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Abstract

RecQ-like helicases are a highly conserved family of proteins which are critical for preserving

genome integrity. Genome instability is considered a hallmark of cancer and mutations within

three of the five human RECQ genes cause hereditary syndromes that are associated with cancer

predisposition. The human RecQ-like helicase BLM has a central role in DNA damage signaling,

repair, replication, and telomere maintenance. BLM and its budding yeast orthologue Sgs1 unwind

double-stranded DNA intermediates. Intriguingly, BLM functions in both a pro- and anti-

recombinogenic manner upon replicative damage, acting on similar substrates. Thus, BLM

activity must be intricately controlled to prevent illegitimate recombination events that could have

detrimental effects on genome integrity. In recent years it has become evident that post-

translational modifications (PTMs) of BLM allow a fine-tuning of its function. To date, BLM

phosphorylation, ubiquitination, and SUMOylation have been identified, in turn regulating its

subcellular localization, protein-protein interactions, and protein stability. In this review, we will

discuss the cellular context of when and how these different modifications of BLM occur. We will

reflect on the current model of how PTMs control BLM function during DNA damage repair and

compare this to what is known about post-translational regulation of the budding yeast orthologue

Sgs1. Finally, we will provide an outlook towards future research, in particular to dissect the

cross-talk between the individual PTMs on BLM.
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1. Introduction: The RecQ-like helicase BLM regulates multiple diverse

cellular processes

Genome integrity is continuously challenged by different types of DNA damage, which are

caused by endogenous sources as well as exogenous agents. Accurate and timely DNA

repair is crucial to preserve genome integrity and therefore human health, as genome

instability is closely associated with cancer predisposition and aging. One family of highly

conserved proteins critical for error-free DNA damage repair is the homologs of the

bacterial RecQ DNA helicase. While budding yeast encodes two RecQ-like helicases, Sgs1

and Hrq1, five members have been identified in humans: BLM, WRN, RECQL1, RECQL4,

and RECQL5. Underlining the cellular importance of RecQ-like helicases in maintaining

genome integrity is the fact that mutations within three of the five human RECQ genes

(BLM, WRN, RECQL4) lead to distinct heritable diseases that have the common

characteristic of cancer predisposition.

In humans, mutations within BLM cause the rare genetic disorder Bloom syndrome (BS).

Patients with BS have a strong growth deficiency, develop facial skin lesions after sun-

exposure, a moderate immunodeficiency, neurological defects, reduced fertility, amongst

other symptoms. The major clinical complications that arise in BS are cancer and diabetes

[1]. Most pathologic mutations within BLM result in premature translation termination and

mRNA destabilization, resulting in a complete absence of detectable BLM protein levels. A

second group of mutations target highly conserved residues within the helicase domain,

leading to the expression of a mutant BLM protein which is unable to unwind DNA and thus

considered a catalytic null [1]. On a molecular level the genome instability of BS cells is

marked by an increased frequency of sister chromatid exchanges (SCE), quadriradial

chromosome configurations (Qrs) [2, 3], elevated mutation rates, as well as defects in

replication that include a slowed rate of DNA synthesis [4] and the accumulation of aberrant

replication intermediates [5]. Understanding the molecular mechanisms of how loss of BLM

function is linked to genome instability and in turn cancer predisposition, has been the focus

of many studies over the past decades. Significant progress has been made, in part by

making use of yeast as a model organism to study RecQ-like helicase function. Importantly,

S. cerevisiae Sgs1 is considered to be most homologous to mammalian BLM. sgs1A mutants

display several phenotypes very similar to BS cells, such as hyper-recombination and

replication defects [6].

BLM and Sgs1 function during multiple cellular processes that require the unwinding of

double-stranded DNA, such as double-strand break (DSB) repair by homologous

recombination (HR), telomere maintenance, and replication [7, 8]. In wild-type cells DSBs

are repaired by two major pathways: through re-ligation of the two broken DNA-ends by

non-homologous end joining (NHEJ) or by making use of a homologous template during

HR, which is considered the error-free pathway. Even though NHEJ is predominantly used

to repair DSBs in human cells, mis-regulation and errors during HR have severe

consequences that can lead to genome instability. When a DSB occurs during late S or G2

phases of the cell cycle, it can be repaired by HR, making use of the homologous sister

chromatid. In this case, the broken DNA ends are resected to yield 3′ overhangs of ssDNA.
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The exposed ssDNA is rapidly coated by the ssDNA binding protein RPA, which is then

displaced by RAD51 in a process that requires RAD52 and several other mediators. The

RAD51 nucleo-filament mediates homology search and strand invasion at a homologous

template forming a displacement (D)-loop. After second end capture, double Holliday

junctions (dHJ) can form and are subsequently resolved to complete the repair process.

Intriguingly, BLM acts at several steps, early and late, to control HR (Figure 1). BLM bound

to DNA2 promotes the extensive resection that occurs after the MRE11-mediated initial

resection of the DSB DNA ends. While BLM's anti-recombinogenic activity negatively

affects nucleo-filament formation and disrupts D-loops to suppress HR in vitro [9, 10], BLM

also promotes the association of RAD51 with damaged replication forks in vivo [11]. In later

steps, BLM is involved in branch migration of recombination intermediates [12]. A central

function of BLM is the resolution of secondary DNA structures, including dHJs and

replication intermediates, as well as G-quadruplexes and other hemi-catenene-like structures

(reviewed in [7, 8]). The increase of SCEs in BS cells is thought to arise from the lack of

BLM function during the dissolution of HJs, underling the importance of BLM during this

process. During replicative stress BLM is additionally targeted by the checkpoint response

[13-17] and acts to stabilize the DNA polymerase and prevent premature HR at stalled

replication forks. Furthermore, BLM functions during telomere replication to prevent sister

telomere loss and telomere defects ([18], discussed in [8]). Overall, BLM functions at many

key steps in preserving genome integrity, highlighting the cellular importance of this central

DNA helicase.

Human BLM is a 1417 amino acid protein that localizes to the nucleus and is comprised of

several conserved domains (Figure 2A). Characteristic of the RecQ protein family is the

central helicase domain, which contains ATP-binding and DEAH box motifs, and the

adjacent RecQ helicase C-terminal domain (RQC), which is thought to mediate protein-

protein interactions [7]. C-terminally flanking this highly conserved region are the helicase

and RNase D C-terminal (HRDC) domain and a nuclear localization sequence (NLS). The

N-terminus of BLM contains several short acid patches as well as a region required for

strand exchange [19]. Many of BLM's interaction partners bind to the N-terminus, among

them TOP3α [20, 21], RMI1/2 [22-24], and RAD51 [25]. Furthermore, the majority of the

currently known post-translational modifications (PTM) also occur within the N-terminus of

BLM, leading to the possibility that PTMs may regulate physical interactions targeting this

region (see following sections and Figure 2).

Due to the crucial involvement of BLM and its homologues in multiple distinct cellular

pathways, RecQ-like helicase activity must be intricately controlled to prevent illegitimate

DNA damage processing, which can lead to genomic rearrangements and mutations. In this

review, we will discuss the cellular context of BLM regulation by phosphorylation,

ubiquitination, and SUMOylation. We will reflect on the current understanding of how

differential PTMs of BLM affect its sub-cellular localization, protein stability, and

ultimately function, in particular during replicative stress. In contrast to BLM, surprisingly

little is known about the regulation of budding yeast Sgs1. We will compare the regulatory

mechanisms of these two RecQ-like helicases and summarize the currently prevalent open
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questions, whose investigation will further advance the molecular understanding of RecQ-

like helicase function in maintaining genome integrity and preventing cancer.

2. Cellular regulation of BLM function

As described in the introduction, BLM critically regulates numerous different steps of DNA

damage signaling, repair, and replication. Most of these processes require BLM helicase

function to act on secondary DNA structures. Intriguingly, BLM functions in opposing

pathways to intricately regulate DNA damage repair and maintain genome integrity. For

example, BLM is a critical factor for DNA damage repair by HR, which normally occurs at

DSBs in late S and G2-phases of the cell cycle. HR at other times during the cell cycle or at

illegitimate substrates, for example a stalled replication fork, can have detrimental outcomes

such as chromosome translocations or deletions. BLM acts on similar substrates to initiate

HR in some cases, while inhibiting HR in other contexts, and making it clear that BLM

activity must be differentially regulated depending on the cellular context. Recent advances

have uncovered multiple layers of BLM regulation, in particular through different forms of

PTMs. These cellular mechanisms control BLM stability, as well as its localization, and

interaction with binding partners.

2.1. Cell cycle regulation of BLM protein levels by TopBP1 and MIB1

Like many HR proteins, BLM protein levels are cell cycle regulated. Consistent with a role

in HR and DNA replication, BLM expression peaks during S/G2 cell cycle phases [26-28]

and remains low during G1. A very recent study by Wang and colleagues uncovered a novel

mechanism regulating BLM protein levels during the cell cycle, involving phosphorylation,

MIB1-mediated ubiquitination, and binding of TopBP1 [26] (Figure 3).

2.1.1. The E3 ubiquitin ligase MIB1—The E3 ubiquitin-protein ligase Mindbomb 1

(MIB1) was first identified for its function in Notch-Delta signaling in human cells, where it

promotes ubiquitination and internalization of Delta [29]. Upon further analysis, the survival

motor neuron (SMN) protein was identified as an additional MIB1 substrate [30]. MIB1

primarily localizes to the cytoplasm [29], but is also detectable in the nucleus of U2OS cells,

consistent with its function in regulating BLM [26]. Interestingly, MIB1 was identified in a

large-scale screen for proteins localizing to centrosomes [31], where TopBP1 is also found

in mitotic cells [32].

2.1.2. TopBP1—The highly conserved DNA topoisomerase 2β-binding protein 1

(TopBP1) is essential for replication [33] and checkpoint signaling [34]. TopBP1 levels

increase during S-phase, correlating with its role in replication, and TopBP1 nuclear foci

form at stalled replication forks [33]. In addition to its role during DNA replication, TopBP1

is also recruited to sites of DNA damage in response to IR, where it frequently co-localizes

with PML nuclear bodies [35] (discussed in section 2.3.1.).

2.1.3. Regulation of BLM by MIB1 and TopBP1—In their recent study, Wang et al.

identify a multi-layered mechanism that controls BLM protein levels during the cell cycle.

In G1, BLM is degraded by the 26 S proteasome upon ubiquitination at lysines 38, 39,

and/or 40 by the ubiquitin E3 ligase MIB1. Conversely, BLM is stabilized through its
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interaction with TopBP1 throughout S-phase. The interaction of BLM with TopBP1 during

S-phase is strongly enhanced upon phosphorylation of BLM at serine 338 [26] (Figure 3),

thereby protecting BLM from ubiquitination and subsequent proteasomal degradation.

Consistent with a requirement for stabilization of BLM protein during S-phase, depletion of

TopBP1 or mutation of the TopBP1 BLM-interacting domain leads to an increase in SCEs

[26], a characteristic of BS cells [2, 3]. In line with a model where MIB1 and TopBP1

compete for BLM binding, BLM protein levels, as well as the increase of SCEs in cells

depleted of TopBP1, can be rescued by co-depletion of MIB1. Conversely, an increase in

BLM protein levels in G1 sensitizes cells to DSBs and the authors suggest that this is due to

increased end-resection mediated by BLM, which would interfere with DSB repair by NHEJ

[26]. In summary, regulation of BLM protein levels during the cell cycle occurs in multiple

steps, BLM is phosphorylated in S-phase enhancing its interaction with TopBP1, which

shields BLM from ubiquitination by the E3 ligase MIB1 [26] (Figure 3). It will be

interesting to uncover further mechanistic details of this regulatory process, for example, if

the phosphorylation on BLM S338 is actively removed by a protein phosphatase during the

transition to mitosis.

2.2. Phosphorylation of BLM during replication checkpoint signaling is important for
recovery from replication stress

In addition to its role in HR, BLM also has important functions during DNA replication

checkpoint signaling. The replication or intra S-phase checkpoint responds to replicative

stress and halts cell cycle progression, inhibits late firing origins, induces the expression of

damage response genes, and inhibits HR (reviewed in [36]). The two central kinases that

control this checkpoint in mammalian cells are ATM and ATR. Interestingly, BLM is a

target of both ATM upon irradiation [14] and ATR during replication stress [13], where it is

phosphorylated at threonines 99 and 122 [15] (Figure 2). Cells expressing a mutant non-

phosphorylate-able version of BLM do not properly recover from a replication arrest

induced by hydroxyurea (HU) treatment. Furthermore, blocking phosphorylation of BLM at

both T99 and T122 does not impair BLM's ability to suppress SCEs, nor does it regulate

BLM's localization into DNA damage foci [13]. Conversely, a study investigating the

phosphorylation only at T99 of BLM upon camptothecin treatment finds that this

modification increases the co-localization of BLM with γ-H2AX [37]. Consistent with this

result is the finding that BLM phosphorylation at T99 upon replication fork stalling with HU

increases its interaction and co-localization with 53BP1 [38]. This indicates a potential

function of BLM phosphorylation during the cellular response to replication stress.

To complicate matters, BLM is also phosphorylated by the checkpoint kinases Chk1 [16]

and Chk2 [17] (Figure 2), which act downstream during the replication checkpoint response

(reviewed in [39]). Chk1 and Chk2 are responsible for constitutive phosphorylation of BLM

at serine 646 which, when reduced upon DNA damage [17], likely aids in BLM's re-

localization to damage sites. Overall, the different kinases that phosphorylate BLM and the

location of these sites act to regulate BLM's function during replication stress.
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2.3. Regulation of BLM's sub-nuclear localization by SUMO and phosphorylation

Without damage, the majority of BLM foci co-localize with PML (Promyelocytic leukemia)

in PML nuclear bodies (PML-NBs) [40]. BLM localization is abolished in mouse PML -/-

cells and human promyelocytic NB4 cells lacking normal PML-NBs [40]. Mouse PML -/-

cells notably display an elevated frequency of SCEs [40], at levels intermediate of normal

and BS cells [2, 3]. These findings suggest a functional requirement for the localization of

BLM to PML-NBs to maintain genome integrity.

2.3.1. PML nuclear bodies are large stress response centers associated with
SUMO—The PML protein localizes to distinct nuclear structures called PML-NBs [41-43].

PML-NBs are thought to be general stress sensors that can form as a result of different

insults to a cell, such as telomere shortening, DNA damage, proteasome inhibition,

senescence, aggregation of mis-folded proteins, and alterations in ribosome biogenesis [44].

The involvement of PML-NBs in DNA damage repair, as well as telomere maintenance,

makes them crucial factors in preserving genome integrity. Furthermore, PML-NBs contain

several proteins important for the DNA damage response [45], including the MRN complex

(MRE11, RAD50, NBS1) [46, 47], RAD51 [48], RAD52 [48], TOP3α [49], p53 [50-52],

TopBP1 [35] and BLM itself [40]. A shared feature of PML and its associated proteins is

that they can almost all be modified with the small ubiquitin-like modifier SUMO [44].

SUMOylation at an internal lysine of the substrate occurs through the sequential action of an

E1 activating enzyme, the E2 SUMO-conjugating enzyme Ubc9, and an E3 SUMO ligase.

In addition, many PML-binding proteins contain one or more SUMO-interacting motifs

(SIMs), making it likely that their recruitment to PML-NBs is at least in part mediated

through binding of their SIM to SUMOylated PML [44]. For telomeres and for DNA breaks,

it has been proposed that PML may be recruited onto preassembled protein aggregates

containing SUMO at the site of damage [53, 54].

2.3.2. SUMO mediates BLM localization to PML nuclear bodies—Consistent with

its localization to PML-NBs, BLM is modified by SUMO in vitro and in vivo at lysines 317

and 331 [55, 56] (Figure 2). Blocking BLM SUMOylation at these sites leads to a

redistribution of BLM from PML-NBs to repair foci, as marked by the presence of the DNA

damage response markers γ-H2AX and BRCA1 [55]. Therefore, BLM modification by

SUMO is likely involved in the induction of repair foci as well as altering protein

subcellular localization to PML-NBs.

Furthermore, in line with the hypothesis that recruitment and retention of BLM in PML-NBs

is mediated by SUMO- SIM interactions is the finding that BLM possesses two SIMs at

amino acids 217-220 and 235-238, which are crucial for its localization to PML-NBs [56]

(Figure 2). Simultaneous mutation of both SIMs nearly abolishes SUMO binding and

SUMOylation of BLM in vitro. Consistently, a truncated BLM variant with intact SIMs

localizes to the nucleoplasm and PML-NBs, while a construct lacking both SIMs does not

co-localize with PML [56]. These findings suggest that binding of BLM to SUMO, or a

SUMOylated protein, potentially Ubc9 [56], is required for its retention in PML-NBs.
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2.3.3. Ubiquitination of BLM and the presence of 53BP1 are required for BLM
localization from nucleoli to PML nuclear bodies—As well as being post-

translationally modified by SUMO, BLM is furthermore ubiquitinated [57] (Figure 2).

Mono-ubiquitination of BLM is required for its re-localization from nucleoli to PML-NBs

[57]. Interestingly, the DNA repair protein 53BP1 is also critical for the re-localization of

BLM from nucleoli to PML-NBs [16]. One possibility is that mono-ubiquitination of BLM

is important for its protein-protein interaction with 53BP1, which may aid in recruiting or

retaining BLM within PML-NBs. Alternatively, the mono-ubiquitination of BLM may make

it a substrate for SUMOylation, which is also required for its localization to PML-NBs.

Future studies will be needed to differentiate between these models for BLM recruitment

and retention in PML-NBs.

2.3.4. Exclusion of BLM from mitotic chromosomes by phosphorylation—In

addition to a fluctuation of overall protein levels, the localization of BLM is also regulated

throughout the cell cycle. BLM is phosphorylated during mitosis in undamaged cells [28]

(Figure 2, 3) and excluded from the chromatin fraction. However, this modification does not

directly affect helicase activity or its association with TOP3α [58]. BLM is phosphorylated

by the mitotic kinase Cdc2 on multiple sites including serine 714 and threonine 766 [58, 59].

In late anaphase however, BLM localizes to thin structures that link the DNA of the two

nuclei in dividing cells, called ultra-fine bridges (UFBs) [60]. While the nature, regulation,

and resolution of UFBs is a topic of current investigation, a role for BLM helicase is likely,

as these structures presumably reflect persistent DNA catenanes formed by earlier

replication or recombination events [61] or a partial lack of replication.

In addition, BLM is phosphorylated at serine 144 by MPS1, an event that is not required to

prevent SCEs, but plays a role during the spindle assembly checkpoint (SAC), which

ensures faithful chromosome segregation in mitosis [62]. Proper function of the SAC is also

crucial to prevent chromosome loss and aneuploidy and therefore to maintain genome

integrity. Hence, this role of BLM in mitosis may further contribute to the severe genetic

instability phenotype observed in BS cells.

2.4. Regulation of the pro- and anti-recombinogenic role of BLM by post-translational
modifications

While BS cells exhibit elevated recombination rates and SCEs, BLM also has important

functions during replication and the repair of replicative damage (reviewed in [63]).

Importantly, indicative of a central role for BLM in replication, patient derived BS cells

exhibit a lower rate of DNA elongation and maturation of replication intermediates [2, 4, 5].

BLM is recruited to damaged replication forks [50, 64-66] and is thought to stabilize the

polymerase at a stalled replication fork, likely to suppress illegitimate recombination events

and to allow replication forks to re-start. Alternatively, if the stalled replication fork

collapses, resulting in DSB formation, BLM functions to repair the DNA damage by

promoting HR. Thus, BLM acts on similar double-stranded DNA substrates in two opposing

fashions, to either repress or promote HR, depending upon the cellular context. BLM

activity at these substrates is tightly regulated to prevent illegitimate recombination events.
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Recent work has uncovered post-translational modification of BLM by ubiquitin and/or

SUMO to be crucial in this regulatory process [11, 55, 57, 67].

2.4.1. The pro-recombinogenic function of BLM promotes DNA-end resection
and dissolves secondary DNA structures—To allow DSB repair by HR, broken

DNA-ends are resected to produce 3′ ssDNA overhangs, which are then coated by the

ssDNA binding protein RPA. Multiple factors including the central HR mediators RAD52

and BRCA2 facilitate RPA displacement and RAD51 filament formation on these ssDNA

ends. The subsequent homology search is carried out by the RAD51 filament, followed by

strand invasion, D-loop formation, and branch migration (reviewed in [68]; Figure 1). The

BLM-TOP3-RMI1/2 complex resolves double Holliday junctions (dHJ), one structure that

can be formed after branch migration.

In addition to this later function during HJ dissolution, BLM also acts early during HR. In

parallel to promoting the function of the exonuclease EXO1 [69], BLM, together with the

nuclease DNA2, promotes extensive end-resection at DSBs [69, 70] after initial resection by

the MRN complex and CtIP. Extensive DNA-end resection is not only important for

processing of HR directly, but also enhances the activation of the checkpoint response,

which depends on ssDNA generation during S/G2 cell cycle phases. Consistently, co-

depletion of BLM and EXO1 impairs ssDNA/RPA- activated phosphorylation by ATR and

leads to hypersensitivity towards the DNA damaging agent camptothecin [70].

The mechanism of BLM regulation during resection has not been completely uncovered.

However, several factors of resection are CDK [71] and DNA damage response kinase

substrates [72, 73], and mammalian BLM is itself phosphorylated in a cell cycle dependent

manner (see section 2.3.4.) and upon DNA damage (see section 2.2.). Since phosphorylation

by Chk1 and Chk2 affects BLM's recruitment to sites of DNA damage, this modification

may also alter its ability to facilitate resection, for example by affecting BLM's interaction

with DNA2.

Intriguingly, recent work [74] demonstrates that BLM, in association with 53BP1 and RIF1,

functions to prevent the CtIP/MRE11- initiated alternative end-joining (A-EJ) pathway, a

highly error-prone mechanism that causes chromosomal translocations. Interestingly, the

phosphorylation of BLM at T99 appears to be important for resection and 53BP1 focus

formation upon IR treatment [74], while RIF1 promotes BLM focus formation and

localization to DSB sites after irradiation [75].

Furthermore, work from the Ellis lab has demonstrated that BLM SUMOylation is required

for HR-mediated repair of stalled replication forks. Expression of a non-SUMOylate-able

BLM variant (SM-BLM) in BS cells causes defects in HR-mediated repair marked by an

increase in γ-H2AX foci, more HU-induced DSBs and impaired recruitment of the HR

mediators RAD52 and BRCA2 [55, 67]. While BLM SUMOylation is not required for its

recruitment to a stalled replication fork or for its helicase activity, it enhances the interaction

with the RAD51 recombinase [11]. Thus, enhancing the interaction of BLM with RAD51 by

SUMOylation could function to recruit or retain RAD51 and its accessory factors at ssDNA

to promote the homology search and strand invasion steps of HR.
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2.4.2. The anti-recombinogenic function of BLM during replication stress is
mediated by poly-ubiquitination and potentially SUMOylation—When a

replication fork stalls, as is the case during HU treatment, BLM is recruited to the fork,

where it functions to prevent illegitimate recombination [50, 76]. BLM's anti-

recombinogenic function suppresses HR at early steps by displacing RAD51 from ssDNA

[9] and disrupting D-loops [9, 10, 77]. This regulation could occur either by translocation of

BLM along the ssDNA and/or through a physical interaction of BLM with RAD51 [25]. The

finding that SUMOylation of BLM enhances its interaction with RAD51 to promote, not

suppress, HR [67] is at first somewhat puzzling in this context. However, SUMOylation

could alter the BLM- RAD51 interaction in a manner that promotes RAD51 nucleo-filament

formation rather than inhibiting it. Intriguingly, RAD51 interacts with two regions of BLM

[25], and the SUMOylation sites are adjacent to the N-terminal region which binds RAD51

[25]. It remains to be determined if two different modes of RAD51 binding to BLM exist

depending on which region of BLM is targeted and how they are affected by post-

translational modification of BLM.

The recruitment of BLM to stalled forks also depends on 53BP1 [16] as well as BLM

ubiquitination [57]. K63-linked poly-ubiquitination of BLM at lysines 105, 225, and 259

(Figure 2) is induced by HU treatment and is necessary for its re-localization into HU-

induced foci [57]. This poly-ubiquitination by RNF8/RNF168 is required to suppress

excessive HR, likely by inducing RAP80- dependent BLM re- localization to damage sites.

Intriguingly, RAP80 is also necessary for BLM stability [57], suggesting that RAP80 could

also exhibit a similar regulatory mechanism as TopBP1- mediated stabilization of BLM (see

section 2.1.). However, it remains to be determined if a physical interaction between BLM

and RAP80, mediated by ubiquitination of BLM, is required for BLM stability, or if

RAP80's function in DNA repair, which also depends on its ubiquitin interacting motifs

[78], indirectly regulates BLM protein levels.

In summary, ubiquitination of BLM facilitates its recruitment to HU- induced foci and

prevents excessive HR. The suppression of HR could potentially occur through

enhancement of BLM's activity in disrupting RAD51 nucleo-filament formation as well as

through the stabilization of the stalled polymerase. It appears equally plausible that

SUMOylation could inhibit this function, as ubiquitination may enhance it.

2.5. BLM function at telomeres

Telomeres are protein- DNA complexes at chromosome ends that play important roles in

maintaining genome integrity, as well as having effects on cell survival and proliferation

(reviewed in [79]). Unless telomere ends are actively extended, their length shortens during

normal somatic cell divisions and ultimately leads to cellular senescence or apoptosis. In the

absence or inactivation of telomerase, cells can use a recombination and DNA repair-based

mechanism to maintain telomere length called the ALT-pathway (alternative lengthening of

telomeres) [80]. Importantly, as the other RecQ-like helicases WRN and RECQL4, BLM

interacts with telomeric proteins [81-83] and functions in telomere maintenance (reviewed in

[8]). BLM deficient cells exhibit more telomere defects, such as sister telomere loss and

telomere free ends [18], and display an increase in telomere associations between
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homologous chromosome arms, which may arise from unresolved replication intermediates

or entangled telomeres [81].

Typically, PML-NBs do not contain nucleic acid, however, a subpopulation of ALT-positive

cells (∼5-20%) contain telomeric DNA that resides within PML-NBs forming ALT-

associated PML bodies (APBs) ([48], and reviewed in [84]). APBs contain PML-NB

components, DNA damage response factors including BLM, as well as the SMC5/6-

complex [53]. Interestingly, the co-localization of BLM with the telomeric shelterin protein

TRF2 increases in the G2/M cell cycle phases and a physical interaction of BLM with TRF2

is observed in ALT positive cells [81]. In ALT cells, PML-NBs contain the SMC5/6

complex, which is required for telomere recombination and APB formation. According to

current models, it is likely that SUMOylation of the shelterin complex by the SMC5/6-

complex E3 SUMO ligase MMS21 mediates the recruitment of telomeres to PML-NBs and

thereby facilitates the formation of APBs [53]. Furthermore, similar to PML-NBs [85], a

combination of SUMO- SIM interactions is likely to be critical for APB formation. The

molecular function of APBs in the ALT pathway is still largely unknown and further studies

are needed to clarify their exact role in telomere maintenance. For example, one possibility

is that APBs cluster telomeres and facilitate telomeric HR ([48, 86], reviewed in [87]).

Typically, BLM loss is associated with hyper-recombination phenotypes, exemplified by the

increase of SCEs in BS cells [2, 3]. In contrast, depletion of BLM in an ALT-activating

background prevents the formation of APBs and C-circles, which form as a byproduct of

telomere recombination [88]. Thus, BLM is thought to promote HR at telomeres in ALT

cells. Given BLM's function in recombination and SUMOylation-dependent localization to

PML-NBs, it is tempting to speculate that BLM SUMOylation, possibly by MMS21, may

mediate its pro-recombinogenic function at the telomere in ALT positive cells.

3. Regulation of the budding yeast RecQ-like helicase Sgs1

In contrast to BLM, surprisingly little is known about post-translational regulation of the

budding yeast orthologue Sgs1. In addition to functioning in analogous pathways that

require the unwinding of double-stranded DNA, Sgs1 is considered most homologous to the

mammalian RecQ-like helicase BLM due to the very similar domain architecture and the

presence of the evolutionarily conserved Sgs1-Top3-Rmi1 complex. Similar to BLM, Sgs1

can function in both a pro- and anti-recombinogenic manner to facilitate accurate DNA

repair. Furthermore, sgs1Δ mutant cells exhibit phenotypes reminiscent of BS syndrome

cells, including hyper-recombination and the accumulation of replication intermediates [6].

A fraction of Sgs1 is SUMOylated [89] at lysine 621 upon DSB-inducing DNA damage

such as γ-irradiation or EMS treatment [90]. Yet in contrast to BLM, Sgs1 SUMOylation, at

least at K621, does not appear to regulate Sgs1's function in HR. Conversely, SUMOylation

of Sgs1 is important for telomere- telomere recombination and a yeast cell only expressing

Sgs1-K621R exhibits defects in type II recombination events [90], which are thought to

resemble the mammalian ALT pathway due to the amplification of telomeric repeats [80,

91]. Interestingly, SUMOylation of the fission yeast RecQ-like helicase Rqh1 also controls

its role at dysfunctional telomeres [92]. One hypothesis is that Sgs1 SUMOylation may

trigger its recruitment to telomeres to facilitate telomere recombination [90]. While Sgs1
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forms nuclear foci [93, 94], it is currently unclear what these foci are, how focus formation

is regulated, and if PTMs play a role in this process. Taking into account what is known

about BLM and the formation of APBs, it is possible that Sgs1 nuclear foci may resemble

similar structures, where telomeric DNA is clustered for recombination and that

SUMOylation of Sgs1 is important for the maintenance of these structures. The function of

BLM in APBs in mammalian cells is not fully understood and further investigation of Sgs1

PTMs and how they may regulate its focus formation could uncover additional conserved

mechanistic details.

In addition to being SUMOylated, Sgs1 is also phosphorylated by Mec1 (ATR) in a similar

manner to BLM upon activation of the intra S-phase checkpoint. Phosphorylation of Sgs1

likely promotes the response to HU- induced replicative damage by further enhancing the

activation of the budding yeast Chk2 homolog Rad53 [95]. In contrast to BLM,

ubiquitination of Sgs1 has not been reported to date. However, since Sgs1 is cell cycle

regulated [93], mechanisms regulating Sgs1 cellular protein levels remain to be determined.

It is also interesting to note that most PTMs of BLM occur within a confined region of the

N-terminus (Figure 2), while the known PTM sites in Sgs1 are closer to the central helicase

domain. Intriguingly, in order for BLM to complement some sgs1 phenotypes, the N-

terminus of Sgs1 must be present in a chimeric protein [96], suggesting that the mechanisms

of regulation for these two conserved proteins may differ substantially. Nonetheless, further

clarification of the regulatory mechanisms that control Sgs1 function will surely provide

novel insight in the analysis of BLM function in higher eukaryotes.

4. Conclusions and future directions

As discussed, BLM is phosphorylated, ubiquitinated, and SUMOylated differentially in

response to various forms of cellular stress involving DNA damage. While many aspects of

BLM regulation by PTMs have been uncovered, the physiological function of each type of

modification has primarily been studied individually. Future analysis will need to address

the cross-talk and interdependence of different forms of modification and how they fine-tune

BLMs function in different pathways with sometimes opposing functions, as becomes

evident during replicative repair.

It is possible that the modification of BLM acts as a molecular switch to determine if a cell

engages in HR or not. SUMOylation of BLM could promote HR, while ubiquitination may

function to inhibit HR, for example at a stalled fork. In this scenario, the two types of post-

translational modification could occur in a mutually exclusive manner. Ubiquitination of

BLM takes place at K105, K225, and K259 [57], and is needed to recruit BLM to stalled

forks and to repress HR [57], possibly by enhancing BLM's function in disrupting RAD51

nucleo-filaments. Interestingly, K225 is within the short stretch between the two proposed

SIMs, which are important for BLM localization to PML-NBs [56]. It seems possible that

ubiquitination could interfere with the SIM and thereby alter BLM localization.

It is furthermore intriguing that the sites of post-translational modification are almost all

clustered within a confined region of the N- terminus of BLM (Figure 2), again suggesting

that there may be significant cross- talk between adjacent sites of different modifications. At
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least for SUMOylation and mitotic phosphorylation, there currently is no evidence that post-

translational modification affects BLM helicase activity directly [11, 58]. Therefore, it is

more likely that SUMOylation alters BLM activity through other mechanisms and it is

conceivable that protein- protein interactions and/or the strand-exchange activity of BLM

are controlled by PTMs within the N-terminus.

Fully understanding the molecular mechanisms of BLM function is highly relevant for

human health. While Bloom syndrome is a rare heritable autosomal recessive disease, it has

been speculated that heterozygous mutations within BLM may also predispose individuals to

breast and colorectal cancer [97-99]. Furthermore, uncovering molecular details of the

cellular response to DNA damage will likely reveal novel drug targets and biomarkers that

may further advance cancer treatment. In addition, telomere maintenance has become of

increasing interest in the development of cancer therapies. Cancer cells activate mechanisms

to maintain telomere length and enhance proliferation. While most cancers reactivate

telomerase, a significant proportion initiate the ALT-pathway [100], and links of ALT

activation to tumors with complex karyotypes have been reported [101-103]. A study by

Reddel and colleagues [101] identifies a correlation between patient age and ALT activation,

which is seen mostly in young individuals [101]. Furthermore, it has also been discussed

that treatment of telomerase-positive tumors with telomerase inhibitors may select for cells

which activate ALT [104, 105]. Thus, fully understanding the role of BLM and its

modification on APB formation and telomere recombination could potentially provide novel

therapeutic targets, particularly because significant progress has been made in developing

small molecule inhibitors of BLM [106].
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Figure 1. Schematic overview of BLM's roles in homologous recombination (HR)
A DSB is detected and bound by the MRN (MRE11-RAD50-NBS1) complex, which

performs the initial resection in conjunction with CtIP. The produced 3′ single stranded

DNA (ssDNA) is rapidly coated by the ssDNA binding protein RPA. BLM with DNA2 as

well as EXO1 then perform extensive resection. The mediators RAD52 and BRCA2 along

with several other mediators facilitate displacement of RPA and RAD51 nucleo-filament

formation. The RAD51 filament mediates the homology search and strand invasion of the

homologous template (red) forming a displacement (D)-loop. BLM's anti-recombinogenic

activity displaces RAD51 and inhibits D-loop formation. Upon DNA-synthesis double

Holliday junctions (dHJ) form. BLM acts to promote branch migration and dissolution of
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dHJ without crossovers. Resolution of dHJs yields crossover products. Adapted from [7, 9,

68].
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Figure 2. Summary of BLM post-translational modifications and their cellular function
A) Cartoon depicting the domain architecture and post-translational modification (PTM)

sites of the human BLM protein. SIM: SUMO interacting motif. RQC: RecQ C-terminal.

HRDC: Helicase and RNAse C-terminal. NLS: Nuclear localization sequence. (P):

Phosphorylation, (S): SUMOylation, (U): Ubiquitination. B) Table summarizing the post-

translational modifications of BLM. K48/K63: ubiquitin K48/K63-chain linkage. HU:

Hydroxyurea. PML-NBs: PML nuclear bodies. (For references please see Ref. column)
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Figure 3. Cell cycle regulation of BLM protein levels by TopBP1 and MIB1
BLM is ubiquitinated by MIB1 at K38, K39, K40 during G1, which leads to degradation by

the 26 S proteasome. In S-phase, BLM is phosphorylated at S338, thereby enhancing its

interaction with TopBP1 and preventing BLM degradation. In S and G2 cell cycle phases

BLM protein levels are high and BLM forms nuclear foci that co-localize with PML [26]. In

mitosis, BLM is phosphorylated at S714 and T776 as well as other sites, preventing BLM's

localization to chromatin [28, 58]. BLM is only found on chromatin in late anaphase within

structures called ultra-fine anaphase bridges (UFBs) [60].
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