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Intrahepatic cholangiocarcinoma (ICC)
is an aggressive cancer associated with
the bile ducts within the liver. These tumors
are characterized by frequent gain-of-
function mutations in the isocitrate dehy-
drogenase 1 and 2 (IDH1 and IDH2)
genes—that are also common in subsets of
neural, haematopoietic and bone tumors,
but rare or absent in the other types of gas-
trointestinal malignancy. Mutant IDH acts
through a novel mechanism of oncogenesis,
producing high levels of the metabolite 2-
hydroxyglutarate, which interferes with the
function of a-ketoglutarate-dependent
enzymes that regulate diverse cellular pro-
cesses including histone demethylation and
DNA modification. Recently, we used in
vitro stem cell systems and genetically engi-
neered mouse models (GEMMs) to demon-
strate that mutant IDH promotes ICC
formation by blocking hepatocyte differen-
tiation and increasing pools of hepatic pro-
genitors that are susceptible to additional
oncogenic hits leading to ICC. We found
that silencing of HNF4A—encoding a mas-
ter transcriptional regulator of hepatocyte
identity and quiescence—was critical to
mutant IDH-mediated inhibition of liver
differentiation. In line with these findings,
human ICC with IDH mutations are char-
acterized by a hepatic progenitor cell tran-
scriptional signature suggesting that they
are a distinct ICC subtype as compared to
IDH wild type tumors. The role of mutant
IDH in controlling hepatic differentiation
state suggests the potential of newly devel-
oped inhibitors of the mutant enzyme as a
form of differentiation therapy in a solid
tumor.

Introduction

Biliary tract cancers (BTCs) are a
group of epithelial malignancies with
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shared  histopathologic  features and
include intrahepatic cholangiocarcinoma
(ICC) and extrahepatic cholangiocarci-
noma (ECC)—cancers of the bile ducts
within and outside the liver, respectively,
and gall bladder cancer (GBC)."? The
BTC categorization has been useful to
guide the clinical approach for diagnostic
work-up and surgical resection in local-
ized disease. However, these tumors are
also treated identically in the metastatic
setting as they were thought to share a
common biology and cell of origin. This
view has now been irrevocably changed
with the publication of a series of genetic
studies that show that the subgroups of
BTC have highly distinct mutational pro-
files. Most notably, recent findings by
Borger, et al.” and corroborated by other
groups,4‘8 demonstrated that mutations
in IDH1 and IDH2 were common in
ICC (22-36% of cases) but rare or absent
in other hepatobiliary cancers (ECC,
GBC, and hepatocellular carcinoma) and
in additional gastrointestinal tumor types
(e.g. pancreatic cancer, gastric cancer, and
colon cancer) (Fig. 1).

IDH1 and IDH2 encode metabolic
enzymes localized to the cytoplasm and
peroxisome (IDHI1) or to the mitochon-
dria IDH2), whose normal functions are
to catalyze a reversible reaction converting
a-ketoglutarate  (aKG)
coupled with the production of reduced
nicotinamide adenine dinucleotide phos-
phate (NADPH). The products of this
reaction contribute to lipid biosynthesis,

isocitrate  to

redox balance, energy metabolism, and
the supply of aKG as an essential co-sub-
strate for a diverse group of dioxygenase
enzymes.”  Cancer-associated  hotspot
IDH1/IDH2 mutations result in a gain-
of-function activity, where aKG is con-
verted to 2-hydroxyglutarate (2-HG)
with the consumption of NADPH.'!!
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Figure 1. ICC is unique among gastrointestinal (Gl) malignancies in harboring a high frequency of
IDH mutations. The chart shows the frequency of each tumor type exhibiting a gain-of-function hot-
spot mutation in either IDH1 or IDH2.2 (http://www.sanger.ac.uk/cosmic) Major Gl tumor types are
shown as are other tissues where tumors with IDH mutations are common.

2-HG is not used in any biochemical
pathways and accumulates to high levels
within the cell.'"” The tumor promoting
effect of mutant IDH1 and IDH2 is
thought to be due to the action of 2-HG
as an that
with the function of the aKG-dependent
dioxygenases, which include regulators of
DNA and histone demethylation, as well
as multiple other nuclear and cytoplasmic

‘oncometabolite’ interferes

processes.lz’19 IDH mutant tumors con-
sequently exhibit widespread epigenetic
alterations.”'>'® Changes in redox state
due to depletion of NAPDH may also
contribute to tumorigenesis in IDH
mutant cells.*

The remarkable tissue-specificity of
IDH1/IDH2 mutations in ICC was puz-
zling since they had never before been
identified at a high frequency in epithelial
malignancies and since the role of these
mutations in tumorigenesis was poorly
understood.  Recently, developed
model systems that have shed light on the
mechanisms by which mutant IDH pro-
motes ICC formation as discussed
below.”' Deciphering mutant IDH func-
tion has added significance as specific
pharmacologic inhibitors of the mutant

enzyme have entered clinical trials, and

we

understanding the mechanisms underlying
this oncogenic pathway will be a critical
step toward informing optimal approaches
for deploying these drugs, defining rele-
vant biomarkers of response, and predict-
ing mechanisms of drug resistance that
may arise.

www.landesbioscience.com

Role of IDH Mutations in ICC
Pathogenesis

Although both ICC and ECC have
thought

through the malignant transformation of

traditionally  been to arise
bile duct epithelium, several lines of evi-
dence suggest that the pathogenesis of
ICC may be more complex. Embryologic
and lineage tracing studies have estab-
lished that during development, extrahe-
patic bile ducts arise directly from the
ventral foregut mesoderm, while intrahe-
patic bile ducts arise from a common
progenitor cell for hepatocytes, referred
to as the hepatoblast (HB).** In the nor-
mal adult liver, cell turnover is very low
and is accomplished by replication of
existing cholangiocytes and hepatocytes.
Following injury, intrahepatic bile duct
epithelium, or cholangiocytes, may be
replaced by a number of potential sour-
ces: (1) cell cycle reentry of neighboring
cholangiocytes; (2) de-differentiation of
hepatocytes into adult bipotential liver
progenitor cells (referred to as oval cells),
which then replace the damaged cholan-
giocytes; or (3) activation of resident liver
progenitor cells, which may be present as
a rare population in the liver, but can
expand and differentiate into cholangio-
cytes (Fig. 2A).% Likewise, injured hepa-
tocytes can be replaced by neighboring
hepatocytes, oval cells or cholangiocytes
that de-differentiate into oval cells.”
Although the precise mechanisms of liver
regeneration remain controversial, recent

Cell Cycle

lineage-tracing studies”®?°

suggest that
perhaps any of these sources may be
called upon, depending on the injury
context. This remarkable cellular plastic-
ity within the liver offers the possibility
that ICC can arise from any of these cell
types, a notion that is further supported
by the appearance of tumors with mixed
hepatocellular  carcinoma (HCC)/ICC
histopathology (Fig. 2B).2%* The dem-
onstration that transgenic mouse models
in which genetic alterations—combined
AKT/Notch activation or PTEN/p53
inactivation—targeted to the hepatocytes
result in an ICC phenotype provides
direct experimental of the
potential of hepatocytes to give rise to
1cc.2% Similarly, HB cells engineered
to express various oncogenes can give rise
to either HCC or ICC following subcuta-
neous implantation, depending on the
identity of the oncogene.?®?

evidence

Given this striking cellular plasticity in
the liver, it is notable that IDH1/IDH2
mutations are present in >20 % of ICC
tumors but have not been observed in
hepatocellular carcinomas® (http://www.
sanger.ac.uk/cosmic). In leukemogenesis,
mutant IDH is thought to act as an early
pathogenic event to disrupt haemato-
poietic stem cell differentiation.'” There-
fore, we hypothesized that mutant IDH
may be acting in an analogous fashion in
the liver progenitor cell to drive ICC. To
test the potential function of mutant
IDH in this context, we expressed various
mutant IDH alleles in liver progenitor
(HB) cells and assessed the resulting
impact on cell differentiation programs
in vitro. Mutant IDH had no observable
effect on the morphology or proliferation
rates of HB cells under basal conditions,
nor did it affect the ability of these cells
to undergo bile duct differentiation as
measured by tubule formation and the
upregulation of biliary markers. By con-
trast, IDH mutant HBs exhibited a
pronounced block in hepatocyte differen-
tiation. While control cells form hepato-
cyte strongly upregulate
extensive program of hepatocyte markers

spheres, an
and undergo proliferative arrest, IDH
mutant HB cells failed to induce these
hepatocyte genes and continued to grow
in monolayer, maintaining their stem

cell phenotype. This was due to the
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Figure 2. Cellular plasticity in the liver. (A) Under normal conditions, the liver is largely quiescent and its low rate of cell turnover is maintained by prolif-
eration of differentiated bile duct cells (cholangiocytes) and hepatocytes. The liver also exhibits extensive capacity to regenerate following damage.
Depending on the nature of the injury, cholangiocytes or hepatocytes can be replaced by their neighboring non-injured counterparts, or by oval cells—
existing as rare endogenous progenitors or generated by de-differentiation of either cholangioctyes or hepatocytes. (B) The major types of adult liver
cancer are ICC and HCC, which show histologic and immunophenotypic resemblance to the normal cholangiocytes and hepatocytes, respectively. Exper-
imental studies indicate that differentiated liver cells can give rise to both tumor types directly or though an oval cell intermediate. Mixed HCC/ICC
tumors with histopathologic features of both tumors may be associated with oval cell expansion. (C) left panel, Impact of mutant IDH on differentiation
of bipotential hepatoblast (HB) cells in vitro. Expression of mutant IDH in HBs leads to production of 2HG which blocks hepatocyte differentiation
through suppression of HNF4a via an unknown mechanism. Right panel, IDH acts in the adult liver to block the differentiation of hepatic progenitors.
These liver progenitors are sensitized to transformation by additional oncogenic hits, and can progress through graded premalignant biliary lesions lead-

production of 2HG since it was phe-
nocopied in wild type HB cells treated
with cell-permeable 2HG esters, and
since a pharmacologic inhibitor of the
mutant enzyme rescued the ability of
IDH mutant HBs to undergo hepatocyte
differentiation.

Global gene expression profiling and
gene set enrichment analysis (GSEA)
revealed that mutant IDH strongly sup-
pressed a program regulated by hepatocyte
nuclear factor (HNF) 4a, a transcription
factor that is a key component of a regula-
tory network directing the development of
hepatocytes from liver progenitors.””
Accordingly, in control cells, HNF4a was
potently induced upon hepatocyte differ-
entiation of control HB cells, but

remained at basal levels in mutant IDH
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HBs in a 2HG-dependent manner. The
Hnf4a promoter was also devoid of the
histone mark associated with active tran-
scription, tri-methyl histone 3 lysine 4
(H3K4Me3), consistent with the observed
transcriptional silencing of this locus in
IDH mutant-expressing cells. The func-
tional significance of this HNF4a regula-
tion was validated in genetic epistasis
experiments knock-down  of
HNF4a in wild-type HBs potently sup-
pressed hepatocyte differentiation while
ectopic expression of HNF4a in IDH
mutant HBs effectively restored differenti-
ation. Thus, mutant IDH inhibits hepato-
cyte fate decisions in liver progenitor cells
through the production of 2HG and tran-
scriptional suppression of HNF4a as a

where

key downstream target.

Cell Cycle

To extend our studies in vivo, we gen-
erated a genetically engineered mouse
model (GEMM) that expresses mutant
IDH in adult hepatocytes using a doxycy-
cline (Dox)-inducible system. After treat-
ing these mice with Dox for 1 month, no
detectable alterations in hepatocyte differ-
entiation or proliferation were detected.
In retrospect, this result should not have
been surprising based on our prior in vitro
studies. Indeed, while expression of
mutant IDH in multipotent HB cells
blocked hepatocyte differentiation in
vitro, mutant IDH had little effect if we
induced its expression late in the hepato-
cyte differentiation process. As the normal
adult liver lacks a significant progenitor
cell population, but such a population is
activated following injury to the organ, we
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hypothesized that mutant IDH may act
analogously in vivo to override hepatocyte
differentiation from a progenitor cell state
arising in the setting of hepatic injury. To
address this question, we utilized the liver
toxin  3,5-diethoxycarbonyl-1,4-dihydro-
collidine (DDC) which damages hepato-
cytes and activates oval cells in the adult
liver. Our IDH mutant GEMMs were
exposed to Dox to induce transgene
expression and then transiently treated
with DDC for 5 d. After 3 weeks of recov-
ery from DDC treatment, the hepatocytes
in wild-type mice had returned to quies-
cence, while the IDH mutant hepatocytes
continued to proliferate and expressed
dramatically lower levels of HNF4a as
well as a large set of hepatocyte markers,
indicative of a failure to restore normal
hepatocyte identity. In a related GEMM
expressing mutant IDH in the bile duct
and hepatic progenitor cells, there were
again no gross effects on the normal liver.
However, as the mice were aged >1 year,
we observed accumulation of oval cells
throughout the liver lobules, which was
not seen in wild type controls. These
observations indicate that mutant IDH
acts in the adult liver to block the differen-
tiation of hepatic progenitors—activated
in response to injury or spontaneously
during  aging—specifically
hepatocyte lineage progression.
Progenitor cells are thought to be more

impairing

prone to oncogenic transformation as
compared to differentiated cells, possibly
due to their dynamic and accessible chro-
matin states being favorable for activation
of mitogenic programs. Therefore,
although mutant IDH did not cause
tumorigenesis directly, we predicted that
the expanded pools of progenitor cells
might result in sensitization to other onco-
genic driver mutations. To test this possi-
bility, we studied the interactions between
liver-targeted  activating mutations in
IDH2 and KRAS, a genetic lesion also
found in human ICC.®” Crosses of our
IDH mutant GEMM with a knock-in
KRASS!2P model,** revealed pronounced
oncogenic cooperation. The compound
mutant mice exhibited dramatic oval cell
expansion and multistage ICC pathogene-
sis, with tumors progressing from graded
premalignant biliary lesions and culminat-
ing in metastatic ICC. By contrast,

www.landesbioscience.com

KRASC12P expression alone failed to
induce oval cells and only resulted in
HCCs and mixed HCC/ICC tumors with
long latency—while combined p53 dele-
tion accelerated KRASS™?P_driven
tumors, it did not result in oval cell expan-
sion nor did most animals exhibit the
range of precursor lesions. Collectively,
the data are consistent with a model
whereby mutant IDH subverts the hepato-
cyte differentiation/quiescence program in
proliferating hepatocytes or bipotential
progenitors, creating a persistent pre-neo-
plastic state primed for transformation by
additional oncogenic mutations such as
activated KRAS (Fig. 2C).

In parallel studies we investigated
potential roles of HNF4a silencing in
ICC biology. Notably, genetic ablation of
HNF4« in the adult mouse liver results in
loss of hepatocyte differentiation and qui-
escence, and expansion of oval cells.® Fol-
lowing treatment with the carcinogen
DEN, the HNF4a-deficient cells are pre-
disposed to developing into ICC. These
findings indicate that HNF4a is a regula-
tor of oval cell function and an ICC
tumor suppressor. Although further inves-
tigation is needed to establish the direct
targets of mutant IDH and 2HG contrib-
uting to ICC pathogenesis in vivo, these
studies are consistent with a central role of
HNF4a silencing in the process.

The ability of mutant IDH to thwart
liver progenitor cell differentiation and
the differing tumor phenotypes of the
KRAS-IDH and KRAS-p53 models
together suggest that IDH mutations may
define a distinct subtype of ICC in
humans. In this regard, examination of a
set of more than 100 human ICCs>®
revealed that IDH mutant tumors strongly
express a liver progenitor cell gene signa-
ture when compared to IDH wild-type
tumors. This is of clinical relevance as
allele-specific  enzymatic inhibitors of
mutant IDH?"? are currently in clinical
trials. Such inhibitors have resulted in
rapid and dramatic complete responses in
several patients with refractory acute mye-
logenous leukemia (AML).*® The pro-
posed mechanism for this response, which
has been corroborated in animal models
of IDH mutant leukemia, relates to
the ability of these inhibitors to induce
differentiation of leukemic blasts into
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terminally-differentiated myeloid
cells."?374142 \While it is not yet known
whether mutant IDH activity is required
for tumor maintenance in ICC harboring
these mutations, the presence of this pro-
genitor cell signature may indicate the
potential  for such  “differentiation
therapy” in these tumors as well. The pro-
genitor cell state of IDH mutant ICC may
also result in a distinct set of targetable sig-
naling dependencies in addition to the
function of the mutant enzyme. Thus,
understanding the biology of this geneti-
cally-defined ICC subtype offers the

potential of identifying multple new
patient-specific therapies.

Allele Frequencies Vary Widely
Among IDH Mutant Cancers

Mutations in IDHI1 or IDH2 have
now been identified at high frequencies in
a wide spectrum of seemingly unrelated
neoplasias, including acute myelogenous
leukemias (AML), angioimmunoblastic
T-cell lymphomas (AITL), myelodysplas-
tic syndrome (MDS), low grade and sec-
ondary gliomas, chondrosarcomas, and
cholangiocarcinomas.9 It appears that like
we have observed in ICC, the role played
by mutant IDH in haematopoietic cancers
and sarcomas relates to a capacity to over-
ride stem/progenitor cell differentia-
tion.'>4143 While all hotspot IDH1 and
IDH2 mutations
enzymatic activity resulting in markedly
elevated levels of 2HG, it is notable that
these different diseases have greatly vari-
able frequencies of the specific IDH

mutant alleles. The most obvious of these

confer neomorphic

examples is the relatively high incidence of
IDH2 R140Q allele in AML and MDS,
while this mutant allele has not yet been
identified in any solid tumor (Fig. 3). By
contrast, the IDH2 R172K allele is rela-
tively common in biliary tract cancers and
hematopoeitic malignancies but extremely
rare in central nervous system and bone
tumors (Fig. 3). Another striking example
of this specificity is the prevalence of
IDH1 R132H mutants in glioma (>90
%) and complete absence of such muta-
tions in ICC. Reciprocally, IDH1 R132C
mutations are the most frequent IDH
mutations in ICC and rare in glioma.
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Figure 3. Mutant IDH allele frequency varies widely across different cancers. The relative frequency of the different mutant IDH1 or IDH2 alleles in the
indicated cancer subtypes are shown. The most common alleles for each tumor type are labeled on the individual pie charts. Less common variants of

Both IDHI1 R132H and R132C muta-
tions involve a conversion of a CpG dinu-
cleotide to TpG on opposite strands of
the IDH R132 codon, which likely results
from a spontaneous deamination event
(Fig. 4A). These observations imply that
rather than reflecting differences in muta-
genic mechanisms between tissues, the dis-
tinct spectrum of mutant alleles may be
due to functional differences in the result-
ing mutant enzymes.

While the mechanisms underlying
these frequency variations remains
unclear, our recent work suggests at least
one possible explanation. Using a doxycy-
cline-inducible expression system in liver
progenitor HB cells, we titrated ectopic
expression of mutant IDH1 R132C and
IDH1 RI132H to levels indistinguishable
from endogenous wild-type IDH1 and
measured the 2HG produced by these
mutant IDH-expressing HBs. Strikingly,
the level of 2HG produced by IDHI
R132C, the most common mutant allele
in ICC, was 5-fold greater than that
produced by the IDH1 R132H mutant
enzyme at every level of expression
(Fig. 4B). Moreover, this difference in
2HG production was functionally signifi-
cant as the IDH1 R132H allele was less
potent in blocking hepatocyte differentia-
tion—as assessed by morphologic changes,
hepatocyte gene induction, and prolifer-
ative arrest—a critical step toward the
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Figure 4. Functional significance of different IDH mutant alleles. (A) The R132H mutation appears to
occur as a result of a spontaneous deamination of a CpG dinucleotide of the reverse (bottom)
strand, yielding a TpG dinucleotide. Similarly, the R132C mutation appears to occur from the same
spontaneous deamination event of a CpG to a TpG dinucleotide on the forward strand in the same
codon. (B) HB cells were engineered to express different IDH alleles under a doxycycline-inducible
promoter. At all levels of expression, the R132C-expressing HBs produced ~5 fold higher concentra-
tions of 2HG compared with the R132C-expressing HB cells. (C) Table describing the phenotypes of
HB cells expressing the indicated alleles.
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development of ICC (Fig. 4C). Similarly,
the IDH2 R172K mutant allele, which is
found in ICC, produced 2-fold more
2HG than the IDH2 R140Q allele—
which has not yet been identified in
ICC— and was more effective in prevent-
ing in vitro differentiation.”’ Thus, the
IDH1 and IDH2 mutant alleles associated
with ICC result in production of highest
levels of 2HG and this correlates with the
extent of impairment in hepatocyte differ-
entiation. Therefore, we propose that the
key targets of 2HG involved in the patho-
genesis of IDH mutant ICC may require
a relatively high level of 2HG production
for their regulation, which cannot be gen-
erated by the IDH1 R132H allele and/or
that such high levels of 2HG production
may be toxic in different cell types.

An additional question is whether there
are differences in the effect of IDH1 and
IDH2 mutations on tumorigenesis. The
common production of 2HG as a mecha-
nism to bypass differentiation and the
mutual exclusivity of IDH1/IDH2 muta-
tions suggest that their oncogenic pro-
grams are similar. However, beyond their
apparently overlapping functions driving
cancer formation, mutations in IDH1 and
IDH2 are likely to have distinct collateral
effects in cell physiology relating to the
specific subcellular localization and contri-
bution to metabolic pathways of the wild
type enzymes. For example IDH1 mutant
cells could have defects in lipid biosynthe-
sis through the impairment of the reduc-
tive glutaminolysis pathway and increased
dependency on oxidative phosphoryla-
tion,*%> while IDH2 mutant cells could
have a compromise in mitochondrial
redox balance.*® Although such differen-
ces are speculative at present, it seems
likely that there exist alterations in cellular
states characteristic of either mutant iso-
form that may influence the acquisition of
additional oncogenic lesions required for
tumor progression as well as response to
certain therapeutic interventions.

Conclusion
We have demonstrated that mutant
IDH subverts hepatocyte differentiation

and results in the expansion of liver pro-
genitors primed for transformation by
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additional oncogenic insults. Moreover,
our data indicate that IDH mutations
define a distinct subtype of ICC, charac-
terized by a liver progenitor gene signa-
ture. Key questions include the need to
resolve the critical immediate targets of
mutant IDH/2HG that contribute to the
differentiation block and, most impor-
tantly, to determine whether mutant IDH
is a good target in these tumors once they
have developed. As clinical trials are cur-
rently underway using mutant specific
inhibitors, additional insights into the
mechanism of action of these inhibitors
will be needed to enable full interpretation
of the results from these initial trials and
to  help inform future

strategies.

therapeutic
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