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The regulation of Werner’s syndrome gene (WRN) expression was studied by characterizing the cis-regula-
tory elements in the promoter region and the trans-activating factors that bind to them. First, we defined the
transcription initiation sites and the sequence of the 5* upstream region (2.8 kb) of WRN that contains a
number of cis-regulatory elements, including 7 Sp1, 9 retinoblastoma control element (RCE), and 14 AP2
motifs. A region consisting of nucleotides 267 to 1160 was identified as the principal promoter of WRN by
reporter gene assays in HeLa cells, using a series of WRN promoter-luciferase reporter (WRN-Luc) plasmids
that contained the 5*-truncated or mutated WRN upstream regions. In particular, two Sp1 elements proximal
to the transcription initiation site are indispensable for WRN promoter activity and bind specifically to Sp1
proteins. The RCE enhances WRN promoter activity. Coexpression of the WRN-Luc plasmids with various
dosages of plasmids expressing Rb or p53 in Saos2 cells lacking active Rb and p53 proteins showed that the
introduced Rb upregulates WRN promoter activity a maximum of 2.5-fold, while p53 downregulates it a
maximum of 7-fold, both dose dependently. Consistently, the overexpressed Rb and p53 proteins also affected
the endogenous WRN mRNA levels in Saos2 cells, resulting in an increase with Rb and a decrease with p53.
These findings suggest that WRN expression, like that of other housekeeping genes, is directed mainly by the
Sp1 transcriptional control system but is also further modulated by transcription factors, including Rb and
p53, that are implicated in the cell cycle, cell senescence, and genomic instability.

Werner’s syndrome (WS) is a rare autosomal recessive ge-
netic disorder causing symptoms of premature aging, such as
gray hair, baldness, cataracts, and osteoporosis (9, 15, 23),
accompanied by rare cancers (14). In vitro studies of fibroblast
growth characteristics also suggest that WS may be related to
normal aging: the life span of WS fibroblasts as expressed by
population doubling levels is much shorter than that of normal
fibroblasts (10, 32). The hypermutator phenotype, such as rep-
resented by genetic instability, also occurs frequently in WS
fibroblasts and lymphoid cells (27, 31, 33, 41).

The gene responsible for WS (WRN) has been identified by
positional cloning from the 8p11-p12 region (48) and is com-
posed of a total of 35 exons (25, 49) that generate mRNA with
5,189 nucleotide residues. We have recently demonstrated that
the gene product of WRN is an active RecQ-type DNA helicase
by expressing WRN in insect cells, and we postulated that
defective DNA metabolism is involved in a complex process of
premature aging in WS patients (40). DNA helicases are en-
zymes that unwind the energetically stable double-stranded
structure of DNA to provide the single-stranded template for
important cellular processes such as replication, recombina-
tion, and repair (42).

Mutations occurring in more than 100 WS patients have
been extensively investigated by us and others. The more than
19 different types of mutations identified to date are distrib-
uted over the entire coding region of WRN and exist in indi-
vidual patients as either homozygous or compound heterozy-
gous mutations (13, 25, 48, 49). We recently found that most of
these mutations generate truncated DNA helicase molecules

lacking the nuclear localization signals in the C-proximal re-
gion, rendering the WRN products unable to be transported to
the nucleus, where the DNA helicase is believed to function
(26). This finding not only explains why WS patients with
different types of mutations manifest similar clinical pheno-
types but also suggests that WRN expression in patient cells is
totally inhibited at the stage of protein transportation. Thus, to
understand the molecular mechanism underlying WS, elucida-
tion of the regulation of WRN transcription, which prevents
individuals without WS from premature aging, is imperative.

The WRN mRNA is expressed in many organs but shows
some organ-specific features, e.g., high expression in testis,
ovary, and pancreas and low expression in lung, brain, kidney,
and leukocytes (reference 48 and our unpublished results).
Regarding the levels of WRN mRNA in healthy individuals and
WS patients, we recently reported that both fibroblasts and
Epstein-Barr virus-transformed B-lymphoblastoid cell lines
from patients with homozygous mutation 4 or mutation 6 had
much less mRNA than normal cells. This reduction in the
WRN mRNA level suggested an augmented specific degrada-
tion of the WRN mRNA in patient cells, as was shown in other
cases in which the nonsense codons affected RNA metabolism
in vertebrate cells (47). However, little is known about the
various aspects of WRN transcription, for example, the pro-
moter, its cis-acting elements, and trans-activating protein fac-
tors, such as Rb, p53, and Sp1, that regulate WRN expression
as discussed in this report.

The tumor suppressor proteins Rb and p53 are nuclear
phosphoproteins involved in the control of cell proliferation
and regulation of the cell cycle. The Rb and p53 proteins have
been shown to act positively or negatively in the transcriptional
regulation of various cellular genes. Rb interacts with several
transcription factors, such as E2F and ATF2, to modulate their
activity as was shown for transforming growth factor b2 gene
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(TGF-b2) expression (5, 20). Rb also regulates Sp1-mediated
transcription through the retinoblastoma control element
(RCE) motif by interacting directly with Sp1-I (a negative
regulator of Sp1) and by liberating the Sp1 transcription factor
from Sp1–Sp1-I complexes (6, 44). The RCE motif exists in
several growth-related genes, such as c-fos and TGF-b1, and
regulates transcription positively or negatively, depending on
the cell type (19, 30). By contrast, control by p53 is known to
depend on promoter sequence; it activates transcription of the
p21/WAF1, GADD45, and mdm2 genes by binding to the p53
response elements in their promoter regions (17). Conversely,
p53 represses other genes, such as c-fos and topoisomerase IIa,
that lack the p53 response element (21, 45). Transcriptional
repression by p53 is mediated by protein-protein interactions,
such as with the TATA-binding protein, the CAAT-binding
factor, or the Sp1 transcription factor, resulting in the inacti-
vation of their trans-activating abilities (1, 4, 11, 46).

In this study, we elucidated the functional cis-acting ele-
ments in the WRN promoter and demonstrated that trans-
activating factors Sp1, Rb, and p53 control WRN expression.
Knowledge obtained from these studies should contribute to
our understanding of the regulation of WRN expression in vivo.

MATERIALS AND METHODS

Cell lines. HeLa cells (epithelioid carcinoma, cervix) were used for reporter
gene assays. Saos2 cells (osteosarcoma) that lacked active Rb and p53 proteins
were used for assaying the effects of these proteins on the WRN promoter. Two
Saos2 cell lines, SRb-7 and Sp53-3 (29), that carry the tetracycline-inducible
expression plasmids for Rb and p53, respectively, were made by one of us (J.Y.)
and used to examine the individual effects of Rb and p53 on WRN transcription.
All cell lines were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% heat-inactivated fetal calf serum. The culture medium for
SRb-7 and Sp53-3 contained hygromycin B (0.3 mg/ml), G418 (0.5 mg/ml), and
tetracycline (1 mg/ml). The cell lines were cultured at 37°C in an incubator with
5% CO2.

Determination of transcription start sites. The transcription start sites of
WRN mRNA were determined by an oligonucleotide-capping method (36), with
slight modification. Briefly, the cap structure of poly(A)1 RNA obtained from
HeLa cells was removed by highly purified tobacco acid pyrophosphatase (Nip-
pon Gene), and decapped mRNA was ligated to the RNA linker 59-CGAAUC
GUAACCGUUCGUACGAGAAUCCGCU-39 by using T4 RNA ligase. The
product was then reverse transcribed by using a random hexamer and was
amplified by PCR using a combination of the RNA linker-specific primer 59-A
TCGTAACCGTTCGTACGAGAATCGC-39 and the WRN-specific primer 59-
CCCACCACATCCCCATCTGATAGACTC-39 (positions 453 to 479), followed
by the WRN-specific nested primer 59-AGGAAAGAGCAATCACTAGCATC
G-39 (positions 411 to 434). The PCR product was cloned into the pGEM-T
vector (Promega), and the nucleotide sequence encompassing the capping site of
WRN mRNA was determined after sequence analysis by PCR-based cycle se-
quencing using a Prism sequencing kit (Perkin-Elmer) with 17 independent
clones. The S1 nuclease mapping analysis described by Berk and Sharp (3) was
performed to confirm the transcription initiation sites obtained by the oligonu-
cleotide-capping method. A 59-32P-labeled DNA fragment (245 bp, encompass-
ing nucleotide residues 2143 to 1102) was prepared by EcoO109I and BssHII
digestion and by subsequent 59-end labeling with [g-32P]ATP and T4 polynucle-
otide kinase. The labeled duplex DNA fragment (106 cpm) was purified on a
Centrisep column (Applied Biosystem), denatured by boiling followed by chill-
ing, and hybridized to the total RNA (25 mg) from human K562 cells. As a
control, yeast tRNA (25 mg) was also used in place of K562 cell RNA. Hybrid-
ization conditions were heating at 80°C for 10 min and annealing at 50°C for 3 h
in hybridization buffer [50 mM piperazine-N,N9-bis(2-ethanesulfonic acid)
(PIPES)–NaOH buffer (pH 6.4), 1 mM EDTA, 80% formamide, 0.4 M NaCl].
The annealed RNA-DNA heteroduplex was digested in S1 digestion buffer
containing 30 mM sodium acetate buffer (pH 4.6), 280 mM NaCl, 1 mM ZnSO4,
100 mg of salmon sperm DNA per ml, and 1,000 U of S1 nuclease per ml
(TaKaRa) at 37°C for 30 min, and the reaction products were analyzed by 5%
polyacrylamide gel electrophoresis.

P1/PAC DNA and determination of DNA sequences. The P1/P1-derived arti-
ficial chromosome (PAC) library was screened by a PCR-based strategy, and
positive clones were isolated by Genome Systems, Inc. (St. Louis, Mo.). PAC
12339 DNA was isolated by an alkaline lysis procedure essentially described by
Smoller et al. (38), with slight modification, and purified by density equilibrium
centrifugation with CsCl-ethidium bromide gradients. After digestion with
Sau3AI, the PAC 12339 DNA was subcloned into the BamHI site of pBluescrip-
tII KS(1) (Stratagene). To obtain the promoter region, this DNA library was
screened by PCR using primers designed from the sequence of the first exon of

WRN: 59-GGGAATAAAGTTTGCTGATTT-39 (positions 50 to 70) and 59-CA
GTCCAACAGGTCTTCTTCA-39 (positions 134 to 154). The sequences of nine
positive clones were determined. Sequence homology to any other known human
genomic DNA was analyzed by Intelligenetics software and the FASTA and
TFASTA programs from the Genetics Computer Group database searching
software package (2).

Construction of WRN-Luc plasmids for promoter assay. After the pBS/
12339-17 plasmid DNA containing the putative promoter region of WRN was
digested with BamHI, the 2,776-bp insert fragment was placed at the BglII site of
the pGL3-Basic vector (Promega) upstream of the firefly luciferase gene, which
was used as a reporter gene (pGL3/A). To generate a series of 59-deletion
mutants, the WRN promoter region of pGL3/A was digested with SacI/XhoI and
then treated with exonuclease III and mung bean nuclease (pGL3/B to -N), or
was amplified by PCR with specific primers, and was placed back into the
pGL3-Basic plasmid (pGL3/O to -R), yielding what we refer to as the WRN-Luc
plasmids. Mutations with base substitutions were made for each Sp1 element
and/or RCE motif by using an LA PCR in vitro mutagenesis primer set for
pBluescriptII (TaKaRa) according to the manufacturer’s protocol (creating
pGL3/S3m, -S2m, -S1m, -S32m, -S321m, -S3m/Rm, -S32m/Rm, -S321m/Rm, and
-Rm). To generate the 39-deleted pGL3/O and pGL3/S321m/Rm mutants miss-
ing residues 20 to 160, the plasmids were digested simultaneously at nucleotide
position 20 by BglI and upstream of the vector by MluI, and the excised fragment
was ligated to the SmaI site of the pGL3-Basic vector (yielding pGL3/OD39 and
pGL3/S321m/RmD39). The directions and sizes of the modified promoter region
of all constructs were confirmed by DNA sequencing.

DNA transfection and luciferase assay. HeLa and Saos2 cell lines were trans-
fected by the lipofection method as described by Felgner et al. (12). Briefly, the
WRN-Luc plasmid DNAs (1 mg) and a plasmid (pRL-TK; Wako Pure Chemi-
cals, Osaka, Japan) containing the herpes simplex virus thymidine kinase pro-
moter and sea pansy luciferase (0.1 mg) used as an internal control were mixed
with Lipofectin reagent (GIBCO BRL) and cotransfected into target cells grown
to 60 to 70% confluence in six-well plates. After 5 h of incubation with the
Lipofectin-DNA complex, the cells were washed twice in medium containing
serum and cultured for 48 h. The cells were then lysed and assayed for firefly and
sea pansy luciferase activities separately, using a double-luciferase assay system
(Wako Pure Chemicals) and LUMAT LB 9507 luminometer (EG&G
Bertholdo). The activity of the WRN promoter evidenced by firefly luciferase
activity was evaluated after normalizing for small differences in transfection
efficiency by the sea pansy luciferase activity. Expression plasmids that produce
Rb (pCMV1-Rb), wild-type p53 (pC53-SN3), and mutant p53 (pC53-249) were
kindly provided by Eiji Hara (Kyoto Prefectural Medical School) and Takashi
Uchida (Nippon Roche Research Institute). In the Rb or p53 overexpression
experiments, the WRN-Luc plasmid DNAs (1 mg), the Rb or p53 expression
plasmid (0.03 to 5 mg), and pRL-TK (0.1 mg) were cotransfected and assayed for
luciferase activity as described above.

Preparation of nuclear extracts from HeLa cells. Nuclear extracts were pre-
pared essentially as described by Dignam et al. (8) from confluent cultures of
HeLa cells. Approximately 108 cells were washed with ice-cold phosphate-buff-
ered saline, pelleted, and resuspended in 10 mM Tris-HCl (pH 7.9)–1.5 mM
MgCl2–10 mM KCl–0.5 mM dithiothreitol (DTT). After incubation on ice for 10
min, the cells were homogenized in a Dounce homogenizer with approximately
20 strokes. The nuclei were then pelleted and resuspended in 20 mM Tris-HCl
(pH 7.9) buffer containing 1.5 mM MgCl2, 20% glycerol, 0.5 mM DTT, 0.3 M
KCl, and 0.5 mM phenylmethylsulfonyl fluoride (PMSF). After rocking at 4°C
for 30 min, the supernatant was dialyzed for 2 h at 4°C against 4 liters of 20 mM
Tris-HCl (pH 7.9) buffer containing 0.1 M KCl, 0.2 mM EDTA, 20% glycerol, 0.5
mM DTT, and 0.5 mM PMSF. The extracts were mixed with a cocktail of
protease inhibitors to final concentrations of 1 mM PMSF, 1 mM EGTA, 0.021
mM leupeptin, 0.01 mM pepstatin, 0.1 mM Na-p-tosyl-L-lysine chloromethylke-
tone (TLCK) and 1 mM N-methylmaleimide, aliquoted, and stored at 270°C
until used. The protein concentration was measured by using a Pierce bicincho-
ninic acid protein assay kit.

EMSA. Electrophoretic mobility shift assays (EMSAs) were done as described
by Singh et al. (37), with slight modifications. A HeLa cell nuclear extract (2 to
5 mg) was first incubated in 10 mM Tris-HCl (pH 7.5) buffer containing 50 mM
NaCl, 0.5 mM DTT, 0.5 mM EDTA, 1 mM MgCl2, 0.4 mg of bovine serum
albumin per ml, 4% glycerol, and 50 to 250 mg of double-stranded poly(dI-dC)
(Pharmacia, Piscataway, N.J.) per ml for 20 min at room temperature. The
mixture was then incubated for an additional 20 min with approximately 10,000
cpm of double-stranded 32P-labeled oligonucleotides containing Sp1-3 (positions
286 to 257), RCE (positions 270 to 251), Sp1-2 (positions 265 to 236), or
Sp1-1 (positions 246 to 217). In the competition experiments, a 50-fold molar
excess of specific (Sp1) or nonspecific (AP1) competitor (nonradioactive oligo-
nucleotides; see below) was incubated with the HeLa cell nuclear extract before
addition of 32P-labeled oligonucleotides. The competitor oligonucleotides (only
sense strands are shown) were 59-ATTCGATCGGGGCGGGGCGAGC-39 for
Sp1 and 59-CGCTTGATGAGTCAGCCGGAA-39 for AP1. For the supershift
experiment, the nuclear extract was preincubated with 0.5 mg of Sp1-specific
polyclonal antibody or nonimmunized rabbit immunoglobulin G (IgG) fraction
(Santa Cruz Biotechnology, Inc.) per ml at 4°C for 1 h. The antibody-treated
extract was used for the EMSAs as described above. The reaction mixtures were
electrophoresed in a 4% polyacrylamide gel in 0.53 TBE buffer (45 mM Tris-
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borate, 1 mM EDTA [pH 8.0]) at 100 V for 2.5 h and were analyzed for
retardation of labeled oligonucleotides during electrophoretic migration. After
drying, the gels were exposed to X-ray film (Kodak) at 270°C with intensifying
screens for 24 to 48 h.

Northern blot analysis. Two Saos2 cell lines, SRb-7 and Sp53-3 (29), that carry
the tetracycline-inducible expression plasmids for Rb and p53, respectively, were
cultured in the presence or absence of tetracycline at 37°C for 6 to 12 h. The
poly(A)1 RNA was extracted from these cells by the acid guanidinium thiocya-
nate-phenol-chloroform extraction method (7) and Oligotex-d(T)30 (Takara Co.
Ltd., Osaka, Japan). Three micrograms of poly(A)1 RNA was electrophoresed
in 1% agarose gels containing formamide and transferred to Hybond-N mem-
branes (Amersham). Hybridization was performed with 32P-radiolabeled probe
(2 3 106 cpm/ml) prepared from the C-terminal region, which includes the 39
untranslated region (nucleotide residues 3199 to 5065) of the WRN gene, at 42°C
for 16 h. Then the membranes were washed in 0.23 SSC (13 SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)–0.1% sodium dodecyl sulfate at 42°C for 30 min
and autoradiographed for 5 days. For quantitative analysis, the membranes were
stripped and then rehybridized with a 32P-radiolabeled b-actin probe as a control
to normalize the density. The relative intensities of individual WRN mRNA
bands were estimated with a BAS-1500 Bioimaging Analyzer (Fujifilm).

Nucleotide sequence accession number. The complete nucleotide sequence of
the 2.8-kb WRN fragment was deposited in the GenBank/EMBL Data Bank with
accession no. AB003173.

RESULTS

Identification of the transcription start sites of WRN. Before
identifying the WRN promoter region, we analyzed the tran-
scriptional start sites of WRN by the oligonucleotide-capping
method described in Materials and Methods. Primers were
designed from the sequences in the fourth and fifth exons of
WRN and were used to amplify the 59 WRN cap site cDNA
from the HeLa cell oligonucleotide-capped cDNA library. Sev-
eral PCR products were obtained, and their nucleotide se-
quences were determined. As expected, all of the PCR prod-
ucts were found to contain the 59 untranslated sequence of
WRN mRNA. Sequence determination showed that WRN was
transcribed from multiple positions, i.e., positions 1, 3, 4, 6, 11,
12, 31, 56, and 85 (Fig. 1C). Positions 1, 4, and 6 starting with
G seem to be used most frequently as the initiation start sites
of WRN transcription, based both on the results obtained from
S1 nuclease mapping analysis (Fig. 1D) and on the number of
clones obtained after subcloning of the 59 WRN cap site cDNA
(data not shown). Similarly, multiple transcription initiation
sites have recently been found for the human gp130 gene (28).
In this report, we assume that the most upstream start site is at
position 11.

Cloning and nucleotide sequence of the WRN promoter re-
gion. A physical map containing WRN was made with a contig
of P1/PAC DNAs, and the precise location of WRN was iden-
tified (Fig. 1A). Genomic clones, including the putative pro-
moter region of WRN, were obtained from the PAC 12339
library by PCR using primers designed from the sequence of
the first exon of WRN (positions 50 to 154). After the PAC
12339 DNA was digested with Sau3AI, all resulting fragments
were subcloned into the BamHI site of pBluescript KS(1)
(Stratagene). A PCR-based screening of 100 clones yielded
nine independent positive clones containing 1.4- to 4.0-kb in-
serts. One of them, clone pBS/12339-17, containing an insert of
about 2.8 kb, was sequenced, and the analysis confirmed that it
contains a 59-flanking region and the first exon (Fig. 1C). Fig-
ure 1C shows part of this 2.8-kb DNA, a region corresponding
to 285 to 1160 that correlates with WRN promoter activity.
The region from positions 285 to 21 contained an extremely
high GC content (80%), whereas the overall GC content of the
entire 2.8-kb fragment was 58%. In addition, multiple copies of
transcription regulatory elements Sp1 (seven), RCE (nine),
and AP2 (fourteen) were clustered in the 2.8-kb region. In
contrast, no TATA box or CAAT box was evident. These
findings collectively indicated that the WRN promoter proba-

bly is in this region and has promoter characteristics often
associated with housekeeping genes.

Analysis of multiple cis elements in the upstream region of
the transcriptional initiation site of WRN. The 2.8-kb DNA
fragment was cloned into the pGL3-Basic vector (WRN-Luc
plasmid). The resulting construct, pGL3/A (22615;1160),
was used for promoter assays by a luciferase gene placed down-
stream of the WRN DNA. To define the region responsible for
the WRN promoter, a series of 59-deletion mutants of pGL3/A
was constructed (Fig. 2). These deletion mutants were trans-
fected into HeLa cells, and their promoter activities were mon-
itored by luciferase production after 48 h of cell culture. The
majority of about 2.5 kb of sequence upstream of the WRN
transcriptional start site was largely dispensable; the short up-
stream region from positions 267 to 1160 was sufficient (Fig.
2, O). This region contains one RCE motif (RCE-1) and two
Sp1 elements (Sp1-1 and Sp1-2) that are often indispensable as
cis-acting regulatory elements for the constitutive expression of
most housekeeping genes. Several AP2 elements in the up-
stream region of a minimal promoter are clearly of little im-
portance to WRN expression but are required for maximum
promoter activity shown by pGL3/K. Truncation at 257
(pGL3/P), which removes the RCE motif, decreased the pro-
moter activity by 66% compared with pGL3/O (Fig. 2, P).
Truncation at 235, which left only Sp1-1, largely decreased
luciferase expression and resulted in low promoter activity
(Fig. 2, Q). These results suggest that Sp1-1 may be nonfunc-
tional by itself but works cooperatively with the other elements
at 267 to 236. pGL3/R, which had no Sp1 element or RCE
motif, showed very little promoter activity (3% compared to
pGL3/O) (Fig. 2, R). The promoter activity of pGL3/OD39,
which lacked nucleotides 21 to 160, was about 80% lower than
that of pGL3/O, suggesting the presence of another undefined
fundamental element that cooperates with the essential Sp1-2,
Sp1-1, and RCE sites at 267 to 120. Consequently, the region
encompassing positions 267 to 1160 seems to represent the
minimal WRN promoter region required for full activity in the
reporter gene assays.

Effect of the substitution mutation in the Sp1 element on
WRN promoter function. To examine the contribution of each
Sp1 element to the expression of WRN, we mutated the Sp1-3,
Sp-2, and Sp-1 elements by base substitutions. These changes
had been designed to affect the Sp1 elements, and the mutated
WRN-Luc plasmids (pGL3/S3m, pGL3/S2m, pGL3/S1m, pGL3/
S32m, and pGL3/S321m) were generated from pGL3/N. They
were transfected into HeLa cells, and their activities were
measured. The single mutation in the Sp1-3, Sp1-2, and Sp1-1
elements had little or no effect on WRN promoter activity (Fig.
3, S3m, S2m, and S1m). A triple mutation of all three Sp1
elements resulted in about 90% reduction of promoter activity,
leaving a low level of activity, but 3-fold higher activity than for
pGL3/R, which lacked Sp1-3, Sp-2, and Sp-1 (Fig. 3, S321m
and R 23). The promoter activity in pGL3/Q was severely
reduced, to 20% of that of pGL3/N, upon removal of the Sp1-3
and Sp1-2 elements. By contrast, the double mutations in
Sp1-3 and Sp-2 restored 60% of its activity (Fig. 3, Q 235 and
S32m). These results strongly suggest that some element(s)
other than Sp1 elements in the 285 to 236 region activates the
WRN promoter. These findings are consistent with the data
obtained for the 59-deletion experiments and support the hy-
pothesis that the Sp1 elements upregulate WRN transcription.
In addition, another response element(s) in the WRN pro-
moter region, such as the RCE motif GGTGGG at 264 to
259, cooperates with the Sp1 elements (see below).

Effect of the RCE motif on WRN promoter activity. To con-
firm that the RCE (positions 264 to 259) in the WRN pro-
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moter region participates in WRN expression, we constructed a
series of WRN-Luc plasmids containing a modified WRN pro-
moter with a substitution mutation in the RCE motif (pGL3/
S3m/Rm, pGL3/S32m/Rm, pGL3/S321m/Rm, and pGL3/Rm).
In this study, mutation of the RCE motif in pGL3/Rm showed
no effect on promoter activity compared to that of pGL3/N
(Fig. 3, Rm). However, the activity of pGL3/S3m/Rm was
rendered lower than that of pGL3/S3m and was almost the
same as that of pGL3/P, which lacked the Sp1-3 element and
RCE motif (Fig. 3, S3m/Rm, S3m, and P). The mutation of the
RCE motif in pGL3/S32m/Rm reduced its promoter activity to

lower than that of pGL3/S32m and to a level equivalent to that
of pGL3/Q, which lacked the Sp1-3, Sp1-2, and RCE motifs
(Fig. 3, S32m/Rm, S32m, and Q). Very little promoter activity
remained in pGL3/S321m/Rm, which has mutations in all four
elements, and this level of activity was the same as for pGL3/R,
with all four elements deleted (Fig. 3, S321m/Rm and R).
These findings suggest that the WRN promoter was upregu-
lated not only by the Sp1 element but also by the RCE motif.

Nuclear proteins that bind to the promoter region of WRN.
To examine if the Sp1 elements and RCE motif indeed bind
to the corresponding nuclear protein factor, we performed

FIG. 1. WRN promoter region and structures of plasmids used for promoter assays. (A) Orientation of WRN in the P1/PAC contig map. Solid lines and numbers
represent P1/PAC DNAs that form the physical map. The approximate positions of WRN and the STS marker D8S2162 are shown. The transcriptional direction of
WRN is indicated by 59 and 39. Tel., telomere; Cent., centromere. (B) The 2,776-bp DNA fragment generated from PAC 12339 DNA was placed at the BglII site of
the pGL3-Basic vector upstream of the firefly luciferase gene to form pGL3/A, which was used as a reporter gene in the promoter assay. A series of WRN-Luc plasmids
containing the sequentially 59-deleted human WRN (hWRN) promoter regions (pGL3/B to -R) were prepared from pGL3/A. The structures of Rb and p53 expression
plasmids (pCMV1-Rb, pC53-SN3, and pC53-249) are shown. CMV, cytomegalovirus. (C) The WRN transcription start sites are indicated by asterisks. The most
upstream nucleotide position is assumed to be position 11. The cis-acting Sp1 element binding sites and an RCE motif are boxed and underlined, respectively. (D)
Results of S1 nuclease protection assay. The ladder (lanes A, C, G, and T) represents the sequence of pGEM3Zf(1) DNA recognized by the M13 forward primer
(59-CGCCAGGGTTTTCCCAGTCACGAC-39), and base 102 is shown by an arrowhead. Lane 1, S1 mapping with 106 cpm of 32P-labeled probe DNA for K562 cell
RNA that contains WRN mRNA; lane 2, control experiment using yeast tRNA; lane 3, S1 nuclease-undigested 59 32P-labeled 245-bp DNA (104 cpm) that encompasses
the potential WRN promoter region from 2143 to 1102, heat denatured prior to electrophoresis. The band remaining in the upper part of the gel indicates the S1
nuclease-resistant duplex DNA formed by annealing of complementary DNAs during hybridization. The band migrating with base 102 (lane 1) corresponds to the most
upstream nucleotide from the 32P-labeled 59 G (from the complementary strand to the 39-59 CCG indicated by an arrow in panel C) and is designated the 11 position
of the WRN mRNA.
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EMSAs with HeLa cell nuclear extract. First, EMSAs were
done with three double-stranded oligonucleotide probes con-
taining the Sp1-3, Sp1-2, or Sp1-1 element in the WRN pro-
moter region. We observed four DNA-protein complexes
(complexes I to IV [Fig. 4A]) when we used Sp1-3 and Sp1-2 as
probes (Fig. 4, lanes 1 and 6), while complex I was not detected
with Sp1-1 alone (lane 11). Complex formation was inhibited

specifically by adding a 50-fold excess of unlabeled Sp1 con-
sensus oligonucleotide (lanes 2, 7, and 12) but not by the AP1
oligonucleotide (lanes 3, 8, and 13), indicating that these
DNA-protein complexes were formed by some Sp1-specific
binding protein(s) and the Sp1 oligonucleotide. Indeed, in
subsequent supershift analysis using a human Sp1-specific
polyclonal antibody, antibody addition further decreased the

FIG. 2. Promoter activities detected in the upstream region of WRN. WRN-Luc plasmids containing various lengths of the WRN upstream region were transiently
transfected into HeLa cells as described in Materials and Methods. The diagram on the left shows a map of a series of 59-truncated WRN promoters in WRN-Luc
plasmids. The 59 ends of the WRN DNA are shown by nucleotide position numbers from the transcription initiation site. Open circles, closed circles, and black boxes
indicate Sp1, RCE, and AP2 motifs, respectively. The promoter activities of the 59-truncated DNA in WRN-Luc plasmids were measured in HeLa cells and are shown
as luciferase activity on the right. Each value represents the mean luciferase activity measured in at least three independent experiments. Bars indicate standard
deviations of the mean activities, expressed as RLU (relative light units) as specified by the manufacturer (EG&G Bertholdo).

FIG. 3. Effects of the 59-deletion and base-substitution mutations in the cis-regulatory Sp1 elements and RCE on WRN promoter activity. WRN-Luc plasmids
containing various base-substitution mutations in three Sp1 elements and an RCE motif were generated. Their promoter activities were measured by transfection into
HeLa cells and compared with the promoter activity of pGL3/N to -R. The diagram on the left shows the structure of each of the 59-deletion and base-substitution
mutants of the WRN promoter; the substituted bases are represented by lowercase boldface letters. Promoter activities in the modified WRN promoter region are shown
as luciferase activity on the right. Each value represents the mean activity of luciferase detected in at least three independent experiments. Bars indicate standard
deviations of the mean activities, expressed as RLU (relative light units) as specified by the manufacturer (EG&G Bertholdo).
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mobility of the majority of these DNA-protein complexes
(lanes 4, 9, and 14), while the nonimmunized rabbit IgG added
to the binding reaction mixtures as a control did not affect the
EMSA profiles (lanes 5, 10, and 15). When the efficiency of
complex formation with Sp1 proteins was compared among the
probe oligonucleotides, the Sp1 protein showed an increasing
order of Sp1-3 . Sp1-2 . Sp1-1, suggesting that the adjacent
sequences of Sp1 elements, and perhaps the intervening RCE
motif (and included in Sp1-3 and Sp1-2 probes), stimulate
complex formation. In any event, these data confirmed that the
cellular Sp1 protein can bind specifically to these Sp1 elements,
with some differences in binding efficiency. We also noted
minor complexes but clearly of another type because their
migration profiles were not affected by the Sp1-specific anti-
body (lanes 4, 9, and 14). These protein complexes were ap-
parently specific in binding to the Sp1 element but may have
included proteins other than the known Sp1 protein.

Udvadia et al. (44) reported that transcriptional regulation
of the c-fos gene by RCE is mediated by (i) the Sp1 protein
binding to the RCE motif and regulating promoter activity and
(ii) the Rb protein activating the RCE-dependent transcription
through Sp1. To confirm the binding of the Sp1 protein to the
RCE motif in the WRN promoter region, similar EMSAs were
performed with a double-stranded oligonucleotide probe con-
taining the RCE motif. Three DNA-protein complexes, II, III,
and IV, were detected (Fig. 4, lane 16). The unlabeled Sp1
consensus oligonucleotide, but not AP1 oligonucleotide, inhib-
ited the formation of these DNA-protein complexes (lanes 17
and 18). A human Sp1-specific polyclonal antibody added to
the binding reaction mixture decreased the mobility of these
DNA-protein complexes in the supershift analysis (lane 19).
Addition of nonimmunized rabbit IgG had no effect on the
mobility of these complexes (lane 20), indicating that the com-
plex formation is Sp1 specific. The same results were obtained
when we performed EMSAs with purified human Sp1 protein
(data not shown). These data indicated that the Sp1 protein
binds to the RCE motif in the WRN promoter region as was
reported by Udvadia et al. (44).

The WRN promoter is upregulated by Rb and downregulated
by p53. To examine the effects of the Rb protein on WRN
promoter activity, we used Saos2 cells lacking the active Rb
and p53 proteins (18). First, we cotransfected the Saos2 cells
with the WRN-Luc plasmid pGL3/A and increasing amounts
of the Rb expression plasmid (pCMV1-Rb) and measured
luciferase activities. Strikingly, cotransfection with the Rb ex-
pression plasmids resulted in a significant stimulation (maxi-
mum of 2.5-fold) of WRN promoter activity in a plasmid dose-
dependent manner (Fig. 5A). The production of Rb was
confirmed by Western blot analysis using lysates of cells trans-
fected with the Rb expression plasmid (data not shown). To
confirm that the RCE motif or Sp1 elements indeed contrib-
uted to the Rb-mediated upregulation, we cotransfected
WRN-Luc plasmids (pGL3/A to -R) with pCMV1-Rb (1 mg)
and measured promoter activities. WRN promoter activities in
pGL3/A to -O were increased by the Rb protein about twofold
(Fig. 5B), but this stimulatory effect did not occur in pGL3/P to
-R, which lacked the RCE motif (Fig. 5B). These results sug-
gest that Rb protein upregulates WRN expression and that the
region from 267 to 257 was essential for this effect. Consistent
with these results, a series of promoter assays with various
WRN-Luc plasmids (pGL3/S3m, -S3m/Rm, -S321m/Rm, and
-Rm) containing substitution mutations showed that the stim-
ulation by Rb is pronounced when the RCE motif is intact,
while the overall promoter activity appears to depend on the
number of intact Sp1 elements in this 278 to 221 region
(Table 1).

Next, we studied the effect of p53 on WRN promoter activity
because p53 protein often participates in transcriptional sup-
pression of the Rb gene and the genes that contain Sp1 ele-
ments (4, 35, 46). In cotransfection experiments in which in-
creasing amounts of p53 expression plasmid (pC53-SN3) were
expressed in Saos2 cells, WRN promoter activity of pGL3/A
was downregulated a maximum of 90% (Fig. 6A, closed circle).
By contrast, the inactive p53 mutant protein containing a single
amino acid substitution at position 249 (43) failed to show this
downregulation (Fig. 6A). Again, the production of p53 in the

FIG. 4. Characterization of the nuclear protein that interacts with oligonucleotides containing Sp1 elements and an RCE motif. Nuclear extracts from HeLa cells
(2 to 5 mg of protein) were incubated with the 32P-labeled double-stranded oligonucleotide probes that contained WRN Sp1-3 (positions from 286 to 257) (A), Sp1-2
(positions from 265 to 236) (B), Sp1-1 (positions from 246 to 217) (C), and RCE-1 (positions from 270 to 251) (D) in the absence (lanes 1, 6, 11, and 16) or presence
(lanes 2, 7, 12, and 17) of 50-fold molar excess amounts of unlabeled Sp1 oligonucleotides. The mixtures were electrophoresed in a 4% polyacrylamide gel as described
in Materials and Methods. Similar experiments were also done with 50-fold excess amounts of unlabeled AP1 oligonucleotide (lanes 3, 8, 13, and 18). In the experiments
represented by lanes 4, 9, 14, and 19, the Sp1 protein-specific rabbit IgG antibodies (5 mg) were included in the reaction mixtures before incubation; as the control for
these experiments, the same reactions were performed with nonimmunized rabbit IgG fraction (5 mg) (lanes 5, 10, 15, and 20).
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transfected Saos2 cells was confirmed for two different types of
p53 by Western blot analysis using cell lysates (data not
shown). To clarify further the cis-regulatory element involved
in the p53-mediated downregulation, WRN-Luc plasmids
pGL3/A to -R were cotransfected with pC53-SN3 (0.1 mg), and
promoter activities were measured (Fig. 6B). Here, the original
WRN promoter activities were reduced to about 50% by the
presence of p53 protein, regardless of the modifications of
WRN promoter elements tested. Unlike the effect of Rb, the
suppression of promoter activity by p53 was not affected by
alterations in the transcriptional elements in the WRN pro-
moter (Table 1). Downstream deletion at 21 to 160, in addition
to mutations in Sp1-3, -2, and -1 and the RCE, however,
prevented repression by the overexpressed p53 (data not
shown). The mechanism behind this transcriptional suppres-
sion may be accounted for by the finding by Borellini and

Glazer (4) that the Sp1 protein was prevented from binding to
the promoter region by a p53-Sp1 protein complex. Similar
types of modulations by Rb or p53 were observed when HeLa
cells were cotransfected with WRN-Luc plasmids and the Rb
or p53 expression plasmid (data not shown), although the
levels of modulation were less pronounced, perhaps due to
endogenous Rb and p53 in the HeLa cells. As expected, over-
expression of either Rb or p53 did not affect the morphology or
proliferation of transfected Saos2 cells, as analyzed by micros-
copy and cell counting.

Effects of Rb and p53 on the endogenous WRN mRNA ex-
pression level. To determine whether the endogenous WRN
mRNA level in Saos2 cells is indeed modulated by Rb and p53,
we compared the WRN mRNA levels of SRb-7 and Sp53-3
cells by Northern blot analysis in the presence or absence of
overexpressed Rb and p53. The level of WRN mRNA in the

FIG. 5. Regulatory effects of Rb protein on WRN promoter activity in Saos2 cells. (A) pGL3/A, a WRN-Luc plasmid containing the full-length WRN promoter
region, was cotransfected with increasing amounts of pCMV1-Rb into Saos2 cells, which are known to be deficient in active Rb and p53. The activity of the WRN
promoter in the transfected cells was determined and compared with the activity of pGL3/A alone. The values represent relative activities of pGL3/A expressed in the
presence of Rb, assuming the luciferase activity with pGL3/A alone to be 1.0. The data were reproducible in two independent experiments. (B) WRN-Luc plasmids
(pGL3/A to -R) containing various lengths of the WRN promoter region were cotransfected with Rb-expressing pCMV1-Rb (1 mg) in Saos2 cells, and the site of the
WRN promoter that responds to Rb was investigated. Gray columns show WRN promoter activities associated with pGL3/A to -R alone; black columns show WRN
promoter activities obtained in the presence of Rb. The data were reproducible in two independent experiments. Luciferase activity is expressed as RLU (relative light
units) as specified by the manufacturer (EG&G Bertholdo).

TABLE 1. Transcriptional activity of mutated WRN promoter cotransfected with Rb and p53
expression plasmids in Saos2 cellsa

a WRN-Luc plasmids containing substitution mutations in Sp1-3, Sp1-2, Sp1-1, and the RCE motif of the WRN
promoter region were cotransfected with pCMV1-Rb (1 mg) or pC53-SN3 (0.1 mg) in Saos2 cells, and promoter
activities were measured. Fold stimulation by Rb and fold repression by p53 were estimated as relative to the activities
of WRN-Luc plasmids alone, considered to be 1.0. The data were reproducible in two independent experiments.
Luciferase activity is expressed as RLU (relative light units) as specified by the manufacturer (EG&G Bertholdo).
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Rb-overexpressing SRb-7 cells was fourfold higher than that in
Rb-nonexpressing cells (Fig. 7, lanes 1 and 2). By contrast, the
level of WRN mRNA in the p53-overexpressing Sp53-3 cells
was less than 50% of that of p53-nonexpressing cells (lanes 3
and 4). These results indicated that Rb and p53 indeed mod-
ulate the WRN gene expression.

DISCUSSION

WRN promoter and Sp1-mediated transcription. Although
much progress has been made in determining the genomic
structure of WRN, the types of WRN mutations occurring in
patients with WS, and the biochemical nature of the DNA

helicase gene product, little is known about how WRN expres-
sion is regulated and the nature of the cis element(s) and
trans-activating factor(s) involved. In this study, we answered
some of these questions. First, we analyzed about 2.8 kb of the
upstream region of WRN and found that the transcription start
site, i.e., the capping site of WRN mRNA, was multiple but that
the main sites were the 11, 14, and 16 positions (Fig. 1C). S1
mapping experiments with mRNAs from human K562 cells
that express a relatively high level of WRN transcripts sup-
ported these findings (Fig. 1D). Proximal to this transcription
initiation site cluster, we found two Sp1 elements and one RCE
cis-acting motif within the minimal WRN promoter region (po-
sitions 267 to 1160), required for full activity in a reporter
gene assay. Additional elements, including 5 Sp1, 8 RCE, and
14 AP2 motifs, are distributed throughout the upstream 1.4 kb
(Fig. 2). Since the Sp1 element is conserved in the promoters
of most housekeeping genes, WRN seems to be a housekeeping
gene. Consistent with this view, there is neither a TATA box
nor a CAAT box proximal to this transcription initiation site.
The Sp1 protein that binds to the consensus Sp1 element
GGCGGG is also capable of binding to the RCE motif GGT
GGG and exerts a stimulatory effect on the transcription (Fig.
4D and reference 44). Perhaps, as reported by Mastrangelo et
al. (24), these Sp1 and the Sp1-like elements cooperate in the
Sp1-mediated transcription and regulate WRN housekeeping
expression.

Upregulation of the WRN promoter by Rb. A DNA binding
assay and a mutational analysis for the WRN promoter region
by using a reporter gene assay (Fig. 3 and 4) collectively indi-
cated that WRN expression is directed mainly by the Sp1 ele-
ments and cellular Sp1 proteins. The RCE motif in the pro-
moter appeared to have cooperative roles with Sp1 elements,
and together they showed maximum promoter activity in Saos2
cells when the Rb protein was overexpressed (Fig. 5 and Table
1). With respect to this stimulatory effect of Rb, Chen et al. (6)
reported that the Rb protein upregulates Sp1-mediated gene
expression not by directly binding to the Sp1 element or to the
Sp1 protein but by binding to the 20-kDa Sp1-I protein, a
negative regulator of the Sp1 protein, thus liberating active Sp1

FIG. 6. Regulatory effects of p53 protein on WRN promoter activity in Saos2 cells. (A) pGL3/A, a WRN-Luc plasmid containing the full-length WRN promoter
region, was cotransfected with increasing amounts of pC53-SN3 (closed circles) or pC53-249 (open circles) into Saos2 cells, which are known to be deficient in active
Rb and p53. The activity of the WRN promoter in the transfected cells was determined and compared with the activity of pGL3/A alone. The values represent relative
activities of pGL3/A expressed in the presence of p53, assuming the luciferase activity with pGL3/A alone to be 1.0. The data were reproducible in two independent
experiments. (B) WRN-Luc plasmids (pGL3/A to -R) containing various lengths of the WRN promoter region were cotransfected with p53 expressing pC53-SN3 (0.1
mg) in Saos2 cells, and the site of the WRN promoter that responds to p53 was investigated. Gray columns show WRN promoter activities associated with pGL3/A to
-R alone; white columns show WRN promoter activities obtained in the presence of p53. The data were reproducible in two independent experiments. Luciferase activity
is expressed as RLU (relative light units) as specified by the manufacturer (EG&G Bertholdo).

FIG. 7. Northern blot analysis of SRb-7 and Sp53-3 cells carrying the tetra-
cycline-inducible Rb and p53 expression plasmids. SRb-7 (A) or Sp53-3 (B) cells
were cultured in the presence or absence of 1 mg of tetracycline (Tc) per ml at
37°C for 6 or 12 h, respectively, poly(A)1 RNA was extracted, and Northern blot
analysis was performed with a 32P-radiolabeled probe prepared from the C-
terminal region, which includes the 39 untranslated region of the WRN gene. The
relative intensities of individual WRN mRNA bands were estimated with a
BAS-1500 Bioimaging Analyzer (Fujifilm).
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transcription factors from the inactive Sp1-I–Sp1 complex.
Thus, the overexpressed Rb protein in Saos2 cells might have
activated the WRN promoter by activating the Sp1 proteins
that bind to the Sp1 elements and the RCE motifs abundant in
the WRN promoter region.

Downregulation of the WRN promoter by p53. In contrast to
the upregulation of the WRN promoter by Rb, the overexpres-
sion of wild-type p53, but not of mutant p53, downregulated
the WRN promoter activity concentration dependently (Fig.
6A). Wild-type p53 downregulates several genes containing a
TATA box by forming a complex with the TATA-binding pro-
tein (11). However, this may not be the case for the WRN
promoter, which does not contain a TATA box. Rather, this
inhibitory effect of the overexpressed p53 is explained by the
finding of Borellini et al. (4) that increased levels of p53 re-
sulted in complexes with Sp1 protein, rendering the Sp1 pro-
tein inactive for Sp1-mediated transcription. Similarly, the
overexpressed p53 in Saos2 cells might have inhibited dose
dependently the trans-activating activity of Sp1 by a protein-
protein interaction, resulting in negative regulation of the
WRN promoter.

Modulation of Sp1-mediated WRN expression by Rb and
p53. The overexpressed Rb and p53 proteins also affected the
endogenous WRN mRNA levels in Saos2 cells, consistent with
the results obtained for the cotransfection experiments shown
in Fig. 7. What is the biological significance of these two ways
of regulating WRN expression by Rb and p53? The WRN DNA
helicase is a nuclear enzyme nonessential for life and develop-
ment but important for the suppression of hyperrecombination
and genomic instability (16). Its presence prevented normal
individuals from the onset of premature aging phenotypes.
Although the levels of intact WRN mRNA in the heterozygotes
of parents and the relatives of patients carrying a deficient
allele are low, they are apparently sufficient (47). Thus, main-
taining WRN mRNA over a certain threshold level may be very
important for cell homeostasis and for the concentration of
WRN helicase during the cell cycle. While the biological func-
tion(s) of the WRN helicase remains to be clarified, we spec-
ulate that the basal level of WRN expression governed by
Sp1-mediated regulation may be further modulated positively
by Rb and negatively by p53 in association with various cellular
events including the cell cycle, DNA damage, and cell senes-
cence. In this context, Wang et al. (45) reported that p53
inhibits expression of human topoisomerase IIa, another nu-
clear enzyme involved in DNA metabolism, dose dependently
through the inverted CCAAT element in the promoter region.
Therefore, a plausible speculation is that the simultaneous
downregulation of two important enzymes involved in DNA
metabolism by p53 may result in an augmented illegitimate
hyperrecombination and/or genomic instability, which are both
associated with WS.

WRN expression in WS and natural senescence. In WS pa-
tient cells, overall WRN expression is perturbed completely
due to the impaired nuclear import of deficient protein prod-
ucts (26). This perturbation in expression, which would occur
even in the case of transcription modulation by Rb and p53, is
the primary cause of the generation of premature aging phe-
notypes in patients at an early stage of life. How, then, does the
modulation by Rb and p53 affect WRN expression in the course
of natural aging, and what is its relation to the onset of the
aging phenotype at a later period of life? This is not clear for
Rb. However, Kulju and Lehman (22) reported that the
steady-state level of p53 protein increases in the near-senes-
cent human diploid fibroblast cells; also, Sugrue et al. (39)
found that the overexpression of wild-type p53 in human EJ
cells triggers a rapid onset of G1 and G2/M growth arrest,

which is irreversible and results in senescence phenotypes,
suggesting a link with p53. These data imply that p53 has
important roles in cell senescence, while the role of Rb in the
induction of senescence cannot be ruled out (34). Both the
defective expression in WS patients and the expression mod-
ulated by Rb (upregulation) and by p53 (downregulation) in
Saos2 cells prompt us to hypothesize that a potential gradual
suppression of WRN expression may occur with natural senes-
cence, accounting for an increased frequency of genetic insta-
bility in the senescent cells. Further studies are needed to
determine if natural aging, unlike aging of WS patient cells, is
associated with a gradual reduction in WRN expression that is
regulated by p53 and Rb or by other transcription factors that
interact directly or indirectly with the WRN promoter.
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