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Simple Summary: Genome replication, repair, recombination, and the DNA damage response
(DDR) rely on a cadre of DNA binding proteins to execute and regulate these critical pathways.
There are many structural motifs that support DNA-binding and included in these is the oligonu-
cleotide/oligosaccharide binding fold (OB-fold). OB-folds are found across the tree of life and play
critical roles in chromosome maintenance and stability. This paper reviews the current state of
knowledge regarding structure, function, and involvement of OB-fold proteins in the DNA damage
response, replication, and repair. We highlight a group of OB-fold DNA binding proteins and discuss
how disruption of these critical protein–DNA interactions can be exploited in cancer therapy.

Abstract: Genome stability and maintenance pathways along with their requisite proteins are critical
for the accurate duplication of genetic material, mutation avoidance, and suppression of human
diseases including cancer. Many of these proteins participate in these pathways by binding directly
to DNA, and a subset employ oligonucleotide/oligosaccharide binding folds (OB-fold) to facilitate
the protein–DNA interactions. OB-fold motifs allow for sequence independent binding to single-
stranded DNA (ssDNA) and can serve to position specific proteins at specific DNA structures and
then, via protein–protein interaction motifs, assemble the machinery to catalyze the replication, repair,
or recombination of DNA. This review provides an overview of the OB-fold structural organization
of some of the most relevant OB-fold containing proteins for oncology and drug discovery. We
discuss their individual roles in DNA metabolism, progress toward drugging these motifs and their
utility as potential cancer therapeutics. While protein–DNA interactions were initially thought to
be undruggable, recent reports of success with molecules targeting OB-fold containing proteins
suggest otherwise. The potential for the development of agents targeting OB-folds is in its infancy,
but if successful, would expand the opportunities to impinge on genome stability and maintenance
pathways for more effective cancer treatment.

Keywords: DNA binding; OB-fold; genome stability; single-stranded DNA; DNA damage response;
DNA repair; DNA replication; cancer therapy; drug development

1. Oligonucleotide/Oligosaccharide Binding-Fold (OB-Folds)

The OB-fold was originally described by Murzin as a common motif in a small series of
proteins known to bind oligonucleotides or oligosaccharides [1]. The fold is characterized
by a 5-strand beta sheet oriented to form a β-barrel (Figure 1), and the β-barrel is capped
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by an α-helix. The common structural features allow interactions with differing oligomers
based largely on structure and chemistry. While the differing classes of OB-folds often lack
sequence homology, the flexible nature of the motif allows for an ideal binding surface
for protein–nucleotide interactions and similarly protein–protein interactions. Oligomer
binding by these proteins is supported by the β-barrel depicted in yellow and the loop
regions depicted in green (Figure 1). OB-fold proteins often contain tandem copies of
the fold to allow binding of longer oligomers, especially in the case of binding DNA for
replication, repair, and recombination [2,3]. In the subsequent 30 years since their discovery,
a growing number of OB-fold containing proteins have been identified in archaea, bacteria,
and eukaryotes as well as viruses [4]. OB-fold containing proteins participate in a multitude
of biochemical pathways including DNA replication, DNA repair, cell cycle regulation,
and maintenance of telomeres. In addition, mutations in OB-fold proteins can lead to
a variety of human diseases [5] and development of small molecule inhibitors will be
useful tools to elucidate function and interrogate these diseases. Some of the functions are
essential and others participate in redundant or overlapping pathways thus the efficacy
and potential toxicity of inhibitors to these proteins will likely be specific for each protein.
A comprehensive understanding of these protein complexes will provide an opportunity
to further characterize these various human diseases associated with mutations in OB-
fold proteins and potentially aid in the identification and development of corresponding
therapeutic options.
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Figure 1. Structure of the verotoxin-1 OB-fold. Rendered from PDB:2XSC using pymol.

2. Replication Protein A (RPA)

Replication protein A is a eukaryotic single-stranded DNA binding protein that
plays an essential role in DNA metabolic pathways including replication, repair, and
recombination as well as activating the DNA damage response (DDR) and cell cycle
checkpoints. RPA is abundant in cells and it binds to specific ssDNA intermediates in
nearly all DNA maintenance pathways including nucleotide excision repair (NER), DNA
mismatch repair (MMR), homologous recombination repair (HRR), and base excision repair
(BER) as well as replication fork restart [6–10].

RPA has a heterotrimeric complex with three subunits; RPA70, RPA32, and RPA14.
Each subunit contains OB-fold DNA-binding domains (DBD) [11] (Figure 2). RPA70
contains four OB folds in DBD-A, DBD-B, DBD-C, and DBD-F whereas RPA32 contains an
OB-fold in DBD-D and RPA14 contains an OB-fold in DBD-E [12]. RPA binds to ssDNA
with high affinity that is largely dependent on the two central DBD-A and DBD-B folds in
RPA70. Binding is dependent on the length of the ssDNA and shorter stretches of ssDNA
results in lower binding affinity compared to longer ones suggesting that engagement of
the other OB-folds can enhance binding and stability of the complex [13].

The N-terminal region of RPA70 contains an OB-fold termed DBD-F. This OB-fold
possesses a basic cleft that allows for interaction with both ssDNA and specific proteins
involved in DNA metabolism and the DDR [11]. The main function of this OB-fold is not in
direct DNA binding but rather to facilitate interaction with other proteins. A key protein–
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protein interaction includes interaction between DBD-F and phosphorylated RPA32. This
prevents an undesirable interaction of the phosphorylation domain of RPA32 with the main
DNA-binding domain of RPA, DBD-A, and DBD-B [11]. The N-terminus of RPA70 also
interacts with various DDR and DNA repair proteins such as Rad9, ATRIP, MRE11, and
P53. These proteins possess an acidic alpha helical domain that allows them to bind to the
N-terminal basic cleft of the DBD-F in RPA70 [14].
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Convincing evidence from structural and biophysical studies has dramatically in-
creased our understanding of how RPA binds DNA. Four critical ssDNA binding domains
containing the distinctive OB folds in RPA70 and RPA32 are responsible for interacting
with DNA in a dynamic fashion. Importantly, these folds are connected by mobile loops
that make it a flexible complex, allowing the protein to adopt multiple conformations [15]
and account for the differing roles of RPA in multiple cellular pathways. This is further em-
phasized by a recent FRET-based study showing that RPA-DNA binding is highly dynamic
and involves three distinct binding modes that are dependent on RPA concentration and
ssDNA length [16]. This study supports earlier work suggesting that RPA adopts various
binding modes and conformations on ssDNA [17] and can rapidly spread along ssDNA to
support the cellular response to replication stress. The flexible binding modes of RPA allow
for several distinct functions that ensure a cell appropriately responds to DNA damage
and replication stress [18].

The development of small molecule inhibitors of RPA has been pursued by multiple
groups including ours. RPA inhibitors have been pursued on two fronts, those that block
the N-terminal OB-fold and its interaction with key DDR proteins and those that disrupt
RPA’s ability to bind DNA. The advantage of chemical inhibition over genetic methods to
reduce RPA lie in the specificity and selectivity of chemical inhibitors that can block one
function, while allowing other function to persist. A series of N-terminal OB-fold targeted
inhibitors have been identified using different screening methodologies, fragment-based
NMR screening, and a biochemical high-throughput screen [14,19–21]. Both classes of
inhibitors bind reversibly and serve to block protein–protein interactions. Analysis of the
cellular effects of RPA inhibition demonstrated that RPA inhibitors blocked DNA damage
dependent phosphorylation of RPA, resulting in increased DNA replication stress in cancer
cells but not in normal cells [22]. Importantly, these protein–protein interaction inhibitors
targeting the N-terminal fold do not inhibit ssDNA binding activity.

Work in our lab has focused on small molecule inhibitors of the RPA–DNA interaction,
identifying inhibitors that bind to the OB-folds of DBD-A and -B in the central region of
RPA70 [23,24]. Reversible inhibitors were initially identified and shown to possess in vitro
and cellular activity [25] with later derivatives optimized for potency [26], cellular uptake,
and in vivo activity [27,28]. RPA inhibitor mechanism of action studies suggest a role in the
DDR as opposed to S-phase replication, nucleotide excision repair, or homologous recombi-
nation. Consistent with models of RPA exhaustion [29,30] where the single stranded DNA
exceed the capacity of RPA binding activity, selective inhibition of RPA’s single strand
binding activity may induce a state of chemical RPA exhaustion that should prove effective
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to illicit single agent anticancer activity and synergize with select DDR inhibitors and
traditional chemotherapeutics that induce DNA damage [28].

3. CST

Like RPA, CST is a heterotrimeric single-stranded DNA binding protein that plays
a primary role in protecting chromosome ends and in telomere length regulation. In
vertebrates and plants, CST is named for its component three proteins, CTC1, STN1, and
TEN1 whereas in S. cerevisiae, where it was first discovered, it is composed of Cdc13, Stn1,
and Ten1 [31–35]. CTC1 and Cdc13 both contain multiple OB-folds (four in Cdc13 and
seven in CTC1), but CTC1 appears to have evolved from RPA versus Cdc13, as the OB-folds
of CTC1 more closely resemble those in RPA70 than Cdc13 [36] (Figure 3). STN1 and TEN1,
on the other hand, are structurally conserved across organisms [36,37]. Both contain a
single OB-fold that is structurally similar to RPA32 for STN1 and RPA14 for TEN1. STN1
also contains two winged-helix domains in comparison to a single winged-helix domain
in RPA32. In humans, purified CST can form a multimeric structure, composed of ten
separate CST complexes [36]. The physiological relevance of this higher order structure is
still to be determined.
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CST uses its multiple OB-folds to increase DNA binding affinity akin to RPA [38,39].
By engaging multiple OB-folds, dissociation of a single fold does not necessarily lead
to dissociation from the DNA. This creates a tighter binding affinity, decreased off rates,
and provides flexibility for dynamic binding to a variety of DNA substrates. Work is still
ongoing to characterize the OB-folds of mammalian CST including determining which
ones are necessary for stable binding. However, data suggest that the OB-folds in both the
N- and C-terminal domains of CTC1 and the OB-fold in STN1 bind to ssDNA [32,36,39].
In terms of sequence specificity, CST has both specific and non-specific binding modes,
a feature that may be amenable to drug targeting. On short stretches of ssDNA (18 nt),
CST shows a strong preference for G-rich sequences such as the telomeric G-strand [40].
As the DNA length increases, this sequence specificity diminishes, with no preference
observed between G-rich and random sequences on ssDNA of 36 nt or longer. The binding
footprint of CST has not been determined but maximum binding affinity (KD = 0.3 nM)
was observed on a 48 nt ssDNA sequence [40]. In addition to ssDNA, CST has preference
for ss-dsDNA junctions [39]. Another feature of CST is its ability to unfold DNA secondary
structures called G-quadruplexes (G4s) [39,41,42]. G4s consist of four repeats of at least
three guanosines to form a four stranded structure through Hoogsten base pairing [43].
These structures are highly abundant in the genome and play both positive and negative
roles in transcription and DNA replication. The dynamic nature of OB-folds and shear
number of repeat motifs in CST are likely to facilitate modulation of the G4 structures.

While the architecture may differ between organisms, CST plays a primary role in
telomere maintenance and stimulates DNA polymerase α-primase (pol α) in all organ-
isms [44]. In S. cerevisiae, CST functions in chromosome end protection as well as regulating
telomere length. In vertebrates, the shelterin complex is primarily responsible for end
protection, but recent work suggests that CST may also function in end protection and
the DDR at telomeres [45,46]. Generally, CST is involved in telomere length regulation
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where it terminates telomerase activity to prevent over-extension of the G-rich ssDNA
overhang (G-overhang) and stimulates pol α activity to convert the overhang, generated
by telomerase, back to duplex DNA, a process known as C-strand fill-in. While this switch
between telomere extension and C-strand fill-in is not fully characterized in mammals, it is
coordinated by TPP1, in place of Cdc13, and involves the recruitment of CST to terminate
telomerase activity and stimulate C-strand fill-in [47–49]. We suspect that post-translational
modification will play an equally important role in mammals as it does in yeast.

In mammals, CST is also involved in telomere duplex replication, where it is pro-
posed to remove, or prevent, G4s that impede replication through the G-rich telomeric
DNA [50,51]. Furthermore, increasing evidence indicates that CST acts at non-telomeric
sites to promote DNA replication and repair [52]. At stalled replication forks, CST has
been proposed to load RAD51 for fork restart, prevent MRE11 cleavage of regressed forks,
activate dormant replication origins, and promote chromosome cohesion [51,53,54]. These
roles in DNA replication rescue may involve G4 unfolding, since CST primarily localizes
to G-rich sequences following hydroxyurea-induced fork stalling [54]. Binding to G4s
could facilitate the localization of CST to specific regions such as telomeres and other
G-rich DNA sequences. However, CST also interacts with the replisome components,
MCM2-7, AND-1/Ctf4, and pol α, which may localize it to, or stabilize interaction with,
stalled forks [55]. Moreover, depletion of STN1 or CST overexpression increases or de-
creases MCM2-7 loading in G1, suggesting that CST negatively affects origin licensing [55].
Although the consequences of over-licensing in the absence of CST are still not well un-
derstood, CST may help to properly distribute replication origins to ensure complete
genome duplication. Finally, CST was recently identified in several loss-of-function screens
for PARP inhibitor resistance in BRCA-deficient cancer lines and subsequently shown to
promote non-homologous end joining by facilitating pol α-dependent fill-in of resected
DSBs [56–58], making this an intriguing novel target for cancer therapy.

Based on its varied functions in telomere biology and DNA replication/repair, deple-
tion of human CST leads to genome instability in the form anaphase bridges, micronuclei,
telomere dysfunction, and chromosome fragility [31,51,54]. Deletion of CTC1 in human
cells and mice induces G2/M arrest, cellular senescence, and apoptosis [59]. While CTC1
deletion was not embryonic lethal in mice, they had a median lifespan of only 24 days,
often dying from bone marrow failure caused by the loss of hematopoietic stem cells.
Interestingly, conditional deletion of human TEN1 has much less severe phenotypes than
CTC1 deletion including an absence of growth defects, telomere elongation, and telomeric
DNA damage signaling [47]. Mechanistically, Feng et al. determined that this was due
to the ability of CTC1-STN1 to maintain inhibition of telomerase in the absence of TEN1,
thus preventing hyper-elongation of G-overhangs and RPA binding. There are currently
no reports on mammalian STN1 deletion; however, it is predicted that the phenotypes will
be similar to deletion of CTC1, based on previous reports that CTC1 stability is dependent
on STN1 [60]. In addition to the effects of CST deletion or depletion on genome instability
and cell growth, depletion of STN1 increased the sensitivity of cancer cells to various
replication inhibitors that stall DNA polymerases [61]. Conversely, overexpression of CST
increased cell survival following treatment with the same inhibitors. Overexpression of
STN1 and TEN1 also stimulated senescence bypass, a strategic action that could relate
to carcinogenesis [62].

Mutations in CTC1 and STN1 are associated with two congenital genetic disorders,
namely Coats plus (CP) syndrome (also known as cerebroretinal microangiopathy with
calcifications and cysts) and dyskeratosis congenita (DKC) [63]. While DKC is caused by
mutations in several telomere maintenance proteins, genetic alterations in CP are almost
exclusively in CTC1 or STN1 [64]. Single nucleotide polymorphisms in CTC1 and STN1
are correlated with an increased risk of various cancers [65–70]. Decreased expression of
CST subunits also correlates with decreased survival in breast, lung, and gastric cancer
patients [71]. Furthermore, loss of CST leads to PARP inhibitor resistance in BRCA-deficient
breast and ovarian cancer lines, as above-mentioned. In contrast, increased expression of
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CTC1 increased radioresistance in patient-derived melanoma cells by preventing telomere
shortening and apoptosis [72].

Despite the correlation of CST dysfunction with cancer, the precise role(s) of CST in
cancer development and progression is still not clear. However, due to its defined roles
in telomere biology and DNA replication/repair and similarities to RPA, CST may be a
promising target for cancer therapy. This may be particularly true due to its primary role in
telomere maintenance, a hallmark of cancer [73]. Loss of CTC1 leads to telomere DNA dam-
age signaling due to hyper-extension of G-overhangs and RPA binding [74]. Furthermore,
treatment of CTC1 deleted cells with the ATR inhibitor VE-821 significantly increased apop-
tosis [46]. Therefore, targeting the OB-folds in CST to induce telomere dysfunction/genome
instability along with DDR inhibitors may be an effective cancer therapy.

4. hSSB1/2

Human single-stranded binding proteins 1 and 2, termed hSSB1 and hSSB2, were
first identified in 2008 [75]. Data demonstrate that hSSB1 is involved in HR while hSSB2
is involved in the recognition of bulky DNA damage linking both to the DNA damage
response [76–78]. Both proteins share a similar composition including a single N-terminal
OB-fold and short C terminal disordered region, and both are highly conserved among the
metazoans, showing a more similar composition to the bacterial SSB then RPA. The hSSB1
protein differs from hSSB2 in function. hSSB1 binds to ssDNA substrates and occludes
of a region 5–6 nt in agarose gel shift assay, while there was no binding activity reported
for hSSB2. Similarities between RPA and hSSB1 include an almost equivalent binding
affinity to ssDNA. Unlike RPA, hSBB1 may have a greater area of functioning, in which it
binds to short duplex DNA constructs (33 nt) as well as duplex DNA with short overhangs
(6 nt) [8]. hSSB1 and hSSB2 can each interact with an integrator complex subunit 3 (INTS3)
and C90ORF80 to form trimeric SS binding complexes termed SOSS1/2 (sensors of single
stranded DNA) complexes [79] (Figure 4).
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In addition to complexation with the INTS3 and C9orf80, hSSB1 forms protein–protein
interactions with NBS1, a component of the MRE11-RAD50-NBS1 (MRN) repair complex
that was recently shown to be regulated by SUMOylation [80,81]. Depletion of hSSB1
inhibited MRN recruitment to sites of DSB and diminishes MRN nuclease activity. The OB-
fold domain of hSBB1 has a poly(ADP ribose) (PAR) binding domain, and the interaction
between PAR and hSSB1 is crucial to the early engagement of hSSB1 at sites of DNA
damage [82]. Depletion of hSSB1 diminishes ATM kinase activity as well as increases
radiosensitivity, causes defects in G1/S and G2/M checkpoint activation, and enhances
genomic instability. Protein–protein interactions have been identified between hSSB1
and protein p21, a potent cyclin-dependent kinase inhibitor. This interaction prevents
ubiquitin-mediated degradation of p21. Through these interactions, hSSB1 stabilizes
p21 and strengthens the G1/S transition and G2/M checkpoints. hSSB1 also has crucial
actions in the p53 pathway. In this capacity, hSSB1 stabilizes p53 and interacts with
the acetyltransferase p300 to promote p53 acetylation at Lys382, which in turn enhances
p21 expression [8].
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Studies in adult mice support the characterization of SSB1 and its function in ge-
nomic stability, cell cycle checkpoints, and radioresistance. After deletion of SSB1, adult
mouse cells had increased radiosensitivity and IR-induced chromosome breaks. Mice also
presented cancer susceptibility and had a vast number of tumors including splenic and
metastatic B lymphomas, T cell lymphoma in the thymus, hepatocellular carcinoma, and B
or T lymphoblastic leukemia. Furthermore, increased acetylation of hSSB1 was observed
in cells treated with DNA damaging agents and was reported to decrease tumor growth.
Furthermore, the inhibition of hSSB1 acetylation through use of a p300/CBP inhibitor
improved chemo and radiotherapy, making it a promising cancer therapy target when
combined with these treatments [8].

The role of hSSB1 and 2 in genome stability and maintenance makes these attractive
targets for disrupting these critical pathways for cancer therapy. OB-fold targeted agents
specific for these two proteins would also be extremely useful in delineating their specific
roles in maintaining genome integrity and in the DDR and replication stress. One could
envision a distinct set of synthetic lethal interactions with hSSB1/2 that would differ from
other DDR targeted therapeutics, which could then allow targeting of a greater degree of
genetic alterations in the DDR pathway that are observed in cancer.

5. MCM (Minichromosome Maintenance Complex)

First identified in S. cerevisiae, the minichromosome maintenance complex (MCM)
plays a central role in DNA synthesis [83]. MCM is a heterohexamer made up of six related
polypeptides MCM2-MCM7, which form a ring-link structure. MCM complexes are crucial
for genomic DNA replication, elongation, RNA transcription, chromatin remodeling, and
genome stability due to its ATP-dependent DNA helicase activity. Each MCM subunit
consists of two domains, the N-terminal domain that facilitates DNA and protein interac-
tions, and the C-terminal domain, which possesses the ATPase and helix-turn-helix (HTH)
domains [84] (Figure 5). The N-terminal domain is mainly used for structural organization.
The MCM OB-fold plays a crucial role in DNA binding and assists many MCM2-7 functions
during replication initiation [85]. The C-terminus ATPase domain is essential for DNA
unwinding, and is in the AAA+ class of ATPases [85].
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The MCM complex unwinds the double stranded DNA at replication origins, recruit-
ing DNA polymerases and initiating DNA synthesis [86]. During the G1 phase of the
cell cycle, the MCM2-7 complex is loaded onto the DNA as an inactive double hexamer
at origins of replication to form a pre-replication complex (pre-RC) [87]. The MCM2-7 is
recruited and loaded on double stranded DNA by the origin recognition complex (ORC),
Cdc6, and Cdt1 [84]. Due to the loading of MCM on dsDNA being an active process, ATP
hydrolysis is required by both ORC1-6 and Cdc6. During helicase loading, DNA is inserted
through an opening in the ring at the MCM2-MCM5 gate, and the opening is then closed
and MCM encircles the DNA [84]. Upon helicase activation, MCM DNA interactions occur
in a 3′ to 5′ manner on the ssDNA template. Once the pre-RC loads the MCM complex
onto DNA, Orc1-6 and Cdc6 are no longer needed. In the early S phase of the cell cycle,
the pre-RC is activated for DNA unwinding through the activity of cyclin-dependent
kinases (CDKs) and Dbf4-dependent kinase (DDK), which also promotes the assembly of
replication forks. The loading of additional MCM2-7 complexes is prevented in S-phase to
ensure that there is only a single round of DNA replication.

Stabilization of the replication fork is required when problems arise during replica-
tion such as the loss of replication fork integrity or insufficient deoxyribonucleotides to
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prevent chromosome rearrangements and DNA double-strand breaks. To stabilize stalled
replication forks, MCM2-7 interacts with Mrc1, Tof1, and Csm3. Without these proteins,
dsDNA unwinding and replisome movement by MCM2-7 continues, but DNA synthesis
stops [87]. Uncoupling of helicase from polymerase is part of normal replication, but it can
result in replication stress that must be mitigated to maintain genome stability [88].

Due to their role in genome duplication, deregulation of MCM can result in chro-
mosomal defects that may contribute to tumorigenesis. The MCM proteins have been
shown to be highly expressed in malignant cancers cells as well as pre-cancerous cells that
are undergoing malignant transformation [89]. MCM2 has been shown to be constantly
expressed in rapidly growing cells of premalignant lung cancer [90]. MCM2 expression
is also related to a higher mitotic index in breast cancer specimens [91]. Additionally, a
series of recent studies correlated MCM expression with the development of hepatocellular
carcinoma [92–95]. The MCM proteins are not highly expressed in somatic cells that have
withdrawn from the cell cycle, making MCM proteins an ideal diagnostic marker for cancer
and promising targets for the development of anti-cancer drugs [90,96].

6. BRCA2

BRCA2 is a tumor suppressor with a clearly defined role in HRR, an error-free repair
pathway, and a primary cellular mechanism for the repair of DSBs. In HRR, BRCA2
promotes the formation of RAD51 nucleoprotein filaments, a critical step required for
strand invasion during HR mediated repair. Interestingly, BRCA2 has more recently been
shown to play a role in protecting replication forks. The intricacies of its cellular roles are
likely due to the large and complex nature of BRCA2. Structural characteristics include
a central region with eight BRC repeats, a C-terminal motif that drives binding to Rad51,
and three tandem OB-folds that are highly conserved and comprise the ssDNA binding
domain. Importantly, these OB-folds are also critical for the DNA repair activity of BRCA2
and are the location of numerous cancer associated mutations [97] (Figure 6).
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In the HRR pathway, BRCA2 binds PALB2 and mediates loading of RAD51 recombi-
nase onto resected DNA ends, resulting in the formation of the RAD51-ssDNA filament.
This filament prevents the involvement of the 3′-ssDNA in the damaging single-strand
annealing (SSA) pathway. The helical domain and OB1 and OB2 interact with the highly
conserved DSS1 protein, a critical interaction for HRR that also promotes the RAD51-
loading activity of BRCA2 and mediates BRCA2 stability in cells [98]. It has also been
suggested that this interaction is important for limiting the accumulation of R-loops,
RNA:DNA hybrid structures. A recent study demonstrated that BRCA2 binding to DSS1
and ssDNA leads to a rearrangement of BRCA2 that stabilizes the monomeric state, and
suggests that this monomeric BRCA2 in complex with DSS1 and ssDNA could be the active
form in recombinational DNA repair as well as replication fork stabilization [99].

BRCA2 germline mutations significantly increase risk for prostate and pancreatic can-
cer and cause hereditary breast and ovarian cancer syndrome (HBOC) [100]. Unlike BRCA1
mutations typically found in basal-like cancers, BRCA2 breast cancers are generally of the
luminal subtype (hormone-receptor positive), and as such are predominantly estrogen-
receptor positive. BRCA2 truncation and point mutations have also been identified, and
biallelic mutations and were identified as drivers of Fanconi anemia [98]. Studies have also
shown that the OB-folds drive BRCA2 recognition of DNA-damage induced PAR and lead
BRCA2 to DNA lesions, in turn controlling the recruitment of EXO1, which plays a role in
regulating DNA end resection and DNA repair. Specific cancer-associated mutations in the
OB-folds of BRCA2 disrupt the interaction with PAR and stop the recruitment of BRCA2
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to DNA lesions, strongly implicating the role of OB-folds in DNA repair and cancer etiol-
ogy [101–103]. Tumors with BRCA2 mutations often show loss of heterozygosity, though
this is not universal. In a KRAS-driven pancreatic cancer mouse model, germline BRCA2
heterozygous mutation promoted tumor formation with no loss of wild-type BRCA2 allele.
Therefore, this study suggests haploinsufficiency of BRCA2 genes and promotion of cell
proliferation. Importantly, this conclusion does not take into consideration the role of
epigenetics as a possible inhibitor of the wild-type BRCA2 [98].

Loss of BRCA2 function sensitizes cells to PARP inhibitors, which have been clinically
exploited to treat an increasing number of cancers that harbor such mutations [104–107].
This synthetic lethal interaction provides the therapeutic window for treatment. However,
while there are important and significant increases in progression free survival, time to
progression and overall survival in many tumor types, cures are still rare [108,109]. The OB-
folds of BRCA2 represent interesting targets that could inhibit BRCA2 function in wildtype
tumors. The challenge, however, would be one of tumor specificity and a therapeutic
window. However; if successful, the opportunities for expansion of the clinical utility of a
PARP inhibitor into BRCA wildtype cancers would be significant.

7. Conclusions

The OB-fold motif has proven to be an effective module to endow ssDNA binding
activity to proteins involved in genome stability and maintenance. Most proteins and
complexes that employ OB-folds do so by tethering a number of independent modules
together, either in a single polypeptide chain as seen in hSSB1/2 and BRCA2 or as part of
multimeric complexes as seen in the MCM helicase. Other proteins employ both structural
compositions including the ssDNA binding proteins RPA and CST. Targeting the interaction
of the OB-fold with DNA has been successful in the case of RPA and the expansion to
the other OB-fold proteins including CST, MCM, and others is primed for development.
Targeting the vast array of OB-fold proteins with differing roles in genome maintenance
via a single motif could be viewed as similar to targeting kinases 20 years ago. The
perceived inability to drug such an interaction, challenges of specificity, solubility, and
on- and off-target toxicity were all encountered and overcome such that there are over
50 FDA approved kinase inhibitors deployed in the clinic to combat cancer. Protein–
DNA interactions catalyzed by OB-folds could therefore represent the next generation of
innovative precision therapeutics for the treatment of cancer.

Funding: This research was funded by NIH grant number R01CA247370 and the APC was funded
by the Tom and Julie Wood Family foundation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Murzin, A.G. OB (oligonucleotide/oligosaccharide binding)-fold: Common structural and functional solution for non-

homologous sequences. EMBO J. 1993, 12, 861–867. [CrossRef] [PubMed]
2. Bochkarev, A.; Bochkareva, E. From RPA to BRCA2: Lessons from single-stranded DNA binding by the OB-fold. Curr. Opin.

Struct. Biol. 2004, 14, 36–42. [CrossRef]
3. Theobald, D.L.; Mitton-Fry, R.M.; Wuttke, D.S. Nucleic Acid Recognition by OB-Fold Proteins. Annu. Rev. Biophys. Biomol. Struct.

2003, 32, 115–133. [CrossRef] [PubMed]
4. Taib, N.; Gribaldo, S.; A MacNeill, S. Single-Stranded DNA-Binding Proteins in the Archaea. Methods Mol. Biol. 2021, 2281, 23–47.
5. Amir, M.; Mohammad, T.; Dohare, R.; Islam, A.; Ahmad, F.; Imtaiyaz, H.M. Structure, function and therapeutic implications of

OB-fold proteins: A lesson from past to present. Brief Funct Genom. 2020, 19, 377–389. [CrossRef]
6. Ramilo, C.; Gu, L.; Guo, S.; Zhang, X.; Patrick, S.M.; Turchi, J.J.; Li, G.-M. Partial Reconstitution of Human DNA Mismatch Repair

In Vitro: Characterization of the Role of Human Replication Protein A. Mol. Cell. Biol. 2002, 22, 2037–2046. [CrossRef] [PubMed]

http://doi.org/10.1002/j.1460-2075.1993.tb05726.x
http://www.ncbi.nlm.nih.gov/pubmed/8458342
http://doi.org/10.1016/j.sbi.2004.01.001
http://doi.org/10.1146/annurev.biophys.32.110601.142506
http://www.ncbi.nlm.nih.gov/pubmed/12598368
http://doi.org/10.1093/bfgp/elaa008
http://doi.org/10.1128/MCB.22.7.2037-2046.2002
http://www.ncbi.nlm.nih.gov/pubmed/11884592


Cancers 2021, 13, 3346 10 of 13

7. Wold, M.S. Replication Protein A: A Heterotrimeric, Single-Stranded DNA-Binding Protein Required for Eukaryotic DNA
Metabolism. Annu. Rev. Biochem. 1997, 66, 61–92. [CrossRef]

8. Wu, Y.; Lu, J.; Kang, T. Human single-stranded DNA binding proteins: Guardians of genome stability. Acta Biochim. Biophys. Sin.
2016, 48, 671–677. [CrossRef]

9. Lindsey-Boltz, L.; Reardon, J.T.; Wold, M.; Sancar, A. In Vitro Analysis of the Role of Replication Protein A (RPA) and RPA
Phosphorylation in ATR-mediated Checkpoint Signaling. J. Biol. Chem. 2012, 287, 36123–36131. [CrossRef]

10. de Laat, W.L.; Appeldoorn, E.; Sugasawa, K.; Weterings, E.; Jaspers, N.G.J.; Hoeijmakers, J.H.J. DNA-binding polarity of human
replication protein A positions nucleases in nucleotide excision repair. Genes Dev. 1998, 12, 2598–2609. [CrossRef]

11. Binz, S.K.; Wold, M.S. Regulatory Functions of the N-terminal Domain of the 70-kDa Subunit of Replication Protein A (RPA).
J. Biol. Chem. 2008, 283, 21559–21570. [CrossRef]

12. Zou, Y.; Liu, Y.; Wu, X.; Shell, S.M. Functions of human replication protein A (RPA): From DNA replication to DNA damage and
stress responses. J. Cell. Physiol. 2006, 208, 267–273. [CrossRef]

13. Arunkumar, A.I.; Stauffer, M.E.; Bochkareva, E.; Bochkarev, A.; Chazin, W.J. Independent and Coordinated Functions of
Replication Protein A Tandem High Affinity Single-stranded DNA Binding Domains. J. Biol. Chem. 2003, 278, 41077–41082.
[CrossRef] [PubMed]

14. Glanzer, J.G.; Liu, S.; Oakley, G.G. Small molecule inhibitor of the RPA70 N-terminal protein interaction domain discovered using
in silico and in vitro methods. Bioorg. Med. Chem. 2011, 19, 2589–2595. [CrossRef]

15. Yates, L.A.; Aramayo, R.J.; Pokhrel, N.; Caldwell, C.; Kaplan, J.A.; Perera, R.; Spies, M.; Antony, E.; Zhang, X. A structural and
dynamic model for the assembly of Replication Protein A on single-stranded DNA. Nat. Commun. 2018, 9, 5447. [CrossRef]

16. Wang, Q.-M.; Yang, Y.-T.; Wang, Y.-R.; Gao, B.; Xi, X.; Hou, X.-M. Human replication protein A induces dynamic changes in
single-stranded DNA and RNA structures. J. Biol. Chem. 2019, 294, 13915–13927. [CrossRef] [PubMed]

17. Chen, R.; Wold, M.S. Replication protein A: Single-stranded DNA’s first responder: Dynamic DNA-interactions allow replication
protein A to direct single-strand DNA intermediates into different pathways for synthesis or repair. Bioessays 2014, 36, 1156–1161.
[CrossRef] [PubMed]

18. Nguyen, B.; Sokoloski, J.; Galletto, R.; Elson, E.L.; Wold, M.; Lohman, T.M. Diffusion of Human Replication Protein A along
Single-Stranded DNA. J. Mol. Biol. 2014, 426, 3246–3261. [CrossRef]

19. Waterson, A.G.; Kennedy, J.P.; Patrone, J.; Pelz, N.F.; Feldkamp, M.D.; Frank, A.O.; Vangamudi, B.; Souza-Fagundes, E.M.;
Rossanese, O.W.; Chazin, W.J.; et al. Diphenylpyrazoles as Replication Protein A Inhibitors. ACS Med. Chem. Lett. 2014, 6, 140–145.
[CrossRef] [PubMed]

20. Frank, A.O.; Vangamudi, B.; Feldkamp, M.D.; Souza-Fagundes, E.M.; Luzwick, J.W.; Cortez, D.; Olejniczak, E.T.; Waterson, A.G.;
Rossanese, O.W.; Chazin, W.J.; et al. Discovery of a Potent Stapled Helix Peptide That Binds to the 70 N Domain of Replication
Protein A. J. Med. Chem. 2014, 57, 2455–2461. [CrossRef] [PubMed]

21. Glanzer, J.G.; Carnes, K.A.; Soto, P.; Liu, S.; Parkhurst, L.J.; Oakley, G.G. A small molecule directly inhibits the p53 transactivation
domain from binding to replication protein A. Nucleic Acids Res. 2012, 41, 2047–2059. [CrossRef]

22. Glanzer, J.G.; Liu, S.; Wang, L.; Mosel, A.; Peng, A.; Oakley, G.G. RPA Inhibition Increases Replication Stress and Suppresses
Tumor Growth. Cancer Res. 2014, 74, 5165–5172. [CrossRef] [PubMed]

23. Anciano Granadillo, V.J.; Earley, J.N.; Shuck, S.C.; Georgiadis, M.M.; Fitch, R.W.; Turchi, J.J. Targeting the OB-Folds of Replication
Protein A with Small Molecules. J. Nucleic. Acids 2010, 2010, 304035. [CrossRef]

24. Turchi, J.J.; VanderVere-Carozza, P.S. Small-Molecule Inhibitor Screen for DNA Repair Proteins. Breast Cancer 2019, 1999, 217–221.
[CrossRef]

25. Shuck, S.; Turchi, J.J. Targeted Inhibition of Replication Protein A Reveals Cytotoxic Activity, Synergy with Chemotherapeutic
DNA-Damaging Agents, and Insight into Cellular Function. Cancer Res. 2010, 70, 3189–3198. [CrossRef]

26. Mishra, A.K.; Dormi, S.S.; Turchi, A.M.; Woods, D.S.; Turchi, J.J. Chemical inhibitor targeting the replication protein A–DNA
interaction increases the efficacy of Pt-based chemotherapy in lung and ovarian cancer. Biochem. Pharm. 2015, 93, 25–33. [CrossRef]

27. Gavande, N.S.; VanderVere-Carozza, P.S.; Pawelczak, K.S.; Vernon, T.L.; Jordan, M.R.; Turchi, J.J. Structure-Guided Optimization
of Replication Protein A (RPA)–DNA Interaction Inhibitors. ACS Med. Chem. Lett. 2020, 11, 1118–1124. [CrossRef]

28. VanderVere-Carozza, P.S.; Pawelczak, K.S.; Gavande, N.S.; Jalal, S.I.; Pollok, K.E.; Ekinci, E.; Heyza, J.; Patrick, S.M.; Turchi, J.J.
Chemical exhaustion of RPA in cancer treatment. bioRxiv 2020. [CrossRef]

29. Toledo, L.; Neelsen, K.J.; Lukas, J. Replication Catastrophe: When a Checkpoint Fails because of Exhaustion. Mol. Cell 2017, 66,
735–749. [CrossRef] [PubMed]

30. Toledo, L.I.; Altmeyer, M.; Rask, M.-B.; Lukas, C.; Larsen, D.H.; Povlsen, L.K.; Bekker-Jensen, S.; Mailand, N.; Bartek, J.; Lukas, J.
ATR Prohibits Replication Catastrophe by Preventing Global Exhaustion of RPA. Cell 2013, 155, 1088–1103. [CrossRef] [PubMed]

31. Surovtseva, Y.V.; Churikov, D.; Boltz, K.A.; Song, X.; Lamb, J.C.; Warrington, R.; Leehy, K.; Heacock, M.; Price, C.M.; Shippen, D.E.
Conserved Telomere Maintenance Component 1 Interacts with STN1 and Maintains Chromosome Ends in Higher Eukaryotes.
Mol. Cell 2009, 36, 207–218. [CrossRef] [PubMed]

32. Miyake, Y.; Nakamura, M.; Nabetani, A.; Shimamura, S.; Tamura, M.; Yonehara, S.; Saito, M.; Ishikawa, F. RPA-like Mammalian
Ctc1-Stn1-Ten1 Complex Binds to Single-Stranded DNA and Protects Telomeres Independently of the Pot1 Pathway. Mol. Cell
2009, 36, 193–206. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev.biochem.66.1.61
http://doi.org/10.1093/abbs/gmw044
http://doi.org/10.1074/jbc.M112.407825
http://doi.org/10.1101/gad.12.16.2598
http://doi.org/10.1074/jbc.M802450200
http://doi.org/10.1002/jcp.20622
http://doi.org/10.1074/jbc.M305871200
http://www.ncbi.nlm.nih.gov/pubmed/12881520
http://doi.org/10.1016/j.bmc.2011.03.012
http://doi.org/10.1038/s41467-018-07883-7
http://doi.org/10.1074/jbc.RA119.009737
http://www.ncbi.nlm.nih.gov/pubmed/31350334
http://doi.org/10.1002/bies.201400107
http://www.ncbi.nlm.nih.gov/pubmed/25171654
http://doi.org/10.1016/j.jmb.2014.07.014
http://doi.org/10.1021/ml5003629
http://www.ncbi.nlm.nih.gov/pubmed/25699140
http://doi.org/10.1021/jm401730y
http://www.ncbi.nlm.nih.gov/pubmed/24491171
http://doi.org/10.1093/nar/gks1291
http://doi.org/10.1158/0008-5472.CAN-14-0306
http://www.ncbi.nlm.nih.gov/pubmed/25070753
http://doi.org/10.4061/2010/304035
http://doi.org/10.1007/978-1-4939-9500-4_13
http://doi.org/10.1158/0008-5472.CAN-09-3422
http://doi.org/10.1016/j.bcp.2014.10.013
http://doi.org/10.1021/acsmedchemlett.9b00440
http://doi.org/10.1101/2020.11.30.404640
http://doi.org/10.1016/j.molcel.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28622519
http://doi.org/10.1016/j.cell.2013.10.043
http://www.ncbi.nlm.nih.gov/pubmed/24267891
http://doi.org/10.1016/j.molcel.2009.09.017
http://www.ncbi.nlm.nih.gov/pubmed/19854131
http://doi.org/10.1016/j.molcel.2009.08.009
http://www.ncbi.nlm.nih.gov/pubmed/19854130


Cancers 2021, 13, 3346 11 of 13

33. Nugent, C.I.; Hughes, T.R.; Lue, N.F.; Lundblad, V. Cdc13p: A Single-Strand Telomeric DNA-Binding Protein with a Dual Role in
Yeast Telomere Maintenance. Science 1996, 274, 249–252. [CrossRef] [PubMed]

34. Grandin, N.; Reed, S.I.; Charbonneau, M. Stn1, a new Saccharomyces cerevisiae protein, is implicated in telomere size regulation
in association with Cdc13. Genes Dev. 1997, 11, 512–527. [CrossRef]

35. Grandin, N.; Damon, C.; Charbonneau, M. Ten1 functions in telomere end protection and length regulation in association with
Stn1 and Cdc13. EMBO J. 2001, 20, 1173–1183. [CrossRef] [PubMed]

36. Lim, C.J.; Barbour, A.T.; Zaug, A.J.; Goodrich, K.J.; McKay, A.E.; Wuttke, D.S.; Cech, T.R. The structure of human CST reveals a
decameric assembly bound to telomeric DNA. Science 2020, 368, 1081–1085. [CrossRef]

37. Sun, J.; Yu, E.Y.; Yang, Y.; Confer, L.A.; Sun, S.H.; Wan, K.; Lue, N.F.; Lei, M. Stn1-Ten1 is an Rpa2-Rpa3-like complex at telomeres.
Genes Dev. 2009, 23, 2900–2914. [CrossRef]

38. Fanning, E.; Klimovich, V.; Nager, A.R. A dynamic model for replication protein A (RPA) function in DNA processing pathways.
Nucleic Acids Res. 2006, 34, 4126–4137. [CrossRef]

39. Bhattacharjee, A.; Wang, Y.; Diao, J.; Price, C.M. Dynamic DNA binding, junction recognition and G4 melting activity underlie
the telomeric and genome-wide roles of human CST. Nucleic Acids Res. 2017, 45, 12311–12324. [CrossRef]

40. Bhattacharjee, A.; Stewart, J.; Chaiken, M.; Price, C.M. STN1 OB Fold Mutation Alters DNA Binding and Affects Selective Aspects
of CST Function. PLoS Genet. 2016, 12, e1006342. [CrossRef]

41. Lue, N.F.; Zhou, R.; Chico, L.; Mao, N.; Steinberg-Neifach, O.; Ha, T. The Telomere Capping Complex CST Has an Unusual
Stoichiometry, Makes Multipartite Interaction with G-Tails, and Unfolds Higher-Order G-Tail Structures. PLoS Genet. 2013, 9,
e1003145. [CrossRef]

42. Lin, Y.-C.; Shih, J.-W.; Hsu, C.-L.; Lin, J.-J. Binding and Partial Denaturing of G-quartet DNA by Cdc13p ofSaccharomyces
cerevisiae. J. Biol. Chem. 2001, 276, 47671–47674. [CrossRef] [PubMed]

43. Spiegel, J.; Adhikari, S.; Balasubramanian, S. The Structure and Function of DNA G-Quadruplexes. Trends Chem. 2020, 2, 123–136.
[CrossRef]

44. Lim, C.J.; Cech, T.R. Shaping human telomeres: From shelterin and CST complexes to telomeric chromatin organization. Nat. Rev.
Mol. Cell Biol. 2021, 22, 283–298. [CrossRef]

45. de Lange, T. Shelterin-Mediated Telomere Protection. Annu. Rev. Genet. 2018, 52, 223–247. [CrossRef] [PubMed]
46. Ackerson, S.M.; Gable, C.I.; Stewart, J.A. Human CTC1 promotes TopBP1 stability and CHK1 phosphorylation in response to

telomere dysfunction and global replication stress. Cell Cycle 2020, 19, 3491–3507. [CrossRef] [PubMed]
47. Feng, X.; Hsu, S.-J.; Bhattacharjee, A.; Wang, Y.; Diao, J.; Price, C.M. CTC1-STN1 terminates telomerase while STN1-TEN1 enables

C-strand synthesis during telomere replication in colon cancer cells. Nat. Commun. 2018, 9, 2827. [CrossRef] [PubMed]
48. Chen, L.-Y.; Redon, S.; Lingner, J. The human CST complex is a terminator of telomerase activity. Nature 2012, 488, 540–544.

[CrossRef]
49. Wan, M.; Qin, J.; Songyang, Z.; Liu, D. OB Fold-containing Protein 1 (OBFC1), a Human Homolog of Yeast Stn1, Associates with

TPP1 and Is Implicated in Telomere Length Regulation. J. Biol. Chem. 2009, 284, 26725–26731. [CrossRef] [PubMed]
50. Zhang, M.; Wang, B.; Li, T.; Liu, R.; Xiao, Y.; Geng, X.; Li, G.; Liu, Q.; Price, C.; Liu, Y.; et al. Mammalian CST averts replication

failure by preventing G-quadruplex accumulation. Nucleic Acids Res. 2019, 47, 5243–5259. [CrossRef] [PubMed]
51. Stewart, J.A.; Wang, F.; Chaiken, M.F.; Kasbek, C.; Ii, P.D.C.; Wright, W.E.; Price, C.M. Human CST promotes telomere duplex

replication and general replication restart after fork stalling. EMBO J. 2012, 31, 3537–3549. [CrossRef] [PubMed]
52. Stewart, J.A.; Wang, Y.; Ackerson, S.M.; Schuck, P.L. Emerging roles of CST in maintaining genome stability and human disease.

Front. Biosci. 2018, 23, 1564–1586. [CrossRef] [PubMed]
53. Lyu, X.; Lei, K.; Sang, P.B.; Shiva, O.; Chastain, M.; Chi, P.; Chai, W. Human CST complex protects stalled replication forks by

directly blocking MRE11 degradation of nascent-strand DNA. EMBO J. 2021, 40, e103654. [CrossRef]
54. Chastain, M.; Zhou, Q.; Shiva, O.; Fadri-Moskwik, M.; Whitmore, L.; Jia, P.; Dai, X.; Huang, C.; Ye, P.; Chai, W. Human CST

Facilitates Genome-wide RAD51 Recruitment to GC-Rich Repetitive Sequences in Response to Replication Stress. Cell Rep. 2016,
16, 1300–1314. [CrossRef]

55. Wang, Y.; Brady, K.S.; Caiello, B.P.; Ackerson, S.M.; A Stewart, J. Human CST suppresses origin licensing and promotes
AND-1/Ctf4 chromatin association. Life Sci. Alliance 2019, 2, e201800270. [CrossRef]

56. Mirman, Z.; Lottersberger, F.; Takai, H.; Kibe, T.; Gong, Y.; Takai, K.; Bianchi, A.; Zimmermann, M.; Durocher, D.; de Lange,
T. 53BP1-RIF1-shieldin counteracts DSB resection through CST- and Polalpha-dependent fill-in. Nature 2018, 560, 112–116.
[CrossRef]

57. Setiaputra, D.; Durocher, D. Shieldin—The protector of DNA ends. EMBO Rep. 2019, 20, e47560. [CrossRef]
58. Barazas, M.; Annunziato, S.; Pettitt, S.J.; de Krijger, I.; Ghezraoui, H.; Roobol, S.J.; Lutz, C.; Frankum, J.; Song, F.F.; Brough, R.; et al.

The CST Complex Mediates End Protection at Double-Strand Breaks and Promotes PARP Inhibitor Sensitivity in BRCA1-Deficient
Cells. Cell Rep. 2018, 23, 2107–2118. [CrossRef]

59. Gu, P.; Min, J.-N.; Wang, Y.; Huang, C.; Peng, T.; Chai, W.; Chang, S. CTC1 deletion results in defective telomere replication,
leading to catastrophic telomere loss and stem cell exhaustion. EMBO J. 2012, 31, 2309–2321. [CrossRef] [PubMed]

60. Casteel, D.E.; Zhuang, S.; Zeng, Y.; Perrino, F.W.; Boss, G.R.; Goulian, M.; Pilz, R.B. A DNA polymerase-{alpha}{middle
dot}primase cofactor with homology to replication protein A-32 regulates DNA replication in mammalian cells. J. Biol. Chem.
2009, 284, 5807–5818. [CrossRef]

http://doi.org/10.1126/science.274.5285.249
http://www.ncbi.nlm.nih.gov/pubmed/8824190
http://doi.org/10.1101/gad.11.4.512
http://doi.org/10.1093/emboj/20.5.1173
http://www.ncbi.nlm.nih.gov/pubmed/11230140
http://doi.org/10.1126/science.aaz9649
http://doi.org/10.1101/gad.1851909
http://doi.org/10.1093/nar/gkl550
http://doi.org/10.1093/nar/gkx878
http://doi.org/10.1371/journal.pgen.1006342
http://doi.org/10.1371/journal.pgen.1003145
http://doi.org/10.1074/jbc.M104989200
http://www.ncbi.nlm.nih.gov/pubmed/11585819
http://doi.org/10.1016/j.trechm.2019.07.002
http://doi.org/10.1038/s41580-021-00328-y
http://doi.org/10.1146/annurev-genet-032918-021921
http://www.ncbi.nlm.nih.gov/pubmed/30208292
http://doi.org/10.1080/15384101.2020.1849979
http://www.ncbi.nlm.nih.gov/pubmed/33269665
http://doi.org/10.1038/s41467-018-05154-z
http://www.ncbi.nlm.nih.gov/pubmed/30026550
http://doi.org/10.1038/nature11269
http://doi.org/10.1074/jbc.M109.021105
http://www.ncbi.nlm.nih.gov/pubmed/19648609
http://doi.org/10.1093/nar/gkz264
http://www.ncbi.nlm.nih.gov/pubmed/30976812
http://doi.org/10.1038/emboj.2012.215
http://www.ncbi.nlm.nih.gov/pubmed/22863775
http://doi.org/10.2741/4661
http://www.ncbi.nlm.nih.gov/pubmed/29293451
http://doi.org/10.15252/embj.2019103654
http://doi.org/10.1016/j.celrep.2016.06.077
http://doi.org/10.26508/lsa.201800270
http://doi.org/10.1038/s41586-018-0324-7
http://doi.org/10.15252/embr.201847560
http://doi.org/10.1016/j.celrep.2018.04.046
http://doi.org/10.1038/emboj.2012.96
http://www.ncbi.nlm.nih.gov/pubmed/22531781
http://doi.org/10.1074/jbc.M807593200


Cancers 2021, 13, 3346 12 of 13

61. Wang, F.; Stewart, J.; Price, C.M. Human CST abundance determines recovery from diverse forms of DNA damage and replication
stress. Cell Cycle 2014, 13, 3488–3498. [CrossRef]

62. Wang, Y.; Xu, Q.; Sack, L.; Kang, C.; Elledge, S.J. A gain-of-function senescence bypass screen identifies the homeobox transcription
factor DLX2 as a regulator of ATM–p53 signaling. Genes Dev. 2016, 30, 293–306. [CrossRef] [PubMed]

63. Savage, S.A. Beginning at the ends: Telomeres and human disease. F1000Res 2018. [CrossRef] [PubMed]
64. Amir, M.; Khan, P.; Queen, A.; Dohare, R.; Alajmi, M.F.; Hussain, A.; Islam, A.; Ahmad, F.; Hassan, I. Structural Features of

Nucleoprotein CST/Shelterin Complex Involved in the Telomere Maintenance and Its Association with Disease Mutations. Cells
2020, 9, 359. [CrossRef] [PubMed]

65. Walsh, K.M.; Codd, V.; Rice, T.; Nelson, C.P.; Smirnov, I.V.; McCoy, L.S.; Hansen, H.M.; Elhauge, E.; Ojha, J.; Francis, S.S.; et al.
Longer genotypically-estimated leukocyte telomere length is associated with increased adult glioma risk. Oncotarget 2015, 6,
42468–42477. [CrossRef]

66. Gudmundsson, J.; Thorleifsson, G.; Sigurdsson, J.K.; Stefansdottir, L.; Jonasson, J.G.; Gudjonsson, S.A.; Gudbjartsson, D.F.;
Masson, G.; Johannsdottir, H.; Halldorsson, G.H.; et al. A genome-wide association study yields five novel thyroid cancer risk
loci. Nat. Commun. 2017, 8, 14517. [CrossRef] [PubMed]

67. Ojha, J.; Codd, V.; Nelson, C.P.; Samani, N.J.; Smirnov, I.V.; Madsen, N.R.; Hansen, H.M.; De Smith, A.J.; Bracci, P.M.; Wiencke,
J.K.; et al. Genetic Variation Associated with Longer Telomere Length Increases Risk of Chronic Lymphocytic Leukemia. Cancer
Epidemiol. Biomark. Prev. 2016, 25, 1043–1049. [CrossRef]

68. Phelan, C.M.; AOCS Study Group; Kuchenbaecker, K.B.; Tyrer, J.P.; Kar, S.P.; Lawrenson, K.; Winham, S.; Dennis, J.; Pirie, A.;
Riggan, M.J.; et al. Identification of 12 new susceptibility loci for different histotypes of epithelial ovarian cancer. Nat. Genet. 2017,
49, 680–691. [CrossRef] [PubMed]

69. Walsh, K.M.; Whitehead, T.P.; de Smith, A.J.; Smirnov, I.V.; Park, M.; Endicott, A.A.; Francis, S.S.; Codd, V.; ENGAGE Consortium
Telomere Group; Samani, N.J.; et al. Common genetic variants associated with telomere length confer risk for neuroblastoma and
other childhood cancers. Carcinogenesis 2016, 37, 576–582. [CrossRef] [PubMed]

70. Law, M.H.; Bishop, D.T.; Lee, J.E.; Brossard, M.; Martin, N.G.; Moses, E.; Song, F.; Barrett, J.H.; Kumar, R.; Easton, D.F.; et al.
Genome-wide meta-analysis identifies five new susceptibility loci for cutaneous malignant melanoma. Nat. Genet. 2015, 47,
987–995. [CrossRef]
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