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Abstract

5-Bromodeoxyuridine (BrdU) induces or suppresses senescence-associated genes in any types of mammalian cells. From a cDNA

library upregulated by BrdU in HeLa cells, we identified the gene encoding VDUP1 as a senescence-associated gene in normal

human fibroblasts. To address a role of VDUP1 in senescence, we established HeLa cell clones, V7 and V27, which express its

mRNA in a doxycycline-dependent manner. Although their growth in liquid culture was moderately retarded, colony formation on

semi-solid medium was strongly inhibited by overexpression of the mRNA. We also examined susceptibility of these clones to

various reagents. Consequently, colony formation in liquid culture was strongly inhibited by paraquat in these clones. Their

superoxide dismutase activity was normal. � 2002 Elsevier Science (USA). All rights reserved.
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Normal human fibroblasts enter replicative senescence
under normal culture conditions [1]. Treatment with
various agents induces premature senescence in normal
human cells. To date, particular genes termed senescence-
associated genes are shown to have induced or sup-
pressed changes in various systems of cellular senescence
using normal human fibroblasts [2], SV40-transformed
human fibroblast [3], rat embryonic fibroblasts express-
ing conditional SV40 T antigen [4], fibroblasts of patients
of Werner syndrome [5] and progeria syndrome [6],
endothelial cells [7], and mitochondria in senescent
human cells [8]. Recently, DNA arrays were introduced
to examine expression of the senescence-associated genes
in replicative and premature senescence [9].

Recently, we have found that BrdU induces a senes-
cence-like phenomenon in any types of mammalian cells
[10]. BrdU suppresses or induces expression of genes
involved in cellular differentiation [11–16]. To obtain an
insight into a molecular basis for the action of BrdU, we
made a catalog of genes which are induced by BrdU in

HeLa cells [17]. The majority of such genes are upreg-
ulated in senescent normal human fibroblasts [17].

Among the genes in the above catalog, we charac-
terized the VDUP1 gene because this gene is shown to
be highly induced in senescent normal human fibro-
blasts. VDUP1 is originally reported as a gene upregu-
lated by vitamin D3 in HL-60 cells [18], but its function
is not known. Recently, it has been reported that the
reduced form of thioredoxin (TRX) binds to VDUP1 in
vivo and in vitro [19]. TRX is shown to have an im-
portant role in signal transduction in apoptosis [20].
TRX can reduce a disulfide bond formed by oxidative
stress, and participates in the regulation of cellular redox
state [21].

In this report, we constructed HeLa cell clones that
express VDUP1 mRNA in a doxycycline (Dox)-depen-
dent manner, and assessed a role of VDUP1 in cellular
senescence.

Materials and methods

Cell culture. HeLa S3 cells were cultured in plastic petri dishes

containing ES medium supplemented with 5% fetal bovine serum at

37 �C under 5% CO2 and 95% humidity [10]. Semi-solid ES medium

Biochemical and Biophysical Research Communications 293 (2002) 293–297

www.academicpress.com

*Corresponding author. Fax: +81-45-820-1901.

E-mail address: dayusawa@yokohama-cu.ac.jp (D. Ayusawa).

0006-291X/02/$ - see front matter � 2002 Elsevier Science (USA). All rights reserved.

PII: S0006 -291X(02 )00208 -5



was solidified with 0.35% (w/v) agarose in plastic petri dishes as de-

scribed previously [22].

Plasmids. Plasmid encoding VDUP1 in a Dox-dependent manner

was constructed as follows. Full-length VDUP1 cDNA was synthe-

sized by polymerase chain reaction (PCR) from HeLa cDNA. The

cDNA was cloned into pGEM-T easy vector (Promega), sequenced,

and subcloned into pUHD10-3 (a generous gift of Dr. H. Bujard of

Universitat Heidelberg, Germany) [23]. Plasmid pUHG 172-1neo [24]

encoding neomycin N-acethyltrasferase and the rTetR-VP16 fusion

protein was provided by Dr. H. Bujard.

Plasmids containing a full-length cDNA of the wild-type or a

mutated form of TRX (kindly provided by Dr. J. Yodoi of Kyoto

University, Japan) were digested with a restriction endonuclease to

yield the two types of cDNA fragments. These fragments were cloned

into an expression vector pYN3215 (provided by Dr. H. Miyazawa of

RIKEN, Japan) that contains the hygromycin B resistant gene cas-

sette.

Plasmid transfection. Plasmids were precipitated with calcium

phosphate and transfected to cells as described previously [25]. After

incubation at 35 �C in 3% CO2 and 95% humidity for 12 h, the cells

were replated to isolate transfectant clones.

Northern blot analysis. Total RNA samples were prepared

according to the acid guanidinium thiocyanate–phenol–chloroform

method [26]. The samples ð20 lgÞ were subjected to electrophoresis

through 1% formaldehyde–agarose gel and transferred to nylon

membrane (Biodyne B, Pall). The membrane was hybridized with a

probe labeled with [a-32P]dCTP using labeling kit (Amersham),

washed, and exposed to an X-ray film as described previously [17].

Assay of superoxide dismutase (SOD) activity. SOD activity was

measured with a diagnosis kit (Wako Pure Chemical Industries, Japan)

that measures decrease in color of difolmazan, a reduced form of

nitroblue tetrazolium, formed with superoxide anion generated by the

action of xantine oxidase on xantine. Briefly, cells were harvested by

tripsinization, suspended in 50 mM Tris–HCl buffer (pH 7.5), dis-

rupted by sonication, and centrifuged. The resulting supernatant was

used for the assay according to the protocol of the supplier. SOD

activity was calculated as follows: ðODblank �ODsampleÞ=ODblank=

10 lg protein=20 min�100. Protein concentrations were measured

with a protein assay kit (Bio-Rad Laboratories).

Results

Isolation of clones that conditionally overexpress VDUP1
mRNA

To observe an effect of overexpression of VDUP1, we
constructed HeLa cell clones that conditionally express
VDUP1 mRNA. For this purpose, we employed the
reverse tetracycline-dependent expression system [27].
First, a plasmid encoding the transactivator protein
rTetR-VP16 was transfected to HeLa cells, and a clone
termed T1 that stably expresses the fusion protein was
isolated. Second, a plasmid encoding VDUP1 under the
control of rTetR-VP16 and Dox was co-transfected to
T1 cells with plasmid pGKpuro encoding puromycin
N-acethyltrasferase [28]. Several transfectant clones
were selected by resistance to puromycin, and used for
further characterization. By northern blot analysis, we
chose two independent clones named V7 and V27. In the
absence of Dox, V27 did not express a detectable level of
exogenous VDUP1 mRNA whereas V7 expressed a low

level of the mRNA. Upon addition of Dox, these clones
immediately and efficiently induced VDUP1 mRNA
attaining saturated levels of the mRNA within one day
(Fig. 1). Protein levels for VDUP1 in these clones were
not exactly determined due to lack of specific antibody.

Growth in liquid and on semi-solid medium

We examined growth of T1, V7, and V27 in the
presence of Dox (Fig. 2). Overexpression of VDUP1
mRNA slightly retarded growth rates of V7 and V27.
The doubling times for V7 and V27 became 1.4 and 1.5
times longer, respectively, by addition of Dox. Dox had
no effect on T1. V7 and V27 cells did not show a sig-
nificant morphological change or induction of senes-
cence-associated b-galactosidase (data not shown).

Then we examined their colony-forming ability on
semi-solid agarose medium. Cells were plated on surface
of the medium containing 0, 0.5, and 1 lg=ml Dox and
allowed to form colonies (Fig. 3). In the absence of Dox,
T1, V7, and V27 formed colonies normally. When Dox
was added to the medium, colony formation was
inhibited dose-dependently in V7 and V27. T1 formed
colonies normally under any conditions.

Sensitivities to drugs

Since colony formation under aerobic conditions was
inhibited in V7 and V27, we examined their sensitivities
to various reagents capable of giving oxidative stress to
cells. We used superoxide generators, paraquat and
plumbagin [29,30], hydrogen peroxide, a generator of
hydroxyl radical, and mitomycin C, a DNA damaging
agent [31,32]. When cells were assayed in liquid medium
containing Dox, paraquat significantly inhibited colony
formation dose-dependently in V7 and V27 (Fig. 4).

Fig. 1. Northern blot analysis of VDUP1 mRNA. Total RNA samples

were prepared from T1, V7, and V27 cells at intervals after addition of

Dox as indicated, and subjected to Northern blot analysis as described

in Materials and Methods. Arrows indicate endogenous and exoge-

nous species of VDUP1 mRNA, and GAPDH mRNA.
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ID10 values, which reduce colony formation to 10% of
controls, were 80, 20, and 20 lM, respectively, for T1,
V7, and V27 in the presence of 1 lM Dox. In the
absence of Dox, the values were 80 lM for all of the
clones. Unexpectedly, the other reagents tested did not
show a significant difference in their effects among T1,
V7, and V27 (Fig. 4).

We examined SOD activity in T1 and V27 cultured in
the presence of Dox because the activity was altered in
cell mutants resistant to paraquat (A. Joguchi et al.,
manuscript in preparation). However, no difference was
found in the activity among these clones when the cells
were cultured in the presence and absence ofDox (Fig. 5).

Transfection of plasmids encoding TRX

VDUP1 is shown to bind to the reduced form of TRX
and suppress its activity to reduce disulfide bonds of

oxidized proteins [19]. Therefore, we investigated whe-
ther ectopic expression of TRX was able to rescue the
toxicity of paraquat in V7 and V27. We transfected
plasmid encoding the wild-type or a mutant form of
TRX and hygromycin B phosphotransferase. After se-
lection in medium containing hygromycin B, the cells
were pooled from colonies and replated to assay sensi-
tivity to paraquat. In another experiment, transfected
cells were directly selected in medium containing hy-
gromycin B and paraquat. However, no significant dif-
ference was observed in the sensitivity to paraquat in V7
and V27 under any assay conditions (data not shown).

Discussion

We searched for a role of VDUP1 in cellular senes-
cence. The VDUP1 gene was first reported as a gene

Fig. 3. Colony formation on semi-solid medium. T1, V7, and V27 cells were pretreated with 1 lg=ml Dox for 2 days and replated on surface of semi-

solid agarose medium containing 1 lg=ml Dox. After incubation for 10 days, colonies were stained with Crystal Violet.

Fig. 2. Growth curves in liquid medium. T1, V7, and V27 cells were plated in 35 mm dishes at 1� 104 cells per dish, and cultured in the absence

(circles) and presence (squares) of 1 lM Dox. At intervals, the cells were collected and counted with a Coulter counter.
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upregulated by vitamin D3 in HL-60 cells [18] and
identified by us as one of the senescence-associated genes
[17]. After starting this study, VDUP1 was shown to
bind to TRX [19]. Thus, VDUP1 seems to have a role in
regulating redox state in a cell because TRX reduces
disulfide bonds of proteins. Since oxidative stress
accelerates cellular senescence and aging of various
organisms, we tried to find a function of VDUP1 as
regards cellular senescence.

We established two clones V7 and V27 that overex-
press VDUP1 mRNA in response to Dox. Both clones
immediately and sufficiently expressed the mRNA by
addition of Dox but did not give rise to marked growth
retardation, a change in morphology, or induction
of senescence-associated b-galactosidase. In another
experiment, we co-transfected plasmid encoding VDUP1
driven by cytomegalovirus promotor with pSV2neo to
normal human fibroblasts. Transfectant cells selected by
resistance to G418 did not show senescent cell mor-
phology or induce senescence-associated b-galactosi-
dase. Thus, VDUP1 did not seem to have a direct role in
senescence in normal human fibroblasts.

We found that V7 and V27 did not form colonies on
semi-solid medium in the presence of Dox. We
hypothesized that overexpression of VDUP1 sensitizes
cells to aerobic conditions. As expected, both V7 and
V27 were sensitive to paraquat, but not to plumbagin,
hydrogen peroxide, or MMC upon addition of Dox. As
paraquat and plumbagin are known to generate super-
oxide in the cell, the reason for the above difference is
not known. Paraquat is thought to generate superoxide
by nonenzymatic reduction by NADPH. On the other
hand, plumbagin, a quinone derivative, is known to be
reduced enzymatically [33]. A quinone compound MMC
is shown to generate superoxide anion [34], but its DNA
cross-linking effect was much more prominent.

We measured SOD activity in the cell extracts
because it affects paraquat sensitivity. However, the
activity did not change by addition of Dox. SOD con-
verts superoxide anion to dioxide and hydrogen perox-
ide, but is not always related with resistance to paraquat
[35,36]. Recently it has been reported that VDUP1 is a
mediator of oxidative stress by inhibiting TRX activity
[37]. Preliminary experiments, however, showed that
ectopic expression of TRX does not seem to rescue the
sensitivity to paraquat conferred by overexpression of
VDUP1 mRNA.

Fig. 4. Sensitivity to paraquat in liquid medium. T1, V7, and V27 cells

were pretreated with 1 lg=ml Dox for 2 days and replated in medium

containing 1 lg=ml Dox and various concentrations of paraquat. Af-

ter culture for 10 days, colonies were stained with Coomassie Brilliant

Blue R-250.

Fig. 5. Measurement of SOD activity. T1 and V27 cells were cultured

for 2 days in the presence and absence of 1 lg=ml Dox. Cell extracts

were prepared and assayed for SOD activity as described in Materials

and methods. Values are means of two experiments.
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In this study, we showed that overexpression of
VDUP1 mRNA inhibit colony formation under aerobic
conditions and sensitizes to paraquat in HeLa cells.
Unfortunately, however, the reason for these phenom-
ena is not known at present. Further studies will be
needed to elucidate a molecular basis for the phenom-
ena. Nonetheless, the novel observation as regards
VDUP1 may facilitate understanding of defense mech-
anisms against oxidative stress in mammalian cells.

References

[1] L. Hayflick, Exp. Cell Res. 37 (1965) 614–636.

[2] M.H. Linskens, J. Feng, W.H. Andrews, B.E. Enlow, S.M. Saati,

L.A. Tonkin, W.D. Funk, B. Villeponteau, Nucleic Acids Res. 23

(1995) 3244–3251.

[3] Y. Satoh, M. Kashimura, S. Kaneko, Y. Karasaki, K. Higashi,

S. Gotoh, Mutat. Res. 316 (1994) 25–36.

[4] E.S. Gonos, A. Derventzi, M. Kveiborg, G. Agiostratidou, M.

Kassem, B.F. Clark, P.S. Jat, S.I. Rattan, Exp. Cell Res. 240

(1998) 66–74.

[5] S. Murano, R. Thweatt, R.J. Shmookler Reis, R.A. Jones, E.J.

Moerman, S. Goldstein, Mol. Cell. Biol. 11 (1991) 3905–3914.

[6] D.H. Ly, D.J. Lockhart, R.A. Lerner, P.G. Schultz, Science 287

(2000) 2486–2492.

[7] J. Grillari, O. Hohenwarter, R.M. Grabherr, H. Katinger, Exp.

Gerontol. 35 (2000) 187–197.

[8] T. Kumazaki, T. Sakano, T. Yoshida, K. Hamada, H. Sumida, Y.

Teranishi, M. Nishiyama, Y. Mitsui, Mech. Ageing Dev. 101

(1998) 91–99.

[9] D.N. Shelton, E. Chang, P.S. Whittier, D. Choi, W.D. Funk,

Curr. Biol. 9 (1999) 939–945.

[10] E. Michishita, K. Nakabayashi, T. Suzuki, S.C. Kaul, H. Ogino,

M. Fujii, Y. Mitsui, D. Ayusawa, J. Biochem. (Tokyo) 126 (1999)

1052–1059.

[11] H. Koyama, T. Ono, Exp. Cell Res. 69 (1971) 468–470.

[12] D.K. Biswas, K.T. Abdullah, B.A. Brennessel, J. Cell Biol. 81

(1979) 1–9.

[13] J. Shuttleworth, J. Morser, D.C. Burke, J. Gen. Virol. 58 Pt 1

(1982) 25–35.

[14] R. Bischoff, H. Holtzer, J. Cell Biol. 44 (1970) 134–150.

[15] J. Rogers, S.K. Ng, M.B. Coulter, B.D. Sanwal, Nature 256

(1975) 438–440.

[16] S.J. Tapscott, A.B. Lassar, R.L. Davis, H. Weintraub, Science 245

(1989) 532–536.

[17] T. Suzuki, S. Minagawa, E. Michishita, H. Ogino, M. Fujii,

Y. Mitsui, D. Ayusawa, Exp. Gerontol. 36 (2001) 465–474.

[18] K.S. Chen, H.F. DeLuca, Biochim. Biophys. Acta 1219 (1994)

26–32.

[19] A. Nishiyama, M. Matsui, S. Iwata, K. Hirota, H. Masutani,

H. Nakamura, Y. Takagi, H. Sono, Y. Gon, J. Yodoi, J. Biol.

Chem. 274 (1999) 21645–21650.

[20] M. Saitoh, H. Nishitoh, M. Fujii, K. Takeda, K. Tobiume,

Y. Sawada, M. Kawabata, K. Miyazono, H. Ichijo, EMBO J. 17

(1998) 2596–2606.

[21] H. Nakamura, K. Nakamura, J. Yodoi, Annu. Rev. Immunol. 15

(1997) 351–369.

[22] K. Sado, D. Ayusawa, A. Enomoto, T. Suganuma, M. Oshimura,

K. Sato, H. Koyama, J. Biol. Chem. 276 (2001) 9742–9748.

[23] M. Gossen, H. Bujard, Biotechniques 19 (1995) 213–216;

Discussion, Biotechniques 19 (1995) 216–217.

[24] M. Gossen, S. Freundlieb, G. Bender, G. Muller, W. Hillen,

H. Bujard, Science 268 (1995) 1766–1769.

[25] C. Chen, H. Okayama, Mol. Cell Biol. 7 (1987) 2745–2752.

[26] P. Chomczynski, N. Sacchi, Anal. Biochem. 162 (1987) 156–159.

[27] M. Gossen, H. Bujard, Proc. Natl. Acad. Sci. USA 89 (1992)

5547–5551.

[28] S. Watanabe, N. Kai, M. Yasuda, N. Kohmura, M. Sanbo, M.

Mishina, T. Yagi, Biochem. Biophys. Res. Commun. 213 (1995)

130–137.

[29] J.A. Farrington, M. Ebert, E.J. Land, K. Fletcher, Biochim.

Biophys. Acta 314 (1973) 372–381.

[30] H.M. Hassan, I. Fridovich, J. Biol. Chem. 253 (1978) 8143–8148.

[31] M.O. Bradley, G. Dysart, Cell Biol. Toxicol. 1 (1985) 181–195.

[32] M.F. Weidner, S.T. Sigurdsson, P.B. Hopkins, Biochemistry 29

(1990) 9225–9233.

[33] H. Kappus, Biochem. Pharmacol. 35 (1986) 1–6.

[34] N.R. Bachur, S.L. Gordon, M.V. Gee, H. Kon, Proc. Natl. Acad.

Sci. USA 76 (1979) 954–957.

[35] J. Krall, M.J. Speranza, R.E. Lynch, Arch. Biochem. Biophys. 286

(1991) 311–315.

[36] H.S. Kim, T.B. Lee, C.H. Choi, Biochem. Biophys. Res. Com-

mun. 281 (2001) 109–114.

[37] E. Junn, S.H. Han, J.Y. Im, Y. Yang, E.W. Cho, H.D. Um, D.K.

Kim, K.W. Lee, P.L. Han, S.G. Rhee, I. Choi, J. Immunol. 164

(2000) 6287–6295.

A. Joguchi et al. / Biochemical and Biophysical Research Communications 293 (2002) 293–297 297


