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The IjB-Kinase (IKK) complex—consisting of the catalytic subunits, IKKa and IKKb, as well as the regulatory subunit,
NEMO—mediates activation of the nuclear factor jB (NF-jB) pathway, but previous studies suggested the existence of
NF-jB-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 control over multiple pathways involved in regulating novel programmed cell-death pathways and inﬂammation. We hypothesized 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; IKKa/bLPC-KO) were intercrossed with RIPK1LPC-KO or RIPK32/2 mice to examine
whether RIPK1 or RIPK3 might be downstream targets of IKKs. Moreover, we performed in vivo phospho-proteome
analyses and in vitro kinase assays, mass spectrometry, and mutagenesis experiments. These analyses revealed that IKKa
and IKKb—in addition to their known function in NF-jB activation—directly phosphorylate RIPK1 at distinct regions of
the protein, thereby regulating cell viability. Loss of this IKKa/b-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)

W

hereas in most instances, hepatocellular
carcinoma (HCC) arises in a setting of
chronic inﬂammation and subsequent

liver ﬁbrosis, anti-inﬂammatory pharmacological
strategies have not yet entered clinical practice for
prevention or treatment of HCC.(1) The nuclear
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factor jB (NF-jB) pathway contributes to the pathophysiology of inﬂammation.(2) Activation of NF-jB
in response to cytokines like tumor necrosis factor
(TNF) relies on a high-molecular-weight complex,
the IjB kinase (IKK) complex, consisting of two catalytic subunits—IKKa (IKK1) and IKKb (IKK2)—
and a regulatory subunit called NEMO (IKKc).(3)
Though recently alternative, NF-jB-independent
functions of IKK subunits were suggested in
vitro,(4,5) the nature and relevance of the latter in
vivo and, especially, in inﬂammation and carcinogenesis have remained elusive.
The receptor-interacting protein kinase 1
(RIPK1/RIP1) exerts strategic control over multiple
pathways involved in regulating inﬂammation and
cell death.(6) It was suggested to promote necroptosis, a novel form of programmed necrosis—by
assembling with RIPK3.(7-9) In addition, the presence and activation status of RIPK1 deﬁne two distinct forms of apoptosis.(10) TNF receptor 1
(TNFR1)-dependent recruitment of TNFR1-
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associated DEATH domain (TRADD) leads to formation of complex IIA, mediates apoptosis independently of RIPK1, and counterbalanced by NF-jB
activation through the NF-jB target-gene, cFLIP.(11) An alternative, RIPK1-dependent complex, IIB, proceeds independently of TRADD
through a RIPK1/FADD (Fas-associated protein
with death domain) scaffold to activate CASPASE8.(11) Importantly, these distinct apoptosis pathways
and signaling platforms have mainly been deﬁned in
cell-culture studies.(10,11) The function of RIPK1 in
liver biology and disease is not well deﬁned and a
matter of intense recent debate.(12,13) Though previous studies focused on the role of RIPK1 in hepatic
injury,(12-14) 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-jB-related survival signals, which
was examined in the present study.
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Materials and Methods
GENERATION OF GENETICALLY
MODIFIED MOUSE MODELS
NEMOLPC-KO
mice
were
generated
as
described.(15) Mice carrying loxP-site-ﬂanked (ﬂoxed)
alleles of Ikka/Ikbka (IKKaFL),(16) Ikkb/Ikbkb
(IKKbFL)(17) were crossed to Alfp-Cre transgenic
mice(18) to generate a liver parenchymal cell (LPC)speciﬁc knockout (LPC-KO) of the respective genes.
Mice with double knockout of Ikka/Ikkb (IKKa/bLPCKO
) in LPCs were generated by intercrossing the
respective lines. For generation of IKKaAA/AA/
IKKbLPC-KO mice, IKKbLPC-KO mice were crossed to
IKKaAA/AA knock-in mice in which the activating
phosphorylation sites of IKKa, Ser176, and Ser180
were replaced by alanines.(19) Mice with combined
constitutive Ripk3-deletion (RIPK32/2)(20) and conditional Ikka/Ikkb deletion (IKKa/bLPC-KO/RIPK32/2)
were generated by intercrossing the respective lines.
Mice with triple knockout of Ikka/Ikkb/Ripk1 (IKKa/
b/RIPK1LPC-KO) were generated by intercrossing
RIPK1FL mice(13) with IKKa/bLPC-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/BL6xSV129Ola
genetic background. Only sex-matched animals were
compared. Unless otherwise indicated, mice were analyzed 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 clinicopathological 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 committees 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]). Histological 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 1 SEM. The signiﬁcance of differences between groups was assessed
using an unpaired two-sample t test. Survival curves were
generated using the Kaplan-Meier method, and the signiﬁcance of the difference in survival rate was determined
by the log-rank test (GraphPad Prism; GraphPad Software Inc., La Jolla, CA). Correlation analysis was performed 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/bLPC-KO ANIMALS ARE
ASSOCIATED WITH NECROTIC
AREAS AND ATTENUATED
COMPENSATORY
PROLIFERATION
Mice with conditional deletion of either RelA/p65,
Nemo, or Ikka/Ikkb in LPCs show inhibition of the
NF-jB pathway, but develop completely different
spontaneous hepatic phenotypes.(21-23) Though these
ﬁndings suggested that NF-jB-independent functions
might cause this paradox, these putative functions have
not yet been resolved. To explore these putative functions, we focused on the speciﬁc phenotype caused by
deletion of both catalytic subunits (Ikka and Ikkb) in
LPCs (IKKa/bLPC-KO). As shown,(22) IKKa/bLPC-KO
mice exhibited severe growth retardation and wasting
attributed to cholestasis, compared to WT littermates
or mice lacking Nemo, and most IKKa/bLPC-KO animals died within 7 months after birth. IKKa/bLPC-KO
mice showed similarly elevated levels of the liver damage marker, alanine aminotransferase (ALT), compared to NEMOLPC-KO mice. In contrast, IKKa/
bLPC-KO, but not NEMOLPC-KO, mice, revealed a
massive elevation of the cholestasis indicator, serum
bilirubin, and alkaline phosphatase (AP), which correlated with a reduction of intrahepatic bile ducts that
was not visible in NEMOLPC-KO mice (Supporting
Fig. S1A,B). Therefore, IKKa/IKKb as well as
NEMO prevent the development of spontaneous hepatitis, whereas only IKKa/IKKb but not NEMO prevent intrahepatic bile duct paucity and cholestasis.
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Moreover, surviving 28- to 38-week-old IKKa/bLPCKO
mice did not show any macroscopic sign of tumor
development, whereas NEMOLPC-KO animals displayed multiple tumor nodules at the same age (Supporting Fig. S1C), illustrating that absence of Ikka and
Ikkb in LPC causes cholestasis, but not
hepatocarcinogenesis.
Further analysis revealed that IKKa/bLPC-KO and
NEMOLPC-KO mice displayed similarly increased levels
of cleaved CASPASE-31 (cl. CASP-31) in their livers
(Supporting Fig. S1D). However, small areas of LPC
necrosis were found in IKKa/bLPC-KO livers that were
not detected in NEMOLPC-KO livers (Supporting Fig.
S1D). Compensatory LPC proliferation represents a
fundamental cellular response toward cell death and
drives hepatocarcinogenesis upon chronic injury.(24) In
line with their high tumor load at older age, spontaneous
LPC apoptosis correlated with strong compensatory
LPC proliferation in NEMOLPC-KO mice, as shown by
Ki67 staining (Supporting Fig. S1D). Surprisingly, in
IKKa/bLPC-KO mice, signiﬁcantly less LPC were Ki-67
positive compared to NEMOLPC-KO livers (Supporting
Fig. S1D). Of note, increased LPC apoptosis and proliferation in NEMOLPC-KO 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 similar double-positive cholangiocytes were not detected in
IKKa/bLPC-KO livers (Supporting Fig. S1E). Together,
biliary paucity, cholestasis, and absence of hepatocarcinogenesis in IKKa/bLPC-KO animals were associated with
necrotic areas and attenuated compensatory cell
proliferation.

RIPK3 IS ACTIVATED IN Ikka/bDEFICIENT LIVERS, BUT DOES
NOT CONTROL CHOLESTASIS
Given that spontaneous necrotic areas were found in
IKKa/bLPC-KO livers and cholestasis was previously
associated with RIPK3-dependent necroptosis in mice
with ablation of Tak1 in LPCs,(25) we wondered
whether the necrotic areas in IKKa/bLPC-KO livers
reﬂected activation of RIPK3-dependent necroptosis.(26) In line with this hypothesis, western blotting
analysis of RIPK3 expression in WT, NEMOLPC-KO,
and IKKa/bLPC-KO livers revealed slightly elevated levels in NEMOLPC-KO mice, but a strikingly higher
expression in IKKa/bLPC-KO livers (Supporting Fig.
S2A). Analysis of primary hepatocytes from IKKa/
bLPC-KO livers 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(27)—was present
in a phosphorylated state in IKKa/bLPC-KO, but not
WT (Supporting Fig. S2B). Given that RIPK3 was
attributed with necroptosis-independent functions, for
example, in inﬂammasome activation,(28) we tested for
cleavage of CASPASE-1 in liver extracts from the
respective mouse lines, but could not detect a RIPK3dependent regulation of CASPASE-1 cleavage in livers of IKKa/bLPC-KO mice (Supporting Fig. S2C).
To assess whether RIPK3 mediated cholestasis in
IKKa/bLPC-KO livers, we generated mice with Ikka/
Ikkb deletion in LPCs and constitutive Ripk3 deletion
(IKKa/bLPC-KO/RIPK32/2) (Supporting Fig. S2D).
Similarly to IKKa/bLPC-KO mice, IKKa/bLPC-KO/
RIPK32/2 animals displayed a severely reduced body
weight and size as well as decreased liver sizes compared 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/bLPC-KO/RIPK32/2 and IKKa/
bLPC-KO 8-week-old mice (Fig. 1D), arguing against a
rescue from cholestasis through additional Ripk3 deletion. In line with this, quantiﬁcation of pan-CK1 bile
ducts demonstrated that IKKa/bLPC-KO/RIPK32/2
displayed biliary paucity to a similar extent as IKKa/
bLPC-KO animals (Fig. 1E). However, the amount of
necrotic areas was signiﬁcantly reduced upon additional Ripk3 deletion (Fig. 1F). Together, these ﬁndings
provide evidence that necroptosis is activated in LPCs
of Ikka/Ikkb-deﬁcient livers, but it is not involved in
the mediation of cholestasis in IKKa/bLPC-KO mice.

AN RIPK3-INDEPENDENT
FUNCTION OF RIPK1 PROMOTES
CHOLESTASIS AND PREVENTS
CARCINOGENESIS IN IKKa/bLPC-KO
MICE
Although RIPK3 induces intrahepatic necrosis in
IKKa/bLPC-KO livers, cholestasis was not rescued by
Ripk3 deletion, suggesting an additional mediator
involved in the biliary phenotype of IKKa/bLPC-KO
livers. The kinase, RIPK1, controls multiple pathways
associated with programmed cell death.(29) We therefore hypothesized that RIPK1 might be involved in
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FIG. 1. Ripk3 deletion in IKKa/bLPC-KO livers reduces intrahepatic necrosis, but does not prevent cholestasis and reduction of intrahepatic bile ducts. (A) Body weight analysis of WT, IKKa/bLPC-KO, and IKKa/bLPC-KO/RIPK32/2 mice (n 5 4). (B) Macroscopic
appearance of representative livers of 7-week-old WT, IKKa/bLPC-KO, and IKKa/bLPC-KO/RIPK32/2 mice. (C) Kaplan-Meier curve
showing spontaneous death of IKKa/bLPC-KO/RIPK32/2 mice between 5 and 42 weeks of age (WT, n 5 69; IKKa/bLPC-KO/
RIPK32/2, n 5 33). (D) ALT, total serum bilirubin, and AP in 7- to 9-week-old WT, IKKa/bLPC-KO, and IKKa/bLPC-KO/
RIPK32/2 mice (n 5 5). (E) Immunohistochemistry and quantiﬁcation of liver parafﬁn sections of WT, IKKa/bLPC-KO, and IKKa/
bLPC-KO/RIPK32/2 mice for pan-CK1 bile ducts (n 5 5-6). (F) H&E staining of liver parafﬁn sections of WT, IKKa/bLPC-KO,
and IKKa/bLPC-KO/RIPK32/2 mice and quantiﬁcation of necrotic foci (n 5 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 IKKa/bLPC-KO phenotype and
generated mice with combined LPC-speciﬁc deletion
of Ikka, Ikkb, and Ripk1 (IKKa/b/RIPK1LPC-KO; Supporting Fig. S3A). Strikingly, IKKa/b/RIPK1LPC-KO
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 IKKa/bLPC-KO
and IKKa/bLPC-KO/RIPK32/2 mice was fully rescued

in IKKa/b/RIPK1LPC-KO animals (Fig. 2C). On the
serological level, IKKa/b/RIPK1LPC-KO 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 compared to IKKa/bLPC-KO animals (Fig. 2D and Supporting Fig. S3B), coinciding with an increased number of
bile ducts (Fig. 2E). Importantly, 3-week-old IKKa/

1221

KOPPE ET AL.

bLPC-KO 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 IKKa/bLPC-KO mice, but not in
IKKa/b/RIPK1LPC-KO animals (Supporting Fig. S3C),
arguing against a developmental defect underlying the
biliary phenotype in 8-week-old animals. Of note, Ripk1
deletion alone did not inﬂuence biliary homeostasis
(Supporting Fig. S3D). We ﬁnally tested for the presence of liver tumors in older IKKa/b/RIPK1LPC-KO
mice and compared these to age- and sex-matched
IKKa/bLPC-KO animals. Older IKKa/b/RIPK1LPC-KO
animals developed small macroscopically visible nodules
on their surfaces (Fig. 2F), corresponding to areas of
increased proliferation and dysplasia on the histological
level (Supporting Fig. S3E). In addition, 2 of 8 IKKa/b/
RIPK1LPC-KO animals (25%), but no age-matched
IKKa/bLPC-KO 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 NFjB- and RIPK3-independent function of RIPK1 mediates lethal cholestasis, but prevents tumorigenesis, in
IKKa/bLPC-KO animals.

Ripk1 DELETION PROMOTES LPC
PROLIFERATION AND
ACCUMULATION OF c-H2A.X1
LPC IN IKKa/bLPC-KO MICE
To deﬁne how RIPK1 mediated the phenotypes of
IKKa/bLPC-KO livers, we ﬁrst tested the activation of
apoptosis and necrosis in livers of 8-week-old IKKa/b/
RIPK1LPC-KO mice. As shown by histology, additional
Ripk1 deletion resulted in a marked decrease of necrotic
foci, compared to IKKa/bLPC-KO mice (Supporting Fig.
S4A), which was already observed in 5-week-old, but
not in 3-week-old, mice (Supporting Fig. S4B). Regarding apoptotic cell death, CASPASE-3 showed—if at
all—a minimal, nonsigniﬁcant trend to lower cleavage
levels upon additional Ripk1 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 evidence that RIPK1 is nonessential for the mediation of
apoptosis, but necessary for the mediation of necrosis in
Ikka /Ikkb-deﬁcient hepatocytes. Given that these celldeath analyses did not explain the differences in carcinogenesis and cholestasis between IKKa/bLPC-KO and
IKKa/b/RIPK1LPC-KO 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 IKKa/bLPC-KO mice. To test this, we
stained young (3-, 5-, and 8-week-old) and older (26to 40-week-old, age- and sex-matched) WT, IKKa/
bLPC-KO, and IKKa/b/RIPK1LPC-KO livers for Ki-67.
Young IKKa/b/RIPK1LPC-KO livers showed a trend to
higher levels of Ki-671 LPCs upon additional Ripk1
deletion, whereas LPC proliferation was signiﬁcantly
higher in older IKKa/b/RIPK1LPC-KO livers, compared
to IKKa/bLPC-KO mice, suggesting an antiproliferative
function of RIPK1 in IKKa/bLPC-KO mice (Fig. 3B and
Supporting Fig. S4D). To further provide evidence
for the functional relation between RIPK1, apoptosis,
and compensatory proliferation in IKKa/bLPC-KO
mice, we performed a correlation analysis between cl.
CASP-31 and Ki-671 LPCs as well as necrotic areas
and Ki-671 LPC in young mice (Fig. 3C). Interestingly, a signiﬁcant positive correlation was detected
between cl. CASP-31 and Ki-671 LPCs in IKKa/b/
RIPK1LPC-KO livers (Fig. 3C) and NEMOLPC-KO
livers (Supporting Fig. S5), both of which develop
liver cancer. In contrast, such a correlation was not
observed in IKKa/bLPC-KO mice (Fig. 3C). Moreover, 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 Ripk1 deletion on biliary
cell homeostasis in IKKa/bLPC-KO livers, we next analyzed expression of RIPK1, RIPK3, IKKa, IKKb, and
NEMO in isolated and sorted CD3261 cells (cholangiocyte population(30)) and compared it to the CD326- fraction by quantitative real-time polymerase chain reaction
(qRT-PCR). This analysis revealed no difference in
expression levels of RIPK1, IKKa, and IKKb between
both compartments, whereas RIPK3 expression was
slightly decreased in the CD3261 fraction (Fig. 3D). In
line with this, double staining of pan-CK and Ki-67
revealed proliferating bile duct cells in IKKa/b/
RIPK1LPC-KO, but not in IKKa/bLPC-KO, livers (Fig.
3E), suggesting that similar regulatory mechanisms were
activated in hepatocytes and cholangiocytes. Interestingly, we could detect some proliferating bile ducts cells in
3-week-old WT, IKKa/bLPC-KO, and IKKa/b/
RIPK1LPC-KO mice, demonstrating normal development 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 IKKa/b/RIPK1LPC-KO
mice, but not in WT and IKKa/bLPC-KO mice. Double
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FIG. 2. RIPK1 promotes cholestasis and biliary paucity, but prevents tumorigenesis, in IKKa/bLPC-KO livers. (A) Representative
macroscopic pictures of 8-week-old WT, IKKa/bLPC-KO, and IKKa/b/RIPK1LPC-KO mice and body weight analysis (n 5 4). (B)
Representative pictures of 8-week-old WT, IKKa/bLPC-KO, and IKKa/b/RIPK1LPC-KO livers. (C) Kaplan-Meier curve showing survival of WT, IKKa/bLPC-KO, and IKKa/b/RIPK1LPC-KO mice until 42 weeks of age. (WT, n 5 89; IKKa/bLPC-KO, n 5 37; IKKa/
b/RIPK1LPC-KO, n 5 51). (D) Serum-level analysis of ALT, total serum bilirubin, and AP in 7- to 9-week-old WT, IKKa/bLPC-KO,
and IKKa/b/RIPK1LPC-KO mice. (E) Pan-CK staining and statistical quantiﬁcation of intrahepatic bile ducts on representative liver
parafﬁn sections from WT, IKKa/bLPC-KO, and IKKa/b/RIPK1LPC-KO mice (n 5 5). (F) Representative macroscopic pictures of livers of 38-week-old IKKa/bLPC-KO and IKKa/b/RIPK1LPC-KO mice. Results are shown as mean; error bars denote SEM. *P < 0.05;
**P < 0.01.


staining of liver tissue against pan-CK and cl. CASP-3
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

cl. CASP-3 in 5-week-old IKKa/bLPC-KO and IKKa/
b/RIPK1LPC-KO mice, but not in WT mice. These
data support our idea of an antiproliferative function of
RIPK1. In 5-week-old IKKa/bLPC-KO mice, we
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FIG. 3. RIPK1 inhibits compensatory LPC proliferation and
accumulation of LPC with
DNA damage in IKKa/bLPC-KO
mice. (A) Histological analysis
and statistical quantiﬁcation of
cl. CASP-31 LPCs in WT,
IKKa/bLPC-KO, and IKKa/b/
RIPK1LPC-KO mice (n 5 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 sexmatched) WT, IKKa/bLPC-KO,
and IKKa/b/RIPK1LPC-KO mice
(n 5 5). (C) Correlation analysis
between Ki-671 cells with cl.
CASP-31 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 CD3261 cells (cholangiocytes) by qRT-PCR. Combined
values of two independent isolations. (E) Representative IHC of
liver sections from WT, IKKa/
and
IKKa/b/
bLPC-KO,
RIPK1LPC-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 c-H2A.X antibody (n 5
5). Results are shown as mean;
error bars denote SEM. *P <
0.05; **P < 0.01. Abbreviation:
n.s., not signiﬁcant.


discovered apoptotic bile cells, but no compensatory
proliferation, whereas we could detect both in 5-weekold IKKa/b/RIPK1LPC-KO mice.
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It was recently shown that RIPK1 maintains DNA
integrity and that dysfunction of RIPK1 led to accumulation of lung cancer and MEF cells with increased
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phosphorylation of H2A.X (c-H2A.X),(31) a widely used
marker for DNA double-strand breaks and DNA damage and repair.(32,33) In addition, it was shown that cH2A.X levels are increased in preneoplastic lesions of
HCC.(34) In line with this, the number of c-H2A.X1
LPCs was signiﬁcantly higher in livers of young and old
IKKa/b/RIPK1LPC-KO mice, compared to IKKa/bLPCKO
animals (Fig. 3F). Together, these ﬁndings suggest
that RIPK1 inhibits compensatory cell proliferation and
accumulation of c-H2A.X1 cells in livers of IKKa/bLPCKO
mice, thereby impeding carcinogenesis but promoting
biliary paucity and cholestasis.
To exclude that additional Ripk1 deletion reestablished activation of NF-jB in IKKa/bLPC-KO mice,
we performed western blotting analysis for IjBa and
electrophoretic mobility shift assay (EMSA) analysis,
both of which conﬁrmed that NF-jB activation was
similarly abolished in IKKa/b/RIPK1LPC-KO mice
(Supporting Fig. S6A,B). In line with this, qRT-PCR
analysis showed similar expression levels of TNFa and
interleukin-6 between IKKa/bLPC-KO mice and IKKa/
b/RIPK1LPC-KO mice (Supporting Fig. S6C), arguing
against an NF-jB-dependent effect on cytokine production driving the difference in compensatory LPC
proliferation between the two mouse lines.

IKKa AND IKKb COLLABORATE
IN MEDIATING CONSTITUTIVE
PHOSPHORYLATION OF RIPK1 IN
LPCs
Based on the fact that the RIPK1-dependent phenotype of cholestasis was only noted in IKKa/bLPC-KO
mice, but not NEMOLPC-KO animals, we hypothesized that it depended on the kinase function of the
catalytic IKK subunits. To test this, we used an alternative approach to block catalytic IKK activity in the
presence of NEMO and generated mice with conditional Ikkb-deletion in LPCs and constitutive expression of a kinase-dead mutant form of IKKa(35)
(IKKaAA/AA/IKKbLPC-KO). Coimmunoprecipitation
experiments conﬁrmed that the mutant IKKaAA form
still bound to NEMO in IKKaAA/AA/IKKbLPC-KO
livers, whereas—as expected—only free NEMO molecules were detected in IKKa/bLPC-KO animals (Fig.
4A). Of note, serological and histological examination
revealed the presence of cholestasis, reduction of intrahepatic bile ducts, as well as presence of necrotic areas
in IKKaAA/AA/IKKbLPC-KO livers (Fig. 4B-D). These
ﬁndings support the hypothesis that the kinase
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function of IKK subunits is required to suppress development of the spontaneous IKKa/bLPC-KO phenotype.
Based on the rescue of the NF-jB-independent
IKKa/bLPC-KO cholestasis phenotype through Ripk1
deletion, we hypothesized that this phenotype was
mediated through a kinase function of IKKa and
IKKb targeting RIPK1. Of note, it was recently demonstrated that RIPK1 activation can be both positively
and negatively regulated by phosphorylation,(36) suggesting that the catalytic IKKs might control RIPK1
activity by inﬂuencing its phosphorylation levels.
To test this, we speciﬁcally enriched the phosphoproteome in liver lysates from WT, IKKa/bLPC-KO,
IKKa/b/RIPK1LPC-KO, and NEMOLPC-KO mice, followed 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
NEMOLPC-KO livers (Fig. 5A, left panel). In contrast,
this signal was nearly absent in liver tissue of IKKa/bLPCKO
mice and completely vanished in IKKa/b/RIPK1LPCKO
livers (Fig. 5A, right panel). This ﬁnding suggests that
in WT and NEMOLPC-KO livers in the resting state,
IKKa and IKKb mediate constitutive phosphorylation of
RIPK1. To conﬁrm that the columns purify phosphorylated proteins, we treated the puriﬁed protein fraction of WT
liver lysates with k-protein phosphatase, resulting in
enhanced mobility of RIPK1 on sodium dodecyl sulfatepolyacrylamide gel electrophoresis/western blotting analysis (Fig. 5B), providing further evidence for the speciﬁcity
of this approach for detection of phosphorylated RIPK1 in
vivo. We also could detect binding of IKKa/b to RIPK1
in WT and NEMOLPC-KO mice 1 hours after stimulation
with lipopolysaccharide (LPS), but not in IKKa/b IKKa/
b/RIPK1LPC-KO mice (Supporting Fig. S7A).
To further substantiate this hypothesis and test whether IKKs can directly phosphorylate RIPK1, we performed an in vitro kinase assay using a recombinant form
of IKKa or IKKb, respectively, and an N-terminal fragment of RIPK1 containing the kinase domain as a substrate in the presence of the RIPK1 inhibitor, necrostatin
1 (Nec-1),(37) to prevent RIPK1 autophosphorylation.
Addition of IKKa as well as IKKb induced strong in
vitro phosphorylation of RIPK1 (Fig. 5C). To identify
speciﬁc IKK-dependent phosphorylation sites in RIPK1,
we immunoprecipitated RIPK1 from RIPK1/hemagglutinin (HA)/green ﬂuorescent protein (GFP)-transfected
human hepatoma cells (HepG2) as well as HEK 293T
cells treated with or without the IKK inhibitor, thiophenecarboxamide (TPCA-1), and performed a mass spectrometry analysis. We could repeatedly identify Serine

1225

KOPPE ET AL.

HEPATOLOGY, October 2016



FIG. 4. IKKaAA/AA/IKKbLPC-KO mice show intrahepatic bile duct paucity and cholestasis. (A) Immunoprecipitation of NEMO
from livers of WT, IKKa/bLPC-KO, and IKKaAA/AA/IKKbLPC-KO mice and western blotting analysis for the presence of IKKa.
Lysates were analyzed as indicated. (B) Serum level analysis of total bilirubin, AP, and ALT in male mice (n 5 5). (C) Pan-CK staining and statistical quantiﬁcation of intrahepatic bile ducts on representative liver parafﬁn sections from WT and IKKaAA/AA/
IKKbLPC-KO mice (n 5 5). (D) Representative H&E staining of liver parafﬁn sections of WT, IKKa/bLPC-KO, and IKKaAA/AA/
IKKbLPC-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-1dependent manner. Based on this ﬁnding and the fact
that Serine 330/331 had previously been identiﬁed as a
phosphorylation site not modiﬁed by autophosphorylation,(36,38) we decided to generate a Serine 330/331 to
alanine mutant (RIPK1S330/331A-HA-GFP). Mutant
(RIPK1S330/331A-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 transfected cells resulted in an even further viability reduction (Supporting Fig. S7B), suggesting that also
other phospho-acceptor sites in RIPK1 exist controlling cell viability. Taken together, these ﬁndings suggest 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 DOWNREGULATED 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. IKKa and IKKb 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 k-phosphatase treatment (2). (C) In vitro kinase assays with a recombinant form of human
IKKa or IKKb, 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 preincubated with the IKK inhibitor, TPCA-1, as indicated. (D) Phosphorylated peptides repeatedly identiﬁed in RIPK1-HA-GFP immunoprecipitated 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 ambiguous, whereas the other two sites show a 100% localization probability. (E) Representative pictures of Hu7 cells 24 hours after transfection 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 hepatocarcinogenesis. Thus, we performed an explorative
analysis of RIPK1 expression in a small collective of
human HCCs. For this, we compared protein

expression in liver needle biopsies and resection samples of 19 individual treatment-na€ıve human HCCs
(Supporting Fig. S8A; Supporting Table S1) with tissue 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, IKKa, and
IKKb, 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, IKKa, and IKKb 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 glyceraldehyde3-phosphate dehydrogenase (GAPDH; Fig. 6). Of
note, 5 of 19 HCC (P4, P7, P11, P14, and P21)
showed a strong reduction in RIPK1, IKKa, and
IKKb expression (Fig. 6). In these tumors, neither a
speciﬁc disease entity nor a speciﬁc histological subtype
could be clearly attributed to the subgroup of RIPK1and IKK-deﬁcient HCC (Supporting Table S1; Supporting Fig. S7). These provide initial evidence that
the tumor-suppressive function of RIPK1 shown here
might be of relevance in a presently undeﬁned subgroup 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-jB pathways.(39) Previous in
vivo studies examining the function of NF-jB in liver
cancer by targeting different molecules in the NF-jB
pathway led to controversial results, which, until now,
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could not be resolved.(40) Recently, several studies provided compelling evidence that IKK subunits might
control important cellular functions like cell death,
independently of NF-jB.(4,5) This suggested that contradicting ﬁndings on the functions of IKK subunits
and NF-jB in liver cancer might, at least in part, be
explained by previously unrecognized, NF-jBindependent functions of IKK subunits.(40) Here, we
show that the catalytic IKK subunits, IKKa and IKKb,
regulate different RIPK1-dependent pathways that
control intrahepatic programmed necrosis, hepatocarcinogenesis, 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.(36) Here, we provide evidence that
RIPK1 is constitutively phosphorylated by IKKa/
IKKb in the liver, an organ that is constantly challenged by stimuli transmitted from the gut microbiome.(41,42) In human hepatoma cells and HEK 293T
cells, we could identify two IKK-dependent phosphorylation sites, Serine 330/331 and Serine 416, which
could be down-regulated by treatment with the IKKinhibitor, TPCA-1. Interestingly, these two sites that
we identiﬁed in TPCA-1-treated cultured cells were
recently also found in an in vitro experimental
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FIG. 7. Model for RIPK1-dependent functions in IKKa/bdeﬁcient livers. Schematic model of RIPK1-dependent functions
spontaneously activated upon combined deletion or inhibition of
the two IjB-Kinase subunits, IKKa and IKKb.


setting.(43) supporting our hypothesis that these sites
are speciﬁcally regulated by IKKs. At present, it is
unclear whether IKKa and IKKb redundantly target
these respective sites in vivo or whether IKKa and
IKKb target speciﬁc sites in RIPK1. Moreover, it
remains to be determined whether additional
phospho-acceptor sites are directly or indirectly targeted by IjB-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 IjBa-directed activity of the IKK complex in
response to TNF stimulation,(21) it was previously
shown that IKKa and IKKb can constitutively phosphorylate the NF-jB subunit, p65, in liver cells independently of the presence of NEMO.(22) In this line of
thought, our present data provide further evidence that
IjBa-independent kinase functions of the IKK complex can be constitutively active independently of
NEMO.

KOPPE ET AL.

In contrast to IKKa/b/RIPK1LPC-KO mice, animals
with conditional deletion of the RelA/p65 subunits
neither develop any spontaneous apoptosis nor liver
cancer.(22,23) This difference to the IKKa/b/
RIPK1LPC-KO phenotype might be explained by the
formation and nuclear translocation of RelA/p65independent NF-jB dimers in RelA conditional
knockouts, providing a level of NF-jB activity that
prevents spontaneous activation of complex IIA and
apoptosis. Next to complex IIA, a complex, IIB, was
previously described mediating CASPASE-3dependent apoptosis depending on RIPK1, FADD,
and CASPASE-8.(10,11) Our present ﬁndings suggested that this pathway did not contribute signiﬁcantly to the spontaneous phenotype observed in IKKa/
bLPC-KO mice. However, it was previously shown that
mice with conditional Ikka /Ikkb 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.(22) Thus, it is
possible that complex IIB containing RIPK1 might
contribute to LPC apoptosis upon LPS/TNF stimulation rather than to spontaneous apoptosis in IKKa/
bLPC-KO mice.
In addition to their role in NF-jB activation, we
show here that IKKa and IKKb suppress spontaneous
activation of RIPK1-dependent pathways with distinct
biological outcomes (Fig. 7). First, IKKa/bLPC-KO
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,(7,8) it was recently suggested that RIPK1 might
not mediate, but rather inhibit, necroptosis in gut or
skin epithelial cells.(44) Our present data that IKKa/b/
RIPK1LPC-KO mice showed a strong reduction in
necrosis, compared to IKKa/bLPC-KO mice, argue for
an essential role of RIPK1 in liver cells.
Finally, our data suggest that RIPK1 in IKKa/bLPCKO
mice controlled a response pathway to apoptosis
that inhibited the accumulation of c-H2A.X1 LPCs
and compensatory LPC proliferation, ultimately preventing 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
IKKa/b/RIPK1LPC-KO mice was lower than previously
shown for NEMOLPC-KO animals, who have a 100%
tumor penetrance.(15) This is most likely attributed to
the fact that apoptosis and carcinogenesis in
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NEMOLPC-KO animals also relies on complex IIb that
contains RIPK1(45) and is therefore not functional in
hepatocytes of IKKa/b/RIPK1LPC-KO mice.
Interestingly, biliary paucity and lethal cholestasis in
IKKa/bLPC-KO mice strictly correlated with the presence of RIPK1, but not RIPK3. Our ﬁndings on
defective proliferation rates of RIPK1-competent
IKKa/bLPC-KO livers, together with the fact that
young NEMOLPC-KO mice show a strong ductular
reaction and expansion of oval cells to maintain biliary
integrity in a context of chronic inﬂammation,(15) suggest that an insufﬁcient biliary regeneration attributed
to the presence of (hypophosphorylated) RIPK1 is the
main reason for biliary paucity in IKKa/bLPC-KO livers. Interestingly, it was previously shown that RIPK1
and Jun-(N)-terminal kinase 1 can mediate necrosis of
cells by inducing mitochondrial dysfunction.(46) Therefore, we can presently not exclude that some IKKdeﬁcient biliary cells might preferentially undergo
RIPK1-dependent cell death, contributing to the net
decrease of biliary cells in IKKa/bLPC-KO livers.
In conclusion, our data provide evidence that IKKa
and IKKb control different RIPK1-dependent signaling 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 pharmacological strategies in patients with chronic liver
disease, liver cancer, and cholestasis.
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