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DYSREGULATION OF TRAF3/NIK AXIS DRIVES ICC

caused marked cholangiocyte overgrowth and spontaneous development of ICC
in Pten knockout and Kras®'?P mutant mice. Hepatocyte-specific, but not chol-
angiocyte-specific, Traf3-deficient and Pfen-deficient mice recapitulated these
phenotypes. Lineage tracing and single-cell RNA sequencing suggested that
these ICCs were derived from hepatocytes through transdifferentiation. TRAF3
and PTEN inhibition induced a transdifferentiation-like phenotype of hepatocyte-
lineage cells into proliferative cholangiocytes through NF-xB-inducing kinase
(NIK) up-regulation in vitro. Intrahepatic NIK levels were elevated in liver-specific
Traf3-deficient and Pten-deficient mice, and NIK inhibition alleviated chol-
angiocyte overgrowth. In human ICCs, we identified an inverse correlation
between TRAF3 and NIK expression, with low TRAF3 or high NIK expression
associated with poor prognosis. Finally, we showed that NIK inhibition by a small
molecule inhibitor or gene silencing suppressed the growth of multiple human
ICC cells in vitro and ICC xenografts in vivo.

Conclusions: TRAF3 inactivation promotes ICC development through NIK-
mediated hepatocyte transdifferentiation. The oncogenic TRAF3-NIK axis may
be a potential therapeutic target for ICC.

INTRODUCTION

Cholangiocarcinoma (CCA) is a biliary epithelial tumor that
develops in the intrahepatic, perihilar, and distal biliary
trees. CCA accounts for 15% of all primary hepatobiliary
tumors and is the second most common primary liver
malignancy after HCC.'l Intrahepatic CCA (ICC) arises
above the second-order bile ducts in the liver and accounts
for 10%—20% of CCAs. Its incidence has increased by up
to 10-fold during the past three decades.'! Because
approximately half of ICCs arise de novo, without
identifiable risk factors, and there is no established
screening program for this cancer type,@ ICC is often
found in advanced stages and has a poor prognosis.®! To
better understand the molecular mechanisms driving this
deadly cancer, researchers involved in recent international
projects, including The Cancer Genome Atlas project,
sequenced hundreds of tumors from patients with ICC and
identified several recurrent genomic and epigenomic
abnormalities, including mutations in tumor protein P53,
KRAS, PTEN, and AT-rich interaction domain 1A.14-¢
However, no therapies currently exist that address most
of the potential driver genes. Although an FGF receptor
(FGFR) inhibitor has recently been approved as the first
molecularly targeted agent for patients with ICC and
FGFR2 fusions or rearrangements, these treatments can
be used only in up to 15% of patients.”] Thus, further
understanding of its molecular pathogenesis and discovery
of therapeutic targets are desired.

Transposon-based insertional mutagenesis screens
provide a versatile tool with which to identify cancer genes
in a high-throughput manner.®! We have previously

performed insertional mutagenesis screens in a variety of
cancer types using mice carrying high copies of the
mutagenic Sleeping Beauty (SB) transposon.®-'% One of
our recent screens aimed to identify cancer genes in the
liver of mice carrying a liver-specific Pten deletion, which is
a known tumor suppressor gene in HCC and ICC.l""'2 |n
this screen, transposon mutagenesis was found to
significantly accelerate liver tumorigenesis, and patholog-
ical analysis revealed that HCC, ICC, and combined HCC—
ICC (cHCC-ICC) developed in these mice. Through the
sequencing of histologically confirmed HCCs, we identified
hundreds of candidate cancer genes (CCGs) involved in
HCC development and progression.['?

In the present study, we aimed to identify cancer genes
involved in ICC. For this purpose, we focused on
histologically confirmed ICC and cHCC-ICC that developed
in the screen.l' Through sequence analysis of ICCs and
cHCC-ICCs, we identified 405 ICC CCGs, including high-
frequency loss-of-function mutations in TNF receptor—
related factor 3 (Traf3). We then further investigated the
role of TRAF3 in the development of ICC and its clinical
relevance in human ICCs. We also searched for therapeutic
ICC targets that function downstream of TRAF3.

MATERIALS AND METHODS
Mice
All mice we used were male. We used Alb-Cre/+;

T20nc2/+; reverse orientation splice acceptor pgeo line
26 (RosaZ26)-leptin, serum levels of (Is/)-SB11/+; Pten fl/fl



HEPATOLOGY

| 397

mice for the transposon mutagenesis screens; Alb-Cre/+;
Pten fi/fi; Traf3 fi/fl mice, Alb-Cre/+; Kras®'2P Tg ; Traf3 fi/fl
mice, Alb-Cre estrogen receptor targeting 2 (ERT2)/+;
Pten fi/fl; Traf3 fl/fl mice, K19-CreERT2/+; Pten fl/fl; Traf3
fi/fl mice, Cre recombinase under the control of the
albumin promoter (Alb-Cre)ERT2/+; Pten fi/fl; Traf3 fi/fl;
ROSA26R/+ mice, K19-CreERT2/+; Pten fi/fl; Traf3 fi/fi;
ROSA26R/+ mice and Alb-Cre/+; Pten fi/fl; Traf3 fi/fi;
mixed lineage kinase domain like pseudokinase (Mikl) fl/
fl mice for the validation study; and nonobese diabetic/
Shi severe combined immunodeficient [12rynull (NOG)
mice for the xenograft study. All mice were housed in a
specific pathogen-free facility in microisolators in venti-
lated racks and fed a regular chow diet. Alb-Cre,!"3]
KrasG12D 14 K19-Cre ERT2,'"® Pten fI/fl,['® and
ROSA26R!'"] mice were obtained from the Jackson
Laboratory. The generation of Alb-Cre ERT2 mice was
described previously.!"8! Traf3 fl/fl micel'®! were obtained
from Prof. Robert Brink (Garvan Institute of Medical
Research); MIkl fl/fl micel2?) were obtained from Prof.
James Murphy (Walter and Eliza Hall Institute of Medical
Research); T20nc2 and Rosa26 Isl SB11 mice were
obtained from the National Cancer Institute; and NOG
mice were obtained from the Central Institute for
Experimental Animals. All experiments were performed
in accordance with relevant guidelines and regulations.

Human specimens

Formalin-fixed and paraffin-embedded human ICC tis-
sues were collected from 46 patients with ICC who
underwent surgical resection at the Department of
Gastrointestinal Surgery in the Osaka University Grad-
uate School of Medicine between 2011 and 2018. These
samples were obtained with approval of the institutional
research board of Osaka University Hospital (no. 15267).
Informed consent was also obtained in writing from each
patient. All experiments were performed in accordance
with relevant guidelines and regulations.

Sequence, read processing, and common
insertion site analysis

Transposon insertion sites were mapped using a previously
reported splink HiSeq approach.'? CCGs were identified
by applying the gene-centric common insertion site (gCIS)-
calling method,® and trunk driver analysis was performed
as described.['2 All 369,549 identified nonredundant trans-
poson insertion sites are available upon request.

Immunohistochemistry

Paraffin blocks were deparaffinized using xylene
and ethanol. Hematoxylin and eosin staining was

performed. For immunostaining, antigen activation
was performed by heating with Target Retrieval Solution
(Dako), followed by blocking with bovine serum albumin
and overnight reaction at 4°C using primary antibody.
Frozen sections were dried at room temperature,
blocked with bovine serum albumin (Nakarai, Japan),
and reacted with primary antibody included in the
VECTASTAIN ABC Rabbit 1gG Kit (Vector Laborato-
ries). A DAB Substrate Kit (Vector Laboratories) was
used for the staining reaction. The following antibodies
were used for immunostaining: keratin 19 (KRT19;
1:500; Abcam; ab52625), TRAF3 (1:100; Abcam;
ab217033), NF-kB-inducing kinase (NIK; 1:400; Novus
Biologicals; NBP2-23603), phosphorylated receptor
interacting serine-threonine protein kinase 3 (1:100;
Genentech?') and KI67 (1:1000; Cell Signaling;
12202S). For p-galactosidase (LacZ) staining, frozen
sections were dried at room temperature and then fixed
in 0.2% glutaraldehyde (Nakarai) for 10 min. The
sections were then washed three times with PBS and
incubated overnight in LacZ substrate including X-gal
(TaKaRa Bio) at room temperature. The cells were then
washed three times with PBS, and nuclei were stained
with nuclear stain red (ScyTek). The number of Ki67-
positive cells in the tumors was counted using ImageJ
(Fiji). The immunostaining score for TRAF3 or NIK was
calculated by multiplying the staining intensity (0-3) by
the stained area (percentage). Patients with ICC were
split into two groups based on the median immunos-
taining score of either TRAF3 or NIK, and their overall
survival (OS) or disease-free survival (DFS) was
evaluated.

Single-cell RNA sequencing

Portal vein puncture was performed in mice, and the
liver was refluxed using a two-step collagenase method.
Twenty-five milliliters of preperfusion solution was
injected at 6 ml/min, followed by 3 ml/min of perfusion
solution in which collagenase (Merck, Japan) was
dissolved, and hepatocytes were collected by centrifu-
gation at 50g for 1 min. The remaining tissues were then
cut into small pieces and agitated with a solution that
dissolved collagenase (Merck) and hyaluronidase
(Sigma-Aldrich) at 37°C for 40 min, followed by
centrifugation at 50g for 1 min. After the pellet was
removed, the supernatant was centrifuged at 350g for
4 min, and the nonparenchymal cell (NPC) fraction was
collected. The hepatocytes and NPC fraction were
mixed in a 1:1 ratio, dissolved in sorting buffer, and then
processed with a BD Rhapsody Cartridge Reagent Kit
(Becton, Dickinson and Company) according to the
manufacturer’s instructions. Rhapsody libraries were
converted to libraries for DNBSEQ using the MGIEasy
Universal Library Conversion Kit (App-A; MGI Tech,
China). Sequencing was performed on a DNBSEQ-
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G400RS (MGI Tech) platform in 2 x 100-bp paired-end
mode. Reads were obtained from 14,393 cells from
wild-type (WT) mice and 10,083 cells from double
knockout (DKO) mice and analyzed using Seqgeq
(Becton, Dickinson and Company). After the data from
both mice were merged, 10,364 cells remained after
excluding the cells in poor condition with a low number
of reads. These cells were analyzed using Seurat v3.2,
with the percentage of genes set to 5%, the percentage
of cells set to 10%, and perplexity set to 30 in t-
distributed stochastic neighbor embedding (t-SNE) for
all genes, and divided into 15 clusters.

Xenograft experiments

For the generation of xenograft tumors, 5 x 10°
HuCCT1 cells were mixed with Matrigel at a 1:1 ratio
and injected s.c. into NOG mice. The mice were
randomly assigned to the control group or the treatment
group with NIK small molecule inhibitor (NIKSMI;
Genentech) when the tumor size reached 100-300
mm?3. The mice were treated with NIKSMI orally twice a
day at a dose of 200 mg/kg for 14 days. Tumor diameter
was then measured every 3 days, and tumor size was
calculated using the following formula??: tumor vol-
ume = [(minor diameter)?> x (major diameter)]/2.
Furthermore, HUCCT1 cells were infected with negative
control short hairpin RNA (shRNA) or NIK shRNA using
lentivirus, and infected cells were selected with pur-
omycin. A total of 5 x 10 cells were mixed with Matrigel
at a 1:1 ratio and injected s.c. into NOG mice. Tumor
diameters were measured starting at 3 weeks after
implantation, and tumor volumes were measured in the
same manner.

Statistical analysis

were subjected to appropriate statistical tests. Compar-
isons between two groups were performed by an
unpaired two-tailed t test for normally distributed
variables and Mann-Whitney’s U test for nonnormally
distributed variables. Comparisons between three
groups were carried out by the Tukey method. The
Kaplan-Meier method and log-rank test were used to
analyze differences in OS and DFS. The chi-squared
test was performed to examine the relationship between
clinical data and immunostaining intensity for TRAF3 or
NIK. p < 0.05 was considered to indicate a significant
difference. Prism v.8.4.2 for Mac (GraphPad, San
Diego, CA; research resource identifier [RRID]
SCR_002798) and JMP 13 (SAS Institute, Inc., Cary,
NC; RRID SCR_014242) were used for the analyses.
All other information regarding the Materials and
Methods is provided in the Supporting Information.

The data are presented as the mean + SD. All data

RESULTS

SB mutagenesis identifies Traf3 as an ICC
tumor suppressor gene in liver-specific
Pten-deficient mice

Previously, we showed that SB transposon mutagenesis
significantly accelerates the development of HCC and ICC
in Pten KO mice.['1223 To comprehensively identify genes
mutated by SB that drive ICC development, we sequenced
the transposon insertion sites from 20 liver tumors with a
CCA component (ICC or cHCC-ICC) confirmed by tubular
morphology and KRT19 staining (Figure 1A). This identified
369,549 nonredundant transposon insertion sites (average
of 18,477 insertion sites per tumor). Using gCIS,["? which
looks for a higher density of transposon insertions within the
coding regions of all RefSeq genes than predicted by
chance, we identified 405 statistically significant ICC CCGs
(p < 0.05, calculated by the chi-squared test followed by
the Bonferroni correction) (Table S1). Trunk drivers that
function early in tumor development can be identified by
focusing on those with the highest sequence reads.['Z We
identified 10 potential trunk drivers, with Traf3 being the
most significant (Figure 1B). Most of the transposon
insertions in Traf3 were located throughout the coding
region in the antisense orientation (Figure 1C). Because
our mutagenic transposon is designed to inactivate genes
when inserted in the reverse orientation, these data strongly
suggest that transposon-mediated loss-of-function Traf3
mutations contribute to ICC development in Pten KO mice.

Liver-specific inactivation of Traf3 induces
cholangiocyte proliferation and promotes
ICC development

To validate the screening result, we generated liver-
specific Traf3/Pten DKO mice (L-Traf3/PtenDKO) using
mice expressing Alb-Cre (Figure S1A,B). Macroscopi-
cally, these mice showed enlarged livers at 6 weeks of
age (Figure 1D; Figure S1C) and histologically exhibited
marked cholangiocyte overgrowth (Figure 1E), with a
prominent increase in KRT19 expression (Figure 1F).
Approximately 90% of the L-Traf3/Pten DKO mice died
early at approximately 8—12 weeks of age (Figure S1D),
and all L-Traf3/PtenDKO mice that survived longer
exhibited multiple liver tumors at 24 weeks of age
(Figure 1G, H). Most of the tumors were diagnosed as
ICCs due to positive KRT19 staining and abnormalities
in the bile duct structure, such as stratification and
fusion of the bile ducts (Figure 11). To further confirm the
tumor suppressive role of TRAF3 in the development of
ICC, we deleted Traf3 in mice that expressed liver-
specific constitutively active mutant Kras®’?P, a known
oncogene frequently mutated in human ICC.1! Liver-
specific Kras-mutant and Traf3 knockout mice also
showed a significant increase in KRT19-positive
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cholangiocytes (Figure 1J,K; Figure S1E) and devel-
oped multiple liver tumors, including KRT19-positive
ICCs, at 24 weeks of age (Figure 1L,M). Taken
together, these data suggested that TRAF3
inactivation  induces cholangiocyte proliferation,
contributing to ICC development.

ICCs originate from Traf3/Pten-deficient
hepatocytes

To further examine the role of TRAF3 in cholangiocar-
cinogenesis, we deleted Traf3/Pten specifically in
hepatocytes or cholangiocytes of the adult liver using
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FIGURE 1 Liver-specific inactivation of Traf3 induces cholangiocyte proliferation and promotes ICC development. (A) Hematoxylin and eosin
and KRT19 staining of the liver of liver-SB/Pten mice. Scale bars, 50 pm. (B) Trunk driver genes identified in ICC and cHCC-ICC of liver-SB/Pten
mice. Transposon insertion sites with read counts > 50 were selected, and 10 trunk drivers were identified. (C) Gene map showing the location of
transposon insertions in the Traf3 locus. Each arrowhead indicates a single transposon insertion event, and the direction of the arrowhead denotes
sense or antisense orientation. (D-I) Liver phenotypes were examined in WT mice, liver-specific Pten knockout mice, liver-specific Traf3 knockout
mice, and liver-specific Pten and Traf3 DKO mice. (D) Macro images of the liver at 6 weeks of age. (E) Hematoxylin and eosin staining and KRT19
staining of the liver at 6 weeks of age. Scale bars, 50 ym. (F) KRT19 liver expression levels at 6 weeks of age, n = 4-8 per group, *p < 0.05. (G)
Macro images of the liver at 24 weeks of age. (H) Tumor penetrance - 10 mm) at 24 weeks of age. (I) Hematoxylin and eosin and KRT19 staining
of the liver at 24 weeks of age. Scale bars, 50 ym. (J-M) Liver phenotypes were examined in WT mice, liver-specific Kras-mutant (KRAS) mice,
and Kras-mutant and Traf3 knockout (KRASTRAF3) mice. (J) Hematoxylin and eosin staining and KRT19 staining of the liver at 6 weeks of age.
Scale bars, 50 ym. (K) KRT19 liver expression levels at 6 weeks of age, n = 3—4 per group, *p < 0.05. (L) Tumor penetrance ¢ 10 mm) at 24
weeks of age. (M) Hematoxylin and eosin and KRT19 staining of the liver at 24 weeks of age. Scale bars, 50 um. HE, hematoxylin and eosin; KO,

knockout

mice expressing a tamoxifen (TAM)—inducible Alb-
CreERT2 or keratin 19 (K19-CreERT2) promoter,
respectively. Hepatocyte-specific Traf3/Pten DKO mice
(HDKO) showed liver enlargement and intrahepatic
cholangiocyte overgrowth, with elevated KRT19 levels
12 weeks after TAM administration (Figure 2A,B; Figure
S2A,B). In contrast, cholangiocyte-specific Traf3/Pten
DKO mice (CDKO) did not show any of these
phenotypes, even 24 weeks after TAM administration
(Figure 2A). HDKO mice also developed multiple ICCs
12 weeks after TAM administration (Figure 2C—E), while
CDKO mice did not develop any tumors. Collectively,
hepatocyte-specific deletion of Traf3/Pten recapitulated
the phenotype of mice carrying liver-specific deletions.

We then investigated the cell of origin of ICCs in
these mice and found that the expression levels of Traf3
and Pten in these tumors were significantly lower than
those in WT liver tissues (Figure 2F), suggesting that
ICCs may be derived from Traf3/Pten-deficient
hepatocytes. This prompted us to perform lineage
tracing using Rosa26 Cre reporter mice expressing
LacZ in Cre-expressing tissues (Rosa26-LacZz).l'”l For
this purpose, we crossed CDKO or HDKO mice with
Rosa26-LacZ mice and generated CDKO/Rosa26-LacZ
or HDKO/Rosa26-LacZ mice, respectively. The
specificity of Cre recombinase expression in only
cholangiocytes or hepatocytes was confirmed in the
CDKO/Rosa26-LacZ or HDKO/Rosa26-LacZ mice,
respectively (Figure S3A,B). Importantly, KRT19-pos-
itive proliferating cholangiocytes and ICCs were positive
for LacZ staining in HDKO/Rosa26-LacZ mice
(Figure 2G), strongly suggesting that proliferating
cholangiocytes and ICCs originated from Traf3/Pten-
deficient hepatocytes.

To further confirm these results, we selectively
deleted Traf3/Pten in adult hepatocytes by expressing
Cre recombinase in adult hepatocytes of Traf3/Pten
compound homozygous floxed (Traf3/Pten-floxed) mice
by hydrodynamic tail vein injection (HTVi) or an
adenovirus-associated vector (AAV8).24 These mice
also developed ICCs 16 weeks after Cre delivery with
high penetrance (Figure 2H-M), and the expression
levels of Traf3/Pten in tumor tissue were significantly
down-regulated compared with those in surrounding

nontumorous liver tissue (Figure 2N,O). Taken together,
these results further confirmed that ICCs originate from
Traf3/Pten-deficient hepatocytes.

Single-cell RNA sequencing confirms that
cholangiocytes are produced from
transdifferentiated Traf3/Pten-deficient
hepatocytes

To further investigate the process by which Traf3/Pten-
deficient hepatocytes produce ICCs, we performed
single-cell RNA sequencing of liver cells obtained from
HDKO mice and control WT littermates 12 weeks after
TAM administration. t-SNE clustering of the RNA
expression results was then performed using previously
reported markers?! (Figure S4). While t-SNE clustering
revealed a variety of hepatic cell types common in both
mice, including hepatocytes (Clusters 3, 6, 15), endo-
thelial cells (Cluster 8), and immune cells (Clusters
10-14), large hepatocyte populations (Clusters 1, 2, 4,
5, 7, 9) were only identified in HDKO mice (Figure 3A,
B). These unique populations expressed not only
hepatocyte  markers  (Alb, apolipoprotein A1,
argininosuccinate synthase 1) but also cholangiocyte
markers (secreted phosphoprotein 1, SRY [sex-
determining region Y]-box transcription factor 9 [Sox9])
(Figure 3C). Furthermore, single-cell trajectory analysis
using the Monocle algorithm suggested that these
double-positive hepatocytes were transdifferentiated
from normal hepatocytes (Figure 3D).

TRAF3/PTEN inhibition promotes the
transdifferentiation of hepatocytes into
cholangiocytes in vitro

Next, we sought to determine whether we could
recapitulate this transdifferentiation phenotype in vitro.
For this purpose, we first inhibited TRAF3 and PTEN in
HepG2 cells (Figure S5A) and performed RNA
sequencing. TRAF3/PTEN inhibition resulted in the
down-regulation of a variety of hepatocyte markers as
well as the up-regulation of multiple cholangiocyte
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markers (Figure 4A),2526 suggesting activation of the
transdifferentiation program from hepatocytes to
cholangiocytes. Up-regulation of KRT19 mRNA and
protein levels upon TRAF3/PTEN inhibition was also
confirmed by quantitative PCR and western blotting in
HepG2 cells (Figure 4B,C). Moreover, TRAF3/PTEN
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inhibition significantly increased the proliferation of
HepG2 cells (Figure 4D). To validate this
transdifferentiation phenotype in noncancerous cells,
we established Traf3/Pten-proficient or Traf3/Pten-
deficient murine liver organoids (Figure 4E; Figure
S5B,C) and induced hepatocyte differentiation (Figure
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FIGURE 2 ICCs originate from Traf3/Pten-deficient hepatocytes. Liver phenotypes were examined in WT mice, hepatocyte-specific Pten and
Traf3 DKO (HDKO) mice, cholangiocyte-specific Pten and Traf3 DKO (CDKO) mice, and mice with hepatocyte-specific Pten and Traf3 knockout
following the administration of AAV8-thyroxine binding globulin Cre (AAVDKO) or pEF-iCre through HTVi (HTVIiDKO). (A) Hematoxylin and eosin
and KRT19 staining of HDKO or CDKO and WT mice at 12 weeks of age. Scale bars, 50 um. (B) Gene expression levels in HDKO and WT mice at
12 weeks of age. n = 3 per group, *p < 0.05. (C) Macro images of HDKO and CDKO mice at 24 weeks of age. (D) Tumor penetrance ¢ 10 mm) of
HDKO mice and WT mice at 24 weeks of age. (E) Hematoxylin and eosin staining and KRT19 staining of HDKO mice at 24 weeks of age. Scale
bars, 50 um. (F) Gene expression levels in tumors from HDKO mice and livers of WT mice. n = 3 per group, *p < 0.05. (G) X-gal and KRT19
staining of HDKO and WT mice at 12 weeks of age. Scale bars, 50 ym. (H) Macro image of WT and AAV DKO mice. (I) Tumor penetrance ¢ 10
mm) of AAV DKO mice and WT mice. (J) Hematoxylin and eosin and KRT19 staining of AAV DKO mice. Scale bars, 50 ym. (K) Macro image of
WT and HTVi DKO mice. (L) Tumor penetrance ¢ 10 mm) of HTVi DKO mice. (M) Hematoxylin and eosin and KRT19 staining of HTVi DKO mice.
Scale bars, 50 um. (N,0) Gene expression levels in AAV DKO tumors and WT mice (N) and HTVi DKO tumors and WT mice (O), n = 3 per group,

*p < 0.05. HE, hematoxylin and eosin

S5D). Hepatocytes derived from Traf3/Pten-deficient
organoids (CRE Hep) showed significantly higher Kr{19
expression levels and lower Alb levels than hepatocytes
derived from WT organoids (green fluorescent protein
[GFP] Hep) (Figure 4F). Furthermore, we examined
cholangiocyte marker expression in primary human
hepatocytes (PHHs) (Figure S5E). Similarly, TRAF3/
PTEN inhibition resulted in the up-regulation of KRT19
mRNA and protein levels (Figure 4G,H). Taken
together, these data suggested that TRAF3/PTEN
inactivation was the driving force for the
transdifferentiation of hepatocytes into cholangiocytes.

Inactivation of TRAF3/PTEN induces the
transdifferentiation of hepatocytes into
proliferative cholangiocytes through NIK
activation

To identify the mechanisms driving the transdifferentiation
of hepatocytes into cholangiocytes, we collected liver
tissue from HDKO and WT control littermates 2 weeks
after TAM administration, when a significant reduction in
Traf3/Pten levels was observed without apparent chol-
angiocyte overgrowth (Figure S6A,B). Subsequently, we
examined the activities of pathways known to be involved
in bile duct proliferation, such as the Hippo signaling
pathway, the NOTCH signaling pathway, the c-Jun N-
terminal kinase (JNK) signaling pathway, the Hedgehog
signaling pathway,2-29 and the necroptosis pathway,
which has recently been shown to be involved in
hepatocyte-derived ICC development.2% While we did
not find apparent activation of JNK and Hedgehog
signaling, we observed up-regulation of some NOTCH
and Yes-associated protein (YAP) target gene expression
(Figure S6C,D) and phosphorylation of receptor interact-
ing serine/threonine kinase 3, an important mediator of
necroptosis (Figure S6E), in the livers of HDKO mice
(Figure S6F,G). To explore the involvement of necropto-
sis, we genetically deleted MLKL (executer of necroptosis)
in the liver of L-Traf3/Pten-DKO mice, but this did not
rescue the phenotype (Figure S6H,l). This result sug-
gested that necroptosis is not important for transdiffer-
entiation in our mice. Next, to address the involvement of
the Hippo and NOTCH signaling pathways in the

transdifferentiation process, we further examined their
pathway activation in TRAF3/PTEN-inhibited HepG2 cells
in vitro and found up-regulation of some of the NOTCH
and YAP target gene expression levels (Figure S6J). We
thus evaluated the effect of inhibiting Hippo or NOTCH
signaling on the transdifferentiation process in vitro. Small
interfering RNA (siRNA)-mediated silencing of recombi-
nation signal binding protein for immunoglobulin kappa J
region, the major transcriptional effector of NOTCH
signaling, significantly suppressed the up-regulation of
KRT19 (Figure S6K), suggesting the involvement of the
NOTCH signaling pathway in the transdifferentiation
process. Meanwhile, inhibition of the HIPPO pathway by
siRNA-mediated silencing of YAP or TAZ (WW domain-
containing transcription regulator protein 1) did not
suppress this process (Figure S6L,M).

To further globally search for genes that may be
important for transdifferentiation, we sequenced the
RNAs expressed in these liver tissues and looked for
genes that were up-regulated in DKO livers compared
with WT livers, which revealed 197 up-regulated genes
(Table S2). Among them, we focused on mitogen-
activated protein kinase kinase kinase 14 (Map3k14),
also known as NIK (Figure 5A), because NIK functions
downstream of TRAF3 and is important in noncanonical
NF-kB signaling.®"l Subsequently, we confirmed that
Map3k14 expression was significantly up-regulated in
the livers of HDKO mice 12 weeks after TAM
administration and in mouse liver-derived organoids,
human hepatocytes, and hepatoma cells upon
knockdown of TRAF3/PTEN expression (Figure 5B—E).

To determine whether NIK is important for trans-
differentiation, we blocked its kinase activity using a
small molecule inhibitor, NIKSMI,32 or inhibited NIK
expression using NIK siRNA. While TRAF3/PTEN
inhibition in PHH cells and HepG2 cells activated
noncanonical NF-xB signaling, as demonstrated by
the increase in p52 expression, both NIKSMI treatment
and NIK siRNA suppressed noncanonical NF-«xB signal-
ing and the up-regulation of KRT19 expression
(Figure 5F—I). Both NIKSMI and siRNA also blocked
the increase in cell proliferation resulting from TRAF3/
PTEN inhibition in HepG2 cells (Figure 5J,K). These
inhibitory effects of NIKSMI were dose-dependent
(Figure S7A,B) and were not caused by apoptosis
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plot of hepatocyte-specific Pten and Traf3 DKO mice and WT mice. (A) Each cluster of the t-SNE plot. (B) WT-derived cells (blue dots) and DKO-
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(Figure S7C). Treatment of L-Traf3/PtenDKO mice with
NIKSMI in vivo also significantly suppressed the
cholangiocyte overgrowth observed in L-Traf3/
PtenDKO mice (Figure 5L,M). Collectively, these data
indicated that inactivation of TRAF3/PTEN induces the
transdifferentiation of hepatocytes into proliferative
cholangiocytes through NIK activation.

Dysregulation of the TRAF3-NIK axis is
associated with an advanced stage and
poor prognosis of human ICC

We then evaluated the clinical relevance of the TRAF3—
NIK axis in 46 surgically resected patients with ICC.
Clinical information on these patients is provided in Table
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FIGURE 4 TRAF3/PTEN inhibition promotes the transdifferentiation of hepatocytes into cholangiocytes in vitro. Cell phenotypes were
examined in HepG2 cells or PHHs with knockdown of PTEN and TRAF3 or control siRNA, liver organoids established from the liver of Traf3/Pten-
floxed mice transfected with GFP-expressing lentivirus or CRE-expressing lentivirus, hepatocytes derived from GFP organoids (GFP Hep) and
CRE organoids (CRE Hep). (A) Heatmap of hepatocyte markers and cholangiocyte markers in HepG2 cells. (B) Gene expression levels in HepG2
cells with control and phenotypes examined in HepG2 cells or PHHs with knockdown of PTEN and TRAF3. (C) Western blot in HepG2 with control
and phenotypes examined in HepG2 or PHHs with knockdown of PTEN and TRAF3. (D) Cell growth curve of HepG2 with control or phenotypes
examined in HepG2 or PHHs with knockdown of PTEN and TRAF3 analyzed by IncuCyte. n = 8 per group, *p < 0.05. (E) Western blot in
organoids. (F) Gene expression levels in GFP Hep and CRE Hep. n = 3 per group, *p < 0.05. (G) Gene expression levels in PHHs with control or
phenotypes examined in HepG2 or PHHs with knockdown of PTEN and TRAF3. n = 4 per group, *p < 0.05. (H) Western blot in PHHs with control
or phenotypes examined in HepG2 or PHHs with knockdown of PTEN and TRAF3. ACTB, actin beta; ALB, Albumin; AMBP, Alpha-1-micro-
globulin/bikunin precursor; ANXA5, Annexin A5; APOA1, Apolipoprotein A1; APOC1, Apolipoprotein C1; APOC3, Apolipoprotein C3; ASS1,
Argininosuccinate synthase 1; BHMT, Betaine-homocysteine S-methyltransferase; CDO1, Cysteine dioxygenase type 1; CEBPA, CCAAT
enhancer binding protein alpha; CYSTM1, Cysteine rich transmembrane module containing 1; DSG2, Desmoglein 2; FABP1, Fatty acid binding
protein 1; GNMT, Glycine N-methyltransferase; HNF4A, Hepatocyte nuclear factor 4 alpha; HPX, Hemopexin; KRT7, Keratin 7; KRT8, Keratin 8;
KRT18, Keratin 18; KRT19, Keratin 19; LURAP1L, Leucine rich adaptor protein 1 like; NC, negative control; PTKD#1 and PTKD#2, phenotypes
examined in HepG2 or PHHSs with knockdown of PTEN and TRAF3, respectively; RBP4, Retinol binding protein 4; RGN, Regucalcin; SOX4, SRY-
box transcription factor 4; SPP1, Secreted phosphoprotein 1; TF, Transferrin; TGFBR2, Transforming growth factor beta receptor 2; TTR,
Transthyretin

S3. We first performed immunostaining for TRAF3 and normal cholangiocytes, whereas NIK expression levels in
NIK in the normal liver and found that TRAF3 expression normal hepatocytes were lower than those in normal
levels in normal hepatocytes were higher than those in cholangiocytes (Figure S8). We then quantified the
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protein levels in ICC tissues (Figure 6A) and observed a
significant negative correlation between TRAF3 and NIK
protein expression in tumor tissues (Figure 6B). We then
evaluated the association of TRAF3 and NIK expression
levels with clinicopathological factors and patient
prognosis. Interestingly, low TRAF3 or high NIK
expression was significantly associated with advanced

tumor stage (Tables S4 and S5). Importantly, patients
with low TRAF3 expression or high NIK expression
showed significantly shorter DFS and OS than those with
high TRAF3 levels or low NIK levels, respectively, after
surgical resection (Figure 6C—F). These findings
suggested that human ICCs with dysregulation of the
TRAF3-NIK axis may have higher malignant potential.
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FIGURE 5 Inactivation of TRAF3/PTEN induces the transdifferentiation of hepatocytes into proliferative cholangiocytes through NIK acti-
vation. Liver phenotypes were examined in WT mice, HDKO mice, mice with liver-specific Pten and Traf3 double knockouts (DKO), and mice with
liver-specific Pten and Traf3 double knockout following NIKSMI treatment twice a day at a dose of 200 mg/kg. Cell phenotypes were examined in
hepatocytes derived from GFP-expressing lentivirus-infected organoids (GFP Hep); CRE-expressing lentivirus-infected organoids (CRE Hep);
HepG2 cells or PHHs with knockdown of PTEN and TRAF3 or of PTEN, TRAF3, and MAP3K14; or control siRNA, HepG2 cells, or PHHs with
knockdown of PTEN and TRAF3 treated with NIKSMI at a concentration of 9 uM. (A,B) Gene expression levels in HDKO mice at 2 weeks (n = 3)
(A) and at 12 weeks (n = 4) (B) after TAM administration, *p < 0.05. (C) Gene expression levels in GFP Hep and CRE Hep. n = 3 per group,
*p < 0.05. (D) Gene expression levels in HepG2 (left) or PHHSs (right) with control or with knockdown of PTEN and TRAF3. n = 4 per group,
*p < 0.05. (E) Western blot in HepG2 cells or PHHs with control or with knockdown of PTEN and TRAF3. (F) Gene expression levels in HepG2
(left) or PHHSs (right) with control, with knockdown of PTEN and TRAF3, and with knockdown of PTEN and TRAF3 treated with NIKSMI at a
concentration of 9 yM. n = 4 per group, *p < 0.05. (G) Western blot in HepG2 cells (left) or PHHSs (right) with control, with knockdown of PTEN and
TRAF3, and with knockdown of PTEN and TRAF3 treated with NIKSMI at a concentration of 9 uM. (H) Gene expression levels in HepG2 (left) or
PHHs (right) with control or with knockdown of PTEN and TRAF3 or of PTEN, TRAF3, and MAP3K14. n = 4 per group, *p < 0.05. (I) Western blot
in HepG2 (left) or PHHs (right) with control or with knockdown of PTEN and TRAF3 or of PTEN, TRAF3, and MAP3K14. (J,K) Cell growth curve of
HepG2 with control or with knockdown of PTEN and TRAF3 or of PTEN, TRAF3, and MAP3K14 (J) or with knockdown of PTEN and TRAF3 or of
PTEN, TRAF3, and MAP3K14 (K) analyzed by IncuCyte, n = 8 per group, *p < 0.05. (L) Hematoxylin and eosin and KRT19 staining of DKO mice
and DKO NIKSMI mice. Scale bars, 50 pm. (M) Gene expression levels in DKO mice and DKO NIKSMI mice. n = 5 per group, *p < 0.05. ACTB,
actin beta; HE, hematoxylin and eosin; NC, negative control; PTKD#1 and PTKD#2, phenotypes examined in HepG2 or PHHs with knockdown of

PTEN and TRAF3, respectively

NIK inhibition could represent an ICC
therapeutic

Finally, we sought to determine whether dysregulation
of the TRAF3-NIK axis may represent an ICC
therapeutic. We first tested this possibility in vitro using
NIK siRNA or NIKSMI. Interestingly, both treatments
significantly suppressed the proliferation of multiple
human ICC cell lines in vitro (Figure 7A-I). This effect
was not mediated by apoptosis (Figure S9A). We then
assessed the therapeutic potential of NIK shRNA
(Figure S9B,C) or NIKSMI in vivo. NIKSMI treatment
did not cause any weight loss or change in blood test
results in the mice, suggesting good tolerance of this
drug in vivo (Figure S9D,E). We also confirmed that
NIKSMI treatment significantly suppressed P52 expres-
sion (Figure S9F,G). Both NIK shRNA and NIKSMI
treatments significantly suppressed the growth of
xenografts derived from HuCCT1 cells (Figure 7J,K).
The number of Ki67-positive cells was significantly
lower in tumors treated with NIKSMI or NIK shRNA than
in tumors treated with vehicle or negative control
shRNA (Figure 7L,M). NIKSMI treatment also reduced
the number of proliferating cell nuclear antigen—positive
cells (Figure S9H,I). Meanwhile, no induction of
apoptosis was observed (Figure S9J-M). Taken
together, these results suggest that NIK inhibition could
represent a potential therapeutic target for ICC.

DISCUSSION

In this study, we used SB transposon mutagenesis in
Pten-deficient mice to identify 405 statistically signifi-
cant ICC CCGs, including frequent loss-of-function
mutations in the Traf3 tumor suppressor gene. TRAF3 is
one of seven members of the TRAF adapter protein
family. The involvement of TRAF3 in cancer has
previously been studied in hematological cancers,

where inactivating mutations in TRAF3 have been
found in ~10% and 20% of patients with diffuse large
B-cell lymphoma and multiple myeloma,
respectively.[33341 Experimentally, TRAF3 acts as a
key inhibitor of homeostatic B-cell survival, and its
deletion leads to B-cell lymphoma.l35! More recently,
several tumor suppressive roles for TRAF3 have also
been reported in solid tumors, including breast, lung,
and head and neck cancers and osteosarcoma.i3%
However, the role of TRAF3 in ICC carcinogenesis
has not been reported.

ICC has been considered to develop exclusively from
intrahepatic cholangiocytes because it expresses a
variety of cholangiocyte markers, including KRT19 and
SOX9, and has a luminal structure. However, several
recent lineage tracing studies have strongly suggested
that ICCs can originate from hepatocytes through
transdifferentiation.?”#1 These reports showed that ICC
could develop from mature hepatocytes in mice following
the activation of one or more oncogenes, including
KRAS, AKT, YAP, or NOTCH, specifically in hepatocytes
through AAV8-mediated or HTVi—-mediated delivery or by
using Alb-CreERT2.38-41 Recent phylogenetic tree anal-
ysis of mutational profiles in cHCC-ICC also suggested
the existence of oncogenic reprogramming.?

In this study, we report experimental evidence for
hepatocyte-derived ICC development through TRAF3
inactivation. In our studies, we ensured hepatocyte-
specific gene editing by Cre recombinase delivery
through HTVi and AAVS8, as well as by using Alb-
CreERT2, and confirmed hepatocyte specificity by
lineage tracing using ROSA26 mice. All knockout mice
generated in these studies showed a similar cholangio-
carcinogenesis phenotype, which strongly supports our
claim that ICC originated from hepatocytes through
transdifferentiation. In addition, we showed the process
of transdifferentiation from mature hepatocytes into
cholangiocyte-like cells by pseudotime analysis using
single-cell RNA sequencing.
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FIGURE 6

Dysregulation of the TRAF3—NIK axis is associated with advanced stage and poor prognosis of human ICC. (A) Representative

images of ICCs with low TRAF3 expression and high NIK expression (upper panels) and ICCs with high TRAF3 expression and low NIK
expression (lower panels). (B) Correlation between TRAF3 and NIK staining intensity in tumor tissue of patients with ICC. Scale bars, 50 pm. DFS
(C) and OS (D) based on TRAF3 staining intensity in patients with ICC. DFS (E) and OS (F) based on NIK staining intensity in patients with ICC.

HE, hematoxylin and eosin; NT, nontumor; T, tumor

TRAF3 is known to have multifaceted roles in the cell.
It forms homomultimers or heteromultimers through the
coiled-coil/TRAF-N domain and has a C-terminal TRAF-C
domain that is used to mediate many of its protein—
receptor and protein—protein interactions.#3 One of the
important but complex physiological roles of TRAF3 is to
mediate Toll-like receptor (TLR) signaling in immune
cells. Whereas TRAF3 positively controls the TLR-
mediated and retinoic acid—inducible gene I|-like
receptor—mediated type | interferon response, it nega-
tively regulates myeloid differentiation factor 88—
dependent mitogen-activated protein kinase activation
and the production of inflammatory cytokines such as
TNF, IL-6, and IL-12.[4l Another important role of TRAF3
is to mediate the alternative NF-xB pathway. TRAF3

negatively regulates the intracellular levels of NIK by
binding with the TRAF2-cellular inhibitor of apoptosis
(clAP) complex, which leads to clAP-mediated K48-linked
polyubiquitylation of NIK and its subsequent proteasomal
degradation.3 Upon cluster of differentiation 40 or B-cell
activating factor receptor engagement, TRAF3 is
degraded by the proteasome, and NIK protein accumu-
lation leads to activation of the alternative NF-xB signaling
pathway.*4 The importance of TRAF3/NIK-mediated
alternative NF-kB signaling in maintaining tissue homeo-
stasis has been demonstrated by the early postnatal
lethal phenotypes caused by systemic TRAF3 deletion,
which was rescued by the additional deletion of Nfkb2, a
transcription factor of the noncanonical NF-«xB signaling
pathway .9 In the current study, we found that TRAF3
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FIGURE 7 NIKinhibition could represent a potential therapeutic for ICC. Cell phenotypes were examined in HUCCT1, HUCCA1, and KKU232

cells with knockdown of MAP3K14, MAP3K14 shRNA, or control. (A—C) Western blotin HuCCT1 (A), HuCCA1 (B), and KKU213 (C) with control or
cells with knockdown of MAP3K14. (D—F) Cell growth curve of HuCCT1 (D), HuCCA1 (E), and KKU213 (F) cells treated with knockdown of NIK
analyzed by IncuCyte. n = 8 per group, *p < 0.05. (G-I) Cell growth curves of HUCCT1 (G), HUCCA1 (H), and KKU213 (1) cells with NIKSMI
analyzed by IncuCyte. n = 8 per group, *p < 0.05. (J,L) HUCCT-1 cells were injected s.c. into NOG mice. Mice were orally treated with or without
NIKSMI twice a day at a dose of 200 mg/kg. Tumor volumes were measured at various times after treatment, n = 7 per group, *p < 0.05 (J). Ki67-
positive cell counts of HUCCT1 xenograft tumor tissues, n = 7 per group, *p < 0.05. Scale bars, 50 ym (L). (K,M) HUCCT-1 cells lentivirally
transfected with NIK shRNA or negative control shRNA wereinjected s.c. into NOG mice. Tumor volumes were measured at various times, n =7
per group, *p < 0.05 (K). Ki67-positive cell counts of HUCCT1 xenograft tumor tissues, n = 7 per group, *p < 0.05. Scale bars, 50 um (M). ACTB,
actin beta; NC, negative control; NIK KD, MAP3K14 shRNA; NIK KD#1 and NIK KD#2, cells with knockdown of MAP3K14
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inactivation up-regulated NIK and activated noncanonical
NF-kB signaling (Figure 5G,l). Subsequently, we showed
that NIK inhibition suppressed hepatocyte
transdifferentiation into proliferative cholangiocytes. Our
studies shed light on the important role of TRAF3/NIK-
mediated activation of the noncanonical NF-«xB pathway
in hepatocyte-derived cholangiocarcinogenesis.

Aberrant NIK expression and its oncogenic roles
have been reported in a variety of cancer types,
including hematological and solid cancers (e.g., mela-
noma, glioma, breast cancer, and pancreatic cancer).
46471 However, its involvement in the pathogenesis or
therapeutics of ICC has not been exploited. Herein, we
showed a clinical association of the TRAF3-NIK axis
with poor prognosis in human patients with ICC and
provided experimental evidence indicating that NIK is a
promising ICC therapeutic target. In addition, we
identified a differentiation abnormality as the mode of
action of NIK-mediated cholangiocarcinogenesis. Inter-
estingly, activation of NIK and the alternative NF-xB
pathway has also been shown to inhibit the differ-
entiation of hematopoietic stem cells, which is important
for leukemogenesis, and to promote cancer stemness
in breast cancer.*6471 Taken together, these data
suggest an important role for NIK and the alternative
NF-kB signaling pathway in cellular differentiation and
show that targeting the differentiation program could be
a therapeutic option for cancer types with aberrant NIK
expression, including ICC.

In conclusion, our studies have revealed a mech-
anism of intrahepatic cholangiocarcinogenesis result-
ing from hepatocyte transdifferentiation induced by
TRAF3/NIK-mediated noncanonical NF-kB signaling.
We have also demonstrated the clinical relevance of
the TRAF3—-NIK axis in human ICC and identified NIK
as a promising therapeutic target for treating ICC.
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