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Death receptor-independent FADD signalling triggers
hepatitis and hepatocellular carcinoma in mice with
liver parenchymal cell-specific NEMO knockout

H Ehlken'?’, S Krishna-Subramanian'”, L Ochoa-Callejero’, V Kondylis', NE Nadi', BK Straub®, P Schirmacher®, H Walczak®,
G Kollias® and M Pasparakis*"

Hepatocellular carcinoma (HCC) usually develops in the context of chronic hepatitis triggered by viruses or toxic substances
causing hepatocyte death, inflammation and compensatory proliferation of liver cells. Death receptors of the TNFR superfamily
regulate cell death and inflammation and are implicated in liver disease and cancer. Liver parenchymal cell-specific ablation of
NEMO/IKKy, a subunit of the IxB kinase (IKK) complex that is essential for the activation of canonical NF-xB signalling,
sensitized hepatocytes to apoptosis and caused the spontaneous development of chronic hepatitis and HCC in mice. Here we
show that hepatitis and HCC development in NEMOPCX° mice is triggered by death receptor-independent FADD-mediated
hepatocyte apoptosis. TNF deficiency in all cells or conditional LPC-specific ablation of TNFR1, Fas or TRAIL-R did not prevent
hepatocyte apoptosis, hepatitis and HCC development in NEMO-"“X° mice. To address potential functional redundancies
between death receptors we generated and analysed NEMO""**° mice with combined LPC-specific deficiency of TNFR1, Fas
and TRAIL-R and found that also simultaneous lack of all three death receptors did not prevent hepatocyte apoptosis, chronic
hepatitis and HCC development. However, LPC-specific combined deficiency in TNFR1, Fas and TRAIL-R protected the NEMO-
deficient liver from LPS-induced liver failure, showing that different mechanisms trigger spontaneous and LPS-induced
hepatocyte apoptosis in NEMOP¢X° mice. In addition, NK cell depletion did not prevent liver damage and hepatitis. Moreover,
NEMO“"*? mice crossed into a RAG-1-deficient genetic background-developed hepatitis and HCC. Collectively, these results
show that the spontaneous development of hepatocyte apoptosis, chronic hepatitis and HCC in NEMO-P®° mice occurs
independently of death receptor signalling, NK cells and B and T lymphocytes, arguing against an immunological trigger as the
critical stimulus driving hepatocarcinogenesis in this model.
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Liver cancer is one of the most common malignancies
and the third leading cause of cancer-related deaths
worldwide.™2 Liver cancer predominantly arises in the
context of chronic inflammatory conditions, most notably in
virus hepatitis (HBV and HCV)."? Although infectious
agents are the primary cause of liver cancer worldwide,
the incidence in western countries is rising due to the
increase in obesity and non-alcoholic steatohepatitis.®
The pathogenesis of hepatocellular carcinoma (HCC) is
incompletely understood and it is plausible that the different
underlying aetiologies determine a distinct context for
liver carcinogenesis. However, the prevailing universal
concept is that continuous liver parenchymal damage and

hepatocyte cell death drive compensatory proliferation and
within the context of a chronically inflamed liver tissue
mutations and epigenetic changes accumulate eventually
transforming hepatocytes into malignant cells. Therefore,
understanding the tissue-intrinsic processes that determine
cell death and chronic inflammation resulting in hepatocar-
cinogenesis is a critical need in order to design more
effective therapeutic strategies.

The nuclear factor kB (NF-xB) pathway is implicated in
cancer development in particular in the context of chronic
inflammation.*® In relation to liver cancer, NF-xB signalling
has been implicated in the pathogenesis of hepatitis, liver
fibrosis, cirrhosis and HCC.®” The IKK complex, composed of
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two catalytic subunits, IKK1/IKKx and IKK2/IKKf, and a
regulatory subunit termed NEMO/IKKy, activates NF-xB by
phosphorylating inhibitor of NF-xB (IxB) proteins targeting
them for degradation by the proteasome and thus allowing the
nuclear accumulation of NF-xB dimers.® IKK2 is primarily
responsible for targeting and degrading IxBa thus inducing
canonical NF-xB activation, although the two kinases show
some degree of functional redundancy in controlling canonical
NF-«B signalling.>® NEMO/IKKy is indispensable for activa-
tion of canonical NF-«B signalling.®~""

NF-xkB signalling was proposed to exhibit tumour
promoter or tumour suppressor properties in different
models of liver cancer. In the Mdr2 '~ mouse model of
inflammation-driven liver carcinogenesis, NF-«xB inhibition
caused by transgenic |kBo super—repressor expression in
hepatocytes inhibited HCC progression.' Moreover,
hepatocyte-restricted ablation of IKK2 prevented hepatitis
and liver tumorigenesis induced by overexpression of
lymphotoxins « and f8 in hepatocytes.'® However, mice with
hepatocyte-specific IKK2 ablation developed more tumours
induced by a single injection of the chemical carcinogen
diethylnitrosamine, ' revealing a tumour suppressor role of
NF-xB in this context.

Studies in mice lacking NEMO specifically in liver parench-
ymal cells (LPCs) further supported a tumour suppressor
function of IKK/NF-«B signalling in liver cancer. NEMO-PC-X©
mice showed spontaneous hepatocyte apoptosis resulting in
chronic steatohepatitis and the development of HCC by the
age of 1 year."® LPC-specific ablation of Fas-Associated with
Death Domain (FADD or MORT1), an adapter protein
essential for the recruitment of caspase-8 to the Death
Inducing Signalling Complex and the induction of death
receptor-mediated apoptosis,'® prevented both spontaneous
and LPS-induced apoptosis of NEMO-deficient hepatocytes
and the development of steatohepatitis.’® In addition, LPC-
specific knockout of caspase-8 inhibited spontaneous hepa-
tocyte apoptosis and HCC developmentin NEMO-PSKO mice,
although it caused non-apoptotic hepatocyte death and
cholestasis.'”” Given the essential role of FADD and
caspase-8 in mediating apoptosis downstream of death
receptors,'® we hypothesized that death receptor-mediated
apoptosis of NEMO-deficient hepatocytes drives the devel-
opment of hepatitis and HCC in NEMO-"¢*© mice. The three
main death receptors of the TNF receptor superfamily that
are capable of inducing caspase-8-mediated apoptosis are
TNFR1, Fas/CD95 and TRAIL-R/DR5.® To address the role
of death receptor-induced apoptosis in triggering the sponta-
neous death of NEMO-deficient hepatocytes and the
development of steatohepatitis and HCC, we generated and
analysed NEMO-"SKO mice lacking TNFR1, Fas or TRAIL-R
specifically in LPCs. Surprisingly, we found that LPC-specific
knockout of each of the death receptors alone but also
combined deficiency of TNFR1, Fas and TRAIL-R in LPCs did
not prevent spontaneous hepatocyte apoptosis, hepatitis and
HCC development in NEMO-"SKO mice. In addition, knockout
of TNF in all cells also did not protect NEMO-"CX® mice from
hepatocyte death, hepatitis and HCC. Collectively, these
results demonstrate that TNFR1, Fas and TRAIL-R are not
required for the development of chronic liver damage and
HCC in NEMO“"SK° mice.
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Results

LPC-specific FADD ablation prevents liver carcinogenesis
in NEMO"P®X° mice. FADD is essential for the recruitment
and activation of caspase-8 and the induction of apoptosis
downstream of death receptors including TNFR1, Fas and
TRAIL-R. We showed previously that LPC-specific FADD
deficiency strongly reduced early hepatitis in NEMO-PSO
mice as indicated by significantly lower serum alanine
aminotransferase (ALT) levels and reduced hepatocyte
apoptosis and compensatory proliferation.’ To further
characterize the role of FADD in the spontaneous develop-
ment of hepatitis and HCC in NEMO-°*® mice, we
analysed groups of NEMO-PSKS/FADD-PCKC mice at
the age of 8 weeks or 1 year. NEMO-PCKO/FADDLPC-KO
mice had average serum ALT levels of about 200 U/I, which
were significantly reduced compared with NEMO“"C° mice
but higher than the background levels of wild-type control
mice, indicating that FADD deficiency did not fully prevent
liver damage in NEMO“P°%° mice (Figure 1a). Histological
analysis showed that FADD deficiency prevented hepatocyte
apoptosis as indicated by the lack of active caspase-3-
positive cells in the liver of NEMO-"*O/FADD"PCC mice
(Figure 1b and Supplementary Figure S2C). However, the
liver of 8-week-old NEMO-P¢XO/FADDPCHO mice displayed
some focal necrotic lesions that were surrounded by
granulocytes (Figure 1b), indicating that FADD ablation
protected NEMO-deficient hepatocytes from apoptosis but
triggered focal necrotic hepatocyte death resulting in mildly
elevated serum ALT levels. Given the important role of FADD
in preventing RIPK3-mediated necroptosis,'®2° it is likely
that the necrotic foci are caused by necroptotic hepatocyte
death that occurs focally in the livers of NEMOM"CKO,
FADDPSO mice. Hepatocyte proliferation was reduced in
the livers of NEMO-"CKO/FADDYCKO compared with
NEMOMPCHKO mice as indicated by less Ki67-positive
hepatocytes and lower mRNA expression of CyclinD1
(Figures 1b and ¢ and Supplementary Figure S2D). In addition,
immunostaining for cytokeratin 19 (CK19) revealed that FADD
deficiency prevented oval cell expansion in NEMQ-"CXY/
FADD-SC mice (Supplementary Figure S2B). Moreover,
although TNF expression was not altered the levels of IFNy
mRNA were reduced in the liver of NEMO""S*®/FADD-"“*©
mice indicating overall reduced inflammation, consistent
with the histological analysis showing reduced numbers of
F4/80-positive macrophages (Figures 1b and c).

To address the role of FADD in HCC development in
NEMO-"S° mice, we examined the livers of NEMO-PSX/
FADD-"SKO mice at the age of 1 year or more for
spontaneous tumour development. Although their serum
ALT levels were similar to those of NEMO-"¢%C mice, we
found that none of the NEMO-"CXO/FADD-FCKC mice
examined at the age of 1-1.5 years (n=18) showed
macroscopically visible liver tumours (Figures 1d and e and
Supplementary Figure S1). Histological examination also
confirmed the lack of tumours or dysplastic premalignant
precursor lesions (Figure 1e). Therefore, FADD deficiency
fully protected NEMO“"C*° mice from the development of
HCC, demonstrating that FADD is essential for spontaneous
hepatocarcinogenesis in this model.
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mice. (a) Serum ALT levels in 8-week-old mice. (b) Liver sections of

8-week-old mice stained with Masson’s Trichrome and for cleaved caspase-3, Ki-67, F4/80 and Lys6G/Gr1. Arrows indicate GR1-positive cells (granulocytes) (¢) gRT-PCR
analysis of mRNA isolated from total liver tissue of 8-week-old mice (n=5 per genotype, expression normalized to Tbp). (d) Serum ALT levels from 1-year-old mice.
(e) Representative macroscopic picture and H&E-stained liver section of 1-year-old NEMO-FCKO/FADD PO mice

TNF is dispensable for spontaneous hepatocyte death,
hepatitis and HCC development in NEMO“PSK° mice.
The finding that FADD deficiency prevented spontaneous
hepatocyte apoptosis and HCC development in NEM

OLPC—KO

mice suggested that hepatitis and liver cancer in these mice
are driven by death receptor-induced apoptosis. NF-xB
inhibition sensitizes cells to TNF-induced apoptosis and
p65 or IKK2 knockout mice die during embryogenesis due to
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TNF-mediated liver degeneration.?"?> The expression of
TNF is upregulated in the NEMO-deficient livers (Figure 2c);
therefore, we hypothesized that TNF-mediated hepatocyte
apoptosis drives hepatitis and HCC development in
NEMO"CKC mice. To address the role of TNF, we
crossed NEMO“"C*O mice with mice lacking TNF*® to
generate NEMOPSKO/Tnf~/~ mice. Surprisingly, 8-week-
old NEMO"PS%®/Tnf~/~ mice exhibited similarly increased
serum ALT levels compared with NEMO-"SKO mice,
demonstrating that TNF deficiency did not prevent
spontaneous liver damage in NEMO-PSKO  mice
(Figure 2a). Histological analysis revealed that the livers of
NEMO-"CX%/Tnf~/~ mice had increased numbers of
active caspase-3-positive apoptotic hepatocytes, increased
hepatocyte proliferation, oval cell expansion, fibrosis and
increased infiltration of macrophages and neutrophils

(Figure 2b and Supplementary Figure S2). Consistent with
the increased presence of proliferating hepatocytes, livers
from NEMO-PSKS/Thf~/~ mice showed increased CyclinD1
expression (Figure 2c). These results showed that TNF
deficiency could not prevent hepatocyte apoptosis and the
development of spontaneous hepatitis in young NEMQ-PSKO
mice. To assess whether the lack of TNF could prevent the
spontaneous development of HCC, we analysed the livers of
NEMOY"CKO/Tnf~'~ mice at the age of 1 year or more.
Macroscopic and histological analysis of livers from
NEMO-"C*O/Tnf~/~ mice at the age between 50 and 63
weeks of age revealed that all mice (n=12) developed HCC
(Figure 2d). Collectively, these results demonstrated that
TNF is not an essential trigger for spontaneous hepatocyte
apoptosis and the development of hepatitis and HCC in
NEMO“"EKC mice.
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Figure2 TNF deficiency does not prevent hepatocyte death, liver damage and HCC development in NEMO-SKC mice. (a) Serum ALT levels in 8-week-old mice. (b) Liver
sections of 8-week-old NEMO-"*%/Tnf '~ mice stained with H&E, Masson’s Trichrome and for cleaved caspase-3 (indicated by arrows), Ki-67, F4/80 and Lys6G/ Gri
(indicated by arrows). (¢) qRT-PCR analysis of mMRNA isolated from total liver tissue of 8-week-old mice (n =5 per genotype, expression normalized to Thp). (d) Macroscopic

liver pictures of 1-year-old NEMO™ and NEMO"“*%/Tnf~'~ mice
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LPC-specific ablation of TNFR1, TRAIL-R or FAS does
not prevent spontaneous hepatocyte death and liver
inflammation in NEMO'PSX° mice. In addition to TNF,
Fas ligand (FasL) and TRAIL can also induce FADD/
caspase-8-mediated apoptosis. FasL and TRAIL and their
receptors are expressed in NEMO-deficient livers, with
TRAIL-R being strongly upregulated, suggesting that they
might be involved in mediating apoptosis in hepatocytes
lacking NEMO (Figure 3a). To address the role of individual
death receptors, but also potential functional redundancies,
we used mice carrying loxP-flanked alleles of TNFR1, Fas
and TRAIL-R to generate NEMO-PSK® mice that lack each
of these receptors alone or with combined deficiency of all
three death receptors specifically in LPCs (the triple TNFR1,
Fas, TRAIL-R LPC-specific knockout is denoted hereafter as
3DR-PCKO for simplicity). Liver-specific deletion was con-
firmed by PCR genotyping (Figure 3b). As we could not
detect TNFR1 or TRAIL-R expression in wild-type or NEMO-
deficient hepatocytes using FACS or immunoblotting, we
performed quantitative real-time PCR to confirm the deletion
efficiency for these receptors in genomic DNA from total
livers or from isolated hepatocytes. We found efficient

a

3DRLPCKO
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deletion of both TNFR1 and TRAIL-R in isolated hepato-
cytes, whereas in the whole liver the deletion efficiency was
lower due to the presence of non-parenchymal cells that
are not targeted by the Alfp-Cre transgene (Figure 3c).
Consistent with efficient ablation of TNFR1, hepatocytes
from NEMO-"CXO/3DRLPCKO mice were protected from
TNF-induced apoptosis in contrast to hepatocytes from
NEMO-PCXC mice (Figures 3d and e). Fas deletion efficiency
was confirmed using FACS analysis of hepatocytes
(Figure 3f), whereas deletion of NEMO was demonstrated
by immunoblotting in hepatocyte lysates (Figure 3g).
Collectively, these data demonstrate that Alfp-Cre expres-
sion efficiently deleted all four alleles in the livers of
NEMO-PC-XO/3DR-PCKO mice (Figure 3e).

To assess whether TNFR1-, Fas- or TRAIL-R-mediated
apoptosis induces the spontaneous death of NEMO-deficient
hepatocytes, we measured serum ALT levels in 8-week-old
NEMOLPC-KO/TN FR1 LPC-KO’ NEMOLPC-KO/TRAILRLPC-KO
and NEMOMPCKO/FASLPCKO mice. These mice displayed
elevated serum ALT levels that were comparable to those
measured in NEMO"P°X° mice at this age, demonstrating
that LPC-specific ablation of TNFR1 or Fas or TRAIL-R failed
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Figure 3 Validation and characterization of NEMO-"C%/3DR-"O mice. (a) qRT-PCR analysis was performed using total liver RNA (n=>5 mice per genotype,
expression normalized to Tbp). (b) PCR genotyping on genomic DNA isolated from total liver or tail tissue. F, floxed allele; D, deleted allele. (¢) Graph showing deletion
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of hepatocyte protein extracts from NEMQ"-"*©/3pR-P¢-40

and control showing deletion of NEMO in hepatocytes isolated from mice
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to prevent spontaneous liver damage in NEMO“"C° mice
(Figures 4a—c). To address potential functional redundancies
between the three death receptors, we analysed NEMO-"CKY;
3DR-PCKO mice for liver damage at the age of 8 weeks
and found that they exhibited elevated serum ALT levels
comparable to NEMO-"C%° mice, demonstrating that even
the lack of all three death receptors could not prevent
spontaneous liver damage in NEMO-"¢%° mice (Figure 4d).
Macroscopically, the livers of 8-week-old NEMO-"SK® and
NEMOQ-PCO/3DR-PEKO  mice looked indistinguishable
(Figure 4e). Histological analysis of liver sections from
8-week-old mice confirmed that LPC-specific ablation of the
three death receptors could not prevent spontaneous
hepatocyte apoptosis in NEMO-"SK® mice (Figure 4g and
Supplementary Figure S2C). Moreover, Ki-67 staining of liver
sections and quantification of Ki-67-positive cells revealed
similarly increased hepatocyte proliferation in the livers of
NEMOPCHKO/3DRLPCKO compared with NEMO“"C%C mice
(Figure 4g and Supplementary Figure S2D). Consistent with
these findings, CyclinD1 mRNA expression was similarly
increased in the liver of NEMOQYCKO/3DR-PCKO ang
NEMO-"CC mice (Figure 4f). Furthermore, immunostaining
for macrophages and granulocytes revealed similar numbers
and distribution of myeloid cells in the liver of NEMOQ-"C-9/
3DR-PEKO and NEMO“"CC mice (Figure 4g). In addition,
TNF mRNA expression did not differ significantly between
NEMOPCHKO and NEMO/3DR-FCHKC mice (Figure 4f).
Expression of AFP, a molecular marker of fetal hepatoblasts
and adult hepatic stem cells, was comparable between
NEMOQ-PCKO/3DR-PEKO and NEMOPCKO mice (Figure 4f).
However, NEMO-"¢*9/3DR-PCKO mice showed reduced
numbers of CK19-positive cells in the liver compared with
NEMO-PCHKO suggesting that death receptor deficiency
ameliorated oval cell expansion (Supplementary Figure S2).
Collectively, these results demonstrated that LPC-specific
ablation of the three death receptors, TNFR1, Fas and
TRAIL-R, could not prevent spontaneous hepatocyte
apoptosis, compensatory proliferation and inflammation in
the liver of NEMO""C%® mice, showing that death receptors
are not the inducers of hepatocyte apoptosis and hepatitis in
these mice. These findings are surprising and show that
death receptor-independent pathways induce spontaneous
FADD-dependent apoptosis of NEMO-deficient hepatocytes.

NEMO deficiency strongly sensitizes hepatocytes to death
induced by LPS administration.'® Similarly to the spontaneous
apoptosis also LPS-induced apoptosis of NEMO-deficient
hepatocytes depends on FADD expression.'® Prompted by
the surprising failure of the triple death receptor knockout to
prevent spontaneous hepatocyte apoptosis in NEMO-"CX©
mice, we wanted to assess whether death receptor expres-
sion is required for LPS-induced liver damage in these mice.
We therefore injected NEMO-P¢K9/3DR-PCKO NEMQ-PCKO
and control mice with a sublethal dose of LPS and examined
liver damage after 10 h by measurement of serum ALT levels
and histological analysis of liver sections. As shown pre-
viously, LPS administration induced massive liver damage in
NEMOMPCHKO mice, as illustrated by ALT levels above
20000U/I and strongly increased numbers of apoptotic
hepatocytes (Figures 5a and b). Importantly, NEMO-"C-%%/
3DRPCKO mice were protected from LPS-induced liver
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damage demonstrating that LPS-mediated apoptosis of
NEMO-deficient hepatocytes is induced by death receptors,
in contrast to the spontaneous hepatocyte death observed in
NEMO-"CC mice that is death receptor-independent.

TNFR1-, TRAIL-R- and FAS-independent liver carcino-
genesis in NEMO“CX® mice. The results from the
analysis of 8-week-old mice showed that TNFR1, TRAIL-R
and Fas expression in LPCs is not required for the
spontaneous death of hepatocytes and the development of
hepatitis in NEMO“"C° mice. To assess whether death
receptors are implicated in the development of HCC in this
model, we examined the livers of NEMO"PS*®/TNFR1-"CC,
NEMO""KO/TRAILR-PKO NEMOMPCKO/FASEPCHKO and
NEMO-PSKO/3DRPCKO mice at the age of 1 year. All
mouse lines exhibited elevated serum ALT levels at the
age of 1 vyear, with NEMO-"CO/TRAILR-PCC and
NEMO"PCKO/FASEPCKO showing higher ALT levels compared
with the NEMO-PCKC mice (Figure 6b). Macroscopic and
microscopic assessments of livers from mice at the age of
1 year revealed that NEMO"PCXO/TNFR1-PCKO NEMOMPCKOy
TRAILR-"SHO | NEMOMPCKO/FAS-PCKO and  NEMOMPCKO/
3DR-PKO mice developed HCC (Figure 6a). Macroscopic
and microscopic quantifications did not reveal significant
differences in the number or size of tumours found in the
livers of NEMO-CHKO/TNFR1-PCKO NEMO-PCHKO/
TRAILR-PCKO NEMO-PCKO/FAS-PCHKO and NEMOM-PCKO/
3DR-PEKO mice compared with NEMO“"C° mice (Figures
6¢c—e and Supplementary Figure S1). Taken together, these
results demonstrate that signalling by the three main death
receptors, namely TNFR1, Fas and TRAIL-R, in LPCs is not
required for spontaneous hepatocyte apoptosis, chronic
hepatitis and HCC development in NEMO-"C%° mice.

NK cells and T and B lymphocytes are not required for
the spontaneous development of hepatitis in NEMO-PX©
mice. NK cells have been implicated in inducing liver
damage in NEMO“"CX© mice.2* To address the role of NK
cells in the development of hepatitis in NEMO-"CX° mice,
we performed immunodepletion with anti-Asialo GM1
(«-ASGM1) antibodies in vivo (Figure 7a). As shown in
Figure 7b, after four consecutive «-ASGM1 antibody injec-
tions NK cells were efficiently depleted from the spleen and
liver. However, analysis of serum ALT levels and also
immunohistological analysis of liver sections obtained from
the mice at the end of the experiment revealed that NK cell
depletion did not prevent apoptosis and compensatory
proliferation of hepatocytes, oval cell activation and inflam-
mation (Figure 7c and Supplementary Figure S3). Thus, NK
cells are not required for spontaneous hepatitis development
in NEMO-PC*C mice.

Cells of the adaptive immune system and in particular T
cells are implicated in inducing liver damage in different
models of hepatitis but also in human patients. We therefore
addressed the role of B and T lymphocytes in NEMO-PSKO
mice by crossing them to Rag1’/’ mice. Analysis of serum
ALT levels and immunohistological examination of livers from
8-week-old NEMO-"C*%/Rag1~/~mice revealed that the
absence of B and T cells did not protect NEMO-"CX® mice
from hepatocyte apoptosis and liver inflammation (Figure 7d).
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Figure 4 Individual or combined LPC-specific ablation of TNFR1, FAS and TRAIL-R does not prevent hepatocyte death or inflammation in NEMO-"°*C mice. (a—d)
Serum ALT levels in 8-week-old mice with the indicated genotypes. (e) Representative pictures of livers from 8-week-old mice with the indicated genotypes. (f) gRT-PCR
analysis of mRNA isolated from total liver tissue of 8-week-old mice (n=5 mice per genotype, expression normalized to Tbp). (g) Liver sections from 8-week-old NEMO-CY
3DR-PCKO mice were stained with H&E or for cleaved caspase-3, Ki-67, F4/80, Lys6G/Gr1 (indicated by arrows)
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Moreover, macroscopic and histological examination of livers
from 42-week-old animals revealed that NEMO-PCHO/
Rag1’/’ mice developed liver tumours similarly to their
NEMO-"C%%/Rag1*/~ littermates (Figure 7e). Therefore, B
and T lymphocytes are dispensable for the development of
hepatitis and liver tumours in NEMO“"C%© mice.

Discussion

Signalling pathways activated downstream of death recep-
tors, such as TNFR1, regulate cell death and inflammation
and have been implicated in the pathogenesis of acute and
chronic liver diseases and in liver carcinogenesis.?®2° Studies
in knockout mice lacking NF-xkB signalling components
revealed an essential role of NF-kB in protecting the fetal
liver from TNF-induced cell death.2'22 We therefore hypothe-
sized that the spontaneous apoptosis of NEMO-deficient
hepatocytes that results in chronic hepatitis and HCC
development in NEMO-"S0 mice is driven by death receptor
signalling.?”

Consistent with our earlier results showing that FADD
deficiency could prevent spontaneous and LPS/TNF-induced
apoptosis of NEMO-deficient hepatocytes,'® we show here
that LPC-specific ablation of FADD also prevents HCC
development in NEMO-CX° mice demonstrating that
FADD-dependent hepatocyte apoptosis is essential for
hepatocarcinogenesis in this model. In addition, LPC-specific
knockout of caspase-8 could prevent hepatocyte apoptosis
and HCC development in NEMO""CK® mice.2® However,
whereas caspase-8 deficiency caused massive necrotic
hepatocyte death in NEMO“"C*© mice resulting in severe
cholestatic liver disease,?® we found that FADD deficiency
caused only very mild focal hepatocyte necrosis without any
signs of biliary damage and cholestasis. This difference could
reflect different functions of FADD and caspase-8 in regulat-
ing necrotic hepatocyte death, or alternatively a different
health status of the mice considering that commensal or
opportunistic microorganisms could be involved in triggering
necrosis of hepatocytes.

Cell Death and Differentiation

On the basis of the well-established role of FADD and
caspase-8 as mediators of death receptor-induced apoptosis,
we were surprised that our extensive genetic studies failed to
confirm an important role of death receptor signalling in
triggering hepatocyte apoptosis, chronic hepatitis and HCC in
NEMO-"KO mice. First, we found that conventional knockout
of TNF or conditional LPC-specific individual ablation of
TNFR1, Fas or TRAIL-R did not prevent liver damage and
HCC in NEMOPC¥O mice. Then, to address potential
functional redundancies between the three death receptors
we generated NEMO-PSC mice with combined LPC-specific
deficiency of the three death receptors and found that even
their simultaneous absence could not prevent spontaneous
hepatocyte apoptosis, chronic hepatitis and HCC in
NEMOFCHKO mice. In contrast, triple death receptor defi-
ciency could protect NEMO-"*© mice from LPS-induced
liver injury, showing that different mechanisms trigger
LPS-induced and spontaneous hepatocyte apoptosis in
NEMO“"SK mice.

An earlier study suggested that NK cells acting via TRAIL-R
mediate hepatocyte apoptosis in NEMO“"C%© mice.?* Our
results do not support a role for NK cells or TRAIL-R in
mediating spontaneous hepatocyte apoptosis, hepatitis and
HCC in NEMO-PSX° mice. Consistent with our results using
LPC-specific TRAIL-R knockout, a recent study showed that
systemic TRAIL-R deficiency could not prevent hepatocyte
apoptosis, hepatitis and HCC in NEMO"K® mice.2° In the
same study, systemic TNFR1 deficiency could significantly
protect NEMO“"CX® mice from hepatocyte apoptosis and
compensatory proliferation, liver inflammation and fibrosis,
and also inhibited liver tumour progression. It is therefore
surprising that LPC-specific knockout of TNFR1, and even in
combination with Fas and TRAIL-R, failed to protect
NEMO-"C° mice from hepatocyte death, hepatitis and
HCC development. Considering that haematopoietic chimera
experiments suggested that TNFR1 deficiency in radio-
resistant cells prevents hepatitis and HCC in NEMQ-"C©
mice,?® one possibility is that TNFR1 acts in liver stromal cells
that are not targeted by the Alfp-Cre transgene, such as
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Figure 6 Individual or combined LPC-specific ablation of TNFR1, FAS and TRAIL-R does not prevent HCC development in NEMO-PC™KC mice. (a) Macroscopic images of
livers from 1-year-old mice with the indicated genotypes and corresponding H&E-stained images of liver sections. (b) Serum ALT values of 1-year-old mice. (c) Graph showing
number of dysplastic/tumour foci per liver section in 1-year-old mice. (d) Graph showing size of tumour foci determined microscopically in liver sections. (e) Graph showing size
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Figure 7 T,Band NK cells are dispensable for the induction of liver pathology in NEMO"*® mice. (a) Experimental scheme for depleting NK cells in NEM

OLPC-KO

mice.

(b) FACS plots of immune cells isolated from the liver and spleen of mice injected with PBS or anti-AsialoGM1 antibody. (c) Serum ALT levels measured at three different time
points; before depletion, intermittently after two rounds of AsialoGM1 antibody administrations, and finally after killing. (d) Serum ALT levels measured in 8-week-old
NEMO“"¢*9/RAG1 ~/~ mice. (e) Representative macroscopic images and H&E-stained liver sections of 42-week-old mice with the indicated genotypes

stellate cells or endothelial cells to mediate hepatocyte
apoptosis and liver tumour progression. However, in
that case TNFR1 signalling must be driven by a ligand
other than TNF as TNF deficiency failed to prevent or
ameliorate liver damage and HCC development in
NEMO PO mice.

In conclusion, our experiments demonstrated that TNFR1,
Fas and TRAIL-R signalling in LPCs is dispensable for
spontaneous hepatocyte apoptosis, chronic hepatitis and
HCC development in NEMO-"°%° mice. These findings are
surprising and raise questions as to which upstream path-
way(s) trigger(s) FADD/caspase-8-dependent apoptosis of
NEMO-deficient hepatocytes. In addition to TNFR1, Fas and
TRAIL-R, DR3 is another death receptor capable of inducing
NF-xB activation and FADD/caspase-8-dependent apoptosis
upon stimulation with its ligand TL1A."®3° However, DR3 is
mainly expressed in T cells and has not been reported to
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function in hepatocytes, and we did not detect upregulation
of its expression in the NEMO-deficient liver suggesting
that DR3 is not involved in driving hepatocyte apoptosis in
NEMOYCKO mice. Together, our results suggest that
as yet unidentified death receptor, NK cell and B- and
T-cell-independent mechanisms trigger the spontaneous
FADD/caspase-8-mediated apoptosis of NEMO-deficient
hepatocytes. Further studies addressing how NEMO controls
the activation of FADD/caspase-8-mediated apoptosis will be
required to shed light on the mechanisms triggering sponta-
neous hepatitis and cancer in NEMO-"%° mice and may be
relevant for the pathogenesis of human chronic liver diseases
and the development of HCC.

Materials and methods
Generation and handling of mice. The following mouse lines were
used in this study: AlfpCre,®" NEMO floxed,”® FADD floxed,? Tnf~'~ 2



TNFR1 floxed,®® TRAIL-R floxed,** Fas floxed®® and Rag?~'~.% All mice were
maintained in C57BL/6 background. Animals were bred at the animal facility of the
Institute for Genetics, University of Cologne, Germany. All animal procedures were
conducted in accordance with European, national and institutional guidelines and
protocols and were approved by local government authorities (Landesamt fir
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Germany).

Quantitative real-time polymerase chain reaction (q-RT PCR).
Isolation of total RNA and cDNA synthesis were performed as previously
described.® The gene-specific Taq Man assays were performed. mRNA
expression was normalized to the expression of the housekeeping gene TBP.
For the determination of deletion efficiency, genomic DNA both from isolated
hepatocytes or whole-liver tissue samples was used to perform a SYBR Green
g-RT PCR. Deletion efficiency was calculated as the ratio of copies of the deleted
product to that of the control PCR product.

Serum levels of alanine amino transferase. About 100 ul of blood was
collected either from the submandibular vein or from the caval vein during the final
kiling. ALT was measured using standard assays in a Roche-Cobas C111
biochemical analyser.

Hepatocyte and immune cell isolation from liver and spleen and
FACS analysis. Primary hepatocytes were isolated by perfusing the liver via
the caval vein with EBSS + 100mM EGTA followed by collagenase solution
(EBSS + 15 mg Collagenase D + 2mg Trypsin inhibitor) at 37 degrees. The liver
was gently scraped in DMEM + 1% FCS, filtered through 70-m nylon filter, mixed
with equal volume of 80% Percoll/HBSS solution and spun at 200 x g for 7 min.
Hepatocytes settled at the bottom were washed with PBS.

To determine the NK cell depletion efficiency using the anti-AsialoGM1 antibody,
the liver and spleen immune cell populations were isolated and analysed using
FACS. To isolate the immune cells from the spleen and liver, the tissues were
mechanically dissociated in D-PBS using a syringe plunger, passed through a
70-um cell strainer, and centrifuged at 1500 r.p.m. for 5min. Liver immune cells
were separated from hepatocytes by Percoll gradient centrifugation at 800 x g for
20 min. Erythrocytes were lysed in 0.15 M NH4Cl, washed three times in D-PBS and
diluted in Stain Buffer (FBS; BD, San Diego, CA, USA; 554656). The cells were
pre-incubated with rat anti-mouse CD16/CD32 (Mouse Fc Block; BD, 553141)
antibody for 10 min, and then incubated with CD45 (BD, 553081) and NK1.1 (BD,
550627) antibodies for 30min in the dark. After two washes, the cells were
resuspended in PBS and analysed using a BD FACScalibur (BD Biosciences,
San Jose, CA, USA), whereas the data were analysed using Windows Multiple
Document Interface (WinMDI) 2.9 for Flow Cytometry. Surface expression of Fas in
hepatocytes was analysed by FACS using PE-labelled hamster anti-mouse Fas
antibody (BD Pharmingen, San Diego, CA, USA; cat. no. 554258).

LPS and TNF responses. Age- and sex-matched animals between
12- and 15-week old were injected intraperitoneally with 2.5ug of LPS
(From Escherichia coli 0111:B4, Sigma-Aldrich, Munich, Germany; L2630) or
10ng recombinant murine TNF per gram of body weight. Animals were killed
10h after LPS and 5h after TNF administration, and blood and liver were
collected for analysis.

Analysis of livers and immunohistochemistry. Livers were assessed
macroscopically and photographed. In addition, tumour size (diameter),
architecture and histology were determined using 5-um-thick sections of
formalin-fixed (O/N), paraffin-embedded liver tissues stained with haematoxylin
and eosin (H&E). Fibrosis was determined with Masson’s Trichrome staining.
Immunohistochemical staining of sections was performed after antigen retrieval
in Na-Citrate buffer with 0.005% tween and boiling in a pressure cooker for
20 min. Antibodies used were active caspase-3 (R&D Systems, Minneapolis,
MN, USA; clone AF835), Ki-67 (Dako Cytomation, Glostrup, Denmark; M724901),
F4/80 (home-made), Ly6G/Gr1 (BD, 551459) and CK19 (Developmental
Studies Hybridoma Bank, lowa City, IA, USA; TROMA-IIl). Biotinylated
secondary antibodies, Avidin/Biotin blocking kit (Vector Labs, Burlingame,
CA, USA; SP-2001), HRP-conjugated biotin (ABC Elite Kit, Vector Labs,
PK6100) and DAB substrate (Dako Cytomation; K3466) were used in all
stainings. Immunostainings for cleaved Caspase-3 in livers from TNF-injected
mice were performed on cryosections (Tissue-Tek, Sakura Finetek, Torrance,
CA, USA; cat. no. 4583).
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Immunoblotting. Tissue lysates were prepared by homogenizing liver tissue
in buffer (150 mM NaCl, 1% NP-40, 0.1% SDS in a 50 mM Tris buffer at pH 7.5
including the Protease inhibitor tablets (complete, Roche, Mannheim, Germany,
05892970001) and phosphatase inhibitors (PhosSTOP Roche, 04906837001).
Immunodetection was performed using ECL reagent from GE Healthcare,
Buckinghamshire, UK; RPN 2106). Antibodies used were as follows: anti-NEMO
(homemade),'® anti-cleaved caspase-3 (Cell Signalling, Danvers, MA, USA —
9661) and Actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-1616).
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