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Abstract

Genomic instability is a hallmark of cancer and aging. Premature aging (progeroid) syndromes are
often caused by mutations in genes whose function is to ensure genomic integrity. The RecQ
family of DNA helicases is highly conserved and plays crucial roles as genome caretakers. In
human, mutations in three RecQ genes — BLM, WRN, and RECQL4 — give rise to Bloom’s
syndrome (BS), Werner syndrome (WS), and Rothmund-Thomson’s syndrome (RTS),
respectively. WS is a prototypic premature aging disorder; however, the clinical features present in
BS and RTS do not indicate accelerated aging. The BLM helicase has pivotal functions at the
crossroads of DNA replication, recombination, and repair. BS cells exhibit a characteristic form of
genomic instability that includes excessive recombination. The excessive homologous
recombination drives the development of the many types of cancers that affect persons in the
normal population. Replication delay and slower cell turnover rates have been proposed to explain
many features of Bloom’s syndrome, such as short stature. More recently, aberrant transcriptional
regulation of growth and survival genes has been proposed as a hypothesis.
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1. Introduction

Genomic instability is a biological condition in which mutations accumulate in the genome
at a higher rate than in normal cells. The distinction between rate and frequency is an
important one, because differences in mutation frequency can be explained by differences in
mutation rate or by differences in cell turnover (i.e., proliferation and apoptosis rates).
Genomic instability can be environmentally determined by mutagenic exposure or
genetically determined by mutation of DNA damage response or DNA repair genes. It is a
common feature of cancers where both mechanisms play an important role in its generation.
The theoretical framework linking mutation and cancer initiation and progression is well
established because somatic mutations in oncogenes and tumor suppressors are major
drivers of cancer. Moreover, there are a wide variety of clinical entities associated with
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cancer susceptibility and caused by mutations in genes that maintain genomic integrity.
There are also prominent examples of associations between genomic instability syndromes
and both aging and neurological disorders. The theory linking mutation with aging or
neuronal cell death dysfunction is not as well understood.

Bloom’s syndrome (BS; OMIM #210900) is one of a group of rare autosomal recessive
disorders characterized by chromosomal instability that includes Fanconi anemia (FA) and
ataxia telangiectasia (German, 1995). As molecular analysis of mutation and gene function
has advanced, clinical entities with defects in DNA damage response or DNA repair have
been grouped under the rubric of genomic instability syndromes. From the clinical
standpoint, the genomic instability syndromes are highly heterogeneous. The ones that are
inherited as dominant traits, such as Hereditary Breast and Ovarian Cancer syndrome and
Lynch syndrome, have no clinical manifestations other than cancer in the proband and in the
proband’s family. The genomic instability syndromes that are inherited as autosomal
recessives are associated with a wide variety of clinical features of varying severity. This
heterogeneity is nowhere more prominent than in the syndromes defined by mutations in the
RecQ helicase family.

Genes in the RecQ helicase family are known for evolutionarily conserved regions that
encode the helicase domains of the proteins. These proteins are DNA-dependent ATPases
and ATP-dependent DNA unwinding enzymes. The first RecQ gene was identified in
Escherichia coli with isolation of the recQ1 mutant, which is resistant to thymineless death
(Nakayama et al., 1984). Single RecQ genes were identified in Saccharomyces cerevisiae
and in Schizosaccharomyces pombe. 1solation of the S. cerevisiae gene SGS1, for slow
growth suppressor, yielded important insights because sgs mutants arose as suppressors to
topoisomerase 3 (top3) mutations and the protein products topoisomerase 111 and SGS1
physically interact (Bennett et al., 2000; Gangloff et al., 1994). Besides slow growth, fop3
mutants exhibit excessive homologous recombination [HR; (Wallis et al., 1989)] as do sgs1
mutants (Watt et al., 1996). Topoisomerase 11 is a type one topoisomerase that breaks and
religates single-stranded DNA (ssDNA) but differs from topoisomerase | in that it acts on
ssDNA more efficiently than double-stranded DNA (dsDNA). Jim Wang postulated that £.
colitopoisomerase |11 could have a function in unraveling complementary DNA strands as
opposing replication forks approach each other for replication termination (Wang, 1991).
This early suggestion has been supported more recently with the discovery of a role for the
topoisomerase Illa-RecQ complex in preventing ultrafine DNA bridges (UFBs; see Section
4.3) In addition to a function in replication termination, the topoisomerase Illa-RecQ
complex also possesses a unique activity that can resolve recombination intermediates
without crossing-over (see Section 4.1). Physical or functional interactions between
topoisomerase Ills and many RecQs are evolutionarily conserved.

In humans, there are five RecQ helicase genes, presented here in the order of their discovery,
namely RECQL, BLM, WRN, RECQL4, and RECQL5! (Croteau et al., 2014). During the
radiation of metazoans, gene duplication produced three RecQ genes in worms and flies and

1Due to the vagaries of human activity, there are some especially unhappy aliases in the literature for human RecQ genes. We use here
the HUGO gene nomenclature committee designations.
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five in essentially all vertebrates. Evolution has innovated distinct functions for the RecQ
genes. Mutations in human BLM result in BS (Ellis et al., 1995). Mutations in human WRN
and RECQL 4 are linked to Werner syndrome (WS) and Rothmund-Thomson syndrome
(RTS), respectively (Kitao et al., 1999; Yu et al., 1996). Each of these syndromes features
genomic instability and susceptibility to cancer, but the characteristics of the genomic
instability varies and the sites and types of cancers associated with each syndrome are
different. BS and RTS are early developmental disorders characterized by small size. WS is
characterized by premature development of features associated with aging. While WS is
classified as a segmental progeroid syndrome (Martin, 1997), the other two syndromes are
not progeroid. In this review, we will present BS and its clinical features, review BLM
functions in the various aspects of DNA metabolism, and we will conclude with some
considerations about BS and aging.

2. Clinical features of Bloom’s syndrome

The most striking clinical feature of BS is small but proportional body size (German, 1969).
Birth weight for persons with BS ranges from 0.7 to 3.2 kg with mean term weights of 1.89
kg £ 0.35 kg for BS boys and 1.87 kg + 0.35 kg for BS girls compared to 3.27 kg £+ 0.44 kg
and 3.23 kg + 0.53 kg for normal boys and girls, respectively (Keller et al., 1999)2. Mean
birth lengths are similarly reduced with 43.4 cm + 4.4 cm for BS boys and 43.8 cm £2.8 cm
for BS girls compared to 50.5 cm £+ 2.5 cm and 49.9 cm + 2.7 cm for normal boys and girls,
respectively. Means for both birth weight and birth length in BS are more than two standard
deviations below normal, demonstrating that the growth retardation in BS is prenatal. With
the advent of fetal ultra-sound, the small size has proven evident in early fetal development.
The pathognomonic genomic instability of BS, namely elevated sister chromatid exchanges
(SCEs; see Section 3.1), can be detected in fetal cells and used for prenatal diagnosis;
molecular analysis of the BS gene BLM can also be used (Sanz and German, 2006).

Growth is retarded throughout early life and into maturity. Mean adult height is 145.5 cm

+ 7.6 cm for BS males and 141.5 cm £ 6.6 cm for BS females compared to 176.8 cm + 6.7
cmand 163.7 cm £ 6.1 cm for normal males and females, respectively (Keller et al., 1999).
Current data from the Bloom’s Syndrome Registry is similar, with an average adult height of
149 cm (range 128-164) for BS males and 138 cm (range 115-160) for BS females (http://
weill.cornell.edu/bsr/data_from_registry/). Mean adult weights are correspondingly below
normal at 41.3 kg + 8.8 kg for BS males and 36.6 kg + 8.6 kg for BS females compared to
68.9 kg £ 9.1 kg and 58.3 kg + 8.1 kg for normal males and females, respectively. Body
mass index at birth and during post-natal development is also well below normal but the
deficit decreases into adulthood.

Although the body overall is well proportioned, the head is somewhat small and narrow
relative to BS body size. The malar and lower mandibular areas are underdeveloped. The
voice is high-pitched (Sanz and German, 2006).

2The clinical data discussed in this section originates from the Bloom’s Syndrome Registry, which was established by James L.
German 111, M.D., in the 1960s. The Registry has served as the repository for clinical, genetic, cytogenetic, and molecular information
on BS and has provided the basis for a thorough and detailed natural history of the disorder.
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The skin in persons with BS appears normal at birth, but in the first or second year of life
and in response to sun exposure, children develop an erythematous rash on the nose and
cheeks and around the mouth. It sometimes involves the backs of the hands and forearms but
it does not develop on the arms and legs, the trunk, or buttocks. The rash can include
telangiectasia. The severity of the rash varies with some persons losing eyelashes and
blistering around the mouth, and some others where it is very faint. Many persons with BS
have café-au-lait spots and hypopigmented areas of skin; the hypopigmented areas are often
associated with contiguous hyperpigmented areas.

The majority of newborns, infants, and young children with BS show a lack of interest in
food. Severe gastroesophageal reflux is common in children and diarrhea is also a frequent
complaint. The increased gastroesophageal reflux could be the source of the increased
frequency of pneumonia and otitis media in BS due to increased exposure to gastric contents
due to aspiration (Sanz and German, 2006). The feeding problems go hand in hand with a
paucity of sub-cutaneous fat in many persons with BS. Gastric feeding tubes have been
placed in some children, resulting in an increase in adiposity but not height.

The syndrome is associated with a variety of other clinical features, including a mild
immunodeficiency manifested by reduced levels of one or more plasma immunoglobulins,
azoospermia or severe oligospermia in males and premature cessation of menstruation in
females, and minor anatomic defects. Intellectual abilities are limited in some persons and
normal in others; some have achieved graduate degrees. Major anatomic defects are not
increased in frequency.

The main cause of death in BS is from complications from cancer. There are three main
characteristics of cancer in BS: (i) for each tumor type, cancer development occurs on
average at an earlier age than normal, (ii) many persons have been diagnosed with multiple
independent primary cancers, and (iii) the type and sites of cancer are very broad, including
the major epithelial cancers (lung, colorectal, breast, skin, esophageal, genital-urinary tract,
and liver), lymphoma, leukemia, and rare pediatric tumors such as retinoblastoma, Wilm’s
tumor, and osteosarcoma. In the most recent update from the Bloom’s Syndrome Registry
(Sanz and German, 2006), there have been 205 malignancies in 129 persons of the 265 BS
persons followed. Analysis of standardized incidence ratios in BS showed that persons with
BS are 99 times (95% confidence interval 83-117) more likely to be diagnosed with any
cancer relative to the general population (Shi et al., 2006). The most common epithelial
cancer is colorectal (n=30), for which cancer the standardized incidence ratio is 521 (95%
confidence interval 318-804). The standardized incidence ratio for breast cancer (n=16) is
90. Skin cancer (n=27) is also common. Lymphoma (n=35), acute lymphoblastic leukemia
(n=12), and acute myelogenous leukemia (n=25) are common, and standardized incidence
ratios for lymphoid malignancy is 166 and for leukemia is 152. Myelodysplasia (n=22),
which is a precursor of myelogenous leukemia, is relatively frequent. The mean age of
diagnosis of any cancer is 23.

Another major medical complication that is common in BS is diabetes mellitus (n=47). It
resembles the adult-onset type of diabetes and is associated with abnormalities in insulin
release and glucose tolerance (Diaz et al., 2006). The mean age of diagnosis is 26.6 years.
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Chronic obstructive pulmonary disease is also common. Pulmonary failure has been the
cause of death in five persons with BS.

Table 1 compares the clinical features and major medical complications of the RecQ
syndromes. Quite a few of the clinical features of BS and RTS are shared, including growth
retardation, a prominent skin rash, gastrointestinal reflux and diarrhea during infancy, and
hypogonadism; but the syndromes also present some striking differences. The skin rash in
RTS is striking. It is described as poikiloderma, in which there is redness, telangiectasia,
spots of atrophy, and alternating areas of hypo- and hyper-pigmented skin, giving an overall
mottled appearance (Wang and Plon, 1999). The rash begins on the face then spreads to the
arms and legs and sometimes involves the buttocks but spares the trunk, and it persists
throughout life. The skin rash in BS is mild by comparison and generally limited to the face.
Effects of RECQL4 mutation on skeletal and dental development are a prominent part of
RTS, whereas in persons with BLM mutation skeletal and dental abnormalities are
infrequent. Similarly, hematologic anomalies, juvenile cataracts, and sparse scalp hair are
common in RTS but not BS. On the other hand, persons with BS have more frequent
infections, have deficits in one or more immunoglobulins and in the delayed hypersensitivity
reaction, and have a more severe hypogonadism. Although the cancer diatheses in BS and
RTS are similar in some ways, carcinomas of epithelial tissue are very common in BS but
not in RTS, and melanoma and osteosarcoma are relatively rare in BS but quite common in
RTS.

The clinical features of WS contrast sharply with those of BS and RTS. The four “cardinal
signs” of WS — bilateral ocular cataracts, premature greying and thinning of scalp hair,
deep and chronic ulcers around the ankles and scleroderma-like changes of the skin, and
short stature — all appear in adolescence or after reaching adulthood. Many of the acquired
clinical features in WS resemble aging including the scleroderma-like skin changes,
progressive loss and greying hair, osteoporosis, arteriosclerosis, and coronary artery
atherosclerosis. With the exception of sparse hair and cataracts in RTS, these features are
absent from BS and RTS. The loss of hair and ocular cataracts in RTS appear early in life
and are likely linked to defects in development of these tissues. The skin changes in BS arise
after sun exposure in early life. In RTS, it is not clear that the skin changes result due to sun
exposure, but they also arise in the first year of life. In both BS and RTS, the skin changes
begin as an erythematous rash. There have been enough persons with BS who have lived
past the age of 40 so that, if progeroid features had developed in BS, they should have come
to the attention of the registrars of the Bloom’s Syndrome Registry. These considerations
indicate that BS is not a progeroid syndrome, and it seems reasonable to await further
information on the natural history of RTS before suggesting it as a progeroid syndrome.

3. Molecular genetics

3.1. Cellular phenotype

BS cells are characterized by increases in chromosomal aberrations, including chromatid
gaps and breaks, telomere associations, and quadriradial (Qr) chromosomes, which result
from unresolved recombination between homologous chromosomes (German et al., 1965;
German et al., 1974; Rosin and German, 1985). Other common abnormalities at metaphase
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include chromosome fragmentation, lagging chromosomes at anaphase, and anaphase
bridges. There is an excess of telophase cells with a chromatid strand stretched between
them and increased micronuclei formation. BS cells exhibit increased mutation rates
(Warren et al., 1981). In molecular genetic analysis, the genomic instability in BS includes
elevated mitotic HR and unequal sister-chromatid exchange (Groden et al., 1990; Groden
and German, 1992; Killen et al., 2009). By flow-cytometric analysis of red cells from
persons heterozygous for the Mand N blood group variants of the glycophorin A locus,
there is a 50 fold increase over normal of M/Mand M N red cells, presumably generated by
a mitotic HR event in a precursor cell; but there is also an increase in M/ nulland N null
cells, indicating a higher frequency of mutational inactivation (Kyoizumi et al., 1989;
Langlois et al., 1989). Perhaps, the most characteristic feature is the more than ten fold
increase in SCEs, which are the result of crossover events during HR repair of damaged
replication forks (Chaganti et al., 1974).

As a comparison, cells derived from persons with WS do not exhibit these characteristics.
Although the rate of spontaneous chromosomal breaks is higher in WS lymphocytes
compared to normal ones, it is less than the rate in BS cells (Gebhart et al., 1988). WS cells
also exhibit an increased frequency of mutations and of chromosomal aberrations, including
variegated translocation mosaicism and large chromosomal deletions (Fukuchi et al., 1989;
Hoehn et al., 1975; Salk et al., 1981). In contrast to BS cells, the levels of SCEs in WS cells
are normal (Bartram et al., 1976; Yu et al., 1996), and WS cells do not exhibit elevated HR-
mediated genomic instability (Killen et al., 2009), but have instead a deficit in HR repair
(Chen et al., 2003; Prince et al., 2001; Saintigny et al., 2002). The presumptive genomic
instability in RTS is not well understood and reports are often contradictory. Spontaneous or
induced chromosome breakage in RTS is generally reported to be normal in lymphocytes
and fibroblasts, and increased crossing-over has not been a consistent finding; SCEs are
normal. Instead, there are characteristic structural chromosomal abnormalities, often
involving chromosome 8, arising from misdivision of the centromere; for example, i(8p),
i(80), i(12p), and i(12q) are common abnormalities found in cultures of RTS cells (Larizza
et al., 2006). Whether the rates of these events are increased has not been shown.
Consequently, the genomic instabilities present in these three syndromes are distinct.
Although the BLM, WRN, and RECQL4 genes are related, the different clinical and cellular
features of the associated syndromes, and the fact that loss of either one cannot be
compensated by the presence of other RecQ members, indicate that they have specific non-
overlapping functions.

3.2. Structure and biochemical properties

BS is caused by homozygous or compound heterozygous mutations in the BLM gene, which
is localized to chromosome 15¢26.1. More than sixty different mutations have been
identified, all resulting in BLM inactivation either by premature protein translation
termination or by missense mutations that abrogate its helicase activity (German et al.,
2007). The BLM gene encodes a 1417 amino-acid protein that localizes in the nucleus to
PML nuclear bodies, which are discrete nuclear foci (Bischof et al., 2001; Zhong et al.,
1999). BLM protein expression peaks in the S and G,/M phases of the cell cycle consistent
with its role in DNA replication and recombination (Dutertre et al., 2000; Sanz et al., 2000).
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BLM hydrolyzes ATP to unwind DNA by traversing ssDNA ina 3’ to 5" direction (Karow
etal., 1997). The RecQ helicases as a group are DNA structure-specific helicases. They play
a critical role in the maintenance of genome stability by acting at the interface between DNA
replication, recombination, and repair. Thus, it is not surprising that many substrates
preferred by the RecQ helicases model DNA recombination intermediates, such as Holliday
Junctions (HJs), displacement loops (D-loops), replication forks, and G-quadruplex (G4)
DNA (Croteau et al., 2014; Larsen and Hickson, 2013). G4 DNA is a highly stable structure
formed by Hoogsteen base pairing between four adjacent guanines arranged in a square
planar configuration. Sequences that can form G4 DNA /n vitro are found throughout the
genome, including telomeres and the rDNA loci (Maizels and Gray, 2013) and mounting
evidence indicates that G4 DNAs are biologically relevant structures (Rhodes and Lipps,
2015). G4 DNA formation can indeed be detrimental to the progression of replication and
transcription machineries. /n vitro, BLM is unable to unwind dsDNA from a blunt-ended
terminus or from an internal nick and shows weak unwinding activity of duplex molecules
with a single strand 3’-tail. However, BLM preferentially unwinds more elaborate structures
such as bubbles, forked DNA duplexes, X-shaped molecules mimicking HJs and G4 DNA
(Mohaghegh et al., 2001; Popuri et al., 2008; Sun et al., 1998). BLM specifically binds HJs
and is able to catalyze ATP-dependent branch migration of HJs (Karow et al., 2000). BLM is
also able to bind and efficiently disrupt D-loops formed during the initial step of HR
(Bachrati et al., 2006; van Brabant et al., 2000). Additionally BLM can efficiently unwind
RNA-DNA heteroduplexes and R-loops (a structure that can be formed by hybridization of a
processed mRNA to the genomic DNA or structures similar to this structure), which could
impede replication fork progression (Popuri et al., 2008).

Preferential activity toward specific substrates distinguishes RecQ helicases from other
helicases and can be associated with unique structural features. BLM possesses three typical
domains shared by the other RecQ members (Fig. 1): the helicase domain, the RecQ
carboxy-terminal (RQC) domain, and the helicase and ribonuclease D C-terminal (HRDC)
domain (Kitano, 2014). The helicase and RQC domains form the catalytic core of the BLM
helicase. The helicase domain is the most highly conserved component among the RecQ
family and is characteristic of the SF2 superfamily of helicases. This domain is responsible
for ATP binding and hydrolysis and acts as an ATP-dependent DNA translocation module
that supplies a driving force for the helicase reaction (Swan et al., 2014). The second most
conserved domain is the RQC, which is unique to the RecQ family of proteins. It is
composed of a Zn2*-binding motif and a winged-helix (WH) domain that together act as a
dsDNA-binding site. The -hairpin located in the WH domain acts as a scalpel, which is
responsible for the duplex separation (Fig. 1B) (Kim et al., 2013; Kitano et al., 2010). The
HRDC domain is the least conserved domain, and in human, it is only present in BLM and
WRN proteins. Its function remains unclear. Neither WRN nor BLM HRDC domains
directly bind to DNA (Kitano et al., 2007; Sato et al., 2010), but this domain may play a key
role in the mechanism coupling the ATPase and helicase activities (Swan et al., 2014). The
crystal structure of BLM in complex with ADP and a 3”-overhang DNA duplex reveals that
the HRDC domain interacts with the helicase domain allowing the optimal configuration
required to strongly couple ATP hydrolysis with DNA unwinding (Fig. 1B) (Swan et al.,
2014). Additionally the HRDC domain may confer some DNA substrate specificity.
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Specifically, the HRDC domain of BLM is required for double HJ (dHJ) dissolution (Wu et
al., 2005). Study of structural conformation of BLM suggests that the HRDC may act as a
wedge required to open the HJ arms by electrostatic repulsion (Kim et al., 2013).
Interestingly the WRN HRDC cannot substitute for the BLM HRDC in dHJ dissolution,
indicating a evolutionary differentiation of the structure possibly mediating a different
function or substrate specificity for the WRN HRDC (Wu et al., 2005).

In addition to their DNA unwinding activity, RecQ proteins catalyze ssDNA annealing (Wu,
2012). In BLM the N-terminus part of the protein has been shown to present annealing
activity (Chen and Brill, 2010; Cheok et al., 2005; Machwe et al., 2005). The combination of
unwinding and annealing activities catalyzes strand exchange, which might be required to
promote either branch migration of HJs or the regression of stalled replication forks (see
Sections 4.1 and 4.2). Strikingly, WRN is the only RecQ member to have an additional 3" to
5" exonuclease domain (Huang et al., 1998; Perry et al., 2006). This novel enzymatic
activity distinguishes WRN from the other RecQ helicases; however, its exact role in WRN’s
function is still unknown. The exonuclease may cooperate with DNA polymerase & in
removing damaged bases that might prevent elongation during lagging strand synthesis
(Kamath-Loeb et al., 2012). It may also be important in WRN functions in translesion
synthesis, non-homologous end joining (NHEJ), or DNA synthesis at telomeres. For
example, exonuclease activity seems to play a role in DSB repair in coordination with Ku
(Orren et al., 2001; Bukowy et al., 2008) and exonuclease activity is thought to cooperate
with WRN helicase activity to promote replication fork regression (Machwe et al., 2007).

4. BLM functions in DNA transactions

Human RecQ helicases are involved in various aspects of DNA metabolism (Croteau et al.,
2014). BLM is playing a critical role in HR, in DNA replication, and in stabilization and
repair of damaged replication forks. BLM is also important for proper sister chromatid
segregation in mitosis, and telomere maintenance.

4.1. Functions in homologous recombination

HR is a major high-fidelity repair pathway that in mammalian cells occurs in S and G,
phases of the cell cycle, when a homologous template is available. HR can repair various
DNA lesions including double-strand breaks (DSBs), single-strand gaps, collapsed
replication forks, and eroded telomeres (Kowalczykowski, 2015). For the repair of DSBS,
the initial step after DSB formation is the 5” to 3" nucleolytic resection of both ends of the
break by specialized exonucleases (Fig. 2). Single-strand binding protein RPA binds to the
3’ ssDNA-overhang generated, after which it is exchanged for the RAD51 recombinase by
mediator proteins such as BRCA2 and RAD52. The ssDNA-RAD51 nucleoprotein filament
searches for a complementary DNA sequence in the intact homologous DNA duplex,
resulting in the invasion of the duplex by the 3" ssDNA tail. This strand exchange process
results in the formation of the D-loop, which is then extended by DNA synthesis using the
3’ invading end as a primer. Two distinct pathways can then resolve the D-loop. In the
synthesis-dependent strand-annealing (SDSA) pathway (Fig. 2, pathway A), the polymerase-
extended, invading strand is unwound from the intact duplex and is annealed to the
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complementary sSDNA on the other side of the break. Subsequent gap-filling DNA synthesis
and ligation generate exclusively non-crossing-over (NCO) products. Alternatively, the
sSDNA on the other side of the break can anneal to the displaced strand from the donor
duplex, a process referred to as second-end capture. This annealing primes DNA synthesis in
the other direction followed by rejoining of the two ends to produce the dHJ structure (Fig.
2, pathway B). dHJs are removed either by dissolution, producing only NCO products, or by
resolution performed by structure-specific endonucleases and ligation to produce NCO or
CO products.

Various /n vitro assays have revealed a potential role for BLM at most steps of the HR
process, wherein BLM can have both pro- and anti-recombinogenic functions (Fig. 2). BLM
promotes DSB end resection by stimulating the exonucleases DNA2 and EXO1 (Gravel et
al., 2008; Nimonkar et al., 2011; Nimonkar et al., 2008). In the second step of HR, BLM can
regulate D-loop formation. /n vitro, BLM can disrupt the Rad51-ssDNA filament by
removing RAD51 from ssDNA, when RAD5L1 is in its inactive ADP-bound form, thereby
preventing D-loop formation (Bugreev et al., 2007). However, when RAD5L1 is in its active
ATP-bound form, BLM stimulates RAD51 homology search and strand invasion, promoting
D-loop formation (Bugreev et al., 2009). BLM is also involved in the later steps of HR after
D-loop formation and DNA synthesis. In the SDSA pathway, BLM may play a role by
disrupting the D-loop (Bachrati et al., 2006; van Brabant et al., 2000). Additionally, BLM
together with topoisomerase 111, RMI1, and RMI2, form the “dissolvasome” complex, which
is critical for dHJs dissolution (Raynard et al., 2006; Singh et al., 2008; Wu et al., 2006; Xu
et al., 2008). /n vitro analyses suggest that BLM branch migrates the two HJ toward each
other, converting the duplexes into hemicatenanes that are decatenated by topoisomerase 11,
leading to NCO products (Wu and Hickson, 2003). BLM’s dHJ dissolution function in the
topoisomerase 111 -BLM complex cannot be replaced by any other RecQ helicase in the
family (Wu et al., 2005). This conserved function limits crossing-overs during HR. In
absence of dissolution, dHJs are processed through endonucleolytic cleavage and ligation
resulting in equal numbers of NCO and CO products. These are wonderful biochemical
insights, but they do not resolve an important question raised by the recombination repair
model in Fig. 1, namely, the question of pathway choice. If, in the presence of BLM, most
substrates are repaired by pathway A, then the dissolvasome does not have much work to do
in DSB repair. In the absence of BLM, the substrates will flow through pathway B where the
dHJ could only be repaired by breakage and rejoining because the dissolvasome is
dependent on the presence of BLM. The temptation is to suggest that pathway B, then, is the
source of SCEs in BS cells. The problem with this idea is that DSBs exogenously induced
by irradiation or radiomimetics are poor SCE-inducing agents. SCEs are most strongly
induced by agents that cause replication-associated damage (UV, crosslinking agents,
replication inhibitors, etc.), and they derive from HR repair of multiple types replication
damage, including post-replication gap repair and repair of DSBs at advancing or stalled
forks. Post-replication gap repair can generate a dHJ that could be processed by the
dissolvasome, but HR repair of DSBs generated at advancing or stalled replication forks
leads to a single HJ and the dissolvasome does not resolve these structures (see Section 4.2).
It is not known whether there are single or multiple sources for the SCEs in BS cells.
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Several studies have highlighted functional and physical interactions between the FA core
complex and the BLM dissolvasome. Five of the FA proteins were found in a complex with
BLM-Topolll -RMI1-2 (Meetei et al., 2003) and deficiencies of FANCC and FANCM in
DT40 cells and of FANCJ in mammalian cells are associated with an approximately two fold
elevation of SCE levels (Hirano et al., 2005; Rosado et al., 2009; Suhasini et al., 2011).
FANCM has been shown to physically connect the dissolvasome and FA complex and this
interaction is required for recruiting BLM to sites of DNA damage (Deans and West, 2009;
Hoadley et al., 2012). The interaction between BLM and FANCJ is also important for
response to replication stress (Suhasini et al., 2011; Suhasini and Brosh, 2012).
Consequently, there is crosstalk between the BLM dissolvasome and the FA core complex
and the coordination of their activities is critical for suppressing potentially harmful SCE
events that can arise during DNA-damage repair. On the clinical side, there is an intriguing
observation that BLM mutation can be associated with a more severe presentation of BS that
includes Fanconi-like features (Saal et al., 2001). On the other hand, it should be noted that
elevated SCEs is not a cytogenetic feature in FA.

BLM pro- and anti-recombinogenic activities are subtly regulated by post-translational
modifications, including phosphorylation, sumoylation, and ubiquitination (Bohm and
Bernstein, 2014). Of interest, BLM is modified by small ubiquitin-related modifiers
(SUMO), particularly SUMO-2, and BLM contains a SUMO-binding motif that is required
for BLM’s sumoylation and for localization of BLM to the PML nuclear bodies (Eladad et
al., 2005; Zhu et al., 2008). Cells expressing full-length BLM proteins that contain
mutations in the SUMO-acceptor sites (SUMO-deficient BLM) exhibited accumulations of
DNA damage repair foci both in the presence or absence of exogenous genotoxic agents,
excess DSBs, and hypersensitivity to replication stress (Ouyang et al., 2009; Ouyang et al.,
2013). Most strikingly, there was in impairment of recruitment of RAD51 and a failure in
HR repair at stalled replication forks in SUMO-deficient cells, suggesting that sumoylation
regulates the switch between BLM’s pro- and anti-recombinogenic functions.

WRN is also involved in HR, but, whereas BLM deficiency induces an increase in HR,
WRN-deficient cells show defects in HR (Chen et al., 2003; Prince et al., 2001; Saintigny et
al., 2002). WRN can act early in the HR pathway and is redundant with BLM in stimulating
DNA resection (Sturzenegger et al., 2014). In the later steps of HR, although WRN can
catalyze branch migration of HJs /n vitro (Constantinou et al., 2000), it cannot promote dHJ
dissolution (Wu et al., 2005). The NHEJ pathway, which repairs DSBs by direct rejoining of
the two extremities of the DSB, is normal in BS cells. NHEJ is error-prone compared to HR
when the extremities of the DSB are processed by resection or when the pathway devolves
to micro-homology searches. WRN, but not BLM, is involved in NHEJ repair (Chen et al.,
2003; Perry et al., 2006), and a defect in NHEJ may explain the variegated translocation
mosaicism and large chromosomal deletions observed in WS cells. WRN interacts with both
Ku and DNA-PKcs (Cooper et al., 2000; Li and Comai, 2000), and it is a substrate for DNA-
PKcs (Yannone et al., 2001).
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4.2. Functions in DNA replication and in stabilization and repair of stalled forks

Cells derived from persons with BS exhibits defects in DNA replication that include slower
progression of replication forks (Hand and German, 1975; Rao et al., 2007) and the
accumulation of aberrant replication intermediates (Lonn et al., 1990). Additionally, BLM
interacts with the p12 subunit of Pol (Selak et al., 2008), and large-scale analysis confirmed
that BLM is present at the advancing replication fork (Alabert et al., 2014; Dungrawala et
al., 2015). BLM may act during unperturbed DNA replication by removing DNA structures
that could impede the progression of the replication machinery, such as G4 DNA. /n vitro,
BLM and WRN can efficiently bind and unwind G4, which could allow the replication
machinery to progress without stalling, especially through DNA structures that form on the
lagging strand (Chatterjee et al., 2014; Sun et al., 1998). Studies in chicken DT40 cells have
shown that WRN and BLM cooperate with FANCJ to facilitate DNA replication through G4
structures (Sarkies et al., 2011) and BLM and WRN are also required for removal of G4
DNA during DNA replication at telomeres (see Section 4.4). There is evidence that BLM
interacts with flap endonuclease 1 (FEN1) and may assist in the maturation of Okazaki
fragments, especially when long flaps are generated (Bartos et al., 2006; Sharma et al.,
2004). WRN also cooperates with FEN1 (Brosh et al., 2001), indicating possibly that these
functions are overlapping.

BLM is crucial during DNA replication stress, as evidenced by the hypersensitivity of BS
cells to replication inhibitors (Davies et al., 2004). As replication forks progress, they
encounter various obstacles, such as damage of the DNA template, unusual secondary
structures, DNA-bound proteins, they collide with the transcription machinery, or they can
be limited by depletion of the nucleotide pool. These impediments may result in fork
stalling. The DNA replication checkpoint is activated to ensure that stalled forks are
stabilized and to promote the efficient resumption of DNA synthesis once the damage has
been repaired. Failure to stabilize stalled forks causes their collapse, as defined by their
inability to complete replicon synthesis (Branzei and Foiani, 2010; Cortez, 2015). In that
case, the completion of genome duplication relies on the firing of nearby backup origins,
referred to as dormant origins. BLM-deficient cells show an increase of fork stalling,
suggesting a role for BLM in the stabilization and processing of stalled forks (Rao et al.,
2007). Consistent with this function, following replication stress, BLM is phosphorylated by
the replication checkpoint kinases ATR and ATM and is recruited to stalled replication forks
where focal concentrations of BLM protein accumulate (Beamish et al., 2002; Davalos et al.,
2004; Davies et al., 2004; Dungrawala et al., 2015; Sengupta et al., 2003). BLM is required
for the efficient restart of stalled forks after replicative stress and the reduced fork restart
observed in BLM-deficient cells is accompanied by an increase in dormant origin firing
(Davies et al., 2007). Recruitment of RAD5L1 to stalled forks and the HR pathway are crucial
for the restart of stalled replication forks and the repair of collapsed forks (Petermann and
Helleday, 2010). It has been proposed that RAD51-mediated fork remodeling occurs at
stalled forks, involving the coordinated annealing of the newly synthesized strands and the
re-annealing of the parental strands to generate a regressed fork (also known as a chicken
foot), similar to a HJ structure (Fig. 3) (Neelsen and Lopes, 2015; Zellweger et al., 2015). A
potential role for BLM at stalled forks could be to facilitate fork regression. /n vitro, BLM
can use its branch migration activity to mediate fork regression, generating arms greater than
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250 bp (Karow et al., 2000; Ralf et al., 2006). Alternatively, subsequent to fork regression,
BLM could promote branch migration of the regressed fork to restore a functional
replication fork, allowing replication restart and preventing excessive recombination events
(Machwe et al., 2011). Reversed forks can also be processed by structure-specific
endonucleases into one-ended DSBs (Fig. 3). The recovery of these collapsed forks depends
on RAD51-mediated HR. In absence of BLM there is a bias toward resolving these
recombination intermediates by crossing over, as evidenced by elevated SCEs. The
generation of SCEs in BS cells is dependent on the activities of the structure-specific
nucleases MUS81 and SLX4, that is, depletion of either of these proteins in BS cells
suppresses SCEs (Wechsler et al., 2011). These data suggest that cleavage of a stalled or
regressed fork directs repair down an SCE-generating path (the right side of Fig. 3). BLM’s
role in fork regression may not be unique or in fact, in the presence of BLM, the replication
fork is stabilized and the regressed fork is not formed at all! Clearly, new approaches are
needed to resolve all these different possibilities.

WRN is also involved in DNA replication and response to replicative stress (Pichierri et al.,
2011; Sidorova, 2008). Several studies reported that WRN-deficient cells have an extended S
phase (Poot et al., 1992; Takeuchi et al., 1982), an increase of spontaneous fork stalling
(Rodriguez-Lopez et al., 2002), and a defect in fork progression especially after replication
stress (Sidorova et al., 2013). During replicative stress, WRN prevents stalled fork to
collapse through formation of DSBs (Franchitto et al., 2008). WRN and BLM seem to have
redundant and non-redundant functions in DNA replication and stalled fork recovery
(Sidorova et al., 2013). For instance, depletion of both WRN and BLM reduces fork
progression more than depletion of either BLM or WRN on its own. Similar to BLM, WRN
is recruited at stalled replication forks, and it is able to catalyze /n vitrofork regression as
well as conversion of regressed HJs to functional forks (Constantinou et al., 2000; Machwe
etal., 2011). Additionally, WRN is able to stimulate the bypass of DNA damage by
translesion polymerases, which are specialized polymerases that are able to replicate across
damaged DNA, a function that BLM has not been reported to have (Kamath-Loeb et al.,
2007; Maddukuri et al., 2014; Maddukuri et al., 2012; Phillips and Sale, 2010).

4.3. Functions in sister chromatid segregation

BLM facilitates sister chromatid segregation by processing unresolved replication
intermediates that manifest in mitosis as UFBs linking the two daughter nuclei (Chan and
Hickson, 2011; Liu et al., 2014). BLM together with topoisomerase |11, RMI1, and RMI2
localize to UFBs in anaphase (Fig. 4C), and BLM-deficient cells exhibit an increased
frequency of UFBs, suggesting a role for BLM in the resolution of these structures (Chan et
al., 2007). Most UFBs detected in normal cells link the centromeres and are predominantly
thought to contain unresolved dsDNA catenanes, which are resolved by topoisomerase |1
(Fig. 4A). Replication stress induces a second class of UFBs arising from fragile sites, which
are regions intrinsically challenging for DNA replication (Fig. 4B) (Chan et al., 2009). These
UFBs are characterized by the presence of Fanconi Anemia proteins FANCD2 and FANCI at
each extremity of the DNA thread (Chan et al., 2009; Naim and Rosselli, 2009). These UFBs
most likely correspond to under-replicated DNA, which is coated with RPA and fails to
incorporate the thymidine analog EdU (Chan et al., 2009; Gemble et al., 2015). The FANC
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pathway and topoisomerase 111 -BLM complex cooperate to resolve the resulting
hemicatenane structures. Failure to resolve these UFBs leads to DNA breakage as mitosis
proceeds. The broken chromosomes are transmitted to daughter cells, where they become
sequestered by p53-binding protein 1 (53BP1), a known mediator of DSB repair. 53BP1 is
thought to shield the breaks against excessive resection until the next S phase when they can
be repaired by recombination (Lukas et al., 2011). Breakage of the UFBs can also lead to the
formation of micronuclei. DNA replication is less efficient in micronuclei and can result in
further chromosome breakage (Zhang et al., 2015a). Consistent with a role of BLM in
preventing UFBs breakage, BLM-deficient cells exhibit an increased frequency of
micronuclei (Ke et al., 2011; Rosin and German, 1985). A third class of UFBs can also arise
from telomeres, as mentioned below (Barefield and Karlseder, 2012).

This function of BLM in resolving UFBs is unique among the RecQ helicases, and WRN
does not localize to UFBs (Chan et al., 2007). However, WRN-deficient cells exhibit
telomere dysfunction associated with an increase of UFBs emanating form the telomeres.
BLM localizes to these telomeric UFBs and is most likely involved in their resolution
(Barefield and Karlseder, 2012).

4.4. Functions in telomere maintenance

Telomeres are nucleoprotein structures that cap and protect the ends of chromosomes,
preventing them from degradation and from being recognized and processed as DSBs by
DNA repair mechanisms. Mammalian telomeres consist in several kilobases (10-15 kb for
human telomeres) of non-coding tandem TTAGGG repeats that provide a buffer against loss
of genetic information. Telomeres present a 30—400 nucleotide 3”-overhang of the G-rich
strand, which can fold back and invade the double-stranded telomere DNA to create a
telomere D-loop, or T-loop. The T-loop structure protects the chromosome ends from
degradation (de Lange, 2005a). Shelterin is a specialized complex of six proteins that
specifically bind telomeres and is essential for telomere capping and repression of
inopportune DNA damage repair. However, telomeres present a challenge for the replication
machinery in part because of the topological interference of the T-loop and the propensity of
the G-rich strand to form G4 structures. In addition, replicative polymerases lack the
capacity to replicate completely the terminal ends leading to replication-dependent erosion
of the telomeres. The loss of telomeric DNA is compensated by telomerase, a specialized
reverse transcriptase that adds telomeric repeats onto the 3"-end of chromosomes (Martinez
and Blasco, 2015). In humans, telomerase activity is restricted to pluripotent cells and is
insufficient to maintain telomere length over a human lifespan. Consequently, telomeres
loose about 30-150 nucleotides with each cell division. Past a critical threshold, telomeres
can no longer cap the chromosome ends leading to a constitutive DNA damage response that
induces the cells to enter a stable and irreversible state of growth arrest, referred to as
cellular senescence. This mechanism explains the limited proliferative capacity of normal
somatic cells that was first described in 1961, when Hayflick and Moorehead showed that /n
vitro-cultured primary human fibroblasts stopped dividing after 25-50 cell divisions and
entered senescence — a phenomenon now known as the Hayflick limit or replicative
senescence (Hayflick and Moorhead, 1961). Loss of normal p53, a deficiency present in
approximately 50% of cancers, is one mechanism by which a cell can bypass the senescence
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barrier, but as telomeres shorten further the chromosome end is recognized as a DSB, which
triggers DNA repair mechanisms and end-to-end chromatid fusions. When sister chromatids
fuse end-to-end, bridge-breakage-fusion cycles are initiated (de Lange, 2005b). Tumors must
ultimately activate a telomere maintenance mechanism, predominantly telomerase
reactivation, in order to achieve indefinite replication capacity. Progressive telomere attrition
has been proposed as one of the molecular hallmarks of aging (Lopez-Otin et al., 2013).
There is no evidence that BS cells reach replicative senescence faster than normal cells.
However, BLM-deficient cells do exhibit telomere defects such as associations between
homologous telomeres and sister-telomere loss, indicating a role for BLM in telomere
maintenance (Barefield and Karlseder, 2012; Lillard-Wetherell et al., 2004). One possible
role for BLM is to facilitate telomere replication by removing topological structures, such as
the T-loop or G4 structures, that present impediments to the replication progression. For
instance, analysis of telomeric DNA replication dynamics in murine fibroblasts revealed that
replication fork progression in the telomere is hindered by the presence of G4 structures and
requires BLM and WRN, which functionally overlap to some extent, to resolve these
structures (Drosopoulos et al., 2015). Another role for BLM in telomere maintenance could
be the resolution of late replication intermediates. Indeed, telomeres pose an inherent
challenge to the replication machinery, and they have been shown to behave like fragile sites
(Sfeir et al., 2009). Similar to common fragile sites and other difficult to replicate regions,
telomeres are prone to form UFBs, which, as noted above, require BLM for their resolution
(Barefield and Karlseder, 2012).

BLM is also involved in a recombination-mediated mechanism of telomere maintenance,
referred to as alternative lengthening of telomeres (ALT) (Rezazadeh, 2013). ALT is an
homology-directed telomere-synthesis process that is used in 10-15% of human tumors to
prevent telomere attrition in the absence of telomerase (Pickett and Reddel, 2015). ALT cells
present an up-regulation of recombination at the telomeres, accompanied by misprocessing
of the T-loops. Absence of BLM or WRN in ALT-cells increases telomeric-sister chromatid
exchanges (T-SCEs), indicating an overlapping role for BLM and WRN in the regulation of
the HR-mediated telomere maintenance mechanism used by ALT cells to evade telomere
attrition (Hagelstrom et al., 2010). In addition to elevated T-SCEs, depletion of BLM
induces telomere shortening in ALT cells but not in telomerase-positive cells (Bhattacharyya
et al., 2009). Both WRN and BLM have been shown to localize to telomeres specifically in
ALT cells and to interact with proteins of the shelterin complex, including TRF1, TRF2, and
POT1. These interactions modulate BLM and WRN unwinding activities on structures
mimicking the T-loop /n vitro (Lillard-Wetherell et al., 2004; Opresko et al., 2005; Opresko
et al., 2004; Opresko et al., 2002). Consequently, the role of BLM and WRN in disrupting
recombination intermediates at telomeres could either prevent telomeric HR in normal cells
or facilitate completion of the ALT pathway in cancer cells. Although BLM and WRN are
both involved in telomere maintenance, they seem to have non-redundant functions as
evidenced by the synergistic effects of simultaneous loss of BLM in WRN in human or
mouse cells (Barefield and Karlseder, 2012; Du et al., 2004).
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5. Bloom’s syndrome, cancer, and premature aging

Aging is a complex biological process defined as the time-dependent decline of almost all
physiological functions, and it is associated with an increasing rate of mortality. There is still
no clear understanding of the molecular basis of aging, but progressive compromise of
genome integrity is a central part of the process (Lenart and Krejci, 2016). Indeed,
accumulation of DNA damage, telomere shortening, and alterations of chromatin structure
are among the hallmarks of aging (Lopez-Otin et al., 2013). Moreover, premature aging
syndromes are often associated with DNA repair genes (Bohr, 2002; Burtner and Kennedy;,
2010; Freitas et al., 2011). As noted above, BS is sometimes mentioned in non-primary
literature sources as a progeroid syndrome, mainly because BLMand WRN are associated
as RecQ genes, the lifespan of persons with BS is reduced, and cancer develops at an early
age in BS. Early onset of cancer and death do not necessarily indicate premature aging—
there are old people who do not have cancer, and cancer is also associated with certain
childhood conditions. In contrast with WS, persons with BS do not develop prematurely the
features associated with aging, such as gray hair, cataracts, osteoporosis, skin changes,
arteriosclerosis, and atherosclerosis (Table 1). Yet, the population of persons with BS is
relatively young. The oldest person in the Bloom Syndrome Registry is 53 years old, and the
average age at death is below 30. The principal cause of death in BS is from the
complications of cancer. Average lifespan has increased since the establishment of the
Registry; a plausible explanation for this increase is that more BS persons survive their first
cancer diagnosis due to improvements of cancer treatments. As more persons with BS reach
an older age, we will gain more information about the aging process in BS.

The development of cancer depends on the process of mutation. The probability of a
particular cancer-causing mutation event or series of mutation events is generally low;
consequently, as the number of cell generations increases, that is, as we age, the expectation
that cancer-causing mutations will occur increases. In the realm of cancer genetics, it has
long been known but poorly understood that syndromes that feature different types of
genomic instability give rise to varied cancer susceptibilities. Lynch syndrome is caused by
mismatch repair gene mutations, exhibits a genomic instability characterized by replication
errors, and features mainly increased incidence of colon, endometrial, and stomach cancer.
Broadly speaking, replication errors are a genomic instability that impact tissues with higher
turnover rates. Mutations in BRCAZ1 and BRCAZ lead to defects in HR and feature increased
incidence of breast and ovarian cancer; the specificity of the dependence of breast and
ovarian tissue on HR is less obvious. It is relatively more obvious that a defect in the repair
of UV damage, which is exhibited in the rare autosomal recessive syndrome xeroderma
pigmentosum, is associated with increased skin cancer, because the sun is a cancer-inducing
environmental exposure. More recently, connections have been made between repair of
DNA damage due to naturally occurring aldehydes and the cancers that arise in FA
(Langevin et al., 2011). Understanding the biology of environmental inducers for others
cancers may provide insight to the varied cancer diatheses of these different genomic
instabilities.

In the case of BS, we encounter a genomic instability that increases the probability of
cancer-causing events in most organ systems, whereas in WS we encounter a genomic
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instability that gives rise to a more restricted cancer diathesis. One prominent difference in
the genomic instabilities in these two syndromes is the frequency of HR, which is elevated in
BS cells and depressed in WS cells. HR is a powerful accelerator of carcinogenesis because
a cell that harbors a first-hit mutation in a tumor suppressor gene will be more likely to
generate a homozygous, tumor-suppressor-negative successor cell through mitotic crossing-
over between homologs followed by segregation at metaphase of the recombinant and non-
recombinant chromatids. The frequency of mitotic crossing-over in BS cells is 20-50 times
the frequency in normal cells, as evidenced by the frequency of Qr figures in metaphases
from BS Iymphocytes3 and the frequency of homozygous M/Mor N/ Nred cells in
glycophorin A heterozygotes (Langlois et al., 1989). Homozygous null 5/m mutations in the
mouse are organismal lethal but cell viable; yet, a mouse model for BS was generated using
a hypomorphic allele of B/m that produces greatly reduced levels of BLM protein. In this
model, elevated mitotic crossing-over events drive cancer development (Luo et al., 2000).
Elevated mitotic crossing-over has also been detailed in mouse embryonic stem (ES) cells
that contain homozygous 6/m null mutations (LaRoque et al., 2011). The overall conclusion
is that suppression of crossing-over between homologs is an important barrier to
carcinogenesis in humans and other species and this suppression is partly achieved by
preventing crossovers when interhomolog interactions do occur. This suppression does not
appear to be important for organismal aging because aging is not driven by homozygous null
mutations in “aging-suppressor genes.” Heterozygotes for WRN mutation ostensibly age at
the same rate as normal persons whereas there have been reports that the rate of colorectal
cancer is elevated in BLM heterozygotes (Gruber et al., 2002).

Another important difference between BLM and WRN that very likely impacts the cancer
phenotypes in the two syndromes is in transcriptional regulation. BLM is expressed only in
dividing cells; it is absent or greatly reduced in quiescent stem cells or in terminally
differentiated non-dividing cells (Kawabe et al., 2000; Turley et al., 2001). All dividing cells
depend on BLM, underscoring the primacy of BLM’s function during DNA synthesis. WRN
on the other hand is expressed in both dividing and non-dividing cells (Gee et al., 2002;
Szekely et al., 2005). Moreover, the tissues that are most affected by the absence of WRN
are the slowly dividing mesenchymal cells, including the vasculature, fat, bone, and dermis.
This association extends to the cancer diathesis in WS, where the sites and types of cancer
that arise are soft-tissue sarcomas, osteosarcomas, thyroid cancer, and atypical melanomas—
rare tumors that are derived from mesenchymal cells (Goto et al., 1996). This is not a tissue
compartment that is normally predisposed to cancer young or old. Thus, these slowly
dividing tissues are dependent on WRN to avoid cancer-inducing mutation events. WRN has
important connections with non-S-phase-dependent DNA repair events such as NHEJ and
excision repair. While quiescent stem cells up-regulate DNA repair pathways are they re-
enter the cell cycle in order to repair accumulated DNA damage, WRN is expressed in the
quiescent stem cell (Beerman et al., 2014). Because stem cells replenish the tissues and
maintain homeostasis, genomic instability in this compartment has a large impact and
cancerization and aging.

3Ina typical culture of phytohemagglutanin-stimulated lymphocytes from a person with BS, one to two Qr figures is encountered in
every 100 metaphases. The frequency in a similar culture from a normal person has not been properly measured, but it is a rare event
well below one per thousand that a cytogeneticist will greet with astonishment and awe.
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At the cellular level, one of the hallmarks of aging is telomere shortening, which is linked to
replicative senescence or Hayflick limit (Hayflick and Moorhead, 1961). Cells derived from
WS patients exhibit a limited replicative capacity and enter prematurely into senescence
when cultured /n vitro, compared to age-matched normal cells (Martin, 2005; Salk et al.,
1981). The telomere dysfunction observed in WS cells may be the critical contributor to
premature replicative senescence and aging in WS (Opresko, 2008). Mouse models with
homozygous Wrn null mutations are relatively healthy, but telomeres in Mus musculus are
many times longer than telomeres in Homo sapiens. When the Wirn null mutations were
combined with null mutations in the RNA component of telomerase 7ercand bred three to
six generations, a WS-like aging phenotype was recapitulated in the mouse (Chang et al.,
2004; Du et al., 2004). More recently, when induced pluripotent stem cells (iPSCs) were
generated from skin fibroblast from persons with WS, cellular phenotypes associated with
aging were reversed (Cheung et al., 2014; Shimamoto et al., 2015). iPSCs are generated by
expression of key transcription factors that maintain embryonic stem cell status and
telomerase is re-expressed during the transcriptional reprogamming. When the iPSCs were
differentiated into mesenchymal stem cells, the senescence phenotypes returned, but
senescence could be suppressed by expression of telomerase (Cheung et al., 2014).
Differentiation to neuronal cells was not associated with return of the senescence
phenotypes, modeling the situation in WS. In consideration of the connection between aging
and telomerase mutations in the human syndrome dyskeratosis congenita, the premature
aging in WS is very likely caused by the telomere dysfunction in cells derived from
mesenchymal stem cells. BLM also plays a role in telomere replication, but there is no
evidence that BS cells reach replicative senescence any faster than normal. Moreover,
telomeres do not appear to shorten prematurely in BS cells (Yankiwski et al., 2000). It may
be that whatever functions BLM performs at telomeres are largely overlapping with WRN or
disruption of these functions leads to a DNA damage response and apoptosis instead of a
senescence response. WRN on the other hand has unique functions at telomeres that BLM is
unable to perform. The type of genomic instability at telomeres provides a central part of the
explanation for why there is premature aging in WS but not in BS.

Another possibility that merits attention relates to genome structure and gene expression.
Aging is associated with epigenetic alterations in DNA methylation and histones
modifications associated with chromatin remodeling (Lenart and Krejci, 2016; Lopez-Otin
et al., 2013). Interestingly, in a recent study, mesenchymal stem cells derived from WRN-
deficient human embryonic stem cells presented disorganization of heterochromatin
architecture associated with loss of H3K9 methylation that is thought to promote premature
senescence (Zhang et al., 2015b). Heterochromatin alterations in BLM-deficient cells have
not been reported. Microarray studies identifying genes and miRNAs that are differentially
expressed in absence of BLM or WRN have shown that BS and WS are transcriptionally
distinct diseases (Johnson et al., 2010; Nguyen et al., 2014; Tang et al., 2016). WRN
mutation or depletion perturbs the expression of several senescence-associated gene
programs, possibly contributing to the disease pathogenicity. Part of these differences may
trace to differences in the structure of gene-expression regulatory G4 DNAs around the
genome. The genes that are differentially expressed in the absence of BLM or WRN are in
fact significantly enriched in G4 motifs around the transcription start site or at the 5" end of
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the first intron. This observation provides strong evidence that G4 DNA is an /n vivo target
for WRN and BLM helicases. More than ten different human helicases have been shown to
bind and unfold G4 DNA and from a structural standpoint, G4 DNA structures are very
diverse, depending on the number of G4 motifs, the orientation of the strands, the nature and
the length of interconnecting loops within the G4 DNA fold and between G4 DNA folds,
and so on (Mendoza et al., 2016). Therefore, the fact that distinct helicases modulate
different genes supports the view that these helicases exploit the structural diversity of G4 to
differentially modulate human gene expression. These differences of action of WRN and
BLM toward G4 DNA structures provide a different perspective on the explanations for
differences observed in WS and BS pathogenicity.

The gene expression studies also provide an alternative view for some of the other prominent
features in BS, in particular, the short stature, which is not due to substantial deficits in
production of growth hormones. Because the size of cells in persons with BS is normal, the
presumption is that there are fewer of them. Accordingly, to explain a lack of normal
accumulations of cells, there is either a diminution in the rate of cell division or an increase
in apoptosis or both. In the 6/m null mouse model, there is a wave of apoptosis in the
hematopoietic compartment prior to, and most likely explaining, the embryonic death; but
excess apoptosis does not appear to be the sole reason for small size. BS lymphocytes in
short-term cultures proliferate at the same rate as normal cells whereas some primary BS
fibroblasts proliferate more slowly; however, establishment of BS cells in culture can be
challenge for unknown reasons and it is generally unsatisfying to extrapolate organismal size
from proliferation rates of cells in culture. BS cells have trouble meeting the demands of the
rapid cell divisions that constitute the tissues during embryonic development. The leading
hypothesis has been that problems arising during DNA synthesis require longer S phases to
handle the challenge, slowing the rate of cell division and increasing the rate of apoptosis.
The gene expression studies, on the other hand, has shown that individual genes and gene
networks whose expression is affected by BLM mutation include growth/proliferation and
cell death/survival. Thus, the gene expression defect could contribute to the short stature,
hypogonadism, and immune deficiency. Similarly, WRN mutation perturbs the expression of
several senescence-associated gene programs, contributing to the aging phenotype.

In summary, although there are many similarities in gene function and activity between
BLMand WRN, the clinical outcomes of mutations in these genes are very different.
Differences in the genetic mechanisms by which the clinical features and major
complications that develop due to mutations in BLM and WRN — the expressivity that
connects genotype to phenotype — undeniably explain how BS and WS are so different
clinically. Differences in particular genomic instabilities that occur in BS and WS cells
impact the types of cancer that arise in the two syndromes. Defects in maintenance of
stability at telomeres specific to the WRN are important to the aging process in WS. Further
research into differential transcription programs in BS and WS will doubtless further our
understanding of the various syndrome-specific phenotypes.
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Fig. 1.

Domain structure of human BLM protein. (A) Schematic representation of BLM domains.
The functional domains are the helicase domain; the RecQ C-terminal domain (RQC)
comprising the ZnZ*-binding motif (Zn) and winged helix (WH) with the -hairpin in pink;
and the helicase and ribonuclease D C-terminal (HRDC) domain. The N-terminal strand
exchange (SE) domain is in purple and the interaction domain with topoisomerase 111
(Topolll) is indicated. The nuclear localization signal (NLS) is in dark grey. (B) Crystal
structure of human BLMgaq.129g in complex with ADP and a 3’-overhang DNA duplex. The
colors are as in (A): the helicase domain is in blue, the Zn2*-binding motif is in green and
yellow, the winged-helix (WH) domain is in orange with the -hairpin in pink, and the HRDC
domain is in red. The ADP is shown in stick form and the DNA in cartoon form with the
phosphate backbone in dark grey. The calcium and zinc ions are shown as light grey spheres.
Reproduced with permission of the International Union of Crystallography (Swan et al.,
2014).
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Fig. 2.

Hgmologous recombination repair of double strand breaks (DSB). DSB is resected from 5
to 3’ to produce a 3”-single strand overhang, which invades the intact homologous
chromatid, to form the D-loop. (A) In synthesis-dependent strand-annealing (SDSA), the
invading strand dissociates and re-anneals with the complementary 3’-tail to produce non-
crossing over (NCO) products. (B) Second-end capture results in the formation of double
Holliday Junction (dHJ). dHJ can be resolved by BLM-Topolll -RMI-mediated dissolution
to give NCO or can be cleaved by HJ resolvases (triangles) to produce both NCO and
crossing-over (CO), depending on the cleavage plan (plain or empty triangles). CO products
will manifest as sister-chromatid exchanges. Newly synthesized DNA is depicted as dashed
line in the same color as the template. The established and potential roles of BLM in this
pathway are indicated (dashed arrows). See text for details.
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M%del for replication fork stalling and restart. Replication fork stalls when it encounters an
obstacle (yellow ball) leading to single-strand DNA exposure. Newly synthesized DNA
strands can anneal to each other to produce a four-way Holliday junction (HJ) or reversed
fork. Reversed fork can be converted back to a functional replication fork, allowing lesion
bypass, or translesion synthesis, or repair. Reversed fork can also be cleaved, leading to the
formation of one-ended DSB. The sister chromatid is used as a template for recombination-
mediated restart of the replication fork. Depending on the HJ cleavage (triangles),
homologous recombination (HR) process can lead to crossing-over (CO), visualized as sister
chromatid exchanges (SCEs). Replication forks can also break directly when encountering
DNA damage without fork regression. Newly synthesized DNA is depicted as dashed line in
the same color as the template. The potential roles of BLM in stabilization and restart of
stalled replication forks are indicated (dashed arrows). See text for details.
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Fig. 4.
Model for the origin of ultra-fine bridges (UFBs). (A) Fully replicated but still intertwined

DNA duplexes give rise to UFBs in anaphase and are resolved by topoisomerase Il. These
catenanes structures are commonly observed at centromeres. (B) Late replication
intermediates lead to UFBs in anaphase. These hemicatenane structures arise predominantly
from fragile sites under replicative stress and are resolved by BLM-Topolll -RMI1-2.
Parental DNA molecule is depicted in blue and in red is the nascent strand synthesized in S
phase (C) Visualization of UFB in anaphase. HelLa cells were fixed and stained for BLM
(white) and DAPI (cyan). In interphase, BLM localizes to distinct nuclear loci (PML nuclear
bodies) seen as discreet foci. In anaphase, BLM localizes to UFB that appears as a thin
thread between the two masses of sister chromatids. Scale bar represent 10pum.
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Comparison of clinical features and complications in Bloom’s, Rothmund-Thomson, and Werner syndromes.

Anatomic feature

Bloom’s syndrome

Rothmund-Thomson syndrome1

Werner syndrome

butterfly area of face,
telangiectasias, mouth fissures,
café-au-lait and hypopigmented
spots

Growth < 3 percentile < 5t percentile Absence of adolescent growth
spurt?
Skin Sun-sensitive erythema on Poikiloderma — erythema on face that spreads to | Deep, chronic ulcers around

buttocks and extremities, telangiectasias,
blistering, developing into atrophic and
keratotic skin; café-au-lait and hypopigmented
spots

the ankles; scleroderma-like
change52

Gastrointestinal Increased reflux, vomiting, and Increased reflux, vomiting, and diarrhea in Normal
diarrhea in children children
Immune system Increased otitis media and Normal® Normal
pneumonia, deficit of one or
more immunoglogulins
Hematologic Normal Anemia, neutropenia, aplastic anemia Normal
Cardiovascular Normal Normal Normal anatomy. Early onset

coronary artery atherosclerosis
and arteriosclerosis

of death

Bone No major skeletal or anatomic Frequent, major skeletal abnormalities Normal anatomy. Early onset
abnormalities? of osteoporosis
Teeth Occasional absence of lateral Frequent abnormalities including hypoplastic Normal
incisors teeth, microdontia, delayed eruption, missing
and supernumerary teeth, ectopic eruption
Eyes Normal Juvenile cataracts Bilateral cataracts?
Hair Normal Sparse scalp hair or total alopecia in children Premature greying and
and adults thinning of scalp hair?
Gonads Infertility in males, sub-fertility | Subfertility Early decline in fertility
in females
Intelligence Normal intelligence with some Normal Normal
limitations
Mean lifespan 26 Not reported 54
Most common cause Cancer Cancer Myocardial infarction

Cancer Adenocarcinoma of many Osteosarcoma, skin (basal and squamous), Soft-tissue sarcoma,
epithelial tissues, lymphoma, melanoma, lymphoma, myelodysplasia and osteosarcoma, melanoma®,
myelodysplasia and leukemia® | leukemia thyroid carcinoma

Diabetes 17% of persons Not reported as elevated 71% of persons

Mutations in RECQL4 are associated with many but not all persons with Rothmund-Thomson syndrome (RTS). Other genes linked to this
syndrome may exist. Mutations in RECQL4 are also associated with RAPADILINO and Baller Gold syndrome. RAPADILINO was described in
Finland, and it overlaps clinically with RTS but without the poikiloderma. Baller-Gold syndrome also overlaps with RTS but also exhibits

craniostenosis.

2 L . . .
The “cardinal signs” of Werner syndrome appear in the second and third decades of life.

3 . .
Isolated reports of immune dysfunction.

4 . . .
Minor anatomic anomalies have been noted.

546% of all persons followed in the Bloom’s Syndrome Registry have been diagnosed with a cancer.

Acral lentiginous melanoma, a very rare tumor, has a high relative incidence in Werner syndrome.
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