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A B S T R A C T

Werner’s syndrome (WS) is a rare human autosomal recessive segmental progeroid syndrome clinically

characterized by atherosclerosis, cancer, osteoporosis, type 2 diabetes mellitus and ocular cataracts. The

WRN gene codes for a RecQ helicase which is present in many tissues. Although the exact functions of the

WRN protein remain unclear, accumulating evidence suggests that it participates in DNA repair,

replication, recombination and telomere maintenance. It has also been proposed that WRN participates

in RNA polymerase II-dependent transcription. However no promoter directly targeted by WRN has yet

been identified. In this work, we report mammalian genes that are WRN targets. The rat CYP2B2 gene and

its closely related mouse homolog, Cyp2b10, are both strongly induced in liver by phenobarbital. We

found that there is phenobarbital-dependent recruitment of WRN to the promoter of the CYP2B2 gene as

demonstrated by chromatin immunoprecipitation analysis. Mice homozygous for a Wrn mutation

deleting part of the helicase domain showed a decrease in basal and phenobarbital-induced CYP2B10

mRNA levels compared to wild type animals. The phenobarbital-induced level of CYP2B10 protein was

also reduced in the mutant mice. Electrophoretic mobility shift assays showed that WRN can participate

in the formation of a complex with a specific sequence within the CYP2B2 basal promoter. Hence, there is

a WRN binding site in a region of DNA sequence to which WRN is recruited in vivo. Taken together, these

results suggest that WRN participates in transcription of CYP2B genes in liver and identifies the first

physical interaction between a specific promoter sequence and WRN.
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Toulouse Cedex, France.
3 Present address: Centre de recherche en endocrinologie moléculaire et
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1. Introduction

Werner’s syndrome (WS) is a rare human autosomal recessive
disorder that mimics many but not all features of premature
aging. It is referred to as a segmental progeroid syndrome because
it impacts on a number of organ systems and tissues [1]. It is
characterized clinically by atherosclerosis, predisposition to
cancer, osteoporosis, type 2 diabetes mellitus, and ocular
cataracts [2,3]. The WS gene (WRN) was identified in 1996 by
positional cloning [4] and codes for a RecQ helicase (WRN) [5]. The
human WRN gene and its mouse ortholog Wrn are widely if not
ubiquitously expressed [4,6]. The WRN protein possesses a 30–50

exonuclease activity in addition to its 30–50 helicase activity [7,8].
Fifty different mutations of the WRN gene have been reported
from WS patients and all but two result in a truncated protein with
loss of the nuclear helicase and exonuclease activities [9,10]. The
two exceptions are missense mutations in the exonuclease
domain that result in instability of the protein [10]. Although
the exact functions of the WRN protein and the molecular
deficiencies involved in the clinical phenotype of WS remain
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unclear, accumulating evidence suggests that it participates in
DNA repair, replication, recombination, and telomere mainte-
nance [11,12]. In addition, experiments by Bohr’s group using WS
lymphoblastoid cell lines carrying homozygous WRN mutations
showed that global transcription efficiency was reduced to 40–
60% of that in cells from normal individuals [13]. Other
experiments from the same group using cDNA microarrays
showed that the transcription defect in WS primary fibroblast
cell lines was specific to certain genes and that the transcriptional
changes in such cell lines were strikingly similar to those in cells
from aging donors [14]. Similar conclusions were reached from a
more extensive recent study using small interfering RNA to reduce
WRN synthesis in normal human fibroblasts [15,16]. The
contribution of the transcriptional deficit in WS cells to the
clinical phenotype is presently not known. Nor is it known if WRN
is a functionally active component of the RNA polymerase II (Pol II)
machinery or whether its absence or depletion modifies overall
cell physiology resulting in diminished transcription efficiency.
This latter possibility seems to be ruled out however, because the
expression of a minority of genes is increased in cells in which
WRN is absent or depleted [14,15].

The barbiturate phenobarbital (PB) is a widely used antiepi-
leptic drug, although it has now been largely superseded in
industrialized countries by other agents because of concern about
adverse effects [17]. In the liver, PB induces a large spectrum of
drug metabolizing enzymes, most notably cytochrome P450
proteins of the 2B subfamily (CYP2B proteins) in mice and rats
[18,19]. In PB-treated rats, the hepatic levels of the closely related
CYP2B1 and CYP2B2 proteins are increased by 200-fold and 27-fold
respectively compared to untreated animals [20,21]. The DNA
sequences of the regulatory and coding sequences of rat CYP2B1

and CYP2B2 genes are�97% identical such that they are sometimes
referred to as CYP2B1/CYP2B2 in conditions where their sequences
cannot be distinguished. In mouse liver, the increase after PB
treatment of the CYP2B10 protein, a closely related homolog of the
rat CYP2B1 and CYP2B2 forms [22], is about 50-fold [23]. Most of
the PB-induced increase in rat liver CYP2B proteins is due to
increased transcription [24].

Although no cellular protein that is directly targeted by PB has
yet been identified [25], the regulatory sequences responsible for
the induced expression of rodent CYP2B genes have largely been
characterized [22,26]. In rat liver, PB inducibility of the CYP2B1 and
CYP2B2 genes is conferred by the 163-bp PB response unit (PBRU), a
multicomponent enhancer localized approximately 2.2 kb
upstream of the transcription start sites [27–29]. A 177-bp
fragment with properties similar to those of the rat PBRU is
present in the homologous region of the mouse Cyp2b10 gene [30],
and contains a 162-bp segment that is 92% identical to the CYP2B2

PBRU [31]. A 51-bp PB responsive enhancer module (PBREM) [32]
within the PBRU confers PB responsiveness comparable to that of
the full-length PBRU in primary hepatocytes when placed directly
adjacent to a heterologous promoter [31,32].

The PBRU contains binding sites for a number of transcription
factors [33], most notably 3 DR-4 elements, NR1, NR2 and NR3,
recognized by heterodimers of the constitutive androstane
receptor (CAR) and the retinoid X receptor (RXR) [34–36] and
required for the induction by PB-like inducers [31,34]. The PBREM
consists of the NR1 and NR2 sites surrounding a nuclear factor 1
(NF1) site [32]. CAR is normally cytoplasmic in hepatocytes.
Following treatment with PB-like inducers it migrates to the
nucleus where it is thought to activate transcription of CYP2B genes
[37]. Car�/� mice have undetectable levels of hepatic CYP2B10
mRNA with or without treatment with PB or PB-like inducers [38].

We report here that in mouse and rat liver WRN participates in
the basal and PB-induced transcription of CYP2B genes. Taken
together, our results suggest that in rodents WRN participates in
transcription of hepatic genes in vivo and identifies the first
physical interaction between a specific promoter sequence and
WRN.

2. Materials and methods

2.1. Animal care and treatment

All animals used in these experiments were males aged 5–8
weeks. The Wrn

Dhel/Dhel mice have been described [39]. Sprague–
Dawley rats and C57BL/6 mice were from Charles River Laboratory
(St-Constant, Canada). Animals were treated in accordance with
the requirements of the Comité de protection des animaux du
Centre hospitalier universitaire de Québec (Québec, Canada).

2.2. Plasmids

The WRN expression vector contains the full-length murine
WRN cDNA cloned into the pCDNA3.1 vector (Invitrogen,
Burlington, Canada). Expression vectors for mouse CAR (pCMX-
mCARb), rat FXR (pCMX-rFXR) and mouse PXR (pCDG-PXR) were
from R.G. Evans; those for rat C/EBPa (pCI-rC/EBP) and porcine NF1
(pSK-pNF1) were from L. Belanger; and that for rat LXR (pCMX-
rLXRb) was from J.-A. Gustafsson.

2.3. RNA isolation and analysis

Wild type and Wrn
Dhel/Dhel C57BL/6 mice were treated with PB

(100 mg/kg i.p.) or saline and sacrificed 16 h later. Livers were rinsed
in PBS, pH 7.2 (Invitrogen, Burlington, Canada), frozen in liquid
nitrogen and stored at �80 8C until use. Total RNA isolation was
performed using TRIzol reagent (Invitrogen) following the supplier’s
instructions. For Northern blot experiments, 15 mg of RNA was
diluted in RNA loading buffer (Fermentas, Burlington, Canada),
denatured by incubating for 10 min at 75 8C and subjected to
electrophoresis in 1% agarose–18% formaldehyde gels, then
transferred by capillarity to a Genescreen nylon membrane
(PerkinElmer, Woodbridge, Canada). RNA was crosslinked to the
membranes with ultraviolet light. Membranes were then incubated
for 30 min at 65 8C with 20 mg/ml of denatured herring sperm DNA
(Invitrogen) in phosphate buffer (0.25 M Na phosphate pH 7.2, 7%
SDS, 1 mM EDTA). Mouse CYP2B10 and CYP3A11 mRNAs were
detected with a 470-bp HindIII–NcoI fragment of rat CYP2B1 cDNA
[40] and a 900-bp fragment of rat CYP3A23 cDNA [41] respectively.
Membranes were also hybridized with a GAPDH probe to control for
loading. Probes were randomly labeled with 32P-dCTP (PerkinElmer)
using a commercial kit (GE Healthcare, Piscataway, NJ, USA).
Hybridizations were carried out overnight at 65 8C for 16 h in
phosphate buffer. The membranes were then washed three times for
10 min at 65 8C in 20 mM Na phosphate pH 7.2; 5% SDS, 1 mM EDTA,
and once for 15 min in 20 mM Na phosphate pH 7.2; 1% SDS, 1 mM
EDTA. Hybridization was detected using a Storm 860 Phosphor-
imager and ImageQuant software (Molecular Dynamics/GE Health-
care, Piscataway, NJ, USA).

For mRNA quantitation using the branched DNA assay,
oligonucleotide probes for CYP2B10 were those defined by
Cherrington et al. [42]. These probes, as well as those for
hypoxanthine phosphoribosyl transferase (HPRT) and all reagents
for analysis, were supplied in the QuantiGene 2.0 Reagent System
kit (Panomics, Fremont, CA, USA). Total RNA was extracted from
frozen liver using the TRIzol reagent. Ten micrograms and 250 ng
of total RNA from untreated and PB-treated mice respectively were
used for the analyses, which were performed according to the
manufacturer’s protocol. Luminescence was measured with a
Luminoskan Ascent (Thermo Fisher Scientific, Waltham, MA, USA).
Quantitative real-time PCR analyses were performed by the
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Plateforme de quantification génomique, Centre de recherche du
CHUL (Québec, Canada).

2.4. Microsomes and detection of CYP2B proteins by Western blotting

Wild type and Wrn
Dhel/Dhel C57BL/6 mice were treated with PB

(100 mg/kg i.p.) or saline and sacrificed 16 h later. Livers were
rinsed in cold PBS, frozen in liquid nitrogen and stored at �80 8C
until use. Microsomes were isolated [43] and Western blot analysis
was performed. Samples of 10 mg of protein per lane were
subjected to SDS-polyacrylamide gel electrophoresis on 10%
polyacrylamide gels and transferred to PVDF membranes (GE
Healthcare) according to the supplier’s instructions. After a 1 h
incubation in 5% fat-free dried milk in TBS–Tween (20 mM Tris–
HCl pH 7.6, 137 mM NaCl, 0.1% Tween 20), CYP2B proteins were
detected using a anti-CYP2B1 Ab [44], a gift of David Waxman, that
also recognizes mouse CYP2B proteins [45]. Following incubation
with horseradish peroxidase-conjugated secondary Ab (GE Health-
care), proteins were detected with ECL Chemiluminescent reagents
(GE Healthcare) with X-ray films. For the detection of actin, used as
a loading control, the membranes were incubated with the H-196
Ab (sc-7210) from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Actin was detected as an 80-kDa covalent complex with 17b-
estradiol dehydrogenase [46]. This complex is present in liver [47]
and can be isolated with microsomes [48].

2.5. Chromatin immunoprecipitation (ChIP) analysis

Rat liver chromatin was prepared by formaldehyde perfusion
following the protocol of Chaya and Zaret [49] with minor
modifications. Briefly, rats were treated with PB (75 mg/kg i.p.) or
saline and 16 h later were anesthetized with diethyl ether. Liver
perfusion was performed [50] using a peristaltic pump (30 ml/
min) with solutions at 37 8C first of PBS, pH 7.2, containing 50 ng/
ml heparin (Sigma–Aldrich, Oakville, Canada) for 5 min and then of
PBS containing 1% formaldehyde. The formaldehyde was allowed
to incubate in the perfused liver for 5 min in the animal. The liver
was dissected out, placed in a beaker in an incubator at 30 8C for
another 5 min and then minced in 6 ml of glycine-containing
buffer A [49] at 4 8C. Nuclei were then purified and sonicated, and
chromatin was purified on a CsCl step gradient and dialyzed
against 10 mM Tris–HCl (pH 7.5)/10 mM EDTA [49]. Partially
sonicated crosslinked chromatin (500 ng/ml final concentration)
was digested for 3 h with 500 U of AluI (Fermentas) at 37 8C in a
final volume of 2 ml. To ascertain that digestion was complete, an
aliquot of digested chromatin was removed, crosslinks were
reversed by incubation for 4 h at 65 8C and the DNA was purified by
phenol–chloroform extraction and analyzed on a 1% agarose gel. A
second type of digestion control was also performed consisting of a
PCR analysis using digested and undigested chromatin as template
and primers that encompass AluI sites. For immunoprecipitation,
performed using a commercial ChIP kit (Uptstate/Millipore,
Billerica, MA, USA), 100 ml of digested crosslinked chromatin
was diluted in the ChIP dilution buffer (1 ml final volume),
precleared by incubation for 1 h at 4 8C after addition of 40 ml of a
slurry of salmon sperm DNA–protein A–agarose beads supplied
with the kit. After removal of the beads by centrifugation (30 s,
600 � g), the preparation was incubated overnight at 4 8C with no
Ab or with anti-mWRN AB16489 Ab (Abcam, Cambridge, MA, USA)
(in some experiments anti-WRN H-300 primary Ab sc5629 from
Santa Cruz Biotechnology was employed and gave similar results)
or with anti-Pol II Ab MMS-126R-500 (Cedarlane, Hornby, Canada).
After addition of salmon sperm DNA–protein A–agarose beads
(40 ml) and incubation for 1 h at 4 8C, beads were recovered by
centrifugation. Washes and chromatin elution were performed
according to the supplier’s instructions. Crosslinks were reversed
by incubation overnight at 65 8C and proteins were digested with
proteinase K (Fermentas) according to the kit supplier’s instruc-
tions. DNA was recovered by phenol–chloroform extraction with
20 mg of glycogen (Sigma–Aldrich) as carrier. Immunoprecipitated
fragments were analyzed by PCR (incubation at 95 8C for 3 min
then 22–25 cycles of 95 8C for 30 s, 55 8C for 30 s, and 72 8C for 30 s)
and analyzed on a 1% agarose gel. PCR primers used are given in
Supplementary Table 1. Input control samples were obtained by
reversing the crosslinks of the same amount of AluI-digested
chromatin that was used for the immunoprecipitation.

2.6. Co-immunoprecipitation

WRN, CAR, NF1 and C/EBPa were synthesized in vitro using a
TnT-T7 kit (Promega, Montréal, Canada) and were labeled with 35S
methionine (PerkinElmer) according to the supplier’s instructions.
Each assay mixture for co-immunoprecipitation contained 15 ml of
in vitro-synthesized WRN from a TnT-T7 reaction mixture and
15 ml of one of the other proteins. The proteins were incubated in
150 ml of buffer Z (25 mM Hepes pH 7.6, 60 mM KCl, 5 mM MgCl2

10% glycerol, 0.25 mM EDTA pH 8.0, 50 ng/ml bovine serum
albumin and 0.5 mM DTT) for 1 h at 4 8C with 20 ml of a slurry of
salmon sperm DNA–protein A–agarose beads and then, after the
removal of the beads by centrifugation, overnight at 4 8C with 7 ml
of anti-WRN Ab solution. For immunoprecipitation, 10 ml of beads
was added and incubation was continued for 1 h at 4 8C. The beads
were recovered by centrifugation as before and washed seven
times with 200 ml of buffer Z. Proteins were eluted by adding 20 ml
of Laemli buffer to the beads, and subjected to electrophoresis on
an SDS-10% polyacrylamide gel. Images were analyzed using a
Storm 860 Phosphorimager and ImageQuant software (Molecular
Dynamics/GE Healthcare).

2.7. Electrophoretic mobility shift assay (EMSA)

Proteins were synthesized in vitro using a TnT-T7 kit (Promega).
Binding reaction mixtures for analysis contained, in a final volume
of 24 ml, 3 ml of TnT-T7 reaction mixture for each protein,
�150,000 cpm labeled fragment, 12 mM Hepes pH 8.0, 60 mM
KCl, 5 mM MgCl2, 0.12 mM EDTA, 12% glycerol, and 5 mg/ml poly-
dIdC. Incubations were conducted with or without various
amounts of indicated competitor DNAs. Reaction mixtures were
incubated on ice for 30 min and subjected to electrophoresis (13 V/
cm, 90 min) in 1� Tris borate buffer (82 mM Tris borate/1 mM
EDTA, pH 8.0) on 5% acrylamide gels made up in 0.3� Tris borate
buffer. Retarded complexes were detected using a Phosphorimager
and ImageQuant software.

3. Results

3.1. PB induction of CYP2B10 and CYP3A11 mRNAs and of CYP2B10

protein is reduced in mice that carry a homozygous deletion in the

WRN helicase domain

We investigated hepatic CYP2B10 and CYP3A11 mRNA and
CYP2B10 protein levels after PB treatment in Wrn

Dhel/Dhel mice
carrying a homozygous deletion in the WRN helicase domain [39].
These mice synthesize a WRN protein lacking part of its helicase
domain and display several of the abnormal metabolic traits
associated with WS [51]. On Northern blots, Wrn

Dhel/Dhel mice
displayed a reduction in the PB-induced level of hepatic CYP2B10
mRNA (Fig. 1A). A similar result was observed for the PB-induced
mRNA level of another PB-inducible CYP, CYP3A11 [52] (Fig. 1A). In
a parallel experiment, basal and PB-induced hepatic CYP2B10
mRNA levels in Wrn

Dhel/Dhel mice, normalized with respect to HPRT
mRNA, were quantified by the branched DNA assay [42,53] and



Fig. 1. (A) Northern blot analysis of wild type and Wrn
Dhel/Dhel mouse liver CYP2B10

and CYP3A11 mRNA levels. Wild type and Wrn
Dhel/Dhel mice were treated or not

with PB for 16 h and total liver RNA was isolated and subjected to Northern blot

analysis. (B) Western blot analysis of wild type and Wrn
Dhel/Dhel mouse hepatic

CYP2B10 protein. Wild type and Wrn
Dhel/Dhel mice were treated or not with PB and

sacrificed 16 h later. Western blot analysis was performed on liver microsomal

proteins. (C) Quantitative real time PCR analysis of levels of hepatic mRNA for

CYP2B10, CAR and PEPCK in wild type (WT) (filled bars) and Wrn
Dhel/Dhel (empty

bars) mice. mRNA levels were normalized with respect to 18S ribosomal RNA. The

levels for wild type animals were set at 1. Results shown are average values (�S.D.)

of triplicate assays for three mice in each group. The single asterisk (*) denotes a

significant difference (P < 0.01) between the CYP2B10 mRNA level in Wrn
Dhel/Dhel mice

compared to wild type. Differences were assessed for statistical significance using

Student’s two-tailed t-test, assuming unequal variance.
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found to be, respectively, 29% and 67% of those in wild type mice. In
an additional parallel experiment with untreated mice, hepatic
levels of CAR, phosphoenolpyruvate carboxykinase (PEPCK) and
CYP2B10 mRNAs were estimated by quantitative real time PCR.
Once again, the CYP2B10 mRNA level in Wrn

Dhel/Dhel mice was
reduced to near 30% of the wild type levels, whereas CAR and
PEPCK mRNA levels were unchanged (Fig. 1C). The levels of hepatic
CYP2B proteins in PB-treated wild type and Wrn

Dhel/Dhel mice were
assessed by Western blot analysis. The PB-inducible CYP2B10
protein and an unidentified PB-induced CYP2B protein were
notably reduced in the Wrn

Dhel/Dhel mice (Fig. 1B).

3.2. The rat WRN protein is recruited to the CYP2B2 promoter in

response to PB administration

To assess whether the WRN protein is recruited to the CYP2B

locus in hepatic cells after PB treatment, ChIP experiments were
performed with liver chromatin from rats treated with saline or PB.
The crosslinked liver chromatin was fragmented by partial
sonication followed by complete digestion with the restriction
enzyme AluI (Fig. 2A and B). The �2.3-kb CYP2B2 50 flanking and
promoter region has 11 AluI sites and they are conserved in
CYP2B1, which has an additional site in the promoter-proximal
fragment (fragment 1 in Fig. 2A). Thus, the promoter-proximal
fragment cannot be amplified from AluI-digested CYP2B1 DNA. To
confirm that the AluI digestion of the crosslinked chromatin was
complete, PCR analysis was performed with primers that flank AluI
restriction sites (Fig. 2C). In the ChIP experiments, a positive signal
was obtained using chromatin from PB-treated rats with primers
targeting the CYP2B2 promoter region whereas in chromatin from
untreated animals the signal was close to the background (Fig. 2D).
Input controls showed that the same amount of hepatic chromatin
from treated or untreated rats was used. Primers targeting
sequences other than the promoter, either in the CYP2B1/CYP2B2

50 flank (Fig. 2D) or in the CYP2B2 coding sequence (data not
shown), did not give positive signals. ChIP analyses using anti-Pol II
Ab showed that there was a substantial presence of Pol II in
association with the CYP2B2 promoter in the absence of PB
treatment and that Pol II was recruited to same region in response
to PB treatment. Taken together, these results indicate that WRN is
recruited to the CYP2B2 promoter in response to PB treatment in
rat liver chromatin.

3.3. CAR, FXR, PXR and NF1 can be co-immunoprecipitated

with WRN in vitro

The anti-WRN Ab efficiently immunoprecipitated WRN synthe-
sized in vitro, whereas in the absence of added Ab or in the
presence of an anti-actin Ab no immunoprecipitate was observed
(Fig. 3A). Note that several faster migrating components were
present in the in vitro-synthesized WRN preparations (Fig. 3).
Similar bands have been seen with in vivo-synthesized WRN [54].
These bands may represent degraded forms of the protein.

WRN has been shown to interact physically or functionally with
several proteins involved in different cellular functions, but not
with proteins involved in transcriptional processes [55] except for
p53 [56]. We assessed the possibility that WRN could bind in vitro
to transcription factors that are known or suspected to participate
in CYP2B transcription, or that are related to them. The factors
tested were NF1 and C/EBPa, as well as the nuclear receptors CAR,
the farnesoid X receptor (FXR), and the pregnane X receptor (PXR).
The CYP2B1 and CYP2B2 proximal promoters contain a functional
C/EBP binding site [57,58]. No CAR binding site has been reported
in the CYP2B proximal promoter regions but this transcription
factor plays a central role in PB-induced CYP2B transcription, and
binds to the PBRU, as does NF1 [27]. As seen in Fig. 3B, CAR and NF1,
but not C/EBPa, were co-immunoprecipitated by anti-WRN Ab.
The association of CAR with WRN raised the possibility that other
nuclear receptors might form complexes with WRN. Indeed, FXR
and PXR, but not LXR, were co-immunoprecipitated with WRN by
the anti-WRN Ab (Fig. 3B). No such immunoprecipitate was
detected when the various transcription factors were incubated
with the anti-WRN antibody in the absence of WRN (data not
shown).

3.4. WRN can form a complex in vitro on the CYP2B2 promoter

As the ChIP results showed that WRN is recruited to the CYP2B2

proximal promoter in response to PB treatment, we performed
EMSA analysis to investigate the possibility that WRN could form a
complex in vitro with a 146-bp DNA fragment corresponding to the
proximal promoter sequence (Fig. 4A). At least three somewhat
diffuse and ill-defined retarded complexes were formed with WRN
alone (Fig. 4B, lane 1) or with WRN in combination with CAR
(Fig. 4B, lane 2) or with NF1 (Fig. 4B, lane 3). However, when WRN



Fig. 2. Rat WRN is recruited to the CYP2B1/CYP2B2 promoters in response to PB treatment. (A) Schematic representation of the CYP2B2 50 flank showing the AluI sites

(arrowheads) used for chromatin digestion and the positions of PCR primer targets (see Supplementary Table 1 for primer sequences). The PCR primer targets are conserved in

the CYP2B1 50 flank, as are the AluI sites. The CYP2B1 sequence has an additional AluI site in CYP2B2 fragment 1 (filled triangle in parenthesis), such that fragment 1 cannot be

amplified from CYP2B1. Primer sequences are provided in Supplementary Table 1. (B) Control for AluI digestion of crosslinked chromatin. The average length of chromatin

fragments is seen to be near 500 bp. (C) Control for AluI digestion efficiency. DNA was recovered from undigested and digested chromatin and used as template for PCR

amplification using primers flanking an AluI site as shown. The greatly reduced signal when digested chromatin was used is a measure of the efficiency of the digestion. (D)

ChIP PCR analysis. The numbers in parentheses on the left refer to the targets of PCR amplification shown in panel A.

Fig. 3. WRN can bind transcription factors in vitro. Proteins were synthesized in vitro in the presence of 35S methionine. The anti-WRN Ab (Ab 16489, Abcam) was used to

immunoprecipitate WRN alone (A) or WRN in the presence of other in vitro-synthesized proteins as shown (B). In, input; El, eluted; ns, non-specific product.
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Fig. 4. WRN in combination with CAR and NF1 can form a complex in vitro on the CYP2B2 promoter. (A) Schematic representation of the region surrounding the CYP2B2

transcription start site showing the 146-bp fragment that was labeled for use in EMSA experiments. The localizations of unlabeled competitors P1, P2, P3 and min are also

shown. The first three nucleotides of the min oligo (underlined) are missing from P2. (B) EMSA analysis in which the 146-bp fragment 1 was labeled and incubated in the

presence of in vitro-synthesized WRN, CAR or NF1 as shown. The labeled and unlabeled 146-bp fragment was prepared by PCR amplification using the primers for fragment 1

(Supplementary Table 1). The labeled DNA fragment was amplified in the presence of 32P-dCTP and purified using a Bio-Rad Biospin column (Bio-Rad, Mississauga, Canada).

The full-length competitor was the unlabeled 146-bp fragment, added at 20-fold molar excess. Arrows identify specific retarded complexes. (C) Identification of a fragment

containing a specific binding site for WRN-related complexes. The labeled 146-bp fragment was prepared by PCR amplification as in (A) and incubated in the presence of in

vitro-synthesized WRN, CAR and NF1. The positions of synthetic oligo competitors P1, P2 and P3, purchased from Sigma–Aldrich (Oakville, Canada), are shown schematically

in panel A and their sequences are shown in Supplementary Table 2. Competitors were added in 10- 25-, 50- and 100-fold excess. ns, non-specific competitor, a 187-bp

fragment of mouse albumin cDNA amplified with primers shown in Supplementary Table 3. (D) Further localization of the binding site for WRN-related complexes. The

labeled 146-bp fragment was prepared by PCR amplification as in (A) and incubated in the presence of in vitro-synthesized WRN, CAR and NF1. The position and sequence of

the min competitor oligo (Sigma–Aldrich) is shown in panel A. Competitors were added in 100-fold excess.
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was incubated together with CAR and NF1, three more distinct and
more abundant retarded complexes (complexes 1–3) were evident
(Fig. 4B, lanes 4 and 6). A 20-fold excess of the unlabeled 146-bp
fragment diminished the intensity of the bands corresponding to
the three retarded complexes (Fig. 4B, lane 5).

To localize the binding site of the WRN retarded complexes,
sub-fragments P1, P2 and P3 of the 146-bp CYP2B2 promoter
fragment (Fig. 4A) were employed as competitors. P1 did not
compete appreciably for the formation of the complexes (Fig. 4C,
compare lanes 1 and 14 with lanes 2–5). P2 did not compete for the
formation of complex 3, but exhibited modest competition for
complexes 1 and 2 (Fig. 4C, compare lanes 1 and 14 with lanes 6–9).
P3 was an effective competitor for all three complexes (Fig. 4C,
compare lanes 1 and 14 with lanes 10–13). These experiments
demonstrate the specificity of the formation of the WRN retarded
complexes and localize the binding site(s) to the central portion of
the 146-bp CYP2B2 promoter fragment. The binding site was
further localized using as competitors the min oligo (Fig. 4A and D),
as well as two fragments thereof, m-a and m-b (Fig. 4D). The min
oligo was an effective competitor (Fig. 4D, compare lane 2 with
lane 1), whereas the m-a and m-b oligos were markedly less
effective (Fig. 4D, compare lane 1 with lanes 3 and 4). Note that the
efficacious competition by the min oligo (Fig. 4D) and the modest
competition by P2 (Fig. 4C) indicate that the 50 end of the binding
site includes the 50 extremity of the min fragment.

4. Discussion

The reduction observed here of CYP2B10 mRNA and protein in
Wrn

Dhel/Dhel mice is consistent with the reported reduction in
transcriptional activity in human WRN mutant cells [13,14]. The
recruitment of WRN to the CYP2B2 promoter is consistent with the
foregoing observations and suggests that WRN may play a positive
role in CYP2B transcription. Note that the chromatin digestion
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strategy employed here presents the double advantage of
permitting greater reproducibility of chromatin shearing com-
pared to classical sonication and more precise determination of the
exact position(s) in the target DNA where the protein is bound [49].
Furthermore, with in situ perfusion, chromatin crosslinking occurs
in vivo, assuring that WRN is in its native state at the moment
when crosslinking occurs.

WRN is already known to interact with an impressive list of
proteins, mostly involved in DNA repair, DNA replication and
telomere maintenance [59]. To that list is now added a number of
traditional transcription factors, particularly the nuclear receptors
CAR, FXR and PXR, but also NF1, as they were co-immunopreci-
pitated with WRN by anti-WRN Ab. It is noteworthy that two of the
transcription factors tested, C/EBPa and LXR, were not co-
precipitated with WRN. Hence, despite the apparent promiscuity
in WRN interactions with transcription factors observed here,
there is selectivity. It is tempting to speculate that such selectivity
is related to the reported selectivity of the genes affected in the WS
transcription defect [14].

Perhaps the most surprising result, among several reported here,
is the observation that retarded EMSA complexes are formed by
WRN on the CYP2B2 proximal promoter. At least three such
complexes were observed here. It is possible that the multiple
retarded complexes simply reflect the presence both in rat liver and
in the in vitro-synthesized WRN product of a number of forms of
lower molecular mass than the major form. Further experiments will
be required to resolve this issue. The retarded complexes were better
defined and more abundant in the presence of both CAR and NF1.
There are no canonical binding sites for CAR or NF1 in the region of
binding. Furthermore, although WRN is known to bind to a variety of
non-canonical structures associated with DNA damage and DNA
repair [60,61], it has little affinity for intact duplexes [61]. One
possibility is that WRN, in association with proteins for which it has
affinity as shown by the co-immunoprecipitation results, can
acquire a sequence-specific DNA binding activity. But that inter-
pretation is difficult to reconcile with the observation that it is not so
much the position of the retarded complexes but their definition and
amount that changes in the presence of CAR and NF1. One intriguing
possibility is that CAR and NF1 stabilize WRN because they can bind
to it (Fig. 3) in the reaction mixtures and thus increase the likelihood
of complex formation between WRN and its target on the DNA.
According to this interpretation it would be WRN itself that binds to
DNA. It is not unreasonable to suggest that such binding could
stimulate transcription of the adjacent gene(s), in this case rodent
CYP2B genes. In any event, there is a WRN binding site in a region of
DNA sequence to which WRN is recruited in vivo. This region
contains the TATA box of the CYP2B2 gene (Fig. 4A). Taken together,
our results suggest that WRN participates in transcription of CYP2B

genes in liver and identifies the first physical interaction between a
specific promoter sequence and WRN.
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