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Abstract

AIM: To investigate whether IDH1R132C mutant in
combination with loss of p53 and activated Notch
signaling promotes intrahepatic cholangiocarcinoma
(ICC) development.

METHODS: We applied hydrodynamic injection and
sleeping beauty mediated somatic integration to
induce loss of p53 (via shP53), activation of Notch
[via intracellular domain of Notchl (NICD)] and/or
overexpression of IDH1R132C mutant together with
the sleeping beauty transposase into the mouse
liver. Specifically, we co-expressed shP53 and NICD
(shP53/NICD, nn = 4), shP53 and IDH1R132C (shP53/
IDH1R132C, n = 3), NICD and IDH1R132C (NICD/
IDH1R132C, n = 4), as well as NICD, shP53 and
IDH1R132C (NICD/shP53/IDH1R132C, 7 = 9) in mice.
Mice were monitored for liver tumor development and
euthanized at various time points. Liver histology was
analyzed by hematoxylin and eosin staining. Molecular
features of NICD/shP53/IDH1R132C ICC tumor cells
were characterized by Myc tag, Flag tag, Ki-67, p-Erk
and p-AKT immunohistochemical staining. Desmoplastic
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reaction in tumor tissues was studied by Picro-Sirius
red staining.

RESULTS: We found that co-expression of shP53/
NICD, shP53/IDH1R132C or NICD/IDH1R132C did not
lead to liver tumor formation. In striking contrast, co-
expression of NICD/shP53/IDH1R132C resulted in ICC
development in mice (P < 0.01). The tumors could
be identified as early as 12 wk post hydrodynamic
injection. Tumors rapidly progressed, and by 18 wk post
hydrodynamic injection, multiple cystic lesions could be
identified on the liver surface. NICD/shP53/IDH1R132C
liver tumors shared multiple histological features of
human ICCs, including hyperplasia of irregular glands.
Importantly, all tumor cells were positive for the
biliary epithelial cell marker cytokeratin 19. Extensive
collagen fibers could be visualized in tumor tissues
using Sirus red staining, duplicating the desmoplastic
reaction observed in human ICC. Tumors were highly
proliferative and expressed ectopically injected genes.
Together these studies supported that NICD/shP53/
IDH1R132C liver tumors were indeed ICCs. Finally,
no p-AKT or p-ERK positive staining was observed,
suggesting that NICD/shP53/IDH1R132C driven ICC
development was independent of AKT/mTOR and Ras/
MAPK signaling cascades.

CONCLUSION: We have generated a simple, non-
germline murine ICC model with activated Notch, loss
of p53 and IDH1R132C mutant. The study supported
the oncogenic potential of IDH1R132C.

Key words: IDH1 mutant; Notch pathway; Intrahepatic
cholangiocarcinoma; Mouse liver cancer; p53
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Core tip: We established a novel murine intrahepatic
cholangiocarcinoma (ICC) model via hydrodynamic
transfection of activated form of Notchl (NICD), shP53
and IDH1R132C into the mouse liver. This study is
the first to demonstrate that IDH1R132C mutant can
cooperate with other oncogenes or tumor suppressor
genes to promote ICC development /n vivo. In
addition, it provides the ICC research community with
an innovative and convenient approach to generate
IDH1R132C mutant ICC in mice. Finally, ICC induced by
NICD/shP53/IDH1R132C provides a useful tool to study
IDH mutant in ICC pathogenesis and a novel preclinical
murine model for testing drugs against the deadly
malignancy.
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INTRODUCTION

Intrahepatic cholangiocarcinoma (ICC) is a deadly
malignancy of the biliary epithelium arising within the
liver. It is the second most common primary hepatic
cancer, representing about 10% to 20% of all primary
hepatic carcinomas™?, While ICC remains a relatively
rare malignancy worldwide, its incidence rate has
been rising rapidly over the past several decades™.
For the lack of apparent clinical symptoms, signs and
deviant lab test results, ICC is generally diagnosed at
the advanced stage. Treatment options for ICC are
very limited. Indeed, there is no curative treatment
except surgical resection at the early stage of ICC. The
combination of gemcitabine and cisplatin is the first-
line treatment for inoperable ICC patients®®*!. However,
standard chemotherapies only offer very limited
benefit. Clearly, effective molecular targeted therapies
are urgently needed for the treatment of ICC.

Molecular genetics underlying ICC pathogenesis
remains poorly understood™®’”). A rising number of
genetics data points to a heterogeneous collection of
underlying mutations in multiple oncogenes and tumor
suppressor genes in human ICC, such as KRAS™,
BRAF®!, p5310*2 sMAD4™ and p16™,

Recently, mutations in metabolic genes, which can
reprogram tumor metabolism to stimulate cell growth
and proliferation, have been identified in various human
tumors™¥. These mutations are considered to be novel
targets for cancer therapies. Isocitrate dehydrogenase
(IDH) is an enzyme that participates in NADP" or NAD"
dependent tricarboxylic acid (TCA) cycle. It localizes
to the cytoplasm, mitochondrion, and peroxisome
in cells, and catalyzes the oxidative decarboxylation
of isocitrate to produce a-ketoglutarate (a-KG) and
CO:z. There are three isoforms in human: IDH1, IDH2
and IDH3. Mutations of IDH1 and IDH2 have been
identified in multiple tumor types. For example, IDH1
mutants are found in brain tumors (including gliomas™*!
and glioblastomas!'®), acute myeloid leukemia™’*#,
thyroid carcinomas™®?, cartilaginous tumorst*?? and
ICCs™®?%, Previous studies have demonstrated that
mutant IDH1 is oncogenic via regulating TCA cycle
and increasing tumor cells’ dependence on oxidative
mitochondrial metabolism!®!. IDH1 mutation alters its
enzymatic activity, leading to the production of (D)-
2-hydroxyglutarate (2-HG) rather than o-KGP%%"],
2-HG is structurally similar to a-KG, and acts as a
o-KG antagonist to competitively inhibit multiple a-KG-
dependent dioxygenases, including lysine histone
demethylases and the ten-eleven translocation (TET)
family of DNA hydroxylases™ . The oncogenic
potential of IDH mutants in ICC was recently validated
in vivo and the study demonstrated that IDH mu-
tants function to block hepatocyte differentiation
while promoting ICC pathogenesis®™”. However, the
study utilized transgenic mice with IDH2R140Q or
IDH2R172K mutant in combination with K-RasG12D
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to induce ICC formation in mice. In human ICCs,
IDH2 mutant is relatively rare. On the other hand,
IDH1R132C is the most common IDH mutant found in
human ICC. According to COSMIC database, among all
ICCs with IDH1 mutations, 47 of all the 76 identified
mutations (about 61.8%) are substitution of arginine
by cysteine at position 132, i.e., IDH1R132C. However,
the in vivo oncogenic potential of IDH1R132C has not
been investigated.

The abnormal activation of Notch signaling pathway
plays critical roles in tumor development™, including
in ICCP?. The contact of Notch ligands with their
receptors induces proteolytic cleavage, and releases
the Notch intracellular domain (NICD) resulting in the
activation of the Notch pathway™. Previous studies
demonstrate that the Notch pathway can control liver
development by regulating biliary differentiation®",
and activated Notch 1 (NICD) synergizes with activated
AKT signaling to promote ICC development™’. As a
canonical tumor suppressor gene, silencing of p53 has
been implicated in ICC development™®*”), The genetic
interaction between Notch pathway and the tumor
suppressor gene p53 in ICC development has not been
studied.

In this study, we investigated the oncogenic
potential of IDH1R132C in ICC development. We
applied hydrodynamic transfection to overexpress
IDH1R132C together with NICD1 or shP53 into mouse
liver®, We found that co-expression of NICD/shP53,
IDH1R132C/shP53 or NICD/IDH1R132C into the
mouse liver did not lead to ICC formation in mice. In
contrast, all NICD/shP53/IDH1R132C injected mice
developed ICC starting at 12 wk post hydrodynamic
transfection. Our results provided evidence, for the
first time, that IDH1R132C mutant can promote ICC
development in combination with activated Notch
signaling and loss of p53. ICC induced by NICD/shP53/
IDH1R132C therefore provides a useful tool to study
IDH mutant in ICC pathogenesis and a novel preclinical
murine model for testing drugs against ICC.

MATERIALS AND METHODS

Ethics statement

Hydrodynamic transfection induced mouse ICC used
in this study was generated as previously described™®®.
Mice were housed, fed, and monitored in accordance
with protocols approved by the committee for animal
research at the University of California, San Francisco
(IACUC approval number: AN108577). Mice were
monitored closely for liver tumor development. Mice
with noticeable swelling abdominal mass or with a
body condition score of 2 or less were euthanized
by carbon dioxide inhalation followed by cervical
dislocation according to the IACUC protocol.

Constructs and reagents
All the constructs, including Myc tagged pT3-EF5a-
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NICD, shRNAmir-based silencing of p53 (pT2-shP53)
and pCMV/sleeping beauty transposase (SB) used for
mouse injection were previously described™***%, Flag
tagged human IDH1 cDNA clone was kindly provided
by Dr. Yue Xiong (University of Northern Carolina),
and IDH1R132C mutant was generated using the
QuickChange Site-Directed Mutagenesis kit (Stratagene,
Santa Clara, CA). IDH1R132C was subsequently cloned
into pT3-EF5a vector by the Gateway PCR cloning
strategy (Invitrogen, Carlsbad, CA). Plasmids were
purified using the Endotoxin-free Maxi-prep kit (Sigma,
St. Louis, MO) before injecting into mice.

Hydrodynamic tail vein injection

Wild type FVB/N mice were obtained from Charles
River (Wilmington, MA). Hydrodynamic injections
were performed as described previously™>***!1, Briefly,
ten micrograms of the plasmids encoding pT3-EF5a-
NICD (with Myc tag) and/or pT2-shP53 and/or pT3-
EF50-IDH1R132C (with Flag tag) along with sleeping
beauty transposase (pCMV/SB) at a ratio of 25:1 were
diluted in 2 mL saline (0.9% NacCl) for each mouse.
Saline solution was filtered through a 0.22 um filter
and injected into the lateral tail vein of 6- to 8-wk-old
FVB/N mice in 5-7 s.

Histology and immunohistochemical staining

Liver samples were fixed overnight in zinc formalin
(Anatech Ltd.), embedded in paraffin, cut into 5-um-
thick sections, and placed on glass slides. The rabbit
polyclonal anti-Myc (Invitrogen; dilution 1:1000), Flag
tag (Cell Signaling Technology; dilution 1:200), anti-
CK19 (Abcam; dilution 1:100), anti-Ki67 (Thermo
Scientific; dilution 1:150), anti-p-AKT (Cell Signaling
Technology; dilution 1:100), and anti-p-ERK1/2 (Cell
Signaling Technology; dilution 1:100) antibodies were
used. Briefly, slides were deparaffinized in xylene,
rehydrated through a graded alcohol series and rinsed
in PBS. Endogenous peroxidase was inactivated using
3% hydrogen peroxide in methanol. After boiled in 0.01
M citrate buffer (pH 6.0) for 10 min in @ microwave
oven, slides were incubated with primary antibodies
overnight at 4 ‘C and subsequently with goat anti-
rabbit biotin conjugated secondary antibody (1:500
dilution in PBS) for 30 min at room temperature.
Then, signal was visualized using Vectastain ABC
Elite kit (Vector Laboratories In, Burlingame, CA) and
developed with 3,3’-diaminobenzidine (DAB). Sections
were counterstained with hematoxylin (Sigma).
Negative controls were performed with the same
procedure, and PBS was incubated as a substitute for
the primary antibodies.

Picro-Sirius red staining

Liver samples were fixed as described previously. Slides
were deparaffinized in xylene, rehydrated through a
graded alcohol series and rinsed in PBS, and incubated
with Picro-Sirius red solution for 60 min. Slides were
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Figure 1 Hydrodynamic co-transfection of NICD and IDH1R132C does not lead to liver tumor formation in mice. A: Macroscopic appearance of the liver from
an NICD/IDH1R132C injected mouse harvested at 22 wk post injection; B: Hematoxylin-eosin (HE) staining image of representative NICD/IDH1R132C liver tissue.

Inset: Expanded view of the HE image.

Table 1 Tumor development in mice coinjected with NICD/
IDH1R132C, NICD/shP53, shP53/IDH1R132C or NICD/shP53/

IDH1R132C

Code Sex Age WPI Tumor' Tumor Tumor size

(wk) number  (mm)
NICD/ ND-F41 F 28 21 N 0 0
IDHIR132C ND-F42 F 28 22 N 0 0
ND-F43 F 28 22 N 0 0
ND-F44 F 28 22 N 0 0
NICD/shP53 NP-F41 F 31 24 N 0 0
NP-F42 F 31 24 N 0 0
NP-F43 F 31 24 N 0 0
NP-F44 F 31 24 N 0 0
shP53/ PD-F3.1 F 27 20 N 0 0
IDH1R132C
PD-F32 F 27 20 N 0 0
PD-F33 F 27 20 N 0 0
NICD/ NDP-F41 F 16 9 N 0 0
shP53/
IDH1R132C
NDP-F4.2 F 19 12 Y 1 15
NDP-F4.3 F 19 12 Y 2 1,2
NDP-F44 F 20 13 Y 2 1,1
NDP-F45 F 20 13 Y 4 1,1,2,3
NDP-F4.6 F 22 15 Y 3 15,2,2
NDP-F4.7 F 22 15 Y 5] 1,15,2,2,
3
NDP-F48 F 25 18 Y 6 1,2,25,4,
4,6
NDP-F49 F 25 18 Y 4 1,1,2,4

"Tumor. N: No tumor nodules observed in liver; Y: Liver tumor in liver.
WPI: Weeks post injection.

then rinsed in PBS and quickly dehydrated in xylene.

Statistical analysis
Students’ t-test was used to compare tumor incident
rates in mouse groups.

RESULTS

Hydrodynamic co-transfection of IDH1R132C and NICD
does not lead to liver tumor formation in mice
To study the oncogenic potential of IDH1R132C
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mutant, we generated pT3-EF5a-IDH1R132C plasmid
which can be delivered into and stably expressed in
mouse hepatocytes via sleeping beauty mediated
somatic integration. It has been widely recognized
that tumor development is a complex process and
requires the activation of multiple signaling pathways.
In our study, the IDH1 mutant, as a metabolic gene,
is unlikely to be sufficient to promote any tumor
formation. Deregulation of Notch pathway and p53
is known to be involved in human ICC pathogenesis.
We attempted to develop mouse ICC models in which
Notch, p53 and IDH1 are deregulated, either alone or
in combination.

In our previous studies, we showed that NICD
alone is only able to promote ICC development over
long latency™!. We therefore investigated whether co-
expression of IDH1R132C accelerated NICD induced
ICC development in mice. Towards this goal, we co-
expressed NICD/IDH1R132C into wild type FVB/N
mice (n = 4) by hydrodynamic transfection. All mice
appeared to be healthy and were harvested at 22
wk post injection (Table 1). We found that the livers
appeared to be normal in all mice; and none of the
mice had visible nodules on the liver surface (Figure
1A). The result was corroborated by histological
examination (Figure 1B). Together, the data suggest
that IDH1R132C is unable to cooperate with NICD to
promote liver tumor development in vivo.

Hydrodynamic transfection of IDH1R132C mutant
cooperates with NICD and shP53 to promote ICC
development in mice

A previous study showed that IDH mutants are
associated with loss of p53 activity in human
ICCs™®!., We therefore investigated whether loss of
p53 expression is able to synergize with NICD and
IDH1R132C to induce ICC formation in mice.

At the first step, we investigated whether loss
of p53 (via shP53) accelerated NICD1 induced ICC
development. We co-expressed NICD/shP53 into the
mice (n = 4) by hydrodynamic transfection. All mice
appeared to be healthy and were harvested at 24
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Figure 2 Hydrodynamic co-transfection of NICD and shP53 cannot promote liver tumor development in mice. A: Macroscopic appearance of the liver from a
NICD/shP53 injected mouse harvested at 24 wk post injection; B: Hematoxylin-eosin (HE) stained image of representative NICD/shP53 liver tissue. Inset: Expanded

view of the HE image.

|EM 1 2‘ 3| 2
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Figure 3 Hydrodynamic co-transfection of shP53 and IDH1R132C cannot lead to liver tumor in mice. A: Macroscopic appearance of the liver from a NICD/
shP53 injected mouse harvested at 20 wk post injection; B: Hematoxylin-eosin (HE) stained image of representative shP53/IDH1R132C liver tissue. Inset: Expanded

view of the HE image.

wk post injection. We found that none of the mice
showed any sign of liver tumor formation (Figure 2),
suggesting that loss of p53 is unable to cooperate with
NICD to induce ICC formation in mice.

As a second step, we examined whether loss
of p53 and overexpression of IDH1R132C mutant
could promote ICC development in mice. We co-
expressed IDH1R132C/shP53 into the mice (n = 3) by
hydrodynamic transfection. Again, all mice appeared to
be healthy with no lesions on the liver (Figure 3). The
result indicates that loss of p53 and overexpression of
IDH1R132C cannot promote ICC development in vivo.

Next, we tested the hypothesis that IDH1R132C
mutant cooperates with NICD and shP53 to pro-
mote ICC development in mice. In this study, a
mixture of NICD/shP53/IDHR132C plasmids was
hydrodynamically transfected to mice (n = 9). Mice
were harvested at five time points [9 wk (n = 1), 12
wk (n =2), 13wk (n = 2), 15wk (n = 2) and 18 wk (n
= 2)] in order to better understand the tumor initiation
and progress processes.

Macroscopically, livers of these mice appeared
normal at 9 wk after injection. However, small and
cyst-like lesions were present on the liver surface of
both mice at 12 wk post-injection (Table 1 and Figure
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4A-a). By 18 wk post injection, multiple cystic lesions
could be identified on the liver surface (Table 1 and
Figure 4A-b).

At the microscopic level, small tumors of ductular
phenotype could be identified on the mouse liver
at 12 wk post injection (Figure 4B-a). The tumors
grew markedly by 18 wk post injection and exhibited
either a ductular or cystic phenotype (Figure 4B-b).
The tumors were indeed induced by the ectopically
expressed genes, as tumor cells strongly and
uniformly expressed Myc-tagged NICD and Flag-
tagged IDHR132C (Figure 5B and C). The liver
tumors shared multiple histological features of human
ICCs, such as hyperplasia of irregular glands (Figure
5A). Importantly, immunohistochemial staining
for the biliary marker cytokeratin 19 (CK19)M**3
demonstrated that tumor cells were all CK19 positive
(Figure 5D). Many cells in NICD/shP53/IDHR132C
induced ICC were positive for the proliferation marker
Ki67 (Figure 5E), which is in accordance with what has
been shown in human high-grade ICC™**., Furthermore,
extensive collagen fibers could be visualized in tumor
tissues using Sirus red staining (Figure 5H), duplicating
the desmoplastic reaction observed in human ICC.
Altogether, these results confirm that the tumors
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Figure 4 NICD/shP53/IDH1R132C induced ICC formation in mice. A: Gross images of NICD/shP53/IDH1R132C injected mice harvested at 12 wk post injection (a)
and 18 wk post injection (b). The arrow indicates a cystic lesion on the liver surface; B: Hematoxylin-eosin stained images of the corresponding liver sections showing

liver tumors from NICD/shP53/IDH1R132C injected mice.

exhibited exclusively biliary differentiation (Figure 5),
supporting the classification as murine ICC.

Activation of AKT/mTOR and Ras/MAPK signaling
has been implicated in ICC development?**** we
therefore investigated whether these pathways are
activated in NICD/shP53/IDH1R132C ICC tumor
cells. We found that neither p-AKT nor p-ERK1/2 was
expressed in the ICC tumor cells (Figure 5F and G),
suggesting that ICC development in this model was
independent of activated AKT/mTOR and Ras/MAPK
cascades.

In summary, our results indicate that NICD/shP53/
IDH1R132C can drive ICC development in vivo (P <
0.01 when compared with other mouse cohorts). The
results support the oncogenic potential of IDH1R132C
mutant in ICC pathogenesis. ICC induced by NICD/
shP53/IDH1R132C therefore provides a useful tool
to further characterize the functional contribution of
IDH1R132C mutant in ICC development. These mice
also can be utilized as a novel and useful preclinical
murine model for testing drugs against ICC.

DISCUSSION

Our present study was designed to evaluate the
effect of mutant IDH1 in the development of liver
tumors. Mutant IDH1 induces accumulation of 2-HG,
which increases DNA methylation and decreases
expression of tumor suppress genes, resulting in
cellular proliferation in the tissue™!. Thus, mutant
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IDH1 is generally considered a candidate oncogene in
previous liver cancer studies. It is interesting to note
that in human ICC samples, IDH1 mutant is associated
with better prognosis'®®, suggesting that most likely,
mutant IDH1 per se is not oncogenic. Rather, it
functions to modify the tumor progression initiated by
other onocogenes or loss of tumor suppressor genes.
In our current studies, we show that hydrodynamic
transfection of NICD/shP53, shP53/IDH1R132C or
NICD/IDH1R132C cannot promote liver tumor for-
mation in mice. In striking contrast, overexpression
of all the three factors, NICD, shP53 and IDH1R132C,
is sufficient for ICC development in mice. The results
support that mutant IDH1 is capable of stimulating
ICC development in the combination of other genetic
events, and in this case, activation of Notch pathway
and loss of p53 tumor suppressor.

Recently, transgenic mice overexpressing IDH2
mutants (IDH2R140Q or IDH2R172K) were gene-
rated”®. It was found that overexpression of IDH2
mutants did not lead to tumor development or any
abnormal liver phenotype in the absence of liver
injury. Importantly, the study demonstrated that co-
expression of IDH2R192K and KRasG12D oncogene in
the mouse liver was able to promote ICC development
in mice. The tumor development required long latency
with liver tumors detected between 33 and 58 wk
of age. Mechanistically, the study suggested that it
is likely that IDH2R192K and KRasG12D cooperated
to initiate the activation and expansion of hepatic
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Figure 5 Molecular characterization of NICD/shP53/IDH1R132C induced ICCs. A: Representative hematoxylin-eosin (HE) stained image of NICD/shP53/
IDH1R132C ICC tumors; B: Myc tag; C: Flag tag; D: CK19; E: Ki67; F: p-AKT and G: p-ERK1/2 immunostaining in NICD/shP53/IDH1R132C ICC tumor samples; H:
Picro-Sirius red staining image of a liver section showing profound desmoplastic reaction in a NICD/shP53/IDH1R132C ICC tumor sample. Inset: Expanded view of

the immunostaining images.

progenitor cells, eventually leading to ICC formation.
However, IDH2 mutants are relatively rare in human
ICCs, and it is not known whether IDH1 mutant
can cooperate with other oncogenes to stimulate
ICC development. Our study, therefore, is the first
in vivo study to demonstrate that IDH1 mutant can

Baishidenge ~ WJG | www.wjgnet.com

indeed cooperate with other oncogenic stimuli, such
as activated Notch and loss of p53, to promote ICC
development in mice. Intriguingly, we did not observe
any sign of progenitor or oval cell-like cell expansion
in non-tumor liver tissues adjacent to the ICC lesions
in NICD/shP53/IDH1R132C injected mice. It remains
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unknown whether NICD/shP53/IDH1R132C promotes
ICC pathogenesis via progenitor cell expansion. As
IDH1 is a metabolic gene, it would be also of great
interest to further characterize the metabolic events in
NICD/shP53/IDH1R132C ICC tumor cells. For example,
it is important to analyze whether 2-HG accumulates
in NICD/shP53/IDH1R132C tumor cells, and whether
tumor cells show increased glycolysis.

Traditionally, genetically engineered mouse models,
including knockout or transgenic mice, are required
to demonstrate the oncogenic or tumor suppressor
potential of the target genes and to illustrate how these
genes contribute to tumor initiation and progression.
Recently, however, hydrodynamic transfection, which
combines hydrodynamic transfection and sleeping
beauty mediated somatic integration, was deve-
loped and this technology has been applied to study
HCC and ICCP®, The most important features of
hydrodynamic transfection reside in its flexibility and
cost effectiveness. For example, using the traditional
transgenic model, Saha and colleagues need to first
generate LSL-IDH2R172K transgenic mice. These
mice need to be maintained, and crossed to Alb-Cre
and LSL-KRasG12D in order to generate the triple
transgenic mice, i.e., Alb-Cre;LSL-KRasG12D;LSL-
IDH?R172K to study whether IDH2R172K synergized
with KRasG12D to induce ICC development in mice.
Clearly, these studies are labor intensive, expansive
and require a large number of mice. For other
investigators to duplicate the study, one has to import
the mice into his or her own institute. In contrast,
hydrodynamic transfection is highly flexible, and one
only needs wild type mice and plasmids required
for injection in order to determine the genetic and
biochemical crosstalk among multiple oncogenic
pathways and their potential to promote liver tumor
development in vivo. Our study therefore provides a
convenient and cost-effective approach to generate
IDH mutant related ICC murine models.

In our current study, we co-expressed IDH1R132C
with NICD and shP53 in the mouse liver. It would be
highly interesting to expand the study in order to further
elucidate the functional contribution of IDH1 mutant
in ICC pathogenesis. Other signaling pathways which
are important for ICC tumorigenesis include activation
of Yap™!, hypermethylation of Pten™®, and mutant
Smad4l, etc. Using hydrodynamic transfection, one
can combine IDH1R132C with these genetic events
to determine whether the combination can lead to
ICC formation. In addition, it would be important to
co-express other IDH1 mutants, such as IDH1R132L
(about 13.2% of IDH1 mutations in human ICCs) and
IDH1R132G (about 18.4% of IDH1 mutations in human
ICCs) with NICD1 and shP53, and determine whether
these IDH1 mutants have similar functions in vivo.
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Intrahepatic cholangiocarcinoma (ICC) is a deadly disease lacking effective
treatment options. IDH1 mutation is identified in about 10% of all human ICC
cases, and IDH1R132C represents the most frequent IDH1 mutation in ICC.
However, the oncogenic potential of IDH1R132C in ICC pathogenesis remains
unknown, especially in vivo.
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In this study, the authors applied hydrodynamic transfection to study the
oncogenic potential of IDH1R132C mutant in driving ICC development in vivo.
Hydrodynamic transfection is an innovative cost effective and reliable method
for generating preclinical murine models of liver cancer, including hepatocellular
carcinoma and cholangiocarcinoma. Furthermore, IDH1 mutants are identified
as critical genetic events in ICC pathogenesis, and it is important to clarify the
oncogenic potential of IDH1 mutants using in vivo approaches.

Innovations and breakthroughs

In this manuscript, the authors described the establishment of a novel murine
ICC model via hydrodynamic transfection of activated form of Notch1 (NICD),
silencing of p53 (shP53) and IDH1R132C (NICD/shP53/IDH1R132C) into the
mouse liver. This study is the first to demonstrate that IDH1R132C mutant can
cooperate with other oncogenes or tumor suppressor genes to promote ICC
development in vivo, supporting the oncogenic potential of IDH1R132C mutant
during ICC pathogenesis.

Applications

ICC induced by NICD/shP53/IDH1R132C provides a useful tool to further
characterize the functional contribution of IDH1R132C mutant in ICC
development. These mice also can be utilized as a novel and useful preclinical
murine model for testing drugs against ICC.

Terminology

Hydrodynamic transfection: it is a novel approach for stable gene expression
in mouse hepatocytes by hydrodynamic injection in combination with sleeping
beauty mediated somatic integration. Specifically, to achieve the goal of long-
term gene expression in hepatocytes, two plasmids are needed: one encoding
the SB transposase, and the other encoding the gene of interest under a
mammalian promoter and flanked by inverted repeats. The two plasmids are
then mixed together, diluted into saline, and injected into lateral vein of mouse
tail via hydrodynamic injection. Hydrodynamic transfection is now widely used
to generate novel murine models of liver cancer.
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Good article and interesting topic. This study provides a useful tool to
further characterize the functional contribution of IDH1R132C mutant in ICC
development.
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