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Abstract

Helicases have important roles in nucleic acid metabolism, and their prominence is marked by the
discovery of genetic disorders arising from disease-causing mutations. Missense mutations can
yield unigue insight to molecular functions and basis for disease pathology. XPB or XPD missense
mutations lead to X eroderma pigmentosum, Cockayne’'s syndrome, Trichothiodystrophy, or COFS
syndrome, suggesting that DNA repair and transcription defects are responsible for clinical
heterogeneity. Complex phenotypes are also observed for RECQL 4 helicase mutations responsible
for Rothmund-Thomson syndrome, Baller-Gerold syndrome, or RAPADILINO. Bloom's
syndrome causing missense mutations are found in the conserved helicase and RecQ C-terminal
domain of BLM that interfere with helicase function. Although rare, patient-derived missense
mutations in the exonuclease or helicase domain of Werner syndrome protein exist.
Characterization of WRN separation-of-function mutants may provide insight to catalytic
requirements for suppression of phenotypes associated with the premature aging disorder.
Characterized FANCJImissense mutations associated with breast cancer or Fanconi anemia
interfere with FANCJ helicase activity required for DNA repair and the replication stress
response. For example, a FA patient-derived mutation in the FANCJ Iron-Sulfur domain was
shown to uncouple its ATPase and translocase activity from DNA unwinding. Mutationsin
DDX11 (ChIR1) are responsible for Warsaw Breakage syndrome, a recently discovered autosomal
recessive cohesinopathy. Ongoing and future studies will address clinically relevant helicase
mutations and polymorphisms, including those that interfere with key protein interactions or exert
dominant negative phenotypes (eg., certain mutant alleles of Twinkle mitochondrial DNA
helicase). Chemical rescue may be an approach to restore helicase activity in loss-of-function
helicase disorders. Genetic and biochemical analyses of disease-causing missense mutationsin
human helicase disorders have led to new insights to the molecular defects underlying aberrant
cellular and clinical phenotypes.
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Essential Nature of DNA Helicases Evidenced by Hereditary Helicase

Disorders

Helicases are molecular motors that couple the energy of nucleoside triphosphate (NTP)
hydrolysis (typically ATP) to the unwinding of polynucleic acid structures by disrupting the
noncovalent hydrogen bonds between complementary strands [1, 2]. Helicases can be
classified on the basis of their polarity of unwinding double-stranded DNA with respect to
the strand that they translocate, either 3 to 5" or 5" to 3. Helicases have essential rolesin
virtually all aspects of nucleic acid metabolism, including replication, DNA repair,
recombination, transcription, chromosome segregation, and tel omere maintenance [2-6].
They can be classified as DNA or RNA unwinding enzymes, although some helicases can
function on both DNA and RNA [6]. DNA helicases have been reported to act in a variety of
DNA metabolic processes that involve unwinding duplex or aternate DNA structures (e.g.,
D-loop, Holliday junction (HJ), triplex, G-quadruplex (G4)), stripping proteins bound to
either single-stranded or double-stranded DNA, or strand annealing [7-10].

An increasing number of genetic diseases characterized by chromosomal instability are
linked to mutations in genes encoding DNA helicase-like proteins. Many of these diseases
are very rare, and inherited by autosomal dominant or recessive mutations (Table 1). For
exampl e, disease-causing recessive mutations in the BL M and WRN genes of the RecQ
helicase family are responsible for Bloom'’s syndrome (BS) and Werner syndrome (WS),
respectively [11, 12]. Individuals with BS are characterized by proportional small size and
display erythemathat devel ops on sun exposed areas of skin. Those with BS are commonly
predisposed to cancer, which can encompass a broad spectrum including adult epithelial
tumors, leukemias, lymphomas, and rare pediatric tumors [13]. WS is a genetic disorder
characterized by premature aging features and the early onset of age-related diseases such as
cardiovascular disorders, diabetes mellitus (Type I1), osteoporosis, and sarcoma and
mesenchymal tumors [14]. Mutations in the RECQL 4 gene, encoding a third RecQ family
member, can lead to three genetic disorders with overlapping features that display arangein
the spectrum of severity which may be influenced by background genetic effects or
environmental factors. These are Rothmund—Thomson syndrome (RTS), Baller-Gerold
syndrome (BGS), and RAPADILINO [radia hypoplasia/aplasia, patellae hypoplasia/aplasia
and cleft or highly arched palate, diarrhoea and dislocated joints, little size (height at least 2
S.D. smaller than the average height) and limb malformation, nose slender and normal
intelligence] syndrome [15]. Individuals with RTS are stunted in growth, and characterized
by photosensitivity with poikiloderma, early graying and hair loss, juvenile cataracts and
osteogenic sarcomas. It should be noted there are cases of RTS in which no RECQL4
mutation has been found. BGS is characterized by radial aplasia/hypoplasiaand
craniosynostosis, but not the poikilodermatypical of RTS patients[16]. In addition to WRN,
BLM and RECQL4, two other human RecQ helicases are RECQL 1 (RECQ1) and RECQL5
(RECQ5), which are not yet linked to a disease, but it seems likely that these helicases will
also play arolein cancer predisposition or a hereditary disorder characterized by
chromosomal instability [17].

Another family of DNA helicases with alinkage to human diseases that have acquired a
great deal of interest isthe so-called Iron-Sulfur (Fe-S) cluster helicases, named after a
conserved metal binding domain in the helicase core [18, 19]. Mutations in the Fe-S cluster
helicase XPD, akey factor of the TFIIH complex implicated in basal transcription and
nucleoctide excision repair (NER), can give rise to multiple rare autosomal recessive
disorders: xeroderma pigmentosum (XP), XP combined with Cockayne’s syndrome (CS),
Trichothiodystrophy (TTD), and Cerebro-oculo-facial-skeletal (COFS) syndrome (for a
recent review, see [20]). Photosensitivity, neurological/developmental abnormalities, and
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skin cancer can be used to distinguish between XP, TTD, and CS; however, related or
overlapping clinical features can arise from XPD mutations. Recessive mutations in XF5,
which encodes a second motor ATPase helicase-like protein in the TFIIH complex, giverise
to multiple clinical disordersincluding XP/CS, XP with neurological abnormalities, and
TTD.

Homozygous recessive mutations in the FANCJgene encoding the FANCJ Fe-S cluster
DNA helicase (also called BACH1 or BRIP1), and at least fourteen other genes, are
responsible for Fanconi anemia (FA), adisorder characterized by progressive bone marrow
failure, chromosomal instability, and cancer. In addition, many FA individuals have
congenital abnormalities such as commonly observed radial ray abnormalities. Moreover, in
severe cases there are developmental abnormalities that can affect many organ systems[21,
22]. Cellsfrom FA individuals display hypersensitivity to agents that induce DNA
interstrand cross-links (ICLs). Notably, FANCJmutations have also been associated with
breast cancer [23]. The latest Fe-S cluster helicase implicated in a genetic diseaseisDDX11
(also known as ChIR1), in which homozygous recessive mutations are linked to Warsaw
Breakage syndrome (WABS), a unique disease with cellular features of both FA
(hypersensitivity to DNA cross-linking agents) and Roberts syndrome, a cohesinopathy
disorder in which cells from affected individuals display sister chromatid cohesion defects
[24].

Some clinical syndromes characterized by linkage to mutations in genes encoding DNA
helicase-like proteins (including the motor ATPases CSB and FANCM) are also linked to
mutationsin other DNA repair genes (Table 2). A review by DiGiovanna and Kraemer
(2012) [20] provides an excellent perspective on the relationships among XP, CS, TTD and
related clinical disorders with molecular defectsin DNA helicase-like proteins (XPB, XPD,
CSB) or gene products involved in steps such as DNA damage recognition (eg., XPA),
incision (eg., XPF, XPG), or DNA synthesis (eg., POLH). A complex spectrum of
genotype/phenotype relationships exist for these diseases with significant heterogeneity in
clinical presentation in many cases. The genetic linkage of the XP/ICS/TTD diseasesto
helicase-like genes as well as other DNA repair genes emphasi zes the important role of
helicase proteinsin the basic biology underlying the DNA repair defectsin the genetic
disorders. A similar case can be made for the DNA repair disorder FA that islinked to
recessive mutations in genes encoding DNA helicase-like proteins (FANCJ, FANCM) as
well as other DNA repair proteins involved in damage signaling (eg., FANCA) or promote
homol ogous recombination (HR) (eg., FANCD1, FANCN)[25] (Table 2).

Besides the nuclear DNA helicases, missense mutations of the Twinkle mitochondrial DNA
helicase co-segregate with a number of diseases with mitochondrial defects including adult-
onset progressive external ophthalmoplegia, hepatocerebral mitochondrial DNA depletion
syndrome, and infantile-onset spinocerebellar ataxia [26]. Twinkleis required for replication
of human mitochondrial DNA, and mutations in the CZ0orfZ gene encoding Twinkle
helicase can lead to mitochondrial deletions in post-mitotic tissues.

Primary Sequence Arrangement and Structural Architecture of DNA

Helicases

DNA helicases are classified according to their amino acid sequence homology into two
large families, superfamilies 1 and 2 (SF1 and SF2) and four small families[2]. Conserved
clusters of amino acids, the so-called helicase motifs, constitute the helicase core domain.
Structural and biochemical analyses have provided insight to how the helicase core domain
is organized to bind nucleotide and DNA, and couple the binding/hydrolysis of NTP to
unwind double-stranded DNA. The crystal structures of SF1 helicases UvrD [27] and PcrA
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[28], and SF2 helicases, including RecG [29], NS3 [30], RecQ [31], RECQL1 (RECQ1)
[32], VASA [33], and Hel 308 [34, 35], revealed that there are two universal RecA folds,
which are essential for nucleic acid binding, NTP binding and hydrolysis, and coupling of
NTP hydrolysis to nucleic acid unwinding. The conserved helicase motifs reside at the
interface between the two RecA-like domains. These seven signature helicase motifs are
designated motif | (or Walker A), Ia, Il (or Walker B), 111, 1V, V and VI. In addition, there
are other less conserved, family-typical motifs, including a Q motif (also known as motif 0)
before motif | [2, 36]. Generally speaking, motifs |, I, VI, and Q areimportant for ATP
binding/hydrolysis, and matifsla, IV, and V are primarily responsible for DNA binding.
Motif 111 isaso involved in DNA binding, and isimportant for coupling ATP hydrolysisto
DNA unwinding [6, 27].

Structural elements and accessory domains outside the RecA core domains are important for
the specialized functions of each enzyme, thereby permitting helicasesto be involved in
diverse aspects of RNA and DNA metabolism. For example, the crystal structure of human
RECQ1 bound to DNA substrate revealed a prominent B-hairpin that acts as a pin and abuts
the end of the duplex DNA to promote strand separation [32]. Other DNA helicases such as
bacterial UvrD [27] and archaeal Hel308 [34] also possess a conserved B hairpin to act as an
unwinding element. The hairpin is located within the helicase domain and can display
various orientations toward the DNA substrate, depending on the helicase. The structure of
the isolated Winged helix (WH) found in the conserved RecQ C-termina (RQC) region
from Werner syndrome helicase-nuclease (WRN) in complex with DNA identifies a novel
mode of DNA interaction [37], which may be conserved in other members of the RecQ
family. However, the structural rearrangement of the WH domain upon binding the DNA
substrate may be a distinguishing feature of the enzymatic mechanism that differs among
RecQ helicases [38]. Other auxiliary domainsin certain SF2 helicases exist, such asthe
helicase-and-RNaseD-like-C-terminal (HRDC) domain, which is believed to be important
for recognition of specific DNA structures and protein interactions [39].

Recent studies of the SF2 XPD helicase revealed two unique domains (Arch and Fe-S) that
separate this family of DNA helicases from others. A conserved metal binding domain
between the Walker A and B boxes in the XPD protein family of SF2 DNA helicases was
first recognized by the White lab [40]. Recently solved crystal structures of archaeal XPD
confirmed the existence of anovel Fe-S domain and revealed the architecture of the
conserved helicase motifs [41-43]. It is thought that the intimate association of the Fe-S and
Arch domains with conserved motifs of the helicase core domain are responsible for
conformational changes induced by nucleotide binding and hydrolysis which facilitate the
catalytic separation of complementary strands. The Fe-S domain was proposed to form a
wedge shape with the nearby Arch motif to separate the DNA duplex as the enzyme
translocates in an ATP-dependent manner. Biochemical studies of the purified recombinant
XPD protein and mutated X PD proteins with amino acid substitutions experimentally
introduced by site-directed mutagenesis suggest that the Fe-S cluster has dual functionsto
stabilize elements of protein secondary structure and target the helicase to the junction of
single-stranded DNA and double-stranded DNA [44].

Thefirst structure of XPD from Thermaoplasma acidophilium (ta) in complex with a short
DNA fragment suggested a path of the translocated DNA strand through the taXPD protein
[45]. Structural, mutational and biochemica analyses of taXPD suggest that Fe-S domain
helicases achieve a polarity of translocation opposite to that of 3" to 5 helicases by
conformational changes within the motor domain rather than binding single-stranded DNA
with an opposite orientation. Thiswas further supported by mutational analysis of taXPD
and biochemical experiments to map intimate contacts between domains of the helicase
protein and its DNA substrate using a partial duplex DNA molecule that has an artificial
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protease chemically incorporated into the DNA backbone that causes proteolytic cleavage of
the protein at sites of contact [46].

The emerging wealth of information gleaned from structural and biochemical analyses of
purified recombinant helicase proteins has provided strong incentive for researchersto
investigate the molecular pathology of disease-causing mutationsin DNA helicases. In the
following section, we will provide specific examples of disease-causing missense mutations,
and in some cases the genetic and biochemical analyses of the molecular and cellular defects
associated with them.

Insights from Studying Missense Mutations in Human Helicase

For many DNA repair disorders, studies of both unicellular and multicellular organisms with
defined genetic mutations have led to new insights to the molecular roles and pathways of
the proteins that are biochemically defective. Promoter or splicing mutations that disrupt the
normal transcriptional or translational control of a gene, or nonsense mutations that encode
truncated proteins can provide valuable information for genetic diseases. Missense
mutations which result in single amino acid substitutions can also be informative and yield
unique insight to the molecular functions and mechanisms of a cellular protein such asa
DNA metabolic enzyme. In some cases, separation-of-function mutants that eliminate one
protein function but not another have been enlightening because they help to dissect helicase
enzyme mechanism or molecular requirements for pathway function /n vivo.

A class of missense mutations useful for studying the role of helicasesin cellular DNA
metabolism are those that inactivate DNA unwinding and exert a dominant-negative
phenotype /n vivo[4T7]. A very typical type of dominant-negative helicase mutation is one
that resultsin catalytic inactivation of ATP hydrolysis and DNA unwinding. However, care
should be taken in the interpretation of experimental data from experiments that assess the
effect of expressing a helicase variant with an ATPase-inactivating mutation in a cell-based
system because the level of expression may not be physiological. Overexpression of a
catalytically inactive helicase protein may have consequences that are different from normal
expression of the mutant allele as would be found in a heterozygous individual.

Cdlular expression of a mutant DNA helicase protein compromised in its ATPase and/or
DNA unwinding activity but able to stably bind DNA can result in astatic protein-DNA
complex that perturbs processes such as replication, DNA repair, or transcription.
Alternatively, or in addition, the mutant dead helicase protein may retain its ability to bind
other proteins and highjack critical DNA repair factors. A third possibility arises because a
number of helicases can form either homo-oligomers or hetero-oligomers. The mixed
mutant/normal helicase multimer may be defective in its catalytic DNA unwinding function
or fail to function properly /n vivo.

A magjor challengein thefield is to understand how naturally occurring disease-causing
mutations exert their phenotypic consequences. This requires a systematic investigation of
the molecular defects caused by missense mutations and characterization of the biological
pathways that fail to operate properly when a defective helicase protein is expressed. We
will expound upon this topic discussing some clinically relevant missense mutationsin
human SF2 DNA helicases belonging to the RecQ and Fe-S families. In addition to these
helicases, the Twinkle mitochondrial DNA helicase is highly relevant for consideration as
several genetic disorders mentioned earlier are linked to mutations (including ones that are
missense) in the human CZ0orf2mitochondrial helicase gene. Some of the disease-causing
mutations in the Twinkle mitochondrial DNA helicase are dominant. It was reported that
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overexpression of disease-causing Twinkle mutant proteinsin normal cells or transgenic
mice led to the accumulation of mitochondrial DNA replication intermediates and
mitochondrial DNA depletion [48-50], consistent with the idea that dysfunctional Twinkle
helicase can cause mitochondrial replication forksto stall. The reduction in Twinkle helicase
activity for those variants that were examined correlated to the extent of mitochondrial DNA
depletion and accumulation of replication intermediates [48]. A recently published research
article by Longley, Copeland and colleagues describes the biochemical characterization of
twenty disease variants of the human mitochondrial DNA helicase which showed that the
mutations are quite heterogeneous in terms of their molecular effects on ATPase and
helicase function as well as effectsin some cases on protein stability [51]. Interestingly, all
twenty mutant Twinkle variants retained at least partia helicase activity, leading the authors
to propose that these defects are consistent with the delayed presentation of mitochondrial
diseases associated with the cZ0orf2mutations. The fact that only missense mutationsin
Twinkle have been identified suggests that it is an essential gene, consistent with its
requirement for mitochondrial DNA replication [26].

Disease-Causing Mutations in Fe-S Helicase Disorders

SF2 DNA helicases including XPD, DDX11, and FANCJ that contain a conserved Fe-S
motif between helicase motifs |A and |1 are implicated in genomic instability disorders.
Human RTEL-1 also belongs to this Fe-S cluster family of DNA helicases, and RTEL-1 has
been suggested to play arole in maintenance of telomere length and genome stability in
mice and human [52-54]. Theroles of Fe-S DNA helicases mutated in hereditary disorders
in diverse nucleic acid metabolic pathways such as transcription and NER (XPD), ICL
repair (FANCJ), and sister chromatid cohesion (DDX11) makes them an attractive group of
proteins to study the molecular basis of diseases affected by alterationsin genome
homeostasis.

FANCJ Missense Mutations Associated with Breast Cancer or Genetically Linked to
Fanconi Anemia

Quite recently, an excellent review from the Cantor lab was published that provides anice
perspective on the physiological consequences of FANCImutations [23]. Here, we will
limit our discussion to some relevant points about the location of missense mutations in the
FANCJ protein and their predicted or demonstrated biochemical effects on FANCJ catalytic
function or protein interaction. FANCJ (BACH1) was originally discovered by its
interaction with the tumor suppressor BRCA1, and the first FANCJImutations identified
were in early-onset breast cancer patients or probands from breast cancer families [55].
Subsequent studies have also identified FANCJmutations in breast cancer patients [56, 57].
However, other studies suggest that only very rare germ-line variants of FANCJ contribute
to breast cancer development, suggesting low to moderate penetrancy and requirement for
additional mutated allelesin order for certain FANCJ alleles to be clinically relevant [23].
Nonetheless, the probability that FANCJ serves as a tumor suppressor was bolstered by the
discovery from three groups that mutationsin FANCJare genetically linked to FA
(Complementation Group J), a disease characterized by a strong predisposition to cancer
[58-60].

The clinical spectrum of FANCJImissense mutations genetically linked to FA or associated
with breast cancer suggests that the majority reside in the N-terminal portion of the protein
where the helicase core domain islocated (Figure 1). Two of these reside within (R173C) or
very near (V/193/) the nuclear localization sequence (NLS) of FANCJ and near the MLH1
protein interaction domain required for normal resistance to DNA cross-linking agents [61].
The FANCJFQ944F mutation identified in a breast cancer patient is positioned near the
BRCA1 binding domain located in the C-terminal region of FANCJ. To our knowledge, it
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remains to be shown the biochemical effects of the R173C, VV193/, or Q944F mutations on
the catalytic function or protein interactions of FANCJ. Given the relatively close linear
proximity of residue Q944 to S990, the site for FANCJ phosphorylation required for the
physical interaction between FANCJand BRCA1 [62], it will be of interest to determine if
BRCA1 binding to FANCJ s affected by the Q944F mutation. Such a FANCJImissense
mutation may influence the molecular mechanism employed for DNA repair, asit was
recently shown that disruption of the FANCJ-BRCA1 interaction blocks DNA repair by HR
and promotes pol n—dependent bypass [63].

The direct interaction of FANCJ with BRCA 1 suggested the helicase was involved in
fundamental processes of DNA metabolism that would be important for genomic stability
and tumor suppression [55]. This notion was further bolstered by the observation of Cantor
et al. that two patients with early onset breast cancer were found to harbor germline
mutations P47A (motif ) and M299/ (Fe-S cluster) of FANCJ [55]. Biochemical analysis of
these purified recombinant proteins demonstrated an abolishment of ATPase and helicase
activity for the P47A mutant, whereas the M2991 mutant showed increased significantly
elevated ATPase activity [64]. The elevated motor ATPase of the M299I variant enabled the
helicase to unwind a damaged DNA substrate in a more proficient manner [65]. The distinct
biochemical effects exerted by the two missense mutations (P474, M299/) associated with
breast cancer suggest that dysfunctionally down-regulated or up-regulated FANCJ ATP-
driven protein displacement [66] or helicase activity may be deleterious to its tumor
suppressor function. Two other FANCJmissense mutations found in breast cancer patients,
R173Cand V193, both reside between motif | and la (Fig. 1), but they have not yet been
biochemically characterized. The close proximity of FANCJlysines 141 and 142 required
for the FANCJ-MLH1 interaction and normal resistance to a DNA cross-linking agent [61]
raises the possibility that mutationsin this region may have clinical significance.
Interestingly, the R173C mutation resides within the nuclear localization sequence (NLS) of
FANC)J, raising the possibility that the mutant proteins fails to localize properly to the
nucleus where it performsits DNA metabolic function.

Nearly al of the FANCJImissense mutations genetically linked to FA are located in the
conserved helicase motifs of the protein, supporting the idea that FANCJ ATPase and/or
helicase function is essential for itsrole in the FA pathway. This premiseis consistent with
cellular genetic complementation studies in human cells which show that cross-link
resistance is dependent on catalytically active FANCJ protein [61]. Two FANCJ disease-
causing missense mutations (R251C and Q255H) reside very close to one another in helicase
motif |a, consistent with a predicted role of the motif in DNA binding; however, the
biochemical defects of the corresponding mutant proteins remain to be elucidated. Structural
and biochemical analysis of an archaeal XPD protein suggests that motif lainteracts with
DNA [45]. Western blot analysis of extracts from FANCJ patient cells harboring the
FANCFQ255H allele, as well as FANCFW647C between motifs 1l and IV and FANCF
R707Cin motif 1V suggested that these FANCJ mutant proteins are unstable [58]. From the
XPD crystal structure [45], motif 1V is believed to have arole in DNA binding, suggesting
that any residual FANCJ-R707C protein expressed would be defective in helicase function.
One FANCJ disease-causing missense mutation (H391D) located in motif Il (Walker A box)
islikely to be defective in ATP hydrolysis, but this remains to be formally shown. Of al
these FANCJmutant alleles, none have been evaluated for their ability to complement the
hypersensitivity of an FA-Jcell lineto DNA ICL agents such as mitomycin C (MMC) or
diepoxybutane.

One of the FANCJmissense mutations responsible for FA is an aanine-to-proline mutation
at residue 349 [59]. The Ala349 residue resides immediately adjacent to a highly conserved
cysteine of the predicted Fe-S domain of FANCJ (Fig. 2A). Inheritance of the paternal

Mutat Res Author manuscript; availablein PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suhasini and Brosh

Page 8

FANCJFA349Pmissense alele and amaternal truncating FANCJHR798X allele resulted in
phenotypic abnormalities, including intrauterine growth failure and death as a stillborn fetus
with a gestational age of 22 weeks [59]. Biochemical analysis of purified recombinant
FANCJA349P protein demonstrated that it was defective in coupling ATP-dependent DNA
translocase activity to unwinding duplex DNA (Fig. 2B) or displacing proteins bound to
DNA [67]. From a genetic standpoint, expression of arecombinant Green Fluorescent
Protein (GFP)-tagged FANCJ-A349P protein in patient-derived FANCJ null cellsfailed to
rescue sensitivity to a DNA cross-linking agent or the G4 binding drug telomestatin whereas
expression of the normal GFP-tagged FANCJ recombinant protein did, indicating that the
A349Pdlele was unable to perform itsrolein ICL repair or resolution of G4 DNA [67]. In
addition, expression of the FANCFA349Pallele in anormal background at alevel
approximately equivalent to that of endogenous FANCJ exerted a negative effect on
resistance to DNA cross-linkers or telomestatin, suggesting that expression of the FANCJ-
A349P protein is deleterious to normal cellular DNA metabolism. To our knowledge, there
is no information pertaining to the phenotypes of the cells from the parent who transmitted
the FANCFA349P4dllele. From these biochemical and cellular studies of the FANCJ-A349P
protein, it was suggested that the ability of FANCJto couple ATP hydrolysis and DNA
translocase activity to higher order functions such as unwinding structured nucleic acids or
stripping protein from DNA is essential for its biological roles.

DDX11 Mutations Genetically Linked to Warsaw Breakage Syndrome

Mutationsin DDX 11 (also named ChIR1) are genetically linked to the autosomal recessive
chromosomal instability disorder WABS [24]. Until very recently, only one individual in the
world has been reported as having WABS [24]. This person was described as having severe
microcephaly, pre- and postnatal growth retardation, and abnormal skin pigmentation. The
person with WABS had compound heterozygous mutations; a splice-site mutation in intron
22 of the maternal allele (IVS22+2T>C) and a 3 bp deletion in exon 26 of the paternal allele
(c.2689_2691del). Thus, cells of the described genotype would only express the K897del
mutant protein, suggesting that the protein isincompletely functional or nonfunctional.
Biochemical analysis of the DDX11-K897del protein confirmed that it was devoid of
catalytic activity [68].

The K897del mutation resultsin asingle amino acid deletion of alysine residue very near
the C-terminus of the protein. The endogenous DDX11-K897del protein was hardly detected
by immunoblot analysis of lysates from fibroblasts or lymphoblasts of the affected
individual despite normal levels of the acetyltransferases ESCO1, ESCO2, and tubulin [24].
Cdllsfrom the patient exhibit chromosomal instability characterized by sister chromatid
cohesion defects, chromosomal breakage, and hyper-sensitivity to MMC or the
topoisomerase inhibitor camptothecin. Based on the cellular phenotypes, it was suggested
that WABS is a unique disease with cellular features of both FA and the cohesinopathy
disorder Roberts syndrome. The sister chromatid cohesion defect of the cells from the
person with WABS is consistent with studies of the yeast ChIR1 homolog in which mutants
also showed cohesion defects [69]. A homozygous deletion in the ch/-1 genein C. elegans
resulting in the introduction of several missense codons and a premature stop codon resulted
in worms that have germ-line abnormalities and are sterile [70]. The germ cells of the ch/-1
mutant displayed chromosomal instability. In mice, the absence of Ddx11 resulted in
embryonic lethality [71]. Cellsisolated from Ddx11-/-embryos displayed chromosome
missegregation, decreased chromosome cohesion, and increased aneuploidy. Depletion of
human ChIR1 by RNA interference resulted in abnormal sister chromatid cohesion and a
prometaphase delay leading to mitotic failure [72].

Greater insight to WABS will likely be gained from more biochemical and genetic studies,
including the identification and characterization of other mutant DDX 11 alleles. Quite
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recently, a novel homozygous mutation (c.788G>A [p.R263Q]) in DDX11 in three affected
siblings with severe intellectual disability and many of the congenital abnormalities reported
inthe WABS original case was identified [73] (Fig. 3). This mutation affects a highly
conserved arginine residue in the Fe-S domain found in a number of SF2 helicases including
FANCJ, XPD, and RTEL [10]. A mutation of the homologous arginine residue in XPD
(R112H) which causes TTD (Fig. 3) resultsin loss of helicase activity, defective nucleotide
excision repair, and reduction in TFITH, indicating the importance of the conserved Fe-S
domain residue [ 74, 75]. Lymphocytes from the WABS individuals with the DDX11-R263Q
mutant allele showed elevated MM C-induced chromosomal breakage and sister chromatid
cohesion defects [ 73], consistent with findings from the first WABS case reported.
Biochemical analysis of the purified recombinant DDX11-R263Q protein demonstrated that
it was defective in DNA binding, ATP hydrolysis, and helicase activity [73]. Thus, the
involvement of DDX11in WABS was confirmed by the characterization of the mutation
p.R263Q in DDX11. Moreover, the molecular significance of the conserved Fe-S domain in
this conserved group of helicases for interaction with the DNA substrate and catalytic
activity was confirmed by this most recent study. The discovery and characterization of
disease-causing missense mutations in the Fe-S cluster of DNA helicases DDX11 [73],
FANCJ[67], and XPD [74, 75] that occur in WABS, FA, and TTD, respectively, emphasize
the clinical relevance of this particular domain.

XPD and XPB Missense Mutations Genetically Linked to Xeroderma Pigmentosum,
Cockayne’s Syndrome, Trichothiodystrophy, and COFS Syndrome

Missense mutations in the XPD gene are linked to four hereditary diseases: XP, XP
combined with CS, TTD, and COFS syndrome with some cases of partially overlapping
clinical features[20] (Fig. 4). XP is characterized by a severe photosensitivity, leading to
hyper-pigmentation, premature skin aging, and predisposition to skin cancers. A limited
number of persons with XPD mutations exhibit a combination of XP and CS (XP/CS), and
display neurological and developmental abnormalities in addition to UV sensitivity, but
have no predisposition to skin cancer. Individuals with TTD devel op symptoms such as
brittle hair and nails ichthyosis, postnatal growth failure, and gonadal abnormalities. XFD
mutations are also linked to COFS syndrome which is characterized by progressive
neurological degeneration, calcifications, cataracts, microcornea, optic atrophy, progressive
joint contractures, and growth failure [76].

XPDisa5’ to 3" SF2 family DNA helicase that is an integral subunit of the TFIIH complex
required for NER and basal transcription [77]. NER (that is defectivein XP) corrects UV
radiation-induced photoproducts (e g., cyclobutane pyrimidine dimers) and helix-distorting
lesions induced by chemical carcinogens or certain DNA damaging agents. These bulky
lesions are removed by the coordinate action of the TFIIH complex and other proteins
including DNA damage recognition factors, Replication Protein A (RPA), structure-specific
nucleases, DNA polymerase, proliferating cell nuclear antigen (PCNA), and ligase [78].
Within the TFIIH complex, two DNA helicases XPD and XPB with opposite translocation
polarities are responsible for unwinding the duplex DNA in the vicinity of the lesion to
create a bubble containing the lesion, a prerequisite for proper removal of the damaged
fragment [77].

Underlying deficienciesin DNA repair and/or basal transcription are responsible for XPD-
related diseases [77]. Because TFIIH is part of the basal transcription machinery as opposed
to machinery in transcription activation, disease-causing mutationsin XD responsible for
XP/CSor TTD arelikely to reflect ageneral impairment of transcription. Ongoing efforts
have been aimed at establishing clear genotype-phenotype relationships. Structural and
mutational analyses have provided important insights to the molecular basis for disease-
causing mutations in XPD leading to XP, XP/CS, or TTD [41-43]. For simplicity, we will
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highlight some take-home messages and discuss a few unique XPD alleles of interest.
Disease-causing missense mutations in XPD responsible for XP are located mainly in the
helicase core domain. Examplesinclude 776A (motif 1a), D234N (motif 11), S541R (motif
V), Y542C (motif V), and R60IL or R60IW (motif V) (Fig. 4). All of these missense
mutations either seriously impair ATPase/helicase activity or completely inactivate catalytic
function. The XPD mutations linked to XP do not affect basal transcription [75], consistent
with the ideathat XPD ATPase/helicase activity isrequired for NER, but not for
transcription. The fact that biallelic mutations of the type that generate premature protein
trandlation in the XPD protein and are therefore overtly deleterious have not been described
in humansis consistent with the belief that XPD plays a structural rolein TFIIH, which
plays afundamental role in basal transcription. The essentiality of XPD is evidenced by the
finding that disruption of both alleles of the XD gene in mice (deletion of helicase motifs
IV-V1) resulted in embryonic lethality at the two-cell stage[79].

Many XP individuals are compound heterozygous, and it is informative to characterize the
contribution of both alleles to the disease phenotype. Ueda et al. reported that the clinical
heterogeneity of compound heterozygous XP individuals with a XPD-R6831/ allele was
attributed to the nature of the second XPD alele which differentially affected molecular
steps of transcription [80]. The clinical heterogeneity was evident because two brothers had
XP with cancer and neurodegeneration, another patient had numerous skin cancers and
progressive neurodegeneration, and two XP siblings from athird family had neither skin
cancer nor neurodegeneration. All these XP individuals had in common the XPD-R683W
allele, but the second XPD allele was different. It should be noted that the X PD-R683W
protein was shown to be defective in its interaction with the p44 subunit of TFIIH, attesting
to the importance of this shared mutation [80]. The nature of the second XPD alele (Q452X,
1455del, or 199insPP) resulted in distinguishable effects on basal transcription activity of the
TFIIH complex despite the fact that immunoprecipitated TFII1H with any of these three
alleleslacked helicase activity. XPD/Q452X interfered with transactivation, XPD/I4550e/
impaired RNA polymerase || phosphorylation, and XPD/199/nsPPinhibited kinase activity
of the cdk7 subunit of TFIIH. The clinical heterogeneity in the XP individuals in terms of
neurodegeneration can likely be explained on a molecular basis by the differential effects on
transcription resulting from the XPD allele combinations. However, genetic background in
some casesis likely to play arole. In this scenario, it could be that variants of the other
components of TFIIH and/or environmental factors contribute to the clinical heterogeneity.
Nonetheless, the suggestion that both XD alleles contributed to the phenotype of these
compound heterozygous XP individuals is an important lesson that may apply to other
helicase disorders characterized by clinical heterogeneity. For example, the inheritance of
the previously mentioned FANCFA349Pmissense allele (Fig. 2) and atruncating R798X
allele resulted in severe phenotypic abnormalities including intrauterine growth failure and
gestational death [59]. Although not certain, the dominant-negative nature of the FANCF
A349Pdlele [67] may play arolein the severity or phenotypic presentation of disease.

XPD mutations responsible for XP combined with CS also reside within or near the
conserved helicase motifs aswell (Fig. 4). It is generally believed that transcription defects
associated with certain missense mutationsin XD that lead to XP/CS are due to defective
protein interactions with other factors of the TFIIH complex. The partial transcription defect
exerted by the motif | XPD-G47R mutation [75] is likely to be responsible for the CS
phenotype associated with this particular mutation, and may be relevant for other XFD
mutations responsible for XP/CS.

Unlike the XPD mutations implicated in XP or XP/CS which are only found in or very near
the helicase core domain, XPD mutations responsible for TTD can also be found in the C-
terminal region of the protein (Fig. 4). The C-terminus of XPD isimportant for interaction
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with other proteins (eg., p44 subunit of TFIIH), which can be critical for optimal XPD
helicase activity and/or stability of the TFIIH complex (for review, see[81]). Such
mutationsin XD reduce DNA repair activity and basal transcription [82]. Several XFPD
missense mutations linked to TTD that have been examined inhibit basal transcription,
suggesting amolecular defect distinct from that of XP. Interestingly, the XPD-R616P
mutation very near helicase motif V abolished transcription in a reconstituted /7 vitro
system, and impaired p44 binding, but did not affect helicase activity [75]. Thisresult is
consistent with the idea that defective XPD protein interaction contributesto TTD. Another
mutation found in TTD is XPD-R112H, which replaces a highly conserved arginine in the
Fe-S cluster of the helicase core domain. In addition to TTD, this patient also displaysa
mild phenotype characteristic of XP [83]. It has been proposed that the combined helicase
inactivation and interference with TFIIH protein interactions that leads to partia inhibition
of transcription is responsible for the complex phenotype associated with the R772H dllele.

Compound heterozygous XPD mutations identified in an individual with COFS syndrome
were a K616V mutation, found in an XP patient, and a unique D68IN mutation residing on
the C-terminal side of helicase motif VI [76]. The aspartic acid (D681) is highly conserved
in al known XPD genes. UV survival assays performed with diploid fibroblast cultures
derived from skin biopsy of the individual with COFS syndrome demonstrated UV
sensitivity comparable to that of cells from a XP-A patient with severe XP, leading the
authors to conclude that UV -sensitive COFS syndrome is an additional disease state of NER
with mutations in the DNA repair genes CSB and X PG already linked to COFS syndrome. It
remains puzzling how the missense mutation XPD-D68IN can result in distinct clinical
phenotypes of COFS syndrome versus XP. To our knowledge, the molecular defect(s) of the
XPD-D681N protein has not been determined. The range of XD missense mutations
resulting in heterogeneity in clinical phenotype prompt continued interest to characterize the
molecular and cellular defects of XPD variants, such asthe D681N allele linked to COFS
syndrome, in order to gain a better understanding of disease relevant genotype-phenotype
relationships. The clinical spectrum of XD missense mutations suggests that the site of
mutation may determine the disease phenotype. Thus, XPD-associated phenotypes and
diseases arise from alelic seriesin which different alleles can affect the function of the gene
in different ways. However, genetic background and environmental effects may also
contribute to phenotype. This subject requires further study.

The XPB gene encodes a DNA helicase with opposite polarity to that of XPD that is also
found in the TFIIH complex, and XPB mutations can lead to clinical disorderswith
overlapping phenotypes including XP/CS, XP with neurological abnormalities, and TTD
[20]. In contrast to XPD where helicase activity isindispensable for NER, only XPB
ATPaseis necessary for the pathway to remove bulky lesions and UV photoproducts. XPB
ATPase activity is also necessary for DNA opening for transcription to occur, but its
helicase activity isimportant for promoter escape during transcription (for review, see [84]).
Only limited information has been acquired from the clinical spectrum of X8 mutations
due to the very small number of patients mutated in the XPB gene. This may reflect the
essential nature of XPB for survival, consistent with its paramount importance in basal
transcription. The phenotypic heterogeneity of XPB may be attributed to the nature of the
mutations. Missense mutations which only partialy affect XPB biochemical and cellular
function could result in mild XP/CS, whereas severe XP/CS may be a consequence of a
hypo-morphic alele resulting in a XPB protein-truncating mutation combined with a XPB
missense mutation [85]. A disease-causing mutation in XAPB resulting in asingle amino acid
substitution (T119P) in the N-terminus of the protein prior to the conserved helicase motifs
was identified in a patient with mild versions of both TTD and photosensitivity [86].
Cellular studies from the Sarasin lab demonstrated that the XPB-7119Pdlele is associated
with moderately defective DNA repair [87]. Thisisin contrast to XPB-F99Sadllele (dso
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located in the N-terminus) of an XP/CS patient which is profoundly reduced in its DNA
repair function [87]. Interestingly, both the T119P and F99S mutations in XPB do not impair
TFIIH helicase activity [84]; however, the FO9S substitution was shown to impair the
interaction of XPB with p52, one of the subunits of the TFIIH complex [82]. Although less
is known about XPB compared to XPD, the studies of TFIIH have helped to dissect the
complex heterogeneity of XPB and XPD DNA repair-transcription syndromes.

Disease-Causing Mutations in RecQ Helicase Disorders

Double strand breaks (DSB) that arise during the processing of ICLSs, at broken replication
forks, or that are directly induced by ionizing radiation (IR) or certain chemical agents
represent a highly toxic form of DNA damage that |eads to genomic instability;
consequently, several prominent pathways of DSB repair exist to rejoin broken chromosome
ends [88, 89]. Correction of DSBs during S or G2 phases can occur by HR, whichisahigh
fidelity repair mechanism to rejoin broken DNA ends. Another major pathway of DSB
repair is nonhomologous end-joining (NHEJ), which can take place anytime during the cell
cycle, but isahighly error-prone process. RecQ helicases are generally believed to have
important rolesin HR repair of DSBs and telomere maintenance as well as during occasions
of replication stress to ensure normal fork progression or restart broken replication forks[9,
90]. In the absence of normal RecQ function, cells are prone to accumulate chromosomal
instability. Therefore, the function of RecQ helicases is of broad interest in the field, and
even more so because of the genetic linkage of human diseases to autosomal recessive
mutations in RecQ helicase genes.

WRN Missense Mutations Genetically Linked to Werner Syndrome

WSis agenetic disorder characterized by premature aging, genomic instability, sensitivity
to DNA damaging agents, aberrant recombination, and replication defects. The WRN gene
encodesaRecQ 3’ to 5" DNA helicase and 3’ to 5" exonuclease that is proposed to play a
rolein regulation of recombination events, primarily HR [3, 90]. The mutational spectrum in
WS suggests that inactivation of both the helicase and exonuclease functions of WRN isthe
predominant genetic mechanism underlying WS [91]. It seems probable that WRN has a
specialized function when the replication fork encounters a blocking lesion or alternate
DNA structure. Stalled replication forks or DSBs are dealt with by amyriad of proteins and
is dependent upon the lesion’s chemical nature, cell cycle phase, cell type, etc. A key early
step of HR repair is DSB end resection which enables a single-stranded DNA overhang to be
generated that can invade and base pair with a complementary strand of homol ogous duplex
and begin the HR process. Since DSB resection occurs at a critically early stage, it is of
great interest to understand the proteins (e.g., nucleases, DNA binding and signaling
proteins, recombinases, helicases) and steps involved.

How WRN and likely other RecQ helicases facilitate accurate processing of DSB is still not
well understood. Results from a plasmid end-joining assay using WS mutant cells
transfected with WRN site-directed mutants suggested that WRN exonuclease and helicase
activities are both required for optimal recombinational repair [92]. The dual importance of
balanced and concerted action of WRN helicase and exonuclease activities are further
supported by other cellular and biochemical studies[93, 94]. However, relating the findings
from experimental studies to the molecular pathology and clinical manifestation of WSis
still a daunting challenge. Despite the progress that has been made, the relative importance
of WRN helicase or exonuclease activities to suppress the disease phenotypes of WS
remains poorly understood. Unfortunately, the clinical spectrum of disease mutations has not
provided much insight; however, afew recently identified WRN patient mutations
(discussed below) are provocative and should be studied in experimental systems.
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Sincethe original discovery of the W/RN gene and its linkage to the premature aging
disorder WS in 1996 [95], the majority of disease-causing W/RN mutations identified result
in truncated proteins. Asthe NLSin WRN protein was mapped to aregion near the extreme
C-terminus [96], the spectrum of WS clinical mutations were rather uninformative because
the truncated mutant WRN proteins would fail to localize to the nucleus, where WRN
presumably performsits essential functionsin DNA replication, repair, and the maintenance
of genomic stability. However, more recently, five disease-causing WRN missense
mutations have been identified (Fig. 5). Two missense mutations reside in the N-terminal
exonuclease domain of WRN and have been shown to result in WRN protein instability
[97]. Two were found in the WRN helicase domain, one in the Walker A box (motif 1)
(G574R)[91] just three amino acids away from the invariant lysine residue implicated in
nucleotide binding and the other (R6371W) [98] very near helicase motif V. Although not yet
biochemically characterized, these two helicase core domain mutants would be predicted to
interfere with normal ATPase and helicase function.

The R637W mutation was the first example of amissense allelein aWS patient [98]. The
second allele in this WS patient resulted in aVa 1082 frameshift mutation. He was
diagnosed definitively as having WS at the age of 48 according to the International Registry
scoring system with typical skin and pigmentary alterations, cataracts, aged hair,
osteoporosis, and cancer. It will be interesting to ascertain the effect of the WRN-R637W/
mutation on biochemical functions. The R637W/ mutation may affect protein stability or
abrogate both helicase and exonuclease functions. In addition, the study of disease-causing
separati on-of-function mutations would likely provide insight to the catalytic requirements
to suppress cellular phenotypes associated with WS.

The fifth missense mutation, M1350R, resides immediately N-terminal to the NLS of WRN
[91] (Fig. 5). Given the fact that of the approximately sixty WRN disease mutations
reported, the majority result in truncated WRN protein fragments that lack the C-terminal
NLS, it will be of interest to determine if the WRN-M1350R mutation affects the ability of
the WRN protein to effectively localize to nuclei where it is believed to have its function.
For the WRN dleles G574R, R637W, and M1350R, it is possible that promoter, enhancer,
or intron mutations linked to these changes contribute to disease phenotype. Alternatively, a
mutation outside the W/RN gene that segregates with the W/RN allele may be responsible for
disease phenotype. To test this possibility, investigators will have to transfect the mutant
allelesinto WRN-negative cells and demonstrate that the allele is incapable of
complementing the WS phenotype. Quite recently, centenarian genome wide association
studies suggested that specific variants of the WRN gene determine progeria and accel erated
aging [99]. Thus genetic signatures may have a useful predictive value for exceptional
longevity.

BLM Helicase Missense Mutations Genetically Linked to Bloom’s Syndrome

The hallmark of BS cellsis an elevated rate of sister chromatid exchange (SCE) [100]. BSis
inherited by homozygous recessive mutations in the BL M gene, which encodes a protein
that belongs to the RecQ family of DNA helicases[101]. BLM is believed to function in HR
repair to maintain genomic stability. There are two explanations for the role of BLM in SCE
suppression: 1) aBLM protein complex containing topoisomerase I1la, RPA, RMI, and
RMI2 dissolves double HJ structures which may form during recombination by a
mechanism in which BLM helicase activity working in concert with topoisomerase
cleavage/ligation is required for the double HJ dissolution reaction [102, 103]; 2) BLM
dismantles D-loops [104] and channels the repair pathway towards synthesi s-dependent
strand annealing by promoting DNA synthesis [105]. Recent results suggest that BLM is
believed to have additiona roles (early and late) in HR repair of DSBs aswell [106, 107].
BLM may also play arolein the resolution of DNA structure(s) that arise at converging
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replication forks, which present an attractive native substrate for the BLM complex. BLM is
required for the resolution of DNA linkages that arise from common fragile sites[108]. The
mapping of BLM-associated ultra-fine DNA bridges to fragile-site DNA suggests that the
inefficient resolution of DNA linkages at fragile sitesin BS cells is responsible for the
chromosomal instability at these loci.

Some studies have addressed the biological importance of BLM catalytic activity in cell-
based systems. An SV40-transformed BS fibroblast cell line transfected with a construct
encoding a catalytically inactive BLM protein with aWalker A box mutation (K695T)
expressed the mutant BLM protein poorly, and the transfected cell line showed genomic
instability characteristic of BS cells[109]. BLM-K695T could be expressed in hTERT-
transformed normal human fibroblasts, resulting in sensitization to DNA damaging agents;
however, expression of the helicase-dead BLM protein did not exert a dominant-negative
effect on the formation of foci that contained the DNA damage response proteins BRCA1
and NBS1, suggesting that BLM may play a structural role independent of its helicase
activity in assembling BRCA1 and/or NBSL1 protein complexes[110].

BLM helicase activity islikely to be required for at least some of its important biological
functions because inspection of the disease-causing BL M missense mutations reveals that all
thirteen identified to date reside in conserved motifs of the helicase core or in the highly
conserved RQC domain that resides immediately after the helicase core domain [111] (Fig.
6). Furthermore, al of the disease-causing helicase domain BLM mutants that have been
biochemically characterized show defectsin ATP or DNA binding, which resulted in low or
no detectable helicase activity. Thisislogical because the conserved helicase motifs, as
discussed above, have been implicated in essential functions necessary for coupling the
motor ATPase to strand separation. For example, three disease-causing BL M missense
mutations residing within or very near motif IV (BLM-C878R, BL M-G891E, BL M-C901Y)
all affect DNA binding [112], afinding that is consistent with structural and mutational
analysis data of other DNA helicases.

Of particular interest to usis a disease-causing BLM helicase core domain missense
mutation in the conserved Q motif, designated BL M-Q672R[101, 113]. The Q motif in
RNA helicases is suggested to have arolein either nucleotide binding [114, 115] and/or the
interaction with single-stranded RNA [116]. Structural data suggests arole of the Q motif in
nucleotide binding for certain DNA helicases[31, 41, 42, 45, 117]; however, it is not
entirely clear if the Q motif may facilitate or orchestrate other essential functions of the
helicase, such as coupling ATP hydrolysisto DNA unwinding, protein interactions, or other
unpredicted functions. The BL M-Q672R mutation was shown to abolish helicase activity
and severely diminish ATPase activity of the purified recombinant protein; however, the
BLM-Q672R protein retained its normal DNA binding but was defectivein ATP binding,
leading the authors to propose that residue Q672 isinvolved in ATP binding [112]. It may
be of interest to determine the effect of the Q672R mutation on BLM oligomerization since
replacement of this highly conserved residue in the FANCJ helicase perturbed its ability to
dimerize and abolished its helicase function [118]. Although purified recombinant BLM
protein was shown to form oligomeric ring-like structures by electron microscopy [119], the
functional importance of BLM assembly state is debated because several studies have shown
that a BLM protein fragment consisting of the helicase domain and C-terminal region is
active asa helicase in its monomeric form [120-122]. It is unknown if a higher-order
multimer of BLM isimportant for its physiological function. Nonetheless, expression of
BLM-Q672R in BS cellsfailed to correct the high rate of SCE in BS cells[109],
demonstrating that the molecular defect of the mutant protein displayed phenotypic
conseguences.
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In addition to the helicase core domain, BLM shares with many RecQ helicases a conserved
RQC region consisting of the Zn?* binding and Winged Helix (WH) domains. Amino acid
substitutions of two cysteine residues that are sites of disease-causing BS missense
mutations (C1036 and C1055) [101, 123] (Fig. 6) were found to interfere with Zn?* binding
[124]. Interestingly, five different amino acids substitutions (S, G, R, V, and Y) resulting
from disease-causing mutationsin BLM occur at C1055, suggesting that this particular locus
in the BLM Zn?* domain may be a hotspot for mutation and that the cysteine residue is
highly important for BLM structure and function. Of all the BLM RQC domain mutants, the
BLM-C1055S mutant protein is the only one that has been biochemically characterized, and
it was shown to lack ATPase and helicase activity [109, 113]. Microinjection of the BLM-
C1055S mutant protein into BS fibroblasts failed to rescue the p53-mediated apoptosis
defect [125]. When purified recombinant BLM-C1055S protein was microinjected into
normal cells, there was a defect initslocalization to promyel ocytic leukemia (PML) bodies
and decreased p53-mediated apoptosis compared to cells microinjected with normal
recombinant BLM protein. The localization of BLM to DNA repair foci outside of PML
bodies upon replication stress suggests that BLM has roles outside PML bodies[126], which
may contribute to the observed differences in the effects of microinjected normal versus
BLM-C1055S proteins on p53-mediated apoptosis.

RECQL4 Missense Mutations Genetically Linked to Rothmund-Thomson Syndrome, Baller-
Gerold Syndrome, or RAPADILINO

The RECQLA4 helicase presents a rather unusual case for the RecQ helicase family because
three genetic disorders with overlapping features and a range of severity can be attributed to
mutationsin the RECQL 4 gene: RTS, RAPADILINO, and BGS[15, 127]. Unlike the BLM
helicase, disease-causing missense mutations for all three RECQL 4 diseases have been
identified in regions outside the conserved helicase domain shared by the other RecQ
helicases (Fig. 7). Of the seven known RTS missense mutations, four reside in the C-
terminal region, one in the N-terminal region, and two in the helicase core domain. Notably,
the disease-causing RTS mutation Q253H resides in the N-terminus where the conserved
SLD2 protein interaction domain implicated in chromosomal DNA replication can also be
found [128]. Only two RAPADILINO missense mutations have been reported, one in the N-
terminal region and one in the helicase core domain. For BGS, a single patient missense
mutation is known that resides in the C-terminal region. Interestingly, the C-terminal

R1021W mutation was genetically linked to both BGS and RTS. The effects of the RI1021W
mutation, as well as all of the other missense mutationsin the RECQL 4 gene, on the
biochemical functions of the RECQL 4 helicase protein have not yet been determined.
However, acommonly found RECQL 4 mutation linked to RAPADILINO leading to a 44
amino acid deletion was recently characterized for its effects on biochemical functions of the
protein and found to severely reduce its ATPase activity and abolish its helicase activity
[129]. Further studies to establish genotype-phenotype relationships for RECQL4 are
warranted.

Summary and Perspective

In this review, we have largely focused our discussion on helicase disease variants
characterized by single amino acid substitutions. We believe that such mutants can be highly
valuable for combined biochemical, molecular and genetic studies, particularly in those
cases where the intact mutant protein is expressed /n7 vivoand remains stable. In this
scenario, unique molecular aspects of helicase mechanism can be revealed as well as new
insights to pathway function and relevance. From aclinical view, helicase missense
mutations can provide awindow to human hereditary diseases and illuminate new insights to
pathways important for maintenance of genomic stability.
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The analysis of helicase mutations should also include the study of polymorphic variants,
even if they are not yet associated with cancer or a genetic disorder. For example, the
Rockefeller University — Fanconi anemia mutation database lists an extensive collection of
variants of the human FA genes, including FANCJ. It will be of great interest to ascertain
the potential genetic deficiencies and molecular defects associated with these variants. The
emergence of FANCJ as a breast cancer tumor suppressor places a new emphasis on the
molecular characterization of FANCJ variants [23]. Numerous studies have examined the
association of single nucleotide polymorphismsin XPD with various types of cancers,
however, a causal relationship between XPD polymorphisms, DNA repair capacity and
cancer risk has been brought into question [130]. Clearly more work is necessary to clarify if
clear associations between polymorphismsin DNA repair helicases (such as XPD or
FANCJ) and clinical phenotypes exist. This has become a growing field of interest in
clinical practice and potential application in personalized medicine. Studies of DNA repair
gene polymorphisms have also led to new insights in basic research. For example, studies of
WRN polymorphic variants have helped to provide a better understanding of WRN helicase
function and potential implications for human health [131-133].

While this review largely focused its discussion on the probability that disease-based
helicase domain missense mutations are likely to exert a negative effect on catalytic function
which would impair its cellular role in a homozygous recessive inherited disease, it is also
possible that certain catalytic inactivating mutations may exert a dominant-negative effect,
such as the FANCJIA349Pmutant allele residing in the conserved Fe-S domain (Fig. 2)

[67]. The potential clinical significance of the FANCJ helicase-inactivating mutation in
heterozygote carriers remains to be determined. In addition, a helicase missense mutation
that affects a critical protein interaction (such as an XPD mutation leading to TTD) could
also result in aberrant function. Thus, as mentioned previously, the effect of the FANCF
Q944F mutation identified in a breast cancer patient on the protein’s ability to interact with
the tumor suppressor BRCA1 and/or catalytically unwind structured DNA molecules will be
of interest.

An emerging field of chemical biology is the prospect of pharmacologically rescuing
misfolded mutant proteins using small molecules[134]. For example, screening small
molecule libraries for compounds that rescue mutant p53 function has attracted interest
[135]. Asafield, chemical rescueisinitsinfancy, but it is provocative to consider this
strategy for the helicase disease missense variants. Missense mutations in DNA helicases
such as FANCJ, XPD, DDX11, BLM, RECQL4, and WRN are genetically linked to
chromosomal instability disorders characterized by an early incidence of aging phenotypes
and/or cancer. It is hypothesized that cellular phenotype(s) associated with a helicase
missense mutant can be reversed by a compound that restores helicase catalytic functionin a
DNA repair pathway. An apriori argument can be made that it is more likely that the small
mol ecule approach to restoring helicase function would have greater probability for success
in the case of a missense mutation as opposed to atruncating or deletion mutation that is
likely to have a greater distorting effect on helicase structure.

How might chemical rescue restore helicase function? A small molecule that allosterically
bindsto ahelicase protein (eg., FANCJA349P (67)) and induces a subtle conformational
change in the ATPase/helicase core domain that enables efficient coupling of ATP
hydrolysisto DNA helicase activity may restore its function in the cellular responseto ICL-
inducing agents. A small molecule that binds to a helicase mutant protein (eg., FANCJ
Q25A (118)) in such a manner to restore its oligomerization by remolding its dimerization
interface may increase its DNA unwinding efficiency. Chemical rescue of a defective
helicase protein characterized by a disease-causing missense mutation that only partially
reduces DNA binding affinity, nucleotide hydrolysis, or thermal stability but leaves some
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intact helicase activity (eg., C100rf2 encoding the mitochondrial DNA helicase Twinkle
[51]) may be achievablein the future. Virtual screening of chemical libraries for small
molecules that bind to mutant helicase proteins and induce conformational changesto
restore function may move to the forefront as we gain greater insight to structure-activity
relationships from high resolution structures of DNA helicase proteins. This approach may
provide a paradigm for therapeutic intervention by modulation of other key DNA repair
proteins required for arobust DNA damage response.

Although to our knowledge there has been no published data describing chemical rescue of a
misfolded DNA repair protein, we reported a small molecule inhibitor of the WRN helicase
that effectively impaired WRN function in the cellular response to DNA damage or
replication stress [136]. Future studies that will address the use of helicase-specific
inhibitors in cancer therapy [137] may also include chemical rescue as an approach to
restore helicase activity in loss-of-function helicase disorders.
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Figure 1. Clinically relevant missense mutationsin FANCJ helicase responsible for Fanconi

Anemia complementation group J or associated with breast cancer

See text for details. For a comprehensive listing of FANCImutations, see The Rockefeller
University-Fanconi anemia mutation database www.rockefeller.edu/fanconi/mutate; also see
[23]. FANCJ protein interaction sites for MLH1 [61] and BRCA1 [62] are indicated as well
asregion of FANCJ shown to interact with BLM helicase [138]. Nuclear localization
seguence (NLS) is also designated. Note in the figure the spatial relationships between FA
disease-linked or breast cancer associated mutationsin FANCJ and domains responsible for

helicase activity, protein interactions, or the NLS.
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Figure 2. Disease-causing FANCJ-A349P Fe-S domain mutation uncouples DNA translocation
from helicase activity

Panel A, FANCJ protein with the conserved helicase core domain and position of the Fe-S
cluster. The conserved helicase motifs are indicated by yellow boxes, and the protein
interaction domains for MLH1 and BRCA1 are shown by aqua green and blue boxes,
respectively. The expanded Fe-S domain shows the locations for conserved cysteine
residues in orange, and the A 349Pmissense mutation of a FANCJ patient in bold. Panel B,
Biochemical analysis of the purified recombinant FANCJ-A349P protein demonstrated that
the amino acid substitution in the Fe-S domain uncouples ATPase and single-stranded DNA
translocase activity from its duplex DNA unwinding function. See text and reference [67]
for details.
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Figure 3. Pathogenic mutation of homologous residuein Fe-S domain of DDX11 and XPD
Amino acid alignment showing start of Fe-S cluster in human DDX11, XPD, FANCJ, and
RTEL1 helicase proteins. Mutation of conserved arginine (R263 in DDX11, and R112 in
XPD (red)), residing four residues upstream of highly conserved cysteine (green), is
responsible for WABS and TTD, respectively. Distinguishing cellular phenotypes and
biochemical effects of the DDX11 and XPD mutations linked to WABS and TTD,
respectively, are noted. See references [73—75] and text for details.

Mutat Res Author manuscript; availablein PMC 2014 April 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Suhasini and Brosh Page 28

e XP/CS-linked XPD missense mutations
G602D

Xp-linkedXRD missenseimutations = can affect TFIIH proteininteractions

primarily affect helicase activity.

—_
R6011

e d/or heli tivit
—— and/or helicase activity.
——ch G675R
(53 — S541R
e D233N
J76A R511Q
XPD Fes
1 p—
Ri121 S -xs_.s_'z[
&= 20o== oo
TTD-linked XPD B s
-linke missense mutations m
R658C, — ™

primarily affect TFIIH protein interactions.

COFSs
|  Helicase motif

. C-terminal extension

Figure4. Clinically relevant missense mutationsin XPD helicase responsible for Xeroderma
pigmentosum, Xer oderma pigmentosum combined with Cockayne syndrome,
Trichothiodystrophy, or COFS Syndrome

For discussion of XD mutations and genetic heterogeneity, see [20]. Notein the figure that
some of the XPD mutations linked to TTD reside outside the helicase core domain in the C-
terminal extension, whereas all XP- or XP/CS-linked mutations reside within or very near
the helicase core domain. XPD-D68IN mutation is associated with XP and COFS
syndrome.
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Figure5. Clinically relevant missense mutationsin WRN helicase-nuclease responsible for
Werner syndrome

See text for details. For acomprehensive listing of WRN mutations, see The International
Registry of Werner Syndrome www.wernersyndrome.org; also see [91]. The high affinity
RPA70 interaction domain of WRN [139] isindicated. WRN exonuclease domain (EXO)
and NL S are also shown. Seetext for details.
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Figure 6. Clinically relevant missense mutationsin BLM helicase responsible for Bloom’s

syndrome

See text for details. For acomprehensive listing of BL M mutations, see The Bloom's
Syndrome Registry www.med.cornell.edu/bsr/; also see [111]. Region of BLM shown to
interact with Topoisomerase 3a. [140] is shown. Asterisk indicates disease-causing BLM
mutations which have been shown to significantly impair or abolish BLM helicase activity.
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Figure 7. Clinically relevant missense mutationsin RECQL 4 helicase responsible for Rothmund-
Thomson syndrome, Baller-Gerold syndrome, or RAPADILINO

See text for details. For comprehensive listing of RECQL 4 mutations, see [15]. RECQL4-
R1021W is associated with both RTS and BGS. Region of RECQL 4 shown to interact with
SLD2[128] is shown.
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Table 1

DNA Hélicases, Clinical Symptoms, and Salient Features

Rothmund-Thomson syndrome (RTS)

XP combined with Cockayne' s syndrome (CS)

Cerebro-oculo-facial-skeletal (COFS) syndrome

Helicase  Clinical Symptoms
WRN Werner syndrome (WS)
BLM Bloom syndrome (BS)
RECQL4
Baller-Gerold syndrome (BGS)
RAPADILINO syndrome
FANCJ Fanconi Anemia (FA)
XPD Xeroderma pigmentosum (XP)
Trichothiodystrophy (TTD)
XPB Xeroderma pigmentosum (XP)
DDX11

Warsaw Breakage syndrome (WABS)

Salient Features

Premature aging
Early onset of age-related diseases (e.g., cardiovascular disorders, diabetes
mellitus (type I1), osteoporosis, sarcoma and mesenchymal tumors)

An erythemathat develops on sun exposed areas of skin
Broad spectrum of cancersin early life

Stunted in growth, photosensitivity with poikiloderma, early graying and hair
loss, juvenile cataracts and osteogenic sarcomas

BGS is characterized by radial aplasia’lhypoplasia and craniosynostosis, but not
the poikilodermatypical of RTS patients

Radial hypoplasia/aplasia, patellae hypoplasia/aplasia and cleft or highly arched
palate, diarrhoea and dislocated joints, little size (height at least 2 S.D. smaller
than the average height) and limb malformation, nose slender and normal
intelligence]

Congenital abnormalities, progressive bone marrow failure, and cancer
accompanied by chromosomal instability and hypersensitivity to agents that
induce DNA ICLs

Severe photosensitivity, leading to hyper pigmentation, premature skin aging,
and predisposition to skin cancers

Photosensitivity, neurological/developmental abnormalities, and skin cancer
neurological and developmental abnormalitiesin addition to UV sensitivity, but
have no predisposition to skin cancer

Brittle hair and nailsichtyosis, postnatal growth failure, and impaired sexual
development

Progressive neurological degeneration, calcifications, cataracts, microcornea,
optic atrophy, progressive joint contractures, and growth failure

Multiple clinical disordersincluding XP/CS, XP with neurological
abnormalities, and TTD

Cellular features of both FA and Raberts syndrome, characterized by sister
chromatid cohesion defects
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Table 2
Clinical Syndromes with Genetic Defectsin Helicase-like Proteins or Other DNA Repair Factors

DNA Repair Disorder  Helicase Gene M utation Other DNA Repair Gene Mutation

XP XPD XPC, DDB2, XPV (POLH), XPF, XPG, XPA, XPE

Cs CsB CSA

TTD XPB, XPD GTF2H6, C7orf11l

COFS XPD, CSB XPG

XPICS XPB, XPD, CSB XPG

UV-sensitive syndrome  CSB CSA

FA FANCJ (BACH1), FANCM FANCA, FANCB, FANCC, FANCD1 (BRCA2), FANCD2, FANCE, FANCF,

FANCG (XRCC9), FANCI, FANCL (PHF9), FANCN (PALB2), FANCO
(RAD51C), FANCP (SLX4)

The relationships between DNA repair diseases and autosomal recessive mutations in genes encoding DNA helicase-like proteins or other DNA
repair proteins. See references[20] and [25] for details.
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