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Fig. 6. Effect of YM155 on the growth of
H480 or CaluB tumors in mice subjected to
single-dose radiotherapy. Cells were
injected into the right hind limb of nude mice
and allowed to grow, The mice were divided
into four treatment groups: contral,
radiation alone, YM155 alone, or the
combination of YM155 and radiation.
YM155 (5 mg/kg) or vehicle was
administered by continuous infusion over 7
d, and mice in the radiation groups were
subjected to y-irradiation with a single dose
of 10 Gy on day 3 of drug treatment, Tumor
volume was measured at the indicated times
after the onset of treatment. Points, means
from eight mice per group; bars, SE.
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did not induce polyploidy (data not shown}, suggesting that
YM155-induced radiosensitization in the present study was
not attributable to cell division defects caused by survivin
depletion. Survivin was previously suggested to enhance tumor
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Fig. 6. Effect of YM155 on the growth of H460 tumors in mice subjected to
fractionated radiotherapy. H460 celis were injected into the right hind limb of nude
mice and allowed to grow. The mice were divided into four treatment groups:
control, radiation alone, YM156 alone, or the combination of YM155 and radiation.
YMI55 (6 mg/kg) or vehicle was administered by continuous infusion over 7 d, and
mice in the radiation groups were subjected to y-irradiation with a daily dose of 2 Gy
on days 3 to 7 of drug treatment. Tumor volume was measured at the indicated
times after the onset of treatment. Points represent means from eight mice per
group; bars represent SE.
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cell survival after radiation exposure through regulation of DSB
repair (21). We therefore investigated the effect of YM155 on
the repair of radiation-induced DSBs by immunofluorescence
imaging of y-H2AX foci. H2AX is a histone that is phosphor-
ylated by ataxia telangiectasia mutated and DNA-dependent
protein kinase in response to the generation of DSBs (45, 46).
This reaction occurs rapidly, with half-maximal amounts of
v-H2AX generated within 1 minute and maximal amounts
within 10 minutes (47), and a linear relation has been shown
between the number of y-H2AX foci and that of DSBs (48). The
number of y-H2AX foci is thus a sensitive and specific indicator
of the existence of DSBs, with a decrease in this number
reflecting DSB repair. We found that YM155 inhibited the
repair of radiation-induced DSBs in NSCLC cells. If left
unrepaired, DSBs can result in chromosome loss or cell death;
agents that inhibit such repair thus increase the sensitivity of
cells to ionizing radiation (49, 50). Our results therefore
suggest that inhibition of DSB repair by YM155 contributes to
the radiosensitization induced by this drug. Given that
suppression of survivin expression impairs the repair of
radiation-induced DNA damage (9, 21), our results further
suggest that inhibition of DNA repair by YM155 is attributable
to down-regulation of survivin expression.

The antitumor activity of YM155 has previously been shown
to be time-dependent, with continuous infusion of the drug
resulting in greater antitumor activity and less systemic toxicity
compared with bolus injection in tumor xenograft models
in vivo (14). Ongoing clinical trials of YM155 are thus being
done with the drug administered on a continuous schedule, We
also administered YM155 by continuous infusion in our in vivo
experiments. The combination of YM155 with single-dose
radiotherapy resulted in a marked increase in tumor growth
delay compared with that apparent with either radiation or
YM155 alone, indicating that YM155 enhanced the antitumor
effect of ionizing radiation in vivo. Given that standard
radiation therapy in the clinic is delivered according to a
fractionated schedule, we also examined whether YM155
enhanced the tumor response to dlinically relevant fractionated
doses (2 Gy) of radiation. Indeed, YM155 was also effective in
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enhancing the tumor response to such fractionated radiation.
The enhancement factor with fractionated radiation {3.0) was
similar to that observed with single-dose radiation (3.3) for

H460 tumor xenografts.

Resistance to cytotoxic drugs and radiation is a major
limiting factor in the treatment of cancer patients. Cross-
resistance has been noted between radiotherapy and chemo-
therapy and has been attributed to defects in apoptosis

In conclusion, we have shown that YM155 sensitizes
NSCLC cells to radiation both in vitro and in animal models
in vivo. The radiosensitization induced by YM155 seems to be

attributable to the promotion of caspase-mediated apoptosis

signaling or to an enhanced capacity for DNA repair (51, 52).

Our findings provide evidence that YM155 may break

radioresistance by promoting apoptosis and inhibiting DNA

repair. Previous studies have shown that suppression of

survivin expression increases the sensitivity of tumor cells

to chemotherapy(18, 53). It will therefore be of interest to

determine whether YM155 also sensitizes tumor cells to

chemotherapy.
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Aberrant expression of Fra-2 promotes CCR4 expression and cell
proliferation in adult T-cell leukemia
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Adult T-cell leukemia (ATL) is a mature CD4+ T-cell
malignancy etiologically associated with human T-cell
leukemia virus type 1 (HTLV-1). Primary ATL cells
frequently express CCR4 at high levels. Since HTLV-1
Tax does not induce CCR4 expression, transcription
factor(s) constitutively active in ATL may be responsible
for its strong expression. We identified an activator
protein-1 (AP-1) site in the CCR4 promoter as the major
positive regulatory element in ATL cells. Among the AP-1
family members, Fra-2, JunB and JunD are highly
expressed in fresh primary ATL cells. Consistently,
the Fra-2/JunB and Fra-2/JunD heterodimers strongly
activated the CCR4 promoter in Jurkat cells. Furthermore,
Fra-2 small interfering RNA (siRNA) or JunD siRNA, but
not JunB siRNA, effectively reduced CCR4 expression and
cell growth in ATL cells. Conversely, Fra-2 or JunD
overexpression promoted cell growth in Jurkat cells. We
identified 49 genes, including ¢-Myb, BCL-6 and MDM?2,
which were downregulated by Fra-2 siRNA in ATL cells.
¢-Myb, BCL-6 and MDM?2 were also downregulated by
JunD siRNA. As Fra-2, these proto-oncogenes were highly
expressed in primary ATL cells but not in normal CD4* T
cells. Collectively, aberrantly expressed Fra-2 in associa-
tion with JunD may play a major role in CCR4 expression
and oncogenesis in ATL.
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Introduction

Adult T-cell leukemia (ATL) is a highly aggressive
malignancy of mature CD4+CD25" T cells etiologically
associated with human T-cell leukemia virus type 1
(HTLV-1; Yamamoto and Hinuma, 1985). HTLV-1
encodes a potent viral transactivator Tax that activates
the HTLV-1 long terminal repeat (LTR) and also
induces the expression of various cellular target genes,
including those encoding cytokines, cytokine receptors,
chemokines, cell adhesion molecules and nuclear
transcriptional factors, collectively leading to the
strong promotion of cell proliferation (Yoshida, 2001;
Grassmann ef al., 2005). However, ATL develops after a
long period of latency, usually several decades, duting
which oncogenic progression is considered to occur
through the accumulation of multiple genetic and
epigenetic changes (Matsuoka, 2003). Furthermore,
circulating ATL cells usually do not express Tax and are
considered to be independent of Tax (Matsuoka, 2003).
Previously, Mori et al. have demonstrated the strong
constitutive activation of nuclear factor kappa B (NF-xB)
and activator protein-1 (AP-1) in primary ATL cells (Mori
et al., 1999, 2000). However, the molecular mechanisms of
ATL oncogenesis still remain largely unknown.

CCR4 is a chemokine receptor known to be selectively
expressed by Th2 cells, regulatory T cells (Treg) and
skin-homing effector/memory T cells (Imai et al., 1999;
Tellem et al., 2001; Yoshie et al., 2001). Previously, we
and others showed that ATL cells in the majority of
cases are strongly positive for surface CCR4 (Yoshie
et al., 2002; Ishida et al., 2003; Nagakubo et al., 2007).
Ishida et al. have also demonstrated a significant
correlation of CCR4 expression with skin involvement
and poor prognosis in ATL patients (Ishida et al., 2003).
Furthermore, several groups have reported that FOXP3,
a forkhead/winged helix transcription factor and a
specific marker of Treg (Hori et al., 2003), is frequently
expressed in ATL (Karube et al., 2004; Matsubara et al.,
2005), supporting the notion that at least a fraction of
ATL cases are derived from Treg.

It is also notable that primary ATL cells express
CCR4 at levels much higher than normal resting
CD4+CD25+ T cells (Nagakubo et al., 2007). Given
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that CCR4 is not inducible by Tax (Yoshie ez al., 2002),
transcription factor(s) constitutively active in ATL cells
may be responsible for CCR4 expression. Here, we
demonstrate that Fra-2, one of the AP-1 family
members (Shaulian and Karin, 2002; Eferl and Wagner,
2003), is aberrantly expressed in primary ATL cells, We
further demonstrate that the Fra-2/JunD heterodimer
plays a major role in both CCR4 expression and cell
proliferation in ATL cells. Furthermore, we demon-
strate that the proto-oncogenes c-Myb, BCL-6 and
MDM?2 (Oh and Reddy, 1999; Pasqualucci et al., 2003;
Vargas et al., 2003) are the downstream target genes of
the Fra-2/JunD heterodimer and are highly expressed in
primary ATL cells, Thus, aberrantly expressed Fra-2 in
association with JunD may be involved in ATL
oncogenesis.

Results

Analysis of CCR4 promoter activity in ATL-derived cell
lines

To examine the transcriptional regulation of CCR4
expression in ATL, we constructed a reporter plasmid
carrying the CCR4 promoter region from —983 to
+25bp (the major transcriptional initiation site, + 1)
fused with the luciferase reporter gene. As shown in
Figure la, pGL3-CCR4 (-983/+425) showed much
stronger promoter activities in ATL cell lines
(HUT102 and STI1) than in control human T-cell
lines (MOLT-4 and Jurkat). We therefore generated a
series of 5'-truncated promoter plasmids and examined
their activity in ATL cell lines. As shown in Figure 1b,
the promoter region from —151 to —96 bp was the major
positive regulatory region in both cell lines. The
TFSEARCH program (http://mbs.cbre.jp/research/db/
TFSEARCH.html) revealed various potential trans-
criptional elements in this region (Figure Ic). To identify
the actual regulatory elements, we introduced a mutation
in each potential element and examined the promoter
activity in ATL cell lines. As shown in Figure 1d, a
mutation at the AP-1 site or the GATA-3 site
significantly reduced the promoter activity. Moreover,
double mutations targeting both sites further reduced the
promoter activity,

Constitutive expression of Fra-2, JunB and JunD in
primary ATL cells

AP-1 is known to be involved in tumorigenesis
(Shaulian and Karin, 2002; Eferl and Wagner, 2003),
while GATA-3 regulates Th2-type gene expression
(Rengarajan et al, 2000). Therefore, we focused on
AP-1 in the subsequent study. AP-1 constitutes a
heterodimer of a member of the Fos family (c-Fos,
FosB, Fra-1 and Fra-2) and a member of the Jun family
(c-Jun, JunB and JunD) or a homodimer of the Jun
family (Shaulian and Karin, 2002; Eferl and Wagner,
2003). Even though AP-1 was shown to be constitutively
active in primary ATL cells (Mori et al., 2000), it has not
been clarified which members of AP-1 are actually
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Figure 1 Identification of regulatory elements in the CCR4
promoter. Cells were transfected with pSV-f-galactosidase and
pGL3-basic or pGL3-basic inserted with the CCR4 promoter
regions as indicated. After 24-27h, luciferase assays were
performed. Promoter activation was expressed by the fold
induction of luciferase activity in cells transfected with the CCR4
promoter-luciferase constructs versus cells transfected with the
control pGL3-basic. Transfection efficiency was normalized by
fB-galactosidase activity. Each bar represents the meants.em.
from three separate experiments. (a) Selective activation of the
CCR4 promoter in adult T-cell leukemia (ATL) cell lines. MOLT-4
and Jurkat: control human T-cell lines; HUT102 and ST1: ATL cell
lines. (b) Deletion analysis. The promoter region from ~151 to
~96bp is necessary and sufficient for reporter gene expression in
the two ATL cell lines. (¢) The schematic depiction of potential
regulatory elements in the promoter region from —151 to ~96bp.
(d) Mutation analysis. AC/EBP/lkaros (from TCTTGGGAAA
TGA to TCTTGCAAAATGA), AAP-1 (from AATGACTAAGA
to AATGTCAAAGA), APOUF3 (from CTTGGGAAATGA to
CTTGGGAGGTGA), APbx (from AAGAATCAT to AAGA
CCCAT) and AGATA-3 (from TTCTATCAA to TTCTGACAA).
The potential AP-1 and GATA-3 sites present within the —151
to 96bp region are the major elements for CCR4 promoter
activation in the two ATL cell lines.
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expressed in primary ATL cells. We therefore first
examined the mRNA expression of the AP-1 family
members in primary ATL cells freshly isolated from
patients in comparison with normal CD4* T cells in
resting, activated and Thl/Th2-polarized conditions
(Figure 2a). As reported previously (Yoshie er al.,
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consistently expressed CCR4 at levels much higher than
various normal CD4* T-cell populations, including
Th2-polarized cultured T cells. Furthermore, primary
ATL cells consistently expressed Fra-2 in sharp contrast
to various normal CD4+ T-cell populations that were
essentially negative for Fra-2 expression. Similar to

w

2002; Nagakubo et al, 2007), primary ATL cells  various normal CD4* T-cell populations, primary ATL

Is 1
Is 2
Is 3
Is 4
is 5
Is 6

normal resting CD4* T cells 2
normal resting CD4* T cells 3

normal resting CD4* T ceils 1
activated CD4* T cells 1

activated CD4* T cells 2

T =Y

[ o]
normal resting
CD4" T cells Primary ATL #4 primary ATL #8

. . e control

e # .

Gt JunD

Figure 2 Constitutive expression of Fra-2, JunB and JunD in adult T-cell leukemia
analysis for the expression of the AP-1 family in normal T cells and primary ATL cells. Normal resting CD4* T cells (purity, >96%)
from healthy donors (n=3), activated CD4* T cells from normal donors (n=2), Thl-polarized cultured CD4+ T cells, Th2-polarized
« cultured CD4+* T cells and freshly isolated primary ATL cells (> 90% leukemic cells) from patients (n= 6) were examined as indicated.
; Normal peripheral blood mononuclear cells treated with phytohemagglutinin (PHA-PBMC) served as a positive control. GAPDH
served as a loading control. The representative results from at least two separate experiments are shown. (b) RT-PCR analysis for the
expression of the AP-1 family in human T-cell lines. Two control human T-cell lines, six ATL celi lines and three CTCL cell lines were
examined as indicated. PHA-PBMC served as a positive control. GAPDH served as a loading control. The representative results from
two separate experiments are shown. (¢) Immunocytochemical staining for Fra-2, JunB and JunD in pormal CD4+* T cells and primary
ATL cells. Normal CD4+ T cells from healthy donors (purity, >96%) and primary ATL cells (leukemic cells, >90%) from two
patients were stained with anii-Fra-2, anti-JunB or anti-JunD. Normal rabbit IgG was used as the negative control (control). The
representative results from two separate experiments are shown. Original magnification: x 400. (d) Immunchistochemical staining of
CCR4, Fra-2, JunB and JunD in ATL skin lesions. Tissue sections from ATL skin lesions (n=6) were stained with anti-CCR4, anti-
Fra-2, anti-JunB or anti-JunD. Mouse IgG; and normal rabbit IgG were used as the negative controls (control), Tissue sections were
counterstained using Gill's hematoxylin. The representative results from a single donor are shown. Original magnification: x 400.
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cells also constitutively expressed JunD and JunB even
though JunD expression appeared to be upregulated in
primary ATL cells. Other members of the AP-1 family
were mostly negative in primary ATL cells, while
activated normal CD4+ T cells expressed c-Fos, Fra-1
and c-Jun at high levels. There was no correlation in
expression between Fra-2 and the virally encoded
HTLV-1 basic leucine zipper factor HBZ or Tax in
primary ATL cells. We also confirmed that Fra-2 is not
inducible by Tax using JPX-9, a subline of Jurkat
carrying the HTLV-1 Tax gene under the control of the
metallothionein gene promoter (Nagata et al., 1989;
data not shown). Thus, the constitutive expression of
Fra-2 is highly unique for primary ATL cells.

We also examined expression of the same set of genes
in various human T-cell lines. As shown in Figure 2b,
compared to control T-cell lines, ATL cell lines
consistently expressed CCR4 and Fra-2 at high levels.
ATL cell lines also expressed JunB and JunD at high
levels. HTLV-1 Tax has been shown to induce various
AP-1 family members (Nagata et al., 1989; Iwai et al.,
2001), which may be involved in HTLV-1 gene
expression and cell proliferation (Jeang et al, 1991).
Consistently, ATL cell lines expressing Tax (HS582,
HUT102 and MT-1) also expressed other AP-1 family
members at low levels. Cutaneous T-cell lymphomas
(CTCLs) are a subset of HTLV-l-negative T-cell
lymphomas resembling ATL and known to be fre-
quently positive for CCR4 (Kim et al., 2005). CTCL celt
lines were also found to strongly express CCR4, Fra-2,
JunB and JunD. Thus, the constitutive expressions of
Fra-2, JunB and JunD were shared by CCR4-expressing
ATL and CTCL cell lines.

We also examined the Fra-2, JunB and JunD protein
expression in freshly isolated primary ATL cells and
normal resting CD4+ T cells. As shown in Figure 2c,
primary ATL cells were indeed stained strongly positive
for Fra-2, while normal CD4* T cells were totally
negative for Fra-2. Primary ATL cells were also strongly
positive for JunB and JunD, while normal CD4+ T cells
were vatiably positive for JunB and JunD at the single
cell level. These results were highly consistent with the
results from reverse ftranscription (RT)-PCR;
Figure 2a). We also confirmed the CCR4, Fra-2, JunB
and JunD protein expression in skin-infiltrating ATL
cells (Figure 2d).

Activation of the CCR4 promoter by Fra-2{JunB and
Fra-2{JunD heterodimers

AP-1 is known to function as a heterodimer of a member
of the Fos family (c-Fos, FosB, Fra-1 and Fra-2) and a
member of the Jun family (c-Jun, JunB and JunD) or a
homodimer of the Jun family (Shaulian and Karin, 2002;
Eferl and Wagner, 2003). We, therefore, next examined
the activation of the CCR4 promoter by individual AP-1
family members singly or in combination. As recipients,
we used two T-cell lines, namely, MOLT-4 and Jurkat.
The expression levels of AP-1 members, including Fra-2,
JunB and JunD, were very low in these cell lines
(Figure 2b). As shown in Figure 3a, only Fra-2/TunB
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or Fra-2/JunD potently activated the CCR4 promoter in
both cell lines. We confirmed that other members of the
AP-1 family (c-Fos, FosB, Fra-l and c-Jun) were
transcriptionally active by using a synthetic promoter
containing two tandem AP-1 consensus-binding sites
(pGL3-2xAP-1; Figure 3b). Thus, among the AP-1
family members, only the Fra-2/JunB and Fra-2/JunD
heterodimers are uniquely capable of activating the
CCR4 promoter. This is highly consistent with their
constitutive expression in primary ATL cells (Figure 2a).

Recently, the mRNA of HTLV-1 HBZ has been
shown to be expressed in primary ATL cells (Satou
et al., 2006). We indeed observed the expression of HBZ
in some primary ATL samples (Figure 2a). HBZ has
been shown to activate JunB homodimer- or JunD
homodimer-dependent transcription (Basbous et al.,
2003; Thebault et al., 2004). Therefore, we also
examined the effects of HBZ as well as Tax on the
CCR4 promoter in MOLT-4 and Jurkat cells. As shown
in Figure 3c, HBZ alone or in combination with Fra-2,
JunB, JunD, Fra-2/JunB or Fra-2/TunD showed no
effect on the activation of the CCR4 promoter.
Similarly, Tax had no significant effect on the CCR4
promoter either alone or in combination with Fra-2,
JunB, JunD, Fra-2/JunB or Fra-2/JunD. Thus, HTLV-1
encoded HBZ or Tax neither activates the CCR4
promoter nor affects its activation by Fra-2/JunB or
Fra-2/JunD.

We have also confirmed that GATA-3 is constitu-
tively expressed in primary ATL cells and activates the
CCR4 promoter (data not shown). In normal CD4+ T
cells, GATA-3 may be responsible for the selective
expression of CCR4 in Th2 cells (Imai et al.,, 1999;
Rengarajan et al., 2000).

Specific binding of Fra-2, JunB and JunD to the AP-1 site
in the CCR4 promoter

We next examined the specific binding of AP-1 family
members to the AP-1 site in the CCR4 promoter using
the NoShift transcription factor assay, an enzyme-linked
immunosorbent assay (ELISA)-like colorimetric assay
that is an alternative to the electrophoretic mobility shift
assay. As shown in Figure 4a, when the nuclear extracts
of two control T-cell lines (MOLT-4 and Jurkat) were
used, the specific binding of any AP-1 family members
to the AP-1 site of the CCR4 promoter was hardly
observed. On the other hand, when the nuclear extracts
of two ATL cell lines (HUT102 and ST1) were used, we
detected a high level of specific binding of Fra-2, JunB
and JunD to the AP-1 site. These results are highly
consistent with the results from RT-PCR analyses
(Figure 2b) and the luciferase reporter assays
(Figure 3a).

By using the chromatin immunoprecipitation (ChIP)
assay, we further examined the binding of Fra-2, JunB
and JunD to the AP-1 site of the CCR4 promoter
in vivo. As shown in Figure 4b, we detected specific
binding of Fra-2, JunB and JunD to the AP-1 site of the
endogenous CCR4 promoter in primary ATL cells but
not in normal CD4* T cells, These results further
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support the hypothesis that the CCR4 gene is a direct
target gene of Fra-2/JunB and Fra-2/JunD heterodimers
in primary ATL cells.

Effects of Fra-2, JunB and JunD small interfering RNAs
on CCR4 expression and cell proliferation

To examine the role of Fra-2, JunB and JunD in CCR4
expression and cell proliferation in ATL cells, we next
employed the small interfering RNA (siRNA) knock-
down technique. As shown in Figure 5a, Fra-2 siRNA,
JunB siRNA and JunD siRNA specifically reduced
Fra-2 mRNA, JunB mRNA and JunD mRNA,
respectively, in two ATL cell lines. On the other hand,
control siRNA showed no such effect. Under these

a MOLT-4 Jurkat

vector

¢c-Fos

FosB

Fra-1

Fra-2

c~Jun

JunB

JunD

c-Fos + c-~Jun
c-Fos + JunB
¢-Fos + JunD
FosB + c.Jun
FosB + JunB
FosB + JunD
Fra-1 + c~Jun
Fra-1 + JunB
Fra-1 + JunD
Fra-2 + c=Jun
Fra-2 + Jung
Fra-2 + JunD

W pCLIH-151H28)
A pGLI{151H28)4 AP

W pOLIA{-154/+25)
£ poL3{A5{ F25)A AP

| T T T ¥ T
4 2 4 0 2 4 €

fold induction of luciferase activity

b MOLT-4 Jurkat

vector W pOLI-ZX AP
c-Fos *
FosB *
Fra< *

c-dun *

. pGL3-2XAP-

fold Induction of luciferase activity

c MOLT4 Jurkat
p——— =3 controf
vector § . HBZ i
2 Tax Tax
Fra-2 J
JunB §
JunD
Fra-2+ JunB IR
Fra-2+ JunD m—" O Y
} T T 1 ; H
0 2 4 o 2 ¢ °

fold induction of luciferase activity

Involvement of Fra-2 and JunD in ATL oncogenesis @
T Nakayama et a/

o

conditions, we examined the effects of these siRNAs on
CCR4 expression and cell growth. As shown in
Figure 5b, Fra-2 siRNA and JunD siRNA reduced
CCR4 expression by approximately 50% in both cell
lines, whereas JunB siRNA had hardly any inhibitory
effect and control siRNA showed no inhibitory effect.
Furthermore, as shown in Figure 5c, Fra-2 siRNA and
JunD siRNA significantly reduced cell proliferation in
both cell lines, whereas JunB siRNA or control siRNA
did not. None of the siRNAs affected the growth of the
control T-cell lines MOLT-4 and Jurkat. We also
compared the effects of single and double knockdown
of Fra-2 and JunD on cell growth in two ATL cell lines
(Figure 5d). Compared to the effect of single knock-
down of Fra-2 or JunD, no additive effect was observed
by double knockdown of Fra-2 and JunD in both cell
lines. These results may be consistent with the notion
that Fra-2 and JunD promote growth in ATL cell lines
by functioning as a heterodimer.

To further demonstrate the growth-promoting effects
of Fra-2 and JunD, we performed stable transfection of
Fra-2 and JunD in the control T-cell line Jurkat, As
shown in Figure Se, Jurkat cells overexpressing Fra-2 or
JunD (see inset) indeed showed enhanced growth
compared to those transfected with the vector alone.
We were, however, unable to isolate Fra-2/JunD double
transfectants in Jurkat, probably because of some
adverse effects on Jurkat cells by the overexpression of
both Fra-2 and JunD.

<

Figure 3 Transactivation of the CCR4 promoter by Fra-2/JunD
and Fra-2/JunB. (a) Transactivation of the CCR4 promoter with or
without the AP-1 site. MOLT-4 and Jurkat cells were cotransfected
with pSV-f-galactosidase and pGL3-CCR4 (—151/ +25) or pGL3-
CCR4 (-151/+25)AAP-1 and an expression vector for c-Fos,
FosB, Fra-1, Fra-2, c-Jun, JunB, JunD or a control vector as
indicated. After 24-27h, luciferase assays were performed in
triplicate. Promoter activation was expressed as the fold induction
of luciferase activity in cells transfected with an indicated AP-1
expression vector versus cells transfected with the vector alone.
Transfection efficiency was normalized by B-galactosidase activity.
Each bar represents the meanzs.em. from three separate
experiments. * P<0.05. (b) Transactivation of a synthetic promoter
with two copies of the consensus AP-1 site. MOLT-4 and Jurkat
cells were cotransfected with pSV-f-galactosidase and pGL3-
2xAP-1 and an expression vector for c-Fos, FosB, Fra-1, c-Jun
or the vector alone as indicated. Promoter activation was expressed
as the fold induction of luciferase activity in cells transfected with
an indicated expression vector versus cells transfected with a
control vector, After 24-27 h, Iuciferase assays were performed in
triplicate. Transfection efficiency was normalized by f-galactosi-
dase activity. Each bar represents the mean ts.e.m. from three
separate experiments. *£<0.05. (¢) Effect of HBZ or Tax on the
activation of the CCR4 promoter. MOLT-4 and Jurkat cells were
cotransfected with pSV-f-galactosidase and the pGL3-basic vector
or pGL3-CCR4 (~151/ +25) and an expression vector for Fra-2,
JunB, JunD or a control vector and an expression vector for HBZ,
Tax or a control vector as indicated. After 24-27h, luciferase
assays were performed in triplicate. Promoter activation was
expressed as the fold induction of luciferase activity in
cells transfected with an indicated expression vector versus cells
transfected with a control vector. Transfection efficiency was
normalized by B-galactosidase activity. Each bar represents the
mean ts.e.m. from three separate experiments.
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Figure 4 Specific binding of Fra-2, JunB and JunD to the AP-1 site in the CCR4 promoter. (a) NoShift assay. Nuclear extracts were
prepared from two control T-cell lines (MOLT-4 and Jurkat) and two adult T-cell leukemia (ATL) cell lines (HUT102 and ST1).
Nuclear proteins that bound to the biotinylated AP-1 site oligonucleotide (TGGGAAATGACTAAGAATCAT) were captured on an
avidin-coated plate and detected by anti-c-Fos, anti-FosB, anti-Fra-1, anti-Fra-2, anti-c-Jun, anti-JunB or anti-JunD, as indicated,
Specificity was determined by adding unlabeled probe (competitor; TGGGAAATGACTAAGAATCAT) or mutant probe (mut
competitor; TGGGAAATGTCAAAGAATCAT; differences underlined). Each bar represents the mean £s.e.m. from three separate
experiments. (b) Chromatin immunoprecipitation (ChIP) assay. Chromatins from normal CD4+* T cells from healthy donors (purity,
>96%) and primary ATL cells from two patients (leukemic cells, >90%) were immunoprecipitated with anti-Fra-2, anti-JunD or
control IgG. The amounts of precipitated DNA relative to total input DNA were quantified by real-time PCR for the CCR4 promoter
region containing the AP-1 site. Each bar represents the mean +s.e.m. from three separate experiments.
Identification of downstream target genes of the Fra-2| (8 genes) and transcription (6 genes); it also stimulates
JunD heterodimer in ATL cells the expression of 10 genes of unknown function. Most
To identify the target genes of Fra-2 in ATL cells, we  notably, the list includes the proto-oncogenes c-Myb,
compared the gene expression profiles of ATL-derived  BCL-6 and MDM2 (Oh and Reddy, 1999; Pasqualucci
ST1 cells transfected with Fra-2 siRNA or conirol et al., 2003; Vargas et al., 2003). As shown in Figure 6b,
siRNA using the Affymetrix high-density oligonucleo-  RT-PCR analysis verified that not only Fra-2 siRNA
tide microarray. As summarized in Figure 6a, at least 49  but also JunD siRNA downregulated these proto-
genes were downregulated more than threefold by Fra-2  oncogenes in two ATL cell lines. Therefore, c-Myb,
siRNA. The classification of these genes according to  BCL-6 and MDM?2 are the downstream target genes of
their biological functions shows that Fra-2 promotes the = the Fra-2/JunD heterodimer in both cell lines. This
expression of genes involved in signal transduction  prompted us to examine the expression of ¢c-Myb, BCL-
(10 genes), protein biosynthesis and modification 6 and MDM2 in freshly isolated primary ATL cells by
Oncogene
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Figure 5 Dominant role of Fra-2/JunD in CCR4 expression and cell proliferation in adult T-cell leukemia (ATL). (a) Reverse
transcription (RT)-PCR analysis to determine the effect of siRNAs. HUT102 and ST1 were transfected with control siRNA or siRNA
for Fra-2, JunB or JunD. After 48 h, total RNA was prepared. The representative results from three separate experiments are shown.
(b) Real-time RT-PCR analysis for CCR4 expression. HUT102 and ST1 were transfected with conirol siRNA or siRNA for Fra-2,
JunB or JunD. After 48 h, total RNA was prepared and real-time RT-PCR was performed for CCR4 and 18S ribosomal RNA (an
internal control). Data are presented as the mean  s.e.m, of three separate experiments. (c) Effect of siRNAs on cell growth. HUT102,
ST1, MOLT-4 and Jurkat were transfected with control, Fra-2, JunB and JunD siRNAs and cultured in a 96-well plate at 0.5 x 10*
cells per well. At the indicated time points, viable cell numbers were determined using a FACSCalibur by gating out cells stained with
propidium jodide. Data are shown as the mean £ s,e.m. of three separate experiments. (d) Effect of double knockdown of Fra-2 and
JunD on cell growth. HUT102 and ST1 were transfected with control, Fra-2 and JunD siRNAs as indicated and cultured in a 96-well
plate at 0.5 x 10* cells per well. At 4 days, viable cell numbers were determined on a FACSCalibur by gating out dead cells stained with
propidium iodide. Data are shown as the mean + s.e.m. of three separate experiments. (¢) Effect of stable expression of Fra-2 and JunD
on cell growth. Jurkat cells were transfected with a control IRES-EGFP expression vector or an IRES-EGFP expression vector for
Fra-2 or JunD. Stable transfectants expressing green flnorescence protein were sorted and cultured in a 96-well plate at 0.5 x 10 cells
per well. At the indicated time points, viable cell numbers were determined on a FACSCalibur by gating out dead cells stained with
propidium iodide. Data are shown as the mean ts.e.m. of three separate experiments.
RT-PCR. As shown in Figure 6c, we indeed detected is known to be involved in cellular proliferation,
the constitutive expression of c-Myb, BCL-6 and  oncogenesis and even tumor suppression, depending
MDM?2 at high levels in primary ATL cells. In sharp  on the combination of AP-1 proteins and the cellular
contrast, normal resting CD4+ T cells hardly expressed  context (Shaulian and Karin, 2002; Eferl and Wagner,
these proto-oncogenes. 2003). Previously, by using the AP-1 site of the IL-8
promoter, Mori et al. demonstrated a strong Tax-
independent expression of JunD in primary ATL cells
(Moti et al., 2000). In the present study, we have shown
Discussion that Fra-2 is constitutively expressed at high levels in
primary ATL cells (Figure 2a). Furthermore, except for
The AP-1 transcription factors function as homodimers ~ JunB and JunD, other members of the AP-1 family are
or heterodimers formed by Jun (c-Jun, JunB and JunD),  mostly negative in primary ATL cells (Figure 2a).
Fos (c-Fos, FosB, Fra-1 and Fra-2) and the ATF family ~ Therefore, as demonstrated in the present study, the
proteins (Shaulian and Karin, 2002; Efer] and Wagner,  Fra-2/JunD and Fra-2/JunB heterodimers may be the
2003). Most of them are rapidly and transiently induced ~ major AP-1 factors constitutively active in primary ATL
by extracellular stimuli that trigger the activation of the  cells.
Tanus kinase (INK), extracellular signal regulated It has been shown that HTLV-1 Tax induces the
protein kinases 1 and 2 (ERKI1/2) or p38 mitogen-  expression of various AP-1 family members such as
activated protein (MAP) kinase pathways (Shaulian and  c-Fos, Fra-1, c-Jun and JunD (Nagata et al., 1989; Iwai
Karin, 2002; Eferl and Wagner, 2003). The AP-1 family et al,, 2001). We indeed observed the expression of
Oncogene
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Figure 6 Identification of downstream target genes of Fra-2 in adult T-cell leukemia (ATL). (a) Microarray analysis. ST1 cells were
transfected with control siRNA or Fra-2 siRNA. After 48 h, microarray analysis was performed using the Affymetrix GeneChip
HG-U133 Plus 2.0 array. Four independent transfection samples were analysed for each group. Each column represents the expression
level of a given gene in aa individual sample. Red represents increased expression and blue represents decreased expression relative to
the normalized expression of the gene across all samples, We computed the statistical significance level for each gene between the Fra-2-
knockdown group and the control group with a mean fold change of > 3 by the t-test (P<107%). (b) Reverse transcription (RT)-PCR
analysis. HUT102 and ST1 cells were transfected with control siRNA or siRNA for Fra-2 or JunD. After 48, the expression of
c-Myb, BCL-6, MDM2 and GAPDH was determined by RT-PCR. The representative results from three separate experiments are
shown. (¢) RT-PCR analysis. Normal CD4+ T cells from healthy donors (n=3; purity, > 96%) and PBMC from ATL patients (n=6;
leukemic cells, >90%) were examined for the expression of ¢-Myb, BCL-6 and MDM2 by RT-PCR. The representative results from
two separate experiments are shown.
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various AP-1 family members in primary ATL cells
(patient nos. 1 and 5) and in some ATL cell lines
expressing Tax (Figures 2a and b). However, the
constitutive expression of Fra-2, JunD and JunB in
freshly isolated primary ATL cells and ATL cell lines is
apparently independent from Tax expression (Figures
2a and b). This is further supported by the finding that
CCR4-expressing HTLV-1-negative CTCL cell lines
also constitutively express Fra-2, JunB and JunD at
high levels (Figure 2). By using JPX-9, which is a subline
of Turkat carrying the HTLV-1 Tax gene under the
control of the metallothionein gene promoter (Nagata
et al., 1989), we have also confirmed that Fra-2 is not
inducible by Tax (data not shown).

The CCR4 promoter was potently activated by the
Fra-2/JunB and Fra-2/JunD heterodimers (Figure 3a).
Fra-2, JunB and JunD were also shown to bind
specifically to the AP-1 site in the CCR4 promoter
in vitro by the NoShift binding assays and in vivo by the
ChIP assays (Figures 4a and b). By using the siRNA
knockdown technique, however, only Fra-2 siRNA and
JunD siRNA efficiently suppressed CCR4 expression
and cell growth in ATL cell lines (Figure 5). On the
other hand, JunB siRNA showed little such effect
(Figure 5). Therefore, it is likely that, at least in terms
of CCR4 expression and cell proliferation, the Fra-2/
JunD heterodimer plays a more dominant role than the
Fra-2/JunB heterodimer in ATL cells. It thus remains to
be determined whether the Fra-2/JunB heterodimer has
any specific functions in ATL.

The most striking finding in the present study is the
aberrant expression of Fra-2 in primary ATL cells. Fra-2
expression is essentially absent in normal CD4* T cells
under various conditions thus far examined (Figures 2a
and c). Physiologically, Fra-2 is known to be expressed
by various epithelial cells and in cartilaginous structures
and has been shown to be required for efficient cartilage
development (Karreth et al, 2004). With regard to
Iymphoid cells, developing murine thymocytes were
reported to express Fra-2 (Chen et al., 1999). Previous
studies have shown that individual homodimeric and
heterodimeric AP-1 proteins have different functional
properties and target genes (Shaulian and Karin, 2002;
Efer] and Wagner, 2003). However, little is known about
the target genes of Fra-2 and even less is known about
the oncogenic role of Fra-2 in human malignancies. In
this study, we have shown that CCR4 is the direct target
gene of Fra-2 in association with JunD in ATL cells.
Furthermore, we have shown that at least 49 genes are
downregulated more than threefold in the ATL cell line
ST-1 by Fra-2 siRNA (Figure 6). Among these genes, the
proto-oncogenes ¢-Myb, BCL-6 and MDM2 (Oh and
Reddy, 1999; Pasqualucci et al., 2003; Vargas et al.,
2003) are further confirmed to be dependent on the
Fra-2/JunD heterodimer and to be expressed at high
levels in primary ATL cells (Figure 6). It remains to be
seen whether the Fra-2/JunD heterodimer directly
induces these proto-oncogenes or indirectly maintains
their expression by promoting cell growth.

c-Myb is the genomic homologue of the avian
myeloblastosis virus oncogene v-Myb. c-Myb is widely
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expressed in immature hematopoietic cells and also in
various leukemias and carcinomas (Oh and Reddy,
1999; Shetzline et al., 2004; Hess et al., 2006). The target
genes of c-Myb include the anti-apoptotic genes BCL-2
and BCL-X; and also c-Myc (Ramsay et al., 2003).
Thus, c-Myb may promote the survival of ATL cells via
BCL-2 and BCL-Xy. (Galonek and Hardwick, 2006) and
also cell cycle progression via c-Myc (Dang, 1999).
BCL-6 was originally identified as the target gene of
recurrent chromosomal translocations affecting 3927 in
non-Hodgkin’s lymphoma. The expression of BCL-6 is
frequently upregulated in diffuse large-cell lymphoma
and follicular lymphoma through promoter substitution
or somatic promoter point mutations (Ye et al., 1993;
Migliazza et al., 1995; Chang et al, 1996). Frequent
expression of BCL-6 has also been reported in some
T-cell lymphomas (Kerl et al., 2001). The BCL-6 protein
has been shown to exert cell-immortalizing and anti-
senescence activities (Shvarts et al., 2002; Pasqualucci
et al., 2003). Thus, BCL-6 may also inhibit apoptosis
and promote cell cycle progression in ATL. The MDM2
protein is a negative regulator of p33 and suppresses
p53-mediated cell cycle arrest and apoptosis (Vargas
et al., 2003). Elevated expression of MDM?2 has been
demonstrated in various types of human cancer
(Rayburn et al., 2005). Given that only a minor fraction
of ATL cases have mutations affecting p53 (Cesarman
et al., 1992), the elevated expression of MDM2 may
contribute to the functional downregulation of p53 in
the majority of ATL cases.

CTCLs are a group of T-cell lymphomas detived from
skin-homing memory T cells. CTCLs are not associated
with HTLV-1 infection but resemble ATL and frequently
express CCR4 (Ferenczi et al., 2002; Kim et al., 2005).
Furthermore, CCR4 expression has been shown to be a
consistent feature of the large-cell transformation of
mycosis fungoides (Jones et al., 2000). In the present study,
we have shown that CTCL cell lines also express Fra-2,
JunB and JunD at high levels (Figure 2b). Therefore, it is
likely that aberrantly expressed Fra-2 in association with
Jun proteins, particularly JunD, is also involved in CCR4-
expression and cell proliferation in CTCLs.

In conclusion, we have shown that aberrantly
expressed Fra-2 in association with JunD is responsible
for CCR4 expression in ATL and is also likely to play
an important role in ATL oncogenesis in part by
inducing the expression of the proto-oncogenes c-Myb,
BCL-6 and MDM2. Future studies are necessary to
elucidate how the Fra-2/JunD heterodimer induces the
expression of these proto-oncogenes and their individual
roles in ATL oncogenesis. It also remains to be seen how
ATL cells aberrantly express Fra-2 at high levels.
Furthermore, the expression and function of Fra-2 in
CTCLs remain to be determined.

Materials and methods

Cells
All the human T-cell lines used were described previously
(Nagata et al., 1989; Yamada et al., 1996; Hata et al., 1999;
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Yoshie et al, 2002). Peripheral blood mononuclear
cells (PBMC) were isolated from heparinized blood samples
obtained from healthy adult donors and acute ATL patients
with a high leukemic cell count (> 90%) by using Ficoll-Paque
(Amersham Biosciences Corp, Piscataway, NJ, USA). Normal
CD4* T cells (purity, >96%) were further prepared from
PBMC by negative selection using an IMagnet system (BD
Pharmingen, San Diego, CA, USA). Activated CD4+ T cells
were prepared by stimulating CD4+ T cells with anti-CD3
(clone HIT3a; BD Pharmingen) and anti-CD28 (clone CD28.2;
BD Pharmingen) for 24h. The preparation of naive
CD4+*CD45RA™* T cells and their polarization into Thl and
Th2 cells were performed as described previously (Imai et al.,
1999). Primary ATL cells and normal resting CD4+ T cells
were used without culture for the experiments. This study was
approved by the local ethical committee and written informed
consent was obtained from each patient.

Transfection and luciferase assay

The major transcriptional start site (+ 1) of the human CCR4
gene was determined by the method of rapid amplification of
¢DNA 5-ends and was found to be located 1797 bases
upstream from the translation start codon (data not shown).
To generate a promoter—reporter construct, the 1-kb promoter
region of the human CCR4 gene (—983 to + 25) was amplified
from the genomic DNA by PCR using primers based on a
GenBank genomic DNA sequence (accession no. NC_000003)
and inserted into the reporter plasmid pGL3-Basic (Promega,
Madison, WI, USA). Deletions and site-directed mutations
were also performed using PCR. pGL3-2xAP-1 was con-
structed by introducing a sequence containing two copies of
the AP-1 consensus binding site (TGATGACTCAGCCG-
GAATGATGACTCAGCC) in front of a minimal CCR4
promoter pGL3 (—96/ + 25; Figure 1b). The coding regions of
human FosB and GATA-3 were amplified from a cDNA
library generated from phytohemagglutinin (PHA)-stimulated
PBMC by PCR and cloned into the expression vector pSGS5
(Stratagene, La Jolla, CA, USA). The coding region of HTLV-
1 HBZ was amplified from a cDNA library generated from the
HTLV-1* T-cell line C8166 by PCR and cloned into the
expression vector pEF4/myc-His A (Invitrogen, Carlsbad, CA,
USA). The expression vectors for ¢c-Fos, Fra-1, Fra-2, c¢-Jun,
JunB, JunD and Tax were described previously (Iwai et al.,
2001). Cells (5 x 10%) were transfected with 2 pug of reporter
plasmid, 0.5pg of expression plasmids for various transcrip-
tion factors and 1 pg of pSV-B-galactosidase using DMRIE-C
(Invitrogen). After 24-27h, luciferase assays were performed
using a Luciferase Assay kit (Promega). Luciferase activity was
normalized by [-galactosidase activity that served as an
internal control for transfection efficiency.

RT-PCR

RT-PCR was carried out as described previously (Yoshie
et al., 2002). The primers used were as follows: + 5-AAGAA
GAACAAGGCGGTGAAGATG-3 and -5-AGGCCCC
TGCAGGTTTTGAAG-3 for CCR4; + 5'-TACTACCACTC
ACCCGCAGACTC-¥ and —5'-CTTTTCCCTTCGGATTCT
CCTTTT-3' for c-Fos; +5-TAGCAGCAGCTAAATGC
AGGAAC-3 and -5-CCAGCTGAAGCCATCITCCTT
AG-3 for FosB; + 5-CAGTGGATGGTACAGCCTCA
TTT-3' and —5'-GCCCAGATTTCTCATCTTCCAGT-3 for
Fra-1; +5-CCAGCAGAAATTCCGGGTAGATA-3 and
—5-TCTCCTCCTCTTCAGGAGACAGC-3 for Fra-2;
+5-AAACAGAGCATGACCCTGAACCT-3' and ~5-CTC
CTGCTCATCTGTCACGTTCT-3 for c-Jun; +5-AAAAT
GGAACAGCCCTTCTACCA-3 and ~5-AGCCCTGACCA

Oncagene

110

GAAAAGTAGCTG-3' for JunB; +5-AACACCCTTCT
ACGGCGATGAG-Y and —-5-GGGTAGAGGAACTGTG
AGCTCGT-3 for JunD; +5-GAATTGGTGGACGGG
CTATTATC-3 and —5-TAGCACTATGCTGTTTCGCCT
TC-3' for HBZ; +5-CCGGCGCTGCTCTCATCCCGGT-3/
and ~5-GGCCGAACATAGTCCCCCAGAG-3' for Tax;
+5-AAGGCATCCAGACCAGAAACCG-Y and —5-AGC
ATCGAGCAGGGCTCTAACC-3 for GATA-3; +5'-CAGT
GACGAGGATGATGAGGACT-3 and —5-AACGTTTCG
GACCGTATITCTGT-3' for c-Myb; +5-ATTCCAGCTT
CGGAACAAGAGAC-Y and -5-GTCCTTTTGATCAC
TCCCACCTT-3' for MDM2; +5-CAAGAAGTTTCTAGG
AAAGGCCGG-3 and ~5-GATTGATCACACTAA
GGTTGCATT-3 for BCL-6 and + 5-GCCAAGGTCATCC
ATGACAACTTTGG-3 and —5-GCCTGCTTCACCA
CCTTCTTGATGTC-3' for glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The amplification conditions were
denaturation at 94°C for 30s (Smin for the first cycle),
annealing at 60°C for 30s and extension at 72°C for 30s
(Smin for the last cycle) for 34 cycles for CCR4; 35 cycles for
c-Fos, FosB, Fra-1, Fra-2, c-Jun, JunB, JunD, HBZ, Tax,
¢-Myb, BCL-6 and MDM2; 29 cycles for GATA-3 and 27 cycles
for GAPDH. Amplification products were electrophoretically
run on a 2% agarose gel and stained with ethidium bromide.

Quantitative real-time PCR was carried out using the
TagMan assay and a 7700 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). The conditions
for PCR were 50°C for 2min, 95°C for 10min and then 50
cycles of 95°C for 15s (denaturation) and 60°C for 1min
(annealing extension). The primers and fluorogenic probes for
CCR4 and 18S ribosomal RNA were obtained from a
TagMan kit (Applied Biosystems). Quantification of CCR4
expression was performed using the Sequence Detector System
Software (Applied Biosystems).

NoShift transcription factor assay

Anti-c-Fos (sc-52), anti-FosB (sc-7203), anti-Fra-1 (sc-22794),
anti-Fra-2 (sc-604), anti-c-Jun (sc-1694), anti-JunB (sc-73) and
anti-JunD) (sc-74) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Transcription factors bound
to specific DNA sequences were identified using the NoShift
Transcription Factor Assay Kit (EMD Biosciences, Madison,
‘WI, USA). Nuclear extracts were prepared from human T-cell
lines by using the NucBuster Protein Extraction Kit (EMD
Biosciences). The oligonucleotides used were as follows
(differences underlined): TGGGAAATGACTAAGAATCAT
for the biotinylated probe and unlabeled competitor of the
AP-1 site and TGGGAAATGTCAAAGAATCAT for the
mutated AP-1 site.

ChIP assay

This assay was performed using a ChIP assay kit (Upstate
Biotechnology, Lake Placid, NY, USA) following the manu-
facturer’s instructions. In brief, cells (1 x 10%) were cross-linked
with 1% formaldehyde for 10min at room temperature, The
cell pellets were lysed with sodium dodecyl sulfate (SDS) lysis
buffer and sonicated to shear DNA to a size range between 200
and 1000 bp. After centrifugation, the supernatant was diluted
10-fold in ChIP dilution buffer and incubated overnight at 4°C
with 4 g of anti-Fra-2 (sc-604), anti-JunB (sc-73), anti-JunD
(sc-74) or normal rabbit IgG (DAKO, Kyoto, Japan).
Immunocomplexes were collected by adding protein A-agarose
beads. The immune complexes were incubated at 65°C for 4h
to reverse the protein/DNA cross-links. DNAs were then
purified by phenolfchloroform extraction and used as
templates for quantitative real-time PCR. The primers and



the fluorogenic probe for the AP-1 site of the CCR4 promoter
were as follows: primers: + 5-GGTCTTGGGAAATGACT
AAGAATCA-3' and —5-TCTCCCTCACCCAACTGTACT
AAGT-3"; probe: 5-TCTGCTTCCTACITCTATCAAA
AAACCCCACTTG-Y.

Immunological staining

Cells were spotted on a glass slide and fixed with 4%
paraformaldehyde. Tissue sections were prepared from
formalin-fixed and paraffin-embedded biopsy tissue samples
and subjected to microwave irradiation for 5min three times
in Target Retrieval Solution (DAKO). Slides and tissue sections
were incubated for 1h at room temperature with anti-Fra-2
(sc-604), anti-JunB (sc-73), anti-JunD (sc-74) or mouse
monoclonal anti-CCR4 (KM-2160; Kyowa Hakko, Tokyo,
Japan). Normal rabbit IgG and control mouse IgG; (DAKO)
were used as negative controls. After washing, the slides and
tissue sections were incubated with biotin-labeled goat anti-
rabbit IgG or biotin-labeled horse anti-mouse IgG followed by
detection using the Vectastain ABC/HRP kit (Vector Labora-
tories, Burlingame, CA, USA). Finally, cells and sections
were counterstained with Gill's hematoxylin (Polysciences,
‘Warrington, PA, USA), dehydrated and mounted.

Transfection of SIRNA

siRNAs for Fra-2 (S100420455), JunB (SI03077445), JunD
(SI00075985) and the negative control (1022064) were
obtained from Qiagen (Hilden, Germany). Transfection
experiments were performed using Amaxa Nucleofector
(Amaxa, Cologne, Germany). Cells (1 x 10) were resuspended
in 100 1l of Nucleofector solution (T solution for MOLT-4,
HUTI102 and ST1 and V solution for Jurkat) and transfected
with 2.5pg of siRNA using program O-17 for MOLT-4,
HUT102 and ST1 and program S-18 for Jurkat. The
transfection efficiency was ~95% as determined using
fluorescent siRNA (Qiagen).

Cell proliferation assay
Cells were seeded in a 96-well plate at a density of 0.5 x 10* per
well and cultured. The number of viable cells was determined
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RPN?2 gene confers docetaxel resistance in breast cancer

Kimi Honma'*3, Kyoko Iwao-Koizumi3, Fumitaka Takeshita!, Yusuke Yamamoto!, Teruhiko Yoshida?,
Kazuto Nishio®, Shunji Nagahara, Kikuya Kato® & Takahiro Ochiya!

Drug resistance acquired by cancer cells has led to treatment failure. To understand the regulatory network underlying docetaxe!
resistance in breast cancer cells and to identify molecular targets for therapy, we tested small interfering RNAs (siRNAs)
against 36 genes whose expression was elevated in human nonresponders to docetaxel for the ability to promote apoptosis

of docetaxel-resistant human breast cancer cells (MCF7-ADR cells). The resuits indicate that the downregulation of the gene
encoding ribopholin Il (RPN2), which is part of an N-oligosaccharyl transferase complex, most efficiently induces apoptosis of
MCF7-ADR cells in the presence of docetaxel. RPN2 silencing induced reduced glycosylation of the P-glycoprotein, as well as
decreased membrane localization, thereby sensitizing MCF7-ADR cells to docetaxel. Moreover, in vivo delivery of siRNA specific
for RPN2 markedly reduced tumor growth in two types of models for drug resistance. Thus, RPN2 silencing makes cancer

cells hypersensitive response to docetaxel, and RPN2 might be a new target for RNA interference-based therapeutics against

drug resistance,

Breast cancer is the most common malignancy in women
Either neoadjuvant or adjuvant chemotherapy administered to sub-
jects with stage 1-3 breast cancers can improve their survival rates!3,
Among chemotherapeutic agents, docetaxel, which belongs to the
group of taxanes (mitotic inhibitors and antimicrotubule agents), has
been shown to have well-established benefits in breast cancer,
The response rate to docetaxel, however, is 50% even in first-line
chemotherapy, and it decreases to 20~30% in second- or third-line
chemotherapy>7; nearly half of the treated subjects do not respond
to it and suffer side effects. There is currently no method to
reliably predict tumor responses to docetaxel before therapy or to
detect when resistance or hypersensitivity develops. Therefore,
the identification of molecular biomarkers in docetaxel-resistant
breast cancer that could help in a more accurate assessment of
individual treatment and the development of molecular-target
therapies that could lead to better tumor reduction are of
considerable interest.

It has been reported that the expression of the multidrug transpor-
ter P-glycoprotein, encoded by the MDRI gene (official gene symbol
ABCBI), is one of the causes of clinical drug resistance to taxanes®?,
Other molecules, such as the multidrug resistance-associated protein
MRP11011 breast cancer resistance protein (ABCG2) and other
transporters'2, which act as energy-dependent efflux pumps capable
of expelling a large range of xenobiotics, and GSTpi, which is one of
the isoenzymes of the glutathione-S-transferase (GST)1>!5, have been
extensively reported to be overexpressed in tumor cells showing the
multidrug-resistant phenotype. It was recently shown that high

thioredoxin expression is associated with resistance to docetaxel in
breast cancer'é!?, These molecules might be clinically useful in the
prediction of a response to anticancer drugs. Currently, however, none
have proven to be specific target molecules for increasing the efficacy
of chemotherapy in breast cancer.

To better understand the regulatory network underlying docetaxel
resistance in breast cancer cells and to identify molecular targets
for therapy, we initiated gene expression profiling of 44 subjects
with breast tumors (22 responders and 22 nonresponders) by adap-
tor-tagged competitive PCR!® to identify the genes capable of
predicting a docetaxel response in human breast cancer and reported
the preliminary results of 85 genes whose expression potentially
correlated with docetaxel resistance!. In the current study, we
used an atelocollagen-based siRNA cell transfection array®® to
identify the genes responsible for conferring drug resistance. Among
the siRNAs targeting genes that were elevated in nonresponders to
docetaxel, siRNA designed for RPN2 (RNP2 siRNA) significantly
promoted docetaxel-dependent apoptosis and cell growth inhibition
of MCF7-ADR human breast cancer cells that are resistant to
docetaxel. Furthermote, atelocollagen-mediated in vivo delivery of
RPN2 siRNA significantly reduced drug-resistant tumor growth
in mice given docetaxel. RPN2 confers drug resistance via the
glycosylation of P-glycoproteins and regulates antiapoptotic genes.
Thus, RPN2 siRNA introduction hypersensitizes cancer cell response
to chemotherapeutic agents, making RPN2 a potential key target for
future RNA interference (RNAi)-based therapeutics against a drug-
resistant tumor.
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RESULTS

RNAi-based screening for identification of molecular target

As an extension of our previous strategy of analyzing docetaxel
resistance in breast cancer cells and of identifying molecular targets
for therapy'®, we conducted a study of RNAi-induced gene knock-
down in docetaxel-resistant MCF7-ADR human breast cancer cells.
Among the 85 genes listedS, 61 genes that are potentially targets for
siRNA strategy were upregulated in human nonresponders. We
selected 36 genes with more than a 0.365 signal-to-noise ratio and
successfully designed and synthesized siRNAs specific to these genes
(Table 1), The siRNAs were conjugated to atelocollagen and arrayed
on a 96-well microplate. Then, MCF7-ADR cells expressing the
luciferase gene (MCF7-ADR-Luc) were seeded into the microplate
{the target validation process by cell transfection array is schematically
shown in Supplementary Fig. 1 online.). To evaluate the efficiency of
the atelocollagen-mediated cell transfection array, we used GL3 siRNA
against the gene encoding luciferase. Atelocollagen-mediated GL3
siRNA delivery caused an approximate 75% reduction of the luciferase
activity in MCF7-ADR-Luc cells relative to the control nontargeting
siRNA (data not shown). To identify the genes responsible for
docetaxel resistance, we assessed siRNAs for their ability to inhibit

cell growth and induce apoptosis in the presence of docetaxel
compared with the control nontargeting sIRNA. We measured cell
growth by luciferase activity and examined apoptosis by caspase-7
activation. The results indicated that the downregulation of eight
genes (PTPLB, GSTPI, TUBB, RPN2, SQRDL, NDUFS3, PDCDS5 and
MRPL17) resulted in marked inhibition of cell growth (P < 0.05,
Fig. la). Induction of apoptosis was evidenced in cells by down-
regulation of six genes (PTPLB, APRT, CFLI1, RPN2, SQRDL and
MRPLI7; P < 0.05, Fig. 1b). In particular, RPN2 siRNA strongly
enhanced caspase-7 activity in the presence of docetaxel (P < 0.001,
Supplementary Fig. 2a online). We validated these results by counting
Hoechst-stained cells showing apoptotic nuclear condensation and
fragmentation (Fig. 2a) and found that there was a significantly higher
apoptotic cell death rate in cells given RPN2 siRNA and docetaxel
relative to that in cells given RPN2 siRNA alone (P < 0.02, Fig. 2b).
No significant difference was observed in cells with nontargeting
control siRNA (Fig. 2b). At 72 h after treatment with siRNA and
dacetaxel, there was substantial cell death induced by RPN2 siRNA
compared with the control nontargeting siRNA (Fig. 2¢). At 96 h after
the transfection, almost all RPN2 siRNA—treated cells were detached
and disappeared from the culture dishes.

Table 1 The list of 36 genes whose expression is elevated in nonresponders to docetaxel in subjects with breast cancer

No Gene Description Accession number
1 UFM1 Ubiquitin-fold modifier 1 BC005183
2 PTPLB Protein tyrosine phosphatase-like (proline instead of catalylic arginine), member b AF052159
3 S100A10 $100 calcium binding protein A10 M38591

4 APRT Adenine phosphoribosyliransferase Y00486

[ CFL1 Cofilin-1 (non-muscile) X95404

6 GSTP1 Glutathione S-transferase pi 1 M24485

7 HSPAS Heat shock 70 kDa protein 5 {giucose-regulated protein, 78 kDa) M19645

8 GNB2L1 Guanine nucleotide binding protein (G protein), p polypeptide 2 like 1 M24194

9 TUBB Tubulin, p BC001002
10 MX1 Myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 (mouse) M33882
11 coxzc Cytochrome ¢ oxidase subunit Vlle BCO01005
12 RPN2 Ribopherin 11 Yooas2
13 DYNLL1 Dynein, light chain, LC8-type 1 U32944
14 FXR1 Fragile X mental retardation, autosomal homalog 1 U25165
15 SQROL Sulfide quinone reductase-like (yeast) AF151802
16 NDUFS3 NADH dehydrogenase (ubiquinone) Fe-S protein 3, 30 kDa (NADH-coenzyme Q reductase) AL135819
17 EST ESTs AL358933
-18 C19orf10 Chromosome 19 open reading frame 10 BCO03639
19 ATPSE ATP synthase, H transporting, mitochondrial F1 complex, & subunit AF052955
20 PDCDS Programmed cell death 5 AF014955
21 CLPTMIL CLPTM1-like AL137440
22 PPP1R14B Protein phosphatase 1, regulatory {inhibitor) subunit 148 X91195
23 MRPL17 Mitochondrial ribosomal protein L17 AK026857
24 TUBA1B Tubulin, alb BC006481
25 IFi6 Interferon, a-inducible protein 6 X02492
26 GAPDH Giyceraldehyde-3-phosphate dehydrogenase AF261085
27 SLC25A3 Solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 3 BC006455
28 MAD2L2 MAD2 mitotic arrest deficient-like 2 (yeast) AF157482
29 CTNNB1 Catenin (cadherin-associated protein), p1, 88 kDa X87838
30 CALR Calreticulin M84739
31 MRPS6 Mitachondrial ribosomal protein S6 BCOCOS47
32 ANGPTLZ Angiopoietin-like 2 AF007150
33 RPL3B Ribosomat protein L38 226876
34 ANAPC7 Anaphase promoting complex subunit 7 AY007104
35 ENOI Enolase 1, (o} BC004325
36 ALDH2 Aldehyde dehydrogenase 2 family {mitochondrial) M20456
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However, the expression of other genes was also found to correlate
with docetaxel resistance by RNAi-based screening, and they could
have some possible additive or synergistic effects with RPN2. Thus, we
examined the induction of apoptosis after cotransfection of RPN2
siRNA and siRNAs against other genes that caused cell growth
inhibition, apoptosis inducton or both in docetaxel-resistant
MC7-ADR cells. Knockdown of PTPLB, APRT, CFLl, GSTPI,
TUBB, SQRDL, NDUFS3, PDCD5 or MRPL17 genes with simulta-
neous knockdown of RPN2 did not significantly enhance caspase-7
activity relative to the knockdown of RPN2 alone (Supplementary
Fig. 2b). This result shows that knockdown of the other genes
does not have an additive effect when used together with knock-
down of RPN2.

We confirmed the efficacy of RPN2 siRNA for the knockdown of
RPN2 messenger RNA by cell-direct real-time RT-PCR analysis. This
analysis revealed that RPN2 siRNA inhibited 80% of the mRNA level
relative to the control nontargeting siRNA (Fig. 2d). Immunofluor-
escence staining of the RPN2 protein revealed that the RPN2 protein
localized in the cytoplasm and its expression was decreased by RPN2
siRNA (Fig. 2e). In further experiments, a liposome-mediated RPN2
siRNA transfection was performed. The western blot analysis showed a
45% reduction in RPN2 protein abundance (90% reduction of mRNA
by real-time RT-PCR analysis) by RPN2 siRNA transfection in
comparison with the control nontargeting siRNA (Fig. 2f). These
results suggest that downregulation of RPN2 expression by siRNA
inhibits cell growth and induces apoptasis in the presence of docetaxel.

Percentage of caspase-7 activation

Target ganes
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Figure 1 RNAi cell transfection array analysis in cultured breast cancer
cells. (a) Inhibition of cell growth by 36 siRNAs on atelocollagen-based

cell transfection arrays in the presence of docetaxel {1 nM) 72 h after
transfection. The cell growth was estimated by luciferase activity in
MCF7-ADR-Luc cells, which stably express luciferase (n = 4 per group;

*P < 0,05, **P < 0.01). (b} Activation of caspase-7 by 36 siRNAs on
atelocollagen-based cell transfection arrays in the presence of docetaxel

(1 nM) 72 h after transfection. After the detection of luciferase activity, the
same cell transfection arrays were assigned to the measurement of caspase-
7 activity, which is elevated in apoptotic MCF7-ADR-Luc cells (n = 4 per
group; *P < 0.05, **P < 0.01). Values are means = s.d.

In addition, we established stable clones expressing short hairpin RNA
(shRNA) against RPN2 (shRNP2) and examined the effect on apop-
tosis induction in MCF7-ADR cells. The clone that expressed the
lowest RPN2Z mRNA level showed a 70% reduction of RPN2 expres-
sion relative to the control clone (P < 0.001, Supplementary Fig. 2¢),
and this shRPN2 clone showed a high caspase-7 activity as compared
to the control clone in the presence of docetaxel (P < 0.001,
Supplementary Pig. 2d). We examined seven independent clones
and found that they all showed a similar phenotype of increasing
drug sensitivity (data not shown). Therefore, consistent with our
results with synthetic RPN2 siRNA, the data from the shRPN2
experiments provide evidence for the involvement of RPN2 in
drug resistance.

To evaluate the effect of RPN2 siRNA on the drug response of
MCF7-ADR cells, we measured the half-maximal inhibitory concen-
tration (ICsy) for taxanes, The ICsq values for docetaxel in MCF7
and MCF7-ADR cells were 948 + 1.48 nM and 40.22 % 5.14 nM,
respectively (P < 0.001). RPN2 siRNA-transfected MCF7-ADR
cells were 3.5-fold more sensitive to docetaxel compared with non-
targeting siRNA-transfected cells (ICsy of 11.47 + 1.97 nM versus
39.48 t 2.98 nM, P < 0.001). Thus, RPN2 silencing makes MCF7-
ADR cells sensitive to docetaxel to a degree similar to that in
drug-sensitive MCF7 cells. For paclitaxel, another taxane, the ICsg
values in MCF7 and MCF7-ADR cells were 13.00 + 2,02 nM and
89.74 + 3.43 nM, respectively (P < 0.001). RPN2 siRNA-transfected
MCF7-ADR cells were 2.6-fold more sensitive to paclitaxel compared
with nontargeting siRNA~transfected cells (ICso of 32.92 + 3.89 nM
versus 84.39 + 5.48 nM, P < 0.001). These results indicate that
RPN?2 silencing bestows a hypersensitive response to taxanes to drug-
resistant breast cancer cells.

In addition, we examined docetaxel-resistant EMT6/AR10.0 cells
with high expression of the mouse Rpn2 gene and the Mdrl (Abcblb)
and Mdr3 (Abcbla) genes, which reportedly have a similar role in drug
resistance to that of the MDRI gene in humans, to see whether they
have a similar phenotype to MCF7-ADR cells in terms of RPN2
expression status and drug resistance. The siRNA-mediated knock-
down of mouse Rpn2 (70% reduction of mRNA by real-time RT-PCR
analysis) significantly induced apoptosis of cells in the presence of
docetaxel (Supplementary Fig. 2e—g). In contrast, nontargeting con-
trol siRNA showed no effect (Supplementary Fig. 2e-g). Therefore,
these results suggest that RPN2 confers docetaxel resistance to both
human and mouse cell lines.

Induction of RPN2 expression by docetaxe| treatment

Real-time RT-PCR analysis showed that docetaxel-resistant MCF7-
ADR cells expressed a slightly increased level of RPN2 mRNA
(approximately 20%, P < 0.1) relative to parental MCF7 cells
(Fig. 3a). However, RPN2 mRNA expression in parental MCF7 cells
was markedly induced by docetaxel in a dose-dependent manner at
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48 h after treatment (Fig. 3b). These data indicate that RPN2 mRNA
induction may correlate with the observed antiapoptotic phenotype of
MCF7-ADR cells.

Furthermore, MCF7-ADR cells expressed abundant MDR1 mRNA,
which is a major cause of docetasel resistance, whereas docetaxel-
sensitive MCF7 cells did not (Fig. 3c). Additionally, MDR1 mRNA
expression in MCF7 cells was strongly induced by docetaxel at 48 h
after treatment (Fig. 3d). Together, these data provide a new insight
into the development of docetaxel resistance in MCF7 cells: when
breast cancer cells coordinately express a high amount the of MDRI
and RPN2 gene products, the cells become drug-resistant.

RPN2 expression associates with response to docetaxel

In this study, subjects with breast cancer with complete response and
partial response were defined as responders, whereas subjects with no
change and progressive disease were defined as nonresponders, in
accordance with World Health Organization criteria!® (Supplemen-
tary Note online).

Of the 44 subjects, 22 showed a pathologic response to docetaxel,
and the other 22 showed no response!. To understand the clinical
importance of the status of RPN2 expression in the subjects, we
compared the expression level (signal log ratio) for RPN2 transcript
between nonresponder and responder subjects by the Mann-Whitney
U-test. The subjects with higher RPN2 expression showed a signifi-
cantly lower response rate to docetaxel than did those with relatively
low expression of RPN2 (signal log ratio expressed as mean + s.e.m. in
nonresponders was 0.347 + 0.062 versus 0.111 + 0.052 in responders;
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P = 0.0052). Thus, there is a significant association of RPN2
expression with the pathologic response to docetaxel. Although the
data are not shown, RPN2 mRNA expression was significantly
increased in cancerous tissues compared to that in normal tissues.
Furthermore, we also assessed validated sets of new samples from
26 subjects with breast tumors (12 responders and 14 nonresponders).
The expression of RPN2 was higher in nonresponders than in
responders (nonresponders, 0.240 + 0.066, versus responders,
0.025 + 0.194). Because of the small sample size in the validation
set, we have not obtained conclusive results at this time. We are
currently seeking larger samples that will be tested in the near future.
However, when we combined studies with subjects in the learning and
validation sets, RPN2 expression was significantly higher in non-
responders (34 subjects) than in responders (36 subjects) (nonrespon-
ders, 0.306 + 0.046, versus responders, 0.080 £ 0.075; P = 0.0219).

Downregulation of RPN2 in orthotopic breast tumors

To extend our i vitro findings and to determine whether RPN2 could
be an effective therapeutic target for docetaxel-resistant breast cancer,
we examined the effect of RPN2 siRNA on an animal model of breast
tumors by orthotopically implanting MCF7-ADR cells into mice and
using an atelocollagen-mediated in vivo siRNA delivery??2, We
injected the RPN2 siRNA or nontargeting control siRNA (1 nmol
per tumor) with 0.5% atelocollagen in a 200 pl volume into
tumors that had reached 4-5 mm in diameter 7 d after inoculation
of MCF7-ADR cells. At the time of siRNA administration, docetaxel
was intraperitoneally (i.p.) injected into the mice. Subsequent tumor
development was monitored by measuring the
tumor size for a week. Mice that had been
administered the RPN2 siRNA-atelocollagen
complex and docetaxel (20 mg kg™ ip.)
showed a significant decrease in tumor size
(mean * s.d,; day 0, 52 + 8 mm? day 7,21 +
8 mm?) relative to mice that had been ad-
ministered the control nontargeting siRNA-
atelocollagen (day 0, 37 + 7 mm?; day 7,
35 + 12 mm®% P < 0.01) (Fig. 4a). The
tumor size was markedly reduced by admin-
istration of RPN2 siRNA with docetaxel at 7 d

Nontargeting siRNA

d 120 Nontargeting  APN2 SIRNA after treatment (Fig. 4b). In the absence of
g - SIHNA i docetaxel, RPN2 siRNA treatment slightly
N € f z reduced MCF7-ADR tumor size relative to
E g g controls; however, there were no statistically
g 60 Nontargaung siRNA. __RPN2 siRNA 8 = 5 significant differences (Supplementary Fig. 3a
T 40 E & g 9% online). We also observed that docetaxel alone

2 ‘ E & o o sl
g% S & 2 Ca had no significant effect on tumor growth
@ . RPN Y - (Supplementary Fig. 3a). Furthermore, no
0 Nontargeling RPN2 significant  differences were observed in
SiRNA SiRNA Pacn - D tumor growth between mice treated with

Figure 2 Apoptosis of MCF7-ADR cells transduced with RPN2 siRNA. (a) Hoechst staining of cells in
the presence or absence of docetaxel (Doc, 1 nM) 72 h after the transfection of RPN2 siRNA. Scale
bar, 50 um. The arrows indicate cells with nuclear condensation and fragmentation. (b) Numbers of
apoptotic cells from a. The data show the percentage of apoptotic cells in the presence or absence of
docetaxel (1 nM) 72 h after the transfection of RPN2 siRNA. As a control, nontargeting control siRNA
was used (n = 4 per group, *P < 0.02). (c) Phase-contrast micrograph of MCF7-ADR cells 72 h after
treatment with RPN2 siRNAs or control nontargeting siRNAs in the presence of docetaxel. Scale bar,
200 pm. (d) Knockdown of RPN2 mRNA by RPN2 siRNA in a cell transfection array, as monitored by
cell-direct real-time RT-PCR analysis. As a control, nontargeting siRNA was used (n = 4 per group,

*P < 0.001). (e) Immunofluorescence staining of the RPN2 protein in MCF7-ADR cells 72 h after
treatment with RPN2 siRNAs or control nontargeting siRNAs. Scale bar, 5 pm. (f) Western blot analysis
of RPN2 protein in MCF7-ADR cells treated with RPN2 siRNAs or control nontargeting siRNAs 72 h

after the liposome-mediated transfection. Values are means + s.d.

control nontargeting siRNA and untreated
mice in the presence or in the absence of
docetaxel (data not shown). Thus, RPN2
siRNA is useful for reducing the size of
orthotopic MCF7-ADR breast tumors in
the presence of docetaxel. Additionally, to
evaluate the effect of sustained treatment
with siRNA, we treated mice with tumors
twice by injection of siRNA-atelocollagen
complex. RPN2 siRNA or nontargeting con-
trol siRNA (1 nmol per tumor) were injected
into the tumors (diameter, 4 mm) at days 0
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and 10. Simultaneously, docetaxel (20 mg kg™ i.p.) was injected into
the mice. We observed the mice for 20 d. Mice that had been given
RPN2 siRNA and docetaxel showed significantly suppressed tumor
growth relative to the mice that were administered control nontarget-
ing siRNA at day 20 after the treatment (P < 0.05, Supplementary
Fig, 3b,c). Mice showed no toxic effect during the observation period.

Furthermore, we examined the effect of RPN2 siRNA on a
second animal model of breast tumors by orthotopically implanting
MDA-MB-231/MDR1 cells, First, we established an MDA-MB-231/
MDR! cell line, which expresses the MDRI1 gene inducing docetaxel
resistance. In this study, MDRI expression is a key factor, because we
are proposing that the coordinate expressions of RPN2 and
P-glycoprotein may participate in the mechanism of docetaxel resis-
tance. We injected the RPN2 siRNA or nontargeting control siRNA
(2 nmol per tumor) with 0.5% atelocollagen in a 200 pl volume into
tumors that were 5-6 mm in diameter 8 d after inoculation of
MDA-MB-231/MDRI cells. At the same time of siRNA administra-
tion, we injected dacetaxel i.p. into the mice. Because docetaxel at a
dose of 20 mg kg™! in mice slightly suppressed MDA-MB-231/MDR1
tumor growth, we reduced the dose of docetaxel to 7 mg kg™,
corresponding to the ICsy value of docetaxel in MDA-MB-231/
MDR! cells, which was 35% of that of MCF7-ADR cells. At a dose
of 7 mg kg™! docetaxel, mice treated with docetaxel alone showed no
significant change in tumor growth. Subsequent tumer development
was monitored by measuring the tumor size for a week, Mice that had
been administered the RPN2 siRNA-atelocollagen complex and doc-
etaxel (7 mg kg! i.p.) showed a significant inhibition of tumor growth
(day 0, 61 £ 21 mm?; day 7, 97 + 24 mm’) relative to mice that had
been administered the control nontargeting siRNA-atelocollagen
complex (day 0, 68 £ 9 mm? day 7, 154 £ 23 mm?) (Fig. 4cd).
The value was statistically significant, with P < 0.002. Tumors treated
with RPN2 siRNA in the absence of docetaxel showed no significant
inhibition relative to control tumors that had been given nontargeting
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Figure 3 Induction of RPN2 and MDR1 expression by docetaxel treatment.
RPN2 mRNA and MDR1 mRNA expression were analyzed by real-time
RT-PCR. (8) RPN2 expression in drug-resistant MCF7-ADR cells and
parental drug-sensitive MCF7 cells (n = 3 per group, *P < 0.01).

(b) Expression of RPN2 induced by docetaxel treatment in parental MCF7
cells. The data shown are from 48 h after the treatment (n = 3 per group,
*P < 0.01). (¢) MDR1 expression in drug-resistant MCF7-ADR cells and
parental drug-sensitive MCF7 celis (n = 3 per group, *P < 0.001),

The numbers on the y axis represent percentage (x 10%) of MCF7 cells.
(d) Expression of MDR1 induced by docetaxel treatment in parental MCF7
cells. The data shown are from 48 h after the treatment (n = 3 per group,
*P < 0.01). Values are means + s.d.

siRNA or docetaxel alone (data not shown). These results show that
the growth of docetaxel-resistant MDA-MB-231/MDR1 tumors
was suppressed by administration of RPN2 siRNA and docetaxel.
Thus, RPN2 silencing is effective for the suppression of tumor growth
in two models for docetaxel-resistant breast cancer in the presence
of docetaxel.

RPN2 siRNA delivery augments docetaxel-induced apoptosis
MCF7-ADR tumors treated with RPN2 siRNA were investigated for
apoptotic activity after docetaxel treatment for 3 d. TUNEL staining of
tumor tissue treated with RPN2 siRNA revealed a significant number
of apoptotic cells relative to the number in nontargeting control
siRNA-treated tumors (P < 0.1, Fig. 4ef). In contrast, RPN2
siRNA—transduced tumors in the absence of docetaxel showed no
marked apoptotic cell death (Fig. 4ef). We have also previously
shown that atelocollagen alone does not induce any cytotoxic or
inflammatory effect when it is injected into mice®»?, In a subsequent
experiment, the mRNA levels of RPN2 in treated tumors were
measured. RPN2 expression was significantly reduced in mouse
tumors after combined treatment with RPN2 siRNA and docetaxel
(P < 0.05, Pig. 4g). Furthermore, the RPN2 protein abundance in
treated tumors was markedly downregulated by RPN2 siRNA
(Fig. 4h). Thus, these results altogether indicate that RPN2 siRNA
induces tumor inhibition via augmentation of docetaxel-induced
apoptotic cell death in vivo.

To examine docetaxel retention in the tumors in the in vivo
experiment, we performed drug disposition analysis, Eleven hours
after docetaxel administration, we dissected the tumors and deter-
mined the amount of docetaxel incorporated into the tumors by
HPLC with ultraviolet detection at 225 nm after solid-liquid extrac-
tion, We detected docetaxel in tumors that had received RPN2 siRNA
{n = 4) at a range of 667 to 1400 ng per wet gram of tissue (Fig. 4i). In
contrast, the tumors that received control siRNA (1 == 4) showed a
very low amount of docetaxel (~10 ng per wet gram of tissue).
Thus, the results clearly indicate that abrogation of RPN2
expression in drug-resistant tumors results in docetaxel accumulation
in those tumors.

RPN2 siRNA reduces N-linked glycosylation of MDR1

The mammalian RPN2 gene encodes a type I integral membrane
protein found only in the rough endoplasmic reticulum?26, The
RPN2 protein is part of an N-oligosaccharyl transferase complex that
links high mannose oligosaccharides to asparagine residues found in
the N-X-S/T consensus motif of nascent polypeptide chains?’. The
expression of the multidrug transporter P-glycoprotein, encoded by
MDRY], is one of the causes of clinical drug resistance to taxanes. Real-
time RT-PCR analysis showed that MCF7-ADR cells expressed abun-
dant MDR! mRNA, whereas parental cells did not (Fig. 3c). In
addition, the MDR1 mRNA amount was not significantly decreased
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