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A B S T R A C T

Primary liver cancer ranks among the leading causes of cancer death worldwide. Risk factors are closely linked
to inflammation, such as viral hepatitis and alcoholic as well as non-alcoholic steatohepatitis. Among the
pathways involved in the pathogenesis of malignant liver tumors, dysregulation of NF-κB signaling plays a
prominent role. It provides a link between inflammation and cancer. To examine the role of NF-κB in a MYC-
induced model of hepatocellular carcinoma we deleted NEMO (IKKγ) specifically from hepatocytes. NEMO
deletion accelerated tumor development and shortened survival, suggesting a tumor-suppressive function of NF-
κB signaling. We observed increased proliferation, inflammation and fibrosis, as well as activation of MAPK and
STAT signaling. Importantly, deletion of NEMO modified the tumor phenotype from hepatocellular carcinoma to
combined hepatocellular cholangiocarcinoma. The intrahepatic cholangiocarcinoma tumor component showed
increased expression of progenitor markers such as Sox9 and reduced expression of mature hepatic markers such
as CPS1. In both cases tumorigenesis was reversible by turning off MYC expression.

To our knowledge this is the first mouse model of combined hepatocellular cholangiocarcinoma and may
provide insights into the development of this rare malignant tumor.

1. Introduction

Primary liver cancer is the second leading cause of cancer mortality
worldwide with an increasing incidence [1]. Risk factors for liver
cancer are conditions of continuous liver injury and chronic in-
flammation, such as infection with HBV and HCV, alcoholic hepatitis,
and non-alcoholic steatohepatitis. The NF-κB pathway is a critical
modulator of these conditions and represents an important link be-
tween inflammation and tumorigenesis [2].

NF-κB is a pleiotropic transcription factor regulating inflammation,
innate immunity, cell survival and proliferation. In murine hepatocytes,

inhibition of NF-κB activity led directly to the induction of apoptosis
[3,4]. The role of NF-κB in liver cancer is contradictory [5]. Some
studies showed that NF-κB promotes inflammation-associated cancer
[2,6,7], whereas liver-specific NF-κB inactivation can enhance hepato-
carcinogenesis and induce spontaneous development of hepatocellular
carcinoma (HCC), suggesting that NF-κB may act as tumor suppressor in
hepatocytes [8–10]. Another study reported that the NF-κB essential
modulator (NEMO), the regulatory kinase subunit upstream of NF-κB,
prevents hepatocarcinogenesis by inhibiting hepatocyte apoptosis
through NF-κB-dependent and NF-κB-independent functions [11].
These data argue for a context-specific function of NF-κB in liver
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carcinogenesis. The MYC oncogene plays a critical essential role in
different cancers, including HCC [12–15].

We combined a mouse model of MYC-induced HCC with liver-spe-
cific NEMO deletion. We found that NEMO deletion not only accelerates
cancer-progression in MYC-induced carcinogenesis, but also shifts the
phenotype from HCC towards combined hepatocellular-cholangio-
carcinoma (cHCC-CC), a rare and aggressive subtype of primary liver
cancer [16].

2. Materials and methods

2.1. Mice

LAP-tTA mice (expressing the tetracycline transactivator (tTA)
under the control of the liver activator protein (LAP) promoter) [17],
the tetO-MYC mouse line (bearing a MYC transgene and a luciferase
construct under the control of a bidirectional tTA-regulated promoter)
[18], the Albumin-Cre mouse line (expressing the Cre recombinase
under the control of the albumin promoter) [19] and floxed NEMOmice
have been described previously [9,20]. Mice with liver-specific over-
expression of MYC (MYCLAP-tTA mice) were obtained by crossing LAP-
tTA mice with tetO-MYC mice. The expression of MYC was con-
ditionally regulated by doxycycline treatment [17]. Mice with liver-
specific deletion of NEMO (NEMOΔLPC) were obtained by crossing Al-
bumin-Cre mice with floxed NEMO mice. Mice with liver-specific
overexpression of MYC and liver-specific deletion of NEMO (NE-
MOΔLPC) were obtained by crossing together all four genetic modifica-
tions and analyzing male mice only. The background of LAP-tTA, Al-
bumin-Cre and mice with a floxed NEMO allele was C57BL/6, and that
of tetO-MYC mice was NMRI. All mice used for analysis were on a
defined F1 mixed background of C57BL/6 and NMRI. Animal experi-
ments were performed according to German animal welfare laws and
approved by the authority (TVA1328).

2.2. In vivo bioluminescence imaging (IVIS)

To indirectly monitor the expression of the MYC transgene, animals
of interest were anesthetized with isoflurane and injected with luciferin
intraperitoneally. An IVIS Imaging system 200 was used to visualize
luciferase activity.

2.3. Measurement of liver serum parameters

Blood samples were centrifuged at 3000 rpm for 10min at room
temperature to collect serum. Serum levels of AST, ALT, ALP, GGT, and
bilirubin were measured using a Reflotron system (Roche).

2.4. RNA extraction, cDNA synthesis and quantitative RT-PCR

Livers were snap-frozen in liquid nitrogen and stored at −80 °C.
RNA was extracted with RNeasy kit (Qiagen) according to the manu-
facturer's instructions. 1.5 μg of RNA was used to synthesize cDNA with
the Transcriptor High Fidelity cDNA Synthesis Kit (Roche). Quantitative
RT-PCR was performed with a Light Cycler 480, using the Universal
Probe Library (Roche). Sequences of the used primers are listed in
Supplementary Table 1.

2.5. Protein analysis

For protein extraction, liver tissue was pulverized and resuspended
in buffer containing 4% SDS, 100mM Tris-HCl, and protease/phos-
phatase inhibitors (Roche). Western blotting was carried out according
to standard protocols. Membranes were incubated with the primary
antibodies listed in Supplementary Table 2. For secondary antibodies,
anti-rabbit-HRP, anti-mouse-HRP, and anti-goat-HRP were used.

2.6. Histology and immunostaining

Histology was performed on formalin-fixed and paraffin-embedded
liver sections on which hematoxylin-eosin staining was performed. For
immunostainings, slides were incubated at 56 °C overnight, fully hy-
drated with xylene and graded alcohol, placed in distilled water, heated
in citrate buffer for 10min in a pressure cooker, cooled down to room
temperature, washed three times in PBS, and blocked with PBS con-
taining 5% BSA for 1 h at room temperature. Slides were incubated with
primary antibodies overnight at 4 °C, washed three times in PBS and
incubated with secondary antibody for 1 h at room temperature.
Nuclear staining was done with DAPI. For immunohistochemistry, the
staining was visualized with AEC substrate (DAKO). Antibodies for IHC
and IF are listed in Supplementary Tables 3 and 4 Sirius red staining
was performed according to the manufacturer's instructions. For
quantitative microscopy of Ki67, cleaved caspase 3, α-SMA and Sirius
Red, at least six micrographs per section were taken in a blindfolded
manner and analyzed with BZ Analyzer software (Keyence). ImageJ
was utilized to count Ki67 and cleaved caspase 3 positive cells. Data
analysis was done with GraphPad Prism V.6.0. software.

2.7. Statistical analysis

Continuous variables are presented as mean ± SD. Student's t-test
was used to compare groups of independent samples to corresponding
group. Two-way ANOVA was used to compare the effect of two dif-
ferent categorical independent variables on one continuous dependent
variable. p values of p < 0.05 were considered statistically significant
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not
significant).

3. Results

For liver-specific MYC expression we used a model similar to pre-
viously described hepatocellular carcinoma models driven by MYC
[12,15,21], however using a different MYC founder line [18]. In these
mice, MYC expression is regulated by the hepatocyte-specific expres-
sion of the tetracycline-regulated transactivator provided by the LAP-
tTA mouse line (Fig. 1A). To avoid any effect of MYC expression during
liver development, mice were treated with doxycycline until birth and
MYC expression was activated by doxycycline removal after birth. Since
the expression of the MYC transgene is coupled to a luciferase reporter,
we were able to monitor transgene expression by in vivo chemolumi-
nescence. Strong expression of luciferase was detectable in MYCLAP-tTA

mice 6 weeks after doxycycline removal (Fig. 1B). For deletion of
NEMO, we used the well-established albumin-Cre mouse line and
combined it with mice bearing a floxed allele of NEMO [20]. The
combination of all these genetically modified mouse lines resulted in
mice that expressed MYC in a liver-specific fashion (MYCLAP-tTA) and
had deleted NEMO in hepatocytes (NEMOΔLPC).

Expression of MYC and deletion of NEMO was verified by im-
munoblotting (Fig. 1C). Expression of MYC was not affected by NEMO
deletion. There was a background NEMO signal in NEMOΔLPC mice,
which may be explained by the fact that NEMO was only deleted in the
parenchymal cells of the liver. The slight signal increase in livers of
MYCLAP-tTA/NEMOΔLPC mice was most likely due to increasing numbers
of infiltrating cells, in which NEMO was not deleted. In addition to
immunoblotting, over-expression of MYC protein was also verified by
immunofluorescence on liver sections from mice bearing the MYC
transgene in the presence or absence of NEMO (Fig. 1D).

We first studied tumor development in our mouse model of MYC-
induced liver carcinogenesis without interfering with NEMO: Indeed
almost all MYCLAP-tTA mice developed liver tumors. Detailed analyses
revealed that 50% of the animals had reached endpoint disease (as
defined in accordance with animal welfare laws and guidelines) by the
age of 87 days, whereas in few cases the endpoint was reached at later
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time points (up to 148 days) (Fig. 1F, orange graph). This time course is
similar to other reports on mice with activation of MYC transgene ex-
pression in neonatal hepatocytes [15]. Macroscopic analyses of the li-
vers of these mice revealed substantially enlarged livers with multiple
macroscopically visible tumor nodules (Fig. 1F, lower left liver). Mi-
croscopically, these nodules showed features of hepatocellular carci-
noma, including thickened trabeculi of the hepatocytic cords, pseu-
doacinar formation, and absence of normal structures (i.e., portal
tracts). Steatosis was detectable within some carcinoma cells, a
common finding in hepatocellular carcinoma. Carcinoma cells also
demonstrated evidence of malignancy like increased nuclear-cyto-
plasmic ratio, hyperchromatic nuclei, prominent nucleoli and mitotic
figures.

When NEMOΔLPC mice (without MYC overexpression) were ana-
lyzed, not a single mouse developed overt signs of disease (Fig. 1E,

purple graph). However, when MYC overexpression was combined with
NEMO deletion, our analysis revealed that disease progression was
substantially accelerated, with 50% of mice reaching endpoint disease
at the age of 54 days already (Fig. 1E, green graph). Livers of these mice
macroscopically appeared enlarged compared to the livers of MYCLAP-

tTA mice and also showed a large number of individual tumor nodules
(Fig. 1F). As some of the MYCLAP-tTA/NEMOΔLPC mice reached endpoint
disease at the age of 45 days, we used this time point for most of the
subsequent analyses. At this time point, both the MYCLAP-tTA mice and
the MYCLAP-tTA/NEMOΔLPC mice showed an increase in liver weight and
an increase in the liver weight to body weight ratio (Fig. 1G). Devel-
opment of liver pathology was analyzed using serum markers, such as
transaminases ALT and AST, GGT, ALP and bilirubin (Fig. 2A). Serum
AST and ALT, and to some degree also ALP and bilirubin (but not GGT),
were increased upon NEMO deletion alone at the age of 45 days. In

Fig. 1. Liver-specific NEMO deletion alters the sur-
vival and phenotype of a mouse model of MYC-in-
duced hepatocellular carcinoma. (A) Left: A Tet-Off
system was used to generate transgenic mice that
specifically overexpress MYC in the liver. LAP-tTA
mice express the tetracycline transactivator (tTA)
protein under the control of the liver activator pro-
tein (LAP) promoter (LAP-P). The transgene MYC can
be repressed conditionally by administration of
doxycycline (Dox) in the drinking water of mice and
activated by removal of doxycycline. Right: Alb-Cre
transgenic mice, expressing Cre recombinase driven
by the albumin promoter, were crossed with mice
with a loxP-flanked (“floxed”) NEMO allele in order
to delete NEMO from hepatocytes. (B)
Representative in vivo bioluminescence imaging
showing strong luminescence in projection to the
liver area of mice with MYC overexpression. (C)
Western blotting of whole liver extracts from mice at
the age of 45 days with the respective genotype (WT,
wild type for MYC; TG, transgenic for liver-specific
MYC expression; ΔLPC, liver parenchymal cell-spe-
cific ablation of NEMO) showing liver-specific mod-
ulation of MYC and NEMO. GAPDH shown as a
loading control. (D) Immunofluorescence staining
showing abundant MYC-positive cells in mice with
MYC overexpression. Scale bar: 50 μm. (E) Survival
(as defined by humane endpoints in accordance with
animal welfare regulations) of MYCLAP-tTA/
NEMOΔLPC mice (green graph, n=11 mice) in
comparison to MYCLAP-tTA mice (orange graph,
n = 10 mice); ****p < 0.0001 by Log-rank
(Mantel-Cox) test. NEMOΔLPC (purple graph, n = 9
mice) and wild type mice (WT, blue graph, n = 9
mice) shown as control. (F) Representative macro-
scopic view of livers from mice with the indicated
genotypes at the age of 45 days. (G) Body weight,
liver weight and liver weight to body weight ratio of
mice with the indicated genotypes at the age of
endpoint disease. Shown is the mean ± SD.
*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, ns, not significant (Mann Whitney
test).
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MYCLAP-tTA mice, AST and ALT as well as ALP, GGT and bilirubin levels
were significantly elevated but even further increased in MYCLAP-tTA/
NEMOΔLPC mice (Fig. 2A).

At the age of 45 days no tumors could be seen in either wild type or
NEMOΔLPC mice by histological analysis. In contrast, MYCLAP-tTA livers
showed multiple tumor nodules of atypical hepatocytes with a

predominantly solid or trabecular growth pattern characteristic of HCC
(Fig. 2B). Interestingly, the histology of MYCLAP-tTA/NEMOΔLPC livers
was strikingly different. Unlike the tumors in the MYCLAP-tTA mice,
which only presented as cohesive and solid tumor nodules with thick-
ened trabecular structures, many tumor nodules in the MYCLAP-tTA/
NEMOΔLPC mice contained not only the HCC component, which still

(caption on next page)
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showed steatosis in the carcinoma cells, but also a component of cho-
langiocarcinoma. The cholangiocarcinoma component was character-
ized by multiple carcinomatous glands lined by cuboidal epithelium,
morphologically recapitulating biliary differentiation and surrounded
by desmoplastic stroma. These two components intermixed with each
other intimately at the interface, reminiscent of combined hepatocel-
lular cholangiocarcinoma in human pathology (Fig. 2B). The total area
of liver tumors was substantially enlarged in the MYCLAP-tTA/NEMOΔLPC

mice (Fig. 2C).
In order to understand the development of these tumors, we ana-

lyzed livers from mice at a younger age. At the age of 5 weeks (35 days),
we already saw a striking difference between the MYCLAP-tTA and the
MYCLAP-tTA/NEMOΔLPC mice, with the latter already developing mul-
tiple additional cysts/glandular structures within the tumor mass
(Fig. 2B). Similar structures have been described in human intrahepatic
cholangiocarcinoma (ICC), a primary liver tumor arising from cho-
langiocytes and clearly distinct from HCC [22]. The total tumor area at
this early time point was already markedly increased in MYCLAP-tTA/
NEMOΔLPC mice compared to MYCLAP-tTA mice (Fig. 2C).

NEMOΔLPC mice were also analyzed at the age of 26 and 52 weeks,
and found no macroscopic signs of HCC or steatohepatitis were de-
tected, despite signs of liver damage were present even at younger ages
(Fig. 2D–F). This contrasts to another report of NEMO ablation in he-
patocytes, which led to steatohepatitis and HCC, were a different Cre-
line was used, however [9].

The larger tumor mass in MYCLAP-tTA/NEMOΔLPC mice could be a
consequence of enhanced proliferation. We measured proliferation Ki67
staining and saw a strong increase in the MYC-driven tumors, as ex-
pected (Fig. 3A). Also consistent with previous work, there was some
increase in proliferation in mice with hepatocyte-specific NEMO dele-
tion. However, the highest level of proliferation was detected in MY-
CLAP-tTA/NEMOΔLPC mice (Fig. 3A).

Both MYC and NEMO/NF-κB may also affect levels of apoptosis,
which we analyzed by staining for cleaved caspase 3. There was a slight
increase in apoptosis in MYC-induced tumors as well as NEMO-deficient
livers; the most striking increase, however, was seen in MYCLAP-tTA/
NEMOΔLPC mice (Fig. 3A). The expression level of proliferation and
apoptosis was further verified by quantification of Ki67 staining and
cleaved caspase 3 staining (Fig. 3B). The increased apoptotic signals
corresponded to the increased apoptotic bodies seen microscopically in
these tumors. Inflammation plays an important role in hepatocarcino-
genesis and is also linked to NEMO/NF-κB. CD45-positive inflammatory
cells were increased moderately in both MYC-transgenic mice and in
mice with hepatocyte-specific NEMO ablation; however, the highest
levels of infiltration and inflammation were detected in the MYCLAP-tTA/
NEMOΔLPC mice (Fig. 3A, Supplementary Fig. 1). Similarly, in regard to
fibrosis, there was a slight increase in livers from the MYCLAP-tTA and
the NEMOΔLPC mice, whereas highest levels of fibrosis were seen in the
MYCLAP-tTA/NEMOΔLPC mice (Fig. 3A).

Next, we analyzed signaling pathways that might be involved in the
accelerated and enhanced tumorigenesis in MYCLAP-tTA/NEMOΔLPC

mice. IL-6/STAT3 signaling, the RAF/MEK/ERK as well as the p38 and
JNK pathways were all induced in the liver tumors, consistent with
previous reports [23,24]. RAF/MEK/ERK as well as STAT3 signaling

again appeared stronger in the MYCLAP-tTA/NEMOΔLPC mice, compared
to MYC-overexpressing mice in the presence of NEMO (Fig. 3C–E).

Since the cystic/glandular tumor component in MYCLAP-tTA/
NEMOΔLPC mice resembled intrahepatic cholangiocarcinoma, further
immunohistochemical analyses were performed to characterize the
precise phenotype. Whereas normal hepatocytes as well as the HCC
cells in the MYC-induced tumors stained positive for the hepatocyte-
specific marker carbamoyl phosphate synthetase 1 (CPS1), the tumors
in the MYCLAP-tTA/NEMOΔLPC mice were largely negative for this he-
patocyte-specific marker in their HCC component. In contrast, many
cells of the cholangiocarcinoma component in the MYCLAP-tTA/
NEMOΔLPC tumors stained positive for cytokeratin 19 (CK19) as well as
the transcription factor Sox9, whereas the HCC component in MYCLAP-

tTA/NEMOΔLPC tumors was negative for CK19 (Fig. 4A). It had been
reported that hepatic stellate cells expressing α-smooth muscle actin (α-
SMA) promote hepatocellular carcinoma cell and biliary cell pro-
liferation and correlate with poor prognosis in HCC and cholangio-
carcinoma [25–27] and may serve as a source of liver progenitor cells
[28]. Indeed, we could observe a significant increase of α-SMA-positive
cells in the MYCLAP-tTA/NEMOΔLPC mice in immunofluorescence ana-
lyses (Fig. 4B). We confirmed these findings by immunoblotting, which
again showed the strongest expression of CK19, Sox 9 and α-SMA in
MYCLAP-tTA/NEMOΔLPC livers (Fig. 4C). Except for Afp, expression levels
of other hepatic progenitor markers like Krt19, Krt7 and Epcam was
increased in MYCLAP-tTA/NEMOΔLPC livers compared to MYCLAP-tTA mice
(Fig. 4D).

MYC inactivation was shown to result in a rapid and sustained
tumor regression in a comparable conditional MYC-HCC mouse model
[12]. We thus asked whether the tumors in MYCLAP-tTA/NEMOΔLPC mice
would also regress upon MYC inactivation. Doxycycline treatment was
therefore resumed in MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC mice from
the age of 40 days when tumors in these mouse lines are established.
Mice were analyzed either 10 days or 4 weeks after shutting off
transgenic MYC expression. No luciferase activity was detectable by in
vivo immunofluorescence imaging three days after doxycycline re-ad-
ministration, confirming repression of transgene expression (Fig. 5A).
The increased liver weight and liver weight to body weight ratio both in
MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC animals at 40 days was nor-
malized after 4 weeks of doxycycline treatment (Fig. 5B). Similarly, the
increase of AST, ALT and ALP levels at 40 days was a significantly re-
duced after 4 weeks doxycycline treatment (Fig. 5B). Macroscopically,
the livers seemed to be normal after 10 days and 4 weeks of treatment
with doxycycline, in both MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC ani-
mals (Supplementary Fig. 2). Histologically, livers of MYCLAP-tTA ani-
mals appeared normal as well after 10 days treatment, but interestingly,
this was not the case in MYCLAP-tTA/NEMOΔLPC animals (Fig. 5C). Al-
though we could not detect tumor nodules after doxycycline treatment
in MYCLAP-tTA/NEMOΔLPC animals, there were still abnormal biliary
ducts and inflammatory infiltrates in the periportal area (Fig. 5C).
Furthermore, these residual structures were still largely negative for the
hepatocyte differentiation marker CPS1 (Supplementary Fig. 3) and
positive for the progenitor/biliary duct marker CK19 (Fig. 5D), in-
dicating that these cells were still biliary cells or had not transformed
back to normal hepatocytes. We also determined the proliferation and

Fig. 2. NEMO deletion modifies MYC-induced tumorigenesis. (A) Serum levels of AST, ALT, ALP, GGT and bilirubin in mice with the indicated genotype at the time of
endpoint disease. Shown is the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant (Mann Whitney test) (B) H&E staining of
representative hepatic tissue sections of mice with the indicated genotypes at the age of 35 days and 45 days. Scale bars: 50 μm. The arrows show areas without
evidence of neoplasm, i.e., the presence of portal tracts in NEMOΔLPC mice. MYCLAP-tTA mice developed hepatocellular carcinoma that show thickened trabeculi,
pseudoacini, and paucity of portal tracts. The carcinoma cells also demonstrate increased nucleus to cytoplasmic ratio, hyperchromatic nuclei, prominent nucleoli
and mitotic figures. MYCLAP-tTA/NEMOΔLPC tumors not only showed a hepatocellular carcinoma component (top), but also a component of cholangiocarcinoma
(bottom), characterized by carcinomatous glands lined by cuboidal epithelium (morphologically with biliary differentiation) and surrounded by desmoplastic stroma.
These two components intermix intimately at the interface. (C) Quantification of tumor area and tumor area to liver area ratio on sections from mice with the
indicated genotype at the age of 35 days (∗∗∗∗p < 0.0001, t-test). (D) Representative macroscopic view of livers from 52 weeks old wild type (WT) and NEMOΔLPC

mice. (E) Body weight, liver weight, serum ALT and AST levels of 52 week-old wild type and NEMOΔLPC mice. (F) H&E staining of wild type and NEMOΔLPC mice at
the indicated time points. Scale bar: 50 μm.
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Fig. 3. NEMO deletion increases proliferation, apoptosis, fibrosis and inflammation in MYC-driven HCC mice. (A) Immunohistochemical stainings of Ki67 and
cleaved caspase 3 (CC3) as well as sirius red staining for collagen and immunofluorescence staining of CD45 are shown on sections of livers of animals at the age of 35
days. Scale bars: 50 μm. (B) Quantification of immunohistochemical stainings for Ki67 and CC3 positive cells (N≥ 4 mice/group). (C) Western blotting of liver
extracts from mice with the indicated genotypes (WT, wild type for MYC; TG, transgenic for liver-specific MYC expression; ΔLPC, liver parenchymal cell-specific
ablation of NEMO) for p-STAT3 and STAT3; GAPDH shown as loading control. (D) Quantitative RT-PCR for IL-6 transcripts in liver tissue of mice at the age of 45
days. Results are shown relative to wild mice, which were set to 1. (E) Western blotting of liver extracts from mice with the indicated genotypes at the age of 45 days
for MAPK signaling components. GAPDH was used as a loading control.
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Fig. 4. Tumors developing in MYCLAP-tTA/NEMOΔLPC mice possess features of liver progenitor cells. (A) Immunohistochemical staining of CPS1, CK19, Sox9, and
immunofluorescence co-staining for α-SMA (green) and MYC (red) on liver sections, DAPI (blue) for nuclear staining. Scale bars: 50 μm. (B) Quantification of α-SMA-
positive cells on liver sections of mice at the age of 45 days. (*p < 0.05, **p < 0.01, Mann-Whitney test). (C) Western blotting with antibodies against CK19, Sox9
and α-SMA on liver extracts from mice at the age of 45 days. GAPDH was used as a loading control. (D) Quantitative RT-PCR for Krt19, Krt7, Afp and Epcam
transcripts from liver extracts of mice at the age of 45 days with the indicated genotypes. Values are given relative to wild type mice, which were set to 1. N = 5 mice.
*p < 0.05, **p < 0.01, ns, not significant (Mann Whitney test).
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Fig. 5. MYC-induced tumor formation is reversible after switching off MYC transgene expression by administration of doxycycline. (A) Representative in vivo
bioluminescence imaging showed strong luminescence activity before doxycycline treatment at 40 days of age (left) and almost no luminescence signal three days
after doxycycline treatment (right). (B) Liver weight, liver weight to body weight ratio, serum levels of AST, ALT and ALP of animals before doxycycline re-
administration (age: 40 days) and 10 days (age: 50 days) and 4 weeks (age: 68 days) after doxycycline re-administration. N ≥ 5 mice/group. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant (two-way ANOVA test). (C) H&E staining of mice before and after doxycycline treatment (as
described in B), showing the disappearance of HCC and ICC components after treatment. Ductular reaction appeared after treatment, which differed significantly
from the malignant glands in ICC. (D) Immunohistochemical staining of CK19 before and after doxycycline treatment. (E) Immunohistochemical staining of Ki67
before and after doxycycline treatment (as described in B). Scale bars: 50 μm.
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apoptosis levels in MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC animals after
doxycycline treatment, which showed that MYC inactivation led to a
substantially reduced proliferative ability in both groups (Fig. 5E), as
well as less apoptosis (Supplementary Fig. 4).

4. Discussion

We developed a mouse model of MYC-induced HCC that re-
capitulates important steps of HCC development and which is similar to
previously published MYC-driven mouse models of primary liver
cancer. Here we used this mouse model to elucidate the role of NEMO
in MYC-induced primary liver cancer by combining liver-specific MYC
overexpression with liver-specific deletion of NEMO.

Our study provides evidence for the importance of NF-κB as a tumor
suppressor, since the growth of MYC-induced primary liver tumors was
significantly accelerated by the loss of NEMO. Liver-specific deletion of
NEMO using the ALFP-Cre mouse line resulted in development of
steatohepatitis and HCC [9]. Although there was some degree of da-
mage as evidenced by serum markers and liver histology, our NE-
MOΔLPC-mice did not develop HCC. The important function of NEMO in
our model, however, became obvious in the context of MYC-induced
primary liver cancer.

Constitutive activation of NF-κB was suggested to contribute to
hepatocarcinogenesis by accelerating the neoplastic development of
MYC-transformed cells [29]. Our results indicate a distinct function of
NF-κB in MYC-induced liver cancer. NEMO deletion increased hepato-
cyte apoptosis and regenerative proliferation, both in the presence and
absence of MYC overexpression. Importantly, NEMO deletion led to an
increase in infiltrating inflammatory cells. These findings are consistent
with the results of Luedde et al., who described increased apoptotic
death of hepatocytes, increased regeneration and increased immune
cell infiltration into the liver parenchyma in 8-week old mice with liver-
specific deletion of NEMO [9]. In general, increased apoptosis is not
uncommon in liver tumors; it may even correlate with increased pro-
liferation. Still, it is not yet entirely clear what is cause and what is
effect, e.g. whether apoptosis is a side effect of increased stress due to
increased proliferation, or whether apoptosis vice versa may create
conditions that promote a compensatory response with hyperproli-
feration and eventually tumorigenesis [30].

Importantly, NEMO deletion modified the phenotype of primary
liver tumors since we observed an additional tumor component re-
sembling intrahepatic cholangiocarcinoma (ICC). ICC has not been re-
ported in mouse models of MYC-induced HCC previously. Tumor no-
dules found in MYCLAP-tTA/NEMOΔLPC livers resemble the classic type of
combined hepatocellular cholangiocarcinoma (cHCC-CC), which is a
rare and aggressive form of primary liver cancer with features of both
hepatocytic and biliary differentiation [31]. The modulation of the
tumor phenotype towards cholangiocarcinoma was accompanied by
MAPK activation, reflecting previous data on the importance of that
pathway in cholangiocarcinoma [32].

According to the latest WHO classification in 2010 [31], cHCC-CC
can be divided into two subtypes: classical type and cHCC-CC with stem
cell features. The latter is further subcategorized into three subtypes:
typical subtype, intermediate cell subtype and cholangiolocellular
subtype. Clinical studies have shown that cHCC-CC appears to exhibit a
more aggressive biological behavior and poorer prognosis than HCC
[33,34]. However, the cell of origin of cHCC-CC has not been well
defined [16]. Two possibilities have been suggested, differentiation of
HCC or CC into the other component or derivation from hepatic pro-
genitor cells [35,36].

Luedde et al. in their study on mice with liver-specific deletion of
NEMO observed a strong activation of hepatic progenitor and oval cells
[9], and we wondered whether we could observe a similar phenomenon
and whether we could characterize the cell type giving rise to the ICC-
like tumor component in MYCLAP-tTA/NEMOΔLPC mice. Indeed, in ICC-
like areas, we could observe abundant cells expressing the biliary/

progenitor markers Sox9 and CK19, while expression of the mature
hepatocyte marker CPS1 was mostly absent. Furthermore, gene ex-
pression analysis of hepatocytic progenitor markers showed a sig-
nificant upregulation of mRNA levels of CK19, CK7, and Epcam in
MYCLAP-tTA/NEMOΔLPC mice.

Sox9-positive ductal progenitor cells can give rise to oval cell pro-
liferation, but rarely produce hepatocytes in vivo [37]. Therefore, it is
reasonable to hypothesize that these Sox9-positive progenitor cells may
contribute to the development of the ICC component of cHCC-CC. Of
note, HCC can also express the progenitor cell/ductular marker CK19,
and CK19 expression in HCC is associated with a more aggressive
clinical course and poorer prognosis [38,39].

Characteristic for the ICC component of cHCC-CC is the desmo-
plastic reaction. We verified this by Sirius red staining and immuno-
fluorescence staining of αSMA, which showed a strong activation of
hepatic stellate cells surrounding the ICC-like structure. We therefore
speculate that cHCC-CC found in MYCLAP-tTA/NEMOΔLPC mice may
originate from hepatic progenitor cells.

Previous studies have shown that the Raf-MEK-MAPK signaling
pathway may play an important role in the development of HCC. Our
data indeed showed activation of Erk and JNK in MYCLAP-tTA and
MYCLAP-tTA/NEMOΔLPC mice, being more pronounced in the latter
group. Also, we found that NEMO ablation led to an upregulation of
pSTAT3 levels. As behavior and phenotype of HCC can be influenced by
the inflammatory milieu that depends on the driving oncogenes [40]. It
is plausible that the chronic inflammatory milieu caused by NEMO
ablation modulates the phenotype and aggressiveness of our liver tu-
mors.

In summary, found that liver specific NEMO ablation accelerates
MYC-induced tumorigenesis, at least in part due to the more aggressive
and heterogenous tumor nodules generated, i.e. cHCC-CC. Due to lack
of an animal model for cHCC-CC, the role of hepatic progenitor cells as
the cell of origin has been rarely investigated. Our mouse model of
MYCLAP-tTA/NEMOΔLPC offers the potential to investigate the cell of
origin and molecular mechanisms driving cHCC-CC. Our data also
suggest that NEMO in hepatocytes exerts a protective role during MYC-
induced HCC, by limiting apoptosis and inflammatory infiltration. In
view of our findings, targeting the IKK/NF-κB pathway as option for
HCC therapy should be considered with caution since it might accel-
erate tumor growth.
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