Gene Expression, Vol. 18, pp. 157-170
Printed in the USA. All rights reserved.
Copyright © 2018 Cognizant, LLC.

1052-2166/18 $90.00 + .00

DOI: https://doi.org/10.3727/105221618X15242506133273
E-ISSN 1555-3884

Www.cognizantcommunication.com

Stat3 Regulates Liver Progenitor Cell-Driven Liver Regeneration in Zebrafish
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After liver injury, regeneration manifests as either (1) hepatocytes proliferating to restore the lost hepatocyte
mass or (2) if hepatocyte proliferation is compromised, biliary epithelial cells (BECs) dedifferentiating into
liver progenitor cells (LPCs), which subsequently differentiate into hepatocytes. Following pharmacogenetic
ablation of hepatocytes in Tg(fabpl0a:CFP-NTR) zebrafish, resulting in severe liver injury, signal transducer
and activator of transcription 3 (Stat3) and its target gene and negative regulator, socs3a, were upregulated in
regenerating livers. Using either Stat3 inhibitors, JSI-124 and S31-201, or star3 zebrafish mutants, we investi-
gated the role of Stat3 in LPC-driven liver regeneration. Although Stat3 suppression reduced the size of regen-
erating livers, BEC dedifferentiation into LPCs was unaffected. However, regenerating livers displayed a delay
in LPC-to-hepatocyte differentiation and a significant reduction in the number of BECs. While no difference in
cell death was detected, Stat3 inhibition significantly reduced LPC proliferation. Notably, szat3 mutants phe-
nocopied the effects of Stat3 chemical inhibitors, although the mutant phenotype was incompletely penetrant.
Intriguingly, a subset of socs3a mutants also displayed a lower number of BECs in regenerating livers. We
conclude that the Stat3/Socs3a pathway is necessary for the proper timing of LPC-to-hepatocyte differentiation

and establishing the proper number of BECs during LPC-driven liver regeneration.

Key words: Liver progenitor cells (LPCs); Biliary epithelial cells (BECs); Oval cells; Socs3

INTRODUCTION

With the story of an eagle picking at Prometheus’ liver
daily, the Ancient Greeks first alluded to the remarkable
ability of the liver to regenerate. To date, no true stem
cell population has been identified in the liver. Instead,
extensive studies have revealed two main modes of liver
regeneration depending on the severity of liver injury:
(1) hepatocyte driven and (2) biliary epithelial cell (BEC)
driven. Typically following liver injury, hepatocytes
proliferate to restore the lost liver mass'?. However, if
hepatocyte proliferation is blocked, then BECs undergo
dedifferentiation into hepatoblast-like cells (HB-LCs),
also termed liver progenitor cells (LPCs)’ or oval cells.
LPCs are bipotent, facultative resident stem progeni-
tor cells that can differentiate into either hepatocytes or
BECs to restore the lost liver mass*™.

Moreover, LPCs observed in a zebrafish LPC-driven
liver regeneration model”® share similar characteristics

with BEC-derived oval cells or ductular reactions
observed in both rodent liver injury models’ and human
severe acute or chronic liver injury conditions'’. Currently,
chronic liver diseases, including cirrhosis, are the 12th
leading cause of death in the US". Although liver trans-
plantation offers an effective therapy, more than 50%
of patients on the transplant waiting list do not receive
a donor liver transplant in time'”. The presence of LPCs
can be double edged. Following severe liver injury, the
bipotent LPCs, activated via BEC dedifferentiation, are
needed to replenish the functional cells (i.e., hepatocytes)
in the liver". However, the continued presence of LPCs
can be detrimental. In one study, in patients presenting
with chronic liver disease, such as alcoholic hepatitis,
LPC markers were increased and correlated with short-
term mortality and disease severity'*. In a separate study,
the number of LPCs, detected in various liver diseases
including non-alcoholic fatty liver disease, correlates with
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disease severity™"". Furthermore, hepatocellular carci-
noma liver cells expressing OV6, an LPC marker, have
been linked to tumor progression due to the invasive/
tumorigenic properties of OV6* cells'®. Thus, the contin-
ued presence of LPCs is undesirable and can be detrimen-
tal to functional liver recovery; however, if the LPCs can
be coaxed to differentiate into hepatocytes, then generat-
ing more LPCs can prove beneficial for the innate regen-
erative process. Because of the shortage of donor livers
and the implications of LPCs in disease progression, an
essential step in treating liver disease and augmenting the
innate regenerative process is a better understanding of
the underlying mediators and mechanisms of LPC-driven
liver regeneration, including LPC activation, prolifera-
tion, and differentiation.

With that goal in mind, our lab’ and others®'* have pre-
viously reported on a zebrafish model, in which follow-
ing near-complete hepatocyte ablation, BECs extensively
contribute to hepatocytes by giving rise to LPCs. This
phenomenon is not zebrafish exclusive, however, as the
BEC-to-hepatocyte-mediated regeneration was similarly
observed in several mouse models in which hepatocyte
proliferation is greatly compromised®*.

A separate model of LPC-mediated repair in mice is
the choline-deficient, ethionine-supplemented (CDE) diet;
mice fed a CDE diet display an increased release of
cytokines, such as interleukin-6 (IL-6), after liver injury®'.
Once IL-6 binds to its cognate receptor and coreceptor,
gp130-associated Janus tyrosine kinases (JAKSs) are auto-
phosphorylated and subsequently activated. JAKs can
then phosphorylate transcription factors, such as signal
transducer and activator (STAT) 3, which dimerize and
are able to translocate to the nucleus, inducing the expres-
sion of downstream target genes™>”’,

Previous reports have considered the involvement of
Stat3 in hepatocyte-driven regeneration® and suggested
its role in oval cell proliferation®. In the partial hepatec-
tomy (PHx) model of murine liver injury, Stat3 deficiency
led to an increased mortality rate and slightly decreased
hepatocyte proliferation®. In the CDE diet model of liver
injury, Stat3 expression was upregulated in the oval cell
population with high proliferative potential®. In addition,
mice with a hepatocyte-specific knockout of suppres-
sor of cytokine signaling 3 (Socs3), a negative regulator
of STAT3*, display STAT3 hyperactivation after PHx,
which results in enhanced proliferation during regenera-
tion”’. Given the known involvement of Stat3 in hepa-
tocyte survival and proliferation after liver injury, we
hypothesized that in zebrafish, Stat3, along with Socs3,
may also regulate LPC-driven liver regeneration.

Here using the zebrafish hepatocyte ablation model
for LPC-driven liver regeneration, we report on the roles
of Stat3 in LPC proliferation and LPC-to-hepatocyte dif-
ferentiation during the regeneration. We investigated the
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roles of Stat3 and Socs3a in LPC-driven liver regenera-
tion by two methods: (1) utilizing a JAK-specific inhibi-
tor as well as a Stat3 dimerization inhibitor to block Stat3
downstream signaling and (2) utilizing zebrafish star3
and socs3a mutants generated by genome editing tech-
nology. Our findings show that Stat3 plays an important
role in regulating LPC proliferation as well as LPC dif-
ferentiation into hepatocytes during LPC-driven liver
regeneration. Moreover, Stat3 and Socs3a are important
for regulating the proper number of BECs during the
regeneration process.

MATERIALS AND METHODS
Zebrafish Maintenance

Embryos and adult zebrafish (Danio rerio) were raised
and maintained under standard laboratory conditions™
with protocols approved by the University of Pittsburgh
Institutional Animal Care and Use Committee. We used
stat3"”* and socs3a™’' mutants and the following trans-
genic lines: Tg(fabp10a:DsRed.ela3l:GFP)*" * [referred
to as Tg(fabpl0a:DsRed)], Tg(EPV.Tpl-Mmu.Hbb: Venus-
Mmu.Odcl)®” 3" [referred to as Tg(Tpl:VenusPEST)],
Tg(EPV.Tpl-Mmu.Hbb:hist2h21-mCherry)™* *' [referred
to as Tg(Tpl:H2B-mCherry)], Tg(fabpl0a:CFP-NTR)*' *,
and Tg(fabp10a:mAGFP-gmnn,cryaa: ECFPY™ * [referred
to as Tg(fabp10a:mAGFP-gmnn)].

Genotyping of the stat3""*’ Mutant Line

The wild-type allele was amplified by PCR with a for-
ward primer 5-CCTCCACAGGACATGGAG-3" and a
common reverse primer 5’-ATATTGTGGAACCCTGAC
CAAAAAACAACATTTCCAATGCAGTCATACCTCC
AGCACTC-3’. The mutant allele was separately amplified
with a forward primer 5-CATCCTCCACAGGACAGA-3’
and the common reverse primer. While the wild-type
allele generated a 139-bp band, the mutant allele gener-
ated a 135-bp band.

Generation of the socs3a Mutant Line

The construction of sequence-specific transcription
activator-like effector nuclease (TALEN) effector repeats
recognizing two targeting sites on exon 2 of socs3a (left:
ACCACTTCAAGACCT and right: GCACCAGCTGAA
ACT) was performed using the unit assembly method
as previously described™. To generate capped mRNA
containing DNA-binding TALEN repeats and the Fokl
endonuclease domain, the TALEN expression vectors
were linearized with Nofl and transcribed using a Sp6
mRNA kit (Message Machine Kit; AM1340; Ambion).
Capped mRNA was diluted to 200 ng/ul and injected into
wild-type embryos at the one-cell stage. A primer pair
[socs3a, TACTCATCCTGACTTTCTC (forward) and
CCAGTCTCAGCACGCAGT (reverse)] was used to
amplify the target region; the PCR products were digested
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with Syl restriction enzyme. The remaining mutation-
positive larvae were raised to FO adulthood and out-
crossed with wild-type adults. The genomic DNA of F1
larvae was subject to PCR amplification, Styl digestion,
and Sanger sequencing. The F1 population containing
socs3a heterozygous larvae were raised to adulthood and
genotyped. The socs3a mutant line with a 61-bp dele-
tion from 221 to 281 bp of the wild-type socs3a coding
sequence was established and is available at the China
Zebrafish Resource Center.

Hepatocyte Ablation and Chemical
Inhibitor Treatments

To ablate hepatocytes, Tg(fabpl0a:CFP-NTR) larvae
were treated with 10 mM metronidazole (Mtz) in egg water
supplemented with 0.2% dimethyl sulfoxide (DMSO)
and 0.2 mM I-phenyl-2-thiourea (PTU) as previously
described®. For Stat3 inhibitor experiments, larvae were
treated with 7 uM JSI-124 (also known as Cucurbitacin I;
Cayman Chemical, Ann Arbor, MI, USA) or 200 uM S3I-
201 (Sigma-Aldrich, St. Louis, MO, USA). Larvae were
treated with JSI-124 or S31-201 from ablation 0 h (AOh)
or A18h to regeneration 24 h (R24h) or R48h.

Zebrafish Whole-Mount In Situ Hybridization (WISH),
qPCR, and Immunostaining

Whole-mount in situ hybridization was performed as
previously described®. socs3a forward primer (5-AAG
ACCTTCAGCTCCAAGGTG-3") and reverse primer
(5’-GTGTGTCCGTTCACAGTCTTCCT-3") were used
to amplify the socs3a region for in situ probes; the star3
plasmid used for this PCR was a gift from Ken Poss at
Duke University. For qPCR analysis, 100 livers were dis-
sected for each condition, and total RNA was extracted
using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA).
The SuperScript III First-Strand Synthesis SuperMix
(Life Technologies, Grand Island, NY, USA) was used
to synthesize cDNA from the extracted RNA. Using
the Bio-Rad iQ5 PCR machine with iQ SYBR Green
Supermix (Bio-Rad, Hercules, CA, USA), qPCR was
performed as previously described”. eeflb2 was used
for normalization. The primers used for qPCR analysis
were eeflb2 (forward: 5-CCCTCTCAGGCTGATATT
GC-3’; reverse: 5-TAAGCTGCAAGCCTCTCCTC-3"),
socs3a (forward: 5-CACTAACTTCTCTAAAGCAGG
G-3; reverse: 5-GGTCTTGAAGTGGTAAAACG-3'), and
stat3 (forward: 5-GGACTTCCCGGACAGTGAG-3';
reverse: 5-ATCGCTTGTGTTGCCAGAG-3"). Whole-
mount immunostaining was performed as previously de-
scribed™ using the following antibodies: goat anti-Hnf4a
(1:70; Santa Cruz, Dallas, TX, USA), mouse monoclo-
nal anti-Bhmt (1:400; a gift from J. Peng, Zhejiang Uni-
versity, P.R. China), mouse monoclonal anti-Alcam (1:10;
ZIRC; Eugene, OR, USA), rabbit polyclonal anti-Abcb11
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(1:500; PC-064; Kamiya Biomedical, Seattle, WA, USA),
and Alexa Fluor 488-, 568-, and 647-conjugated second-
ary antibodies (1:300; Life Technologies).

TUNEL and EdU Assays

Apoptotic cell death was analyzed according to
the protocol of the In Situ Cell Death Detection Kit,
TMR Red (Roche, Switzerland). Following whole-mount
immunostaining, terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) labeling was applied.
Cell proliferation was performed using the protocol out-
lined in the Click-iT EdU Alexa Fluor 647 Imaging Kit
(Life Technologies). Larvae were treated with egg water
supplemented with 0.2 mM PTU containing 50 mM EdU
and 5% DMSO at ROh or R18h. After a 6-h treatment
window, larvae were harvested at R6h or R24h, respec-
tively, and fixed in fresh 3% formaldehyde overnight
at 4°C. After fixation, samples were prepared for subse-
quent imaging and statistical analysis.

BODIPY C5 Lipid Analog Assay

A 2-h treatment of 0.5 pM BODIPY C5 (Life
Technologies)™ was used to assess ductal morphology
and morphogenesis in regenerating livers. Following
BODIPY C5 treatment, larvae were rinsed briefly and
anesthetized with 0.016% tricaine in egg water supple-
mented with 0.2 mM PTU and mounted in 1% low-melting
agarose for confocal imaging.

Image Acquisition, Processing, and Statistical Analysis

Zeiss LSM700 and Leica M205 FA were used for
confocal microscopy and epifluorescence microscopy, res-
pectively. ZEN 2009 software was used to assemble and
analyze confocal images. Leica MZ16 stereomicroscope
was used to obtain in situ images. Adobe Illustrator and
Photoshop were used for assembling figures, schemat-
ics, and labels. GraphPad Prism 7 software was used to
create and assemble quantitative data. Quantification for
liver size, fluorescence, and cell counting was performed
using the NIH Imagel] software. Unpaired two-tailed
Student’s #-tests were used for most statistical analyses;
for comparisons across >2 groups, one-way ANOVA was
used. A value of p<0.05 was considered statistically sig-
nificant. Quantitative data are shown as means * standard
error of the mean (SEM).

RESULTS

Stat3 Inhibition Impairs LPC-Driven
Liver Regeneration

We’ and others® have previously characterized a
zebrafish LPC-driven liver regeneration model where
upon extensive hepatocyte ablation, BECs contribute to
the repopulation of the liver. We utilized Tg(fabplOa:
CFP-NTR) transgenic fish, which express the bacterial



160

nitroreductase (NTR) enzyme fused with the cyan fluo-
rescent protein (CFP) under the hepatocyte-specific,
fabp10a, promoter’. Upon treatment of a nontoxic pro-
drug, Mtz, cells expressing NTR metabolize Mtz into a
cytotoxic agent, inducing DNA interstrand cross-links
and subsequent cell death specifically in NTR-expressing
cells”. Since NTR-expressing hepatocytes undergo
genetic-based apoptosis and can no longer contribute
to the regenerative response, BECs contribute to liver
regeneration in a multistep process. Initially, nearly all
BECs dedifferentiate into HB-LCs, also termed LPCs,
which strongly express Hnf4a (a hepatoblast/hepato-
cyte marker) and Prox1 (a hepatoblast/hepatocyte/BEC
marker) in Alcam® (a BEC marker) BEC-derived cells.
Next, the LPCs proliferate and differentiate into either
hepatocytes or BECs, concluding with the prolifera-
tion of the newly generated hepatocytes and BECs and
the restoration of the lost liver mass. Using this model,
we explored the implications of inflammatory signaling,
specifically focusing on Stat3 and Socs3a, in LPC-driven
liver regeneration.
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To induce hepatocyte ablation, fabplOa:CFP-NTR*
larvae were treated with Mtz from 3.5 to 5 days postfertil-
ization (dpf). Following this 36-h treatment period (abla-
tion; A36h), Mtz washout was considered as the initiation
of regeneration (ROh). Based on our previously reported
RNAseq analysis®, we found that star3 and its negative
feedback regulator, socs3a, were expressed in regener-
ating livers at R6h (Fig. 1A), which was confirmed by
gPCR (Fig. 1B) and in situ hybridization (Fig. 1C, arrows).
Since Socs3 is a direct target gene of Stat3*, upregula-
tion of socs3a in the regenerating livers (Fig. 1B) suggests
active Stat3 signaling during the regeneration.

To elucidate the role of Stat3 in LPC-driven liver
regeneration, we utilized a JAK-specific kinase inhibitor,
JSI-124, that blocks Stat3 activation®. JSI-124 has previ-
ously been used in zebrafish to block Stat3 signaling®*.
We first assessed the effect of chemically inhibiting Stat3
activation on liver size. To visualize the liver size in our
regeneration setting, we utilized the Tg(fabpl0a:DsRed)
line that expresses DsRed in hepatocytes. Stat3 was
inhibited from either AOh (at the start of Mtz treatment)
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Figure 1. Signal transducer and activator of transcription 3 (Stat3) inhibition impairs liver progenitor cell (LPC)-driven liver regen-
eration. (A) RNAseq data showing the expression levels of staz3 and socs3a in control 5 days postfertilization (dpf), ablated A18h, and
regenerating R6h, R12h, and R24h livers. Their expression levels are shown in numbers indicating FPKM standing for fragments per
kilobase of exon per million fragments mapped. (B) qPCR quantification showing the relative mRNA expression levels of staz3 and
socs3a between nonablated 5 dpf and metronidazole (Mtz)-ablated R6h livers. (C) Whole-mount in situ hybridization (WISH) reveals
stat3 and socs3a expression in nonablated 5-dpf livers (dashed lines) and Mtz-treated R6h livers (arrows). Lateral view, anterior to
the left. (D) Epifluorescence images showing fabpl0a:DsRed expression (red) in regenerating livers treated with dimethyl sulfoxide
(DMSO) or JSI-124. Quantification of fabp10a:DsRed expression per liver area is shown. Total cell fluorescence (A.U., arbitrary units)
considers both area of the liver and the fluorescence intensity. Scale bars: 100 pum; error bars: = standard error of the mean (SEM).
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to R24h, A18h to R24h, or ROh to R24h, at which time
the liver size was examined. JSI-124 treatment signifi-
cantly reduced the liver size at R24h from both the AOh
and A18h, but not ROh, treatment (Fig. 1D), suggesting a
positive role of Stat3 signaling during an earlier phase of
LPC-driven liver regeneration, prior to ROh.

Stat3 Inhibition Reduces Liver Size Due to an LPC
Proliferation Defect in Regenerating Livers

LPC-driven liver regeneration comprises three main
steps: (1) BEC dedifferentiation into LPCs, (2) LPC
proliferation, and (3) LPC-to-hepatocyte differentiation.
First, we investigated the effect of Stat3 inhibition on
BEC dedifferentiation. To mark BECs and BEC-derived
cells, we used the Tg(Tpl:H2B-mCherry) line that
expresses H2B-mCherry fusion proteins driven by the
Tpl promoter containing Notch response elements®. In
the zebrafish liver, Notch activity is exclusively observed
in BECs, and the prolonged stability of H2B-mCherry
allows for marking BEC-derived cells even after Notch
signaling is turned off. To inspect BEC dedifferentiation
into LPCs, we examined the induction of Hnf4a in BECs
or BEC-derived cells at R6h, indicative of BEC dediffer-
entiation. Typically, in the LPC-driven liver regeneration
model, Hnf4a induction in BECs begins around A30h—
A33h", and by R6h, the Tpl:H2B-mCherry” cells are
referred to as LPCs or BEC-derived cells. Interestingly, in
AOh-R6h JSI-124-treated larvae, the induction of Hnf4a
in Tpl:H2B-mCherry” cells (BEC-derived cells) was
comparable to DMSO-treated control regenerating livers
(Fig. 2A). These data indicate that BEC dedifferentiation
in regenerating livers is unaffected by Stat3 inhibition.

Next, we investigated whether the smaller liver size
was due to a defect in LPC proliferation or cell death.
To assess the first, we used the 5-ethynyl-2’-deoxyuridine
(EdU) labeling and the cell cycle reporter line Tg(fabp10a:
mAGFP-gmnn)>. Based on the cell cycle oscillator phe-
nomenon of Geminin proteins®, this transgenic line only
labels hepatocytes in the S/G,/M phases of the cell cycle.
In our zebrafish liver regeneration studies, this line labels
proliferating LPCs at R6h™. Since we observed a gross
phenotype at R24h (i.e., smaller liver size) following
JSI-124 treatment from AOh to R24h, we hypothesized
that any proliferation or cell death defect would occur
prior to R24h. Following this logic, we conducted our
EdU and transgenic cell cycle assays at R6h and R24h.
Compared to control regenerating livers, JSI-124-treated
regenerating livers displayed a significant decrease in
LPC proliferation at R6h (Fig. 2B and C), but not at R24h
(data not shown), indicative of a transient reduction in
LPC proliferation.

Using the TUNEL assay, we assessed cell death in regen-
erating livers at R6h. Unlike the cell proliferation defect,

161

there was no significant difference in TUNEL/7p/:H2B-
mCherry double-positive cells between control and JSI-
124-treated regenerating livers (Fig. 2D). These data
provide evidence that the smaller liver size is not due to
an increase in cell death, but rather a defect in proliferation.

Stat3 Inhibition Temporarily Delays LPC-to-Hepatocyte
Differentiation in Regenerating Livers

To examine the effect of Stat3 inhibition on LPC-to-
hepatocyte differentiation, we used betaine-homocysteine
S-methyltransferase (Bhmt) antibodies to mark newly gen-
erated hepatocytes™. At R6h, upon Stat3 inhibition, Bhmt
expression was visibly reduced in 77% of the regenerating
livers, indicative of an LPC-to-hepatocyte differentiation
defect (Fig. 3A). Interestingly, this LPC-to-hepatocyte dif-
ferentiation defect was temporary, as at a later stage, such
as R24h, Bhmt expression in JSI-124-treated livers was
comparable to that in control livers (Fig. 3B). These data
indicate that Stat3 inhibition blocks LPC-to-hepatocyte
differentiation; however, since Bhmt expression recov-
ers by R24h, this blockage is transient. In addition to its
role in mediating LPC proliferation, Stat3 also regulates
the proper timing of LPC-to-hepatocyte differentiation.

Stat3-Inhibited Regenerating Livers Contain Reduced
BEC Numbers and Display Aberrant Intrahepatic
Biliary Structure

In addition to the delayed differentiation of LPCs
into hepatocytes in Stat3-inhibited livers, we observed
a lower number of BECs in JSI-124-treated regenerat-
ing livers than in control regenerating livers, as assessed
by Tpl:H2B-mCherry expression (Fig. 4A). In addi-
tion to the H2B-mCherry expression, we used another
BEC marker, Alcam"’, to clearly reveal BECs at R24h
(Fig. 4A). Unlike the hepatocyte differentiation defect,
which was temporary, the BEC number per liver area in
JSI-124-treated regenerating livers remained low even
later, such as R54h (Fig. 4B).

We further examined the impact of delayed LPC-
to-hepatocyte differentiation and reduced BEC number
by investigating hepatocyte polarity and biliary mor-
phogenesis. Typically expressed on the apical side of the
hepatocyte membrane, the bile salt export pump marker,
ATP-binding cassette subfamily B member 11 (Abcbl1),
marks bile canaliculi in hepatocytes™*. The number of
Abcbl1" cells per liver area was significantly decreased
in JSI-124-treated livers compared to DMSO-treated
controls (Fig. 4B). We confirmed the Abcbl11 phenotype
with the BODIPY CS5 lipid analog assay, which allows
for the visualization of the intrahepatic biliary network as
the processed lipids pass through the biliary conduits™.
Compared to the control regenerating livers, JSI-124-
treated regenerating livers had shorter and round-shaped
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Figure 2. Stat3 inhibition reduces liver size due to an LPC proliferation defect in regenerating livers. (A) Confocal projection
images showing the expression of 7p/:VenusPEST (green), 7p/:H2B-mCherry (red), and Hnf4a (gray) in regenerating livers at R6h.
Quantification of the percentage of Hnf4a" cells among biliary epithelial cell (BEC)-derived cells (H2B-mCherry* cells) in regen-
erating livers is shown. (B) Confocal projection images showing 7p/:H2B-mCherry (red) expression and EAU (green) staining in
regenerating livers at R6h. Quantification of the percentage of EAU" cells among Tpl:H2B-mCherry” cells (arrows) in the liver is
shown. Numbers in the top left corner indicate the proportion of livers exhibiting the representative phenotype at R6h. (C) Confocal
projection images showing 7p/:H2B-mCherry (red) and fabplOa:mAGFP-gmnn (gray) expression in regenerating livers at Roh.
Quantification of the percentage of mAGFP-gmnn" cells among TpI:H2B-mCherry" cells is shown. (D) Confocal projection images
showing Tpl:H2B-mCherry (red) expression and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL; green)
staining (arrows) in regenerating livers at R6h. Quantification of the total number of TUNEL" cells per liver at R6h is shown. Dashed
lines outline regenerating livers. Scale bars: 20 um; error bars: = SEM.
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bile canaliculi (Fig. 4C, arrowheads) and reduced density
of biliary conduits (Fig. 4C, cartoons). JSI-124 treatment in
nonablated control livers, however, had no effect on liver
morphology or BEC number (Fig. 4D), suggesting the
regeneration-restricted role of Stat3 in the zebrafish liver.
We further validated the effect of blocking Stat3
using a different inhibitor, S31-201, which blocks Stat3
dimerization and subsequent Stat3 activation™. Similar to
the JSI-124 liver phenotypes, S31-201-treated larvae also
exhibited a significantly smaller regenerating liver size at
R24h (Fig. 5A), a delay in LPC-to-hepatocyte differentia-
tion at R6h (Fig. 5B), and a reduced BEC number at R24h
(Fig. 5C). Altogether, these data implicate Stat3 as an
important regulator in the timing for LPC-to-hepatocyte
differentiation and in the establishment of a proper BEC
population during LPC-driven liver regeneration.

A Subset of stat3 Homozygous Mutants Exhibit Fewer
BECs and a Delay in LPC-to-Hepatocyte Differentiation
During LPC-Driven Liver Regeneration

To determine whether sfat3 mutants phenocopied the
aberrant liver regeneration phenotypes observed in JSI-
124-treated larvae, we examined LPC-driven liver regen-
eration in stat3”~ mutants®, focusing on three main phe-
notypes: (1) LPC-to-hepatocyte differentiation, (2) BEC
number, and (3) LPC proliferation. First, similar to the
JSI-124-treated larvae, star3™" mutants exhibited reduced

10/10

R24h
Figure 3. Stat3 inhibition temporarily delays LPC-to-hepatocyte differentiation in regenerating livers. (A) Confocal projection images
showing Tp1:H2B-mCherry (red) and Bhmt (gray) expression in regenerating livers at R6h. Quantification of the percentage of Bhmt"
cells among BEC-derived cells in the regenerating livers is shown. (B) Confocal projection images showing 7p1:H2B-mCherry (red)

and Bhmt (gray) expression in regenerating livers at R24h. The number of JSI-124-treated larvae exhibiting the representative pheno-
type shown at R24h is shown in the upper left corner. Dashed lines outline regenerating livers. Scale bars: 20 um; error bars: +SEM.

Bhmt expression at R6h (Fig. 6A), indicative of an
initial defect in LPC-to-hepatocyte differentiation. How-
ever, only ~55% of stat3~~ mutants (n=9) exhibited decrea-
sed Bhmt expression. The other 45% of stat3™~ mutants
showed no significant difference in Bhmt expres-
sion compared to wild-type larvae. Moreover, as in the
JSI-124-treated livers, hepatocyte differentiation is not
completely blocked but rather delayed as Bhmt expres-
sion at R24h was unaffected between wild-type and
stat3”~ mutants (Fig. 6B).

At R24h, ~35% of the stat3™" mutants (n=14) exhib-
ited a low BEC number in the regenerating livers (Fig. 6B).
Moreover, a significant decrease in the percentage of EAU/
TpI:H2B-mCherry double-positive cells was observed
at R6h in a subset (37%; n=38) of stat3™" mutants, indi-
cating an LPC proliferation defect (Fig. 6C). Altogether,
data from stat3 mutant analyses suggest that stat3 par-
tially regulates LPC proliferation and LPC-to-hepatocyte
differentiation during LPC-driven liver regeneration.

socs3a Homozygous Mutants Exhibit a Mild but
Significant Defect in BEC Number During
LPC-Driven Liver Regeneration

Since Socs3a acts as a downstream negative regula-
tor of the Stat3 signaling pathway’', we speculated that
absence of socs3a would allow us to study the effects of
Stat3 hyperactivation on LPC-driven liver regeneration.
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shown. (C) Confocal projection images showing BODIPY CS5 staining (green) and 7p/:H2B-mCherry expression (red) at R54h. Inset
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Using TALEN genome editing technology, we gener-
ated socs3a mutants with a 61-base deletion. The socs3a
mutant larvae exhibited no liver developmental defects
and grew normally to adults. Interestingly, as assessed by
Bhmt expression, LPC-to-hepatocyte differentiation was
affected in ~30% of socs3a™ mutants (n=22) at R6h
(Fig. 7A), but not affected at all at R24h (Fig. 7B). In

addition, the mutant regenerating livers had a significant
decrease in BEC number compared to wild type at R24h
(Fig. 7C). Altogether, our data from socs3a mutant anal-
yses suggest that similar to Stat3, Socs3a also partially
controls LPC-to-hepatocyte differentiation and establish-
ment of a proper BEC population during LPC-driven
liver regeneration.
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DISCUSSION

The signaling pathways regulating LPC proliferation
and differentiation during LPC-driven liver regeneration
remain poorly understood. In this study, we sought to
determine the role of Stat3 in LPC-driven liver regenera-
tion by modulating Stat3 signaling using chemical inhibi-
tors, JSI-124 and S3I-201, as well as stat3 and socs3a

mutants. Chemically inhibiting Stat3 significantly reduced
the size of regenerating livers at R24h. To elucidate the
process of LPC-driven liver regeneration affected by
Stat3 inhibition, we examined (1) BEC dedifferentiation,
(2) LPC proliferation, and (3) LPC differentiation into
hepatocytes. First, we found that BEC dedifferentiation
during liver regeneration was unaffected in JSI-124-treated
livers. We further noted that Stat3 inhibition decreased the
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in regenerating livers of wild-type or stat3 homozygous mutants at R6h. Quantification of the percentage of Bhmt" cells among H2B-
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images showing Tp/:H2B-mCherry (red) and Bhmt (gray) expression at R24h in wild-type and sfat3 mutants. Quantification of the
number of strong H2B-mCherry* cells per liver area is shown. The proportion of staz3™~ mutants exhibiting the reduced BEC number
phenotype is shown in the upper left corner. (C) Confocal projection images showing 7p/:H2B-mCherry (red) expression and EAU
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stat3 mutant livers exhibiting reduced proliferation (n=23/8) versus nonaffected szar3 mutants (n=>5/8) compared to wild-type larvae.
Quantification of the percentage of EQU" cells among H2B-mCherry* cells in the regenerating liver is shown. Arrows point to EQU/
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number of BECs in regenerating livers at R24h, and this of the liver size at later time points. Last, Stat3 inhibition
decrease was still maintained later at R54h. Additionally, resulted in a delay in LPC-to-hepatocyte differentiation
our data revealed that during liver regeneration, in Stat3 during LPC-driven liver regeneration.

inhibitor-treated animals, livers exhibited a decrease in Given no current marker that can clearly distinguish

LPC proliferation at R6h, but not at R24h, which helps between LPCs and BECs, we utilized the induction of
to explain the decreased liver size at R24h and recovery fabpl0a:rasGFP in BECs to show that nearly all BECs
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socs3a mutant regenerating livers exhibiting 7p/:H2B-mCherry (red) and Bhmt (gray) expression at R24h. (C) Confocal projection
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dedifferentiate into LPCs in the zebrafish hepatocyte
ablation model®. Since the induction of Hnf4a in BECs/
BEC-derived cells, which was used as a marker for BEC
dedifferentiation, was found to be comparable between
DMSO- and JSI-124-treated larvae, we concluded that
BEC dedifferentiation is not affected upon Stat3 loss.
Thus, since BEC dedifferentiation is occurring as expected,
we can speculate that the reduced BEC number in the JSI-
124-treated larvae at R24h is not due to a BEC dediffer-
entiation defect. Instead, it is more likely due to both the
reduced LPC-to-BEC differentiation and reduced LPC

proliferation. This reduction in BEC number may also
affect the proper formation of intrahepatic bile ducts later,
such as at R54h.

In our zebrafish LPC-driven liver regeneration model,
stat3 was expressed in regenerating livers during the early
phases of liver regeneration (R6h), when the regenerating
liver predominantly consists of LPCs. In the 2-AAF/PHx
rat model of oval cell activation, in which 2-acetylamin-
fluorene (2-AAF) is administered prior to PHx to block
hepatocyte proliferation, Stat3 was highly upregulated in
the oval cell population that correlated with the highest
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proliferative potential”. Depending on the cell type and

injury stimulus, Stat3 plays a critical role in several bio-
logical processes, including proliferation, apoptosis, and
inflammation. Previous studies have implicated Stat3
in the regulation of myogenic differentiation in skeletal
muscles. During muscle repair, Stat3 activation in satel-
lite cells drives these muscle stem cells to choose dif-
ferentiation over self-renewal’”’, which partly supports
a delayed LPC-to-hepatocyte differentiation in Stat3-
inhibited regenerating livers. In a separate study of two
mouse models, a muscle satellite cell (MuSC)-specific
Stat3 knockout and Star3/dystrophin double knockout,
cell proliferation of the MuSCs was decreased™. This sup-
ports our finding that inhibition of Stat3 resulted in a pro-
liferation defect in LPCs at R6h during LPC-driven liver
regeneration. Therefore, we can speculate that the smaller
liver size at R24h is a result of the lower number of LPCs
established at R6h, resulting in a subsequent lower num-
ber of LPCs available for hepatocyte differentiation.

Several mouse studies have also examined the role of
Stat3 in liver regeneration. For example, following PHx
in liver-specific Stat3 knockout mice, the mortality rate
was significantly increased during liver regeneration™.
This increase was speculated to be due to a defect in the
Stat3-dependent acute phase response; this response is
activated following liver injury and involves the induc-
tion of survival-related proteins™™. In a separate model
of liver injury (i.e., CCl,), although liver-specific Stat3
knockout mice had a slight decrease in hepatocyte prolif-
eration, they displayed no difference in survival or necro-
sis compared to wild-type littermates™.

In our LPC-driven liver regeneration model, we discov-
ered a reduction in Bhmt expression in a majority of JSI-
124-treated regenerating livers at R6h, which indicates
an LPC-to-hepatocyte differentiation defect. However,
at R24h, no difference was observed in Bhmt expression
between control and JSI-124-treated regenerating livers,
indicating a delay in hepatocyte differentiation rather
than a complete blockage. Possibly, Stat3 is one of several
important regulators implicated in hepatocyte differen-
tiation; hence, upon Stat3 inhibition, other compensatory
mechanisms may be activated to counteract the Stat3
deficiency. Such a phenomenon was detected in liver-
specific Stat3 knockout mice: STAT1, which is minimally
expressed in noninjured livers, had increased expression
levels following PHx”. Moreover, we observed that both
stat3 knockout and Stat3 hyperactivation (socs3a knock-
out) conditions in zebrafish displayed similar phenotypes
in LPC-driven liver regeneration, including delayed LPC
differentiation. We propose that perturbations that dis-
turb the optimal level of Stat3 activity, either through
reduction (sfat3 mutant) or through enhancement (socs3a
mutant), can lead to similar defects. Such a phenomenon,
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where loss of function and overexpression of a particu-
lar gene exhibit identical phenotypes, has been observed
in multiple proteins, including SPT5. In addition, per-
turbation, via knockout or overexpression, of the kinase
SRPK1, a downstream target of AKT, was found to have
the same tumorigenic phenotype in mouse embryonic
fibroblasts™.

Moreover, data from our stat3 and socs3a mutant
analyses suggest that star3 and socs3a only partially
recapitulate the phenotypes observed in Stat3 chemi-
cally inhibited livers. One possibility is that since com-
plete loss of a gene’s function can prove harmful for the
organism, cells may offset a permanent, genetic loss of
a gene with compensatory mechanisms, which are not
employed upon temporary chemical inhibition. A simi-
lar occurrence of incomplete phenotypic reproducibility
between temporary versus genetic/permanent inhibition
of a gene’s function is seen in morpholino versus genetic
knockouts®. Second, although JSI-124 blocks Stat3 sig-
naling, it does so by targeting the upstream activator
of Stat3, namely, JAK kinases. In contrast, in the star3
mutants, stat3 expression is lost by direct, targeted muta-
tion at the stat3 locus. Because of the temporary, acute,
and indirect nature of Stat3 inhibition in JSI-124-treated
larvae, compared to the permanent, genetic, and direct
loss of Stat3 in mutants, the chemically treated cells may
not have employed adequate counterbalancing measures
to compensate for the loss of an important signaling path-
way (i.e., Stat3).

Although we did not address the upstream activators
or downstream mediators of the Stat3 signaling pathway,
future studies can focus on identifying these factors and
their role in LPC proliferation and differentiation. Factors
such as the IL cytokines may be important activators of
the Stat3/Socs3 pathway during LPC-driven liver regen-
eration. In particular, in the CDE diet-fed mouse model
of liver injury and oval cell activation, IL-6 levels were
upregulated, and IL-6 knockout mice displayed a reduc-
tion in total oval cell numbers*. Moreover, when CDE
diet-fed mice were stimulated with IL-6, Socs3 expres-
sion was increased in the LPCs®, raising a possibility
that IL-6 or its homolog may be the upstream activator of
Stat3 signaling during LPC-driven liver regeneration.
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