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Abstract

The liver is a highly regenerative organ, but its regenerative capacity is compromised in severe
liver injury settings. In chronic liver diseases, the number of liver progenitor cells (LPCs)
correlates proportionally to disease severity, implying that their inefficient differentiation into
hepatocytes exacerbates the disease. Moreover, LPCs secrete pro-inflammatory cytokines; thus,
their prolonged presence worsens inflammation and induces fibrosis. Promoting LPC-to-
hepatocyte differentiation in patients with advanced liver disease, for whom liver transplantation is
currently the only therapeutic option, may be a feasible clinical approach since such promotion
generates more functional hepatocytes and concomitantly reduces inflammation and fibrosis. Here,
using zebrafish models of LPC-mediated liver regeneration, we present a proof-of-principle of
such therapeutics by demonstrating a role for the EGFR signaling pathway in differentiation of
LPCs into hepatocytes. We found that suppression of EGFR signaling promoted LPC-to-
hepatocyte differentiation via the MEK-ERK-SOX9 cascade. Pharmacological inhibition of EGFR
or MEK/ERK promoted LPC-to-hepatocyte differentiation as well as genetic suppression of the
EGFR-ERK-SOX?9 axis. Moreover, Sox9b overexpression in LPCs blocked their differentiation
into hepatocytes. In the zebrafish liver injury model, both hepatocytes and biliary epithelial cells
contributed to LPCs. EGFR inhibition promoted the differentiation of LPCs regardless of their
origin. Notably, short-term treatment with EGFR inhibitors resulted in better liver recovery over
the long term.
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Conclusion: The EGFR-ERK-SOX9 axis suppresses LPC-to-hepatocyte differentiation during
LPC-mediated liver regeneration. We suggest EGFR inhibitors as a pro-regenerative therapeutic
drug for patients with advanced liver disease.
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Introduction

Although the liver is a highly regenerative organ, its regenerative ability is greatly
compromised by prolonged liver damage. Upon mild liver injury, hepatocytes proliferate to
restore lost liver mass (1). When hepatocyte proliferation is compromised as in severe liver
injury scenarios, however, liver progenitor cells (LPCs) are activated and proceed to
proliferate and differentiate into hepatocytes, thereby contributing to regeneration (2, 3).
Despite this LPC-mediated mechanism, liver regeneration does not appear to occur
efficiently in patients with advanced liver disease, for whom liver transplantation is currently
the only therapeutic option (4). In fact, LPC numbers correlate proportionally with the
severity of liver disease in humans (5), implying a robust activation of LPCs but inefficient
differentiation of LPCs into hepatocytes in patients. Furthermore, LPCs secrete pro-
inflammatory cytokines; thus, their prolonged presence exacerbates inflammation and
fibrosis (3, 6) and contributes to liver cancer (7). These phenomena suggest that promoting
LPC-to-hepatocyte differentiation in patients with advanced liver disease, which generates
more functional hepatocytes and concomitantly reduces inflammation and fibrosis, may be a
promising therapeutic approach.

The analyses of hepatocyte and biliary marker gene expression in human livers with
advanced liver disease have suggested the contribution of biliary epithelial cells (BECs) to
hepatocytes through LPCs (8). In addition, recent lineage-tracing studies in zebrafish (9-11)
and mice (12-16) have demonstrated the significant contribution of BECs to hepatocytes in
severe liver injury settings. Three groups independently reported in zebrafish that near-
complete ablation of hepatocytes induces dedifferentiation of BECs into LPCs and
subsequent differentiation of LPCs into hepatocytes, thus nearly all regenerated hepatocytes
originate from BECs in the zebrafish model (9-11). It was also reported in mice that BECs
significantly contribute to regenerated hepatocytes when pre-existing hepatocytes barely
proliferate. In these mouse studies, hepatocyte proliferation was blocked genetically by
either deleting MdmZ2 (16), /tgb1 (15), or Ctnnb1 (12) or overexpressing p21 (15) in
hepatocytes. Furthermore, it was reported in mice that without such genetic manipulation,
BECs robustly contribute to hepatocytes in severe chronic liver injury settings (13, 14).

These zebrafish and mouse liver injury models can be used to reveal the molecular
mechanisms underlying LPC-mediated liver regeneration, which will provide significant
insights into developing an effective means to promote this process as pro-regenerative
therapeutics. In fact, using the zebrafish model, we and others revealed the essential role of
BMP signaling (17), BET proteins (18), Hdacl (19), mTORC1 (20), and Notch signaling
(11, 21) in LPC-mediated liver regeneration. The p21-overexpressing mouse model was also
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recently used to reveal the key role of TET1 in the regeneration process (22). Given that
upon hepatocyte ablation, LPC-mediated liver regeneration occurs rapidly in the zebrafish
model, the model is suitable for identifying compounds that suppress the regeneration
process. However, it is not suitable for identifying compounds that promote the process. To
identify compounds that can promote LPC-mediated liver regeneration, we have established
another zebrafish liver injury model in which LPC-mediated liver regeneration occurs
slowly. Using this new model, we present here that suppression of EGFR signaling promotes
LPC-mediated liver regeneration, particularly LPC-to-hepatocyte differentiation, via the
MEK-ERK-SOX9 cascade. Importantly, our findings suggest EGFR inhibitors as a pro-
regenerative therapeutic drug for patients with advanced liver disease.

Experimental procedures

Zebrafish lines

Experiments were performed with approval of the Institutional Animal Care and Use
Committee at the University of Pittsburgh. Embryos and adult fish were raised and
maintained under standard laboratory conditions (23). We used the following transgenic and
mutant lines: Tg(fabp10a:pt-B-catenin)*’%%, Ty(fabp10a.UHRF1-GFP)™14
Tg(mpegl.:Dendra2)""m1Z2 To(hand2:EGFP)%24, Tg(acta2:mCherry)"?,
To(fabp10a:GFPYPS3, To(WRE:d2GFP)VVL, Tg(fabpl0a:CFP-NTR)*%3L,
T9(Tp1:VenusPEST)S940, To(Tpl:H2B-mCherry)s9%°, To(fabpl0Oa:CreERT2)P1602,
T9(Tp1:CreERT2)59%9, Tg(ubb:loxP-GFP-loxP-mCherry)*?1 701 Tg(hsp70l:dnHRAS)P?”,
To(fabp10a:rtTA, TRE:Venus-KRAS)618, Tg(ubb:loxP-CFP-loxP-sox9b-2A-mCherry)7,
To(ubb:1oxP-CFP-loxP-dnsox9b-2A-mCherry)8, egfra®©70 and sox9b™313. Their full
names are listed in Table S1.

Compound treatments

Results

Tg(fabp10a:pt-p-catenin) larvae were treated with 0.1% dimethyl sulfoxide (DMSO), 2 uM
AG1478, 10 uM LY411575, 10 uM SB431542, 10 uM DMH1, 10 uM cyclopamine, 20 pM
U0126, 10 pM LY 294002, 3 uM JS1124, or 10 uM erlotinib from 13 to 15 days post-
fertilization (dpf) for 48 hours. Fresh compounds were used every 24 hours. The larvae were
harvested at 15 dpf for cryostat section or their livers were dissected for quantitative PCR
(gPCR). Tg(fabp10a.UHRFI-GFP)larvae were treated with 0.1% DMSO or 2 uyM AG1478
from 9 to 10 dpf for 24 hours.

Additional methods are available in Supporting Information.

Constitutively active p-catenin or UHRF1 expression in hepatocytes induces liver damage
and subsequent LPC-mediated liver regeneration

To identify small molecules that can facilitate LPC-to-hepatocyte differentiation, we first
established a new zebrafish model for LPC-mediated liver regeneration in which LPCs
slowly differentiate into hepatocytes in response to liver damage. We found that
Ty(fabp10a.pt-B-catenin)s’%? larvae, which express the mutated, stable form of Xenopus p-

Hepatology. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Soetal.

Page 4

catenin in hepatocytes under the hepatocyte-specific fabp10a promoter (24), exhibit such
slow LPC-mediated liver regeneration. It has been known that oncogene overexpression in
hepatocytes of the mouse liver induces hepatocyte damage and subsequent senescence and
death by inducing p53 and p21 expression (25). Likewise in Tg(fabp10a.pt-B-catenin)
larvae, we observed an increased hepatic expression of fp53and its target genes, p21 and
mdmZ2 (Fig. 1A and S1A). Tg(fabp10a.pt-B-catenin) larvae also exhibited DNA damage,
apoptosis, and senescence in hepatocytes, as assessed by pH2AX, TUNEL, and senescence-
associated (SA) B-galactosidase staining, respectively (Fig. 1B, 1C, S1B, and S1C). In
chronic liver diseases, hepatocyte damage induces inflammation and subsequent LPC
activation and fibrosis (26). As expected, the numbers of macrophages and hepatic stellate
cells (HSCs) were greatly increased in 7Tg(fabp10a:pt-3-catenin) livers compared to controls,
as assessed by the macrophage, Tg(mpeg1.Dendra2)"#m12 and the HSC,
Tg(hand2:EGFP)P?24 reporter lines, respectively (Fig. S1D and S1E). Liver fibrosis was
also observed in Tg(fabpl0a.pt-B-catenin) larvae but not in the controls, as assessed by anti-
Collagen 1 antibody and the smooth muscle alpha2 actin reporter Tg(actaZ:mCherry)“% line
(Fig. S1F and S1G).

We further analyzed Tg(fabpl0a:pt-B-catenin) livers using multiple hepatocyte and BEC
markers. To mark BECs and LPCs, we used two Notch reporter lines: 7g(7pl:HZB-
mCherry)s939, which expresses H2B-mCherry fusion proteins with a long half-life in the
nuclei of BECs/LPCs, and Tg(7p1:VenusPEST)*9#0 which expresses VenusPEST with a
short half-life in their cytoplasm (9). Interestingly, the hepatocyte marker Bhmt was initially
expressed in all hepatocytes of the 7g(fabp10a.pt-B-catenin) liver; however, its expression
was gradually lost and barely detected at 15 dpf (Fig. 1D). The double-positive cells
considered to be LPCs, fabp10a:CFPVeaK/ 7p1:H2B-mCherryWeak appeared from 10 dpf and
were abundant at 15 dpf (Fig. 1D). These LPCs were also labeled with Alcama and Anxa4,
BEC/LPC markers (Fig. S2A). Intriguingly, Bhmt expression gradually reappeared after 15
dpf; at 20 dpf, small clusters of cells expressed Bhmt; at 30 dpf, ~70% of the liver area was
covered by Bhmt* cells (Fig. 1D and 1E), which is suggestive of LPC-mediated hepatocyte
regeneration. Bhmt-positive, recovered liver regions at 30 dpf were easily distinguished from
Bhmt-negative, dysplastic regions containing 7pZ.:H2B-mCherryS"o9 and fabpl0a CFPWeak/
Tp1.H2B-mCherry"eaK double-positive cells (LPCs) (Fig. 1D). These dysplastic regions
contained a large number of macrophages and HSCs and were fibrotic (Fig. S1ID-F). gPCR
analyses with multiple hepatocyte (bhmt, ces2, gc, serpinal, tdo2a) and BEC/LPC (epcam,
her9, krt18, sox9b) markers (Fig. 1F and S2B) further suggest that LPC-mediated liver
regeneration occurs in 7g(fabp10a.pt-B-catenin) larvae. Additionally, bile secretion into bile
ductules, as assessed by BODIPY C5 staining, was impaired in 7g(fabp10a.pt-f-catenin)
larvae. However, this defect partially recovered from 30 dpf (Fig. S2C), revealing functional
recovery as well.

Given that the transcriptional activity of the fabp10a promoter is strong in hepatocytes and
weak in LPCs (17), it was expected in Tg(fabp10a.pt-B-catenin) livers that pt-B-catenin
mRNA expression and Wnt/p-catenin activity were initially high but became low at 15 dpf
and later recovered in regions containing regenerated hepatocytes. Since pt-B-catenin is
derived from Xenopus, its in situ probe reveals the mMRNA expression of fabp10a:pt-f-
catenin, but not zebrafish S-catenin. Using this probe, we found that pt-B-cateninwas
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expressed in the entire liver of Tg(fabp10a.pt-B-catenin) larvae at 10 dpf (Fig. S2D), as
expected. Intriguingly, this overall expression pattern was also observed in 7g(fabp10a:pt-f3-
catenin) larvae at 15 dpf (Fig. S2D). However, pt-B-cateninwas not expressed in the entire
liver of Tg(fabp10a:pt-p-catenin) larvae at 30 dpf (Fig. S2D, asterisk). These pt--catenin
expression patterns were consistent with the patterns of Wnt/B-catenin activity, which was
assessed by the Wnt reporter 7g(WRE:d2GFP) line (27). Wnt/B-catenin activity was
observed in the entire liver of Tg(fabp10a.pt-B-catenin) larvae at 10 and 15 dpf, although
WRE.d2GFP expression was rather weaker at 15 than 10 dpf (Fig. S2E). In 30-dpf
Tg(fabp10a:pt-B-catenin) larvae, Wnt/B-catenin activity was not observed in the entire liver
(Fig. S2E). Based on Bhmt and WRE.d2GFP expression, the 30-dpf liver can be divided into
three distinct regions: Bhmt*/d2GFP* (hepatocytes), Bhmt*/d2GFP~ (hepatocytes), and
Bhmt~/d2GFP~ (dysplastic region). The presence of the Bhmt*/d2GFP~ region suggests the
silence of fabp10a.pt-B-catenin transcription in a subset of hepatocytes derived from LPCs.

We hypothesized that hepatocyte-specific overexpression of other oncogenes could also
induce hepatocyte damage and subsequent LPC-mediated regeneration, as observed in
Tg(fabp10a:pt-B-catenin) larvae. Ubiquitin-like with PHD and ring finger domains 1
(UHRF1), a key regulator of DNA methylation, is highly expressed in many cancers and its
overexpression in hepatocytes drives DNA hypomethylation, leading to senescence and
hepatocellular carcinoma (28). As expected, Tg(fabpl0a.UHRFI-GFP)™S514 |arvae, which
expresses the human form of UHRF1 fused with GFP in hepatocytes, also exhibited LPC-
mediated liver regeneration. Bhmt was initially expressed in all hepatocytes; however, by 10
dpf, its hepatic expression was barely detected (Fig. S3A). On the other hand,
fabp10a;UHRF1-GFP/ Tp1.H2B-mCherry/Anxa4 triple-positive cells, which are considered
to be LPCs, were prevalent at this stage even though they were not detected earlier at 5 or
later at 20 dpf (Fig. S3A and S3B). Liver fibrosis was also observed in 7Tg(fabp10a:UHRF1-
GFP) livers (Fig. S3C). Collectively, these data demonstrate the establishment of two liver
injury models for LPC-mediated liver regeneration, 7g(7abp10a.pt-B-catenin) and
Tg(fabp10a:UHRF1-GFP), as characterized by the exhibition of oncogene-induced
hepatocyte damage, inflammation and fibrosis, LPC activation, and gradual LPC-to-
hepatocyte differentiation.

Both pre-existing hepatocytes and BECs contribute to regenerated hepatocytes in
Tg(fabpl0a:pt-B-catenin) and Tg(fabpl0a:UHRF1-GFP) zebrafish

Given that both hepatocytes and BECs can give rise to LPCs (12, 14-16, 29, 30), we utilized
genetic fate mapping to prospectively determine the origin of regenerated hepatocytes in
To(fabpl0a.pt-B-catenin) larvae. The Tg(Tp1.CreERT2)%%9 and Ty(fabp10a:CreERT2)P1602
inducible Cre lines were used to trace BECs and hepatocytes, respectively (9), along with
the Tg(ubb:loxP-GFP-loxP-mCherry)°?170L Cre-reporter line (Fig. S4A-D). Intriguingly, we
found that both pre-existing BECs and hepatocytes contributed to hepatocytes in 30-dpf
Tg(fabpl0a:pt-p-catenin) larvae (Fig. 2A and 2B). We also observed that pre-existing BECs,
but not hepatocytes, contributed to BECs (Fig. 2C and 2D). It has been reported in mice that
hepatocytes dedifferentiate into LPCs and that these hepatocyte-derived LPCs differentiate
back into hepatocytes during the recovery period (29). Similarly in 7g(fabp10a.pt-B-catenin)
larvae, pre-existing hepatocytes dedifferentiated into LPCs (Fig. S4E and S4F) and later
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differentiated back into hepatocytes (Fig. 2A). We also found that both pre-existing BECs
and hepatocytes contributed to hepatocytes via LPCs in 20-dpf 7g(fabp10a.UHRFI-GFP)
larvae (Fig. S3A, S3B, S4G, S4H).

Suppressing EGFR signaling promotes LPC-to-hepatocyte differentiation

Using the Tg(Tabp10a.pt-B-catenin) model, we performed a whole-animal small-scale
chemical screen to identify compounds that can promote LPC-to-hepatocyte differentiation.
We focused on testing signaling pathways implicated in liver development or regeneration
by using their specific inhibitors, including AG1478 (EGFR), LY411575 (Notch), SB431542
(TGFp), DMH1 (BMP), and cyclopamine (Shh). Tg(fabp10a:pt-B-catenin) larvae were
treated with each inhibitor from 13 to 15 dpf; Bhmt expression was examined at 15 dpf, at
which time LPCs are prevalent but hepatocytes are barely present (Fig. 1D). Intriguingly,
AG1478 treatment greatly increased the number of Bhmt* hepatocytes and concomitantly
decreased the number of LPCs (Fig. 3A), suggesting that LPC-to-hepatocyte differentiation
was enhanced. Consistent with the negative effect of Notch signaling on LPC-to-hepatocyte
differentiation (21), LY411575 treatment also increased the number of Bhmt* hepatocytes,
but less effectively than AG1478 (Fig. 3A). The enhanced differentiation by AG1478 was
further confirmed with additional hepatocyte and LPC/BEC markers (Fig. 3B, 3C, and S5A).
The formation of bile canaliculi and bile secretion into bile ductules, as assessed by Abcb11
expression and BODIPY C5 labeling, respectively, were also improved in AG1478-treated
Tg(fabp10a:pt-p-catenin) livers (Fig. S5B and S5C). We empirically observed that
T9(fabp10a:pt-B-catenin), but not control, larvae die upon 4-hydroxytamoxifen (4-OHT)
treatment beginning at 13 dpf, possibly due to liver toxicity (31). Using this phenomenon,
we tested if the improved liver recovery by the temporal AG1478 treatment was beneficial to
an animal’s survival. 4-OHT treatment from 15 to 16 dpf resulted in ~50% survival of
Tg(fabp10a.pt-B-catenin) larvae, whereas it resulted in ~80% survival of AG1478-treated
Tg(fabp10a:pt-p-catenin) larvae (Fig. S5D). Given the role of EGFR signaling in liver
fibrosis (32), we also examined fibrosis in AG1478-treated 7g(fabp10a.pt-B-catenin) livers.
AG1478 treatment reduced liver fibrosis, as assessed by acta?and collalaexpression and
the Tg(actaZ:mCherry) line (Fig. S5E). Moreover, we found that egfra expression was
increased in Tg(fabp10a:pt-B-catenin) livers at 15 dpf compared to controls (Fig. 3D).
Importantly, egfra®€70 heterozygous and homozygous mutants, which survive into adulthood
(33), exhibited enhanced LPC-to-hepatocyte differentiation in 7g(fabp10a.pt-B-catenin)
livers (Fig. 3E and 3F). Altogether, these data demonstrate that suppressing EGFR signaling
promotes LPC-to-hepatocyte differentiation and liver recovery.

Suppressing EGFR signaling also promoted LPC-to-hepatocyte differentiation in
Tg(fabpl0a:UHRFI-GFP) larvae. Because of the toxic effect of UHRF1 overexpression,
Tg(Tabp10a:UHRFI-GFP) larvae have micro-livers and most of them die before 20 dpf (28).
Yet, AG1478 treatment from 9 to 10 dpf enhanced Bhmt expression in 7g(fabp10a:UHRF1-
GFP) livers at 10 dpf (Fig. S6A). Additionally, the temporal AG1478 treatment significantly
increased the survival of Tg(fabp10a:UHRF1-GFP) larvae at 20 dpf (Fig. S6B), supporting
the beneficial effect of temporal EGFR inhibition. In the complete hepatocyte-ablation
model Tg(fabp10a:CFP-NTR)*%31 in which BECs rapidly and robustly contribute to
hepatocytes via LPCs upon hepatocyte ablation (9), AG1478 treatment also increased the
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hepatic expression of gcat R6h (6 hours post-ablation) (Fig. S6C). Although less effective
than AG1478 treatment, hepatic gc expression at R6h relatively increased in egfra mutants
compared to wild-type controls (Fig. S6D). Data from these two additional liver injury
models further support the positive effect of EGFR inhibition on LPC-to-hepatocyte
differentiation.

EGFR inhibition promotes differentiation of both hepatocyte- and BEC-derived LPCs into

hepatocytes

Given a mouse study revealing the molecular and functional differences between hepatocyte-
and BEC-derived LPCs (29), we next investigated whether EGFR inhibition promoted LPC
differentiation regardless of its origin. Hepatocyte- and BEC-derived LPCs were genetically
labeled using the Tg(fabp10a:CreERTZ)and Tg(Tpl.CreERTZ) lines, respectively, along
with the Tg(ubb.loxP-GFP-loxP-mCherry) line. AG1478 treatment promoted differentiation
of both hepatocyte- and BEC-derived LPCs into hepatocytes in 7g(fabp10a:pt--catenin)
livers, although there was greater differentiation of hepatocyte-derived LPCs than that of
BEC-derived LPCs (Fig. 3G).

EGFR signaling suppresses LPC-to-hepatocyte differentiation via the MEK/ERK cascade

Given the pro-regenerative effect of EGFR inhibition, we next sought to identify the
molecular mechanisms by which EGFR signaling controls LPC differentiation. EGFR
signaling functions via three downstream mediators (34), MEK/ERK, PI3K/AKT and JAK/
STAT3. Using their inhibitors (U0126 for MEK/ERK, LY?294002 for PI3K/AKT, and
JSI-124 for JAK/STAT3), we found that U0126, but not LY 294002 or JSI-124, treatment
promoted LPC-to-hepatocyte differentiation (Fig. 4A). Consistent with this finding, pErk1/2
expression was greatly reduced in AG1478-treated 7g(Tabpl10a.pt-B-catenin) livers
compared with controls (Fig. 4B). Moreover, we confirmed the role of MEK/ERK in LPC
differentiation using a genetic tool, 7g(hsp70/:dnHRAS)P?7, which overexpresses a
dominant-negative version of HRAS (dnHRAS) upon heat-shock. dnHRAS-overexpressing
Tg(fabp10a:pt-p-catenin) larvae exhibited enhanced LPC-to-hepatocyte differentiation, as
assessed by the expression of the hepatocyte markers, Bhmt, cypZad?, cyp7ala, and tdoZa
(Fig. 4C and 4D). We further revealed that the effect of EGFR inhibition on LPC
differentiation is mediated by MEK/ERK. To do so, we generated a transgenic line,
To(fabp10a:rtTA, TRE:Venus-KRAS)618 \which expresses a constitutive-active form of
human KRAS fused with Venus under the control of the fabp10a promoter upon doxycycline
treatment. The hepatic induction of KRAS activated Erk1/2, as assessed by pErk1/2
expression, and importantly blocked Bhmt expression in AG1478-treated 7g(fabp10a:pt-f-
catenin) livers (Fig. 4E). Altogether, these data reveal that EGFR signaling regulates LPC-
to-hepatocyte differentiation via the MEK/ERK cascade.

Because prolonged LPCs contribute to inflammation, fibrosis, and liver cancer (3, 6, 7), we
investigated whether the temporal inhibition of EGFR and MEK from 13 to 15 dpf;, i.e.,
promotion of LPC-to-hepatocyte differentiation, resulted in a long-term effect at 30 dpf.
Particularly, we examined dysplastic regions featured with inflammation and fibrosis in 30-
dpf Tg(fabpl0a:pt-B-catenin) larvae (Fig. 1D and S1D-F). The two-day treatment with
AG1478 or erlotinib, another EGFR inhibitor used in clinics, greatly increased liver area
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covered by Bhmt* hepatocytes and simultaneously reduced dysplastic regions devoid of
hepatocytes in 30-dpf 7g(fabp10a.pt-p-catenin) larvae (Fig. 4F). The increased hepatocyte
area by the two-day AG1478 treatment was also confirmed by the expression of two
additional hepatocyte markers, ces3and gc (Fig. 4G). As expected, U0126 treatment also
increased Bhmt* liver area and reduced dysplastic regions (Fig. 4F). These data further
support the key role of the EGFR-MEK-ERK axis in LPC-to-hepatocyte differentiation and
suggest the benefits of enhancing LPC-to-hepatocyte differentiation in chronic liver diseases.

EGFR signaling suppresses LPC-to-hepatocyte differentiation through Sox9b.
—S0X9 is known to maintain the stem cell/progenitor state and inhibit their differentiation
in various tissues (35-37). In zebrafish, we recently reported that Sox9b represses LPC-to-
hepatocyte differentiation in the complete hepatocyte-ablation model (19, 21). Since EGFR
signaling via MEK/ERK induces SOX9 expression in urothelial cells (38) and glioblastoma
(39), we hypothesized that Sox9b might play a role as a key downstream effector of EGFR
signaling in LPC-mediated liver regeneration. Sox9b was highly expressed in
Ty(fabp10a.pt-b-catenin) livers, but AG1478 treatment greatly reduced this expression (Fig.
5A and 5B). Consistent with the role of the EGFR-ERK axis in LPC differentiation, the
hepatic induction of KRAS with the 7g(fabp10a.riTA, TRE:Venus-KRAS) line blocked the
effect of EGFR inhibition on Sox9b expression in AG1478-treated 7g(fabpl10a.pt-B-catenin)
livers (Fig. 5C). Importantly, overexpression of Sox9b with the 7g(ubb.loxP-CFP-loxP-
s0x9b-2A-mCherry)™7 and Tyg(fabp10a:CreERTZ) lines abolished the effect of AG1478
treatment on LPC-to-hepatocyte differentiation in 7g(fabp10a.pt-B-catenin) larvae (Fig. 5D).
Moreover, sox9b™313 heterozygous mutants exhibited enhanced LPC-to-hepatocyte
differentiation at 15 dpf (Fig. 5E and 5F) and increased Bhmt* liver area with reduced Bhmt
~ dysplastic regions at 30 dpf (Fig. 5E and 5G). To determine if Sox9b suppresses LPC-to-
hepatocyte differentiation cell-autonomously, we manipulated Sox9b activity in LPCs using
the Tg(ubb:loxP-CFP-loxP-dnsox9b-2A-mCherry)¥8 and Tg(ubb.loxP-CFP-loxP-
sox9b-2A-mCherry) lines, which express dominant-negative Sox9b (dnSox9b) and Sox9b,
respectively, upon Cre-mediated excision of the CFP-STOP cassette (40). Most dnSox9b/
mCherry-positive cells in 15-dpf Tg(fabp10a;pt-B-catenin) livers were Bhmt*, whereas most
Sox9h/mCherry-positive cells in 20-dpf Tg(fabp10a.pt--catenin) livers were Bhmt™ (Fig.
5H and 5I), which is indicative of the cell-autonomous effect of Sox9b on LPC
differentiation. Altogether, these data reveal that EGFR signaling regulates LPC-to-
hepatocyte differentiation through Sox9b.

Discussion

In this study, we developed a new zebrafish model for LPC-mediated liver regeneration in
which the regeneration process occurs slowly. Using this new model, we identified EGFR
inhibitors as potent compounds that can promote LPC-mediated liver regeneration,
particularly LPC-to-hepatocyte differentiation. We also revealed that EGFR signaling
regulates this differentiation process through the ERK-SOX9 axis. Given the prevalence of
LPCs in diseased human livers, our findings suggest EGFR inhibitors as a pro-regenerative
drug for patients with advanced liver disease.
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EGFR signaling is known to play a positive role in hepatocyte-mediated liver regeneration
by promoting hepatocyte proliferation (41, 42). It also protects hepatocytes in diverse liver
injury settings (32). However, we found that EGFR signaling plays a negative role in LPC-
mediated liver regeneration: it suppresses LPC-to-hepatocyte differentiation. Notably, it was
reported that in a DDC-induced liver damage mouse model, liver-specific £gfr conditional
knockout mice exhibited better liver function and contained more A6/HNF4A double-
positive cells than controls (43). Since these double-positive cells can be considered LPCs
that are differentiating into hepatocytes, the finding from the mouse study suggests that
LPC-to-hepatocyte differentiation is enhanced in the £gfrknockout mice (43), consistent
with our findings in zebrafish.

EGFR signaling also regulates HSC activation, thereby contributing to liver fibrosis (32). In
the rodent models of liver injury induced by diethylnitrosamine, carbon tetrachloride, and
bile duct ligation, erlotinib administration attenuated liver fibrosis (44). We also observed
reduced fibrosis in our zebrafish model (Fig. S5E). Given the potent anti-fibrogenic effect of
EGFR inhibitors, it could be assumed that reduced fibrosis by EGFR inhibition might
secondarily induce LPC-to-hepatocyte differentiation in 7g(fabp10a.pt-B-catenin) larvae.
However, suppressing fibrosis with the TGFBR inhibitor SB431542 failed to promote LPC-
to-hepatocyte differentiation (Fig. 3A), suggesting that there are independent effects of
EGFR inhibitors on LPCs from HSCs. Given that LPCs secrete pro-inflammatory cytokines
(6, 45, 46), EGFR inhibitors can suppress liver fibrosis directly by inhibiting HSC activation
and indirectly by reducing LPC number through its differentiation into hepatocytes.

Notch signaling induces LPC-to-BEC differentiation, but suppresses LPC-to-hepatocyte
differentiation during LPC-mediated liver regeneration (11, 19, 47). Using the zebrafish
hepatocyte ablation model, we recently reported that suppressing Notch signaling promotes
LPC-to-hepatocyte differentiation (21). We also observed that Notch inhibition promoted the
differentiation in 7g(fabp10a.pt-B-catenin) larvae. However, this promotion was much
weaker than that induced by EGFR inhibitors. LY411575-treated 7g(fabp10a:pt-B-catenin)
larvae exhibited much weaker expression of Bhmt and other hepatocyte markers than
AG1478-treated 7g(fabpl0a:pt-B-catenin) larvae (Fig. 3A and data not shown). This
difference also reinforces EGFR inhibitors as a promising, pro-regenerative drug to promote
differentiation of LPCs into hepatocytes.

Currently, EGFR inhibitors are used in clinics for patients with non-small-cell lung cancer
harboring EGFR activating mutation (48). Despite this anti-tumorigenic effect of EGFR
inhibitors, when erlotinib, one such EGFR inhibitor, was administered after tumor
formation, tumor growth in a DEN-induced liver cancer model was not reduced (44).
However, it reduced tumor incidence when given before tumor formation (44), suggesting
that there is an anti-tumorigenic effect of EGFR inhibitors on cells in a precancerous state.
Given that prolonged LPCs contribute to inflammation, fibrosis, and cancer (3, 6, 7), the
erlotinib data can be explained by the effect of erlotinib on LPCs. Namely, enhanced LPC-
to-hepatocyte differentiation reduces the number of prolonged LPCs, which contribute to
tumor formation, thereby reducing tumor incidence. Supporting this explanation, we also
observed that AG1478 or erlotinib treatment greatly reduced LPC-enriched dysplastic
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regions, which will eventually give rise to cholangiocarcinoma, in 7g(fabp10a.pt-B-catenin)
larvae (Fig. 4F).

In conclusion, we provide evidence that the EGFR-ERK-SOX9 axis suppresses LPC-to-
hepatocyte differentiation during LPC-mediated liver regeneration. Given the beneficial
effects of EGFR inhibitors on diseased livers, we suggest EGFR inhibitors as a pro-
regenerative therapeutic drug for patients with advanced liver disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hepatocyte-specific overexpression of an oncogenein zebrafish dlicits liver damage
followed by hepatocyte regener ation.

(A) Whole-mount in situ hybridization images show the hepatic expression of (53, cdknla
(p21), and mdmZ2in control and Tg(7abp10a.pt-B-catenin) larvae at 5 dpf. Dotted lines
outline livers. gPCR data show the relative expression levels of 1053, cdknla, and mam2
between Tg(fabpl0a:pt-b-catenin) and control livers at 5 dpf. (B) Confocal images showing
p53 (arrowheads) and fabp10a.CFP expression in 7-dpf livers, pH2AX and fabp10a.CFP
expression in 10-dpf livers, and fabp10a.GFP expression and TUNEL labeling in 10-dpf
livers. (C) B-galactosidase staining images showing senescence levels in 10-dpf
Tg(Tabp10a:pt-b-catenin) livers (dotted lines). (D) Confocal images showing the expression
of fabp10a.CFP, TpZ:H2B-mCherry, and Bhmt in 7g(fabp10a.pt-p-catenin) and control
livers. Boxed regions are enlarged below. Arrows point to LPCs. (E) Quantification of
Bhmt-positive area in 7g(fabp10a:pt-B-catenin) livers. (F) gPCR data showing the relative
expression levels of bhmt, ces2, gc, serpinal, and tdo2abetween Tg(fabpl0a.pt-B-catenin)
and control livers. Scale bars, 200 um (A, C), 50 um (B, D). Numbers in the upper right
corner indicate the proportion of larvae exhibiting the phenotype shown. Data are presented
as mean xs.d. (A, E) or £ s.e.m. (F). ***/<0.001; statistical significance was calculated
using an unpaired two-tailed t-test.
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(A, B) Confocal images showing the expression of mCherry (lineage-traced cells) and Bhmt
(hepatocytes) in Tg(fabpl0a.pt--catenin) livers at 30 dpf. Quantification of the percentage

of mCherry-positive area in Bhmt-positive liver area is shown.

(C, D) Confocal images showing the expression of mCherry (lineage-traced cells) and

Alcama (BECSs) in Tg(fabp10a.pt--catenin) livers at 30 dpf. Insets displ

ay enlarged regions.

Quantification of the percentage of mCherry-positive BECs is shown. For Cre-mediated cell
labeling, embryos/larvae were treated with 10 uM 4-OHT from 2.5 to 4 dpf for 36 hours.
Arrows point to mCherry/Bhmt double-positive hepatocytes; arrowheads point to Alcama-
positive BECs. Dotted lines outline livers. Scale bars, 50 um. Data are presented as mean +

s.d.
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Figure 3. Suppressing EGFR signaling promotes L PC-to-hepatocyte differentiation.
(A) Confocal images showing the hepatic expression of Bhmt, 7pZ\enusPEST, and

Tp1H2B-mCherry in Tg(fabpl0a.pt-B-catenin) larvae. Arrows point to Bhmt* hepatocytes.
Quantification of the percentage of Bhmt-positive liver area in 7g(fabp10a.pt-f-catenin)
larvae is shown. (B) Section in situ hybridization images showing the expression of
hepatocyte markers (cesZ, ces3, gc, and tdo2a) and LPC/BEC markers (sox9band epcam) in
control and 7g(fabp10a.pt-B-catenin) larvae treated with DMSO or AG1478. Numbers in the
upper right corner indicate the proportion of larvae exhibiting the phenotype shown. (C)
gPCR data showing the relative expression levels of hepatocyte markers (bAmt, ces2, ces3,
cyplad2, ge, serpinal and tdoZa) and LPC/BEC markers (epcam, krt18, sox9b, and her9)
between DMSO- and AG1478-treated Tg(fabpl0a.pt-B-catenin) livers at 15 dpf. (D) Section
in situ hybridization images showing egfra expression in control and 7g(fabp10a:pt-f-
catenin) livers at 15 dpf. gPCR data show the relative expression levels of egfra between
control and 7g(fabp10a.pt-B-catenin) livers at 15 dpf. (E) Confocal images showing Bhmt
(arrows) and 7pZ:H2B-mCherry expression in 7g(fabp10a.pt-B-catenin) livers at 15 dpf.
Quantification of Bhmt-positive area in 7g(7abp10a.pt-B-catenin) livers is shown. (F)
Section in situ hybridization images showing the hepatic expression of ces?and tdoZain 15-
dpf 7Tg(fabp10a.pt-B-catenin) larvae. (G) Scheme illustrates 4-OHT and AG1478 treatments
and analysis stage. Confocal images show the hepatic expression of Bhmt and mCherry
(labeled cells) in 15-dpf Tg(fabpl0a.pt-B-catenin) larvae. Hepatocyte- and BEC-derived
LPCs were labeled with the fabp10a:CreERTZand Tpl:CreERTZ lines, respectively, along
with the Cre reporter line, 7g(ubb:loxP-GFP-loxP-mCherry). The percentage of mCherry/
Bhmt-double positive area in mCherry-positive area is quantified. Dotted lines outline livers;
numbers in the upper right corner indicate the proportion of larvae exhibiting the phenotype
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shown. Scale bars, 50 um. Data are presented as mean * s.d. */<0.05, **/<0.01,
***P<0.001, ****<0.0001; statistical significance was calculated using one-way ANOVA
(A, E) or an unpaired two-tailed t-test (C, D, G).
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Figure 4. Suppression of MEK/ERK signaling promotes L PC-to-hepatocyte differentiation.
(A) Confocal images showing the hepatic expression of Bhmt, 7pZ\enusPEST, and

Tp1H2B-mCherry in 15-dpf Tg(fabp10a.pt-B-catenin) larvae treated with DMSO, U0126,
LY294002, or JSI124 from 13 to 15 dpf. Quantification of the percentage of Bhmt-positive
liver area is shown. (B) Confocal images showing the hepatic expression of pErk1/2 and
Bhmt in 15-dpf Tg(fabpl10a.pt-B-catenin) larvae. Arrowheads point to pErk1/2* cells. (C)
Confocal images showing Bhmt expression in Tg(fabp10a.pt--catenin) livers at 15 dpf. To
block Ras activity, the animals were heat-shocked twice at 13 and 14 dpf. Quantification of
the percentage of Bhmt-positive liver area is shown. (D) gPCR data showing the relative
expression levels of hepatocyte markers (cypladZ, cyp7ala, gc, serpinal and tdoZa) between
Tg(fabp10a:pt-p-catenin) and Tg(hsp70l:dnHRAS), Tg(fabp10a.pt-B-catenin) livers at 15
dpf. (E) Confocal images showing the hepatic expression of Bhmt, pErk1/2, and Venus-
KRAS in Tg(fabp10a.pt-B-catenin) larvae at 14 dpf. The Tg(fabp10a.rtTA, TRE: Venus-
KRAS) line was used to overexpress KRAS. Scheme illustrates doxycycline (Dox) and
AG1478 treatments and analysis stage. Quantification of the percentage of Bhmt-positive
liver area is shown. (F) Confocal images showing the hepatic expression of Bhmt,
TpZ:VenusPEST, and 7pZ:H2B-mCherry in 30-dpf 7g(fabpl0a:pt-p-catenin) larvae treated
with AG1478, erlotinib, or U0126 from 13 to 15 dpf. Quantification of the percentage of
Bhmt-positive liver area is shown. (G) Section in situ hybridization images showing the
hepatic expression of ces3and gcin control and 7g(fabp10a:pt-B-catenin) larvae at 30 dpf.
Numbers in the upper right corner indicate the proportion of larvae exhibiting the phenotype
shown. Arrows point to Bhmt* hepatocytes; dotted lines outline livers. Scale bars, 50 pm.
Data are presented as mean + s.d. */<0.05, **/<0.01, ***£<0.001; statistical significance
was calculated using one-way ANOVA (A, E, F) or an unpaired two-tailed t-test (C, D).
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Figure 5. Sox9b suppresses L PC-to-hepatocyte differentiation.
(A) Confocal images showing the hepatic expression of fabp0a.GFP and Sox9b in

Tg(fabp10a:pt-p-catenin) larvae. (B) Confocal images showing the hepatic expression of
Sox9b in 15-dpf Tyg(fabpl0a;pt-B-catenin) larvae. Arrows point to Sox9b* LPCs. (C)
Scheme illustrates Dox and AG1478 treatments and analysis stage. Confocal images
showing the hepatic expression of Sox9b and Venus-KRAS in 7g(fabp10a.pt--catenin)
larvae at 14 dpf. The Tg(fabp10a:rtTA, TRE: Venus-KRAS) line was used to overexpress
KRAS. (D) Scheme illustrates 4-OHT and AG1478 treatments and analysis stage. The
Tg(Tabp10a:CreERTZ) and Tg(ubb.loxP-GFP-loxP-sox9b-2ZA-mCherry) lines were used to
overexpress Sox9b in LPCs and hepatocytes. Confocal images showing the hepatic
expression of Bhmt and mCherry (Sox9b-overexpressing cells) in 15-dpf 7Tg(fabp10a.pt-3-
catenin) larvae. Arrows point to Bhmt-positive hepatocytes. Quantification of the percentage
of Bhmt-positive liver area is shown. (E) Confocal images showing Bhmt and 7pZ.H2B-
mCherry expression in Tg(fabpl0a:pt-p-catenin) livers at 15 and 30 dpf. Arrows point to
Bhmt* hepatocytes. Quantification of Bhmt-positive liver area is shown. (F) Section in situ
hybridization images showing the expression of hepatocyte markers (ces2, gc, serpinal and
tdo2a) in sox9b™!* ; Tg(fabp10a:pt-B-catenin) and sox9b™'~ Tg(fabp10a:pt-B-catenin) livers at
15 dpf. (G) H&E staining images showing the histology of the liver at 30 dpf. Arrows point
to dysplastic ducts. (H, I) Confocal images showing the expression of Bhmt and mCherry
(dnSox9b- or Sox9b- overexpressing cells) in 7Tg(fabp10a.pt-B-catenin) larvae. The
Tg(ubb:loxP-CFP-loxP-sox9b-2A-mCherry) and Tg(ubb:loxP-CFP-loxP-dnsox9b-2A-
mCherry) lines were used to overexpress dnSox9b (H) and Sox9b (1), respectively, with the
Tg(Tabp10a:CreERTZ) line; 4-OHT was administrated from 11 to 12 dpf. Quantification of
the percentage of Bhmt* cells among mCherry™* cells in the liver is shown. Arrows point to
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Bhmt/mCherry double-positive cells. Dotted lines outline livers. Numbers in the upper right
corner indicate the proportion of larvae exhibiting the phenotype shown. Scale bars, 50 pm.
Data are presented as mean + s.d. **/<0.01, ***P<0.001; statistical significance was
calculated using an unpaired two-tailed t-test.
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