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IxB Kinasea/f Control Biliary

Homeostasis and Hepatocarcinogenesis
in Mice by Phosphorylating the Cell-
Death Mediator Receptor-Interacting
Protein Kinase 1
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Mark Luedde,’” Ulf P. Neumann,'® Ralf Weiskirchen,'* Frank Tacke,! Mihael Vucur,! Christian Trautwein,' Bernhard Liischer,?

Christian Preisinger,'” Mathias Heikenwalder,>"*" and Tom Luedde"

The IxB-Kinase (IKK) complex—consisting of the catalytic subunits, IKKa and IKKp, as well as the regulatory subunit,
NEMO-—mediates activation of the nuclear factor kB (NF-kB) pathway, but previous studies suggested the existence of
NF-«B-independent functions of IKK subunits with potential impact on liver physiology and disease. Programmed cell
death is a crucial factor in the progression of liver diseases, and receptor-interacting kinases (RIPKs) exerts strategic con-
trol over multiple pathways involved in regulating novel programmed cell-death pathways and inflammation. We hypothe-
sized that RIPKs might be unrecognized targets of the catalytic IKK-complex subunits, thereby regulating
hepatocarcinogenesis and cholestasis. In this present study, mice with specific genetic inhibition of catalytic IKK activity
in liver parenchymal cells (LPCs; IKKo/BPCKO) were intercrossed with RIPK1'PCKO or RIPK3™/~ mice to examine
whether RIPK1 or RIPK3 might be downstream targets of IKKs. Moreover, we performed in vivo phospho-proteome
analyses and in wifro kinase assays, mass spectrometry, and mutagenesis experiments. These analyses revealed that IKKa
and IKKf—in addition to their known function in NF-xB activation—directly phosphorylate RIPK1 at distinct regions of
the protein, thereby regulating cell viability. Loss of this IKKa/f-dependent RIPK1 phosphorylation in LPCs inhibits
compensatory proliferation of hepatocytes and intrahepatic biliary cells, thus impeding HCC development, but promoting
biliary cell paucity and lethal cholestasis. Conclusions: IKK-complex subunits transmit a previously unrecognized signal
through RIPK1, which is fundamental for the long-term consequences of chronic hepatic inflammation and might have
potential implications for future pharmacological strategies against cholestatic liver disease and cancer. (HEPATOLOGY
2016;64:1217-1231)

hereas in most instances, hepatocellular liver fibrosis, anti-inflammatory pharmacological
carcinoma (HCC) arises in a setting of strategies have not yet entered clinical practice for
chronic inflammation and subsequent prevention or treatment of HCC.® The nuclear

Abbreviations: ALT, alanine aminotransferase; AP, alkaline phosphatase; CK, cytokeratin; cl. CASP-3, cleaved CASPASE-3; EMSA, electrophoretic
mobility shift assay; FADD, Fas-associated protein with death domain; floxed, loxP-site—flanked; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GFP, green fluorescent protein; HA, hemagglutinin; HCC, hepatocellular carcinoma; HSP-90, heat shock protein 90; IKK, IxB kinase; IHC, immuno-
histochemical staining; LPCs, liver parenchymal cells; LPC-KO, liver parenchymal cell-specific knockout; LPS, lipopolysaccharide; MT'T, methyl thiazol
tetrazolium; Nec-1, necrostatin 1; NF-kB, nuclear factor kB; gRT-PCR, quantitative real-time polymerase chain reaction; RIPK1, receptor-interact-
ing protein-kinase-1; RIPK3, receptor-interacting-protein-kinase-3; TPCA-1, thiophenecarboxamide; TINF, tumor necrosis factor; TNFRI, TINF
receptor 1; TRADD, TNFR1-associated DEATH domain; WT, wild type.
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factor kB (NF-«kB) pathway contributes to the path-
ophysiology of inflammation.”) Activation of NF-«B
in response to cytokines like tumor necrosis factor
(TNF) relies on a high-molecular-weight complex,
the IxB kinase (IKK) complex, consisting of two cat-
alytic subunits—IKKo (IKK1) and IKKp (IKK2)—
and a regulatory subunit called NEMO (IKKy).®)
Though recently alternative, NF-xB-independent
tunctions of IKK subunits were suggested in
vitro, ™ the nature and relevance of the latter in
vive and, especially, in inflammation and carcinogen-
esis have remained elusive.

The receptor-interacting protein kinase 1
(RIPK1/RIP1) exerts strategic control over multiple
pathways involved in regulating inflammation and
cell death.®® It was suggested to promote necropto-
sis, a novel form of programmed necrosis—by
assembling with RIPK3.""? In addition, the pres-
ence and activation status of RIPK1 define two dis-

tinct forms of apoptosis.’” TNF receptor 1
(INFR1)-dependent recruitment of TNFR1-
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associated DEATH domain (TRADD) leads to for-
mation of complex ITA, mediates apoptosis indepen-
dently of RIPK1, and counterbalanced by NF-xB
activation through the NF-xB target-gene, c-
FLIP.™Y An alternative, RIPK1-dependent com-
plex, IIB, proceeds independently of TRADD
through a RIPK1/FADD (Fas-associated protein
with death domain) scaffold to activate CASPASE-
8.0 Importantly, these distinct apoptosis pathways
and signaling platforms have mainly been defined in
cell-culture studies."®*" The function of RIPK1 in
liver biology and disease is not well defined and a
matter of intense recent debate.'*'® Though previ-
ous studies focused on the role of RIPK1 in hepatic
injury, "> it is presently unknown whether RIPK1
plays a functional role in regulation of chronic liver
disease (e.g., cancer development). Moreover, it is
not well defined how RIPK-dependent cell-death
pathways like apoptosis and necroptosis functionally
interact with NF-xB-related survival signals, which
was examined in the present study.

Work in the lab of T'L. was supported by a Mildred Scheel Endowed Professorship and a single project grant (110043) from the German Cancer
Aid (Deutsche Krebshilfe), the German Research Foundation (LU 1360/3-1 and SFB-TRR57/P06), an ERC Starting Grant (ERC-2007-Stg / 208237-
Luedde-Med3-Aachen), the EMBO Young Investigator Program, the Interdisciplinary Center for Clinical Research (IZKF) Aachen, Germany, the Ernst-
Jung-Foundation Hamburg, and a grant from the medical faculty of the RWTH Aachen. M.H. was supported by the Helmholtz Foundation, the Hofsch-
neider Foundation, the German Research Foundation (SFB-TR36), the Helmholiz Alliance PCCC, and an ERC Starting grant (LiverCancerMechan-
isms). B.L. was supported by the German Research Foundation (LU 466/16-1) and the Interdisciplinary Center for Clinical Research (IZKF) Aachen,
Germany. The Proteomics Facility (C.R) is supported by the Interdisciplinary Center for Clinical Research (IZKF) Aachen, Germany. M.L. was supported
by the Deutsche Stiftung Herzforschung (12/12). Mouse strain generation and breeding in M.K.s lab was supported by the NIH (RO1 Al043477).

*These authors contributed equally to this work.

Copyright © 2016 by the American Association for the Study of Liver Diseases.

View this article online at wileyonlinelibrary.com.
DOI 10.1002/hep.28723

Potential conflict of interest: Nothing to report.

ARTICLE INFORMATION:

From the 1Department of Medicine III, Division of Gastroenterology, Hepatology and Hepatobiliary Oncology, University Hospital
RWTH Aachen, Aachen, Germany; Institute of Biochemistry and Molecular Biology, University Hospital RWTH Aachen University,
Aachen, Germany; *Department of Virology, Technische Universitit Miinchen/Helmholtz Zentrum Miinchen fiir Gesundheit und Umwelt
(HMGU), Munich, Germany; “Institute of Pathology, University Hospital of Basel, Basel, Switzerland; SInstitute of Pathology, Hospital of
Braunschweig, Braunschweig, Germany; ®Department of Laboratory Animal Research, University Hospital RWTH Aachen, Aachen,
Germany; “Institute of Surgical Pathology, University Hospital Zurich, Zurich, Switzerland; *Department of Pharmacology and Pathology,
School of Medicine, UCSD, La Jolla, CA; "Department of Cardiology and Angiology, University Hospital Schleswig-Holstein, Kiel,
Germany; ®Department of Visceral and Transplantation SurgeryUniversity Hospital RWTH Aachen, Aachen, Germany; ''Institute of
Molecular Pathobiochemistry, Experimental Gene Therapy and Clinical ChemistryUniversity Hospital RWTH Aachen, Aachen, Germany;
2Proteomics Facility, Interdisciplinary Center for Clinical Research (IZKF) Aachen, University Hospital RWTH Aachen, Aachen, Germa-
ny; 3Division of Chronic Inflammation and Cancer, German Cancer Research Center (DKFZ), Heidelberg, Germany.

ADDRESS CORRESPONDENCE AND REPRINT REQUESTS TO:

Tom Luedde, M.D., Ph.D.

Mildred-Scheel-Professor for Gastroenterology
Hepatology and Hepatobiliary Oncology

Medical Clinic III, University Hospital RWTH Aachen

1218

Pauwelsstrasse 30

D-52074 Aachen, Germany
E-mail: tluedde@ukaachen.de
Tel: +49-241-8080865



HEPATOLOGY, Vol. 64, No. 4, 2016

Materials and Methods

GENERATION OF GENETICALLY
MODIFIED MOUSE MODELS

NEMOMSXO " mice  were generated as
described.™ Mice carrying loxP-site-flanked (floxed)
alleles  of Ikka/Tkbka (IKKo™), Y [kkB/Tkbkb
(IKKA™)7 were crossed to Alfp-Cre transgenic
mice™® to generate a liver parenchymal cell (LPC)-
specific knockout (LPC-KO) of the respective genes.
Mice with double knockout of Ikko/Tkkf (IKKa/f-FC
KO) in LPCs were generated by intercrossing the
respective lines. For generation of TKKo*VA%/
IKK PO mice, IKKAY SO mice were crossed to
IKKo A2 knock-in mice in which the activating
phosphorylation sites of IKKax, Ser176, and Ser180
were replaced by alanines.'” Mice with combined
constitutive Ripk3-deletion (RIPK3 /)@ and condi-
tional Tkko/Tkkf deletion (IKKa/p-P<KO/RIPK3 ™)
were generated by intercrossing the respective lines.
Mice with triple knockout of Tkka/Ikkf/Ripkl (IKKo/
B/RIPK1MPCKO)  yere  generated by intercrossing
RIPK1" mice™ with IKKo/f“FC KO mice.

In all experiments, littermates carrying the respective
loxP-flanked alleles, but lacking expression of Cre
recombinase, were used as wild-type (WT) controls.
Mice were bred on a mixed C57/BL6xSV1290la
genetic background. Only sex-matched animals were
compared. Unless otherwise indicated, mice were ana-
lyzed at 7-9 weeks of age. Animals received human
care according to European, national, and institutional
regulations.

HUMAN LIVER TISSUE

Human liver biopsy specimens and clinicopatho-
logical data were obtained from the Institute of
Pathology, University Hospital Aachen, and the
Institute of Pathology, University Hospital Basel.
The project was authorized by the local ethics com-
mittees and conducted in accord with the ethical
standards laid down in the Declaration of Helsinki
(ethics committee of the University Hospital of
Aachen, Germany [reference no.: EK 206/09] and
ethics committee of the University Hospital of Basel,
Switzerland [reference no.: EK 310/12]). Histologi-
cal grading and staging was performed according to
the World Health Organization classification of
tumors of the digestive system (2010).
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STATISTICAL ANALYSIS

Results are expressed as the mean + SEM. The sig-
nificance of differences between groups was assessed
using an unpaired two-sample # test. Survival curves were
generated using the Kaplan-Meier method, and the sig-
nificance of the difference in survival rate was determined
by the log-rank test (GraphPad Prism; GraphPad Soft-
ware Inc., La Jolla, CA). Correlation analysis was per-
formed using Pearson’s correlation coefficient.

For more details, see the Supporting Materials and
Methods section.

Results

BILIARY PAUCITY, CHOLESTASIS,
AND ABSENCE OF
HEPATOCARCINOGENESIS IN
IKKa/p KO ANIMALS ARE
ASSOCIATED WITH NECROTIC
AREAS AND ATTENUATED
COMPENSATORY
PROLIFERATION

Mice with conditional deletion of either Reld/p65,
Nemo, or ITkko/TkES in LPCs show inhibition of the
NF-«xB pathway, but develop completely different
spontaneous hepatic phenotypes.?’?* Though these
findings suggested that NF-xB-independent functions
might cause this paradox, these putative functions have
not yet been resolved. To explore these putative func-
tions, we focused on the specific phenotype caused by
deletion of both catalgtic subunits (ZZko and I%4f) in
LPCs (IKKo/B*PCKOY, As shown,®? IKKa/prrekO
mice exhibited severe growth retardation and wasting
attributed to cholestasis, compared to W' littermates
or mice lacking Nemo, and most IKKa/p="<™C ani-
mals died within 7 months after birth. IKKa/g-r< %O
mice showed similarly elevated levels of the liver dam-
age marker, alanine aminotransferase (ALT), com-
pared to NEMO""“ ° mice. In contrast, TKKa/
ﬂLPC’KO, but not NEMOMCSXKO  mice, revealed a
massive elevation of the cholestasis indicator, serum
bilirubin, and alkaline phosphatase (AP), which corre-
lated with a reduction of intrahepatic bile ducts that
was not visible in NEMO™<¥O mice (Supporting
Fig. S1A,B). Therefore, IKKa/IKKS as well as
NEMO prevent the development of spontaneous hep-
atitis, whereas only IKKo/IKKf but not NEMO pre-
vent intrahepatic bile duct paucity and cholestasis.
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Moreover, surviving 28- to 38-week-old TKKa/f“"<"
KO mice did not show any macroscopic sign of tumor
development, whereas NEMOLPC-KO animals dis-
played multiple tumor nodules at the same age (Sup-
porting Fig. S1C), illustrating that absence of ITk4x and
I#kf in  LPC causes cholestasis, but not
hepatocarcinogenesis.

Further analysis revealed that IKKa/f""CXO and
NEMO" X9 mice displayed similarly increased levels
of cleaved CASPASE-37 (cl. CASP-37) in their livers
(Supporting Fig. S1D). However, small areas of LPC
necrosis were found in IKKa/p YO livers that were
not detected in NEMO™“X livers (Supporting Fig.
S1D). Compensatory LPC proliferation represents a
fundamental cellular response toward cell death and
drives hepatocarcinogenesis upon chronic injury.?? In
line with their high tumor load at older age, spontaneous
LPC apoptosis correlated with strong compensatory
LPC proliferation in NEMO™“X° mice, as shown by
Ki67 sta_inin§ (Supporting Fig. S1D). Surprisingly, in
KK/ RO mice, significantly less LPC were Ki-67
positive compared to NEMO""“™ livers (Supporting
Fig. S1D). Of note, increased LPC apoptosis and prolif-
eration in NEMO™SX O animals were not only
detected in hepatocytes, but also cholangiocytes, as
shown by double stainings for pan-cytokeratin (CK) and
cl. CASP-3 as well as pan-CK and Ki-67, whereas simi-
lar double-positive cholangiocytes were not detected in
TKKo/ PS5O Tivers (Supporting Fig. S1E). Together,
biliary paucity, cholestasis, and absence of hepatocarcino-
genesis in TKKo/f"C animals were associated with
necrotic areas and attenuated compensatory cell
proliferation.

RIPK3 IS ACTIVATED IN Ikka/f-
DEFICIENT LIVERS, BUT DOES
NOT CONTROL CHOLESTASIS

Given that (s:})ontaneous necrotic areas were found in
IKKo/B“PC KO Tivers and cholestasis was previously
associated with RIPK3-dependent necroptosis in mice
with ablation of 7akl in LPCS,(ZS) we wondered
whether the necrotic areas in IKKa/f"Y<O livers
reflected activation of RIPK3-dependent necropto-
sis.?® In line with this hypothesis, western blotting
analysis of RIPK3 expression in WT, NEMOM KO
and IKKo/ PO livers revealed slightly elevated lev-
els in NEMO™ X mice, but a strikingly higher
expression in IKKo/f*"%O livers (Supporting Fig.
S2A). Analysis of primary hepatocytes from IKKo/
BPEKO Tivers confirmed that up-regulation of RIPK3
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expression occurred in LPCs and not in infiltrating
hematopoietic cells (Supporting Fig. S2A). Moreover,
purification of liver extracts with phospho-protein
purification columns to enrich the phospho-proteome
showed that mixed lineage kinase domain-like—the
downstream mediator of necroptosis®”’—was present
in a phosphorylated state in IKKa/g""“™°, but not
WT (Supporting Fig. S2B). Given that RIPK3 was
attributed with necroptosis-independent functions, for
example, in inflammasome activation,®® we tested for
cleavage of CASPASE-1 in liver extracts from the
respective mouse lines, but could not detect a RIPK3-
dependent regulation of CASPASE-1 cleavage in liv-
ers of IKKo/ "% mice (Supporting Fig. S2C).

To assess whether RIPK3 mediated cholestasis in
IKKe/ KO Tivers, we generated mice with Tkka/
Ikkf deletion in LPCs and constitutive Ripk3 deletion
(IKKa/ " KO/RIPK3 ') (Supporting Fig. S2D).
Similarly to IKKa/f"CXC mice, IKKa/pHex0/
RIPK3 /" animals displayed a severely reduced body
weight and size as well as decreased liver sizes com-
pared to WT animals, and most animals died within 7
months after birth (Fig. 1A-C). Moreover, serum
analysis of ALT, bilirubin, and AP revealed similar
levels between IKKa/p““KO/RIPK3 ™/~ and IKKo/
BPEEO 8-week-old mice (Fig. 1D), arguing against a
rescue from cholestasis through additional Ripk3 dele-
tion. In line with this, quantification of I?an—CK+ bile
ducts demonstrated that IKKa/p P RO/RIPK3 '~
displayed biliary paucity to a similar extent as IKKa/
PO animals (Fig. 1E). However, the amount of
necrotic areas was significantly reduced upon addition-
al Ripk3 deletion (Fig. 1F). Together, these findings
provide evidence that necroptosis is activated in LPCs
of ITkka/Ikkf-deficient livers, but it is not involved in
the mediation of cholestasis in IKKo/f*" ™ © mice.

AN RIPK3-INDEPENDENT
FUNCTION OF RIPK1 PROMOTES
CHOLESTASIS AND PREVENTS
CARCINOGENESIS IN IKKa/pHPCKO
MICE

Although RIPK3 induces intrahepatic necrosis in
IKKo/ PO livers, cholestasis was not rescued by
Ripk3 deletion, suggesting an additional mediator
involved in the biliary phenotype of IKKa/p“"¥ O
livers. The kinase, RIPK1, controls multiple pathways
associated with programmed cell death.?”) We there-
fore hypothesized that RIPK1 might be involved in
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FIG. 1. Ripk3 deletion in IKKo/ BEPEKO Tivers reduces intrahg}éatic necrosis, but does not prevent cholestasis and reduction of intra-
1.PC-

hepatic bile ducts. (A) Body weight analysis of WT, IKKa/f3

KO and IKKo/ BLPC’KO/RIPKS_/_ mice (n = 4). (B) Macroscopic

appearance of representative livers of 7-week-old WT, TKKo/f*"“ %O and TKKo/g“"“*O/RIPK3 ™/~ mice. (C) Kaplan-Meier curve
showing spontaneous death of TKKa/f*"“O/RIPK3™/~ mice between 5 and 42 weeks of age (WT, n = 69; IKKo/g-PKO/
RIPK3™/7, n = 33). (D) ALT, total serum bilirubin, and AP in 7- to 9-week-old WT, IKKo/f O, and IKKa/prreKO/
RIPK3 /" mice (n = 5). (E) Immunohistochemistry and quantification of liver paraffin sections of WT, IKKa/ BEPEKO - and IKKo/
BEPCKO/RIPK3 ™™ mice for pan-CK™ bile ducts (n = 5-6). (F) H&E staining of liver paraffin sections of WT, IKKo/ pLPCKO,
and IKKO(//?LPC’KO/RIPK3_/_ mice and quantification of necrotic foci (n = 5-6). Results are shown as mean; error bars denote

SEM. *P < 0.05; **P < 0.01; **P < 0.001. Abbreviation: H&E, hematoxylin and eosin.

the mediation of the TKKa/f*"“8 phenotype and
generated mice with combined LPC-specific deletion
of Tk, TkkB, and Ripk1 (IKKo/f/RIPK1-PCO; Sup-
porting Fig. S3A). Strikingly, TKKe//RIPK1*P<HO
mice showed a normal body size and weight as well as
normal liver sizes when compared to WT controls (Fig.

2A,B). Moreover, the earlier lethality of IKKo/ pLECKO
and TKKa/f""“KO/RIPK3™/~ mice was fully rescued

in IKKa/p/RIPK1MPKO animals (Fig. 2C). On the
serological level, TKKo/f/RIPK1PC mice showed
no reduction of ALT level (Fig. 2D), but they displayed
a complete rescue from hyperbilirubinemia and strong
reduction in AP levels as well as bile acid levels com-
pared to TKKa/f"<C animals (Fig. 2D and Support-

ing Fig. S3B), coinciding with an increased number of

bile ducts (Fig. 2E). Importantly, 3-week-old IKKo/
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BEPCEKO mice showed no significant impairment in bile

duct formation compared to WT mice of the same age,
and a reduction of small intrahepatic bile ducts started to
occur in 5-week-old TKKa/f"CXO mice, but not in
TIKKao/B/RIPK1MSKO animals (Supporting Fig. S3C),
arguing against a developmental defect underlying the
biliary phenotype in 8-week-old animals. Of note, RipkI
deletion alone did not influence biliary homeostasis
(Supporting Fig. S3D). We finally tested for the pres-
ence of liver tumors in older TKKea/p/RIPK1MP<KO
mice and compared these to age- and sex-matched
IKKa/p“PC KO animals. Older IKKo/f/RIPK1MPCKO
animals developed small macroscopically visible nodules
on their surfaces (Fig. 2F), corresponding to areas of
increased proliferation and dysplasia on the histological
level (Suggorting Fig. S3E). In addition, 2 of 8 IKKa/f/
RIPK1*"“ %O animals (25%), but no age-matched
IKKa/B"PCKO mice, showed at least one large liver
tumor (Fig. 2F, marked by arrowhead), which on the
histological level, corresponded to HCC (Supporting
Fig. S3E). Together, these findings suggest that an NF-
kB- and RIPK3-independent function of RIPK1 medi-
ates lethal cholestasis, but prevents tumorigenesis, in

IKKo/ SO animals.

Ripk1 DELETION PROMOTES LPC
PROLIFERATION AND
ACCUMULATION OF y-H2A X*
LPC IN IKKa/g"PCKO MICE

To define how RIPK1 mediated the phenotypes of
TKKo/ KO Tfivers, we first tested the activation of
apoptosis and necrosis in livers of 8-week-old IKKa/f/
RIPK1""“%9 mice. As shown by histology, additional
Ripk1 deletion resulted in a marked decrease of necrotic
foci, compared to TKKa/f""“™° mice (Supporting Fig.
S4A), which was already observed in 5-week-old, but
not in 3-week-old, mice (Supporting Fig. S4B). Regard-
ing apoptotic cell death, CASPASE-3 showed—if at
all—a minimal, nonsignificant trend to lower cleavage
levels upon additional RipkI deletion at the examined
time points as demonstrated by immunohistochemical
staining (IHC) and western blotting analysis (Fig. 3A
and Supporting Fig. S4C,D). These data provide evi-
dence that RIPK1 is nonessential for the mediation of
apoptosis, but necessary for the mediation of necrosis in
Tkko. /Tkkf-deficient hepatocytes. Given that these cell-
death analyses did not explain the differences in carcino-
genesis and cholestasis between TKKo/f*"“° and
IKKo/B/RIPK1MPSKO animals, we hypothesized that a
RIPK1-dependent inhibitory function on compensatory
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cell proliferation might have caused organ hypotrophy
(Fig. 2B), defective biliary regeneration leading to biliary
paucity and cholestasis, as well as absence of cancer
development in TKKo/fP™C mice. To test this, we
stained young (3-, 5-, and 8-week-old) and older (26-
to 40-week-old, age- and sex-matched) WT, IKKa/
BEPCEKO and IKKo/f/RIPKIMPCKO fivers for Ki-67.
Young IKKa/f/RIPK1*“O livers showed a trend to
higher levels of Ki-67" LPCs upon additional Ripk1
deletion, whereas LPC proliferation was significantly
higher in older TKKo//RIPK1"Y“€ livers, compared
to TKKa/f*"C mice, suggesting an antiproliferative
function of RIPK1 in IKKa/f""“ KO mice (Fig. 3B and
Supporting Fig. S4D). To further provide evidence
for the functional relation between RIPK1, apogtosis,
and compensatory proliferation in IKKo/g""<*O
mice, we performed a correlation analysis between cl.
CASP-3" and Ki-67" LPCs as well as necrotic areas
and Ki-67" LPC in young mice (Fig. 3C). Interest-
ingly, a significant positive correlation was detected
between cl. CASP-3" and Ki-67" LPCs in IKKa/p/
RIPK1"" O fivers (Fig. 3C) and NEMOM<*O
livers (Supporting Fig. S5), both of which develop
liver cancer. In contrast, such a correlation was not
observed in IKKo/f"PCXKO mice (Fig. 3C). More-
over, none of the examined mouse livers showed a
correlation between necrosis and Ki-67 positivity (Fig. 3C
and Supporting Fig. S5).

Given the striking effects of Ripkl deletion on biliary
cell homeostasis in IKKa/A*PCC livers, we next ana-
lyzed expression of RIPK1, RIPK3, IKKax, IKKf, and
NEMO in isolated and sorted CD326 ™" cells (cholangio-
cyte population®”) and compared it to the CD326" frac-
tion by quantitative real-time polymerase chain reaction
(QRT-PCR). This analysis revealed no difference in
expression levels of RIPK1, IKKa, and IKKf between
both compartments, whereas RIPK3 expression was
slightly decreased in the CD326" fraction (Fig. 3D). In
line with this, double staining of pan-CK and Ki-67
revealed proliferating bile duct cells in IKKa/p/
RIPK1""“%9) but not in TKKo/p*"<XO, livers (Fig.
3E), suggesting that similar regulatory mechanisms were
activated in hepatocytes and cholangiocytes. Interesting-
ly, we could detect some proliferating bile ducts cells in
3-week-old WT, IKKo/f*PKO  and IKKa/p/
RIPK1""“®© mice, demonstrating normal develop-
ment in all three genotypes (Supporting Fig. S4E,
upper panel). However, immunohistological analysis of
5-week-old mice revealed some double-positive cells

for pan-CK and Ki-67 only in IKKo/ B/RIPK1MPCKO
mice, but not in WT and IKKo/"“™© mice. Double
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FIG. 2. RIPK1 promotes cholestasis and biliary é)auci , but prevents tumorigenesis, in IKKe/fEPCEKO Tivers. (A) Representative

macroscopic pictures of 8-week-old WT, IKKo/f

PCKO " and IKKe/f/RIPK1MCKO mice and body weight analysis (n = 4). (B)

Representative pictures of 8-week-old WT, IKKa/ ﬁLPC’KO, and IKKa/ﬂ/RIPKlLPC’KO livers. (C) Kaplan-Meier curve showing sur-
vival of WT, IKKe/f“P<KO | and TKKa/f/RIPK1PC mice until 42 weeks of age. (WT, n = 89; IKKa/f*“ O n = 37, TKKo/
ﬂ/RIPKlLPd’KO, n = 51). (D) Serum-level analysis of ALT, total serum bilirubin, and AP in 7- to 9-week-old WT, IKKa/pg""KO,
and TKKoa/ ﬂ/RIPKlLPC’ © mice. (E) Pan-CK staining and statistical quantification of intrahepatic bile ducts on representative liver
paraffin sections from WT, IKKa/ BEPEKO " and IKKo/ B/RIPK1FTCEKO mice (n = 5). (F) Representative macroscopic pictures of liv-
ers of 38-week-old IKKa/f""C KO and IKKa//RIPK1PCKO mice. Results are shown as mean; error bars denote SEM. *P < 0.05;
P < 0.01.

cl. CASP-3 in 5-week-old IKKa/pP<KC and IKKo/

staining of liver tissue against pan-CK and cl. CASP-3
B/RIPK1FCKO mice, but not in WT mice. These

showed no apoptotic bile ducts cells in 3-week-old

mice (Supporting Fig. S4E, lower panel). In contrast,
we could detect double-positive cells for pan-CK and

data support our idea of an antiproliferative function of
RIPK1. In 5-week-old IKKo/f“P<KC mice, we

1223


http://onlinelibrary.wiley.com/doi/10.1002/hep.28723/suppinfo

KOPPE ET AL.

>

cl. CASP-3

o1

Young

Old

wT IKKa/BLPCKO IKKa/B/RIPK1LPCKO
T 7 - s = 50
el A =
Lo - “_. o2 40
£ [0 16% 2
23
103
58
o
2
IKKa/B/RIPK1LPCKO
150
3
5 'g:.we
¥ e
2 8 50
&=
bl
a

(9]

80 q r=0,4948;p = 0,1460

%o Ki67* hepatocytes

0 10 20 30 40 50
% cl. CASP-3* hepatocytes

g

%s Ki67* hepatocytes
N g [=1]

o

o o

IKKa/BLPC-XC and WT controls

*WT
 IKKo/BLPC-KO
& IKKa/B/RIPK1LPCKO

awr
* O IKKo/pLPeko
™1 @ IKK/B/RIPK1LPCKO

IKKo/B/RIPK1LPC-K0 and WT controls

r=0,2953; p = 0,4075 @ 80 r=0,7709; p = 0,009 « 80 r=10,4932; p =0,1475
@ @
3 60 % 60
g s
]
§,4D %40 &
= =
& 20 g 20
2 o8 . L ¥
01 2 3 4 58| 0o 5 10 15 20 ¢ 2 4 &

Necrotic foci / visual field

0O CD326" cells

% cl. CASP-3* hepatocytes

M CD326* cells (cholangiocytes)

A A > O & R
Ff @ @

D

5
-§10

2 8
£ 6
%4

£ 2
go
s 2
g o
E

£

=
w2
]
)

c

2

M

Young

iy

@
=]

D
i~

old

%o y-H2AX*
hepatocyles
3

n
=3

discovered apoptotic bile cells, but no compensatory
proliferation, whereas we could detect both in 5-week-

old IKKo/f/RIPK1<KO mice,
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FIG. 3. RIPK1 inhibits com-
pensatory LPC proliferation and
accumulation of LPC with
DNA damage in TKKo/p"KO
mice. (A) Histological analysis
and statistical quantification of
c. CASP-3" LPCs in WT,
IKKo/BAPCKO - and  IKKa/B/
RIPK1"P€ mice (n = 5). (B)
Ki-67 staining and statistical
quantification of representative
liver paraffin sections from young
(8-week-old) and older (26- to
40-week-old, age- and sex-
matched) WT, IKKa/pg"PCKO,
and IKKo/B/RIPK1MFCO mice
(n = 5). (C) Correlation analysis
between Ki-671 cells with cl.
CASP-3" cells or necrotic areas
in liver tissue of the indicated
genotypes was performed using
Pearson’s correlation coefficient.
(D) Analysis of expression of
indicated genes in CD326 cells
and CD326" cells (cholangio-
cytes) by qRT-PCR. Combined
values of two independent isola-
tions. (E) Representative IHC of
liver sections from WT, IKKa/
LPC-KO and IKKo/ B/
RIPKlLléC’KO mice (pan-CK is
stained brown and Ki-67 is
stained pink/red). (F) IHC and
quantification of liver paraffin
sections of indicated genotypes
using a -H2AX antibody (n =
5). Results are shown as mean;
error bars denote SEM. *P <
0.05; P < 0.01. Abbreviation:
n.s., not significant.

It was recently shown that RIPK1 maintains DNA
integrity and that dysfunction of RIPK1 led to accumula-

tion of lung cancer and MEF cells with increased
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phosphorylation of H2A.X (y-H2A . X),®" a widely used
marker for DNA double-strand breaks and DNA dam-
age and repair.***¥ In addition, it was shown that y-
H2A.X levels are increased in preneoplastic lesions of
HCC.® In line with this, the number of y-H2A X"
LPCs was significantly higher in livers of young and old
TIKKe/p/RIPK1M<O mice, compared to IKKa/gC
KO animals (Fig. 3F). Together, these findings suggest
that RIPK1 inhibits compensatory cell proliferation and
accumulation of 7-H2A X" cells in livers of IKKo/f-P¢
KO mice, thereby impeding carcinogenesis but promoting
biliary paucity and cholestasis.

To exclude that additional Ripkl deletion reestab-
lished activation of NF-xB in IKKa/f*PCKO mice,
we performed western blotting analysis for IxBa and
electrophoretic mobility shift assay (EMSA) analysis,
both of which confirmed that NF-xB activation was
similarly abolished in ITKKo/f/RIPK1'"P<*O mice
(Supporting Fig. S6A,B). In line with this, qRT-PCR
analysis showed similar expression levels of TNFo and
interleukin-6 between IKKo/A*YC O mice and IKKo/
B/RIPK1*PCKO mice (Supporting Fig. S6C), arguing
against an NF-kB-dependent effect on cytokine pro-
duction driving the difference in compensatory LPC
proliferation between the two mouse lines.

IKKa AND IKKp COLLABORATE
IN MEDIATING CONSTITUTIVE
PHOSPHORYLATION OF RIPK1 IN
LPCs

Based on the fact that the RIPK1- dependent ghe—
notype of cholestasis was only noted in IKKo/p™"
mice, but not NEMO™CXO animals, we hypothe-
sized that it depended on the kinase function of the
catalytic IKK subunits. To test this, we used an alter-
native approach to block catalytic IKK activity in the
presence of NEMO and generated mice with condi-
tional I&%4f-deletion in LPCs and constitutive expres-
sion of a kinase-dead mutant form of IKKo®>
(IKKaAMVAMTKK pLPEKO), Coimmunoprecipitation
experiments confirmed that the mutant IKKa™" form
still bound to NEMO in IKKeAVAY/IKKEPCKO
livers, whereas—as expected—only free NEMO mole-
cules were detected in TKKo/f“"“X° animals (Fig.
4A). Of note, serological and histological examination
revealed the presence of cholestasis, reduction of intra-
hepatic bile ducts, as well as presence of necrotic areas
in IKKoaMAATKK BYPCKO Tivers (Fig. 4B-D). These
findings support the hypothesis that the kinase

KOPPE ET AL.

function of IKK subunits is required to s uppress devel-
opment of the spontaneous IKKa/ " phenotype.

Based on the rescue of the NF-xB-independent
TKKo/ KO cholestasis phenotype through Ripkl
deletion, we hypothesized that this phenotype was
mediated through a kinase function of IKKo and
IKKp targeting RIPK1. Of note, it was recently dem-
onstrated that RIPK1 activation can be both positively
and negatively regulated by phosphorylation,*® sug-
gesting that the catalytic IKKs might control RIPK1
activity by influencing its phosphorylation levels.

To test this, we specifically enriched the pho Cpho—
proteome in liver 11}<Isates from WT, TKKa/p-"<X
IKKo/B/RIPK1MPCKO - and NEMO!PCKO mice, fol-
lowed by a western blotting analysis on these enriched
lysates and control lysates using a standard antibody
against RIPK1 (Fig. 5A). This analysis revealed a single
RIPK1 band in phospho-enriched extracts of WT and
NEMO" ¥ fivers (Fig. 5A, left panel). In contrast,
this signal was nearly absent in liver tissue of IKKo/, ﬁLPC_
KO mice and completely vanished in TKKa/f/RIPK1"<

KO livers (Fig. SA, right panel). This finding suggests that
in WT and NEI\/IOLP KO Tivers in the resting state,
IKKo and IKKf mediate constitutive phosphorylation of
RIPK1. To confirm that the columns purify phosphorylat-
ed proteins, we treated the purified protein fraction of WT
liver lysates with A-protein phosphatase, resulting in
enhanced mobility of RIPK1 on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis/western blotting analy-
sis (Fig. 5B), providing further evidence for the specificity
of this approach for detection of phosphorylated RIPK1 iz
vivo. We also could detect binding of IKKa«/f to RIPK1
in WT and NEMO"*“© mice 1 hours after stimulation
with lipopolysaccharide (LPS), but not in IKKa/f IKKo/
B/RIPK1"PCKO mice (Supporting Fig. S7A).

To further substantiate this hypothesis and test wheth-
er IKKs can directly phosphorylate RIPK1, we per-
tormed an in vitro kinase assay using a recombinant form
of IKKa or IKKf, respectively, and an N-terminal frag-
ment of RIPK1 containing the kinase domain as a sub-
strate in the presence of the RIPK1 inhibitor, necrostatin

(Nec-1),8” to prevent RIPK1 autophosphorylation.
Add1t1on of IKKa as well as IKKf induced strong in
vitro phosphorylation of RIPK1 (Fig. 5C). To identify
specific IKK-dependent phosphorylation sites in RIPK1,
we immunoprecipitated RIPK1 from RIPK1/hemagglu-
tinin (HA)/green fluorescent protein (GFP)-transfected
human hepatoma cells (HepG2) as well as HEK 293T
cells treated with or without the IKK inhibitor, thiophe-
necarboxamide (TPCA-1), and performed a mass spec-
trometry analysis. We could repeatedly identify Serine
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FIG. 4. IKKa™VAYIKKB" KO mice show intrahepatic bile duct paucity and cholestasis. (A) Immunoprecipitation of NEMO

from livers of WT, IKKa/B*PCKO and IKKoAVAMIKKBHPEK

© mice and western blotting analysis for the presence of TKKe.

Lysates were analyzed as indicated. (B) Serum level analysis of total bilirubin, AP, and ALT in male mice (n = 5). (C) Pan-CK stain-

ing and statistical quantification of intrahepatic bile ducts on representative liver paraffin sections from WT and IKKa

AA/AA/

IKKBYPC KO mice (n = 5). (D) Representative H&E staining of liver paraffin sections of WT, IKKa/B*PEKO and IKKaAMAA/
IKK[)’LPC'KO mice. Results are shown as mean; error bars denote SEM. *P < 0.05; **P < 0.01; **P < 0.001. Abbreviations: H&E,

hematoxylin and eosin; n.s., not significant.

320, Serine 330/331 (ambiguous phosphorylation site
identification attributed to neighboring Serine residues),
and Serine 416 as phosphorylated residues in RIPK1 in
both cell lines (Fig. 5D). In contrast to Serine 330/331
and Serine 416, Serine 320 was not found to significantly
change its phosphorylation status in a TPCA-1-
dependent manner. Based on this finding and the fact
that Serine 330/331 had previously been identified as a
phosphorylation site not modified by autophosphoryla-
tion,”**® we decided to generate a Serine 330/331 to
alanine mutant (RIPK1g330/3314a-HA-GFP). Mutant
(RIPK].S330/331A—HA—GFP) or WT RIPK1
(RIPK1-HA-GFP), respectively, were transfected
into hepatoma cells and cell viability was assessed by a
methyl thiazol tetrazolium (MTT) proliferation
assay, which revealed a decreased cell viability upon

mutant RIPK1 transfection (Fig. 5E,F). Of note,
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additional TPCA treatment of mutant RIPK1 trans-
tected cells resulted in an even further viability reduc-
tion (Supporting Fig. S7B), suggesting that also
other phospho-acceptor sites in RIPK1 exist control-
ling cell viability. Taken together, these findings sug-
gest that RIPK1 is a direct phosphorylation target of
the catalytic IKK subunits, transmitting a previously
unrecognized IKK-dependent signal controlling cell
viability and proliferation, cancer development, and
biliary homeostasis.

RIPK1 EXPRESSION IS DOWN-
REGULATED IN A SUBGROUP OF
HUMAN HCC

The previous findings suggested that, under certain
circumstances, RIPK1 might exert an antiproliferative
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FIG. 5. IKKo and IKKf mediate RIPK1 phosphorylation in LPCs. (A) Purification of phosphorylated proteins from livers of the
indicated genotypes and analysis by western blotting. Lysates were analyzed as indicated. (B) Purification of phosphorylated proteins
from livers of WT without (1) or with A-phosphatase treatment (2). (C) In vitro kinase assays with a recombinant form of human
IKKax or IKKp, respectively, and an N-terminal fragment of RIPK1 containing the kinase domain as substrate. Kinase reaction was
performed in the presence of the RIPK1-inhibitor, Nec-1, to prevent RIPK1 autophosphorylation. Moreover, reactions were preincu-
bated with the IKK inhibitor, TPCA-1, as indicated. (D) Phosphorylated peptides repeatedly identified in RIPK1-HA-GFP immu-
noprecipitated from transfected cells using nano liquid chromatography tandem mass spectrometry LC-MS/MS as described in the
Materials and Methods section. Because of a rather low phosphorylation site probability, Serine 330/331 identification remains ambig-
uous, whereas the other two sites show a 100% localization probability. (E) Representative pictures of Hu7 cells 24 hours after trans-
fection with control plasmid (empty backbone), RIPK1-HA-GFP, or RIPK1s330/331a-HA-GFP as well as untreated cells. (F)
Analysis of cell viability of transfected Hu7 cells (E) by MTT assay. Results are expressed as mean from three replicate cultures.
Results are shown as mean; error bars denote SEM. **P < 0.01. Abbreviation: GST, glutathione S-transferase.

function in hepatocytes with implications for hepato- expression in liver needle biopsies and resection sam-
carcinogenesis. Thus, we performed an explorative ples of 19 individual treatment-naive human HCCs
analysis of RIPK1 expression in a small collective of (Supporting Fig. S8A; Supporting Table S1) with tis-
human HCCs. For this, we compared protein sue from control patients without chronic liver disease.
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FIG. 6. Variable RIPK1 expression in human HCCs. Expression analysis on protein lysates from human HCC specimens and control
tissue from patients without primary liver tumors. Western blotting analysis was performed using antibodies against RIPK1, IKKe, and
IKKp, HSP-90 and GAPDH served as loading control (control patients without chronic liver disease, P1, P2; HCC patients, P3-P21).

These western blotting analyses revealed a variable
expression of RIPK1, IKKo, and IKKp in human
HCC compared with a rather uniform expression of
heat shock protein 90 (HSP-90), a highly abundant
chaperon used as a control, as well as glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; Fig. 6). Of
note, 5 of 19 HCC (P4, P7, P11, P14, and P21)
showed a strong reduction in RIPK1, IKKw, and
IKKp expression (Fig. 6). In these tumors, neither a
specific disease entity nor a specific histological subtype
could be clearly attributed to the subgroup of RIPK1-
and IKK-deficient HCC (Supporting Table S1; Sup-
porting Fig. S7). These provide initial evidence that
the tumor-suppressive function of RIPK1 shown here
might be of relevance in a presently undefined sub-
group of HCC patients, requiring further confirmation
in a larger cohort of HCC patients.

Discussion

The IKK complex was regarded as part of a linear
signaling cascade mediating activation of the canonical
and/or noncanonical NF-xB pathways.(39) Previous in
vivo studies examining the function of NF-xB in liver
cancer by targeting different molecules in the NF-xB
pathway led to controversial results, which, until now,
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could not be resolved.““?” Recently, several studies pro-
vided compelling evidence that IKK subunits might
control important cellular functions like cell death,
independently of NF-xB.“* This suggested that con-
tradicting findings on the functions of IKK subunits
and NF-«B in liver cancer might, at least in part, be
explained by previously unrecognized, NF-xB-
independent functions of IKK subunits.“” Here, we
show that the catalytic IKK subunits, IKK« and IKK§,
regulate different RIPK1-dependent pathways that
control intrahepatic programmed necrosis, hepatocar-
cinogenesis, and cholestasis. In addition, we provide
evidence that this regulation might be exerted through
direct phosphorylation of RIPK1 (see Fig. 7).

It was shown previously that activation of RIPK1
can be both negatively and positively regulated by
phosphorylation.®® Here, we provide evidence that
RIPK1 is constitutively phosphorylated by IKKa/
IKKp in the liver, an organ that is constantly chal-
lenged by stimuli transmitted from the gut micro-
biome.“"*? In human hepatoma cells and HEK 293T
cells, we could identify two IKK-dependent phosphor-
ylation sites, Serine 330/331 and Serine 416, which
could be down-regulated by treatment with the IKK-
inhibitor, TPCA-1. Interestingly, these two sites that
we identified in TPCA-1-treated cultured cells were
recently also found in an iz wifro experimental
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FIG. 7. Model for RIPK1-dependent functions in IKKa/f-
deficient livers. Schematic model of RIPK1-dependent functions
spontaneously activated upon combined deletion or inhibition of

the two IkB-Kinase subunits, IKKa and IKK}.

setting.(43) supporting our hypothesis that these sites

are specifically regulated by IKKs. At present, it is
unclear whether IKKo and IKKf redundantly target
these respective sites iz wvivo or whether IKKo and
IKKp target specific sites in RIPK1. Moreover, it
remains to be determined whether additional
phospho-acceptor sites are directly or indirectly tar-
geted by IxB-Kinase in vivo, which were not detected
in our cell-culture approach using (potentially less
effective) chemical IKK inhibition instead of genetic
targeting. In this context, it is important to note that
we could not precipitate endogenous RIPK1 efficiently
enough from murine liver lysates to perform MS, mass
spectrometry analysis (data not shown). Endogenous
TAP-tagging of RIPK1 in mouse liver could be an
efficient approach to solve this problem. Importantly,
whereas NEMO is considered essential for activation
of IxBo-directed activity of the IKK complex in
response to TNF stimulation,*" it was previously
shown that IKKa and IKKf can constitutively phos-
phorylate the NF-xB subunit, p65, in liver cells inde-
pendently of the presence of NEMO.?? In this line of
thought, our present data provide further evidence that
IkBa-independent kinase functions of the IKK com-
plex can be constitutively active independently of

NEMO.
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In contrast to IKKa/f/RIPK1*"CC mice, animals
with conditional deletion of the RelA/p65 subunits
neither develop any spontaneous apoptosis nor liver
cancer.?>?®  This difference to the IKKa/p/
RIPK1""“%© phenotype might be explained by the
formation and nuclear translocation of RelA/p65-
independent NF-xB dimers in RelA conditional
knockouts, providing a level of NF-xB activity that
prevents spontaneous activation of complex IIA and
apoptosis. Next to complex IIA, a complex, I1IB, was
previously  described  mediating CASPASE-3-
dependent apoptosis de})ending on RIPK1, FADD,
and CASPASE-8.%' Our present findings sug-
gested that this pathway did not contribute significant-
ly to the spontaneous phenotype observed in IKKao/
BPEEO mice. However, it was previously shown that
mice with conditional Ikko /IkEf3 deletion in LPCs
develop massive liver failure and show even more
CASPASE-3 cleavage than livers with Nemo deletion
in LPC upon stimulation with bacterial LPS, an
inducer of internal TNF secretion.?? Thus, it is
possible that complex IIB containing RIPK1 might
contribute to LPC apoptosis upon LPS/TNF stimula-
tion rather than to spontaneous apoptosis in IKKa/
BLPCKO ice,

In addition to their role in NF-xB activation, we
show here that IKKa and IKKf suppress spontaneous
activation of RIPK1-dependent pathways with distinct
biological outcomes (Fig. 7). First, IKKo/ pLPCKO
mice developed focal intrahepatic necrosis areas in an
RIPK3-dependent fashion (Fig. 1F). Whereas it
seemed to be an established concept that necroptosis
depends on the formation of RIPK1/RIPK3
dimers,”® it was recently suggested that RIPK1 might
not mediate, but rather inhibit, necroptosis in gut or
skin epithelial cells.** Our present data that IKKo//
RIPK1"P“®© mice showed a strong reduction in
necrosis, compared to IKKo/f“"“*° mice, argue for
an essential role of RIPK1 in liver cells.

Finally, our data suggest that RIPK1 in IKKa/ pLEe
KO mice controlled a response pathway to apoptosis
that inhibited the accumulation of y-H2A.X" LPCs
and compensatory LPC proliferation, ultimately pre-
venting carcinogenesis but promoting biliary paucity
and cholestasis (Fig. 7). Moreover, the effects of
RIPK1 on compensatory proliferation were moderate
and clearer in older mice. Of note, tumor incidence in
IKKo/B/RIPK1MPC KO mice was lower than previously
shown for NEMO™ <O animals, who have a 100%
tumor penetrance.*> This is most likely attributed to
the fact that apoptosis and carcinogenesis in
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NEMO™<¥O animals also relies on complex TIb that
contains RIPK1“ and is therefore not functional in
hepatocytes of IKKa/f/RIPK1"< K mice.

Interestingly, biliary paucity and lethal cholestasis in
IKKo/ PO mice strictly correlated with the pres-
ence of RIPK1, but not RIPK3. Our findings on
defective proliferation rates of RIPKI1-competent
IKKo/B“PCKO livers, together with the fact that
young NEMO™“XO mice show a strong ductular
reaction and expansion of oval cells to maintain biliary
integrity in a context of chronic inflammation,™ sug-
gest that an insufficient biliary regeneration attributed
to the presence of (hypophosphorylated) RIPK1 is the
main reason for biliary paucity in TKKa/f“"C liv-
ers. Interestingly, it was previously shown that RIPK1
and Jun-(N)-terminal kinase 1 can mediate necrosis of
cells by inducing mitochondrial dysfunction.*® There-
fore, we can presently not exclude that some IKK-
deficient biliary cells might preferentially undergo
RIPK1-dependent cell death, contributing to the net
decrease of biliary cells in TKKa/f“"“ € livers.

In conclusion, our data provide evidence that IKKo
and IKKp control different RIPK1-dependent signal-
ing pathways controlling liver cancer and biliary
homeostasis as fundamental consequences of chronic
hepatic inflammation. A better understanding of these
RIPK1-dependent pathways might lead to novel phar-
macological strategies in patients with chronic liver
disease, liver cancer, and cholestasis.
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