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To identify novel cancer-promoting genes in biliary tract cancer
(BTC), we constructed a retroviral cDNA expression library from a
clinical specimen of BTC with anomalous pancreaticobiliary duct
junction (APBDJ), and used the library for a focus formation assay
with 3T3 fibroblasts. One of the cDNAs rescued from transformed
foci was found to encode Indian hedgehog homolog (IHH). The
oncogenic potential of IHH was confirmed both in vitro with the
focus formation assay and in vivo with a tumorigenicity assay in
nude mice. The isolated IHH cDNA had no sequence alterations,
suggesting that upregulation of IHH expression may contribute to
malignant transformation. Quantitation of IHH mRNA among clini-
cal specimens has revealed that the expression level of IHH in BTC
with APBDJ is higher than that in BTC without APBDJ and than in
non-cancerous biliary tissues. Our data thus implicate a direct role
of IHH in the carcinogenesis of BTC with APBDJ. (Cancer Sci 2010;
101: 60–64)

B iliary tract cancer (BTC) is a highly fatal malignancy in
humans, and is prevalent in South American and Asian

countries; approximately sixteen thousand people die of BTC
every year in Japan.(1) Unfortunately, many BTC cases are diag-
nosed at advanced clinical stages with a 5-year survival rate of
�10%.(2–4) Several risk factors for BTC have been identified to
date, including cholelithiasis,(5) anomalous pancreaticobiliary
duct junction (APBDJ),(6) and primary sclerosing cholangitis.(7)

Genetic alternations in KRAS or TP53 and ⁄ or overexpression of
ERBB2 have been shown to contribute to the development of
certain types of BTC. However, many cases with BTC do not
harbor any such genetic changes, and other transforming events
further await discovery.

The focus formation assay with 3T3 or RAT1 fibroblasts has
been extensively used to screen for transforming genes in vari-
ous carcinomas.(8) In such screening, genomic DNA is isolated
from cancer specimens, and used to transfect 3T3 fibroblasts to
obtain transformed cell foci. As expression of transfected genes
in 3T3 cells in this assay is regulated by their own promoter and
enhancer fragments, oncogenes with tissue-specific expression
(e.g. those with a blood cell-specific promoter) can not become
transcriptionally active in 3T3 cells, and thus can no longer be
captured in such a screening system.

To ensure the sufficient expression of oncogenes in 3T3 cells,
their transcription should be directly regulated by an exogenous
promoter fragment. We have therefore constructed a retroviral
cDNA expression library from a surgically operated clinical
specimen of BTC with APBDJ, which was subsequently used to
infect 3T3 cells. In the preparation of the cDNA library, we fur-
ther took advantage of the SMART PCR system (Clontech,
Mountain View, CA, USA), which preferentially amplifies full-
length cDNA. A focus formation assay with the library has
resulted in the identification of a transforming Indian hedgehog
homolog (IHH) cDNA.
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Materials and Methods

Focus formation assay with a retroviral library. A recombinant
retroviral library was constructed as described previously,(9–12)

with minor modifications. In brief, total RNA was extracted
from a BTC specimen with APBDJ isolated from a 67-year-old
man, who gave informed consent. This study was approved by
the ethics committee of Jichi Medical University. First-strand
cDNA was synthesized from the RNA with the use of Power-
Script reverse transcriptase, the SMART IIA oligonucleotide,
and CDS primer IIA (all from Clontech). The resulting cDNA
was then amplified by PCR with 5¢-PCR primer IIA (Clontech)
and PrimeSTAR HS DNA polymerase (Takara Bio, Shiga,
Japan) for 18 cycles of 98�C for 10 s and 68�C for 6 min. The
PCR products were ligated to a BstXI adapter (Invitrogen, Carls-
bad, CA, USA) and then incorporated into the pMXS retroviral
plasmid (kindly provided by T. Kitamura of the Institute of
Medical Science, University of Tokyo). A total of 5.8 · 105 col-
ony forming units of independent plasmid clones was thus gen-
erated. Twenty clones were randomly isolated from the library,
and examined for the incorporated cDNA. Sixteen (80%) out of
the 20 clones contained cDNA inserts with an average length of
1.16 kbp. Recombinant retroviruses were produced by introduc-
tion of the plasmid library into the packaging cell line BOSC23
(American Type Culture Collection, Manassas, VA, USA) and
were used to infect 3T3 cells in the presence of 4 lg ⁄ mL polyb-
rene (Sigma, St Louis, MO, USA). The cells were cultured for
2 weeks, after which transformed foci were isolated, expanded,
and subjected to extraction of genomic DNA. Insert cDNA was
recovered from the genomic DNA by PCR with 5¢-PCR primer
IIA and PrimeSTAR HS DNA polymerase. Amplified products
were then ligated to the plasmid pT7Blue-2 (Novagen, Madison,
WI, USA) and subjected to nucleotide sequencing.

Tumorigenicity assay in nude mice. 3T3 cells (2 · 106) were
infected with a retrovirus expressing IHH, resuspended in 500 lL
PBS, and injected into each shoulder of a nu ⁄ nu Balb-c mouse
(6 weeks old). Tumor formation was assessed after 2 weeks.

Anchorage-independent growth in soft agar. 3T3 cells (2 ·
106) were infected with a retrovirus encoding IHH or v-Ras,
resuspended in the culture medium supplemented with 0.4%
agar (Sea Plaque GTG agarose; Cambrex, East Rutherford, NJ,
USA), and seeded onto a base layer of complete medium supple-
mented with 0.5% agar. Cell growth was assessed after culture
for 2–3 weeks.

Quantitative RT-PCR analysis. Portions of oligo(dT)-primed
cDNA produced by reverse transcription were subjected to PCR
with a QuantiTect SYBR Green PCR kit (Qiagen, Valencia, CA,
USA) and an amplification protocol comprising incubation at
94�C for 15 s, 60�C for 30 s, and 72�C for 60 s. Incorporation
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Table 1. Bile duct cancer cDNA isolated from 3T3 transformants

Clone ID # Gene symbol GenBank no.
Presence of

full ORF

1 FAM83H NM_198488 No

2 GATAD1 NM_021167 Yes

3 RRAS2 NM_012250 No

4 FASTK NM_006712 Yes

5 VAT1 NM_006373 Yes

6 ARPC2 NM_005731 No

7 IHH NM_002181 Yes

8 SENP6 NM_015571 Yes

9 DOT1L NM_032482 ND

10 LTBR NM_002342 ND

11 KRAS NM_004985 Yes

12 TMEM54 NM_033504 Yes

13 RNASET2 NM_003730 Yes

14 RPS4X NM_001007 Yes

15 TETRAN NM_001120 Yes

16 DFNB31 NM_015404 No

17 CLDN3 NM_001306 No

18 GJB2 NM_004004 Yes

19 PSMA7 NM_002792 Yes

20 PRPSAP1 NM_002766 Yes

21 LRRC59 NM_018509 Yes

22 LRP5 NM_002335 ND

23 NCOR2 NM_006312 No

24 KLF16 NM_031918 No

25 ARHGAP4 NM_001666 ND

26 KIAA0284 NM_015005 No

27 DNAJC4 NM_005528 ND

28 NOTCH2NL NM_203458 No

29 BCKDHB NM_000056 Yes

ND, not determined; ORF, open reading frame.
of the SYBR Green dye into PCR products was monitored in
real time with an ABI PRISM 7900HT sequence detection sys-
tem (Applied Biosystems, Foster City, CA, USA), thereby
allowing determination of the threshold cycle (CT) at which
exponential amplification of PCR products begins. The CT val-
ues for cDNA corresponding to the b-actin gene (ACTB) and
IHH were used to calculate the abundance of the latter mRNA
relative to that of the former. The oligonucleotide primers used
for PCR were 5¢-CCATCATGAAGTGTGACGTGG-3¢ and
5¢-GTCCGCCTAGAAGCATTTGCG-3¢ for ACTB and 5¢-CCT-
CTCTCCTAGAGACCTTG-3¢ and 5¢-CTGGCTCCCAGGGA-
ATTTAG-3¢ for IHH.

Immunohistochemistry. Human tissues were fixed in 4% form-
aldehyde in PBS overnight at room temperature, embedded in
paraffin, and sectioned at a thickness of 3 lm. Sections were
mounted on glass slides, deparaffinized in three changes of
xylene for 4 min each, and rehydrated in distilled water through
a series of graded alcohols. For histological evaluation, sections
were stained with hematoxylin–eosin. For immunohistochemical
experiments, antigenicity was enhanced by boiling the sections
in 10 mM citrate buffer (pH 6.0) in a microwave oven for
15 min, and the endogenous peroxidase activity was blocked by
incubation in methanol containing 0.3% H2O2 for 30 min. After
two washes with PBS containing 1% Triton X-100, the sections
were preincubated with the blocking buffer (#X0909; Dako,
Glostrup, Denmark) in a humidified chamber for 20 min at room
temperature, and then incubated overnight at 4�C with anti-IHH
antibody (sc-1196; Santa Cruz Biochemistry, Santa Cruz, CA,
USA) diluted in PBS. Next, the sections were washed in PBS
and incubated with horseradish peroxidase-labeled polymers
conjugated to secondary antibodies for primary rabbit antigoat
immunoglobulin (Dako, #P0449) without dilution at 37�C for
30 min. Color development was carried out by incubating the
sections with 3,3-diaminobenzidine tetrahydrochloride (Wako
Pure Chemical Industries, Osaka, Japan) as the chromogenic
substrate. Finally, the sections were lightly counterstained with
hematoxylin, mounted, and viewed under a light microscope.
For the negative control, the immunostaining processes were
carried out by replacing the primary antibody with PBS.

Results

Screening with the focus formation assay. From the mRNA of
a BTC specimen with APBDJ, full-length cDNA was selectively
amplified and ligated to a retroviral vector pMXS. From such
Fig. 1. Transforming activity of Indian hedgehog
homolog (IHH). Mouse 3T3 cells were infected with
viruses encoding IHH or v-Ras or with the empty
virus (Mock), and were then cultured for 5 days for
the analysis of focus formation (top panels; scale
bars = 1 mm). The same batches of 3T3 cells were
also assayed for anchorage-independent growth in
soft agar over 17 days (middle panels) and for
tumorigenicity in nude mice over 3 weeks (bottom
panels). Tumors formed in the shoulders of mice
injected subcutaneously with 1 · 105 cells are
indicated by red circles. The frequency of tumor
formation (tumors ⁄ injection) is also indicated.
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library plasmids, we generated a recombinant ecotropic retrovi-
rus that was subsequently used to infect mouse 3T3 fibroblasts.
Infection experiments were repeated for a total of four times.
After 3 weeks of culture, 75 transformed foci were observed.
No foci could be found among the cells infected with an empty
virus, while numerous foci were easily identified in the cells
infected with a virus expressing v-Ras oncoprotein (data not
shown).
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(a)

(b)

(c)
Each focus was isolated, expanded independently, and used to
prepare genomic DNA. We then tried to recover retroviral
inserts from such genomic DNA by PCR amplification with the
primer used originally to amplify the cDNA in the construction
of the library. In most cases, one to three DNA fragments were
recovered from each genome, implying multiple retroviral infec-
tion of some 3T3 cells.

We finally obtained a total of 44 cDNA fragments by PCR,
each of which was ligated into a cloning vector, and subjected
to nucleotide sequencing from both ends. Screening of the 44
cDNA sequences against the public nucleotide sequence data-
bases revealed that the 44 fragments correspond to 29 indepen-
dent genes (Table 1).

Identification of IHH. To confirm the transforming potential of
the isolated cDNA, each cDNA clone was ligated to pMXS, and
corresponding retrovirus was used to re-infect 3T3 cells. Focus
formation assays were conducted for 13 independent genes,
discovering a reproducible transforming activity for clone ID
#7 corresponding to IHH (GenBank accession number, NM_
002181) (Fig. 1, top panel). Again, infection with a virus for
v-Ras induced many transformed foci, while an empty virus
failed to do so. The entire coding region of our ID #7 cDNA was
sequenced, revealing no point mutations or deletions compared
to the published IHH cDNA sequence. Although activation of
Hedgehog (Hh) pathways has been revealed among a wide range
of digestive tract cancers,(13) oncogenic activity of IHH has
not been reported to date. We supposed from our data that
overexpression of IHH may contribute directly to malignant
transformation.

Confirmation of the transforming activity of IHH. To confirm
the oncogenic activity of IHH, we examined its effect on the
anchorage-independent growth of 3T3 cells in soft agar.
Whereas cells infected with an empty virus did not grow in the
agar, those infected with a virus expressing IHH formed multi-
ple foci in repeated experiments (Fig. 1, middle panel). In addi-
tion, 3T3 cells expressing v-Ras readily grew in the agar.

The transforming activity of IHH was also tested by the tumor
formation assay with athymic nude mice. 3T3 cells infected with
the empty virus or retrovirus expressing IHH or v-Ras were
inoculated subcutaneously into nude mice. As shown in the bot-
tom panel of Fig. 1, tumor formation was readily observed for
the cells expressing IHH or v-Ras. These results clearly revealed
Fig. 2. Expression of Indian hedgehog homolog (IHH) in biliary tract.
Oligo(dT)-primed cDNA was synthesized from clinical specimens of
biliary tract cancer (BTC) with (+) or without ()) anomalous
pancreaticobiliary duct junction (APBDJ), or from normal gallbladder
(Normal), and were subjected to quantitative PCR analysis for cDNA of
IHH and b-actin (ACTB). The relative expression level of the former to
the latter is represented.

Fig. 3. Immunohistochemical detection of Indian hedgehog homolog
(IHH). Expression of IHH is elevated in (a) biliary tract cancer with
anomalous pancreaticobiliary duct junction, but such reactivity was
absent in the control experiment for (b) the same specimen or (c)
anti-IHH staining in normal gallbladder. Scale bars = 100 lm.
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an unexpected, direct transforming potential of IHH in fibro-
blasts.

Overexpression of IHH mRNA. Given the transforming poten-
tial of wild-type IHH (when it is abundantly expressed), we
tried to examine if IHH is overexpressed in BTC specimens.
Real-time RT-PCR analysis for the quantitation of IHH cDNA
among normal gall bladder (n = 7) and BTC specimens (n = 6)
(Supporting Information Table S1) revealed that IHH is indeed
overexpressed in the latter specimens, albeit with marginal sta-
tistical significance (P = 0.06) by a two-tailed t-test (Fig. 2). It
should be noted, however, that BTC cases with APBDJ (n = 2)
had significantly abundant expression of IHH compared to BTC
doi: 10.1111/j.1349-7006.2009.01355.x
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without APBDJ (P = 0.005) or to normal gall bladder (P =
2.4 · 10)6). Therefore, it is likely that some types of BTC over-
express IHH.

Protein expression of IHH. To confirm the elevated expression
of IHH in BTC, we examined its protein level by an immunohis-
tochemical approach. In accordance with the RT-PCR experi-
ments, IHH protein was abundantly detected only in the
cytoplasm of cancerous duct but not in stromal cells for BTC
with APBDJ (Fig. 3). We failed to observe such staining in nor-
mal gallbladder, suggesting that IHH protein was markedly
induced in BTC with APBDJ compared to normal gallbladder.

Discussion

In the present study, we have constructed a retroviral cDNA
expression library for a BTC specimen with APBDJ, and unex-
pectedly revealed the transforming potential of IHH through a
focus formation assay with the mouse fibroblast cell line 3T3.
As there were no sequence alterations in our isolated IHH
cDNA, the high expression of IHH is likely to exert its onco-
genic activity. Consistent with this notion, expression of IHH
was indeed activated in BTC with APBDJ.

In our transformation assays for IHH (i.e. focus formation
assay, soft agar-growth assay, and nude mouse-tumorigenicity
assay) we directly used a highly polyclonal, mass culture of 3T3
cells infected with a retrovirus expressing IHH, without any
selection (such as positive selection for neomycin resistance-
cells). Repeated confirmation of the transforming potential for
IHH in such assays (and not for an empty virus) strongly argues
against a hypothesis that an artificial expression of mouse genes
adjacent to the retroviral integration sites was responsible for
the 3T3 transformation in these experiments.

The Hh signaling pathway was originally described in the
development of Drosophila melanogaster as a segment polarity
gene required for embryonic patterning.(14) There are three ver-
tebrate homologues of Hh: Ihh, Sonic hedgehog (Shh), and Des-
ert hedgehog (Dhh) with similar biological properties among
them. Hh signaling is known to play a pivotal role in cell fate
decisions,(15) tissue repair,(16) and stem cell self renewal.(17,18)

Aberration in such signaling may contribute to sustained cell
growth and cancer. Indeed, Hahn et al. and Johnson et al.
revealed that mutations within PTCH1 (a binding partner of
hedgehog) cause a cancer-promoting condition, Gorlin syn-
drome.(19,20) Further, frequent mutations in Hh signaling compo-
nents have also been identified among sporadic basal cell
carcinoma(21) and medulloblastoma.(22)

In addition, transcriptional activation of Hh components has
been demonstrated among a wide range of gastrointestinal
tumors, which results from endogenous overexpression of Hh
proteins such as IHH and SHH.(13) Despite the lack of gene
mutations for the Hh components in these tumors, cyclopamine,
a specific inhibitor for SMO, suppresses the growth of tumors
positive for elevated Hh signaling, supporting the idea that over-
expression of the Hh family of proteins may have a mitogenic
function.
Hatanaka et al.
Our current data proves for the first time the direct transform-
ing potential of IHH, at least in fibroblasts. Furthermore, appar-
ent overexpression of IHH in BTC with APBDJ indicates an
important role of IHH especially in this subtype of BTC. In
addition to the presence or absence of APBDJ, we also exam-
ined the clinicopathological features of the BTC specimens used
in our study. As shown in Supporting Information Table S1,
none of the TNM stage, clinical stage, KRAS mutation, or
Ki-67 index were related to the overexpression of IHH. How-
ever, because the current cohort size is still small, a larger cohort
study is mandatory to examine the clinical features of BTC with
high IHH.

Although Yang et al. reported that treatment with a SMO
inhibitor leads to downregulation of CCND1 and upregulation
of CDKN1A in a cell line of pancreatic carcinoma,(23) we did
not observe such a relationship between CCND1 ⁄ CDKN1A and
IHH expression (data not shown). However, overexpression of
CCND1 may be more prevalent among BTC than that of
IHH,(24) suggesting the presence of an IHH-independent regula-
tory network for CCND1 in BTC.

APBDJ causes pancreatic fluid regurgitation into the biliary
duct, and is found frequently among BTC cases.(25) Because
pancreatic fluid is rich in various proteases, frequent regurgita-
tion of such fluid into the biliary tract is likely to cause sustained
inflammation in the tract. Because inflammation and tissue
repair cause transcriptional activation of the Hh family of solu-
ble factors,(16) it may not be surprising to find an elevated level
of IHH mRNA in the biliary tract with APBDJ. Given the trans-
forming function of abundant IHH, such overexpression may
lead to increased cell cycle of biliary tract cells, and eventually
to the generation of BTC. Because a number of chemical inhibi-
tors are under development for the Hh pathways,(26) BTC with
APBDJ would be an intriguing candidate for such drugs.
Further, it is also tempting to examine the Hh ligand levels
among human cancers associated with chronic inflammation or
regeneration.
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