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Fig. 4. Time-course change in estimated tumor volumes of subcutaneously transplanted hiuman Hepatosellular carcinoma. tinoss in

nude mice. The mice received a subcutaneous injection of 640°( +), 6400 0 ),
or 6400 (@) or 64 000 (&) TU of IFN-u2b, or medinm alone
{ ) IU of PEG-IFN-02b, 640 (& ).or 6400 (@) TU of IFN-a2b, or medinm alone

(PEG-TFN-02b),

64000 (A); or 640000 (%) TU of pegylated IFN-0:2b
{Control} {(1) in Experiment #1, and of 640 (4) or 6400
(Control) () in Experiment #2, twice a week for

two consecutive weeks: The arrows show the days.of injection. *P<0.001, vs the other groups.'#P%0.0DOl, vs IFN-e:2b (64 000 IU).

tP < (.05, vs control
were obtained. The figures represent average £ SE.

Table 2. Treatment of human HCC tumors subcutanecusly trans-
planted in nude mice

" Body

Tumor .
weight (g)T

Numper weight (g)

Treatment
group™.-

Experiment #1 :
18.2 & 0.61%

Controf 0.436 & 0.07%

PEG-IFN-a2b (640 1U) 0.237 £ 005§ 19.4 04
PEG-1EN-c2b (6400 1U) 0.180 £ 0.039  10.8 % 0.3
JFN-u:2b (6408 1U) 0.259 + 0.06§  19.4 £0.7

PEG-IFN-u2b (64 000 1U)

8
9
9
6
9 0.016 £ 0.01 || # 19.0 £ 0.6
7

9

IFN-«2h {64 000 1) 0.221 £ 0.06§ 19,1 £ 0.5
PEG-IFN-e2b (640 0CD 1L} 0.0 19.6 £ 03
Experiment #2
Contrel 8 0.160 % 0.04 20.6 £ 0.5t1
PEG-IFN-¢2b (640 1U) 8 0.097 & 0.02 20,1 £ 04
FN-a2b (640 1U} 8 0.168 = 0.03 20,7 £04
PEG-IFN-¢:2b (6400 1) 7 0.050 £ 0.02 21.0+£03
1FN-a2b (6400 1U) ] 0.531 £ 0.03» 21.1+03

wGultured HAK-1B cells {1.0 x 07) were subcutaneously transplanted
into nude mice. Five to seven days later when the largest diameter of the
tumor reached approximately 5-10 mm, mice in each group were treated
with twice per week sc injections of PEG-IFN-a:2h, IFN-ce2b, or culture
medium. All mice were sacrificed on the t5th day. tBody weight on the
14th day. tMean & SE. §P<0.05 vs control. §P<0.01 vs control.
|| P<0.001 vs control. #P<0.01 vs IFN-u2b {64000 i), **P<0.03
vs PEG-IFN-a2b (6400 IU). t1not significant vs the other groups. HCC,
nepatocellular carcinoma; PEG-IFN-u2b, penylated |FN-e2b.

PEG- and non-PEG-JFN-a2b (P<0.05, Fig 4).
The tumors of the mice that received 64001U of
PEG-IEN-x2b tended to be smaller in volume in
both Experiments #1 and #2 (P=0.068 and
0.064, respectively), and the tumor was signifi-
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or IRN-=u2b (6401U). §P <0.05, vs Control.-The experiments were repeated twice, and almiost identical results

cantly lower in weight than that of IFN-02b in
Experiment #2 (P<0.03). At the end of the
experiments, the estimated tumor volume in the
mice that received 640IU of PEG-IFN-e2b
(3.2 x. 10°1U/kg, about 1/3 of the clinical dose
9.6 % 10°TUJkg) in Experiments #1 and #2 be-
came 42% and 58% of the Control, respectively.
In the mice that received 640 000 IU of PEG-IFN-
u2b, the twmors-disappeared on the 14th day.
PEG-IFN-02b administration did not affect the
body weight of the mice (Table 2).

Histological examination of the HAK-1B ti-
mor specimens stained with HE revealed that the
pumbers of apoptotic cells in the mice treated
with PEG-IFN-02b (640-64 000IU) or IFN-u2b
(64 000 TU) were significantly higher than that of
the Control, and the number increased dose
dependently (Fig. SA-C; Table 3). TImmunostain-
ing of vimentin fragment (V1) thatisa marker for
caspase-9 activation showed a positive reaction in
the cytoplasm of the apoptotic cells (Fig. 5D}

No significant difference was observed in the
number of blood vessels per unit area of the
HAK-1B tumor between the Control and the
PEG-IFN-02b or IFN-02b group (Table 3).

Immunohistochemical examination of BrdU
uptake in HAK-IB tumors revealed that the
BrdU labeling index was significantly higher in
the Control than in the 6400 1U PEG-IFN-¢2b or
IFN-02b groups (Fig. SE, Table 3).
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Fig.5. Photomicrograph of subcutaneons human hepatocellwiar carcinoma tunor in nude mice that was developed after the injection
of HAX-1B cells, (A) A control mouse that received culture médinm alone. The tumor shows a thick trabecular arrangement of fumor
cells and a sinusoid-like structure in the stroma. (B) A mouse that received a sc injection of 64001U pegylated IFN-02b, There are
many apoptotic tumor-cells {arrows, hematoxylifieosin staining, x 200). (C) Higher magnification of B. 1t clearly shows apoptotic
tumor cells characterized by shrinkage and eosinophilic change in the cytoplasm, chromatin copdensation and/or fragmentation.of
nuclei {hematoxylin-eosin staining, X 400). (D) Immunostaining of vimentin fragment (V1). Posilive reactions (red pigments) are
shown in the shrunken cytoplasm of apoptotic cells as noted in C (counterstained with Mayer's hematoxylin, x 400). (E}
Irnrmunostaining of bromodeoxyuridine (BrdU). Many BrdU-positive cells (brown nuclear pigments) were found in a tumor of a
control mouse (counterstained with Mayer's hematoxylin, x 200).
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Table 3. Numbers uf'ap0ptutic cells, artery-like blood vessels, and BrdU-positive cells, and expression of IFNAR-2 subunit in human HGC tumors
subcutanegusly transplanted in nude mice T

Treatment groug* Apoptesist Blood vesselt BrdU L.L§ IFNAR-29| :

Experiment #1
Gontrol ) 213+ 3.8 | 116 £ 0.20 | .** 155 £ 1.2 0.676 £ 010 |}
PEG-IFN-u2b (840 1U) 28.4 4 1.84 1.04 % 015 16.6 & 3.1 0.410 = 0.07#
PEG-IFN-:2b (64001U) 343 £ 5.0¢# 1.20 & 019 10.2 & 118 0.451 £ 0.11
tFN-a2b (640010} 24,0 £ 3.0 1.13 £+ 0,16 8.4 4 1.1# 0.656 + 0.12
PEG-IFN-u2b (64 000 ) 34.3 £ 5.3¥ 1.43 £ 038 ND 0.061 = 0.06¢%
JFN-a2b (64 0001U) 27.5 £ 2.5 0.92 + 0.20 10.6 £3.0 0.607 + 0.11
PEG-IFN-2b {6400001U) ND ND ND ND

sCultored HAK-18 cells (1.0 x 107) were subcutaneously transplanted ino nude mice. Five to seven days iater when the largest diameter of the tsmor
reached approximately 5-10 mm, mice in each group were ireated with twice per week s¢ injections of PEG-IFN-a2b, IFN-e2b, or culture medium. All
mice were sacrificed on ihe 15th day. tThe aumber of apoptotic celis was counted in ten 0.25 mmZ areas in each section, and the average number per
area in each group was oblained. $The pumber of the blood vessels in ihe tursor nodule was counted on gach section, and the average number per area
in sach group was oblained, §The number of Brdl-positive cells was counted in ten 0.25 mmZ areas in each section, and the average number per area in
sach group was obtained as the labeling index. {valves are expressed as po/15 g protein, || Mean + SE. #P< 0.05, vs conlrol. **Not significant, vs
the other groups. tilot significant {P=0.068) vs control. This is partly because only 2 samples weze available for IFNAR-2 analysis in this group.
Brdll, bromodeoxyuridiae; IFNAR-2, [FN-a receptor-2; HGG, hepatocellvlar carcinoma; ND, not done; PEG-IFN-c:2b, pegylated 1FN-a2D.

The expression of the IFNAR-2 subunit tended to  mificant difference was observed between the Con-
decrease in the PEG-IFN-c2b groups, and a sig-  trol and the 640 TU PEG-IFN-02b group (P<0.05).
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liscussion

PEG-IFN-02b induced a time-dependent anti-
proliferative effect in 10 cell lines in contact
with 40961U/ml of PEG-IFN-a2b for 24-56h
and a dose-dependent antiproliferative effect in
nine cell lines in vitre in the range of 16 and
4096 IU/ml. On an antiviral unit basis, the anti-
proliferative activity of PEG-IFN-a2b was not
significantly different from that of non-PEG-
JFN-02b in vitro based on IC50 values. Com-
pared with BALL-]1 IFN-a that consists of the o2
subtype (about 75%) and the a8 subtype (25 %)
or with IFN-zConl, both PEG-IFN-02b and
IFN-o2b showed low antiproliferative activity in
terms of relative viable cell number and IC50 (11,
12). This is consistent with our recent finding, i.e.,
that the antiproliferative activity of the IFN-a2
subtype in vitro is relatively weak compared with
other IFN-« subtypes such as o5, «l0 and o8
(32). As a mechanism of antiproliferation, apop-
tosis induction was observed in 9 cell- lines
that received 1000I1U/ml of PEG-IFN-02b (mor-
phological changes occurred in 10 cell lines with
4096 IU/ml). IFN-uConl that possesses the most
potent antiproliferative effect among the three
JFN-o. preparations induced apoptosis in all 13
HCC cell lines at a similar concentration (12).
The four cell lines (HAK-2, HAK-3, HAK-4, and
KMCH-2) in which PEG-IFN-02b did not n-
duce 2 dose-dependent antiproliferative effect
showed the highest IC50 values (> 100000IU/
ml) to IFN-o2 subtype among the 13 cell lines
(32) and showed resistance to PEG-IFN-a2b-
mediated apoptosis (HAK-2, HAK-3, and
KMCH-2) andfor low cell surface IFNAR-2
expression (HAK-3, HAK -4, and KMCH-2) (11).

When IFN-o, binds to its receptors, the IFN-
receptor-complexes are internalized and degra-
dated intracellularly (33, 34). It was demonstrated
that IFN-a down-regulates type I IFIN receptors
in peripheral blood mononuclear cells (PBMC,
(35-37)). Nakajima et al. (36) reported that the
number of IFN receptors on PBMC in patients
with chronic hepatitis B decreased to about 50%
of the baseline with a fivefold increase in 2/,5'-
oligoadenylate synthetase activity when the pa-
tients were treated with IFN for 2 or 4 weeks. To
date, however, there have been no studies on the
down-regulation of IFN receptors and its rela-
tionship with the antiproliferative effects of IFN-
« in liver cancer cells. Human type I IFN receptor
consists of two subunits, IFNAR-1 and IFNAR-
2. IFNAR-2 is the binding subunit and is more
important than IFNAR-1 for the expression of
IFN activity (3, 38, 39). Therefore, the current
study chronologically examined the relationship
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between the antiproliferative effect and the ex-
pression of the IFNAR-2 subunit in HAK-1B
cells up to 240k after the addition of PEG-IEN-
«2b. We chose HAK-1B for this study because
this cell line expresses the highest IFNAR-2
subunit expression among the 13 liver cancer
cell lines (11) and because this cell line was also
selected for the in vivo experiment, allowing
comparison of results in the in vitro setting with
those in vivo. The expression of IFNAR-2 subunit
was significantly down-regulated at 3h compared
with the Control and then significantly up-regu-
lated at 48 h. Expression then decreased in a time-
dependent manner after 721, and the viable cell
number continuously decreased with time. The
down-regulation of IFNAR-2 was the specific
change because another cell surface protein, i.e.,
EGF receptor, was not down-regulated at 240h
compared with Control. Therefore, at least for
the EICC cell line, HAK-1B, in an in vitro setting,
the IFNAR-2 subunit is down-regulated but an
efficient antiproliferative effect is induced with
continuous contact with PEG-JFN-02b. Lau
et al. (35) studied the binding characteristics of
IFN-o to PBMC in patients with chronic hepati-
tis B virus infection and reported a possible
increase in binding affinity of the remaining
receptors as a reason for the continuous effects
of TFN-a in long-term IFN therapy that reduces
the number of IFN-o receptors. On the other
hand, Dooley et al. (40) reported a decrease in
binding affinity. Therefore, this point also needs
to be further studied on HAXK-1B and other HICC
cell lines.

We then examined the in vivo antitumor effects
of PEG-IEN-a2b.on mice. Twice-a-week admin-
istration of PEG-IFN-02b dose-dependently sup-
pressed the growth of sc transplanted human
HCC. The growth was effectively suppressed
even at 1/3 of the clinical dose in patients with
chronic hepatitis C, and the tumor size was
reduced to 42-58% of the Control. This antipro-
liferative effect was equivalent to the effect
of a consecutive 14-day administration of an
approximately 1.3 times larger clinical dose of
IFN-0Con! (12). The antiproliferative effect of
PEG-IFN-a2b in vitro is lower than IFN-aConl;
therefore, our in vive finding would be under-
stood as the serum half-time of IFN-a2b becom-
ing Jonger due to pegylation, then PEG-IFN-02b
at a high concentrations remaining in the serum
for a long time to affect tumor cells, resulting in
mnuch stronger antitumor effects. This considera-
tion is also supported by our results, ie., PEG-
1FN-a2b and IFN-02b in vifro presented the same
antiproliferative effects; however, in vivo, IFN-
o2b presented significantly wealer antitumor
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effects than PEG-IFN-o2b. 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 JFNAR-
2 expression being down-regulated as a result of
the long-term continuous action of PEG-IFN-
o2b, and this is consistent with the in wvitro
findings. The above indicates that even if IF-
NAR-2 expression is down-regulated, antitumor
effect 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-¢2a 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-a2a, i.e., mice received 900 ug
of PEG-IFN-a2a (45000 pg/kg) that is five or 10
times larger than the clinical dose for chromic
hepatitis C patients (90-180 pug/body, 1.8-3.6 pg/
kg). In addition, it is not clear whether the
amounts of PEG- and non-PEG-IFN-u2a 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 vifro 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-0Conl in mouse tumor (12). It is surmized
that apoptosis holds the dominant p031t1on over
the S-phase arrest when tumor cells in vivo were
treated with IFN-o for 2 weeks. This point should
be further investigated. Antiangiogenesis activity
is one of the biological effects of IFN-u, and the
administration of IFN-« to patients with vascular
tumors, €.g., Kap051 '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 IU of PEG-IFN-a2b into nude mice bearing
ip growing human ovarian carcinoma cells in-
hibited angiogenesis and tumor growth and that
PEG-IFN-02b 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 thai
we conducted examining a consecutive 14-day
administration of 5000 IU/mouse/day of BALL-
1 IFN-0 to mice that had subcutaneous trans-

plantation of HAK-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 ug/mouse of IFN-a:Conl showed a signifi-
cant decrease in the number of blood vessels (12).
Further studies are necessary both in vitro and in
yivo with various IFNs such as IFN-« and IFN-B
to clarify whether the antiangiogenesis effects are
attributable to the type of IFIN. 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-o2b induced the down-
regulation of IFNAR-2 and a potent antiproli-
ferative effect that is stronger than the effects of
non-PEG-IFN-a2b. 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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YB-1 Is Important for an Early Stage Embryonic Development
NEURAL TUBE FORMATION AND CELL PROLIFERATION™®
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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
prognosis. To understand the role of YB-1in vivo, especially in
the developmental process, we generated YB-1 knoclk-out mice,
which are embryonic lethal and exhibit exencephaly associated
with abnormal patterns of cell proliferation within the neuro-
epithelium. B-Actin expression and F-actin formation were
reduced in the YB-1 null embryo and ¥B-1~"~ mousé embryonic
fibroblasts, suggesting that the neural tube defect is caused by
abnormal cell morphology and actin assembly within the neuro-
epithelinm. 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 undergo morphelogical transformation and remained con-
tact-inhibifed in culture. These results demonstrate that YB-1is
involved in early mouse development, including neural tube clo-
sure and cell proliferation. S

The Y-box protein family is characterized by a highly conserved -

cold-shock domain that binds nucleic acids and shares horology
with the prokaryotic cold-shock proteins (1, 2). The humanY-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 II genes (3). '

YB-1 promotes cell proliferation through its transcriptional
regulation of target genes such as proliferating cell nuclear anti-
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cate this fact.
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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 human multidrug resistance 1" (MDRI) and DNA topoi-
somerase Ila 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
1o 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-
nasis, and glohal drug resistance (2, 15, 16).

To understand how YB-1 proteins exert their multiple func-
tions, we previously established mouse embryonic stem cell
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

2The abbreviations used are; PCNA, proliferating cell nuclear antigen; MEF,
mouse embryonic fibroblasts; PBS, phosphate-buffered saling; SiRNA,
small interfering RNA; FITC, fluorescein isothiocyanate; PE3K, phosphatidyl-
inositol 3-kinase; NTD, neural tube defect; E, embryonic day; 56K, p7¢ S6K.
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Embryonic Lethality of YB-1-deficient Mice

TABLE1
YB-1 deflciency causes embryonic lethality

Embryos at the indicated stages were isolated from intercrosses of heterozygous animals, and the total numbers {#) of intact as well as disintegrated or resorlbed embryos
were counted. For caleulation of % expected (—/=): n{(—/—} X 100 X 3/n(+/+) + u{+1-).

-,
i
g
3
3
g
:
2
:

Stape Litters Embryos +i4 +- o Abnormal (—/-) % expected (—/—}
E10.5 15 120 27 59 34 2 118
E115 13 66 17 33 16 8 95
E125 M. 82 i3 48 16 15 73
E13.5 18 120 36 50 34 34 118
Ei14.5 12 81 18 50 13 13 57
E15.5 7 56 18 25 1k 11 77
E16.5 . 3 17 5 9 3 3 64
E17.8 9 55 26 25 3 3 18
E18.5 3 28 5 20 1 1 12
Aduit 33 185 67 118 o] 0

animals showed defects in the anterior neural tube. Further-
maore, 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 rccorded as day E0.5.
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
Occeupational Environmental Health, Japan.

In Situ Hybridization—In situ hybridization of digoxygenin-
labeled probes was performed as described previously (18). The
digoxigenin-labeled hybridization probe was prepared from an
in vitro transcription system (Promega, Madison, WI) 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-I {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 5, and 68 °C for 1 min using the following primers:
YB5-1, 5'-GGAAACCATGTGGAGATGTC, and YB3-1, 5'-
GGAGGTTCAAAAGCACACTC (wild-type allele); neo5, 5'-
GATTGCACGCAGGETTCTCCG, and. neo3, 5’ -CAAGAAG-
GCGATAGAAGGCG (mutant allele).

Immunohistochemistry—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 room 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

DECEMBER 29, 2006-VOLUME 281« NUMBER 52

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.

Immunoblot Analysis—Embryos (E11.5} and MEF cells were
lysed with radioimmunoprecipitation (RIPA) buffer (50 mm
Tris-HCI, pH 7.5, 1 mu EDTA, 150 mm NacCl, 0.1% SDS, 0.5%
sodium deoxycholate, and 1% Nonidet P-40) and subjected to
immunoblot analysis as described previously (17) using poly-
clonal antibodies against YB-1 (19) and monoclonal antibodies
against S-actin (AC-15; Sigma), EF-1 (Upstate, Charlottesville,
VA), p70 86K (BD Biosciences), eIFAE {(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. Sagiltai 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 serurn in PBS. Specimens were incubated
for 1 h with the YB-1 and B-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 ferale mutant mice were bred to obtain wild-
type (YB-1*"*), heterozygous (YB-1*/7), and homozygous
mutant (YB-1~/"} embryos. Mouse embryonic fibroblasts were
cultured in Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum. Qutgrowths 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. A, PCR genotyping of yolk sac
ONA from nire E11. 5 embryos, M, size marker, Bands of 650 bp of wild-type
{#WT) 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 serum and
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). Briefly, cells cultured in 35-mm dishes were
transfected with steaith RNA interference-negative control
duplexes and YB-1 siRNA oligonucleotides (CAACGUCG-
GUAUCGCCGAAACUUCA) at a final concentration of 100 p
using Lipofectarnine 2000 (invitcogen). After transfection, cell
number and cell volume were quantified using an electronic sizing
technique 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 functiorn 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-1 mutation, Thus, loss of
YB-1 results in embryonic lethality. ,

To determine the time at which the YB-I 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
embryos, the growth of YB-17/~ embryos appeared retarded as
early as E10.5 (Fig. 1B). Most YB-1~/" embryos had been
resorbed by E17.5 and YB-1""" embryos died between E14.5
and E185 (Table 1). The phenotype of YB-I™"~ 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). B, yp-1+/+

and YB-T~/~ 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 calvariumin exencephalic embryos. C, YB-1*/* and
YB-1~/~ embryos at E10.5 stage of developrnent. YB-1~/" embryos show
severe hemorrhage {bottom left panel) and anemia (bottom right panel} in
comparison with wild-type embryos {top ponels).
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FIGURE 2, YB-1 expression in embryonic tissues. A, nonradicactive in sitv hybridization of wild-type £12.5 mouse embryos with antisense or sense ¥8-1-
specific probes shows that YB-1 is expressed in the whole embryo region, Sense, negative control; HEE, hematoxylin and eosin staining. Scale bar = 2 mm. 8, in
site hybridization of wild-type E13.5 embryos showing expressian of YB-1 in mouse organs, Left panel, scale bar = 100 gm. Right panel, scale bar = 20 pm.

G, immunohistochemistry showing YB-1 expressian in wild-type and Y8-1 nuil E13.5 embryos. No staining was observed in the ganglion of the YB-1" mouse.

Scale bar = 100 pm.

Mouse YB-1 Is Expressed in Most Tissues during Evmbryogene-
sis—We reported previously that human YB-1 is expressed
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 sity hybridization on
mouse embryos tissue sections at E13.5. We found that mouse
YB-1 mRNA is expressed at whole body, specifically at high
levels in the brain region (Fig. 2, 4 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-1 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-NUMBERS2 {805
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system, lung, kidney, and heart (Fig. 2C). YB-1 was predom-
inantly localized to the cytoplasm region in wild-type
embryos. No expression was detected in either connective
tissues or bone of wild-type embryos and was absent from
YB-17/~ 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 pross 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 patterns in Fig. 1C).

Histological analysis of other parts of the mutant embryos
revealed that the YB-1 mutation does not affect organogeness,
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 E11.5 YB-1""~
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-1~"" 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-17/" embryos had a subcutaneous edema of the whole bady
(Fig. 3D), which was not observed in wild-type and heterozy-
gous mice. Moreover, fetal livers of YB-I"/" embryos were
smaller than those of their YB-1*/~ and YB-I*"* littermates,
which s suggestive of hepatic hematopoiesis (Fig. 3E). YB-1~/"
embryos were also anemic as a result of macroscopically detect-
able defects in erythropojesis 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-17/" Embryos—Using
whole-cell extracts of eight E11.5 mouse embryos (YB-1%/"
{(n=1),YB-1*'~ (1 =5),and YB-17/~ (1 = 2)), the expression
of other proteins involved in the regulation of translation was
examined by immunoblotting. Western blotting using antibod-
jes 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 (Fi'gl 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 S6IC (86K} was slightly reduced in Y5-1 null embryos com-
pared with wild-type and heterozygous embryos, whereas
human eukaryotic transtation initiation factor 4E (elF4E), Akt,
and PCNA expression was unchanged. However, translational
elongation factor-1 (EF-1) was overexpressed in YB-1~""
embryos, which might reflect a compensatory mechanism.

Decreased Proliferation in YB-1"'" MEFs—To examine the
molecular basis of YB-1 in cellular proliferation, we established
MEFs from wild-type {# = 4), YB-1*"~ (n = 4), and YB-I™"~
(1 = 4) embryos from three independent litters at E13.5, Het-
erozygous MEFs {numbers 2, 56, 72, and 73) expressed approx-
imately half as much YB-1 as wild-type MEFs, whereas YB-1
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-17/*, ¥YB-1*/,
and YB-17"" MEFs. From passages 4 to 5 onward, all YB-17/~
METFs analyzed showed greatly reduced proliferation and a
reduction in cell numbers under base-line culture conditions
(Fig. 4C). YB-1*~ and YB-1""* MEFs proliferated at a sirnilar
rate. ¥B-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, YB-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. 4B). 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""" embryos. In addition, YB-1 has been shown to
associate with B-actin mRNA and the actin protein (11, 22). We
used immunofluorescence to investigate whether B-actin syn-
thesis and rearrangement are affected in E13.5 YB-1=7
embryos, and we showed that B-actin protein levels were
greatly reduced in the cephalic region of the ¥B-1 null embryo,
in comparison with the wild type (Fig. 54).

Phalloidin staining of E13.5 brain sections revealed a sub-
stantially decreased accumulation of F-actin along the basal
edge of neuroepithelial ceils 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 N'TDs 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 YB-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-I"“~ MEFs were round in shape, with
lower cell density (Fig. 58). Most strikingly, mutant cells Jacked
appreciable F-actin structures such as fibers or bundles.
Instead, a small amount 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.

AsYB-1 possesses RNA binding activity and has been shown
to regulate protein synthesis and mRNA stability (21, 23), we
next investigated the interaction of YB-1 with S-actin mRNA.

FIGURE 3, Neural tube defects in YB-1 mutant mice. 4, histological profile of sagittal sections at E10.5 showing exencephaly and defective development of
cephalicareain mutant embryos, hb, hindbrain; mb, midbrain; ne, neurcepithelium, Scale bor = 1 mm., 8, histological profile of whole E11.5-13.5 embryofrontal
sections stained with hematoxylin and eosin staining showing severe disturbance of cephalic area in exencephalic embryos. YB-1~/~ mutants exhibit open
neural tubes, Scale bar = 200 um. C, cross-sections of wild-type and ¥8-1~/~ E12,5 to E13.5 mouse embryos showing defective neural tube closure, Y8-17/~
mouse embryos were surrounded by the everted neuroectoderm of the midbrain and hindbrain, 3rd¥, third ventricle; LV, lateral ventricle; mv, mesencephaic
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 (bottom center panels} exhibit anterior brain structure, skull closure,
and size comparable with wild-type littermates. ms, mesencephalon; me, medulla; te, telencephalan; di, diencephalon; sp, spinal cord. Scale bar = 1 mm.
E, sagittal sections of wild-type and YB-717/~ E14.5 to E15.5 mouse embryos showing smaller fiver size of the mutant embryo (right panef). Erythrocytes (arrow}

are present in YB-1*/* liver region, but not in Y817/~ liver (fower panel),
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FIGURE 4. Etevated EF-1 expression in ¥B-17/~ embryos and decreased
growth of YB-1-~ MEFs. A, Western blot analysis of protein expression in
E11.5 embryonic mouse tissues, Total protein derived from eight PCR-geno-
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FIGURE 5. Actin expression in the brain ofwild-type and mutant embryos.
A, at low magnification, -actin was shown to be ubiquitously expressed in
wild-type embryos; however, ¥8-1~"~ embryos demonstrated local reduc-
tion and derangement of B-actin expression. This is especially obvious in
connective tissue-filled central nervous systerm supportive tissues. £, immu-
nohistochemistry with FITC-phalloidin was pedormed in E10.5 mouse
embuyos (top panels) and MEFs {bottam panels}). Mutant embryos showed
reduced F-actin structures. Normal cytoskeletal structures can be seen in
wi!d-typeMEFs.Stressfiberformatidn was reducedin Y8-17/~ MEFs, and ¢éells
were flatter and larger 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
fB-actin mRNA. Recombinant YB-1 clearly bound to f-actin
mRNA, whereas the control glutathione $-transferase protein
faited to do so (supplemental Fig. 14). To determine whether
the interaction occurs in vivo, we performed reverse transcrip-

typed mouse embryo tissues {50 pg of protein per lane) was immunoblotted
using a specific antibody against ¥B-1, EF-1, p70 S6K, elF4E, Akt, and PCNA,
Elevated levels of EF-1 were observed in Y8-1 ~/~ MEFs (Janes 3 and 5). Relative
band intensity (¢4) 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 (left panel) and imrortalized YB-1 null MEF
clones transfected with a pIRES (control} vector ar pIRES-YB-1 plasmid (right
panel). G, growth curves of YB-1%/%, ¥B-1*/", and YB-1~/~ MEFs. One repre-
sentative experiment is shown. Population doubling curves were determined
using trypan blue exciusion. b, proliferation rate of MEFs as assessed by cell
counts. YB-1%7* {diamonds), YB-1*~ (squares), and YB-17"" (triangles) were
inoculated at 5 X 10% cells/ml, The cell numbers were determined at the time
points indicated. Ectopic expression of witd-type YB-1 reversed the prolifera-
tion defect {right panel).

o

VOLUME 281+ NUMBER 52- DECEMBER 28, 2006

1002 '£Z AIBDUEr U0 {IMYENYE INNEA Je Biooal mmn Wol pepeciumbg



%
3
g
By
g
2
-
5
=
5
@
A
2

A H5(+4)  HTO(HH) #T1(++)

YBL* MEF

YBI* MER

2 s
+¥YBI -

#15(4)
vecior

B 7007
600

__ 500

g

Z 4m

:E.- 300

£ 200

? .

FRU :

S 0 o b
T . F T T T T
SR S SR S S
¥ S5 ¥ ¥ ¥ »
® b S s b P
HT L 1L} L
= 2 =2 5 & K

FIGURE 6. Colony transformation activity was reduced in YB-7~/" 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 panef), following 2% Giemsa staining. Introduction
of recombinant YB-1 restored the transformation activity (bottam panel).
8, three YB-1 =/~ MEF cell lines demonstrated reduced colon forming activi
compared with wild-type MEFs, following 29 crystal vioét staining, Cells
were assayed in triplicate.

tion-PCR using B-actin-specific primers on mRNA isolated by
co-immunoprecipitation with YB-1. S-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-17" 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"/~ MEFPs failed to
underge morphological transformation and remained contact-
inhibited after 2 weelks of cultivation (Fig. 64, upper and middle
panel). Following re-expression of transgenic YB-1, how-
ever, the MEFs underwent morphological transformation,
whereas vector-only transduced MEFs failed to do so (Fig.

DECEMBER 29, 2006-VOLUME 281-NUMBER 52 0B85
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64, 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 um in diameter) than the negative control trans-
fected MEFs (20 pm in diameter) (Fig. 7, B and C). This phe-
nomenon was consistent with our earlier observations of
YB-17/~ 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 teansformation, 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
control. Previously, Lu et el {24) reported that targeted disrup-
tion of ¥B-I exon 3 (encoding part of the cold-shock 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-177"
embryos exhibit severe growth retardation and progressive
mortality after E10.5, revealing a nonredundant role for YB-11in
early embryonic development. Our study design disrupted
YB-1 exons 5 and 6, encoding a nonspecific RNA binding region
of the protein. Western biot 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-17/" 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/Profilind, Mip, 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
filaments form the contractile ring
that cleaves the cell during cytoki-
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100 nesis (31). Alternatively, cell prolif-
eration might be regulated by the
effect of YB-1 on the cell cycle pro-
teins cyclin A and cyclin B, as YB-1
was found to induce strongly ele-
vated levels of cyclin Bl protein in
the mitotic stage (32). The targeted
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FIGURE 7. siRNA-mediated YB-1 knocldown in MEFs. A, immunoblot analysis of YB-1 siRNA-transfected
MEFs. Wild-type MEFs-were transfectad with ¥B-1 5iRNA, and total cell lysate {50 H#ghwas harvested atvarieus
time points following transfection and analyzed for indicated protein. Seventy two hours after transfection of
SiRNA, YB8-1 protein levels had reduced by 20%. B, proliferation rate of siRNA-mediated MEFs, YB-1 siRNA-

wransfected cells demanstrated growth retardation compared with wild-type
ated MEFs, The.cell dizmeter of transfected MEFs was measurad .0 and 72 b after transfection with a.Coulter-
type cell size analyzer. sIRNA-transfected celts demonstrated a larger size (avera
with wild-type cells (average diameter 20 em). Experiments were performed in triplicate. D, siRNA-transfected
cells demonstrated reduced caleny 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 -actin (27) and a-globin
mRNAs (28). The strong, nonspecific in vitro binding of YB-1to
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-1leads
to low B-actin levels and reduced actin assembly (Fig. 5).
Recently, the localization of B-actin mRNA 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 neurcns, 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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MEFs. G, cell size of sIRNA medi-

ge diameter 22 pm) compared

chicken Y-box protein gene in
DT40 cells results in major defects
in the cell eyele {33). In this study,
no difference in cyclin A and cyclin
B expression was observed in
YB-177" mouse embryos or MEFs
(data not shown), suggesting that
the expression level of these pro-
teins did not cause the embryonic
Jethality and abnormality of the
YB-1""" 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 ¥B-1~"" MEFs
failed to undergo morphological transformation and remained
contact-inhibited (Fig. 6B). 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 Akt {35}, which plays
a role in tumor formation and progression. Evdokimova et al.
(36) reparted that phosphorylation by Akt also regulates the
association of YB-1 with the capped 5 terminus of mRNA
and that activated Al might relieve translational repression
of YB-1-bound mRNA. We investigated the level of Al¢t pro-
tein in wild-type and siRNA-mediated YB-1 knockdown
MEFs, but no difference was detected (Figs. 44 and 7A),

Yot
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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 PI3I/
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
Akt-induced transformation (40).

Activation of eukaryctic elongation factor 1A (eEF-1A)
through phosphorylation by $S6K {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. 52), 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-17/" E11.5 embryos and siRNA-mediated YB-1 khock-
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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Cisplatin Resistance and Transcription Factors
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Abstract: Cisplatin is one of the most potent and widely used anti-cancer agents in the treatment of various solid tumors.
However, the development of resistance to cisplatin is a major obstacle in clinica) treatment. Several mechanisms are
thought to be invelved in cisplatin resistance, including decreased intracellular drug accumulation, increased levels of
cellular thiols, increased nucleotide excision-repair activity and decreased mismatch-repair activity. In general, the
molecules responsibie for each mechanism are upregulated in cisplatin-resistant cells; this indicates that the transcription
factors activated in response 1o cisplatin might play crucial roles in drug resistance, It is known that the tumor-suppressor
proteins p53 and p73, and the ancoprotein ¢-Mye, which function as transcription factors, influence cellular sensitivity to
cisplatin, So far, we have identified several transcription factors involved in cisplatin resistance, including Y-box binding

protein-1 (YB-1), CCAAT-binding transcription factor 2 (

CTF2), activating transcription factor 4 (ATF4), zine-finger

factor 143 (ZNF143) and mitochondrial transcription factor A {mtTFA). Two of these—YB-1 and ZNF143—Ilack the
high-mobility group (HMG) domain and can bind preferentially to cisplatin-modified DNA in addition to HMG domain
proteins or DNA repair proteins, indicating that these transcription faclors may also participate in DNA repair, In this
review, we summarize the mechanisms of cisplatin resistance and focus on transeription factors involved in the genomic

response to cisplatin.

Key Words: ATF4, cisplatin, c-Mye, CTF2, mtTFA, p53/p73, YB-1, ZNF143.

INTRODUCTION

cis-diamminedichloroplatinum (I1) (cisplatin) plays a
crucial role in the treatment of many solid tumors. The
mechanisms of cisplatin-induced cytotoxic activity are not
completely understood; however, the therapeutic effect of
cisplatin is believed to result from the formation of covalent
adducts with DNA [1, 2]. Cisplatin has been shown to cause
the formation of intrastrand cross-links between adjacent
purines in genomic DNA. The major cisplatin cross-links are
intrastrand 1, 2-d(GpG) and d(ApG); DNA damage signals
then induce apoptosis in various solid tumor cells [1, 2].
Cisplatin treatment induces not only DNA damaging stress,
but also oxidative and endoplasmic reticulum (ER) stresses
[3, 4). This, along with the other available evidence,
demonstrates the highly complex nature of cellular
sensitivity to cisplatin. Of the induced genomic responses,

anti-apoptotic defenses are activated simultaneously with,

apoptotic signaling [5]. The major limitation to clinical
treatment is the development of cisplatin resistance by
tumors through these mechanisms, which include efflux and
detoxification of cisplatin, and DNA repair. Other genes that
are differentially expressed in association with acquired
cisplatin resistance have been identified, including
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cytochrome oxidase 1, ribosomal protein 528, elongation
factor 1oy, ¢-enolase, stathmin and HSP70 {6]. Understand-
ing the molecular basis of cisplatin-induced genomic
responses in cisplatin resistance is therefore important for
determining clinical strategies.

Many genes have been identified that affect cancer cells
during programmed cell death following various genotoxic
stresses. The activation of the typical tumor-suppressor
proteins p53 and p73 can result in cell-cycle arrest, DNA
repair or apoptosis [7, 8]. Loss of p33 function confers
resistance to cisplatin in various human cancer cell lines [91,
whereas overexpression of p73 is associated with cisplatin
resistance [10]. Recently, it has been shown that codon 72
polymorphic variants of p53 display altered mitochondrial
translocation and apoptotic potential [11]. Furthermore,
mutations in the p53 gene have been widely detected in
various human cancer cells, indicating that p53 might be
critical in determining drug sensitivity [12]. However, it is
not clear how many transcription factors play significant

roles in. cisplatin-induced stress responses and drug

sensitivity. We believe that transcription factors for genes

" involved in cisplatin resistance are often activated by DNA

damage; therefore, identification and" characterization of
cisplatin-induced transcription factors might provide a
shortcut to deciphering cisplatin sensitivity and resistance in
clinical treatment.  ~ - :

In this article, we describe the main methanisms of
cisplatiniinduced apoptosis and cisplatin resistance, and
discuss the transcription factors involved in resistance to

© 2005 Bentham Scicnce Publishers Ltd.
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cisplatin: p53/p73, c-Myc, YB-1, CTF2, ATF4, ZNF143 and
mtTFA. Additionally, we refer to the potential responses of
some other transcription factors, including octamer
transcription factor Octl and the zinc-finger protein Spl, to
anti-cancer agents.

CISPLATIN-INDUCED APOPTOSIS

DNA is the primary target of cisplatin in cancer cells and
one of the major cytotoxicities of cisplatin is thought to be
caused by the formation of cisplatin~-DNA adducts. Cisplatin
binds preferentially to the N7 atom of guanine residues,
especially in regions of two or more consecutive guanines,
Thus, the major cisplatin cross-links are intrastrand 1, 2-
d(GpG) and d(ApG), whereas the minor cross-links include
intrastrand 1, 3-d(GpNpG), as shown in Fig. (1) [1, 2].
Intrastrand 1, 2-d(GpG) and d(ApG) provide the strongest
basis for cisplatin-induced cytotoxicity. Cisplatin is
hydrolyzed and equilibrium is maintained between cisplatin
(the CI-CI species; (NH;),PtCl,), the charged species (the
Hz0-Cl species; [(NH3)PtCI(H,0)]*), and the neutral
species (the OH-C! species; (NH3),PtCI(OH)} in physiologi-
cal conditions of intracellular pH and chloride concentration.

Charged species under low CI™ and/or low pH conditions,

such as the H,0-Cl and H,0-H,0 species, are more reactive
than the CI-Cl species because of their nucleophilic
properties (Fig. (2)). Thus, intracellular CI” and pH levels
could modulate the cytotoxicity of cisplatin [13],

Cisplatin can induce two major distinct apoptotic path-
ways via various stress signalings: the first is p53-dependent
mitochondrial apoptesis, which begins with translocation of
the p53-induced Bax from the cytosol to the mitochondria,
folléwed by cytochrome ¢ release and activation of caspase-9
and -3 [14]; the second is the Fas/Fas ligand-dependent
caspase-8-induced apoptotic cascade [15].
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Mitogen-activated protein kinase (MAPK) signaling
pathways, including the extracellular signal-regulated kinase
(ERK), p38 and c-Jun N-terminal kinase (INK) pathways,
play important roles in cellular responses io stress condi-
tions, including various anti-cancer agents [16]. The ERK
signaling pathway is involved in the regulation of cell
growth, differentiation, proliferation and survival. By con-
trast, the p38 and JNK signaling pathways are stress depen-
dent and have apoptotic regulatory functions. Cisplatin-
induced activation of ERK signaling could contribute to
resistance to cisplatin [17]; conversely, induction of the
TNK/p38 signaling pathway in response to cisplatin induced
apoptosis via Fas ligand induction in ovarian cancer cells
[15). However, Wang ef al. have shown that ERK activation
plays an important role in the cisplatin-induced apoptosis of
Hela cells [3]. These results suggest that such differential
effects of MAPK signals in response to drug-induction could
reflect cell-type specificity. The functions of the JNK
signaling pathway in apoptosis induced by cisplatin also
remain unclear, as does ERK signaling [15, 18]. Further
investigation is necessary to probe the exact cisplatin-
induced mechanisms of these signaling pathways.

Initially, DNA damage signals induced by cisplatin can
activate so-called sensor kinases. It was reported that
cisplatin induces the phosphatidylinositol 3-kinase (PI3K)/
AKT signaiing pathway to mediate p21 expression, suggest-
ing that it might be involved in celi-cycle regulation;
however, inhibition of the PI3K/AKT pathway had no
influence on sensitivity to cisplatin [19]. However, it was
recently reported that AKT phosphorylates the X-linked
inhibitor of apoptosis protein (XIAP) and is involved in
cisplatin resistance [20]. Moreover, cisplatin could phos-
phorylate p33 at serine 15 and induce p53 downstream genes
via activation of ataxia telangiectasia mutated and Rad3-
related protein (ATR) kinase [21]. ATR signaling has also

1, 2-ApG intrastrand

crosslink

H3N NH3

\/
Pt

/ "“NHs crosslink
sceCGGCCAGTGCTCAAGCe
\/

Pt
/\
H3N NH3

1, 3-GpNpG intrastrand

crosslink

Fig. (1). Schematic diagram of cisplatin-DNA adduets.

Intrastrand 1, 2-d(GpG) and d(ApG) are the major cisplatin cross-links (85-90% of total lesions), whereas the minor cross-links is intrastrand
1, 3-d(GpNpG). The major lesions provide the strongest basis for cisplatin-induced cytotoxicity.
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Fig. (2). Formation of intracellular cisplatin.

The equilibrium of cisplatin is affected by physiological conditions of intracellular pH and chloride concentration. The charged species under
low CI™ andfor acidic conditions (the H,0-Cl, H;O-OH and H,0-H,0 species) are the most active forms.

been linked to the MAPK signaling cascade [22]. Another
kinase, the c-Abl tyrosine kinase, is also activated by
cisplatin. This kinase phosphorylates p73 and induces
apoptosis [23]. The c-Abl pathway is also associated with the
INK signaling pathway, which is a member of the MAPK
family [24]. The evidence therefore suggests that DNA
damage signals might undergo crosstalk with each other.

Protein phosphatase is aiso involved in the cisplatin-
induced signaling pathway through regulating the cellular
phosphorylation state. Nuclear Src homology 2 domain-
containing tyrosine phosphatase (SHP-2) was constitutively
associated with c-abl and its phosphatase activity was
significantly enhanced in response to DNA damage. It was
reported that cells lacking SHP-2 showed markedly
decreased apoptosis in response to DNA-damaging agents,

such as cisplatin and y-irradiation [25]. Furthermore,:

cisplatin has been shown to interact with the tumor-
suppressor phosphatase and tensin homolog (PTEN), which
plays an important role in cell growth and apoptosis [26].
The enzymatic activity of protein tyrosine phosphatases
(PTPs) containing PTEN is often regulated by a redox
system, including thioredoxin-1 [27, 28}. Apoptosis signal-
regulating kinase 1 (ASK1} is a MAPK kinase kinase that
activates p38 and JNK cascades, and is activated in response
10 oxidative stress [29]. Protein phosphatase 5 interacts with
ASK1 and inhibits its activity [30]. These results provide

evidence that protein phosphatase is an important modulator
of apoptosis through cisplatin-induced DNA damage and
oxidative stress, and that it contributes to drug sensitivity.

Reactive oxygen species (ROS) are produced upon
various stress stimulations—including ultraviolet (UV)
irradiation and cytotoxic agents such as cisplatin—and are
closely involved in stress-induced apoptosis. ROS
production can enhance sensitivity to cisplatin through
activation of the INK or p38 pathways [31], or through Fas
aggregation [32]. Furthermore, it has been recently reported
that cisplatin could induce apoptosis in the absence of DNA
damage, through ER stress [4]. Cisplatin induced the
activation of the calcium-dependent protease calpain, which
activated caspase-3 and ER-specific caspase-12 in cytoplasts
[4]. These data suggest that the ER might be the non-nuclear
target of cisplatin,

Cisplatin-induced apoptotic pathways are complicated, as
cisplatin might cause different stresses, such as DNA
damaging, oxidative and ER stresses. Various cisplatin-
induced stress signals can activate each pathway through
specific transcription factors that act as the ultimate drug
targets. Cel} death or survival in response to cisplatin might
be dependent on the relative intensity of, and the crosstalk
between, these signal pathways. Fig. (3) shows a schematic
summary of cisplatin-induced cellular signaling involved in
cell death and survival. Further studies will lead to a better
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Fig. (3). Schematic summary of cisplatin-induced damaging signals.

Cisplatin induces different damaging signals, such as DNA damaging, oxidative and ER damaging stresses. These stresses can activate each
pathway through specific phosphorylation cascades, which include transcription factors as the ultimate targets. The fate of cancer cells in
cisplatin treatment is determined by the relative intensity of, and the crosstalk between, these signaling pathways,

understanding of the mechanisms involved in cisplatin-
induced apoptosis.

MECHANISMS OF CISPLATIN RESISTANCE

The development of cisplatin resistance by tumor cells is
a major clinical limitation in cancer chemotherapy. This
resistance might arise due to changes in the biochemical
pharmacology of cisplatin. Cisplatin resistance is induced
through various mechanisms, including the reduction of
cisplatin accumulation inside cancer cells [5]. One of the
several possible efflux pumps for cisplatin is the multidrug
resistance-associated protein 2 (MRP2; also designated
c¢MOAT). MRP2 is a member of the MRP gene family and
these ABC membrane proteins have been connected with the
efflux of various drugs [33]. A recent study has shown that
expression of MRP2 coincides with resistance to cisplatin
[34] and Koike e al. have demonstrated that cisplatin
sensitivity is increased by antisense MRP2 constructs [35].
These data give an insight into the relationship between
MRP2 expression and drug resistance. Moreover, the copper

transporters ATP7A and ATP7B have been shown to be
involved in cisplatin efflux [36], and have potential as
clinical markers in ovarian cancer specimens [37, 38].
However, the P-glycoprotein, which is a membrane channel
encoded by the multidrug resistance 1 (MDRJ) gene, has
been reported not to participate in cisplatin resistance {39].

In another mechanism of resistance, increased activity of
intracellular pathways of thiol production—including
glutathione (GSH), metallothionein and thioredoxin—can
contribute to the detoxification of cisplatin [5]. A small
fraction of the intracellular cisplatin can bind to genomic
DNA. However, a major fraction, about 60% of the
intraceltular cisplatin, is conjugated with GSH [40]. GSH is
one of the most abundant SH-containing molecules, which
can interact with cisplatin through the catalytic action of
glutathione S-transferase = (GSTn). GS-platinum complexes,
which show inactivated cytotoxicity, are discharged from
cancer cells via the ghutathione conjugate export pump (GS-
X pump) [1, 2]. GSTn and y-glutamylcysteine synthetase (y-
GCS), which is the enzyme involved in GSH biosynthesis,





