Growth inhibition of bepatoma cells by PEG-IFN-aZb

effects than PEG-IFN-02b. In addition, IFNAR-
2 expression in the tumor of mice decreased,
particularly in mice that received PEG-IFN-
o2b. This was considered to be due to IFNAR-
2 expression being down-regulated as 2 result of
the long-term continuous action of PEG-IFN-
o2b, and this is consistent with the in vitro
findings. The above indicates that even if IF-
NAR-2 expression is down-regulated, antitumor
offect does not decrease but, in fact, increases due
to continuous action. In contrast, Krepler et al.
(41) compared antitumor effects of PEG-IFN-
o2a and non-PEG-IFN-02a in a human mela-
noma SCID mouse xenotransplantation model
and found no significant differences in tumor
growth inhibition. We presume that this opposite
result is attributable to the difference in the
experimental conditions. For example, in their
study, mice received extremely high doses of PEG-
and non-PEG-IFN-02a, i.e., mice received 200 ug
of PEG-IFN-02a (45000 pg/kg) that is five or 10
times larger than the clinical dose for chronic
hepatitis C patients (90-180 pg/body, 1.8-3.6ug/
kg). In addition, it is not clear whether the
amounts of PEG- and non-PEG-IFN-t2a admi-
nistrated to mice were equivalent in antiprolifera-
tive effects on the melanoma cells in vitro.

The induction of apoptosis is known as a
mechanism of the in vivo antiproliferation activity
of PEG-IFN-a2b. However, the induction of S-
phase arrest that was observed in vitro was not
clear in vivo in terms of the labeling index of
BrdU. This was the same as the finding on the
mechanism of the antiproliferation activity of
IFN-aConl in mouse tumer (12). It is surmized
that apoptosis holds the dominant position over
the S-phase arrest when tumor cells in vivo were
treated with TFN-a for 2 weeks. This point should
be further investigated. Antiangiogenesis activity
is one of the biological effects of IFN-o, and the
administration of IFN-« to patients with vascular
tumors, e.g., Kaposi sarcoma, results in the sig-
nificant regression of tumor lesions (1, 4). IFN
administration suppresses the growth of human
tumor that was transplanted to mice through an
antiangiogenesis effect (12, 31, 42-45). Tedjarati
et al. (44) found that once per week injection of
7000 U of PEG-IFN-o2b into nude mice bearing
ip growing human ovarian carcinoma cells in-
hibited angiogenesis and tumor growth and that
PEG-JFN-c2b administered at higher or lower
doses was less effective. In our current study,
however, significant antiangiogenesis effect was
not observed at any dose. In another study that
we conducted examining a consecutive 14-day
administration of 5000 IU/mouse/day of BALL-
1 IFN-a to mice that had subcutaneous trans-

plantation of HAX-1B tumor, a slight increase in
the number of blood vessels and an increase of
the three angiogenesis factors were observed (46).
On the other hand, another study that used 0.01
or 0.1 pg/mouse of IFN-zConl showed a signifi-
cant decrease in the number of blood vessels (12).
Further studies are necessary both in vitro and in
vivo with various IFNs such as IFN-o and IFN-f
to clarify whether the antiangiogenesis effects are
attributable to the type of IFN. In addition, more
studies are also needed to investigate the mechan-
ism of antiproliferative effects including antian-
giogenesis, the expression of IFNAR-2 and its
relationship to antiproliferative effects using
other HCC cells.

In the HCC cell line HAK-1B, continuous
contact with PEG-IFN-¢2b induced the down-
regulation of IFNAR-2 and a potent antiproli-
ferative effect that is stronger than the effects of
non-PEG-IFN-o2b. The antitumor effect of
PEG-IFN-02b was expressed at approximately
1/3 of the clinical dose, and this suggests that
PEG-IFN-02b administration to patients with
chronic hepatitis C would be effective in the
prevention of hepatocarcinogenesis and the re-
currence of HCC.
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The eukaryotic Y-box-binding protein-1 (YB-1} is involved in
the transcriptional and translational control of many biological
processes, including cell proliferation. In clinical studies, the
cellular level of YB-1 closely correlates with tumor growth and
progrosts, To understand the role of YB-1 In vivo, especially in
the developmental process, we generated YB-1 knock-out mice,
which are embryonic lethal and exhibit exencephaly associated
with abrormal patterns of cell proliferation within the neuro-
epithelium. B-Actin expression and F-actin formation were
reduced in the YB-1 null embryo and YB-I~/" mouse embryonic
fibroblasts, suggesting that the neural tube defect is caused by
abnormal cell morphology and actin assembly within the neuro-
epithelium. Fibroblasts derived from YB-1~/~ embryos demon-
strated reduced growth and cell density. A colony formation
assay showed that YB-1~"~ mouse embryonic fibroblasts failed
to underge morphological transformation and remained con-
tact-inhibited in culture. These results demonstrate that YB-1is
involved in early mouse development, including neural tube clo-
sure and cell proliferation.

The Y-box protein family is characterized by a highly conserved
cold-shock domain that binds nucleic acids and shares homology
with the prokaryotic cold-shoclc proteins (1, 2). The human Y-box-
binding gene, YB-1, is located on chromosome 1p34 (1). YB-1 has
multiple functions but was initially identified as a transcription
factor that associates with the Y-box sequence of the major histo-
compatibility complex class 11 genes (3).

YB-1 promotes cell proliferation through its transcriptional
regulation of target genes such as proliferating cell nuclear anti-
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gen (PCNA),? epidermal growth factor receptor, DNA topoi-
somerase Ile, thymidine kinase, and DNA polymerase « (4, 5).
We previously reported its role in the transcriptional activation
of hurnan multidrug resistance 1 (MDRI) and DNA topoi-
somerase [l in response to various environmental stimuli (6,
7). In addition, it has been shown to chaperone RNA, modify
chromatin, participate in the translational masking of mRNA,
and be involved in stress responses such as the redox signaling
pathway (8). Eukaryotic Y-box proteins also regulate gene
expression at the translational level through their recognition
of RNA (9-11), and therefore play critical roles in both mRNA,
turnover and translational control.

YB-1 protects mammalian cells from the cytotoxic effects
induced by DNA damage. We previously reported that human
cancer cell lines overexpressing YB-1 resist cisplatin, whereas
the reduction of YB-1 itself leads to increased sensitivity to
cisplatin, other DNA-interacting drugs, and UV irradiation (2).
YB-1 is mainly localized in the cytoplasm, but translocates to
the nucleus following UV irradiation of cells or treatment with
anticancer drugs (12). YB-1 binds directly to repair-associated
proteins such as PCNA and p53 (13), whereas proteolytic cleav-
age of the C-terminal fragment is linked to stress induced by
DNA damage (14). ;

In clinical studies, the cellular level of YB-1 has been shown
to correlate with tumor growth and prognosis in cancers of the
ovary, lung, and breast (15). Moreover, overexpression or the
nuclear presence or absence of YB-1 plays a critical role in
P-glycoprotein expression, malignant progression, poor prog-
nosis, and glohal drug resistance (2, 15, 16).

To understand how YB-1 proteins exert their multiple func-
tions, we previously established mouse embryonic stem ceil
lines with a heterozygously targeted disruption of the YB-1 gene
(¥YB-1"'"), and we demonstrated their hypersensitivity to cyto-
toxic agents such as cisplatin and mitomycin C (17).

Here we carried out targeted disruptions of the mouse YB-1
gene to elucidate the role of YB-1 molecules in vivo. We show
that YB-1 plays a critical role in early development in mice. The
targeted disruptions were fatal in the late embryonic stage, and

2 The abbreviations used are: PCNA, proliferating cell nuclear antigen; MEF,
mouse embryonic fibroblasts; PBS, phosphate-buffered saline; siRNA,
srmall interfering RNA; FITC, fluorescein isothiocyanate; PI3K, phosphatidyl-
inosital 3-kinase; NTD, neural tube defect; E, embryonic day; S6K, p70 561,
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Embryonic Lethality of YB-1-deficient Mice

TABLE1
YB-1 deficiancy causes embryonic lethality

Embryos at the indicated stages were [solated from intercrosses of heterozygous animals, and the total numbers (1) of intact as well as disintegrated or resorbed embryos
werve counted. For calculation of % expected (=f=): a{—/—) X 100 X 3/u{+/+) + n(+/-).

Stage Litters Embryos + +/- -f= Abnormal (—/=) % expected {—/—)
E10.5 15 120 7 59 34 2 118
El115 13 £6 17 33 15 9 94
E125 14 82 18 18 16 16 73
E13.5 18 120 36 50 34 34 118
E14.5 12 81 18 50 13 13 57
El15.5 7 56 18 25 11 11 77
E165 . 3 17 5 g 3 3 64
E17.5 9 55 26 25 3 3 18
E18.5 3 28 5 20 1 1 12
0 0
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animals showed defects in the anterior neural tube. Further-
more, we investigated the role of YB-1 in cell proliferation and
the transformation activity of MEFs.

EXPERIMENTAL PROCEDURES

Animals—Animals were mated overnight, and the females
were examined for a vaginal plug the following morning. Noon
on the day of vaginal plug detection was recorded as day EQ.5.
All animal experiments were carried out according to the
guidelines for animal experimentation at Kyushu University,
Japan, and the University of Occupational Environmental
Health, Japan. All experimental protocols were approved by the
ethics committee of Kyushu University and the University of
Occupational Environmental Health, Japan,

In Situ Hybridization—In situ hybridization of digoxygenin-
labeled probes was performed as described previousty (18}, The
digoxigenin-labeled hybridization probe was prepared from an
in vitro transcription system (Promega, Madison, WT) using the
mouse YB-1 full-length ¢cDNA. (11).

Generation of YB-1 (MSY-1)-deficient Mice—Embryonic
stem cells were transfected with the linearized targeting con-
struct that deleted exons 5 and 6 of mouse YB-1 (MSY-1) (17},
and recombinant clones were selected and microinjected into
C57BL/6 mouse blastocytes. Chimeric males that transmitted
the mutant allele to the germ line were mated with C57BL/6
females, and germ line transmission of the mutant allele was
confirmed by Southern blot analysis (17). Heterozygous off-
spring were intercrossed to produce homozygous mutant ani-
mals. For embryo genotyping, DNA was extracted from the
corresponding embryonic tissue removed from microscope
sections and amplified by 30 cycles of PCR at 94°C for 30 s,
58 °C for 30 s, and 68 °C for 1 min using the following primers:
¥B5-1, 5'-GGAAACCATGTGGAGATGTC, and YB3-1, 5'-
GGAGGTTCAAAAGCACACTC (wild-type allele); neo5, 5'-
GATTGCACGCAGGTTCTCCG, and neo3, 5'-CAAGAAG-
GCGATAGAAGGCG {mutant allele).

Immunohistochemisiry—Cells seeded the previous day on
glass coverslips were washed with phosphate-buffered saline
(PBS), fixed with 3.7% formaldehyde for 30 min, rinsed twice
with PBS, and then incubated with PBS containing 0.1% Triton
X-100 (Sigma) for 30 min. Next, the coverslips were washed
with PBS, incubated with 10% goat serum for 1 h at reom tem-
perature in a humidified container, and then incubated for 1 h
with FITC-conjugated phalloidin (Sigma). After washing three
times with PBS, glass slides were mounted using Slowfade

"@"5 S
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mounting medium {Molecular Probes). FITC-conjugated phal-
loidin (Sigma) was diluted 1:200 and used to detect F-actin
organization in mouse tissue and MEF cells.

Intmunoblot Analysis—Embryos (E11,5) and MEF cells were
lysed with radioimmunoprecipitation {RIPA) buffer {50 mm
Tris-HCl, pH 7.5, 1 mm EDTA, 150 o NaCl, 0.1% SDS, 0.5%
sodium deoxycholate, and 1% Nonidet P-490} and subjected to
immunoblot analysis as described previously (17) using poly-
clonal antibodies against YB-1 (19} and monoclonal antibodies
against B-actin (AC-15; Sigma), EF-1 (Upstate, Charlottesville,
VA), p70 S6K (BD Biosciences), elF4E (BD Biosciences), Akt
(9272; Cell Signaling, Danvers, MA), and PCNA (sc-56, Santa
Cruz Biotechnology, Santa Cruz, CA). Band intensities were
measured by Image Gauge (Fujifilm, Tokyo, Japan}.

Immunohistochemical Analysis of Mouse Embryo Sections—
Mouse embryo tissue was fixed with 10% buffered formalin and
embedded in paraffin. Sapittal sections (5 pm thick} were cut
and mounted on silane-coated glass slides. After routine depar-
affination and rehydration through gradient ethanol immer-
sions, the slides were steam-heated for 20 min to expose the
antigen. Endogenous peroxidase activity was quenched using
3% (v/v) H,O, followed by three 5-min washes in PBS contain-
ing 0.2% (v/v) Triton X- 100, and the sections were blocked with
10% (v/v) normal goat serum in PBS. Specimens were incubated
for 1 h with the YB-1 and S-actin antibody diluted in PBS con-
taining 0.3% (v/v) Triton X-100 and 0.1% (w/v) bovine serum
albumin, followed by three 5-min washes in PBS, and then incu-
bation with the FITC-conjugated goat anti-rabbit antibody
(Kirkegaard & Perry Laboratories, Gaithersburg, MD) for 30
min, Specimens were counterstained with hematoxylin for 30's
and washed with tap water. The sections were immediately
dehydrated by sequential immersion In gradient ethanol and
xylene, then mounted with Permount (ProSciTech, Australia),
and coverslips. Images were obtained using a Leica DMRX
upright microscope coupled with a digital camera (Leica,
Germany).

Culture of Mouse Embryonic Fibroblasts (MEF)—Heterozy-
gous male and female mutant mice were bred to obtain wild-
type (YB-1*/*), heterozygous (YB-I""), and homozygous
mutant {(YB-1""") embryos. Mouse embryonic fibroblasts were
cultured in Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum. Outgrowths were inspected daily, and their
development was monitored by photography.

Proliferation Assay—Cells (1 X 10*) were seeded in triplicate
in 35-mm dishes and grown under high serum (10% fetal bovine
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FIGURE 1. Exencephaly in YB-1™'" embryos. A4, PCR genotyping of yolk sac
DNA from nine E11. 5 embryos, M, size marker. Bands of 650 bp of wild-type
(W and 865 bp of mutant (disrupted) are shown, Total embryo protein
(E11.5) was isolated, and the amount of YB-1 protein was determined by
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serum) conditions, Dishes were trypsinized and counted daily
using a Coulter-type cell size analyzer (CDA-500, Sysmex,
Kobe, Japan).

Transformation Assay—Cells (3 X 10%) were seeded in trip-
licate in 10-cm dishes and maintained in Dulbecco's modified
Eagle’s medium supplemented with 10% fetal bovine serumand
antibiotic-antimycotic (Invitrogen). Growth medium was
changed every 3 days. After 14—16 days, transformation effi-
ciency was evaluated by counting individual foci. All transfor-
mation assays were repeated at least three times, Representa-
tive plates were stained with Giemsa and photographed.

Anchorage-independent Growth—Growth in soft agar was
assayed in 35-mm dishes prepared with a lower layer of 0.7%
agar (Invitrogen) overlaid with top agar (0.4%} containing 5 X
10® suspended cells. Cells were fed every 3 days with media.
Fifteen days after plating, colonies were stained with 2% crystal
violet, and colonies with >50 cells were counted on an inverted
microscope (Olympus, Tokyo, Japan).

Knockdown Analysis Using siRNA—siRNA transfections
were performed according to the manufacturer’s instructions
{Invitrogen), Bricfly, cells cultured in 35-mm dishes were
transfected with stealth RINA interference-negative control
duplexes and YB-1 siRNA oligonucleotides (CAACGUCG-
GUAUCGCCGAAACUUCA) at a final congentration of 100 uM
using Lipofectamine 2000 (Invitrogen). After transfection, cell
number and cell volume were quantified using an electronic sizing
technigue with a CDA-500 Coulter-type cell size analyzer (Sys-
mex). Cells were also harvested for Western blotting (17).

RESULTS

Disruption of YB-1 Causes Embryonic Lethality—To eluci-
date the function of YB-1 during mouse development, we used
gene targeting to generate YB-1-deficient mice. Although the
heterozygous offspring appeared normal and fertile (Table 1),
Southern blot analysis of tail DNA from 3-week-old mice
revealed that no live animals (of 144 births from heterozygote
crosses) were homozygous for the YB-I mutation. Thus, loss of
YE-1 results in embryonic lethality. ,

To determine the time at which the YB-1 mutant becomes
lethal, we examined embryos from YB-1+/" intercrosses at var-
ious developmental stages. PCR genotyping data of nine mouse
embryos at E11.5 revealed two wild-types, five heterozygotes,
and two homozygous mutants, in accordance with the expected
Mendelian ratio (Fig, 14 and confirmed by PCR with four addi-
tional primer sets; data not shown). In contrast to wild-type
emburyos, the growth of YB-1"" embryos appeared retarded as
early as EI0.5 (Fig. 1B). Most YB-1™"" embryos had been
resotbed by E17.5 and YB-1"/" embryos died between E14.5
and E18.5 (Table 1). The phenotype of ¥B-17"" embryos
includes retarded growth, hemorrhage, and severe anemia but
is otherwise normal in appearance (Fig. 1C).

Western blotting using a polyclonal YB-1 antibody (fower panel). 8, ¥YB-1/*
and ¥B-17"~ embryos at E11.5 to E14.5 stages of development, Exencephaly
was observed in various embryonic stages of YB-1 null mice. Arrow indicates
brain tissue outside of the calvarium in exencephalic embryos. §, ¥8-1%/* and
¥B-1~"~ embryos at E105 stage of development. YB-1~/~ embryos show
severe hemorrhage (bottom left panel) and anemia {(bottom right panel} in
comparison with wild-type embryas (top panefs).
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4 FIGURE 2. YB-1 exprassion in embryonic tissues. A, nonradioactive in situ hybridization of wild-type E13.5 mouse embryos with antisense or sense YB-1-
specific prabes shows that YB-1is expressed in the whole embrya region, Sense, negative control; H&E, hematoxylin and eosin staining. Scale bar = 2mm. 4, in
situ hybridization of witd-type E13.5 embryos showing expression of YB-1 in mouse organs. Left panel, scale bar = 100 pm. Right panel, scale bar = 20 pm.
€, immunohistachemistry showing YB-1 expression in wild-type and YB-1 nullE13.5 embryos. No stalning was observed in the ganglion of the YB-1~/" mouse.
Scale bar = 100 pm. ’

4] Mouse YB-1 Is Expressed in Most Tissues during Embryogene-  system, lung, kidney, and heart (Fig. 2C}. YB-1 was predom-

=l sis—We reported previously that human YB-1 is expressed inantly localized to the cytoplasm region in wild-type

ubiquitously in the adult (19). The YB-1 transcript and protein
have also been detected in mouse embryonic stem cells (17). To
determine whether the expression of mouse YB-1 is develop-
mentally regulated, we performed in situ hybridization on
mouse embryos tissue sections at E13.5. We found that mouse
YB-I mRNA is expressed at whole body, specifically at high
levels in the brain region (Fig. 2, A and B). Expression in the
brain is widespread, with some enrichment in the cortical plate,
diencephalons (thalamus), roof of the neopallial cortex, and
choroid plexus extending into lateral ventricle, midbrain, and
cerebellar primordium (Fig. 2B). YB-I mRNA is also strongly
expressed in the posterior mesoderm, the craniofacial region,
root ganglion, kidney, liver, head mesoderm, and in the devel-
oping heart (Fig. 2B). These data support a critical role for YB-1
expression during embryonic development.

YB-1 protein expression in E13.5 embryos is almost ubig-
uitous, with high expression detected in the central nervous

DECEMBER 29, 2006 *VOLUME 281-NUMBER 52

embryos. No expression was detected in either connective
tissues or bone of wild-type embryos and was absent from
YB-1""" embryos (Fig. 2C).

Neural Tube Closure Is Impaired in YB-1-deficient Mice—As
shown in Fig. 1B, ¥YB-1"/" embryos were smaller than their
wild-type littermates, although no gross abnormalities were
observed in organ or limb development. When examined at
E10.5 to E13.5, ~30% of the YB-1~/" embryos exhibited exen-
cephaly in the forebrain, midbrain, and hindbrain regions
(12/80 YB-1"/" embryos) (Fig. 1B). Almost all of the mutant
embryos were pale and anemic, as a consequence of severe
blood loss through hemorrhage (seen as petechial and paint-
brush pattexns in Fig. 1C).

Histological analysis of other parts of the mutant embryos
revealed that the YB-1 mutation does not affect organogenesis,
because all major organs were intact (data not shown). Exen-
cephaly typically reflects a defect in closure of the anterior neu-
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ral tube, which normally occurs between E8.5 and E9.5 (20). Fig.
3 showed a severe brain malformation characterized by exen-
cephaly, expanded midbrain, and a disrupted cortical zone.
Examination of older embryos (E13.5 to E15.5) revealed that the
mutant brains failed to develop further.

Frontal and cross-sections of the hindbrain region of the
E11.5 to E13.5 neural tube defect {NTD) embryos clearly dem-
onstrate incomplete neural tube closure (Fig. 3, B and C}, and
the anterior neural tubes of most E10.5 to E1L5 YB-17"
embryos failed to close with varying degrees of severity. No

other cranial or neural tube abnormalities such as holoprosen- -

cephaly or impaired caudal neural closure were observed.
Those YB-1I"" mice that achieved skull closure also possessed
major brain structures but demonstrated retarded develop-
ment of the maxilla and mandible {Fig. 3D). Most E15.5
YB-1""" embryos had a subcutaneous edema of the whole body
(Fig. 3D), which was not observed in wild-type and heterozy-
gous mice. Moreover, fetal livers of YB-1~"" embryos were
smaller than those of their ¥YB-17"" and YB-17/" littermates,
which is suggestive of hepatic hematopoiesis (Fig. 3E). YB-17"~
embryos were also ancmic as a result of macroscopically detect-
able defects in erythropoiesis of the fetal livers (Fig. 3E). These
data suggest that exencephaly, smaller size of organ, and severe
hernorrhage account for the embryonic lethality of the YB-1
mutation.

Enhanced EF-1 Expression in YB-1""" Embryos—Using
whole-cell extracis of eight E11.5 mouse embryus (YB-1**
(1 =1),YB-1*'~ (= 5),and YB-17/" {n = 2)}, the expression
of other proteins involved in the regulation of translation was
examined by immunoblotting. Western blotting using antibod-
ies against the YB-1 N- and C-terminal ends revealed that E11.5
YB-17/" embryos did not express either the full-length or the
truncated YB-1 protein (Fig. 44; data not shown). YB-1*"~
embryos expressed ~70-80% as much YB-1 as wild-type
embryos, The expression of the serine/threonine protein kinase
p70 S6K (S6K) was slightly reduced in ¥£-1 null embryos com-
pared with wild-type and heterozygous embryos, whereas
human eukaryotic translation initiation factor 4E {eIF4E), Ak,
and PCNA expression was unchanged. However, translational
elongation factor-1 (EF-1) was overexpressed in YB-I -/
embryos, which might reflect a compensatory mechanism.

Decreased Proliferation in YB-17"" MEFs—To examine the
molecular basis of YB-1 in cellular proliferation, we established
MEFs from wild-type (1 = 4), YB-I""" (n = 4), and YB-17/~
{n = 4} embryos from three independent litters at E13.5. Met-
erozygous MEFs (numbers 2, 56, 72, and 73) expressed approx-
imately half as much YB-1 as wild-type MEFs, whereas YB-I
null MEFs (numbers 3, 60, 74, and 75) expressed no YB-1.
PCNA expression was comparable between all MEFs (Fig. 4B).

Embryonic Lethality of YB-1-deficient Mice

During the first three passages, cell proliferation and popu-
lation doubling was comparable between YB-1*/*, YB-1*"",
and YB-1"" MEFs. From passages 4 to 5 onward, all YB-17"~
MEFs analyzed showed greatly reduced proliferation and a
reduction in cell numbers under base-line culture conditions
{Fig. 4C). YB-17" and YB-I1"* MEFs proliferated at a similar
rate. YB-1""~ MEFs exhibited premature senescence and an
extended crisis as determined by an enlarged and flattened cell
morphology (Fig. 5B). After 100 days of culture, ¥B-1~"~ MEF
cells showed reduced cell proliferation and density, which
could be completely recovered to wild-type levels by expression
of the YB-1 vector (Fig. 4D). YB-1 expression from this vector
was confirmed by Western blotting (Fig. 4B8). These data dem-
onstrate the importance of YB-1 in cell proliferation and main-
taining cell morphology.

NTD and Actin Assembly—NTDs involving mutations in
genes that regulate actin arrangement at the cell membrane or
play alternative roles in actin synthesis have been reported pre-
viously (21). In all cases, the defects included exencephaly
caused by a failure of cranial neural fold elevation, as observed
in the YB-1""~ cmbryos. In addition, YB-1 has been shown to
associate with B-actin mRINA and the actin protein {11, 22). We
used immunofluorescence to investigate whether S-actin syn-
thesis and rearrangement are affected in EI3.5 YB-I"""
embryos, and we showed that S-actin protein levels were
greatly reduced in the cephalic region of the ¥B-1 null embryo,
in compatison with the wild type (Fig. 5A4).

Phalloidin staining of E13.5 brain sections revealed a sub-
stantially decreased accumulation of F-actin along the basal
edge of neuroepithelial cells in the null mutant embryo com-
pared with the wild type (Fig. 5B). These data suggest that the
reduced B-actin levels and F-actin filament formation might be
responsible for the NTDs of YB-1~"~ embryos. In some mutant
animals, a reduced apical constriction of the neuroepithelial
cells within this region was also observed.

We next examined the role of ¥B-1 in cell morphology and
organization of the actin cytoskeleton. Wild-type MEFs had an
elongated morphology and an F-actin-rich polarized cytoskel-
eton. In contrast, YB-1~"~ MEFs were round in shape, with
lower cell density (Fig. 5B). Most strikingly, mutant cells lacked
appreciable F-actin structures such as fibers or bundles.
Instead, a smallamount of F-actin was seen as a fuzzy phalloidin
signal that was consistently found in the subcellular region
rather than in the cell perimeter (Fig. 5B). These results show
that YB-1 is essential for organizing F-actin and maintaining
the cell shape of MEFs.

As YB-1 possesses RNA binding activity and has been shown
to repulate protein synthesis and mRNA stability (11, 23), we
next investigated the interaction of YB-1 with 3-actin mRNA.

FIGURE 3. Neura! tube defects in YB-T mutant mice. A, histological profile of sagittal sections at E10.5 showing exencephaly and defective development of
cephalicarea in mutantembryos. hb, hindbrain; mb, midbrain; ne, neuroepithelium. Scale bar = 1 mm. B, histological profile of whole E11.5-13.5 embryofrontal
sections stained with hematoxylin and easin staining showing severe disturbance of cephalic area in exencephalic embryos, YB-1~/~ mutants exhibit open
neural tubes. Scale bar = 200 jum. G, cross-sections of wild-type and YB-17"" E12.5 to E13.5 mouse embryos showing defective neural tube closure. Yg-17/~
mouse embryos were surrounded by the everted neuroectoderm of the midbrain and hindbrain, 3rdV, third ventricle; LV, lateral ventricle; mv, mesencephalic
vesicle; po, pons. Scale bar = 1 mm. D, sagittal sections of wild-type and YB~1 '~ E14.5 to E15.5 mouse embryos showing defective neural tube closure and
exencephalic phenotype of the mutant embryo (upper right panel). Some YB-1~/* embryos (bottem center panels) exhibit anterior brain structure, skull closure,
and size comparable with wild-type littermates. ms, mesencephalon; me, medulla; te, telencephalon; di, diencephalen; sp, spinal cord. Scale bar = 1 mm.
E, sagittal sections of wild-type and ¥B-17/" E14.5 to E15.5 mouse embryos showing smaller liver size of the mutant embryo (right panel). Erythrocytes {arrow)

are present in YB-1+/* liver region, but not in YB-1"/" liver (fower panel).
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FIGURE 4. Elevated EF-1 expression in YB-1"~ embryos and decreased
growth of YB-T~~ MEFs. A, Western blot analysis of protein expression in
£11.5 embryonic mause tissues. Total protein derived from eight PCR-geno-
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FIGURE 5, Actin expression in the brain of wild-type and mutant embryos.
A, at low magnification, -actin was shown to be ubiquitously expressed in
wild-type embryos; however, YB-1~/~ embryos demonstrated local reduc-
tion and derangement of B-actin expression. This is especially obvious in
connective tissue-filled central nervous system sugportive tissues, B, immu-
nohistochemistry with FITC-phalloidin was performed in E10.5 mouse
embryos (top panels) and MEFs (bottom panels). Mutant embryos showed
reduced F-actin structures, Normal cytoskeletal structures can be seen in
wild-type MEFs, Stress fiber formation was reducedin YB-1™~ MEFs, and ¢ells
were flatter and farger than wild-type MEFs.

An in vitro RNA gel shift assay was performed using purified
recombinant YB-1 and a probe corresponding to full-length
B-actin mRNA. Recombinant YB-1 clearly bound to B-actin
mRNA, whereas the control glutathione S-transferase protein
failed to do so (supplemental Fig. 14). To determine whether
the interaction occurs in vive, we performed reverse transcrip-

typed mouse embryo tissues (50 ug of protein per lane) was immunoblotted
using a specific antibody against YB-1, EF-1, p70 S6K, elF4E, Akt, and PCNA.
Elevated levels of EF-1 were observed in Y8-17/~ MEFs {{anes 3 and 5). Relative
band intensity (%} is presented. B, establishment of MEFs, Western blot anal-
ysis of YB-1 and PCNA expression levels after establishment of immortalized,
PCR-genotyped MEF clones {feft panel) and immortalized YB-1 nulf MEF
clones transfected with a pIRES (control) vector or piRES-YB-1 plasmid (right
panel). C, growth curves of Y8-1**, YB-17/~, and YB-1™~ MEFs. One repre-
sentative experiment is shown, Population doubling curves were determined
using trypan blue exclusion. D, praliferation rate of MEFs as assessed by cell
counts. YB-1*/* (diamonds), YB-1+~ (squares), and YB-1~7" {triangles) were
inoculated at 5 X 10° cells/ml. The cell numbers were determined at the time
points indicated, Ectopic expression of wild-type YB-1 reversed the prolifera-
tion defect {right panel).
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FIGURE 6. Colony transformation activity was reduced in ¥B-1~/~ MEFs
but could be rescued by re-expression of YB-1. 4, three YB-17/" MEF cell
lines (middle panel} demonstrated reduced transformation activity compared
with wild-type MEFs (top panel), foliowing 2% Giemsa staining. Introduction
of recombinant YB-1 restored the transformation activity (battom panef).
B, three YB-1~"~ MEF cell lines demonstrated reduced colony forming activi?(
compared with wild-type MEFs, following 2% crystal viclet staining. Cells
were assayed in triplicate.

tion-PCR using B-actin-specific primers on mRNA. isolated by
co-immunoprecipitation with YB-1. B-Actin transcript was
amplified from wild-type but not from YB-17/~ MEFs (supple-
mental Fig. 1B), suggesting that YB-1 indeed interacts with
B-actin mRNA in MEFs. This interaction might regulate the
activity or availability of B-actin in protein synthesis.

Reduced Anchorage-independent Growth by YB-1""" Cells—
We established three wild-type and three YB-1~"" immortal-
ized MEF lines after continuous culturing for more than 6
months to investigate their spontaneous transformation ability
in vitro, Although the wild-type cells did not show any signs of
a decrease in proliferative rate, YB-1""" MEFs failed to
undergo morphological transformation and remained contact-
inhibited after 2 weeks of cultivation (Fig. 64, upper and middle
panel). Following re-expression of fransgenic YB-1, how-
ever, the MEFs underwent morphological transformation,
whereas vector-only transduced MEFs failed to do so (Fig.

e
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6A, lower panel). Furthermore, a one-fifth reduction in
anchorage-independent growth was observed in the
YB-17"~ MEF clones (Fig. 6B).

To confirm these results, we investigated whether knock-
down of endogenous YB-1 via siRNA affected cell growth and
size. The siRNA oligonucleotide was directed against the YB-1
C-terminal region, with the exception of the cold-shock
domain. Western blot analysis of siRNA-transfected MEFs
revealed that YB-1 protein levels were reduced to 20% of wild-
type levels 72 h after transfection (Fig. 74). YB-1 siRNA-trans-
fected MEFs also showed a reduced growth rate and were ~10%
larger (22 pm in diameter) than the negative control trans-
fected MEFs (20 pom in diameter) (Fig. 7, B and C). This phe-
nomenon was consistent with ouwr earlier observations of
YB-1—/~ MEFs (Fig. 5B) and shows that YB-1 is involved in
both regulating cell growth rates and cell size. In an anchorage-
independent transformation assay in soft agar, YB-1 expressing
MEFs (number 70) showed morphological transformation, but
sIRNA-transfected MEFs demonstrated reduced transforma-
tion activity (Fig. 7D). These results confirm our earlier finding
that YB-1 is necessary for anchorage-independent transforma-
tion activity (see also Fig. 64).

DISCUSSION

This study demonstrates that YB-1 plays a critical role in
DNA repair, transcription, mRNA turnover, and translational
cantrol. Previously, Lu el al. {24) reported that targeted disvup-
tion of ¥B-1 exon 3 {encoding part of the cold-shocl domain)
causes embryonic lethality and showed that YB-1 is important
for cellular stress responses and prevention of premature senes-
cence after E13.5. In this study, we demonstrated that YB-1"""
embryos exhibit severe growth retardation and progressive
mortality after E10.5, revealing a nonredundant role for YB-1in
early embryonic development, OQur study design disrupted
YB-1 exons 5 and 6, encoding a nonspecific RNA binding region
of the protein, Western blot analysis using an antibody against
the YB-1 C terminus revealed that the YB-1 protein was com-
pletely absent from the E13.5 YB-1~"~ embryo (Fig. 44).

In this experiment, we first demonstrated that B-actin
expression and F-actin formation were reduced in the ¥YB-1
null embryo and YB-17"" MEF, suggesting that the neural
tube defect is caused by abnormal cell morphology and actin
assembly within the neuroepithelium. We also showed that
YB-1"/~ MEFs failed to undergo morphological transforma-
tion in culture cells and suggested that YB-1 is involved in
cell proliferation.

Although only 20% of YB-1 null mutant mice showed exen-
cephaly (Table 1), this is not an unusual finding, as mouse
embryos subjected to inactivation of a critical gene via homol-
ogous recombination rarely show NTDs with complete pen-
etrance (25). As an NTD phenotype, exencephaly reflects the
failure of neural fold elevation in well defined, mechanistically
distinct elevation zones (26). The genes mutated in several
mouse NTD models that are involved in actin regulation (Abl/
Arg Marcs, Mena/Profilinl, Mlp, Sprm, Vel) support the pos-
tulated role for actin in neural fold elevation and suggest that
the NTDs are caused by an absence of the morphogenetic force
normally provided by the apical redistribution of actin (25). We
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teins might coordinate in their reg-
ulation of B-actin mRNA localiza-
tion, protection, and protein
synthesis at the correct site. Further
elucidation of this interaction
should improve the understanding
of the molecular mechanisms
behind B-actin regulation.
The role of YB-1 in cell prolifera-
tion might be executed through its
interaction with actin (22), as actin
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FIGURE 7. siRNA-mediated Y8-1 knockdown in MEFs. A, immunoblot analysis of YB-1 siRNA-transfected
MEFs, Wild-type MEFs were transfected with ¥B-1 siRNA, and total cell lysate {50 11.g) was harvested atvarious
time points following transfection and analyzed for indicated protein. Seventy two hours after transfection of
siRNA, YB-1 protein levels had reduced by 20%. B, proliferation rate of siRNA-mediated MEFs, YB-1 siRNA-
transfected celis demonstrated growth retardation compared with wild-type MEFs. G, cell size of sIRNA medi-
ated MEFs. The cell diameter of transfected MEFs was . measured .0 and 72 h after transfection with a.Coulter-
type cell size analyzer, siRNA-transfected cells demonstrated a larger size (average diameter 22 pm) compared
with wild-type cells {(average diameter 20 zm). Experiments were performed in triplicate. D, siRNA-transfected
cells demonstrated reduced colony forming activity compared with wild-type MEFs, following 2% crystal violet

staining.

observed that YB-1 impairs translation of the B-actin transcript
in a rabbit reticulocyte translation system (data not shown).
Similar results have been reported for S-actin (27} and a-globin
mRNAs (28). The strong, nonspecific in vitro binding of YB-1 to
mRNA inhibits translation (29) and is a possible mechanism for
regulating actin activity or its availability in protein synthesis.
This is consistent with our finding that disruption of YB-1 leads
to low B-actin levels and reduced actin assembly (Fig. 5).
Recently, the localization of 8-actin mRINA to sites of active
actin polymerization has been shown to modulate cell migra-
tion and neurite outgrowth (30). This localization requires the
oncofetal protein Zipcode-binding protein 1 (ZBP1}), which
promotes translocation of the S-actin transcript to actin-rich
protrusions in primary fibroblasts and neurons. ZBP1 associ-
ates with the B-actin transcript in the nucleus and prevents
premature translation in the cytoplasm by blocking translation
initiation. Interestingly, Matsumoto et al (27) reported an
interaction between YB-1 and ZBP1, suggesting that both pro-
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siRNA

chicken Y-box protein gene in
DT40 cells results in major defects
in the cell eyde (33). In this study,
no difference in cyclin A and cyclin
B expression was observed in
YB-1""" mouse embryos or MEFs
(data not shown), suggesting that
the expression level of these pro-
¥ teins did not cause the embryonic
sifNA lethality and abnormality of the
YB-17/" mice.

Bergmann et al. (34) showed that
transgenic mice expressing human
hemagglutinin-tagged YB-1 devel-
oped diverse breast carcinomas
through the induction of genetic
instability caused by mitotic failure
and centrosome amplification. We
observed the spontaneous transfor-
mation of wild-type MEFs but showed that YB-17"" MEFs
failed to undergo morphological transformation and remained
contact-inhibited (Fig. 68). Re-expression of YB-1 restored the
transformation activity suggesting that YB-1 is necessary for
tumor promotion. Indeed, overexpression of YB-1 mRNA and
protein is a hallmark of several human malignant diseases (2,
34}, whereas the level of YB-1 protein expression has been
linked with the prognosis of breast cancer patients and resist-
ance to chemotherapeutic agents (5).

The nuclear translocation of YB-1 requires phosphoryla-
tion by the signal transduction protein Alt (35}, which plays
a role in tumor formation and progression. Evdokimova et al.
(36) reported that phosphorylation by Akt also regulates the
association of YB-1 with the capped 5' terminus of mRNA
and that activated Akt might relieve translational repression
of YB-1-bound mRNA. We investigated the level of Akt pro-
tein in wild-type and siRNA-mediated YB-1 knockdown
MEFs, but no difference was detected (Figs. 44 and 74),
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suggesting that YB-1 does not affect Akt protein levels in
MEFs.

Target of rapamycin is a downstream kinase in the P13K/
Akt signaling pathway that phosphorylates S6K and transla-
tion initiation factor 4E-binding protein (4EBP), thus regu-
lating translation (37). We also observed that S6K protein
levels were reduced in YB-1 null mouse embryos, suggesting
that YB-1 might be involved in this PI3K signaling pathway.
Indeed, YB-1 is transcriptionally down-regulated in PI3K-
transformed and Akt-transformed cells (29, 38). YB-1 acts
downstream of the target of rapamycin, as the phosphoryla-
tion levels of S6IC and 4EBP are unchanged in YB-1-overex-
pressing cells (39). An independent line of evidence has
revealed the essential role of protein synthesis in PI3K- and
Alkt-induced transformation (40).

Activation of eukaryatic elongation factor 1A (eEF-1A)
through phosphorylation by $6K (41, 42) enables it to bind to
actin and regulate its activity or its availability in protein syn-
thesis (43, 44), eEF-1A mutants have severe defects in cell mor-
phology, the actin cytoskeleton, and actin bundling (44). In
mammalian systems, disruption of the actin cytoskeleton
results in reduced translation. In this study, we observed that
YB-1 co-precipitated with eEF-1A (supplemental Fig. $2), sug-
gesting that eEF-1A might compensate for the function of YB-1
in YB-1""" embryos and MEFs. We also observed that another
translational regulatory protein, EF-1, was overexpressed in
YB-1"7" E1l5 embryos and siRNA-mediated YB-1 knock-
down MEFs (Fig. 44 and 74}, indicative of an alternative com-
pensatory mechanism.

In conclusion, we have described the function of YB-1 in the
mouse embryo and in MEFs. We show that it is involved in
mouse embryo development, neural tube defects, and cell
proliferation.
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Abstract

Breast cancer resistance protein (BCRP) is a half-molecule ATP-binding cassetie transporter that pumps out various anticancer
agents such as 7-ethyl-10-hydroxycamptothecin, topotecan and mitoxantrone, We have previously identified three polymorphisins
within the BCRP gene, G34A (substituting Met for Val-12), C376T (substituting a stop codon for Gln-126) and C421A
(substituting Lys for Gln-141). C421A BCRP-ransfected murine fibroblast PA317 cells showed markedly decreased protein
expression and low-level drug resistance when compared with wild-type BCRP-transfected cells. In contrast, G34A BCRP-
transfected PA317 cells showed a similar protein expression and drug resistance profile to wild-type. The C376T polymorphism
would be expected to have 4 considerable impact as active BCRP protein will not be expressed from a T376 allele. Hence, pecple
with C376T and/or C421A polymorphisms may express low levels of BCRP, resuiting in hypersensitivity of normal cells to BCRP-
substrate anticancer agents.

Estrogens, estrone and 17f-estradiol, were previously found to restore drug sensitivity levels in BCRP-transduced cells by
increasing the cellalar accumulation of anticancer agents. BCRP transports sulfated estrogens but not free estrogens and in a series
of screening experimesnts for synthesized and natural estrogenic compounds, several tamoxifen derivatives and phytoestrogen-
s/flavonoids were identified that effectively circumvent BCRP-mediated drag resistance. The kinase inhibitors gefitinib and
imatinmib mesylate also interact with BCRP. Gefitinib, an inhibitor of epidermal growth factor receptor-tyrosine kinase, inhibits its
transporter function and reverses BCRP-mediated drug resistance both in vitro and in vivo. BCRP-transfected human epidermoid
carcinoma A431 cells ard BCRP-transfected human non-small cell lang cancer PC-9 celis show gefitinib resistance. Imatinib, an
inhibitor of BCR-ABL tyrosine kinase, also inhibits BCRP-mediated drug transport. Hence, both functional SNPs and inhibitors of
BCRP reduce its transporier function and thus modulate substrate pharmacokinetics and pharmacodynamics.
© 2005 Elsevier Ireland Ltd. All rights reserved,

Keywords: ABCG2; Drug resistance; ABC transporter

_ . . 1. Introduction
Abbreviations MRP, multidrug resistance-associated protein;

BCRP, breast cancer resistance proiein; ABC, ATP-binding cassette;
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single-nucleotide polymorphisms.
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P-glycoprotein, MRP1 and BCRP are members of
the ABC transporters that are involved in multidrug
resistance [I-6]. These factors pump out various

Tokyo 105-8512, Japan. Tel.: +81 3 5400 2670; fax: +8F 3 5400
2669.
E-mail address: sugimoto-ys@kyoritsu-ph.ac.jp (Y. Sugimoto).

structurally unrelated chemotherapeutic agents in an
energy-dependent manner and reduce their cytotoxic
effects. BCRP, also known an ABCG?2, is a half
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molecule ABC transporter containing 655 amino acids
that has an ATP-binding domain and a transmembrane
domain [4-6]. BCRP functions as a homodimer and
confers resistance to anticancer agents such as SN-38,
topotecan and MXR [7-111. BCRP is widely expressed
in normal cells and tissues, such as capillary endothelial
cells, hematopoietic stem cells, the maternal-fetal
barrier of the placenta and the blood-brain barrier
[12-14]. This suggests that BCRP plays a protective
role against xenobiotics and their metabolites, The
apical localization of BCRP in the intestinal epithelium
and the bile canalicular membrane indicates that it
plays an important role in preventing intestinal
absorption and in mediating hepatobiliary excretion of
its substrates [12]. In this way, BCRP restricts the
bioavailability of orally administered BCRP-substrate
agents. A dual inhibitor of BCRP and P-glycoprotein,
GF120918, has been shown to increase the oral
bioavailability of topotecan through the inhibition of
BCRP function [15,16]. In addition, a recent report has
shown that BCRP is highly expressed in the mammary
glands of mice, cows and humans during lactation and
that it is responsible for the active secretion of various
substrates [17].

Recently, the study of SNPs has progressed rapidly
and generated remarkable findings and some SNPs
have been shown to affect both the expression and
function of their gene products. In particular, SNPs of
drug-metabolizing enzymes and drug transporters have
been studied extensively and some have been shown to
affect the pharmacokinetics and pharmacodynamics of
anticancer agents. Cytochrome P450 (CYP) 2C8 is the
principal enzyme responsible for the metabolism of the
anticancer drug paclitaxel. A CYP2(C8*3 variant,
containing the two amino acid substitutions R139K
and K399R, in exons 3 and 8, was previously shown to
be defective in paclitaxe]l metabolism [18]. SN-38 is
detoxified by conjugation to SN-38-glucuronide by the
UDP-glucronosyltransferase (UGT) 1A1 enzyme [19].
Significantly, a UGTIA1*28 variant, containing a 2-bp
insertion (TA) in the TATA box within the gene
promoter, was found to be significantly related to the
reduced expression of UGTIAI and the increased
bioavailability of SN-38 [20]. A C3435T SNP in exon
26 of the MDRI P-glycoprotein gene was elucidated as
the first functional polymorphism of its type in ABC
transporters and shown to be closely associated with
low expression levels of P-glycoprotein and high
plasma levels of digoxin [21]. Another SNP within
the MDRI gene, C1236T, has also been associated with
increased exposure to SN-38 and its prodrug irinotecan
[22]. In the following chapter, we describe the

functional SNPs within the BCRP gene that have
been identified by our laboratory and by other groups.

2. The effects of SNPs on BCRP expression and
function

2.1. C421A (Q141K) BCRP SNP

We have previously identified three variant BCRP
cDNAs, containing the substitutions G34A (VI2ZM),
C421A (Q141K) and a 944-949 deletion lacking Ala-
315 and Thr-316 (A315-6) [23]. The G34A and C421A
substitutions are SNPs whereas the 944-949 deletionis a
splicing variant. We have subsequently found that
C421A BCRP-transfected murine fibroblast PA317
(PA/Q141K) cells show markedly decreased exogenous
protein expression and also a low-level of drug
resistance when normalized to wild-type BCRP-
transfected (PA/WT) cells (Fig. 1 and Table 1). In
addition, both G34A BCRP-transfected PA317 (PA/
V12M) cells and 944-949-deleted BCRP-transfected
PA317 (PA/A315-6) cells showed either similar or
marginally lower protein expression and drug resistance
levels compared to PA/WT cells (Fig. 1 and Table 1).
We had already shown in our previous study that the
intracellular topotecan accumulation in PA/Q141K cells
was higher than in other BCRP transfectants [23).

Kondo et al. have also reported low Q141K-BCRP
protein expression levels using adenovirus-mediated
gene transfection [24]. In addition, Kobayashi et al.
examined BCRP protein expression in Japanese
placental samples, and found that its levels were
significantly lower in A421 homozygotes than in
samples containing wild-type C421 alleles and that
heterozygotes had intermediate levels of expression
[25]. In contrast however, Zamber et al. reported that no
significant correlation between the C421A variant and
BCRP expression was observed in human intestinal
samples [26]. The possible significance of the C421A-
BCRP SNP on the pharmacokinetics of diflomotecan, a
new camptothecin derivative anticancer agent, has also
been evaluated in a phase I study [27]. In this trial, five
patients who were heterozygous for the A421 allele,

1 23 4 5

t. PA317
BCRP protein 5. PA/WT
( 3. PAIV1IM
; 4. PAIQI4IK
BCRP mRNA | 5. PAIA315-6

Fig. 1. Expression of BCRP protein and BCRP mRNA in PA317 cells
transfected with BCRP variants.
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Table 1
Drug sensitivities of BCRP-transfected PA317 cells
Cells ICsp (ng/mi)

8N-38 Topotecan MXR
PA317 2.5 0.060 17
PA/WT 93 0.58 =200
PA/VIZM 08 0.63 >200
PA/QI41K 30 0.25 100
PA/A315-6 55 042 120

Celis were cultured for 5 days in the absence or presence of increasing
concentrations of the indicated anticarcer agents. Cell numbers were
determined with a Coulter counter and ICs, values were calculated.

showed plasma levels of diffomotecan, after intrave-
nous administration, that were 299% {£=0.015} of the
levels in 15 patients who were homozygous wild-type,
with mean values of 138ngh/mLmg™! versus
46.1 ng /mL mg ™, respectively [27]. The findings
of this clinical study also support our hypothesis that
the expression levels and subsequent functions of the
A421-BCRP allele are disrupted when compared to the
wild-type C421 gene.

The C421A SNP occurs in the functionally important
ATP-binding region between the Walker A and B motifs
and results in substitution of the positively charged Lys
residue for a neutral Gln residue. This may be associated
with a greater susceptibility of the resulting BCRP protein
(Q141K)} to degradation [23]. In addition, Mizuarai et al.
have also reported that ATPase activity levels in the
membrane of C421A BCRP-wansduced insect Sf9 cells
were 1.3-fold lower than wild-type cells [28].

We previously examined the frequency of the
C421A SNP in a normal Japanese population and
found that 57/124 samples carried the A421 allele and
that nine of these were homozygous for this poly-
morphism [23], indicating that some individuoals
possess the C421A polymorphic BCRP gene and
express low amounts of the Q141K BCRP. C421A is
therefore an important SNP because the allelic
frequency of this variant differs greatly between diverse
populations (Table 2). The C421A variant also appears
to be very common in Asian populations, with reported
allele frequencies of between 27 and 34% [23,25,2%]. In
contrast, this variant is rare in sub-Sahara African and
in African American populations, with a frequency of
< 5% [25,29]. The frequency in Caucasian populations
is approximately 10% [25,28-30].

2.2. C376T (3126stop)-BCRP SNP

Another of the BCRP gene SNPs, C376T, substitutes
a stop codon for Gln-126 (Q126stop), and was found in

3/124 of our general Japanese samples as a hetero-
zygosity [23]. C376T was also detected previously in
another report in 2/120 Japanese placental samples,
again as a heterozygosity [25]. Although the frequency
of the T376 allele is low, this variant would be expected
to have a high impact as no active BCRP protein could
be expressed from this gene. Stop SNPs have been
reported in the MRP2 gene, which is responsible for the
hyperbilirubinemia of Dubin-Johnson syndrome, but
are relatively rare and would usually be classified as
naturally occurring base changes [31,32]. This C371T
BCRP SNP is thus an important variant because of
relatively high frequency {~ 1% in Japanese) as a stop
SNP. Individuals with either the C376T and/or C421A
SNPs may express low amounts of BCRP and this may
result in hypersensitivity of normal cells to anticancer
agents.

2.3. Additional BCRP SNPs

BCRP SNPs are summarized in Table 3 and include
G34A, G151T, C376T, C421A, C458T, C496G,
AB16C, T623C, T742C, G1000T, T1291C, T1465C,
A1768T and G1858A, which all cause amino acid
changes. Among these, in addition to C376T and
C421A, only a few have been examined in association
with protein expression levels and the function of
BCRP. Mizuarai et al. reported that the G34A variant
exhibits reduced dmg resistance in polarized porcine
kidney epithelial LLC-PK1 cells along with increased
intracellular drug accumuniation {28]. However, in our

Table 2
Frequency of the C421A BCRP allele among different ethaic
populations

Population N Genotype Allele Ref,
frequency” (%)
CiA  AJA
Asian (Japanese) 124 48 9 27 [23]
120 45 14 30 [25]
{Han Chinese) 95 43 11 34 291
Caucasian 150 25 4 11 f25]
150 22 2 9 £28]
(American) 88 19 1 12 {291
{Eurcpean} 84 14 2 11 [29]
(Swedish) 60 10 1 10 {30]
African 938 14 I 1 291
{sub-Saharan)
African-American 94 8 1 5 [29]
150 5 1 2 [25]

Abbreviations: N, number of patients studied; C/A, heterozygous
frequency; AfA, homozygous variant frequency; Ref., reference.
? Data are given as the relative frequency of variant alleles.
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Table 3
SNPs within the BCRP gene
Variation Region Effect Domain
A-1379G 5'-flanking -

{promoter)
A-654-651 5'-Ranking -

(promoter)
G-286C 5/-flanking -

(promoter)
T-476C Exon 1 (5'- -

UTR)
A-235A Exon 1 (5'- -

UTR)
A-113G Exon 1 (5'- -

UTR)
A-29G Exon 1 (5'- -

UTR)
G34A Exon 2 ViZM N-terminal
TH4C Exon 2 No change N-terminal
G151T Exon 2 GsIC N-terminal
C369T Exon 4 No change NBD
C376T Exon 4 Ql26stop NBD
C421A Exon 5 Q141K NBD
C458T Exon 5 T153M NBD
CA74T Exon 5 No change NBD
C496G Exon 5 QI66E NBD
AS64G Exon 6 No change NBD
AB16C Exon 6 1206L. NBED
T623C Exon 6 F2085 NBD
T742C Exon 7 5248P Linker
G1000T Exon % E334stop Linker
G1098A Exon 9 No change Linker
T1291C Exon 11 F431L ™D
A1425G Exon 12 No change TMD
T1465C Exon 12 F489L T™MD
A1768T Exon 15 N590Y TMD
G1858A Exon 16 D620N TMD
G2237T Exon 16 (3- -

UTR)
G2393T Exon 16 (3'- -

UTR)

Abbreviations: UTR, untranslated region; NBD, nucleotide-binding

domain; TMD, transmembrane domain.

previous study we showed a different outcome [231.
Further studies of BCRP SNPs and their roles in the
expression and/or function of this protein would
provide a fuller picture of its genetic regulation. In
addition, these findings may be essential for our
complete understanding of the pharmacological activi-
ties and pharmacokinetic profiles of BCRP-substrate
anticancer agents.

3. BCRP inhibitors

BCRP inhibitors have two important clinical
implications. First, they may overcome BCRP-

mediated drug resistance in tumor cells. Second, they
may modulate the pharmacokinetics and pharmacody-
namics of BCRP-substrate agents in normal tissues and
consequently increase the toxicity of specific anticancer
agents. Various compounds have been found to reverse
drug resistance through the inhibition of BCRP
function [33-36). In this chapter, we summarize the
BCRP inhibitors identified by our laboratory and also
by other groups (Table 4). The chemical structures of
some of these inhibitors are shown in Fig. 2.

3.1. Estrogens and their metabolites

We were the first laboratory to identify estrogens as
BCRP inhibitors and show that estrone and 17B-
estradiol can restore drug sensitivity in BCRP-
transduced human myelogenous leukemia K562
(K562/BCRP) cells [37]. These agents showed only a
marginal growth-inhibitory effect on either K562/
BCREP or parental K562 cells and increased the cellular
accumulation of topotecan in K562/BCRP cells, but not
in K562 cells. BCRP is highly expressed in the
syncytiotrophoblasts of the placenta that synthesize
and secrete these estrogens [12]. Therefore, we first

Table 4

BCRP inhibitors and substrates

Compound Reference

1. Anticancer agents
SN-38" {8,111
Topotecan® [8,9]
MXR* [5,6]
Flavopiridol 531
Gefitinib [46-49]
Imatinib mesylate [50,51]
Ci1033 52
Methotrexate polyglutamate’ [39,541

2. Steroid hormones
Estrone, Estradiol, Estriol [37]

3, Sulfated steroids
Estrone sulfate®, Estradiol sulfate® {38-401
Dehydroepiandrosterone sulfate® [40]

4, Synthesized estrogens
Diethylstilbestrol [41)

5. Anti-estrogens
Tamoxifen, Teremifene, TAG-139 41]

6. Flavonoids
Genistein®, Naringenin, Acacetin, [42]
Kaempferol, Naringenin-7-glucoside

7. Others
Hoechst 33342° 551
Fumitremorgin C [34]
GF120918 [33]
Novobiocin [35,36]

® Compounds that are transported by BCRP (BCRP substrates).
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Fig. 2. Chemical structures of BCRP inhibitors.

hypothesized that these estrogens would be physiologi-
cal substrates of BCRP and be transported by BCRP. To
clarify this, we performed a transcellular transport
assay using BCRP-transduced LL.C-PK1 (LLC/BCRP)
cells, in which exogenons BCRP is expressed in the
apical membranes [38]. In this assay, excretion of *H-
labeled estrone and 17B-estradiol was high and
reabsorption was low in BCRP-expressing cells.
However, thin layer chromatography analysis demon-
strated an increased excretion of estrone sulfate and
17B-estradiol sulfate, but not estrone or 178-estradiol,
in LLC/BCRP cells. Fumitremorgin C completely
inhibited the increased excretion of sulfated estrogens
across the apical membrane. Moreover, the conversion
of estrogens into their sulfate conjugates was similar
between LLC/BCRP and LLC-PKI cells, suggesting
that the increased excretion of estrone sulfate was
atiributable to BCRP-mediated transport. The BCRP-
and ATP-dependent uptake of >H-labeled estrone
sulfate, but neither estrone nor 17p-estradiol, was also
observed in membrane vesicles from K562/BCRP cells.
Additionally, SN-38 and fumitremorgin C both sup-
pressed the transport of estrone sulfate in membrane
vesicles from K3562/BCRP cells. Qur findings thus

suggest that BCRP does not transport either free estrone
or 17p-estradiol but exports the corresponding sulfate
conjugates of these estrogens [38-40].

3.2. Estrogen agonists and antagonists

Estrogen agonists, antagonists and their derivatives
have been also evaluated in this laboratory for potential
BCRP-reversing activities [41]. Among the commer-
cially available compounds that we tested, diethyl-
stilbestrol showed the strongest BCRP-reversing
activity and was found to increase the cellular
accumulation of topotecan and reverse resistance to
SN-38 and MXR in X562/BCRP cells, but show either
marginal or no effects in parental K562 cells [41]. In
contrast, neither tamoxifen nor toremifene have much
effect on increasing topotecan uptake in K562/BCRP
cells. In our screening with various tamoxifen
derivatives for BCRP inhibitors, TAG-139 was ident-
ified as a strong candidate [41]. Reversal of SN-38 and
MXR resistance in K562/BCRP cells by TAG-139 was
5-fold stronger than estrone. Intercstingly, the dose-
dependent characteristics of drug resistance reversal by
TAG-139 and estrone were very similar, suggesting
that tamoxifen derivatives and estrone interact with the
same binding site of BCRP [41].

3.3. Phytoestrogens/flavonoids

Some flavonoids that show weak estrogenic activi-
ties are called phytoestrogens. We have shown that
these phytoestrogens/flavonoids, such as genistein,
naringenin, acacetin and kaempferol, potentiate the
cytotoxicity of SN-38 and MXR in K562/BCRP celis
[42). Some glycosylated flavonoids, such as narin-
genin-7-glucoside, are also effective inhibitors of
BCRP and showed marginal effects on the drug
sensitivity of X562 cells. Genistein and naringenin
did not reverse either P-glycoprotein-mediated vineris-
tine resistance or MRP1-mediated etoposide resistance
but increased the cellular accumulation of topotecan in
K562/BCRP cells. K562/BCRP cells also accumulated
less *H-labeled genistein than K562 cells. In addition,
the excretion of H-labeled genistein was greater in
LLC/BCRP cells than that in parental LLC-PK1 cells.
Fumitremorgin C abolished the increased excretion of
*H-labeled genistein in LLC/BCRP cells and thin layer
chromatography analysis revealed that genistein is
transported in its native form but not in its metabolized
form. These results suggest that genistein is among the
natural substrates of BCRP and competitively inhibits
the BCRP-mediated drug efflux [42].
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3.4. Kinase inhibitors

Gefitinib is an orally active, selective epidermal
growth factor receptor-tyrosine kinase inhibitor that is
currently used in the treatment of patients with
advanced non-small cell lung cancer [43,44]. Recently,
the possible interaction of gefitinib with BCRP has been
evaluated by this laboratory and others [45-45].
Gefitinib was found to reverse SN-38 resistance in
K562/BCRP cells and BCRP-transduced murine lym-
phocytic leukemia P388 cells, but not in the parental
cells [46]. Furthermore, gefitinib increases the intra-
cellular accumulation of topotecan in K562/BCRP cells
and also suppresses the ATP-dependent transport of
estrone sulfate in membrane vesicles from these cells.
Additionally, the combination of gefitinib with irinote-
can was shown to result in the markedly enhanced anti-
tumor activity of irinotecan in multiple tumor models
[46]. These results suggest that gefitinib inhibits the
transporter function of BCRP and reverses BCRP-
mediated drug resistance both in vitro and in vivo.
Stewart et al. have also indicated that oral dosing of
gefitinib significantly increases the oral bioavailability
of irinotecan [47]. PFurthermore, BCRP-transduced
human epidermoid carcinoma A431 cells and BCRP-
transduced human non-small cell lung cancer PC-9
cells acquired cellular resistance to gefitinib [46].
Elkind et al. have also reported that the expression of
functional BCRP protects the A431 cells from the
cytotoxic effects of gefitinib [49]. These findings
strongly suggest that BCRP is one of the important
determinants of gefitinib sensitivity.

Imatinib mesylate, an inhibitor of BCR-ABL
tyrosine kinase, has been reported to reverse BCRP-
mediated drug resistance [50,51]. Houghton et al.
reported that imatinib significantly increase the
accumulation of topotecan in the human osteosarcoma
Saos2 cells expressing functional BCRP [50]. How-
ever, the overexpression of BCRP did not confer
resistance to imatinib and the accumulation of “C-
labeled imatinib was similar in Saos2 cells expressing
either functional or non-functional BCRP. These results
suggest that imatinib binds to BCRP and inhibits its
function but that it is not a BCRP substrate [50]. In
contrast, Burger et al. have reported that imatinib is in
fact a substrate for BCRP [51] by demonstrating that
the accumulation of imatinib is low.in a BCRP-
overexpressing subline, MCF7/MR. They also showed
that Ko-143, a specific inhibitor of BCRP, increased the
accumulation of imatinib in MCF7/MR cells [51].
Another potent tyrosine kinase inhibitor, CI1033, has
also been shown to enhance the uptake and cytotoxicity

of SN-38 and topotecan in BCRP-transfected cells [52].
CI1033 accumulation was diminished in BCRP-
expressing cells, suggesting that it may be transported
by BCRP [52].

4. Conclusions

There is great variation in the response of patients to
cancer chemotherapy, in terms of both treatment
efficacy and host toxicity. BCRP confers resistance to
agents such as irinotecan, topotecan and MXR that are
used in practical chemotherapy for a wide variety of
cancers. BCRP expression in the normal tissues of
cancer patients may also serve to reduce the adverse
effects of these agents, such as hematological toxicity
and digestive disorders. C376T and C421A SNPs
within the BCRP gene were shown to be associated
with low protein expression and increased sensitivity to
BCRP-substrate anticancer agents. Hence, individuals
with these SNPs may demonstrate a different bioavail-
ability of irinotecan due to its decreased excretion, and
consequent increased intraceliular and plasma levels.
Consequently, C376T and C421A SNPs might also be
implicated in the side effects of irinotecan. Screening
for such functional SNPs in cancer patients prior to
chemotherapy may thus be useful for the prevention of
serious side effects of anticancer agents.

BCRP was also shown to be associated with the
excretion of sulfated estrogens and other sulfated
compounds. Because BCRP is responsible for the
excretion of several anticancer agents, the inhibition of
its function may lead to the increased plasma levels of
orally administered agents. It is possible that BCRP
inhibitors alter the biocavailability of BCRP substrates.
These effects might be manipulated to the advantage of
clinicians by improving several aspects of chemother-
apy such as reduction of the variability in exposure to
orally administered topotecan and potentiation of the
cytotoxic activity of irinotecan. In addition, uninten-
tional side effects may be caused by modulation of the
bioavailability of chemotherapeutics by BCRP
inhibitors.

These findings indicate that functional SNPs and
inhibitors of BCRP result in similar effects on the
pharmacokinetics of BCRP-substrate agents. In clinical
studies of BCRP-substrate anticancer agents (e.g.
difiomotecan) and BCRP inhibitors (e.g. flavonoids),
patients should therefore be evaluated according to
their BCRP genotypes. Also, treatment regimens should
be modified according to the SNP status of the patients
to minimize unintentional side effects.
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