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Metabolic-dysfunction-associated steatohepatitis (MASH) is the

leading cause of chronic liver disease, but anincomplete understanding

of MASH-induced liver fibrosis has limited therapeutic options. Here

we show that hepatocyte caspase-8 drives MASH fibrosis through an
apoptosis-independent mechanism. Hepatic caspase-8 expression
correlates with liver fibrosis in both human and experimental MASH,

and hepatocyte-specific caspase-8 deletion in male mice with MASH
suppressed liver fibrosis and hepatic stellate cell (HSC) activation without
affecting hepatocyte apoptosis. Mechanistic studies showed that a
caspase-8-YY1 pathway in hepatocytes induces secretory meteorin (Metrn),
which activates HSCs via a c-Kit-STAT3 pathway. Meteorin expression

was increased in human and male mouse MASH livers and decreased by
deletion of hepatocyte caspase-8 in MASH mice and human and mouse
primary hepatocytes. Genetic restoration of hepatocyte meteorinin
hepatocyte-caspase-8-deleted MASH mice restored HSC activation and
liver fibrosis while silencing hepatocyte meteorin lowered liver fibrosis.
These findings reveal a therapeutically targetable pathway promoting
MASH fibrosis involving a non-apoptotic function of caspase-8 and a newly
discovered HSC activator, meteorin.

MASH (formerly non-alcoholic steatohepatitis (NASH)) is a progres-
sive form of metabolic-dysfunction-associated liver disease (MASLD;
formerly non-alcoholic fatty liver disease (NAFLD)) characterized by
liver steatosis, inflammation and fibrosis, with the potential to progress
to cirrhosis and liver failure*. MASH is emerging as the leading cause
of liver disease’, but therapeutic options are limited. This is largely
attributable to the incomplete understanding of how steatosis pro-
gressesto liver fibrosis, which is the main contributor to both liver-and
non-liver-related mortality in MASH*°. The primary mechanism of liver
fibrosisin MASH involves the activation of collagen-producing hepatic
stellate cells (HSCs), facilitated by hepatocyte-HSC cross-talk>®.

Caspase-8, an apoptosis-inducing protease, has been identified
asapossible contributor to MASH progression. Apoptosisis a feature
of MASH’, and in a multi-ancestry genome-wide association study, a
variant at rs10201587, located in the intron of CASP8, was associated
with both increased CASPS expression in the liver® and chronically
elevated plasma alanine transaminase (ALT) levels (P<5x107%)°, a
marker of liver injury. However, in a clinical MASH trial testing the
efficacy of emricasan, a drug that blocks the proapoptotic protease
activity of many caspases, including caspase-8, liver fibrosis was worse
in the drug-treated cohort'°. Moreover, two studies investigating the
deletion of hepatocyte caspase-8 in a weight-loss model of fatty liver
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disease (the methionine-choline-deficient model) came to opposite
conclusions regarding the role of caspase-8 in liver injury, inflamma-
tion and fibrosis'?. In one study, liver disease was mitigated in the
knockout cohort, suggesting that caspase-8 is pathogenic, and there
was adecreaseinliver cellapoptosis™. In the other study, the knockout
cohort experienced worse liver disease, suggesting that caspase-8
is protective, and there was an increase in the expression of RIP3, a
pro-inflammatory signalling molecule that is negatively regulated by
caspase-8 (ref.12). A third study reached conclusions similar to those
of the first study, but the investigators used an unusual hepatocyte
JNK1- andJNK2-deficient model that promotesliver cell death®. Thus,
the roles and mechanisms of caspase-8 in MASH, particularly MASH
fibrosis, in humans and experimental models remain unclear.

To address this gap, we undertook astudy using several bonafide
mouse MASH and steatohepatitis models in which human-relevant
diets were used to induce metabolic liver disease, including early
fibrosis. Moreover, we interrogated human MASH liver specimens
for evidence of pathways revealed by our mouse studies. Our findings
show that the non-apoptosis-inducing form of hepatocyte caspase-8is
increased in human and mouse MASH liver and, on the basis of findings
from hepatocyte-specific knockout studies, caspase-8 promotes HSC
activation and MASH fibrosis. The mechanism does not involve the
apoptosis-inducing function of caspase-8. Rather, elevated caspase-8
in hepatocytes in MASH leads to Ying Yang 1 (YY1)-mediated induc-
tion of a gene, Metrn, encoding meteorin, which has never before
beenimplicatedin liver function or pathology. Inthe setting of MASH,
meteorinis secreted from hepatocytesinacaspase-8-YY1-dependent
manner and then activates HSCs. Notably, we showed evidence of this
pathway inhuman MASH liver, and the non-apoptoticrole of caspase-8
inthis pathway is consistent with the aforementioned emricasan trial,
inwhichinhibiting the cell-death function of caspases did notimprove
liver fibrosis in people with MASH®, These findings herein reveal a
heretofore unknown and therapeutically targetable pathway that
contributes to MASH fibrosis.

Results

Hepatocyte caspase-8 deletion suppresses fibrotic MASH

but not apoptosis

Before conducting causation studies in experimental MASH, we analysed
CASP8 expression in human MASH versus control liver using datasets
from the Gene Expression Omnibus. We found that the average level of
CASP8 mRNA expression was substantially higher in the livers of indi-
viduals with histologically confirmed MASH than in the livers of lean,
healthy controlindividuals (Extended DataFig.1a). Tocomplement these
findings, we show that the expression of full-length caspase-8 protein
was higherinthelivers of individuals with MASH than in healthy controls
(Extended DataFig.1b). We then turned to two models of experimental
MASH, in which mice were fed a fructose, palmitate and cholesterol
(FPC) diet™ or an American-lifestyle-induced obesity syndrome diet
(ALIOS)". We also used a well-characterized steatohepatitis model in
which mice are fed a high-fat, choline-deficient L-amino-acid-defined
diet (HF-CDAA)'.Inall three models, full-length caspase-8, not the apop-
totic form p18, was markedly higher in the livers of mice fed the MASH/
steatohepatitis diets thaninthose fed the chow diet. We also observed a
modestincreasein the cleaved form of caspase-8 (p43) and anincrease
in Casp8 mRNA levels, but not the cleaved form of caspase-8 (p18),inthe
FPC model (Extended Data Fig.1c-e). Moreover, caspase immunostain-
ingrevealed anincreasein hepatocyte caspase-8in human MASH versus
normal livers, (Extended Data Fig. 1f), and caspase-8 expression was
elevated in hepatocytesisolated from human MASH livers versus normal
livers (Extended Data Fig. 1g).

To determine whether this increase in caspase-8 plays a role in
the progression of steatosis to MASH, we injected AAV8-TBG-Cre into
Casp8"" mice with pre-MASH hepatosteatosis, which had been fed an
FPCdiet for 8 weeksto specifically delete hepatocyte caspase-8 (ref. 14);

Casp8""mice injected with AAV8-TBG-LacZ served as the control. The
mice were then maintained on the FPC diet for an additional 8 weeks
to allow for the development of MASH and early fibrosis (Fig. 1a). In
our previous work, we documented that in 16-week-old FPC-fed mice,
liver fibrosis, markers of HSC activation, pro-fibrotic gene expression
and plasma ALT levels are higher than in chow-fed control mice". For
example, Sirius Red staining is approximately fourfold higher than that
inthe livers of chow-fed mice, and Tgfb1 and Acta2 levels are approxi-
mately five- to sixfold higher'. We confirmed successful caspase-8
knockoutinthelivers of the AAV8-TBG-Cre-treated mice (H-Casp8-KO)
(Fig.1b), and there were no significant differences in body weight, liver
tobody weightratio, blood glucose levels or liver triglyceride content
between the two groups (Extended Data Fig. 2a-d). Most notaly, the
Sirius-red-positive area was smaller in the livers of H-Casp8-KO (Cre)
than in those of control (LacZ) mice (Fig. 1c, top images), indicating
that liver fibrosis decreased. There was also a modest decrease in the
number of mononuclear cellsin the KO livers (Fig. 1c, bottom images),
suggesting areductionininflammation. Immunofluorescence staining
revealed that the a-smooth muscle actin (a-SMA)-positive area was
reduced, indicating fewer HSCs and F4/80-positive macrophages in
the KO livers, providing further evidence of decreased fibrosis and
inflammation (Fig. 1d,e). Furthermore, the livers of the H-Casp8-KO
mice ehibited lower expression levels of mMRNAs associated with HSC
activation, fibrosis and inflammation (Fig. 1f), and plasma ALT con-
centration was also lower in the KO mice (Fig. 1g). However, liver neu-
trophil numbers were similar between the two groups (Extended Data
Fig. 2e). Importantly, the percentages of cleaved-caspase-3-positive
(apoptotic) and TUNEL-positive hepatocytes were not significantly
different between the two groups (Fig. 1h,i). As expected, no cleaved
caspase-3-positive (apoptotic) cells were detected in the livers of nor-
mal, chow-fed mice (Extended Data Fig. 2f). These data, along with the
finding that liver expression of the full-length (non-activated) form of
caspase-8 correlates with MASH in humans and mice, led us to hypoth-
esize that hepatocyte caspase-8 promoted MASH progression through
anon-apoptotic mechanism, which we will further explore below.

Wethentested the effect of H-Casp8-KO in HF-CDAA-fed mice, in
which the development of steatohepatitis is more rapid and associ-
ated with a higher incidence of hepatocyte apoptosis thanin the FPC
model®. Aswith the FPC model, a previous study documented that liver
fibrosis, markers of HSC activation, pro-fibrotic gene expression and
plasma ALT levels are higher in HF-CDAA-fed mice than in chow-fed
control mice'. For example, in that study, the Sirius-red-positive area
was approximately tenfold higher in HF-CDAA-fed mice livers thanin
those of chow-fed mice; TgfbI and Acta2 expression levels were also
elevated three- to fivefold', consistent with our Sirius red staining
and Tgfbl expression data (Extended Data Fig. 2g,h). Casp8"" mice
were fed the HF-CDAA diet for 4 weeks, injected with AAV8-TBG-Cre
(or AAV8-TBG-LacZ) and continued on the diet for an additional
4 weeks (Fig. 2a). Caspase-8 deletionin the Cre-treated livers was con-
firmed (Fig.2b), and the two cohorts had similar body and liver weights,
blood glucose levels, liver triglyceride content and plasma ALT levels
(Extended Data Fig. 2i-m). As with the FPC model, H-Casp8-KO led to
decreases in liver fibrosis and inflammation (Fig. 2c-e and Extended
Data Fig. 2n), although total numbers of liver T cells were similar
(Extended Data Fig. 20). Despite the relatively high level of hepato-
cyte apoptosis in HF-CDAA-fed mice, the percentage of apoptotic
hepatocytes and DNA double-strand breaks was not significantly dif-
ferent between the two groups (Fig. 2f and Extended Data Fig. 2p,q).
These combined data provide evidence that hepatocyte caspase-8 is
increased in MASH and contributes to MASH fibrosis independently
of apoptosis changes.

Meteorin links caspase-8 to HSC activation
We next sought to explore potential mechanisms linking hepatocyte
caspase-8tothe progression of liver fibrosis in MASH. Activated HSCs
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Fig.1|Deletion of hepatocyte caspase-8 in diet-induced MASH decreases liver
fibrosis without blocking hepatocyte apoptosis. a-i, Male Casp8"" mice were
fed the FPC diet for 8 weeks to induce steatosis. The mice were then injected
with AAV8-TBG-Cre or AAV8-TBG-LacZ control and continued on the FPC diet
for 8 more weeks. a, The experimental set-up. b, Immunoblot of caspase-8
(Casp8) inliver, with B-actin as the loading control. ¢, Staining of liver sections
for Sirius red (top; scale bar, 500 pm) and H&E (bottom; scale bar, 100 um), with
quantification of the Sirius-red-positive area (arrows) and hepatic mononuclear
cells. Data are presented as mean + s.e.m.; *P=0.019, **P = 0.0021, unpaired
two-tailed Student’s t-test; LacZ, n = 8; Cre, n = 8.d, a-SMA immunofluorescence
(red) and quantification. DAPI counterstain (blue) for nucleiis shown. Scale bar,
200 pm. Data are mean + s.e.m.; ***P < 0.0001, unpaired two-tailed Student’s
t-test;LacZ,n=8;Cre,n=8.e,F4/80 immunofluorescence (red; arrows) and

quantification. DAPI counterstain (blue) is shown. Scale bar, 200 pm. Data are
mean +s.e.m.; *P=0.0038, unpaired two-tailed Student’s t-test; LacZ, n = 8; Cre,
n=8.f,Liver Tgfbl, Spp1, Acta2 and Mcp1 mRNA levels. Data are mean + s.e.m.;
*P=0.024,*P=0.0011(Sppl), **P=0.0005 (Acta2), ***P < 0.0001, unpaired
two-tailed Student’s t-test; LacZ, n = 8; Cre,n = 8. g, Plasma ALT levels. Data are
mean = s.e.m.; *P=0.007, unpaired two-tailed Student’s t-test; LacZ,n=8;
Cre,n=8.h, Cleaved caspase-3 (cl-Casp3) immunofluorescence (red; arrows)
and quantification. DAPI counterstain (blue) is shown. Scale bar,200 um. Data
are mean t s.e.m.; n.s., non-significant, unpaired two-tailed Student’s ¢-test;
LacZ,n=8;Cre, n=8.i, TUNEL staining (red; arrows) and quantification; DAPI
counterstain (blue) is shown. Scale bar, 50 um. Data are mean + s.e.m.; unpaired
two-tailed Student’s t-test; LacZ,n = 8; Cre,n=8.
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Fig. 2| Deletion of hepatocyte caspase-8 in experimental steatohepatitis
decreasesliver fibrosis without blocking hepatocyte apoptosis. Male Casp8""
mice were fed the HF-CDAA diet for 4 weeks to induce steatosis. The mice were
theninjected with AAV8-TBG-Cre or control AAV8-TBG-GFP and continued on the
HF-CDAA diet for 4 more weeks. a, The experimental scheme. b, Immunoblot of
caspase-8inliver, with B-actin as the loading control. ¢, Staining of liver sections
for Sirius red (arrows), with quantification. Scale bar, 200 pm. Data are presented
asmean = s.e.m.; ***P < 0.0001, unpaired two-tailed Student’s t-test; GFP,n=7;
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Cre,n=7.d, COL1Alimmunohistochemistry and quantification. Scale bar,

200 pum. Dataare mean + s.e.m.; ***P=0.0002, unpaired two-tailed Student’s
t-test; GFP,n=7;Cre,n="7.e,a-SMAimmunofluorescence (red) and quantification.
DAPI counterstain (blue) for nuclei is shown. Scale bar, 200 um. Dataare

mean +s.e.m.; *P=0.0013, unpaired two-tailed Student’s t-test; GFP,n = 7; Cre,
n=7.f,Cleaved caspase-3 immunofluorescence (red; arrows) and quantification;
DAPI counterstain (blue) is shown. Scale bar, 200 pm. Data are mean +s.e.m.;
unpaired two-tailed Student’s t-test; GFP,n=7; Cre,n=7.

are the main source of collagen-producing myofibroblasts in fibrotic
liver disease and play a key role in MASH fibrosis®*". To look for a link
between hepatocyte caspase-8 and HSC activation, we began with an
ex vivo model in which primary mouse or human HSCs were incu-
bated with conditioned media (CM) from mouse or human primary
hepatocytes transfected with Casp8-targeted small interfering RNA
(siCasp8) or control siRNA. Consistent with the in vivo data, levels
of markers of HSC activation were reduced in HSCs incubated with
CM, from Casp8-silenced AML12 mouse hepatocytes, THLE2 human
hepatocytes or primary human hepatocytes compared with control CM
(Fig. 3a, and Extended Data Fig. 3a-d). Further, human spheroid data
showed areductionin fibrotic gene expression in caspase-8-silenced
spheroids (Extended Data Fig. 3e). Consistent with the idea that
caspase-8 promotes HSC activation independently of its apoptotic
function (described above), we found that treatment of hepatocytes
with the caspase-8 inhibitor IETD, which blocks apoptosis™®, did not
impede hepatocyte CM from activating HSCs (Extended Data Fig. 3f).
Tofurther supportthisidea, we transfected Casp8-silenced hepatocytes
withwild-type caspase-8 versus catalytically inactive caspase-8-C360A,
which cannotinduce apoptosis”. We then tested the ability of CM from
these cellsto activate HSCs ex vivo. As before, the HSCs were less acti-
vated by the CM of Casp8-silenced hepatocytes than by the CM of
control hepatocytes, and CM-induced HSC activation was restored
equally by transfecting the Casp8-silenced hepatocytes with wild-type
or mutant caspase-8-C360A (Extended DataFig. 3g). Finally, heat treat-
ment of the CM before incubation with the HSCs blocked CM-induced
HSC activation and abrogated the difference between siCasp8 and
control conditions, suggesting at least one secreted protein was
responsible for hepatocyte caspase-8-dependent activation of HSCs
(Extended DataFig. 3h).

To identify candidate secretory proteins that were
caspase-8-dependent and potential activators of HSCs, we integrated
the following three data sets: liquid chromatography-tandem mass
spectrometry (LC-MS/MS) of conditioned media from the cells, to
identify secretory proteins that were diminished in Casp8-silenced
AMLI2 mouse hepatocytes (Fig. 3b); RNA sequencing (RNA-seq) to
identify genes encoding secretory proteins that were diminished in
Casp8-silenced AML12 mouse hepatocytes (Fig. 3¢,d); and a database
of secretory proteins. On the basis of overlapping proteins and genes
inallthree analyses (Fig. 3e), we selected 11 genes for quantitative PCR
(qPCR) confirmationinthe H-Casp8-KO FPC-MASH livers to determine
whether their expression decreased when hepatocytes were deficientin
caspase-8. Amongthese genes, Metrn, encoding the protein meteorin,
emerged asacandidate (Fig. 3f). Further investigation revealed thatlev-
els of the meteorin protein were decreased in the livers of H-Casp8-KO
versus control MASH mice (Fig. 3g,h). Likewise, Casp8 silencing in
primary mouse hepatocytes lowered meteorin protein levels (Fig. 3i).
CASPS silencing also reduced levels of METRN mRNA and meteorin
protein in primary human hepatocytes (Fig. 3j) and THLE2 human
hepatocytes (Extended Data Fig. 3i).

Given that there were no reports on the role of meteorin in liver
disease or fibrosis, we conducted an initial proof-of-concept test to
determine whether recombinant meteorin could activate primary
HSCsex vivo. We found that exposing primary mouse HSCs and primary
human HSCs isolated from either normal or MASH liver to recombi-
nant meteorin caused increases in levels of mRNAs associated with
HSC activation, for example Timpl, Collal and Spp1 (Fig. 4a). Next,
returning to the above conditioned-medium-transfer experiment, we
transfected Metrn into Casp8-silenced hepatocytes to restore Metrn
levels to those of the to Scr control (Fig. 4b), followed by transfer of
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the conditioned medium to HSCs. The data show that HSC activa-
tion by conditioned medium from Casp8-silenced hepatocytes was
restored partially (Timp1I) or fully (SppI) after the hepatocytes were
transfected with Metrn (Fig. 4c). Similarly, the conditioned medium
from METRN-silenced human hepatocytes led to less HSC activation
than did the control hepatocyte medium (Fig. 4d and Extended Data
Fig.4a).Further, treatment of AML12 hepatocytes with the pan-caspase
inhibitor ZVAD or the caspase-8 inhibitor IETD (above), which suc-
cessfully blocked Jo2/Fas-mediated caspase-3 and caspase-8 cleav-
age, did notimpede hepatocyte conditioned medium from inducing
Metrn expression (Extended Data Fig. 4b). As further evidence that
the proteolytic domain of caspase-8 is not involved, we transfected
CASPS8-silenced primary human hepatocytes with plasmids containing
the amino-terminal death-effector domains (DEDs) of caspase-8 but
lacking the carboxy-terminal p18/p10 proteolytic domain®, finding
that the DEDs could restore METRN expression (Extended DataFig. 4c).
Notably, caspase-10 also contains a DED domain, and we observed
increased levels of full-length caspase-10 proteinin human MASH livers
(Extended DataFig. 4d). Similarly, caspase-10 was elevated inisolated
human MASH hepatocytes (Extended Data Fig. 4e). However, CASP10
silencingin human hepatocytes did not alter METRN mRNA expression
levels (Extended Data Fig. 4f). Thus, caspase-8-induced HSC activa-
tion and meteorin expression are independent of the pro-apoptotic
protease activity of caspase-8, setting the stage for meteorin-causation
experimentsin MASH mice, described below.

We next sought to elucidate the signalling pathway involved in
meteorin-induced HSC activation. For this purpose, we focused on
previous work showing that STAT3 candrive the pro-fibroticactivation
of HSCs?**' and that STAT3 activation in the liver correlates with MASH
fibrosis in humans®. We then reasoned that meteorin might activate
STAT3in HSCs, given that meteorin-like protein, which has ~45% homol-
ogy to meteorin, canactivate the c-KIT receptor®, and c-KIT isaknown
activator of STAT3 (ref. 24). In this context, we found that treatment of
primary mouse HSCs with recombinant meteorin markedly increased
Y705 phosphorylation of STAT3 (Fig. 4e), ameasure of STAT3 activation.
Second, both siKit and siStat3 decreased meteorin’s ability to boost
Timpl and Sppl levels in primary mouse HSCs (Fig. 4f and Extended
DataFig.4g). These dataprovide initial ex vivo support for theideathat
meteorin activates HSCs through a c-KIT-STAT3 pathway.

Finally, as an initial step towards understanding how caspase-8
might increase Metrn levels, we performed chromatin immunopre-
cipitation (ChIP) analysis, which revealed that Casp8silencing reduced
Pol-lIlbinding to the Metrn promoterin AML12 hepatocytes (Extended
DataFig. 4h), suggesting that caspase-8 induces Metrn transcription.
Wethen conducted aninsilico analysis of the Metrn promoter and found
abindingsite for the transcription factor YY1, consistent withareport
studying YY1-mediated induction of Metrnin hypoxic haematopoietic
stem or progenitor cells®. Most importantly, YY1silencing lowered
Metrnlevelsin AML12 hepatocytes and METRNin primary human hepat-
ocytes (Fig. 5a). Similarly, YY1silencing blocked the ability of DEDs to
induce Metrn in Casp8-silenced hepatocytes (Fig. 5b). Further, using

YY1 ChIP analysis, we showed reduced YY1 binding to the Metrn pro-
moter upon Casp8silencing (Fig. 5¢c). Silencing Casp8 reduced nuclear
YY1 levels in mouse AMLI2 hepatocytes and primary human hepato-
cytes, as determined by immunofluorescence microscopy (Extended
DataFig.5a-c).Similarly, in FPC-fed HC-Casp8 knockout livers, nuclear
YY1 was substantially reduced, as shown by immunohistochemistry
(Extended Data Fig. 5d). Moreover,immunofluorescence microscopic
analysis revealed that nuclear YY1 expression was increased in HSA*
hepatocytes in human MASH liver versus normal liver. By contrast,
levels of nuclear YY1in non-hepatocytes (HSA™) were similar in MASH
and control livers (Fig. 5d). Similar data in humans and FPC-fed mice
were obtained usingimmunohistochemistry, based onthe morphology
of hepatocytes (parenchymal cells) versus non-hepatocytes (Extended
Data Fig. 5e and Fig. 5e). Finally, a previous single-nucleus RNA-seq
study of the livers of mice with ALIOS-diet-induced MASH identified
five hepatocyte subclusters, termed pericentral (PC), intermediate
(Int), periportal (PP), MNASH-Hepl and mNASH-Hep2, with the lat-
ter two subclusters highly enriched in MASH versus normal liver and
having distinct gene signatures associated with MASH progression®.
We found that the expression of Casp8 and YyI was enriched in the
mNASH-Hepl and mNASH-Hep2 subclusters versus the other three
subclusters (Fig. 5f). These combined data provide support for the
following hypothesis: caspase-8, which is elevated in MASH, leads to
YY1-mediated induction of meteorin, which is secreted and activates
HSCs to promote liver fibrosis.

Meteorin promotes MASH fibrosis

To investigate the role of liver meteorin in MASH, we assayed METRN
mRNA and meteorin protein levelsin human MASH versus normal liver
and probed a public bulk RNA-seq human dataset. Both our dataand the
RNA-seq dataset showed increased METRN mRNA levels in MASH liver,
and we also showed anincrease in meteorin protein (Fig. 6a,b). Elevated
levels of meteorin protein were also observed in the livers of FPC-fed,
HF-CDAA-fed and ALIOS-diet-fed mice with MASH (Fig. 6¢) but notin
the steatotic livers of 8-week-old FPC-fed mice or humans with simple
steatosis (Fig. 6d and Extended Data Fig. 5f). On the basis of immuno-
fluorescence staining of human MASH liver and immunoblot analysis
of isolated MASH hepatocytes, the increase in meteorin in MASH was
determinedtooccurinhepatocytes (Fig. 6¢,f). These data are consistent
withthefinding that the two proteins upstream of meteorin, caspase-8
and YY1, were not increased in the livers of mice with simple steatosis
(Extended DataFig. 5g,h). We next addressed causation by determining
whether geneticrestoration of meteorinin hepatocytes could restore
liver fibrosis in H-Casp8-KO FPC-MASH mice (above). We administered
AAV8-TBG-Cre with or without AAV8-TBG-Metrn (or AAV8-TBG-GFP
control) to Casp8" mice after 8 weeks of the FPC diet and then analysed
the mice after they were fed an FPC for 16 weeks (Fig. 7a). As before, we
achieved robust caspase-8 deletion with AAV8-TBG-Cre, with aconcomi-
tant decrease in meteorin, and AAV8-TBG-Metrn restored meteorin
tolevels comparable to those in control livers (Fig. 7b). There were no
significant differences in body weight, liver to body weight ratio or

Fig. 3 | Deletion of caspase-8 in hepatocytes blunts HSC activation ex

vivo, whichis linked to decreased meteorin expression. a, AML12 mouse
hepatocytes were transfected with scrambled RNA (Scr) or siCasp8. After 24 h,
the media were changed to DMEM with 0.1% FBS, and after an additional 24 h,
the CM were transferred to quiescent primary mouse HSCs. After 72 h, Timp1,
Sppland Collal mRNA levels were analysed in the HSCs. Data are presented as
mean +s.e.m.;*P=0.012,*P=0.0001, ***P < 0.0001; two-way ANOVA; n = 4 per
group. b, The scheme for screening caspase-8-dependent secretory genes and
proteins in hepatocytes that can activate HSCs. ¢, Volcano plot from the RNA-seq
data; false discovery rate (FDR)-adjusted P value < 0.05 (two-tailed t-test) was
classified as differentially expressed. d, Heat plot for the RNA-seq data. e, Venn
diagram plot from the RNA-seq and LC-MS/MS data, integrated with a database
of secretory proteins; the asterisk indicates the region of candidate genes.

f, mRNA levels of candidate genes in the livers of the mice in Fig. 1a-i. Dataare
mean +s.e.m.; *P=0.029 (Ccl?),*P = 0.014 (Ccl9), **P = 0.0012, two-way analysis
ofvariance (ANOVA); LacZ, n =4, Cre, n = 4.g, Immunoblot of meteorinin the
livers of control or hepatocyte caspase-8-knockout mice fed the FPC diet for 16
weeks, with quantification. Data are mean +s.e.m.; ***P=0.0005, unpaired two-
tailed Student’s ¢-test; LacZ, n = 4; Cre, n = 4. h,Immunoblot of meteorinin the
livers of control or hepatocyte caspase-8 knockout mice fed the HF-CDAA diet for
8weeks, with quantification. Data are mean + s.e.m.; **P=0.0022, unpaired two-
tailed Student’s t-test; GFP,n = 4; Cre,n=4.1, InScr- and siCasp8-treated AML12
cells, caspase-8 and meteorin (Metrn) levels were analysed by immunoblot.
Jj,InScr-and siCASPS8-treated primary human hepatocytes, levels of CASP8 and
METRN mRNA and caspase-8 and meteorin protein were analysed. Data are
mean +s.e.m.; **P=0.0005, ***P < 0.0001, two-way ANOVA; n = 3 per group.
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blood glucose levels among the three groups of mice (Extended Data
Fig. 6a-c). Also as before, the Sirius-red-positive area and number of
mononuclear cells were decreased by H-Casp8-KO, but, most notably,
these changes were abrogated in the H-Casp8-KO mice treated with
AAV8-TBG-Metrn (Fig. 7c). Analyses of fibroticand inflammatory mRNA
expression, COLAI- and F4/80-positive areas and plasma ALT further
confirmed that restoration of meteorinin hepatocytes abrogated the
beneficial effects of H-Casp8-KO on MASH (Fig. 7d-f). These findings

provideinvivo causation evidence that hepatocyte caspase-8 promotes
MASH by inducing meteorin.

Silencing hepatocyte meteorinin MASH reverses liver fibrosis

Given that therapies that silence genes specifically in hepatocytes, for
example using GalNAc-siRNA, are now used in people to treat various
diseases”, we sought to conduct a proof-of-concept study in experi-
mental MASH to determine whether hepatocyte-specific deletion
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Fig. 4| Recombinant meteorin activates hepatic stellate cells. a, Primary
mouse HSCs (left), primary (1°) human HSCs from a healthy liver (middle) and
primary HSCs from the livers of individuals with MASH (right) were treated with
200 ng ml™ recombinant meteorin (r-meteorin) or vehicle for 48 h. The HSCs
were then assayed for fibrotic gene expression by qPCR. Data are presented
asmean +s.e.m. Left, *P= 0.013, ***P < 0.0001; middle, *P = 0.012 (TIMP1),
*P=0.013 (SPP1), **P=0.0004; right, *P=0.015, **P= 0.006, ****P < 0.0001,
two-way ANOVA; mouse HSCs, n = 4 per group, human HSCs, n =3 per group.

b, AML12 cells were transfected with Scr siRNa or siCasp8 and with GFP or
Metrn plasmid, asindicated. After 24 h, the conditioned media were changed
to DMEM with 0.1% FBS, and after a further 24 h, the AML12 cells were assayed
for meteorin and caspase-8 protein. ¢, Conditioned media from the AML12 cells
inbwere transferred to quiescent HSCs. After 72 h, the HSCs were assayed for

Timpl and SppI mRNA. Dataare mean + s.e.m.; *P=0.012, ***P < 0.0001, one-way
ANOVA; n =4 per group.d, THLE2 cells were transfected with Scr or sSiMETRN.
After 24 h, the media from THLE2 were transferred to quiescent primary mouse
HSCs. After 72 h, TimpI and SppI mRNA levels in the HSCs were assayed. Data
aremean = s.e.m.; *P=0.014, ***P < 0.0001, two-way ANOVA; n = 4 per group.

e, Primary mouse HSCs were treated with 400 ng ml™ r-meteorin or vehicle for
48 h. Thelevels of phosphorylated (p-Y705) and total Stat3 in the HSCs were

then assessed usingimmunoblot. f, Primary mouse HSCs were transfected with
scrambled (Scr), siKit or siStat3. After 24 h, the cells were treated with vehicle or
r-meteorin. After another 48 h, Timp1 and SppI mRNA levels were measured in
the HSCs. Data are mean +s.e.m.; **P = 0.01, **P=0.0007, ****P < 0.0001, one-way
ANOVA; n =4 per group.

of meteorin could block the progression from early MASH to more
advanced MASH, particularly lessening liver fibrosis. For this purpose,
we fed mice an FPC diet for 16 weeks (basal), followed by treatment with
hepatocyte-specific AAV8-H1-shMetrn or a control vector and then con-
tinuation of the diet for an additional 12 weeks (Fig. 8a). As anticipated,

Metrn mRNA and meteorin protein levels were reduced in the livers of
mice treated with shMetrn (Fig. 8b). The three groups of mice had simi-
lar body weights, liver to body weight ratios, blood glucose levels and
liver triglyceride content (Extended Data Fig. 6d-g). After 28 weeks of
FPC feeding, liver fibrosis and inflammation were increased compared
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Fig. 5| YY1 mediates meteorin induction downstream of caspase-8.

a,qPCR was used to assess YY1 and METRN expression in Scr- and siYylI-treated
AMLI12 cells (left) or primary human hepatocytes (right). Data are presented
asmean =s.e.m.; *P=0.017 (Metrn),*P=0.011(YY1), *P= 0.020 (METRN);
***P=0.0007, two-way ANOVA; n =3 per group. b, AML12 hepatocytes treated
with Scr, siCasp8 or siYyI were transfected with constructs expressing GFP
control or DED domains. After 48 h, the Metrn mRNA level was measured. Data
aremean = s.e.m.; *P=0.039,**P=0055,**P=0.0006, one-way ANOVA; n =3 per
group. ¢, Hepatocyte nuclear extracts from AML12 cells treated with siCasp8 or
ScrsiRNA were subjected to YY1 ChIP analysis using anti-YY1 or IgG control. The
promoter region sequence was amplified by qPCR and normalized to the values
obtained from the input DNA. Data are mean *s.e.m.; **P = 0.0045, one-way
ANOVA; n =4 per group.d, YYlimmunofluorescencein liver sections of normal
and MASH human livers; scale bar, 50 pm. Arrows, an example of a YYI'HSA"

hepatocyte in each sample, highlighting the higher staining intensity of nuclear
YY1in MASH liver, whichis quantified as mean fluorescence intensity (MFI) in
the graph. Arrowheads, YYI'HSA™ cells. The MFI for nuclear YY1is presented
asmean +s.e.m.; **P=0.0002, unpaired two-tailed Student’s t-test; n = 6 for
normal and n=7for MASH. a.u., arbitrary unit. e, Immunohistochemical analysis
of YY1 proteinin the livers of FPC diet-fed mice. Scale bar, 50 um. Arrows,
parenchymal cells (hepatocytes); arrowheads, mononuclear cells. Integrated
density (IntDen) data for nuclear YY1in parenchymal and mononuclear cells are
presented as mean +s.e.m.; **P = 0.0075, unpaired two-tailed Student’s ¢-test;
chow, n=4;FPC, n=4.f,snRNA-seq data from 9-month ALIOS-diet-fed mouse
liver were analysed for Casp8 and YyI expression across five hepatocyte clusters.
Data are mean +s.e.m. The Pvalues in the graphs refer to the difference between
groups 4-5 (n=1,052) versus groups 1-3 (n = 4,882) by unpaired two-tailed
Student’s t-test.

with thatin the 16-week basal livers, but shMetrn treatment during
the progression period resulted in regression to the 16-week level
(Fig. 8c). Asimilar pattern was observed for the endpoints of fibrosis-
andinflammation-related mRNAs, COL1A1-and F4/80-positive areas,

and plasmaALT levels (Fig. 8d-f). However, the total number of T cells
was comparable between the two groups (Extended DataFig. 6h). These
data complement the findings from the meteorin-restoration model
described in the previous section by showing the pro-fibrotic nature
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Fig. 6 |Meteorinisincreased in hepatocytesin MASH liver. a, METRN mRNA and
meteorin protein were assayed in the livers of individuals with or without MASH.
Dataare presented as mean *s.e.m.; *P=0.029, unpaired two-tailed Student’s
t-test; normal, n = 6; MASH, n = 6.b, METRN mRNA levels in livers of healthy
individuals and those with MASLD, based on the RNA-seq dataset GSE126848.
Dataare mean +s.e.m.; *P=0.012, unpaired two-tailed Student’s t-test; healthy,
n=14; MASLD, n =31. a.u., arbitrary units. ¢, Meteorin protein was increased in
the livers of mice fed the FPC diet for 16 weeks, the HF-CDAA diet for 8 weeks or
the ALIOS diet for 36 weeks. d, Meteorinimmunoblot and quantification of liver

extracts from C57BL/6) mice fed chow or the FPC diet for 8 or 16 weeks. Data are
mean +s.e.m.; *P=0.0061, one-way ANOVA; chow, n=3,8weeks FPC,n =4,

16 weeks FPC, n = 4. e, Meteorinimmunofluorescence in liver sections of normal
and MASH human livers. Scale bar, 50 pm. Arrows, an example of ameteorin"HSA"
hepatocyte in each sample, highlighting the higher staining intensity of meteorin
in MASH liver, whichis quantified as the MFI. Arrowheads, meteorin"HSA™ cells.
The MFI for hepatocyte meteorin is presented as mean + s.e.m.; ****P < 0.0001,
unpaired two-tailed Student’s ¢-test; normal, n = 4; MASH, n = 4.f, Meteorin
protein was assayed in primary hepatocytes from people with or without MASH.

of hepatocyte meteorin in MASH, and they provide proof-of-concept
evidence thatsilencing hepatocyte meteorinin early MASH canreverse
the disease, particularly MASH fibrosis.

Discussion

The data herein provide evidence for a hepatocyte-HSC cross-talk
pathway that contributes to early MASH fibrosis: caspase-8,
through a non-apoptosis function involving DED domains, leads to
YY1-mediated induction of meteorin, a secretory protein that we
show activates HSCs through a c-Kit-STAT3 pathway. The relevance
of these findings to humans is supported by our analyses of human
MASH liver and our data from primary human hepatocytes and HSCs.
Moreover, prior genetic data have linked an intronic CASP8 variant
and elevated CASP8 expression to chronically elevated ALT levels’,
although future studies will be needed to determine whether this
variant is associated with MASH fibrosis, and vice versa for possible
loss-of-function CASP8 variants. Additionally, our evidence that the
pathway is independent of apoptosis, including the finding that the

pathway can be activated by the non-proteolytic DED domains of
caspase-8, is consistent with a clinical trial showing that pharmaco-
logic inhibition of the pro-apoptotic activity of caspases does not
block MASH fibrosis™.

Asexpected for a previously unknown pathway, several fundamen-
tal questions remain to be explored. Oneis how caspase-8 expressionin
hepatocytesisincreased in MASH. CASPS§ mRNA and caspase-8 protein
levelsareincreasedin early MASH but not steatosis. These data suggest
thatanearly stagein thetransition from steatosis to MASH could lead
to CASP8inductionin hepatocytes, which then further amplifies MASH
progressionthroughthe YY1-meteorin pathway described here.Ingen-
eral, CASP8induction could involve either a hepatocyte-autonomous
process or signals from another cell, for example, monocyte-derived
early MASH macrophages. One interesting possibility arises from the
accumulation of cholesterol in hepatocytes during the early stages
of the steatosis to MASH transition”. We showed that the trafficking
of plasma membrane cholesterol into cholesterol-enriched hepato-
cytes triggers the upregulation of the gene regulator TAZ in early
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Fig.7 | Hepatocyte meteorin promotes MASH fibrosis. a—f, Male Casp8"" mice
were fed the FPC diet for 8 weeks and then injected with AAV8-TBG-Cre (KO),
AAVS8-TBG-Cre/Metrn (KO+Metrn) or AAV8-TBG-GFP (control) and continued on
the FPC diet for an additional 8 weeks. a, The experimental scheme.

b, Immunoblot of caspase-8 and meteorin in liver, with B-actin as loading control.
Dataare presented as mean *s.e.m.; ****P < 0.0001, one-way ANOVA; control:
n=5,KO:n=5,KO+Metrn: n=S5.c, Staining of liver sections for Sirius red (top;
scale bar,200 pm) and H&E (bottom; scale bar, 200 pum), with quantification of
Sirius red-positive area and hepatic mononuclear cells. Data are mean + s.e.m.;

**P=0.0023 (Sirius red), **P=0.0011 (mononuclear cells), **P=0.0003, one-
way ANOVA; n =7 per group. d, Liver mRNA levels of TimpI (*P=0.013), Spp1
(*P=0.0004), Collal (**P=0.0047), Tnfa (*P=0.034), Mcp1 (*P=0.042) and Emr1
(*P=0.040). Data are mean *s.e.m.; one-way ANOVA; n =7 per group. e, COL1A1
and F4/80 immunohistochemistry, with quantification; scale bar,200 pm.
Dataare mean +s.e.m.; *P=0.030 (COL1Al), **P=0.0003;*P=0.031 (F4/80:

con versus KO), *P=0.033 (F4/80: KO versus KO+Metrn), one-way ANOVA; con,
n=7;K0,n=7;KO+Metrn,n=7.f, PlasmaALT levels. Dataare mean +s.e.m.;
**P=0.0024,**P=0.0003, one-way ANOVA; con,n=7;KO,n=7;KO+Metrn,n=7.

MASH, inducing the secretion of an HSC activator, Indian hedgehog
(Ihh)?, A previous study has shown that Casp8 levels were increased
inthelivers of fat-fed steatotic mice lacking the cholesterol-transport
enzyme StarD5, associated with anincrease inliver cholesterol”. Other
possibilities include cell-autonomous or cell cross-talk pathways that
increase transcription factors for CASPS, for example IRF1 and IRF3

(refs. 30,31), and/or pathways that promote CASP8 mRNA stability
mediated by the ELAVI-HuR pathway?'.

Another interesting questionis how caspase-8leadsto anincrease
in nuclear YY1 and YY1-mediated induction of Metrn. Previous work
examining non-apoptosis functions of caspase-8 has focused on its
roles in inflammation, immune regulation and cell differentiation®?,
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Fig. 8|Silencing of hepatocyte meteorin blocks the progression of liver
fibrosis in experimental MASH. Male C57BL/6) mice were fed an FPC diet for
16 weeks and then injected with AAV8-H1-shMetrn (shMetrn) or AAV8-H1-Scr
(control) and continued on the FPC diet for an additional 12 weeks. a, The
experimental scheme. b. Liver Metrn mRNA levels and immunoblot of meteorin
protein, with B-actin as the loading control (right). Data are presented as

mean +s.e.m.; *P=0.016, one-way ANOVA; basal, n=8,con,n=7,shMetrn,n=7.
¢, Staining of liver sections for Sirius red (top; scale bar, 200 pm) and H&E
(bottom; scale bar, 200 um), with quantification of the Sirius-red-positive

area and hepatic mononuclear cells. Data are mean + s.e.m.; **P=0.0023
(Sirius red: con versus shMetrn), **P=0.0003, **P = 0.0033 (mononuclear
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cells: basal versus con), *P = 0.0077 (mononuclear cells: con versus shMetrn);
one-way ANOVA; basal, n=8, con,n=6,shMetrn,n=7.d, Liver mRNA levels

of TimpI (***P=0.0009), SppI (***P=0.0002), Collal (*P=0.030), Colla2
(*P=0.012), Tgfb1 (**P=0.0033), Tnfa (*P=0.011), McpI (**P=0.004) and EmrI
(***P<0.0001). Dataare mean *s.e.m.; one-way ANOVA; basal,n=8,con,n=7,
shMetrn, n=7.e, COL1A1and F4/80 immunohistochemistry, with quantification;
scale bar,200 pm. Data are mean *s.e.m.; *P=0.022; **P=0.0036 (COL1AL: basal
versus con), *P=0.0016 (COL1A1: con versus shMetrn),**P = 0.0046 (F4/80),
one-way ANOVA; basal, n =8, con,n=7,shMetrn,n="7.f,PlasmaALT levels. Data
aremean ts.e.m.; *P=0.013,**P=0.0021, one-way ANOVA; basal,n=8,con,n=7,
shMetrn,n=7.

but our finding that caspase-8, through its DED domains, leads to
transcription-factor-mediated gene induction represents a new area
thatis ripe for future investigation. Our data suggest that the process
involves the nuclear localization of YY1. Previous work has shown
that YY1shuttling from the cytoplasmto the nucleus can be triggered
by post-translational modifications of YY1 and/or interaction with

YY1-binding proteins®. Thus, it is possible that caspase-8 interacts
directlywithYY1lorwithanintermediary YY1-binding protein, leading
to one or more YY1 alterations that promote its nuclear localization.
Anotherissueis whether other YY1-inducible genesinaddition to Metrn
are upregulated downstream of caspase-8 in early MASH and, if so,
how this might affect MASH progression. Interestingly, arecent study
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implicated hepatic YY1-mediated repression of farnesoid X receptor
in high-fat diet-induced hepatosteatosis*, so YY1 might play roles in
both early (steatotic) and later (fibrotic) stages of MASLD.

Meteorin has not previously been implicated in either physi-
ologic or pathophysiologic liver processes. Most studies have focused
onits role in the central nervous system, with functions including
astrocyte toradial glia differentiation and axonal extension in sensory
ganglia neurons®. Other functions of meteorin include its role in
Nodal expression during mesendoderm development*® and angio-
genesis”. Our idea to look at YY1 as the link between caspase-8 and
Metrn induction came from a study showing that YY1, together with
hypoxia-induced factor 1a, in hypoxic bone marrow macrophages
induces the expression of meteorin, which restrains the mobilization
of haematopoietic stem and progenitor cells through an oxidative
stress pathway”. Whether meteorin secreted by hepatocytesinearly
MASH has MASH-promoting functionsin addition to HSC activation
remains to be determined.

Our findings have potentially important therapeuticimplications,
based on two key points: first, liver fibrosis is a major contributor to
both liver-and non-liver-related mortalityin MASH, with limited thera-
peutic options*’; second, therapeutic siRNAs that silence pathogenic
genes exclusively in hepatocytes are in clinical use?. Thus, although
caspase-8 hasbeenidentified as a therapeutic targetin MASH", the new
mechanistic findings here favour the approach of silencing caspase-8
inhepatocytes, for example, using therapeutic GaINAc-siCASPS8, rather
thanblockingits pro-apoptotic enzymatic activity, whichis consistent
with the failure of the aforementioned emricasan trial'®. Moreover, we
have identified a more specific target, meteorin, whose therapeutic
silencing could\ also be considered as a new strategy to help prevent
the progression of fibrotic MASH.

Methods

Animal studies

The research was conducted inaccordance with all applicable ethical
regulations. Male wild-type C57BL/6) mice (no. 000664, 11-12 weeks
old) and Casp8"™ mice (no. 027002, on C57BL/6) background, PIMD:
16148088) were obtained from Jackson Laboratory and acclimated
for 1week at the Columbia University Irving Medical Center Institute
of Comparative Medicine before being randomly assigned to experi-
mental groups. Toinduce MASH, the mice were fed either a fructose-
palmitate diet with 1.25% cholesterol (FPC diet, Envigo, TD.160785)
for16 weeks to induce MASH™ or a high-fat choline-deficient L-amino
acid-defined (HF-CDAA, Research diet, AO6071302) diet™ for 8 weeks.
The control chow diet was obtained from LabDiet (catalogue no. 5053).
Casp8"" mice were injected through tail vein with AAVS-TBG-Cre,
AAV8-TBG-Metrn, AAV8-TBG-LacZ or control AAV8-TBG-GFP (2 x1011
genome copies per mouse) at either 8 weeks (FPC) or 4 weeks (HF-CDAA)
after the MASH diet was initiated. Additionally, AAV8-H1-scrambled
RNA or AAV8-H1-shMetrn (2 x 101! genome copies per mouse) was
administered through tail vein 16 weeks after starting the FPC diet, with
the mice remaining onthe diet for another 12 weeks. Mice were housed
instandard cages at22 °C under a12-hlight/dark cycleinabarrier facil-
ity. Allprocedures were approved by the Institutional Animal Care and
Use Committee at Columbia University and conducted inaccordance
withinstitutional guidelines (protocol no. AC-AABL5573).

Human liver specimens and human primary liver cells

De-identified human liver specimens were obtained from the Liver Tis-
sue Cell Distribution System at the University of Minnesota. Both male
and female specimens were collected at the time of liver transplanta-
tion and preserved as frozen samples. Written informed consent was
obtained from all donors for tissue samples. Diagnostic information
is provided in Supplementary Table 1. Phenotypic and pathological
assessments were performed by medical physicians and pathologists
affiliated with the Liver Tissue Cell Distribution System. The study

protocol was approved by the Institutional Review Board (IRB) at
Columbia University Irving Medical Center. Diseased (MASH, METAVIR
Score=F4);adult humanliver cells were obtained fromthe Human Syn-
thetic Liver Biology Core at the Pittsburgh Liver Research Center and
the Center for Transcriptional Medicine. The Institutional Review Board
at the University of Pittsburgh has approved our protocol and given
the Not Human Research Determination (IRB no. STUDY24020093).
Hepatocytes were isolated using a three-step collagenase digestion
technique, as previously described?®. Cell viability was assessed after
isolation using trypan blue exclusion, and only cell preparations with
viability >80% were used for the analysis.

Human primary hepatocytes were sourced from the Liver Tissue
Cell Distribution System at the University of Pittsburgh, and human
primary HSCs were isolated as described™. All participants provided
consentto the use of these specimens, and the protocol was reviewed
and approved by local IRBs.

Reagents and kits

Adeno-associated virus subtype 8 (AAV8)-shRNA targeting murine
Metrn was generated by annealing complementary oligonucleotides
(5’-CACCA GAACGTATGACCGGCAATCTATCAAGAG TAGATTGCCGGTC
ATACGTTC-3’ and 5-AAAAGAACGTATGACCGGCAATCTACTCTTGAT
AGATTGCCGGTCATACGTTCT-3’). These oligonucleotides were
ligated into the self-complementary (sc) AAV8-RSV-GFP-H1 vector,
following a previously described protocol*. AAV8-TBG-Metrn and
AAV8-H1-shRNAs were amplified and packaged into AAV particles by
PackGene Biotech. The following reagents were used inthe study: AAV8
containing hepatocyte-specific TBG-Cre recombinase (AAV-TBG-Cre,
107787-AAV8) and the control vector AAV8-TBG-LacZ (105534-AAV8)
from Addgene; mouse Metrn plasmid (no.215466) from Origene; cas-
paseinhibitor Z-VAD-FMK (G7231) from Promega; caspase-8 inhibitor
Z-IETD-FMK (FMKO0O07) from R&D Systems; human METRN recombinant
protein (TP761464) from Origene; mouse METRN recombinant protein
(OPCDO05218) from Aviva; WT Casp8 (no.11817) and C360A (no. 11818)
plasmids from Addgene; plasmids encoding the death effector domains
of caspase-8 as described'’; Jo2 antibody (anti-mouse CD95, no. 554254)
fromBD Biosciences; ChIP kit (no. 9003) from Cell Signaling Technol-
ogy; ALT assay kit (no. A526-120) from TECO Diagnostics; liver TG kit
(10010303) from Cayman.

Cell culture and conditioned media transfer

AMLI12 mouse hepatocytes were obtained from ATCC (CRL-2254) and
culturedin DMEM/F12 medium (Life Technologies, no.11320) supple-
mented with10% (vol/vol) heat-inactivated FBS (Gibco, no.16140-071)
and 1x penicillin-streptomycin solution (Corning, 30-002-Cl). Primary
mouse hepatocytes wereisolated from 10-week-old wild-type C57BL/6)
mice, as previously described™, and cultured in DMEM with 10% FBS
beforebeing treated as described in the figure legends. Primary mouse
HSCswereisolated from 5- to 6-month-old BALB/C mice, as described
previously™. In brief, after cannulation of the inferior vena cava, the
portal veinwas cut, allowing retrograde step-wise perfusion with solu-
tions containing protease (Sigma Aldrich, P5147) and collagenase D
(Roche, no. 11088866001). The perfusates were subjected to 9.7%
Nycodenz (Accurate Chemical, no.1002424) gradient centrifugation
to isolate the HSCs, which were then plated in tissue culture dishes
and used the next day. Primary human HSCs from deidentified donor
livers that were declined for transplantation for various reasons were
obtained by Lifesharing Organ Procurement Organization under IRB
171883XX. Livers were graded by a pathologist using a double-blinded
method and identified as normal or MASH and used for human HSC
isolation through perfusion with pronase and collagenase D perfusion
followed by gradient centrifugation, as described®. Enriched human
HSCswere stained for desmin and glial fibrillary acidic protein (GFAP)
and had a purity of >95%. After various treatments, the hepatocytes or
HSCs were collected in Laemmli sample buffer (Bio-Rad, no.1610737)
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with 2-mercaptoethanol (Bio-Rad, no. 161-0710) for immunoblotting
orinRNAlysis buffer (Qiagen, no.79216) for mRNA quantification. For
conditioned-medium-transfer experiments, AML12 cells were cultured
in DMEM with 0.1% FBS and incubated for 24 h. The medium was then
transferred to HSCs that had been pre-incubated in DMEM with 0.1%
FBS for 8 h. After 72 h, the HSCs were analysed for mRNA expression.

Human liver spheroids

Primary human hepatocytes and non-parenchymal cells were
co-incubated to form spheroids, as previously described*’. In brief,
fresh hepatocytes and non-parenchymal cells obtained from patients
undergoing liver resection at the University of Pittsburgh were seeded
into 96-well Akura Spheroid Microplates (inSphero) at a ratio of 4:1
(hepatocytes:non-parenchymal cells; 2,000 viable cells per well) in
70 pl of William’s E medium supplemented with 2 mM L-glutamine
(Thermo Fisher), 1x penicillin-streptomycin solution (Corning, no.
30-002-Cl), 100 nM dexamethasone (Thermo Fisher), ITS X-100
(ThermoFisher) and 10% fetal bovine serum (FBS, Thermo Fisher), The
cells were cultured to form spheroids at 37 °C in a humidified incuba-
tor with 5% CO,. Onday 5 after seeding, and every 2-3 days thereafter,
the spheroids were refreshed with the medium described above but
without FBS. The spheroids were treated with siCASP8 or scrambled
siRNA on day 7 and collected on day 12 after seeding.

siRNA-mediated gene silencing and transfection

Scrambled siRNA control and gene-targeting siRNAs were trans-
fected into AMLI2 cells or primary hepatocytes using Lipofectamine
RNAiIMAX (Life Technologies) at afinal concentration of 40 nM siRNA
in 24-well plates, following the manufacturer’s protocol. In brief, 2 x
10° cells at 30-40% confluence were incubated for 18 h with 0.5 ml of
culture medium containing 1.5 pl Lipofectamine RNAiIMAX and 40
pmol siRNA. The siRNA sequences are provided in Supplementary
Table 2. Plasmid transfection into AMLI12 cells was conducted using
Lipofectamine LTX Reagent with PLUS Reagent (Life Technologies, no.
15338100). For each wellina24-well plate, 2 pI LTX, 0.5 pl PLUS reagent
and 0.5 pg plasmid DNA were added when the cells reached 30-40%
confluence. After overnight incubation, the cells were returned to
normal culture medium.

Blood and plasma analyses

Blood glucose levels were measured using a glucose meter (One Touch
Ultra, LifeScan) in mice that were deprived of food for 5 h with free
accesstowater. Plasma ALT levels were measured using commercially
availablekits, as detailed in the ‘Reagents and kits’ section, and the data
were collected using SoftMax Pro Software v5.4.1.

Histopathological analysis

Liver fibrosis was evaluated by measuring the area stained with Pic-
rosirius red (Sirius) (Polysciences, no. 24901). Inflammatory cells in
H&E-stained liver section images were quantified by counting the
number of mononuclear cells per field at x20 magnification. Forimmu-
nohistochemistry, paraffin sections were rehydrated and subjected
to antigen retrieval by placing them in a pressure cooker with Anti-
gen Unmasking Solution (H-3300, Vector) for 10 min. The slides were
then treated with 3% hydrogen peroxide for 10 min and subsequently
blocked with Serum-Free Protein Block (X0909, Dako) for 30 min.
Sections were incubated overnight with a mouse primary antibodies
against anti-MPO (AF3667, R&D Systems, 1:100 dilution), anti-CD3
(ab16669, Abcam, 1:100 dilution), anti-pH2AX (no. 9718, Cell Signaling,
1:100 dilution), anti-COL1A1 (no. 72026, Cell Signaling, 1:500 dilu-
tion), anti-F4/80 (no. 70076, Cell Signaling, 1:500 dilution) or anti-CD3
(ab16669, Abcam, 1:100 dilution) and secondary antibody (SignalStain
BoostIHC Rabbit, Cell Signaling, no. 8114), then developed using a DAB
substratekit (no. 8059, Cell Signaling). For various staining parameters,
computerized image analysis (ImageJ) was used to quantify the stained

area, utilizing the same threshold settings across all analyses. For each
section, for each mouse, we quantified six randomly selected fields.

Immunofluorescence microscopy

AML12 or primary cultured hepatocytes were fixed in 4% paraformal-
dehyde for 10 min at room temperature, rinsed with PBS and stained
overnight withaprimaryantibody at4 °C. Onthe following day, the cells
were washed andincubated withasecondary antibody and DAPIbefore
being viewed in PBS using fluorescence microscopy. Paraffin sections
wererehydrated and subjected toantigen retrieval; they were first placed
inapressure cooker with antigen unmasking solution (H-3300, Vector)
for10 min, followed by blocking with serum. Sections were then labelled
overnight with antibodies against a-smooth muscle actin (a-SMA)
(C6198, Sigma, 1:300 dilution), cl-Casp3 (no. 9664, Cell Signaling, 1:100
dilution), F4/80 (no. 70076, Cell Signaling, 1:500 dilution), human serum
albumin (HSA) (ab190706, Abcam, 1:100 dilution), anti-caspase-8 (no.
8873, CellSignaling, 1:100 dilution), anti-meteorin (OAAI00402, Aviva,
1:100 dilution), or anti-YY1 (no. 46395, Cell Signaling, 1:500 dilution).
Thesections were thenincubated for1 hwithafluorophore-conjugated
secondary antibody (Invitrogen, Alexa-Fluor-555-conjugated donkey
anti-rabbit or Alexa-Fluor-488-conjugated goat anti-mouse, 1:500),
mounted with a DAPI-containing mounting medium (P36935, Life Tech-
nologies) and viewed using Olympus DP74 fluorescence microscopy
with cellSens software. ImageJ2 (version 2.14.0) was used to quantify the
stained area, applying consistent threshold settings for each analysis.
Six randomly selected fields were quantified per section per mouse for
image analyses. TUNEL staining was performed using a kit from Roche
(n0.12156792910).

Immunoblotting

Liver proteins were extracted using RIPA buffer (Thermo, no.89900),
and the protein concentration was determined with a BCA assay
(Thermo, no. 23227). Proteins were separated by electrophoresis on
4-20% Tris gels (Life Technologies, EC60285) and transferred to nitro-
cellulose membranes (Bio-Rad, no. 1620115). The membranes were
blocked for 30 min at room temperature in Tris-buffered saline with
0.1% Tween 20 (TBST) containing 5% (wt/vol) non-fat milk and then
incubated overnightat4 °Cwith primary antibodies diluted 1:1000in
the same buffer: anti-caspase-8 (no.4790, Cell Signaling), anti-cl-Casp8
(no. 9429, Cell Signaling), anti-YY1 (no. 46395, Cell Signaling),
anti-Metrn (OACDO05531, Aviva), anti-cl-Casp3 (no. 9661, Cell Signaling),
anti-phospho-Stat3 (no. 9145, Cell Signaling), anti-Stat3 (no. 9139, Cell
Signaling), anti-caspase-10 (no. 14311-1-AP, Proteintech), anti-f3-actin
(no. 5125, Cell Signaling) or anti-GAPDH (no. 3683, Cell Signaling).
Proteinbands were detected using horseradish-peroxidase-conjugated
secondary antibodies (donkey anti-rabbit-HRP, Jackson ImmunoRe-
search, 711-035-152 or anti-rat IgG HRP-linked antibody, Cell Signaling
no.7077,bothat1:5,000 dilution) and SuperSignal West Pico enhanced
chemiluminescent solution (Thermo, no. 34080). For cultured cells,
lysis was performed in Laemmli sample buffer (Bio-Rad, no.161-0737)
containing 5% 2-mercaptoethanol, followed by heating at 100 °C for
5 min. The samples were then electrophoresed and immunoblotted
asdescribed above.

Chromatin Immunoprecipitation assay

The ChIP assay was conducted following the instructions provided in
the SimpleChIP kit from Cell Signaling Technology (no.9003). In brief,
AMLI2 hepatocytes cultured in a15-cm dish were incubated with for-
maldehyde to cross-link proteins to DNA, and the reaction was neutral-
ized by the addition of glycine. The cellswere then scrapedinto cold PBS
containinga protease inhibitor cocktail (PIC) and centrifuged, and the
supernatant fraction was discarded. The cell pellet was lysed to release
the nuclei, and nuclease was added to digest the DNA into fragments
ranging from150to 900 bp. After halting the digestion, the nucleiwere
pelleted and sonicated to disrupt the nuclear membrane, followed by
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centrifugation to remove the pellet. The resulting supernatant frac-
tion, which was enriched with cross-linked chromatin, underwent
immunoprecipitation using antibodies from Cell Signaling (YY1, no.
46395, 1:200 dilution; Rpbl, no. 14958, 1:100 dilution; IgG, no. 3900,
1:100 0r1:200 dilution). The suspensions were rotated overnight, after
which protein G magneticbeads were added. After washing the beads,
the DNA was eluted and further purified. The presence of YY1 and Pol
Ilinthe Metrn promoter region was quantified by qPCR and expressed
relative to the input genomic DNA. The sequences of the primers used
for the ChIP-qPCR assays are detailed in Supplementary Table 3.

Quantitative RT-qPCR

Total RNA was extracted from liver tissue or cultured hepatocytes using
the RNeasy kit (Qiagen, no.74106). The quality and concentration of the
RNA were evaluated by measuring absorbance at 260 and 280 nmwitha
Thermo Scientific NanoDrop spectrophotometer. cDNA synthesis was
performed using 1 ug of total RNA with oligo (dT) primers and Super-
scriptll (Invitrogen). Quantitative PCR (qQPCR) was conducted ona7500
Real-Time PCR system (Applied Biosystems 7500 software v2.3) using
SYBR Green Master Mix (Life Technologies, no. 4367659). The primer
sequences utilized for the qPCR are provided in Supplementary Table 3.

RNA-seq and data analysis

TotalMRNA was extracted from AML12 hepatocytes treated with either
siCasp8or scramble RNA using the RNeasy Mini Kit (Qiagen, no.74104).
Libraries were constructed utilizing [llumina TruSeq chemistry and
sequenced on the lllumina NovaSeq 6000 at the Columbia Genome
Center. For data analysis, FASTQ files were processed using Salmon
v1.3.0 to quantify transcript abundance, using an index based on
GRCm39 GENCODE VM27 (genome browser, IGV: https://genome.ucsc.
edu/cgi-bin/hgTrackUi?db=mm39&g=wgEncodeGencodeVM27)*.
The resulting counts were aggregated to the gene level with tximport
v1.20.0 (ref. 42). Differential expression analysis was performed using
DESeq2v1.32.0 (ref. 43), with genes exhibiting an absolute fold change
of >1.5and afalse discovery rate (FDR)-adjusted Pvalue < 0.05 classified
as differentially expressed (DE). The DESeq2 v1.32.0 output was scored
and ranked using Approximate Posterior Estimation for Generalized
Linear Model (apeglm)**, applying the ranking metric of ‘~log10 P-value
multiplied by the sign of log-transformed fold-change™. The list of DE
geneswas used to generate a Venn diagram on the website bioinformat-
ics.psb.ugent.be/webtools/Venn. Additionally, the other two datasets
for the Venn diagram included a secreted protein list from VerSeDa
(genomics.cicbiogune.es/VerSeDa/index.php)*® and proteomics data
from cell culture supernatant analysis (see below).

Generic proteome preparation from cell culture supernatants

AMLI12 cells treated with either scramble or siCasp8 were cultured in
three T150 flasks for each condition. After reaching 80-90% conflu-
ence, the cells were washed three times with warm PBS and incubated
for1-2 hin pre-warmed serum-free medium to remove residual serum
proteins. This medium was discarded and replaced with fresh 37 °C
serum-free, phenol-red-free medium (20 ml). The cells were incu-
bated for 24 h, after which the conditioned medium was collected
onice. Protease inhibitors and EDTA were added, and the medium
was clarified by centrifugation, filtered through a 0.2-pm filter and
concentrated by precipitation using 15% trichloroacetic acid (TCA) on
ice for 4 h. The samples were then centrifuged at >9,000g for 15 min
at 4 °C, the supernatant fraction was decanted, and freezer-cold
(=20 °C)100% acetone (equal to the original volume) was added. This
was followed by centrifugation and decanting, and then the pellet
was washed three times. The final pellet was resuspended in 200 mM
HEPES (pH 8) at a protein concentration of approximately 1-2 mgml ™.
For global quantitative proteomic analysis, dia-PASEF (parallel
accumulation serial fragmentation)-based proteomics was used. In
brief, the samples were denatured in sodium deoxycholate (SDC)

buffer (1% SDC, 100 mM Tris-HCI, pH 8.5) and heated for 15 min at
60 °Cwithshakingat1,000 r.p.m. Protein reduction and alkylation of
cysteines were performed with 10 mM TCEP and 40 mM CAA at 45 °C
for 10 min. The samples were then sonicated in a water bath, cooled
to room temperature and digested overnight using a Lys-C/trypsin
mix at a 1:50 ratio (ug enzyme to pg protein) at 37 °C with shaking at
1,400 r.p.m. The resulting peptides were acidified by adding 1% trif-
luoroacetic acid (TFA), vortexed and subjected to StageTip clean-up
using styrene-divinylbenzene-reverse phase sulfonate (SDB-RPS). The
peptides were dried in a speed-vac and resuspended in 10 pl of liquid
chromatography buffer (3% acetonitrile/0.1% formic acid). Peptide
concentrations were determined using a NanoDrop, and 200 ng of
each sample was used for dia-PASEF analysis on a Trapped lon Mobil-
ity Spectrometry-Time of Flight (timsTOF) Pro mass spectrometer.

Liquid chromatography with tandem mass spectrometry
Peptides were separated over an 87-min gradient at a flow rate of 400
nanoliters min™ on a reversed-phase C18 column with an integrated
CaptiveSpray Emitter (25 cm x 75 um, 1.6 pm, lonOpticks). Mobile phase
A consisted of 0.1% formic acid inwater, and mobile phase B consisted
of 0.1% formic acid in acetonitrile. The gradient for phase Bincreased
linearly from 2% to 23% over 70 min, followed by an increase to 35%
over 10 min, and thento 80% before re-equilibration. The timsTOF Pro
wasoperated in dia-PASEF mode, with dataacquired across 32x26 Th
isolation windows from m/z 400 to 1,200. To optimize the MS1 cycle
time in dia-PASEF, the repetitions were set to 2 in the 16-scan scheme.
The collision energy was ramped linearly according to mobility, from
59eVat1/KO=1.6 Vscm™to20 eV at1/KO=0.6 Vscm™. The acquired
dia-PASEF raw data were searched using a library-free workflow in
the DIA-NN search engine, utilizing the UniProtKB/Swiss-Prot mouse
database. Default settings for the library-free algorithm were used,
with match-between-runs (MBR) enabled. A maximum of one missed
cleavage for trypsin was allowed, and the maximum variable modifica-
tion was set to one. Carbamidomethylation was specified as the fixed
modification, and protein N-terminal methionine excision, methionine
oxidation and N-terminal acetylation were set as variable modifica-
tions. The peptide length range was set from 7 to 30 amino acids, with
precursor charge ranges of1to 4, precursor m/zranges of 300t01,800
and fragmention m/zranges of200t01,800. The false discovery rates
(FDRs) for protein and peptide levels were set to 1%, with MS1and MS2
mass tolerances automatically determined by DIA-NN.

Quantification and statistical analysis

Statistical analyses were carried out using GraphPad Prism (version
9.4). Data were tested for normality using the Shapiro-Wilk test. Data
that passed the normality test were analysed using the two-tailed Stu-
dent’s ¢-test for comparison of two groups or one- or two-way analysis
of variance (ANOVA) with Bonferroni post hoc analysis for comparison
of more than two groups. Data are shown as mean * s.e.m., and differ-
ences were considered statistically significant at P < 0.05. No statistical
methods were used to pre-determine sample sizes, but our sample sizes
are similar to those reported in previous publications'**®. No animals
or data points were excluded from the analyses. Data collection and
analysis were not performed blind to the conditions of the experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alldata associated with this study are present in the paper or the Sup-
plementary Information. The raw RNA-seq data have been deposited
atthe National Center for Biotechnology Information Gene Expression
Omnibus (NCBI GEO) under accession number GSE280901. The raw
LC-MS/MS data have been deposited in the PRIDE database under

Nature Metabolism | Volume 7 | October 2025 | 2067-2082

2080


http://www.nature.com/natmetab
https://genome.ucsc.edu/cgi-bin/hgTrackUi?db=mm39&g=wgEncodeGencodeVM27
https://genome.ucsc.edu/cgi-bin/hgTrackUi?db=mm39&g=wgEncodeGencodeVM27
http://bioinformatics.psb.ugent.be/webtools/Venn
http://bioinformatics.psb.ugent.be/webtools/Venn
http://genomics.cicbiogune.es/VerSeDa/index.php
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE280901

Article

https://doi.org/10.1038/s42255-025-01355-1

accession number PXD057540. All the databases and datasets used in
the study, along with appropriately accessiblelinks, are providedin the
manuscript. All datasupporting the figuresin this paper are provided
inthe source datapublished withthearticle. Source dataare provided
with this paper.

Code availability

No original code was created for this study.
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Extended Data Fig. 1| Extended information for experiments in which
hepatocyte caspase-8 was deleted in MASH mice, data related to Fig. 1.

a, CASP8 mRNA in the livers of healthy and MASLD human subjects, based on
RNAseq GEO dataset 126848. Data are presented as mean + SEM; *p=0.022,
unpaired two-tailed t-test; normal, n=14, MASH, n=16. b, Inmunoblot of
full-length caspase-8 (Casp8) in normal and MASH human livers, with 3-actin
asloading control. ¢, Immunoblot of full-length caspase-8 and p43 cleaved
caspase-8 (cl-Casp8), p18 cleaved caspase-8, and Casp8 mRNA, in chow- and
FPC-fed mouse livers, with GAPDH as loading control. Data are presented as mean
+SEM; n=6; *p=0.017, unpaired two-tailed t-test. d, Immunoblot of full-length
caspase-8 and cleaved caspase-8 in chow- and HF-CDAA-fed mouse livers, with
GAPDH as loading control. e, Immunoblot of full-length caspase-8 in chow- and

ALIOS-fed mouse livers, with 3-actin as loading control. Data are presented

as mean = SEM; unpaired two-tailed t-test; GFP, n=8; Cre, n=8.f, Normal

and MASH human livers were analyzed for caspase-8 immunofluorescence
(red), human serum albumin (HSA) immunofluorescence (green), and DAPI
immunofluorescence (blue). Arrows, an example of a caspase-8* (CASP8*)
HSA" hepatocyte in each sample, highlighting the higher staining intensity of
caspase-8in MASH liver, which is quantified as MFlin the graph. Arrowheads,
CASP8"HSA™ cells. Bar, 50 mm. Data are presented as mean + SEM; n=4;
***p=0.0003, n.s., non-significant, unpaired two-tailed t-test. g, Inmunoblot of
full-length caspase-8 in primary human hepatocytes isolated from normal and
MASH livers.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2| Extended information for experiments inwhich
hepatocyte caspase-8 was deleted in MASH mice, datarelated to Figs.1and
2.a-e, Male Casp8™ mice were fed the FPC diet for 8 weeks to induce steatosis.
The mice were then injected with AAV8-TBG-Cre or AAV8-TBG-LacZ control and
continued on the FPC diet for an additional 8 weeks. Shown are body weight,
percent liver weight of body weight, blood glucose 3 h after food withdrawal,
liver triglyceride (TG) and myeloperoxidase (MPO) immunohistochemistry. Data
are presented as mean + SEM; n.s., non-significant, unpaired two-tailed t-test;
LacZ, n=8;Cre, n=8.Bar,200 mm for panel e. f, Cleaved caspase-3 (cl-Caspase 3)
immunofluorescence with DAPI counterstain (blue) for nuclei in mice fed achow
diet or FPC diet for 16 weeks; bar, 50 mm. Data are presented as mean + SEM;
**p=0.005, unpaired two-tailed t-test; chow, n=3; FPC, n=3.g, Sirius red staining
in mice fed a chow diet or the HF-CDAA diet for 8 weeks; bar,200 mm. Data are
presented as mean = SEM; ****p<0.0001, unpaired two-tailed t-test; chow, n=5;

HF-CDAA, n=5. h, Tgfbl mRNA expression mice fed a chow diet or the HF-CDAA
diet for 2,4, or 8 weeks. Data are presented as mean + SEM; ***p<0.0001,
one-way ANOVA; chow, n=6; 2wk, n=5; 4wk, n=4; 8wk, n=5. (i-q) Male Casp8™*
mice were fed the HF-CDAA diet for 4 weeks to induce steatosis. The mice were
theninjected with AAV8-TBG-Cre or control AAV8-TBG-GFP and continued
onthe HF-CDAA diet for an additional 4 weeks. Data are presented as mean +
SEM; unpaired two-tailed t-test; GFP, n=7; Cre, n=7.i-m, Body weight, percent
liver weight of body weight, blood glucose 3 h after food withdrawal, liver
triglyceride (TG), and plasma ALT. n-q, The livers were analyzed for H&E staining,
CD3immunohistochemistry, TUNEL immunofluorescence (red), and p-H2AX
immunohistochemistry. In p, DAPI counterstain for nuclei (blue) is shown in the
bottom panels. Bars,200 mm for panels n, 0, and q and 50 mm for panel p. For
panelsi-q, data are presented as mean + SEM; **p=0.0041; n.s., non-significant,
unpaired t-test; GFP, n=7; Cre, n=7.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Extended information on hepatocyte caspase-8-
induced HSC activation, related to Fig. 3. a, Immunoblot of caspase-8 in
AMLI12 cells treated with scrambled RNA (Scr) or siCasp8.b, CASPS mRNA in
THLE2 cells treated with scrambled RNA (Scr) or siCASP8. Data are presented as
mean + SEM; **p=0.0002, unpaired two-tailed t-test; n=6 per group. ¢, THLE2
human HCs were transfected with scrambled RNA (Scr) or siCasp8. After 24 h,
the media were changed to DMEM/0.1% FBS, and after an additional 24 h, the
conditioned media from the cells was transferred to quiescent primary mouse
HSCs. After 72 h, the HSCs were assayed for Timp1, Spp1, and Collal mRNA.
Data are presented as mean + SEM; *p=0.017, *p=0.0066, two-way ANOVA; n=4
per group.d, Control or heat-inactivated (HI; 100 °C x 5 min) CM from Scr- or
siCasp8-treated AML12 HCs was added to quiescent primary mouse HSCs as
inpanel a. After 72 h, the HSCs were assayed for the indicated mRNAs. Dataare
presented as mean + SEM; **p=0.0004, ****p<0.0001, n.s., non-significant, two-
way ANOVA; n=4 per group. e, Left, CASPS§ mRNA in primary human hepatocytes
treated with scrambled RNA (Scr) or siCASP8. Data are presented as mean + SEM;
***p<0.0001, unpaired two-tailed t-test; n=4 per group. Right, Primary human
hepatocytes (HCs) were transfected with scrambled RNA (Scr) or siCasp8. After
24 h, the media were changed to DMEM/0.1% FBS, and after an additional 24 h,
the conditioned media (CM) were transferred to human primary HSCs. After

48 h, the HSCs were assayed for TIMPI and SPP1 mRNA. Data are presented as

mean + SEM; *p=0.024 (TIMPI), *p=0.023 (SPPI: grey vs. white), *p=0.016 (SPPI:
hashvs. grey), **p =0.0020, two-way ANOVA; n=4 per group. f, Human primary
hepatic 3D spheroids treated with scrambled RNA (Scr) or siCASP8 (n=3 per
group). Left, CASPS mRNA. Data are presented as mean + SEM; *p=0.036,
unpaired two-tailed t-test. Right, The indicated mRNAs were assayed, Data

are presented as mean + SEM; *p=0.025 (SPPI), *p=0.012 (COL1AI), *p=0.049
(COL3A1), two-way ANOVA. g, AML12 mouse hepatocytes cultured in DMEM/0.1%
FBS were treated + IETD. After 24 h, the conditioned media (CM) were transferred
to quiescent primary mouse HSCs, with one set of control HSCs receiving no CM
(HSConly). After 72 h, the HSCs were assayed for TimpI and Collal mRNA. Data
are presented as mean + SEM; n.s., non-significant, one-way ANOVA; n=4 per
group. h, Scr- or siCasp8-treated AMLI12 cells were transfected with GFP control,
wild-type Casp8, or C360A-mutant Casp8. After 24 h, the media were changed

to DMEM/0.1% FBS, and after another 24 h, the CM from the hepatocytes were
transferred to quiescent primary mouse HSCs. After 72 h, the HSCs were assayed
for Timpland Collal mRNA. Data are presented as mean + SEM; *p=0.012
(TimpI), *p=0.0055 (Timpl), *p=0.011 (Collal: GFP vs. CASP8), *p=0.033
(Collal: GFPvs.C360A), one-way ANOVA; n=4 per group. i, Scr- or siCASP8-
treated THLE2 cells were assayed for CASP8 and METRN mRNA and for caspase-8
and meteorin protein. Data are presented as mean + SEM; **p=0.0015 (CASP8 and
METRN), unpaired two-tailed t-test; n=6 per group.
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Extended Data Fig. 4| Extended information on the role hepatocyte caspase-
8-induced meteorinin HSC activation, related to Fig. 4. a, THLE2 cells were
treated with scrambled RNA (Scr) or siMETRN. After 24 h, the media were
changed to DMEM/0.1% FBS, and after an additional 24 h, the THLE2 cells were
assayed for METRN mRNA and meteorin protein. Data are presented as mean +
SEM; **p=0.0004, unpaired two-tailed t-test; n=3 per group. b, Upper, AML12
cells were treated 24 hwith ZVAD or ITED, and Metrn mRNA was measured. Lower,
AMLI12 cells were treated for 24 h with or without 5 mg/mljo2 to induce apoptosis
inthe presence of vehicle (DMSO) or 20 mm ZVAD or 20 mm ITED. The cleaved
forms of caspase-3 (cl-Casp3) and caspase-8 (cl-Casp8), which are a measure of
their activity in apoptosis, were assayed by immunoblot. Data are presented as
mean +SEM; n.s., no significant difference, unpaired two-tailed t-test; n=3 per
group. ¢, Scr- or siCASP8-treated primary human hepatocytes were transfected
with constructs expressing GFP control or DEDs. After 48 h, the cells were assayed
for mRNAs encoding METRN and DED domains. Data are presented as mean +
SEM; *p=0.022, **p=0.0007, ***p<0.0001, one-way ANOVA; n=3 per group.

Metrn promoter

d, Immunoblot of caspase-10 (CASP10) in normal and MASH human livers, with
B-actinasloading control. *p=0.029, unpaired two-tailed t-test; n=3 per group.
e, Immunoblot and quantification of caspase-10 in primary human hepatocytes
from normal and MASH livers. Data are presented as mean + SEM; *p=0.026,
unpaired two-tailed t-test; n=3.f, CASP10 and METRN mRNA in primary human
hepatocytes treated with scrambled RNA (Scr) or siCASP10. Data are presented
as mean = SEM; *p=0.019, unpaired two-tailed t-test; n=4 per group. g, Primary
mouse HSCs were transfected with scrambled RNA (Scr), siKit, or siStat3. After
48h, Kit and Stat3 mRNA were measured. Data are presented as mean + SEM;
*p=0.024 (kit) *p=0.029 (Stat3), unpaired two-tailed t-test; left, n=3 per group,
right, n=4 per group. h, Hepatocyte nuclear extracts from AMLI12 cells treated
withscrambled RNA (Scr) or siCasp8 were subjected to Pol-1l ChIP using anti-Pol-
Ilor IgG control. The Metrn promoter region sequence was amplified by qPCR
and normalized to the values obtained from input DNA. Data are presented as
mean + SEM; **p=0.0003, one-way ANOVA; n=4 per group.
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Extended DataFig. 5| Extended information on the role of YY1in Metrn
induction, datarelated to Figs. 5and 6. a, Scr- or siCasp8-treated AML12
hepatocytes were immunostained for YY1and then quantified for the percentage
of cells with nuclear YY1. Bar,200 mm. Data are presented as mean + SEM;
***p=0.0003, unpaired two-tailed t-test; n=4 per group. b, Scr- or siYY1-treated
AMLI2 hepatocytes were immunostained for YY1. Bar,200 mm. ¢, Scr-or
siCASP8-treated primary human hepatocytes were immunostained for YY1
and then quantified for the percentage of cells with nuclear YY1. Bar,200 mm.
Dataare presented as mean + SEM; *p=0.022, unpaired two-tailed t-test; n=3
per group. d, YYlimmunohistochemistry of liver sections of control (con) or
hepatocyte caspase-8 knockout mice (KO) fed the FPC diet (related to Fig. 1a-i)
and quantification; bar,200 mm. Integrated density (IntDen) data for nuclear

YY1in parenchymal are presented as mean + SEM; ****p<0.0001, unpaired two-
tailed t-test; con, n=6; KO, n=6. e, YY1immunohistochemistry of liver sections
of normal and MASH human liver; bar, 50 mm. Arrows, parenchymal cells
(hepatocytes). Integrated density (IntDen) data for nuclear YY1in parenchymal
cells are presented as mean + SEM; ***p=0.0002, unpaired two-tailed t-test;
normal, n=6; MASH, n=7. f, Meteorin immunoblot of liver extracts of normal
and steatotic human liver. g, Casp8 immunoblot of liver extracts of chow- and
8weeks FPC-fed liver. h, Immunohistochemistry and quantification for HC-like
nuclear YY1 (arrows) in the livers of 8 weeks FPC diet-fed mice. Integrated density
(IntDen) data for nuclear YY1in parenchymal are presented as mean + SEM; n.s.,
non-significant, unpaired two-tailed t-test; chow, n = 6; 8 weeks FPC,n=6.
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Extended Data Fig. 6 | Extended information on the role of hepatocyte and immunohistochemistry (bar, 200 mm) and quantification for CD3" cells of
meteorin in experimental MASH, datarelated to Figs. 7 and 8. a-c, Body the two groups of mice in Fig. 8. None of the values are significantly different by
weight, percent liver weight of body weight, and blood glucose 3 h after food one-way ANOVA (panels a-f) or unpaired two-tailed t-test (panels g-h), basal, n=7;
withdrawal of the three groups of mice in Fig. 7a-f. d-h, Body weight, percent con, n=7; shMetrn, n=7.

liver weight of body weight, blood glucose 3 h after food withdrawal, liver TG,
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed
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{| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Software and code

Policy information about availability of computer code

Data collection  Data collection for gRT-PCR was performed using Applied Biosystems 7500 Software v2.3. Fluorescent microscope images were acquired with
Olympus DP74 software CellSens, and ALT measurement data was collected using SoftMax Pro Software v5.4.1.

Data analysis Image analysis for immunofluorescence, immunohistochemistry, and western blot densitometry was conducted using ImagelJ2 (version
2.14.0). Statistical analyses were carried out using GraphPad Prism (version 9.4).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data associated with this study are present in the paper or the Supplementary Materials. The raw RNA-sequencing data have been deposited at the National
Center for Biotechnology Information Gene Expression Omnibus (NCBI GEO) under accession number GSE280901. The raw LC-MS/MS data have been deposited in




the PRIDE database under accession number PXD057540. All the databases and datasets used in the study along with appropriately accessible links in the
manuscript. All data supporting the figures in this paper are provided in the source data published with the article.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Human liver specimens and primary hepatocytes were obtained from the Liver Tissue Cell Distribution System at the
University of Pittsburgh and the University of Minnesota. Human hepatic stellate cells were sourced from the University of
California, San Diego. Samples were randomly selected for this study, which does not involve sex-related analyses.

Reporting on race, ethnicity, or  Unkown (donors are completely unidentifiable by us).
other socially relevant

groupings

Population characteristics The liver samples and liver cells were obtained from patients (BMI>30, liver fibrosis) with metabolic dysfunction-associated
steatohepatitis (MASH).

Recruitment The samples and cells were collected by other Universities.

Ethics oversight The research was conducted in accordance with all applicable ethical regulations. The study protocol was approved by the

Institutional Review Board (IRB-AAAU1906) at Columbia University Irving Medical Center.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in previous publications
(PIMD:28068223; PMID: 32259482).

Data exclusions  No data was excluded.
Replication All experiments were reproducible as assessed by multiple wells of cells, tissues, or mice. For in vitro assays, experiments involved 3 or more
biological replicates, and key experiments were repeated multiple times and proved reproducible. For the in vivo study, 6-8 male mice were

used per group. These numbers produced robust data and sufficient power for statistical analysis.

Randomization  Mice of the same age and similar body weight were randomly assigned to experimental and control groups. It is not relevant to those
experiments other than involving mice, because of the controlled conditions.

Blinding The main investigators were not blinded for the in vitro assay and some in vivo studies for practical reasons (e.g. to apply different treatments

such as AAV8-TBG-Cre injection in Casp8 flox mice) but the primary outcome data (analysis of sirius red staining were confirmed by a blinded
second investigator).
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZI D ChIP-seq

Eukaryotic cell lines

Palaeontology and archaeology

IZI D Flow cytometry

IZI D MRI-based neuroimaging

Animals and other organisms
Clinical data
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Antibodies used Casp8 Cell Signaling #4790; AB_10545768 (1:1000 dilution for IB)
cl-Casp8 Cell Signaling #9429; AB_2068300 (1:1000 dilution for IB)
GAPDH Cell Signaling #3683; AB_1642205 (1:1000 dilution for IB)
B-Actin Cell Signaling #5125; AB_1903890 (1:1000 dilution for IB)
cleaved Caspase-3 Cell Signaling #9664; AB_2070042 (1:1000 dilution for 1B, 1:100 for IF)
F4/80 Cell Signaling #70076; AB_2799771 (1:500 dilution for IF and IHC)
COL1A1 Cell Signaling #72026; AB_2904565 (1:500 dilution for IHC)
aSMA Sigma #C6198; AB_476856 (1:300 dilution for IF)
YY1 Cell Signaling #46395; AB_2799302 (1:1000 dilution for IB, 1:500 for IF, 1:200 for IP)
Metrn Aviva OACD05531 (1:1000 dilution for IB, 1:100 for IF)
cleaved Caspase-3 Cell Signaling #9661; AB_2341188 (1:1000 dilution for 1B, 1:100 for IF)
CASP10 Proteintech 14311-1-AP; (1:1000 dilution for IB)
phospho-Stat3 Cell Signaling #9145; AB_2491009 (1:1000 dilution for IB)
Stat3 Cell Signaling #9139; AB_331757 (1:1000 dilution for IB)
Rpb1 Cell Signaling #14958; AB_2687876 (1:100 for IP)
MPO RnD, AF3667; AB_2250866 (1:100 dilution for IB)
CD3 Abcam, ab16669;AB_443425 (1:100 dilution)
p-H2AX, Cell Signaling, # 9718; AB_2118009 (1:100 dilution for IB)
CASP8 Cell Signaling #8873 (1:100 dilution for IF)
HSA abcam, ab190706;AB_3095623 (1:100 dilution for IF)
Rabbit IgG Cell Signaling #3900; AB_1550038 (1:100 for IP)
Donkey anti Rabbit (HRP) Jackson ImmunoResearch 711-035-152; AB_10015282 (1:5000 dilution for IB)
Anti-rat IgG, HRP-linked Antibody Cell Signaling #7077; AB_10694715 (1:5000 dilution for IB)
SignalStain Boost IHC Rabbit Cell Signaling #8114: AB_10544930 (ready to use solution)
Alexa Fluor 555 donkey anti-rabbit IgG Invitrogen A31572 (1:500 for IF)
Alexa Fluor 488 goat anti-mouse IgG Invitrogen A11001 (1:500 for IF)

Validation All other antibodies are commercially available and have been validated by the manufacturer, other researchers, and/or by other
members of the lab in published data.

Casp8 Cell Signaling #4790, validated in current manuscript Fig.1b and Fig.2b by knockout experiment. It was also validated for IB by
Cell signaling, and 369 publications used this product according to CiteAb.

cl-Casp8 Cell Signaling #9429, validated for IB by Cell signaling, and 133 publications used this product according to CiteAb.

GAPDH Cell Signaling #3683, validated for IB by Cell signaling, and 453 publications used this product according to CiteAb.

B-Actin Cell Signaling #5125, validated for IB by Cell signaling, and 445 publications used this product according to CiteAb.

cleaved Caspase-3 Cell Signaling #9664, validated for IB and IF by Cell signaling, and 6680 publications used this product according to
CiteAb.

F4/80 Cell Signaling #70076, validated for IHC and IF by Cell signaling, and 641 publications used this product according to CiteAb.
COL1A1 Cell Signaling #72026, validated for IHC and IF by Cell signaling, and 248 publications used this product according to CiteAb.
aSMA Sigma #C6198, validated for IF by Sigma, and 1188 publications used this product according to CiteAb.

YY1 Cell Signaling #46395, validated in current manuscript ext. Fig.5b by siRNA-mediated knockdown experiment. It was also
validated for IF by Cell signaling, and 52 publications used this product according to CiteAb.

Metrn Aviva OACDO05531 antibody has been validated in the manuscript using siRNA-mediated knockdown strategies (ext. Fig. 4a). It
was also validated for IB and IHC by Aviva, and 1 publication used this product according to Aviva.

cleaved Caspase-3 Cell Signaling #9661,validated for IB and IF by Cell signaling, and 10918 publications used this product according to
CiteAb.

CASP10 Proteintech 14311-1-AP, validated for IB by Proteintech, and 3 publications used this product according to CiteAb.
phospho-Stat3 Cell Signaling #9145,validated for IB by Cell signaling, and 3200 publications used this product according to CiteAb.
Stat3 Cell Signaling #9139, validated for IB by Cell signaling, and 2247 publications used this product according to CiteAb.

Rpb1 Cell Signaling #14958, validated for Chromatin IP by Cell signaling, and 140 publications used this product for ChIP according to
RRID.

MPO RnD, AF3667, validated for IB by RnD, and 60 publications used this product for IHC according to Bio-tech.com.

CD3 Abcam, ab16669, validated for IHC by Abcam, and 1046 publications used this product for IHC according to CiteAb.

p-H2AX, Cell Signaling, # 9718, validated for IHC by Cell signaling, and roughly 800-1400 publications used this product for IHC
according to CiteAb.

CASP8 Cell Signaling #8873, validated for IHC by Cell signaling, and 14 publications used this product according to Cell signaling.

HSA abcam, ab190706, validated for IHC by Abcam, and 4 publications used this product for IF according to Abcam.

Rabbit IgG control, Cell Signaling #3900, validated for IP as control by Cell signaling, and 935 publications used this product for IP




according to CiteAB.

Donkey anti Rabbit (HRP) Jackson ImmunoResearch 711-035-152, validated for IB by Jackson ImmunoResearch, and 1400
publications used this product for IB according to CiteAB.

Anti-rat IgG, HRP-linked Antibody Cell Signaling #7077, validated for IB by Cell signaling, and 406 publications used this product
according to Cell signaling.

SignalStain Boost IHC Rabbit Cell Signaling #8114, validated for IHC by Cell signaling, and 453 publications used this product according
to CiteAb.

Alexa Fluor 555 donkey anti-rabbit IgG ThermoFisher A31572, validated for IHC by ThermoFisher, and 2574 publications used this
product according to CiteAb.

Alexa Fluor 488 goat anti-mouse IgG ThermoFisher A11001, validated for IHC by ThermoFisher and 9380 publications used this
product according to CiteAb.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

mouse hepatocyte cell line: AML12, CRL-2254, ATCC
human hepatocyte cell line: THLE-2, CRL-2706, ATCC

Both AML12 (lot#: 61449103) and THLE-2 cells (order# SO1239468) are purchased from ATCC directly before the
experiments. The authentication was performed by ATCC. We used the cells within 10 passages.

Mycoplasma contamination Cells were not tested for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

The mice were housed in standard cages at room temperature with a 12h light/12h dark cycle in a barrier facility with ad libitum
access to water and food.

11-12 week old male C57BL/6J wild-type mice were from Jax (000664).

Casp8fl/fl mice (#027002, on C57BL/6J background, PIMD: 16148088) were obtained from Jackson Laboratory.

Balb/c mice were from Taconic (BALB-M MPF, retired breeder, male )

No wild animals were used in this study.
Only male mice from Jackson Labratory were used for experiments in this manuscript.
This study did not involve field-collected samples.

Animal protocols used for experiments were approved by Columbia University's Institutional Animal Care and Use Committee
(protocol number AC-AABL5573).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atthentication-procedtres foreach seed stock tised-ornovel-genotype generated.—Describe-any-experiments-tised-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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