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Figure 2. and genetic Moderately
to poorly differ isr d with
acinar patterns (A). A genomic FISH analysis showed that
96% of the cells which were analyzed had the split signal of
ALK. A representative cell is shown (B). Multiplex RT-PCR
to capture all in-frame fusions between EML4 and ALK mes-
sages was conducted with the following primers;
5-GTGCAGTGTTTAGCATTCTTGGGG-3’,
5’AGCTACATCACACACCTTGACTGG-3,
5-TACCAGTGCTGTCTCAATTGCAGG-3,
5"-GCTTTCCCCGCAAGATGGACGG-3’,
5".CAGCTGAGAGAGTGAAAGCTTTGG-3',
5-GACAGTTGGAGGAATCTGTCGATG-3’,
5-ATCCTGCGGAACACTATTCAGTGG-3,
5"-TCAAGCACATCTCAAGAGCAAGTG-3" and
5-TCTTGCCAGCAAAGCAGTAGTTGG-3".

Examination of an enlarged lymph node revealed the success-
ful amplification for the EML4-ALK variant 2 transcript (in-
dicated as #J4).
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ceptor tyrosine kinase similar to the insulin receptor subfam-
ily of kinases. LTK is found in murine B lymphocyte pre-
cursors and in forebrain neurons. ALK is usually found in
the nervous system, where it serves the normal neural differ-
entiation and construction. By transfusing its kinase domain
with an activating counterpart with coiled-coil domain, like
NPM, TRK-fused gene (TFG), EMLA and so on, ALK gains
oncogenic potential via a constitutional dimerization (2).
Since the receptor tyrosine kinases are one of the main
targets of therapy in malignancy, Rikova et al performed a
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global survey of phosphotyrosine using lung cancer cell
lines and clinical samples (9). Along with the well-known
phosphorylation of EGFR and MET, the tyrosine phospho-
rylation of ALK was found in one cell line and in seven pa-
tients. A further analysis revealed three EMIA-ALK inver-
sions and one TFG-ALK fusion in 103 NSCLC patients,
thus resulting in an overall frequency of ALK fusion of 4%
in the Chinese population (9). A NSCLC cell line, H3122,
which harbored an EMIA-ALK inversion, showed massive
apoptosis with an ALK kinase inhibitor, TAE-684 (10). Fur-
thermore, transgenic mice expressing EMI4-ALK condition-
ally in lung alveolar epithelial cells, which developed innu-
merable lung adenocarcinomas within a few weeks after
birth, responded greatly with the oral administration of
small-molecule inhibitors of the ALK kinase (11). There-
fore, ALK is a novel therapeutic target in NSCLC. A phase
1 trial using PF02341066, TKI for MET and ALK, is ongo-
ing for NPM-ALK-positive lymphoma (NCT00585195).

The clinicopathological background in patients with
EMIA-ALK inversion has been previously well described in
two series. Inamura et al described that EML4-ALK positive
lung cancers are characterized by an acinar histology, har-
boring neither EGFR mutation nor KRAS mutation, a non-
or light smoking background and a young onset (12). An-
other group reported similar findings in which patients with
EMIA-ALK inversion were younger, more likely to be never/
light smokers. They have also shown mutations of KRAS,
EGFR and the rearrangement of EML4-ALK to be mutually
exclusive (13). Furthermore, the latter group focused on the
higher incidence of metastatic diseases in patients with an
EMIA-ALK inversion or EGFR mutation compared to pa-
tients without those alterations. The present case closely
matches these findings. It is therefore suggested that an
ALK FISH analysis should be recommended in the case of
a never/light smoker, of younger onset, who is negative for
EGFR mutation and advanced diseases.

Although several counterparts of ALK transition have
been reported in some kind of tumors (2), the EMIA-ALK
inversion occurs most frequently in NSCLC (14). The iden-
tification of fusion transcripts is somewhat difficult because
of the variation in the breakpoints of inversion. Soda et al
are in the process of establishing multiplex RT-PCR for de-
tecting fusion transcripts (1, 15). However, taking into con-
sideration that there are a few other types of ALK-fusion
(TFG and KIFS5B (16)), the commercially used, previously
established ALK FISH analysis is more useful in the screen-
ing of ALK altered NSCLC.

Since the incidence of patients demonstrating NSCLC
with ALK transition who may benefit from a timely diagno-
sis and appropriate therapy exceeds the incidence of ALCL,
the commercially-based ALK FISH is therefore considered
to be a promising diagnostic modality for determining
NSCLC patients with ALK transition.

Abbreviations: TKI: tyrosine kinase inhibitor, TRK-fused
gene
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CASE REPORT

Treatment of Lung Cancer with an ALK Inhibitor
After EML4-ALK Fusion Gene Detection Using
Endobronchial Ultrasound-Guided Transbronchial
Needle Aspiration

Takahiro Nakajima, MD, PhD,*} Hideki Kimura, MD, PhD,* Kengo Takeuchi, MD, PhD,}
Manabu Soda, MD, PhD,§ Hiroyuki Mano, MD, PhD,§ Kazuhiro Yasufuku, MD, PhD, |
and Toshihiko lizasa, MD, PhD*

40-year-old man who had complained of bloody spu-

tum was referred to our hospital for workup. Chest
computed tomography showed a significant mediastinal
lymphadenopathy (Figure 14). Bronchoscopic examina-
tion revealed a tumor compressing the right mainstem
bronchus (Figure 24). Massive bleeding from the tumor
was caused by passage of the bronchoscope. Therefore, a
diagnosis of pulmonary adenocarcinoma was made by
sputum cytology. The patient first received conventional
chemotherapy in the form of four courses of cisplatin plus
vinorelbine (CDDP + VNR), two cycles of cisplatin plus gem-
citabine (CDDP + GEM), and four cycles of carboplatin plus
gemcitabine (CBDCA + GEM). However, both the size of the
tumor and the serum carcinoembryonic antigen level continued
to increase. Fluorodeoxyglucose positron emission tomography
suggested systemic metastasis in hilar and mediastinal lymph
nodes and bone (Figure 1B).

We performed endobronchial ultrasound-guided
transbronchial needle aspiration (EBUS-TBNA) to avoid
bleeding from the tumor. Metastatic adenocarcinoma was
revealed in an upper paratracheal lymph node (#2R) (Fig-
ures 2B, C). Because the epidermal growth factor receptor
gene was wild type, we examined the presence of ALK
fusion genes. Immunohistochemistry by the intercalated
antibody-enhanced polymer (1AEP) method! showed an
expression of ALK protein in the samples obtained by

*Division of Thoracic Diseases, Chiba Cancer Center, Chiba, Japan; {Divi-
sion of Thoracic Surgery, Toronto General Hospital, University Health
Network, Toronto, Canada; {Division of Pathology, The Cancer Institute,
Japanese Foundation for Cancer Research (JFCR), Koto-ku, Tokyo; and
§Division of Functional Genomics, Jichi Medical University, Tochigi,
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EBUS-TBNA (Figure 2D). EML4-ALK fusion gene was
also confirmed by both fluorescence in situ hybridization
(Figure 2E) and reverse transcriptase-polymerase chain
reaction (Figure 2F). Direct sequencing of the PCR prod-
uct revealed the presence of EML4-ALK variant 1. Thus,
we referred the patient for enrollment in a clinical trial
with crizotinib (PF-02341066).2 Six weeks after adminis-
tration of the crizotinib (250 mg twice a day, oral admin-
istration), the bloody sputum disappeared, and the tumor
size decreased on chest computed tomography (Figure
1C). The carcinoembryonic antigen level also normalized.
Five months after administration, an abnormal accumula-

FIGURE 1. A, Chest computed tomography showed a nar-

rowing of the right main bronchus due to massive lymphad-
enopathy. B, FDG-PET suggested multiple lymph node me-
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and bone n C, Six weeks after
administration of the ALK inhibitor, the effect of the treat-
ment was judged as partial response based on RECIST. D,
Five months after administration of the ALK inhibitor, abnor-
mal accumulation on FDG-PET had disappeared. FDG-PET,
fluorodeoxyglucose positron emission tomography.
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FIGURE 2. A, Bronchoscopic exami-
nation showed tumor compression of -
the right main bronchus, and the tu-

mor had hyperplastic vessels on its S\V/e]
surface. B, EBUS-TBNA was performed
for a pretracheal lymph node (#2R).
G, Histologic core revealed metastatic
adenocarcinoma in #2R node. D, Im- B
munohistochemistry was positive for
ALK protein using the iAEP method.
E, FISH revealed the EML4-ALK fusion
gene. EML4-ALK split assay with la-
beled probes for the upstream (red)
and downstream (green, arrow) re-
gion of the ALK locus. EML4-ALK fu-
sion assay with labeled probes for
EML4 (green, arrow) or ALK (red, ar-
row). Fusion gene showed EML4-ALK
(arrow). F, RT-PCR using specific
primer set for each variant also con-
firmed the presence of EML4-ALK
variant 1 (274bp). The presence of
variant 1 type fusion was also con-
firmed by direct sequence of the RT-
PCR product (data not shown). RT-
PCR, reverse transcriptase-polymerase
chain reaction; FISH, fluorescence in
situ hybridization.

tion almost disappeared on fluorodeoxyglucose positron
emission tomography scan (Figure 1D). The observed side
effects were only slight nausea during the early period of
administration. The patient remains in good condition
without tumor relapse for 10 months. The patient suddenly
complained bilateral lower extremities paralysis, and the
spinal cord metastasis was revealed. The patient was
discontinued treatment during the trial in April 2010 be-
cause of disease progression.

DISCUSSION
Fusion of ALK with EML4 gives rise to a highly potent
oncogene in non-small cell lung cancer,? being detected in ~5%
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of all non-small cell lung cancer cases.!# Presence of the ALK
fusions can be detected by immunohistochemical screening* and
can be also confirmed by fluorescence in situ hybridization and
reverse transcriptase-polymerase chain reaction.# Recently, with
progress in chemotherapeutic research, molecular targeted ther-
apeutic agents have been developed, including ALK kinase
inhibitors that are now being clinically tested.? Ideally, ALK
fusion gene assessment should be performed using minimally
invasive means to obtain biopsy samples sufficient for genetic
analysis for subsequent targeted molecular therapy. Histologic
as well as cytologic samples can be obtained by EBUS-TBNA,
and we have previously reported that high-quality cores are
adequate for molecular analyses for biomarkers.® The dramatic

Copyright © 2010 by the International Association for the Study of Lung Cancer
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effect of the ALK inhibitor in this patient demonstrates that
adequate biomarker assessment contributes to the optimum se-
lection of reagents in targeted molecular therapy and in individ-
ualized treatment.
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EML4-ALK Fusion in Lung

To the Editor-in-Chief:

The recent article by Martelli and colleagues’ reports (i) the
detection of EML4-ALK fusion cDNA2 not only in non-small
cell lung cancer (NSCLC) specimens but in non-tumor lung
tissues, (i) a very low proportion of FISH-positive cells for
ALK rearrangements among EML4-ALK-positive speci-
mens, and (jii) the failure to detect EML4-ALK protein by
immunohistochemistry (IHC) and Western blotting. Based
on these lines of observation, the authors questioned the
clinical relevance of EML4-ALK in the carcinogenesis of
NSCLC.

Although detection of fusion kinases in normal tissues is
a potentially interesting observation, caution is warranted in
the interpretation of their results." They replicated thrice
the reverse transcription-polymerase chain reaction (RT-
PCR) for EML4-ALK and noted that “In half of the (positive)
cases, one replicate experiment did not confirm the fusion
transcript was present.” They then suggested that the fusion
gene was “expressed at very low level.” It is, however, also
quite possible that such unstable PCR results may simply
represent contaminated experiments. If this is the case, a
discussion on FISH and protein analyses would become
irrelevant. In their report, the presence of the EML4-ALK
fusion gene was only evidenced by unstable RT-PCR re-
sults and a small proportion of FISH-positive cells among
specimens.

In this regard, it was surprising that the authors had not
tried genomic PCR to exclude the possibility of PCR con-
tamination.™ In most of their fusion-positive cases, they
found the EML4-ALK variant 1 cDNA, in which exon 13 of
EML4 cDNA is connected to exon 20 of ALK cDNA. Be-
cause the length of intron 14 of EML4 gene and intron 19 of
ALK gene is 5724 bp and 1932 bp, respectively, the max-
imum size of the genomic PCR to detect the gene fusion
should be ~7.7 kbp, which is within the scope of current
long-range PCR systems. Indeed, we have been able to
detect genomic PCR products among >50% of the fusion
cDNA-positive cases. Interestingly, the break/fusion points
in the genome vary substantially among NSCLC speci-
mens,>*® and we have not obtained, to date, any pairs of
NSCLC specimens carrying identical break/fusion points in
their .genome (even among those positive for the same
EML4-ALK variants).

We speculate, therefore, that (i) if none of the fusion
cDNA-positive cases reported by Martelli et al™® produce
specific genomic PCR products, then the fusion cDNA

The American Journal of Pathology, Vol. 176, No. 3, March 2010
Copyright © American Society for Investigative Pathology
DOI: 10.2353/ajpath.2010.091057

products likely arose from cDNA-contamination, (ii) if the
fusion cDNA-positive cases yield identical genomic PCR
products, then the fusion cDNAs likely arose from speci-
men-contamination, and (iii) if the fusion cDNA-positive
cases display distinct genomic fusion points, then each
specimen was truly positive for the EML4-ALK fusion gene.
Without such careful examination, we have to conclude that
their claims in the article have not as yet been clearly
demonstrated.

As described previously,® immunohistochemical de-
tection of the EML4-ALK protein is highly difficult, prob-
ably owing to the weak activity of the EML4 promoter
that drives the expression of EML4-ALK messages. We
have thus examined the suitability of commercially avail-
able antibodies to ALK for IHC and successfully devel-
oped the intercalated antibody—enhanced polymer (IAEP)
method, which enables reliable detection of EML4-ALK
among formalin-fixed and paraffin-embedded speci-
mens.® The same specimen positive for EML4-ALK RT-
PCR can be, for instance, readily stained to be positive
with iAEP, but negative with conventional IHC methods
(see Supplemental Figure S1 in ref. 6). We thus agree
with Martelli et al that screening of NSCLC specimens
with conventional IHC methods will not detect EML4-ALK
protein, but strongly argue that such failure does not simply
indicate the absence of EML4-ALK. For such screening, we
recommend IAEP or other sensitive techniques.”

It should be further noted that, in both our® and other
researchers’ IHC analyses,” almost all tumor cells in a
given EML4-ALK-positive specimen were positively immu-
nostained with anti-ALK antibodies, suggesting a homoge-
nous presence of EML4-ALK within a tumor. Such observa-
tion is, however, in contrast to the FISH data by Martelli et al,
which show that the ALK rearrangement was only positive in
~2% of tumor cells in a given EML4-ALK-positive speci-
men. On the contrary, FISH analyses of our EML4-ALK-
positive samples clearly demonstrate that most of the tumor
cells harbor rearranged ALK alleles, implying that the gen-
eration of the EML4-ALK fusion gene is an early event in
NSCLC carcinogenesis. The homogenous presence of
EML4-ALK in our fusion-positive tumors, as demonstrated
by both FISH and IHC, further raises a concern about the
“EML4-ALK-positive tumors” as defined by Martelli et al.

Specific inhibitors to ALK enzymatic activity are already
in clinical trial, as reported at the 2009 annual meeting of
America Society of Clinical Oncology and the European
Cancer Organization and Congress of the European Soci-

1
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ety for Medical Oncology.® Such reports reveal only
modest and transient side effects (nausea, vomiting,
and diarrhea) with their ALK inhibitor, but without severe
damage in hematopoiesis or renal function. On the other
hand, the marked therapeutic efficacy of their compound
against EML4-ALK-positive NSCLC makes it one of the
rare, highly successful molecular targeted therapies against
human cancer, in line with imatinib mesylate and gefitinib/
erlotinib. These data further reinforce the essential role of
EMLA4-ALK in the carcinogenesis of NSCLC, and question
the validity of the conclusions led by Martelli et al."?

Hiroyuki Mano
Kengo Takeuchi
Jichi Medical University, Tochigi, Japan
The University of Tokyo, Tokyo, Japan
The Cancer Institute, Tokyo, Japan
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Authors’ reply:

In their letter, Mano and Takeuchi claim that our unstable
PCR results in normal and cancerous lung tissues could be
attribtuable to contamination. However, as clearly illustrated
in our article,” serial dilution experiments in the H2228 cell

line demonstrate the specificity and sensitivity of our RT-
PCR assay. Furthermore, the identification in our EML4-ALK
fusion positive tissues of alternative isoforms of variant 3,
rather than the described two isoforms coexpressed in the
H2228 cell line, is indicative of exclusive events in tumors,
making contamination unlikely. Lastly, our experiments
were confirmed independently in two laboratories (Milan

. and Barcelona) and always contained appropriate negative

PCR controls.

We disagree with Mano et al's claim that the results of
genomic PCR could be used to prove a possible RT-PCR
contamination in our samples, which can only be excluded
by the use of appropriate controls and procedures, as
outlined above. However, we used genomic PCR to amplify
the sequence flanking the EML4-ALK variant 1 breakpoint in
four positive NSCLC samples. Even though a strong ampli-
fication product had been obtained from the same DNA
templates using primer sets amplifying a control genomic
locus of similar size to that of the cases so far reported in
literature, no amplification of the EML4-ALK variant 1 fusion
product was identified, suggesting only a minority of cells
carried the EML4-ALK gene. These findings concur with
Maes et al®> who reported that, in lymphoid tissues, high
level detection of NPM-ALK and ATIC-ALK fusion transcripts
coincided with ALK gene rearrangements (as detected by
cytogenetics and FISH), whereas low-level detection was
not supported by genomic evidence of rearrangements.

In our article,’ we clearly stated that, unlike observations
in ALK+ lymphomas, tumor cells from NSCLC specimens
expressed such a low amount of the EML4-ALK fusion
protein that immunoprecipitation and immunohistochemis-
try performed with the commercially available antibodies
are unable to detect it. This is in keeping with the observa-
tion that the EML4-ALK fusion protein is detectable only
using highly sensitive methods, such as mass spectrome-
try® or the intercalated antibody-enhanced polymer (IAEP)
method* which, unfortunately, are not available in all pathol-
ogy laboratories and are difficult to standardize. Therefore,
the question of how best to detect the EML4-ALK fusion
protein remains unanswered.

Issues concerning the frequency, heterogeneity, and
tissue specificity of the EML4-ALK rearrangement must
also be addressed carefully.

Frequency

We recently extended our FISH analysis to 173 surgically
resected lung cancer specimens (mainly adenocarcinoma)
from an unselected group of Caucasian patients. The inci-
dence of truly positive cases (>50% FISH positive, fusion
transcript, and protein positive) was only 0.6% (1/173
cases), which reinforces the results in our artile and is in
keeping with Rodig et al's® recent report of 1/227 (0.45%)
ALK rearranged case in a series of surgically treated West-
ern adenocarcinoma.

Heterogeneity

The heterogeneity of the EML4-ALK rearrangement we de-
tected by FISH was confirmed by others in primary tumors

- 124 -



and cell lines®” and is supported by functional studies
showing that the magnitude of growth inhibition by siRNA-
mediated silencing did not correlate with the number of
cells harboring the rearrangement and the lack of growth
inhibition in 50% of EML4-ALK-positive cell lines. These
observations suggest that additional signaling mecha-
nisms independent of ALK may regulate growth and cell
proliferation.

Specificity

Claims from Mano's group that the EML4-ALK product is
specific for NSCLC is contradicted by our findings in normal
tissues'® and by a recent study from Lin E. et al,® who found
EML4-ALK fusions in breast (2.4%) and colorectal (2.4%)
cancer, in addition to NSCLC.

Finally, we wonder whether it is really appropriate to
compare treatments such as ALK inhibitors in NSCLC with
imatinib mesylate and gefinitinib/erlotinib in other human
neoplasms. In fact: i) the role of EML4-ALK in NSCLC is not
as well established as that of BCR/ABL in chronic myeloid
leukemia (CML); i) NSCLC responses to ALK inhibitors® are
not as remarkable as the CML response to imatinib mesy-
late; and iii) patients with NSCLC were treated with a mul-
tikinase, c-MET and ALK, inhibitor.® Considering that about
20% of NSCLC have MET amplification and overexpression
and that MET rearrangements are homogeneous in lung
cancer,™® it may be possible that responses to the multiki-
nase inhibitor may be related to other coexisting oncogenic
events, independently of ALK.

In conclusion, although we fully acknowledge the impor-
tance of Soda et al's discovery,'" we believe that additional
studies are required to elucidate the concurrent genetic
events and cellular settings necessary for EML4-ALK to
exert an oncogenic function and to better define the role of
EML4-ALK in diagnosis and targeted therapy of NSCLC.
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Gallbladder cancer (GBC) is a highly fatal malignancy in humans.
Genetic alterations in KRAS or TP53 as well as overexpression of
ERBB2 have been shown to ik to the devel of cer-
tain types of GBC. However, many cases of GBC do not harbor such
genetic changes, with other transforming events awaiting discov-
ery. We here tried to identify novel cancer-promoting genes in
GBC, with the use of a retroviral cDNA expression library. A retro-
viral cDNA expression library was constructed from a gi

fragment. Toward this goal, we have recently established a ret-
roviral cDNA expression library system that is sensitive enough
to generate libraries with a high complexity even from small
amounts of materials such as clinical specimens.”> With this
system, we have successfully discovered a fusion-type protein
tyrosine kinase EMLA-ALK in non-small cell lung cancer.

In this manuscript, we have applied this technology to a surgi-
cally d clinical speci of GBC, and used this library to

resected clinical specimen of GBC, and was used to infect 3T3 fibro-
blasts in a focus formation assay. ¢DNA incorporated into the
transformed foci was rescued by PCR. One such cDNA was found
to encode free fatty acid receptor 2 (FFAR2), a G protein-coupled
receptor for short-chain fatty acids. The oncogenic potential of
FFAR2 was confirmed both in vitro with the focus formation assay
and by evaluation of cell growth in soft agar as well as in vivo
with a tumorigenicity assay in nude mice. The isolated FFAR2 cDNA
had no sequence i ing that upi ion of
FFAR2 exp! i may il to transformation.
Indeed, all of quantitative RT-PCR, in situ hybridization, and immu-
nohistochemical analyses showed that the amount of FFAR2 mRNA
and its protein product was increased in digestive tract cancer
specimens. Furthermore, short-chain fatty acids p d the

screen for transforming genes in GBC. Unexpectedly, trans-
forming ability has been discovered for free fatty acid receptor 2
(FFAR?2, also known as GPR43), which functions as a cellular
receptor for short-chain fatty acids (SCFA)."” Further, tumor-
specific expression of FFAR2 has been proven among a panel of
clinical specimens for GBC, gastric cancer, and colorectal can-
cer (CRC) by in situ hybridization and immunohistochemical
analyses, indicating tumor-promoting activity among digestive
tract cancers.

Materials and Methods

Clinical specimens and cells lines. Resected clinical materials
were obtained from individuals who underwent surgery at Jichi

mitogenic action of FFAR2 in 3T3 cells. Our data thus, for the first
time, implicate FFAR2 in i is of the digestive tract.
(Cancer Sci 2010; 101: 54-59)

G allbladder cancer (GBC) is a highly fatal malignancy in
humans, being most prevalent in South America and Asia.
In most cases, GBC is not diagnosed until it has reached an
advanced stage, when the 5-year survival rate is ~10%.%? In
the USA, ~8000 new cases of biliary tract cancer (BTC) are
diagnosed each year, with ~4000 of the affected individuals
subsequently dying of GBC.®) Several risk factors have been
identified for GBC, including cholelithiasis® and anomalous
pancreaticobiliary duct junction.” Genetic alterations in KRAS
or TP53 as well as overexpression of ERBB2 have been shown
to contribute to the development of certain types of GBC. How-
ever, many cases of GBC do not harbor such genetic changes,
with other transforming events awaiting discovery.

The focus formation assay with 3T3 or RAT1 fibroblasts has
been used extensively to screen for transforming genes in vari-
ous carcinomas.® In such screening, genomic DNA is isolated
from cancer specimens and used to transfect fibroblasts, poten-
tially resulting in the development of transformed cell foci.
However, given that expression of the introduced genes is con-
trolled by their own promoters or enhancers, oncogenes in can-
cer cells may exert effects in fibroblasts only when their control
regions are active in these cells, which is not guaranteed.

Adequate expression of cDNA in fibroblasts can be achieved
by placing them under the control of an exogenous promoter

CancerSci | January 2010 | vol. 101 | no.1 | 54-59

Medical University Hospital. Written informed consent was
obtained from each subject according to the protocols approved
by the ethics committees of Jichi Medical University. Mouse
3T3 and BOSC23 cell lines were obtained from American Type
Culture Collection (Manassas, VA, USA), and maintained in
Dulbecco’s modified Eagle medium/F12 (DMEM/F12; Invitro-
gen, Carlsbad, CA, USA) containing 10% fetal bovine serum
(Invitrogen) and 2 mM L-glutamine.

Construction of retroviral ¢DNA expression library. The
retroviral  cDNA library was constructed as described
previouslyﬁ’g'“) Briefly, first-strand ¢cDNA was synthesized
from the RNA with the use of PowerScript reverse transcriptase,
the SMART IIA oligonucleotide, and CDS primer IIA (all from
Clontech, Mountain View, CA, USA). The resulting cDNA was
then amplified by PCR with 5-PCR primer ITA (Clontech) and
PrimeSTAR HS DNA polymerase (Takara Bio, Otsu, Shiga,
Japan) for 17 cycles of 98°C for 10 s and 68°C for 6 min. The
PCR products were ligated to a BstXI adapter (Invitrogen) and
then incorporated into the pMXS retroviral plasmid (kindly pro-
vided by T. Kitamura of the Institute of Medical Science, Uni-
versity of Tokyo).

Recombinant retroviruses were produced by introduction of
the plasmid library into the packaging cell line B0SC231? and
were used to infect 3T3 cells in the presence of polybrene
(4 pg/mL; 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
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¢DNA was recovered from the genomic DNA by PCR with
5-PCR primer ITA and PrimeSTAR HS DNA polymerase.
Amplified products were then ligated to the plasmid pT7Blue-2
(Novagen, Madison, WI, USA) and subjected to nucleotide
sequencing.

Transformation assay. For a focus formation assay, recombi-
nant retrovirus was used to infect 3T3 cells for 48 h. The culture
medium of 3T3 cells was then changed to DMEM/F12 supple-
mented with 5% calf serum and 2 mM L-glutamine, and incu-
bated for 2 weeks. To ine anchorage-independent growth
in soft agar, 3T3 cells infected with retrovirus were resuspended
in culture medium containing 0.4% agar (SeaPlaque GTG aga-
rose; Cambrex, East Rutherford, NJ, USA), and seeded onto a
base layer of complete medium containing 0.5% agar. Cell
growth was assessed after 3 weeks of incubation.

For an in vivo tumorigenicity assay, 3T3 cells (2 x 10%)
infected with the retrovirus expressing FFAR2 were resuspended
in 500 pL PBS, and injected into each shoulder of nu/nu BAL-
Bc mice (6 weeks old). Tumor formation was assessed after
3 weeks.

Quantitation with real-time RT-PCR. Oligo(dT)-primed cDNA
was synthesized from the clinical specimens with PowerScript
reverse transcriptase, and subjected to quantitative PCR with a
QuantiTect SYBR Green PCR kit (Qiagen, Valencia, CA, USA)
and an amplification protocol consisting of incubations at 94°C
for 15 s, 60°C for 30 s, and 72°C for 60 s. Incorporation of the
SYBR Green dye into PCR products was monitored in real time
with an ABI PRISM 7900HT sequence detection system (Applied
Biosystems, Foster City, CA, USA), thereby allowing determina-
tion of the threshold cycle (Cy) at which exponential amplifica-
tion of products begins. The Cr values for cDNA corresponding
to the B-actin gene (ACTB) and FFAR2 were used to calculate the
abundance of the latter mRNA relative to that of the former. The
oligonucleotide primers used for PCR were 5-CCATCAT-
GAAGTGTGACGTGG-3" and 5-GTCCGCCTAGAAGCATT-
TGCG-3’ for ACTB and 5-CACTCAACGCCAGTCTGGAC-3’
and 5-TGGCATCCCTTCTCCTTGAC-3’ for FFAR2.

In situ hybridization with sense or antisense riboprobes corre-
sponding to the 3’ region (nucleotides 867-1229) of the FFAR2
cDNA( isolated in this study was conducted as described previ-
ously.

Immunohistochemistry. Human tissues were fixed in 4% form-
aldehyde in PBS at room temperature overnight, embedded in
paraffin, and sectioned at a thickness of 3 pum. Sections were
mounted on glass slides, deparaffinized through 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 solutions. For immunohis-
tochemical experiments, antigenicity was enhanced by boiling

concentration of 4 x 10 cells/well, and incubated for 24 h with
DMEM-F12 medium and 1% charcoal-treated fetal bovine
serum (Invitrogen). Cells were further cultured for 48 h with
100 mM sodium acetate or 1 mm sodium butyrate, and were sub-
jected to the cell proliferation assay with the WST-1 reagent
(Clontech).

Results

Focus formation assay with a GBC library. To screen for trans-
forming genes in digestive tract cancers, we constructed a retro-
viral cDNA expression library from a surgically resected GBC
specimen, and obtained a total of 3.2 X 10° “colony-forming
units of independent plasmid clones, from which we randomly
selected 20 clones and examined the incorporated cDNA. An
insert of =500 bp was present in 16 (80%) of the plasmid clones,
and the average size of these inserts was 1.48 kbp (data not
shown). Infection of mouse NIH 3T3 fibroblasts with the recom-
binant retroviral library generated a total of 89 transformed foci
(Fig. 1a). No foci were obtained for cells infected with the
empty virus, whereas numerous foci were readily apparent for
cells infected with a virus encoding the v-Ras oncoprotein.

Each focus obtained with the cDNA expression library was
isolated, expanded independently, and used to prepare genomic
DNA for recovery of retroviral inserts by PCR with the primers
used on#inally to amplify the cDNA in construction of the
library.”” We recovered a total of 45 cDNA fragments by PCR,
each of which was subjected to nucleotide sequencing in both
directions. Screening of the 45 cDNA sequences against the
public nucleotide sequence databases revealed that they corre-
sponded to 19 independent genes (Supporting Information Table
S1). To confirm the transforming potential of the isolated
cDNA, we ligated each ¢cDNA clone to pMXS and used the
resulting retroviruses to infect 3T3 cells. The focus formation
assay was carried out for cDNA corresponding to 19 indepen-
dent genes, revealing reproducible transforming activity for:
clone ID #2, corresponding to ARHGEF1 (GenBank accession
number NM_004706); clone ID #6, corresponding to TBCID3
(GenBank accession number NM_032258); clone ID #7, corre-
sponding to FGF4 (GenBank accession number NM_002007);
and clone ID #14, corresponding to FFAR2 (GenBank i
number NM_005306) (Fig. 1b).

FFAR2 as an oncogene. FFAR?2 functions as a cellular receptor
for SCFA,® and is expressed in the digestive tract.'® It is
thought to respond to fatty acids released in the digestive tract,
but has not previously been shown to possess transforming
potential. We therefore focused on FFAR2 in our subsequent
analyses. Given that nucleotide sequencing of clone ID #14 did
not reveal any seq alterations pared to the published
cDNA

the sections in 10 mm citrate buffer (pH 6.0) in a
oven for 15 min, and the endogenous peroxidase activity was
blocked by incubation in methanol ining 0.3% H,0, 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 with anti-
FFAR2 antibody (SP4226P; Acris Antibodies, Schillerstafe,
Herford, Germany) at 4°C overnight. Next, the sections were
washed in PBS and incubated with horseradish peroxidase
(HRP)-labeled polymers conjugated to goat antirabbit immuno-
globulin (#K4003; Dako) at 37°C for 30 min. Color develop-
ment was carried out by incubating the sections with

q of FFAR2 (GenBank accession number
NM_005306), we hypothesized that overexpression of FFAR2
might contribute to malignant transformation.

We then assessed the transforming activity of FFAR2 in 3T3
cells with a soft-agar assay. Whereas cells infected with the
empty virus did not grow in soft agar, those infected with a virus
encoding v-Ras grew readily (Fig. 1b). Cells infected with a
virus encoding FFAR2 also formed multiple foci in repeated
experiments, indicative of the ability of FFAR2 to confer the
property of anchorage-independent growth on 3T3 cells. We fur-
ther tested the activity of FFAR2 in an in vivo tumorigenicity
assay with athymic nude mice. 3T3 cells infected with the empty
virus or with retroviruses encoding FFAR2 or v-Ras were thus

3,3-diaminob y ide (Wako Pure Chemical
Industries, Osaka, Japan) as a chromogenic substrate. Finally,
the sections were lightly counterstained with hematoxylin,
mounted, and viewed under a light microscope.

Cell proliferation assay. Mouse 3T3 cells expressing FFAR2
or not expressing FFAR2 were seeded into 96-well plates at a

Hatanaka et al.

j d sut ously into the mice. Tumor formation was
readily apparent for the cells expressing FFAR2 or v-Ras
(Fig. 1b).

Overexpression of FFAR2 in digestive tract cancers. Given that
our data revealed an unexpected transforming potential of
FFAR2 (at least, when it is abundantly expressed), we examined

Cancer Sci | January 2010 | vol. 101 | no.1 | 55
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cDNA library

(b)

Focus formation

Soft agar

Nude mice

Tumor/injection

whether FFAR2 might be overexpressed in human cancer
specimens. We prepared oligo(dT)-primed cDNA from seven

of BTC, 89 speci of gastric cancer, and 80 spec-
imens of CRC by reverse transcription and then subjected the
cDNA preparations to quantitative PCR analysis in order to
measure the amount of FFAR2 cDNA. For comparison, we also
analyzed specimens of normal gallbladder (n = 6) and biliary
duct (n = 1) as well as paired noncancerous tissue for all speci-
mens of gastric cancer and CRC. Whereas the mean expression
level of FFAR2 seemed higher in BTC compared to normal
gallbladder/biliary duct, a large standard deviation in the
expression level made the difference insignificant (P > 0.05)
(Fig. 2a). However, the FFAR2 level was significantly increased
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Fig. 1. Transforming activity of free fatty acid
receptor 2 (FFAR2). (a) A retroviral cDNA expression
library was constructed from a gallbladder cancer
specimen isolated from a 64-year-old man. Mouse
373 cells were infected with the retroviral cDNA
library, a virus encoding v-Ras, or the empty virus
(Mock), and were photographed after culture for
2 weeks for the analysis of focus formation. Scale
bars=1mm. (b) 373 cells were infected with
viruses encoding FFAR2 or v-Ras or with the empty
virus (Mock) and were then cultured for 5 days for
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 1x 10° cells are
indicated by red circles. The frequency of tumor
formation (tumor/injection) is also indicated.

(P < 0.05) in gastric cancer (Fig. 2b) and CRC (Fig. 2c) com-
pared with the corresponding paired normal tissue specimens.
To examine further the site and extent of FFAR2 expression,
we carried out in situ hybridization analysis with a series of can-
cer specimens. First, a section of a CRC specimen was subjected
to hybridization with sense or antisense probe for FFAR2
mRNA. Only the antisense probe yielded clear signals in the
cytoplasm and nucleus of the cancer cells (Fig. 3a), thus con-
firming the specificity of this probe A series of cancer speci-
mens was then subj d to hybridization with the
probe for FFAR2 mRNA. GBC cells exhibited an increased
level of hybndlzauon compared with the normal cells in the
same section (Fig. 3b). However, epithelial cells of normal gall-

P=362x10°

Fig. 2. Expression of free fatty acid receptor 2
(FFAR2) in digestive tract cancers. Oligo(dT)-primed
<DNA was synthesized from (a) clinical specimens of
biliary tract cancer (C) or normal gallbladder and
biliary tract tissue (N), or from paired cancerous (C)
and noncancerous (N) tissue specimens from patients
with (b) gastric cancer or () colorectal cancer. The
resultant ¢cDNA was subjected to quantitative PCR
analysis. Data are means + SD for the indicated n
values, and P-values for the indicated

cRC comparisons were determined by Student’s t-test.

(n=80) ACTB, B-actin.
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(a) Antisense probe Sense probe

(b) Normal gallbladder GBC

Non-

cancérous

Lancerous

(c) Normal gastric mucosa Gastric cancer

(d) Normal colon mucosa

Fig. 3.
(FFAR2) expressmn (a) A section of colorectal cancer (CRC) was

In situ hybndlzatlon analysis of free fatty acid receptor 2

subjected to in situ hybridi with sense or

corresponding to the 3’ region (nucleotides 867-1229) of the FFAR2
<DNA isolated in this study. (b—d) Sections of (b) normal gallbladder
and gallbladder cancer (GBC), (c) paired normal gastric mucosa and
gastric cancer, and (d) paired normal colon mucosa and CRC were also
subjected to in situ hybridization with the antisense probe for FFAR2
mRNA. Scale bars = 1 mm (a), 100 pm (b), or 50 pm (c,d).

bladder were also stained with the probe, possibly explaining
why the amount of FFAR2 mRNA did not differ significantly
between GBC and normal tissue by quantitative RT-PCR
analysis (Fig. 2a). In contrast, the hybridization signal for
FFAR2 mRNA was markedly greater both in gastric cancer cells
in eight of 10 specimens examined than in gland cells of the nor-
mal stomach (Fig. 3c), as well as in CRC cells in 13 of 14 speci-
mens examined compared with the corresponding normal cells
(Fig. 3d), consistent with the data obtained by quantitative RT-
PCR analysis (Fig. 2b,c).

Additionally, we further examined the FFAR2 protein level
by immunohistochemistry with anti-FFAR2 antibody among
digestive tract cancers. As shown in Figure 4, FFAR2 was
apparently induced in a GBC specimen (from which the cDNA
library was generated) compared to normal gallbladder, in a gas-
tric cancer specimen compared to its paired normal mucosa, and
in a CRC specimen compared to the paired normal mucosa.

Ligand-mediated mitogenic signals of FFAR2. Given that SCFA
are the presumptive ligands for FFAR2, we next examined
whether the transforming activity of FFAR2 might be stimulated

Hatanaka et al.

Normal gallbladder
e o

Normal gastric mucosa

Normal colon mucosa

P

Fig. 4. Immunohistochemical analysis of free fatty acid receptor 2
(FFAR2) expression. Sections of normal gallbladder and gallbladder
cancer (GBC) (upper panel), of paired normal gastric mucosa and
gastric cancer (middle panel), and of paired normal colon mucosa and
colorectal cancer (CRC) (lower panel) were subjected to
immunohistochemical staining with antibody to FFAR2. Scale bars =
100 pm.

by its binding of such ligands. Toward this end, we incubated
3T3 cells expressing FFAR2 cDNA in the absence or presence of
the SCFA sodium acetate or sodium butyrate. Forced expression
of FFAR?2 induced a small increase in the growth rate of 3T3
cells even in the absence of the SCFA, whereas the SCFA had
no effect on the growth of cells not expressing FFAR2. In con-
trast, sodium acetate (100 mm) induced a pronounced increase
in the growth rate of cells expressing FFAR2 (Fig. 5a). A smal-
ler but still significant increase in the growth rate of cells
expressing FFAR2 was also induced by the addition of 1 mm
sodium butyrate (Fig. 5b).

Discussion

In this study, we constructed a retroviral cDNA expression
library for a GBC specimen and thereby identified the trans-
forming potential of FFAR2. In response to its activation by
lxgand FFAR2 regulates hpo%enesw a9 neutrophil migra-

and intestinal motility."® Although SCFA activate the
P38 mitogen-activated protein kinase and heat shock protein 27
sngnalmF pathway via FFAR2 in MCF-7 human breast cancer
cells, """ a relationship between FFAR2 and carcinogenesis has
not previously been described.

The FFAR2 gene has been shown to be preferentially
expressed in stomach small intestine, colon, spleen, and adipose
tissue of mice.’® A substantial amount of FFAR2 mRNA was
also detected in the rat gut, with the highest levels apparent in
the colon and lower levels observed in esophagus and stom-

Cancer Sci | January 2010 | vol. 101 | no.1 | 57
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ach."® In addition, FFAR2 has been detected in enterocytes of
the rat intestine'® as well as in those of the human colon."®
The preferential expression of FFAR2 in the digestive tract and
the mitogenic activity of the encoded protein together suggest a
possible role for FFAR2 in carcinogenesis of the digestive sys-
tem.

In our current analyses, both mRNA and protein amounts for
FFAR2 were frequently induced among peci for diges-
tive tract cancer. However, DNA quantitation of the FFAR2
locus failed to detect copy number changes of the genome (data
not shown), and there are no CpG islands mapped closely or
within the FFAR2 locus in the human genome. Therefore, the
molecular mechanism underlying such FFAR2 induction is yet
to be revealed.

SCFA, such as acetate, propionate, and butyrate, are the major
products of the breakdown of dietary fiber by bacterial fermenta-
tion in the mammalian small and large intestine.®” Among vari-
ous SCFA, acetate has the highest selectivity for FFAR2.?"
The composition of SCFA in the colonic lumen is ~60% ace-
tate, ~20% propionate, and ~20% butyrate.?” SCFA are the
major anions, being present at a total concentration of
~100 mu, in the lumen of the large intestine in mammals.®>
We found that the mitogenic effect of acetate in 3T3 cells
expressing FFAR2 was maximal at ~100 mm (data not shown).

Fig. 5. Effect of short chain fatty acids on the
proliferation of cells expressing free fatty acid
receptor 2 (FFAR2). Mouse 3T3 cells infected with a
virus encoding FFAR2 or with the empty virus
(Mock) were cultured for 48 h in DMEM-F12
medium supplemented with 1% charcoal-treated
fetal bovine serum in the absence or presence of
(a) 100 mm sodium acetate or (b) 1 mm sodium
butyrate. Cell proliferation was then assayed with
the use of the WST-1 reagent. Data are expressed
as absorbance at 450 nm and are means + SD of
values from three independent experiments.
P-values for the indicated comparisons were

FFAR2 determined by Student'’s t-test.

ligands. Therefore, it is also possible that highly abundant
FFAR2 proteins have evoked a mitogenic signaling in 3T3 in
response to a low level of SCFA in the serum (or even indepen-
dent of SCFA).

Diet has a substantial impact on the occurrence of digestive
tract cancers, including GBC, gastric cancer, and CRC,(w as well
as on that of chronic inflammatory bowel diseases.®> Our present
findings suggest a possible connection between such disorders
and either continuous exposure to SCFA in certain types of diet or
induced expression of FFAR2 in the digestive tract. FFAR2 is
thus a potential therapeutic target for these disorders.
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These data suggest that FFAR2 may induce in the
digestive tract in a manner dependent on the content of SCFA
(especially that of acetate) in the diet.

It should be noted that a mere overexpression of FFAR2
significantly induced the growth of 3T3 cells even without the
SCFA stimulation (Fig. 5). Although this observation potentially
indicates a novel, SCFA-independent function of FFAR2, over-
expression of cell surface receptors often stimulates their intra-
cellular signaling with suboptimal concentrations of cognate
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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 373 fibroblasts. One of the cDNAs rescued from transformed
foci was found to encode Indian hedgehog homolog (IHH). The

ic p ial of IHH was d both in vitro with the
focus formation assay and in vivo with a tumorigenicity assay in
nude mice. The isolated /HH ¢DNA had no sequence alterations,

that up of IHH expression may . to
Q itation of /JHH mRNA among clini-
cal i has led that the level of /HH 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. ") Unfortunately, many BTC cases are diag-
nosed at advanced clinical stages with a 5-year survival rate of
~10%.%* Several risk factors for BTC have been identified to
date, including cholelithiasis,”> anomalous pancreaticobili
duct junction (APBDI),® and primary sclerosing cholangitis.”
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.® 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

- £ :

2, 2009/0nline publication

30, 2009)

Materials and Methods

Focus formation assay with a iral library. A recombi
retroviral library was constructed as described previously,(g'm
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 BsfXI 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 x 10° 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 ug/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 X 10%) were
infected with a retrovirus expressing IHH, resuspended in 500 puL
PBS, and injected into each shoulder of a nu/nu Balb-c mouse
(6 weeks old). Tumor formation was assessed after 2 weeks.

Anch i growth in soft agar. 3T3 cells (2 x

frag| with tissue-specific exp
(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.

Cancer Sci | January 2010 | vol. 101 | no.1 | 60-64

10%) 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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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 (Cr) at which
exponential amplification of PCR products begins. The Cr 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 um. 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% H,0, 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

p and then i d overnight at 4°C with anti-ITHH
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

Focus formation

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 373 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 1x 10° cells are
indicated by red circles. The frequency of tumor
formation (tumors/injection) is also indicated.

Hatanaka et al.

Soft agar

Nude mice

Tumor/injection

Table 1. Bile duct cancer cDNA isolated from 373 transformants
Presence of
Clone ID # Gene symbol GenBank no. full ORF
1 FAM83H NM_198488 No
2 GATAD1 NM_021167 Yes
3 RRAS2 NM_012250 No
a4 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 DOTIL NM_032482 ND
10 LTBR NM_002342 ND
n 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.

library plasmids, we da 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).

v-Ras

Mock IHH
0/8 8/8
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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 ducted for 13 indep genes,
discovering a reproducible transforming activity for clone ID
#7 corresponding to JHH (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 JHH cDNA sequence. Although activation of
Hedgeh hways has been r led among a wide range
of digestive tract cancers,’® oncogenic activity of IHH has
not been reported to date. We supposed from our data that
overexpression of JHH may contribute directly to malignant
transformation.

Con of the ing 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 [HH was also tested by the tumor
formation assay with athymic nude mice. 3T3 cells infected with
the empty virus or retrovirus expressing [HH 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 THH or v-Ras. These results clearly revealed

X
o
? 7

IHHIACTB cDNA ratio

B I T I P B P

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 um.

an unexpected, direct transforming potential of IHH in fibro-
blasts.
(o) of IHH mRNA. Given the transforming poten-

APBDJ (-)  APBDJ (+)
Normal BTC
Fig. 2 of Indian h h log (/HH) in biliary tract.

Oligo(dT)-primed ¢DNA 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 p-actin (ACTB). The relative expression level of the former to
the latter is represented.

tial of wild-type THH (when it is abundantly expressed), we
tried to examine if /HH is overexpressed in BTC specimens.
Real-time RT-PCR analysis for the quantitation of /HH ¢cDNA
among normal gall bladder (z = 7) and BTC specimens (n=6)
(Supporting Information Table S1) revealed that JHH is indeed
overexpressed in the latter specimens, albeit with marginal sta-
tistical significance (P = 0.06) by a two-tailed r-test (Fig. 2). It
should be noted, however, that BTC cases with APBDJ (n = 2)

had significantly abundant exp of IHH compared to BTC
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without APBDJ (P = 0.005) or to normal gall bladder (P =
2.4 x 107°). 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, THH 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 ITHH through a
focus formation assay with the mouse fibroblast cell line 3T3.
As there were no sequence alterations in our isolated /HH
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 THH (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
develop of Drosophil, lanog as a seg polarity
gene required for embryonic patterning."® There are three ver-
tebrate homologues of Hh: Thh, Sonic hedgehog (Shh), and Des-
ert hedgehog (Dhh) with similar biological properties among
them. Hh sggnaling is known to play a pivotal role in cell fate
decisions, ™’ tissue repair,"® and stem cell self renewal.!!"1®
Aberration in such signaling may contribute to sustained cell
growth and cancer. Indeed, Hahn er al. and Johnson et al.
revealed that mutations within PTCHI (a binding partner of
hedgehog) cause a cancer-promoting condition, Gorlin syn-
drome."”2? Further, frequent mutations in Hh signaling compo-
nents hav:e2 \ )also been identified z(lzmz)ong sporadic basal cell

ang

Tallohl

In addition, transcriptional activation of Hh components has
been demonstrated among a wide range of gastrointestinal
tumors, which results from endoEenous overexpression of Hh
proteins such as THH and SHH.U® Despite the lack of gene
mutations for the Hh components in these tumors, cyclopamine,
a specific inhibitor for SMO, the growth of tumors
positive for elevated Hh signaling, supporting the idea that over-
expression of the Hh family of proteins may have a mi i
function.

References

1 National Cancer Center. Cancer statistics in Japan 2007 (Website on the inter-
net). Tokyo, Japan: National Cancer Center, 2008. [Cited 16 November 2007.]
Available from URL: http:/www.ganjoho.j i isti /2007_
en.html.

2 Carriaga MT, Henson DE. Liver, gallbladder, extrahepatic bile ducts, and
pancreas. Cancer 1995; 75: 171-90.

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 JHH in BTC with APBDJ indicates an
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high IHH.

Although Yang et al. reported that treatment with a SMO
inhibitor leads to do ion of CCNDI and uFregulation
of CDKNIA in a cell line of pancreatic carcinoma,> we did
not observe such a relationship between CCND1/CDKNIA and
IHH expression (data not shown). However, overexpression of
CCNDI may be more prevalent among BTC than that of
IHH,®® suggesting the presence of an IHH-independent regula-
tory network for CCNDI in BTC.

APBDIJ causes pancreatic fluid regurgitation into the biliary
duct, and is found frequently among BTC cases.'” 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-
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forming function of abundant IHH, such overexpression may
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tors are under development for the Hh pathways,®® 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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Histone deacetylases are critical targets of bortezomib-induced cytotoxicity in

multiple myeloma
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Bortezomib is now widely used for the treat-

ment of multiple myeloma (MM); however,

its action mechanisms are not fully under-

stood. Despite the initial results, recent in-
havei that

(HDAC1, HDAC2, and HDAC3) in MM cell
lines and primary MM cells at the transcrip-
tional level, accompanied by reciprocal his-

sion i to ib in
MM cells, and administration of the HDAC
inhibitor romidepsin restored sensitivity to

does not inactivate nuclear factor-«B activ-
ity in MM cells, suggesting the presence of
other critical pathways leading to cytotoxic-
ity. In this study, we show that histone
deacetylases (HDACs) are critical targets
of bortezomib, which specifically down-
regulated the expression of class | HDACs

cells

tone hyp re- in HDAC1
pression of HDACs was mediated by both in vitro and in vivo. These results
8 ion of Sp1  suggest that bortezomib targets HDACS via

protem, the most potent transactivator of
class | HDAC genes. Short-interfering RNA-
mediated knockdown of HDAC1

distinct i from
HDAC inhibitors. Our findings provide a
novel basis and for the

bortezomib-induced apoptosis and histone
hyperace-tylamn whereas HDAC1 overex-
them. HDAC1 Xp

use of bortezomib in MM treatment. (Blood.
2010;116(3):406-417)

Introduction

Despite recent advances in using do:
regimens and new molecular-targeted compounds, multiple myeloma
(MM) remains incurable for most patients.! To improve their prognosis,
the development of molecular-targeted therapy, which involves therapeu-
tic agents with distinct mechanisms of action and high specificity, is
highly anticipated. Inhibitors of histone deacetylases (HDACs) and
proteasome are promising candidates for these agents, and their clinical
efficacy has been reported.2* Moreover, their combinations were proved
to be additive in preclinical studies®® and are presently the focus of
clinical trials.”

Aberrant transcriptional repression of genes regulating cell
growth and differentiation is a hallmark of cancer.® Recently,
evidence has accumulated suggesting that altered actwatmn of

sion of genes required for cell differentiation and growth control,
leading to the transformation of hematopoietic progenitor cells.!>!*
In addmon we have shown that class THDACs are up-regulated in
1 and leuk in association with histone
hypoacetylation.'*!5 Similarly, the aberrant expression of HDACs
may contribute to the uncontrolled growth of myeloma cells.
Given the role of HDACs in tumor cells, the use of small
compounds that inhibit HDAC activity, collectively referred to as
HDAC inhibitors, is expected to become a novel strategy for the
treatment of cancer.'® HDAC inhibitors are able to restore the
expression of genes that are aberrantly suppressed in tumor cells,
which may result in cell-cycle arrest, differentiation, and apoptosis.!”
The proteasome inhibitor bortezomib (Velcade [Millennium

HDACs underlies transcriptional repression in
HDACsS are a family of enzymes that catalyze the removal of acetyl
groups from core histones, resulting in chromatin compaction and
transcriptional repression.!® HDACs are divided into S groups:
class 1 (HDACI1, HDAC2, HDAC3, and HDACS), class IIa
(HDAC4, HDACS, HDAC7, and HDACY), class IIb (HDAC6 and
HDACI10), class IIT (SIRT family), and class IV (HDACI1). Class I
HDAGCs are ubiquitously expressed and are generally involved in
cell growth and differentiation,'" whereas class I HDACs have a
more restricted pattern of expression (skeletal muscle, heart, and
brain) and act in association with tissue-specific transcription
factors. In leukemic cells, fusion proteins such as PML/RAR« and
AML-1/ETO form a complex with HDACs with higher affinities
than their normal counterparts, and aberrantly suppress the expres-

Phar: Is]; formerly known as PS-341) is now widely used
for the treatment of MM.3# Bortezomib is a reversible inhibitor of
the 26S p plex, which lyzes ubiquitin-depend;
protein degradation. Inhibition of this complex ultimately leads to
modulation of the abund and fi of many intracellul
proteins, which may be associated with cytotoxic effects on
malignant cells.’$ Recently, novel proteasome inhibitors, which
target the ubiquitin-proteasome system in a manner distinct from
bortezomib, have been developed and have shown strong activity
in preclinical studies.!*2° These new inhibitors are thought to be
promising candidates for MM treatment.

Recent genome-wide approaches have revealed that nuclear
factor-kB (NF-kB) is frequently activated in MM cells.?'?? Be-
cause IkBa, which inactivates NF-kB, is a substrate of the

Submitted July 31, 2009; accepted February 23, 2010. Prepublished online as Blood
First Edition paper, March 29, 2010; DOI 10.1182/blood-2009-07-235663.

An Inside Blood analysis of this article appears at the front of this issue.

The online version of this article contains a data supplement.

406

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

©2010 by The American Society of Hematology

BLOOD, 22 JULY 2010 - VOLUME 116, NUMBER 3

=137 -



