
MOLECULAR AND CELLULAR BIOLOGY, Mar. 2007, p. 1784–1794 Vol. 27, No. 5
0270-7306/07/$08.00�0 doi:10.1128/MCB.01620-06
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

RECQL, a Member of the RecQ Family of DNA Helicases,
Suppresses Chromosomal Instability†�

Sudha Sharma,7‡ Deborah J. Stumpo,1‡ Adayabalam S. Balajee,6 Cheryl B. Bock,2
Peter M. Lansdorp,3 Robert M. Brosh, Jr.,7* and Perry J. Blackshear1,4,5*

Laboratory of Neurobiology1 and Office of Clinical Research,4 National Institute of Environmental Health Sciences,
Research Triangle Park, North Carolina 27709; Duke Comprehensive Cancer Center2 and Departments of Medicine and

Biochemistry,5 Duke University Medical Center, Durham, North Carolina 27710; Terry Fox Laboratory,
British Columbia Cancer Agency, Vancouver, British Columbia, Canada3; Center for Radiological Research,

Department of Radiation Oncology, College of Physicians and Surgeons, Columbia University, New York,
New York 100326; and Laboratory of Molecular Gerontology, National Institute on Aging,

National Institutes of Health, Department of Health and Human Services,
Baltimore, Maryland 212247

Received 30 August 2006/Returned for modification 24 November 2006/Accepted 5 December 2006

The mouse gene Recql is a member of the RecQ subfamily of DEx-H-containing DNA helicases. Five members
of this family have been identified in both humans and mice, and mutations in three of these, BLM, WRN, and
RECQL4, are associated with human diseases and a cellular phenotype that includes genomic instability. To
date, no human disease has been associated with mutations in RECQL and no cellular phenotype has been
associated with its deficiency. To gain insight into the physiological function of RECQL, we disrupted Recql in
mice. RECQL-deficient mice did not exhibit any apparent phenotypic differences compared to wild-type mice.
Cytogenetic analyses of embryonic fibroblasts from the RECQL-deficient mice revealed aneuploidy, sponta-
neous chromosomal breakage, and frequent translocation events. In addition, the RECQL-deficient cells were
hypersensitive to ionizing radiation, exhibited an increased load of DNA damage, and displayed elevated
spontaneous sister chromatid exchanges. These results provide evidence that RECQL has a unique cellular
role in the DNA repair processes required for genomic integrity. Genetic background, functional redundancy,
and perhaps other factors may protect the unstressed mouse from the types of abnormalities that might be
expected from the severe chromosomal aberrations detected at the cellular level.

DNA helicases are ubiquitous enzymes that unwind DNA in
an ATP-dependent and directionally specific manner. The un-
winding of double-stranded DNA is essential for the processes
of DNA repair, recombination, transcription, and DNA repli-
cation (1, 19, 30, 35, 45). One family of helicases is the RecQ
subfamily of DEx-H-containing DNA helicases, of which Esch-
erichia coli RecQ is the prototype member. All members of this
family contain an approximately 450-amino-acid domain that
contains seven helicase motifs of the DExH box superfamily
(see Fig. S1 in the supplemental material). E. coli RecQ is a
3�35� helicase involved in the homologous recombination
(HR) and double-strand break (DSB) repair mediated by
the RecF pathway and suppression of illegitimate recombi-
nation (51). Other RecQ-related proteins include SGS1 in
Saccharomyces cerevisiae, which plays a role in recombina-
tion, chromosome partitioning, and genome stability (32,
53), and RQH1 in Schizosaccharomyces pombe, which is

required to prevent recombination and suppression of inap-
propriate recombination (47).

Unlike E. coli, S. cerevisiae, and S. pombe, which only have
one RecQ helicase, certain bacteria (e.g., Bacillus subtilis [12]
and Porphyromonas gingivalis [34]) and higher eukaryotes ex-
press multiple RecQ-related helicases (45). Five such helicases
have been described in humans. The first described was
RECQL or RECQL1 (39, 40, 43), followed by BLM (11, 44),
WRN (59), RECQL4 (20, 21), and RECQL5 (21). Three of
these have been shown to be implicated in distinct heritable
diseases. BLM is mutated in Bloom syndrome, which is char-
acterized by growth retardation, sunlight sensitivity, immuno-
deficiency, genomic instability, and a high incidence of cancer
(11). WRN is mutated in Werner syndrome, which is charac-
terized by premature aging, genomic instability, and a high
incidence of cancer (59). RECQL4 is mutated in Rothmund-
Thomson syndrome, which is characterized by skin rash, small
stature, skeletal dysplasias, chromosomal instability, prema-
ture aging, and a high incidence of cancer (22). All three of
these syndromes involve genome instability and a predisposi-
tion to cancer. Although these three human members of the
RecQ helicase family share the conserved helicase domain,
they are involved in clinically distinct syndromes, suggesting
that the human RecQ homologues can participate in some
nonoverlapping physiological functions.

All of the RecQ helicases contain a helicase domain that is
closely related to that of the E. coli RecQ helicase, suggesting
that they may share common biochemical functions. However,
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very little is known about the prototype mammalian enzyme,
RECQL, in the physiology of the intact animal and no human
syndrome has been associated with its deficiency. To begin to
address the question of its physiological function, we disrupted
Recql in mice. Mice deficient in RECQL appeared to be nor-
mal and fertile, with normal telomere lengths. However, we
found that RECQL had a profound role in the maintenance of
chromosomal stability in primary fibroblasts derived from
RECQL-deficient embryos, suggesting that RECQL has a
unique function distinct from that of the other RecQ helicases.
Absence of RECQL led to the accumulation of DNA strand
breaks and persistent Rad51 foci. Moreover, RECQL defi-
ciency resulted in cellular sensitivity to ionizing radiation (IR).
These findings are consistent with a role of RECQL in DNA
repair, to process inappropriate recombination intermediates
that might arise during replication and maintain genomic sta-
bility.

MATERIALS AND METHODS

Construction of targeting vector and generation of chimeric mice. A 129SV
mouse genomic library in lambda FIXII (Stratagene, La Jolla, CA) was screened
by standard techniques (29) with 5� and 3� human RECQL cDNA probes (39,
40). A 4.6-kb NsiI/NotI fragment of the original 18-kb Recql clone was found to
contain several exons and was used to make a homologous targeting vector. A
2-kb 3� EcoRI/HindIII fragment from the 4.6-kb fragment was subcloned into
the BamHI site of pJN52 (kindly provided by B. Koller, University of North
Carolina) after the addition of BamHI linkers. A 1.5-kb 5� StuI/Asp718 fragment
of the 4.6-kb fragment was subcloned into the NotI site of pJN52. The resulting
targeting vector, pJN52/RECQL, had PGKNeo replacing a 474-bp portion of the
gene that included most of the exon encoding all of helicase domain IV and part
of helicase domain V. This deletion in the mouse gene was at the approximate
midpoint of the protein-coding region, based on sequence homology with the
human RECQL cDNA.

The targeting vector was linearized with HindIII and electroporated into R1
embryonic stem (ES) cells. Genomic DNA from ES cells was analyzed by PCR
to detect HR. Primers for the 5� end of Recql (F1; 5�-GCCAGGAATGTTTCA
GTCAAGAGG-3�) and Neo (R4; 5�-GTTGTGCCCAGTCATAGCCGAATA
G-3�) were used to detect targeted ES cells (2.7-kb PCR product). PCR assay
conditions included a 25-�l total reaction volume containing 50 ng genomic
DNA, 16 mM ammonium sulfate, 67 mM Tris-HCl (pH 8.8), 0.01% (vol/vol)
Tween 20, 5 mM �-mercaptoethanol, 1.5 mM MgCl2, 1 mg/ml bovine serum
albumin, 0.2 mM deoxynucleoside triphosphates, 10 mM F1, 10 mM R4, 10%
(vol/vol) dimethyl sulfoxide, and 1 U GeneChoice Taq DNA polymerase (PGC
Scientifics Corp., Gaithersburg, MD). PCR cycling conditions were 93°C for 2
min; 30 cycles of 93°C for 30 s, 55°C for 30 s, and 65°C for 3 min; and a final
incubation at 65°C for 10 min. Two targeted ES cell lines were injected into
C57BL/6 blastocysts to generate chimeric mice. Chimeric mice were crossed with
C57BL/6 females, and offspring heterozygous (�/�) for Recql were interbred to
generate homozygous (�/�) knockout mice (B6;129-Recqltm1Pjb). Genomic
DNA was isolated from mouse tail pieces and initially analyzed by Southern blot
hybridization. Genomic DNA was digested with EcoRI, fractionated on a 0.7%
agarose gel, transferred to NytranPlus (Schleicher and Schuell, Keene, NH), and
hybridized with an 877-bp EcoRI Recql probe (see Fig. 2). Routine genotyping of
offspring was done by PCR with Recql primers F2 (5�-GGAGAAGGAGGGTA
AAGTTGGGAG-3�) and R1 (5�-GGAGTTATACATCTCCAAGCCCTG-3�)
to detect the endogenous gene (0.4-kb PCR product), primers F2 and R4 to
detect the Neo-interrupted gene (1.09 kb), and primers F2 and R2 to detect both
the endogenous (0.8-kb) and Neo-interrupted (2.4-kb) genes. All mouse exper-
iments were conducted according to the U.S. Public Health Service policy on the
humane care and use of laboratory animals. All animal procedures used in this
study were approved by the National Institute of Environmental Health Sciences
Institutional Animal Care and Use Committee.

RNA isolation and Northern analysis. Total cellular RNA was isolated from
various tissues from mixed genetic background mice (50% C57BL/6 and 50%
129) by a modification of the single-step guanidinium thiocyanate procedure (7,
48), fractionated (15 �g) on a 1.2% formaldehyde-agarose gel, transferred to
NytranPlus, and hybridized with random-primed, �-32P-labeled probes as previ-
ously described (49). Northern blots were hybridized with a 602-bp mouse

RECQL cDNA or with a mouse cyclophilin cDNA (3) to monitor gel loading.
The 602-bp mouse RECQL cDNA probe was generated by PCR with an NIH
3T3 mouse cDNA library in lambda ZAPII (Stratagene, La Jolla, CA) and Recql
primers F3 (5�-GATGGAATTCGCTCTTGGCATCTTGAAGCGC-3�) and R3
(5�-CTAGTCTAGACTGCCCCACGTTCTCCATGAC-3�). Some Northern
blots were also hybridized with cDNA probes for mouse WRN, BLM, RECQL4,
and RECQL5. Mouse BLM and RECQL4 probes were generated by reverse
transcription-PCR. Reverse transcription was carried out with 1 �g of mouse
testis total RNA, an anchored oligo(dT) primer (T18VN), and Superscript II
RNase H� reverse transcriptase (Invitrogen Life Technologies, Carlsbad, CA).
PCR was performed with primers based on the sequence of mouse BLM (ac-
cession number Z98263; forward primer 5�-ATGAAGCTTGTATCTTCTCAC
TACTTTG-3� and reverse primer 5�-GATCGGTACCCAAGACTAACAGCTT
TCTATTCAC-3�) and human RECQL4 (accession number AB006532; forward
primer 5�-GATGAAGCTTGTGCTTGTGGAGTTCAGTGAG-3� and reverse
primer 5�-GATCGGTACCGTATTTTCTCCAGAAGCGTCGGTCCTG-3�).
Mouse WRN (1.4-kb SalI/StuI fragment of accession number BE569718) and
RECQL5 (1.3-kb NotI/EcoRI fragment of accession number AW824665) probes
were isolated from expressed sequence tags obtained from the IMAGE consor-
tium. All PCR and expressed sequence tag clones were confirmed by sequencing
with the ABI Prism dRhodamine Terminator Cycle Sequencing Ready Reaction
Kit (Applied Biosystems, Foster City, CA).

Isolation and analysis of MEFs. Mouse embryo fibroblasts (MEFs) were
isolated from fetal mice (75% C57BL/6 and 25% 129) at day 15.5 of gestation
(E15.5), where E0.5 was the date of detection of the vaginal plug. MEFs were
prepared from individual fetuses as previously described (50), and genotypes
were determined from DNA isolated from the tails of the fetuses. To determine
proliferation rates for the fibroblasts, 5 � 103 cells were plated in triplicate into
96-well plates in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 15% (vol/vol) fetal bovine serum (FBS), 2 mM glutamine, 100 U/ml peni-
cillin, and 100 �g/ml streptomycin. On the days indicated, the cell proliferation
reagent WST-1 (Roche Applied Science, Indianapolis, IN) was added to the
wells and incubated for 2 h at 37°C and the amount of formazan dye generated
by metabolically active cells was measured with a scanning multiwell spectro-
photometer (Bio-Rad, Hercules, CA) at a wavelength of 450 nm (reference
wavelength, 630 nm). Each time point represents the average of triplicate wells
from two independent cultures of primary cells used at passage 4, and the error
bars represent the standard error of the mean.

Histopathology and clinical pathology. For a histopathological analysis of
RECQL-deficient mice, 4-month-old littermates (one male and one female wild
type [�/�] and one male and one female knockout [�/�]) of mixed (50%
C57BL/6 and 50% 129) genetic background were euthanized. Gross examination
of all organs was conducted at autopsy, and the carcasses and internal organs
were fixed in 10% neutral buffered formalin and used for paraffin embedding,
sectioning, and staining with hematoxylin and eosin. For hematological analysis,
9-week-old littermates (one male and two female �/�; one male and two female
�/�) of mixed genetic background (75% C57BL/6 and 25% 129) were eutha-
nized by CO2 inhalation, and blood was collected by cardiac puncture and
transferred to EDTA-containing collection tubes. Blood samples were used for
complete blood and white blood cell differential counts.

Telomere length analysis. Splenocytes and thymocytes were isolated from
Recql�/�, Recql�/�, and Recql�/� mice that had been backcrossed five times into
129SvEv (3% C57BL/6 and 97% 129) mice. Telomere lengths were measured by
fluorescence in situ hybridization (FISH) and flow cytometry as previously de-
scribed (2). Two 3-month-old animals of each genotype were analyzed.

DNA damage survival assays. Passage 2 primary MEFs were seeded in qua-
druplicate at a density of 500 cells/well in 96-well plates. Cells were grown in
DMEM (GIBCO-BRL) supplemented with 10% FBS (HyClone) and 1� peni-
cillin-streptomycin (GIBCO-BRL). Cells were treated with increasing doses of
IR with Gammacell 40 (Nordion International, Inc.), a 137Cs source emitting at
a fixed dose rate of 0.82 Gy/min. Following treatment, cells were allowed to grow
at 37°C for 5 days in 5% CO2. Plates were frozen at �80°C. Total DNA was
quantified with CyQuant (Molecular Probes, Eugene, OR) and compared with
untreated controls as an indication of cell growth as previously described (5, 16).
Quantification of DNA with CyQuant was performed with a Fluorstar plate
reader (B&L Systems) according to the manufacturer’s instructions.

Rad51 and �H2AX focus formation in MEFs. Primary wild-type and Recql�/�

MEFs were grown to subconfluence on glass coverslips in 15-mm dishes in
DMEM containing 10% FBS. For the detection of Rad51 foci, cells that had
been either left untreated or treated with IR (12 Gy) were fixed 6 h after
treatment with 4% paraformaldehyde, permeabilized with a 0.3% Triton X-100
solution, blocked with 10% normal goat serum in 1� phosphate-buffered saline
(PBS), and incubated with anti-HsRad51 polyclonal antibody (1:1,200; Calbio-
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chem) overnight at 4°C. Cells were washed with five changes of 1� PBS con-
taining 0.1% Triton X-100 and incubated with a fluorescein isothiocyanate-
labeled goat anti-rabbit immunoglobulin G secondary antibody (1:300; Vector
Laboratories) for 1 h at room temperature. Cells were washed four times for 5
min in 1� PBS containing 0.1% Triton X-100, and coverslips were mounted with
4�,6�-diamidino-2-phenylindole (DAPI)-containing Vectashield mounting me-
dium (Vector Laboratories) and analyzed by fluorescence microscopy. All im-
ages were captured on a Zeiss microscope with a black-and-white charge-coupled
device (CCD) camera. The results shown are the means of two independent
experiments. Cells were scored positive if they contained greater than five Rad51
foci per nucleus (untreated, 152 Recql�/� cells and 212 Recql�/� cells; treated
with 12 Gy, 137 Recql�/� cells and 156 Recql�/� cells).

Immunostaining to detect �H2AX foci was performed with a phosphospecific
anti-H2AX mouse monoclonal antibody. Cells that had been either left un-
treated or treated with IR (5 Gy) were fixed 30 min after treatment by incubation
for 10 min in 3% formaldehyde and permeabilized with 0.1% Triton X-100. After
blocking with 10% normal goat serum in 1� PBS, cells were incubated with
mouse monoclonal anti-� H2AX antibody (1:1,000; Upstate) in blocking solution
overnight at 4°C. Cells were rinsed with three changes of 1� PBS containing
0.1% Triton X-100 and incubated for 1 h at room temperature with a rhodamine-
conjugated goat anti-mouse immunoglobulin G secondary antibody (1:500; Vec-

tor Laboratories). Following four washes for 5 min in 1� PBS containing 0.1%
Triton X-100, coverslips were mounted with Vectashield mounting medium with
DAPI (Vector Laboratories) and images were captured as described above. The
results shown are the means of two independent experiments. Cells were scored
positive if they contained greater than five �H2AX foci per nucleus (untreated,
186 Recql�/� cells and 232 Recql�/� cells; treated with 5 Gy, 187 Recql�/� cells
and 152 Recql�/� cells).

Cytogenetic analysis. For chromosome analysis, primary wild-type and
RECQL-deficient MEFs of passage 3 were used. Cells were treated with Colce-
mid (0.5 �g/ml Karyomax; Invitrogen) for 2 h and harvested by trypsinization.
Metaphase spreads were prepared by swelling trypsinized cells in a hypotonic
(0.57%) KCl solution for 12 min at 37°C. Cells after hypotonic treatment were
fixed in 3:1 methanol-acetic acid, and the cells were washed twice in fresh fixative.
An aliquot of fixed cells was dropped onto clean glass sides and air dried. For the
detection of chromosomal anomalies such as chromosome number and aberra-
tions, metaphase spreads were stained with 2% Giemsa (Sigma) and mounted
with Vectashield containing DAPI. Images of randomly chosen metaphase
spreads were captured with a Zeiss epifluorescence microscope equipped with a
CCD camera.

For multicolor FISH (M-FISH) analyses, chromosome spreads prepared as
described above were aged for a week at 4°C. M-FISH and posthybridization

FIG. 1. Targeted disruption of Recql. (A) Genomic structures of the endogenous Recql allele, the targeting vector, and the disrupted allele
generated by HR. Exons are indicated by black boxes, and introns are indicated by white boxes. The helicase domains are indicated by Roman
numerals. The position of the probe used for Southern blot analysis is shown. This probe recognizes an 877-bp EcoRI fragment in the wild-type
allele and a 3.2-kb EcoRI fragment in the homologously recombined allele. PCR primers F1 and R2 were used to identify homologously
recombined ES cells (2.7 kb). PCR primers F2, R1, R2, and R3 were used to genotype offspring. Abbreviations for restriction sites: A, Asp718;
E, EcoRI; H, HindIII; P, PstI; S, StuI; Xb, XbaI; Xh, XhoI. (B) Southern blot analysis of EcoRI-digested genomic DNA isolated from Recql�/�

(wild type), Recql�/� (heterozygous), and Recql�/� (knockout) mice. (C) PCR analysis of genomic DNAs isolated from Recql�/� (0.8 kb), Recql�/�

(1.09 kb), and Recql�/� (2.4 kb) mice.
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washings were performed according to the manufacturer’s (MetaSystems, Bel-
mont, MA) specifications. A cocktail of DNA probes specific for all the mouse
chromosomes (24X Cyte; Metasystems) was used for M-FISH. After pepsin
(0.005% in 0.01 N HCl) treatment for 2 min at 37°C and postfixation of the slides
for 10 min in formaldehyde (3%), the slides were heat denatured together with
the DNA probes (12 �l/slide) at 75°C for 5 min and incubated for 2 to 4 days at
37°C in a moist chamber. The slides were briefly washed in 1� SSC (0.15 M NaCl
plus 0.015 M sodium citrate) at 75°C to remove the nonspecific binding of the
probe. The chromosomes were counterstained with DAPI. Images were captured
with the Zeiss Axioplan 2 imaging fluorescence microscope and analyzed with
ISIS imaging software (Metasystems). At least 40 metaphase spreads were ana-
lyzed for each cell line to characterize their chromosome constitution.

SCE assays. For sister chromatid exchange (SCE) analysis, primary wild-type
and Recql�/� MEFs (passage 3) in the exponential growth phase were grown for
48 h in the presence of 10 �M bromodeoxyuridine (BrdU; Sigma). Metaphase
chromosomes were prepared as described before. Slides were aged for 3 days and
stained with 5 �g/ml Hoechst 33258 (Sigma) for 10 min. After rinsing in water,
slides were mounted and placed under a 120-W Plant Lite (General Electric Inc.)
at a distance of 10 cm for 2 h. Slides were stained in 2% Giemsa (Sigma) for 20
min, washed, and examined under a Zeiss microscope with a black-and-white
CCD camera. Digitally captured images of 20 differentially stained metaphase
chromosome spreads per genotype were scored in a blinded fashion.

RESULTS

Generation and analysis of RECQL-deficient mice. The tar-
geting vector for HR was designed to replace a 474-bp portion
of the gene that includes most of the exon encoding all of
helicase domain IV and part of helicase domain V with a
PGKNeo cassette (Fig. 1A). ES cells targeted with this vector
(Fig. 1A) were used to make chimeric mice. Chimeric mice
were bred to C57BL/6 mice, and heterozygous offspring were
intercrossed. Matings of heterozygous mice of mixed genetic
background (C57BL/6 and 129Sv) resulted in offspring with a
Mendelian distribution of �/�, �/�, and �/� genotypes. Typ-
ical Southern blot and PCR genotyping results are shown in
Fig. 1B and C, respectively. Wild-type and RECQL-deficient
mice were indistinguishable in appearance and observable be-
havior. In addition, both male and female RECQL-deficient
mice displayed normal fertility.

There were no differences seen in complete blood counts
and white cell differential counts between the wild-type and
knockout mice (data not shown). RECQL-deficient mice ap-
peared to be normal at the time of autopsy. Routine staining of
paraffin-embedded sections of all organs and tissues did not
reveal any abnormalities at the level of hematoxylin-and-eosin
staining and light microscopy (data not shown). A small group
of mice was allowed to age and was monitored for tumor
development. Animals that developed any visible or palpable
masses or other evidence of disease were euthanized, and
affected tissues were fixed in 10% neutral buffered formalin.
Otherwise, groups of mice were euthanized between 15 and 35
months of age and histological analysis was performed. Similar
percentages of mice from all three genotype groups developed
tumors during this time. The types of tumors identified were
also similar among the three groups, with lymphoma being the
most common (data not shown).

Analysis of RECQL expression. RECQL mRNA was readily
detected in all mouse tissues examined. Three species of
mRNA were seen in most tissues, with approximate sizes of
3.3, 2.8, and 2.6 kb (Fig. 2A). Levels of expression were highest
in the testis and lowest in the liver when samples were nor-
malized for total RNA concentration. To verify that Recql had
been disrupted in the �/� mice, mRNA levels were deter-

mined in testis and kidney RNAs from �/� and �/� mice.
The three species of mRNA seen in the kidney tissue and the
two species seen in the testis tissue (2.8 and 2.4 kb) were not
detected in total cellular RNA from the �/� tissues and were
expressed at decreased levels in tissues from the �/� animals
(Fig. 2B and C). A longer exposure of the testis Northern blot
revealed the appearance of a larger, 5.6-kb mRNA species in
both the �/� and the �/� mice and a smaller, 1.2-kb species
present in the �/� and �/� samples but not in the �/�
sample (not shown). The larger mRNA species may represent
incompletely spliced mRNA, and the smaller mRNA species
most likely represents the truncated RECQL mRNA gener-
ated by inserting Neo into the gene at approximately the mid-
dle of the protein-coding region.

Analysis of other mouse RecQ family member mRNAs.
Northern blot analysis was performed to determine whether or
not there were compensatory changes in the levels of mRNA
for the other identified RecQ family members, since there may

FIG. 2. Tissue distribution of RECQL mRNA. (A) Total cellular
RNA (15 �g) isolated from various mouse tissues was fractionated on
a 1.2% formaldehyde-agarose gel, transferred to NytranPlus, and hy-
bridized with a mouse RECQL cDNA probe. The 28S and 18S mark-
ers show the positions of the major rRNA species on the stained gel.
(B and C) Expression of RECQL mRNA in the kidneys (B) and testes
(C) of Recql�/�, Recql�/�, and Recql�/� mice. Total RNA (15 �g) was
isolated from the indicated adult mouse tissues and fractionated on a
1.2% formaldehyde-agarose gel. The blots were hybridized either with
the mouse RECQL cDNA probe or with cyclophilin. The locations of
RNA molecular size markers are indicated to the left of each blot.

VOL. 27, 2007 IMPORTANCE OF RECQL FOR CHROMOSOMAL STABILITY 1787



be functional redundancy among the family members. There
were no apparent changes in the expression levels of BLM
(Fig. 3A), WRN (Fig. 3B), RECQL4 (Fig. 3C), or RECQL5
(Fig. 3D) mRNA.

Growth characteristics of MEFs derived from RECQL
knockout mice. Fibroblasts isolated from Wrn knockout em-
bryos have been shown to lose proliferative capacity (24). We
established MEFs from four �/� and four �/� E15.5 embryos
(two �/� and two �/� embryos from two different litters) and
examined their growth rates after various times in culture and
at different passage numbers. For the growth rates of passage
4 cells from one litter (from two �/� and two �/� embryos),
see Fig. S2 in the supplemental material. There were no ob-
served differences in growth rates between the �/� and �/�
MEFs at this passage (see Fig. S2 in the supplemental mate-
rial) or at passage 5 or 6. There were also no differences in the
growth rates of the cells isolated from the second litter (data
not shown).

Measurement of telomere lengths in Recql knockout mice.
Both WRN and BLM have been shown to be involved in
telomere metabolism (6, 8, 10, 36, 58). The gradual shortening

of telomeres can lead to premature senescence, as is seen in
Werner syndrome fibroblasts. In addition, defects in telomere
function may result in genetic instability that can promote
malignant transformation. We examined whether or not
RECQL was involved in the maintenance of telomere length
by FISH and flow cytometry of Recql�/�, Recql�/�, and
Recql�/� splenocytes and thymocytes. There were no differ-
ences in telomere length among the three genotypes (Table 1).

FIG. 4. Cellular deficiency of RECQL leads to increased IR sen-
sitivity. Primary MEFs from Recql�/� and wild-type mice were plated
in quadruplicate and treated with increasing doses of IR. Total DNA
content was measured as an indication of cell growth as described in
Materials and Methods.

TABLE 1. Telomere length in Recql�/�, Recql�/�, and Recql�/�

splenocytes and thymocytes

Genotype
Telomere length (kb)a

Splenocytes Thymocytes

Recql�/� 38.7 	 0.55 41.2 	 0.25
Recql�/� 37.3 	 0.66 38.9 	 3.06
Recql�/� 39.7 	 0.90 42.2 	 0.10

a The values shown represent the mean 	 the standard error of the mean from
splenocytes and thymocytes derived from two mice of each genotype.

FIG. 3. Expression of RecQ helicases in Recql�/�, Recql�/�, and Recql�/� mice. Total RNA (15 �g) was isolated from adult mouse testis tissue.
Northern blots were hybridized with probes for mouse BLM (A), WRN (B), RECQL4 (C), RECQL5 (D), or cyclophilin. The locations of RNA
molecular size markers are indicated to the left of each blot.
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Cells deficient in RECQL show increased IR sensitivity.
Primary MEFs (passage 2 or 3) from Recql�/� knockout or
wild-type mice were treated with increasing dose of IR and
assayed for cell growth. Recql�/� MEFs displayed a greater
sensitivity to IR than did wild-type MEFs (Fig. 4).

Elevated numbers of Rad51 and �H2AX foci in RECQ1-
deficient cells. Single-strand breaks or DSBs can occur spon-
taneously from cellular processes or can be induced by expo-
sure to DNA-damaging agents such as IR. A prominent
pathway for the correction of DSBs is HR repair (54). To
investigate if RECQL might have a role in this pathway, we
examined the ability of Rad51, a major protein involved in the
strand invasion step of HR repair, to form foci in primary
mouse fibroblasts from wild-type and Recql�/� littermates. A
diffuse nuclear staining of Rad51 was observed in the majority
of unirradiated wild-type cells, consistent with the observations
of others (16, 46); however, untreated Recql�/� MEFs exhib-
ited an increased number of spontaneous Rad51 foci (Fig. 5A

and B). Fifty-one percent of the Recql�/� MEFs contained
greater than five Rad51 foci per nucleus, compared to only
29% for the wild-type MEFs. In contrast to the differences in
untreated cells, Rad51 foci were induced to a comparable level
in MEFs of Recql�/� and wild-type littermates (Fig. 5A and B).
Normal induction of Rad51 foci in Recql�/� MEFs suggests
that RECQL is not required for the recruitment of Rad51 to
sites of IR-induced DNA damage. A significantly higher num-
ber of spontaneous Rad51 foci in Recql�/� cells may represent
accumulation of unresolved recombination intermediates or a
greater load of endogenous DNA damage in the absence of
RECQL.

We next assessed the load of unrepaired, spontaneously
occurring DSBs in Recql�/� versus wild-type MEFs. The his-
tone H2A variant H2AX, which becomes rapidly phosphory-
lated following the induction of DSBs, can serve as a marker
for the presence of DSBs (41, 42). The majority of unirradiated
wild-type MEFs showed little detectable �H2AX staining (Fig.

FIG. 5. Recql�/� MEFs display elevated numbers of spontaneous Rad51 and �H2AX foci. (A) Immunofluorescent detection of spontaneous
and irradiation (12 Gy)-induced Rad51 focus (red) formation in wild-type (top) and Recql�/� (bottom) primary MEFs. DAPI staining of the same
nuclei is shown in blue. (B) Quantitation of the percentage of cells showing five or more distinct Rad51 foci. (C) Immunofluorescent detection of
�H2AX foci (green). Wild-type (top) and Recql�/� (bottom) MEFs were stained for �H2AX foci following either mock treatment (0 Gy) or
irradiation (5 Gy). DAPI staining of the same nuclei is shown in blue. (D) The percentage of cells exhibiting five or more �H2AX foci is shown
for each of the indicated genotypes. All counts represent averages, and standard deviations are indicated by error bars. KO, knockout; WT,
wild type.
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5C and D). In contrast, 
50% of unirradiated Recql�/� MEFs
were positive for �H2AX foci, indicating a markedly elevated
load of unrepaired, spontaneously occurring DSBs in RECQL-
deficient cells (Fig. 5C and D). Following treatment with IR (5
Gy), �H2AX foci were similarly induced in wild-type and Recql
null cells at 30 min postirradiation (Fig. 5C and D).

Elevated SCEs in Recql�/� MEFs. The elevated levels of
spontaneous Rad51 and �H2AX foci in Recql�/� cells may be
a consequence of aberrant recombination at sites of DSBs.
A phenotype associated with defective HR is elevated SCE
(15). Metaphase chromosome preparations from BrdU-la-
beled primary wild-type or Recql�/� fibroblasts were differen-
tially stained for detection of SCEs (Fig. 6A). Recql�/� MEFs
displayed a 4.5-fold greater frequency of spontaneous SCE
compared to the wild-type MEFs (Fig. 6B). These results sug-
gest that RECQL is involved in the resolution of HR interme-
diates and its absence leads to accumulation of DNA damage.

Chromosomal instability in Recql�/� cells. Chromosomal
instability is often reflected by either an increase (hyperdip-
loid) or a decrease (hypodiploid) in the number of diploid
chromosomes. To determine the role of RECQL in chromo-
some stability, chromosome numbers were determined in wild-
type and Recql�/� MEFs. For this purpose, metaphase chro-
mosomes were prepared and stained with Giemsa. The
number of aneuploid cells was much higher in RECQL-defi-
cient MEFs, with 73% of the Recql�/� metaphases showing
deviation from a normal diploid chromosome number of 40
while only 32% of the metaphases from wild-type RECQL
cells showed aneuploidy (Fig. 7A). The average number of FIG. 7.

FIG. 6. Elevated SCEs in Recql�/� MEFs. (A) Spontaneous SCEs were assayed in BrdU-labeled, Giemsa-stained chromosome spreads from
primary wild-type and Recql�/� MEFs. A representative spread is shown for wild-type and Recql�/� MEFs, and the SCEs are marked with arrows.
(B) Quantitative representation of the number of SCEs per metaphase.
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chromosomes per diploid cell was found to be 40.6 for wild-
type cells and 44 for Recql null cells, demonstrating the impor-
tance of RECQL in the segregation of chromosomes during
mitosis.

In order to determine whether or not structural chromo-
somal aberrations accumulate in the absence of RECQL, M-
FISH was used to screen for genome-wide chromosomal alter-
ations. This technique has been widely used to characterize the
chromosomal instability in different mouse knockout models.
M-FISH analysis revealed a low but detectable level of spon-
taneous chromosomal instability in wild-type cells, whereas
Recql�/� MEFs exhibited a significantly much higher fre-
quency of chromosomal aberrations (Fig. 7B and Table 2).
Notably, Recql�/� MEFs displayed a substantial increase in the
incidence of fragmented chromosomes relative to wild-type
MEFs and also incurred events in which sister chromatids were

FIG. 7. Chromosomal instability in primary Recql�/� MEFs. (A) Aneuploidy in Recql�/� MEFs. Giemsa-stained chromosomes were counted
from the metaphase spreads (n � 44) of wild-type and Recql�/� MEFs. Chromosomal number distribution in primary wild-type and Recql�/� MEFs
is shown. (B) M-FISH analyses of chromosomal aberrations in metaphase spreads from primary wild-type (WT) and Recql�/� MEFs. Represen-
tative spreads from wild-type and Recql�/� MEFs are shown. A translocation between chromosomes 9 and 6 from the metaphase spread of
Recql�/� MEFs is further enlarged in the inset. Arrows indicate two copies of chromosome 8, one without a centromere (centromere loss). CF,
centromeric fragment, Tr, translocation.

TABLE 2. Increased genomic instability of RECQL-deficient
primary MEFs versus wild-type MEFs

Instability Wild type at 40
metaphases

Recql�/� at 64
metaphases

No. of fragmented chromosomes 5 19
No. of chromatid breaks 0 3
No. of chromosome breaks 1 2
No. of translocations 0 8
No. of fusions 0 3
No. of multiradial chromosomes 0 4
Total no. of anomalies (no. per

metaphase)
6 (0.15) 42 (0.65)

% of metaphases with abnormalities 5 61
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visibly broken or fragmented (Fig. 7B and Table 2). In con-
trast, no chromatid breaks were detected in the metaphase
spreads of wild-type MEFs. In addition to chromosomal frag-
mentation, Recql�/� cells had a significantly elevated inci-
dence of spontaneous random chromosomal translocations.
Other complex abnormalities observed in the chromosome
spreads of the Recql�/� cells included a ring chromosome
that may have resulted from a breakage-and-fusion event
(Fig. 7B and Table 2). These results demonstrate a signifi-
cantly elevated frequency of spontaneous chromosome ab-
errations in the Recql�/� primary MEFs compared to wild-
type cells.

DISCUSSION

The genomic instability prevalent in human RecQ helicase
disorders is characterized at the cellular level by gross chro-
mosomal rearrangements. Studies of prokaryotes and eu-
karyotes indicate the importance of RecQ helicases to function
in the DNA damage response by maintaining legitimate HR
during replication of damaged DNA. In this study, we have
investigated the importance of RECQL, one of the less-well-
characterized RecQ helicases, for the preservation of genomic
stability in mammalian cells. Embryonic fibroblasts from Recql
knockout mice display chromosomal structural aberrations and
aneuploidy, demonstrating for the first time that RECQL plays
an important role in genome stability maintenance.

RECQL deficiency resulted in an increased sensitivity of the
MEFs to IR which primarily induces DSBs. The elevated SCE
observed in RECQL-deficient mouse cells (this study) and
human cells (our unpublished results and reference 25) may be
due to unsuccessful attempts to “repair” damaged replication
forks by HR at DSBs. The persistence of abundant spontane-
ously forming Rad51 foci and �H2AX, an early marker of DSB
formation, in RECQL-deficient cells adds further support to a
proposed role for RECQL in HR repair at sites of chromo-
somal DNA damage. Constitutively high numbers of Rad51
foci have also been detected in Werner syndrome and Bloom
syndrome cells (38, 56). The presence of Rad51 foci corre-
sponding to nucleoprotein filaments that are necessary for
early strand invasion during HR suggests incomplete resolu-
tion of recombination intermediates as a consequence of the
absence of RECQL.

The gross chromosomal rearrangements, translocations, and
aneuploidy in cells of Recql�/� but not wild-type littermates
indicates that the helicase is necessary for the proper mainte-
nance of genomic stability. In spite of this, RECQL is not
required for cell viability or proliferation and Recql knockout
mice are viable, fertile, and apparently not tumor prone under
normal colony conditions. However, it should be emphasized
that small numbers of mice were evaluated in each group and
no genetic or environmental carcinogenic stimuli were used in
these initial studies.

The genetic background and/or tissue specificity of RECQL
function may protect the mouse from severe abnormalities that
might be expected from the magnitude of chromosomal aber-
rations detected at the cellular level. It will be critically impor-
tant to evaluate RECQL deficiency in other genetic back-
grounds, including mutations in genes encoding other RecQ
helicases or DNA replication and repair proteins. In addition,

challenging Recql knockout mice with DNA-damaging agents
may expose phenotypes that will be helpful to elucidate a
disease or a predisposition to cancer associated with RECQL
deficiency.

One potential reason for the apparent lack of a phenotype in
RECQL-deficient mice is functional redundancy, in which one
or more of the other RecQ DNA helicases is able to compen-
sate for the absence of RECQL. Expression levels of the
known family members, WRN, BLM, RECQL4, and
RECQL5, were not altered in Recql knockout mice, suggest-
ing that if one or more of these helicases compensates for
the absence of RECQL, the normal level of expression is
sufficient for this compensation. Recent studies carried out
with the chicken B-lymphocyte DT40 cell line support the
notion that there may be redundancy of function among the
various RecQ helicases (52).

The mixed genetic background of the mice may also have
contributed to the apparent lack of a phenotype, illustrated by
the finding that a WRN helicase domain knockout mouse
induced accelerated tumorigenesis only in a p53 null back-
ground (23). Finally, it remains possible that RECQL function
is not critical under normal physiological conditions in the
mouse but could be important in the response to external
stressors such as environmental factors or genotoxins. The
nearly 85% sequence homology of the mouse and human
RECQL proteins suggests the two proteins are likely to have
conserved functions; however, intrinsic differences between
mice and humans can contribute to differences in tumor sus-
ceptibility. For example, WRN-deficient mice lack a disease
phenotype (24, 28); however, late-generation telomerase- and
WRN-deficient mice (mTerc�/� Wrn�/�) displayed clinical
symptoms of premature aging and the types of tumors typically
observed in Werner syndrome patients (4, 10). It is plausible
that the manifestation of disease phenotypes of RECQL defi-
ciency in mice is related to telomere maintenance or some
other event critical for genomic stability.

Having demonstrated that RECQL is important for chro-
mosomal stability, we now face the challenge of understanding
the potentially unique molecular functions of RECQL helicase
to prevent illegitimate recombination during replicational
stress. It is highly likely that RECQL cooperates with other
nuclear DNA metabolic factors in this capacity. Strong candi-
dates for protein interactors with RECQL that serve to sup-
press crossover of sister chromatids are recombination pro-
teins that are involved in DNA replication or mismatch repair
factors already known to regulate genetic recombination. In
the absence of a functional RECQL helicase, DNA replication
forks may not be maintained properly, giving rise to elevated
levels of SCE (33).

In addition to recombination proteins, type IA topoisomer-
ases have been implicated genetically and biochemically in
collaboration with RecQ helicases to preserve chromosomal
integrity. BLM and Sgs1 helicases are proposed to act with
type IA topoisomerases to regulate recombination levels in
vivo by suppressing the formation of crossover products that
accumulate from resolution of Holliday junction (HJ) inter-
mediates (17, 57). A model for BLM to suppress crossovers
was proposed on the basis of in vitro studies that demonstrated
the unique ability of BLM with Topo III� to catalyze double
HJ dissolution (57). Although RECQL was reported to be
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associated with Topo III� in human cells (18), the purified
recombinant protein failed to substitute for BLM in the in vitro
double-HJ dissolution reaction (55). It is conceivable that in
the cellular setting, RECQL acts upon a key DNA intermedi-
ate of HR with additional protein factors. The posttransla-
tional state or protein interactions of RECQL with mismatch
repair factors (e.g., MSH2/6, EXO-1) (9) may be important for
the role of RECQL in processing structures to prevent illegit-
imate recombination. The constitutively high number of Rad51
nuclear foci in RECQL-deficient cells further supports a role
for RECQL in the disruption of inappropriately paired DNA
recombination intermediates.

Although a genetic disorder has not been linked to a muta-
tion in Recql, recent analyses of Recql single-nucleotide poly-
morphisms (SNPs) have identified an association of RECQL
with a reduced survival of pancreatic cancer patients (26, 27).
Only one RECQL A159C SNP allele is required to signifi-
cantly decrease overall pancreatic cancer survival, suggesting a
predictive and prognostic role for RECQL SNPs. RECQL
SNPs displayed significant genetic interaction with SNPs in the
HR repair genes ATM, RAD54L, XRCC2, and XRCC3. A role
for RECQL in HR is further suggested by the observation that
SNPs in RECQL result in a very poor response to the antican-
cer drug gemcitabine-induced radiosensitization that selec-
tively requires functional HR (26, 27). Our results suggest that
the chromosomal instability arising from RECQL deficiency
may contribute to a predisposition to cancer. Microsatellite
instability in the polyguanine repeat (G)9 in the Recql gene is
frequently observed in mismatch repair-deficient human non-
polyposis colorectal cancer (37).

Loss of heterozygosity of 12p12, the chromosomal location
of the Recq1 gene, is a frequent event in a wide range of
hematological malignancies and solid tumors, suggesting the
presence of a tumor suppressor locus. Allelic losses on chro-
mosome 12p12-13 are associated with childhood acute lympho-
blastic leukemia and several solid neoplasms (31). Chromo-
some 12p12 deletion has been reported in a rare chronic
myeloid leukemia-like syndrome case in a Li-Fraumeni syn-
drome family (14). RECQL is highly expressed in the lungs
(21), and deletions at chromosome 12p12 have been reported
in bronchial epithelia of patients with primary non-small-cell
lung cancer (13), suggesting that RECQL sequence alterations
may influence the risk of lung cancer.

RECQL has not been directly linked to a human disease or
cancer; however, the present study demonstrates that RECQL
deficiency leads to spontaneous chromosomal instability and
aneuploidy, both characteristics of cancer cells, suggesting a
role for RECQL in a predisposition to cancer. Results ob-
tained with RECQL-deficient mice provide a foundation from
which to investigate the interactions of RECQL with other
genetic factors or tumor suppressors that exist in vivo to pre-
serve chromosomal integrity and prevent carcinogenesis.
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