regenerate
(Figure 3A,B). By 6.5 dpf, regenerated IHD cells are
consistently lineage-labeled, suggesting that the regen-
erated IHD cells are derived from either EHD cells or
hepatocytes (Figure 3B). Next, using fabp10a:CreR2,
we observed efficient and specific lineage labeling
of nearly all hepatocytes, which comprise the en-
tire Jag1b/2b morphant liver at 3 dpf (Figure 3C,D;
Supporting Figure S5). However, by 6.5 dpf, we found
no lineage labeling of regenerated IHD cells (Figure 3D),
ruling out hepatocytes as a significant cellular source.
With lineage tracing results from these two Cre lines,
it can be deduced that nearly all the regenerated IHD
cells do indeed arise from the EHD, consistent with the
ptf1a:CreERt2 lineage tracing studies described above.

Our extensive hepatocyte lineage tracing studies
in Jag1b/2b morphants did not indicate a hepatocyte-
to-IHD cell transdifferentiation mechanism of regen-
eration as was observed in another genetic model of
developmental IHD cell agenesis and regeneration.[26]
However, that genetic damage model was more severe,
with permanent hepatic loss of both recombination sig-
nal binding protein for Ig kappa J region and HNF6, fac-
tors required for all canonical Notch signalingml and
for EHD development,[zsl respectively. To test whether
a more persistent loss of Jagged/Notch signaling in
zebrafish could also lead to hepatocyte-to-IHD cell
transdifferentiation, jag2b mutant homozygotes were
examined. At the distal region of the liver, which is often
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FIGURE 2 The EHD contributes multipotent progenitors to IHD regeneration. (A,B) Confocal images of the EHD and proximal liver

at 3.5 dpf in control and Jag1b/2b morphants. Earliest regenerated IHD cells (white arrows; krt18a:GFP*/tp1:dsRed*/ Alcama®/tp1:GFP™)

are associated witht the EHD. (C) Percentage of IHD cells located within 200 pm of the EHD at 3.5 dpf. Number of animals examined
indicated in graph. (D) Lineage tracing strategy to label EHD cells using embryos with ptf1a:CrefR2 sw2mCh, and Ptf1a MO, dosed with
tamoxifen at 24—48 hpf. (E) (left) The EHD and proximal liver from the experiment noted in (D) at 4 dpf show lineage-labeled cells (mCherry®)
in the EHD (~10% of EHD cells labeled, n = 7) and GB (high Anxa4") but not in the liver (Bhmt" hepatocytes) as depicted (right). (F) Tg
ptfia:CreER®2/sw2mChitp1:GFP livers at 6 dpf with and without Ptf1a and Jag1b/2b MOs. mCherry*/tp1:GFP* IHD cells (white arrows) in the
liver of Jag1b/2b morphants with Ptf1a MO. tp1:GFP /mCherry" cells (yellow arrows) in the same liver are larger and rounded, indicative of
hepatocytes. Yellow dotted lines indicate liver margin. mCherry*/tp1:GFP* IHD cells were detected in ~13% (n = 7/55) of livers in Jag1b/2b
morphants with Ptf1a MO but not detected in the livers of control zebrafish with only Ptf1a MO (n = 0/14 livers analyzed). Total numbers

of regenerated IHD cells are not significantly different (p = 0.46) between livers with (n = 7) and without (n = 8) Ptf1a MO. (G,H) Lineage-
traced EHD cells in the Jag1b/2b morphant livers at 5 dpf, expressing tp1:GFP (white arrows) or hepatocyte marker Bhmt (H; yellow arrows).
(1,J) Livers of Jag1b/2b morphants with EHD cells treated with DMSO (control, n = 11) or DAPT (10 uM, n = 6), showing that traced cells
(mCherry®) in the liver can be tp1:GFP™ (white arrows) in control and only tp1:GFP™ (yellow arrows) in GSI-treated (DAPT). Scale bars, 50 pm.
Abbreviations: Ctrl, control; P, pancreas; p value, *<0.05, **<0.01, ***<0.001, ****<0.0001
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devoid of regenerated IHD cells in jag2b™~ mutants at
6 dpf, we sporadically find mis-coexpression of Hnf4a
and tp1:GFP, markers that are normally mutually exclu-
sive due to their distinct labeling of hepatocytes and
IHD cells in wild-type livers (Figure 3E,F; Supporting
Figure S6). These Hnf4a/tp1:GFP-coexpressing cells
express little to no duct marker Alcama. Yet they can
also lack the typical round shape of a hepatocyte, in-
stead exhibiting cellular extensions more characteris-
tic of IHD cells. These molecular and morphological
features suggest that the Hnf4a/tp1:GFP-coexpressing
cells in jaga_/_ mutant livers are hepatocytes in the
process of transdifferentiating into IHD cells. To test
this hypothesis, hepatocytes in jaga'/ " mutants were
lineage-traced using fabp10a:CreERt2 and examined
at 8 dpf. In jag2b™" mutants, tp1:GFP expression in
hepatocyte lineage—labeled cells can be found, albeit
infrequently (Figure 3G,H). These cells also display
IHD cell morphology and are integrated within the IHD
network (arrows in Figure 3G). Together, these findings
suggest that hepatocyte-to-IHD cell transdifferentiation
is possible with permanent jag2b loss. Collectively, our
findings suggest that most, if not all, IHD cells regen-
erate from the EHD upon the resumption of Jagged/
Notch signaling, but transdifferentiation from hepato-
cytes is possible when loss of Notch signaling is more
persistent.

EHD cells proliferate with Notch signaling
loss and then differentiate into IHD cells
with its resumption

We next investigated the proliferative mechanism me-
diating IHD repopulation. To label proliferation during
the early stages of IHD regeneration in the Jag1b/2b
morphants, 5-ethynyl-2'-deoxyuridine (EdU) incorpora-
tion was assessed at 4—5 dpf (Figure 4A). At this initial
stage of regeneration, a strong proliferative response is
observed in the EHD (Figure 4B—D). Despite high EHD
cell proliferation at this stage, the size and structure of
the EHD showed little expansion (Figure 4B), suggest-
ing a loss of cells from the EHD, consistent with our
lineage tracing results (Figure 2). To determine the cell
proliferation pattern during this regenerative process, a
short 3-h EdU pulse was applied at defined time points
from 3 dpf to 7 dpf, when the repopulation of the IHD
network is mostly complete (Figure 4E). Consistent with
an EHD source of regenerative cells, a strong prolifera-
tive response in the EHD was observed early, at 3 dpf,
before the appearance of the earliest regenerating IHD
cells (Figure 4E). Assessment of EdU incorporation at
subsequent stages reveals that although the EHD is
highly proliferative prior to and during the initial stages
of IHD regeneration (3—5 dpf), cell division decreases
in the EHD as it increases in the newly regenerated
IHD cells that have entered the liver (Figure 4E,F).

These results demonstrate that EHD cells initially prolif-
erate to supply progenitors to the liver. Once in the liver,
these progenitors differentiate into IHD cells, continue
to robustly proliferate, and expand into the distal liver
(Figure 4G). This pattern of EHD cell proliferation dur-
ing IHD cell regeneration resembles that of quiescent
stem cells from other tissues such as the intestine/?%!
and can explain how a small number of cells derived
from EHDs can self-renew and repopulate the entire
IHD system (Figure 3).

Compared to Jag1b/2b knockdown animals, IHD re-
generation is nominal in jag2b_/_ mutants, which have
fewer IHD cells and many more cholestatic rosettes
(Figure 4H,l), leading us to question whether this dif-
ference could result from compromised EHD prolifer-
ation in mutants. Unexpectedly, we found the EHD is
still highly proliferative in jag2b™" mutants, even up to
6 dpf (Figure 4J,K). Moreover, the EHD appears struc-
turally expanded into the liver (Figure 4J). This finding,
together with our finding of robust EHD cell proliferation
in morphants at 3 dpf (Figure 4E), well before the initial
appearance of Notch active tp1:GFP* IHD cells, sug-
gests that the resumption of Jagged/Notch signaling is
unlikely to trigger the proliferative response in the EHD.
To test whether it is the loss of Notch signaling itself
that can lead to EHD proliferation, we blocked Notch
signaling in wild-type animals with a GSI. Treated with
LY411575, we found a dramatic increase in EHD cell
proliferation, suggesting that the loss of Notch signaling
can lead to increased EHD cell proliferation (Supporting
Figure S7).

Adult mouse EHD cells are distinct
from IHD cells in their transcriptional
profile and proliferative potential

The contiguous topology of the EHD and IHD, as well as
their common biliary gene expression and ductal mor-
phologies, suggest similar tissue identities. However,
it remains unclear if these cholangiocyte populations
have more substantial intrinsic and functional differ-
ences. To investigate potential differences between
these cholangiocyte populations, we compared the
transcriptional profiles of EHD and IHD cells by dis-
secting and isolating epithelial cell adhesion molecule—
positive (EpCAM") biliary epithelial cells from the EHDs
and livers of 3-month-old mice (Figure 5A; Supporting
Figure S8A). After confirmation by expression of the
ductal marker cytokeratin 7 (Krt7) (Supporting Figure
S8B), these freshly isolated EpCAM™ ductal cell popu-
lations, as well as EpCAM liver cells, were directly pro-
cessed for bulk RNA sequencing.

As expected, EpCAM" cells from the EHD and liver
both express established cholangiocyte markers includ-
ing Krt7, Krt18, Krt19, Alcam, and Sox9 (Figure 5B). Using
unsupervised clustering analysis, we further compared
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the transcriptome of the three populations and were
surprised to find that EHD and IHD cells are less simi-
lar to each other than they are to the EpCAM" liver cells
(Figure 5C). However, the differences between these bil-
iary populations are consistent with our previous findings
using zebrafish, where we demonstrated that canonical
Notch signaling is absent from EHD cells and active in the
liver, where it is required for induction of IHD cell versus

mCherry+ IHDs
60

40
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hepatocyte lineage identity.“sl Given that Notch signaling
is known for this evolutionarily conserved role in driving
binary decisions for distinct cell identities,*” we exam-
ined Jag? and Notch2 expression in these two EpCam”
mouse biliary populations. Consistent with zebrafish, we
do find higher expression of these Notch ligand and re-
ceptor transcripts in mouse IHD cells compared to EHD
cells (Figure 5B), suggesting differential Notch regulation
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FIGURE 3 IHD cells regenerate primarily from EHD cells in Jag1b/2b morphants, but hepatocyte transdifferentiation is possible in
jag2b™" mutants. (A) (left) Lineage tracing strategy to label both EHD cells and hepatocytes using sox17:CrefR®2 with sw2mCh in Jag1b/2b
morphants, dosed with tamoxifen at 8—24 hpf, as depicted (right). (B) Jag1b/2b morphant livers at 3 dpf (n = 8) showing effective mCherry*

labeling of EHD cells (~27%) and hepatocytes (~46%) prior to the appearance of regenerated tp1:GFP* IHD cells and at 6.5 dpf (n = 18)
showing mCherry" labeling of regenerated IHD cells (white arrows, percentage of IHD cells labeled indicated). Area in dotted box is
magnified in right panel. (C) (left) Lineage tracing strategy to genetically label hepatocytes using fabp70a:Cre™2 with sw2mCh in Jag1b/2b
morphants, dosed with tamoxifen at 24—48 hpf, as depicted (right). (D) Jag1b/2b morphant livers at 3 dpf (n = 22) showing extensive
mCherry” labeling of hepatocytes (~88%) prior to the appearance of regenerated tp1:GFP* IHD cells and at 6.5 dpf (n = 120) showing no
mCherry* labeling of regenerated IHD cells. (E,F) (E) Wild type and jag2b'/' mutant livers at 8 dpf, showing mutually exclusive expression of
hepatocyte marker Hnf4a and IHD markers tp1:GFP/Alcama in wild-type liver, whereas tp1:GFP*/Hnf4a" double positive cells (white arrows)
are found in jag2b™" liver (n = 5/21) (F); boxed areas are magnified. (G,H) (G) Wild type control and jag2b™" mutant livers at 8 dpf with

hepatocytes lineage-traced using fabp70a:CrefR??

tp1:GFP expression, whereas injag2b'/'

, showing that all lineage-labeled (mCherry*) hepatocytes in wild-type control livers lack
mutant livers, double-positive tp1:GFP*/mCherry* cells (white arrows) with a cholangiocyte-like cell

shape are found at low frequency (n = 2/37) (H). Scale bars, 50 um. Abbreviations: ND, not detected; wt, wild type; p value, *<0.05, **<0.01,

***<0.001, ****<0.0001

of their distinct cell identities. Further, consistent with the
previous finding that pancreatic endocrine cells, including
beta cells, can spontaneously arise in the EHD of adult
mice,®" significant gene ontology/Kyoto Encyclopedia of
Genes and Genomes enrichment categories relevant to
pancreatic secretion and insulin secretion are found with
EHD cells (Supporting Figure S9). Together, these re-
sults confirm the identities of the population of EHD and
IHD cells isolated.

Moreover, examination of progenitor and stem cell
genes implicated in quiescence and maintenance re-
veals markedly higher expression of ChaC glutathione-
specific gamma-glutamylcyclotransferase 1, matrilin
4, sclerostin domain containing 1, transient receptor
potential cation channel subfamily V member 6, and
mesenchyme homeobox 1 in EHD cells compared to
IHD cells (Figure 5D). Moreover, specific foregut organ
progenitor markers, including pancreatic (pancreatic
and duodenal homeobox 1, Ptfla, NK 6 homeobox 1,
and 1I-22 receptor subunit alpha 1) and hepatic (alde-
hyde dehydrogenase 1 family member L2) progenitor
genes, are also more highly expressed in EHD cells
(Figure 5D), consistent with EHD cells having greater
transcriptional heterogeneity and lineage potential.
Accordingly, human EHD cells can differentiate into
functional hepatic and pancreatic lineages in culture
and transplants.[32‘34]

Given that telomere length is associated with prolif-
erative potential and liver regeneration,[35] we assessed
telomere length using quantitative FISH and found
higher signals in EHD cells compared to IHD cells
(Figure 5E,F). To assess whether the higher telomere
signals in EHD cells correlate with greater proliferative
potential, we generated and examined organoids de-
rived®®® from EpCAM" cells from the EHDs and livers
(IHD cells). Both EHD and IHD organoids express duc-
tal cell markers Sox9 and Krt7, consistent with their tran-
scriptional profiles (Figure 5B,G). However, a subset of
EHD-derived organoids appear consistently larger in
size at each passage (Figure 5G,H). Consistently, a
short 2-h EdU incorporation assay revealed extensive
proliferation in the larger EHD organoids but not in IHD
organoids (Figure 5G,l). These results suggest that a

subset of adult mouse EHD cells have a uniquely high
proliferative capacity, consistent with their distinct pro-
genitor signatures. Together with our in vivo prolifera-
tion and lineage tracing findings using zebrafish, these
data support that the EHD contains a conserved source
of distinctly quiescent, multipotent progenitors that can
contribute significantly to liver regeneration.

Fgf signaling directly maintains
progenitors in the EHD niche

by preventing their premature
differentiation and allocation into the liver

Our discovery of quiescent progenitors residing in the
EHD led us to investigate the genetic mechanisms
regulating this potential stem cell niche. fgf10a ex-
pression was previously reported in mesenchymal
cells surrounding the entire developing EHPDs, al-
luding to a possible role in maintaining this niche.l'®!
Upon closer examination at a later stage, we find that
fgf10a expression continues to be enriched in mes-
enchymal cells adjacent to the EHD but is sparse
in the liver (Figure 6A,B), as similarly reported in
mice.B’! In fgf10a™" mutant zebrafish, the EHD can
exhibit ectopic Hnf4a and Proxla expression, sug-
gesting hepatic lineage identities, and can also ap-
pear structurally incorporated into the liver (Figure 6C;
Supporting Figure S10). These results led us to hy-
pothesize that Fgf signaling maintains multipotent pro-
genitors in the EHD by preventing their premature
differentiation into hepatic lineages. The incomplete
penetrance of the EHD defects observed in fgf10a
mutants suggests redundancy with other Fgf ligands,
leading us to block Fgf signaling more effectively using
the chemical inhibitor SU5402.5%3% The use of this ro-
bust Fgf receptor tyrosine kinase inhibitor also allows
for temporally controlled repression of Fgf signaling.
Treatment of wild-type zebrafish with SU5402 at 4-6
dpf, after the EHD has fully developed, led to ectopic
coexpression of IHD markers tp1:GFP and Alcama in
the EHD (Figure 6D), suggesting that Fgf signaling
continues to be required to prevent differentiation of
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FIGURE 4 EHD cells contribute proliferative progenitors to the regenerating liver. (A—D) (A) EJU incorporation experiment to assess
cell proliferation from 4 to 5 dpf. (B) EdU" cells (yellow arrows) in the EHDs of control and Jag1b/2b morphants at 5 dpf. EHD margin
outlined with yellow dotted lines. (C) Percentage of EAU* EHD cells and (D) total EHD cell numbers in control and Jag1b/2b morphants at

5 dpf. Number of animals examined indicated. (E,F) (E, top) EdU treatment was pulsed in Jag1b/2b morphants for 3 h at the indicated time
points. (E, bottom) EdU* EHD cells (cyan arrows) in the EHDs and regenerated IHDs of Jag1b/2b morphants at 3 dpf (n = 7), 4 dpf (n = 7),

6 dpf (n = 9), and 7 dpf (n = 10). (F) Number of EAU" cells in the EHDs or IHDs of Jag1b/2b morphants at the indicated stages. (G) Model
summarizing proliferation pattern during normal IHD development versus IHD regeneration in Jag1b/2b morphants. During development,
proliferation is low in the EHDs and scattered in the IHDs, whereas during regeneration, EHD cells initially proliferate to supply progenitors
to the liver. These progenitors subsequently differentiate into IHD cells in the liver and continue to proliferate, more robustly in the
distalmost IHD cells. (H,l) Liver in wild type and jag2b'/' mutants at 6 dpf showing hepatic cholestatic rosettes (magenta arrows) revealed by
phalloidin-dense staining (white clusters) in areas of the mutant liver devoid of tp1:GFP* IHD cells but not in wild type (l) as quantified. (J,K)
EdU" cells in the EHD of wild type and jag2b™ mutants at 6 dpf (following an 8-h EdU treatment) showing increased cell proliferation in an
expanded mutant EHD (yellow arrowheads), (K) as quantified (n = number of livers). Scale bars, 50 um. Abbreviations: Ctrl, control; wt, wild
type; p value, *<0.05, **<0.01, ***<0.001, ****<0.0001
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FIGURE 5 Adult mouse EHD cells have distinctly high stem/progenitor cell gene expression and proliferative potential. (A) Illustration
depicting region of EHDs (magenta dotted line) and the left lobe (blue dotted line) of the mouse liver that was dissected from 8-week-old
C57BL/6 mice. EpCAM" EHD cells, EpCAM" IHD cells, and EpCAM" liver cells were isolated by magnetic cell sorting using (EpCAM)
microbeads (see Supporting Figure S5). (B) Heatmap showing the biliary marker genes shared between EpCAM* EHDs and IHDs but

not with EpCAM liver cells (log10 scaled bar). (C) Heatmap clustered by the Euclidean distances using unsupervised clustering analysis
based on all significant differentially expressed genes among primary EHDs, IHDs, and liver cells, showing greater transcriptome
difference between EpCAM"* EHDs and IHDs than with EpCAM™ liver cells. (D) Heatmap showing markedly higher expression of stem/
progenitor/quiescence implicated genes (see Supporting Methods) in EHDs relative to IHDs and liver cells (log10 scaled bar). (E) Telomere
quantitative FISH showing consistently stronger signals (green; yellow arrows) in nuclei (DAPI) of freshly isolated EHD versus IHD cells.
(F) Quantification of fluorescence intensity in telomere-labeled particles in EHD and IHD cells. (G) Bright-field and fluorescent microscopy
of first-passage organoids from the EHDs and IHDs showing some larger EHD-derived organoids (magenta arrows). Sox9 and cytokeratin
7 expression confirms biliary duct cell identity. More EdU" cells in EHD-derived organoids following a 2-h EdU exposure. (H) Average
diameter of organoids from EHDs and IHDs in the first three passages. (I) Ratio of EdU" cells in the organoids (passage 1) from EHDs and
IHDs. Scale bars, 20 pm (E), 100 pm (G). Abbreviations: Aldh112, aldehyde dehydrogenase 1 family member L2; Chac1, ChaC glutathione-
specific gamma-glutamylcyclotransferase 1; CK7, cytokeratin 7; cl, caudate lobe; dia, diameter; l122ra1, 1I-22 receptor subunit alpha 1; LC,
liver cell; I, left lobe; Matn4, matrilin 4; Meox1, mesenchyme homeobox 1; ml, median lobe; Nkx6.1, NK 6 homeobox 1; p1, passage 1; Pdx1,
pancreatic and duodenal homeobox 1; Q-FISH, quantitative FISH; rl, right lobe; Sostdc1, sclerostin domain containing 1; Trpv6, transient

receptor potential cation channel subfamily V. member 6; p value, *<

EHD cells into IHD cells. This finding is consistent with
the fgf10a mutant results and adds further support to
our transcriptional profiling and lineage tracing studies
demonstrating the in vivo multipotency of EHD cells.
Together, these loss-of-function studies suggest that
Fgf signaling regulates the EHD niche by maintaining
multipotent progenitor cells in the EHD in an undiffer-
entiated state (Figure 6E).

To determine whether Fgf directly regulates EHD
cells, we conditionally inhibited Fgf receptor (Fgfr)
signal transduction in EHD cells. Specifically, a
dominant-negative form of Fgfri—enhanced GFP
(dnFGFR1a-EGFP)*Y was expressed in a mosaic
pattern in the EHD using an endoderm-specific in-
ducible system. To achieve spatiotemporally con-
trolled expression, we generated a Tg line with a
heat shock—inducible promoter driving a floxed
STOP cassette upstream of dnFGFR1a-GFP
(hsp70:3xSTOPM*¢9_qnFGFR1a-EGFP,  hereafter

0.05, **<0.01, ***<0.001, ****<0.0001

hs:switch2dnFGFR). This system allows us to induce
(in a temporally controlled manner by heat shock)
repression of Fgfr signal transduction within Cre-
induced mosaic clones of cells, which can be
tracked by their membrane EGFP expression. This
line was first crossed to sox17:CrefR®? to spatially
restrict dnFGFR1a-EGFP" clones to the endoderm,
which includes the entire hepatopancreatic system
but not the surrounding mesoderm-derived mesen-
chymal cells. With this mosaic loss-of-function ap-
proach, we generated and followed the behavior of
clones of dnFGFR1-EGFP” cells in the EHD and liver
(Figure 6F,G). We find that dnFGFR1-EGFP" cells
can initially be detected in the EHD after a brief 2-h
heat shock but are lost from the EHD after a continu-
ous 12-h cyclic heat shock (Figure 6H,I), suggesting
that Fgf signaling is required to cell-autonomously
maintain cells in the EHD. EdU incorporation stud-
ies reveal increased EHD proliferation with the
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long-term, 12-h heat shock (Figure 6J,K), suggesting To specifically inhibit Fgf signaling in lineage-traced

that the remaining EHD cells with normal Fgf signal- cells in the EHD but not in the liver, the ptf1a:CrefR?/

ing activity can self-renew. ptfla MO approach (Figure 2D) was combined with
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FIGURE 6 Fdf signaling directly maintains progenitors in the EHD niche by preventing their premature differentiation and allocation
into the liver. (A) Dense mesenchymal cells (ISL LIM homeobox 1—positive) surrounding the EHD of wild-type zebrafish at 3 dpf (n = 9).
hnfiba:EGFP" foregut endoderm showing the EHD and the liver, pancreas, and GB. (B) FISH showing high fgf10a expression surrounding
the EHD of wild-type zebrafish at 3 dpf (n = 5). (C) EHD (Anxa4") at 3 dpf showing ectopic coexpression of Prox1a and Hnf4a (inset; yellow
arrow) in fgf10a™~ mutants but not in wild type (n = 16). (D) (top) Timeline of DMSO control and FGFR inhibitor SU5402 dosing experiment.
(bottom) Pan-Cdh* EHD (yellow dotted lines) in wild type at 6 dpf treated with DMSO (left) or SU5402 (right; 2 pm) at 4—6 dpf showing
ectopically expressed IHD markers (tp1:GFP and Alcama; yellow arrows) (n = 7) in the EHD after SU5402 treatment. (E) Model depicting
Fgf10a ligand signaling from mesenchymal cells directly to adjacent EHD cells to inhibit differentiation into liver cell fates. (F) Lineage
tracing strategy to label clones of endoderm cells with inhibited Fgfr signaling using sox17:CreR? and heat shock—inducible Cre responder
hs:switch2dnFGFR. (G) dnFGFR1-EGFP" clones of cells appear in the EHD (yellow arrow), liver, and pancreas at 4 dpf following tamoxifen
treatment and a 2-h heat shock. EHD and GB are outlined in red. (H) Tamoxifen (8—24 hpf) and EdU (4—4.5 dpf) treatments, with heat
shock for either 2 h (control) or 12 h (4—4.5 dpf) to induce dnFGFR1-EGFP expression. (I) dnFGFR1-EGFP* clones after 2-h or 12-h heat
shock with EHD region (boxed) magnified below and outlined with purple dotted lines. dnFGFR1-EGFP” cells (green membrane; yellow
arrows) were found in all EHDs (n = 15/15) following a 2-h heat shock but not detected in the EHD (n = 0/16) following a 12-h heat shock.
(J) EdU* cells in EHD (outlined with yellow dotted lines) with either 2-h or 12-h heat shock, showing increased EdU* EHD cells after a
prolonged heat shock. (K) Number of EQU" EHD cells following 2-h (n = 8) and 12-h (n = 12) heat shock induction of dnFGFR1-EGFP. (L)
Lineage tracing strategy to label clones of cells with inhibited Fgfr signaling in the EHD but not in the liver, using ptf1a:CrefR?? | Ptf1a MO,
and hs:switch2dnFGFR as depicted. (M) (top) Tamoxifen exposure at 24—48 hpf, followed by heat shock induction of dnNFGFR1-EGFP at 5
dpf for 2 h (control) or 12 h. (bottom) dnFGFR1-EGFP* clones (green:; yellow arrows) are found in the EHD (outlined with white dotted lines)
after a 2-h heat shock (n = 9) but located in the liver after a 12-h heat shock (n = 12). (N) Percentage of livers with dnFGFR1-EGFP" cells
following 2-h (n = 9) and 12-h (n = 12) heat shock. Scale bars, 50 pm. Abbreviations: HS, heat shock; P, pancreas; wt, wild type; p value,

*<0.05, **<0.01, ***<0.001, ****<0.0001

hs:switch2dnFGFR (Figure 6L). Following long-term
12-h heat-shock induction of dnFGFR1a-EGFP ex-
pression, we again find that the EHD becomes
devoid of dnFGFR1a-EGFP" cells (Figure 6M), con-
firming results from the analogous experiments above
with sox17:CrefR? (Figure 6l). Importantly, we find
dnFGFR1a-EGFP* cells localized within the liver,
demonstrating that EHD cells with compromised Fgfr
signaling can be allocated into the liver (Figure 6M,N).
These findings suggest that Fgf signals directly to
the EHD cells to regulate their retention. It is unclear
whether dnFGFR1a-EGFP* cells actively vacate the
EHD or are displaced by dividing cells through a mech-
anism previously described as neutral competition for
stem cell niche space.[zg]

Because repression of Fgf signaling can be genet-
ically induced to cause allocation of EHD progenitors
to the liver (Figure 6), we predicted that a controlled
pharmacological inhibition of Fgf signaling could be
leveraged to stimulate the EHD to contribute more
progenitors to the liver and enhance IHD regeneration.
To test this prediction, a short 8-h pulse of SU5402
was applied to Tg animals (ptfla:CRE®?/sw2mCh) to
lineage-trace EHD cells. Indeed, we found lineage-
labeled EHD cells localized to the liver after transient
SU5402 treatment (Figure 7A). Moreover, in Jag1b/2b
morphants with the same transient inhibition of FGF
signaling, a significant increase in the number of re-
generating IHD cells was observed (Figure 7B,C).
These findings suggest that a measured pharmaco-
logical inhibition of Fgf signaling can coax progenitors
from the EHD into the liver, to accelerate IHD regen-
eration. Collectively, we propose a model whereby
Fgf signals directly to the EHD cells from the adjacent
mesenchyme to maintain a stem cell niche by regu-
lating differentiation and allocation of progenitors that
can self-renew (Figure 7D).

DISCUSSION

Structural birth defects are generally thought to be ir-
reversible. For example, even with transient embryonic
exposure to teratogenic chemicals, certain neonatal
malformations, such as forelimb loss due to thalido-
mide,*!! can persist. Despite the regenerative abilities
of zebrafish, this permanence of developmental defects
has also been observed in this vertebrate model follow-
ing transient knockdown of genes required for lineages
such as the pancreas[42] and forelimbs."¥ Therefore, it
was surprising to find that the complete developmen-
tal loss of IHD cells in zebrafish is reversible. Perhaps
organs with “professional” stem cells!?®! that reside out-
side the damaged tissue area and are thus spared from
insults and are more resilient to severe, chronic, and
even developmental tissue loss.

We did not find a significant contribution of liver facul-
tative stem cells to IHD cell regeneration due to transient
Jagged loss. However, when Jag2b loss is permanent,
we did observe, albeit infrequently, hepatocyte-to-IHD
cell transdifferentiation. This mechanism of regenera-
tion was previously reported in micel?® with permanent
loss of genes required for canonical Notch signaling[27]
and EHD development.[zsl The combined loss of these
of two factors may have precluded the regenerative
mechanism uncovered here, which is both Notch-
dependent and EHD-dependent.

Given the extensive conservation between the ze-
brafish and mammalian EHPDs, a homologous stem
cell niche likely also exists in mammals. Particularly,
the conserved developmental expression of Fgf10 in
the mesenchyme surrounding the EHD was reported
to persist into later stages in miceP”! and therefore may
continue to endow the adult mammalian EHD with a
quiescent, multipotent progenitor pool that can contrib-
ute to liver homeostasis and regeneration. Because Fgf
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FIGURE 7 Chemical inhibition of Fgf signaling stimulates allocation of EHD cells into liver and accelerates IHD cell regeneration. (A)
(top) EHD lineage tracing approach using ptf1a:CreER‘2, sw2mCh, and Ptf1a MO, with transient exposure to DMSO or SU5402 (2 pm) for
8 h at 3 dpf and analyzed at 4.5 dpf. (bottom) Lineage-traced EHD cells (mCherry®) are restricted to the EHD in DMSO-treated controls
(n = 0/18) but appear in liver (yellow arrows) following SU5402 treatment (n = 6/21). (B) (top) Jag1b/2b morphants treated with DMSO or
SU5402 for 8 h at 3 dpf and analyzed at 6 dpf. (bottom) Regenerating IHDs (tp1:GFP*/Alcama®) in whole liver of Jag1b/2b morphants at 6
dpf after DMSO or SU5402 treatment. (C) Number of regenerated IHD cells in Jag1b/2b morphants with DMSO or SU5402 treatment (8
h; 0.5 pm and 2 pm). (D) Working models of IHD development in wild-type zebrafish, IHD development failure in jag7b/2b mutants, and

EHD-mediated regeneration of IHD cells in Jag1b/2b morphants. Scale bars, 50 pm. Abbreviation: wash, washout; p value, *<0.05, **<0.01,

***<0.001, ****<0.0001

signaling also regulates differentiation, proliferation,
and migration to maintain intestinal stem cells in adult
mice,*¥ this function of Fgf may be a conserved niche
regulatory mechanism.

The zebrafish regenerative EHD progenitor cells
identified here may prove to be homologous to the
mammalian EHD peribiliary cells, which were demon-
strated to have the potential to expand and differentiate
into liver cells in explant studies.? Our comparison
of adult mouse EHD and IHD cell transcriptional pro-
files revealed that these populations of biliary cells
are more different from each other than they are from
other liver cells, suggesting that the EHD is not merely

an extension of the IHD. The EHD cells express more
progenitor and quiescence markers, have longer telo-
meres, and have greater proliferative capacity than
IHD cells, consistent with other established stem
cells. Moreover, our studies lend critical in vivo data
to support the debated model,2%4°! suggesting that
cells in the EHD are a potential source of stem cells
for liver regeneration.[33'34] If mammalian EHD cells
are indeed a significant source of liver stem cells, it
may be that exhaustion of these cells, or their inabil-
ity to contribute to the liver, ultimately leads to liver
regeneration failure in disease and aging. It will be
important to examine this tissue to better understand
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liver disease states and to develop diagnostic and
therapeutic approaches.

Our studies demonstrating that a measured inhibition
of Notch or Fgf signaling can be leveraged to increase
EHD cell proliferation or contribution to the liver, respec-
tively, suggest potential therapeutic avenues for main-
taining a healthy stem-cell population or for stimulating
an alternative progenitor source for liver regeneration.
Indeed, loss of either signaling pathway was previously
shown to also trigger proliferation of stem/progenitor
cells in other tissues, indicating their conserved role in
maintaining quiescence.[46'47] Intriguingly, Fgfr inhibi-
tors are undergoing clinical trials for treating bile duct
cancers, which are often associated with hyperactive
Fof signaling.[48'49] Based on our findings showing that
chemical inhibition of Fgf signaling can also stimulate
EHD cell differentiation and allocation to the liver, these
clinical trial drugs may potentially be repurposed for
liver regenerative therapies.

However, with regard to ALGS, where loss of Jagged/
Notch signaling and IHD cells are developmental, in-
creasing Notch activity may be therapeutic to enhance
IHD regeneration. As presented here, upon developmen-
tal loss of Jagged/Notch signaling in jagged mutants,
knockdowns, and Notch inhibitor—treated zebrafish, EHD
cells proliferate and contribute robustly to the liver but
fail to differentiate into IHD cells due to insufficient Notch
signaling (see models in Figures 3G and 7D). We postu-
late that with the expanded number of cells in the EHD
niche, certain progenitors become displaced and are
localized farther from the mesenchyme, consequently
receiving fewer Fgf ligands. The decreased Fgf signaling
in these EHD cells would then lead to their allocation to
the liver. When the Jagged knockdown or Notch inhibitor
is later attenuated, Notch signaling increases; and these
cells originating from the EHD can then differentiate into
IHD cells, contributing to regeneration.

In patients with ALGS, postnatal fluctuations in
cholestasis severity are often observed, sometimes
resolving,[sol suggesting that IHD cells can also re-
generate in humans. However, the mechanism driv-
ing this regenerative process is unknown. The partial
and variable penetrance of pathologies among family
members with the same heterozygous JAG7 muta-
tion and even between identical twins?®'~53 suggests
that Notch is teetering on insufficiency in patients with
ALGS. Together with the Notch-dependent mechanism
of IHD cell regeneration observed here using a Jagged
loss-of-function ALGS model, we posit that stochastic
changes in Notch signaling can result in sufficiently el-
evated levels in certain patients with ALGS to stimulate
IHD cell regeneration and ameliorate cholestasis. For
these reasons, we propose that a mild augmentation of
Notch signaling will be sufficient to nudge this pathway
to sufficiency and enhance IHD cell regeneration in
ALGS. A Notch agonist will therefore likely be therapeu-
tic for this disorder. Considering the well-established

functions of Notch in other tissues in promoting cell
segregation and self—organization,[54'55] it is reasonable
that Notch active cells emerging from the EHD were
able to migrate throughout the liver and assemble into
a complex, integrated, and functional ductal network.
Given this ability of Notch active cells to self-pattern,
it will be intriguing to explore whether rescuing Notch
signaling in other tissues will restore their remodeling
potential and thereby help to resolve additional ALGS
pathologies.
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