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Abstract

Helicases are ubiquitous proteins that unwind DNA and participate in DNA metabolism including
replication, repair, transcription, and chromatin organization. The highly conserved RecQ helicase
family proteins are important in these transactions and have been termed the guardians of the
genome. Humans have five members of this family: WRN, BLM, RECQL4, RECQL1, and
RECQL5. Thefirst three of these members are associated with premature aging and cancer prone
syndromes, but the latter two proteins have not yet been implicated in any human disease.
Although WRN and BLM have been fairly well characterized, RECQL 4 has only recently been
intensively investigated. The sum of this work to date has shown that RECQL 4 has helicase
activity and localizes to telomeres and mitochondria. In addition, new protein partners are
emerging, implicating RECQL4 in novel processes. Here, we describe these recent findings,
which place RECQL4 at the crossroads of genomic instability and aging processes.
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The Human RecQ helicases

DNA helicases are important ubiquitous enzymes that participate in DNA metabolism and
affect genome stahility. Helicases hydrolyze ATP in order to translocate along DNA to
separate the two DNA strands and dislodge proteinsin their path. Bacteria and yeast express
asingle RecQ helicase whereas humans express five: BLM, WRN, RECQL 1, RECQL4, and
RECQLD5. All of these proteins share the core motifs of the RecQ helicase family, but
outside of this homology, the proteins vary significantly (Figure 1). Loss of function of
WRN or BLM leads to the autosomal recessive diseases Werner syndrome (OMIM
#277700) or Bloom syndrome (OMIM, #210900), respectively. In contrast, mutationsin
RECQL 4 giverise to three autosomal recessive diseases. Rothmund-Thomson syndrome
(RTS, OMIM #268400), RAPADILINO (RAPA, OMIM #266280), or Baller-Gerold
syndrome (BGS, OMIM #218600).

About two-thirds of patients with mutationsin RECQL 4 have RTS and the remaining
patients have either RAPA or BGS[1,2]. Within the disorder RTS, there are two subtypes,
typel and I1. Type Il patients have documented mutations within RECQL 4, whereas type |
patients have mutations in genes that have not yet been identified [3]. The common features
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among these diseases are short stature and skeletal abnormalities, particularly radial ray
defects. RTS and RAPA patients are also at elevated risk for osteosarcomas and lymphomas,
but thisis not true for BGS patients[1]. Poikilodermais another common feature of RTS
and RAPA that is distinctively absent in BGS patients. RTS patients display segmental
premature aging features like sparse hair/eyelashes, juvenile cataracts, and predisposition to
cancer [4]. Mouse models have been constructed to mimic the loss of RECQL 4, but so far
none genuinely recapitul ate the human phenotype (Box 1).

Box 1
Mouse Models for studying RECQL4

Three mouse models have been developed to more closely examine the loss of function
of Recg/4in mammals. The first model [58] is a mouse in which exons 5-8, which
precede the helicase domain, were removed. This mouse was embryonic lethal between
days 3.5-6.5. A second model was created in which exon 13 was deleted (A-exon 13);
thisisthe last exon encoding the helicase domain [59]. In this study, the authors reported
that the majority of the animals (95%) died within two weeks after birth. In the third
mouse model, the entire helicase domain, A-exons 9-13, was deleted. This mouse was
viable but displayed elevated rates of perinatal lethality [60]. The deletion of the entire
helicase domain, A-exons 9-13, likely renders the protein more structurally stable than
the other two deletion constructs because the helicase domain is probably an
autonomously folding unit. Additionally, the neonatal and perinatal lethality associated
with these models may have to do with replication failure and the burst of oxidative
damage experienced at birth which these Recql4-deficient mice simply cannot handle.

In contrast to the other RecQ helicase mouse models which either show no phenotype
(RECQL1 [61] and WRN [62]) or are lethal BLM [63]), the surviving Recg/4 deficient
mice were the first to show premature aging phenotypes. Specificaly, the A-exon 13
Recgl4 mice that survived showed skin atrophy, colorless hair, hair loss, short stature,
bone dysplasia, dystrophic teeth, cataracts, and immune abnormalities which are all
features associated with premature aging [59]. In the A-exon 9-13 Recg/4mice,
distinctive skin and skeletal abnormalities were observed in addition to genomic
instability, which was characterized by aneuploidy and premature centromere separation
[60]. When crossed into a cancer susceptible background, APC™", the A-exon 9-13
Recgl4dlele led to adramatic increase in the number and size of tumors in the intestines
[60]. At thistime it is not clear why the mouse model alone does not recapitul ate the
predisposition for osteosarcoma and lymphomas like the human RECQL 4-associated
diseases. Perhaps it reflects differences between mouse and man, or aternatively, there
may need to be some initiating environmental insult for the loss of function of Recg/4in
mice to be tumor promoting.

The gene for RECQL 4 was first cloned by Kitao ef a. and mapped to chromosome 8g24.3
[5], which places it on the same chromosome as WRN but on the opposite chromosomal
arm. RECQL4 mRNA shows tissue- and cell cycle-specific expression patterns. Human
thymus, testis, and placenta show high expression, whereas moderate expression is seenin
the heart, brain, small intestines, and colon by Northern blot analysis[6]. RECQL4 mRNA
expression peaksin S-phase of the cell cycle, similar to BLM expression [6]. RECQL4
MRNA is also induced in Ebstein-barr virus or simian 40 transformed cells[7]. Consistent
with these observations, osteosarcomas as well as cervical and prostate cancers exhibit
abnormally high levels of RECQL 4 expression and this is associated with metastasis [8-12].
Additionally, RECQL 4 and WRN expression are down-regulated by p53, a master
transcriptional regulator of the DNA damage response which induces cell cycle arrest,
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inhibits DNA replication, and activates DNA repair or apoptosis [13-15]. Because p53is
mutated in numerous cancers, the regulation of both RECQL4 and WRN expression could
also be perturbed, impacting the DNA damage response pathway in tumor cells.

RECQL4 isthe only RecQ helicase known to be present in both the nucleus and
mitochondria. In the nucleusit is predominantly localized to the nucleoplasm with a fraction
of the protein co-localizing to telomeres and the nucleolus [16-18]. It dynamically
associates with foci produced by DNA damaging agents including hydrogen peroxide
(H205), ionizing radiation, topoisomerase inhibitors, and ultraviolet radiation (UV)
[16,17,19-21]. RECQL4 has also been found in the cytoplasm and more recently inside the
mitochondria[18,22,23]. The intracellular localization of RECQL 4 appears to be cell-type
specific as some cells show more cytoplasmic than nuclear localization [18]. The
intracellular distribution and dynamic re-localization of RECQL4 to sites of DNA damage
may contribute to the phenotypes and associated heterogeneity seen in RECQL 4-associated
diseases.

and functional uniqueness of RECQL4

Human RECQL 4 is a 1208 amino acid (aa) protein containing a highly conserved 3’ to 5
helicase domain in the middle of the protein. RecQ helicase family memberstypically have
the conserved helicase motifs, a RecQ conserved domain (RQC), and the helicase and
RNase D conserved domain (HRDC), but curiously RECQL4 lacks the latter two (Figure 1).
Both the N- and C-terminal regions of RECQL4 contain distinct sequences from the other
RecQ family helicases. The N-terminal region of RECQL4 isa multifunctional domain that
contains both nuclear and mitochondria targeting sequences. The C-terminal region of
RECQL4 is not well characterized but has recently been associated with the response of
RECQLA4 to ionizing radiation [24]. These unique features of RECQL4 provide functional
diversity not found in other member of the RecQ helicase family.

Emerging evidence suggests that the N-terminus of RECQL4 plays an important rolein
DNA replication. Sequence comparison between XeropusRECQL4 (xRECQL4) and its
homologues in other eukaryotic organisms revealed that it shares sequence homology with
the yeast replication initiation factors Sld2 (Saccharomyces cerevisiad) and DRC1
(Schizosaccharomyces pombe), both of which are essential for establishment of replication
forks [25,26]. Consistent with the Sld2-like function, deletion of the N-terminus of RECQL4
leads to decreased cell proliferation in vertebrate cells [25,26]. Additionally, expression of
just the N-terminus can restore viability to RECL Q4-depleted chicken cells [27]. Taken
together, the data suggests that the N-terminus of RECQL4 plays an important and
evolutionarily conserved rolein DNA replication.

The N-terminal domain is also important for subcellular localization and targeting. Using
GFP-tagged RECQL 4 fragments, it was shown that there are two nuclear localization
regions present within the N-terminus of RECQL4, NTS1 (aa 37—66) and NTS2 (aa 363—
492) [28]. The predicted mitochondrial localization sequence overlaps with NTS1 and
residesin the first 84 N-terminal aa[23]. Additionally, acetylation of RECQL4 by p300 on
multiple lysines within NTS2 regul ates the nuclear to cytoplasm localization of RECQL 4
[29]. Interestingly, NTS2 is deleted in the majority of RAPA patients[1], highlighting the
importance of this sequence for the proper function of RECQL4.

Although RECQL4 isa3’ to 5" helicase in superfamily Il and contains the characteristic
helicase motifs(l, Ia, I1, 111, 1V, V, and VVI) important for coupling ATP hydrolysisto the
separation of DNA strands, the helicase activity of RECQL4 was only recently demonstrated
in vitro, sparking new studies into the function of RECQL4. When human RECQL4 was
first isolated and purified, /n vitrobiochemical assays did not show any helicase activity on
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avariety of substrates, including afork duplex [30]. However, by including excess single-
stranded DNA (ssDNA) to trap the complementary strand after unwinding a 30-bp fork
duplex, weak helicase activity was observed [31,32]. Compared with other RecQ helicases,
RECQL4 shows very weak DNA unwinding activity, and it acts on very short fork DNA
duplex substrates with limited substrate specificity [31,33]. It was later determined that
RECQLA4 preferentially anneal SDNA, rather than unwinding it, and that the strand
annealing activity masked detection of helicase products[31].

The DNA unwinding ability of RECQL4 was attributed to two independent segments, the
N-terminal domain and the helicase domain [31]. This finding was puzzling because the N-
terminus lacks conserved homology with other known helicases. Using a helicase dead
mutant, K508M, it has more recently been directly demonstrated that the ATP-dependent
unwinding activity of RECQL4 comes from the conserved helicase domain [33]. It is still
unknown, however, why DNA unwinding activity was observed from the N-terminal
fragment in the former study, but one possibility is that the N-terminal domain possesses
strand exchange activity which was interpreted as DNA unwinding activity. Moving
forward, it will be important to determine the structural basis for the unwinding activity
derived from the N-terminal domain and further to characterize which /n vivofunctions of
RECQL4 are dependent upon the activity of the N-terminus and helicase domains.

RECQL4 has a narrower substrate range than the other human RecQ helicases [33]. Some of
the substrates on which the RECQL 4 helicase has been tested hint at the cellular activitiesin
which RECQL4 may be involved (Figure 2). So far no helicase activity has been detected
from RECQL 4 on complex Holliday Junctions or G-quadruplex DNA structures /11 vitro
[33]. This may be due to the lack of the RQC domain, which has been shown to be a high
affinity G-quadruplex binding domain [34]. Interestingly, however, RECQL4 has /n vitro
activity on D-loop structures, including those with telomeric sequences, when excess sSDNA
isincluded in the reaction [35]. Structurally similar to Holliday junctions, D-loops are
believed to be important structures for telomeric maintenance, thus RECQL4 may promote
telomeric replication.

Further insight into the function of RECQL 4 has been inferred from the cellular phenotypes
of genotoxic sensitivity in RTStype |l cells. The clinical features of RTS patients are
heterogeneous and thisis reflected in the varied responses to different assaults at the cellular
level. For example, RTS fibroblasts show hypersensitivity to hydroxyurea, camptothecin,
and doxorubicin [36], but only modest sensitivity is reported following exposure to UV
light, ionizing radiation, or cisplatin [21]. Interestingly, RTS cells are relatively resistant to
4-nitroguinolone oxide [36], which produces bulky DNA damage thought to be repaired by
the nucleotide excision repair (NER) apparatus. This result isin contrast to similar
experiments done with cells deficient for WRN and BLM, indicating that there are
functional differences between the helicases. Many of these agents induce damage primarily
during S-phase, and RTS cellsfail to synthesize DNA after treatment with H,O5 [37],
suggesting that RECQL 4 is particularly important during S-phase and in DNA replication.
The variability observed between genotoxic agents suggests that RECQL 4 may have lesion-
type specific functionsin DNA repair as well.

RECQL4 protein interactions

Currently, more than ten proteins have been shown to associate with RECQL 4 /1 vivo
(Table 1), implicating it not only in DNA—related pathways, but also in posttrandational
modifications, telomere maintenance, and mitochondrial DNA (mtDNA) maintenance.
Similar to other RecQ proteins, multiple lines of evidence support arole for RECQL4 in
DNA replication. xRECQL 4, which is essential for DNA replication in Xengpusegg
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extracts [25], is part of the replication initiation complex and functions after pre-replication
complex formation promoting replication factor loading at the origins. Specifically, the N-
terminal fragment of xRECQL4 (1-596 aa) has been shown to physically interact with
xCutb, a protein which controls recruitment of DNA polymerases a and e [26].

Analysis of chromatin-bound RECQL 4 complexes from human cells revealed multiple
RECQL4-interacting DNA replication factors by mass spectrometric analysis, including
MCM 10, MCM2-7 helicase, CDC45, GINS, and SLD5 [38]. The N-terminus of RECQL4
(1-240 aa) directly interacts with MCM 10, which mediates the association of RECQL 4 with
the MCM2-7 replicative DNA helicase and GINS complex in a cell-cycle dependent manner
[38]. RECQL4, MCM10, and CTF4 are all required for proper loading and assembly of
CDC45, MCM 10, and the GINS complex onto the origins of replication [39]. Interestingly,
both RECQL4 and RECQL 1 have been captured at DNA replication origins, and it was
shown that replication origin firing and nascent DNA synthesis were reduced after RECQL4
or RECQL1 depletion [40]. These results firmly establish arole for RECQL4 in DNA
replication.

RECQL4 has also been implicated in other DNA-related processes, including DNA double-
strand break repair (DSB), NER, and base excision repair (BER). Multiple approaches have
been used to show that RECQL4 isinvolved in the repair of DSBsin human cells
[16,21,41]. For example, laser confocal microscopy and live cell imaging were used to show
that RECQL 4 localizes to sites of laser-induced DNA damage. Human RECQL 4 associates
with RAD51, akey protein in the homologous recombination (HR) pathway of DSB repair
incells[16]. It also formsfoci and co-localizes with RAD51 after etoposide-induced DNA
damage. Furthermore, a physical interaction between RECQL 4 and RAD51 was shown by
co-immunopreci pitation. Another study reported the involvement of RECQL4 in NER based
on the cellular co-localization of endogenous RECQL4 with XPA, akey proteinin NER
[19]. /n vitro GST pull-down assays confirmed the direct interaction between RECQL4 and
XPA [19]. UV repair is mediated by the NER pathway and in cell culture, UV-induced DNA
damage isroutinely used to screen for NER-dependent interactions. In HelL a cells, the
RECQL4-XPA interaction was enhanced after UV irradiation. However, RTS cells are not
hypersensitive to UV, so more work is needed to clarify whether RECQL4 directly
participatesin NER or if there is redundancy among the RecQ helicases that may mask the
function of RECQL4 in NER.

The single strand break repair protein PARPL catalyzes the addition of polymers of linear
and branched chain ADP-ribose moieties (PAR) onto itself and other important target
proteins, and isinvolved in DNA repair, transcription, and replication (reviewed in [42]).
PARPL1 isaDNA damage sensor, robustly activated in response to a variety of DNA
damaging agents and is widely known to modulate the sensitivity of cellsto -y-irradiation.
Proteins post-translationally modified by PAR (as with phosphorylation and ubiquitination),
can have altered catalytic function and modified protein interaction capabilities. PARP1 has
been identified as a RECQL4 interacting protein in a T7 phage display screen using C-
terminal fragments of RECQL4 (833-1208 aa) as bait [17]. Additionally, /n vitro PARP1
was shown to PARylate the C-terminus of RECQL4 [17]. Recently, the C-terminus of
RECQLA4 has been suggested to be important for the response to y-irradiation [24] so
perhaps the interaction with PARPL isimportant in this context. For example, after DNA
damage, PARP1 creates a hucleation site at which other DNA repair proteins coalesce to
facilitate repair, and it will be interesting to determine whether RECQL 4’ s recruitment to
DNA damage differsin PARP1-deficient cells and if DNA replication re-start isimpacted
by these conditions.
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PARPL1 is also important in long patch BER, raising the possibility that RECQL4 isinvolved
in the BER pathway, which repairs methylation, oxidation, and other relatively small DNA
base and sugar lesions. After H,O» treatment, RECQL 4 co-localizes and functionally
interacts with APE1, FEN,1 and DNA polymerase 3, al key proteinsinvolved in BER [20].
Biochemical experiments indicated that RECQL4 specifically stimulated the apurinic
endonuclease activity of APEL, the DNA strand displacement activity of DNA polymerase
B, and the incision of a1 -or 10 -nucleotide flap DNA substrate by FEN1. Additionally, RTS
cells have a dysfunctional response to oxidative stress and display elevated levels of
formamido pyrimidine and 8-0xoG, DNA lesions that are markers of oxidative damage [24].
Furthermore, microarray analysis revealed that many BER pathway genes were up-regulated
in RTS patient fibroblasts relative to normal cells[24]. Taken together these observations
suggest arole for RECQL4 in modulating the BER pathway [20].

Recently, BLM was identified as a RECQL4-interacting protein [43]. Functionaly,
RECQL4 stimulated BLM helicase activity on DNA fork substrates /n vitro, and the /in vivo
interaction between RECQL4 and BLM was enhanced during the S-phase of the cell cycle
and after treatment with ionizing radiation. These results suggest there is some synergy
between these RecQ helicases. In line with this, WRN and RECQL 4 (see below) also
functionally interact, and BLM specifically inhibits the exonuclease activity of WRN [44].
Given that there are both similar and distinct disease phenotypes in patients deficient for
WRN, BLM or RECQL 4, experiments that seek to identify common and unique roles for
these proteins in the various biochemical pathways of genome maintenance will be of high
priority.

Protein interactions also reveal arole for RECQL4 in telomere maintenance. Telomeres are
the DNA-protein complexes at the ends of human chromosomes. The cells from RTS
patients have elevated levels of fragile telomeric ends, and RECQL 4-depleted human cells
accumulate fragile sites, sister chromosome exchanges, and DSBs at telomeric sites[35].
Human RECQL 4 partially localizes to telomeres and co-immunoprecipitates with the
shelterin protein TRF2 [35]. TRF1 and TRF2 are specialized telomere DNA hinding
proteins that stabilize telomeric D-loop structures along with other shelterin proteins. Three
shelterin proteins, TRF1, TRF2, and POT1, can stimulate the helicase activity of RECQL4
on atelomeric DNA substrate [35]. Additionally, RECQL 4 has been shown to act
synergistically with WRN, but not BLM, to resolve telomeric D -loop substrates by
stimulating WRN unwinding activity. These findings unveiled a novel function for RECQL4
in telomere maintenance and extend the findings that multiple RecQ helicases function at
telomeres.

In addition to its role in the nucleus, RECQL 4 al so functions in the mitochondria. The
mitochondrial transcription factor-A (TFAM), which protects mtDNA and aidsin mtDNA
transcription and replication, has been reported to interact with RECQL4 [22]. RECQL4 was
evaluated /n vitrowith polymerase v, the replicative polymerase in mitochondria, however
no productive interaction was observed [22]. In a separate study, RECQL 4 was shown to be
important for /1 vivomtDNA recovery after ethidium bromide depletion [23], suggesting
that RECQL4 has arolein mtDNA replication.

The tumor suppressor protein p53 and TOM 20 are also mitochondrial interacting partners of
RECQL4 [23]. Using /n vitro assays, aa 293-362 of p53 and aa 270-400 of RECL Q4 were
determined to be the minimal regions necessary for the interaction [23]. The interaction
between RECQL 4 and TOM 20, a component of the mitochondrial outer membrane-locating
TOMA40 receptor complex, has also been characterized. It was suggested that RECQL 4 and
p53 enter mitochondria by interacting with the TOM complex [23]. Additional research is
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necessary to delineate the biological functions of the interaction between RECQL4 and p53
in mitochondria and to characterize the role of RECQL4 in mtDNA replication and repair.

Interestingly, in the absence of cellular stress, the localization of p53 to the mitochondriais
dependent on RECQL 4’ s mitochondrial localization [23]. It iswell established that p53
plays a central role in the DNA damage response signaling cascade and that its dysfunction
can ultimately lead to cancer or aging [15]. However, although its presence in mitochondria
has been known for some time [45], it has only recently been recognized to play arolein
mitochondria regulation [46]. It has been shown that dysfunctional telomeres activate p53,
which in turn alters the gene expression of PGCIa and PGCI15, master regulators of
mitochondria. Interestingly, cells lacking RECQL4 have activated p53 [23] aswell as
telomere and mitochondrial dysfunction [22,35]. The sum of the protein interaction data
suggests that under non-stressful conditions, RECQL4 exists in both the nucleoplasm and
mitochondria and participatesin DNA maintenance in both of these compartments.

When RECQL4 is depleted, DNA replication or repair in both the nucleus and mitochondria
are atered, telomere dysfunction ensues, and p53 is activated. If the cell is not able to repair
the damage, cell death may occur, leading to the deterioration of organs and premature aging
phenotypes. With respect to the disease phenotypes associated with loss of RECQL 4, the
failure to meet the normal cellular replicative demands of affected tissues may have a direct
impact on organismal growth and the gastrointestinal disturbances seen in RECQL 4-related
diseases. Additionally, osteosarcomas and lymphomas could arisein RTS and RAPA
patients due to altered DNA repair capacity or replication stress caused by loss of RECQLA4.

Aging mechanisms

Recently, several discoveries have demonstrated functional roles for RECQLA4 in three
major mechanisms associated with aging and cellular senescence: oxidative DNA damage
repair, telomeres maintenance, and mitochondrial dysfunction (Figure 3). Oxidative damage,
caused by endogenous cellular metabolism or exogenous sources, disrupts normal

replication and transcription and leads to genomic instability and cellular senescence. BER
is the primary mechanism to repair oxidative lesions and prevent replication fork stalling. As
discussed earlier, RTS cells are hypersensitive to oxidative damage, and RECQL4 may be a
modulator of the BER pathway. These findings suggest that RECQL4 hasarolein
promoting efficient BER and are consistent with its proposed role in promoting efficient
DNA replication.

Telomeres are hotspots for oxidative damage, which if unrepaired leads to telomere
instability and shortening [47—49]. Telomere length decreases with age while instability
increases, thus telomere dynamics are associated with aging and telomere length isa
possible biomarker of aging [50,51]. Out of the five human RecQ helicases, only WRN and
BLM were previously known to function at the telomeres (recently reviewed in [52]).
However, RECQL4 has also recently been shown to have arole in telomere maintenance, as
both RECQL 4- knockdown and RTS patient cells exhibit abnormal telomere properties [35].
Furthermore, RECQL 4 was shown to stimulate the helicase activity of WRN /1 vitroon
telomeric D-loops, indicating possible cooperation between the helicases [35]. WRN and
RECQL4 may complement each other in telomere length maintenance, particularly because
WRN is capable of unwinding G-quadruplexes, which are impediments to telomere
replication, whereas RECQL 4 cannot [33,53].

Mitochondrial dysfunction iswell documented in aging. Normal aged cells and those from
patients with age-related diseases such as Alzheimer’s are marked by dysfunctional mtDNA
maintenance [54]. A proteomics study gave the first clues that RECQL4 might be localized
to mitochondria [55] and two independent groups have now used immunocytochemistry to
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confirm and extend this finding [22,23]. Although its role there is not yet fully understood,
analysis of RECQL4-deficient cells revealed mitochondrial bioenergetics defects and
elevated mtDNA damage [22]. The involvement of RECQL4 in DNA replication, repair,
and maintenance of the nuclear and mtDNA highlight the importance of this protein in aging
and senescence.

In aging research there has been great deal of interest in the ideathat telomere shortening is
acritical feature that leads to senescence. By contrast, the mitochondrial theory of aging
posits that mitochondrial dysfunction isthe cause of aging [56]. Telomere processing and
mitochondrial bioenergetics have so far been separate fields with very limited interaction.
That there is emerging evidence for some crosstalk between these fields of study is very
exciting. Recently it has been shown that telomere dysfunction can lead to mitochondrial
dysfunction [46] and vice versa[57]. It istherefore of great interest that specific proteins,
like RECQLA4, have now been identified that operate in both compartments.

Concluding remarks

A future challenge is to understand the biological function of RECQL 4 in both
compartments as well as whether and how it could function as a signaling molecul e between
these compartments. RECQL 4 is the only known RecQ helicase to function in mitochondria,
and a greater understanding of its function in this compartment should be a focus of future
research. Thisis challenging in general because of the low abundance of DNA metabolic
proteins in the mitochondria and particularly by the fact that the mitochondrial targeting
sequences of RECQL 4 and the Sld2-domain overlap. How one might uncouple these
functional attributesis not obvious at thistime. The next challenge isto determine the
conditions that govern when RECQL4 is at telomeres or in the mitochondria. Such
information will shed light on its signaling function between these compartments. This may
involve a close collaboration with p53, which also functions at both places, and could be
another signaling protein in the pathways of aging. Thus, RECQL4 may be uniquely
positioned to act as a bridge between cancer and aging, functioning as a guardian of not only
the nuclear genome, but also the mitochondrial genome.
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Figure 1.

Structural organization of human RecQ helicases. All the RecQ helicase members possess a
highly conserved helicase domain (y&//ow). The nuclear localization signal (purp/d) is
present at the C-terminus in most of the family members, except in RECQL4 which has two
nuclear targeting sequences (NTSland NTS2) that are present at the N-terminus. The RQC
(pink) and helicase and RNase C-terminal (HRDC) domain (black) are present at the C-
terminus of helicase domain except for in RECQL4. The WRN protein is unique among
human RecQ helicase members in having an exonuclease domain (greer) at the N-terminus.
The N-terminus of RECQL 4 show sequence similarity with the Sld2 protein in yeast that is
important for DNA replication and cell viability. A putative mitochondrial targeting
sequence is present at the N-terminus of RECQLA4 (light blue).
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A. B. C.

S/

Figure 2.

RECQL 4 has a narrower substrate range than other RecQ helicases. The RECQL 4 helicase
can unwind forked duplexes (A), D-loops (B), and bubble (C) structures but not duplex
DNA (D), Halliday junctions (E), or G-quadruplex structures (F). However, the unwinding
activity from the N-terminal domain can utilize duplex DNA substrates.
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Figure 3.

Cellular localization and stress responses surrounding RECQL 4. Under normal
circumstances, RECQL4 can be found in the nucleoplasm and at telomeres, where it
participatesin DNA maintenance. Without stress, RECQL 4 interacts with p53 and they
shuttle between the nucleus and mitochondria. After stress, p53 and RECQL 4 re-localize to
the nucleus where p53 coordinates the DNA damage response including down-regulating
RECQL 4 expression. In both the nucleus and mitochondria, RECQL4 can localize to DNA
damage and participate in modulating DNA maintenance processes.
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