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Introduction

Obesity is a risk factor for many diseases, such as diabetes,
hypertension, hyperlipoidemia, and also arteriosclerosis [1]. Obesity
is the result of an expansion of individual adipocytes and increase in
the overall number of adipocytes. Therefore, to clarify the mecha-
nism of obesity, it is necessary to elucidate the molecular mecha-
nisms by which adipocytes differentiate. It is well established that
peroxisome proliferator-activated receptor -y (PPAR ), the CCAAT/
enhancer-binding protein (C/EBP) family, and sterol regulatory
element-binding protein 1 (SREBP-1) have crucial roles in the middle
and the late stages of the differentiation process [2,3]. However, the
events early on in adipogenesis are not fully understood.

Previously, we isolated 102 genes as inducible during the
earliest stage of adipocyte differentiation with a polymerase chain
reaction (PCR)-subtraction protocol [4,5]. We have identified
regulators of G protein signaling 2 (RGS2), TC10-like/TC10BLong
(TCL/TC10BL) and p68 RNA helicase as factors accelerating the
differentiation process [6-8]. In addition, it was of interest that
almost half of the isolated genes were unknown, not being present
in the databases. Using the rapid amplification of cDNA ends
(RACE) technique and cDNA library screening, we identified four
novel genes, factor for adipocyte differentiation 24 (fad24), fad123,
fad158 and fad104 [9-12]. Furthermore, we reported that fad24,
fad158 and fad104 were positive regulators of adipocyte diffe-
rentiation [9,11-13].

FAD104 is a novel protein containing 9 repeats of the fibronectin
type Ill domain and a transmembrane domain. The expression of
fad104 was quickly and transiently elevated at the early stage of
adipogenesis and was restricted to the differentiable state. Moreover,
the knockdown of fad104 by RNA interference caused inhibition of
the differentiation of 3T3-L1 preadipocytes [12]. These results
indicated fad104 to have an important role in the differentiation.

The fibronectin type Ill domain contained in FAD104 is found in
cell surface receptors and proteins regulating cell adhesion such as
fibronectin and vitronectin [14,15]. Fibronectin is one of the
extracellular matrix proteins and consists of three types of
repeating module, called type I, type I and type Il repeats.
Fibronectin binds to a variety of extracellular and cell surface
molecules, including integrins o531 and «4P1 and the HSPG
coreceptor syndecan 4, and regulates cell adhesion, spreading,
migration, growth and differentiation [16,17]. The Arg-Gly-Asp
(RGD) tripeptide sequence in the type Ill;o module of fibronectin
plays an important role in the binding of the integrin receptor and
activating of integrin-mediated intracellular signals [18,19]. It is of
interest that fad104 also has a RGD tripeptide sequence in the
eighth fibronectin type IIl domain.

In addition, some previous reports indicate that the extracellular
matrix proteins including fibronectin and integrins have important
roles in adipogenesis [20,21]. The expression of fibronectin and
integrin is downregulated during adipogenesis [20]. Furthermore, it
was reported that the disruption of contacts with the extracellular
matrix was required for adipocyte differentiation [21]. These reports
indicate the importance of interaction between the differentiating
cells and extracellular matrix, suggesting that the proteins contai-
ning the fibronectin type 11l domain have some crucial role in the
differentiation process. However, the role of fad104 in adipocyte
conversion and various cellular functions including cell prolifera-
tion, adhesion, spreading and migration is unclear.

In this study, to gain insight into the physiological role of fad104
in vivo, we generated mice lacking fad104. Although born in the
expected Mendelian ratios, the fad104-deficient mice all died
within 1 day after birth. Interestingly although FAD104 possesses 9
repeats of the fibronectin type Il domain, FAD104 localized to the
endoplasmic reticulum (ER). Furthermore, analyses of mouse
embryonic fibroblasts (MEFs) prepared from fad104-deficient
mice revealed that disruption of fad104 caused a reduction in the
ability to differentiate, proliferate, adhere, spread and migrate.
These results indicate that the novel gene fad104 is essential for the
survival of neonates and promotes not only adipocyte differentia-
tion, but also cell proliferation, adhesion, spreading and migration.

Materials and methods
Generation of the fad104 knockout mouse

The targeting vector was constructed by ligating a 1.0 kb Xho |
fragment and a 4.4 kb Xho [-Sal | fragment, which were located
upstream and downstream of exon 2, respectively, to the pgk-neo
cassette of pLNTK. Both the Xho I and Xho I-Sal I fragments were
amplified by PCR using genomic DNA prepared at E14 as a
template. The pgk-tk expression cassette was placed next to the
short arm for negative selection against random integration. The
targeting construct was linearized with the Sal I site and
electroporated into D3 ES cells. Three positive ES cell clones,
screened by Southern blot analyses, were microinjected into
C57BL/6 Cr blastocysts purchased from Japan SLC (Shizuoka,
Japan). The blastocysts were transferred to ICR pseudopregnant
females, resulting in the birth of three lines of male chimeric mice.
These male chimeric offspring were mated with C57BL/6 females
and chimeras from two lines exhibited germ-line transmission.
The F1 agouti offspring mice were then analyzed by Southern
blotting and PCR analyses. Heterozygote male mice were back-
crossed onto the C57BL/6 background for more than seven
generations. All experiments were carried out according to the
Guideline for the Care and Use of Laboratory Animals of Nagoya
City University Medical School.

Genotyping

For Southern blot analyses, genomic DNA from ES cells and tail
snippets was digested with BamHI-Bglll, fractionated on a 1%
agarose gel, and blotted onto a Hybond N+ nylon membrane
(Amersham Biosciences). Homologous recombination was deter-
mined by using as a probe, 500 bp fragments located outside the
targeting vector. The filter was hybridized with a probe labeled
with [a-32P]-dCTP using a random labeling kit (Takara Biomedi-
cals). The wild-type allele produces a DNA sequence of 5. 4 kb,
while the targeted DNA is 2. 0 kb long (Fig. 1A).

Measurements of body temperature, blood glucose level and
brown adipose tissue (BAT) weight

Newborn pups were obtained by caesarean delivery at E18.5. Just
after caesarean section, a thermistor (PHYSITEMP INSTRUMENTS
INC.) was introduced into the rectum of pups for body
temperature measurements, BAT was isolated from the inter-
scapular space of newborn pups, and measured its weight. Blood
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glucose level was measured by the Glucose Cll-Test (Wako Pure
Chemical).

Preparation of MEFs and adipocyte differentiation

MEFs were isolated from decapitated embryonic day 13.5 embryos
of wild type and fad1047~ mice. According to the previous reports,
MEFs were used at low passage numbers (2 to 4 times) throughout
the studies to avoid accumulative genetic abnormalities during
passage [22,23]. Cells were cultured in a-modified Eagle's medium
(a-MEM; Invitrogen) supplemented with 10% fetal bovine serum
(FBS).

Induction of adipogenic differentiation was carried out accor-
ding to methods described previously [24]. Briefly, MEFs (2 times
passage) were seeded in culture dishes. The medium was changed
to a-MEM supplemented with 0. 5 mM 3-isobutyl-1-methylxantine
(IBMX), 5 pg/ml of insulin (Ins), 1 pM dexamethasone (Dex), and 10%
FBS at 2 days postconfluence. This medium was renewed every
other day. The amounts of triacylglycerol were measured using
LIPIDOS LIQUID (Ono) according to the manufacturer's instructions.

Implantation and histological analyses

MEFs (4 times passage) were grown to near confluence and
trypsinized. After centrifugation, cell pellets were suspended in

o-MEM containing 10% FBS and injected subcutaneously (3x107
cells per site) with a 21-gauge needle at the back of BALB/c athymic
mice (Charles River Laboratories). Three weeks after implantation,
these mice were Killed by cervical dislocation, and the fat pads
derived from the implanted cells were excited and fixed in 10%
formalin in phosphate-buffered saline (PBS). The specimens were
cut into 4-pm-thick sections and stained with hematoxylin and
eosin (H&E). For lipid staining with osmium tetroxide (0sOy), the
retrieved implants were fixed in 2.5% glutaraldehyde in PBS for
15 min and 10% formalin in PBS. To cross-link intracellular lipids,
the implants were covered with a 1% 0sO4 solution for 2 h on ice.
After excess 0sO4 was removed by washing with distilled water,
the implants were fixed again with 10% formalin in PBS, and
embedded in paraffin. The specimens were cut into 6-pm-thick
sections and deparaffinized to observe OsO4-stained lipids.

Real-time quantitative RT-PCR (Q-PCR)

Total RNA was extracted using TRIzol (Invitrogen). For Q-PCR, cDNA
was prepared using ReverTra Ace-a- (TOYOBO) following the
manufacturer's recommended procedures. An ABI PRISM 7000
sequence detection system (Applied Biosystems) was used to
perform Q-PCR. The pre-designed primers and probe sets of fad104
and 18S rRNA were obtained from Applied Biosystems. The
reaction mixture was prepared using a TagMan Universal PCR
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Master Mix (Applied Biosystems) according to the manufacturer's
instructions. The mixture was incubated at 50 °C for 2 min and at
95 °C for 10 min, and then the PCR was done at 95 °C for 15 s and at
60 °C for 1 min for 40 cycles. The relative standard curves were
generated in each experiment to calculate the input amounts of the
unknown samples.

Subcellular localization of FAD104

An amino terminal Flag tagged FAD104 expression plasmid, pFlag-
fad104, and a carboxy terminal green-fluorescent protein (GFP)
tagged FAD104 expression plasmid, pfad104-GFP, were con-
structed by subcloning the coding region of fad104 into p3xFlag-
CMV7.1 (SIGMA) and pEGFP-N1 (BD Biosciences), respectively.

NIH-3T3 cells were plated onto cell disks (SUMITOMO
BAKELITE Co., Ltd) 1 day before transfection. The cells were
transfected using the calcium co-precipitation method, fixed with
2% paraformaldehyde in PBS and permeabilized with 0.2% Triton
X-100. Each cell disk was incubated with primary antibody, rabbit
polyclonal anti-calnexin antibody (H-70) (Santa Cruz Biotechno-
logy) and mouse monoclonal anti-Flag antibody (SIGMA), for 1 h at
room temperature. After 5 washes with PBS, tetramethylrhoda-
mine isothiocyanate (TRITC)-conjugated anti-rabbit and fluores-
cein isothiocyanate (FITC)-conjugated anti-mouse antibodies were
reached for 1 h at room temperature. After 5 washes with PBS, the
signals for GFP, FITC and TRITC were detected by confocal laser
scanning microscopy (LSM510META, Carl Zeiss Co., Ltd).

Cell proliferation and cell death assay

Two times passage MEFs were used in this study. The cells (3% 10%)
were seeded into 6-well tissue culture plates and trypsinized.
Numbers of cells were counted at various time points during the
cell growth period. For the detection of cell death, TdT-mediated
dUTP-biotin nick end labeling (TUNEL) assays were performed
using the In Situ Cell Death Detection kit, Fluorescein (Roche)
according to the manufacturer's instructions.

Cell adhesion assay

Four times passage MEFs were used in this study. The cells (1% 10%)
were plated onto fibronectin-coated (3 pg/ml) 24-well plates. For
the coating of fibronectin, human fibronectin (SIGMA) was
incubated for 1 h at room temperature. At specific time points,
the unattached cells were washed away with PBS. The attached
cells were fixed for 10 min in 2% paraformaldehyde in PBS at room
temperature, After 3 washes with PBS, the attached cells were
photographed, and counted in five random microscopic fields per
plate.

Immunofluorescence microscopy

Four times passage MEFs were used in this study. MEFs (4x10%)
were replated on fibronectin-coated (3 pg/ml) cell disks in 24-well
plates. At different time points, cell disks were fixed for 10 min in 2%
paraformaldehyde in PBS and permeabilized with 0.2% Triton
X-100. The cell disks were incubated with anti-vinculin monoclonal
antibody (SIGMA) for 1 h at room temperature. After 3 washes with
PBS, FITC-conjugated anti-mouse secondary antibody and TRITC-
conjugated phalloidin (Jackson ImmunoResearch) for detection of

the F-actin structure of the cells were reacted for 1 h at room
temperature. After 3 more washes with PBS, FITC and TRITC signals
were detected by fluorescence microscopy (BX51, OLYMPUS).

Wound healing assay

Four times passage MEFs were used in this study. MEFs of wild-type
and fad1047~ mice were grown to confluence in 60 mm dishes. At
1 day postconfluence, four sites in each plate were scraped with a
yellow plastic pipette tip to generate scratch wounds. The medium
was removed and replaced with fresh medium. The cells were
incubated at 37 °C for 10 h. The wound areas at various points were
photographed and measured using NIH-Image ] software.

Statistical analyses

Data are expressed as the meanzstandard deviation (S.D.) or the
meanztstandard error (S.E.). All data presented with statistical
analyses were analyzed using a Student's t test. p values less than
0.05 were considered to be significant.

Results
Disruption of the fad104 gene causes rapid postnatal death

To explore the function of fad104 in vivo, we generated fad104-
deficient mice. We previously indicated that the mouse fad104 was
located at chromosome 3 and constituted 26 exons [12]. To disrupt
the fad104 gene, the targeting vector was designed to remove the
second exon of fad104, which included the translational start site
(Fig. 1A). The targeting vector was introduced into D3 ES cells and
positive cells were selected using G418 and ganciclovir. Three of
the targeted ES cell lines were injected into C57BL/6 Cr blastocysts,
and chimeric male mice were obtained. Of these, two lines of mice
exhibited germ-line transmission. Intercrosses of the heterozygote
mice were used to establish the homozygote fad104-deficient mice.

First, we analyzed the genotype of mice in the heterozygote
intercross at 4 weeks of age. However, fad1047~ mice were not
found among 55 live-born progenies. Then, we observed the fate of
the newborn mice at 1 day of birth. As shown in Table 1, ten of 47
pups obtained from crosses between heterozygote mice had
already died, and three more pups died the next day. Southern
blot analysis indicated that 13 newborns that died within 1 day of
birth were homozygous mutants, which is almost equal to the
expected Mendelian ratio (Table 1, Fig. 1B). Furthermore, Q-PCR
analysis using MEFs prepared from offspring of the heterozygote
intercross confirmed that fad104-deficient mice do not express
fad104 (Fig. 1C).

Table 1 - Genotype of progeny of heterozygote intercrosses

Age No. of mice with genotype

Hr +- i
E 185 9 24 13
P1 13 21 132
4-week 19 36 0

2 Ten newborns had died. Another 3 newborns died within 1 day.
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To determine whether disruption of fad104 causes lethality
during embryogenesis, we next examined the genotype of new-
borns from the heterozygote intercross at E18.5. Just minutes after
caesarean section, all pups at E18.5 were alive, and exhibited the
expected Mendelian ratio (Table 1). However, all the fad1047~
offspring died within 15 min after caesarean section, whereas the
wild-type and fad104*~ neonates survived. Similar results were
observed for other fad104-deficient mice, which were obtained
from independent ES clones. These results strongly suggest that
the disruption of fad104 causes rapid postnatal death.

To clarify the causes of rapid postnatal death by the disruption
of fad104, we examined whether fad104 is involved in the energy
homeostasis just after birth (Fig. 2). We first measured the body
weights and blood glucose levels of fad1047 neonates. The body
weights and blood glucose levels of fad1047 neonates were not
significantly different from those of wild-type and fad104*~ pups
(Figs. 2A and B). Just after birth, the thermoregulation is very
important to maintain energy homeostasis. Therefore, we next
measured the body temperatures of newborn pups just after
caesarean. The body temperatures did not differ among three
genotypes (Fig. 2C). Furthermore, we measured weights of BAT
isolated from the interscapular space of neonates. The weights of
BAT of fad1047~ neonates were not also different from those of
wild-type and fad104* pups (Fig. 2D). These results may indicate
that the rapid postnatal death observed in fad104-deficient infants
is not caused by the failure of energy homeostasis.
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Fig.2 - Characterization of fad104-deficient mice at embryonic
day 18.5. Body weights, blood glucose levels, body temperatures
and BAT weights of neonates were measured just after
caesarean section. (A) Body weights (wild-type, n=17, fad104*",
n=36, fad1047", n=9). (B) Body temperatures (wild-type, n=10,
fad104*, n=11, fad1047-, n=4). (C) Blood glucose levels
(wild-type, n=12, fad104*", n=14, fad104", n=5). (D) BAT
weights (wild-type, n=10, fad104*-, n=11, fad104™, n=4). Each
column represents the mean with standard error.

Fad104-deficient MEFs exhibit reduced adipogenesis

Since the disruption of fad104 causes postnatal death, it is clear
that fad104 has an important role in the survival of newborn. Our
previous report indicated that fad104 promoted the differentiation
of 3T3-L1 preadipocytes [12]. Therefore, using the MEFs prepared
from fad104-deficient mice, we first examined the role of fad104 in
the conversion to adipocytes.

We investigated the expression of fad104 during the diffe-
rentiation of MEFs prepared from wild-type embryos. The level of
fad104 quickly elevated after the induction, and reached a peak at
3 h as found in 3T3-L1 cells (Fig. 3A). Next, we performed a
differentiation experiment. Wild-type and fad1047~ MEFs were
brought to confluence in 10% FBS. After 2 days of incubation, the
medium was changed to the differentiated medium. After 12 days,
the cells were stained with Oil Red O to detect oil droplets (Fig. 3B)
and the amounts of triacylglycerol were determined (Fig. 3C).
Under these conditions, approximately 50% of MEFs from wild-
type embryos could differentiate into adipocytes. On the other
hand, little accumulation of oil droplets and triacylglycerol in MEFs
from fad1047~ embryos was observed.

Next, MEFs prepared from wild-type and fad1047~ embryos
were implanted subcutaneously into the back of athymic mice.
After 3 weeks, the implants were excited. The weights of the
implants derived from fad1047~ MEFs were indistinguishable from
those of wild-type MEFs (data not shown). In order to observe the
histological characterization of implants, the cells accumulated oil
droplets were detected by H&E and 0sO, staining. The implanted
wild-type MEFs developed into adipocytes and stored oil droplets.
In contrast, the implanted fad1047~ MEFs failed to develop into
mature adipocytes (Fig. 4). These results combined with our
previous observations demonstrated that fad104 has an important
role for the differentiation of MEFs as well as of mouse 3T3-L1 cells.

FAD104 localized to the endoplasmic reticulum (ER)

To determine the subcellular localization of FAD104, Flag-fad104
chimeric plasmid was transiently introduced into NIH-3T3 cells and
the signals were detected by confocal scanning laser microscopy. The
signals of Flag-FAD104 were observed in the cytoplasm (Fig. 5A).
Because FAD104 possesses a transmembrane domain at the
C-terminus, it seems that FAD104 distributes to the membrane
structure in the cytoplasm. Therefore, we further conducted
immunofluorescent staining using antibody against calnexin,
which is a marker for the ER. The distribution of Flag-FAD104
overlapped with the staining pattern of calnexin (Fig. 5A). Since Flag-
fad104 chimeric construct have Flag tag at the N-terminal site, we
further constructed fad104-GFP chimeric plasmid in which GFP stays
in the C terminus and introduced into NIH-3T3 cells. As shown in
Fig. 5B, FAD-GFP was also distributed in the cytosol and overlapped
with calnexin. These results demonstrated that the type and position
of tags do not affect the distribution and FAD104 localized to the ER.

Cell proliferation was inhibited in fad104-deficient MEFs

The experiments of subcellular localization of FAD104 demonstrated
that FAD104 is a novel ER protein. However, it is unclear whether
fad104 is involved in cellular functions including cell proliferation,
cell adhesion, cell spreading and cell migration. To elucidate the
function of fad104, we further analyzed fad104-deficient MEFs.



814 EXPERIMENTAL CELL RESEARCH 315 (2009) 809-819

>

[ =2
S 8
‘H
o 6
x =
<3
=8«
o
ESis
2L
8 o
& 0 1 3 6 12 24 2 4 8
hr day
. , g
wild type fad104/" TG contents
i ? ‘ 18
i N
12
o
3
g s
0

wild type fad104”

Fig. 3 - Adipocyte differentiation of MEFs from wild-type and homozygous fad104-deficient embryos. (A) Q-PCR analyses of fad104
expression in MEFs from wild-type embryos. The expression level of fad104 was determined at various time points in the
differentiation of MEFs from wild-type embryos and normalized with 18S rRNA expression determined by Q-PCR. The data represent
means with standard deviations (n=3). (B) Differentiation of MEFs from wild-type and fad1064™~ embryos. Wild-type and
fad1047/- MEFs were treated with the differentiation medium containing IBMX, Dex, Ins and FBS. These cells after 12 days treatment
were stained with Oil Red 0. Oil Red O staining of plates (upper) and microscopic examination (lower). (C) The amounts of
triacylglycerol. The measurement of triacylglycerol content was done on 24-well plates. Each column represents the mean with
standard deviations (n=3). *p<0.05.
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Fig. 4 - Histological analyses of the implanted MEFs from wild-type and fad104-deficient embryo. At 3 weeks after implantation of
MEFs prepared from wild-type (upper panels) and fad1047- (lower panels) embryos, the implants were excited and stained by
H&E (left panels) and 0s0,4 (right panels).
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Fig. 5 - Subcellular localization of FAD104. (A) Subcellular localization of Flag-FAD104. NIH-3T3 cells were transiently transfected
with Flag-fad104-expression plasmid. After conducting immunofluorescent staining using anti-Flag and anti-calnexin, the signals of
Flag-FAD104 (green) and calnexin (red) were detected with confocal laser scanning microscopy. (B) Subcellular localization of
FAD104-GFP. NIH-3T3 cells were transiently transfected with fad104-GFP-expression plasmid. Transfected NIH-3T3 cells were fixed
and performed the immunofluorescence analyses staining with anti calnexin. Fluorescence of FAD104-GFP (green) and calnexin

(red) were detected with confocal laser scanning microscopy.

First, we investigated the rate of cell proliferation of wild-type
and fad1047~ MEFs, MEFs prepared from wild-type and fad1047~
embryos were seeded in tissue cultures, and counted at various
time points. As shown in Fig. 6, the fad104-deficient MEFs
exhibited a slightly decrease in proliferation compared with the
wild-type MEFs. To exclude the possibility that the decrease of
proliferating rate by the disruption of fad104 was caused by the
increase the cell death including anoixis, we performed TUNEL
assay to detect cell death during proliferation in MEFs prepared
from wild-type and fad1047~ embryos. At 2, 4, and 6 days after
seeding, no TUNEL-positive cells were observed in wild-type and
fad1047/~ MEFs (data not shown). The difference of cell prolifera-
tion between wild-type and fad1047~ MEFs may not be caused by
cell death. These results indicated that the disruption of fad104
inhibits cell proliferation.
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Fig. 6 - Cell proliferation was inhibited in fad104-deficient
MEFs. MEFs from wild-type and fad1047- embryos were seeded
in 6-well tissue culture plates at a total 3x10? cells/well. These
cells were trypsinized and counted. The data represent means
with standard deviations (n=4) **p<0.01.

Deficiency of fad104 reduced stress fiber formation and
caused a delay in cell adhesion and cell spreading

Next, to examine the effect of disruption of fad104 on cell adhesion,
cell spreading and the actin cytoskeleton's organization, we
stained F-actin of wild-type and fad1047~ MEFs with TRITC-
conjugated phalloidin. In addition, to detect the focal complex in
wild-type and fad1047~ MEFs, the localization of vinculin was
visualized using anti-vinculin antibody.

At 30 min from seeding, the wild-type MEFs already showed
cell spreading and the formation of long actin stress fibers. In
contrast, the fad1047~ MEFs were significantly delayed in
spreading, and caused a lack of actin stress fibers and the
appearance of F-actin rich membrane ruffles (Fig. 7A). At
120 min, in wild-type MEFs, the actin stress fibers were notably
increased and co-localized with vinculin at the end of these
fibers at focal adhesion sites. Furthermore, the morphology also
changed to that of fibroblasts. In contrast, few stress fibers and
morphological changes were observed in fad1047~ MEFs. In
addition, vinculin in fad1047~ MEFs was not distributed to focal
adhesion sites, and not co-localized with actin stress fibers (Fig.
7A). After 480 min, fad1047~ MEFs had spread more than was
observed at 120 min, and developed actin stress fibers with
vinculin at their ends, but were still less well spread than wild-
type MEFs (Fig. 7A). These results indicated that the disruption
of fad104 reduced the numbers of stress fibers formed and cell
adhesion sites, and delayed the change in cell morphology and
cell spreading.

To test whether fad104 regulates cell adhesion, we further
performed a quantitative cell adhesion assay by counting the
attached cells in the tissue culture, Wild-type and fad1047~ MEFs
were plated onto fibronectin-coated plates. The attached cells
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Fig. 7 - Deletion of fud104 causes delayed stress fiber formation, cell adhesion and cell spreading. (A) Immunofluorescence of
wild-type and fad1047- MEFs. MEFs (4%10%) from wild-type and fad1047/~ embryos were plated on fibronectin-coated (3 pg/ml) cell
disks in 24-well plates. At 30,120 and 480 min from seeding, F-actin and vinculin were visualized with TRITC-conjugated phalloidin
(red) and anti-vinculin antibody (green), respectively. Overlay demonstrates that the end of stress fibers co-localizes with
vinculin (yellow). The arrow shows the typical end of stress fibers. A representative field at each time point is shown. (B) Cell
adhesion assay of wild-type and fad1047/~ MEFs. MEFs (1x10%) from wild-type and fad1047 embryos were plated onto
fibronectin-coated (3 pg/ml) 24-well plates. At each time point, the attached cells were photographed, and counted in five
random microscopic fields per plate. The data represent means with standard deviations (n=5). **p<0.01.
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were photographed and counted at 15, 30 and 120 min after
plating. At all time points, the fad1047~ MEFs dramatically
showed impaired adhesion compared with the wild-type MEFs
(Fig. 7B). The results in Figs. 7A and B strongly suggest that
fad104 is a novel factor involved in cell adhesion and spreading.

Disruption of fad104 inhibited cell migration

Finally, we examined the effects of disruption of fad104 on cell
migration. The ability of cells to migrate was evaluated with a
wound healing assay. The confluent monolayers of wild-type and
fad1047~ MEFs were wounded with a yellow tip. The damaged
area was photographed and measured at the time of wounding.
The wound of wild-type MEFs gradually healed and was almost
closed after 10 h. On the other hand, wound closure for fad1047
MEFs was remarkably delayed, and the wound was not completely
closed within 10 h (Fig. 8A). The area of the wound that was not
covered by migrating cells within 10 h was measured by NIH-
Image ] software (Fig. 8B). At all time points, the wound closure of
fad1047~ MEFs was notably and significantly repressed compared
to that of wild-type MEFs. Even after 10 h, almost half the area
was still uncovered in fad1047- MEFs. These results indicate that
fad104 is necessary for cell migration.

A 0 hr
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Wound area x 105/um?
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Discussion

The molecular mechanism of adipocyte differentiation is very
complex. Previous studies indicated that transcription factors
including PPARYy, the C/EBP family and SREBP-1 regulated the
differentiation process. MEFs prepared from PPARy-deficient mice
failed to differentiate into adipocytes [25]. Furthermore, the double
knockout of C/EBPR and C/EBPS impaired the synthesis of fat in
mice [24]. SREBP-1 is known to be required for production of
ligands of PPARy [26]. However, these three families of transcrip-
tion factors are expressed at the middle and late stages of
adipogenesis. On the other hand, it is not clear which factors
regulate adipocyte differentiation at the initial stage.

Previously, we identified many genes that were expressed early
on in the differentiation of 3T3-L1 cells into adipocytes [4,5].
fad104 is a novel gene included among the isolated genes. Since
knockdown of its expression inhibited the differentiation process,
fad104 has indispensable roles in the differentiation of 3T3-L1
preadipocytes. However, little was known about the functions and
physiological roles of fad104.

In this study, to examine the actual biological functions of
fad104, we generated mice with a homozygous null fad104

5 hr

10 hr

—m— wild type
—o— fad104+

Fig. 8 - Disruption of fad104 inhibits cell migration in wound healing assay. (A) Wound healing assay of wild-type (top panels) and
fad1047~ MEFs (bottom panels). MEFs were plated and grown to confluence. At 1 day postconfluence, a wound was introduced into
the monolayer, and the migration of cells was monitored using photographs taken at time points from 0 to 10 h. The 0, 5 and

10 h time points are shown for each cell line. (B) Quantification of the wound healing assay shown in panel A. For each cell line, the
wound area was quantified by using NIH-Image ] software. The data represent means with standard deviations (n=4). ¥**p<0.01.
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mutation. Interestingly, the fad104-deficient mice died within
1 day of birth. All of the fad104-deficient pups at E18.5 were
breathing and moving just after caesarean section, suggesting that
the disruption of fad104 caused rapid postnatal death. It is well
known that the maintenance of blood glucose levels and the
thermoregulation have pivotal roles for survival of newborn pups
just after birth [27,28]. However, as shown Fig. 2, fad104-deficient
neonates did not exhibit the abnormalities about blood glucose
level, body temperature, and BAT weight. In our previous reports,
fad104 was found to be highly expressed in white adipose tissue
(WAT). On the other hand, fad104 was also modestly expressed in
heart, kidney and lung [12]. Since little WAT is found in newborns,
it is possible that the postnatal lethality observed in fad104-
deficient mice is caused by a functional disorder of fad104 in organs
including the heart, kidney and lung. In order to elucidate the
cause of the rapid death after birth of fad104-deficient mice, a
pathological analysis of these organs is now ongoing.

Kuma et al. indicated that mice deficient for Atg5, which is
essential for autophagosome formation, die within 1 day at birth,
suggesting that autophagic degradation of proteins is important for
survival during neonatal starvation [29]. We attempted to examine
whether fad104 is involved in the regulation of autophagic activity.
During autophagy, microtubule-associated protein light chain
(LC3) is processed from the cytosolic form, LC3-1, to the mem-
brane-bound form, LC3-IL Since the amount of LC3-II correlates
with the number of autophagosomes, immnoblotting of endoge-
nous LC3 can be used to measure autophagic activity. Therefore, we
performed Western blotting analysis using the cell lysates prepared
from wild-type and fad1047~ MEFs under nutrition starvation.
Commercially available anti-LC3 antibody, which was employed
the detection of endogenous LC3 in MEFs was used [30]. However,
we could detect neither LC3-I nor LC3-I1 in the cell lysates prepared
from wild-type and fad1047- MEFs, whereas both LC3-I and LC3-II
proteins were detected in the cell lysate prepared from Hela cells
under starvation condition as described previously [31]. Although
we could not conclude whether fad104 is related to autophagic
activity in this study, it is necessary to elucidate the relationship
between fad104 and autophagic activity by further analyses.

Although it is well known that the proteins containing the
fibronectin type IIl domain localize to the cell surface, the FAD104
localized to the ER, but not the plasma membrane. Therefore,
FAD104 may be a novel protein localized to the ER. The proteins
found in the ER have an important role of various cellular
functions. For example, calreticulin, a Ca?*-binding protein of the
ER, influences the cell spread and cell adhesion via the regulation
of c-Src activities and vinculin expression [32,33]. Therefore, we
next examined whether a novel gene, fad104, also is involved in
various cellular functions. Analyses of MEFs prepared from fad104-
deficient mice demonstrated fad104 to be crucial for cell prolifera-
tion, adhesion, spreading and migration.

As shown in Fig. 6, the disruption of fad104 caused the reduc-
tion of the increase of the cell numbers during 6 days after seeding.
This result indicates that the proliferation rate of fad1047/~ MEFs
was slightly attenuated than that of wild-type MEFs. Fad104-
deficient MEFs also exhibited a delay in cell adhesion and cell
spreading (Fig. 7). It is necessary to explore the mechanism which
fad104 regulates the cell proliferation.

Cell migration, cell spreading and adhesive properties are
regulated by continuous remodeling of the actin cytoskeleton. For
example, in cell migration, the actin structures are divided into three

steps; the lamelipodial actin network at the leading edge of the cell,
filopodial bundles beneath the plasma membrane, and contractile
actin stress fibers in the cytoplasm [34]. At the early stage of
adipocyte differentiation, the change to the actin organization is very
important. Kawaguchi et al. indicated that ADAM12, a disintegrin
and metalloprotease, altered the organization of the actin cyto-
skeleton and extracellular matrix by impairing the function of 1
integrin, and induced differentiation into mature adipocytes [35]. A
deficiency of fad104 dramatically reduces the formation of stress
fibers, strongly suggesting that fad104 also functions as a key
regulator of the actin cytoskeleton's organization, and may promote
adipogenesis in the early stages of the differentiation process.

Recently, Obholz et al. reported that a fibronectin type III
domain containing 3a (FNDC3A) is necessary for adhesion between
spermatids and Sertoli cells, and the mutation of fndc3a is the
cause of male sterility in symplastic spermatids (sys) mice [36].
FNDC3a is closely related to FAD104, since FNDC3a also contains 9
repeats of the fibronectin type IIl domain and transmembrane
domain. It is of interest that FNDC3a is also necessary for mediating
adhesion during spermatogenesis. However, FNDC3a does not
have a RGD tripeptide sequence in any fibronectin type Ill domain
repeat sequence. In addition, the disruption of FNDC3a does not
cause postnatal death. Thus, although FAD104 and FNDC3a are
very similar, these two proteins might have distinct and different
roles in cellular functions and developmental processes.

In summary, the present study provided some new insights into
the functions of a novel gene, fad104, namely as essential for the
survival of newborns just after birth and as important for cell
proliferation, adhesion, spreading and migration. Although further
investigation is definitely needed, fad104 may play an important
role in the late stage of embryonic development or neonates after
birth via the regulation of cell proliferation, adhesion, spreading
and migration, Furthermore, it is possible that fad104 regulates
these cellular functions by altering the actin cytoskeleton's
organization. Although we have no information on how fad104
regulates the survival of neonates or adipocyte differentiation yet,
further analyses of fad104 would help us to understand not only
the signaling pathways at the early stage of adipocyte differentia-
tion but also the molecular mechanisms of survival after birth.
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Mitosis by regulating Mad2p.

The spindle checkpoint is a surveillance mechanism that ensures the fidelity of chromosome segregation
in mitosis. Here we show that fission yeast casein kinase Il (CK2) is required for this checkpoint function.
In the CK2 mutants mitosis occurs in the presence of a spindle defect, and the spindle checkpoint protein
Mad2p fails to localize to unattached kinetochores. The CK2 mutants are sensitive to the microtubule
depolymerising drug thiabendazole, which is counteracted by ectopic expression of mad2®*. The level of
Mad2p is low in the CK2 mutants. These results suggest that CK2 has a role in the spindle checkpoint

© 2009 Elsevier Inc. All rights reserved.

Introduction

Cell cycle checkpoints monitor cell cycle progression to ensure
the integrity of the genome and the fidelity of sister chromatid sep-
aration [1-3]. In most eukaryotes, the spindle assembly checkpoint
(SACQ) is a surveillance mechanism that delays anaphase onset until
all chromosomes are correctly attached in a bipolar fashion to the
mitotic spindle [4]. This checkpoint prevents chromosome mis-
segregation during mitosis. The main spindle checkpoint proteins,
which include Mad1, Mad2, BubR1 (Mad3 in yeast), Bub1, Bub3,
and Mps1, have been identified [4] and are conserved in all eukary-
otes. Additionally, there are several structural components of the
kinetochore and centromere whose functions are required to sus-
tain the checkpoint, such as the Ndc80, Mcm21, Mtw1 complexes
and centromere proteins A (CENP-A), C, E, F, I [5,6]. Several other
checkpoint components, such as Zw10 and Rod, have been identi-
fied in higher eukaryotes but have no yeast orthologues [7].
Recently, it was reported that the conserved human PRP4 protein
kinase, which is implicated in the regulation of mRNA splicing, is
required for the SAC [8].

The SAC acts by inhibiting the anaphase promoting complex or
cyclosome (APC/C), a multi-subunit ubiquitin ligase required to
promote degradation of both the anaphase inhibitor securin and
B-type cyclins [9,10]. Degradation of securin and cyclin triggers
chromosome segregation at the metaphase-anaphase transition
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! Present address: Department of Biochemistry, Nagoya University Graduate School
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and exit from mitosis, respectively. APC/C inhibition during check-
point activation is mediated by a direct interaction of Mad2p with
the SIp1p/Cdc20 protein. In fission yeast, as well as in other organ-
isms, Mad2p localizes to unattached kinetochores upon activation
of the SAC [11].

We have been studying the relationships among cell cycle con-
trols induced by DNA replication inhibition, DNA damage, spindle
assembly defects and RNA splicing defects [12,13]. We have iso-
lated a casein kinase II (CK2) mutant (orb5-3c13) that is defective
in arrest induced by RNA splicing defects but not by the replication
and DNA damage checkpoints [12]. CK2 is a highly conserved ser-
ine-threonine kinase that is typically found in tetrameric com-
plexes consisting of two catalytic (o and/or o) subunits and two
B regulatory subunits [14]. In fission yeast, Orb5p is a catalytic sub-
unit of CK2, whereas Ckb1p is a regulatory subunit [15]. Here, we
investigate the function of CK2 in the SAC.

Materials and methods

Yeast strains, media, and genetic methods. Complete medium
(YES) and minimal medium (EMM) were prepared and standard
methods were used as described [16]. Procedures for gene disrup-
tion and COOH-terminal tagging of proteins with the HA, Myc, or
GFP epitope were previously described [17]. Transformation of
Schizosaccharomyces pombe was performed by the lithium method
[18]. For microscopic analysis, cells were fixed with 70% ethanol
and stained with 4',6-diamidino-2-phenylindole (DAPI) as de-
scribed [19]. The S. pombe strains used in this study included
HM4 [h~ leul-32], HM817 [h* leul-32 nda3-311], HM1338



530 M. Shimada et al. /Biochemical and Biophysical Research Communications 388 (2009) 529-532

[h* leu1-32 ura4-D18 mad2::ura4’], HM3434 [h~ leul-32 orb5-
3c13], HM3584 [h~ leu1-32 ckb1::kan], HM3625 [h~ leul-32 ura4-
D18 ckb1-3HA-kan], HM4846 [h~ leu1-32 ura4-D18 nda3-311 ma-
d2::ura4’], HM4956 [h~ leu1-32 nda3-311 orb5-3c13], HM4957
[h~ leu1-32 nda3-311 ckb1::kan], HM5172 [h~ leu1-32 ckb1::kan
mad2-GFP-kan], HM5177 [h* leul1-32 ura4-D18 ckbl1::kan ma-
d2::ura4*], HM5210 [h~ leul-32 nda3-311 ckb1-3HA-kan],
HM5213 [h™ leul-32 nda3-311 ckb1-GFP-kan], HM5265 [h™ leul-
32 orb5-3c13 mad2-GFP-kan], HM5170 [h~ leul-32 nda3-311
mad2-GFP-kan], and HM5741 [h~ leul-32 ura4-D18 nda3-311
ckb1::kan mad2-GFP-kan], and HM5867 [h~ leul-32 ura4-D18
nda3-311 orb5-GFP-kan].

Protein extraction and western blotting. Protein extracts were
prepared and western blotting was performed as described [19].
Mouse monoclonal antibodies to HA (1:1000 dilution, Roche),
GFP (1:1000 dilution, Roche) and o~tubulin (1:50,000 dilution, Sig-
ma) were used. Immune complexes were detected with HRP-con-
jugated anti-mouse or anti-rabbit secondary antibodies (both at
1:1000 dilution, Amersham) and ECL reagents (Amersham).

Preparation of synchronous cultures. G cells were synchronized
using 7-30% lactose gradients as described [12]. The percentage
of cells that had passed mitosis was determined microscopically
by ascertaining the number of cells that had begun or finished sep-
tation; this number was then divided by the total number of cells,
and the quotient was multiplied by 100.

Results and discussion

We reasoned that if casein kinase II (CK2) functions as a spindle
checkpoint protein in fission yeast, cells deficient in CK2 may be
hypersensitive to microtubule-destabilizing drugs such as thiaben-
dazole (TBZ), because of their inability to arrest cell cycle progres-
sion in the presence of a defective spindle. The orb5 mutant (orb5-
3c13) was viable, but its growth rate was reduced at high temper-
ature (Fig. 1A) [12]. This strain was hypersensitive to TBZ (Fig. 1A).
Cells lacking ckb1 are viable but have a cold-sensitive phenotype
[15], and they were also hypersensitive to TBZ.

To determine whether cells harboring defective CK2 proteins
are also sensitive to other spindle defects, we tested for synthetic
lethality among CK2 and nda3 mutants, which are defective in
the p-tubulin gene (Fig. 1B). At a restrictive temperature nda3-
311 mutants arrest at prometaphase and lack a mitotic spindle
due to a cold-sensitive mutation [20]. Both ckb1 and nda3 single
mutants maintained high viability at 32 °C. In contrast, the nda3
ckb1 double mutant rapidly lost viability at all temperatures tested.
However, the viability of the nda3 orb5 double mutant was similar
to that of the nda3 mutant. This may be because the orb5 mutant is
temperature-sensitive. These findings suggest that CK2 mutants
lose viability when spindles are defective.

Given that we identified CK2 as having a potential role in the
SAC in nda3 cells, we further investigated the phenotype of CK2
mutants. We synchronized mutants in early G, phase by lactose
gradient centrifugation, shifted the temperature to 18 °C at time
0 and monitored mitotic progression (Fig. 1C). Whereas wt cells
underwent nuclear division ~120 min after the temperature shift,
nda3 mad2 cells did so later. In contrast to nda3 cells, nda3 ckb1
cells underwent nuclear division, although progression through
mitosis was somewhat delayed compared with that in mad2
nda3 cells, probably due to the slow growth of nda3 ckb1 cells at
low temperature. nda3 orb5 cells also underwent nuclear division,
although their progression through mitosis was severely delayed
(data not shown). These results suggest that CK2 is required for
the SAC.

Mad2p localizes to unattached kinetochores [11] and this local-
ization is believed to be required for activation of the checkpoint.
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Fig. 1. CK2 is required for the spindle assembly checkpoint. (A, B) Cells of the
indicated genotypes (wt, HM4; orb5, HM3434; ckb1, HM3584; nda3, HM817; nda3
orb5, HM4956; nda3 ckbl, HM4957; nda3 mad2; and HM4846) were grown
exponentially and spotted onto YES plates with or without 0.015 mg/ml TBZ and
incubated at the indicated temperatures for 2 days. (C) Cells of the indicated
genotypes in (A), (B) were grown to mid-log phase in YES medium at 32 °C, and
those in early G2 phase were collected by lactose gradient centrifugation. The cells
were cultured in YES medium at 18 °C. Samples were then subjected to DAPI
staining for determination of the percentage of cells entering mitosis.

To determine the role of CK2 in Mad2p localization, we used yeast
strains in which Mad2p was tagged with the green fluorescent pro-
tein (GFP) [13] and monitored Mad2-GFP in cells lacking ckb1. The
temperature was shifted to 18 °C at time 0 and the distribution of
Mad2-GFP was determined. Mad2-GFP was observed in the nuclear
periphery and chromatin domain in nda3 and nda3 ckb1 cells at 0 h
(Fig. 2A and B). Whereas Mad2-GFP accumulated at kinetochores in
nda3 cells at 9 h, this increase was not observed in nda3 ckb1 cells
(Fig. 2A and B). These results suggest that ckb1” is required for the
localization of Mad2-GFP to unattached kinetochores.

Since Mad2p does not associate with unattached kinetochores
in ckb1 cells, we next tested whether ectopic expression of mad2*
could rescue the sensitivity of ckb1 cells to TBZ (Fig. 2C). Ectopic
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Fig. 2. CK2 is required for the localization of Mad2p at unattached kinetochores. (A, B) Cells (nda3, HM5170; nda3 ckb1, HM5741) were grown exponentially in EMM2
medium at 34 °C. (A) At time 0, the temperature was shifted to 18 °C. Mad2-GFP was visualized at the indicated times. Bar, 5 pm. (B) The percentage of cells with Mad2-GFP
dots was determined. (C) Exponentially growing cells (ckb1, HM3584; mad2, HM1338) harboring pREP81-mad2* (p-mad2*) or an empty vector (p-x) were spotted onto EMM
plates without (—TBZ) or with 0.015 mg/ml TBZ (+TBZ). Plates were incubated at 32 °C for ckb1 and at 30 °C for mad2 for 3 days. (D) Exponentially growing cells (wt, HM4;
ckb1, HM3584; mad2, HM1338; mad2 ckb1, HM5177) were spotted onto YES plates without (—TBZ) or with 0.015 mg/ml TBZ (+TBZ). Plates were incubated at 30 °C for 2 days.

expression of mad2” indeed restored viability to ckb1-deleted cells,
as also observed for mad2-deleted cells after TBZ treatment. We
thus concluded that mad2* functions downstream of ckb1®.

To clarify the relative contributions of ckb1* and mad2* to the
regulation of the SAC, we constructed a mad2 ckb1 double mutant
and monitored its viability after exposure to TBZ (Fig. 2D). The via-
bility of mad2 ckb1 cells was similar to that of the ckb1 mutant,
suggesting that ckb1™ and mad2* act in the same pathway.

We next examined the effects of TBZ exposure on the abun-
dance of Mad2p in CK2 mutants (Fig. 3A and B). The amount of
Mad2p in wt cells did not vary after treatment of exponential cul-
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Fig. 3. The Mad2p level is low in CK2 mutants. (A) wt (HM5170) and ckb1
(HM5172) cells were grown to mid-log phase in YES medium at 32 °C (32 °C, 0). TBZ
(0.1 mg/ml) was added at time 0 and samples were collected after 3 h (32 °C, 3T).
After the cells were grown at 32 °C, the temperature was shifted to 18 °C in YES
medium without (D) or with TBZ (T). Samples were collected at the indicated times
and subjected to immunoblot analysis using an anti-GFP antibody. (B) wt (HM5170)
and orb5 (HM5265) cells were grown to mid-log phase in YES medium at 24 °C. The
temperature was shifted to 36 °C at time 0. Samples were analyzed as in (A).

tures with TBZ at either 32 °C or 20 °C. In contrast, the amount of
Mad2p in ckb1 cells was low in the presence or absence of TBZ
(Fig. 3A). The amount of Mad2p increased after heat shock treat-
ment, whereas this increase was not observed in orb5 cells
(Fig. 3B). These results suggest that CK2 is partially required for
the maintenance of Mad2p independent of the SAC activation. It
is possible that in ckb1 cells failure of the localization of Mad2-
GFP to unattached kinetochores is due to the low protein level of
Mad2p. However, it is unlikely since Mad2-GFP was detected in
the nuclear periphery and chromatin domain in ckb1 cells.

We next tested whether protein levels and localization of Orb5p
and Ckb1p change in response to activation of the SAC. The protein
level did not vary with TBZ treatment (Supplementary figure 1).
However, the levels of both proteins increased in nda3 mutant cells
compared with wt cells, but these levels did not change after the
temperature shift. This result may reflect the fact that Orb5p and
Ckb1p did not vary in response to SAC activation, but due to other
defects in nda3 cells. We found that Orb5p and Ckb1p were consti-
tutively present in the nucleus with and without the activation of
the SAC (Supplementary figure 2). In higher eukaryotes, CK2 is
associated with centromeres and the mitotic spindle during mito-
sis [21]. It is likely that a sub-fraction of fission yeast CK2 is asso-
ciated with the kinetochores, where it might regulate the
localization of Mad2p when the SAC is activated.

We have shown that ckb1 and orb5 mutants exhibit the defining
feature of a metaphase checkpoint defect — the failure to arrest in
metaphase in the presence of spindle damage. In addition, these
mutants show sensitivity to the microtubule-destabilizing drug
TBZ. We have also found that Ckb1p is required for the localization
of Mad2p to unattached kinetochores. In all of these respects, ckb1
and orb5 mutant phenotypes are qualitatively similar to those de-
scribed for perturbations of the classical checkpoint components
Mad1p and Mad2p. However, in ckb1 and orb5 mutants the protein
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level of Mad2p is low. These facts suggest that CK2 is required for
the SAC both directly and indirectly. It has been shown that human
CK2 is involved in mitotic arrest following spindle damage [22].
We propose that CK2 represents additional components or regula-
tors of the metaphase checkpoint that have been conserved among
eukaryotes.

Loss of mitotic checkpoint control is a common event in human
cancer cells, which is thought to be responsible for their frequently
observed chromosome instability, although many cancer-derived
samples do not contain mutations in SAC proteins [23]. The molec-
ular nature of the defect underlying the absence of the SAC in most
of these cell lines is not known [24]. Recent studies have shown
that reduced levels of Mad2 expression can be detected in naso-
pharyngeal carcinoma, ovarian cancer and breast cancer cell lines
and ovarian cancer [25,26]. Complete loss of Mad2p in various
results in embryonic lethality owing to chromosome mis-segrega-
tion [27]. It is likely that partial loss of the SAC leads to tumor
development in cells that are undergoing tumorigenesis. We have
shown that the Mad2p level is decreased in CK2 mutants in fission
yeast. Since CK2 is highly conserved among eukaryotes, it is possi-
ble that tumor cells harboring a SAC defect have CK2 mutations.

In conclusion, we have shown that CK2 plays an essential role
on the SAC that has been conserved among eukaryotes. The molec-
ular mechanism how CK2 regulates Mad2p remains to be deter-
mined. Future studies should provide invaluable insights into
understanding the role of CK2 in the SAC.
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Somatic mammalian cells possess well-established S-phase programs
with specific regions of the genome replicated at precise times. The
ATR-Chk1 pathway plays a central role in these programs, but the
mechanism for how Chk1 regulates origin firing remains unknown.
We demonstrate here the essential role of cyclin A2-Cdk1 in the
regulation of late origin firing. Activity of cyclin A2-Cdk1 was hardly
detected at the onset of S phase, but it was obvious at middle to late
S phase under unperturbed condition. Chk1 depletion resulted in
increased expression of Cdc25A, subsequent hyperactivation of cyclin
A2-Cdk1, and abnormal replication at early S phase. Hence, the
ectopic expression of cyclin A2-Cdk1AF (constitutively active mutant)
fusion constructs resulted in abnormal origin firing, causing the
premature appearance of DNA replication at late origins at early S
phase. Intriguingly, inactivation of Cdk1 in temperature-sensitive
Cdk1 mutant cell lines (FT210) resulted in a prolonged S phase and
inefficient activation of late origin firing even at late S phase. Our
results thus suggest that cyclin A2-Cdk1 is a key regulator of S-phase
programs.

Chk1 | DNA replication | molecular combing | ATR protein | checkpoint

D uplication of the eukaryotic genome is regulated by multiple
elements including initiation of DNA replication, rate of fork
progression, stability of replication forks, and the origin firing
program (1). Replication origins are fired in small groups that are
activated together within individual replication factories and thus
can be visualized as foci (2). Replication origins in a single repli-
cation factory are actually comprised of several candidate origins,
most of which are not normally used through the mechanism by
which firing of 1 origin inhibits activation of any other Mcm2-7
complexes within that factory (3). Thus, S-phase programs appear
to be regulated by 2 distinct levels of origin firing; one is the
sequential activation of replicon clusters characterized as visible
replication foci, and the other is the selection of 1 Mcm2-7 complex
around the ORC within a single replication factory.

The DNA replication checkpoint system was reported to be
involved in the origin firing program in vertebrate cells (4). In
analysis using Xenopus egg extract, ATR/Chkl was shown to
regulate the sequential activation of early and late replication
origins (5). Chkl also regulates the density of active replication
origins during S phase of avian cells (6). Therefore, ATR/Chk1 may
be involved in the regulation of sequential activation of replicon
clusters and selection of origins within a single replication factory.
Chkl has been shown to regulate the physiological turnover of
Cdc25A and its phosphatase activity, which in turn regulates several
cyclin-Cdk activities (7) that are prerequisite for origin firing
throughout S phase.

In budding yeast, ClbS-dependent Cdk activity is indispensable
for activation of late replication origins (8), suggesting the existence
of a specific transfactors for late origin activation in other eu-
karyotes. In fission yeast, however, clear late origins have not been
characterized (9) and replication origins fire stochastically (10, 11).
As for mammals, although almost half of origins are activated
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equally throughout S-phase progression (12), stable subunits of
chromosomes equivalent to replication foci maintain their replica-
tion timing from S phase to S phase (13).

In this article, we demonstrate that Chk1 depletion resulted in an
aberrant origin firing and a hyperactivation of cyclin A2-Cdk1 at
early S phase. Ectopic expression of cyclin A2-Cdk1AF induced
late origin firing at early S phase, and a loss of Cdkl activity
compromised activation of late origins at late S phase. Our results
thus suggested that cyclin A2-Cdk1 might function as a transregu-
lator of late origin firing in mammals.

Results

Chk1 Depletion Results in an Aberrant Origin Firing and a Hyperactivation
of Cyclin A2-Cdk1 at Early S Phase. Chk1Y~ mouse embryonic
fibroblasts (MEFs) were infected with adenoviruses expressing
either LacZ or Cre and synchronized into Gy phase by serum
starvation (14). Chk1'¥~ and Chk19%¥~ MEFs were then stimu-
lated by 15% serum and double-labeled with iododeoxyuridine
(IdU) and chlorodeoxyuridine (CIdU) at the indicated times, and
their spatiotemporal patterns of replication sites were examined.
The mammalian S phase is structured so that the sequential
activation of replicon clusters occurs at spatially adjacent sites (15).
This spatial relationship is maintained in Chk1*¢~ MEFs (Fig, 14),
where 86.6 *+ 4.4 of foci showed colocalization visualized as yellow
color. In contrast, colocalization was detected only at 53.9 * 4.8 of
foci in Chk19¢V= MEFs (Fig. 1B), indicating that Chk1 depletion in
mammals resulted in the aberrant origin firing as observed in avian
cells (6). Molecular combing of single DNA molecules was per-
formed to visualize individual origin activation, measure the fork
elongation, and define replication structures (Fig. 1C and Fig. S1).
In asynchronized Chk1'°¥~ MEFs infected with control LacZ
adenoviruses interorigin spacing (90.4 kb on average) was similar to
that in mock-infected cells. Chkl depletion resulted in a clear
reduction in origin spacing (34.8 kb on average)(Fig. 1C Top).
Spatiotemporal pattern of replication sites could also be affected by
fork elongation. Chk1 depletion reduced the rate of fork elongation
throughout the labeling period (Fig. 1C Middle).

Double-labeling protocol also defines 5 classes of replication
structure as described (6). Chk1 depletion resulted in a significant
reduction in a proportion of consecutively elongating forks (class 1)
and an increase in number of new firing initiation during the first
(class 2) and second (class 4) labeling period (Fig. 1C Bottom). A
dramatic increase in the frequency of closely-spaced active origins
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Fig.1. Chk1depletionresultsin an aberrantS-phase program and an activation of cyclin A2-Cdk1 at early S phase. (A) Chk1'©Y~and Chk19Y= MEFs were synchronized
at quiescence by serum starvation and then released by the addition of 15% serum. Cells were harvested at the indicated times, and their cell cycle distributions were
analyzed by FACS. Replication sites were pulse-labeled for 15 min with 100 M IdU and then for 15 min with 100 uM CldU, and analyzed with a Zeiss LSM5 confocal
fluorescence microscope. Typical patterns of replication sites at the indicated times are presented. High-power details are from the boxed areas shown. (Scale bars:
5 and 0.5 um in detail.) (B) Colocalization of IdU and CldU foci in Chk1'9%- and Chk19e/~ MEFs. Relative colocalization of IdU and CIdU foci was determined as a
percentage of total foci in both cells (n > 30). Data are means = SD of at least 3 independent experiments. (C) Asynchronized Chk1'o¥= MEFs were infected with the
indicated adenoviruses and double-labeled with IdU and CIdU before harvesting at 28 h after infection. Replication structures were visualized by means of dynamic
molecular combing. Adjacent origins in replicon clusters (Ori to ori), fork elongation, and replication structure defined by ref. 6 were determined (n > 100). Frequency
histograms show the distribution of separation in distance (kbp), speed (kbp/min), and replication structure (1, elongating fork; 2, fork growing from 1 ori; 3, terminal
fusions; 4, isolated; 5, interspersed). (D) Asynchronized Chk1!o¥~ MEFs were infected with adenoviruses expressing either LacZ or Cre. Cells were labeled with BrdU for
1 h before harvesting at 28 h after infection, and the cell cycle profiles were then analyzed by FACS. Early S-phase fraction indicated by bars was sorted, and nascent
DNA was enriched by immunoprecipitation using -BrdU. The indicated genes were amplified by quantitative PCR, and the results are presented as a percentage of
mtDNA. Data are means + SD of at least 3 independent experiments. Statistical significance was assessed by Student's t test (+, P < 0.01). (E) Synchronized Chk1 lox/—
MEFs as in A were harvested at the indicated times, and the lysates were subjected to immunoblotting by using the indicated antibodies or to an in vitro kinase assay
(KA) for cyclin A2-Cdk1 and cyclin A2-Cdk2 with HH1 (2 pg) as a substrate. (F) Synchronized Chk1'*¢~ and Chk 19/~ MEFs as in A were harvested at the indicated times,
and the lysates were immunoprecipitated by using a-cyclin A2 antibodies after 3 times preabsorbance with «-Cdk2. The resultant immunoprecipitates (IP: cyclin A2)
or whole-cell extracts (WE) were subjected to immunoblotting or in vitro kinase assay as in £. Arrows indicate the fast (active) or slow (inactive) migrated bands of Cdk1.
An asterisk represents cell lysates from Chk1'©/~ MEFs at 15 h.

(class 5) was observed. These observations suggest that loss of Chkl
frequently stalls and collapses active forks.

We next examined whether Chk1 regulates global sites of DNA
synthesis by quantitative ChIP using FACS-based cell sorting (16).
To avoid unexpected effects from gross changes in cell cycle profile
on this analysis, we analyzed Chk19V~ MEFs 28 h after adenoviral
infection, the time at which Chk1 was completely depleted, but the
cell cycle profile was almost the same as that of Chk1'™/~ cells (Fig.
1D). Cells from the first third of S phase were collected (Fig. 1D
Left). Nascent (BrdU-containing) DNA was enriched by immuno-
precipitation using a-BrdU antibodies and amplified by quantita-
tive PCR with specific primers for cyclin D and a-globin for
early-replicating DNA and primers for amylase and B-globin for
late-replicating DNA. We also monitored amplification of mtDNA
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as a control, which replicates throughout the cell cycle and is equally
represented in nascent DNA preparations (16, 17). The relative
amounts of early replication (cyclin D and e-globin) in Chk14¢/~
MEFs were almost the same as those in Chk1!*¥~ cells, whereas
those of late replication (amylase and B-globin) in Chk14¢/~ MEFs
were significantly higher than those in Chk1'Y~ cells (Fig. 1D
Right). Given that 1 cell possesses ~1,000 copies of mitochondrial
genome, but they replicate throughout the cell cycle, relative
amplification of nascent DNA (=~0.3) for early and late origins
appeared consistent.

Chk1 is phosphorylated during unperturbed S phase (18, 19),
which regulates the activity and stability of Cdc25 phosphatases,
leading to the inactivation of Cdks through increased phosphory-
lation of their Y15 residues (20). Thus, we speculated that Chkl
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regulates origin firing program through affecting certain cyclin—
Cdks activities. The band corresponding to Chkl was shifted
upward at 15 h and thereafter. This band shift was reversed by
phosphatase treatment, indicating that the modification was caused
by phosphorylation. Chkl phosphorylation was also confirmed by
using phospho-specific antibodies to Chk1 at Ser-317 and Ser-345
(Fig. 1E).

Cyclin A2-Cdk1 activity was first detected at 15 h (middle
S phase) and increases thereafter. Cyclin A2-Cdk2 was de-
tected at 6 h (early S phase) and reached maximum at 18 h (Fig.
1E and Fig. S24). These results are consistent with the recent
report that cyclin A2 starts to form a complex with Cdk1 at
mid-S phase (21). Cyclin A2-Cdk1 activity was detected earlier
and enhanced in Chkl1%/- MEFs when compared with
Chk1'e¥— MEFs (Fig. 1F), where immunodepletion of Cdk2
was equally achieved in both cyclin A2 immunoprecipitates
(Fig. S2B). Cyclin A2-Cdk2 activity was not apparently af-
fected by Chk1 depletion (Fig. S24). Intriguingly, the amount
of Cdc25A was highly elevated in Chk19¢/= MEFs. Consistent
with this increase in amount of Cdc25A, fast mobility band
(active; Y15 dephosphorylation) and slow band (inactive; Y15
phosphorylation) of Cdkl protein were dominant in those
from Chk14¢V— MEFs and Chk1'°¥~ MEFs, respectively (Fig.
1F). Specificity of cyclin A2-Cdk1 activity was confirmed by
Cdk1 knockdown experiment, where cyclin A2-Cdk1 activities
in both MEFs were significantly reduced after Cdk1 depletion
(Fig. S3). To further confirm the functional interaction be-
tween Chk1 and cyclin A2-Cdk1, Chk1'°¥~ MEFs were treated
with UV light, which phosphorylated Chkl in an ATR-
dependent manner. Chk1 phosphorylation was correlated with
the reduction of Cdc25A, the appearance of slow mobility band
of Cdkl protein, and inhibition of cyclin A2-Cdk1 activity
(Fig. S4). Taken together, cyclin A2-Cdk1 is likely to be a
target of Chkl through regulation of Cdc25A.

Aberrant Origin Firing in Cells Expressing Cyclin A2-Cdk1AF Fusion
Protein. To examine the role of each cyclin-Cdk complex in the
origin firing program, we generated a cyclin A2-Cdkl fusion
construct. Because cyclin-Cdk activities are regulated mainly by the
phosphorylation of Y15, we generated a constitutively active mu-
tant (CdkAF) in which residues at inhibitory phosphorylation sites
were replaced with alanine and phenylalanine and therefore the
mutant was not affected by the Chk1-Cdc25 pathway. Recombi-
nant cyclin A2-Cdk2AF, cyclin A2-CdklAF, and cyclin Bl-
Cdk1AF complexes and the fusion proteins were examined for their
enzymatic kinetics by using histone H1 (HH1) and lamin B as
substrates. Dose-dependent increases in activities of both cyclin—
Cdks complex and their fusion proteins were observed (Fig. 24).
The kinetic values of these complexes were the same as those of the
fusion proteins (Table S1).

Expression of cyclin B1-Cdk1AF, but not cyclin A2-Cdk2AF or
cyclin A2-Cdk1AF, induced yH2AX foci in HeLa cells (Fig. 2B).
Amounts of cyclin B1I-Cdk1AF, cyclin A2-Cdk1, and cyclin A2—
Cdk2 fusion proteins expressed at 24 h after infection were almost
equal to endogenous Cdk1 and Cdk2 proteins, respectively (Fig. 2C
and Fig. S5). Again, yH2AX was not detected by immunoblotting
in cells expressing cyclin A2-Cdkl or cyclin A2-Cdk2 fusion
protein.

Expression of cyclin A2-Cdk1AF and cyclin A2-Cdk2AF fusion
protein at the endogenous level did not appear to affect the gross
progression of S phase (Fig. 34) although they arrested the cell cycle
at M phase because of their inability to be degraded by APC-C at
mitosis and thus mitotic exit was inhibited. The expression of cyclin
A2-Cdk1AF fusion protein caused the appearance of late replica-
tion sites during early S phase when cells were double-labeled with
IdU and CIdU (Fig. 3B). Dynamic molecular combing revealed that
expression of cyclin A2-Cdk1AF fusion protein reduced origin
spacing (75.0 kb on average), whereas that of cyclin A2-Cdk2AF
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Fig. 2.  Enzymatic kinetics of cyclin-Cdk fusion proteins. (A) Baculoviruses
expressing cyclin A2 together with those expressing Cdk2 or Cdk1 (Complex)
or those expressing cyclin A2-Cdk2, cyclin A2-Cdk1, or cyclin B1-Cdk1 fusion
protein (Fusion) were used to infect insect cells. Their complexes or fusion
proteins were purified and subjected to an in vitro kinase assay using lamin B
(2 pg) or HH1 (2 pg) as a substrate or subjected to immunoblotting by using
Cdk2 or Cdk1 antibodies (IB). (B) HeLa cells were infected with adenoviruses
expressing the indicated proteins 24 h before fixing and immunostained with
a-yH2AX antibodies. Their nuclei were counterstained with DAPI. As a positive
control, cells infected with adenoviruses expressing LacZ were treated with IR
(10 Gy). (Magnifications: 100x.) (C) HelLa cells were infected with adenoviruses
expressing either cyclin A2-Cdk 1AF or cyclin A2-Cdk2AF fusion proteins. Cells
were harvested at the indicated times, and the lysates were subjected to
immunoblotting using a-Cdk1 (Upper Left), a-Cdk2 (Upper Right), or a-yH2AX
antibodies (Lower). As a control, Hela cells were treated with bleomycin for
24 h (20 pg/mL).

did not (113.0 kb on average)(Fig. 3C Top and Fig. S6). Unlike Chk1l
depletion, expression of cyclin A2-Cdk2AF did not cause signifi-
cant changes in the proportion of abnormal replication structures
(Fig. 3C Bottom). Taken together, these results suggested that cyclin
A2-Cdk1 had a specific role in the origin firing program.

ChIP analysis revealed that considerable enrichment of early-
and late-replicating DNA was specifically observed in the early and
late S-phase fractions of control LacZ cells, respectively (Fig. 3D).
Ectopic expression of cyclin A2-Cdk1AF resulted in the dramatic
increase in replication of late origins in early S-phase fractions, but
that of cyclin A2-Cdk2AF did not apparently affect it.

Cdk1 Is Required for Proper Timing of Origin Firing. FT210 cells possess
a temperature-sensitive Cdkl gene product (22). FACS analysis
revealed a 2-h-longer S phase in FT210 cells compared with the
parental FM3A cells (Fig. 44). S-phase progression of FT210 cells
at a permissive temperature was almost the same as that of FM3A
cells. The progression of the spatiotemporal pattern of DNA
replication sites in FM3A at the nonpermissive temperature was
almost the same as in HeLa cells or MEFs. In contrast, the specific
pattern of DNA replication sites observed in late S phase showing
a few large internal foci was hardly detected in FT210 cells even at
late S phase at nonpermissive temperature (Fig. 44). Loss of Cdk1
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Statistical significance was assessed by Student’s t test (*, P < 0.01).

resulted in a significant increase in origin spacing (104.7 kb on
average) when compared with control cells (78.6 kb on average)
(Fig. 4B Top and Fig. S6). Loss of Cdkl did not cause changes in
the proportion of replication structures, further supporting the
notion that Cdk1 is not involved in the stabilization of replication
forks.

ChIP analysis revealed that replication patterns of early S-phase
fractions in both cells were very similar, whereas replication of late
origins in late S-phase fraction from FT210 cells was specifically
impaired (Fig. 54 Right). Cdk2 activity during S phase in FT210
cells appeared the same as that in FM3A cells (Fig. S7). Collectively,
these results suggested that Cdk1 activity is involved in the proper
timing of late origin firing.

Finally, we attempted to determine the molecular basis by which
cyclin A2-Cdk1 regulates origin firing program. In Xenopus and
yeast systems, it was reported that cyclins, Cdk1 specifically, interact
with the origin recognition complexes (ORCs) (23, 24). To examine
whether the specific interaction of Cdkl to ORCs is conserved
among mammals, we performed ChIP analysis with a-Cdkl and
a-Cdk2 antibodies. Both Cdkl and Cdk2 were detected at genes
replicating early, whereas Cdk1 was specifically detected at genes
replicating late (Fig. 5B). Relative binding of Cdkl and Cdk2
appeared somewhat low, presumably because of an asynchronous
cell cycle. These results suggested that the specific binding of Cdk1
to late origins may also be involved in the regulation of origin firing
programs.

Discussion

Conditional Chkl knockout MEFs revealed that Chkl plays an
important role in the regulation of origin firing at 2 distinct levels
in mammals, namely activation of origins within a single replication
factory and activation of replicon clusters (Fig. 1.4-D). Consistent
with our observations, it was very recently proposed that Chkl
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suppresses initiation in both inactive, later-firing clusters and active
clusters, and the former is more strongly repressed (25). We then
successfully showed that expression of cyclinA2-Cdk1AF fusion
proteins activated origin firing at both levels as Chk1 depletion did
(Fig. 3 B-D). The expression patterns of Cdk1 and cyclins during S
phase and the enhancement of their activities in response to Chkl
depletion are also consistent with our conclusions (Fig. 1 E and F).
The most striking evidence for the involvement of Cdkl in DNA
replication is the fact that inactivation of Cdk1 in mammalian cells
resulted in a prolonged S phase accompanied by ineffective firing
of late replicon clusters and reduced the density of active origins
(Figs. 4 and 54). Although our present results clearly demonstrate
that cyclin A2-Cdkl is involved in the regulation of late origin
firing, functioning downstream of Chkl, we cannot rule out the
possibility that cyclin A2-Cdk2 has a redundant function. Hocheg-
ger et al. (26) reported that Cdkl activity was essential for DNA
replication initiation when Cdk2 was depleted in chicken DT40
cells. When Cdk2 was present, Cdk1 inhibition did not delay S phase
or block centrosome duplication. In this regard, DNA replication in
DTH40 cells appears complete within a shorter period (8 h) when
compared with mammalian cells (10 h at 37 °C). Therefore, it is
possible that DT40 cells possess a strong Cdk2 activity, presumably
because of a loss of functional p53 that reduces the level of p21 Cdk
inhibitor, and the high Cdk2 activity may compensate for the loss
of Cdk1 activity in the context of S-phase control. In agreement
with this notion, both Cdk1 and Cdk2 were recently reported to be
involved in the control of DNA replication and replication origin
firing under unperturbed S phase in the Xenopus system (27). It was
also suggested that Cdkl and Cdk2 must have different activities
toward the genuine substrates involved in DNA replication al-
though one kinase alone is minimally sufficient to promote sub-
stantial DNA replication.

Neither cyclin A2-Cdkl nor cyclin A2-Cdk2 appeared to be
involved in the stabilization of replication forks during S phase
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