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Helicases are the proteins that bind to double- or single-stranded DNA and/or RNA chains 
to unwind higher order structures, usually consuming energy from the hydrolysis of ATP 
molecules. The biological roles of helicases are associated with a variety of DNA and/or 
RNA metabolisms, including DNA-replication, -repair, -recombination, RNA processing, 
and transcription. Dysfunctions of helicases cause various diseases, such as xeroderma 
pigmentosum (XP), premature aging syndrome, cancer and immunodeficiency, in humans. 
Moreover, recent genetic analyses revealed that mutations in helicase-encoding genes are 
frequently found in patients of specific diseases. Some helicases regulate cellular senescence 
by controlling integrity of genomes, and others play a role in neuromuscular functions 
presumably by modulating processing of mRNAs. However, the molecular mechanisms of 
how helicases are regulated in order to maintain our health are not yet fully understood. 
In this research topic, we will focus on the expression and functions of helicases and 
their encoding genes, reviewing recent research progresses that provide new insights into 
development of clinical and pharmaceutical treatments targeting helicases.
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Recent progress in pharmaceutical sciences has made it possi-
ble for us to live longer and longer. For example, antibiotics
and vaccines have been developed that were successfully admin-
istered to patients with infectious diseases. A number of effec-
tive drugs for specific diseases could be purified from natural
resources or created by chemical synthesis, and recent recom-
binant DNA technologies have brought about antibody-drugs.
It seems increasingly possible that a treatment for every disease
could be established in the near future. Nevertheless, prevention
or remedies for inherited age-related diseases, including cancer,
have not yet been completely established. However, recent pro-
gresses in human genetics and molecular biology revealed that
premature aging is caused by mutations on DNA helicase encod-
ing genes (Bernstein et al., 2010). These exciting findings have
encouraged scientists to research mechanisms of the age-related
diseases.

DNA/RNA helicases are enzymes that unwind DNA/DNA,
DNA/RNA, and RNA/RNA duplexes to execute and regulate
DNA replication, recombination, repair, and transcription (Patel
and Donmez, 2006). To date, numerous genes have been iden-
tified to encode helicases. Importantly, genetic studies have
revealed that mutations in some of these genes are associated
with certain human diseases, including Xeroderma Pigmentosum
(XP), Cockayne Syndrome (CS), and Werner Syndrome (WS)
(Puzianowska-Kuznicka and Kuznicki, 2005). Given that helicases
play an important role in the regulation and maintenance of chro-
mosomal DNAs, it might not be so difficult to understand that
their dysfunction leads to unfavorable states. Nuclear events, such
as nucleotide excision repair (NER), transcription coupled repair
(TCR), and telomere maintenance, are thought to be individually
affected by XPB/XPD, CSA/CSB and WRN helicases, respectively
(Table 1). Because epigenetic changes and disruption of chromo-
somal integrity have been strongly suggested to correlate with
cellular senescence, these helicases may be important factors to
regulate aging and age-related diseases.

Despite great efforts being made to elucidate the properties of
helicases on a molecular and cellular level, it seems that the gap
from molecule to patient is still distant. In this research topic,
authors have described and discussed the forefront of the heli-
case studies. It is very important to establish a molecular model of
how helicases interact with DNA repair machinery. In the research
topic, the properties of the FANCJ (BRIP1) that affect cancer and
Fanconi Anemia (FA) development have been summarized (Brosh
and Cantor, 2014). In order to assess the mechanisms of diseases,
including cancer, which are caused by dysfunctions of helicases,

Table 1 | Helicases that associate with human diseases.

Helicase (GENE ID) Disease References

BLM (BLM) BSa,b Ellis et al., 1995

CSA (ERCC8), CSB (ERCC6) CSa,d Henning et al., 1995

DDX11 (DDX11) Warsaw
breakage
syndromed

van der Lelij et al., 2010

FANCJ (BRIP1) FAb,c Levitus et al., 2005

IGHMBP2 (IGHMBP2) SMARD1d,
CMT2d

Grohmann et al., 2001;
Cottenie et al., 2014

IFIH1 (IFIH1) SLEe Robinson et al., 2011

MCM4 (MCM4) NKGCD, cancer Hughes et al., 2012;
Jackson et al., 2014

RECQ1/RECQL1 (RECQL) Cancer Sharma and Brosh, 2008

RECQL4 (RECQL4) RTSa,b Kitao et al., 1999

RTEL1 (RTEL1) HHSb,c,f Ballew et al., 2013

SETX (SETX ) ALS4d Chen et al., 2004

TWINKLE (c10orf2) MDS7d Spelbrink et al., 2001

WRN (WRN) WSa,b,f Oshima et al., 1996

XPB (ERCC3), XPD (ERCC2) XPb, CSa,d Sung et al., 1993; Hwang
et al., 1996

aPremature aging.
bCancer or risk of cancer.
cBone marrow failure.
d Impaired development of nervous system or deficiencies in neuromuscular

junctions.
eAutoimmune disease.
f Telomere shortening.

ALS, amyotrophic lateral sclerosis; BS, Bloom syndrome; CMT, Charcot-Marie-

Tooth disease; CS, Cockayne syndrome; FA, Fanconi anemia; HHS, Hoyeraal

Hreidarsson syndrome (Dyskeratosis congenita); MDS, Mitochondrial DNA

depletion syndrome; NKGCD, Natural killer cell and glucocorticoid deficiency

with DNA repair defect; SLE, systemic lupus erythematosus; RTS, Rothmund-

Thomson syndrome; SMARD1, spinal muscular atrophy with respiratory distress

type 1; WS, Werner syndrome; XP, Xeroderma pigmentosum.

several approaches could be applied. Genetic and expression
analyses of samples from patients will enable us to discuss the
alterations in both the quality of DNA and the quantity of RNA.
Therefore, diagnosis/prognosis of cancer or age-related diseases
will be possible by analyzing the RECQ1 (RECQL) gene expres-
sion (Sharma, 2014). Based on the concept that helicases play
important roles in the maintenance of chromosomal DNAs, novel
therapeutics will be applicable for cancer therapy with siRNAs
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of the RECQL1 (RECQL) and WRN DNA helicase-encoding
genes (Futami and Furuichi, 2015). The therapy is supported by
experimental results showing that siRNA of the RECQL could be
effectively applied for ovarian cancer treatment by inducing apop-
tosis (Matsushita et al., 2014). Structural analyses of the helicase
protein molecules will provide their precise function in the pro-
cess of DNA repair. The precise molecular structure models of
the WRN and BLM helicases will contribute for a development
of rational design of specific drugs to prevent aging and cancer
(Kitano, 2014). Moreover, establishment of iPSCs from heli-
case deficient cells will contribute to the clinical tests to develop
novel drugs that delay aging and age-related diseases (Shimamoto
et al., 2015). Furthermore, studies on RNA helicases, especially
those that are involved in immune responses, will contribute to
developing strategies against viral infections. It was shown that
DDX3 could be a novel therapeutic target for HIV-1 and HCV
replication (Ariumi, 2014). Importantly, IFIH1, which controls
anti-viral responses, will be a molecular target of diagnosis and
treatment for systemic lupus erythematosus (SLE) (Oliveira et al.,
2014). All these articles provide new insights into the molecular
pathology of the helicase-associated diseases. Further studies on
various helicases will not only contribute to diagnoses and treat-
ment of specific diseases (Table 1) but also to prevention and next
generation-therapeutics on cancer and age-related diseases.
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Werner syndrome (WS) is a rare human autosomal recessive premature aging disorder
characterized by early onset of aging-associated diseases, chromosomal instability, and
cancer predisposition. The function of the DNA helicase encoded by WRN, the gene
responsible for WS, has been studied extensively. WRN helicase is involved in the
maintenance of chromosome integrity through DNA replication, repair, and recombination
by interacting with a variety of proteins associated with DNA repair and telomere
maintenance. The accelerated aging associated with WS is reportedly caused by telomere
dysfunction, and the underlying mechanism of the disease is yet to be elucidated. Although
it was reported that the life expectancy for patients with WS has improved over the last
two decades, definitive therapy for these patients has not seen much development. Severe
symptoms of the disease, such as leg ulcers, cause a significant decline in the quality of
life in patients with WS.Therefore, the establishment of new therapeutic strategies for the
disease is of utmost importance. Induced pluripotent stem cells (iPSCs) can be established
by the introduction of several pluripotency genes, including Oct3/4, Sox2, Klf4, and
c-myc into differentiated cells. iPSCs have the potential to differentiate into a variety of cell
types that constitute the human body, and possess infinite proliferative capacity. Recent
studies have reported the generation of iPSCs from the cells of patients with WS, and
they have concluded that reprogramming represses premature senescence phenotypes in
these cells. In this review, we summarize the findings of WS patient-specific iPSCs (WS
iPSCs) and focus on the roles of telomere and telomerase in the maintenance of these
cells. Finally, we discuss the potential use of WS iPSCs for clinical applications.

Keywords: Werner syndrome (WS), accelerated aging, chromosomal instability, telomere dysfunction, induced

pluripotent stem cells (iPSCs), reprogramming, telomerase, premature senescence phenotypes

INTRODUCTION
Werner syndrome (WS) is a rare human autosomal recessive
disorder characterized by early onset of aging-associated dis-
eases, chromosomal instability, and cancer predisposition (Goto,
1997, 2000). Fibroblasts from patients with WS exhibit premature
replicative senescence (Salk et al., 1981b). WRN, the gene respon-
sible for the disease, encodes a RecQ-type DNA helicase (Oshima
et al., 1996; Yu et al., 1996; Goto et al., 1997; Matsumoto et al.,
1997) that is involved in the maintenance of chromosome integrity
during DNA replication, repair, and recombination (Shimamoto
et al., 2004; Rossi et al., 2010).

WRN is a member of the RecQ helicase gene family, and other
members of the family include BLM and RTS/RECQL4, which
are mutated in Bloom syndrome (BS) and Rothmund–Thomson
syndrome (RTS), respectively (Ellis et al., 1995; Kitao et al., 1999).
BS and RTS, along with WS, are characterized by chromosomal
instability, due to which RecQ helicases are considered to be the
guardian angels of the genome (Shimamoto et al., 2004; Bohr,
2008). There are five members in the RecQ helicase gene family,
including RECQL1 (Seki et al., 1994) and RECQL5 (Kitao et al.,
1998; Shimamoto et al., 2000), the mutations of which have yet to
be identified in human diseases.

Major clinical symptoms of WS include common age-
associated diseases, such as insulin-resistant diabetes mellitus, and
atherosclerosis. Recent advances in drug therapy for these diseases
are available and are known to increase the lifespan of patients
with WS. However, there is no effective therapy for intractable
features, such as severe skin ulcers leading to a decrease in qual-
ity of life (QOL), which is a serious problem in patients with
WS. Thus, there is an urgent need to develop a new treatment
strategy for this syndrome. Regenerative medicine, such as autol-
ogous cell transplantation, could be considered as one of the
therapeutic strategies for WS, and a potential choice is the use
of patient-specific iPSCs.

Somatic cell reprogramming follows the introduction of sev-
eral pluripotency genes, including Oct3/4, Sox2, Klf4, c-myc,
Nanog, and Lin-28, into differentiated cells such as dermal fibrob-
lasts, blood cells, and others (Takahashi and Yamanaka, 2006;
Takahashi et al., 2007; Yu et al., 2007; Aoi et al., 2008; Stadtfeld
and Hochedlinger, 2010; Okita and Yamanaka, 2011). Dur-
ing reprogramming, somatic cell-specific genes are suppressed,
while embryonic stem cell (ESC)-specific pluripotency genes
are induced, leading to the generation of induced pluripotent
stem cells (iPSCs) with undifferentiated states and pluripotency

www.frontiersin.org January 2015 | Volume 6 | Article 10 | 6

http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/Genetics/editorialboard
http://www.frontiersin.org/Genetics/editorialboard
http://www.frontiersin.org/Genetics/editorialboard
http://www.frontiersin.org/Genetics/about
http://www.frontiersin.org/Journal/10.3389/fgene.2015.00010/abstract
http://community.frontiersin.org/people/u/155956
http://community.frontiersin.org/people/u/203358
mailto:shim@hiroshima-u.ac.jp
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics_of_Aging/archive


Shimamoto et al. Reprogramming suppresses Werner syndrome phenotypes

(Stadtfeld et al., 2008). Somatic cell reprogramming generates
iPSCs characterized by pluripotency and infinite proliferative
potential similar to the ESCs, and this technology opens up new
possibilities for tailor-made regenerative medicine (Stadtfeld and
Hochedlinger, 2010; Okita and Yamanaka, 2011).

Recently, two groups reported the generation of iPSCs from
the cells of patients with WS and came to the similar conclusion
that reprogramming repressed premature senescence phenotypes
in WS cells (Cheung et al., 2014; Shimamoto et al., 2014). They
demonstrated the successful reprogramming of cells from patients
with WS into iPSCs with restored telomere function and stable
karyotypes, suggesting that the induction of the gene encoding
human telomerase reverse transcriptase (hTERT) during repro-
gramming suppresses telomere dysfunction in WS cells lacking
WRN. In this review, we summarize the findings of WS patient-
specific iPSCs (WS iPSCs) reported in the literature, and focus
on the roles of telomere and telomerase in maintenance of these
cells. We also review the recent progress in the clinical manage-
ment of WS and explore stem cell therapy as a new strategy for
WS treatment. WS iPSCs will provide opportunities not only for
a better understanding of the pathogenic processes and model-
ing of the complex features of WS, but also for drug screening as
well as the discovery and development of a new strategy for its
treatment.

FUNCTION OF WRN HELICASE
Prolonged S-phase and reduction in frequency of DNA replica-
tion initiation observed in WS cells have implicated the role of
WRN helicase in DNA replication (Hanaoka et al., 1983; Poot
et al., 1992). The fact that WRN helicase interacts with several fac-
tors involved in DNA replication, including RPA, PCNA, FEN-1,
and Topoisomerase I, supports this theory (Figure 1; Shimamoto
et al., 2004; Rossi et al., 2010). WS cells are hypersensitive to

a Topoisomerase I inhibitor, camptothecin (Okada et al., 1998;
Poot et al., 1999), and WRN nuclear foci induced by the DNA
damage caused by camptothecin are co-localized with RPA in
the S-phase (Sakamoto et al., 2001). In addition, WRN helicase
forms or unwinds the Holliday junction intermediate associated
with a regressed replication fork (Sharma et al., 2004; Machwe
et al., 2007). These observations suggest that the WRN helicase
is involved in the re-initiation of a stalled replication fork. WS
cells also show hypersensitivity to 4NQO that induces oxidative
damage (Gebhart et al., 1988). Since accumulation of oxidative
DNA damage is associated with aging, it is suggested that the
WRN helicase is associated with one of the oxidative repair mech-
anisms, base excision repair (BER), and is known to interact
with BER factors, polδ, polβ, PCNA, RPA, FEN-1, and PARP-
1 (Figure 1; Rossi et al., 2010). Furthermore, the WRN helicase
unwinds a BER substrate produced by uracil-DNA glycosylase
and AP endonuclease (Ahn et al., 2004). It is also known that
the helicase interacts with the double-strand break repair fac-
tors Ku, DNA-PKcs, and the Mre11-Rad50-Nbs1 complex, as
well as the telomeric DNA protecting proteins, TRF1, TRF2,
and POT1 (Figure 1; Shimamoto et al., 2004; Rossi et al., 2010).
Additionally, Tahara et al. (1997) reported abnormal telomere
dynamics in WS lymphoblastoid cell lines (LCLs) with weak or
no telomerase activity. These findings suggest that the WRN
helicase is involved in telomere metabolism. WRN helicase
is shown to resolve Holliday junctions (Sharma et al., 2004),
G-quadruplexes formed in telomere G-rich sequences (Mohaghegh
et al., 2001), and higher-ordered DNA structures, such as the
D-loop (Opresko et al., 2004). These DNA structures formed at
telomere ends must be resolved during DNA replication to be
accessible to DNA polymerases and telomerase, therefore, WRN
helicase might function in the resolution of higher order structures
in telomeric DNA.

FIGURE 1 | Function of WRN helicase. WRN helicase functions through interaction with factors involved in replication (RPA, PCNA, FEN-1, Topoisomerase I),
base excision repair (BER; polδ, polβ, PCNA, RPA, FEN-1, PARP-1), double-strand break repair (Ku, DNA-PKcs, Mre11-Rad50-Nbs1 complex), and telomere
maintenance, (TRF1, TRF2, POT1).
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ROLES OF TELOMERE IN REPLICATIVE LIFESPAN AND
IMMORTALITY
Telomeres, the ends of linear chromosomes in eukaryotes, are
ribonucleoprotein-containing specialized structures essential for
the protection of chromosomes from a sensing mechanism of
double-stranded DNA breaks (Chan and Blackburn, 2004). Mam-
malian telomeres are composed of TTAGGG repeat sequences,
while their specific binding protein complex, shelterin, is com-
posed of the six proteins TRF1, TRF2, RAP1, TIN2, POT1, and
TPP1. The chromosome ends are capped by t-loop structures
formed by the telomeric DNA and shelterin complex to pro-
tect them from DNA damage responses (Palm and de Lange,
2008). In normal human cells, progressive telomere shortening
occurs with each successive cell division because of the “end repli-
cation problem,” wherein regions of RNA primers involved in
lagging strand DNA synthesis at most chromosome ends can-
not be replaced with DNA during DNA replication (Harley et al.,
1990; Levy et al., 1992). Most of the cells in the human body,
such as terminally differentiated cells, have no detectable telom-
erase activity. Further, tissue stem cells such as hematopoietic
stem cells (Vaziri et al., 1994; Allsopp et al., 2001, 2003), epi-
dermal stem cells (Flores et al., 2005), and neural stem cells
(Ferron et al., 2004) do not exhibit substantial telomerase activ-
ity that can add telomeric repeats sufficient to prevent their
chromosomal ends from attrition with successive cell division,
which is a major cause of human and other organismal aging
(Blasco, 2007). On the other hand, germline stem cells and
cancer cells express high levels of telomerase that maintains
telomere length sufficient for their immortality (Flores et al.,
2006). The human telomerase holoenzyme complex consists of
a telomerase reverse transcriptase subunit, hTERT, and a tem-
plate RNA, TERC, which are the basic components required
for catalytic activity. (Egan and Collins, 2012) In addition, it
also consists of other accessory proteins, including dyskerin,
NHP2, NOP10, and NAF1 required for its assembly and stabil-
ity (Egan and Collins, 2012). Introduction of hTERT is necessary
and sufficient for the activation of telomerase in cells, as other
components are already expressed in most normal cells and tis-
sues (Nakayama et al., 1998; Chang et al., 2002). hTERT can
elongate telomeres, extend the lifespan of normal cells, and
immortalize cells such as dermal diploid fibroblasts (Bodnar et al.,
1998; Vaziri and Benchimol, 1998; Jiang et al., 1999; Morales et al.,
1999). Homologous recombination between telomeres, known
as ALT (alternative lengthening of telomeres) is an alternative
mechanism for the maintenance of telomere length, and has been
observed in subsets of cancer cells, telomerase-deficient ESCs
and iPSCs (Dunham et al., 2000; Niida et al., 2000; Wang et al.,
2012). These findings indicate that the telomerase-dependent and
-independent mechanisms of telomere maintenance are essential
for cellular immortality.

WS FIBROBLASTS EXHIBIT PREMATURE REPLICATIVE
SENESCENCE
Intrinsic DNA damage caused by the loss of WRN helicase could
activate stress responses leading to cellular senescence. Senescence
is defined as a state of permanent cell cycle arrest mediated by
the p53-p21Cip1/Waf1 and p16INK4A-RB pathways. It is one of

the tumor suppressor mechanisms exerted in cells that undergo
replicative aging with telomere attrition, generation of reactive
oxygen species, abnormal proliferation by oncogene activation,
and DNA damage activated by DNA damaging agents such as
ionizing radiation (Kuilman et al., 2010; Salama et al., 2014).
Stress-associated p38 mitogen-activated protein kinase is consti-
tutively activated in WS fibroblasts (Davis et al., 2005). Activation
of p38 is known to mediate cellular senescence in the presence of
elevated p21 levels (Haq et al., 2002; Iwasa et al., 2003), and p38
inhibitors can suppress premature senescence phenotypes of WS
fibroblasts by reducing p21 expression (Davis et al., 2005). These
observations indicate that p38 is a major mediator of the reduced
replicative lifespan of WS fibroblasts. Meanwhile, activation of
p38 also mediates induction of the senescence-associated secretory
phenotype (SASP; Freund et al., 2011) that is the hallmark of aging.
It is widely accepted that age-associated inflammatory responses
contribute to human aging mechanisms (Goto, 2008). WS fibrob-
lasts express inflammatory cytokines (Kumar et al., 1993), and WS
is associated with inflammatory conditions responsible for com-
mon age-associated diseases, such as atherosclerosis, diabetes, and
osteoporosis (Rubin et al., 1992; Murano et al., 1997; Yokote et al.,
2004a; Davis and Kipling, 2006). Taken together, these findings
suggest that premature replicative senescence with concomitant
induction of p21 and SASP, mediated by the activation of p38,
could be pathogenic hallmarks of WS.

TELOMERASE BYPASSES PREMATURE REPLICATIVE
SENESCENCE IN WS FIBROBLASTS
As mentioned previously, WRN helicase might play an impor-
tant role in telomere maintenance. This has been verified by
Crabbe et al. (2004) wherein, defects in WRN helicase caused
impairment of telomeric lagging-strand synthesis and accelerated
telomere loss during DNA replication. Moreover, the telomere
loss caused by mutation in the WRN gene involved telomere dys-
function such as chromosome end fusions (Crabbe et al., 2007).
It is postulated that the absence of WRN causes stalled replica-
tion forks at the sites of unresolved G-quadruplexes at the lagging
telomere, which would produce degradable substrates for factors
involved in DNA repair and recombination, leading to accelerated
telomere shortening (Figures 2A,B; Multani and Chang, 2007).
More importantly, telomerase prevented sister telomere loss (STL)
caused by defective telomeric lagging-strand synthesis and sup-
pressed chromosome end fusions in WRN-deficient cells (Crabbe
et al., 2004, 2007). These results demonstrate that telomerase can
provide WS fibroblasts with a complementation effect by adding
telomeric DNA “TTAGGG” to lagging telomeres that are lost dur-
ing replication (Figure 2C). Since telomerase is also known to
bypass premature replicative senescence in WS fibroblasts (Wyllie
et al., 2000), it is suggested that premature senescence in WS cells
might be caused by defects in telomeric lagging-strand synthe-
sis followed by telomere loss during DNA replication (Sugimoto,
2014).

PATHOLOGY IN RECENT WS PATIENTS AND THEIR LIFESPAN
Although WS patients usually grow normally until they reach the
late teens, they generally exhibit short stature during adulthood
due to impaired maturation. In their 20s and 30s, WS patients start
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FIGURE 2 |Telomerase bypasses premature replicative senescence in

WS fibroblasts. (A) G-quadruplexes at the lagging telomere are normally
unwound by WRN helicase, making it possible to complete replication of
lagging strand G-rich telomeres. (B) The absence of WRN causes stalled
replication forks at the sites of unresolved G-quadruplexes at the lagging
telomere, which would produce degradable substrates for factors

involved in DNA repair and recombination, leading to accelerated
telomere shortening. (C) Telomerase can add telomeric DNA “TTAGGG”
to lagging telomeres that are lost during replication in WS cells, which
overcomes the lack of WRN, enabling complete replication of lagging
strand G-rich telomeres. This figure is based on reference (Multani and
Chang, 2007).

to prematurely develop common age-associated diseases, includ-
ing cataract, graying of hair and hair loss, atrophic skin, skin
ulcers, abdominal fat accumulation, osteoporosis, insulin resis-
tant diabetes mellitus, hypogonadism, atherosclerosis, and cancer
(Epstein et al., 1966; Goto, 1997; Mori et al., 2001). Recent increase
in life expectancy of patients with WS as well as normal individuals
suggest that present-day environment, including diet and medi-
cal treatment, might have an effect in delaying and/or improving
common age-associated diseases. The clinical review of recent WS
case reports was updated in a recent study (Goto et al., 2013). In
addition, a nation-wide epidemiological survey was conducted in
Japan from 2009 to 2011 to elucidate the current clinical picture
of WS, as most patients suffering from this disease are of Japanese
origin (Takemoto et al., 2013).

It was found that from 2004 to 2008, patients with WS gen-
erally survived until their early 50s; this life expectancy is higher
than that in 1966 (below the age of 40), with malignancy and
cardiac infarction being the major causes of death (Goto et al.,
2013). Several symptoms such as short stature with stocky trunk,
bilateral cataracts, graying of hair and hair loss, osteoporosis, and
atherosclerosis are still the hallmarks of WS. Skin abnormalities
including atrophy, sclerosis, ulcers, pigmentation, and subcu-
taneous calcification have also been observed recently in most
WS patients. Endocrine and metabolic diseases including insulin-
resistant diabetes mellitus, hypogonadism, and hyperlipidemia are
constantly reported, but not observed in all patients with this
disease (Goto et al., 2013).

Our recent epidemiological survey revealed that progeroid
changes of the hair, bilateral cataracts, soft-tissue calcifica-
tions, and skin abnormalities, including atrophy and intractable
ulcers, are the most prominent diagnostic clinical features of WS
(Takemoto et al., 2013). Bird-like face and abnormal voice are also
the discriminating features of WS. The following features are not
observed in all WS patients but are critical symptoms: endocrine
and metabolic diseases, such as glucose and/or lipid metabolism
abnormalities; bone diseases, such as osteoporosis; atherosclero-
sis; hypogonadism; short stature; and malignancy (Okabe et al.,
2012; Onishi et al., 2012; Takemoto et al., 2013). These endocrine
and metabolic symptoms are common age-associated diseases in
normal individuals, and recent longevity in the general Japanese
population could be attributed to recent advances in medicine.
In the same way, the use of current medical care for the treat-
ment of the several critical symptoms of patients with WS might
increase their life expectancy (Yokote and Saito, 2008; Goto et al.,
2013).

CURRENT STRATEGIES FOR TREATMENT OF WS
Recent advances in drug therapy for common age-associated dis-
eases are also available for patients with WS. For example, in most
of these patients, insulin-resistant diabetes improved by adminis-
tration of the PPAR-γ agonist pioglitazone that is generally used
for the treatment of type 2 diabetes mellitus. In these cases,
pioglitazone ameliorated glycemic irregularities and hyperlipi-
demia as well as impaired insulin sensitivity (Yokote et al., 2004b;
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Honjo et al., 2008). Insulin-resistant diabetes is also improved by
treatment with the dipeptidyl peptidase-4 inhibitor sitagliptin in
patients with WS (Kitamoto et al., 2012; Watanabe et al., 2013).
Furthermore, hyperlipidemia is one of the predictors of coronary
artery disease in WS, and statins have been shown to address this
issue in patients with WS (Kobayashi et al., 2000). Since premature
senescence in WS cells seem to be caused by accelerated telomere
loss during DNA replication (Crabbe et al., 2007), the relation-
ship between telomere and these drugs should be considered in
the light of protection against aging. It was reported that a short
telomere length is a risk factor for coronary heart disease, which is
attenuated when combined with the intake of statins (Brouilette
et al., 2007). This may be corroborated by a previous finding which
suggests that statins prevent telomere dysfunction caused by the
loss of telomere repeat-binding factor, TRF2, in cultured endothe-
lial progenitor cells (Spyridopoulos et al., 2004). A PPAR-γ agonist
was reported to increase the expression of TRF2 and prevent apop-
tosis of endothelial progenitor cells (Gensch et al., 2007). Thus, it
is likely that improvement in the condition of patients with WS is
associated with the effects of these drugs.

INCREASED LONGEVITY AND QOL IN WS PATIENTS
As mentioned earlier, recent protocols for drug therapy in patients
with WS have led to an improvement in their lifespan. The average
life expectancy of patients with WS at the Chiba University hospital
has increased by more than 10 years from 1987 to 2007 (Yokote and
Saito, 2008), and a most recent record reported that the longest-
living patient had survived until the age of 64 (Yokote, Personal
communication). This retrospective study revealed that 7 of the 11
living patients with WS after 1997 had a history of taking statins
and/or pioglitazone, suggesting that medical procedures, possibly
improved by drug development, as well as early detection and
early intervention may increase the life expectancy of patients with
WS. However, improvement in the QOL of these patients is also
imperative, as skin ulcers are known to have a negative effect on it
(Goto et al., 2013).

Excruciatingly painful skin ulcers in patients with WS are con-
sidered to be caused by multiple factors, including dermal fragility
caused by a decrease in connective and fat tissues, a delay in wound
healing caused by impaired proliferative ability of dermal cells,
and poor circulation associated with diabetes and arteriosclerotic
lesions, and are extremely difficult to treat (Yeong and Yang, 2004;
Takemoto et al., 2013). Severe ulcers are commonly found in heels,
ankles, elbows, and other areas subject to pressure, and can be sur-
gically treated in some cases only (Yeong andYang,2004). However,
drug therapy including basic fibroblast growth factor spray, hydro-
colloid dressing, and PGE1 preparation have little effect on the
ulcers in WS, although it is reported that topical platelet-derived
growth factor-BB and the endothelin receptor antagonist bosen-
tan has shown some beneficial effects (Wollina et al., 2004; Noda
et al., 2011). Most deep and severe leg ulcers with necrosis require
amputations (Yeong and Yang, 2004; Goto et al., 2013). In spite
of the increase in the average of life expectancy in WS patients
due to the recent improvement in drug therapy for common age-
associated diseases, the decrease in QOL caused by excruciatingly
painful ulcers is still a major problem that needs to be addressed
in these patients.

Intractable skin ulcers also include diabetic ulcers, stasis ulcers,
arterial ulcers associated with arteriosclerotic obliteration and
Buerger’s disease, ulcers associated with connective tissue disease,
and radiation-induced ulcers. These ulcers might be treated with
debridement ointment under infection control for the enhance-
ment of granulation tissue with vascularization and connective
tissue repair (Brem and Lyder, 2004; Sorensen et al., 2004). If
the affected area contains necrotic tissue, surgical debridement
would be performed followed by skin grafting or flap as required
(Sorensen et al., 2004). However, as described above, ulcers in
patients with WS heal poorly because of atrophic connective
and fat tissues, impaired proliferative ability of dermal fibrob-
lasts, and poor circulation, leading to limited healing of skin
grafts and flap as a result of defective granulation tissue forma-
tion. At present, there is an urgent need to develop an effective
therapeutic strategy for the treatment of severe ulcers in patients
with WS.

TELOMERE REJUVENATION IN iPSCs BY REPROGRAMMING
Induced pluripotent stem cells are similar to ESCs, which are gen-
erated from individual somatic cells such as dermal fibroblasts,
blood cells, and other cell types by the introduction of several
pluripotency genes, including Oct3/4, Sox2, Klf4, c-myc, Nanog,
and Lin-28 (Takahashi and Yamanaka, 2006; Takahashi et al., 2007;
Yu et al., 2007; Aoi et al., 2008; Stadtfeld and Hochedlinger, 2010;
Okita and Yamanaka, 2011). Because of their ability to differenti-
ate into various cell types as well as their unlimited proliferative
potential, iPSCs, like ESCs, are expected to contribute to regenera-
tive medicine (Takahashi et al., 2007; Stadtfeld and Hochedlinger,
2010). However, unlike ESCs, iPSCs are generated from indi-
vidual patients, therefore, they can be applied to tailor-made
medicine based on syngeneic cell transplantation without allograft
rejection (Robinton and Daley, 2012; Lin et al., 2013; Takahashi
and Yamanaka, 2013). Moreover, disease-specific iPSCs that can
differentiate into multiple cell types can be used to resolve the
pathogenic processes of several diseases where cell types available
from patients are usually limited to patient-derived lymphocytes
and/or fibroblasts.

The reprogramming process includes several key events that
define the mechanism of reprogramming of somatic cells into
an ES-like state. One proposed idea separates the process into
three distinct phases in human and mouse (Figure 3; Samavarchi-
Tehrani et al., 2010; Golipour et al., 2012; David and Polo, 2014).
In the Oct3/4, Sox2, Klf4, and c-Myc (OSKM)-driven reprogram-
ming of mouse embryonic fibroblasts, changes in the expression of
genes related to the mesenchymal-to-epithelial transition (MET)
are observed in the initiation phase (Mikkelsen et al., 2008;
Samavarchi-Tehrani et al., 2010; David and Polo, 2014), along
with the loss of mesenchymal cell surface markers, CD44 and
Thy1, and a gain of the pluripotency markers, alkaline phosphatase
activity, and ESC markers (Stadtfeld et al., 2008; Samavarchi-
Tehrani et al., 2010; O’Malley et al., 2013; David and Polo, 2014).
MET is also observed in reprogramming of human fibroblasts.
Using Tra-1-60 positive intermediate reprogrammed cells, similar
events are observed during reprogramming of human fibroblasts
(Figure 3; Takahashi et al., 2014). MET-associated gene expres-
sion change occurs in early phage, where induction of epithelial
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FIGURE 3 |Telomere rejuvenation by reprogramming. The
reprogramming process is divided into three distinct stages; early stage,
transient stage, and late stage. Telomerase activation and telomere
elongation occur in the late stage by induction of telomerase reverse
transcriptase subunit and the telomerase RNA (TERC) component, which
induce telomere rejuvenation similar in length and their epigenetic state to
those of ESCs.

marker genes such as CDH1 and EpCAM, and suppression of mes-
enchymal genes including SNAI2, ZEB1, and FN1 is observed.
In transient stage, intermediate cells transiently express genes
related to the primitive streak, including BRACHYURY, MIXL1,
CER1, LHX1, and EOMES (Figure 3; Takahashi et al., 2014).
These events, along with the later phases, are directly or indi-
rectly regulated though the OSKM transcription network by which
chromatin decondensation, loss of suppressive histone modifica-
tion, DNA demethylation, and gain of active histone modification
are directed in the genes to be activated, while a concomitantly
opposite regulation is observed in the lineage-specific genes to be
inactivated (Apostolou and Hochedlinger, 2013; Buganim et al.,
2013; Papp and Plath, 2013). During late stage, activation of the
first pluripotency-associated genes, including endogenous Oct3/4,
Nanog, Sall4, and Esrrb, followed by subsequent activation of Sox2
and Dppa4 is essentially required to initiate the transformation
into pluripotent cells (Figure 3; Stadtfeld et al., 2008; Samavarchi-
Tehrani et al., 2010; Buganim et al., 2012; Golipour et al., 2012;
David and Polo, 2014; Takahashi et al., 2014). The cells activat-
ing the first pluripotency genes successfully shift into late stage
from transient stage, leading to the accomplishment of a full
reprogramming state that ensures sustained self-renewal ability
and differentiation potential. In late stage, successive passages are
required to eliminate small differences in gene expression profiles
between human iPSCs and hESCs, and to erase epigenetic mem-
ory derived from somatic cells used in reprogramming (David and
Polo, 2014).

Late stage also involves telomerase activation and telomere
elongation that provide somatic cells with infinite proliferative
potential (Figure 3; Takahashi et al., 2007; Stadtfeld et al., 2008;
Marion et al., 2009b; Wang et al., 2012). During the reprogram-
ming process, telomerase is activated by induction of telomerase
reverse transcriptase subunit (hTERT in humans) and the telom-
erase RNA component (TERC; Takahashi et al., 2007; Agarwal
et al., 2010; Ji et al., 2013), which are likely to be regulated

in stem cells by Wnt/β-catenin signaling with KLF4 and/or
TCF4 and OCT3/4 and NANOG, respectively (Agarwal et al.,
2010; Wong et al., 2010; Hoffmeyer et al., 2012; Zhang et al.,
2012). Although c-Myc is known to induce telomerase activ-
ity through direct activation of the hTERT gene (Wang et al.,
1998; Wu et al., 1999), it might be less involved in telom-
erase activation during reprogramming, because OSK of the
Yamanaka 4 factors without c-Myc is shown to generate iPSCs
with enough telomerase activity (Marion et al., 2009b). hESCs
have much longer telomeres with higher expression levels of
hTERT and stronger telomerase activity than the differentiated
cells (Thomson et al., 1998), and telomerase-dependent telomere
maintenance is critical for the growth of mammalian ESCs (Niida
et al., 1998). Telomere elongation accompanied by telomerase
activation occurs during reprogramming, leading to acquisition
of telomeres similar in length to those of ESCs after repro-
gramming (Marion et al., 2009b). iPSC generation also involves
epigenetic alterations to ESC-like states with reduced histone
codes associated with heterochromatin, and enhanced transcrip-
tion at the telomere loci. Elevated frequencies in telomeric sister
chromatid exchanges and telomere elongation were observed
even when old cells with shortened telomeres were used (Mar-
ion et al., 2009b). These observations indicate that telomeres
are rejuvenated toward an ESC-like state during reprogramming
(Figure 3).

However, telomerase-deficient cells with critically shortened
telomeres fail to be reprogrammed, suggesting that iPSC genera-
tion requires a minimum telomere length to be reprogrammed
(Marion et al., 2009b). Critically shortened telomeres resulting
from the progression of replicative aging in normal human cells
lose the protective function of the chromosomal ends and are
recognized as endogenous DNA damage. As a result, dysfunc-
tional telomeres induce DNA damage responses including the
activation of ataxia telangiectasia mutated (ATM), ATM- and
Rad3-related (ATR), and downstream CHK1 and CHK2 kinases,
as well as the phosphorylation of p53, inducing cellular senes-
cence via stimulation of the expression of the cyclin-dependent
kinase inhibitor (CDKI) p21 (d’Adda di Fagagna et al., 2003;
Herbig et al., 2004; Deng et al., 2008). It has been shown that
the activation of p53 significantly suppresses reprogramming effi-
ciency, known as the reprogramming barrier (Hong et al., 2009;
Kawamura et al., 2009; Li et al., 2009; Utikal et al., 2009), while
suppression of p53 improves the reprogramming efficiency in
cells with critically shortened telomeres (Marion et al., 2009a).
These findings demonstrate that activation of telomerase during
reprogramming plays a pivotal role not only in telomere elonga-
tion with chromatin state characteristic of ESCs, but also in the
restoration and maintenance of the protective functions of the
telomere at the chromosomal ends, in order to suppress DNA
damage responses.

iPSCs AS A POTENTIAL STRATEGY FOR WS TREATMENT
As described above, skin ulcers in patients with WS heal poorly,
and so far no effective therapy has been developed to treat them
or the other symptoms associated with WS. Thus, there is an
urgent need to develop a new treatment strategy in order to
improve the health and QOL of patients with WS. Understanding
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the molecular basis and development of therapeutics requires an
appropriate disease modeling system. Primary cells from affected
tissues of these patients are required for better understanding of
the pathogenic processes and complex features involved with this
disease. However, their use is usually limited to patient-derived
lymphocytes and/or fibroblasts, which are difficult to propagate in
culture for extended periods of time. Thus, regenerative medicine
such as autologous cell transplantation could be used as a thera-
peutic strategy for WS, which provides cells with high proliferative
ability and differentiation potential in large quantities over a long
period.

The skin, composed of epidermis and dermis, is one of the
main affected tissues in WS. A recent study demonstrated that
hESCs can generate a homogeneous population of epithelial cells
expressing postnatal keratinocyte markers in squamous epithe-
lia, and these hESC-derived keratinocytes could reconstitute a
functional pluri-stratified epithelium (Guenou et al., 2009). On
the other hand, human epidermal keratinocytes can reconstitute
stratified epithelium in culture, and it is known that expanded
culture of epidermal stem cells from a tiny skin biopsy can cover
the whole body surface of an individual, because of the high pro-
liferative potential of these cells (De Luca et al., 2006), thus raising
the argument as to whether pluripotent cell-derived epithelium
can be used for clinical purposes (Pellegrini and Luca, 2009). In
the case of WS, as the regenerative potential of adult skin cells is
expected to be hampered due to their impaired proliferative abil-
ity, the concerns over premature senescence phenotype in cells
from these patients might be eliminated by the development of
rejuvenated resources. Patient-specific iPSCs might be a potential
candidate that can meet these requirements. The epoch-making
invention of iPSCs has the potential to bring innovation to regen-
erative medicine as well as drug discovery, as these cells are known
to possess the ability to differentiate into all cell types, including
those belonging to the skin, hair root, blood vessel, bone, and
pancreatic islets.

GENERATION OF iPSCs FROM WS PATIENT CELLS
During the reprogramming process, both telomere and telom-
erase play protective roles at chromosomal ends against DNA
damage responses, causing a reprogramming barrier (Marion
et al., 2009a,b). Fibroblasts from patients with WS exhibit pre-
mature senescence caused by accelerated telomere loss during
DNA replication (Salk et al., 1981b; Crabbe et al., 2007). Thus,
it is interesting to note that forced expression of the telomerase
catalytic gene hTERT in WS fibroblasts bypassed the pheno-
type, raising the question as to whether WS fibroblasts can
be reprogrammed into iPSCs. In addition, there are doubts as
to whether WS iPSCs, if successfully generated, can maintain
hESC-like characteristics during long-term culture. Inconsis-
tent consequences of the generation of patient-specific iPSCs
from dyskeratosis congenita (DKC), another disease involving
telomere abnormalities, have been reported (Agarwal et al., 2010;
Batista et al., 2011). Batista et al. demonstrated that DKC iPSCs
presented with progressive telomere shortening and loss of
self-renewal ability in long-term culture (Batista et al., 2011).
Therefore, it is important to evaluate the properties of iPSCs

derived from the cells of the patient with telomere dysfunc-
tion over the long term. The findings from a recent study
by Cheung et al. demonstrating the successful generation of
disease-specific iPSCs from cells of patients with WS were
in accordance with one of our current works, leading us to
believe that reprogramming repressed premature senescence phe-
notypes in WS cells (Cheung et al., 2014; Shimamoto et al.,
2014).

WS iPSCs were generated from the patient’s fibroblasts and
were quite similar to normal iPSCs in their characteristics as
pluripotent stem cells, including their hESC-like morphology,
expression of pluripotency genes, and hESC-specific surface mark-
ers, global gene expression profiles, embryoid body (EB) formation
and subsequent differentiation into three embryonic germ lay-
ers, and teratoma formation. The WS iPSCs maintained their
telomeres with reactivation of endogenous telomerase by induc-
tion of hTERT as well as other components of telomerase, such as
TERC and DKC1, and were sustained in culture for more than 35
(Cheung et al., 2014) and 150 passages (Shimamoto et al., 2014)
without morphological changes and loss of growth capacity. These
observations indicate that induction levels of telomerase activity
during reprogramming are sufficient for generation and subse-
quent cloning and maintenance of iPSCs from WS fibroblasts
(Figure 4).

REPROGRAMMING SUPPRESSES PREMATURE SENESCENCE
PHENOTYPES AND GENOMIC INSTABILITY OF WS
FIBROBLASTS
Expression levels of senescence-associated genes including the
CDKIs as well as the SASP factors, were compared between WS
fibroblasts and WS iPSCs, because it is widely accepted that age-
associated inflammatory responses, including SASP, contribute to
human aging mechanisms (Goto, 2008). The results demonstrated
that in addition to the CDKI genes p21Cip1/Waf1 and p16INK4A, the
SASP genes such as IL-6, gp130, IGFBP5, IGFBP7, ANGPTL2,
and TIMP1 were highly expressed in cells of patients with WS as
compared with PDL-matched normal fibroblasts. However, the
expression levels of the same genes were suppressed in their iPSC
derivatives to the level generally seen in normal iPSCs. These
observations revealed that reprogramming suppresses and rejuve-
nates the premature aging phenotypes of WS fibroblasts (Figure 4;
Shimamoto et al., 2014).

WS is characterized by genomic instability and chromosomal
aberrations, including translocations, inversions, and deletions
that have been observed during culture of patient-derived cells
(Salk et al., 1981a). As the generation and subsequent mainte-
nance of iPSCs involve extensive cell division, WS iPSCs may
acquire additional chromosomal abnormalities during the pro-
cess. In one of our recent works, we performed a chromosomal
profiling analysis which indicated karyotype stability in WS iPSCs
in long-term culture (Shimamoto et al., 2014). We performed G-
banding stain and multicolor fluorescence in situ hybridization,
and showed that 3 of 6 WS iPSC clones had the same karyotypes
as their parental cells after approximately 100 passages, suggesting
that karyotypes of WS cells are stabilized following reprogram-
ming (Figure 4; Shimamoto et al., 2014). Normal human iPSCs
are known to acquire genomic instability with high incidence
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FIGURE 4 | Reprogramming suppresses premature senescence

phenotypes. (A) Accelerated telomere shortening during replication induces
telomere dysfunction and DNA damage response at the lagging telomere,
leading to induction of premature senescence and SASP following
chromosomal instability and upregulation of CDK inhibitors. (B)

Reprogramming involves induction of pluripotency and global epigenetic
alteration toward ESC-like state, which suppress senescence phenotypes
including CDKi and SASP. Reprogramming also overcomes the lack of WRN
through activation of telomerase, consequently inducing telomere elongation
and cellular immortality.

of additions, deletions and translocations (Martins-Taylor et al.,
2011; Taapken et al., 2011). Thus, given the genomic instability of
WS cells, these data reveal the unexpected maintenance of chro-
mosomal profiles in WS iPSC clones during long-term culture,
indicating the possibility of its application clinically, although
general risk factors, including genetic and epigenetic abnormal-
ities (Gore et al., 2011; Hussein et al., 2011; Lister et al., 2011; Pera,
2011) and the potential for tumorigenicity (Kiuru et al., 2009; Ben-
David and Benvenisty, 2011) and immunogenicity (Zhao et al.,
2011; Araki et al., 2013) must be taken into consideration.

RECAPITULATION OF PREMATURE SENESCENCE
PHENOTYPES IN DIFFERENTIATED CELLS
Differentiated cells including mesenchymal stem cells (MSCs) and
other cell types derived from WS iPSCs were examined to deter-
mine their roles as models of WS, because the WS iPSCs do not
exhibit any of the characteristic features of the syndrome. Che-
ung et al. demonstrated premature senescence of WS MSCs with
elevated expression levels of p53, p21, and p16; accelerated telom-
ere shortening; and impaired telomeric lagging-strand synthesis
that causes telomere loss and dysfunction (Cheung et al., 2014).
They also showed that WS iPSC-derived neural progenitor cells

(NPCs) expressing telomerase activity maintained telomere and
proliferative capacity with NPC phenotypes, and treatment with
telomerase inhibitor was seen to decrease growth and increase the
incidence of γH2AX in WS NPCs. These results, together with the
fact that hTERT rescues premature senescence and telomere dys-
function, suggest that premature senescence in WS MSCs is due
to insufficient levels of telomerase activity downregulated during
differentiation (Figure 5A). Thus, adequate telomerase activity
could maintain tissue stem cell function in WS (Cheung et al.,
2014).

Differentiated cells derived from WS iPSC EBs were also exam-
ined for their growth defects. We found that the cells underwent
premature senescence with a higher rate of SA-β-gal positive
cells, upregulation of p21 concomitantly with downregulation of
hTERT and induction of SASP genes (Figure 5A; Shimamoto et al.,
2014). Since EB-derived differentiated cells include a variety of cell
types originating from the three germ layers, these results suggest
that EB-mediated iPSC differentiation could provide a simple and
rapid method for the identification of cell lineages other than the
MSCs in WS.

ATM, a causative gene for premature aging syndrome ataxia
telangiectasia (AT) is required for the maintenance of stem cells
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FIGURE 5 | Healthy stem cells from gene-corrected WS iPSCs. (A) WS iPSC-derived stem cells with insufficient levels of telomerase activity induce
premature senescence and stem cell dysfunction. (B) Gene-corrected WS iPSCs can produce healthy stem cells by suppressing premature senescence
due to functional WRN helicase.

including hematopoietic and spermatogonial stem cells (Ito et al.,
2004; Takubo et al., 2008). Furthermore, the pathophysiology of
AT might be associated with dysregulation of the reservoir of adult
stem cell populations (Wong et al., 2003). Recent findings have
shown dysfunction of vascular smooth muscle cells (VSMCs) and
their progenitor SMCs in Hutchinson–Gilford Progeria syndrome
(HGPS; Liu et al., 2011; Zhang et al., 2011). Taken together, these
findings suggest that premature aging syndromes including WS,
AT, and HGPS are stem cell dysfunction-associated diseases.

GENE-CORRECTED WS iPSCs AND ITS CLINICAL
APPLICATION
Autologous cell transplantation can be selected as one of the ther-
apeutic strategies for treating the intractable symptoms of WS,
including skin ulcers. Clinical application of iPSCs requires unlim-
ited proliferative ability and differentiation potential into various
cell types with healthy conditions that could replace the affected
area. Although WS iPSCs are almost indistinguishable from nor-
mal iPSCs in many aspects, differentiated cells from WS iPSCs
manifest premature aging phenotypes (Figure 5A; Cheung et al.,
2014; Shimamoto et al., 2014). Thus, gene-corrected WS iPSCs
could offer a unique treatment strategy for patients with WS.
Recent progress in gene therapy and genome engineering tech-
nology provides powerful tools for genome editing, including
zinc-finger nucleases (ZFNs), transcription activator-like effec-
tor nucleases (TALENs), and RNA-guided engineered nucleases
derived from the bacterial clustered regularly interspaced short
palindromic repeat (CRISPR)-Cas system (Kim and Kim, 2014;
Li et al., 2014). This technology could be used for correction of
the disease-specific mutations in iPSCs by gene targeting (Yusa
et al., 2011; Suzuki et al., 2014) and establishment of disease-
specific iPSCs from wild-type iPSC lines (Soldner et al., 2011).
Because WS is inherited in an autosomal recessive manner, a sin-
gle gene-targeting event of specific mutations in WRN loci might
be sufficient for recovery from WS, which could be confirmed by
examining differentiated cells such as MSCs for the restoration of
telomere dysfunction and premature growth defects (Figure 5B).

In addition to the safety of iPSCs (Okano et al., 2013), evalua-
tion of whole-genome sequencing and epigenomic analysis will be
needed before their clinical application because WS patient cells
are reported to have chromosomal aberrations including translo-
cations, inversions, and deletions (Salk et al., 1981a). Furthermore,
the differentiation potential and corrected phenotypes in gene-
corrected WS iPSCs must be warranted for their clinical use.
For example, reconstituted epithelium might be clinically applica-
ble for skin ulcers after finding evidence that gene-corrected WS
iPSC-derived keratinocytes could form functional pluri-stratified
epithelium with fibroblast-containing fibrin dermal matrix in vivo
(Guenou et al., 2009).

CONCLUSION
Recent findings including ours, demonstrate that reprogramming
bypasses premature senescence and suppresses genomic instability
in WS cells, leading to sustained undifferentiated states with the
ability to differentiate into three embryonic germ layers over the
long term. It is noteworthy that WS iPSCs exhibited stable chromo-
somal profiles, and this unexpected property might be achieved by
the expression of the endogenous telomerase gene induced during
reprogramming. As normal iPSCs exhibited higher expression lev-
els of WRN protein than normal fibroblasts, WRN helicase might
have a role in chromosomal stability as well as telomere mainte-
nance in iPSCs. Thus, thorough safety tests, especially concerning
genetic and epigenetic abnormalities and the potential for tumori-
genicity, will be necessary before the clinical application of these
cells. The use of WS iPSCs will enhance our understanding of the
pathogenic processes and modeling of complex features associated
with WS. In addition, it can provide opportunities for drug screen-
ing and the discovery and development of new strategies for the
treatment this disease. Finally, although challenges and concerns
remain regarding the general safety and risk of iPSCs as well as
the WS-specific defects, a recent clinical trial using patient-specific
iPSCs at the RIKEN Center for Developmental Biology (CDB) will
encourage and promote stem cell research toward clinical appli-
cation (Reardon and Cyranoski, 2014), at the same time, we need
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to consider the results of the RIKEN CDB clinical trial in a calm
manner.
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RECQL1 and WRN helicases in the human RecQ helicase family participate in maintaining
genome stability, DNA repair, replication, and recombination pathways in the cell cycle.They
are expressed highly in rapidly proliferating cells and tumor cells, suggesting that they have
important roles in the replication of a genome. Although mice deficient in these helicases
are indistinguishable from wild-type mice, their embryonic fibroblasts are sensitive to DNA
damage. In tumor cells, silencing the expression of RECQL1 or WRN helicase by RNA
interference induces mitotic catastrophe that eventually kills tumor cells at the mitosis
stage of the cell cycle. By contrast, the same gene silencing by cognate small RNA
(siRNA) never kills normal cells, although cell growth is slightly delayed. These findings
indicate that RECQL1 andWRN helicases are ideal molecular targets for cancer therapy.The
molecular mechanisms underlying these events has been studied extensively, which may
help development of anticancer drugs free from adverse effects by targeting DNA repair
helicases RECQL1 andWRN. As expected, the anticancer activity of conventional genotoxic
drugs is significantly augmented by combined treatment with RECQL1- or WRN-siRNAs
that prevents DNA repair in cancer cells. In this review, we focus on studies that clarified
the mechanisms that lead to the specific killing of cancer cells and introduce efforts to
develop anticancer RecQ-siRNA drugs free from adverse effects.

Keywords: RecQ helicases, genome instability, mitotic catastrophe, RECQL1-siRNA, WRN-siRNA, anticancer drug

candidates, chemotherapy, DDS

INTRODUCTION
The RecQ helicase family is conserved in all organisms and partic-
ipates in maintaining the genomic integrity of cells. Microorgan-
isms, such as Escherichia coli and Saccharomyces cerevisiae, contain
only one RecQ helicase, but higher eukaryotes have more than
one RecQ helicase. In human cells, the RecQ helicase family com-
prises five DNA helicases: RECQL1 (also known as RECQL or
RECQ1), Bloom syndrome (BLM), Werner syndrome (WRN),
Rothmund–Thomson syndrome (RTS; also known as RECQL4)
and RECQL5 (Furuichi, 2001; Hickson, 2003; Shimamoto et al.,
2004). These RecQ helicases are expressed in the nucleus, partici-
pate in DNA repair during cell proliferation and are up-regulated
at the time of DNA replication (Kawabe et al., 2000; Brosh, 2013).
BLM, WRN, and RTS syndromes are recessive genetic disorders of
humans caused by loss of function by BLM (Ellis et al.,1995), WRN
(Yu et al., 1996), and RTS helicases (Kitao et al., 1998, 1999, 2002;
Lindor et al., 2000), respectively, and are characterized by genomic
instability in patient cells, predisposition to various cancers and
accelerated onset of aging phenotypes. RECQL1 and RECQL5
helicases, however, have no association with mutations of human
disorders.

The biochemical function of DNA helicase is to unwind double-
stranded DNA to single-stranded DNAs, responding to cellular
DNA metabolisms, such as DNA replication and repair of DNA
damage (Sharma et al., 2006; Bernstein et al., 2010). Cells in the

process of replication have various endogenous DNA damage in
the chromosomes resulting from base-mismatch, deletion, DNA
double-strand break (DSB) or from replication errors caused by
stalled replication forks and other anomalous DNA structures,
such as G-quadruplex (G4) DNA. DNA damage also includes
damages generated exogenously by environmental mutagens, such
as ionic radiation, reactive oxygen, and genotoxic compounds.
Thus, the process of DNA replication associates with many errors
that expose growing cells to a risk of acquiring mutations. In
proliferating cells, however, cellular DNA damage checkpoints
coordinate an arrest at G1, intra-S, and G2 of the cell-cycle
to allow the DNA repair process to eventually avoid mitotic
catastrophe or mitosis of cells having unrepaired DNA damage.
Thus, the cellular systems responsible for genome stabilization,
such as DNA repair pathways and cell-cycle checkpoint func-
tions, are indispensable for survival and proliferation of cells
(Zhou and Elledge, 2000; Nyberg et al., 2002; Helleday et al.,
2008). The DNA repair system contains various reactions, such
as nucleotide excision repair, base excision repair, homologous
recombination (HR), and non-homologous end joining (NHEJ)
recombination pathways, mismatch repair pathways, and telomere
maintenance for genomic integrity, in all of which RecQ heli-
cases are considered to participate. Each member of the RecQ
helicase family may achieve specific tasks by interaction with
DNA repair pathway proteins (Hickson, 2003; Sharma et al., 2006)
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to cope with various types of DNA damage. Perhaps, accumu-
lation of DNA damages is the most serious problem for cells
because it causes cell mutagenesis, cell lethality, carcinogene-
sis, aging, and various other disorders. In this context, studies
with retrovirus integration into host chromosomes and compu-
tational simulation have clearly shown that a single unrepaired
DSB is sufficient to kill a cell deficient in DNA repair (Daniel
et al., 2001). Regulation of the cell cycle and genomic integrity
has also an important role in preventing carcinogenesis and
in acquiring chemo-resistant malignancy in cancer cells; conse-
quently, inhibition of these pathways in cancer cells provide a
viable approach to manage cancer therapy (Helleday et al., 2008;
Kelly and Fishel, 2008).

Among cellular DNA damage-responding elements, RecQ heli-
cases directly participate in a specific DNA repair pathway and have
important roles in DNA damage signaling (Frei and Gasser, 2000;
Opresko et al., 2004; Pichierri et al., 2011). Based on the clarified
roles of DNA helicases in the pathway of DNA repair in cancer
cells, a number of strategies are suggested to fight against can-
cers by modulation of helicase activity (Gupta and Brosh, 2008;
Brosh, 2013).

In this review, we pay special attention to recent studies
on RECQL1-siRNA and WRN-siRNA that down-regulate the
expression of RECQL1 and WRN helicases, respectively, and
exert a tumor-specific killing effect on a wide range of tumor
cells.

INCREASED EXPRESSION OF RecQ HELICASES IN CANCER
CELLS
The expression of all RecQ helicases, except RECQL5, increases
when resting B cells of humans are transformed to rapidly grow-
ing B-lymphoblastoid cell line (LCL) cells by Epstein–Barr virus
(EBV) infection (Table 1). This high expression of RecQ heli-
cases seems to be coordinated with an increased growth rate
or with augmented malignancy of tumor cells (Kawabe et al.,
2000), and provides a basis for searching specific inhibitors of
individual RecQ helicases. The copy number of RECQL1 and
WRN helicases increases nearly 10-fold when B-LCLs are trans-
formed from a resting state to a rapidly growing state by EBV
infection, and then it is further increased several-fold after the
cells are transformed to an immortalized cell state in association
with a simultaneous expression of telomerase activity (Table 1).
This continuous up-regulation of RecQ protein expression in
malignant B-LCLs (up to nearly 100-fold) may reflect the need
of an increased DNA damage response to resolve replicative
lesions that arise in highly proliferative cell states, which may
occur in other cellular systems as a consequence of oncogene-
activated growth signals. Indeed, Slupianek et al. (2011) showed
that BCR-ABL induces WRN mRNA and protein expression by
c-MYC-mediated activation of transcription in chronic myeloid
leukemia cells. Alternatively, the increased expression of DNA
helicase may overcome the impaired checkpoint function of can-
cer cells that results from inactivation of relevant proteins by
mutation or are down-regulated by selection of cells in favor
of proliferation. Accordingly, inhibitors of helicase activity or
RNA interference (RNAi)-mediated acute depletion of helicase
should act as an intervention to increase replication lesions and

Table 1 | Copy number of RecQ helicases in resting B cells,

EBV-transformed LCL cells and telomerase-positive immortal LCL

cells.

Cells WRN BLM RTS RECQL1 RECQL5

Resting B cells

(N0008R)

1,200 330 120 2,100 340

Pre-immortal LCL

cells (N0008T)

94,000 27,000 1,100 15,000 330

Post-immortal LCL

cells (N68031M)

200,000 33,000 1,000 21,000 330

The copy number of each RecQ helicase was determined by quantitative
immunoblotting versus standard recombinant RecQ helicases. Each numeral rep-
resents a mean of duplicated samples. Reprinted from the paper by Kawabe et al.
(2000).

also leave DNA damage unrepaired to selectively kill cancer
cells. In fact, both specific small molecular weight inhibitors of
RecQ helicases (Aggarwal et al., 2011, 2013; Rosenthal et al., 2013;
Shadrick et al., 2013) and RNAi-mediated gene silencing with
siRNA suppress the growth of cancer cells in various model sys-
tems. In the following sections, we introduce both cases, while
placing a greater emphasis on the recently established RNAi-
mediated strategy that proved to act specifically on cancer cells
that contain impaired checkpoint functions and represent high
expressions of RecQ helicases (Futami et al., 2008a,c, 2010, Arai
et al., 2011; Mendoza-Maldonado et al., 2011, Sanada et al., 2013;
Tao et al., 2014).

MITOTIC CATASTROPHE IN CANCER CELLS INDUCED BY
RNAi-MEDIATED SILENCING OF RecQ HELICASES
In cancer chemotherapy, mitotic catastrophe is an important
mechanism required to induce cell death by anticancer geno-
toxic agents (Roninson et al., 2001; Nitta et al., 2004). Cancer
cells with an impaired G2 checkpoint function, including deficien-
cies in p53, p21 and 14-3-3 activities, show increased sensitivity
to DNA-damaging agents, while normal cells that contain com-
petent G2 checkpoint activity are resistant to DNA damage
(Chan et al., 1999). Most cancer cells have a defective check-
point function, and so the cell cycle of cancer cells that have
DNA damage is transiently arrested at the metaphase without
segregation of chromosomes, and the arrested cells subsequently
undergo mitotic death. Attenuation of DNA repair capacity in
cancer cells is, therefore, an effective approach to selectively
kill cancer cells by using the differential capacity of check-
point function between normal and cancer cells (Figure 1).
Thus, inhibition of DNA repair may provide an opportunity
to selectively kill cancer cells by increasing the cytotoxicity of
DNA-damaging agents (and ionizing radiation) that is used for
chemotherapeutic intervention. Conventional cancer chemother-
apy drugs are used to induce excessive DNA damage beyond the
capacity of repair in cancer cells so that cancer cells undergo
cell death due to mitotic catastrophe caused by DNA damage
that remains unrepaired (Nitta et al., 2004). Mitotic catastro-
phe occurs in replicating cells that carry DNA damage through
cell cycle-mediated checkpoint regulation, and actively replicating
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FIGURE 1 | Increase in DNA damage in cancer cells by RECQL1

silencing. (A) Accumulation of DNA damage in RECQL1-siRNA treated
cells. Control siRNA(GL3-siRNA) treated HeLa cells (left panel) and
RECQL1-silenced HeLa cells (right panel) are shown. γH2AX, Detection of
DSB by staining with γH2AX antibody; SCE, sister chromatid exchange
regions shown by Δ. (B) Schematic representation of the mechanism
behind cancer cell-specific mitotic death by RECQL1 silencing with
RECQL1-siRNA. The boundaries set between the stage of cell cycles,
which are high in normal cells and low in cancer cells, represent an image
of the potency of checkpoint ability. G1, S, G2, and M are the stages of the
cell cycle. (C) Cancer cell-specific mitotic cell death induced by
RECQL1-siRNA. RECQL1 silencing in vitro was done in normal cells
(ARPE19 cells, left panel) and cancer cells ( HeLa cells, right panel) by
treatment with RECQL1-siRNA. Arrow heads show abnormal
chromosomes induced by RECQL1-siRNA transfection. In the right panel
(A–C) indicate the cells that died by mitotic catastrophe, M phase-arrested
cells and multinucleated cells, respectively. Parts of the data are reprinted
from the paper by Futami et al. (2008a).

cells are likely to be more sensitive to DNA damage than non-
replicating cells (Erenpreisa and Cragg, 2001; Vogel et al., 2007).
DNA damage formed endogenously during DNA replication
and additional DNA damage resulting from cancer chemother-
apy are all subjected to the cellular DNA repair system and are
removed if the repair system is not down-regulated. Inhibitors

of DNA repair pathways should augment the anticancer activ-
ity of chemotherapeutic drugs when such inhibitors are given in
combination with DNA-damaging drugs. As mentioned in a later
section, Futami et al. (2007) showed consistently that WRN-siRNA
that silences the expression of WRN helicase and inhibits DNA
repair increases the chemotherapeutic activity of camptothecin
(CPT) in HeLa cells. DNA lesions that persist in the S-phase of the
cell cycle inhibit progression of replication forks, resulting even-
tually in the formation of replication-associated DSBs of DNA
(Figure 1A). Thus, the RecQ helicase-mediated repair mecha-
nism must help replicating cells to remove DSB stress and prevent
cells from chromosomal instability, permitting cell survival, and
proliferation.

APPLICATION OF siRNA FOR DEVELOPMENT OF INNOVATIVE
ANTICANCER THERAPEUTICS
Many conventional anti-cancer chemotherapeutic drugs are small
molecular weight compounds and are designed to cause DNA
damage in cancer cells, including 5-FU fluorouracil nucleotides
(DNA modifying antimetabolite agents), CPT derivatives (topoi-
somerase inhibitors), platinum derivatives (DNA crosslinking
agents), Adriamycin or Doxorubicin (DNA intercalation), and
cyclophosphamide (DNA alkylation), bleomycin (DNA cleavage),
and mitomycin C (DNA crosslinking). Radiation therapy with
either X-ray or heavy ion irradiation causes cancer cells to have
DSBs by direct collision with DNA or by DNA oxidation with
hydroxyl radical ions derived from irradiated water molecules.
However, radiation therapy and DNA damaging chemicals used
in cancer chemotherapy have drawbacks by which such treat-
ments affect normal cells as well, often giving rise to severe
cytotoxic adverse effects. Long-term chemotherapy or radiother-
apy also induces cancer cells to become resistant to DNA damage
by increasing the ability to repair damaged DNA (Bouwman and
Jonkers, 2012).

As alternatives, siRNA drugs and micro-RNA (miRNA) drugs,
which use the principle of RNAi (Novina and Sharp, 2004), have
been considered as a new area of promise in anti-cancer ther-
apy (Duxbury et al., 2004; Zhou et al., 2006). The extremely high
specificity of siRNA to silence the expression of specified mRNA
targets has not only been reliably applied in a wide variety of
bio-medical research for gene silencing, but also has led to its
emergence as a novel class of pharmaceutical drugs. RNAi is a pow-
erful approach that can expand the anti-cancer strategy because
RNAi is a natural process that is not thought to perturb normal
cell physiology. Moreover, siRNA has outstanding pharmacolog-
ical properties (Vaishnaw et al., 2010) by which it can catalyze
the degradation of hybridized target mRNA, and, unlike other
low molecular weight compounds, it is stable in the cytoplasm of
transfected cells, existing in its intact structure for 1 week or more.
Thus, siRNA has the properties of (i) a high specificity in binding to
target mRNA, (ii) a unique catalytic profile in the mRNA degrada-
tion reaction and (iii) a stable biochemical nature in the cytoplasm
that permits effective siRNA concentrations as low as nanomo-
lar or less for more than a week, and (iv) siRNA transfection is
not too harmful to cells, such that siRNA-transfected cells could
be used to continue cell biological experiments. These excellent
properties of siRNA predict that siRNA therapeutics would
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not exert serious adverse effects on cancer-peripheral normal
cells.

We and others have tested candidate siRNA drugs that effec-
tively silence the expression of RecQ helicases to attenuate cellular
DNA repair activity. We studied the activity in vitro with cultured
cancer cells and in vivo with human cancer-bearing xenograft ani-
mal models (Futami et al., 2007, 2008a,c, 2010; Arai et al., 2011;
Mendoza-Maldonado et al., 2011; Tao et al., 2014). Recently, a
first-in-man phase 1 trial was completed in the oncology field
for a siRNA anti-hepatic cancer drug designed to silence two
different targets of vascular endothelial growth factor-A (VEGF-
A) and kinesin spindle protein (KSP) simultaneously (Tabernero
et al., 2013). In that study, siRNAs were formulated with lipid
nanoparticles and were administered by intravenous injection.
The results indicated that the siRNA-liposome complex is tol-
erated in humans, is incorporated in both hepatic cells and
tumor cells, and siRNA directs siRNA-sequence-matched cleav-
age of VEGF and KSP mRNAs in the cytoplasm of cells. This
pioneering phase1 clinical study provided pharmacodynamics
data that confirmed a safe siRNA-liposome complex and target
mRNA-specific down-regulation in cancer cells. All these stud-
ies paved the way to make siRNA drugs truly realistic in the near
future.

In the initial studies with a drug-oriented siRNA applica-
tion, siRNAs were recognized to activate innate immune cells by
Toll-like receptors, resulting in potent cytokine induction and
immunotoxicity (Judge et al., 2005). This immune-stimulatory
effect, generally associated with RNA, was thought to impair the
development of RNA therapeutics. However, subsequent efforts
clarified that immune recognition of siRNA is sequence-specific
and is moderated by facilitating sequence design or by appropriate
chemical modification of 2′-O-methylation at ribose moiety or
both that ameliorates the immune response (Hamm et al., 2010).

RECQL1 HELICASE AS THE TARGET OF ANTICANCER
THERAPY
BIOLOGICAL FUNCTIONS OF RECQL1 HELICASE
Of the five human RecQ helicase members, RECQL1 helicase
was characterized for the first time after isolation from human
cancer cells and was named RECQL1 after E. coli RecQ (i.e.,
RECQ-like human helicase number 1; Seki et al., 1994). Bio-
chemical and cell biological data show that RECQL1 helicase
unwinds DNA in vitro ATP-dependently, catalyzes base-matching
ATP-independently (Cui et al., 2003, 2004) and resolves Holliday
junctions during DNA replication in cell proliferation (Doherty
et al., 2005; LeRoy et al., 2005). RECQL1 is assumed to have a
role in DNA mismatch repair together with the human EXO1
and MSH2-MSH6 mismatch repair recognition complex (Doherty
et al., 2005). Popuri et al. (2014) recently found that human
RECQL1 participates in telomere maintenance.

RECQL1 is expressed ubiquitously in a wide variety of cells
and tissues participating in maintaining the genomic integrity
of cells. It is highly up-regulated in rapidly proliferating cells,
particularly in carcinoma cells originating from various organs,
including lung, liver, pancreas, colon, brain, ovary, and head-
and-neck cancers (Futami et al., 2008a,c, 2010; Arai et al., 2011;
Mendoza-Maldonado et al., 2011; Sanada et al., 2013; Tao et al.,

2014). Acute depletion of human RECQL1 by RNAi renders cells
sensitive to DNA damage and results in spontaneous increase
in DSB-mediated gamma-H2AX foci and increased sister chro-
matid exchanges (SCEs), suggesting an abrogation of DNA repair
(Figure 1A; Sharma et al., 2007; Futami et al., 2008a). Growth
arrest in cancer cells by RECQL1 depletion is characterized by
accumulation of unrepaired DNA damage and arrested cells at
the G2 or M cell cycle phases, resulting in mitotic cell death and
eventual decreased proliferation (Figures 1A,C).

As expected, RECQL1-silencing by RNAi technology also made
cancer cells sensitive to genotoxic drugs in vitro (Arai et al., 2011).
Mendoza-Maldonado et al. (2011) showed that human RECQL1
is highly expressed in biopsied glioblastoma tissues paralleled by
a lower expression of perilesional control cells in non-dividing
tissues. They showed that acute depletion of RECQL1 by RNAi
results in a significant reduction of cell proliferation, pertur-
bation of S-phase progression and an increase in spontaneous
gamma-H2AX foci formation in glioblastoma cells, which become
hypersensitive to anti-brain tumor drug HU or temozolomide
treatment. Berti et al. (2013) showed that RECQL1 helicase has
a specific role not shared with other DNA helicases in the restart
of stalled replication forks induced by CPT, the reaction of which
could be utilized as a new target in the search for anti-cancer
drugs. Although RECQL1-deficient mice are indistinguishable
from wild-type mice, their embryonic fibroblasts are sensitive to
ionizing radiation (Sharma and Brosh, 2007, 2008). The function
of RECQL1 helicase seems to be non-essential and complemen-
tary with other DNA repair helicases, because no human disease
is known to correlate with mutations in the RECQL1 gene.

Individual variations in DNA repair capacity affects the clin-
ical response to cytotoxic cancer therapy and overall survival of
patients. Li et al. (2006a,b) and Cotton et al. (2009) found that
polymorphism of A159C SNP at the 3′-untranslated region in
RECQL1 genes significantly affect the overall survival of patients
with resectable pancreatic cancer who were treated with adju-
vant or neoadjuvant chemoradiation using gemcitabine as the
radiosensor. Why the polymorphism at the non-coding region
of mRNA affects the clinical progonosis of patients is not clear,
but A159C SNP may function as a binding site for regula-
tory molecules that affect either splicing, translation efficiency,
or stability of RECQL1 mRNA. In this case, the gemcitabine
and radiation-induced DNA damage is likely to be repaired by
the RECQL1-mediated pathway; patients with the AA genotype
with A159C polymorphism showed a significantly longer sur-
vival time than those with the CC genotype, suggesting that
cancer cell species having the AA genotype are sensitive to DNA
damage stress, perhaps due to a reduced expression of RECQL1
helicase.

DNA repair has been termed a double-edged sword because
decreased DNA repair may increase the risk of developing cancer,
but, on the other hand, the decreased DNA repair of cancer cells
improves survival in patients when treated with DNA-damaging
agents. Generally, however, RECQL1 and other helicase genes
are not mutated or are epigenetically down-regulated in tumor
cells, and instead expression is most often up-regulated (Kawabe
et al., 2000; Futami et al., 2008a,b,c, 2010; Sanada et al., 2013).
Thus, RecQ helicases may be important survival factors for many
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tumors. The role of RecQ helicases in response to replication
stress suggests an ideal molecular target to selectively eliminate
malignant tumor cells by combined therapy with siRNA and
cancer chemotherapeutic agents.

IMMUNOHISTOCHEMICAL ANALYSIS OF RECQL1 EXPRESSIONS IN
CANCERS AND ITS RELATIONSHIP TO CLINICOPATHOLOGICAL
FEATURES OF CANCERS
The expression level of RECQL1 protein in hepato-cellular carci-
noma (HCC) cells obtained clinically was investigated to know
if the expression level of RECQL1 helicase is directly related
to the differentiation stage of HCC cells, malignancy of can-
cer cells and prognosis of patients (Futami et al., 2010). In the
relationship between RECQL1 expression and clinicopathological
features, RECQL1 expression (i) significantly correlates with histo-
logical grade and MIB-1 indices of HCC, (ii) is significantly higher
in simple nodular type HCC than extranodular type HCC, (iii) is
significantly higher in HCC with portal vein invasion than in HCC
without portal vein invasion, and (iv) is higher in HCC nodules
of diameter ≥2.0 cm than in HCC nodules of diameter <2.0 cm.
These data showed that RECQL1 could be used as a molecular
marker to evaluate the malignancy of HCC, although RECQL1
expression and other clinicopathological features in ovary can-
cers do not seem to relate to prognosis, including recurrence, and
survival time of patients.

In the case of ovarian cancers, an immunohistochemical study
was done to test if RECQL1 expression in cancer cells can diagnose
the type of cancer, such as serous type, endometrioid type, clear
cell type, and mucinous type (Sanada et al., 2013). The data of that
study showed that RECQL1 expression cannot distinguish type of
ovarian cancer, although a trend suggests that a high expression
associates with serous type and endometrical type cancers rather
than with clear cell type and mucinous type cancers.

ANTICANCER EFFECT OF RECQL1-siRNA/DDS IN VITRO AND IN VIVO
RECQL1-targeted siRNA suppresses the growth of a wide range of
cultured tumor cells at low concentrations around 10 nM. Micro-
scopic analysis showed that growth suppression is mainly due to
mitotic cell death after the cell cycling is arrested at the M phase
(Futami et al., 2008a, 2010). A few populations of cancer cells that
survive mitotic death undergo morphological changes to non-
dividing large cells that resemble the morphology of senescent
cells. Notably, this same treatment with RECQL1-siRNA does not
kill normal cells, such as ARPE-19, TIG3, WI38, and HUVEC cells
that grow rapidly, although normal cells treated with RECQL1-
siRNA slightly slow the growth rate. Thus, these experiments
showed that cancer cells are extremely sensitive to depletion of
RECQL1 and that cell growth is severely inhibited, as if the growth
of cancer cells is dependent on a high expression of RECQL1, but
non-cancerous cells and all normal cells tested are unaffected by
RNAi-mediated acute depletion of RECQL1 helicase. This event
was characterized as mitotic catastrophe that occurs during the
cell cycle of cancer cells deficient in the checkpoint system due to
accumulation of DNA damage caused by the absence of RECQL1
helicase (Futami et al., 2008a,c, 2010).

To apply this specific killing of cancer cells for clinical benefit in
anticancer chemotherapy, a series of experiments were carried out

with model mice inoculated with various human cancer cells and
RECQL1-siRNA formulated with cationic liposome LIC-101(Yano
et al., 2004). The results showed that RECQL1-targeted siRNA
can suppress tumor growth in many mouse xenograft models,
including lung, liver, pancreatic, colorectal cancer models and in
orthotropic hepatic cancer models (Figure 2A), as well as in nude
mice that have head and neck carcinoma (Futami et al., 2008a,c,
2010; Arai et al., 2011). Here, RECQL1-siRNA formulated with
cationic liposome LIC-101 did not show any noticeable adverse
effects.

In addition, RECQL1-siRNA increases the anticancer activity of
cis-platinum (II) diamine dichloride (CDDP), a DNA-damaging
cancer therapeutic, when they are administered together in a
murine model of hypopharyngeal xenografts that had been inoc-
ulated with notorious FaDu cancer cells. This co-treatment of
RECQL1-siRNA with CDDP increases DNA damage and cancer
cell death (Figure 2B; Arai et al., 2011). Thus, the anticancer strat-
egy using siRNA to attenuate the DNA repair function in cancer
cells is not only superb by itself in suppressing cancer cell growth
through mitotic catastrophe, but also the simultaneous treatment
of genotoxic agents increases DNA damage and thus increases the
efficacy of anticancer chemotherapy. Recently, Tao et al. (2014)
confirmed that RECQL1 silencing by overproduction of miR-203,
an miRNA that suppresses the expression of RECQL1, also leads
to a strong anticancer effect on squamous carcinoma cells both
in vitro and in vivo.

All these results clearly showed that RECQL1 helicase protein
and RECQL1 mRNA are excellent targets for cancer chemotherapy,
and that RECQL1-siRNA formulated with liposome, such as LIC-
101 liposome as a drug delivery system (DDS), is a promising
anticancer drug candidate. Selection of DDS, however, remains
to be a key issue in the development of potential siRNA drugs,
because it helps protect siRNA from degradation by ribonucleases
and delivers siRNA to specified tissues, organs, and cells.

WRN HELICASE AS THE TARGET FOR ANTICANCER THERAPY
BIOLOGICAL FUNCTION OF WRN AS DEDUCED FROM ABERRANT DNA
METABOLISM IN CELLS FROM WS PATIENTS
Werner syndrome is an autosomal recessive disease characterized
by premature aging and a high incidence of malignant neoplasms.
The causative gene WRN was identified as coding for DNA helicase
belonging to the RecQ helicase family (Yu et al., 1996). The WRN
protein (WRN) contains 3′->5′ exonuclease at the N-terminal
region in addition to 3′->5′ DNA unwinding helicase activity,
implicating its biological function in maintaining genomic sta-
bility by DNA repair. The biological function of each helicase in
the RecQ family can be deduced from the outcome of aberrant
DNA metabolism seen in patient cells that lack a particular RecQ
helicase. In the case of WRN helicase, chromosomal instability
associated with increased somatic mutation, large DNA deletions
(Fukuchi et al., 1989) and unusual dynamics in telomere shorten-
ing (Tahara et al., 1997; Sugimoto, 2014) have been found in cells
from WS patients, suggesting that WRN may participate in the
repair of DSB through HR and NHEJ repair pathways. Because
WS patients are highly predisposed to tumorigenesis, showing a
particularly higher incidence of non-epithelial tumors such as soft-
tissue sarcoma and benign meningioma than epithelial carcinoma
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FIGURE 2 | Anticancer effects of RECQL1-siRNA and WRN-siRNA.

(A) Time course experiments measuring the inhibitory effect of the
RECQL1-siRNA-LIC101 complex on the growth of Hep3B cancer nodules.
Open squares, red triangles and closed circles show mice treated with 10%
maltose solution as a control, NS(non-silencing)-siRNA/LIC101 complex and
RECQL1-siRNA/LIC101 complex, respectively. Arrow heads represent
injections made subcutaneously into cancer-bearing mice. The anticancer
effect of RECQL1-siRNA/LIC101 on Hep3B cancer-bearing mice is
represented visually. Panels (A–C) represent the size of cancer nodules
grown until 42 days after inoculation. Reprinted from the paper by Futami
et al. (2008b). (B) Anticancer effects of locally injected WRN-siRNA and
RECQL1-siRNA on head and neck squamous cell carcinoma, and the
synergistic effect made by the simultaneously intravenously injected
genotoxic platinum drug CDDP. Therapeutic effects of WRN-siRNA and
RECQL1-siRNA, and the combined effect with CDDP were examined in
human FaDu carcinoma-bearing mouse xenografts. NC, no siRNA addition;

GL3, GL3-siRNA; RECQL1, RECQL1-siRNA; WRN,WRN-siRNA. The right
panel shows immunohistochemical evaluations of WRN and RECQL1 proteins
expressed in surgically isolated cancerous regions of a human FaDu
carcinoma-bearing xenograft mouse model after treatment with injections of
the siRNA-atelocollagen complex. GL3-siRNA represents control siRNA that
does not inhibit the expression of WRN or RECQL1 helicases. WRN-siRNA
and RECQL1-siRNA treatments reduced the expression of WRN and RECQL1
proteins, respectively, stained by specific antibodies. Reprinted from the
paper by Arai et al. (2011) by courtesy of those authors. (C) Increased
cytotoxicity of anticancer drug camptothecin (CPT) in cancer cells by
co-treatment with WRN-siRNA. HeLa cells were transfected with a sub-lethal
concentration of WRN-siRNA and were treated with a serial dilutions of CPT
added after transfection. After 48 h of culture, the cell viability was monitored.
Reprinted from the paper by Futami et al. (2007). The half-lethal dose (LD
50%) of CPT was reduced by nearly ten-fold by treatment with WRN-siRNA
(10 μM). Reprinted from the paper by Futami et al. (2007).

that are seen frequently in normal subjects (Goto et al., 1996),
we hypothesized that WRN helicase could be a tumor suppressor
in normal subjects that prevents tumorigenesis of non-epithelial
cells and is required for the growth of carcinoma of epithelial
origin (Futami et al., 2008b). Earlier studies have clarified that
most mutations in WS patients generate the premature termina-
tion codon in WRN mRNA that explains the basis of the loss of
function of the WRN gene in WS patients (review by Shimamoto
et al., 2004).

In the case of the expression of RecQ helicases, five RecQ
helicase genes appear to be transcribed to mRNAs differentially

depending on the organ or tissue in normal subjects. WRN seems
to be expressed more or less tissue-specifically in pancreas, testis
and ovary, but RECQL1 is expressed ubiquitously in all tissues
(Kitao et al., 1998). Therefore, genomic instability in WS patients
caused by the loss of WRN function is predicted to occur severely
in tissues where WRN protein is most efficiently expressed in nor-
mal subjects. The characteristic clinical symptoms of WS patients,
such as diabetes mellitus and early hypogonadism in both male
and female WS patients, correspond well to organs in which
WRN helicases are expressed highly in normal subjects. In those
tissues or organs, DNA damage generated endogenously during
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DNA replication is not repaired in WS patients due to lack of the
functional WRN protein. A functional relationship seems to exist
between WRN and the replication checkpoint in normal cells, but
an inability of this crosstalk might contribute to induce genomic
instability, a common feature in senescent cells and cancer cells.
In the absence of functional WRN, a series of correlated out-
comes occurs, including replication arrest during cell cycling, slow
growth in cell proliferation, and incomplete DNA repair resulting
in many genomic deletions, all of which result in a decrease in
number of cells leading to deterioration of specified tissues rep-
resenting premature aging phenotypes referred to as segmental
progeroid syndrome (Martin, 1985).

ROLE OF WRN HELICASE IN TUMORIGENESIS
Transcription of the WRN gene is directed by a house-keeping SP1
promotor. An in vitro promotor analysis showed that WRN expres-
sion is attenuated by tumor suppressor p53 protein, suggesting that
WRN protein, which shows a putative tumor suppressor function,
decreases in p53-enriched senesced cells (Yamabe et al., 1998).
In this context, Agrelo et al. (2006) showed that WRN function
is abrogated in human colorectal cancer cells by transcriptional
silencing associated with CpG island-promoter hypermethylation.
Restoration of WRN expression by in vitro demethylation of pro-
motor or by reintroduction of WRN into cancer cells induces
tumor-suppressor-like features, such as reduced density of colony
formation and inhibition of tumor growth, in mouse xenograft
models. Analysis of many human primary tumors showed that
hypermethylation of the WRN promotor is a common event in
various tumor cells and is indicative of tumorigenesis by the
absence of WRN expression. Agrelo et al. (2006) concluded that
these findings underline the significance of WRN as a caretaker
of a genome that has tumor-suppressor activity and they identify
epigenetic silencing of WRN as a key step to cancer development.
Decreased WRN expression may cause genomic instability in nor-
mal cells and induce initial tumorigenesis, but malignant tumor
cells would acquire increased levels of WRN expression to protect
their own genomic stability. Malignant tumor cell lines from var-
ious sources show a high expression of WRN helicase. In the case
of colorectal cancer, the presence of aberrant hypermethylation of
the WRN promotor in cancer cells predicts improved survival in
patients treated with a CPT derivative irinotecan, a topoisomerase
inhibitor used in therapeutics of this neoplasm, because decreased
WRN makes neoplasmic cells sensitive to a DSB-inducing geno-
toxic agent (Agrelo et al., 2006). WS patients have a high frequency
of having non-epithelial tumors than epithelial carcinoma, but
the underlying reason remains to be clarified. However, a high
WRN expression may possibly be a prerequisite to maintain
genomic integrity in rapidly growing carcinoma cells in normal
subjects.

Futami et al. (2007) showed that WRN-siRNA abrogates the
DNA repair activity of HeLa cells and increases the sensitiv-
ity to topoisomerase inhibitor CPT. In this case, the silencing
of WRN helicase prevents the repair of CPT-induced DNA
damage and permits accumulation of unrepaired DNA dam-
age that explains increased cytotoxicity of CPT in the com-
bined treatment of CPT and WRN-siRNA (Figure 2C). The
data also explained why WS patient cells also show increased

sensitivity to other genotoxic reagents, including CPT, etopo-
side, 4NQO, and bleomycin (Sakamoto et al., 2001). Recently,
Aggarwal et al. (2011) used small molecular weight compound
NSC19630 that inhibits WRN activity in anti-cancer cell biol-
ogy experiments. Exposure of human cancer cells to NSC 19630
dramatically impairs growth and proliferation, induces apopto-
sis WRN-dependently and results in increased γ-H2AX reactive
chromosomal DSB, similar to the results obtained by Futami
et al. (2007) by silencing WRN with siRNA treatment. NSC
19630 exposure leads to delayed S-phase progression, consis-
tent with accumulation of stalled replication forks, and to DNA
damage WRN-dependently. Exposure to NSC 19630 sensitizes
cancer cells to the G4-binding compound telomestatin or to a
poly(ADP-ribose) polymerase (PARP) inhibitor. Sublethal dosage
of NSC 19630 and the chemotherapy drug topotecan acts syn-
ergistically to inhibit cell proliferation and induce DNA damage
(Aggarwal et al., 2011). The use of this WRN helicase inhibitor
(NSC 19630) may provide insight into the importance of WRN-
mediated pathways important for DNA repair and the replicational
stress response.

ANTICANCER EFFECT OF WRN-siRNA/DDS IN VITRO AND IN VIVO
Both WRN and RECQL1 helicases are expressed highly in head
and neck squamous carcinoma cells (HNSCCs; Figure 2B), and
siRNA-mediated silencing of either gene suppresses growth of
HNSCC in vitro (Arai et al., 2011). Similarly, local injections of
WRN-siRNA and RECQL1-siRNA formulated with atelocolla-
gen into a mouse zenograft model of hypopharyngeal carcinoma
markedly inhibits tumor growth. A combination of either siRNA
with CDDP, a genotoxic drug commonly used in HNSCC treat-
ment, significantly augments the in vivo anticancer effect of CDDP
(Figure 2B). Notably, no recurrence was observed for some tumors
after siRNA and CDDP treatment in this model. These findings
offer a preclinical proof of WRN and RECQL1 helicase as novel
therapeutic targets to treat aggressive HNSCC and possibly other
cancers.

Several lines of evidence suggest that WRN helicase has an
important role in DNA replication and S-phase progression
(review by Croteau et al., 2014). Loss of WRN markedly extends
the time of cell cycles after genotoxic treatments. This result
comfirmed the importance of WRN during genomic replica-
tion, and indicated that WRN acts to facilitate fork progres-
sion after DNA damage or replication arrest. Recent studies
showed that conditional gene silencing of WRN expression in
non-small-cell lung cancer xenografts that are over-expressed
with c-MYC inhibits tumor growth, suggesting that target-
ing WRN protein inhibits growth of c-MYC-associated can-
cers (Moser et al., 2012). A growing body of evidence shows
that WRN functions in close connection with the replica-
tion checkpoint that includes both ataxia telangiectasia mutated
(ATM) protein and ATM-Rad3-related (ATR) kinase activities
and maintains fork integrity and re-establishment of fork pro-
gression. Recent findings also support the view that ATR and
ATM kinases modulate WRN function at defined steps of the
response to replication fork arrest. Or vice versa, WRN may be
required to activate ATM kinase and the intra-S-phase check-
point in response to DNA interstrand crosslink-induced DSBs
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and other forms of fork arrest (Cheng et al., 2008; Pichierri
et al., 2011). WRN is speculated to be a DNA helicase that effi-
ciently unwinds G4 DNA and other forms of alternative DNA
structures, such as telomeric displacement loops. These data
indicate that DNA repair helicases, such as RECQL1 and WRN,
represent a novel class of important targets required for anti-
cancer therapy. Inhibition of their activities either by siRNA
or by small molecular weight compounds in cancer cells hav-
ing checkpoint mutation should give rise to a new type of
anticancer therapeutic drug that also permits strong synergis-
tic anticancer effects when combined with genotoxic drugs as
depicted in Figure 2B (with CDDP) and Figure 2C (with CPT;
Futami et al., 2007; Arai et al., 2011).

BLM, RTS, AND RECQL5 HELICASES ARE POTENTIAL
TARGETS OF ANTICANCER THERAPY
Patients of BLM and a subset of patients with RTS who lack
functional BLM and RTS helicases, respectively, manifest clini-
cal phenotypes of genomic instability and a high incidence of
cancers (Ellis et al., 1995; Lindor et al., 2000). Like WRN, heli-
case genes BLM and RTS are suggested to function as tumor
suppressor genes in normal individuals. Both BLM and RTS are
expressed highly in rapidly growing EBV-infected LCL cells from
normal individuals, and the expression of BLM is, like WRN, fur-
ther augmented when EBV-transformed cells are differentiated
to telomerase-positive immortal cells (Table 1). In a pioneering
effort to find an antiproliferative drug, Nguyen et al. (2013) discov-
ered small molecular weight compound ML216 from a screening
of a chemical compound library that inhibits the DNA bind-
ing activity of BLM in vitro (IC50% ∼3 uM) and abrogates the
unwinding activity of BLM on a forked DNA duplex. As expected,
ML216 increased the rate of SCE in cultured human fibroblasts and
increased the sensitivity to aphidicolin, an inhibitor of replicative
DNA polymerases (Banerjee et al., 2013; Rosenthal et al., 2013).
However, ML216 does not seem to be highly specific to BLM heli-
case, because it also inhibits DNA unwinding activity of WRN
(Banerjee et al., 2013). Further, pharmacological studies may be
needed to improve the specificity and efficacy before ML216 is
tested for clinical application.

Mao et al. (2010) showed that depletion of BLM by RNAi-
mediated shRNA gene silencing suppresses the growth of osteosar-
coma U2OS cell line with an increase in DNA damage detected
by gamma-H2AX, suggesting that BLM is a potential target for
anticancer therapeutics. They also showed depletion of BLM and
WRN by shRNA from U2OS and normal fibroblast sensitized cells
to dose-dependent killing by CPT, CDDP and 5-FU, consistent
with previous observations by Futami et al. (2007) in which WRN-
siRNA treatment sensitized HeLa cells to CPT and lowered the
cytotoxic dose by nearly 10-fold.

Few reports exist of RTS and RECQL5 helicases as possible
cancer targets. However, Su et al. (2010) elegantly showed that
RECQL4 (RTS) helicase has critical roles in prostate carcino-
genesis, and that RNAi-mediated gene suppression reduces the
growth and survival of metastatic prostate cancer cells. In addi-
tion, RECQL4-suppressed cells treated with siRNA show increased
apoptotic death after treatment with ultraviolet C and γ-ray radi-
ation. Thus, Su et al. (2010) conclude that RECQL4 protects the

genomic integrity of prostate cancer cells from endogenous and
exogenous DNA damage, similar to our discussion above with
RECQL1. In fact, RECQL4-depleted prostate cancer cells undergo
extensive apoptotic death in PARP -1-dependently in vitro and
show reduced tumorigenicity in nude mice in vivo. Because the
expression of RECQL4 increased highly in metastatic prostate can-
cer cells and in tumor tissue, RECQL4 protein could be used as
new tumor marker.

While much insight has been gained into the function of
WRN and BLM, little is known about RECQL5. Three iso-
mers result from differential splicing from the RecQ gene tran-
script. The largest molecule, RECQL5, localizes to the nucleus,
whereas the two smaller molecules are found in the cytoplasm
(Shimamoto et al., 2000). Nuclear RECQL5 has a role in maintain-
ing genomic stability by cooperating with topoisomerase II(alpha)
in DNA decatenation and cell cycle progression (Ramamoorthy
et al., 2012). Because RECQL5- depleted cells show slow prolifer-
ation, G2 and M cell cycle arrests and late S-phase cycling defects,
resulting in entangled abnormal chromosomes at the M phase,
possibly RECQL5 could be challenged, like RECQL1, as a new
cancer therapeutic target.

PERSPECTIVE
The relation between helicases and DNA damage response and
genomic stability suggests that DNA repair helicases may be suit-
able targets for cancer chemotherapy (Helleday et al., 2008). Most
cancer cells are deficient in G1 and G2 checkpoint function and
fail to arrest the cell cycle at G1 and G2 phases to engage in
DNA repair. Instead, cells that proceed in the cell cycle to the
M phase, where DNA repair is no longer permitted, eventually
undergo cell death as they enter mitosis (Nitta et al., 2004). Sev-
eral studies have reported a greater efficacy in the therapeutic
application of siRNA against malignant tumors in combination
with other chemotherapeutic agents, such as with gemcitabine
together with ribonucleotide reductase-siRNA (Duxbury et al.,
2004), CPT together with WRN helicase-siRNA (Futami et al.,
2007) and Adriamycin together with survivin-siRNA (Yonesaka
et al., 2006). Such approaches of targeting RecQ helicases with
a strict specificity, such as by gene silencing with siRNA, would
be most conspicuous in cooperation with DNA damaging agents
or radiation. Thus, DNA repair helicases expressed highly in
most malignant and rapidly proliferating cancer cells not only
provide new proliferative protein markers, such as WRN and
RECQL1 proteins (Figure 2), but also provide logical conse-
quences for combination therapy to fight against drug-resistant
cancer cells.

In conclusion, DNA repair helicases are ideal molecular targets
for anticancer drug discovery, and, in particular, RECQL1-siRNA
and WRN-siRNA and perhaps BLM-siRNA and RTS-siRNA are
promising new therapeutic interventions against malignant can-
cers of various histological and clinical characteristics, including,
for example, those of the platinum-resistant, CPT-resistant, and
5-FU-resistant subtypes.
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The DEAD-box RNA helicase DDX3 is a multifunctional protein involved in all aspects
of RNA metabolism, including transcription, splicing, mRNA nuclear export, translation,
RNA decay and ribosome biogenesis. In addition, DDX3 is also implicated in cell cycle
regulation, apoptosis, Wnt-β-catenin signaling, tumorigenesis, and viral infection. Notably,
recent studies suggest that DDX3 is a component of anti-viral innate immune signaling
pathways. Indeed, DDX3 contributes to enhance the induction of anti-viral mediators,
interferon (IFN) regulatory factor 3 and type I IFN. However, DDX3 seems to be an important
target for several viruses, such as human immunodeficiency virus type 1 (HIV-1), hepatitis
C virus (HCV), hepatitis B virus (HBV), and poxvirus. DDX3 interacts with HIV-1 Rev or HCV
Core protein and modulates its function. At least, DDX3 is required for both HIV-1 and HCV
replication. Therefore, DDX3 could be a novel therapeutic target for the development of
drug against HIV-1 and HCV.

Keywords: DDX3, HCV, HIV-1, innate immunity, RNA helicases, stress granules, translation, tumor suppressor

INTRODUCTION
DDX3 belongs to the DEAD (D-E-A-D: Asp-Glu-Ala-Asp)-box
RNA helicase family, which is an ATPase-dependent RNA helicase,
is found in various organisms from yeast to human (Cordin et al.,
2006; Linder and Lasko, 2006; Linder, 2008; Jankowsky, 2011).
DDX3 has two homologs designated DDX3X (DBX) and DDX3Y
(DBY), which were located on X and Y chromosomes, respectively
(Lahn and Page, 1997; Park et al., 1998; Kim et al., 2001). DDX3X
is ubiquitously expressed in most tissues, while the expression of
DDX3Y protein is limited to the male germline (Ditton et al., 2004)
and DDX3Y seems to be involved in male fertility (Leory et al.,
1989; Mazeyrat et al., 1998; Foresta et al., 2000). DDX3 is involved
in various RNA metabolism, including transcription, translation,
RNA splicing, RNA transport, and RNA degradation (Chang and
Liu, 2010; Schröder, 2010).

REGULATION OF GENE EXPRESSION BY DDX3
DDX3 regulates gene expression at different levels, such as tran-
scription, splicing, mRNA export, and initiation of translation.
First, DDX3 participates in transcriptional regulation of gene
promoters. Indeed, DDX3 up-regulates the interferon (IFN) β

promoter (Soulat et al., 2008) and the p21waf1/cip1 promoter (Chao
et al., 2006), respectively. DDX3 binds to the transcription factor
Sp1 and enhance the p21waf1/cip1 promoter. On the other hand,
DDX3 down-regulates the E-cadherin promoter (Botlagunta et al.,
2008). In vivo association of DDX3 with the E-cadherin or the
IFNβ promoter was demonstrated by chromatin immunopre-
cipitation assay. Second, DDX3 seems to contribute to splicing.
DDX3 associates with spliced mRNAs in an exon junction complex
(EJC)-dependent manner (Merz et al., 2007) and DDX3 contains
C-terminal RS-like domain, which is stretches of protein sequence
rich in arginine and serine residues and is found in splicing factors.
Third, DDX3 contributes to the nuclear export of RNA. DDX3

shuttles between the cytoplasm and the nucleus (Owsianka and
Patel, 1999; Yedavalli et al., 2004; Lai et al., 2008; Schröder et al.,
2008). Accordingly, DDX3 interacts with two nuclear export shut-
tle protein: CRM1 as a receptor for protein containing the nuclear
export signal (NES) and tip-associated protein (TAP) as the major
receptor for mRNA export (Yedavalli et al., 2004; Lai et al., 2008).
DDX3 interacts with CRM1 and functions in the human immun-
odeficiency virus type 1 (HIV-1) Rev-dependent nuclear export of
HIV-1 mRNA (Yedavalli et al., 2004). Depletion of TAP resulted in
nuclear accumulation of DDX3, suggesting DDX3 exports along
with messenger ribonucleoprotein (mRNP) to the cytoplasm via
the TAP-mediated pathway (Lai et al., 2008).

Forth, DDX3 plays a role in translational regulation. DDX3
localizes in cytoplasmic stress granules under stress conditions (Lai
et al., 2008; Shih et al., 2012), suggesting a role for DDX3 in trans-
lational control. DDX3 represses the cap-dependent translation
by trapping eIF4E in a translationally inactive complex to block an
interaction with eIF4G (Shih et al., 2008), indicating that DDX3
acts as a translational suppressor. Since depletion of DDX3 does
not significantly affect general translation, DDX3 may be dispens-
able for general mRNA translation (Lai et al., 2008). Indeed, DDX3
associates with eIF4E together with several translation initiation
factors, including eIF4a, eIF4G, eIF2a, eIF3, and poly(A)-binding
protein (PABP), and facilitates translation of mRNA containing
structured 5′ untranslated region (UTR; Lai et al., 2008; Shih et al.,
2012; Soto-Rifo et al., 2012). In contrast, others reported that pri-
mary function for DDX3 is in protein translation via an interaction
with eIF3 (Lee et al., 2008). Accordingly, DDX3 interacts with eIF3
and 40S ribosome to support the assembly of functional 80S ribo-
some (Geissler et al., 2012). The yeast DDX3 homolog, Ded1, also
modulates translation by the formation of a translation initiation
factor eIF4F-mRNA complex (Hilliker et al., 2011). Taken together,
DDX3 modulates the protein translation.
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Finally, DDX3 interacts with Ago2, which is an essential factor
in RNA interference (RNAi) pathway that cleaves target mRNA,
and acts as an essential factor involved in RNAi pathway (Kasim
et al., 2013).

DDX3 IN CELL CYCLE REGULATION AND TUMORIGENESIS
It has been indicated a role of DDX3 in cell cycle regulation,
apoptosis, and tumorigenesis. In the temperature-sensitive DDX3
mutant hamster cell line tsET24 or the DDX3 knockdown cells,
cell cycle was impedes transition from G1 to S-phase (Fukumura
et al., 2003; Lai et al., 2010). DDX3 enhances cyclin E1 during cell
cycle by a translational regulation (Lai et al., 2010). On the other
hand, DDX3 regulates the cell cycle by inhibiting cyclin D1 and
causing cell cycle arrest (Chao et al., 2006). DDX3 is known to be
phosphorylated by cyclin B/cdc2 at threonine 204 to inhibit the
function (Sekiguchi et al., 2007). Furthermore, DDX3 interacts
with DDX5, which colocalizes with it in the cytoplasm through
the phosphorylation of both proteins during G2/M phase of cell
cycle (Choi and Lee, 2012), indicating the cell cycle-dependent
regulation of DDX3 localization and the function. During mouse
early embryonic development, DDX3 also regulates cell survival
and cell cycle (Li et al., 2014b).

It has been indicated the oncogenic role of DDX3 in
breast cancer (Botlagunta et al., 2008). Activation of DDX3 by
benzo[a]pyrene diol epoxide (BPDE) present in tobacco smoke,
can promote growth, proliferation and neoplastic transformation
of breast epithelial cells. Consistent with this finding, overex-
pression of DDX3 induced an epithelial-mesenchymal-like trans-
formation, exhibited increased motility and invasive properties,
and formed colonies in soft agar assays. In addition, DDX3 is
recruited to the E-cadherin promoter and represses the E-cadherin
expression resulting the increased cell migration and metasta-
sis (Botlagunta et al., 2008). Similarly, DDX3 also modulates cell
adhesion, motility and cancer cell metastasis via Rac1-mediated
signaling pathway (Chen et al., 2014). In fact, DDX3 knockdown
reduces the cell migration, the invasive and metastatic activi-
ties, suggesting that DDX3 is required for metastasis and the
oncogenic role of DDX3 in malignant cancers. The DDX3 knock-
down also reduces the expression of levels of both Rac1 and
β-catenin. DDX3 regulates Rac1 mRNA translation through an
interaction with its 5′UTR and affects β-catenin protein stabil-
ity in Rac1-dependent manner. In response to Wnt signaling,
DDX3 binds to casein kinase (CK) 1ε and stimulates CK1ε-
mediated phosphorylation of the Wnt effector disheveled and
thereby activates β-catenin (Cruciat et al., 2013), indicating a
role of DDX3 as a regulator of Wnt-β-catenin network. More-
over, DDX3 may aid cancer progression by promoting increased
levels of the transcription factor Snail (Sun et al., 2011). Snail
is known to repress the expression of cellular adhesion pro-
teins, leading to increased cell migration and metastasis of many
types of cancer. In addition, recent study reported that posi-
tive DDX3 expression is significantly associated with large tumor
size and high TNM (Tumor, Node, and Metastasis) stage, inva-
sion, lymph node metastasis in gallbladder cancers (Miao et al.,
2013), suggesting that DDX3 is a biomarker for metastasis and
poor prognosis of gallbladder cancers. TNM classification is an
anatomically based staging system that records the primary and

regional nodal extent of the tumor and the absence or presence of
metastases.

Hypoxia is a major characteristic of solid tumors and affects
gene expression, which greatly impacts cellular and tumor tis-
sue physiology particularly respiration and metabolism. Expres-
sion of hypoxia-responsive genes is predominantly regulated by
hypoxia inducible factors (HIFs). DDX3 is aberrantly expressed
in breast cancer cells ranging from weakly invasive to aggres-
sive phenotypes (Botlagunta et al., 2011). HIF-1 binds to the
DDX3 promoter and enhances the DDX3 expression (Botla-
gunta et al., 2011), indicating a DDX3 as a hypoxia inducible
gene.

In contrast, DDX3 has been proposed to be a tumor suppres-
sor (McGivern and Lemon, 2009). In fact, DDX3 inhibits colony
formation in various cell lines and down-regulates cyclin D1 and
up-regulates the p21waf1/cip1 promoter (Chao et al., 2006). DDX3
expression is deregulated in hepatocellular carcinoma (HCC;
Chang et al., 2006; Chao et al., 2006). Loss of DDX3 leads to
enhanced cell proliferation and reduced apoptosis (Chang et al.,
2006). Similarly, loss of DDX3 by p53 inactivation promotes
tumor malignancy via the MDM2/Slug/E-cadherin pathway and
consequently results in poor patient outcome in non-small-cell
lung cancer (Wu et al., 2014). In addition, DDX3 contributes
to both antiapoptotic and proapoptotic actions. Death recep-
tors are found to be capped by an antiapoptotic protein complex
containing GSK3, DDX3 and cIAP-1 and DDX3 protects from
apoptotic signaling (Sun et al., 2008). In contrast, DDX3 also
associates with p53, increases p53 accumulation, and positively
regulates DNA damage-induced apoptosis (Sun et al., 2013).
Furthermore, reduced p21waf1/cip1 via alteration of p53-DDX3
pathway is associated with poor relapse-free survival in early stage
human papillomavirus-associated lung cancer (Wu et al., 2011).
Thus, p21waf1/cip1 is considered to act as a tumor suppressor.
Since low/negative DDX3 expression in tumor cells is significantly
associated with aggressive clinical manifestations, low/negative
expression of DDX3 might predict poor prognosis in oral cancer
patients (Lee et al., 2014).

Altogether, DDX3 has both tumor suppression and oncogenic
properties. This may reflect on the cell type used in their exper-
iments. Further studies are necessary to clarify the potential role
of DDX3 in cell growth regulation. These studies may shed a light
on the development of drugs for chemotherapy against cancer and
viral infection described below.

DDX3 AS A TARGET OF VIRUSES
DDX3 has been implicated in a target of several viruses, including
hepatitis C virus (HCV), HIV-1, hepatitis B virus (HBV), West
Nile virus (WNV), Japanese encephalitis virus, norovirus, pes-
tivirus, vaccinia virus, and cytomegalovirus (Table 1). DDX3 is
required for several RNA viral replication such as HCV and HIV-
1, while DDX3 restricts HBV replication. At least, DDX3 may be a
therapeutic target for anti-viral drug against HCV and HIV-1.

REQUIREMENT OF DDX3 IN HCV LIFE CYCLE
Hepatitis C virus is a causative agent of chronic hepatitis, which
progresses to liver cirrhosis and HCC. HCV is an enveloped virus
with a positive single-stranded 9.6 kb RNA genome, which encodes
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Table 1 | DDX3 as a target of viruses.

Virus Effect of DDX3

on viral

replication

Viral binding

protein

Cellular function

HCV Up-regulation Core Translational regulation

HIV-1 Up-regulation Rev

Tat

Nuclear export of mRNA

Translational regulation

HBV Down-regulation Pol Inhibition of IFN induction

Vaccinia virus ? K7 Inhibition of IFN induction

WNV Up-regulation ? ?

DDX3 interacts with several RNA virus including hepatitis C virus (HCV), human
immunodeficiency virus type 1 (HIV-1), hepatitis B virus (HBV), vaccinia virus, and
West Nile virus (WNV). DDX3 is required for HCV, HIV-1, WNV replication, while
DDX3 restricts HBV replication. Furthermore, these viral proteins suppress the
DDX3-mediated type I IFN induction though an interaction with DDX3.

a large polyprotein precursor of ∼3,000 amino acid residues (Kato
et al., 1990). This polyprotein is cleaved by a combination of the
host and viral proteases into at least 10 proteins in the follow-
ing order: core, envelope 1 (E1), E2, p7, non-structural 2 (NS2),
NS3, NS4A, NS4B, NS5A, and NS5B (Hijikata et al., 1991, 1993).
The HCV core protein is a viral structural protein, which forms
the viral nucleocapsid, is targeted to lipid droplets (LDs). Recently,
LDs have been found to be an important cytoplasmic organelle for
HCV production (Miyanari et al., 2007). Budding is an essential
step in the life cycle of enveloped viruses. HCV utilizes the endo-
somal sorting complex required for transport (ESCRT) system as
the budding machinery (Ariumi et al., 2011b).

Several DEAD-box RNA helicases have been shown to interact
with HCV proteins and regulate the HCV replication (Schröder,
2010; Upadya et al., 2014). DDX3 was identified as an HCV

core-binding protein by yeast two-hybrid screening (Mamiya and
Worman, 1999; Owsianka and Patel, 1999; You et al., 1999). HCV
core protein was the first viral protein to be described as a
DDX3-binding protein. HCV core binds to the C-terminal RS-
like domain of DDX3 and the interaction is mediated by the
N-terminal 59 amino acid residues of HCV core. DDX3 and HCV
core colocalized in distinct spots in the perinuclear region of the
cytoplasm. However, these studies lack evidence regarding the
functional relevance of the DDX3-HCV core interaction in HCV
replication and the HCV-associated liver diseases. Recent studies
have demonstrated that DDX3 is required for HCV replication
(Ariumi et al., 2007; Randall et al., 2007). The accumulation of
both genome-length HCV RNA (HCV-O strain, genotype 1b;
Ikeda et al., 2005) and its replicon RNA were significantly sup-
pressed in the DDX3 knockdown cells. As well, HCV infection
(JFH1 strain, genotype 2a; Wakita et al., 2005) was also suppressed
in the DDX3 knockdown cells. Notably, HCV infection dynam-
ically redistributes DDX3 to the HCV production site around
LDs and colocalizes with HCV core (Figure 1; Ariumi et al.,
2011a). However, the specific interactions between DDX3 and
HCV core and the functional importance of these interactions for
the HCV viral life cycle remain unclear. In this regard, Muta-
genesis studies located a single amino acid in the N-terminal
domain of JFH1 core that when changed to alanine significantly
abrogated this interaction. Surprisingly, this mutation did not
alter infectious virus production and RNA replication, indicat-
ing that the core-DDX3 interaction is dispensable in the HCV
life cycle (Angus et al., 2010). On the other hand, there is a
contradictory report that the inhibition of HCV replication due
to expression of the green fluorescent protein (GFP) fusion to
HCV core protein residues 16–36 can be reversed by overex-
pression of DDX3 (Sun et al., 2010). These results suggest that
the protein interface on DDX3 that binds the HCV core pro-
tein is important for replicon maintenance. However, infection

FIGURE 1 | Dynamic recruitment of DDX3 and DDX6 around lipid

droplets (LDs) in response to HCV-JFH1 infection. Cells were fixed
60 h post-infection with HCV (JFH1 strain) and stained with either
anti-DDX3 or anti-DDX6 antibody and were then visualized with Cy3 (red).
Lipid droplets were specifically stained with fluorescent lipophilic dye

BODIPY 493/503 (green; Listenberger and Brown, 2007) and nuclei were
stained with DAPI (blue), respectively. Images were visualized using
confocal laser scanning microscopy. The two-color overlay images are also
exhibited (merged). Colocalization is shown in yellow. High magnification
image is also shown.
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of HuH-7 cells by HCV (JFH1) was not affected by expression
of the GFP fusion protein. These results suggest that the role of
DDX3 in HCV infection involves aspects of the viral life cycle
that vary in importance between HCV genotypes. Therefore, the
exact contribution of HCV core-DDX3 interaction remains to be
determined.

In addition to DDX3, other DEAD-box RNA helicases DDX1,
DDX5, and DDX6 have been involved in the HCV life cycle (Goh
et al., 2004; Tingting et al., 2006; Jangra et al., 2010; Ariumi et al.,
2011a; Kuroki et al., 2013). DDX1 bound to both the HCV 3′UTR
and the HCV 5′UTR and DDX1 knockdown caused a marked
reduction in the replication of subgenomic replicon RNA (Tingt-
ing et al., 2006). Furthermore, DDX5 was identified as an HCV
NS5B RNA-dependent RNA polymerase-binding protein by yeast
two-hybrid screening (Goh et al., 2004). Depletion of endogenous
DDX5 correlated with a reduction in the transcription of nega-
tive strand HCV RNA, suggesting that DDX5 participates in the
HCV RNA replication. Overexpression of HCV NS5B or the HCV
infection redistributes DDX5 from the nucleus to the cytoplasm.
Moreover, recent study reported that knockdown of DDX5 reduces
HCV (JFH1) virus production in the supernatant, suggesting that
DDX5 is important for a late stage of the HCV life cycle (Kuroki
et al., 2013).

The microRNA miR122 and DDX6/Rck/p54, a microRNA
effector, have been implicated in HCV replication (Jopling et al.,
2005; Scheller et al., 2009; Jangra et al., 2010; Ariumi et al., 2011a).
The liver-specific and abundant miR-122 interacts with the 5′UTR
of the HCV RNA genome and facilitates the HCV replication
(Jopling et al., 2005). DDX6 interacts with the eukaryotic initi-
ation factor 4E (eIF-4E) to repress the translational activity of
mRNP. Furthermore, DDX6 regulates the activity of the decapping
enzymes DCP1 and DCP2 and interacts directly with Argonaute-
1 (Ago1) and Ago2 in the microRNA-induced silencing complex
(miRISC) and is involved in RNA silencing. DDX6 predominantly
localizes in the discrete cytoplasmic foci termed processing (P)-
body. Thus, the P-body may play a role in the translation repression
and mRNA decay machinery (Parker and Sheth, 2007; Beckham
and Parker, 2008). The knockdown of DDX6 was found to reduce
the accumulation of intracellular HCV RNA and infectious HCV

production, indicating that DDX6 is essential for the HCV RNA
replication (Scheller et al., 2009; Jangra et al., 2010; Ariumi et al.,
2011a). Notably, HCV (JFH1) infection disrupts the P-body for-
mation of DDX3, DDX6, Lsm1, Xrn1, PATL1, and Ago2 and
dynamically redistributes them to the HCV production site around
LDs (Figure 2; Ariumi et al., 2011a), indicating that HCV hijacks
the P-body components around LDs and regulates the HCV repli-
cation and translation. Recent studies suggested that DDX3 is also
required for WNV, Japanese encephalitis virus, norovirus, and
pestivirus (Vashist et al., 2012; Chahar et al., 2013; Jefferson et al.,
2014; Li et al., 2014a; Tsai and Lloyd, 2014). Similarly, P-body
components LSM1, GW182, DDX3, DDX6, and XRN1 are also
recruited to WNV replication sites and positively regulate viral
replication (Chahar et al., 2013).

On the other hand, recent studies have suggested a potential
role of DDX3 and DDX5 in the pathogenesis of HCV-related liver
diseases. DDX3 expression is deregulated in HCC (Chang et al.,
2006; Chao et al., 2006) and single-nucleotide polymorphisms
were identified in the DDX5 genes that were associated with an
increased risk of advanced fibrosis in patients with chronic hepati-
tis C (Huang et al., 2006). DDX3 has been proposed to be a tumor
suppressor (McGivern and Lemon, 2009). In fact, DDX3 inhibits
colony formation in various cell lines, including human hep-
atoma HuH-7, and up-regulates the p21waf1/cip1 promoter (Chao
et al., 2006). Therefore, HCV core protein might overcome the
DDX3-mediated cell growth arrest and down-regulate p21waf1/cip1

through an interaction with DDX3, and it might be involved in
the development of HCC.

DDX3 IS ESSENTIAL FOR HIV-1 REPLICATION
Human immunodeficiency virus type 1 is the causative agent of
acquired immune deficiency syndrome (AIDS). HIV-1 is a retro-
virus with a positive strand RNA genome of 9 kb which encodes
nine polypeptides, structural proteins, Gag (group specific anti-
gen), Pol (polymerase) and Env (envelope), the accessory proteins,
Vif, Vpu, Vpr, and Nef, and the regulatory proteins, Tat and
Rev. The gene expression of HIV-1 is regulated transcription-
ally by Tat through its binding to a nascent viral trans-activation
responsive (TAR) RNA (Berkhout et al., 1989; Jeang et al., 1999),

FIGURE 2 | Hijacking of P-body components around LD by HCV. HCV disrupts the P-body and hijacks the P-body components including DDX3, DDX6, Ago2,
Xrn1, and Lsm1 around LD, an HCV production site.
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and post-transcriptionally by Rev through its association with
Rev-responsive element (RRE) in the env gene (Hope and Pomer-
antz, 1995; Pollard and Malim, 1998; Cullen, 2003). Since the
intron-containing host RNA cannot leave the nucleus before it is
completely spliced, HIV-1 needs to evade host surveillance system
to export unspliced or partially spliced viral RNA into cytoplasm
and produce HIV-1 structural proteins and accessory proteins. For
this, Rev contains a leucine-rich NES that recruits nuclear export
receptor CRM1 (Hope and Pomerantz, 1995; Pollard and Malim,
1998; Cullen, 2003). Upon binding to the RRE together with the
GTP-bound form of Ran (Ran-GTP), CRM1 forms the nuclear
export complex and Rev-CRM1-RRE-Ran-GTP complex exports
unspliced or partially spliced HIV-1 RNA from the nucleus to the
cytoplasm.

Several viruses are known to carry their own RNA helicases
to facilitate the replication of their viral genome, including HCV,
flavivirus, severe acute respiratory syndrome (SARS) coronavirus,
rubella virus, and alphavirus, however, HIV-1 does not encode
own RNA helicase (Utama et al., 2000; Kwong et al., 2005). Thus,
host RNA helicases may be involved in HIV-1 replication at mul-
tiple stages, including the reverse transcription of HIV-1 RNA,
HIV-1 mRNA transcription, the nucleus-to-cytoplasm transport
of HIV-1 mRNA, and HIV-1 RNA packaging (Cochrane et al.,
2006; Lorgeoux et al., 2012).

In fact, DDX3 was first found to involve in the Rev-dependent
nuclear export of unspliced and partially spliced HIV-1 RNAs
(Figure 3; Yedavalli et al., 2004). Over-expression of DDX3
enhanced the Rev-dependent nuclear export function. Conversely,
knockdown of DDX3 or expression of dominant negative mutant
of DDX3 significantly suppressed the Rev function as well as HIV-1
replication (Yedavalli et al., 2004; Ishaq et al., 2008). Rev is co-
immunoprecipitated with DDX3. DDX3 is a nucleo-cytoplasmic

shuttling protein, which binds CRM1 and localizes to nuclear
membrane pores.

In addition to DDX3, another DEAD-box RNA helicase DDX1
also associates with Rev and promotes the Rev-dependent RNA
nuclear export function (Fang et al., 2004). DDX1 interacts with
Rev via the N-terminal domain, suggesting a role of DDX1 in
initial complex assembly. DDX1 promotes Rev oligomerization
on the RRE through this interaction (Robertson-Anderson et al.,
2011). Thus, DDX1 and DDX3 act sequentially in the Rev-
dependent RNA nuclear export. DDX1 first binds to Rev and
promotes Rev oligomerization on the RRE. Then, the oligomer-
ized Rev recruits the CRM1/DDX3 complex that subsequently
exports the RRE-containing HIV-1 RNAs into the cytoplasm (Lor-
geoux et al., 2012). In addition to DDX1 and DDX3, we and
other group recently reported that other RNA helicases, includ-
ing DDX5, DDX17, DDX21, DHX36, DDX47, DDX56, and RNA
helicase A (RHA) associate with the Rev-dependent nuclear export
function (Figure 3; Li et al., 1999; Naji et al., 2012; Yasuda-Inoue
et al., 2013a; Zhou et al., 2013). Furthermore, DDX3 interacts with
DDX5 and synergistically enhances the Rev-dependent nuclear
export. As well, combination of other distinct DDX RNA heli-
cases such as DDX1 and DDX3 also synergistically facilitates the
Rev function (Yasuda-Inoue et al., 2013a) suggesting that a set of
distinct Rev-interacting DEAD-box RNA helicases cooperate to
modulate the HIV-1 Rev function.

On the other hand, HIV-1 Tat activates the HIV-1 RNA synthe-
sis. Tat binds to the TAR RNA and recruits several host factors
including p300/CREB-binding protein (p300/CBP), p300/CBP-
associated factor (PCAF), SWI/SNF chromatin-remodeling com-
plex, and positive transcription elongation factor b (P-TEFb)
to stimulate both transcription initiation and elongation (Jeang
et al., 1999; Ariumi et al., 2006; Lorgeoux et al., 2012). P-TEFb

FIGURE 3 | Role of DDX3 in the HIV-1 gene expression. DDX3 interacts with HIV-1 Rev and facilitates the Rev-dependent nuclear export of HIV-1 mRNA.
DDX3 interacts with Tat and contributes to the translation of HIV-1 mRNA. Other DEAD-box RNA helicases, including DDX1, DDX5, DDX17, DDX21, and
DDX56, also interact with HIV-1 Rev and facilitate its function.
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contains cyclin T1 and cyclin-dependent kinase 9 (CDK9). CDK9
hyperphosphorylates the C-terminal domain (CTD) of RNA Pol
II and activates transcription elongation. The Werner syndrome
(WRN) helicase and RHA were reported to act as co-factors of
Tat and enhance the HIV-1 gene expression (Fujii et al., 2001;
Sharma et al., 2007). In addition to WRN and RHA, DDX3
interacts with Tat (Figure 3; Lai et al., 2013; Yasuda-Inoue et al.,
2013b). Tat is partially targeted to cytoplasmic stress granules upon
DDX3 overexpression or cell stress conditions, suggesting a poten-
tial role of Tat/DDX3 complex in translation. Accordingly, Tat
remains associated with translating mRNAs and facilitates trans-
lation of mRNAs containing the HIV-1 5′UTR. In this regard,
DDX3 is essential for translation of HIV-1 genomic RNA (gRNA;
Figure 3; Soto-Rifo et al., 2012). DDX3 directly binds to the
HIV-1 5′UTR and interacts with eIF4G and PABP but lacking
the major cap-binding proteins eIF4E in large cytoplasmic RNA
granules (Soto-Rifo et al., 2013), indicating that DDX3 promotes
the HIV-1 gRNA translation initiation in an eIF4E-independent
manner.

Both HIV-1 and HCV have been shown to utilize DDX3 as
a cofactor for viral genome replication. Therefore, DDX3 could
be an important therapeutic target for development of anti-viral
drug (Kwong et al., 2005). Indeed, small molecule inhibitors were
used to inhibit ATPase activity of DDX3 with anti-HIV-1 activity
(Maga et al., 2008, 2011; Yedavalli et al., 2008; Radi et al., 2012).

DDX3 RESTRICTS HBV REPLICATION
Hepatitis B virus is also the causative agent of chronic hepati-
tis, which progresses to liver cirrhosis and HCC worldwide. HBV
belongs to hepadnavirus family and contains a small partially
double-stranded circular DNA genome of 3.2 kb. Even though
HBV is a DNA virus, HBV replicates its DNA genome via reverse
transcription. Upon HBV infection, the HBV DNA is converted
into covalently closed circular DNA (cccDNA) as the template
for the viral transcription. Pregenomic RNA (pgRNA) of 3.5 kb
is selectively packaged into nucleocapsid together with HBV Pol.
The pgRNA is reverse transcribed by HBV Pol to generate relaxed
circular (RC) DNA. The HBV reverse transcription occurs entirely
within nucleocapsid following encapsidation.

Recently, it was shown that DDX3 specifically binds to the HBV
Pol and is incorporated into nucleocapsid together with HBV Pol
(Wang et al., 2009). However, unlike HIV-1 and HCV replica-
tion, which is enhanced by DDX3 (Yedavalli et al., 2004; Ariumi
et al., 2007; Randall et al., 2007), HBV reverse transcription was
inhibited by DDX3. In addition, recent study reported that DDX3
suppresses transcription from HBV promoter (Ko et al., 2014).
The helicase activity is dispensable for this DDX3-mediated tran-
scription suppression. Thus, DDX3 is identified as a new host
restriction factor for HBV.

ROLE OF DDX3 IN ANTI-VIRAL INNATE IMMUNITY
Viral infection triggers host innate immune responses through
activation of the transcription factors NF-κB and IFN regulatory
factor (IRF)-3 leading to type I IFN production and anti-viral state
in mammalian cells (Gale and Foy, 2005; Saito and Gale, 2007).
Similar to NF-κB, IRF-3 is retained in cytoplasm in uninfected
cells. After viral infection, IRF-3 is phosphorylated by IKKε and

TBK1 and the phosphorylated IRF-3 then homodimerizes and
translocates into the nucleus to activate type I IFN. Type I IFNs,
such as IFN-α and IFN-β are essential for immune defense against
viruses. These IFNs activate the JAK-STAT pathway to induce the
IFN-stimulated genes (ISGs), which impact immune enhancing
and antiviral action of host cells.

Double-stranded RNA (dsRNA) produced during viral repli-
cation is recognized by the host cell as pathogen-associated
molecular patterns (PAMPs) by two major pathogen recogni-
tion receptor (PRR) proteins: the Toll-like receptors (TLRs; Akira
and Takeda, 2004) and DEAD-box RNA helicases RIG-I and
Mda5 (Andrejeva et al., 2004; Yoneyama et al., 2004). RIG-I con-
tains two N-terminal caspase activation and recruitment domains
(CARD) and a C-terminal RNA helicase domain that binds to
dsRNA. Binding viral RNA to RIG-I lead to a conformational
change that allows to interact with the RIG-I/Mda5 adaptor IPS-
1/MAVS/Cardif/VISA (Kawai et al., 2005; Meylan et al., 2005;
Seth et al., 2005; Xu et al., 2005) leading to the activation of
IRF-3 and NF-κB. Notably, RIG-I and Mda5 distinguish RNA
viruses and are critical for host antiviral responses (Kato et al.,
2006). RIG-I is essential for the production of IFN in response
to RNA viruses including paramyxoviruses, influenza virus and
Japanese encephalitis virus, while Mda5 is critical for picornavirus
detection.

DDX3 was recently reported to be a component of anti-viral
innate immune signaling pathway leading to type I IFN (Figure 4;
Schröder et al., 2008; Soulat et al., 2008; Gu et al., 2013). Indeed,
DDX3 contributes to enhance the induction of anti-viral media-
tors, IRF3 and type I IFN. DDX3 up-regulates the IFN-β induction
through an interaction with IKKε (Figure 4; Schröder et al., 2008;
Gu et al., 2013) or TBK1 (Soulat et al., 2008). Phosphorylation of

FIGURE 4 | Role of DDX3 in anti-viral innate immunity. DDX3 interacts
with TBK1/IKKε and is phosphorylated by TBK1/IKKε. TBK1/IKKε then
phosphorylates IRF3 and translocates into the nucleus leading to the
activation of IFNβ promoter. DDX3 is also recruited on the IFNβ promoter
and enhances the IFNβ production. In contrast, HCV core, HBV Pol, or
vaccinia virus K7 interacts with DDX3 and suppresses the IFNβ induction.
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DDX3 at serine 102 by IKKε was required for the recruitment of
IRF-3 into the complex. Both IKKε and TBK1 are IRF-3-activating
kinase to leading the NF-κB and IFN induction. Furthermore,
DDX3 is recruited to the IFNβ promoter (Figure 4; Soulat et al.,
2008), suggesting that DDX3 acts as a transcriptional regula-
tor. In addition, DDX3 also forms a complex with RIG-I and
Mda5 and binds to IPS-1 to facilitate IFNβ induction (Oshiumi
et al., 2010b), suggesting that DDX3 acts as a viral RNA sensor
and a scaffolding adaptor to link of viral RNA with the IPS-1
complex.

In contrast, viruses must overcome the host anti-viral innate
immunity. HCV NS3-4A protease cleaves IPS-1/Cardif to block
IFNβ induction (Figure 4; Meylan et al., 2005) In addition, HCV
core protein can disrupt the DDX3-IPS-1/MAVS/Cardif/VISA
interaction and act as a viral immune evasion protein preventing
IFNβ induction (Figure 4; Oshiumi et al., 2010a). Furthermore,
DDX3 is known to bind to HBV Pol and restrict the HBV repli-
cation (Wang et al., 2009). Conversely, HBV Pol acts as a viral
immune evasion protein by disrupting the interaction of DDX3
with TBK1/ IKKε (Figure 4; Wang and Ryu, 2010; Yu et al., 2010).
Similarly, vaccinia virus K7 protein targets DDX3 (Schröder et al.,
2008; Kalverda et al., 2009; Oda et al., 2009) and inhibits the IFNβ

induction by preventing TBK1/ IKKε-mediated IRF activation
(Figure 4; Schröder et al., 2008). Moreover, DDX3 contributes
the DNA sensor ZBP1/DAI-dependent IFN response after human
cytomegalovirus infection (DeFilippis et al., 2010).

In conclusion, DDX3 participates in anti-viral innate immune
signaling pathway leading to type I IFN induction. In contrast,
viruses must target DDX3 and evolve mechanisms to overcome
this host immune system. Indeed, several RNA viruses sequester
and utilize DDX3 for their viral replication and prevent IFN
induction.
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RECQ1 is the most abundant member of the human RecQ family of DNA helicases
genetically linked with cancer predisposition syndromes and well known for their
functions in genome stability maintenance through DNA repair. Despite being the first
discovered RecQ homolog in humans, biological functions of RECQ1 have remained largely
underappreciated and its relevance to cellular transformation is yet unclear. RECQ1 is
overexpressed and amplified in many clinical cancer samples. In silico evaluation of RECQ1
mRNA expression across the NCI-60 cancer cell lines predicts an association of RECQ1
with cancer cell migration, invasion, and metastasis. Consistent with this, latest work
implicates RECQ1 in regulation of gene expression, especially of those associated with
cancer progression. Functionally, silencing RECQ1 expression significantly reduces cell
proliferation, migration, and invasion. Collectively, these results propose that discerning
the role of RECQ1 in conferring proliferative and invasive phenotype to cancer cells could
be useful in developing therapeutic strategies to block primary tumor progression and
metastasis.

Keywords: RecQ, helicase, gene expression, vimentin, metastasis, epithelial mesenchymal transition

INTRODUCTION
The RecQ helicase family is a group of highly conserved DNA
unwinding enzymes described as caretakers of the genome
(Hickson, 2003; Brosh, 2013; Croteau et al., 2014). In humans,
RECQ1, also known as RECQL or RECQL1, is the most abun-
dant member of the RecQ helicase family represented by five
homologs: RECQ1, WRN, BLM, RECQL4, and RECQL5 (Sharma
and Brosh, 2008). Loss of function of three of the five members
of the RecQ family are genetically linked with rare cancer sus-
ceptibility syndromes (Werner syndrome, Bloom syndrome, and
Rothmund–Thomson syndrome) but the association of RECQ1
with cellular transformation is yet unclear. The five human RecQ
helicases are expected to exhibit some functional redundancy, but
the fact that the functional loss of one homolog cannot be substi-
tuted by others clearly indicates critical specialized functions.

RECQ1 is an integral component of replication complex
in unperturbed cells and implicated in maintaining replica-
tion fork progression (Thangavel et al., 2010). Mechanistically,
RECQ1 helicase binds and preferentially unwinds structural
intermediates of DNA replication and repair, such as forked
duplexes, D-loops, and Holliday junctions; and also exhibits an
intrinsic ability to promote annealing of complementary single
strand DNA (Sharma et al., 2005; Popuri et al., 2008). RECQ1-
deficient cells are characterized by spontaneously elevated sister
chromatid exchanges (Sharma and Brosh, 2008) that represent
non-productive attempts to restart replication (Helleday, 2003).
Furthermore, RECQ1-deficient cells accumulate DNA damage,
display increased sensitivity to DNA damaging agents that induce
stalled and collapsed replication forks, and exhibit chromosomal
instability (Sharma and Brosh, 2007, 2008; Sharma et al., 2007).
Thus it is believed that RECQ1 acts to restore productive DNA

replication following stress and prevents subsequent genomic
instability (Sharma and Brosh, 2008; Popuri et al., 2012; Berti
et al., 2013; Sami and Sharma, 2013). RECQ1-deficiency is tol-
erated by cells to repair I-Sce induced double strand breaks by
homologous recombination (Sharma et al., 2012), but a role of
RECQ1 in replication stress induced recombination is possible
given the demonstrated activity of RECQ1 protein to dissociate
native Rad51-bound D-loops by branch migration (Branzei and
Foiani, 2007; Bugreev et al., 2008).

Human RECQ1 is ubiquitously expressed in all cell types
regardless of cell cycle stage (Kawabe et al., 2000). Previous studies
have shown that RECQ1 is upregulated in rapidly dividing cells
and its expression is higher in many cancer cell lines as compared
to normal cells (Kawabe et al., 2000; Futami et al., 2008a). A
meta-analyses of gene expression pattern included RECQ1 among
the common signature genes for cancer as defined by the Gene
Ontology Consortium (Xu et al., 2007). We noted that RECQ1
is overexpressed and amplified in many clinical cancer samples1.
Forty three out of 447 differential expression analyses included
RECQ1 in the top 10% upregulation list while only two did in the
top 10% downregulation list in cancer versus normal2. Indeed,
overexpression of RECQ1 has been experimentally demonstrated
in human glioblastoma (Mendoza-Maldonado et al., 2011), ovar-
ian cancer (Sanada et al., 2013), and head and neck squamous cell
carcinoma (Arai et al., 2011). Furthermore, RECQ1 protein levels
correlated with histological grade and Ki-67 labeling index in hep-
atocellular carcinoma (Futami et al., 2010) and high proliferative
potential in ovarian cancer (Sanada et al., 2013). A polymorphism

1www.cbioportal.org
2www.oncomine.org
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in RECQ1, A159C, has been associated with faster tumor pro-
gression and significantly reduced survival of pancreatic adeno-
carcinoma patients that received gemcitabine and radiotherapy
(Li et al., 2006; Cotton et al., 2009). The A159C SNP is located
in the 3′UTR and, thus, may functionally alter RECQ1 expression
and affect clinical outcome. Remarkably, RECQ1 silencing signifi-
cantly reduced proliferation of cancer cells as compared to normal
cells in cell culture models and also suppressed tumor growth in
mouse xenograft models (Sharma and Brosh, 2007; Futami et al.,
2008a,b, 2010; Arai et al., 2011; Mendoza-Maldonado et al., 2011).
Tumor cell growth was significantly inhibited in vitro by silencing
RECQ1 in hypopharyngeal carcinoma cells and the combination
treatment of RECQ1 siRNA and cis-platinum (II) diammine
dichloride significantly augmented the in vivo anticancer effects of
the drug (Arai et al., 2011). Dysfunctional checkpoint status, e.g.,
p53 in cancer cells may be linked to mitotic catastrophe following
RECQ1 silencing (Futami et al., 2008a) but the ability of RECQ1
to facilitate recovery from replication stress could also be espe-
cially important for cancer cells (Popuri et al., 2012; Berti et al.,
2013; Lu et al., 2013). Although these studies imply an association
of RECQ1 with tumor growth, progression or differentiation,
the molecular mechanisms through which RECQ1 might support
malignant progression are not understood.

Recent analysis of genome-wide changes in gene expression
has revealed a novel involvement of RECQ1 in regulation of
gene expression in addition to its role in DNA damage repair (Li
et al., 2014). Besides cell proliferation, the top 10 over-represented
processes also included cellular movement and cell morphology
suggesting that RECQ1 enhances the expression of multiple genes
that play key roles in cell migration, invasion, and metastasis,
including EZR, ITGA2, ITGA3, ITGB4, SMAD3, and TGFBR2.
Functionally, silencing RECQ1 significantly reduced migration
and invasion of the highly invasive MDA-MB-231 breast cancer
cells indicating that RECQ1 plays a role in enhancing cell migra-
tion and invasion (Li et al., 2014). Consistent with the results
from in vitro cell culture based study, high RECQ1 expression
significantly associated (P = 4.2E-06) with poor overall survival
in breast cancer in TCGA dataset (Gyorffy et al., 2010). High
expression of RECQL4 was also associated with poor survival
in breast cancer but the expression levels of WRN, BLM, and
RECQL5 did not correlate with survival (Li et al., 2014).

A putative role in regulation of gene expression has been
suggested by studies in Neurospora where a RECQ1 homolog
mediates posttranscriptional gene silencing (Cogoni and Macino,
1999). Remarkably, rat RECQ1 was identified in a piRNA pro-
tein complex important for gene silencing (Lau et al., 2006),
raising the possibility that human RECQ1 may function in a
conserved mechanism. Although the mechanism of gene reg-
ulation by RECQ1 is yet unknown, the promoters of genes
downregulated upon RECQ1 silencing were significantly enriched
for a potential G4 sequence motif which are associated with
potential to form G-quadruplex structures in DNA (G4 DNA;
Li et al., 2014). Chromatin immunoprecipitation experiments
demonstrated RECQ1 binding to G4 sequence motifs in the
promoters of select downregulated genes indicating that RECQ1
may modulate gene expression by regulating the in vivo stability of
G4 DNA structures. Elegant studies from the Maizels (Gray et al.,

2014), Monnat and Harris (Nguyen et al., 2014) labs have recently
identified that gene regulatory functions of XPB, XPD, and BLM
helicases also involve G4 DNA suggesting that the binding to G4
motifs may be a common mechanism of transcriptional regula-
tion by these distinct DNA helicases. Importantly, similar to XPB,
but unlike BLM, RECQ1 binds but does not unwind G4 DNA in
vitro (Popuri et al., 2008; Sharma, 2011). It is likely that binding
to specific G4 sequence motifs by each of these helicases may
characterize specific signaling and regulatory pathways associated
with cancer. In addition to gene regulatory regions, G4 sequence
motifs are also present at chromatin regions preferentially bound
by RECQ1 such as replication origins, fragile sites, and telomeres
indicating that RECQ1 functions are especially critical at genomic
loci having potential to form secondary structures (Thangavel
et al., 2010; Lu et al., 2013; Maizels and Gray, 2013; Popuri et al.,
2014).

RECQ1 EXPRESSION ACROSS THE NCI-60 HUMAN TUMOR
CELL LINES
By virtue of its overexpression in cancer and its association with
cell proliferation, migration, and invasion, RECQ1 can potentially
serve as a predictive biomarker and attractive target for cancer
therapy. To assess gene expression pattern of RECQ1 in various
tumors, we utilized a panel of 60 human tumor cell lines derived
from nine different tissues of origin (NCI-60) that has been exten-
sively characterized for gene expression and copy-number varia-
tions, and commonly used for genetic analysis and screening of
potential chemotherapeutic agents (Shoemaker, 2006; Weinstein,
2006; Liu et al., 2010). We conducted in silico analysis of RECQ1
expression pattern across the NCI-60 employing a publicly acces-
sible webtool CellMiner3 (Reinhold et al., 2012; Figure 1). RECQ1
mRNA expression in the NCI-60 panel is shown in Figure 1A
both as average transcript intensity values and as the average
z score that allows a better comparison of relative expression.
Noticeably, the NCI-60 cell lines exhibit a wide spectrum of
RECQ1 expression with transcript level values ranging from both
lower and higher than the mean (Figure 1B). Cell lines melanoma
LOXIMVI and central nervous system SF_268 showed the highest
RECQ1 mRNA levels, whereas ovarian cancer cell lines OVCAR_4
and SK_OV_3 showed the lowest (Figure 1B). Nine out of the
10 melanoma cell lines and 4 out of 6 central nervous system
cell lines expressed high RECQ1 mRNA (Figure 1B). SK_MEL_5
cells were the only melanoma cells within the NCI-60 panel with
lower RECQ1 transcript levels. The lung and renal cell lines were
most variable in RECQ1 expression and the ovarian cell lines
expressed lowest levels of RECQ1 transcript. It remains to be
tested whether RECQ1 transcript levels correlate with the protein
level, but a statistically significant correlation with DNA copy
number (Pearson’s correlation R = 0.38; P = 0.003) was observed
with the estimated RECQ1 DNA copy number ranging from 3.67
for lung cancer cell line NCI_H322M to 1.35 in ovarian cancer
cell line SK_OV_3. Expression profiles of five known RecQ family
genes across the NCI-60 panel revealed no significant correlation
of RECQ1 mRNA expression with WRN, BLM, or RECQL5;

3http://discover.nci.nih.gov/cellminer/
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FIGURE 1 | RECQ1 transcript levels in the NCI-60 human tumor cell
lines. (A) Table of average intensity (determined from log 2 intensity
values from Affymetrix microarrays) and their combined z-score means
presented in descending order. (B) Scatter plot depicting the distribution
of RECQ1 transcript levels across the NCI-60. The numerical series
(1-to-60) for the cell lines from panel (A) correspond to the x-axis. Cell
lines from the central nervous system (shown in yellow) and melanoma
(shown in pink) displayed higher transcript levels of RECQ1, while ovarian
cancer cell lines (shown in blue) displayed the least. (C) Cross-correlation

among RecQ family. Pearson’s correlation coefficients between
transcripts of the known five RecQ homologs in the NCI-60. Only
significant correlation of RECQ1 in the NCI-60 is with the RECQL4
transcripts. Processing and normalization of transcript expression data
from the NCI-60 has been described previously (Reinhold et al., 2012).
Normalization of Affymetrix HG-U95, HG-U133, HG-U133 plus 2.0 and
Affy HuEx 1.0 is done by GC robust multi-array average (GCRMA). Data
is accessible at http://discover.nci.nih.gov by using RECQL (RECQ1) as
input in Cellminer.
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however, RECQ1 expression displayed significant inverse corre-
lation with RECQL4 (Figure 1C).

Recent studies using the NCI-60 panel have shown that the
genes whose expression at the mRNA level is correlated over
diverse cell lines are likely to function together in a molecular
network regulating these processes (Kohn et al., 2012, 2014).
We postulated that the ability of RECQ1 to promote tumor cell
migration and invasion involves changes in expression of specific
genes that are critical to these processes. Using the CellMiner
NCI-60 analysis tools, we searched for genes that were signif-
icantly correlated with RECQ1-expression across the NCI-60
panel and had established functions in cell migration and invasion
(Figure 2A). Notably, RECQ1 expression displayed significant
positive correlation with mesenchymal differentiation markers
vimentin, N-cadherin, and fibronectin (VIM, FN1, and CDH2),
and transcription factors that promote these processes (TWIST,
SNAI2, and ZEB2). Furthermore, RECQ1 expression correlated
significantly and negatively with genes maintaining cellular struc-
tural integrity (KRT8) and epithelial marker E-cadherin (CDH1).
Correlation of the mRNA transcript levels of RECQ1 with VIM
and CDH1 across the NCI-60 tumor cell lines is depicted in
Figure 2B. The NCI-60 gene expression profile for CDH1 is
inversely correlated to that of the gene VIM which is considered
as a hallmark of mesenchymal-like conversion of epithelial cells in
carcinomas (Zeisberg and Neilson, 2009; Kohn et al., 2014).

PREDICTIVE AND PROGNOSTIC POTENTIAL OF RECQ1
EXPRESSION IN CANCER
Predictions from in silico analysis across the NCI-60 panel support
previously reported overexpression of RECQ1 in various cancers
and indicate RECQ1 expression to be especially significant in
tumors of central nervous system origin and melanoma. Evi-
dently, RECQ1 is highly expressed in human brain glioblas-
toma relative to control brain tissues and its depletion affects
proliferation of glioblastoma cells and causes an increased level
of DNA damages (Mendoza-Maldonado et al., 2011). Exam-
ining RECQ1 gene expression using the ONCOMINE mRNA
microarray database4 revealed that RECQ1 is significantly upreg-
ulated in brain and central nervous system tumors, including
glioblastoma, when compared to normal tissue. Overexpression
of DNA repair genes is associated with metastasis in melanomas
(Kauffmann et al., 2008), and the expression levels of RECQ1
significantly correlated with DNA repair genes displaying func-
tional network which are commonly overexpressed in tumors
with poorer prognosis in melanoma (Jewell et al., 2010). Given
the demonstrated roles of RECQ1 in repairing DNA damage
caused by chemotherapeutic agents such as ionizing radiation,
camptothecin, and temozolomide, overexpression of RECQ1 may
provide a survival advantage to melanoma cells by promoting
the ability of cancer cells to tolerate genotoxic stress. In contrast,
WRN and RECQL4 may have a tumor suppressor function in
melanoma since melanoma has been reported in patients with
loss of function mutations in these RecQ proteins (Howell and
Bray, 2008; Monnat, 2010). Notably, within the RecQ family,
RECQ1 expression correlated significantly and negatively with

4www.oncomine.org

RECQL4 across the NCI-60 panel. Lao et al. (2013) have recently
shown that the expression of BLM and RECQL4 is increased in
primary colorectal cancer whereas expression levels of RECQ1
and RECQL5 are decreased. Consistent with the observation
in primary colorectal cancer patient samples, low expression
of RECQ1 and significantly high expression of RECQL4 were
observed in colorectal cancer cell lines as compared to normal
colonic mucosa indicating the feasibility of using cell lines to study
the functional consequences of alterations in the expression levels
of the RecQ helicases (Lao et al., 2013).

RecQ helicases contribute multiple biochemical activities to
various DNA repair processes and loss of their functions leads
to increased DNA damage, genomic instability, and enhanced
sensitivity to certain chemotherapeutic agents (Brosh, 2013).
Therefore, altered expression of RecQ helicases may be useful in
predicting patient’s response to these DNA damaging drugs used
for treatment of cancer. Indeed RECQ1 expression correlated with
cisplatin resistance in oral squamous cell carcinoma (Zhang et al.,
2006) and the depletion of RECQ1 significantly augmented the
in vivo anticancer effects of the drug cis-platinum (II) diammine
dichloride (Arai et al., 2011). This is consistent with the fact that
cisplatin and related platinum drugs induce inter-strand cross
links in DNA that impair progression of replication forks and
RECQ1 helicase functions are important to restore productive
DNA replication (Sami and Sharma, 2013). However, RECQ1
expression was found to be elevated in ovarian cancer cells
that were sensitive to carboplatin as compared to those which
were carboplatin-resistant (Peters et al., 2005) indicating complex
mechanisms of platinum resistance (Stewart, 2007). Thus, a better
correlation of RECQ1 expression with the molecular characteris-
tics and heterogeneity of cancer needs to be established in order
to test the use of RECQ1 as a potential biomarker.

In addition to unlimited proliferative potential, a tumor cell
must acquire the ability to migrate and invade normal tissues to
become fully malignant (Hanahan and Weinberg, 2011). Inva-
sion of tumor cells and metastatic spread to distant organs
relies on complex molecular interactions including diminished
epithelial characteristics and enhanced mesenchymal attributes
(Kalluri and Weinberg, 2009). RECQ1 expression across the NCI-
60 panel significantly correlated with a loss of the epithelial
marker CDH1 and acquisition of expression of the mesenchymal
markers including VIM. Correlation with VIM in the NCI-60
panel raises the question whether RECQ1 expression is associ-
ated with the epithelial to mesenchymal transition (EMT) which
is among the central mechanisms to induce invasiveness and
metastasis of tumors. Indeed, RECQ1-depletion decreased cell
migration and invasion in cervical adenocarcinoma HeLa and
breast cancer MDA-MB-231 cell lines (Li et al., 2014). Similarly,
RECQ1 silencing in oral squamous cell carcinoma SCC-9 cells
downregulated the expression level of immunosuppressive factors
that are necessary for regulating the migration of tumor cells
(Tao et al., 2014). Collectively these results propose that RECQ1
may contribute to tumor progression by regulating key genes
that promote cancer cell migration, invasion, and metastasis. It
is plausible that similar to what has been shown for a few other
proteins involved in DNA damage response and repair, RECQ1
participates in transcription regulation either by binding directly
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FIGURE 2 | Continued
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FIGURE 2 | RECQ1 expression in the NCI-60 panel correlates with
markers of tumor progression. (A) Significant correlations of RECQ1 with
select genes involved the cell invasion, migration, and metastasis. The
numbers in the table are expression profile correlations for expression of
gene pairs in the NCI-60 panel. EMT, epithelial to mesenchymal transition; (B)
RECQ1 expression is highly correlated with the mesenchymal marker
vimentin. Comparison of expression profiles for RECQ1, VIM (vimentin), and

CDH1 (E-cadherin) across the NCI-60 cell lines. Mean-centered transcript
z-cores are plotted on the x-axis; bars to the right show increased expression,
bars to the left show decreased expression relative to the expression mean.
The cell lines on the y -axis are grouped by tissue of origin. BR, breast; CNS,
central nervous system; CO, colon; LE, leukemia; ME, melanoma; LC, lung
cancer; OV, ovarian; PR, prostrate; RE, renal. Data was generated querying
RECQL (RECQ1) as input in Cellminer (http://discover.nci.nih.gov/cellminer/).

to DNA or through interaction with specific transcription factors
(Featherstone and Jackson, 1999; Mullan et al., 2006; Kraus, 2008;
Jaehnig et al., 2013; Broustas and Lieberman, 2014). A systematic
investigation of RECQ1-regulated transcriptome may uncover
the gene networks regulated by RECQ1 in the context of cancer
progression.

Increased expression of several DNA repair proteins has been
correlated with cellular invasiveness in cancer (Mitra et al., 2009;
Barbano et al., 2011; Martinez-Marignac et al., 2011; Yuan et al.,
2012); however, little effort has been made thus far to determine
any role of RecQ helicase homologs in tumor progression and
metastasis. Understanding the role of RECQ1 in conferring pro-
liferative and invasive phenotype to cancer cells could be use-
ful in developing therapeutic strategies to block primary tumor
progression and metastases. Functional evidence from RECQ1
silencing, and the projected correlation with VIM expression in
the NCI-60 panel implies an association of RECQ1 with more
aggressive disease (Zeisberg and Neilson, 2009). Future studies
should examine whether RECQ1 mRNA and/or protein levels can
predict invasion and metastatic potential of a tumor. Predictions
from large human cancer cell line panels that capture tumor het-
erogeneity, such as NCI-60, and the availability of clinically and
molecularly annotated patient tumor datasets for multiple tumor
types, such as TCGA, should provide additional opportunities
to test the significance of RECQ1 in developing new in vitro
preclinical models for cancer detection and treatment.
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In the autoimmune disease systemic lupus erythematosus (SLE), our normal antiviral
defenses are inappropriately activated, resulting in over-activity of the type I interferon
(IFN) pathway. This increased activity of the type I IFN pathway is an important primary
pathogenic factor in the disease. Emerging evidence has implicated the antiviral helicases
in this process. The antiviral helicases normally function as nucleic acid receptors in viral
immunity. Genetic variations in antiviral helicase genes have been associated with SLE,
supporting the idea that helicase pathways are involved in the primary pathogenesis
of SLE. Studies have documented functional consequences of these genetic variations
within the type I IFN pathway in human cell lines and SLE patients. In this review, we
summarize the function of helicases in the anti-viral immune response, and how this
response is dysregulated in SLE patients. In particular, we will focus on known functional
genetic polymorphisms in the IFIH1 (MDA5) and mitochondrial antiviral signaling protein
genes which have been implicated in human SLE.These data provide fascinating evidence
for dysregulation of helicase-mediated innate immunity in SLE, and may support novel
therapeutic strategies in the disease.

Keywords: antiviral helicase, systemic lupus erythematosus, interferon

INTRODUCTION
Systemic lupus erythematosus (SLE) is a chronic autoimmune
disease characterized by multisystem inflammation commonly
including the skin, kidneys, and joints, and other systems. While
the pathogenesis of SLE is not completely understood, it seems
likely that both genetic and environmental factors contribute to
the disease. A number of genetic factors have been associated
with SLE in recent years (Harley et al., 2008; Ghodke-Puranik and
Niewold, 2013), providing a window into human disease patho-
genesis. Interestingly, many of these genetic variations associated
with risk of SLE have function within the type I interferon (IFN)
pathway (Ghodke-Puranik and Niewold, 2013). Type I IFN is a
classical anti-viral molecule which causes activation of antigen
presenting cells within the innate immune system and increased
expression of MHC and co-stimulatory molecules (Pestka et al.,
2004).

Many lines of evidence support the idea that type I IFN plays
a primary role in SLE pathogenesis (Niewold, 2011). Circulating
type I IFN levels are elevated in many SLE patients (Weckerle
et al., 2011), and this elevation is also observed in unaffected
members of SLE families, suggesting that high IFN levels are a
heritable risk factor for SLE (Niewold et al., 2007). Familial aggre-
gation has been observed with other cytokines in SLE, such as
tumor necrosis factor alpha and IL-10 (Grondal et al., 1999; Man-
gale et al., 2013), but in these cases unrelated family members
such as spouses shared the trait as well, suggesting a contribution
from environmental factors. Subsequent study of SLE-associated
genetic factors has confirmed that SLE-risk genes contribute to
the high IFN levels observed in SLE (Kariuki et al., 2008; Kariuki

and Niewold, 2010; Agik et al., 2012; Niewold et al., 2012), and
it seems that the high IFN trait is significantly polygenic (Harley
et al., 2010; Kariuki et al., 2010; Koldobskaya et al., 2012; Jensen
et al., 2013). The genetic data all support the concept that com-
mon gain-of-function variations in the type I IFN pathway are
associated with SLE pathogenesis. Additionally, rare variants in
the TREX1 gene have been described that are strongly associ-
ated with a SLE and Aicardi-Goutieres syndrome, a rare condition
characterized by alterations in type I IFN and neurologic symp-
toms (Lee-Kirsch et al., 2007; Namjou et al., 2011). Recombinant
human type I IFN has been administered as a therapeutic to
treat some malignancies and chronic viral infection, and in some
cases de novo SLE has developed (Ronnblom et al., 1990), which
typically resolves when the type I IFN is stopped (Niewold and
Swedler, 2005). These data taken together support the idea that
type I IFN is a primary pathogenic factor in human SLE. While
there are significant differences in SLE incidence between men and
women (9:1 female), type I IFN pathway activation seems to be
equal between men and women with SLE (Niewold et al., 2008a;
Weckerle and Niewold, 2011). There is an increased incidence of
SLE in African-Americans as compared to European-American
populations (4:1), and in this case is seems that there are some
differences in the way the pathway is activated, but high IFN
is clearly seen in both populations (Ko et al., 2012, 2013). Thus
type I IFN is a common pathway to SLE susceptibility, and it
follows that molecules operating upstream of type I IFN pro-
duction would play a role in disease. A large body of work has
supports the relevance of the endosomal Toll-like receptors in SLE
pathogenesis (Lovgren et al., 2004; Salloum and Niewold, 2011).
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In this review, we will focus on emerging data which implicates
RNA helicases in type I IFN pathway dysregulation in human SLE.
These data may also be relevant to other autoimmune diseases,
as a number of conditions have been associated with increased
type I IFN, including dermatomyositis, Sjogren’s syndrome, neu-
romyelitis optica, and others (Niewold et al., 2008b, 2011; Sweiss
et al., 2011; Feng et al., 2012; Mavragani et al., 2013). In particu-
lar, we will focus on known functional genetic polymorphisms in
the IFIH1 (MDA5) and mitochondrial antiviral signaling protein
(MAVS) genes which function in helicase pathways, and have been
implicated in human SLE.

PATTERN RECOGNITION RECEPTORS INVOLVED IN
ANTI-VIRAL RESPONSES AND SLE
Several families of receptors that recognize pathogen-associated
molecular patterns (PAMPs) have been described, such as the Toll-
like receptors (TLRs) and retinoic acid-inducible gene I (RIG-I)-
like receptor (RLRs). TLRs are transmembrane receptors expressed
in specific immune cells, such as dendritic cells and macrophages.
TLR7, 8, and 9 are expressed in the endosomal membrane, and can
recognize viral nucleic acid. In anti-viral immunity, viral immune

complexes are taken up via Fc receptors, and then delivered to
the endosome resulting in TLR activation. RLRs, on the other
hand, are cytosolic proteins that can recognize viral nucleic acid
in the cytosol. Activation of either TLRs or RLRs results in IFN
production and an anti-viral response (Figure 1).

The endosomal TLRs have been implicated in SLE pathogenesis
in a number of previous studies. Genetic variations in TLR7 are
associated with SLE susceptibility in humans (Deng et al., 2013).
Mice which carry a duplication of the endosomal TLR region of the
X-chromosome have enhanced susceptibility to an SLE-like dis-
ease (Subramanian et al., 2006). Interestingly, the autoantibodies
which are characteristically produced in SLE target components of
the cell nucleus, for example antibodies against double-stranded
DNA and nuclear RNA-binding proteins. These SLE-associated
autoantibodies form immune complexes that contain RNA and
DNA, and the immune complexes can result in activation of the
TLR system with subsequent type I IFN production (Lovgren
et al., 2004, 2006). Thus, the anti-nuclear immune response that
characterizes SLE produces immune complexes that are viral mim-
ics, subverting normal viral immunity. These autoantibodies are
frequently high titer and continuously present in SLE, and the

FIGURE 1 | Diagram of nucleic acid sensing antiviral immune response

pathways. IFN, type I interferon; IL, interleukin; IRF, interferon regulatory
factor; LGP2, laboratory of genetics and physiology 2; MAVS, mitochondrial
antiviral signaling protein; MDA5, melanoma differentiation-associated gene

5; MyD88, myeloid differentiation primary response gene 88; NF-κB, nuclear
factor-κB; RIG-I, retinoic acid-inducible gene I; TLR, Toll-like receptor; TNF,
tumor necrosis factor; TRIF, Toll/IL-1R-domain-containing adaptor inducing
interferon β.
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antigens are ubiquitous, resulting in consistent inappropriate acti-
vation of the type I IFN pathway in SLE (Salloum and Niewold,
2011). Supporting this idea, one of the accepted and effective treat-
ments for SLE, hydroxychloroquine, seems to interrupt endosomal
TLR signaling (Kuznik et al., 2011; Sacre et al., 2012).

RNA HELICASES
Ribonucleic acid helicases are involved in almost all cellular pro-
cesses involving RNA (Steimer and Klostermeier, 2012). These
enzymes use ATP to bind or remodel RNA and RNA–protein
complexes (Linder and Jankowsky, 2011). Based on their shared
conserved motifs and three dimensional core structures, RNA heli-
cases are grouped into families and superfamilies (Linder and
Jankowsky, 2011; Steimer and Klostermeier, 2012). The major-
ity of RNA helicases belong to superfamily 2 (SF2; Pyle, 2008;
Steimer and Klostermeier, 2012). DEAD box proteins are the
largest family of helicases in SF2, and in humans these heli-
cases have essential physiological roles in cellular RNA metabolism
(Linder and Jankowsky, 2011). The DEAD box helicases work
by destabilizing short RNA duplexes close to the binding site of
the helicase. In contrast, the DExH group of helicases work in
a progressive fashion, unwinding longer stretches of RNA (Pyle,
2008). DEAD box helicases frequently play a role in viral immu-
nity by acting as sensors cytosolic viral nucleic acids. Besides the
RLR DEAD box helicases which include RIG-I, MDA5, and LGP2,
other DEAD box helicases likely perform this role as well, includ-
ing DDX1, DDX3, DDX36, DDX41, DDX60, and others (Fullam
and Schroder, 2013). In addition to sensing nucleic acid, some of
these functions may be helicases further downstream in the pat-
tern recognition receptor signaling pathways, potentially playing
roles in transcriptional regulation (Fullam and Schroder, 2013).
Interestingly, it appears that some RNA helicases are important
for viral replication, suggesting that viruses have adopted this cel-
lular mechanism to their own advantage in some cases (Fullam
and Schroder, 2013).

Retinoic acid-inducible gene-I and MDA5 are proteins encoded
by the DDX58 and IFIH1 genes, respectively. These RLRs are
induced by type I IFN, and each recognize specific types of
viruses (Yoneyama and Fujita, 2008). RIG-I and MDA5 recog-
nize distinct viral RNA structures containing 5′ triphosphate in
single and double-stranded RNA (Shrivastav and Niewold, 2013).
These two RLRs demonstrate some specificity in the types of
nucleic acids they recognize: while MDA5 senses picornavirus-
derived nucleic acid, RIG-I senses other viral nucleic acids,
such as those derived from influenza A (Yoneyama and Fujita,
2008). This differential recognition is based on the distinct RNA
patterns generated by different viruses (Yoneyama and Fujita,
2008).

Activation of RIG-I and MDA5 by nucleic acid leads to bind-
ing of the mitochondrial adaptor IFN β promoter stimulater 1
(IPS-1) also known as MAVS (Reikine et al., 2014). As the name
suggests, MAVS is found in the mitochondrial membrane, and is
critical to signal transduction via MDA5 and RIG-I. MAVS forms
large multimeric polymers on the mitochondrial membrane in
combination with RIG-I and MDA5 bound to target nucleic acids,
forming an active signaling complex (Reikine et al., 2014). This
leads to activation of NF-κB, IRF3, and IRF7 (Reikine et al., 2014).

These transcription factors are involved in IFN and interferon-
stimulated gene expression, and the production of type-1 IFN
and pro-inflammatory cytokines (Shrivastav and Niewold, 2013;
Figure 1).

MDA5/IFIH1
IFIH1 is the gene that encodes MDA5, and a common coding-
change polymorphism in the IFIH1 gene has been associated with
risk of SLE and other autoimmune diseases in humans (Smyth
et al., 2006; Sutherland et al., 2007; Harley et al., 2008; Gateva et al.,
2009; Strange et al., 2010; Molineros et al., 2013). This A946T
polymorphism in IFIH1 was identified in case-control genetic
studies of SLE (Harley et al., 2008; Gateva et al., 2009), and inter-
estingly this polymorphism was the major finding in a recent
admixture-mapping genetic screen to identify genes associated
with SLE in African-Americans (Molineros et al., 2013), sup-
porting relevance of this polymorphism across multiple ancestral
backgrounds. This polymorphism appears to be gain-of-function
in nature, being associated with increased IFIH1 mRNA expres-
sion (Downes et al., 2010), increased sensitivity to type I IFN and
increased IFN-induced gene expression in circulating blood cells
from SLE patients (Robinson et al., 2011), and modulation of
inflammation- and apoptosis-related gene expression (Molineros
et al., 2013). These studies support the general idea that over-
activity of the anti-viral helicases would result in greater type I IFN
signaling and risk of SLE. Rare loss-of-function variations in IFIH1
have been discovered in the IFIH1 gene, and interestingly these
loss-of-function variants appear to be protective against autoim-
mune disease (Nejentsev et al., 2009), further supporting the idea
that increased function of IFIH1/MDA5 is associated with risk of
autoimmune disease.

Studies in mice have also supported this hypothesis. A recent
study demonstrated that a single coding-change mutation in IFIH1
(Gly821Ser) generated by N-ethyl-N-nitrosourea (ENU) resulted
in constitutive activation of MDA5 (Funabiki et al., 2014). Mice
with this mutation developed a systemic autoimmune disease
similar to lupus, with nephritis characterized by lymphocyte infil-
tration as well as deposition of immunoglobulin and complement,
systemic inflammation in the heart and lung, and increased tumor
necrosis factor alpha, IL-6 and type I IFN (Funabiki et al., 2014).
This gain-of-function mutation in the mouse line has not been
observed in humans, but it supports the general concept that gain
of function in IFIH1 is associated with autoimmunity.

MAVS
Genetic studies in human SLE have also identified a functional
coding-change polymorphism in MAVS, a key adapter of both the
RIG-I and MDA5 helicases. The C97F polymorphism in MAVS
substantially reduced the expression of type I IFN and other proin-
flammatory mediators in human cell lines (Pothlichet et al., 2011).
Interestingly, this variation was almost exclusively found in the
African-American population, with a frequency of 10.2% in con-
trols (Pothlichet et al., 2011). In African–American patients with
SLE, the C79F allele was associated with low type I IFN and was
more than twice as common (22.4% frequency) in SLE patients
who lacked autoantibodies to RNA-binding proteins. This study
demonstrated that a coding-change genetic variation in the gene
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encoding MAVS has a functional impact on the antiviral IFN path-
way in humans, and is associated with a serologic subgroup of SLE
patients (Pothlichet et al., 2011). These studies in both MAVS and
IFIH1 demonstrate the importance of variations in these genes
upon immune function and autoimmune disease risk in human
populations.

CONCLUSION
Dysregulation of anti-viral helicase immune responses represent a
primary pathogenic factor in human SLE. This is demonstrated by
the presence of coding-change polymorphisms in both the IFIH1
and MAVS genes which modulate function of the type I IFN path-
way and risk of SLE in humans. While immune complexes formed
by SLE autoantibodies and nuclear material seem to be the likely
trigger for endosomal TLR stimulation in SLE, the exact triggers
of the cytosolic anti-viral helicases in human SLE are somewhat
less clear. Viruses may stimulate some of the early events in SLE
patients, as strong epidemiological data implicates Epstein–Barr
virus infection in the initial pathogenesis of SLE (James et al.,
1997; Poole et al., 2006). It is possible that this represents a gene –
environment interaction in human SLE – a hypersensitive or over-
active anti-viral helicase system coupled with a viral trigger, such as
Epstein–Barr virus infection, which then results in an exaggerated
type I IFN response and subsequent misdirection of the adap-
tive immune response against self-antigens. It is also possible that
viral-like elements, such as LINE elements, may also play a role in
the chronic stimulation of these cytosolic nucleic acid receptors
(Crow, 2010). Both Epstein-Barr virus and LINE-1 RNAs could
potentially be seen as “foreign” by the cytosolic helicases. The fact
that both the TLR and cytosolic pathways of viral recognition are
involved in human SLE and the convergence of these pathways
upon type I IFN and anti-viral responses is striking, suggesting
that over-active anti-viral immunity represents a major common
pathogenic pathway in human SLE. A number of therapeutics have
been developed to target type I IFN in SLE, including monoclonal
antibodies against IFN-α (Merrill et al., 2011; Kalunian et al., 2012;
McBride et al., 2012), as well as a vaccination strategy aimed at
inducing antibodies against IFN-α (Lauwerys et al., 2013). These
studies are in early stages, phase I to phase II, and thus far the
data generally support relative safety and proof-of-mechanism. It
is too early to make conclusions about efficacy, but some of the
larger phase II studies have reported potential subset effects within
the overall SLE patient groups (Kalunian et al., 2012). This would
suggest that anti-IFN therapies may not work for every patient,
but the genetics data we discuss in this review may also suggest
this outcome. It seems that the IFN pathway is impacted by a
number of genetic factors, and these factors will not be shared
by all patients. Therapeutics targeting the RNA helicases could be
potentially interesting in SLE, and further understanding of the
specific dysregulation of the helicase pathways in human SLE such
as the work summarized in this review could help to determine
optimal points of intervention in the pathway and in which group
of patients.
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The RecQ family DNA helicases Werner syndrome protein (WRN) and Bloom syndrome
protein (BLM) play a key role in protecting the genome against deleterious changes.
In humans, mutations in these proteins lead to rare genetic diseases associated with
cancer predisposition and accelerated aging. WRN and BLM are distinguished from other
helicases by possessing signature tandem domains toward the C terminus, referred to as
the RecQ C-terminal (RQC) and helicase-and-ribonuclease D-C-terminal (HRDC) domains.
Although the precise function of the HRDC domain remains unclear, the previous crystal
structure of a WRN RQC-DNA complex visualized a central role for the RQC domain in
recognizing, binding and unwinding DNA at branch points. In particular, a prominent hairpin
structure (the β-wing) within the RQC winged-helix motif acts as a scalpel to induce the
unpairing of a Watson–Crick base pair at the DNA duplex terminus. A similar RQC-DNA
interaction was also observed in the recent crystal structure of a BLM-DNA complex. I
review the latest structures of WRN and BLM, and then provide a docking simulation of
BLM with a Holliday junction. The model offers an explanation for the efficient branch
migration activity of the RecQ family toward recombination and repair intermediates.

Keywords:Werner syndrome, Bloom syndrome,WRN, BLM, DNA helicase, Holliday junction, structural biology

INTRODUCTION
RecQ helicases, a family of DNA unwinding enzymes that belong
to the SF2 superfamily helicases, play crucial roles at multiple
steps in DNA recombination, replication and repair. Whereas
the genomes of bacteria typically encode a single recQ gene, the
human genome contains five recQ genes that encode Werner
syndrome protein (WRN), Bloom syndrome protein (BLM),
RECQ1, RECQ4, and RECQ5. Mutations in WRN and BLM
are associated with the rare genetic diseases Werner and Bloom
syndromes, respectively. These two diseases are characterized by
a high frequency of cancer predisposition, illustrating the pri-
mary importance of WRN and BLM in preventing tumorigenesis.
Indeed, cells derived from afflicted patients show pronounced
genomic instabilities such as sister chromatid exchange and
telomere shortening.

The Werner and Bloom syndromes, however, are also char-
acterized by many distinct clinical symptoms: Werner patients
display features of accelerated aging including the early onset
of osteoporosis, atherosclerosis, arteriosclerosis, type II diabetes
and cataracts (Goto, 2000; Goto et al., 2013; Oshima et al., 2013),
while Bloom patients display severe growth retardation with short
stature, immunodeficiency, sunlight sensitivity and a predisposi-
tion to a wide spectrum of cancers (Manthei and Keck, 2013). The
different clinical features of the disorders, and the fact that the
functional loss of either WRN or BLM cannot be compensated for
by the presence of the other protein (or of other RecQ members),
support the notion that WRN and BLM have distinct functions in
cells.

To date, a number of reviews on the biological functions of
WRN and BLM have been published, including the latest ones

that discuss the diverse genome-maintenance mechanisms of the
RecQ family (Larsen and Hickson, 2013; Croteau et al., 2014).
In this review, I will focus on structural aspects of WRN and
BLM, which are an exciting area of current RecQ research. In par-
ticular, structures and functions of the RecQ C-terminal (RQC)
and helicase-and-ribonuclease D-C-terminal (HRDC) domains of
WRN and BLM are discussed. These two domains are conserved in
tandem on the C-terminal side of each protein’s ATPase domain,
but also display several divergent features; the sequence identity
within the ATPase domain of WRN and BLM is ∼30%, while
the identities within the RQC and HRDC domains are ∼10 and
∼20%, respectively. An understanding of the structural and func-
tional differences between these domains may yield insights into
the onset of the two distinct diseases.

Furthermore, I present a novel docking simulation of BLM with
a Holliday junction (HJ), using the recently determined crystal
structure of a BLM-DNA complex (Swan et al., 2014). The model
offers explanations for the efficient branch migration activities of
BLM and also of WRN.

DOMAINS OF WRN AND BLM
Domain diagrams of WRN and BLM are shown in Figure 1.
WRN and BLM are multi-domain helicases composed of 1,432
and 1,417 amino acids (a.a.), respectively. The two proteins share
the structured ATPase, RQC, and HRDC domains, while an exonu-
clease domain is present only at the N terminus of WRN. Previous
crystal structures of the exonuclease domain from human (Perry
et al., 2006) and mouse (Choi et al., 2007) WRNs in the absence
of DNA suggested a nuclease mechanism mediated by two metal
ions, although the in vivo role of this domain is still unknown.
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FIGURE 1 | Domain diagrams of human WRN and BLM. Werner syndrome
protein and Bloom syndrome protein share three structurally folded domains
comprising an ATPase domain, an RQC domain (colored blue in WRN and
cyan in BLM) and an HRDC domain (green and pink, respectively). The Zn
subdomain (yellow) is located at the C-terminal end of the ATPase domain.

Nuclear localization signals of WRN (Matsumoto et al., 1997) and BLM
(Kaneko et al., 1997) are depicted as dark gray bars. The domain boundaries
(a.a. numbers) were determined from the available 3D structures of WRN
(Hu et al., 2005; Perry et al., 2006; Kitano et al., 2007, 2010) and BLM
(Kim and Choi, 2010; Sato et al., 2010; Kim et al., 2013; Swan et al., 2014).

RQC DOMAIN
WRN RQC
The RQC domain, which is tethered to the zinc-binding subdo-
main (Zn) of the ATPase domain with a short linker, is unique
to the RecQ family of proteins. This region folds into a winged-
helix motif, a subset of the helix-turn-helix superfamily (Hu et al.,
2005; Kitano et al., 2010; Kim et al., 2013; Swan et al., 2014).
Helix-turn-helix motifs including the winged helix are known as
major double-stranded (ds) DNA-binding domains and are found
in many nuclear proteins (Gajiwala and Burley,2000; Harami et al.,
2013).

Figure 2 shows the co-crystal structure of the WRN RQC
domain bound to a DNA duplex (Kitano et al., 2010), whose deter-
mination in 2010 represented the first example of a RecQ-DNA
complex. The structure revealed two unexpected features of the
RQC domain. First, the RQC domain binds duplex DNA in a
novel DNA-interaction mode that differs from all known examples
of winged-helix and other helix-turn-helix proteins. The recogni-
tion helix, a principal component of helix-turn-helix motifs that
are usually embedded within DNA grooves, was unprecedentedly
excluded from the interaction. Second, the structure successfully
captured a DNA-unwinding event by the RQC domain. The RQC

FIGURE 2 | Structure of the WRN RQC domain bound to dsDNA.

(A) Crystal structure of WRN RQC bound to the 14-base-pair duplex (PDB ID:
3AAF; Kitano et al., 2010). The two RQC monomers (blue) bind to each DNA
blunt terminus and unpair the terminal base pairs. The molecular surfaces of
each domain are shown in transparent gray. Secondary-structure elements

are labeled, and side chains of the key interacting amino acids are shown as
stick models. The unpaired 5′-nucleotide is held tightly by RQC to prevent its
reannealing, whereas the 3′-nucleotide is mostly disordered. All figures
displaying 3D structures within this paper were prepared using PyMOL
(DeLano Scientific). (B) View following 90◦ rotation along the y-axis.

Frontiers in Genetics | Genetics of Aging October 2014 | Volume 5 | Article 366 | 55

http://www.frontiersin.org/Genetics_of_Aging/
http://www.frontiersin.org/Genetics_of_Aging/archive


Kitano Structures of WRN and BLM

domain specifically interacted with a blunt end of the DNA duplex
and, in the absence of any other domain, unpaired a Watson–Crick
base pair using the prominent hairpin structure β2–β3, which
corresponds to the so-called β-wing of the winged-helix fold.

BLM RQC
Last year, the crystal structure of the BLM RQC domain bound to
a phosphate ion (Figure 3A) was determined (Kim et al., 2013),
and, subsequently, the co-crystal structure of a BLM large frag-
ment (a.a. 640 –1291) in complex with a 3′-overhang DNA duplex
(Figures 3B,C) was determined (Swan et al., 2014). The latter
structure includes all of the ATPase, RQC, and HRDC domains,
but interactions with the duplex region of the DNA were concen-
trated on the RQC domain surface; the BLM RQC domain binds
to the dsDNA terminus in the same binding mode as had been
observed with the truncated WRN RQC domain (Kitano et al.,
2010).

The structure of the BLM RQC domain, however, includes
three distinct features (Figure 3A). First, aromatic and non-polar

residues at the tip of the β-wing, key elements that WRN uses
for DNA strand separation, are each replaced by polar and acidic
residues in BLM. A detailed discussion of this feature is given
below. Second, a BLM-specific 14-a.a. insertion (referred to as the
BLM insertion) between the N-terminal helices exhibits a looping-
out structure that extends at right angles to the β-wing. Third, the
C-terminal residues of BLM RQC adopt a novel extended structure
(referred to as the C-term extended loop) by being tightly packed
against the domain core. These unique structures in BLM RQC
may be associated with the preferential activity of BLM toward
HJs (Kim et al., 2013).

RQC IS AN UNCONVENTIONAL WINGED-HELIX DOMAIN
Figure 4 shows a comparison of the DNA-binding modes of the
WRN (A) and BLM (B) RQC domains with those of the con-
ventional winged-helix domains of the transcription factors ETS
(Kodandapani et al., 1996; C) and RFX1 (Gajiwala et al., 2000;
D). The conventional winged-helix domains all bind to DNA
via principal contacts of a recognition helix (colored green in C,

FIGURE 3 | Structures of the BLM RQC domain and of BLM 640–1291

bound to DNA. (A) Crystal structure of BLM RQC bound to a phosphate ion
(PDB ID: 3WE2; Kim et al., 2013). Two BLM-specific loop regions,
BLM-insertion (a.a. 1093–1106) and C-term extended loop (a.a. 1183–1194),
are colored red. The phosphate ion forms a hydrogen bond with Ser1121,
mimicking one of the phosphate groups in DNA substrates. (B) Crystal
structure of BLM 640–1291 bound to a 3′-overhang duplex (PDB ID: 4O3M;
Swan et al., 2014). The RQC and HRDC domains are in cyan and pink,

respectively, while the Zn subdomain within the ATPase domain is in yellow.
ADP (red) is bound to the inter-subdomain cleft between the ATPase
subdomains 1A and 2A (gray). (C) Surface potential representation of BLM
640–1291 in a view following 90◦ rotation along the y-axis. The basic regions
along the ATPase domain are encircled by a dashed line, and include a
number of basic residues: Arg775, Arg808, Arg813, and Lys820 within
subdomain 1A; Lys872, Arg898, Arg899, Arg927, and Lys968 within
subdomain 2A; and His996, Arg1000, and Arg1003 within the Zn subdomain.
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FIGURE 4 | Comparison of the RQC domains with conventional

winged-helix domains. (A) WRN RQC domain (PDB ID: 3AAF; Kitano
et al., 2010). The RQC domain binds the DNA duplex terminus via the
α2–α3 loop and the β-wing (colored green), while the helix α4 (recognition
helix; also green) is located apart from the DNA. (B) BLM RQC domain
(PDB ID: 4O3M; Swan et al., 2014). The orientation and colors of the

domain are comparable to those in (A). (C) PU.1 ETS winged-helix
domain (PDB ID: 1PUE; Kodandapani et al., 1996). The recognition helix
and β-wing bind the major and minor grooves, respectively. (D) RFX1
winged-helix domain (PDB ID: 1DP7; Gajiwala et al., 2000). The
recognition helix and β-wing bind the minor and major grooves,
respectively.

D) deep in the major or minor groove of DNA. This arrange-
ment facilitates sequence-specific DNA binding that can induce
a bend in the DNA (Gajiwala and Burley, 2000; Harami et al.,
2013).

In contrast, the recognition helix (α4) of WRN RQC (A) and
BLM RQC (B) is located more than 4 Å away from the bound
DNA and is not involved in the direct interaction with DNA.
Instead, the positively charged loop between helices α2 and α3
(the α2–α3 loop) serves as the prominent DNA binding site by
interfacing with the major groove of the DNA, and the β-wing
(also green) exhibits a unique interaction with the terminus of
the duplex. Considering that the fundamental role of the recog-
nition helix is to promote sequence-specific DNA recognition,
its exceptional lack of use in RQC seems essential for realizing
sequence-independent helicase reactions (Kitano et al., 2010). The
RQC domain, unlike the conventional winged-helix domains, does
not form a hydrogen bond with the bases or induce a bend in the
duplex.

The protruding β-wing within the RQC domain is also
essential for WRN and BLM to prevent non-specific bind-
ing to DNA, since the β-wing exhibits steric hindrance with
linear paired bases (Kitano et al., 2010). Due to this conflict
effect, the proteins can bind only to branched sites that con-
tain a terminus of the duplex, a structural explanation for
the DNA structure-specific activities of the RecQ family. Elec-
tron microscopic analyses of full-length WRN (Compton et al.,
2008) and BLM (Huber et al., 2006) also showed that the two
proteins do not bind DNA in the interior of the linear B-form
conformation.

The α2–α3 loop of the RQC domains plays a major role in the
interaction with DNA. On this loop, a conserved serine of WRN
(Ser989 in Figure 2) and BLM (Ser1121 in Figure 3A; the phos-
phate ion mimics one of the DNA phosphates) forms a hydrogen
bond with a backbone phosphate of the DNAs (Kitano et al., 2010;
Kim et al., 2013; Swan et al., 2014). Single mutation of these ser-
ines disturbs the DNA-binding ability of WRN RQC (Kitano et al.,
2010) and BLM RQC (Kim et al., 2013), showing their common
importance for DNA interaction. Another key residue on this loop
is a glycine (WRN Gly988 and BLM Gly1120), which is adjacent
to the serine and important to provide the α2–α3 loop with the

flexibility required for DNA interaction (Kitano et al.,2010). Single
mutation of Gly1120 in BLM also causes partial loss-of-function
of the full-length protein (Mirzaei and Schmidt, 2012).

THE β-WING, A HAIRPIN SCALPEL FOR DNA STRAND SEPARATION
The β-wing of the RQC domain extends from the edge of the
domain surface and, during the helicase catalytic reactions, acts as
a scalpel for splitting a DNA duplex. Figure 5A shows a schematic
depiction of the WRN β-wing interaction with the last paired
bases of the partially unwound DNA duplex (Kitano et al., 2010).
The aromatic (Phe1037) and non-polar (Met1038) residues at the
hairpin tip cut into the stacked bases from the duplex terminus,
resulting in a loss of base–base stacking and the separation of both
strands.

On the other hand, the β-wing of BLM (Figure 5B) is capped by
polar (Asn1164) and acidic (Asp1165) residues (Kim et al., 2013;
Swan et al., 2014). Asn1164 (the counterpart of WRN Phe1037)
also functions to wedge apart the DNA strands by interacting with
the last paired base at the 3′ terminus. The importance of both
WRN Phe1037 and BLM Asn1164 in DNA-unwinding reactions
was confirmed by mutagenesis helicase assays (Tadokoro et al.,

FIGURE 5 | Interactions of the WRN and BLM β-wings with DNA.

(A) The β-wing of WRN RQC (PDB ID: 3AAF; Kitano et al., 2010) is capped
by aromatic (Phe1037) and non-polar (Met1038) residues, which stack onto
the last paired bases at the 3′ and 5′ termini, respectively. (B) The β-wing of
BLM RQC (PDB ID: 4O3M; Swan et al., 2014) is capped by polar (Asn1164)
and acidic (Asp1165) residues. Asn1164 interacts with the last paired base
at the 3′ terminus, while Asp1165 faces in the other direction.
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2012; Swan et al., 2014). In contrast, the acidic side chain of BLM
Asp1165 (the counterpart of WRN Met1038) does not interact
with the duplex but faces in the other direction. When binding
to multi-stranded DNAs like a HJ, such electronegativity at the
tip of the β-wing may result in an electrostatic repulsion against
the neighboring DNA strands. In agreement with this idea, the
DNA-binding activity of purified BLM is weaker than that of
WRN (Kamath-Loeb et al., 2012; Kim et al., 2013). The electro-
static repulsive power between the acidic BLM β-wing and DNA
strands, as discussed below, may be adapted for use in catalyzing
the branch migration of HJs.

HRDC DOMAIN
WRN HRDC AND BLM HRDC
In contrast to the accumulated knowledge pertaining to the unique
functions of the RQC domain, the function of the C-terminal
HRDC domain remains unclear. In human RecQs, only WRN
and BLM possess the HRDC domain, whereas the other three
members (RECQ1, RECQ4, and RECQ5) completely lack HRDC
sequences (Larsen and Hickson, 2013; Croteau et al., 2014). The
existing data concerning WRN (Lee et al., 2005) and BLM (Wu
et al., 2005) suggest that the HRDC domain is not essential for
conventional helicase activity on forked duplexes.

Figure 6 shows the crystal structure of the WRN HRDC
domain (A, B; Kitano et al., 2007) and the NMR structure of
the BLM HRDC domain (C, D; Kim and Choi, 2010; Sato et al.,
2010). The two HRDC domains fold into a common globular
bundle of five α-helices and one 310-helix connected by short loop
regions. However, the amino acids located on the domain surfaces
are poorly conserved, yielding distinct surface properties for each
protein. For example, the WRN HRDC domain surface retains
both acidic and basic regions (B), whereas the BLM HRDC sur-
face is largely electronegative with many acidic residues exposed
to the solvent (D). The isoelectric point (pI) of BLM HRDC (5.1)
is also much lower than that of WRN HRDC (8.1; Sato et al.,
2010).

The distinct charge distributions of the two HRDC domains
suggest different roles for the domain in each protein. As its
name implies, the HRDC domain was originally found in several
bacterial DNA helicases such as PcrA (Subramanya et al., 1996;
Velankar et al., 1999) and Rep (Korolev et al., 1997), in addition to
the RNase D family of nucleases (Zuo et al., 2005). Consequently,
interest in the HRDC domains has focused on their DNA-binding
ability (Morozov et al., 1997). The isolated HRDC domain of Sgs1
(the yeast ortholog of BLM) was shown to bind DNA weakly
using the electropositive surface area of the domain (Liu et al.,

FIGURE 6 | Structures of the WRN and BLM HRDC domains. (A) Crystal
structure of WRN HRDC (PDB ID: 2E1E; Kitano et al., 2007). The
WRN-specific C-term extended loop (a.a. 1227–1235) is colored red.
(B) Surface potential of WRN HRDC. Front (left) and back (right) views. A
WRN-specific hydrophobic pocket at the back surface is encircled by a

dashed line. (C) NMR structure of BLM HRDC (PDB ID: 2RRD; Sato et al.,
2010). The molecule is viewed in the same orientation as in (A). (D) Surface
potential of BLM HRDC. A front (left) surface area corresponding to the
proposed DNA interaction area of Sgs1 (Liu et al., 1999) is encircled by a
dashed line.
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1999). However, both the WRN and BLM HRDC structures show
that the proposed DNA-binding surface area of Sgs1 is not con-
served (Kitano et al., 2007; Sato et al., 2010). The corresponding
region of BLM HRDC (encircled by a dashed line in Figure 6D) is
highly electronegative, and is therefore unlikely to be involved in
direct DNA interaction. Consistent with these observations, nei-
ther of the purified WRN (Kitano et al., 2007) nor BLM HRDCs
(Sato et al., 2010; Kim et al., 2013) exhibit detectable DNA-binding
ability in vitro.

POSSIBLE FUNCTION OF WRN HRDC
As depicted in Figure 1, the HRDC domains of WRN and
BLM are connected to their adjacent RQC domains by differ-
ent lengths of linker. The linker of WRN comprises 77 residues
(a.a. 1065–1141), which is six times longer than that of BLM
(13 residues; a.a. 1195–1207). The long linker region of WRN
is probably unstructured (Kitano et al., 2007), which may con-
tribute to the spatial separation of the HRDC domain from the
RQC domain. Such isolation may be advantageous for interac-
tions with other proteins. For example, the WRN HRDC domain
may interact with other protein partner(s) that recognize DNA
double-strand breaks (DSBs), thus facilitating indirect recruit-
ment of WRN to the site for repair (Lan et al., 2005; Kitano et al.,
2007).

The WRN HRDC domain also possesses a C-term extended
loop (colored red in Figure 6A) that is tightly packed against the
upper surface of the folding core. This extra structure increases
the surface area of WRN HRDC, and assists in the formation
of WRN-specific structures such as a hydrophobic pocket at the
back of the domain (encircled by a dashed line in Figure 6B).
This hydrophobic pocket is a candidate for interaction with other
proteins (Kitano et al., 2007).

ATPase DOMAIN
The ATPase domain is the largest and most highly conserved com-
ponent of the RecQ family (Figure 1). The domain is constituted
of two RecA-like subdomains (1A and 2A) that are character-
istic of a wide variety of DNA and RNA helicases (Singleton
et al., 2007). The ATPase domain is responsible for binding and
hydrolysis of ATP (Vindigni et al., 2010; Swan et al., 2014). The
C-terminal portion of the ATPase domain also includes the Zn
subdomain (colored yellow), which is unique to the RecQ family
and is often combined with the RQC domain sequence. Crys-
tal structures of bacterial (Bernstein et al., 2003) and human
(Pike et al., 2009; Swan et al., 2014) RecQs showed that the
Zn subdomain is tightly packed against subdomain 2A of the
ATPase domain, and is thus structurally a part of the ATPase
domain.

By analogy with other helicases (Singleton et al., 2007), the
ATPase domain of the RecQ family was originally referred to
as a “helicase domain.” However, this designation often caused
misunderstanding, since the domain itself does not possess heli-
case activities; the isolated ATPase domains of WRN (Von Kobbe
et al., 2003; Lee et al., 2005) and BLM (Janscak et al., 2003) do not
exhibit efficient DNA-binding or unwinding activity. As described
above, the RQC domain, not the ATPase domain, constitutes the
primary DNA-binding site in members of the RecQ family and

also catalyzes the direct unpairing of DNA duplexes (Kitano et al.,
2010; Swan et al., 2014).

The ATPase domains of WRN and BLM, therefore, function
simply as an ATP-dependent DNA translocation module that
supplies a driving force for the helicase reactions. The ATPase
and RQC domains are both required for the processive helicase
reactions, combining to form a “helicase core” in the RecQ family.

BLM-HJ BINDING MODEL
DISSOLUTION OF DOUBLE HJ BY BLM AND TOPOISOMERASE IIIα
Unlike most other helicases, WRN and BLM (and some other
RecQ members) preferentially act on DNA structures that resem-
ble recombination and repair intermediates (Larsen and Hickson,
2013; Croteau et al., 2014). Such structure-specific activities of
RecQs account for many of their key functions in DNA metabolic
pathways. For example, BLM acts in concert with topoisomerase
IIIα to resolve the DSB repair intermediate double HJ, produc-
ing exclusively non-crossover products (Wu and Hickson, 2003;
Wu et al., 2005; Plank et al., 2006; Seki et al., 2006). This process,
referred to as double HJ dissolution, is crucial for suppress-
ing the sister-chromatid exchanges that cause early neoplastic
transformation of cells (Larsen and Hickson, 2013; Manthei
and Keck, 2013). In double HJ dissolution, a branch migra-
tion activity of BLM (Karow et al., 2000) is used to efficiently
bring two HJs toward each other, until they form a hemi-
catenane intermediate that can be decatenated by topoisomerase
IIIα.

In Figures 7A,B, I present a new binding model of a BLM
dimer with a HJ. This model has been constructed in silico by
superimposing the BLM 640–1291 structure (Swan et al., 2014)
onto our previous docking simulation of the WRN RQC-HJ com-
plex (Kitano et al., 2010). The BLM 640–1291 structure was used
without modification, while the north and south arms of the HJ
(the vertical duplexes in Figure 7A) were manually tilted by 21◦
rotation from their ideal vertical positions, to avoid steric conflicts
with the two ATPase domains. The obtained model shows that
the two molecules of BLM can simultaneously bind to the single
HJ with no significant steric hindrance to each other. Each RQC
domain binds the east or west (the horizontal) arm of the HJ with
twofold symmetry, while the ATPase domains interact with the
north and south arms. Binding of a BLM dimer to a single HJ
is also suggested by a recent single-molecule visualization study
(Gyimesi et al., 2013).

In the electrostatic surface potentials of BLM 640–1291
(Figure 3C), a line of basic regions (encircled by a dashed line)
that traverses subdomains 1A, 2A, and Zn of the ATPase domain is
observed. The lower part of these regions binds to the 3′-overhang
ssDNA, suggesting a role for these regions as a DNA translocation
route for the helicase reactions. In the present BLM-HJ model
(Figure 7A), the basic regions in each ATPase domain run pre-
cisely in parallel with the north or south duplexes, representing
the best operational arrangement for the translocations of the two
arms.

PROPOSED BRANCH MIGRATION MECHANISM
The BLM-HJ model (Figures 7A,B) offers several plausible expla-
nations for the branch migration reactions undertaken by BLM.
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FIGURE 7 | Binding model of BLMs to HJ. (A) 3D docking simulation of
a BLM dimer to a HJ. BLMs are in the same colors as in Figure 3B. The
arrows on the HJ arms represent the directions of DNA translocations
required for branch migration. This model was constructed in silico by the
following procedures: first, the structure of BLM 640–1291 (PDB ID:
4O3M; Swan et al., 2014) was superimposed onto our previous binding
model of the WRN RQC-HJ complex (Kitano et al., 2010) using the RQC
domain and DNA duplex region as references. The north–south arms of
the HJ were then manually tilted by 21◦ on the same plane using Coot

(Emsley et al., 2010), so that the ATPase subdomains 1A and 2A can
simultaneously interact with the duplexes without steric conflicts. The
present interactions between the RQC domains and the HJ are
consistent with a previous mutagenesis binding assay of BLM RQC with
HJ (Kim et al., 2013). (B) View after 90◦ rotation along the x-axis. (C)

Schematic representation of a HJ in the antiparallel stacked conformation.
(D) Schematic representation of (A), with the HJ in the ideal open-planar
conformation. (E) Schematic representation depicting release of the
3′-invading strand (green) by WRN or BLM (Kitano et al., 2010).

First, co-insertion of the two acidic β-wings into a small hole of
the HJ enables the BLMs to catalyze simultaneous unpairing of
the east and west arms of the HJ. This is reminiscent of the acidic
hairpin of bacterial RuvA, a protein that also catalyzes branch
migration of HJs (Ingleston et al., 2000; Yamada et al., 2004). By
analogy with the proposed mechanism for RuvA, negative charges
on the BLM β-wings may serve to repel the DNA backbones from
the junction center and/or to repel the other β-wing within the
same hole by electrostatic repulsion. The resultant mechanical

force to enlarge the hole could result in the disruption of base
pairs near the crossover point, thereby enhancing strand-exchange
reactions.

Second, nucleotides that are newly unpaired by the RQC
domains may be translocated under guidance of the Zn sub-
domain, which abuts the ATPase subdomain 2A. In the present
model, the first helix, α1 (a.a. 995–1007), of each Zn subdomain
is extended in parallel with the yellow or pink strand at the inter-
section, exposing the basic residue Arg1003 toward the unpaired
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3′-nucleotides. This residue probably forms a salt bridge with the
DNA backbone phosphate. Therefore, the two Zn subdomains
located around the central hole seem likely to act as a guiderail
for the unpaired 3′-nucleotides to move smoothly into the north-
south duplexes, helping them to rapidly anneal with new partners.
At the same time, the Zn subdomain would also act as a joint to
adjust the relative orientation of the ATPase domain against the
RQC domain.

Third, the two ATPase domains would pull the north and
south duplexes in opposite directions, by the conventional inch-
worm mechanism (Singleton et al., 2007). Hydrolysis of an ATP
at the interface of the ATPase subdomains 1A-2A would result
in a rigid-body movement of subdomain 1A, a conformational
change of the ATPase domain as a motor. The resultant transloca-
tions of the north–south duplexes by the ATPase domains would
in turn allow each RQC domain to melt the next base pairs of
the east–west duplexes, thereby driving the branch migration
reactions.

In summary, although a genuine BLM-HJ co-crystal structure
is still lacking, the proposed binding model yields a possible HJ
branch migration mechanism for BLM, in which DNA unwinding
by the RQC domains and DNA annealing/translocation by the
ATPase domains are effectively coordinated.

SEPARATION OF UNPAIRING MODULE FROM TRANSLOCATION MODULE
Many other helicases such as bacterial UvrD (Lee and Yang, 2006;
Figure 8B) and archaeal Hel308 (Buttner et al., 2007; Figure 8C)
also possess a conserved β-hairpin to act as an unwinding element.
However, these hairpins are located directly within the ATPase
domains (i.e., helicase domains) and cannot be inserted into the
narrow hole of the HJ, since severe steric conflicts would occur
between their ATPase domains and DNA strands (Kitano et al.,
2010). This is the reason why PcrA (a homolog of UvrD) cannot

efficiently promote migration of HJs (Constantinou et al., 2000;
Karow et al., 2000).

In contrast, WRN and BLM prepare the unwinding element
in the compact RQC domain (Figure 8A). For the RecQ family,
separation of the unwinding module (the RQC domain) from the
translocation module (the ATPase domain) is likely to be crucial
to process multi-stranded DNAs such as the HJs.

POSSIBLE FUNCTION OF BLM HRDC
The co-crystal structure of the BLM-DNA complex (Figure 3B)
also showed that the BLM HRDC domain is situated ∼28 Å apart
from the DNA substrate and binds to the ATPase domain within
the same molecule (Swan et al., 2014). The domain-domain inter-
face includes an ATP-binding cleft formed between the ATPase
subdomains 1A and 2A. Therefore, the BLM HRDC domain may
somehow be associated with the hydrolysis of ATP within the
ATPase domain, although the detailed mechanism of action is
not known.

On the other hand, the HJ is known to adopt a dynamic
structure between antiparallel stacked (Figure 7C) and open
planar conformations (Figure 7D; Liu and West, 2004). The
former is favored in the presence of divalent cations such as
Mg2+, but is inhibitory to branch migration reactions due to
its closed structure, stabilized by strong van der Waals contacts
and hydrogen bonds (Ortiz-Lombardia et al., 1999; Eichman et al.,
2000). Therefore, proteins that promote branch migration must
first open the four arms, as does RuvA, which binds exclusively
to the open planar conformation of the HJ (Ingleston et al., 2000;
Yamada et al., 2004).

In the current BLM-HJ model (Figures 7A,B), the two HRDC
domains are located in the empty spaces between the north–west
and east–south arms of the HJ. Considering the electronegativ-
ity of the BLM HRDC domain surface, the HRDC domain may

FIGURE 8 | Comparison of BLM with other helicases. (A) BLM 640–1291
bound to a 3′-overhang duplex (PDB ID: 4O3M; Swan et al., 2014). The
strand-separating element (β-wing) is within the RQC domain (colored cyan),
which is bridged to the ATPase domain (gray) by the Zn subdomain (yellow).
The complex is viewed in the same orientation as in Figure 3B except for the
omission of the HRDC structure; in (A–C), other portions of the enzyme
outside the helicase core are omitted for clarity. (B) ATPase (helicase) domain
of E. coli UvrD bound to a 3′-overhang duplex (PDB ID: 2IS6; Lee and Yang,

2006). The strand-separating element (β-hairpin; cyan) is included within the
ATPase subdomain 2A. The structure is comparable to that of PcrA (Velankar
et al., 1999). (C) ATPase (helicase) domain of archaeal Hel308 bound to a
3′-overhang duplex (PDB ID: 2P6R; Buttner et al., 2007). The strand-separating
element (β-hairpin) is also within the ATPase subdomain 2A. The ATP-binding
cleft is indicated by a red arrow. In (A–C), Asn1164 (BLM), Tyr621 (UvrD), and
Phe351 (Hel308), respectively, stack onto the last paired base at the 3′
terminus.
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act as a wedge to open the HJ arms by electrostatic repulsion
(Kim et al., 2013).

OTHER DNA SUBSTRATES
In addition to the established importance of BLM in double HJ
dissolution, BLM may also be required for other genomic events
such as segregation of sister chromatids in mitosis (Chan et al.,
2007; Larsen and Hickson, 2013; Manthei and Keck, 2013) as well
as the recombination process in meiosis (De Muyt et al., 2012;
Zakharyevich et al., 2012). Although the precise in vivo substrates
of BLM in these pathways remain to be elucidated, a mechanism
similar to the branch migration function of BLM in resolving
multi-stranded DNAs may be utilized.

WRN can also catalyze branch migration of HJs in vitro (Con-
stantinou et al., 2000), but fails to substitute for BLM in double
HJ dissolution reactions (Wu et al., 2005). Alternatively, WRN
may be involved in another DSB repair pathway such as non-
homologous end-joining (Lan et al., 2005; Yan et al., 2005) by
interacting with its key protein Ku70/80 (Croteau et al., 2014). Fur-
thermore, WRN also plays a role in protecting chromosome ends
by interacting with telomere maintenance proteins like TRF2 and
POT1 (Croteau et al., 2014). Figure 7E shows a schematic view of
the displacement loop (D-loop) bound by WRN (or BLM). Since
the structure of the D-loop is comparable to that of the right half
of the HJ (Kitano et al., 2010), it is tempting to speculate that
WRN catalyzes the dissociation of telomeric D-loops in the repli-
cation and recombination processes (Opresko et al., 2004; Brosh,
2013).

WRN and BLM are additionally capable of unwinding non-
Watson-Crick/Hoogsteen base pairs such as G-quadruplex (G4)
DNA (Larsen and Hickson, 2013; Croteau et al., 2014). The G4-
unwinding activity of WRN and BLM may be important for the
efficient replication of telomeres (Brosh, 2013) as well as for the
regulation of gene expression (Johnson et al., 2010; Nguyen et al.,
2014). The purified RQC domain of BLM binds to G4 DNA with
high affinity (Huber et al., 2006). Future structural studies of com-
plexes with G4 DNA should reveal the mechanism by which WRN
and BLM unwind such abnormal DNA structures.

CONCLUDING REMARKS
Recent advances in the structural studies of WRN and BLM, in
particular the discovery of the “DNA zip-slider” function of the
RQC domain to catalyze strand separation, have greatly improved
our understanding of WRN and BLM in terms of their preferential
activities toward recombination and repair intermediates. In this
paper, I have focused on the structures of WRN and BLM, but it
should be mentioned that other important RecQ structures that
could not be discussed here are also available, including those of
Escherichia coli RecQ (Bernstein et al., 2003; Bernstein and Keck,
2005), Deinococcus radiodurans RecQ (Killoran and Keck, 2008;
Liu et al., 2013) and human RECQ1 (a protein that is not associ-
ated with genetic disease; Pike et al., 2009). The structure of E. coli
RecQ without DNA (Bernstein et al., 2003) gave us the first struc-
tural image of the RecQ-family helicase core, although recent data
imply that the β-wing of bacterial RecQs is not involved in DNA
unwinding (Pike et al., 2009; Hoadley and Keck, 2010). The β-
wing of RECQ1 (Pike et al., 2009), in contrast, probably functions

in a manner similar to that of WRN. Reviews on these structures
are available elsewhere (Killoran and Keck, 2006; Vindigni et al.,
2010).

Besides their biological importance in the prevention of
tumorigenesis and accelerated aging, WRN and BLM are also new
targets for cancer chemotherapy (Futami et al., 2007; Opresko
et al., 2007; Arai et al., 2011; Moser et al., 2012; Brosh, 2013).
Recent high-throughput screens of chemical compound libraries
identified two compounds, NSC19630 (Aggarwal et al., 2011) and
ML216 (Nguyen et al., 2013), as specific inhibitors of WRN and
BLM, respectively. Although the mechanism by which NSC19630
interferes with WRN function is unknown, ML216 was shown to
inhibit the helicase activity of BLM 636–1298, a fragment similar
to that used in the structure determination (Swan et al., 2014), by
competing with its DNA-binding activity (Nguyen et al., 2013).
Future co-crystallizations of WRN and BLM with these inhibitors
may lead us to novel drug design strategies targeting the RecQ
family of proteins.
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The FANCJ DNA helicase is mutated in hereditary breast and ovarian cancer as well as the
progressive bone marrow failure disorder Fanconi anemia (FA). FANCJ is linked to cancer
suppression and DNA double strand break repair through its direct interaction with the
hereditary breast cancer associated gene product, BRCA1. FANCJ also operates in the
FA pathway of interstrand cross-link repair and contributes to homologous recombination.
FANCJ collaborates with a number of DNA metabolizing proteins implicated in DNA damage
detection and repair, and plays an important role in cell cycle checkpoint control. In addition
to its role in the classical FA pathway, FANCJ is believed to have other functions that
are centered on alleviating replication stress. FANCJ resolves G-quadruplex (G4) DNA
structures that are known to affect cellular replication and transcription, and potentially
play a role in the preservation and functionality of chromosomal structures such as
telomeres. Recent studies suggest that FANCJ helps to maintain chromatin structure
and preserve epigenetic stability by facilitating smooth progression of the replication fork
when it encounters DNA damage or an alternate DNA structure such as a G4. Ongoing
studies suggest a prominent but still not well-understood role of FANCJ in transcriptional
regulation, chromosomal structure and function, and DNA damage repair to maintain
genomic stability. This review will synthesize our current understanding of the molecular
and cellular functions of FANCJ that are critical for chromosomal integrity.

Keywords: FANCJ, helicase, DNA repair, replication, Fanconi anemia, cancer, genomic stability, G-quadruplex

DISCOVERY OF BACH1/BRIP1/FANCJ AND ITS EMERGENCE
AS A PROMINENT PLAYER IN HUMAN GENETIC DISEASE
AND TUMOR SUPPRESSION
FANCJ (originally named BRCA1 interacting C-terminal heli-
case (BACH1) or BRCA1 interacting helicase (BRIP1) was first
discovered by its physical interaction with BRCA1, a known
tumor suppressor and mediator of double strand break (DSB)
repair (Cantor et al., 2001). Consistent with FANCJ’s association
with BRCA1, FANCJ-deficient cells are sensitive to DNA cross-
linking agents (Bridge et al., 2005; Levitus et al., 2005; Litman
et al., 2005) and mildly sensitive to ionizing radiation (IR; Peng
et al., 2006), and display a defect in homologous recombination
(HR) repair of DSBs (Litman et al., 2005). The first clinical evi-
dence for the importance of FANCJ was the identification of
germ line sequence changes in FANCJ that were associated with
early breast cancer in two individuals that displayed normal geno-
types for BRCA1 and BRCA2 (Cantor et al., 2001). Subsequent
studies solidified the causal relationship of FANCJ mutations
as low penetrance breast and ovarian cancer alleles (Seal et al.,
2006; Rafnar et al., 2011; for review, see Cantor and Guillemette,
2011).

In accord with its role as a tumor suppressor, FANCJ was
identified as the gene mutated in the J complementation group
of Fanconi anemia (FA), a rare disorder characterized by pro-
gressive bone marrow failure, skeletal abnormalities, and cancer
(Levitus et al., 2005; Levran et al., 2005; Litman et al., 2005).

Currently, there are 16 FA complementation groups. The corre-
sponding genes encode proteins implicated in a complex pathway
of interstrand cross-link (ICL) repair that corrects damage when
the two complementary strands of the DNA double helix become
covalently linked, a type of lesion that blocks cellular DNA repli-
cation and transcription (Figure 1). The reader is referred to
several recently published excellent reviews on the functions of
the FA gene products and the overall workings of the FA pathway
and its importance in chromosomal stability (Kee and D’Andrea,
2012; Kottemann and Smogorzewska, 2013; Walden and Deans,
2014). One notable finding is that FANCJ is not required for
DNA damage induced FANCD2 monoubiquitination, suggest-
ing that the helicase functions downstream of this key activation
step of the FA pathway (Litman et al., 2005). FANCJ likely oper-
ates with other downstream BRCA-FA proteins, such as BRCA1,
and related factors also classified as tumor suppressors to facili-
tate recombinational repair (potentially following unhooking of
the processed cross-link; Figure 1). In addition, it is believed that
FANCJ functions in a broader role to suppress replication stress
(see subsequent sections).

The FANCJ gene encodes a protein of 1,249 amino acids
with a conserved ATPase helicase core domain comprised of
eight motifs [0 (Q), I, Ia, II, III, IV, V, VI] found in DEAH
superfamily two helicases (Figure 2). A signature motif in this
FANCJ family of DNA helicases is an Iron–Sulfur (Fe–S) cluster,
characterized by four conserved cysteine residues, residing within
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FIGURE 1 | Fanconi anemia (FA) proteins implicated in interstrand

cross-link (ICL) repair. Cartoon schematic of the FA proteins implicated in
the ICL repair pathway. The integrity of the core complex is required for
FANCD2/FANCI monoubiquitination, a key activation step of the FA
pathway. ERCC1-XPF is the nuclease implicated in ICL processing. FANCJ
and certain other FA proteins are not required for FANCD2/FANCI
monoubiquitination, and are therefore implicated in downstream events of
the FA pathway, such as homologous recombination (HR) repair of the
processed ICL.

the helicase core domain (Cantor et al., 2004; Rudolf et al., 2006).
Members of the Fe–S helicase cluster family function in preserv-
ing the genome, such as XPD and RTEL helicases (Wu et al.,
2009). Recently solved crystal structures and biochemical stud-
ies of thermophilic species of XPD suggest that the Fe–S cluster
functions with an Arch domain that is proposed to be a wedge
propelling strand separation. Moreover, two conserved RecA-
like domains mediate ATP binding, protein–DNA interactions,
and helicase translocation mediated by ATP-induced confor-
mational changes (Rudolf et al., 2006; Fan et al., 2008; Wolski
et al., 2008; Kuper et al., 2011). Studies on Fe–S cluster heli-
cases XPD (Mui et al., 2011; Sontz et al., 2012) and DinG (Ren
et al., 2009), as well as other DNA processing enzymes (Grodick
et al., 2014), have implicated the Fe–S cluster as a redox sen-
sor that facilitates DNA damage detection; however, a formal
role of the FANCJ Fe–S cluster in this capacity has not been
determined.

CATALYTIC ACTIVITIES AND DNA SUBSTRATE SPECIFICITY
OF FANCJ HELICASE
Biochemical characterization of the purified recombinant FANCJ
protein using a classic DNA directionality substrate (Cantor et al.,
2004) or oligonucleotide-based partial duplex substrates with
single-stranded DNA overhangs of defined polarity (Gupta et al.,
2005) determined the 5′–3′ directionality of FANCJ as an ATP-
dependent DNA helicase. Biophysical analyses of FANCJ assembly
state suggest that the helicase exists in an equilibrium, as a
monomer, and dimer in solution. Furthermore, biochemical stud-
ies showed that the dimeric form of FANCJ displays maximal

catalytic activity as an ATPase and DNA helicase on relatively short
forked duplex substrates of 20 base pairs (bp; Wu et al., 2012).
FANCJ is limited in its processivity; therefore, it poorly unwinds
substrates with duplexes of ∼50 bp or greater. However, on both
shorter and longer duplexes its helicase activity is markedly stim-
ulated by the single-stranded DNA binding protein replication
protein A (RPA; Gupta et al., 2007).

The DNA substrate preference of FANCJ has been studied in
some detail (Figure 3). A 5′ tail of 15 nucleotides (nt) is required
and 35 nt is optimal for FANCJ to catalyze appreciable unwinding
of the simple 5′ tailed duplex (Gupta et al., 2005). FANCJ prefer-
entially binds and unwinds forked duplex DNA substrates (Gupta
et al., 2005), and is also active on a 5′ flap (but not 3′ flap) sub-
strate (Figure 3), consistent with its translocation directionality.
Backbone continuity in the pre-existing 5′ single-stranded DNA
tail, but not the 3′ single-stranded tail, of the forked duplex sub-
strate within six nt of the single-stranded DNA-double stranded
DNA junction is required for FANCJ to initiate unwinding of
the adjacent duplex. However, disruption of the sugar phosphate
backbone by a polyglycol modification in either the translocat-
ing or non-translocating strand within the duplex region inhibits
FANCJ helicase activity (Gupta et al., 2006). This finding demon-
strates that FANCJ senses both strands during the elongation
phase of the unwinding reaction. Inhibition of FANCJ helicase
by the polyglycol modification in either strand of the duplex sub-
strate can be overcome by increasing the 5′ single-stranded DNA
loading tail of the substrate (Gupta et al., 2006), suggesting that
loading of multiple FANCJ molecules under multi-turnover con-
ditions drives forward the DNA unwinding reaction even when the
helicase encounters a formidable obstacle to progression. Interest-
ingly, FANCJ helicase activity is not inhibited by the presence of
abasic sites in either the translocating or non-translocating strands
within the duplex region of the forked DNA substrate (Gupta et al.,
2006), suggesting that FANCJ’s electrostatic interactions with the
sugar phosphate backbone dominate over base-stacking interac-
tions. FANCJ helicase activity is also inhibited in a translocating
strand specific manner by an alkyl phosphotriester lesion that
introduces a hydrophobic group into the nucleic acid backbone
and neutralizes the negatively charged phosphodiester moiety
(Suhasini et al., 2012). Presumably, the physical attributes of the
alkyltriester damage or its effect on double helical rigidity dif-
ferentially affect FANCJ unwinding compared to the polyglycol
linkage, which inhibited irrespective of the strand. A number
of chemical genotoxins cause the formation of phosphotriester
adducts which can persist for a long time in genomic DNA (Jones
et al., 2010). These lesions and other DNA adducts may exert their
mutagenic and carcinogenic effects by inhibiting DNA metabo-
lizing enzymes, including helicases such as FANCJ (Suhasini and
Brosh, 2010).

To assess the possibility that FANCJ has a catalytic role in pro-
cessing an ICL intermediate in a DSB repair pathway, we assessed
its activity on a three-stranded displacement loop (D-loop) DNA
substrate that represents a key early intermediate of HR repair
(Gupta et al., 2005). Following unhooking of an ICL, a D-loop
arises after RAD51-mediated strand invasion and base-pairing
of a single-stranded DNA overhang formed at a resected DSB.
Notably, FANCJ unwinds a D-loop without a 5′ single-stranded
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FIGURE 2 | FANCJ and its catalytic helicase domain, characterized site-directed mutations, sites of post-translational modifications, and protein

interactions. See text for details.

DNA tail suggesting that the DNA junctions in the D-loop sub-
strate enable FANCJ to overcome its usually strict requirement for
loading on a 5′ single-stranded DNA tail to initiate unwinding
(Figure 3). However, FANCJ fails to unwind a four-stranded Hol-
liday Junction structure, another key intermediate of HR repair
that can lead to cross-over or non-crossover recombinant prod-
ucts (Gupta et al., 2005). Thus, FANCJ may be exquisitely tailored
to act upon D-loop intermediates to suppress HR or homeolo-
gous recombination. Alternatively, FANCJ may act upon D-loops
to enable synthesis-dependent strand annealing, a pathway of
DSB repair distinct from the classic Holliday Junction resolution
pathway.

In addition to unwinding conventional duplex DNA substrates,
FANCJ resolves alternate DNA structures including DNA triplexes
(Sommers et al., 2009) or G4 (London et al., 2008; Wu et al., 2008)
that form by Hoogsteen hydrogen bonding (Figure 3). For both
triplexes and G4s, FANCJ requires a 5′ single-stranded DNA
tail, consistent with its 5′–3′ directionality of translocation. For
unwinding triplexes this 5′ tail must reside on the pyrimidine motif
third strand that invades the major groove of the underlying DNA
double helix. FANCJ has the capacity to resolve intermolecular
(two-stranded or four-stranded) as well as unimolecular G4 sub-
strates (Bharti et al., 2013), which is likely important to suppress
replication-associated G4 substrates and in turn DSB formations
(discussed below).

Aside from unwinding DNA, FANCJ has the ability to harness
the energy from ATP hydrolysis to disrupt protein–DNA interac-
tions. Attesting to its robust capacity, FANCJ was shown to disrupt
the high affinity interaction of biotin bound to a biotinylated
oligonucleotide in an ATP-dependent manner (Sommers et al.,

2009). Of greater biological relevance, FANCJ can destabilize a
RAD51-single-stranded DNA filament (Figure 4A), and therefore
inhibit DNA strand exchange activity of RAD51 (Sommers et al.,
2009). Thus, FANCJ may limit promiscuous recombination. Alter-
natively, by removing RAD51 from the 3′ invading strand of the
nucleoprotein filament, FANCJ could enable loading of the DNA
polymerase and promotes DNA synthesis.

FANCJ helicase and translocase activities are also modu-
lated by protein interactions. In particular, FANCJ is blocked
from unwinding partial duplex DNA substrates bound by dou-
ble stranded DNA-interacting proteins (e.g., catalytically inactive
restriction endonuclease, or the telomere binding proteins TRF1,
TRF2). However, this inhibition is overcome by the presence of
RPA in the FANCJ reaction mixtures under conditions that RPA
alone had little effect (Sommers et al., 2014; Figure 4B). The abil-
ity of RPA to stimulate FANCJ displacement of TRF1 or TRF2
from forked duplex substrates harboring telomeric repeats may be
important for remodeling chromosome ends during DNA repli-
cation or repair. Indeed, FANCJ was localized to telomeres of
living cells that operate according to the alternative lengthening
of telomere (ALT) pathway (Dejardin and Kingston, 2009). Since
RPA also increases the ability of FANCJ to unwind duplex and G4s
(Wu et al., 2008), RPA–FANCJ interactions may both clear pro-
tein obstacles and resolve alternate DNA structures during cellular
replication to preserve the genome (see below).

Our biochemical studies further suggest that RPA is important
for enabling FANCJ to bypass bulky adducts or helix-distorting
lesions such as thymine glycol, an oxidative base damage that can
be mutagenic or lethal (Wallace, 2002). FANCJ helicase activ-
ity is strongly inhibited by a single thymine glycol in either
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FIGURE 3 | DNA substrate specificity of FANCJ helicase. See text for details.

the translocating or non-translocating strand of a DNA duplex
(Suhasini et al., 2009). However, RPA stimulates FANCJ to effi-
ciently unwind the substrate harboring thymine glycol in the
non-translocating strand, but fails to do so when the thymine
glycol resides in the translocating strand. The demonstrated high
affinity interaction of RPA with single-stranded DNA harbor-
ing a single thymine glycol (Suhasini et al., 2009), together with
the strand-specific RPA stimulation of FANCJ helicase activity
on the DNA substrate harboring the thymine glycol, suggest a
model in which RPA promotes strand displacement. Specifically,
the exposed thymine glycol in the non-translocating strand of
the partially unwound DNA substrate is readily bound by RPA,
resulting in RPA coating of the strand displaced by FANCJ, stabi-
lized duplex separation, and further FANCJ helicase progression
past the thymine glycol leading to complete separation of the
complementary strands. Such a mechanism may be important
for the role of FANCJ to insure timely progression through S
phase (Kumaraswamy and Shiekhattar, 2007), or in an envi-
ronment of heightened oxidative stress. Given the emerging

evidence that the FA pathway suppresses DNA damage induced
by products of normal cellular metabolism such as aldehydes
(Nalepa and Clapp, 2014), it will be of interest to assess how
such aldehyde-induced lesions affect FANCJ and its role in DNA
repair.

POST-TRANSLATIONAL MODIFICATIONS OF FANCJ
There has been considerable interest in the effect of post-
translational modifications on the functions of DNA repair
proteins and checkpoint signaling, both important components
of the DNA damage response. Post-translational modifications
of DNA damage response proteins can affect their subcellular
localization, chromatin association, DNA and protein interac-
tions, stability, and catalytic activity. Phosphorylation of FANCJ
mediates interactions promoting repair and checkpoint responses.
The first identified was the phosphorylation of Ser-990, which
is essential for FANCJ binding to the tandem C-terminal BRCT
motifs of BRCA1 (Yu et al., 2003; Figure 2). The interface between
FANCJ and the interacting BRCA1 BRCT repeats was further
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FIGURE 4 | FANCJ uses its motor ATPase to displace proteins bound

to DNA. (A) FANCJ catalytically displaces the major DNA recombinase
protein RAD51. See reference Sommers et al. (2009) and text for details.

(B) Replication protein A (RPA) stimulates FANCJ to eject the shelterin
protein TRF1 (or TRF2) bound to telomeric repeat duplex DNA. See
reference Sommers et al. (2014) and text for details.

defined in structural studies (Yu et al., 2003; Botuyan et al., 2004;
Shiozaki et al., 2004). Loss of this Ser-990 phosphorylation limits
HR, but also enhances polymerase η dependent bypass suggest-
ing that BRCA1 binding to FANCJ is important for directing the
mechanism of DNA damage repair (Xie et al., 2010). Interest-
ingly, the region of FANCJ that binds to the Bloom’s syndrome
protein (BLM) overlaps with the FANCJ Ser-990 phosphoryla-
tion site (Suhasini et al., 2011; Figure 2), raising the possibility
that the protein interaction of FANCJ with BLM is affected by
phosphoSer-990. More recently, a second FANCJ phosphoryla-
tion dependent interaction was identified at Thr-1133 (Figure 2).
Phosphorylated FANCJ Thr-1133 interacts with the BRCT repeats
of Topoisomerase IIb binding protein 1 (TopBP1) to promote an
ATR-dependent checkpoint in response to replication stress (Gong
et al., 2010).

Acetylation of FANCJ at lysine 1249, the last C-terminal
amino acid (Figure 2), affects the DNA damage response
similar to Ser-990 phosphorylation. When acetylation is pre-
vented, cellular ICL resistance is achieved by a reduced need
for Rad54-mediated HR repair and enhanced dependence on
the translesion polymerase η. This modulation of repair path-
way mechanism could stem from the role of FANCJ and its
acetylation upregulating DNA end resection required for HR.
Dynamic acetylation of FANCJ was also found to maintain
checkpoint signaling following DNA damage (Xie et al., 2012).
Continued studies of post-translational modifications on FANCJ

and its partners are warranted. For example, it will be impor-
tant to determine if a post-translational modification of FANCJ
or the Bloom’s syndrome helicase (BLM) influences the inter-
action between the two DNA helicases (Figure 2), especially
because FANCJ status dramatically influences BLM protein sta-
bility by a proteasomal degradation pathway (Suhasini et al.,
2011). It remains to be seen if the phosphorylation or acety-
lation state of FANCJ affects its catalytic activity on a specific
DNA substrate. On a forked duplex DNA substrate, acetylation
at 1249 did not influence its activity (Xie et al., 2012). Alterna-
tively, post-translational modification of FANCJ may influence
its subcellular localization. Recently it was reported that ICL
induces localization of FANCJ to the centrosome and FANCJ
is involved in regulation of centrosome biogenesis (Zou et al.,
2013).

NOVEL INSIGHTS TO FANCJ STRUCTURE-FUNCTION
RELATIONSHIPS BY CHARACTERIZATION OF SITE-DIRECTED
MUTANTS
Characterization of helicase missense mutants may be informative
for dissecting the molecular basis of disease, or potential domi-
nant negative effects of debilitating missense mutations (Suhasini
and Brosh, 2013). For FANCJ, the clinical spectrum of mutations
includes missense mutations genetically linked to FA and/or can-
cer. This is not the general case for a number of disease-causing
helicase mutations. For example, only recently were several WRN
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missense mutations genetically linked to the premature aging dis-
order Werner syndrome identified and found to be in conserved
catalytic domains of the WRN protein (Friedrich et al., 2010).
The vast majority of WRN mutations are limited to frameshift
or nonsense codons resulting in truncated proteins.

The first FANCJ mutants to be studied were missense vari-
ants (P47A, M299I; Figure 2) identified in individuals with
early breast cancer and normal genotypes for BRCA1 or BRCA2
(Cantor et al., 2001). Tumors of the individuals who carried these
two germline FANCJ mutations also carried a copy of the wild-type
(WT) allele, suggesting that loss of function may have contributed
to the penetrance of the mutant allele by a dominant negative
mechanism. Biochemical analysis of the corresponding purified
recombinant FANCJ proteins demonstrated that both missense
mutations (P47A, M299I; Figure 2) affected catalytic activity in a
distinct manner. The P47A substitution in the highly conserved
Walker A box (motif I) inactivated the ATPase and helicase func-
tions of FANCJ, whereas the M299I mutation located in the Fe-S
cluster upregulated its ATPase activity (Cantor et al., 2004). A sub-
sequent study demonstrated that the FANCJ-M299I protein could
harness its elevated ATP hydrolysis to unwind a DNA substrate
with damage in its sugar phosphate backbone in a more proficient
manner (Gupta et al., 2006). Based on these studies, it was pro-
posed that perturbation of FANCJ catalytic activity interferes with
the helicase’s normal role in the DNA damage response leading to
tumorigenesis; however, a better understanding of FANCJ’s pre-
cise role in cellular transformation is required. As discussed below,
expression of certain FANCJ mutant proteins in a normal FANCJ
background confer sensitivity to DNA damaging agents, suggest-
ing that a single mutant FANCJ allele could be pathogenic. Further
characterization of FANCJ variants using cell- and animal-based
models may be helpful.

Analysis of the FA-associated FANCJ-A349P mutant provided
insight to the pathogenesis of FA and the role of the Fe-S domain
(Wu et al., 2010; Figure 2). The alanine to proline substitution is
adjacent to one of the highly conserved cysteine residues impor-
tant for chelation of Fe atoms. Inheritance of the A349P mutation
and a second mutation encoding a prematurely truncated FANCJ
protein resulted in intrauterine growth failure and death as a still-
born fetus with a gestational age of 22 weeks (Levran et al., 2005).
Our genetic analysis demonstrated that expression of the FANCJ-
A349P mutant allele in FANCJ-null FA-J patient cells failed to
rescue sensitivity to the DNA cross-linking agent MMC; simi-
larly, expression of FANCJ-A349P in fancj null chicken DT40 cells
failed to rescue cisplatin sensitivity (Wu et al., 2010). Moreover,
expression of the FANCJ-A349P mutant in FA-J cells or fancj
null chicken cells failed to restore resistance to the G4 ligand
telomestatin (TMS). These studies suggested that the FANCJ-
A349P mutant is defective for ICL processing and G4 unwinding
in vivo. Moreover, expression of FANCJ-A349P in cells express-
ing the normal FANCJ protein exerted a dominant negative effect,
presenting the possibility that a single mutant FANCJ allele could
be pathogenic. In vitro analysis revealed that the A349P substitu-
tion interfered with the functionality of the FANCJ Fe–S cluster
and uncoupled ATP-dependent DNA translocation from helicase
activity on duplex or G4 DNA substrates (Wu et al., 2010). Thus,
an intact Fe–S domain is critical for FANCJ DNA unwinding and

this activity is fundamentally important for FANCJ ICL repair
and G4 DNA metabolism (Wu et al., 2010). It remains to be
determined if the functions of FANCJ in ICL repair and G4
unwinding are linked or if separation-of-function mutants exist.
Ongoing efforts in this area could elucidate the importance of
FANCJ in the FA pathway of cross-link repair versus functions
outside the FA pathway that may also be significant for genome
stability.

FANCJ also has a conserved Q motif (also called motif 0) found
in both RNA and DNA helicases that is predicted to coordinate
ATP binding and hydrolysis to catalytic DNA strand separation
(Tanner et al., 2003; Figure 2). Biophysical analysis of the puri-
fied recombinant FANCJ-Q25A mutant protein disrupted in the
Q motif revealed that its assembly state was dramatically altered
compared to the recombinant WT FANCJ protein. FANCJ-Q25A
protein was only a monomer, whereas FANCJ-WT protein was
nearly equally monomer and dimer (Wu et al., 2012). Thus, the Q
motif in FANCJ plays a critical role in multimerization. FANCJ-
Q25A was defective for DNA binding, ATP hydrolysis, and helicase
activity. Consistent with the biochemical results, expression of
the FANCJ-Q25A mutant protein in fancj null cells failed to res-
cue their sensitivity to a DNA cross-linking agent or G4 ligand.
Moreover, expression of the FANCJ-Q25A mutant allele in a
WT FANCJ background resulted in dominant negative pheno-
types for ICL or G4 ligand resistance. Co-immunoprecipitation
experiments with nuclear extracts demonstrated that the FANCJ-
Q25A mutant protein retained its ability to interact with known
protein partners of FANCJ (TopBP1, BRCA1), suggesting that
these retained interactions could contribute to the dominant
negative nature of the mutant allele; however, further stud-
ies are required to ascertain the precise mechanism. From a
clinical perspective, it is of significance that the FANCJ-Q25A
mutant is similar to a patient-derived BLM missense muta-
tion in the Q motif (Q672R) that impairs BLM foci formation
after cellular exposure to agents that impose replication stress
(Ellis et al., 1995; Wu et al., 2012). Therefore, dimer formation
may be essential for FANCJ focal accumulation and function
in vivo.

Two FA patient-derived missense mutations in motif Ia, R251C,
and Q255H, were characterized by the Wu lab (Guo et al., 2014;
Figure 2). Although expression of either R251C or Q255H mutant
could not rescue the cisplatin sensitivity of a fancj null cell line,
the two mutations exerted markedly different effects on the bio-
chemical functions of FANCJ in vitro. Both FANCJ motif Ia
mutants abolished DNA helicase activity. The R251C mutation
strongly interfered with FANCJ DNA binding and consequently
its DNA-dependent ATPase activity. Instead, the Q255H mutant
displayed elevated FANCJ DNA binding, a normal ATPase func-
tion, and ability to translocate on single-stranded DNA. In this
regard, the Q255H mutant behaved similarly to the FANCJ-A349P
mutant which was also able to translocate on single-stranded
DNA in an ATP-dependent manner but failed to unwind even
short 20 bp duplex substrates (Wu et al., 2010). For either the
Q255H or R251C mutant, the ability to translocate on single-
stranded DNA did not translate into efficient disruption of
protein-DNA complexes. Collectively, these studies suggest that
FANCJ translocase activity without protein complex disruption
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and/or DNA unwinding is insufficient for its in vivo function.
Nevertheless, the dominant negative phenotype exerted by FANCJ
mutant alleles (A349P, Q25A, R251C, and Q255H) that impair
DNA helicase (but not necessarily ATPase activity) demonstrate
that catalytic DNA unwinding is vital for FANCJ function and
suggests that FANCJ heterozygosity may contribute to tumori-
genicity or disease-associated phenotypes. For a further discussion
of helicase-inactivating mutations as a basis for dominant negative
phenotypes, see (Wu and Brosh, 2010b).

Evidence continues to build that FANCJ and other players in
the FA pathway are bona fide tumor suppressor genes, even out-
side their roles in the FA pathway (Pickering et al., 2013; Park
et al., 2014; Pauty et al., 2014). For example, whole genome-
sequencing of Icelanders led researchers to discover frameshift
mutations in the BRIP1 (FANCJ) gene that vastly elevate the
risk of invasive ovarian cancer (Rafnar et al., 2011). More-
over, a BRIP1 frameshift mutation was associated with a 36%
increased risk of cancer in general and a reduced lifespan of
3.6 years compared to non-carriers (Rafnar et al., 2011). This
work and that of others, reviewed in (Cantor and Guillemette,
2011), emphasizes the prominent role of FANCJ as a tumor
suppressor, which may be informative for future studies in per-
sonalized medicine that exploit the mutational status of FANCJ
and other DNA repair helicases (see below). The spectrum
of associated cancers could be broad. Indeed, we found a
number of protein coding mutations in FANCJ in melanoma
genomes (one allele), suggesting that FANCJ deficiency may
be a risk factor for skin cancer and possibly associated tumors
could be sensitive to ICL-inducing agents (Guillemette et al.,
2014).

FANCJ AND ITS PROTEIN PARTNERS ARE RECRUITED TO
DNA DAMAGE FOCI IN A REGULATED AND LESION-SPECIFIC
MANNER
Given the direct interaction of FANCJ with BRCA1, the depen-
dency of these proteins on each other for localization at lesions
has been examined. Indeed, these proteins colocalize at sites of
DNA damage foci following HU, IR, and at laser-induced stripes
(Cantor et al., 2001; Greenberg et al., 2006). BRCA1 mutant cells
display reduced immunofluorescent focal staining for FANCJ in
untreated cells as well as cells exposed to DNA damaging agents
(Cantor et al., 2001; Gupta et al., 2007). However, the contribution
of FANCJ to BRCA1 localization to DNA damage sites may be time
or context dependent. FANCJ status did not affect recruitment of
BRCA1 to laser-induced DSBs or psoralen (Pso)-ICLs (Suhasini
et al., 2013). However, the number and intensity of BRCA1 foci
in FANCJ-deficient cells exposed to IR was reduced at time points
as early as 1 h post irradiation (Peng et al., 2006). Thus, there
may be separate pools of FANCJ and BRCA1 or a sub-fraction
of FANCJ may contribute to BRCA1 recruitment or retention at
foci after IR exposure. Controlling the localization of BRCA1 to
sites of DNA damage would directly affect its DNA repair func-
tion, and have potential consequences for cellular homeostasis. For
example, oncogenic RAS transformation down-regulates FANCJ
expression, which causes BRCA1 dissociation from chromatin,
resulting in an impaired DNA damage response leading to cellular
senescence (Tu et al., 2011).

FIGURE 5 | Spatio-temporal recruitment of FANCJ and its protein

partners to site of DNA damage. Confocal microscopy studies with living
cells were used to elucidate the requirements of FANCJ or its interacting
DNA repair factors to laser-induced psoralen (Pso)-interstrand cross-links
(A,C) or laser-induced double strand breaks (DSB; B,D). See reference
Suhasini et al. (2013) and text for details.

It is also important to note that other DNA repair proteins func-
tion with or in parallel with BRCA1 localize FANCJ to sites of DNA
breaks. In particular, the DSB repair protein MRE11 and its associ-
ated nuclease activity is necessary for efficient FANCJ recruitment
to laser-induced DSBs (Suhasini et al., 2013; Figure 5A). Consis-
tent with this observation, CtIP is also delayed in its recruitment
to DSBs in cells that are deficient in MRE11 exonuclease, that
have reduced FANCJ recruitment to DSBs (Suhasini et al., 2013).
Recent work from the Paull laboratory has implicated a catalytic
role of CtIP in 5′ strand resection that is involved in the removal of
DNA adducts at DNA breaks (Makharashvili et al., 2014). Perhaps
FANCJ collaborates with CtIP to remove secondary structures
therefore enabling CtIP to efficiently incise and process DNA ends,
such as at common fragile sites (Wang et al., 2014). It is plau-
sible that FANCJ’s role in end resection may be independent of
BRCA1, similar to what was determined for CtIP (Polato et al.,
2014).

A critical protein partner that FANCJ collaborates with is
RPA (Gupta et al., 2007). FANCJ and RPA robustly co-localize
after DNA damage induced by IR or MMC or replication stress
imposed by hydroxyurea (HU), which depletes nucleotide pools.
RPA foci formation was not dependent on FANCJ mutational sta-
tus after MMC treatment or IR exposure (Gupta et al., 2007),
suggesting that FANCJ helicase activity is not a prerequisite for
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creating single-stranded DNA at DNA breaks that RPA nucle-
ates on. However, RPA foci are reduced in FANCJ-deficient cells
exposed to HU for a short time period (20 min; Gong et al.,
2010) or ultraviolet (UV) light (Guillemette et al., 2014), sug-
gesting FANCJ helicase activity provides single-stranded DNA
loading zones for RPA when the replication fork is stalled. RPA
binds to FANCJ and stimulates its helicase (Gupta et al., 2007)
and DNA-protein displacement activities (Sommers et al., 2014),
as mentioned above. Based on these observations, we favor the
hypothesis that FANCJ together with RPA binds a key DSB repair
intermediate or stalled replication fork structure and RPA stim-
ulates FANCJ’s helicase and/or protein displacement activity to
allow appropriate and efficient processing during the maturation
of the DNA intermediate.

FANCJ also binds directly to the mismatch repair (MMR)
protein MLH1 (Peng et al., 2007). While MLH1 binding did
not demonstrate any notable changes in FANCJ helicase activ-
ity in vitro, MLH1 is critical for FANCJ localization to sites of
DNA crosslinks. In particular, using a laser confocal microscopy
approach with living cells, we examined the recruitment of FANCJ
to laser-activated Pso-ICLs (Suhasini et al., 2013). This analy-
sis demonstrated that FANCJ relies on MLH1 and a member
of the FA core complex, FANCA, to recruit efficiently to the
laser-activated Pso-ICL (Figure 5B). FANCJ localization to UV
light induced DNA crosslinks also requires the MLH1 interac-
tion as well as the upstream MMR protein MSH2 (Guillemette
et al., 2014). This is logical given that the physical interaction
between FANCJ and MLH1 is required for cells to properly
respond to agents that induce ICL damage or UV damage (Peng
et al., 2007; Guillemette et al., 2014). Localization of FANCJ by
MMR proteins may in turn limit deleterious MMR functions
at a stalled fork. This idea is based on the fact that defects
in cells lacking the FANCJ-MLH1 interaction are suppressed by
depletion of MSH2 (Peng et al., 2014). Coordination by FANCA
and MMR proteins could ensure that FANCJ helicase function
is set to unwind DNA or displace proteins to restore replica-
tion fork progression following ICLs or other replication blocking
agents.

The relationship of FANCJ with FANCD2 is more complex.
While FANCJ operates downstream of FANCD2 monoubiqui-
tination (Litman et al., 2005; Figure 1), FANCD2 recruitment
to Pso-ICLs, not but laser-induced DSBs, was dependent on
FANCJ (Suhasini et al., 2013; Figure 5C). Consistent with these
observations, FANCJ is recruited to Pso-ICLs much earlier than
FANCD2. These findings correlate with those of the Andreassen
lab that reported that FANCJ foci formed normally in FANCD2-
deficient cells after exposure to the DNA cross-linker MMC (Zhang
et al., 2010). In more recent studies, the Kupfer lab reported
that FANCD2 is required for proper chromatin localization of
FANCJ, suggesting a mechanism whereby FANCD2 helps to regu-
late FANCJ’s role in downstream events of the FA pathway (Chen
et al., 2014). In addition, they propose a model in which FANCJ
sequesters non-monoubiquitinated FANCD2 from chromatin in
the absence of DNA damage; therefore, a collaborative interaction
between FANCJ and FANCD2 could exist that is necessary for the
appropriate DNA damage-induced chromatin association of the
two FA proteins.

FANCJ also binds and serves to localize the BLM helicase to
DSBs (Suhasini et al., 2013; Figure 5D). The precise role of FANCJ
in BLM recruitment to laser-induced DSBs or its function at DNA
ends is being investigated, and a potential partnership between
FANCJ and BLM in processive strand resection is a possibility
(Suhasini and Brosh, 2012). Based on biochemical evidence that
FANCJ and BLM helicases synergistically unwind damaged DNA
(Suhasini et al., 2011), we proposed a model that the two helicases
with opposite directionalities of translocation move together in a
complex as part of the end resection machinery involving RPA and
the 5′ structure-specific nucleases DNA2 or EXO-1 to catalytically
resect single-stranded DNA to provide the 3′ single-stranded over-
hang for strand invasion step of HR repair (Suhasini and Brosh,
2012). Our recent work showing that FANCJ or a human RecQ
helicase (RECQ1) can efficiently dislodge protein bound to duplex
DNA in a RPA-dependent manner (Sommers et al., 2014) poses a
scenario in which FANCJ and BLM with their interacting part-
ner RPA displace proteins bound near double-stranded ends and
resolve secondary structure or damaged DNA to enable processive
and kinetically efficient end resection.

Clearly a concerted hierarchy exists for FANCJ and its interact-
ing partners to be recruited to DNA damage sites and subsequently
act. Further studies are needed because they may provide insights
to DNA repair pathway cascades or the cross-talk between DNA
damage response regimes. For example, the interaction of FANCJ
with the MRN complex and BLM helicase suggests that FANCJ
may have both early and late roles in DSB repair. FANCJ has
the ability to inhibit MRE11 3′–5′ exonuclease activity (Suhasini
et al., 2013), which may serve to harness initial end trimming
by MRE11 to avoid excessive end resection that would gener-
ate 5′ single-stranded tailed duplex. Secondly FANCJ with RPA
may facilitate processive strand resection by its interaction with
the BLM-DNA2 or BLM-EXO-1 complexes to yield the 3′ single-
stranded tailed duplex. Biochemical reconstitution experiments
with purified proteins and defined DNA substrates, as well as care-
fully designed cell-based assays should address the efficacy of these
models.

To ensure a robust DNA damage response and coordinate
repair processing, it appears that more than one pathway con-
tributes to the localization of FANCJ. As illustrated above, FANCJ
recruitment to ICLs or DSBs is determined by proteins that either
interact directly with FANCJ or operate in the same pathway.
Indeed, both nucleotide excision repair (NER) and MMR proteins
promote the localization of the FANCJ to sites of UV-induced
lesions (Guillemette et al., 2014; Figure 6). MMR proteins ini-
tially recruit FANCJ. However, the further accumulation of FANCJ
requires dual incision by the NER endonucleases XPF and XPG
(Guillemette et al., 2014). Conceivably, the NER-dependent inci-
sion provides an ideal substrate for FANCJ at the lesion site.
The combined MMR and NER localization of FANCJ ensures
an S-phase checkpoint, lesion repair, and the suppression of UV-
induced mutations. Supporting that multiple pathways contribute
to high fidelity repair after UV irradiation, similar to skin tumors
from XP patients (Dumaz et al., 1993), MMR-deficient (Borgdorff
et al., 2006) and FANCJ-deficient (Guillemette et al., 2014) cells
display an elevated frequency of UV-induced C > T point muta-
tions. Moreover, along with NER genes, FANCJ and MMR genes
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FIGURE 6 | Localization of FANCJ to UV-induced DNA damage. FANCJ
recruitment to UV-induced DNA damage is dependent on the mismatch
repair factors MLH1 and MSH2, and NER factors XPF and XPG. See
reference Guillemette et al. (2014) and text for details.

are mutated in melanoma (Guillemette et al., 2014). The NER and
FA-associated XPF protein promotes RPA phosphorylation in S-
phase cells (Bomgarden et al., 2006). Given that XPF promotes
FANCJ accumulation in S-phase cells, it follows that FANCJ also
functions to promote RPA phosphorylation throughout S-phase.
This function could be shared by FANCJ partners, such as BLM or
the FA pathway, explaining its link to the UV response and check-
points that limit genomic instability (Suhasini et al., 2011; Kelsall
et al., 2012; Nalepa et al., 2013; Singh et al., 2013).

ROLE OF FANCJ AND THE FA PATHWAY IN THE BROADER
CONTEXT BEYOND DNA REPAIR
Much emphasis has been placed on the impact of ICLs on actively
dividing cells and role of the FA pathway in repairing such lesions
encountered by the replication for. ICLs may arise naturally or
be induced exogenously by chemicals used in chemotherapy. It is
important to note that ICLs may have detrimental effects in non-
dividing cells, given that they would interfere with other processes
such as transcription. This has become a topic of increased interest,
particularly because the processes of DNA repair and transcrip-
tion are both highly important and inter-related. Human diseases
with inherited defects in classic DNA repair genes (e.g., nucleotide
excision repair) often display transcriptional deficiencies which
are likely to culminate in pleiotropic symptoms including devel-
opmental abnormalities and features of premature aging [for
review, see (Kamileri et al., 2012a)]. For example, the XPF-ERCC1
nuclease responsible for ICL unhooking in the FA pathway is
recruited to active promoters and implicated in chromatin mod-
ifications that influence transcriptional activation (Le May et al.,
2010; Kamileri et al., 2012b). Alterations to chromatin packaging
due to mutations in DNA repair genes are suspected to underlie

the phenotypic defects that contribute to developmental disor-
ders that extend beyond DNA repair and maintenance of genomic
stability. The connection of ICL accumulation to perturbed tran-
scriptional regulation in an ERCC1- defective model of a human
progeroid syndrome characterized by loss of fat tissue suggests
how DNA damage can inflict detrimental effects in non-dividing
cells (Karakasilioti et al., 2013). Defects in the FA pathway fall into
this class of diseases as the clinical symptoms include not only can-
cer and hematologic abnormalities but often a range of congenital
issues that can include skeletal defects and short stature, as well as
renal dysfunction, abnormal pigmentation, and osteoporosis (Kee
and D’Andrea, 2012). As mentioned above, FANCD2 is proposed
to control FANCJ’s localization to chromatin and its involvement
in downstream events of the FA pathway (Chen et al., 2014). There-
fore, it is of great importance to ascertain the probable dependent
and independent roles of FANCJ and the FA pathway in transcrip-
tional regulation. In terms of FANCJ, a leading hypothesis builds
from its role as a G4 resolving enzyme that may target predicted
G-quadruplexes (G4s) found near promoter elements believed to
regulate transcription initiation (see below).

INVOLVEMENT OF FANCJ DURING REPLICATION STRESS
Replication stress can be a source of genomic instability. Cellular
data have implicated FANCJ in helping to cope with replication
stress induced exogenously by chemical exposure. Human cells
mutated in FANCJ or acutely depleted of FANCJ by RNA inter-
ference are sensitive to DNA cross-linking agents that block fork
progression (Bridge et al., 2005; Litman et al., 2005; Peng et al.,
2007), or HU that causes fork stalling (Suhasini et al., 2011).
Even in the absence of agents that exogenously induce replication,
a role for FANCJ helicase activity to insure timely progression
through S phase has been demonstrated (Kumaraswamy and
Shiekhattar, 2007). FANCJ is implicated in intra-S phase check-
point signaling through its interaction with TopBP1, which allows
for activation of ataxia telangiectasia and Rad3-related (ATR), a
requirement for checkpoint kinase 1 (CHK1; Gong et al., 2010).
However, it is still unclear what the function(s) of FANCJ may
be to influence events associated with fork stalling. When the
replisome encounters a replication-blocking lesion or stalls due
to replication stress induced by a small molecule that impedes the
replicative helicase or depletes the nucleotide pool, the nascent
leading and lagging strands can anneal to each other to form a
Holliday Junction-like chicken foot DNA structure [for review,
see (Atkinson and McGlynn, 2009)]. This process is known as
fork regression or fork reversal, and provides a mechanism for
repair machinery to gain access to the lesion as well as stabi-
lize the fork. Whereas certain RecQ helicases (e.g., WRN, BLM;
Machwe et al., 2006; Ralf et al., 2006) were shown to support
fork regression, FANCJ is not directly implicated in this pro-
cess. However, as a 5′–3′ DNA helicase, FANCJ may collaborate
with a 3′–5′ helicase (e.g., WRN, BLM) to promote fork regres-
sion. Given that FANCJ has already been demonstrated to interact
with BLM (Suhasini et al., 2011), the FANCJ–BLM partnership
may contribute to concerted fork regression by opposite polarity
helicases.

Aside from its proposed role in DNA end processing to ini-
tiate HR repair (previous section), FANCJ may help to process
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DNA structures associated with stalled replication forks or reg-
ulate such processing events. The interaction between FANCJ
and MLH1 appears to be critical for cells to recover from repli-
cation stress induced by ICLs or the DNA polymerase inhibitor,
aphidicolin. As mentioned above, deletion of MSH2 suppresses
replication restart defects in cells lacking the FANCJ–MLH1 inter-
action (Peng et al., 2014). Thus, to restart stalled replication forks,
FANCJ through its MLH1 interaction could normally unwind and
eliminate DNA structures bound by MSH2 or displace MSH2 from
such structures. Mre11 has been implicated in the restart of stalled
replication forks (Bryant et al., 2009; Hashimoto et al., 2010). As
proposed for the tumor suppressor and HR factor BRCA2 as
well as the DNA damage sensor poly (ADP-ribose) polymerase
1 (PARP1; Schlacher et al., 2011; Ying et al., 2012), FANCJ may
help to prevent uncontrolled MRE11-dependent degradation of
stalled replication forks by inhibiting its nuclease activity. Such an
anti-nuclease role may aid in fork stabilization without excessive
single-stranded DNA production to allow for regulated checkpoint
signal transduction and effective repair of the replication-blocking
lesion.

FANCJ RESOLVES G-QUADRUPLEX DNA TO ENABLE
SMOOTH REPLICATION AND PRESERVE GENOMIC
INTEGRITY
G-quadruplexes, composed of planar stacks of four guanine
residues engaged in Hoogsteen hydrogen bonding, are now
believed to form in vivo and exert biological effects on DNA
replication and transcription, and play unique structural roles in
telomere capping (Wu and Brosh, 2010a; Bochman et al., 2012;
Maizels and Gray, 2013). FANCJ, and certain other DNA helicases
(e.g., PIF1, WRN, BLM), resolve G4 DNA structures in vitro; how-
ever, the biological significance of G4 resolution by the various
human DNA helicases in vivo is less clear. Human cells defi-
cient in FANCJ, but not FANCA or FANCD2, were found to be
sensitive to the G4 binding drug TMS, suggesting a role of the heli-
case to preserve genomic stability at G4-forming sequences that
is independent of the classic FA DNA repair pathway (Wu et al.,
2008); furthermore, a FA-J human patient cell line was found to
accumulate deletions at predicted G4-forming sequences in the
genome (London et al., 2008). Although a number of DNA heli-
cases have been shown to unwind intermolecular G4 structures,
FANCJ is distinct among the Fe-S cluster helicases tested in its abil-
ity to resolve entropically favored intramolecular G4 substrates
(Bharti et al., 2013). Consistent with the biochemical results, a
deficiency in FANCJ, but not the Fe–S helicases DDX11 or XPD,
sensitized human cells to TMS as measured by induction of the
DNA damage marker γ-H2AX (Bharti et al., 2013). These find-
ings suggest that FANCJ has a specialized function among the
Fe–S helicases to facilitate smooth replication of genomic regions
prone to form G4s in order to prevent fork breakage (Figure 7).
A recent study using Xenopus egg extract and single-stranded
plasmid DNA template with a predicted G4-forming sequence
validated the role of FANCJ to promote DNA synthesis through
G4 structures (Castillo et al., 2014). It will be of interest to deter-
mine if a putative role of FANCJ at telomeres involves its ability to
resolve the G-rich telomeric tail and influence telomere capping
events.

FIGURE 7 | FANCJ resolves G-quadruplex DNA to maintain genomic

stability and cellular homeostasis. See text for details.

Recent advances using the chicken DT40 cell lines have
improved our understanding of the role of FANCJ in DNA repair
and G4 DNA metabolism. Human FANCJ can rescue the sensi-
tivity of chicken brip1/fancj mutant cells to agents that induce
DNA cross-links (Bridge et al., 2005) or stabilize G4 structures
(Wu et al., 2008), indicating a conservation of function in the ver-
tebrate species. In addition to its role in protecting brip1 cells from
G4-associated genomic instability, the chicken ortholog of FANCJ
serves a more general protective role in chromosomal mainte-
nance that appears to operate outside the FA pathway (Kitao et al.,
2011; Figure 7). In subsequent work, it was shown that FANCJ,
together with the RecQ helicases WRN and BLM, preserve epi-
genetic stability by helping to efficiently couple histone recycling
with replication fork progression through their ability to resolve
G4s that impede smooth DNA synthesis (Sarkies et al., 2012).
FANCJ seems to be a central player in the maintenance of epi-
genetic stability by collaborating as well with the REV1 translesion
polymerase at G-rich sequences predicted to form quadruplexes.
The precise molecular mechanisms of how these processes occur
are still not well understood, but the model proposed by the Sale
group predicts that FANCJ with its opposite polarity of directional
movement may initiate its action on the opposite side of G4 struc-
ture(s) as that of the 3′–5′ RecQ heli or the TLS polymerase REV1
(Sarkies et al., 2012).

To examine the role of FANCJ in cellular DNA replication, the
Niedzwiedz lab employed a DNA fiber analysis in isogenic fancj
null and WT DT40 cells and determined that FANCJ helps to
promote replication fork progression at regions prone to stalling,
such as G4-forming sequences (Schwab et al., 2013). Furthermore,
stabilization of G4 structures in FANCJ-deficient cells by the G4
binder TMS quenched fork progression, resulting in uncoupling
of leading and lagging strand synthesis. The ability of FANCJ to
enable smooth replication fork progression would help to main-
tain normal chromatin structure by preventing its condensation
and reorganization.

FANCJ-deficient DT40 cells exposed to the G4 ligand TMS
displayed stronger staining by a murine monoclonal antibody
specific for binding G4 DNA compared to untreated fancj null
cells, or normal cells exposed to TMS (Henderson et al., 2013).
Enrichment of G4 DNA in FANCJ-deficient cells exposed to TMS
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provided the first evidence that genetic and environmental con-
ditions can synergize in the accumulation of G4 DNA in vivo.
The emerging evidence for a role of FANCJ in replication of G4
motifs in avian cells supports the hypothesis for a conserved role
of FANCJ in humans. Nonetheless, there are likely additional
functions of FANCJ G4 resolving activity in vivo, including the
control of gene expression (Figure 7); however, this hypothesis
remains to be formally tested in human cells. It is well known
that G-rich sequences predicted to form G4 are enriched in pro-
moter regions especially at transcriptional start sites (Huppert
and Balasubramanian, 2007), and a correlation exists between the
presence of predicted G4 and promoter-proximal transcriptional
pausing (Eddy et al., 2011). Although a definitive role of G4 res-
olution by FANCJ to control gene expression has not yet been
elucidated, other DNA helicases including XPB, XPD (Gray et al.,
2014), BLM (Nguyen et al., 2014), and RECQ1 (Li et al., 2014)
bind G4 structures and regulate expression of genes characterized
by the presence of G4 DNA motifs. It is unclear if differential
roles in transcriptional regulation exist for G4 binding versus
resolution by a DNA helicase, given that certain helicases [e.g.,
RECQ1 (Popuri et al., 2008; Wu et al., 2008) and XPB (Gray et al.,
2014)] bind but poorly unwind G4 DNA in vitro; furthermore, it
is yet unclear if human XPD resolves G4 DNA because different
results were obtained from in vitro studies using XPD proteins
from two distinct thermophilic species (Bharti et al., 2013; Gray
et al., 2014). Given the evidence that FANCJ and its homologs
play an important role in G4 metabolism, it seems likely that
FANCJ unwinding of G4s will influence gene expression of proto-
oncogenes where G4 motifs are prominent (Eddy and Maizels,
2006; Duquette et al., 2007; Brown et al., 2011). Further studies
are needed to establish direct links and meaningful relationships
between disease pathogenesis and regulated expression of mes-
senger RNA and microRNA molecules by FANCJ and other DNA
helicases.

FANCJ AS A POTENTIAL TARGET FOR CLINICAL AND
PHARMACEUTICAL TREATMENT
Our group and others have been keenly interested in the prospect
of helicase-based biomarkers and targeting DNA helicases like
FANCJ to enhance existing or developing therapeutic strategies for
treating cancers (Brosh, 2013). This prospect has been fueled by
observations that the expression of many DNA damage response
genes is up-regulated in rapidly proliferating cells and tumors,
leading to their resistance to chemotherapy drugs or radiation used
to combat cancer. In two recent studies, the influence of FANCJ
expression on sensitivity of cancer cells or tissues to chemotherapy
drugs was determined. In the first, Nakanishi et al. (2012) found
that FANCJ expression in tumor tissues was elevated compared
to normal epithelial tissue, which correlated with resistance to the
chemotherapy drug 5-fluorouracil (5-FU) in tumors with nor-
mal MLH1 expression. Mori et al. (2013) determined that gastric
cancer cells exposed to 5-FU down-regulated FANCJ expression,
leading to their enhanced sensitivity to the ICL-inducing agent
oxaliplatin. Such observations raise the exciting possibility that
FANCJ is differentially expressed in tumors which may serve as
a useful predictive biomarker for designing treatment strategies
tailored to the cancer type.

From a related perspective, the development of small molecules
that target FANCJ for helicase inhibition may provide a means to
achieve synthetic lethality with chemotherapy drugs or in a defined
genetic background to kill cancer cells, provided that a therapeu-
tic window is achieved. Our work on the discovery of a WRN
helicase inhibitor provided a proof-of-principle for the helicase-
targeted approach to induce chemical or genetic synthetic lethality
of cancer cells (Aggarwal et al., 2011, 2013a,b). The observation
that a BLM helicase inhibitor can cause elevated sister chromatid
exchange in cultured cells is provocative (Nguyen et al., 2013), and
sets the stage to search for FANCJ inhibitors, given FANCJ’s inter-
action with BLM and the finding that acute depletion of FANCJ
causes elevated sister chromatid exchange (Suhasini et al., 2011).
On the opposite side of the spectrum, it might also be useful to
conduct small molecule screens to identify compounds that restore
the function of a misfolded helicase protein caused by a disease-
linked mutation. Given that a number of missense mutations in
FANCJ are linked to FA or associated with cancer, FANCJ may be
a good candidate protein to target for intervention.

Lastly, the function of FANCJ in G4 DNA metabolism suggests
an avenue to explore. G4 structures which form at telomeres or the
promoters of proto-oncogenes most likely play a prominent role
in the ability of cancer cells to thrive or senesce. Indeed, telomerase
inhibitors which prevent the elongation of the G-rich telomere tails
at chromosome ends are in clinical trials (Buseman et al., 2012). If
G4 structures in cancer cells are stabilized by G4 ligands directly or
by blocking telomeric G4 unwinding with small molecules against
G4 resolving helicases such as FANCJ or PIF1, then cancer cells
may be caused to senesce and ultimately targeted for elimination.
It seems probable that further studies will address the efficacy of
targeting FANCJ and other DNA helicases as a possible strategy in
cancer therapy.

SUMMARY
In this review, we have attempted to provide a comprehensive view
of what now appears to be multi-faceted roles of FANCJ in cellular
DNA metabolism. Discovered 13 years ago as a BRCA1-interacting
protein, FANCJ helicase is now regarded as a bona fide tumor sup-
pressor and genetically linked to the cancer-prone disorder FA
characterized by progressive bone marrow failure; however, the
precise function(s) of FANCJ in the FA pathway of ICL repair is
still not well understood. In addition, cellular and biochemical
studies have demonstrated an important role of FANCJ to resolve
G4 DNA structures that potentially interfere with normal chromo-
some packaging, replication, and transcription. FANCJ interacts
with a number of DNA damage response proteins and appears
to be a key player in maintaining chromosomal stability through
its involvement in DNA repair and checkpoint signaling. With
FANCJ’s emergence as a uniquely important genome caretaker,
future studies may explore FANCJ as a potential target for clinical
and therapeutic strategies. In spite of the tremendous progress,
much still remains to be learned about FANCJ and avenues for
biomedical advances.
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DNA structures associated with stalled replication forks or reg-
ulate such processing events. The interaction between FANCJ
and MLH1 appears to be critical for cells to recover from repli-
cation stress induced by ICLs or the DNA polymerase inhibitor,
aphidicolin. As mentioned above, deletion of MSH2 suppresses
replication restart defects in cells lacking the FANCJ–MLH1 inter-
action (Peng et al., 2014). Thus, to restart stalled replication forks,
FANCJ through its MLH1 interaction could normally unwind and
eliminate DNA structures bound by MSH2 or displace MSH2 from
such structures. Mre11 has been implicated in the restart of stalled
replication forks (Bryant et al., 2009; Hashimoto et al., 2010). As
proposed for the tumor suppressor and HR factor BRCA2 as
well as the DNA damage sensor poly (ADP-ribose) polymerase
1 (PARP1; Schlacher et al., 2011; Ying et al., 2012), FANCJ may
help to prevent uncontrolled MRE11-dependent degradation of
stalled replication forks by inhibiting its nuclease activity. Such an
anti-nuclease role may aid in fork stabilization without excessive
single-stranded DNA production to allow for regulated checkpoint
signal transduction and effective repair of the replication-blocking
lesion.

FANCJ RESOLVES G-QUADRUPLEX DNA TO ENABLE
SMOOTH REPLICATION AND PRESERVE GENOMIC
INTEGRITY
G-quadruplexes, composed of planar stacks of four guanine
residues engaged in Hoogsteen hydrogen bonding, are now
believed to form in vivo and exert biological effects on DNA
replication and transcription, and play unique structural roles in
telomere capping (Wu and Brosh, 2010a; Bochman et al., 2012;
Maizels and Gray, 2013). FANCJ, and certain other DNA helicases
(e.g., PIF1, WRN, BLM), resolve G4 DNA structures in vitro; how-
ever, the biological significance of G4 resolution by the various
human DNA helicases in vivo is less clear. Human cells defi-
cient in FANCJ, but not FANCA or FANCD2, were found to be
sensitive to the G4 binding drug TMS, suggesting a role of the heli-
case to preserve genomic stability at G4-forming sequences that
is independent of the classic FA DNA repair pathway (Wu et al.,
2008); furthermore, a FA-J human patient cell line was found to
accumulate deletions at predicted G4-forming sequences in the
genome (London et al., 2008). Although a number of DNA heli-
cases have been shown to unwind intermolecular G4 structures,
FANCJ is distinct among the Fe-S cluster helicases tested in its abil-
ity to resolve entropically favored intramolecular G4 substrates
(Bharti et al., 2013). Consistent with the biochemical results, a
deficiency in FANCJ, but not the Fe–S helicases DDX11 or XPD,
sensitized human cells to TMS as measured by induction of the
DNA damage marker γ-H2AX (Bharti et al., 2013). These find-
ings suggest that FANCJ has a specialized function among the
Fe–S helicases to facilitate smooth replication of genomic regions
prone to form G4s in order to prevent fork breakage (Figure 7).
A recent study using Xenopus egg extract and single-stranded
plasmid DNA template with a predicted G4-forming sequence
validated the role of FANCJ to promote DNA synthesis through
G4 structures (Castillo et al., 2014). It will be of interest to deter-
mine if a putative role of FANCJ at telomeres involves its ability to
resolve the G-rich telomeric tail and influence telomere capping
events.

FIGURE 7 | FANCJ resolves G-quadruplex DNA to maintain genomic

stability and cellular homeostasis. See text for details.

Recent advances using the chicken DT40 cell lines have
improved our understanding of the role of FANCJ in DNA repair
and G4 DNA metabolism. Human FANCJ can rescue the sensi-
tivity of chicken brip1/fancj mutant cells to agents that induce
DNA cross-links (Bridge et al., 2005) or stabilize G4 structures
(Wu et al., 2008), indicating a conservation of function in the ver-
tebrate species. In addition to its role in protecting brip1 cells from
G4-associated genomic instability, the chicken ortholog of FANCJ
serves a more general protective role in chromosomal mainte-
nance that appears to operate outside the FA pathway (Kitao et al.,
2011; Figure 7). In subsequent work, it was shown that FANCJ,
together with the RecQ helicases WRN and BLM, preserve epi-
genetic stability by helping to efficiently couple histone recycling
with replication fork progression through their ability to resolve
G4s that impede smooth DNA synthesis (Sarkies et al., 2012).
FANCJ seems to be a central player in the maintenance of epi-
genetic stability by collaborating as well with the REV1 translesion
polymerase at G-rich sequences predicted to form quadruplexes.
The precise molecular mechanisms of how these processes occur
are still not well understood, but the model proposed by the Sale
group predicts that FANCJ with its opposite polarity of directional
movement may initiate its action on the opposite side of G4 struc-
ture(s) as that of the 3′–5′ RecQ heli or the TLS polymerase REV1
(Sarkies et al., 2012).

To examine the role of FANCJ in cellular DNA replication, the
Niedzwiedz lab employed a DNA fiber analysis in isogenic fancj
null and WT DT40 cells and determined that FANCJ helps to
promote replication fork progression at regions prone to stalling,
such as G4-forming sequences (Schwab et al., 2013). Furthermore,
stabilization of G4 structures in FANCJ-deficient cells by the G4
binder TMS quenched fork progression, resulting in uncoupling
of leading and lagging strand synthesis. The ability of FANCJ to
enable smooth replication fork progression would help to main-
tain normal chromatin structure by preventing its condensation
and reorganization.

FANCJ-deficient DT40 cells exposed to the G4 ligand TMS
displayed stronger staining by a murine monoclonal antibody
specific for binding G4 DNA compared to untreated fancj null
cells, or normal cells exposed to TMS (Henderson et al., 2013).
Enrichment of G4 DNA in FANCJ-deficient cells exposed to TMS
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