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tomm22 Knockdown-Mediated Hepatocyte Damages Elicit Both
the Formation of Hybrid Hepatocytes and Biliary Conversion
to Hepatocytes in Zebrafish Larvae
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The liver has a highly regenerative capacity. In the normal liver, hepatocytes proliferate to restore lost liver
mass. However, when hepatocyte proliferation is impaired, biliary epithelial cells (BECs) activate and con-
tribute to hepatocytes. We previously reported in zebrafish that upon severe hepatocyte ablation, BECs exten-
sively contribute to regenerated hepatocytes. It was also speculated that BEC-driven liver regeneration might
occur in another zebrafish liver injury model in which temporary knockdown of the mitochondrial import gene
tomm22 by morpholino antisense oligonucleotides (MO) induces hepatocyte death. Given the importance of
multiple BEC-driven liver regeneration models for better elucidating the mechanisms underlying innate liver
regeneration in the diseased liver, we hypothesized that BECs would contribute to hepatocytes in tomm?22
MO-injected larvae. In this MO-based liver injury model, by tracing the lineage of BECs, we found that BECs
significantly contributed to hepatocytes. Moreover, we found that surviving, preexisting hepatocytes become
BEC-hepatocyte hybrid cells in zomm22 MO-injected larvae. Intriguingly, both the inhibition of Wnt/f-catenin
signaling and macrophage ablation suppressed the formation of the hybrid hepatocytes. This new liver injury
model in which both hepatocytes and BECs contribute to regenerated hepatocytes will aid in better understand-

ing the mechanisms of innate liver regeneration in the diseased liver.
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INTRODUCTION

The liver is a crucial organ with a remarkable regen-
erative capacity. Even after removing two thirds of the
liver mass, the liver can recover the lost mass and restore
its function'. In this regeneration setting, hepatocytes
proliferate to make more hepatocytes, thereby recovering
the lost liver mass. However, when hepatocyte prolifera-
tion is impaired, biliary epithelial cells (BECs) contrib-
ute to hepatocytes™. Based on the source of regenerated
hepatocytes, liver regeneration can be classified into
either hepatocyte- or BEC-driven liver regeneration. In
BEC-driven liver regeneration, BECs are first activated
to form oval cells, also called ductular reactions, and
then differentiate into hepatocytes. Multiple lineage-
tracing studies in mice have shown that in diverse oval
cell activation models, including 3,5-diethoxycarbonyl-
1,4-dihydrocollidine (DDC), a choline-deficient ethionine-
supplemented (CDE) diet, CCl, administration, and

o-naphthyl-isothiocyanate (ANIT) diet, regenerated hepa-
tocytes are derived only from preexisting hepatocytes**,
indicating the negligible contribution of BECs to hepato-
cytes. In contrast to these oval cell activation models, two
severe liver injury models have recently been described
in which BECs extensively give rise to hepatocytes: (1) a
mouse model in which the E3 ubiquitin ligase gene Mdm?2
is inducibly deleted in hepatocytes’ and (2) a zebrafish
model in which hepatocytes are pharmacogenetically
ablated'®"2. In the mouse model, the Mdm?2 deletion com-
pletely blocks hepatocyte proliferation and induces p53-
mediated hepatocyte senescence and death, which triggers
oval cell activation and their differentiation into hepato-
cytes’. In the zebrafish model, the transgenic zebrafish
lines that express bacterial nitroreductase (NTR) enzyme
under the hepatocyte-specific fabp10a promoter allow for
hepatocyte-specific ablation. The NTR enzyme converts
a nontoxic drug, metronidazole (Mtz), into a cytotoxic
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drug, resulting in the ablation of only NTR-expressing
cells”™"®. Upon severe hepatocyte ablation in zebrafish
larvae, BECs extensively contribute to hepatocytes,
thereby leading to a full liver recovery'* .

Given the correlation between oval cell numbers and
disease severity in diseased human livers'” and a recent
report that BECs appear to contribute to hepatocytes
in regressed human cirrhotic livers", it is important to
understand the mechanisms underlying BEC-driven liver
regeneration, which will provide insights into promoting
innate liver regeneration in patients with advanced liver
diseases. Although the zebrafish hepatocyte ablation and
the mouse Mdm?2 deletion models will contribute to the
elucidation of the mechanisms underlying BEC-driven
liver regeneration, additional liver injury models for this
type of liver regeneration should further contribute to such
elucidation. In fact, diverse oval cell activation models
collectively contribute to the current understanding of the
oval cell activation process'’. Here we report a novel liver
injury model resulting from the temporary knockdown of
tomm?22, in which BECs contribute to hepatocytes.

The mitochondrial import gene tomm22 zebrafish
mutants exhibit hepatocyte-specific cell death, leading to
the death of the animal®. Similarly, tomm22 knockdown
using the morpholino antisense oligonucleotide (MO)
approach initially results in hepatocyte death, but later
new hepatocytes form and the liver recovers, following
the gradual depletion of the MOs. Based on biliary marker
expression, it was speculated that in tomm22 MO-injected
larvae, BECs gave rise to the new hepatocytes; however,
no lineage-tracing data were formulated to confirm this
speculation®. Since hepatocyte death induces BEC-driven
liver regeneration in the zebrafish hepatocyte ablation
model'>"* and the mouse hepatocyte-specific Mdm2 dele-
tion model’, we hypothesized that BECs contributed to the
hepatocytes in fomm22 MO-injected larvae. To test this
hypothesis, we performed lineage tracing experiments to
unequivocally determine the origin of new hepatocytes
in tomm22 MO-injected larvae. Surprisingly, we found
that both preexisting hepatocytes and BECs contributed
to the new hepatocytes in tomm22 MO-injected larvae.
Moreover, using the tomm22 MO-based liver regeneration
model, we investigated the role of Wnt/B-catenin signaling
and macrophages in liver regeneration.

MATERIALS AND METHODS
Zebrafish Strains

Experiments were performed with the approval of the
Institutional Animal Care and Use Committee (IACUC) at
the University of Pittsburgh. Embryos and adult fish were
raised and maintained under standard lab conditions®'.
We used the following transgenic lines: Tg(Tpl:H2B-
mCherry)'**®, Tg(ubb:loxP-GFP-loxP-mCherry)~""",
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Tg(Tpl:CreERT2)™'*®, Tg(fabplOa:mAGFP-gmnn)" ",
To(WRE:d2GFP)""*, Tg(mpegl:Gald-VPI6)™, Tg
(UAS:NTR-mCherry)”™'", Tg(fabp10a: CFP-NTR)"*?,
Y 8(jabp
T ( ab ]Oa.'GFP)a‘Yj(ZS), and Tg(mpegl ..Dendraz)uwle(zt))'
8(jabp

Morpholino Injection

tomm22 MO (5-GAGAAAGCTCCTGGATCGTAGC
CAT-3")* was purchased from GeneTools (Philomath,
OR, USA); 6 ng of fomm22 MO was injected into embryos
at the one-cell stage.

Cre/loxP-Mediated Lineage Tracing, Macrophage
Ablation, and Wnt/B-Catenin Suppression

For lineage tracing experiments, 7g(fabpl0Oa:CFP-
NTR); Tg(ubb:loxP-GFP-loxP-mCherry); Tg(Tpl:Cre
ERT?2) larvae were treated with 10 uM 4-hydroxytamoxifen
(4-OHT) from 48 to 84 h postfertilization (hpf) for 36 h
to induce Cre-mediated recombination. For macrophage
ablation experiments, Tg(mpegl:Gal4-VP16);Tg(UAS:
NTR-mCherry) larvae were treated with 10 mM Mtz
from 4 to 6 or 7 days postfertilization (dpf). For Wnt/
[-catenin suppression experiments, larvae were treated
with 10 uM XAV939 from 4 to 6 or 7 dpf.

Whole-Mount In Situ Hybridization and Immunostaining

Whole-mount in situ hybridization was performed as
previously described™. We used the following probes:
proxla, foxa3, sepplb, cp, and fabplOa. Whole-mount
immunostaining was performed as previously described’’,
using the following antibodies: chicken polyclonal anti-
GFP (1:1,000; Aves Labs, Tigard, OR, USA), rabbit poly-
clonal anti-Prox1 (1:150; GeneTex, Irvine, CA, USA),
mouse monoclonal anti-Anxa4 (also named as 2F11; 1:100;
Abcam, Cambridge, MA USA), rabbit polyclonal anti-
DsRed (1:200; Clontech, Mountain View, CA, USA), rab-
bit monoclonal anti-DsRed (1:400; Allele Biotechnology,
San Diego, CA, USA), goat polyclonal anti-Hnf4a (1:50;
Santa Cruz Biotechnology, Dallas, TX, USA), mouse
monoclonal anti-Bhmt (1:800; gift from Jinrong Peng at
Zhejiang University, PR. China), mouse monoclonal anti-
Alcam (Zn5; 1:10; ZIRC, USA), and conjugated second-
ary antibodies, including Alexa Fluor 405, 488, 568, and
647 (1:500; Life Technologies, Grand Island, N, USA).

TUNEL and EdU Assays

Apoptotic cell death was analyzed according to the pro-
tocol of the In Situ Cell Death Detection Kit, Fluorescein
(Roche, Switzerland). Following whole-mount immuno-
staining, TUNEL was applied. The 5-ethynyl-2’-deoxy-
uridine (EdU) assay was performed using the protocol
outlined in the Click-iT EdU Alexa Fluor 647 Imaging
Kit (Life Technologies). Embryos were treated with egg
water containing 10 mM EdU and 10% DMSO from
43 hpf for 1 h and harvested at 45 hpf for EAU staining.
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Image Acquisition, Processing, and Statistical Analysis

Zeiss LSM700 confocal and Leica M205 FA epifluo-
rescence microscopes were used to obtain image data.
Confocal stacks were analyzed using the Zen 2009 soft-
ware. All figures, labels, arrows, scale bars, and outlines
were assembled or drawn using the Adobe Illustrator soft-
ware. Unpaired two-tailed Student’s #-tests in the Graph-
Pad Prism 5 software were used for statistical analysis. A
value of p<0.05 was considered statistically significant.

RESULTS

tomm22 Knockdown Initially Reduces Liver Size
But Later the Liver Recovers

The recovery of the initial liver defect in fomm22 MO-
injected larvae, but not in fomm22 mutants, makes this
MO-based assay a novel liver regeneration model”. Before
we determined the cellular source for this recovery, we
carefully examined liver formation in fomm22 MO-injected
embryos and larvae with multiple liver markers. Using
the Tg(fabp10a:GFP) line that expresses GFP under the
hepatocyte-specific fabp10a promoter”, we found that the
liver size in the MO-injected larvae was smaller than that
in the control larvae at least from 4 dpf (Fig. 1A, arrows).
The intensity of fabpl0a:GFP intrinsic fluorescence was
also much weaker in the MO-injected larvae than in the
controls until 6 dpf (Fig. 1A). However, at 8 dpf, not only
did the fabp10a:GFP intensity in the MO-injected larvae
recover and appear similar to controls, but the liver size was
also greatly increased, compared to the 6-dpf MO-injected
liver (Fig. 1A), as previously reported®. The MO-injected
larvae grew into adults (data not shown), suggesting that
the recovered liver is fully functional.

Given the smaller liver of the MO-injected larvae at
4 dpf, we determined whether the liver size was still
smaller from the early liver developmental stages. To
reveal the entire liver bud during the early stages, we
examined the expression of the hepatoblast marker,
proxla, and the pan-endoderm marker, foxa3>. Although,
liver bud size was comparable between the control and the
MO-injected embryos at 36 hpf, it was noticeably smaller
in the MO-injected embryos at 60 hpf (Fig. 1B and C,
arrows). In contrast, the pancreas appeared unaffected
(Fig. 1C, arrowheads). These data indicate that the initial
liver bud formation is grossly normal, but its subsequent
growth is defective in tomm22 MO-injected embryos.

Given the very faint fabplOa:GFP expression in
tomm22 MO-injected larvae at 4 and 6 dpf (Fig. 1A),
we tested if hepatocyte differentiation was impaired in
the MO-injected embryos by examining the expression
of the hepatocyte markers fabplOa, sepplb, and cp.
fabp10a expression in the MO-injected embryos at 48 hpf
was faint compared to the control embryos (Fig. 1D,
arrows), confirming the fabp10a: GFP expression pattern.
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However, sepplb and cp expression in the MO-injected
embryos was much stronger than fabpl0Oa expression in
the MO-injected embryos and was comparable with their
expression in the controls (Fig. 1D-F, arrows). These data
suggest that hepatoblast differentiation into hepatocytes
is normal in fomm?22 MO-injected embryos, as observed
in fomm22 mutants™.

To determine why liver size was reduced upon tomm22
knockdown, we first examined cell death using terminal
deoxynucleotidyl transferase (TdT) dUTP nick-end label-
ing (TUNEL). TUNEL" dying cells were not observed in
the control liver at 36 hpf or 4 dpf, whereas they were
observed in the liver of the MO-injected embryos/larvae
at 36 hpf (Fig. 2A) and 4 dpf (Fig. 2B). At 4 dpf, the
TUNEL cells were hepatocytes, as assessed by hepato-
cyte fabpl0a:CFP and BEC TpI:H2B-mCherry expres-
sion (Fig. 2B, arrow). We next examined proliferation
using EdU labeling. There was no significant difference
in the percentage of EAU" hepatic cells at 45 hpf between
the control and the MO-injected embryos (Fig. 2C and
D). These data suggest that the small liver in fomm?22
MO-injected embryos is mainly due to increased cell

death, consistent with the previous report™.

BECs Contribute to Hepatocytes in tomm22
MO-Injected Larvae

We next determined which cells contributed to the
liver recovery in tomm22 MO-injected larvae. We first
examined the hepatic expression of the hepatocyte
marker, Hnf4a, and the BEC marker, 7p/:H2B-mCherry.
The Tg(Tpl:H2B-mCherry) line expresses histone H2B
(H2B) and mCherry fusion proteins under the promoter
containing the notch-responsive element™. Since Notch
signaling is active in BECs, but not in hepatocytes,
Tp1:H2B-mCherry expression specifically reveals BECs
in the liver”. Moreover, H2B makes the H2B-mCherry
fusion protein very stable; thus, this line allows for the
easy detection of BEC-derived cells even after Notch
activity turns off. In fact, in the zebrafish hepatocyte
ablation model, BECs exhibit strong H2B-mCherry
expression, and BEC-derived hepatocytes exhibit weak
H2B-mCherry expression in the regenerating liver'>”.
In the control larvae, there were no Hnf4a/Tpl:H2B-
mCherry double-positive cells at 5, 6, and 7 dpf (Fig. 3A
and data not shown). In contrast, in the MO-injected lar-
vae at 7 dpf, nearly all Hnf4a" cells were positive for Tp1:
H2B-mCherry (Fig. 3A and B), suggesting their biliary
origin. To determine when these double-positive cells
first appeared, we examined earlier stages and found that
such double-positive cells appeared in a subset of the
MO-injected larvae at 5 dpf (Fig. 3A, arrows). The for-
mation of the double-positive cells can be explained in
two ways: (1) Tpl:H2B-mCherry” BECs turn on Hnf4a
expression, suggesting BEC conversion to hepatocytes,
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Figure 1. tfomm22 knockdown reduces liver size. (A) Fluorescence images showing hepatic fabp10a:GFP expression (arrows) in
tomm22 MO-injected larvae. Note very weak fabp10a:GFP expression until 6 days postfertilization (dpf) but its strong expression
at 8 dpf. (B-E) Whole-mount in situ hybridization images showing the expression of proxla, foxa3, fabp10a, sepplb, and cp in the
MO-injected embryos. Numbers indicate the proportion of larvae exhibiting the representative expression shown. Arrows point to the
liver bud or the liver; arrowheads point to the dorsal pancreas. Scale bars: 100 pm.

or (2) Hnf4a" hepatocytes turn on Tpl:H2B-mCherry
expression, suggesting the formation of hybrid hepato-
cytes. To unambiguously determine the origin of hepa-
tocytes in the recovering liver of the MO-injected larvae,
we performed permanent lineage tracing experiments
using the Cre/loxP system. To trace BEC lineage, we
used the Tg(Tpl:CreERT2) line together with a Cre
reporter line, Tg(ubb:loxP-GFP-STOP-loxP-mCherry),

which expresses mCherry upon Cre-mediated excision
of the STOP cassette™. 4-OHT was treated from 48 to
84 hpf, the stage before the appearance of 7Tp/:H2B-
mCherry/Hnf4a double-positive cells. In the control lar-
vae, only BECs were labeled with mCherry, as previously
reported'”. In sharp contrast, in the MO-injected larvae,
numerous hepatocytes were labeled with mCherry at
9 dpf (Fig. 3C), indicating their biliary origin. However,
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Figure 2. Cell death and proliferation in tomm22 MO-injected larvae. (A) Confocal projection images showing Prox1 expression
(gray) and terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) (green) in the liver bud (dashed lines) at
36 h postfertilization (hpf). Arrow points to TUNEL" cells. (B) Confocal projection images showing TUNEL (green) and the expression
of fabp10a:CFP-NTR (blue) and Tp/:H2B-mCherry (red) in the liver at 4 dpf. Arrow points to TUNEL" hepatocytes. (C) Confocal
projection images showing Prox1 expression (green) and 5-ethynyl-2’-deoxyuridine (EdU) labeling (gray) in the liver (dashed lines) at
45 hpf. Arrows point to EQU/Prox1 double-positive cells. (D) Graph showing the percentage of EQU" cells among Prox1* cells in the
liver at 45 hpf. There was no significant difference in the proliferation rate between the control and tomm22 MO-injected larvae. Red
marks indicate the embryos shown in (C); n indicates the number of larvae examined. Scale bars: 20 um; error bars: £SEM.

about 40% of hepatocytes were labeled with mCherry
with the range of 0-60% (Fig. 3D). Although 66% of the
Cre-mediated labeling efficiency in the MO-injected lar-
vae at 9 dpf (Fig. 3E) can explain, in part, such a low
percentage, the percentage is still low compared with the
percentage of Tpl:H2B-mCherry” cells among Hnf4a"
cells (~100%) at 7 dpf (Fig. 3D vs. Fig. 3B), suggesting
the contribution of non-BECs to recovering hepatocytes
in fomm22 MO-injected larvae. These lineage tracing
data reveal that both BECs and non-BECs, most likely
surviving hepatocytes, give rise to recovered hepatocytes
in tomm22 MO-injected larvae.

Surviving Hepatocytes Become Hybrid Hepatocytes
in tomm22 MO-Injected Larvae

Our lineage tracing data suggest that surviving hepa-
tocytes turned on 7pl:H2B-mCherry expression in
tomm22 MO-injected larvae. Since Notch signaling is
required and sufficient for biliary specification®** and
is required for the conversion of hepatocytes to BECs’,
the hepatocyte induction of 7pl/:H2B-mCherry can be

considered the formation of hybrid hepatocytes express-
ing biliary markers. We investigated if such hybrid
cells indeed formed in fomm22 MO-injected larvae. We
assumed that if hepatocytes start to express Tpl:-H2B-
mCherry, its expression should be very faint at the
beginning. By focusing on such faint expression with
the increase in gain in confocal microscopy, we could
detect a few hepatocytes exhibiting the extremely faint
expression of Tpl:H2B-mCherry in the MO-injected
larvae at 4 dpf (Fig. 4A, arrows). The expression of the
hepatocyte differentiation marker, Bhmt*, was used to
distinguish hepatocytes from BECs. At 4 dpf, Tpl:H2B-
mCherry expression in Bhmt™ hepatocytes was much
weaker than its expression in Bhmt™ BECs, whereas, at
6 dpf, its expression level was comparable with that in
Bhmt™ BECs (Fig. 4A, arrows vs. arrowheads). Since
BEC markers are expressed in hybrid hepatocytes in
mice*”’, we next examined the expression of another
BEC marker, Anxa4®, and found that Anxad was also
expressed in most Tpl:H2B-mCherry” cells in the
MO-injected larvae at 6 dpf (Fig. 4B, arrows).
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Figure 3. Biliary epithelial cells (BECs) give rise to hepatocytes in fomm22 MO-injected larvae. (A) Confocal single-optical section
images showing 7p/:H2B-mCherry (red) and Hnf4a (gray) expression in the liver. Arrows point to H2B-mCherry/Hnf4a double-
positive cells. (B) A graph showing the percentage of H2B-mCherry* cells among Hnf4a" cells in the livers of the tomm22 MO-injected
larvae. Red dots indicate the larvae shown in (A). (C) Confocal projection images showing the hepatic expression of ubb:mCherry
(red, Cre-labeled cells) and Alcam (gray, BECs) at 9 dpf. 4-OHT was treated from 48 to 84 hpf. (D) Graph showing the percentage
of ubb:mCherry* hepatocytes, which were derived from BECs. fabp10a:CFP-NTR expression was used to define hepatocytes. Red
marks indicate the larvae shown in (C). (E) Graph showing the percentage of mCherry” cells among Alcam” BECs at 9 dpf, indicating
Cre-mediated labeling efficiency. n indicates the number of larvae examined. Scale bars: 20 pum; error bars: +SEM.

If BECs or BEC-derived cells do not express Hnf4a at mCherry” cells did not express Hnf4a until 5 dpf, but from
4-5 dpf, it will indirectly indicate that the H2B-mCherry/ 6 dpf, a subset of these cells expressed Hnf4a (Fig. 4C

Hnf4a double-positive cells at these stages are derived and D). These data together with the Tp/:H2B-mCherry
from hepatocytes. Thus, we performed BEC lineage tracing expression data indicate that surviving hepatocytes become
experiments and examined Hnf4a expression in lineage- hybrid hepatocytes and contribute to recovering hepato-

traced, MO-injected larvae at 4-8 dpf. The Cre-labeled, cytes in tomm22 MO-injected larvae.
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Figure 4. Surviving hepatocytes become hybrid hepatocytes. (A) Confocal single-optical section images showing the expression of
Hnf4a (green), Tpl:H2B-mCherry (red), and Bhmt (gray) in the liver. Arrows point to hepatocytes that express 7p/:H2B-mCherry;
arrowheads point to BECs negative for Hnf4a and Bhmt. (B) Confocal projection images showing 7p/:H2B-mCherry (red) and Anxa4
(gray) expression in the liver. Arrows point to H2B-mCherry/Anxa4 double-positive cells. (C) Confocal single-optical section images
showing the hepatic expression of ubb:mCherry (red, Cre-labeled cells) and Hnf4a (gray) in tomm22 MO-injected larvae. Arrows point
to mCherry/Hnf4a double-positive cells. (D) Graph showing the percentage of ubb:mCherry” cells among Hnf4a" cells, which were
derived from BECs. Red dots indicate the larvae shown in (C); n indicates the number of larvae examined. Scale bars: 20 um; error

bars: +SEM.

Suppression of Wnt/B-Catenin Signaling Blocks
Hepatocyte Proliferation and Represses the Formation
of Hybrid Hepatocytes in tomm22 MO-Injected Larvae
It was previously reported that Wnt/B-catenin sig-
naling positively regulates liver recovery in fomm22
MO-injected larvae®. A Wnt ligand gene, wnt2bb, was
upregulated in the livers of the MO-injected larvae, and
the suppression of Wnt/B-catenin signaling reduced the
size of the recovering livers of the MO-injected larvae™.
Since Wnt/B-catenin signaling regulates hepatocyte pro-
liferation during liver regeneration’’, we sought to deter-
mine if the reduced liver recovery upon Wnt suppression
was due to a proliferation defect. We first examined if
Whnt activity was enhanced in fomm22 MO-injected lar-
vae. Using a Wnt reporter line, Tg( WRE:d2GFP)*, we

observed a strong WRE:d2GFP expression in the livers of
tomm22 MO-injected larvae at 6 dpf, but no expression
in the control livers (Fig. 5A). About 60% of Tpl:H2B-
mCherry” cells exhibited Wnt activity in the livers of the
MO-injected larvae. We next suppressed Wnt/B-catenin
signaling by treating tomm22 MO-injected larvae from 4
to 7 dpf with a Wnt inhibitor, XAV939, which stimulates
B-catenin degradation by stabilizing Axin® (Fig. 5B). As
reported previously™, the suppression of Wnt/B-catenin
signaling reduced the size of the recovering liver in the
MO-injected larvae. Consistent with the positive role
of Wnt/B-catenin signaling in hepatocyte proliferation
during liver regeneration’’, XAV939 treatment greatly
reduced hepatocyte proliferation in tomm22 MO-injected
larvae at 7 dpf compared with the DMSO treatment control
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and Hnf4a (gray) at 7 dpf. Arrows point to H2B-mCherry/Hnf4a double-positive cells; arrowheads point to H2B-mCherry /Hnf4a"
cells. Quantification of the percentage of H2B-mCherry~ cells among Hnf4a" cells is shown. (D) Confocal single-optical images show-
ing the hepatic expression of fabpl0a:mAGFP-gmnn (green), 7p/:H2B-mCherry (red), and Hnf4a (gray) at 7 dpf. Arrows point to
mAGFP-gmnn/H2B-mCherry/Hnf4a triple-positive cells; arrowheads point to mAGFP-gmnn/Hnf4a double-positive cells. (E) Graph
showing the percentage of mAGFP-gmnn" cells among Hnf4a" cells. Red marks indicate the larvae shown in (D). (F) Graph showing
the percentage of mCherry” or mCherry™ proliferating hepatocytes. Red marks indicate the larvae shown in (D). n indicates the number
of larvae examined. Scale bars: 20 pm; error bars: £SEM.
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(Fig. 5D and E). For the proliferation assay, we used
the Tg(fabpl0a:mAGFP-gmnn) line™, which expresses
green fluorescent proteins in hepatocytes that are in the
S/G,/M, but not in the G, or G,, phases of the cell cycle®.
In addition to this proliferation phenotype, we intrigu-
ingly observed a novel phenotype, the presence of Hnf4a*
cells negative for TpIl:H2B-mCherry (Fig. 5C and D,
arrowheads). About 30% of Hnf4a" cells were nega-
tive for Tpl:H2B-mCherry in XAV939-treated, tomm22
MO-injected larvae at 7 dpf, whereas none of such cells
were present in the DMSO-treated, MO-injected lar-
vae (Fig. 5C). Since BEC-derived hepatocytes retain
Tpl:H2B-mCherry expression, it is likely that a subset
of surviving, preexisting hepatocytes failed to turn on
TpI1:H2B-mCherry expression in the XAV939-treated,
MO-injected larvae. Interestingly, the proliferation assay
with the Tg(fabpl0a:mAGFP-gmnn) line revealed that
TpI:H2B-mCherry /Hnf4a™ hepatocytes were more sensi-
tive to Wnt/B-catenin inhibition than Tpl:-H2B-mCherry*/
Hnf4a" hepatocytes because the proliferation rate of the
former cells was much lower than that of the latter (0%
vs. 6%) (Fig. SF). Altogether, these data suggest that in
tomm22 MO-injected larvae, Wnt/B-catenin signaling
promotes the formation of hybrid hepatocytes as well as
hepatocyte proliferation.

Macrophage Ablation Impairs the Formation of Hybrid
Hepatocytes in tomm?22 MO-Injected Larvae

Given the positive role of macrophages in oval cell acti-
vation™ and oval cell differentiation into hepatocytes*' in
mice, we sought to determine the role of macrophages in
tomm22 MO-mediated liver regeneration. We first exam-
ined if macrophages were present in the livers of tomm22
MO-injected larvae. Using the Tg(mpegl:Dendra2) line
that expresses a fluorescent protein Dendra2 under the
macrophage-specific mpegl promoter™, we first detected
macrophages in the livers of tomm22 MO-injected lar-
vae at 5 dpf (Fig. 6A, arrows) and observed more macro-
phages at 7 dpf (Fig. 6B). We often observed macrophages
surrounding TpI:H2B-mCherry™ hepatocytes (Fig. 6B,
arrowheads) but barely detected macrophages surround-
ing Tp1:H2B-mCherry” hepatocytes. In the control liver,
a few macrophages were also detected at 7 dpf, but their
shape was different from that of the MO-injected larvae:
macrophages in the control liver were elongated, whereas
those in the MO-injected larvae were spherical (Fig. 6A
and B). Given the increased number of macrophages in
the livers of fomm22 MO-injected larvae and their shape
change, we next investigated the effect of macrophage
ablation on fomm22 MO-mediated liver regeneration.
Using two transgenic lines that make NTR specifically
expressed in macrophages®, Tg(mpegl:Gal4-VPI16) and
Tg(UAS:NTR-mCherry), we ablated macrophages by
treating the double transgenic larvae with Mtz. Since
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macrophages were detected in the livers of the MO-
injected larvae from 5 dpf (Fig. 6A), we applied Mtz
from 4 to 7 dpf and examined the liver at 7 dpf (Fig. 6D).
This Mtz treatment greatly reduced the number of mac-
rophages in the whole body of the transgenic larvae at
7 dpf, as assessed by NTR-mCherry intrinsic fluores-
cence (Fig. 6C), validating efficient macrophage abla-
tion with the NTR/Mtz system. Intriguingly, we observed
the presence of Tpl:H2B-mCherry/Hnf4a" hepatocytes
following macrophage ablation in fomm22 MO-injected
larvae (Fig. 6E, arrowheads), similar to our observa-
tions in XAV939-treated, MO-injected larvae (Fig. 5C).
All Hnf4a" cells were positive for Tpl:H2B-mCherry in
the DMSO-treated, MO-injected larvae, whereas 67% of
them were negative for Tpl:H2B-mCherry (Fig. 6F), sug-
gesting a defect in the formation of hybrid hepatocytes.
However, unlike XAV939 treatment, macrophage abla-
tion did not reduce the proliferation of Hnf4a" hepatocytes
(Fig. 6G and H). Moreover, Tpl:H2B-mCherry /Hnf4a*
hepatocytes proliferated more than Tpl:H2B-mCherry*/
Hnf4a® hepatocytes (Fig. 6I). Given the possibility that
macrophages regulate Wnt/B-catenin signaling®', using
the Tg(WRE:d2GFP) line, we examined Wnt activity in
macrophage-ablated, fomm22 MO-injected larvae. Hepatic
WRE:d2GFP expression was greatly reduced in the
macrophage-ablated, MO-injected larvae compared with
unablated, MO-injected larvae (Fig. 6J), supporting the
possibility that macrophages regulate Wnt/B-catenin
signaling during fomm22 MO-mediated liver regenera-
tion. Altogether, these data suggest that during tomm?22
MO-mediated liver regeneration, macrophages do not con-
trol hepatocyte proliferation but regulate the formation of
hybrid hepatocytes, in part, via Wnt/B-catenin signaling.

DISCUSSION

In this study, we determined the origin of hepatic cells
that contribute to recovering hepatocytes in tomm22 MO-
injected larvae. By temporarily knocking down fomm?22,
we observed the initial reduction of liver size as a result
of hepatocyte cell death. This liver damage not only acti-
vated BECs to give rise to hepatocytes but also induced
the phenotypic change of surviving hepatocytes, gener-
ating hybrid hepatocytes. Upon MO dilution as larvae
grow, hepatocytes arising from either surviving hepato-
cytes or BECs began to form properly, allowing for the
survival of the MO-injected larvae. Using this MO-based
liver regeneration model, we discovered that both Wnt/
B-catenin signaling and macrophages control the forma-
tion of hybrid hepatocytes.

In tomm22 MO-injected larvae at 7 dpf, nearly all
Hnf4a" cells expressed Tp1:H2B-mCherry (Fig. 3B). How-
ever, permanent BEC lineage tracing data show that about
7% of Hnf4a" cells, with the range of 0-36%, were derived
from BECs at 7 dpf (Fig. 4D). Even considering ~66% Cre
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labeling efficiency in the MO-injected larvae (Fig. 3E),
these data suggest that a large subset of Hnf4a/Tpl:-H2B-
mCherry double-positive cells were derived from non-
BECs. Our finding that most of the double-positive cells
expressed the hepatocyte differentiation marker, Bhmt
(Fig. 4A), and the BEC marker, Anxa4 (Fig. 4B), in the
livers of tomm22 MO-injected larvae at 6 dpf supports that
hepatocytes become hybrid hepatocytes in the MO-injected
larvae. These hybrid hepatocytes were frequently observed
in diverse murine liver injury models. In particular, hepa-
tocyte lineage tracing studies in mice revealed that upon
chronic liver injuries, a subset of hepatocytes convert
to oval cells, which express both hepatocyte and biliary
markers and later redifferentiate into hepatocytes®™. This
hepatocyte conversion and redifferentiation appear to
occur in tomm22 MO-injected larvae as well.

We previously reported that injury levels determine
the mode of liver regeneration between hepatocyte- and
BEC-driven liver regeneration'>. Upon mild hepatocyte
ablation, only preexisting hepatocytes contribute to regen-
erating hepatocytes, whereas upon near-total hepatocyte
ablation, BECs contribute to hepatocytes without the con-
tribution of preexisting hepatocytes. Intriguingly, upon
intermediate hepatocyte ablation, both hepatocytes and
BECs appear to contribute to regenerating hepatocytes'.
This relationship between liver injury levels and the mode
of liver regeneration observed in zebrafish is supported
by mouse studies. In mouse oval cell activation models,
including CCl, injection and DDC and CDE diet, preex-
isting hepatocytes, but not BECs, contribute to regenerat-
ing hepatocytes™™. Since remaining hepatocytes actively
proliferate in these liver injury models, liver injury levels
can be considered “mild” in these models. However,
when liver injury is very severe, that is, remaining hepa-
tocytes cannot proliferate, BECs extensively contribute to
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regenerating hepatocytes. This phenomenon was recently
observed in hepatocyte-specific Mdm2 knockout mice’.
Given the dual contribution of surviving, preexisting hepa-
tocytes and BECs to recovering hepatocytes in tomm22
MO-injected larvae, liver injury levels in this MO-based
liver injury model can be considered “intermediate.” In
fact, 2 ng of tomm22 MO injection appeared to elicit a
mild liver injury because the liver size in the MO-injected
larvae was smaller than in the controls but larger than
in larvae injected with 6 ng of the MO. Importantly,
in the larvae injected with 2 ng of the MO, we did not
observe any BEC contribution to hepatocytes (data not
shown), further supporting the relationship between liver
injury levels and the mode of liver regeneration.
Whnt/B-catenin signaling promotes hepatocyte prolif-
eration during liver regeneration’’, and in chronic liver
injury settings, such as the CDE diet, Wnt/B-catenin sig-
naling also appears to promote the differentiation of liver
progenitor cells into hepatocytes”. Here we confirmed
the positive effect of Wnt/B-catenin signaling on hepa-
tocyte proliferation in tomm22 MO-injected larvae by
(1) showing the enhanced Wnt activity in the MO-injected
livers and (2) reporting that hepatocyte proliferation was
greatly reduced in XAV939-treated, MO-injected larvae
compared with DMSO-treated, MO-injected larvae. More-
over, we found a novel phenotype in XAV939-treated,
recovering livers: the presence of Hnf4a" cells negative
for Tp1:H2B-mCherry. Since BEC-derived Hnf4a" cells
retain 7pl:H2B-mCherry expression due to the long
half-life of H2B-mCherry proteins, the Hnf4a single-
positive cells should be derived from surviving hepato-
cytes. Given that nearly all Hnf4a"™ cells were positive
for TpI1:H2B-mCherry in tomm22 MO-injected larvae at
7 dpf (Fig. 3B), the presence of the single-positive cells
suggests that the suppression of Wnt/B-catenin signaling

FACING PAGE

Figure 6. Macrophage ablation impairs the formation of hybrid hepatocytes in tomm22 MO-injected larvae. (A) Confocal single-optical
section images showing the expression of mpegl:Dendra2 (green, macrophages) and fabp10a:CFP-NTR (blue, hepatocytes) in the liver
at 5 dpf. Arrows point to macrophages. (B) Confocal single-optical section images showing the expression of mpegl:Dendra2 (green),
Tpl:H2B-mCherry (red), and fabp10a:CFP-NTR (blue) in the liver at 7 dpf. Arrows point to macrophages in the control liver; arrowheads
point to a macrophage engulfing a hepatocyte in fomm22 MO-injected larvae. (C) Fluorescence images showing macrophage NTR-
mCherry expression before and after metronidazole (Mtz) treatment. Mtz (10 mM) was treated from 4 to 7 dpf. Note the great reduction in
the number of NTR-mCherry” macrophages in the Mtz-treated larvae at 7 dpf compared with the DMSO-treated controls. Lateral views,
dorsal up, anterior to the left. Scale bar: 250 pm. (D) Scheme illustrating the period of Mtz treatment and harvest stage for macrophage
ablation for (E-I). (E) Confocal single-optical section images showing the expression of 7p/:H2B-mCherry (red) and Hnf4a (gray) in
the liver at 7 dpf. Arrows point to H2B-mCherry/Hnf4a double-positive cells; arrowheads point to Hnf4a single-positive cells. (F) Graph
showing the percentage of H2B-mCherry~ cells among Hnf4a" cells. Red marks indicate the larvae shown in (E). (G) Confocal single-
optical section images showing the expression of fabp10a:mAGFP-gmnn (green), 7p/:H2B-mCherry (red), and Hnf4a (gray) in the liver
at 7 dpf. Arrows point to mAGFP-gmnn/H2B-mCherry/Hnf4a triple-positive cells; arrowheads point to mAGFP-gmnn'/H2B-mCherry/
Hnf4a" cells. (H) Graph showing the percentage of fabpl0a:mAGFP-gmnn" cells among Hnf4a" cells. Red marks indicate the larvae
shown in (G). (I) Graph showing the percentage of H2B-mCherry® or H2B-mCherry™ proliferating Hnf4a" cells. Red marks indicate the
larvae shown in (G). n indicates the number of larvae examined. (J) Confocal single-optical section images showing the expression of
WRE:d2GFP (green, Wnt activity) and Tp/:H2B-mCherry (red) in the liver at 6 dpf. Anti-GFP antibody was used to reveal WRE:d2GFP
expression. Note the complete absence of hepatic d2GFP expression in the XAV939-treated, tomm22 MO-injected larvae, whereas its
faint expression in macrophage-ablated, fomm22 MO-injected larvae. Scale bars: 20 um, except (C); error bars: £SEM.
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represses Tpl:H2B-mCherry induction in hepatocytes
(i.e., the formation of hybrid hepatocytes). This sugges-
tion is supported by a recent mouse study showing that
Whnt/B-catenin signaling induces the expression of biliary
markers, such as Sox9, EpCAM, and CK19, in hepato-
cytes”. Intriguingly, we found a similar phenotype in
the MO-injected larvae upon macrophage ablation. Our
finding that hepatic Wnt activity was greatly reduced in
tomm22 MO-injected larvae with macrophage ablated
compared with the unablated MO-injected larvae (Fig. 6J)
suggests that macrophages may promote the formation of
hybrid hepatocytes, in part, via Wnt/B-catenin signaling.
This hypothesis is consistent with a mouse study show-
ing that in the CDE model, macrophage engulfment of
dying hepatocytes and their debris induces Wnt3a expres-
sion*'. However, the number of Hnf4a" cells negative for
Tp1:H2B-mCherry was doubled upon macrophage abla-
tion compared with XAV939 treatment (67% vs. 30%),
suggesting the involvement of other factors from mac-
rophages in the formation of hybrid hepatocytes.

Despite the reduced Wnt activity in the recovering livers
of the macrophage-ablated, MO-injected larvae, hepato-
cyte proliferation was not affected at all, making a sharp
contrast with the great reduction of hepatocyte prolifera-
tion in the XAV939-treated, MO-injected larvae (Fig. SE
vs. Fig. 6H). The direct comparison of hepatic Wnt activ-
ity between these two cases revealed no Wnt activity in
the XAV939-treated, MO-injected larvae but faint Wnt
activity in the macrophage-ablated, MO-injected larvae
(Fig. 6J). These data suggest that the remaining Wnt
activity in the macrophage-ablated larvae may be suffi-
cient for hepatocyte proliferation.

In summary, here we report an additional zebrafish liver
injury model for BEC-driven liver regeneration. Together
with the NTR/Mtz-mediated hepatocyte ablation model,
this tomm22 MO-based liver injury model will help eluci-
date the mechanisms underlying BEC-driven liver regen-
eration, providing insights into augmenting innate liver
regeneration in patients with advanced liver diseases.
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