Identlflcatlon of transforming actlwty of free fatty
acid receptor 2 by retroviral expression screening
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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 contribute to the development 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 surgically

" resected clinical specimen of GBC, and was used to infect 3T3 fibro-
blasts in a focus formation assay. ¢cDNA incorporated into the
transformed foci was rescued by PCR. One such ¢DNA 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 alterations, suggesting that upregulation of
FFAR2 expression may contribute to malignant 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 potentiated the
mitogenic action of FFAR2 in 3T3 cells. Our data thus, for the first
time, implicate FFAR2 in carcinogenesis 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%.42 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
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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 complexny even from small
amounts of materials such as clinical specimens.” With this
system, we have successfully discovered a fusion-type protein
tyrosine kinase EML4—ALK in non-small cell lung cancer.”

In this manuscript, we have applied this technology to a surgi-
cally resected clinical specimen of GBC, and used this library to
screen for transforming genes in GBC. Unexpectedly, trans-
forming ability has been discovered for free fatty acid receptor 2
(FFAR2, also known as GPR43), which functions as a cellular
receptor for short-chain fatty acids (SCFA). A9 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
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
previously.(7 51 Bneﬁy, first-strand cDNA was synthesized
from the RNA with the use of PowerScript reverse transcriptase,
the SMART IIA oligonucleotide, and CDS primer ITA (all from
Clontech, Mountain View, CA, USA). The resulting cDNA was
then amplified by PCR with 5-PCR primer IIA (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 1ntroduct10n of
the plasmid library into the packagmg cell line BOSC23%? 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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cDNA was recovered from the genomic DNA by PCR with
5-PCR primer A 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 examine 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 (Cr) at which exponential amplifica-
tion of products begins. The Cy 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.(m

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 um. 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
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 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
3,3-diaminobenzidine tetrahydrochloride (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 37T3 cells expressing FFAR2
or not expressing FFAR2 were seeded into 96-well plates at a
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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 2500 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 or%%inally to amplify the ¢cDNA in construction of the
library.”7 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 ARHGEFI (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 accession
number NM_005306) (Fig. 1b).

FFAR2 as an oncogene. FFAR2 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 sequence alterations compared to the published
cDNA sequence 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 ir vivo tumorigenicity
assay with athymic nude mice. 3T3 cells infected with the empty
virus or with retroviruses encoding FFAR2 or v-Ras were thus
injected subcutaneously 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
FFAR?2 (at least, when it is abundantly expressed), we examined
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whether FFAR2 might be overexpressed in human cancer
specimens. We prepared oligo(dT)-primed ¢cDNA from seven
specimens of BTC, 89 specimens 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
3T3 cells were infected with the retroviral ¢<DNA
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) 3T3 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 1x10% cells are
indicated by red circles. The frequency of tumor
4/4 formation (tumor/injection) is also indicated.

(P < 0.05) in gastric cancer (Fig. 2b) and CRC (Fig. 2¢) 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 antisemnse 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 subjected to hybridization with the antisense
probe for FFAR2 mRNA. GBC cells exhibited an increased
level of hybridization compared with the normal cells in the
same section (Fig. 3b). However, epithelial cells of normal gall-

P=362x10"
1

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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Fig. 3. /n situ hybridization analysis of free fatty acid receptor 2
(FFAR2) expression. (a) A section of colorectal cancer (CRC) was
subjected to in situ hybridization with sense or antisense riboprobes
corresponding to the 3’ region (nucleotides 867-1229) of the FFAR2
cDNA isolated in this study. (b—d) Sections of (b) normal gallbladder
and gallbladder cancer (GBC), () 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 um (b), or 50 um (c,d).

bladder were also stained with the probe, possibly explaining
why the amount of FFARZ 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
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Normal galibladder

Normal gastric mucosa

Normal colon mucosa

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
ligand, FFAR2 regulates lipogenesis, " neutrophil migra-
tion, 4% and intestinal motility."® Although SCFA activate the
p38 mitogen-activated protein kinase and heat shock protein 27
signaling 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-
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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

Mock FFAR2 Mock

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 FFAR?2 in carcinogenesis of the digestive sys-
tem.

In our current analyses, both mRNA and protein amounts for
FFAR?2 were frequently induced among the specimens 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.®D
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 mM, 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).
These data suggest that FFAR2 may induce mitogenesis 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 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 /n vivo with a tumorigenicity assay in
nude mice. The isolated /HH ¢DNA had no sequence alterations,
suggesting that upregulation of IHH expression may contribute to
malignant transformation. Quantitation of JHH mRNA among dini-
cal specimens has revealed that the expression level of /HH in BTC
with APBDIJ 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
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.

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

Materials and Methods

Focus formation assay with a retroviral library. A recombinant
retroviral library was constructed as described previously,®*?
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 ITA oligonucleotide,
and CDS primer IIA (all from Clontech). The resulting cDNA
was then amplified by PCR with 5’-PCR primer A (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 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 pg/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
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.

Tumorigenicity assay in nude mice. 3T3 cells (2 x 10%) were
infected with a retrovirus expressing THH, resuspended in 500 L.
PBS, and injected into each shoulder of a nu/au Balb-c mouse
(6 weeks old). Tumor formation was assessed after 2 weeks.

Anchorage-independent growth in soft agar. 3T3 cells (2 X
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
c¢DNA 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 (Cy) 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 pm. 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
temperature, and then incubated overnight at 4°C with anti-THH
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 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 1x10° 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 3T3 transformants
Presence of
Clone ID # Gene symbol GenBank no. full ORF
1 FAMS83H 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 DOTIL NM_032482 ND
10 LTBR NM_002342 ND
11 KRAS NM_004985 Yes
12 TMEMS54 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 LRPS NM_002335 ND
23 NCOR2 NM_006312 No
24 KLF16 NM_031918 No
25 ARHGAP4 NM_001666 ND
26 KIAA0284 NM_015005 No
27 DNAIJC4 NM_005528 ND
28 NOTCH2NL NM_203458 No
29 BCKDHB NM_000056 Yes

ND, not determined; ORF, open reading frame.

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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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,~’ 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 THH or v-Ras. These results clearly revealed

]><
—
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IHHIACTB cDNA ratio

mmﬁmﬁﬂmg

APBDJ (-)
BTC

APBDJ (+)

Normal

Fig. 2. Expression of Indian hedgehog homolog ({HH) in biliary tract.
Oligo(dT)-primed cDNA was synthesized from dlinical specimens of
biliary tract cancer (BTC) with (+) or without (~) anomalous
pancreaticobiliary duct junction (APBDJ), or from normal galibladder
(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.

62

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 pm.

Fig. 3.

an unexpected, direct transforming potential of IHH in fibro-
blasts.

Overexpression of JHH mRNA. Given the transforming poten-
tial of wild-type JHH (when it is abundantly expressed), we
tried to examine if JHH is overexpressed in BTC specimens.
Real-time RT-PCR analysis for the quantitation of JHH 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 #-test (Fig. 2). It
should be noted, however, that BTC cases with APBDJ (n = 2)
had significantly abundant expression of JHH 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 JTHH.

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 APBDIJ, 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
THH 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.” ™ There are three ver-
tebrate homologues of Hh: Ihh, Sonic hedgehog (Shh), and Des-
ert hedgehog (Dhh) with similar biological properties among
them. Hh s%%naling is known to play a pivotal role in cell fate
decisions, ™ tissue repair,*® and stem cell self renewal. 171
Aberration in such signaling may contribute to sustained cell
growth and cancer. Indeed, Hahn ef al. and Johnson et al
revealed that mutations within PTCHI (a binding partner of
hedgehog) cause a cancer-promoting condition, Gorlin syn-
drome.®?% Further, frequent mutations in Hh signaling compo-
nents have also been identified among sporadic basal cell
carcinoma®? and medulloblastoma.

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 THH and SHH."® 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.
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LYMPHOID NEOPLASIA

Histone deacetylases are critical targets of bortezomib-induced cytotoxicity in

multiple myeloma

Jiro Kikuchi,! Tacko Wada, Rumi Shimizu,' Tohru Izumi,2 Miyuki Akutsu,2 Kanae Mitsunaga,! Kaoru Noborio-Hatano,?
Masaharu Nobuyoshi,? Keiya Ozawa,® Yasuhiko Kano,? and Yusuke Furukawa?3
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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-
vestigations have indicated that bortezomib
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

(HDAC1, HDAC2, and HDACS) in MM cell
lines and primary MM cells at the transcrip-
tional level, accompanied by reciprocal his-
tone hyperacetylation. Transcriptional re-
pression of HDACs was mediated by
caspase-8—dependent degradation of Spt
protein, the most potent transactivator of
class | HDAC genes. Short-interfering RNA-
mediated knockdown of HDAC1 enhanced
bortezomib-induced apoptosis and histone
hyperacetylation, whereas HDAC1 overex-
pressioninhibited them. HDAC1 overexpres-

sion conferred resistance to bortezomib in
MM cells, and administration of the HDAC
inhibitor romidepsin restored sensitivity to
bortezomib in HDAC1-overexpressing cells
both in vitro and in vivo. These resuits
suggest that bortezomib targets HDACs via
distinct mechanisms from conventional
HDAC inhibitors. Our findings provide a
novel molecular basis and rationale for the
use of bortezomib in MM treatment. (Blood.
2010;116(3):406-417)

Introduction

Despite recent advances in treatment strategies using dose-intensified
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 (HDACSs) and
proteasome are promising candidates for these agents, and their clinical
efficacy has been reported.* 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 activation of
HDACs underlies transcriptional repression in malignancies.®
HDAC: 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 5 groups:
class I (HDACI, HDAC2, HDAC3, and HDACS), class Ila
(HDAC4, HDACS, HDAC7, and HDACSY), class IIb (HDAC6 and
HDACI10), class IIT (SIRT family), and class IV (HDACI11). 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 Jeukemic 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-

sion of genes required for cell differentiation and growth control,
leading to the transformation of hematopoietic progenitor cells.'213
In addition, we have shown that class T HDACs are up-regulated in
malignant melanoma and leukemias in association with histone
hypoacetylation.'#15 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
reatment 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
Pharmaceuticals]; formerly known as PS-341) is now widely used
for the treatment of MM.3# Bortezomib is a reversible inhibitor of
the 268 proteasome complex, which catalyzes ubiquitin-dependent
protein degradation. Inhibition of this complex ultimately leads to
modulation of the abundance and functions of many intracellular
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.!®20 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 IxBa, which inactivates NF-kB, is a substrate of the
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Figure 1. Synergistic effects of romidepsin and bortezomib on cell viability and histone acetylation. (A} isobolograms of simultaneous exposure of U266 and RPMI8226
cells to bortezomib and romidepsin are shown. The concentrations that produced 80% growth inhibition are expressed as 1.0 on the ordinate and abscissa of isobolograms.
The envelope of additivity, surrounded by solid and broken lines, is constructed from dose-response curves of bortezomib and romidepsin. When the data points of the drug
combination fall within the area surrounded by the envelope of additivity, the combination is regarded as additive. When the data points fall to the left of the envelope, the drug
combination is regarded as supra-additive (synergism). When the data points fall to the right of the envelope, the combination is regarded as antagonistic. The isobolograms
shown are representative of at least 3 independent experiments. Each point represents the mean value of at least 3 independent experiments; the SEMs were less than 25%
and were omitted. (B) U266 cells were cultured in the absence or presence of either romidepsin (Romidepsin), bortezomib (Bort), or both agents for 48 hours at the indicated
doses. Whole-cell lysates were subjected to immunobiotting. The membranes were reprobed with anti-GAPDH antibody to serve as a loading control. The signal intensities of
each band were quantified, normalized to those of the corresponding GAPDH, and shown as relative values setting untreated controls to 1.0. Data shown are representative of

muitiple independent experiments.

proteasome complex, the initial rationale for the use of bortezomib
was the inhibition of NF-kB activity.?* Despite several preclinical
studies and clinical trials of MM,?* the inhibition of NF-«kB activity
has not been demonstrated in bortezomib-treated MM cells. In
addition, Hideshima et al®* recently reported that bortezomib did
not inactivate but rather activated the canonical NF-«B pathway in
MM cells, suggesting that bortezomib-induced cytotoxicity could
not be fully attributed to the inhibition of NF-«B activity. Taken
together, there may be other critical pathways and target molecules
of bortezomib that have not been fully investigated.

In this study, we found that bortezomib specifically down-
regulated the expression of class I HDACs and induced histone
hyperacetylation in MM cells. Gain- and loss-of-function analyses
revealed that bortezomib-induced cytotoxicity depends on cellular
HDAC activities both in vitro and in vivo. Based on these findings,
we propose that HDACs are novel critical downstream targets of
bortezomib. This finding may provide a novel molecular basis and
rationale for the use of bortezomib in MM treatment.

Methods

Cells and ceil culture

We used 3 bona fide human MM cell lines, KMS12-BM, RPMI8226, and
U266, in this study.>® These cell lines were purchased from the Health
Science Research Resources Bank and maintained in RPMI 1640 medium
(Sigma-Aldrich) supplemented with 10% heat-inactivated fetal calf serum
(Sigma-Aldrich) and antibiotics. Primary CD138% MM cells were isolated
from the bone marrow (BM) of patients at the time of diagnostic procedure
using the magnetic-activated cell sorter (MACS) system (Miltenyi Biotec).
Informed consent was obtained in accordance with the Declaration of
Helsinki, and the protocol was approved by the institutional review board of
Jichi Medical University.

Drugs

Bortezomib and romidepsin (formerly known as FK228 or depsipeptide)
were obtained from Millennium Pharmaceuticals and Gloucester Pharma-
ceuticals, respectively. HDAC6-specific inhibitor tubacin and its inactive
derivative niltubacin were provided by Dr Stuart L. Schreiber (Broad
Institute of Harvard University and Massachusetts Institute of Technology).
We used vincristine (Shionogi Co Ltd), doxorubicin (Meiji Co Lid), and
dexamethasone (Sigma-Aldrich) as conventional antimyeloma drugs. All
drugs were dissolved in RPMI 1640 medium at appropriate concentrations
and stored at —80°C until use.

Isobologram of Steel and Peckham

The cytotoxic interaction of bortezomib and romidepsin was evaluated at
the point of ICg by the isobologram of Steel and Peckham. ICg was defined
as the concentration of drugs that produced 80% inhibition of cell growth.
The theoretical basis of the isobologram method has been previously
described in detail 26

Assessment of cell death

Cells were washed with phosphate-buffered saline (PBS) and stained with
allophycocyanin-conjugated annexin-V (annexin-V/APC; Biovision). Cell
death/apoptosis was judged by annexin-V reactivity and BrdU/7-AAD
double-staining using a FACSAria flow cytometer (Becton Dickinson) as
described previously.?’

iImmunoblotting

Immunoblotting was carried out according to the standard method using the
following antibodies: antiacetyl histone H3, antiacetyl histone H4 (Upstate
Biotechnology/Millipore), antiacetyl histone H3-lysinel8, antiacetyl his-
tone Ha-lysinel2, antiacetyl-o-tubulin (Cell Signaling Technology), anti-
HDACT (Sigma-Aldrich), anti-HDAC2 (MBL International), anti-HDAC3
(BD PharMingen), anti-Sp!, anti-MZF-1, and anti-GAPDH (Santa Cruz
Biotechnology).”®
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Semiquantitative or real-time quantitative RT-PCR

Total cellular RNA was isolated from 1 to 10 X 10 cells, reverse-
transcribed into ¢DNA using SuperScript reverse transcriptase and oli-
£o(dT) primers (Invitrogen), and subjected to subsequent semiquantitative
reverse transcription—polymerase chain reaction (RT-PCR) or real-time
quantitative RT-PCR using Power SYBR Green PCR Master Mix (Applied
Biosystems) as described previously.?® Detailed information of primers,
including sequences, corresponding nucleotide positions, and PCR product
sizes, is shown in supplemental Table 1 (available on the Blood Web site;
see the Supplemental Materials link at the top of the online article).

Reporter assays

‘We amplified the promoter region of the HDAC1 gene (—1170 to +397) by
PCR and inserted it into the pGL4.10 firefly Iuciferase vector (Promega) to
generate reporter plasmids.!® We introduced the reporter plasmids into MM
cells along with pGL4.73 Renilla luciferase vector (Promega), which
served as a positive control to determine transfection efficiencies, in the
presence of either test plasmids encoding Spl and MZF-1 or empty vectors
by electroporation, as previously described.!® After 48 hours, firefly and
Renilla luciferase activities were discriminately measured using the Dual-
Luciferase Reporter Assay System (Promega). The promoterless pGL4-
basic vector was used as a negative control. The luciferase activity was
normalized by the internal standard and indicated as a relative ratio to the
negative control. Expression vectors for MZF-1 and Spl were kindly
provided by Dr Robert Hromas (University of New Mexico) and Dr
Mitsuru Nakamura (National Institute of Advanced Industrial Science and
Technology), respectively.

ChlIP assays

We used the ChIP-IT Chromatin Immunoprecipitation Kit (Active Motif) to
perform chromatin immunoprecipitation (ChIP) assays. In brief, cells were
fixed with 1% formaldehyde at 37°C for 5 minutes and sonicated to obtain
chromatin suspensions. After centrifugation, supernatants were incubated
with antibodies of interest at 4°C overnight. The mixture was then
incubated with protein A agarose beads at 4°C for 1 hour, and centrifuged to
collect the beads. DNA fragments bound to the beads were purified with
vigorous washing and subjected to PCR using primer pairs, as shown in
supplemental Table 2.15

Construction and production of lentiviral expression vectors

We used a lentiviral short-hairpin RNA/short-interfering RNA (shRNA/
siRNA) expression vector pLL3.7 for knockdown experiments.® siRNA
target sequences were designed to be homologous to wild-type cDNA
sequences. Oligonucleotides were chemically synthesized, annealed, termi-
nally phosphorylated, and inserted into pLL3.7 vector. Oligonucleotides
containing siRNA target sequences are shown in supplemental Table 3.
Scrambled sequences were used as controls.

We also used a lentiviral vector CSO-CMV-MCS-IRES-VENUS (kindly
provided by Dr Hiroyuki Miyoshi, RIKEN BioResource Center) for
gain-of-function experiments after replacing VENUS with DsRed amplified
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from pDsRed-expressing vector (Clontech Inc).?’ The resulting construct
was designated as the CSII-DsRed vector. We constructed HDAC expres-
sion vectors by inserting the coding regions of HDAC1, HDAC2, or
HDAC3 cDNA (all provided by Dr Stuart L. Schreiber, Broad Institute of
Harvard University and MIT).

These vectors were cotransfected into 293FT cells with packaging
plasmids (Invitrogen) to produce infective lentiviruses in culture superna-
tants. Lentiviruses were then added to cell suspensions in the presence of
8 pg/mL polybrene, and transduced for 24 hours, as previously described.2’

Xenograft murine model

Mice were inoculated subcutaneously in the right thigh with 3 X 107 MM
cells in 1 X 1074 L of RPMI 1640 medium together with 1 X 10~4 L of
Matrigel basement membrane matrix (Becton Dickinson).3! When tumors
were measurable, mice were assigned to 3 treatment groups receiving either
the vehicle alone (control), bortezomib alone, or bortezomib plus romidep-
sin. Bortezomib and romidepsin were given intravenously twice a week via
the tail vein at 0.5 mg/kg for 4 weeks and intraperitoneally every other day
at 0.25 mg/kg for 2 weeks, respectively.?'-32 The control group received the
vehicle (0.9% NaCl) alone on the same schedule. Caliper measurements of
the longest perpendicular tumor diameters were performed every alternate
day to estimate the tumor volume using the following formula:
4/3m X (width/2)* X (length/2), which represents the 3-dimensional vol-
ume of an ellipse.

Results

Synergistic effects of romidepsin and bortezomib on viability
and histone acetylation of MM cells

Romidepsin has proved to be one of the most effective HDAC
inhibitors against hematologic malignancies both in vitro and in
vivo.*34 Initially, we examined the combination of romidepsin and
bortezomib to develop an effective treatment strategy for MM,
because bortezomib can enhance the effects of other anticancer
drugs.5° As anticipated, an isobologram analysis of drug combina-
tion revealed that bortezomib and romidepsin showed synergistic
cytotoxicity in U266 and RPMI8226 cells (Figure 1A). Next, we
investigated the molecular basis of the synergistic effect of the
2 drugs. We speculated that bortezomib enhanced the HDAC
inhibitory activities of romidepsin. To test this hypothesis, we
determined cellular HDAC activity by monitoring the status of
histone acetylation. As shown in Figure 1B, consistent with our
hypothesis, bortezomib markedly enhanced romidepsin-induced
hyperacetylation of histones H3 and H4. Moreover, we found here
that bortezomib not only enhanced the effect of romidepsin but also
induced histone hyperacetylation. These results suggest a novel
mechanism of bortezomib action: it may induce cytotoxicity in
MM cells by HDAC suppression. Although most cellular HDAC

Figure 2. Expression of class | HDACs in MM cells during bortezomib treatment. (A) MM cell lines (KMS12-BM, U266, and RPMI8226) were cultured in the absence or
presence of either 4nM bortezomib (Bort), 50nM dexamethasone (Dexa), 1nM vincristine (VCRY), or 100nM doxorubicin (Doxo) for 48 hours. Whole-cell lysates were subjected
to immunoblotting. (B) MM cell lines were cuitured in the absence or presence of bortezomib (Bort) at the indicated doses for 48 hours, or (C) cultured in the presence of 4nM
bortezomib for up to 3 days. Whole-cell lysates were prepared at given time points and subjected to immuncblotting. (D) Total cellular RNA was isolated simultaneously in the
experiments described in panel C and subjected to semiquantitative RT-PCR analysis for the expression of HDAC1, HDAC2, HDAC3, and GAPDH (intemal contral). The
amplified products were visualized by ethidium bromide staining after 2% agarose gel electrophoresis. The results of suboptimal ampiification cycles, 35 cycles, are shown. The
signal intensities of each band were quantified, normalized to those of the corresponding GAPDH, and shown as relative values setting day 0 controls to 1.0. (E) Total celiular
RNA was isolated simultaneously in the experiments described in panel C and subjected to real-time quantitative RT-PCR. The expression of HDAGC1, HDAC2, and HDAC3
was normalized to that of GAPDH and quantified by the 2-44¢t method. The means = SD (bars) of 3 independent experiments are shown. (F) We cultured primary MM cells in
the absence or presence of 2nM bortezomib for 48 hours, and determined the expression of HDAC1, HDAC2, HDAC3, and GAPDH (intemal control) transcripts by
semiquantitative RT-PCR. PCR amplification was carried out with 1 L. of cDNA solution (corresponding to 500 cells). PCR products were resolved on 2% agarose gels‘and
visualized by staining with ethidium bromide. The results of suboptimal amplification cycles, 40 cycles, are shown. (G) The signal intensities of HDACs were quantified with a
densitometer, and their means are shown as a ratio o those of GAPDH in corresponding samples. The values of individual samples isolated in the absence or presence of
bortezomib are indicated as follows: patient no. 1, circles; patient no. 2, squares; patient no. 3, triangles; and patient no. 4, diamonds, respectively. Bars indicate the average
values of each molecule. P values were calculated by 1-way analysis of variance (ANOVA) with the Student-Newman-Keuls multiple comparisons test. *P < .05.
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activities rely on class I HDACs, Hideshima et al’®> showed that
specific inhibitors of class I HDACS, such as tubacin, synergized
with bortezomib via inhibition of HDACS6 activity. We therefore
examined the effect of romidepsin on HDACS activity by monitor-
ing the status of tubulin acetylation. As shown in supplemental
Figure 1, tubulin acetylation was observed only at higher concentra-
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histone hyperacetylation were observed with less than 1nM romidep-
sin, these effects are considered to be achieved mainly via the
inhibition of class I HDACs. Thereafter, we focused on this novel
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property of bortezomib and investigated its molecular mechanisms
and roles in cytotoxicity against MM.

Down-regulation of HDAC expression in MM cells during
bortezomib treatment

First, we investigated the molecular mechanisms of how bort-
ezomib induced histone hyperacetylation in MM cells. We specu-
lated that bortezomib did not inhibit HDAC activity like conven-
tional HDAC inhibitors but down-regulated the expression of class
I HDACs, because we and others have shown that bortezomib
suppressed the expressions of various molecules, such as CD49d,30
HLA class 1% and DNMT1,% in MM cells. To verify this
hypothesis, we determined the expression of class I HDACs
(HDAC1,HDAC2, and HDAC3) in human MM cell lines (KMS12-
BM, U266, and RPMI8226) during bortezomib treatment. We also
treated MM cell lines with conventional antimyeloma drugs
(vincristine, dexamethasone, and doxorubicin) to be used as control
samples. As shown in Figure 2A, along with the induction of
histone hyperacetylation, bortezomib readily down-regulated the
expression of class I HDACs in all 3 MM cell lines. In contrast,
there were no significant changes in histone acetylation and HDAC
expression in cells treated with other drugs. The histone hyperacety-
lation and down-regulation of HDACs were reciprocally induced
by bortezomib in a dose- and time-dependent fashion (Figure
2B-C). These results suggest that bortezomib induced histone
hyperacetylation via the down-regulation of class I HDACs
expression in MM cells.

Next, we determined whether the down-regulation of HDAC
expression occurred at transcriptional or posttranscriptional levels.
We performed semiquantitative RT-PCR and real-time quantitative
RT-PCR in MM cells during bortezomib treatment. As shown in
Figure 2D-E, bortezomib down-regulated mRNA levels of HDACI,
HDAC?2, and HDAC3 in all 3 MM cell lines in a time-dependent
fashion. The suppression pattern was quite similar to that of
proteins. In addition, semiquantitative RT-PCR and Western blot
analyses revealed that there were no significant changes in the
expression of other classes of HDACs, such as HDAC4, HDACS,
HDACS6, and SIRT! (supplemental Figure 2; data not shown).
These results suggest that bortezomib transcriptionally repressed
the expression of class I HDACs in MM celis.

In addition, we performed the same experiments using primary
myeloma cells: CD138% cells from BM mononuclear cells of
patients with MM. First, primary MM cells (patient no. 3) were
cultured in the absence or presence of 2, 4, and 8nM bortezomib for
2 days, followed by semiquantitative RT-PCR analysis. We could
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detect HDAC!, HDAC2, and HDACS3 transcripts in a semiguantita-
tive manner between 30 and 40 PCR cycles (supplemental Figure
3A), and observed the down-regulation of HDAC expression at
more than 2 nM bortezomib (supplemental Figure 3B-C). Based on
these preliminary experiments, we cultured primary MM cells in
the absence or presence of 2nM bortezomib for 2 days and detected
the expression of HDAC genes at 40 PCR cycles. As shown in
Figure 2F and G, bortezomib significantly down-regulated the
expressions of HDACI, HDAC2, and HDAC3 in primary my-
eloma cells, suggesting that bortezomib transcriptionally down-
regulated the expressions of class I HDACS in primary MM cells as
well as cell lines.

Caspase-8—dependent cleavage of Sp1 protein underlies
transcriptional repression of HDAC genes by bortezomib

Next, we investigated the mechanisms of transcriptional repression
of HDAC genes during bortezomib treatment in MM cells. As
illustrated in Figure 3A, there are a number of putative transcrip-
tion factor binding sites in the promoter regions of class I HDAC
genes. We have previously shown that Spl and GATA are potent
ranscriptional activators, and MZF-1, GATA2, and C/EBPa are
repressors for HDACI transcription in myeloid cells.!S We initially
screened for the expression of these factors in MM cells, and
identified the expression of Spl and MZF-1 but not GATAI,
GATA? and C/EBP« (Figure 3B; data not shown). Therefore, we
focused on Sp1 and MZF-1 as transcriptional regulators of HDACs
in MM cells. Because their binding sites are commonly observed in
the promoter regions of 3 HDAC genes, we speculated that HDAC
transcription was regulated in a similar manner in MM cells. First,
we examined the transcriptional activity of the HDAC1 promoter
in KMS12-BM cells by reporter assays using the segment between
—1179 and +397 of the HDAC]1 gene, which confers full promoter
activity.!> As shown in Figure 3C, overexpression of Spl signifi-
cantly increased HDACI promoter activity, whereas MZF-1 failed
to do so, indicating that Spl acts as a transcriptional activator in
KMS12-BM cells. In addition, bortezomib was shown to modify
the transcriptional activity in this system (Figure 3C). We also
examined the transcriptional activity of the HDAC3 promoter in
KMS12-BM cells. Reporter assays revealed that promoter activity
was enhanced by Spl but not MZF-1, suggesting that Spl
transactivates HDAC3 as well as HDACI1 (data not shown).
Furthermore, bortezomib also reduced HDAC3 promoter activity
(data not shown). Taken together, Spl is a major transcriptional
activator of class I HDAC genes in MM cells.

Figure 3. Regulation of HDAC1 promoter by Sp1 transcription factor. (A) Schematic representations of HDAC1, HDAC2, and HDAC3 promoter constructs are shown.
Relative locations of the putative binding sites of hematopoietic transcription factors are approximated by the symbols shown in the box. (B) Whole-cell lysates were prepared
from MM cell lines and subjected to immunoblotting. HEK293 cells were transduced with expression vectors encoding Sp1, MZF-1, and C/EBPq, and used as positive controls.
(C) We transfected 10 g of pGL4.10 plasmid containing HDAC1 promoter sequences between —1170 and +397 into KMS12-BM celis along Vs{ifh 10 ng of expression vectors
encoding Sp1 and MZF-1, and measured luciferase activities after 48 hours. HDAC1 promoter activity was calculated as firefly luciferase activities of celis transfected with an
empty expression vector set at 1.0 after normalization of transfection efficiencies using Renilla luciferase activities. Data shown are the means * SD of 3 independent
experiments. P values were calculated by 1-way ANOVA with Student-Newman-Keuls multiple comparisons test. *£ < .05. (D) KMS12-BM cells were cultured in the absence
or presence of bortezomib for 2 days and subjected to ChIP assays. Chromatin suspensions were immunoprecipitated with the indicated antibodies and corresponding control
antibodies. The resulting precipitants were subjected to PCR to amplify the promoter regions of the HDAC genes. The amplified products were visualized by ethidium bromide
staining after 2% agarose gel electrophoresis. Representative data of 50 cycles are shown. Input indicates that PCR was performed with genomic DNA, (E} Whole-cell lysates
were isolated simultaneously in the experiments described in Figure 2C, and subjected to immunoblotting. Arrows “a” and “b” indicate the intact and cleaved bands of Spit,
respectively. The signal intensities of each band were quantified, normalized to those of the corresponding GAPDH, and shown as relative values setting day 0 controls to 1.0.
(F) KMS12-BM celis were cultured with the indicated combinations of 8nM bortezomib (Bort), 100uM z-{ETD-FMK (caspase-8 inhibitor), 100uM thEHD-FMK'(caspase-Q
inhibitor), 50pM z-DEVD-FMK (caspase-3 inhibitor), and 20M z-ATAD-FMK (caspase-12 inhibitor) for 48 hours. Whole-cell lysates were subjected to immunoblotting. (G) Celt
viability was determined with a Cell Counting Kit (WAKO) after culturing MM cells in the absence or presence of 8nM bortezomib (Bort) with or without either 100uM
2-l[ETD-FMK (IETD) or 100uM z-LEHD-FMK (LEHD) for 48 hours. Absorbance at 450 nm was measured with a microplate reader, and expressed as a percentage of the value
of the corresponding untreated cells. The means = SD (bars) of 3 independent experiments are shown. P values were calculated by 1-way ANOVA with the
Student-Newman-Keuls multiple comparisons test, *P < .05.

— 575 —



412  KIKUCHI etal

Next, we performed ChIP assays to investigate the binding of
these transcriptional regulators to HDAC promoters in vivo and
their changes during bortezomib treatment. We detected the
binding of Spi to HDAC!, HDAC2, and HDAC3 promoter regions
in untreated KMS12-BM cells, whereas Spl dissociated from all 3
promoters upon bortezomib treatment (Figure 3D). Although MM
cells expressed MZF-1, we could not detect its binding to
promoters. These results suggest that Spl confers the baseline
expression of HDAC genes.

To clarify the mechanisms of changes in promoter binding, we

detected the expression of Spl protein in MM cell lines during
bortezomib treatment. As shown in Figure 3E, bortezomib mark-
edly down-regulated the expression of Spl in all 3 MM cell lines in
a time-dependent fashion. In addition, we found that an extra signal
(indicated by arrow “b” in Figure 3E) appeared below the major
signal of Spl protein (indicated by arrow “a” in Figure 3E) in
bortezomib-treated cells. Previous studies showed that Sp1 protein
was cleaved and degraded by caspases such as caspase-8, caspase-9,
and caspase-3,% and bortezomib activated caspase-8, caspase-9,
caspase-3, and caspase-12.%-# On this basis, we hypothesized that
the extra signal was caspase-cleaved Spl protein. To confirm this
hypothesis, we cultured KMS12-BM cells with peptide inhibitors
of caspase-8 (z-IETD-FMK), caspase-9 (z-LETD-FMK), caspase-3
(z-DEVD-FMK), and caspase-12 (z-ATAD-FMK) in the absence
or presence of bortezomib, and examined the expression of Spl
protein. As shown in Figure 3F, IETD but not other inhibitors
perturbed the bortezomib-induced down-regulation of Spl. In
KMS12-BM cells, caspase-8 activation occurred 12 hours after
bortezomib exposure, which was accompanied by reciprocal
-down-regulation of Sp1 expression (supplemental Figure 4). These
results suggest that caspase-8 is responsible for the cleavage and
degradation of Spl protein in bortezomib-treated cells. In parallel
with the restored Spl expression, the caspase-8 inhibitor blocked
the down-regulation of HDAC expression in KMS12-BM cells. In
addition, IETD but not other caspase inhibitors could abrogate
bortezomib-induced cytotoxicity in KMS12-BM cells in a dose-
dependent fashion (Figure 3G; supplemental Figure 5). These
results suggest that bortezomib degraded Spl protein via the
caspase-8—dependent pathways, leading in turn to the transcrip-
tional repression of HDAC genes in MM cells. In line with our
observation, Hideshima et al*® reported that caspase-8 is a primary
initiating caspase in bortezomib-mediated cell death. Taken to-
gether, our results suggest that the caspase-8/Spl/HDAC axis is a
critical pathway for bortezomib-mediated cytotoxicity in MM cells.

Increased cytotoxicity of bortezomib by
shRNA/siRNA-mediated knockdown of HDAC1 expression

To confirm the roles of HDACs in bortezomib-induced cytotoxic-
ity, we performed loss-of-function analysis using the shRNA/
siRNA lentivirus system.’® We could achieve significant loss-of-
function of HDACs by solely targeting HDACI!, because HDACI
represents more than half of all cellular HDAC activities, and other
HDACs cannot compensate for the loss of HDACI.M We con-
structed lentiviral sShRINA/siRNA expression vectors (supplemental
Figure 6A) and transfected them into 3 MM cell lines for further
analyses. As shown in Figure 4A, specific reduction of HDACI
expression was confirmed by Western blotting in GFP* cells
collected by a cell sorter. Upon transduction’ with shRNA, we
determined apoptosis induction in the absence or presence of
bortezomib. As shown in Figure 4B, HDAC! knockdown slightly
increased apoptosis in untreated MM cells, but the effect was not
statistically significant compared with inactive sh-controls. With
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Figure 4. Effects of shRNA-mediated knockdown of HDAC1 on bortezomib-induced
apoptosis in MM cells. (A) MM cell lines were transfected with either pLL3.7-sh-HDAC1
(sh-HDAC1) or sh-control vector. Whole-cell lysates were prepared from GFP* cells
collected using a FACSAria flow cytometer and subjected to immunoblotting. The signal
intensities of each band were quantified, nommalized to those of the corresponding
GAPDH, and shown as relative values setting the sh-control to 1.0. (B) MM cell lines
transfected with shRNA vectors were cultured in the absence or presence of 2nM
bortezomib. After 48 hours, MM celis were harvested, stained with annexin-V/APC, and
subjected 1o flow cytometric analysis. The y-axis shows the proportion of annexin-V
positivity in the GFP* fraction. The means = SD (bars) of 3 independent experiments are
shown. P values were calculated by 1-way ANOVA with the Student-Newman-Keuls
multiple comparisons test. *P< .05 against the sh-control. (C) shRNA-transduced
RPMIB226 cells were cultured in the absence or presence of 2nM bortezomib. After
48 hours, whole-cell lysates were prepared from GFP* cells collected by the FACSAria
flow cytometer, and subjected to immunoblotting. The signal intensities of each band were
quantified, normalized to those of the corresponding GAPDH, and shown as relative values
setting the untreated sh-control to 1.0.

bortezomib treatment, however, HDACI knockdown significantly
increased apoptosis in 3 MM cell lines; this effect was observed at
various doses of bortezomib (supplemental Figure 7A). Cell
proliferation assays and BrdU/7-AAD double staining revealed that
HDACI1 knockdown only marginally affected growth rate and
cell-cycle patterns (supplemental Figure 7B-C). These results
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Figure 5. Effects of HDAC1 overexpression on bortezomib-induced apoptosis in MM cells in vitro. (A) MM cell lines were lentivirally transfected with CSII-DsRed (mock) or
CSlI-DsRed-HDAC1 (HDACT) vector. Whole-cell lysates were prepared from DsRed* cells collected using a FACSAria flow cytometer and subjected to immunobiotting. The signal
intensities of each band were quantified, normalized to those of the corresponding GAPDH, and shown as relative values with mock-iransfected controls setting to 1.0. (B) MM cell lines
transfected with mock or HDAC1 vector were cultured in the absence or presence of 2nM bortezomib. After 48 hours, MM cells were harvested, stained with annexin-V/APC, and
subjected to flow cytometric analysis. The y-axis shows the proportion of annexin-V positivity in the DsRed* fraction. The means = SD (bars) of 3 independent experiments are shown.
Pvalues were calculated by 1-way ANOVA with the Student-Newrman-Keuls multipie comparisons test. *P < .05 against the mock. (C) RPMI 8226 cells transfected with mock or HDAC1
vector were cultured in the absence or presence of 2nM bortezomib. Total numbers of DsRed* cells were calculated by flow cytometer at the indicated time points. Pvalues were calculated
by 1-way ANOVA with the Student-Newman-Keuls multiple comparisons test. *P < .05 against the mock + Bort. (D) After 48 hours, whole-cell lysates were prepared from DsRed* cells
collected using a FACSAria flow cytometer and subjected to immunoblotting. The signal intensities of each band were quantified, normalized to those of the corresponding GAPDH, and

shown as relative values with untreated mock-transfected controls setting to 1.0.

indicate that the consequence of HDAC down-regulation is mainly
apoptosis induction rather than growth inhibition. Histone hyper-
acetylation was enhanced by HDAC1 knockdown in bortezomib-
weated RPMI8226 cells (Figure 4C). Therefore, it appears that
shRNA-mediated knockdown of HDACI! increases sensitivity to
bortezomib via synergistic inhibition of HDAC activity in MM
cells. These results suggest that bortezomib-induced cytotoxicity
depends on cellular HDAC activities in MM cells.

HDAC1 overexpression rescues MM cells from
bortezomib-induced apoptosis

To confirm the dependency of bortezomib action on HDACs, we
performed gain-of-function of HDAC! in MM cells using the
lentiviral transduction system (supplemental Figure 6B).27 CSII-
DsRed (mock) and CSII-HDAC1-DsRed (HDACI1) vectors were
lentivirally transduced into 3 MM cell lines. HDACI overexpres-
sion was confirmed by Western blotting in DsRed™ cells collected
by a cell sorter (Figure 5A). Using this system, we examined the
effects of HDAC1 overexpression on bortezomib-induced apopto-
sis. As shown-in Figure 5B, there was no significant difference in
the proportion of apoptosis between mock- and HDACI-

transduced cells in the absence of bortezomib. In contrast, bort-
ezomib-induced apoptosis was significantly inhibited by HDACI
overexpression. The inhibition of apoptosis was observed in
increased doses of bortezomib (supplemental Figure 8). However,
overexpression of HDAC2 and HDAC3 did not ameliorate the
effect of the drug (supplemental Figure 9), suggesting that the
HDACI levels determine the sensitivity to bortezomib. Next, we
investigated the effect of HDAC1 overexpression on the growth of
bortezomib-treated cells. As shown in Figure 5C, there was no
significant difference in the growth rate between mock- and
HDAC!-transduced RPMI&226 cells in the absence of bortezomib.
In the presence of bortezomib, the growth of mock-transduced cells
was significantly delayed due to the induction of apoptosis. In
contrast, HDAC1-transduced cells grew as fast as untreated cells,
suggesting that HDACT overexpression ameliorates the cytotoxic
effects of bortezomib. In addition, we examined the status of histone
acetylation in these cells. As anticipated, HDACI overexpression
markedly diminished bortezomib-induced hyperacetylation of histones
(Figure SD) but not tubulin (supplemental Figure 11). Taken together,
HDAC! overexpression rescued MM cells from bortezomib-induced
apoptosis by sustaining HDAC activity in MM cells.
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Figure 6, Effects of HDAC1 overexpression on bortezomib-induced apoptosis in RPMI 8226 cells in vivo. (A) RPMI 8226 cells were transfected with CSlI-DsRed {mock)
or CSlI-DsRed-HDAC1 (HDAC1) vector. DsRed* cells were collected using a FACSAria flow cytometer and seeded 1 cell/well in a 96-well plate; single-cell clones were then
obtained. Each subline was analyzed by a flow cytometer, and representative histogram plots of whole cells are shown, (B) Whole-cell lysates were subjected to
immunoblotting. The signal intensities of HDAC1 were quantified, normalized to those of the corresponding GAPDH, and shown as relative vaiues. (C) NOD/SCID mice were
inoculated subcutaneously with 3 X 107 cells of RPMI 8226 sublines in the right thigh. The following treatments were started at day 0 when tumors were measurable:
bortezomib intravenously twice a week, romidepsin intraperitoneally every other day, and vehicle (0.9% NaCl) alone at the same schedule. Caliper measurements of the
longest perpendicular tumor diameters were performed on alternate days to estimate the tumor volume (mm?) using the following formula: 4/3w X (width/2)2 X (length/2). Mice
inoculated with mock clones were treated with vehicle alone (mock; O; n = 5), 0.5 mg/kg bortezomib (mock + Bort; [J; n = 4), or 0.5 mg/kg bortezomib and 0.25 mg/kg
romidepsin (HDAC1/Romid + Bort; &; n = 4). Mice inoculated with HDAC1 clones were treated with vehicle alone (HDAC1; @; n = 4), 0.5 mg/kg bortezomib (HDAC1 + Bort;
B&; n = 3), or 0.5 mg/kg bortezomib and 0.25 mg/kg romidepsin (HDAC1/Romid + Bort; A; n = 4). (D) Representative photographs of inoculated NOD/SCID mice at day 21 are
shown (original magnification, X2). Arrowheads indicate inoculated tumors. (E) The y-axis shows the tumor volume in inoculated mice at day 21. The means = SD (bars) are
shown. Pvalues were calculated by 1-way ANOVA with the Student-Newman-Keuls multiple comparisons test.

into nonobese diabetic/severe combined immunodeficiency (NOD/
SCID) mice in the right thigh at 3 X 107 cells.) When measurable
tumors developed after 10 to 14 days, mice were assigned to 3 groups:

Bortezomib resistance of HDAC1-transduced MM cells in
NOD/SCID mice

Finally, we confirmed the role of HDACs as target molecules of

bortezomib in vivo. To this end, we established RPMI 8226 sublines
lentivirally transduced with CSII-DsRed (mock) or CSI-HDACI-
DsRed (HDAC1). Whereas each subline expressed DsRed at equal
levels (Figure 6A), HDACI was overexpressed solely in the HDACI-
transduced subline (Figure 6B). We inoculated them subcutaneously

vehicle (0.9% NaCl) control, 0.5 mg/kg bortezomib—~treated, and
0.25 mg/kg romidepsin and 0.5 mg/kg bortezomib-treated (n = 3-5 in
each group). As shown in Figure 6C, tumor volume constantly increased
in vehicle control mice given transplants of both mock and HDACIL
until 21 days. Bortezomib strikingly inhibited tumor growth in mice
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