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Sublethal necroptosis signaling promotes

inflammation and liver cancer
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e Low RIPKS3 expression in hepatocytes enables sublethal
necrosome activation in vivo

e Sublethal necroptosis signaling triggers cytokine release,
fueling hepatocarcinogenesis

e NF-«B inhibition promotes lethal necroptosis, preventing
cytokine release and HCC

e Converting sublethal to lethal necroptosis represents an
anticancer strategy in the liver
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In brief

The role of necroptosis in cancer
development is not well understood.
Vucur et al. show that in hepatocytes with
low RIPK3 expression, parallel NF-«xB
activation triggers sublethal necrosome
activation, driving inflammation and
hepatocarcinogenesis. Switching to
lethal necroptosis through NF-«xB
inhibition limits immune responses and
prevents liver cancer.
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Sublethal necroptosis signaling promotes
inflammation and liver cancer

Mihael Vucur,’* Ahmed Ghallab,?2 Anne T. Schneider," Arlind Adili,* Mingbo Cheng,®> Mirco Castoldi,’ Michael T. Singer,’
Veronika Buttner,' Leonie S. Keysberg,! Lena Kiisgens,' Marlene Kohlhepp,® Boris Gérg,’ Suchira Gallage,*”

Jose Efren Barragan Avila,* Kristian Unger,® Claus Kordes,' Anne-Laure Leblond,® Wiebke Albrecht,? Sven H. Loosen,’
Carolin Lohr," Markus S. Jordens,! Anne Babler,'? Sikander Hayat,'? David Schumacher,'® Maria T. Koenen,’

Olivier Govaere,'2 Mark V. Boekschoten,'2 Simone Jors,'“ Carlos Villacorta-Martin,’> Vincenzo Mazzaferro,'®

Josep M. Llovet,'5:7.18 Ralf Weiskirchen,'® Jakob N. Kather,?° Patrick Starlinger,?' Michael Trauner,??> Mark Luedde,?®

(Author list continued on next page)

1Department of Gastroenterology, Hepatology and Infectious Diseases, University Hospital Dusseldorf, Medical Faculty at Heinrich Heine
University Dusseldorf, Dusseldorf, Germany

2| eibniz Research Centre for Working Environment and Human Factors (IfADo), Technical University Dortmund, Dortmund, Germany
3Department of Forensic Medicine and Toxicology, Faculty of Veterinary Medicine, South Valley University, Qena, Egypt

4Department of Chronic Inflammation and Cancer, German Cancer Research Institute (DKFZ), Heidelberg, Germany

SInstitute for Computational Genomics, RWTH Aachen University, Aachen, Germany

6Department of Hepatology and Gastroenterology, Charité — Universitatsmedizin Berlin, Campus Virchow Klinikum and Campus Charité
Mitte, Berlin, Germany

“The M3 Research Institute, Eberhard Karls University, Tiibingen, Germany

8Research Unit of Radiation Cytogenetics, Helmholtz Zentrum Miinchen, German Research Center for Environmental Health, Neuherberg,
Germany

9Department for pathology and molecular pathology, Ziirich University Hospital, Zurich, Switzerland

10|nstitute of Experimental Medicine and Systems Biology and Department of Nephrology, RWTH Aachen University, Medical Faculty,
Aachen, Germany

11Department of Medicine, Rhein-Maas-Klinikum, Wirselen, Germany

12Department of Imaging and Pathology, KU Leuven and University Hospitals Leuven, Leuven, Belgium

13Nutrition, Metabolism and Genomics Group, Division of Human Nutrition and Health, Wageningen University, Wageningen, the Netherlands
14Second Department of Internal Medicine, Klinikum Rechts der Isar, Technische Universitat Miinchen, Germany

15Division of Liver Diseases, Liver Cancer Program, Department of Medicine, Tisch Cancer Institute, lcahn School of Medicine at Mount Sinai,
New York, NY, USA

16Gastrointestinal Surgery and Liver Transplantation Unit, National Cancer Institute, University of Milan, Milan, Italy

(Affiliations continued on next page)

SUMMARY

It is currently not well known how necroptosis and necroptosis responses manifest in vivo. Here, we uncov-
ered a molecular switch facilitating reprogramming between two alternative modes of necroptosis signaling
in hepatocytes, fundamentally affecting immune responses and hepatocarcinogenesis. Concomitant ne-
crosome and NF-kB activation in hepatocytes, which physiologically express low concentrations of recep-
tor-interacting kinase 3 (RIPK3), did not lead to immediate cell death but forced them into a prolonged “sub-
lethal” state with leaky membranes, functioning as secretory cells that released specific chemokines
including CCL20 and MCP-1. This triggered hepatic cell proliferation as well as activation of procarcinogenic
monocyte-derived macrophage cell clusters, contributing to hepatocarcinogenesis. In contrast, necrosome
activation in hepatocytes with inactive NF-kB-signaling caused an accelerated execution of necroptosis,
limiting alarmin release, and thereby preventing inflammation and hepatocarcinogenesis. Consistently, intra-
tumoral NF-kB-necroptosis signatures were associated with poor prognosis in human hepatocarcinogene-
sis. Therefore, pharmacological reprogramming between these distinct forms of necroptosis may representa
promising strategy against hepatocellular carcinoma.

INTRODUCTION noma (HCC), the common end stage of chronic liver diseases,

arises almost exclusively in the context of chronic hepatic inflam-
Cancer development and response to therapy are strongly influ-  mation.? Hepatocellular death occurs in almost all types of hu-
enced by innate and adaptive immunity.’ Hepatocellular carci- man liver disease and represents the most critical molecular
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event related to inflammatory responses.® While many different
forms of regulated cell death have been described so far, nec-
roptosis in particular has been attributed a major role in driving
metabolic liver diseases such as alcoholic and nonalcoholic
steatohepatitis (ASH and NASH, respectively),”® which are
among the main causes for HCC development.® Necroptosis re-
lies on the activation of the necrosome—a molecular complex
consisting of the kinases receptor-interacting kinase 1 (RIPK1)
and RIPK3 and the pseudokinase MLKL.”®

In general, necroptosis is thought to be a highly reactive form of
cell death triggering strong inflammation by the release of immu-
nostimulatory intracellular components called damage-associ-
ated molecular patterns (DAMPs), which are exposed to immune
cells after cell-membrane rupture.® However, it is currently un-
clear whether an MLKL-activated cell always executes cell death
or if sublethal forms of necroptosis exist.'%'? This may be impor-
tant considering that necroptosis execution, DAMP-release, im-
mune-cell activation, and thus the long-term biological conse-
quences of necroptosis activation could vary substantially in a
given disease context."’ To date, there are very few examples
of clinical trials targeting necroptosis in human disease,'® which
is mainly due to the fact that it is difficult to unequivocally detect
necroptotic cell death in human disease.'*'® Moreover, thereis a
potential risk that necroptosis targeting may inadvertently acti-
vate alternative cell-death forms."®'”

Here, we show that a molecular switch exists in hepatocytes
that determines the mode of execution as well as the biological

responses following activation of the necroptosis pathway
in vivo, thereby promoting or inhibiting immune-cell activation
and subsequent hepatocarcinogenesis. Reprogramming of nec-
roptosis responses, rather than inhibiting necroptosis itself,
could therefore represent a strategy to prevent cancer develop-
ment in patients with chronic liver diseases.

RESULTS

Chronic activation of the necroptosis pathway in liver
parenchymal cells correlates with remodeling of the
hepatobiliary architecture

We ablated Traf2—an adapter protein for the E3-ubiquitin-ligases
clAP1 and clAP2'®'® inhibiting apoptosis and necroptosis®®—in
liver parenchymal cells LPC2™#2 (LPC) mice (Figure S1A). As ex-
pected,”’ this led to hepatitis, reflected by elevated serum con-
centrations of aspartate aminotransferase (AST), alanine amino-
transferase (ALT), and glutamate dehydrogenase (GLDH)
(Figure S1B). Histological analysis revealed no gross abnormal-
ities, despite a pronounced ductular reaction in some portal tracts
in LPC2™"2 |ivers compared with wild-type (WT) controls (Fig-
ure S1C). Moreover, LPC*™#"2 livers showed spontaneous hepa-
tocyte apoptosis demonstrated by immunohistochemistry (IHC)
for cleaved caspase-3 (Figures S1D and S1E). We also treated
LPCA7"2 and WT mice with bacterial lipopolysaccharide (LPS),
which resulted in pronounced apoptosis and liver injury in
LPCAT22 bt not in WT livers (Figures S1F-S11). We also isolated
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Figure 1. Chronic activation of necroptosis correlates with remodeling of the hepatobiliary architecture
(A) Immunoblot analysis of extracts from primary hepatocytes treated with TNF (50 ng/mL). L929 extracts stimulated with TNF (T) and zVAD (Z) were used as

controls.
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and stimulated primary hepatocytes from LPC*" mice with re-

combinant TNF, which led to strong activation of apoptosis, as
well as slight phosphorylation of MLKL as a surrogate for necrop-
tosis activation in TRAF2-deficient hepatocytes (Figure S1J).

To functionally dissect the specific role of necroptosis from
apoptosis in the context of Traf2-deletion, we ablated Casp8 in
LPCA™2 mice to block apoptosis activation (LPCAT8/2: Casp8
mice) (Figure S2A). As expected, caspase-3 cleavage was
only detected in hepatocytes of LPC*™2 mice, but not in
LPCATAfR2: Casp8 mice (Figures S1D, S1E, and S2B). In line,
markers of hepatocyte injury were markedly reduced in
LPCAT™ a2 Casp8 mice compared with LPCA7# mice, suggesting
that liver injury in LPCA7™®?2 mice was partially caused by
apoptosis (Figure S2C). However, LPCAT@2 Casp8 mjce sill
showed increased concentrations of ALT and AST indicating
that liver injury was still present (Figure S2C).

To assess activation of necroptosis in LPCAT@2 €asP8 mice,
we performed immunoblot analyses on lysates from primary he-
patocytes, which showed low RIPK3 expression (Figure 1A). An
IHC analysis and quantification of RIPK3 expression in murine
livers confirmed previous data®” that RIPK3 was only weakly ex-
pressed in hepatocytes of WT livers compared with immune cells
and was slightly increased in hepatocytes of LPCA"#?2 and
LPCATa™2, Casp8 mice  put still to a lesser extent than in immune
cells and biliary cells (Figures 1B and S2D), respectively. Low
RIPK3 expression in hepatocytes in vivo was confirmed by in
situ hybridization (ISH) analysis (Figure S2E).

In line with low RIPK3 expression in primary hepatocytes, we
detected low phosphorylation of MLKL in both the absence
and presence of exogenous TNF (Figure 1A). Of note,
LPCATAf2: Casp8 hanatocytes showed increased Tnf mRNA
expression, which may have contributed to MLKL phosphoryla-
tion over time in untreated hepatocytes (Figure S2F). To further
investigate the role of TNF in liver injury in LPCAT™@?2 Casp8
mice, we treated LPCA722 Ca5r8 mjce with the TNF inhibitor eta-
nercept for 2 weeks. This experiment did not result in a signifi-
cant improvement of liver injury (Figure S2G).

Histologically, 6-week-old LPCAT@2 €208 mice displayed a
severe spontaneous liver phenotype with advanced fibrosis
and porto-portal bridging (Figure 1C). Analyses in younger
mice showed a normal histology at postnatal day 1, arguing
against a defect in embryonic development in LPCAT82 Casp8
mice (Figure S2H). Notably, porto-portal bridging was already
detected in 21-day-old mice (Figure S2H). Immunohistochemical
characterization of 6-week-old mice revealed that the Sirius red
positive fibrous septa contained «-SMA-positive activated he-
patic stellate cells, and a prominent pan-cytokeratin (CK)- and
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SOX9-positive, AB-negative ductular reaction (Figure 1C).
Accordingly, biliary differentiation was confirmed by electron mi-
croscopy (Figure S2l). Three-dimensional surface-reconstruc-
tion of CK19 stainings revealed the strong extent of altered biliary
architecture (Figure 1D). Consistently, serum concentrations of
bilirubin and alkaline phosphatase (AP) were elevated in
LPCATAf2: Casp8 mice (Figure 1E). IHC stainings revealed that
the mixed interportal infilirate contained multiple immune cells
(Figure 1C). Immune-cell infiltration in LPCAT82 Case8 |iyerg
was associated with increased expression of TRAF2 and
caspase-8 in an immunoblot analysis performed on whole-liver
protein extracts (Figure S2J). However, IHC analysis of liver
slides from 6-to-8-week old mice showed that caspase-8 was
only expressed in nonparenchymal cells and absent in hepato-
cytes from LPCAT2 Casp8 mice (Figures S2K and S2L). In line,
gRT-PCR analyses on RNA extracts from isolated and purified
hepatocytes from 6-to-12-week-old mice confirmed deletion of
Traf2 and Casp8 in primary hepatocytes from LPCAT2 Casp8
mice (Figure S2M). Finally, LPCATa2 CasP8 |iyers displayed
increased cell proliferation (Figures 1F-1H). Collectively, co-
deletion of Traf2 and Casp8 in LPC correlated with remodeling
of the hepatobiliary architecture featuring massive inflammation,
fibrosis, and liver-parenchymal-cell proliferation.

Chronic activation of the necroptosis pathway in
LPCATraf2 Casp8 yice drives hepatocarcinogenesis

At 52 weeks of age, all LPCAT@2 Casp8 mjice (13/13) but none of
the LPCA7™"2 (0/6) or WT (0/9) mice showed multiple hepatic tu-
mors (Table S1) and increased liver-to-body-weight ratios (Fig-
ure 2A) as signs of malignancy. Histologically, these tumors dis-
played characteristic features of HCC as demonstrated by H&E,
loss of collagen type IV, and increased GP73 staining (Figures 2B
and 2C). To test if cancer development in LPCAT?2 Casp8 mice
was mediated by necroptosis, we interbred LPCAT@?2 Casp8
mice with Ripk3~'~ animals (LPCA72"2 CasP8_Rink3~/~ mice) (Fig-
ure S2N). Of note, LPCAT2 Casp8_Rink3~/~ mice did not show
signs of tumor development at the age of 52 weeks (0/11) (Fig-
ure 2D; Table S1). We additionally performed array-CGH anal-
ysis®® on histologically microdissected liver tumors from
LPCATAf2: Casp8 mice and compared the patterns of chromo-
somal aberrations with areas of disturbed microarchitecture in
LPCATE2 and LPCAT22 Casp8_Rink3~/~ mice (Figure 2E). This
analysis revealed that HCC from LPCAT@™2 €asP8 mice displayed
multiple genetic gains and losses, while no genetic alterations
were detected in livers of LPCAT@2 and LPCATa?2 Casps_
Ripk3~'~ mice. To confirm that necroptotic signaling in LPC
was the driver of the cancer phenotype in LPCAT2 Casps

(B) IHC analyses of RIPK3 on liver-tissue sections from 6-week-old mice. Scale bars: 200 and 25 um for magnifications.
(C) H/E, Sirius red (sRed), and IHC analyses of SOX9, pan-cytokeratin (panCK), aSMA, A6, F4/80, CD3, and B220 on liver-tissue sections from 6-week-old mice.

Scale bars: 50 pm.

(D) 3D reconstruction of the biliary system through serial stainings with antibodies against CK19 on liver sections from 6-week-old mice. Scale bars: 100 and

20 pum for magnifications.

(E) Serum analysis of bilirubin and AP in 6-week-old mice. Results are shown as mean, (n = 8), n.s.: not significant.
(F and G) IHC analysis of Ki67 on liver-tissue sections from 6-week-old mice. Scale bar, 50 pm.

(H) Immunoblot analysis of whole-liver protein extracts from 6-week-old mice.

**p<0.01,**p <0.001, ***p < 0.0001; ordinary one-way ANOVA with Tukey’s multiple-comparisons test or Kruska-Wallis test with Dunn’s multiple-comparisons

test, respectively.
See also Figures S1 and S2.
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Figure 2. Chronic activation of the necrosome in LPCA72 €asp8 mjce drives liver cancer formation

(A) Liver to body-weight ratios were measured in 50-to-55-week-old mice; n

(legend continued on next page)
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CATraf2, Casp8 mice with Miki-floxed mice

mice) as well as Ripk1-floxed mice
(LPCATr2: Casp8, Ripkl mice)?! (Figure S2N). Of note, additional
Mikl deletion as well as Ripk1 deletion led to a similar rescue of
the LPCATaf2: Casp8 nhenotype as shown for Ripk3 deletion (Fig-
ure 2F; Table S1). Together, these findings suggested that
RIPK1-RIPK3-MLKL-dependent necroptosis signaling pro-
moted hepatocarcinogenesis in LPCA7?2 CasP8 mjce,

mice, we crossed LP
(LPCATrafZ Casp8, Mikl

NF-kB-activation is a prerequisite for necroptotic
hepatocarcinogenesis

The fact that RIPK3 promoted inflammation and hepatocarcino-
genesis in LPCAT@? Casp8 mice conflicted with our previous find-
ings in mice with genetic ablation of the kinase Tak7 in LPC
(LPCAT#") 24 in which RIPK3 inhibited hepatocarcinogenesis
due to an unknown mechanism.'® TAK1 is required to activate
the catalytic IKK subunits,”® and LPCs lacking Tak7 display a
complete block of NF-kB activation.’*?® By contrast, it has
been previously shown that TRAF2 deletion in mouse embryonic
fibroblasts (MEFs) resulted in constitutive hyperactivation of NF-
kB.%” We confirmed basal and inducible NF-xB hyper-activation
in livers and primary hepatocytes from LPC*"# mice by electro-
phoretic mobility shift assay (EMSA) (Figures S3A and S3B).
Therefore, we hypothesized that the activation status of the
IKK complex and the NF-kB pathway might determine if
RIPK3-dependent necroptosis is pro- or antitumorigenic.

To test this hypothesis, we crossed LPCAT@2 €asp8 mice with
Ikbkb-floxed (IkkpB) mice to generate LPCAT? Casps, Ikokb e
(Figure S3C). As expected, additional deletion of /kkp abrogated
spontaneous and TNF-induced NF-«kB activation in primary hepa-
tocytes from LPCAT32 Ca08 mice as demonstrated by EMSA
(Figure 3A) and by expression analysis for the NF-«xB target
gene A20 in whole liver extracts (Figures 3B and 3C). Additional
ablation of Ikkf rescued the ductular-reaction phenotype seen in
6-week-old LPCAT@2 Casp8 mjce (Figure 3D). However, young
LPCATraf2, Casp8, Ikokb hice showed the presence of focal hepato-
cellular necrotic lesions (Figure 3D). These necrotic lesions went
along with rising liver enzymes as a surrogate for increased liver
injury, but reduced cholestasis parameters (Figure S3D). Of
note, liver tumors were not detected in 52-week-old LPCA72
Casp8, Ikbkb mice (0/11) (Figure 3D; Table S1). However, array-
CGH analysis on microdissected, histologically disturbed areas
from old LPCAT@2 Casp8, Ikbkb 16 showed that chromosomal ab-
errations could still be detected, but to a lesser extent than those
seen in tumors from LPCAT32 Casp8 mice (Figure 3E).

IKKs were implicated in the modulation of RIP kinase activity in
an NF-kB-independent manner.”**®2° Therefore, to exclude that
an NF-«kB independent function of IKKB mediated the phenotype
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of LPCATa™2 Casp8 mjce  we inhibited NF-kB through alternative
targeting approaches. Additional ablation of the regulatory IKK
subunit Nemo (LPCATaf2: Casps, Ikbkg) o the NF-kB subunit Rela
(065) (LPCATa?2: Casp8, Relay rogjited in a similar rescue of the
phenotype as seen upon additional /kkf ablation (Figures 3F
and S3E; Table S1), arguing for a crucial function of NF-xB
signaling and against an NF-«B-independent effect of IKKp in
the mediation of necroptotic carcinogenesis in LPCAT3/2 Case8
mice. Of note, all additional genetic constellations of sponta-
neous necroptosis activation in a setting of NF-«kB inhibition
(LPCAKkg, Casp8 | pCATakt. Caspdy displayed similar necrosis
areas as previously detected in LPCAT@/2: Casp8, lkbkb mice put
were rescued from cancer development (Figure S3F).

As impaired TRAF2 signaling is also known to be related to
activation of noncanonical NF-«kB signaling,>*®' we tested
p100 expression and cleavage to p52 by immunoblot in primary
hepatocytes and liver extracts. Cleavage to the p52 form was
induced in hepatocytes and livers of LPCAT@?2 Case8 gng
LPCATA2: Casps_pink3=/~ mice but not in WT mice (Figure 3G).
Moreover, additional deletion of /kkp abolished the expression
of p100, resulting in the absence of the p52 cleavage form in
these mice (Figure 3G). This finding confirmed the functional
interconnection between canonical and noncanonical NF-kB
signaling.®” Collectively, these results showed that inactivation
of NF-«kB in hepatocytes with activated necroptosis resulted in
the formation of necrotic foci that did not progress to HCC. By
contrast, hyperactivation of NF-kB in hepatocytes with activated
necroptosis signaling promoted hyperproliferation and HCC
development.

An NF-«B necroptosis signature predicts clinical
outcome of liver cancer patients

We aimed at providing evidence that combined NF-«xB and
necroptosis signaling might influence the prognosis of human
HCC. Similar to mice, we confirmed low RIPK3 expression in
hepatocytes from healthy liver tissue as well as in liver tissue
from NASH patients by ISH analysis (Figure S3G). Next, we
compared the gene expression profiles of murine LPCA782
Casp8 Jiver tumors with human HCCs. For this, we first per-
formed an RNA-sequencing analysis in tumors from
52-week-old LPCAT@?2 Case8 mice. Unsupervised clustering
of expression data discriminated LPCA7T@2 CasP8 yymors
from nontumoral liver tissue (Figure 4A). Differential gene
expression (Figure 4B; Table S2) showed upregulation of
genes whose human orthologs are recurrently upregulated in
HCC patients®*** (Figure 4C). As predicted, gene set enrich-
ment analysis (GSEA) showed significant enrichment of gene
sets related to cell-cycle, proliferation, inflammation, and

(C) H/E and IHC (GP73, panCK) analysis on liver paraffin sections from 52-week-old LPCA7"?: Casp8 mice indicating HCC development. Scale bars: 100 um for

H/E and panCK; 500 um for GP73.

(D) H/E and Col-IV stainings showing a rescue of liver pathology by additional deletion of Ripk3 in LP

CATraf2, Casp8 mice. Scale bars: 100 um.

(E) Summary of comparative genomic hybridization (CGH) analysis from different hepatic tumors of LPCAT@?2 Casp8 mice (n = 8) and samples of areas with
disturbed histological architecture (no obvious tumors) from LPCA"" (n = 3) and LPCA7"2 CasP8_Rink3~/~ mice (n = 5) (50-to-55-week old). The g-arm of each
chromosome is shown and chromosome numbers are indicated. Dark horizontal bars within the symbolized chromosomes represent G bands. Chromosomal
deletions are indicated in blue, amplifications in red. Individual mice are labeled by horizontal collared bars.

(F) H/E of livers from 6-week-old mice. Scale bars: 200 um.

**p < 0.01, **p < 0.001. n.s., not significant; Kruska-Wallis test with Dunn’s multiple-comparisons test.

See also Figure S2 and Table S1.
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NF-«kB signaling (Table S2). Liver cancer signatures associ-
ated with aggressive clinical behavior in humans such as the
Proliferation->° or S1-subclasses®® were also significantly en-
riched in LPCAT@2 CasP8 yymors (Table S2).

We next applied comparative functional genomics and gener-
ated an “NF-kB necroptosis signature” from the LPCA72?2: Casp8
tumors (Table S2). Performance of the signature was tested in a
cohort of tumor samples from 228 HCC patients treated with sur-
gical resection.*? A total of 20/228 (8.7%) patients were predicted
with the NF-kB necroptosis signature (nearest template prediction
[NTP] method, FDR < 0.05) (Figure 4D). These patients were also
enriched in previously reported signatures associated with aggres-
sive tumors,*® including the Proliferation and S7-subclasses, both
also enriched in the LPCAT@2 Case8 tymors (Fisher exact test,
p < 0.05) (Figure 4D). Other signatures associated with biliary-pre-
cursor cell phenotypes such as the CK79-hum,*® CK19-rat,*® or
Notch signatures’® were also significantly enriched in patients
with the NF-kB necroptosis signature (Figure 4D). Moreover,
mRNA-expression of the necroptosis executor MLKL was higher
in these patients (Mann-Whitney U, p = 0.0006) compared with
those without the signature (Figure 4D). In terms of clinical out-
comes, patients with the NF-kB necroptosis signature had signif-
icantly higher rates of early tumor recurrence (<2 years after resec-
tion, p < 0.05) (Figure 4E). Taken together, these data indicate that
murine LPCAT@?2 Cap8 yymors show transcriptional features
resembling aggressive human HCC, suggesting that the activation
of NF-kB and necroptosis signaling represents a risk factor for an
unfavorable outcome of patients with liver cancer.

Necrosome activation is a prerequisite for chemokine
and cytokine release from NF-kB-activated

parenchymal cells

We aimed at further dissecting the molecular mechanisms link-
ing necrosome activation in LPC with NF-«B activation and hep-
atocarcinogenesis. We hypothesized that NF-xB might induce
transcription of inflammatory factors (cytokines and chemo-
kines) in hepatocytes, which might subsequently be released
from these cells through activation of necroptosis. We first per-
formed a transcriptional micro-array analysis on whole-liver
RNA extracts from 7-day-old mice because, at this age, the
phenotype was not yet fully established, therefore increasing
the likelihood to detect hepatocyte-specific transcriptional pat-
terns. As illustrated by heatmap analysis, LPCAT?2 Casp8 gpq
LPCAT@™, Casp8_pink3~/~ livers showed a similar expression
pattern at this age that was distinct from LPCAT@2 Casp8, lkokb

¢ CellP’ress

OPEN ACCESS

livers (Figure 5A), indicating an NF-xB-driven expression profile
in hepatocytes from LPCAT3/2 CasP8 mice,

Among the lists of genes with more than 2-fold upregulation in
LPCATaf2: Casp8 gng LPCAT2: Casp8_Rink3~/~ |ivers (with acti-
vated parenchymal NF-«B signaling) that were not upregulated
in LPCATaf2: Casp8, Ikbkb mice (Table S3), we identified Ccl20, a
known proinflammatory and procarcinogenic cytokine.*® RT-
gPCR and IHC analyses confirmed Ccl20 upregulation in
LPCAT™ a2 Casp8 gng | pCAT2: Casp8_Rink3—/~ Jivers at the age
of 6 weeks with strong protein expression in LPCs, which was
nearly absent in LPCATaf2: Casp8, Ikbkb |iyers (Figures 5B-5D). To
further test the hypothesis that despite transcriptional upregula-
tion, CCL20 would not be released from LPC if necroptosis is
blocked in LPCAT@?2 Case8_pink3—/~ |ivers, we measured
CCL20 concentrations in the serum of 6-week-old mice. This
analysis revealed that CCL20 was only elevated in the serum
of LPCAT?2, Casp8 mice  in which NF-kB and necroptosis were
both active (Figure 5E). Further analysis of known NF-kB-depen-
dent mitogenic and inflammatory cytokines by multiplex
enzyme-linked immunosorbent assay (ELISA) in 6-week-old
mice revealed that in addition to CCL20, also IL-6, MCP-1, and
TNF were also released into the serum of LPCAT8/2 Casp8
not in LPCATrafZ, Casp8, Ikbkb and LPCATrafZ, CaspB_Ripk3—/— or
LPCATaf2 Casps, Ripk mice (Figure 5F).

To provide further evidence for our hypothesis of a common
function of NF-kB- and necrosome activation in the process of
chemokine expression and release, we treated Traf2~’~ MEFs
with the necroptosis activating caspase-inhibitor zVAD (Fig-
ure 5G) to phenocopy LPCAT2 Casp8 mice. EMSA of WT and
Traf2™’~ MEFs confirmed spontaneous NF-kB activation in
TRAF2-deficient MEFs (Figure 5H). RT-gPCR-analysis on ly-
sates from these cells showed that TNF treatment strongly
induced Ccl20, Mcp1 and /6 mRNA expression in these cells.
In the case of Ccl20, the effect was partially abolished by
RIPK1 inhibition (Nec1 treatment), while NF-kB inhibition
(TPCA treatment) resulted in suppression of Ccl20, Mcp1, and
116 expression (Figure S3H). Consistently, an ELISA on superna-
tants revealed that TNF treatment resulted in MCP-1 and IL-6
release only in conditions of NF-kB and simultaneous necropto-
sis, whereas either inhibition of RIPK1 (Nec-1), NF-kB (TPCA) or
combined cell-death inhibition (zVad and Nec-1 [ZN]) fully in-
hibited cytokine release from these cells to the supernatants
(Figure 5G). Finally, we analyzed etanercept- and vehicle-treated
mice (Figures S3I and S3J) and found no effect on inflammation
and proliferation, but a downregulation of IL-6 and a partial

(B) gRT-PCR analysis of A20 mRNA expression (n = 6) in livers of 6-week-old mice. All values were normalized to B-actin expression. Results are expressed as

mean with SEM.

(C) Immunoblot analysis of the NF-«kB target gene A20 on whole-liver protein extracts from the indicated mice.

(D) H/E and Col-IV staining showing loss of tumor formation in 52-week-old LP

CATrafZ, Casp8, Ikbkb

mice but the appearance of necrotic foci surrounded by hy-

pereosinophilic hepatocytes (black arrows) in 6-week-old mice (black arrowhead) and mild periductal fibrosis in 52-week-old mice (white arrowhead). Scale

bars: 100 pm.

(E) Summary of CGH analysis on microdissected areas with disturbed histological architecture (no obvious tumors) in 4x LPCATa/2 Casps, Ikokb (48 _t_52_week-old)
mice, showing several chromosomal aberrations without the presence of HCCs. Chromosomal deletions are indicated in blue and ampilifications in red.

(F) Histological rescue of the observed phenotype seen in 6-week and 52-week-old LPCA7@?2: €08 mjice by additional deletion of either Nemo or RelA were
associated with the appearance of necrotic foci (black arrowheads). Scale bars: 100um.

(G) Immunobilot analysis of whole-liver protein extracts from 6-week-old mice) (upper panel) and protein extracts from primary, TNF-treated hepatocytes from 6 to

12-week-old mice (lower panel).
Results are expressed as mean with SEM.
See also Figure S3 and Table S1.

Hokk,

p < 0.001; §, significantly different compared with WT.
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Figure 4. An NF-«B necroptosis signature predicts clinical outcome of liver cancer patients
(A) Unsupervised clustering of RNA-seq data of LPCA7™@"2 CasP8 tymors (n = 11, 50-55-weeks old) and unaffected control tissue (LPCA2 CaP8_Ripk3~/~), n = 4,

50-to-54-weeks old).

(B) Volcano plot of differentially expressed genes between LPCA73"2 €28 tmors (n = 11) and control tissue (n = 4). x axis represents magnitude of the difference
as determined by logs fold change; y axis measures significance using log. FDR. Red dots show genes which are differentially expressed with FDR < 0.05 (tumor

versus control).

(C) Top expressed genes in the LPCA7@2 €208 tymors (n = 11) and control (n = 4).

(D) Human HCC samples with a positive prediction for the NF-kB necroptosis gene signature as determined by the NTP method (red bars). Predictions for
previously reported gene signatures are overlapped below (black bars). All listed are significantly enriched (Fisher exact test) in patients with the NF-kB nec-
roptosis signature including: proliferation® (P = 3E-6), S1°° (P = 1E-4), late TGF-B°’ (P = 2E-4), CK19-human®® (P = 4E-6), CK-rat™ (P = 6E-6), Notch“’ (P = 3E-4)

and Vascular Invasion®' (P = 2E-4).

(E) Kaplan-Meier curve for early tumor recurrence (<2 years following resection). Patients with the NF-kB necroptosis gene signature (n = 19) are shown in red. The

analysis included all patients from (E) for which survival data were available.
See also Figure S3 and Table S2.

decrease of MCP-1 in the serum of etanercept-treated LPCA74

Casp8 mjce (Figure S3K). By contrast, CCL20 serum concentra-
tions were slightly increased, indicating that TNF-dependent
and -independent mediators contributed to the phenotype
observed in LPCATa?: Case8 e,

Together, these findings indicated that NF-kB activation was
able to drive the expression of chemokines in hepatocytes and
MEFs while activation of the necrosome facilitated the release
of these respective factors.

Activation of NF-«kB and the necrosome synergistically
trigger hepatic infiltration with a profibrotic and
procarcinogenic subset of monocyte-derived
macrophages

We next examined how this molecular mechanism of cytokine
release related to the infiltration of specific immune-cell sub-
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sets that might contribute to fibrosis and cancer. IHC stain-
ings revealed an increase of F4/80* and CD3* immune cells
in LPCAT™f2: Casp8 jiyers (Figures S4A and S4B). By contrast,
immune-cell infiltrates in LPCAT™@?2 Casp8, Ikbkb mice were
spatially enriched in the focal areas of LPC necrosis (Fig-
ure S4C). To further char