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INTRODUCTION

Abstract

Background and Aims: In patients with acute liver failure (ALF) who suf-
fer from massive hepatocyte loss, liver progenitor cells (LPCs) take over key
hepatocyte functions, which ultimately determines survival. This study inves-
tigated how the expression of hepatocyte nuclear factor 4o« (HNF4«), its regu-
lators, and targets in LPCs determines clinical outcome of patients with ALF.
Approach and Results: Clinicopathological associations were scrutinized
in 19 patients with ALF (9 recovered and 10 receiving liver transplantation).
Regulatory mechanisms between follistatin, activin, HNF4«a, and coagulation
factor expression in LPC were investigated in vitro and in metronidazole-
treated zebrafish. A prospective clinical study followed up 186 patients with
cirrhosis for 80 months to observe the relevance of follistatin levels in preva-
lence and mortality of acute-on-chronic liver failure. Recovered patients with
ALF robustly express HNF4a in either LPCs or remaining hepatocytes. As in
hepatocytes, HNF4a controls the expression of coagulation factors by binding
to their promoters in LPC. HNF4«a expression in LPCs requires the forkhead
box protein H1-Sma and Mad homolog 2/3/4 transcription factor complex,
which is promoted by the TGF-p superfamily member activin. Activin signal-
ing in LPCs is negatively regulated by follistatin, a hepatocyte-derived hor-
mone controlled by insulin and glucagon. In contrast to patients requiring liver
transplantation, recovered patients demonstrate a normal activin/follistatin
ratio, robust abundance of the activin effectors phosphorylated Sma and Mad
homolog 2 and HNF4« in LPCs, leading to significantly improved coagulation
function. A follow-up study indicated that serum follistatin levels could predict
the incidence and mortality of acute-on-chronic liver failure.

Conclusions: These results highlight a crucial role of the follistatin-controlled
activin-HNF4a-coagulation axis in determining the clinical outcome of mas-
sive hepatocyte loss-induced ALF. The effects of insulin and glucagon on
follistatin suggest a key role of the systemic metabolic state in ALF.

Following liver injury, hepatocytes proliferate rapidly in
order to restore liver mass and essential functions.!"!
However, following massive hepatocyte loss by either
massive hepatic necrosis (MHN) or submassive hepatic
necrosis, the remaining hepatocytes frequently lack the
proliferative capacity required to restore essential liver
functions.” Under these life-threatening conditions,
liver progenitor cells (LPCs) proliferate rapidly and

differentiate into hepatocytes to restore the parenchy-
mal compartment.[1‘3] This makes LPC-mediated liver
regeneration a key event that largely determines the
clinical outcome of patients suffering from massive he-
patocyte loss.?

Massive hepatocyte loss not only occurs in acute liver
failure (ALF), a life-threatening condition that develops
typically within 8 weeks or less from the onset of symp-
toms in individuals without prior liver disease,®* but
also in chronic liver disease with acute decompensation
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(AD), which is called acute-on-chronic liver failure
(ACLF).5®! Following massive hepatocyte loss, acti-
vated LPCs, which are morphologically presented as
reactive ducts, either differentiate into hepatocytes or
retain LPC identity while acquiring essential hepato-
cyte functions. About 75 years ago, Lucke and Mallory
investigated detailed pathological features of MHN.["]
They found that LPC-mediated ductular reaction (DR)
occurred extremely early and persisted for an extended
time. A large portion of 296 autopsied patients survived
for more than 1 month. Over time, DR extended from
zone 1 to zones 2 and 3. However, no mature hepato-
cytes were detected at any sampling point, indicating
that LPC-to-hepatocyte differentiation requires time.
These observations suggest that in the absence of he-
patocytes, LPC might temporarily perform key hepato-
cyte functions.

To date, liver transplantation (LT) is the only approach
to rescue patients with ALF. The decision on whether
patients are enrolled on the waiting list for LT is de-
termined by the Model for End-Stage Liver Disease
(MELD) score.®! Among the three MELD parameters,
the international normalized ratio (INR), which reflects
coagulation function, accounts for the largest weight.
With the exception of the von Willebrand factor, all co-
agulation proteins are synthesized in hepatocytes.[m]
Hepatocyte nuclear factor 4o (HNF4«a), a constitutive
hepatocyte-specific lineage transcription factor, controls
the expression of multiple coagulation factors through
direct binding to their respective gene promoters in he-
patocytes.m'm To date, it is unknown whether and how
LPCs rapidly take over coagulation function in ALF.

In this study, we investigated potential survival mech-
anisms in patients with chronic liver disease suffer-
ing from massive hepatocyte loss-induced ALF. Here
we defined the disease as massive hepatocyte loss—
induced liver failure (MHL-LF) to distinguish it from
the European Association for the Study of the Liver—
Chronic Liver Failure Consortium—defined ACLF!"™®! and
classic ALF, which usually occurs in individuals without
prior liver disease.’!

MATERIALS AND METHODS
Patients

A total of 19 patients with MHL-LF were enrolled in
this study. Ten patients were from the Department
of Gastroenterology and Hepatology, Beijing Youan
Hospital, Affiliated with Capital Medical University, and
an additional 9 from the Department of Gastroenterology,
Hepatology and Endocrinology, Hannover Medical
School. Liver-tissue specimens were obtained during LT
or by transjugular liver biopsy (for recovered patients with
MHL-LF). Given the very limited liver tissues obtained from
transjugular liver biopsy, 10 liver tissues obtained from

Beijing (5 recovered and 5 receiving LT) were stained by
immunohistochemistry IHC staining for HNF4« and phos-
phorylated Sma and Mad homolog 2 (p-SMAD?2). Nine
liver tissues collected from Hannover (4 recovered and 5
receiving LT) were used for measuring p-SMAD?2, fork-
head box protein H1 (FOXH1), and HNF4«. Cytokeratin 7
was measured in all samples to identify LPCs.

Massive hepatocyte loss was diagnosed when a liver
tissue presented with extensive and diffuse necrosis
spanning multiple adjacent regenerative nodules.! AD
was defined by the development of one or more major
complications of liver diseases: (i) development of grade
2 to 3 ascites within < 2 weeks; (ii) HE; (iii) gastrointes-
tinal hemorrhage; or (iv) bacterial infections (e.g., spon-
taneous bacterial peritonitis, spontaneous bacteremia,
urinary tract infection, pneumonia, cellulitis).“‘”

Detailed methods of LPC culture, human LPC iso-
lation, cholangiocyte-to-hepatocyte differentiation in
Zebrafish, Chromatin immunoprecipitation, protein com-
plex immunoprecipitation, Western blotting, immunohis-
tochemistry and quantitative real-time PCR and reagent
information are presented in the Supporting Information.

RESULTS

Recovered patients with MHL-LF robustly
express HNF4« in either LPCs or
hepatocytes

To clarify why a proportion of patients survive MHL-LF, we
first compared clinical parameters and liver histological al-
terations between 5 recovered and 5 irreversible patients
with MHL-LF who received LT. All patients had known eti-
ology and clinical duration (i.e., the interval between the
first symptoms of AD and the time of tissue sampling). Both
cohorts were of similar age and clinical duration (p > 0.05;
Figure S1A). Among the 10 patients, 5 were HBV-induced
MHL-LF, whereas 5 developed liver failure due to herbal
toxicity. Clinical duration in the recovered and irreversible
patients was 20-180 days and 10-270 days, respec-
tively (p > 0.05; Figure S1A). Meanwhile, key biochemical
and clinical parameters were examined 24 h before liver
histological examination (transjugular liver biopsy in the
recovered patients vs. liver explant in the irreversible pa-
tients). There were no statistical differences in serum ala-
nine aminotransferase, aspartate aminotransferase, and
albumin levels between the two cohorts (p > 0.05; Figure
S1A). However, three parameters were strikingly different:
total bilirubin (pmol/L, 41.8 + 18.2 vs. 422.5 + 187.7;
p = 0.02), INR (115 + 0.13 vs. 3.52 + 1.06; p = 0.001),
and MELD score (6.43 + 2.57 vs. 28.64 + 3.25; p < 0.001;
Figure 1A). These results demonstrate that bilirubin me-
tabolism and coagulation function were significantly
impaired in the irreversible cohort.

Given the crucial role of HNF4a in the regulation
of coagulation,l'""! we subsequently performed IHC
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Recovered patients with massive hepatocyte loss—induced liver failure (MHL-LF) robustly express hepatocyte nuclear factor

4a (HNF4«) in either liver progenitor cells (LPCs) or hepatocytes. (A) Serum total bilirubin (TBIL), international normalized ratio (INR), and
the Model for End-stage Liver Disease (MELD) scores are compared between 5 survivors and 5 patients with irreversible MHL-LF receiving
liver transplantation (LTx). (B) Immunohistochemical staining for HNF4a was performed in these patients. Yellow and red arrows depict
negative or positive HNF4a expression in LPCs. (C) Positive HNF4a hepatocytes and LPCs were counted in the collected patients, as

described in Materials and Methods

for HNF4a in the collected liver tissues. As shown in
Figure 1B, the recovered patients displayed intensive
HNF4a immune positivity in the nuclei of either hepato-
cytes or LPCs. In areas with leftover hepatocytes, im-
mune reactivity of HNF4a in LPCs was very weak or
negative (yellow arrows in Patients 1 and 2; Figure 1B),
whereas in those areas without hepatocytes, strong
HNF4a immune reactivity was only observed in the nu-
clei of LPCs (red arrows in Patients 3 and 4; Figure 1B).
In contrast to the recovered patients, the irreversible
patients demonstrated rather weak immune reactivity

for HNF4a in both hepatocytes and LPCs (yellow ar-
rows depicting LPCs; Figure 1B). We quantified positive
HNF4a immune reactions in LPCs and hepatocytes. In
biopsied specimens collected from 5 recovered pa-
tients, 3 demonstrated remaining hepatocytes and pro-
liferative LPCs, whereas 2 only displayed active LPCs,
but no hepatocytes. In the former, all remaining hepato-
cytes, but not LPCs, showed strong HNF4a immune
reactivity, whereas in the latter, LPCs displayed robust
HNF4a immune positivity (Figure 1C). In contrast to the
recovered patients, HNF4a positivity was present in a
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portion of hepatocytes in the 5 irreversible patients, and
only a few LPCs demonstrated a detectable HNF4a im-
mune reaction (Figure 1C). Noteworthy, IHC showed
that LPCs in patients with MHL-LF are able to express
coagulation factor V (F5) (Figure S1B).

These results imply a potential link between HNF4«
induction and the expression of coagulation factors in
LPCs.

HNF4«a activates expression of
coagulation factors F2 and F5 by binding
to their promoters in LPC

Next, we examined the effects of HNF4« on expression
of coagulation factors in LPC lines: human HepaRG
cellsl™ and bipotential murine oval liver (BMOL)
cells."® Chromatin immunoprecipitation (ChIP) assays
revealed that HNF4a bound to the promoters of the co-
agulation factor F2 and F5 genes in both human and
mouse LPCs (Figure 2A). Knockdown of HNF4« in both
cell lines (>80% efficacy) significantly reduced mRNA
and protein expression of coagulation factor genes F2
and F5 (Figure 2B).

These results suggest that HNF4a controls coagula-
tion factor F2 and F5 gene expression by directly bind-
ing to their promoters in LPCs.

SMADs-FOXH1 complex controls HNF4«
expression in LPC

Next, we investigated potential transcription factors that
control HNF4a expression in LPCs. In silico analysis for
putative transcription factors indicated that SMAD and
FOXH1 binding sites were present in the promoter of
the HNF4A gene (https://www.genecards.org/cgi-bin/
carddisp.pl?gene=HNF4A).

ChIP assays validated the binding of SMAD2/3 or
SMADA4 protein to the promoter of HNF4A in HepaRG
and BMOL cells (Figure 2C). SMAD2/3 and SMAD4
were capable of binding to the HNF4A gene promoter
in both cells. We also observed binding of FOXH1 to
the promoter of the HNF4A gene in HepaRG cells
(Figure 2C). Immunoprecipitation further showed that
FOXH1 combined with SMAD2/3-SMAD4 in HepaRG
cells (Figure 2D).

These results imply that a transcription factor com-
plex formed by FOXH1 and SMAD proteins is required
for transcriptional activation of the HNF4A gene in LPCs.

Activin controls HNF4a and coagulation
factors in LPCs

As both TGF-f and activin can activate SMAD2 and
SMAD3,""8 we assessed the effects of TGF-p1 and

activin A (termed TGF-f and activin in the following)
on the expression of HNF4a and coagulation factor
genes in BMOL cells. Quantitative PCR and western
blotting analyses showed that incubation of TGF-f for
24 h significantly inhibited mRNA and protein expres-
sion of E-cadherin, HNF4«a, albumin, F2, and F5 in
LPCs (Figure 3A). In contrast to TGF-p, activin induced
mRNA and protein expression of HNF4«, albumin,
F2 and F5, but did not affect E-cadherin expression
(Figure 3A). The effects of both TGF-f and activin
were inhibited by SB431542, a cell-permeable small
molecule TGF-p/activin type | receptor kinase inhibitor
(Figure 3A). Immunofluorescence showed that activin
induced HNF4a expression and SB431542 decreased
it in HepaRG and BMOL cells (Figure S2).

To confirm the role of activin in HNF4a expression,
we knocked down the activin receptor like kinase 4
(ALK4) by small interfering RNA in HepaRG and BMOL
cells (Figure 3B). Concomitant with reduced ALK4 ex-
pression, p-SMAD2 expression upon stimulation with
activin was decreased in both cell lines (Figure 3B).
Furthermore, ALK4 RNA interference (RNAI) signifi-
cantly reduced activin-dependent mRNA and protein
expression of HNF4«, F2, and F5 (Figure 3B), indicat-
ing activin-specific effects toward HNF4«, F2, and F5.
Following HNF4a knockdown, activin-induced mRNA
and protein expression of F2 and F5 were significantly
inhibited in both HepaRG and BMOL cells (Figure 3C).

Moreover, ChIP assays showed that activin stim-
ulation increased binding of HNF4a protein in the
gene promoters of coagulation factors F2 and F5
(Figure 3D). Administration of SB421542 inhibited the
binding (Figure 3D).

Furthermore, we examined the effect of activin in
primary human LPCs isolated from healthy tissue sur-
rounding a HCC (Figure S3). As in LPC lines, activin
induced mRNA expression of HNF4«, F2, and F5 in
human primary LPCs in vitro (Figure 3E). Upon knock-
down of HNF4a in human LPCs, F2 and F5 mRNA ex-
pression was reduced (Figure 3E).

These results suggest that expression of HNF4« and
coagulation factors F2 and F5 in LPCs is driven by ac-
tivin receptor signaling.

Based on these observations, we speculated that the
activin-FOXH1-SMADs complex-HNF4a axis controls
the expression of coagulation factors in LPCs. Thus,
we examined the effects of SMAD2/3 and FOXH1 on
expression of coagulation factors F2 and F5 in LPCs.

In both HepaRG and BMOL cells, knockdown
of SMAD2/3 by RNAI significantly inhibited activin-
induced mRNA and protein expression of HNF4a, F2,
and F5 (Figure 4A). ChIP assays further showed that
activin administration increased, whereas SB431542
inhibited, the binding activity of SMAD2/3 and SMAD4
in the HNF4A gene promoter (Figure 4B).

In addition to SMADs, we investigated the role of
FOXH1 in the expression of HNF4a and coagulation
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FIGURE 4 Activin controls coagulation factor expression in LPCs through the SMADs-FOXH1 complex-controlled HNF4a. (A)
Quantitative PCR and western blot measure mRNA and protein expression of HNF4a, F2, and F5 in HepaRG and BMOL cells with or
without SMAD2/3 knockdown by RNAI. (B) ChIP assay was performed to examine the role of activin and SB431642 on the binding of
SMAD2/3 and SMADA4 to the HNF4A gene promoters in indicated LPCs. (C) Quantitative PCR and western blot measure mRNA and protein
expression of HNF4a, F2, and F5 in HepaRG and BMOL cells with or without FOXH1 knockdown by RNAI. (D) ChIP assay examined the
role of activin and SB431642 in the binding of FOXH1 to the HNF4A gene promoters in HepaRG cells. (E) Co-IP was performed to measure
SMADs-FOXH1 complex formation in HepaRG and BMOL cells. The expression of PPIA was used as loading control in ChIP assay. Tubulin
was used as loading control in western blotting. *p < 0.05, **p < 0.01, and ***p < 0.001

factors in LPCs. Knockdown of FOXH1 significantly
inhibited activin-induced mRNA and protein expres-
sion of HNF4«, F2, and F5 in both HepaRG and BMOL
cells (Figure 4C). ChIP assays revealed that activin
administration increased the FOXH1 binding to the
HNF4A gene promoter in HepaRG cells, which was
significantly reduced by SB431542 (Figure 4D). Co-
immunoprecipitation analyses showed that activin
increased FOXH1 complex forming with SMAD2/3-
SMAD4 in HepaRG and BMOL cells, which was inhib-
ited by SB431542 (Figure 4E).

These results demonstrate an activin-SMADs-FOXH1
complex-HNF4a-coagulation factor axis in LPCs.

Zebrafish Hnf4a mutant exhibits
reduced expression of coagulation
factor f2 but normal cholangiocyte-to-
hepatocyte conversion

To investigate the role of HNF4« in the regulation of
coagulation factor genes in LPCs in vivo, we used a
zebrafish model for LPC-mediated liver regeneration,
Tg(fabp10a:CFP-NTR)***"  in which cholangiocytes
rapidly and robustly contribute to hepatocytes through
LPCs following severe hepatocyte ablation.'” The
Tg(fabp10a:CFP-NTR) line expresses bacterial nitrore-
ductase (NTR) fused with cyan fluorescent protein
(CFP) under the hepatocyte-specific fabp10a promoter.
NTR converts metronidazole (Mtz) into a cytotoxic drug;
thus, Mtz treatment ablates cells that express NTR20:21
(e.g., hepatocytes in Tg[fabp10a:CFP-NTR] larvae). As
previously described, treating Tg(fabp10a:CFP-NTR)
larvae with Mtz from 3.5 to 5 days post-fertilization for
36 h ablates nearly all hepatocytes.”g] During this abla-
tion, cholangiocytes dedifferentiate into LPCs; following
Mtz washout, LPCs rapidly differentiate into hepato-
cytes or cholangiocytes.”gl We examined the expres-
sion of two coagulation factor genes, f2 and 75, and gc
(albumin counterpart in zebrafish) in regenerating (R)
larvae at 6 and 24 h following Mtz washout (R6h and
R24h, respectively) by in situ hybridization. At R24h,
all LPCs were differentiated into either hepatocytes
or cholangiocytes, whereas at R6h, this differentia-
tion was minimal.'®¥ There was no difference in gc and
f5 expression in regenerating livers among hnf4a™",
hnf4a*~, and hnf4a™ larvae; however, f2 expression
was undetectable in hnf4a™" larvae at both R6h and

R24h (Figure 5A,B). These results suggest that hnf4a
regulates f2 expression in both LPC and regenerating
hepatocytes.

Using whole-mount immunostaining, we exam-
ined the expression of hepatocyte marker betaine-
homocysteine S-methyltransferase (Bhmt) at R24h.
The Notch reporter Tg(Tp1:H2B-mCherry)*®*° line,
which expresses a nuclear red fluorescent protein
under the control of an element containing 12 recombi-
nation signal binding protein for immunoglobulin kappa
J region binding sites,?? was used to reveal cholangio-
cytes (H2B-mCherry®™"9) and cholangiocyte-derived
hepatocytes (H2B-mCherry"®3) in the regenerating
liver. Bhmt and Tp7:H2B-mCherry expression appeared
normal in hnf4a™" larvae (Figure 5C), suggesting that
lack of hnf4a does not affect LPC-to-hepatocyte differ-
entiation in zebrafish.

Epigenetic phenotype of LPCs is not
altered by activin signal transduction and
HNF4a expression

We also examined the role of the activin-HNF4a axis
in the expression of epigenetic hallmarks, such as
H3K4me3, H3K27me3 and H3K27ac, in HepaRG and
BMOL cells. As shown in Figure S4A, methylation pat-
terns were not affected following incubation with activin
or SB431542. In addition, disruption of components of
the activin-HNF4« axis (e.g., ALK4, SMAD2/3/4, FOXH1,
and HNF4a), by RNAI also did not significantly influence
these epigenetic hallmarks in BMOL cells (Figure S4B).

These results suggest that activation of the activin-
HNF4« axis does not alter the epigenetic phenotype of
LPC.

Activin signaling is negatively controlled
by follistatin in MHL-LF

Given the key role of activin signaling in controlling
the HNF4a-coagulation factor axis in LPCs, we asked
whether patients with irreversible MHL-LF lack activin.
To this end, we measured serum activin concentrations
in the 10 patients with MHL-LF described in Figure 1
and in 13 healthy volunteers. The average serum ac-
tivin concentrations in the 5 recovered patients with
MHL-LF were similar to those in healthy controls,
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whereas serum activin levels in the 5 patients with irre-
versible MHL-LF were significantly reduced (Figure 6A).
However, there was no significant statistic difference of
serum activin levels between recovered patients and
patients with irreversible MHL-LF (Figure 6A). In 3 of

5 recovered patients, serum activin concentrations
were at the same level as in the 5 irreversible patients
(Figure 6A). Notably, IHC staining showed strong im-
mune positivity for p-SMAD2 and HNF4« in all recov-
ered patients, but weak or even negative staining in the
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the incidence of ACLF in 186 patients with cirrhosis, as described in the Materials and Methods

irreversible patients (Figures 1B and 6B,C). In addition
to the aforementioned 10 patients with MHL-LF en-
rolled in Beijing, we also examined p-SMAD2, FOXH1,
and HNF4a expression by IHC in an additional 9 pa-
tients with MHL-LF, including 4 recovered patients from
Hannover. In line with the Beijing patients, immune pos-
itivity of p-SMAD2, FOXH1, and HNF4« was robust in
the recovered patients, but weak or undetectable in the
patients receiving LT (Figure S5).

MHL-LF induces severe local inflammation and
sepsis-like  systemic inflammatory response.[s'ﬁ]
Patients with sepsis with poor prognosis display high
levels of follistatin (FST), a natural antagonist of ac-
tivin.'"23 |n patients with sepsis, FST increases up to
40-fold of normal levels.”?®! Therefore, we speculated
that high levels of FST might antagonize activin signal-
ing in patients with irreversible MHL-LF. We measured
serum FST concentrations and calculated the ratio
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of activin to FST in the 10 patients with MHL-LF and
13 healthy volunteers. Although there were no signifi-
cant differences of serum FST concentrations between
groups, the ratio of activin to FST in the recovered
patients with MHL-LF was significantly higher than in
the irreversible patients (Figure 6A). There was no dif-
ference in the ratio between recovered patients with
MHL-LF and healthy controls (Figure 6A).

Given that most patients with MHL-LF enrolled in this
study had cirrhosis, we further determined the role of
FST in cirrhosis by performing a prospective study in
Mexico. We examined serum concentrations of FST in
186 patients with cirrhosis (86 with compensated cir-
rhosis, 52 with AD, and 48 with ACLF; Table S1). Table
S2 lists the characteristics of the 48 patients with ACLF.
The three patient cohorts had similar age and etiologies
(Table S1). There was a significant difference in gender
among the three cohorts. Compared to the patients
with compensated cirrhosis and AD, the prevalence of
male patients was significantly higher in ACLF (Table
S1). FST levels were lowest in patients who remained
compensated during follow-up, significantly higher in
those who developed AD and ACLF, with the highest
values being observed in the latter group. Clinical se-
verity scores were higher in AD and ACLF (Table S1).
Death rates were significantly higher (i.e., about 4-fold)
in ACLF than in any other group.

FST levels positively correlated with severity scores,
Child-Pugh (R = 0.395; p < 0.0001), and MELD score
(R=0.410; p < 0.0001) (Table S1). To obtain a cutoff value
for FST, a receiver operating characteristic (ROC) curve
analysis was performed, in which the best cutoff value was
> 1065 pg/mL with an area under the ROC of 0.711, sensi-
tivity of 75%, and specificity of 65.2%. In the Kaplan-Meier
curve analysis, FST was significantly associated with the
development of ACLF. Patients with FST < 1065 pg/mL
had a mean incidence of ACLF at 64.0 + 2.5 months com-
pared to those with FST = 1065 pg/mL, where the mean
incidence occurred at 31.7 + 3.3 months (p < 0.0001;
Figure 6D). In a further Cox regression analysis, FST re-
mained independently associated with the incidence of
both ACLF and survival (Table S3).

These results suggest that FST deserves further in-
vestigation as a potential predictive biomarker for the
incidence and mortality of ACLF.

Glucagon and insulin control hepatocellular
FST, which is critical for an activated
activin-HNF4a-coagulation axis in LPCs

FST is primarily produced by hepatocytes, and its ex-
pression is regulated by the ratio of glucagon and insu-
lin.?*! Therefore, we examined the effects of glucagon
and insulin on FST expression in primary human and
mouse hepatocytes. Quantitative PCR and western blot-
ting analyses showed that glucagon induced mRNA and

protein expression of FST in hepatocytes (Figure 7A,B).
The glucagon-induced FST expression was inhibited
by insulin administration (Figure 7A,B). Next, we exam-
ined the effects of FST on activin-treated HepaRG and
BMOL cells. As shown in Figure 7C,D, FST remarkably
inhibited activin-induced mRNA and protein expression
of HNF4«, F2, and F5 in LPCs.

We also measured serum levels of insulin, glucagon,
and their ratio in healthy volunteers and 10 patients with
MHL-LF. Among patients, we did not observe a statis-
tically significant difference of the insulin/glucagon
ratio between recovered and irreversible patients with
MHL-LF, although the value of insulin/glucagon in the
recovered patients was lower than in the irreversible
patients (Figure S6).

These results suggest that the balance between
activin and FST determines whether activin signaling
is capable of initiating the activin-HNF4«-coagulation
factor axis in patients with MHL-LF. We highlight the
regulatory model in a scheme (Figure 8).

DISCUSSION

Why and how some patients can survive massive
hepatocyte loss, while others cannot, is a key clinical
question. We provide the following findings to answer
this question™: (i) In patients with MHL-LF, LPCs take
over and carry out key hepatocyte functions, such as
coagulation?!; (i) expression of coagulation factors in
LPCs depends on HNF4af: (iii) HNF4a expression in
LPCs is driven by activin signaling™; (iv) activity of an
intact activin-HNF4a-coagulation factor regulatory axis
in LPCs largely determines the clinical outcome of pa-
tients with MHL-LF®®; and (v) activin signaling is nega-
tively regulated by FST, a hepatocyte-derived inhibitor
controlled by the insulin-to-glucagon ratio.

In patients with massive hepatocyte loss, the
maintenance of vital hepatocyte functions depends
on sufficient abundance and function of remaining
hepatocytes and activated LPCs.”? In contrast to
classic ALF, MHL-LF occurs in patients with chronic
liver diseases, in particular liver cirrhosis.”?! Patients
with cirrhosis have a unique liver condition charac-
terized by a substantial portion of hepatocytes dam-
aged and incapacitated before acute deterioration.['”
It addition, approximately 70% of hepatocyte buds
are derived from LPCs in patients with cirrhosis./?°!
Therefore, performance of hepatocyte functions by
LPCs might precede MHL-LF in patients with liver cir-
rhosis. Following MHL and rapid ductular reaction,®”]
differentiation into mature hepatocytes takes approx-
imately 1 month.”? During this time, performance of
vital liver functions by LPCs is crucial for patient sur-
vival. We found that LPCs in patients with MHL-LF
indeed express hepatocyte-specific proteins, such as
coagulation factor F5 (Figure S1B). Impressively, the
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FIGURE 8 Hormone-controlled activin-HNF4«-coagulation factor axis in LPCs

recovered patients with MHL-LF express HNF4a in
either hepatocytes or LPCs depending on the abun-
dance of the respective cell type. These results imply

that in MHL-LF, LPCs might rescue key hepatocyte
functions by forced expression of HNF4a before dif-
ferentiation into hepatocytes.
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For patients with MHL-LF, coagulation function is in-
dispensable for survival. A recent study showed that
the serum plasminogen level is a promising prognostic
biomarker in patients with ACLF.®! |n normal physio-
logical circumstances, most coagulation factors are
synthesized by hepatocytes under the control of master
hepatic transcription factors, including HNF4 1011271
Co-expression of HNF4a and F5 in LPCs suggests
that HNF4a might be one of the key transcription fac-
tors controlling coagulation factors expression in these
cells. We confirmed this hypothesis by ChIP assays:
HNF4« initiates the transcription of F2 and F5 through
binding to their promoters in LPCs. These results ex-
plain why patients with MHL-LF with high levels of
HNF4a in LPCs have a normal INR.

How do LPCs initiate HNF4a expression? We found
that the formation of transcription factor FOXH1-SMADs
complex is essential to initiate HNF4« transcription in
LPCs. Although the upstream signal controlling FOXH1
expression in LPCs is not known yet, the formation
of SMAD complex suggests the requirement of either
TGF-p or activin signal in initiating HNF4« transcrip-
tion. Interestingly, activin and TGF-p play an opposing
role in regulating HNF4« in LPCs: Activin up-regulates,
whereas TGF-f inhibits, HNF4a expression. Further
experiments based on ALK4 knockdown confirmed the
key role of activin in HNF4a expression in LPCs.

The activin-driven FOXH1-SMAD2/3/4 complex
plays a crucial role in mediating embryonic stem cell—
to-mesoderm differentiation through up-regulating
master differentiation genes (e.g., goosecoid, mix
paired-like homeobox).[28] In vitro, activin initiates em-
bryonic stem cell-to-mesoderm differentiation through
SMAD2-mediated H3K27me3 reduction.* This raises
an interesting question: Does activin directly initiate
LPC-to-hepatocyte differentiation rather than merely
inducing hepatocyte functions in patients with MHL-LF?
Rodents cannot survive massive hepatic necrosis, as
they do not receive intensive life support. Therefore,
no rodent animal model is available for mimicking the
pathophysiology of MHL-LF. Fortunately, hepatocyte-
ablated zebrafish provide an elegant model to investi-
gate MHL-LF.""® We observed that lack of the hnf4a gene
did not affect the LPC-to-hepatocyte differentiation, but
remarkably reduced the expression of the coagulation
factor gene 2 at both R6h and R24h. Consistent with
these zebrafish data, activin stimulation or disruption
of any component of the FOXH1-SMAD2/3/4 complex-
HNF4ua axis did not alter epigenetic phenotypes of
LPCs. These results suggest that HNF4« is a key tran-
scription factor required for the expression of coagula-
tion factor genes in both LPCs and hepatocytes, but is
dispensable for LPC-to-hepatocyte differentiation.

In patients with MHL-LF, a lack of hepatocytes does
not denote a poor prognosis. As shown in Figure 1, 2
recovered patients do not display any hepatocytes in
the examined tissues. However, the proliferating LPCs

demonstrate robust HNF4a expression, indicating that
these cells are performing hepatocyte functions. In con-
trast to the recovered patients, all irreversible patients
examined possess sufficient hepatocytes and active
LPCs. However, both cell types lack HNF4a expres-
sion, while the patients show high INR and cholestasis.
These findings suggest that performance of sufficient
essential functions by either the remaining hepatocytes
or LPCs is more important than restoring parenchymal
cell numbers for survival. Consistent with our findings,
several previous studies observed that the extent of ne-
crosis does not directly affect the final clinical outcome
of patients with MHL-LF.%31]

In clinical practice, it is a controversial issue whether
morphologically successful liver regeneration de-
notes a good clinical outcome of patients with MHL-LF.
Frequently, histological examination in explanted livers
reveals a successful LPC-mediated liver regeneration.[zl
The question is whether these patients should receive
LT. Will patients showing “successful hepatic regenera-
tion” recover over time? In contrast to the “excellent” his-
tological features, clinical manifestation and functional
parameters, including MELD score, may demonstrate
severe disease and thus the need to perform LT. Based
on the current study, performing LT is the correct deci-
sion, because the regenerated hepatocytes do not per-
form essential functions due to a lack of key regulatory
networks, such as the activin-HNF-4a axis.

Given the key role of activin signaling in the regula-
tion of coagulation factors in LPCs, we asked whether
repression of the activin-HNF4«a-coagulation factor axis
in patients with irreversible MHL-LF is due to a lack of
activin. However, serum activin concentrations in recov-
ered patients were not significantly different from those
in the irreversible patients. In remarkable contrast, p-
SMAD?2 levels in hepatocytes and LPCs of the recov-
ered patients were considerably higher than those in the
irreversible patients. This observation indicated that the
activin signal in the latter might be inhibited. We hypoth-
esized that FST might be the responsible inhibitory fac-
tor in patients with irreversible MHL-LF, based on three
reasons: First, FST is a natural inhibitor of activin.!*?!
Second, FST is synthesized mainly in hepatocytes[32];
hence, massive hepatocyte death might release copious
amounts of FST. Third, FST is a key reproduction hor-
mone that suppresses the follicle stimulating hormone.?
According to the life history, theory, growth, reproduc-
tion, and maintenance are three fundamental biological
programs in humans.®¥ In favorable environments, the
synthesis and release of FST in hepatocytes is strictly
regulated by the glucagon-to-insulin ratio to promote in-
vestment in growth and reproduction.[32] In harsh envi-
ronments, such as severe infection, FST is required for
diversion of resources from reproduction to the defense
arm.B3 Circulating FST concentration in sepsis patients
increased to 40-fold of the normal level.**! Therefore,
high levels of FST suggest a trade-off inasmuch as the
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host temporarily sacrifices growth and reproduction
function in order to spend more energy on supporting
the immune defense.

Lin et al. examined the FST-to-activin ratio 16 pa-
tients with ALF and reported that the ratio in surviving
patients with ALF was significantly higher than that in
nonsurvivors.*® When we measured serum FST lev-
els in 10 patients with MHL-LF, there was no significant
difference between the recovered and the irreversible
patients. In contrast to Lin et al.’s observation, the ac-
tivin/FST ratio in the recovered patients was remark-
ably higher than in the irreversible patients, suggesting
that the activin-to-FST ratio is the crucial determinant
of robust p-SMAD2 expression.

In addition to regulating coagulation factor expres-
sion, high levels of FST reflect an emergency condition
that requires the host to re-allocate energy resources
toward maintenance by inhibiting reproduction.[33] Our
prospective clinical study in 186 patients with cirrhosis
showed that serum FST level not only reflects the mor-
tality in patients with MHL-LF, but also the incidence of
cirrhosis and AD progressing to ACLF. These results
imply that serum FST is a reliable parameter to identify
emergency condition in patients.

As two key systemic regulators, insulin and gluca-
gon not only regulate energy allocation in different
organs, but also control the synthesis of hormones
such as FST.?Y Consistent with previous studies, our
in vitro experiments confirmed that glucagon induced
and insulin inhibited expression and secretion of FST
in hepatocytes, and thus regulated the activin-HNF4«-
coagulation factor axis in LPCs. In the circumstance of
sepsis, high levels of glucagon are required to maintain
high levels of blood glucose.®® To guarantee sufficient
energy supply for priority organs and cells, such as the
brain and immune cells, insulin resistance occurs in
major metabolic tissues such as adipose tissue, skel-
etal muscle, and hepatocytes.[36] Hepatic insulin resis-
tance thus abrogates the inhibitory effect of insulin on
FST, disrupting the regulation of the FST synthesis by
the glucagon/insulin ratio. This might explain why we
did not observe significant differences of insulin and
glucagon levels between the recovered patients and
patients with irreversible MHL-LF.

It is noteworthy that the effects of the activin-HNF4«
axis are not limited to controlling coagulation factor
expression. HNF4a is a hepatic master transcription
factor that binds to more than 40% of actively tran-
scribed genes in hepatocytes.m] RNA sequencing of
activin-treated LPCs with or without HNF4« disruption
revealed that the activin-HNF4« axis profoundly affects
the metabolism of drugs, steroid hormones, chemicals,
and xenobiotics as well as the expression of trans-
membrane transporters, which are essential for bile
acid delivery (data not shown). On the other hand, the
activin-HNF4a axis is not the only signaling network
regulating coagulation factors. Even in irreversible

patients lacking activin signaling and HNF4a expres-
sion, coagulation factor expression in the liver is still
detectable. Repression of the activin-HNF4« axis leads
to repression, but not total abrogation, of coagulation
function. Additional regulatory networks governing co-
agulation need to be clarified in the future.

Taken together, the current study highlights a re-
quirement of the activin-HNF4a axis in LPCs for the
assumption of vital hepatocyte functions, such as coag-
ulation, in circumstances of massive hepatocyte loss,
and therefore plays a crucial role for the survival of pa-
tients. This regulatory axis is inhibited by hepatocyte-
derived FST secretion. Distinct from the physiological
conditions, in which FST production is regulated by the
systemic balance between insulin and glucagon, ex-
cess FST in MHL-ALF is locally released by massive
hepatic necrosis. On the other hand, MHL-induced
severe inflammatory response results in insulin resis-
tance in leftover hepatocytes, which leads to glucagon
producing abundant FST in these cells. In clinical prac-
tice, histological examination is very difficult to perform
in MHL-LF. Our results indicate that serum FST levels
might be a surrogate marker reflecting the extent of he-
patocyte death and hepatic insulin resistance, which
point to the danger of coagulopathy and clinical dete-
rioration. The hypothesis requires further confirmation
in the future.
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