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Abstract RECQ helicase protein-like 4 (RECQL4) is a
member of the human RECQ family of DNA helicases.
Two-thirds of patients with Rothmund—Thomson syndrome
(RTS) carry biallelic inactivating mutations in the RECQL4
gene. RTS is an autosomal recessive disorder characterized
by poikiloderma, sparse hair, small stature, skeletal abnor-
malities, cataracts, and an increased risk of cancer. Muta-
tions in two other RECQ helicases, BLM and WRN, are
responsible for the cancer predisposition conditions Bloom
and Werner syndromes, respectively. Previous studies have
shown that BLM and WRN-deficient cells demonstrate
increased sensitivity to hydroxyurea (HU), camptothecin
(CPT), and 4-nitroquinoline 1-oxide (4NQO). Little is
known about the sensitivity of RECQL4-deficient cells to
these and other genotoxic agents. The purpose of this study
was to determine if RTS cells display any distinct cellular
phenotypes in response to DNA damaging agents or repli-
cation blocks that could provide insight into the molecular
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function of the RECQLA4 protein. Our results show that pri-
mary fibroblasts from RTS patients carrying two deleteri-
ous RECQL4 mutations, compared to wild type (WT)
fibroblasts, have increased sensitivity to HU, CPT, and
doxorubicin (DOX), modest sensitivity to other DNA dam-
aging agents including ultraviolet (UV) irradiation, ionizing
radiation (IR), and cisplatin (CDDP), and relative resis-
tance to 4NQO. The RECQ family of DNA helicases has
been implicated in the regulation of DNA replication,
recombination, and repair. Because HU, CPT, and DOX
exert their effects primarily during S phase, these results
support a greater role for the RECQL4 protein in DNA rep-
lication as opposed to repair of exogenous damage.

Introduction

Rothmund-Thomson syndrome (RTS) is a rare autosomal
recessive disorder characterized by a poikilodermatous rash
starting in infancy. Other clinical features include growth
retardation, skeletal abnormalities, hair loss, gastrointestinal
disturbances, juvenile cataracts, and a high incidence of
malignancy, particularly osteosarcoma (OS) (Larizza et al.
2006; Wang et al. 2003). Cytogenetic analyses of cells from
RTS patients demonstrate mosaic chromosomal abnormali-
ties and genomic instability (Lindor et al. 2000; Miozzo et al.
1998; Wang etal. 2001). In 1999, Kitao and coworkers
linked a subset of RTS cases to mutations in the human
RECQ protein-like 4 gene, RECQL4 (Kitao etal. 1999).
Sequence analysis of RECQL4 in a cohort of RTS patients
revealed that two-thirds carried truncating mutations, and the
majority of these were compound heterozygotes (Wang et al.
2003). Genotype—phenotype analysis of this cohort showed
that patients with mutations were at a significantly higher risk
of developing osteosarcoma, a tumor originating in bone,
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compared to those RTS patients who did not carry RECQLA
mutations (Wang et al. 2003). In addition to RTS, mutations
in RECQLA4 have also been found in subgroups of patients
with two other genetic disorders, RAPADILINO syndrome
(Dietschy et al. 2007; Siitonen et al. 2003) and Baller—Gerold
syndrome (BGS) (Van Maldergem etal. 2006). Unlike
mostly truncating mutations seen in RTS and BGS, the most
common RECQIA4 mutation in RAPADILINO is an intronic
deletion that results in in-frame skipping of exon 7 and
mislocalization of the protein. This mutation is not found in
RTS patients. Two of the three BGS mutations described so
far have also been detected in RTS. Similarly, there is over-
lap in some, but not all, of the clinical features between these
three disorders, including small stature, skeletal abnormali-
ties, and increased cancer risk in RAPADILINO, and
together they form a spectrum of RECQLA4 diseases.

Mutations in two other members of the RECQ family,
BLM and WRN, are responsible for Bloom syndrome (BS)
(Ellis etal. 1995) and Werner syndrome (WS) (Yu et al.
1996), respectively, both of which are also cancer predispo-
sition syndromes. Cells from both BLM and WRN mutated
patients demonstrate increased sensitivity to several geno-
toxic agents, including hydroxyurea (HU) (Blank et al.
2004; Davies et al. 2004; Dhillon et al. 2007), camptothecin
(CPT) (Blank et al. 2004; Lebel and Leder 1998; Poot et al.
2002b; Rodriguez-Lopez et al. 2007), and 4-nitroquinoline
1-oxide (4NQO) (Hisama et al. 2000; Miao et al. 2006;
Poot etal. 2002b; Prince etal. 1999; Rodriguez-Lopez
etal. 2007). These agents cause DNA damage through a
variety of mechanisms. HU is a ribonucleotide reductase
inhibitor that inhibits DNA synthesis, producing cell death
in S phase and synchronization of the fraction of surviving
cells. CPT is a topoisomerase I inhibitor which causes
DNA strand breaks and S phase arrest. 4NQO is a carcino-
gen that produces multiple DNA lesions, including oxida-
tive adducts and alkylated purines (Poot etal. 2002a).
Further studies of BLM and WRN have revealed some of
their biochemical and cellular properties. BLM acts as a
DNA structure-specific helicase in DNA replication, and
can also catalyze DNA strand annealing and resolution of
recombination intermediates. BLM interacts with other pro-
teins that are involved in DNA repair and recombination. In
addition to its helicase function in DNA replication, WRN
also possesses 3’ — 5’ exonuclease function, and it may
have a role in dissociating alternate or secondary structures
to allow proper replication and repair at the telomere
(Bachrati and Hickson 2008; Hanada and Hickson 2007).
Both BLM and WRN play important roles in the resump-
tion of synthesis after DNA damage or in the maintenance
of fork progression after DNA damage (Davies et al. 2007,
Sidorova et al. 2008).

In contrast to BLM and WRN, much less is known about
the functional role of RECQL4 or the sensitivity of REC-
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QL4 deficient cells to genotoxic agents. RECQL4 has
recently been shown in a Xenopus model and in mouse
embryonic fibroblasts (MEFs) to be important for initiation
of replication (Sangrithi et al. 2005). Hypersensitivity of
RECQLA4-deficient cells to oxidative stress, manifested as
decreased cell growth, decreased S-phase cells in the cell
cycle, and reduced DNA synthesis after recovery from
H,0,-induced damage has been reported (Werner et al.
2006). RECQL4-deficient cells have also been shown to
display abnormal responses after treatment with other
agents such as HU, ultraviolet (UV) and ionizing radiation
(IR), but results have been inconsistent (Grant et al. 2000;
Hoki et al. 2003; Park et al. 2006; Shinya et al. 1993; Smith
and Paterson 1981; Smith and Paterson 1982; Vasseur et al.
1999). One possibility for the inconsistencies could be the
use of different experimental systems. There has to date
been no systematic study of the response of RECQL4-defi-
cient RTS patient cells to a wide range of genotoxic agents.
A summary of results from previous publications as well as
this study are summarized in Table 1.

In this report, we studied the clonogenic survival of
RECQLA4-deficient RTS primary fibroblasts after treatment
with DNA damaging agents or inhibitors of replication.
Since one-third of patients with RTS do not carry RECQL4
mutations, there may be one or more other genes responsi-
ble for the RTS phenotype which have not yet been identi-
fied (Wang et al. 2003). Thus, we focused our study on
subjects with defined inactivating mutations in RECQL4 in
order not to confound our findings with potential effects of
other gene products on cellular sensitivity. In addition to
studying response to HU, CPT, and 4NQO, we also
examined survival after treatment with UV, IR, doxorubicin
(DOX), and cisplatin (CDDP) in RECQL4-deficient RTS
fibroblasts. UV causes DNA inter- and intra-strand links
and DNA adducts, while IR results predominantly in dou-
ble strand breaks. DOX is an anthracycline anticancer agent
that acts as a topoisomerase II inhibitor but can also form
formaldehyde mediated DNA adducts, and this is an S-
phases specific event (Aubel-Sadron and Londos-Gagliardi
1984). CDDP resembles an alkylating agent and causes
DNA cross-links (Martin et al. 2008). Both DOX and
CDDP are active chemotherapy agents used to treat osteo-
sarcoma. The purpose of this study was to determine
whether RECQLA4-deficient RTS cells display any distinct
cellular phenotypes in response to DNA damaging agents
or replication blocks that could provide insight into the
molecular function of the RECQL4 protein. Our results
show that RECQL4-deficient RTS cells are hypersensitive
to agents that interfere with DNA replication such as HU,
CPT, and DOX and are less sensitive to those agents (UV,
IR, CDDP) that predominantly cause damage requiring
double strand break repair or nucleotide excision repair
(NER) mechanisms. Interestingly, RTS cells were found to
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be relatively resistant to the agent 4NQO, unlike the related
WRN and BLM cells.

Materials and methods
Subjects and primary fibroblast cultures

All subjects included in this study met the clinical diagnos-
tic criteria for RTS (Wang et al. 2001) and were RECQL4-
deficient; i.e., they all carried mutations in both alleles of
RECQLA. Primary RTS skin fibroblasts and wild type (WT)
control skin fibroblasts were isolated at Texas Children’s
Cancer Center, Baylor College of Medicine (BCM, Hous-
ton, TX, USA) through the BCM Mental Retardation and
Developmental Disabilities Research Center Tissue Culture
Core. All subjects or their parents provided informed writ-
ten consent to participate in a research protocol approved
by the Institutional Review Board for Human Subjects
Research at BCM.

Primary untransformed fibroblasts from ten RTS subjects
were used for this study and are listed along with RECQL4
mutation status in Table 2. For subjects 1-5, mutation analysis
of the RECQL4 gene was performed by the BCM Medical
Genetics Laboratory (http://www.bcm.edu/geneticlabs/).
The RECQLA4 mutation status of the remaining subjects has
been previously reported (Wang etal. 2003). Mutation

nomenclature followed the Nomenclature Working Group
guidelines (den Dunnen and Antonarakis 2001) and used the
human RECQIL4 cDNA (NM_004260) as a reference. “Sen-
sitive” control cells (defined as those cells known to be
hypersensitive to an agent compared to WT cells) were
obtained from the Coriell Institute Cell Repositories (Cam-
den, NJ, USA), and included BS (AG06040) and WS fibro-
blasts (AG03141) for HU, CPT and 4NQO experiments,
xeroderma pigmentosum complementation group D (XP-D)
fibroblasts (GM00434) for UV experiments (Auerbach and
Verlander 1997), and ataxia—telangiectasia (AT) fibroblasts
(GMO02052) for IR and DOX experiments (Auerbach and
Verlander 1997; Tamminga etal. 2002). All cells were
grown as adherent monolayers in Minimum Essential
Medium Alpha Medium (Gibco/Invitrogen, Grand Island,
NY, USA) supplemented with 10 or 15% (v/v) fetal bovine
serum (ATCC, Manassas, VA, USA) in a humidified, 5%
CO,, 37°C incubator. RTS fibroblasts were of low (5-9)
passage number, and passage matched cells were used in
each experiment.

DNA damaging and replication block agents

All chemicals were obtained from Sigma (St Louis, MO,
USA). Stock solutions of HU (1 M in phosphate-buffered
saline, PBS), CPT (10 mM in DMSO), DOX (3.4 mM in
0.9% NaCl), 4NQO (100 mM in DMSO), and CDDP

Table 2 RECQL4 genotypes of

RTS subjects Subject no. Allele I mutation Allele II mutation Position® Mutation type
1° ¢.2637_2638insC Exon 15 Frameshift
¢.1397C > T/P466L Exon 8 Missense
¢.1772C > T/P591L Exon 11 Missense
¢.3313G > A/G1105S Exon 19 Missense
2 ¢.1048_1049delAG Exon 5 Frameshift
¢.2269C > T/Q757X Exon 14 Nonsense
3 IVS2 + 27_51del25 Intron 2 Splicing
IVS16-2A>T Intron 16 Splicing
4 ¢.1015_1016insC Exon 5 Frameshift
¢.2269C > T/Q757X Exon 14 Nonsense
5 ¢.2269C > T/Q757X Exon 14 Nonsense
¢.2662C > T/Q888X Exon 15 Nonsense
6° ¢.2269C > T/Q757X Exon 14 Nonsense
¢.3072_3073delAG Exon 18 Frameshift
2 Position of mutation in the 7¢ ¢.3072_3073delAG Exon 18 Frameshift
RECQLA gene ¢.3276delG Exon 19 Frameshift
® In addition to a frameshift 8¢ IVS7-1G > A Intron 7 Splicing
mutation, this subject had three .
missense mutations in relatively €.1573delT Exon 9 Frameshift
well-conserved residues; it is not 9¢ ¢.2476C > T/R826X Exon 15 Nonsense
known whether these lie on the IVS11 +5G > A Intron 11 Splicing
samealiele = ' 10° IVSS + 17dell 1 Intron § Splicing
Previously published subjects/ VS8 + 17del11 Intron 8 Splicing

mutations (Wang et al. 2003)
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(3.3 mM in 0.9% NaCl) were stored at —80°C and pro-
tected from light exposure. Drugs were diluted in PBS
immediately before adding to cell culture dishes. Cells were
treated with CPT for 72 h, HU, 4NQO and CDDP for 24 h,
or DOX for 30 min in complete medium. UV light of
254 nm was administered at a dose rate of 0.5 J/M? per sec-
ond at 13 in. (Model UVGL-55 MineraLight lamp, UVP,
Upland, CA, USA). For IR treatments, the dose rate was
8.33 Gy/min using a '*’Cs source irradiator (GammaCell
40 Exactor, Nordion International, Kanata, Canada).

Colony survival assays

Clonogenic survival of unexposed cells was determined by
plating 300 or 600 cells in 10 cm cell culture plates (Fal-
con, Becton-Dickinson Labware, Franklin Lakes, NJ,
USA). Higher cell numbers (up to 3,600 cells) were used
in the culture plates when testing survival after treatment.
Twenty four hours after plating, cells were treated with
corresponding doses of agents. For UV irradiation, cells
were washed once with PBS, irradiated, and complete
medium was added thereafter. For all other treatments,
cells were maintained in culture medium and were treated
with drugs or IR for the indicated length of time, rinsed
twice with PBS, and then cultured in complete medium.
Following treatment, cells were incubated in a humidified
5% CO, incubator at 37°C for 10-14 days. Plates were
then rinsed with PBS, fixed and stained with crystal violet
(0.35%, EMD Chemicals Inc., Gibbstown, NJ, USA). Colo-
nies consisting of more than 50 cells were counted to
determine survival (except for subjects 9 and 10 which
were slow growing, and colonies with greater than 16 cells
were counted).

Statistical analysis

Descriptive statistics including mean and SD were provided
for summarizing the experimental data. For each type of
cell, empirical survival percentages were plotted against the
dosages of the genotoxic agent. In Figs. 1, 2, 3, the survival
curves for WT represent an average of three WT controls,
and those for RTS represent an average of six RTS subjects
(ten subjects for DOX and CDDP) in at least three indepen-
dent experiments. Dose-response curves for studying the
sensitivity of each cell type were fitted by the generalized
linear regression model (GLM) for the probability of col-
ony survival as a function of dose levels (Prince et al.
1999). The differences in cell sensitivities were compared
by the shapes of estimated dose—response curves. We cal-
culated the corresponding dose—survival fraction curves
from the fitted dose-response curves (Electronic supple-
mentary material Fig. 2). LD, was defined as the dose at
which 10% survival fraction was achieved (Franken et al.

2006), and was calculated from the estimated dose—
response curves. A 95% confidence interval (CI) for the
estimated LD, for each cell line was calculated by the
delta method and is represented by error bars in LD, plots.
Statistical analyses used the statistical packages R (version
2.6.1) and STATA (version 10.0). The estimated dose—
response curves and dose—survival fraction curves were
plotted by the statistical package R.

Results

We studied the sensitivity of RECQL4-deficient primary
fibroblasts from six RTS subjects (ten for DOX and CDDP)
to various genotoxic agents and compared them to three
different WT control fibroblasts, as well as fibroblasts with
known hypersensitivity to specific agents. Survival curves
for RTS and WT controls represent the average for the
respective number of samples. Electronic supplementary
Fig. 1 shows an example of individual survival curves after
CPT treatment to demonstrate the variation between indi-
vidual WT and RTS samples, and is representative of
results of treatment with other genotoxic agents used in this
study (data not shown).

RECQLA4-deficient RTS fibroblasts are hypersensitive
to hydroxyurea, camptothecin, and doxorubicin compared
to wild type fibroblasts

Hydroxyurea

Logarithmic survival curves are shown in Fig. la. Com-
pared to WT controls, RTS fibroblasts were more sensitive
to HU, but less so than BS and WS sensitive controls at
concentrations between 0.5 and 3 mM. The estimated LD,
values along their 95% confidence intervals are shown in
Fig. 1b. The LD, for WT cells treated with HU was
1.32 mM (95% CI 1.27-1.37 mM), whereas for RTS fibro-
blasts it was 0.94 mM (95% CI 0.90-0.98 mM) compared
to 0.67 mM for BS (95% CI 0.61-0.72 mM) and 0.78 mM
for WS (95% CI 0.68-0.88 mM). These represented a 1.4-
fold decrease in LD, for RTS, a 2.0-fold decrease for BS,
and a 1.7-fold decrease for WS cells compared to WT
controls.

Camptothecin

Compared with WT controls, RTS fibroblasts were more
sensitive to CPT, similar to WS, but less sensitive than BS
fibroblasts at concentrations between 2 and 16 nM, as
shown in the survival curves in Fig. 1c. The estimated LD,
for WT controls was 17.87 nM (95% CI 17.10-18.64 nM),
whereas for RTS fibroblasts it was 10.95nM (95% CI
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10.58-11.32 nM) compared to 5.86 nM for BLM (95% CI
5.36-6.36 nM) and 11.47 nM for WS (95% CI 9.67-13.28
nM) as shown in Fig. 1d. These represented a 1.6-fold
decrease in LD, for both RTS and WS and a 3.0-fold
decrease for BS cells compared to WT controls.

Doxorubicin

RTS fibroblasts were more sensitive to DOX compared to
WT controls, but less so than AT sensitive control cells at
concentrations between 0.125 and 1 uM, as shown in the
survival curves in Fig. le. The LD, for WT controls was
0.40 uM (95% CI 0.38-0.41 uM), whereas for RTS fibro-
blasts it was 0.27 pM (95% CI 0.26-0.28 M) compared to
0.19 uM for AT fibroblasts (95% CI 0.18-0.21 pM) as

@ Springer

shown in Fig. 1f. These represented a decrease in LD, of
1.5 and 2.0-folds for RTS and AT cells, respectively, com-
pared to WT controls.

RECQL4-deficient RTS cells have modest sensitivity
to UV, ionizing radiation, and cisplatin compared to wild
type fibroblasts

UV radiation

The survival curve for RTS fibroblasts treated with UV at
doses between 3 and 9 J/M? was closer to WT control
fibroblasts compared to XP-D sensitive controls
(Fig. 2a). The estimated LD, for WT controls was
7.25 JIM? (95% C17.08-7.71 J/M?), while for RTS it was
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6.82 J/M? (95% CI 6.69-6.94 J/M?), and for XP-D it was
0.19 J/M? (95% CI 0.18-0.21 J/M?) as shown in Fig. 2b.
These represented a 1.2-fold decrease in LD, for RTS
and a 38.2-fold decrease for XP-D cells compared to WT
controls.

Ionizing radiation

Similar to UV, the survival curve for RTS fibroblasts
treated with IR at doses between 0.83 and 3.33 Gy was
closer to that of WT control fibroblasts compared to AT
sensitive controls (Fig. 2c). The estimated LD, value of
WT controls was 2.35 Gy (95% CI 2.17-2.54 Gy), while
for RTS it was 1.95 Gy (95% CI 1.80-2.09 Gy), and for

AT it was 1.00 Gy (95% CI 0.86-1.14 Gy) as shown in
Fig. 2d. These represented a 1.2-fold decrease in LD, for
RTS and a 2.4-fold decrease for AT cells compared to WT
controls.

Cisplatin

For CDDP treatment, although we did not have sensitive
control cells, we observed that RTS fibroblasts had survival
curves close to WT control fibroblasts at concentrations
between 0.5 and 2.5 pM (Fig. 2e). The estimated LD,
value of WT controls was 1.35puM (95% CI 1.28-
1.41 uM), while for RTS fibroblasts it was 1.15 uM (95%
CI 1.09-1.21 uM) as shown in Fig. 2f. This represented a
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Fig. 3 RTS fibroblasts show resistance to 4NQO compared to WT
controls. a Mean log percentage survival curves and SD for three inde-
pendent WT controls (closed square) or six independent RTS subjects

1.2-fold decrease in LD, for RTS compared to WT
controls.

RECQLA4-deficient RTS fibroblasts are resistant
to 4-nitroquinoline 1-oxide compared
to wild type fibroblasts

RTS fibroblasts were relatively resistant to 4NQO com-
pared to WT control fibroblasts, while BS and WS positive
controls were more sensitive at concentrations between 10
and 80 nM, as shown in the survival curves in Fig. 3a. The
estimated LD, value of WT controls was 26.73 nM (95%
CI 24.58-28.89nM), and for RTS fibroblasts it was
47.83 nM (95% CI 44.58-51.07 nM). The LD, for BS
was 16.11 nM (95% CI 14.54-17.69 nM), and for WS it
was 12.71nM (95% CI 11.12-14.31 nM) as shown in
Fig. 3b. These represented an increase in LD, of 1.8-fold
for RTS and a decrease of 1.7 and 2.1-folds for BS and WS
cells, respectively, compared to WT controls.

Discussion

In summary, we have shown that RECQL4-deficient pri-
mary fibroblasts from RTS patients demonstrate hypersen-
sitivity to HU, CPT, and DOX, modest sensitivity to UV,
IR and CDDP, and relative resistance to 4NQO compared
to WT controls. While there have been a few other studies
of the cellular sensitivity of RECQLA4-deficient cells to
genotoxic agents, this is to our knowledge the first system-
atic study of the sensitivity of multiple RTS primary fibro-
blasts derived from patients with known deleterious
mutations in the RECQILA4 gene to a panel of agents that
inhibit replication or cause DNA damage using a standard-
ized colony survival assay. This approach offers the advan-
tage of avoiding confounding effects resulting from
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immortalization of cells or from other genetic loci causing
the RTS phenotype in addition to RECQL4, minimizing
any aberrant phenomenon stemming from any single RTS
patient, and perhaps more accurately reflecting what may
be occurring in vivo in humans with RTS.

The RecQ helicases as a group have been shown to play
a general role in replication. More specific functions have
been delineated for BLM and WRN, including replication
repair to ensure the faithful resolution of structural abnor-
malities that arise during replication, such as those that
occur when replication forks encounter DNA lesions.
Recent studies of RECQL4 show that it also plays a role in
the initiation of DNA replication as well as cell cycle pro-
gression (Bachrati and Hickson 2008; Hanada and Hickson
2007; Sangrithi et al. 2005). Thus, sensitivity of RECQ-
deficient cells to agents that inhibit replication is consistent
with these described functions. Similar to WS and BS-defi-
cient fibroblasts, RECQL4-deficient RTS fibroblasts in our
study showed increased sensitivity to HU, CPT and DOX.
Cell cycle profiles of untreated RECQL4-deficient RTS
fibroblasts by flow cytometry, however, appeared similar to
WT controls (data not shown). The sensitivity of RTS
fibroblasts to these three agents was to a lesser degree than
that seen in BS or WS fibroblasts. This may be attributable
to differences between RECQL4 and the other RECQ mem-
bers in terms of structure and function. Although it pos-
sesses the conserved helicase domain and possesses
ATPase activity, the RECQL4 protein appears to lack heli-
case activity (Macris et al. 2006; Sangrithi et al. 2005),
unlike WRN and BLM. In addition, the RECQL4 gene’s
NLS is located in its amino terminus in contrast to the car-
boxy terminus in WRN and BLM (Burks et al. 2007; Woo
et al. 2006). Therefore, differences in response to inhibitors
of replication between RTS-deficient cells and BLM- or
WRN-deficient cells may be attributable to these differ-
ences in helicase activity or gene structure. Another possible
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explanation for the intermediate effect in RTS cells is that
the cells from RTS patients possess residual RECQL4
activity. Based on studies in both mouse (reviewed in
Dietschy et al. 2007) and Xenopus (Sangrithi et al. 2005), it
appears that complete loss of RECQL4 function is lethal,
while mutant proteins derived from truncating mutations
are partially active due to retention of the SId2 homology
region near the N-terminus of the protein in the Xenopus
model. This is corroborated by the fact that in none of the
RTS patients studied thus far do both alleles carry far 5’
mutations, and no whole gene deletions have been identi-
fied. Thus, the potential for expression of truncated or mis-
sense proteins to convey hypomorphic effects in the RTS
cells used in our experiments may account for the interme-
diate response to replication inhibitors compared to BLM
and WRN cells, but this remains to be experimentally veri-
fied. Thus far no biochemical or genetic evidence exists to
prove that truncated proteins are expressed. Western blots
on RTS subjects with RECQL4 mutations on both alleles
showed no bands (data not shown), but these were per-
formed using a C-terminal RECQL4 antibody, so truncated
proteins may not have been detected.

The resistance of RTS cells to 4NQO is a unique and
unanticipated finding. The exact mechanism of action of
4NQO is not clear, but it is known to be metabolically acti-
vated to 4-hydroxyaminoquinoline-1-oxide. The latter
reacts with DNA to form purine adducts. Similar to UV
photolesions, 4ANQO DNA adducts are removed by the
NER pathway in normal human cells (Zelle and Bootsma
1980). 4NQO also generates substantial amounts of reac-
tive oxygen species in the cell, thereby producing DNA
strand breaks and alkali-labile sites (Nunoshiba and Dem-
ple 1993). In addition, it induces formation of irreversible
topoisomerase cleavage complexes (Topl cc) that are con-
verted into DNA breaks, similar to CPT (Miao et al. 2006).
Interestingly, this is the only drug tested to which RTS cells
had an opposite response compared to WRN and BLM
cells, which may provide some direction into study of the
functional differences between RECQL4 and the other
RECQ helicases. Previous papers have shown that BLM
and WRN are hypersensitive to 4NQO (Hisama et al. 2000;
Miao etal. 2006; Poot etal. 2002a; Prince et al. 1999;
Rodriguez-Lopez et al. 2007), except for one report by
Honma et al. demonstrating that BLM cells were resistant
to this agent (Honma et al. 2002). However, these research-
ers used EBV transformed lymphoblastoid cell lines and
indirectly demonstrated cytotoxicity through relative pro-
liferation, calculated as cell density of the treated versus the
non-treated culture, whereas our study used primary
untransformed fibroblasts and clonogenic survival assays.
Why defects in RECQL4 result in “resistance” to this car-
cinogen remains a question. RTS cells are not hypersensi-
tive to UV compared to XP-D cells, indicating that

RECQLA4 is not likely to play an important role in NER
pathways, which is also suggested by the fact that RTS
cells are not hypersensitive to CDDP. Perhaps the response
of RTS cells to 4NQO relates to this drug’s ability to generate
reactive oxygen species, although RTS cells would then be
predicted to be more sensitive to this agent based on previ-
ous studies by other groups showing sensitivity of REC-
QLA4-deficient cells to oxidative stress (Werner et al. 2006;
Woo et al. 2006). Similarly, if RTS cells were prone to
forming Topl cc complexes, then they would be predicted
to be more sensitive to 4NQO given their increased sensi-
tivity to CPT (Miao et al. 2006). Alternatively, the relative
resistance of RTS cells to 4NQO but not to UV, which also
induces the NER pathway for repair, may indicate a defect
in the uptake or metabolic activation of 4NQO in RECQLA4-
deficient cells.

Previous case reports of UV sensitivity in RTS cells
(Park et al. 2006; Shinya et al. 1993) along with the consid-
eration of RTS as a DNA damage repair disease similar to
ataxia—telangiectasia, have impacted the clinical manage-
ment of patients with RTS. For example, some patients
have been advised major lifestyle alterations based on sun
avoidance, while others diagnosed with cancer have
received decreased doses of chemotherapy based on the
assumption that RTS patients would not be able to tolerate
DNA damaging chemotherapeutic agents at standard doses.
Our results show that RTS-deficient fibroblasts do not dem-
onstrate hypersensitivity to ionizing or UV radiation of the
magnitude displayed by AT or XP-D cells, respectively,
compared to WT cells. Although the difference in sensitiv-
ity of RTS cells to UV, IR and CDDP compared to WT
cells was statistically significant based on LD, values, the
magnitude of the difference compared to AT and XP sen-
sitive controls cells is much lower. Similarly the magnitude
of difference in RTS versus WT cells with these agents is
less than that seen with HU, CPT and DOX treatments.
These findings are consistent with observations by Hoki
et al. who tested the sensitivity to IR and UV of MEFs
derived from Recql4 mutant mice that had skipping of exon
13. No statistically significant difference in sensitivity to
either form of radiation was found between WT, heterozy-
gous or homozygous mutant Recql4 MEF lines. The cur-
rent findings are also consistent with clinical data from our
cohort of RTS patients who do not demonstrate a signifi-
cant or persistent history of erythema, blistering, or peeling
after sun exposure (data not shown). Thus, patients with
RTS need not practice complete sun avoidance, but would
benefit from sensible use of sunscreens and reasonable UV
exposure.

Another clinical issue that has been debated is the poten-
tial risk of radiation exposure from radiologic screening for
osteosarcoma in RECQL4 mutation positive RTS patients,
who are at significantly increased risk of developing this

@ Springer



652

Hum Genet (2008) 123:643-653

tumor (Wang et al. 2003). While our results do not argue
for or against screening, they do provide some evidence
that RTS patients may not be much more sensitive to IR
than the general population, unlike AT patients, and that IR
hypersensitivity would not serve as a strong argument
against radiographic screening. Two of the main chemo-
therapy agents used for the treatment of osteosarcoma are
DOX and CDDP. In our studies, RTS cells demonstrated
hypersensitivity to DOX but less sensitivity to CDDP. This
is consistent with clinical studies of toxicities of cancer
therapy in RTS patients treated for osteosarcoma, in whom
side effects in the form of mucositis after DOX treatment,
but no apparent increased toxicities to CDDP were
observed (Hicks et al. 2007).

While our results show that RECQL4-deficient cells are
more sensitive to agents that block replication compared to
agents that predominantly cause damage requiring double
strand break or nucleotide excision repair mechanisms,
these data do not preclude the involvement of RECQL4 in
these repair processes. Other groups have shown in differ-
ent experimental systems that RECQL4 may play a role in
the repair of double-stranded DNA breaks and suppression
of homologous recombination (Bagherieh-Najjar et al.
2005; Kumata et al. 2007; Petkovic et al. 2005). It is likely
that RECQLA4, similar to the other RECQ proteins, carries
out multiple functions in the cell. The molecular mecha-
nisms underlying the differences in response of RECQLA4-
deficient cells to different genotoxic agents remain to be
elucidated. The results of our studies may provide addi-
tional insight into the functional differences between the
various RECQ helicase family members, and may also find
application to future studies aimed at understanding the
biologic and clinical differences between members of the
RECQLA4 spectrum of disorders.
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