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Abstract: RECQ5, a member of the conserved RECQ helicase family, is the sole human RECQ homolog
that has not been linked to a hereditary developmental syndrome. Nonetheless, dysregulation
of RECQ5 has emerged as a significant clinical concern, being linked to cancer predisposition,
cardiovascular disease, and inflammation. In cells, RECQ5 assumes a crucial role in the regulation of
DNA repair pathways, particularly in the repair of DNA double-strand breaks and inter-strand DNA
crosslinks. Moreover, RECQ5 exhibits a capacity to modulate gene expression by interacting with
transcription machineries and their co-regulatory proteins, thus safeguarding against transcription-
induced DNA damage. This review aims to provide an overview of the multifaceted functions of
RECQS5 and its implications in maintaining genomic stability. We will discuss the potential effects
of clinical variants of RECQ5 on its cellular functions and their underlying mechanisms in the
pathogenesis of cancer and cardiovascular disease. We will review the impact of RECQ5 variants in
the field of pharmacogenomics, specifically their influence on drug responses, which may pave the
way for novel therapeutic interventions targeting RECQ5 in human diseases.
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1. The History of the RECQ-Associated Clinical Diseases

The RECQ family of DNA helicases is present in both prokaryotes and eukaryotes [1].
In humans, five RECQ homologs have been identified: RECQL/RECQ1, BLM/RECQ?2,
WRN/RECQ3, RECQ4, and RECQ5. Although there are multiple RECQ helicases in human
cells, it is important to note that their sequence homologies are limited to the helicase
domain [1]. This limited sequence similarity explains why mutations in different RECQ
genes are associated with distinct diseases and why the clinical manifestation of those
mutations in a particular RECQ helicase cannot be compensated for by the presence of
other RECQ homologs.

The clinical significance of the RECQ family of DNA helicases was recognized long
before the identification of the five RECQ genes in humans. In 1868, Dr. August Rothmund
described the first RECQ-associated disease called Rothmund-Thomson syndrome (RTS),
characterized by developmental abnormalities, premature aging, and cancer [1,2]. How-
ever, it took another 120 years to establish the connection between RTS and mutations in
the RECQ4 gene [3]. In 1904, Dr. Otto Werner reported a progeria syndrome in his doctoral
dissertation, which would later be associated with WRIN/RECQ3 and named Werner’s
syndrome [4]. In 1954, another clinical case of congenital telangiectatic erythema with
short stature was presented by Dr. David Bloom in New York, leading to the identification
of Bloom’s syndrome [5,6]. The underlying cause of Bloom’s syndrome was revealed in
1965 when Dr. Bloom, in collaboration with Dr. James German, observed highly unstable
chromosomes with increased DNA breakages, sister chromatin exchanges, and a quadrira-
dial configuration in patients with Bloom’s syndrome [7]. The BLM gene, responsible for
Bloom’s syndrome, was cloned in 1995 and found to share sequence similarities with the
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RECQ family of DNA helicases, including RECQL/RECQ1 [8-10]. The third RECQ gene,
initially known as RECQ3, was isolated during the search for gene mutations underlying
Werner’s syndrome and later renamed WRN [11].

In 1998, the RECQ4 and RECQb5 genes, also known as RECQL4 and RECQL5, re-
spectively, were successfully isolated through a sequence homology search targeting the
known RECQ family helicases [12]. Building upon the associations of BLM/RECQ2 and
WRN/RECQ3 with Bloom’s syndrome and Werner’s syndrome, investigations were ini-
tiated to uncover hereditary diseases linked to RECQ1, RECQ4, and RECQ5. In 1999, Dr.
Yasuhiro Furuichi and his team at the AGENE Research Institute in Japan made a significant
breakthrough by establishing the connection between mutations in the RECQ4 gene and
a specific subset of RTS [3]. A few years later, RECQ4 mutations were also found to be
associated with two additional developmental disorders, namely RAPADILINO syndrome
and Baller-Gerold syndrome [13,14]. Another clinical milestone was recently reached,
when mutations in the RECQ1 gene were identified as the cause of the RECQL ONE (RE-
CON) syndrome, characterized by a short stature, premature facial aging, xeroderma, and
disproportional finger lengths [15]. Together, these findings have significantly contributed
to our understanding of the clinical spectrum and genetic bases of RECQ helicase-related
disorders, shedding light on the intricate roles played by these genes in human health
and development.

RECQ5, the newest member of the human RECQ helicase family, does not have a
known association with a specific clinical syndrome. Nevertheless, accumulating evidence
suggests that RECQ5 plays distinctive roles in safeguarding genome integrity and prevent-
ing various diseases, including cancer, cardiovascular disorders, and inflammation. In this
review, we summarize the current understanding of the clinical implications of RECQ5
polymorphisms or mutations. By correlating these genetic variations with the biochemical
properties and cellular functions of RECQ5, we shed light on the potential mechanisms
underlying RECQ5-related pathologies and pave the way for further investigations into
RECQ5-associated therapeutic implications and potential targeted interventions.

2. RECQ5 Gene Structure and Protein Biochemical Activities

The human RECQ5 gene consists of 20 exons, 19 of which are coding exons spanning
approximately 40 kb on chromosome 17 (Figure 1, top). The alternative splicing of RECQ5
mRNA results in three observed isoforms: RECQ5x, RECQ54, and RECQ5vy [16]. Northern
blot analysis indicates that RECQ503 mRNA is the predominant isoform in human cells, and
its protein product localizes specifically to the nucleus [12,16]. The RECQ5 protein product
encoded by the RECQ503 mRNA isoform is a 991 amino acid (aa) polypeptide, featuring a
conserved helicase domain at the amino (N)-terminal region of the protein (Figure 1). Like
other RECQ helicases, the catalytic core of RECQ5 helicase activity contains superfamily 2
(SFII) helicase and RecQ C-terminal (RQC) motifs, the latter being exclusive to the RECQ
family [17-19].

The helicase domain of human RECQ5 demonstrates the ability to unwind various
DNA structures, including partial duplex DNA, splayed arms, synthetic DNA fork struc-
tures, G-quadruplexes, and Holiday Junctions, in an ATP- and Mg2+-dependent 3/-5
direction [18,20,21]. The binding and hydrolysis of the ATP co-factor induces a confor-
mational change from a closed to an open state [22]. Apart from its DNA-unwinding
activity, RECQS5 also exhibits intrinsic DNA strand-annealing activity, mapped to a region
between residues 561 and 651 downstream of the SFII-RQC domain (Figure 1) [18,21].
This annealing reaction is inhibited by Replication Protein A (RPA), a single-stranded
DNA (ssDNA)-binding protein that binds to the unwound ssDNA product, preventing its
reannealing to the complementary strand [18]. Its inhibition in vitro may involve a direct
protein—protein interaction between RECQ5 and RPA-coated ssDNA [23], as the inhibitory
activity is specific to RPA and not to the E. coli ssDNA-binding protein SSB [18].
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Figure 1. Summary of human RECQ5 gene structure, RECQ5 protein domains, biochemical properties,
cellular functions, and RECQ)5 clinical variants. (Top) Gene structure of the human RECQ5 gene,
including exons and introns, and the RECQ5 protein domains, including the Superfamily helicase II
(SFII), RECQ-C-terminus (RQC), KIX, BRC, PIP-L, PIP and SRI domains. (Middle) Summary of the
biochemical properties and functions of the RECQ5 domains. (Bottom) RECQ5 variants that have
been linked to cancer or cardiovascular disease.

3. RECQ5 Functions in DNA Repair

The RECQ5 gene has been identified in various multicellular organisms, including
Caenorhabditis elegans (C. elegans) [24], Drosophila [25,26], mice [27], and chicken [28]. This
allows for the study of RECQ5 deficiency in different model organisms, providing valuable
insights even in the absence of direct links to human diseases. In C. elegans, although RECQ5
deficiency does not impact development, it does result in a shortened lifespan [29]. Because
C. elegans RECQ5 is ubiquitously expressed and particularly enriched in the intestine
compared to other organs, it is possible that in the absence of RECQ5, the accumulation
of DNA damage in the intestine resulting from oxidative stress caused by environmental
insults and food metabolism contributes to a shortened lifespan [29]. Similarly, in a mouse
model with the deletion of the Recg5 gene, no developmental abnormalities were observed,
but these mice exhibited a strikingly high susceptibility to cancer at an older age compared
to their wild-type counterparts [30]. At the cellular level, Recg5 knockout (KO) mouse
embryonic stem cells display an increase in sister chromatid exchanges (SCEs) due to an
elevated frequency of homologous recombination (HR) in repairing DNA double-stranded
breaks (DSBs) [30], resembling Dr. German’s initial observation in cells derived from
Bloom’s syndrome patients [7]. Interestingly, in chicken DT40 cells, RECQ5 deletion
alone does not lead to significant increases in SCEs. However, when combined with a
BLM~/~ mutation, RECQ5-BLM double-mutant cells exhibit significantly higher SCE levels
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compared to BLM single-mutant or RECQb single-mutant cells. This suggests that RECQ5
functions as a backup for BLM in suppressing SCEs in chicken cells [28]. Nonetheless,
several studies support the notion of a non-redundant role of RECQ5 in DNA damage
repair, at least in mammalian cells [30-32].

RAD?51 is essential for the strand invasion and pairing step of HR, and RECQ5 plays
a crucial role in limiting SCEs by disrupting RADS51 presynaptic filaments during the
initiation step of HR [30]. This activity is supported by the observation that RECQ5
localizes to DSBs [33,34], and its expression is inversely correlated with the number of
RAD?51 foci per cell [30]. The anti-RAD51 recombination function of RECQ5 is mediated
through a direct interaction between RAD51 and the unique C-terminus of RECQ5 [35].
Sequence analysis has revealed that this RAD51-interacting domain of RECQ5, spanning
residues 662 to 706, contains a BRC repeat motif like those found in breast cancer gene 2
(BRCAZ2), which interacts with RAD51 to promote HR in DSB repair [36]. Single-molecule
studies have indicated that RECQ5 translocates along the RAD51 presynaptic filament
in an ATP-dependent manner. This movement is believed to facilitate the disassembly
of the filament and to limit the subsequent steps such as strand invasion and pairing to
form a D-loop structure [23]. Additionally, by removing RAD51 from stalled replication
forks, RECQ5 promotes access to the MUS81-EMEI flap endonuclease, which cleaves the
stalled replication fork to resolve it [37]. Importantly, the dissociation of RAD51 filaments
by RECQ5 also directs the repair of DSBs toward the synthesis-dependent strand annealing
(SDSA) pathway that results in a noncrossover or alternative homology-dependent repair
(HDR) utilizing a ssDNA donor independent of RAD51 [38,39].

4. RECQ5 Function in Transcription

In 1998, when the RECQ5 gene was cloned, researchers initially expected it to be
mainly involved in DNA repair based on the sequence homology to other RECQ homologs.
It was, therefore, a surprise when RECQ5 was also linked to transcription regulation.
Specifically, RECQ5 has been identified as an RNA polymerase II (RNAPII)-associated
protein [40—42]. Through domain mapping, two regions located at the C-terminal portion
of the RECQ5 protein were identified as being responsible for the direct interaction with
RPB1, the largest subunit of RNAPII [40,43]. Sequence analysis revealed that these two
RNAPII interaction domains share sequence homology with the KIX domain and SET2-
Rpb1 interacting (SRI) domain found in transcription factors CBP and SET2, respectively
(Figure 1) [43]. The KIX domain primarily interacts with RNAPIla, the inactive and non-
phosphorylated form of RNAPII, while the SRI domain is critical for the interaction with
active, hyperphosphorylated RNAPIIo [41,43-45]. This distinct preference in interactions
with different forms of RNAPII allows RECQS5 to function as both a negative and positive
regulator of RNAPII-dependent transcription. The binding of RECQ5 via the KIX domain
inhibits RNAPII at both the initiation and elongation steps in in vitro transcriptional assays,
and this inhibition does not require RECQ5 ATPase activity [46]. Structural analysis
suggests that the KIX domain binds to RNAPII in a manner similar to that of the TFIIS
transcription factor, which is important for transcription elongation, thereby sterically
blocking transcription elongation and preventing TFIIS interaction with RNAPII [47].
Given that the KIX domain overlaps with residues 561-651, which are responsible for
single-stranded annealing activity [18,21], it would be worth investigating if RECQ5’s
annealing activity contributes to transcriptional inhibition by preventing ssDNA formation
at the promoter region, thereby reducing promoter accessibility to RNAPII.

In addition to its negative regulation of RNAPII-dependent transcription via the KIX
domain, several studies support the role of RECQ5 during transcription elongation through
the SRI domain [45]. RNAPII-dependent transcription is initiated by the TFIIH-mediated
Ser5 phosphorylation of the RNAPII C-terminal repeat domain (CTD), followed by the
Ser2 phosphorylation of the CTD as RNAPII transitions into the elongation mode [48]. The
SRI domain of RECQ5 binds to hyperphosphorylated RNAPIIo proteins at both Ser2 and
Ser5, and this binding correlates with the RECQS5 association with gene regions that are
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being actively transcribed [45]. One key function of RECQ5 in transcription elongation is
to control the speed of RNAPIIo to prevent transcription stalling and backtracking [49].

5. RECQ5 Function in Transcription-Induced Replication Stress

Despite an increase in HR efficiency for repairing DSBs in recqd mutant cells, these cells
exhibit an accumulation of spontaneous DSBs [30]. This suggests that RECQ5 also plays a
crucial role in preventing the generation of DSBs in the first place. Subsequent investiga-
tions revealed that transcription is the major source of DSBs in the absence of RECQ5, and
the RECQ5 SRI domain is critical in minimizing transcription-induced DSBs [44]. While
transcription is essential for cell survival and growth, it poses a significant threat to DNA
integrity. For example, during transcription, positively supercoiled DNA accumulates
ahead of the RNAPIIo, while negatively supercoiled DNA is generated behind it. If left
unresolved, these supercoils can impede the progress of RNAPIIo and hinder transcription.
Additionally, the formation of RNA:DNA hybrids, known as R-loops, between the DNA
template and newly synthesized RNA is driven by the negative supercoiling of DNA.
Failure to properly resolve R-loops can result in the stalling of transcription and DNA
replication forks, ultimately leading to the formation of DSBs [50]. Topoisomerase I (TOP1)
is involved in preventing R-loops because TOP1 maintains proper DNA topology by remov-
ing supercoils during transcription [50,51]. However, TOP1 DNA cleavage activity itself can
become harmful to cells, as it can lead to TOP1 being covalently trapped on the DNA due
to DNA cleavage adjacent to misincorporated ribonucleotides or naturally aborted topoiso-
merase reactions, resulting in DNA nicks and trapped TOP1 molecules, which are major
sources of mutagenesis [52-54]. RECQ5 plays a critical role in preventing R-loop-induced
DSBs, and this is achieved through the induction of the SUMO1 conjugation of TOP1 [55].
SUMOylated TOP1 prevents R-loop formation by facilitating the binding of splicing factors
to pre-messenger RNA (pre-mRNA) transcripts, preventing the invasion of RNA into the
DNA template. Furthermore, by excising introns from pre-mRNA, the homology between
newly synthesized mRNA and the DNA template is reduced, thereby decreasing R-loop
stability [56]. The SUMOylation of TOP1, a process that is dependent on RECQ5, also
suppresses TOP1-induced DSBs by inhibiting TOP1 catalytic activity [55]. In the event of
replication fork stalling caused by an R-loop, RECQ5 also facilitates the disassembly of
RADS51 filaments that may form at the stalled replication fork. This disassembly allows the
replication fork to become accessible to MUS81-EME1 flap endonuclease cleavage, thereby
alleviating supercoiled DNA buildup and destabilizing the R-loop at the collision site [37].

In addition to R-loops, the presence of chromatin-binding proteins, such as the
RNAPII transcription machinery, can impede the progression of the replication fork, lead-
ing to fork collapse and the formation of DSBs [57,58]. DSBs induced by transcription—
replication conflicts (TRCs) are a significant contributor to instability in common fragile
sites (CFSs) [57,59,60]. CFSs are particularly prone to instability because they reside within
gene regions that are predominantly transcribed during the S-phase of the cell cycle [59,61].
The detrimental impact of TRC-induced DSBs on human health is exemplified by the fact
that CFS instability is associated with genomic rearrangements, a loss of heterozygosity,
and microsatellite instability, all of which contribute to cancer pathogenesis [62,63]. Indeed,
many genes located within CFSs are frequently deleted in cancer cells [64]. Importantly,
genome-wide analyses have demonstrated a positive correlation between RECQ5 defi-
ciency and genome rearrangements, or loss associated with CFS instability, underscoring
the role of RECQ5 in TRC resolution [49]. Further mechanistic studies have shed light
on how RECQ5 resolves TRCs by interacting with both RNAPIIo and proliferating cell
nuclear antigens (PCNAs), an essential component of the DNA replisome [21,40,65-67].
The RECQ5 C-terminus contains PCNA-interacting proteins (PIPs) and PIP-like (PIP-L)
motifs (Figure 1) [66,68]. Specifically, the interaction between PCNA and RECQ5 PIP-L
recruits the TRIM28 SUMO E3 ligase, leading to the conjugation of SUMO2 to PCNA on
actively transcribed chromatin [67]. This SUMO2-conjugated PCNA promotes the asso-
ciation of histone chaperones CAF1 and FACT with the replisome, facilitating histone
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exchange, enhancing repressive histone marks, and destabilizing the stalled RNAPIIo on
chromatin [66]. The dissociation of RNAPIIo allows the stalled replication fork to restart,
thereby avoiding catastrophic fork collapse and DSB formation. RECQS5 also facilitates the
ubiquitin (Ub) conjugation of PCNA through the PIP motif within the SRI domain [68].
The helicase activity of RECQ5 may assist in unloading Ub-PCNA, enabling RNAPII to
bypass the TRC site. It is important to note that RECQ5’s role in TRC resolution extends
beyond gene regions transcribed by RNAPII, as the RECQ5 C-terminus also interacts with
the largest subunit of RNAPI, preventing replication fork stalling at ribosomal DNA loci
mediated by RNAPI [68].

6. RECQ5 Variants in Cancer

To date, no specific developmental syndrome has been directly attributed to mutations
in the RECQb5 gene. However, mutations affecting different domains of RECQ5 have been
associated with an increased risk of cancer and cardiovascular disease. Studies involving
RecQ5 KO mice have revealed a high incidence of blood cancer and various solid tumors,
indicating that RECQ5 functions as a broad-spectrum tumor suppressor [30]. To explore
the connection between RECQ5 and cancer in humans, researchers have investigated
RECQ5 gene expression, polymorphisms, and mutations in relation to cancer risks. For
instance, similar to the pattern observed in C. elegans [29], RECQ5 expression in humans
is predominantly enriched in the gastrointestinal tract [69]. A key function of RECQ5
in the gastrointestinal tract is to suppress tumorigenesis, as low RECQ5 expression has
been associated with colorectal cancer and gastric cancer, and this reduced expression is
correlated with poor prognosis [70-72]. The link between reduced RECQ5 expression and
the neoplastic transformation of gastrointestinal tract tissue has been further validated in
APC (min/+) colorectal mouse models [73]. Reduced RECQ5 expression has also been
observed in osteosarcoma, particularly in advanced tumor stages or low-grade tumors [74].
The precise mechanism by which RECQ5 regulates bone metastasis in this context remains
to be elucidated.

It is worth noting that mutations in the tumor suppressor genes, FHIT and WWOX,
which are located within FRA3B and FRA16D CFS, respectively, due to unresolved TRC-
induced CFS instabilities have been observed at a high frequency in gastric and colon
cancer [75,76]. These observations suggest that RECQ5 may prevent the pathogenesis and
invasiveness of gastric cancer by suppressing CFS instabilities induced by TRCs. Indeed,
whole-exome sequencing studies conducted on families with hereditary gastric cancer
but lacking pathogenic mutations in the CDH1 gene, which encodes E-Cadherin, have
identified two RECQ5 variants, namely ¢.2828C>T and ¢.2806-2A>G (Figure 1, Table 1),
in separate families [77]. Both RECQ5 mutations are predicted to alter the protein-coding
sequence within the SRI domain that is essential for TRC resolution [66,67]. In support
of this connection, pathway analysis of gastric cancer has led to the identification of two
genes encoding components of RNAPII that show a significant correlation with RECQ5
expression [71]. This finding further strengthens the link between the role of RECQ5 in
transcription regulation and the development of gastric cancer.

Similarly, a number of deletion and missense mutations affecting the function of the
RECQS5 SRI domain have been identified in breast cancer cases [78,79], suggesting the
significance of the anti-tumor properties associated with the RECQ5 SRI domain across
multiple cancer types. In a large case—control study conducted on a Spanish population,
RECQ5 emerged as the only RECQ helicase gene with mutations associated with breast
cancer risk [78,79]. In addition to the RECQ5 variants identified within the SRI domain,
a significant number of missense mutations associated with breast cancer were found in
the conserved residues within the SFII domain (Table 1) [78,79]. For instance, residue G44,
located immediately upstream of the first of the seven SFII motifs, is conserved among
all RECQ helicases except WRN/RECQ3 [12]. Similarly, residue P78 in the SFII Ia motif
is shared by all RECQ helicases. Since the ATPase activity of RECQ5 plays a crucial role
in anti-RAD51 recombinase activity [23], further biochemical analyses are necessary to
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determine the potential impact of the breast cancer-associated RECQ5 variants within the
SFII and RQC domains on the ATPase activity of RECQ5 and its ability to disassemble the
RADS51 filament on DNA. The functional relationship between RECQ5 and RAD51 in breast
cancer is further supported by the studies showing that the overexpression of RECQ5, par-
ticularly when combined with low RAD51 expression, has been associated with increased
invasion and migration in breast cancer [80]. This suggests that the excessive amount of
RECQ5 may hinder RAD51 activity, leading to reduced HR efficiency and increased cancer
aggressiveness. Interestingly, high expression of RECQ5 has also been linked to improved
relapse-free survival in breast cancer patients [81]. These findings highlight the complex
and context-dependent role of RECQ5 in breast cancer prognoses, indicating its potential
as a prognostic marker that varies across specific breast cancer subtypes.

A number of single-nucleotide polymorphisms (SNPs) associated with RECQ5 have
also been identified and correlated with susceptibility to various cancer types (Table 1).
These SNPs, including rs820200, rs4789223, rs142406301, and rs74632503, fall within introns,
and the impact of these SNPs on RECQ5 protein structure and expression at the protein
level remains unclear. Nonetheless, rs4789223 has been linked to colon cancer and osteosar-
coma [82,83], while rs820200 is associated with an increased incidence of breast cancer [84].
Notably, rs142406301 has a high recurrence in NUT midline carcinoma, an aggressive and
fatal malignancy for which effective treatments have not been identified to date [85]. Inter-
estingly, the rs74632503 variant shows a protective effect against head and neck cancer [86].
On the other hand, rs820196 involves a single nucleotide substitution within the RECQ5
coding sequence, resulting in a change from a negatively charged aspartic acid (D) side
chain at the residue 480 to a non-polar glycine (G) or valine (V) residue. This D480G/V
mutation has been associated with several cancer types, including breast, colon, laryngeal,
and bone cancers [82-84,87-91]. This residue is situated between the SFII-RQC and KIX
domains in a region where the interaction with the TRIM28 SUMO E3 ligase important
for SUMO2-PCNA conjugation and TRC resolution was mapped [67]. Given that the
secondary structure of this region is predicted to be disordered [92,93], the impact of the
D480G/V mutation on the biochemical activity of RECQS5, the interaction with TRIM2S, or
potential post-translational modifications, such as nearby Y484 phosphorylation [94], is yet
to be determined.

Table 1. Diseases associated with RECQ5 mutations and SNPs.

Mutation/SNP Effect Domain(s) Affected Syndrome Cancer Type Ref
gir;igifizng intron variant colon [82]
g %00232 T intron variant Breast [84]

g 417r52§33;21§;)é /A intron variant head & neck [86]
1142406301 intron variant NUT midline [85]
g.41348CA carcinoma :
c.130G>A p-G44S SFII-RQC breast [78,79]
c.233C>T p-P78L SFII-RQC breast [78]
c.539G>A p-R180H SFII-RQC breast [78]
.657delC p.C220AfsX SFIII,'IIIQ)%C;SE%XI;E,RC' breast [78,79]
¢.1247T>C p-l416T SFII-RQC myocardial infarction [95]
p.R441Q SFII-RQC mumczfczgmary [96]
rs820196
A0 A T heart rate breast, laryngeal, ,
C-1439A>T; p-D48OV/G abnormality osteosarcoma, colon [82-84,87-91]

c.1439A>G
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Table 1. Cont.

Mutation/SNP Effect Domain(s) Affected Syndrome Cancer Type Ref
¢.1718insTG p-D519fsX KIX’S];II{’CI;II;IP_L’ myocardial infarction [97]
c.1648C>T p-R550W KIX breast [78]
¢.2308C>T p-R770X SRI, PIP breast [78,79]
€.2393dupC p-M799DfsX SRI, PIP breast [78,79]
¢.2790C>T p-K9315fsX SRI, PIP breast [78,79]
c.2806-2A>G p-K935VfsX SRI, PIP gastric [77]
.2828G>A p-R943H SRI gastric [77]
c.2874C>G p-S958R SRI breast [78,79]
€.2926C>T p-R976W SRI breast [78]

7. RECQ5 Variants in Heart Disease and Inflammation

In addition to its association with cancer, whole-exome sequencing studies have
identified a specific mutation in the RECQ5 gene that is highly prevalent in early myocardial
infarction (MI) cases [97]. This mutation affects the acceptor splice site of intron 11, resulting
in the skipping of exon 12 [97]. Consequently, the predicted protein product retains
only the first 519 amino acids, lacking functional KIX, BRC, and SRI domains (Table 1;
Figure 1). Furthermore, gastric cancer patients carrying the SNP rs820196, which leads
to the RECQ5 D480V /G missense mutation and is associated with increased cancer risks,
have been found to be more susceptible to heart rate changes during gastrectomy and
peritoneal lavage [89]. Although the precise role of RECQ5 in heart disease has not been
extensively studied, chromatin immunoprecipitation experiments have revealed RECQ5
localization to the gene body of the low-density lipoprotein receptor (LDLR) gene, and
RECQS5 deficiency has been shown to alter LDLR expression [41]. LDLR plays a crucial
role in regulating plasma cholesterol levels by removing circulating LDL through binding
and internalization, and mutations in the LDLR gene have been linked to cardiovascular
disease [98,99]. This association suggests that RECQ5 may play a role in maintaining
proper cholesterol balance to prevent heart disease. Additionally, chronic inflammation
contributes to atherosclerosis, a critical factor in the development and progression of
cardiovascular disease [100]. Recent research indicates that RECQL5 may function to
suppress lipopolysaccharide-induced inflammatory cytokine levels and inflammation-
associated DNA damage [101]. Consequently, dysregulated inflammation due to altered
RECQS5 function could potentially predispose individuals to heart disease.

8. Additional RECQ5 Variants in Humans

Numerous additional variants of the RECQ5 gene have been identified in human
populations, with some observed in individuals with congenital genetic disorders and
others predicted to be pathogenic based on the change in the amino acid sequence [102,103].
Notably, no individuals among the more than 9000 sequences examined were found to be
homozygous for the predicted pathogenic RECQ5 variants [103]. It is worth mentioning
that Y723 is likely subjected to phosphorylation [94]. Nevertheless, the significance of these
mutations in the context of genetic disorders or cancer has yet to be confirmed.

9. RECQS5 as a Therapeutic Target

Recent studies have shed light on the potential influence of RECQ5 variants in response
to certain drugs. For instance, RECQ5 plays a role in promoting the SUMOylation of
TOP1 during transcription, facilitating spliceosome recruitment to actively transcribed
chromatin [55]. This modification also suppresses the catalytic activity of TOP1 in relaxing
supercoiled DNA [55]. As the catalytic activity of TOP1 is crucial for the trapping of TOP1
by chemotherapeutic drugs such as topotecan and irinotecan, the deficiency of RECQ5
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reduces TOP1 SUMOylation and increases TOP1 activity, rendering cells more sensitive
to topotecan treatment [55,104]. Therefore, tumor cells with reduced RECQ5 expression,
such as those in gastric cancer and osteosarcoma [71,72,74], may represent a cell population
particularly susceptible to topotecan and irinotecan therapies.

Moreover, RECQ5 may be a therapeutic target for patients with myeloproliferative
neoplasms (MPNs) harboring the V617F mutation in the Janus family of cytoplasmic non-
receptor tyrosine kinase 2 (JAK2) [105]. The JAK2 V617F mutation induces replication stress,
likely due to its oncogenic role in transcription induction, leading to an accumulation of
TRC-associated DNA lesions. In this context, MPNs with the JAK2 V617F mutation depend
on RECQ5 for the resolution of replication-associated DNA lesions for their survival [105].
Additionally, increased RECQ5 expression promotes tumor proliferation in urothelial
bladder carcinomas [106]. Therefore, RECQ5 may be a potential therapeutic target for these
cancers. To date, a small molecule derived from 1,3,4-oxadiazole has been discovered to
inhibit RECQ5 helicase activity in vitro and sensitize RECQ5-positive cells, with an ICpq
of 8.2 uM [107]. However, further validation is required to confirm the specificity of this
small molecule to RECQ5 as opposed to other RECQ helicases, as computational analysis
suggests its binding site is within the SFII domain [107], which is present in all known
RECQ helicases. Small molecules targeting the protein—protein interaction domains in the
C-terminal region of RECQ5, which are unique to RECQ5, may enhance selectivity toward
RECQS5, providing an avenue for potential therapeutic development.

10. Conclusions

Over the past 25 years, a wealth of research has illuminated the complex functions
of RECQ5 in DNA repair and transcriptional regulation, which are pivotal for maintain-
ing chromosome integrity and controlling cell growth. Studies on RECQ5 variants may
advance fundamental and clinical investigations on the impact of functional alterations
in RECQ5 on human health and on effective therapeutic approaches tailored to individ-
uals harboring specific variants. By leveraging this knowledge, we can pave the way for
significant advancements in our understanding of the role of RECQ5 in various biological
processes and optimize strategies to address the specific needs of individuals affected by
these variants.
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