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Abstract: Werner syndrome (WS) is a rare recessive genetic disease characterized by premature aging.
Individuals with this disorder develop normally during childhood, but their physiological conditions
exacerbate the aging process in late adolescence. WS is caused by mutation of the human WS gene
(WRN), which encodes two main domains, a 3′-5′ exonuclease and a 3′-5′ helicase. Caenorhabditis elegans
expresses human WRN orthologs as two different proteins: MUT-7, which has a 3′-5′ exonuclease
domain, and C. elegans WRN-1 (CeWRN-1), which has only helicase domains. These unique proteins
dynamically regulate olfactory memory in C. elegans, providing insight into the molecular roles of
WRN domains in humans. In this review, we specifically focus on characterizing the function of MUT-7
in small interfering RNA (siRNA) synthesis in the cytoplasm and the roles of siRNA in directing
nuclear CeWRN-1 loading onto a heterochromatin complex to induce negative feedback regulation.
Further studies on the different contributions of the 3′-5′ exonuclease and helicase domains in the
molecular mechanism will provide clues to the accelerated aging processes in WS.

Keywords: MUT-7; 3′-5′ exonucleases; C. elegans WRN-1 (CeWRN-1); small interfering RNA; Werner
syndrome; C. elegans neuronal plasticity

1. Introduction

The maintenance of an intact genome is a complex process that depends on the fidelity
of DNA replication, DNA secondary structure, and proteins that bind to DNA. Loss of
these critical components may lead to the accumulation of chromosome mutations and
impaired chromosome segregation, which gradually leads to the loss of cell function with
age [1]. Cells have developed different mechanisms to enable the repair of most of this DNA
damage and to preserve genomic content passed onto their offspring. 3′-5′ DNA exonucle-
ases are key enzymes involved in many aspects of DNA repair and telomere maintenance
and thus contribute to the maintenance of genome stability. Failure of DNA repair may
trigger a major pathogenic mechanism leading to potential genetic disorders. However, the
complexity and progression of a disease cannot be explained by DNA sequence variants.
The study of progeroid syndromes has provided insight into how epigenetic regulation in
genes triggers disease onset at different times. For example, Hutchinson–Gilford proge-
ria syndrome (HGPS) is a classic childhood-onset premature aging disorder affected by
pathogenic variants in the LMNA gene, which encodes the nuclear structural proteins Lamin
A and C [2,3]. Nuclear Lamin and its nuclear envelope partners are involved not only in
nuclear organization, serving as regulators of diverse nuclear processes, but also in the
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aging process, such as the mTOR (mechanistic target of rapamycin) signaling pathway [4,5].
Moreover, a mutation in the LMNA gene results in the accumulation of a truncated form
of the dysfunctional protein progerin, which is the cause of early-onset HGPS. In a mouse
model, progerin interacts with a subset of endoplasmic reticulum-associated proteins to
cause metabolic abnormalities through changes in calcium homeostasis [6].

In a comparison of individuals starting to show aging, Werner syndrome (WS) is char-
acterized by the adult-onset of the progeroid syndrome, and it is caused by mutations in the
WRN gene, which encodes a multifunctional protein with 3′-5′ helicase and 3′-5′ exonuclease
functions (Figure 1) [7]. Although data indicate that more than 400 mutations in LMNA have
been identified as causative factors of diseases, including atypical WS, whose patients have
tested negative for biallelic pathogenic WRN variants [8], classical WS patients show normal
Lamin function. Previous studies with cell culture and mouse models have emphasized
that the helicase domain of WRN proteins is not only important to DNA replication and
DNA damage repair, but is also associated with several aging phenotypes. In HeLa cells,
nucleolar localization of WRN requires HERC2, which possesses ubiquitin E3 ligase and acts
in DNA replication and damage response [9]. Moreover, HERC2 inactivation inhibits rRNA
transcription [9]. Loss of WRN helicase causes severe genome integrity defects in microsatel-
lite high-instability cancer cells, and this functional impairment might be attributable to
defective mismatch repair [10]. In molecular analysis of reprogrammed induced pluripotent
stem cells (iPSCs) derived from WS fibroblasts, dysregulation of the PI3K/AKT pathway
results in the impairment of angiogenesis, and this may be the reason for the poor healing
of chronic ulcers and slow tissue regeneration observed in patients with WS [11]. Primary
fibroblasts derived from WS patients show abnormal mitochondria including loss of cristae
morphology, reduced density, and decreased cellular ATP levels compared to normal con-
trol fibroblasts [12]. Mitochondrial dysfunction is due to the inactivation of nicotinamide
nucleotide adenylyltransferase 1 (NMNAT1), which is involved in NAD+ biosynthesis, sug-
gesting a relationship between energy metabolism and aging. These phenotypes are also
observed in model organisms, such as C. elegans and Drosophila melanogaster [12]. In a WS
mouse model, mice lacking the helicase domain of the WRN ortholog display many WS
features, including metabolic problems and a short life span. However, mice lacking the
entire WRN protein do not show a premature aging phenotype [13]. This result implies
different aging processes between humans and mice in WS.

The reasons that mutations in the WRN protein do not cause premature aging during
childhood remain unclear. Recent studies on the function and structure of the WRN
protein suggest the possibility of both 3′-5′ helicase and 3′-5′ exonuclease contributions to
the premature aging process [12,14,15]. Misregulation of gene expression and epigenetic
modification induced by mutations in the WRN gene are considered important factors
contributing to the senescence process. Mesenchymal stem cells derived from WS patients
show that the WRN protein associates with a heterochromatin complex including SUV39H1
and HP1 [16]. Moreover, a methylation array study between healthy individuals and
WS patients showed 659 differentially methylated regions [17]. Here, we summarize
some recently obtained comprehensive data showing the ways in which the helicase
and exonuclease domains of WRN proteins contribute to different epigenetic regulatory
mechanisms in a C. elegans animal model. These data may provide hints at the mechanisms
through which siRNA synthesis and heterochromatin modification processes serve as
potential determinants of adult-onset WS.
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nematode MUT-7 has a 29% amino acid sequence identity to human WRN. The three helicase domains in the human 
WRN, helicase/ATPase, RecQ C-terminal domain (RQC), and helicase-and-RNaseD C-terminal (HRDC) domain, share 
43%, 25%, and 16% identity, respectively, with the same domains of nematode WRN-1. 
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Figure 1. Domain structures of C. elegans MUT-7 and CeWRN-1 and human WRN. The 3′-5′ exonuclease domain of
nematode MUT-7 has a 29% amino acid sequence identity to human WRN. The three helicase domains in the human WRN,
helicase/ATPase, RecQ C-terminal domain (RQC), and helicase-and-RNaseD C-terminal (HRDC) domain, share 43%, 25%,
and 16% identity, respectively, with the same domains of nematode WRN-1.

2. The Diverse Roles of 3′-5′ Exonucleases

The function of 3′-5′ exonucleases is hydrolyzation of phosphodiester bonds in nucleic
acids; these exonucleases degrade the nucleic acid strand starting from the 3′ end. Although
they were initially considered nonspecific and degradative enzymes, it has become clear
that these exonucleases have distinct substrate affinities and play essential roles in a wide
range of cellular processes. The 3′-5′ exonucleases are classified on the basis of their
DNase and RNase activities, which depend on DNA or RNA targeted for binding and
degradation. DNA exonucleases are required for the fidelity of DNA replication [18], DNA
repair [19], telomere maintenance, and the stability of the nuclear genome [20]. In contrast,
RNA exonucleases play multiple roles in regulating gene expression during the course of
development or adaptation to environmental changes [21]. Since earlier studies have shown
that the WRN 3′-5′ exonuclease can digest RNA and DNA strands [22], recent studies on this
enzyme with DNase and RNase activity will be respectively described in the next section.

2.1. The Roles of 3′-5′ DNA Exonucleases

In normal cells, DNA replication in the S phase of the cell cycle is tightly regulated,
leading to newly synthesized DNA strands with a low mutation rate and promoting cell
viability and health. The accuracy of replication depends on three key processes: efficient
selection of correct nucleotides in the DNA polymerization reaction, elimination of mistakenly
incorporated nucleotides, and post-replication DNA mismatch repair [18]. The activation of
DNA replication requires specific DNA helicases to open the double-stranded DNA helix.
This opening allows DNA polymerases to duplicate the parental DNA strands in the 5′ to 3′

direction using RNA as a primer. When nucleotide misincorporation generates DNA base-
base mismatches during DNA synthesis, the mismatched base is removed upon activation
of the DNA mismatch repair process. Mismatch correction is a pathway highly conserved
from E. coli to eukaryotic cells [23]. In general, a strand-specific nick is the starting point
for the excision of a mismatched base. A specific helicase unwinds the DNA duplex, and
DNA exonucleases move in either a 5′-3′ or a 3′-5′ orientation from the nick toward the
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mismatched base to the position adjacent to the mismatched base on the single-stranded DNA.
The resulting single-strand gap is filled with the correct bases and sealed by DNA ligase.

During replication of the leading strand in eukaryotic cells, DNA synthesis continues
to the end of the linear chromosome. In the lagging strand, DNA is synthesized in short
stretches from different RNA primers. There is a problem with replication at the end of
this strand: there is no space for an RNA primer; therefore, a new DNA fragment that
includes the terminal nucleotides cannot be produced. As a result, the telomeres at the
ends of chromosomes, which do not form Watson-Crick paired structures, are progressively
shortened during each round of DNA replication. A special reverse transcriptase, a telom-
erase, resolves this problem by adding telomeric repeats to the ends of chromosomes. In
human cells, TOE1, a 3′-5′ exonuclease, was recently shown to interact with the telomerase
complex to regulate telomere maintenance [24]. Moreover, several human diseases, includ-
ing WS, are associated with the dysfunctional replication of telomeres. There is evidence
that WRN functionally and physically interacts with telomere-associated proteins TRF-2
and POT-1 to promote telomere instability [25–27]. Moreover, the WRN-TRF2 interaction
mediates the 3′-5′ exonuclease activity of the WRN protein on DNA sequences containing
telomeric repeats [28]. However, the mechanism by which WRN is involved in telomeric
recombination events remains to be determined.

2.2. The Roles of 3′-5′ RNA Exonucleases

3′-5′ RNA exonucleases are essential for RNA metabolism in all cells, including the
synthesis and degradation of coding and non-coding RNAs. First, 3′-5′ RNA exonucleases are
involved in RNA processing that is critical for RNA maturation and stability. In eukaryotic
cells, 3′-5′ RNA exonucleases trim the 3′ end of RNAs in the nucleus to yield mature noncoding
RNAs [29–31]. These exonucleases are involved in the maturation of 5.8S ribosomal RNA
(rRNA), small nuclear RNAs (snRNAs; such as U4 and U5), and small nucleolar RNAs
(snoRNAs; such as U14, U18, and U24) [32–34]. In prokaryotic cells, 3′-5′ RNA exonucleases
are involved in the 3′ end processing of rRNA and transfer RNA (tRNA). In Pseudomonas
syringae, the 3′-5′ RNA exonuclease RNase R is required for 3′ end trimming of 16S and 5S
rRNAs [35]. In E. coli, 3′-5′ RNA exonucleases, such as RNase T and RNase PH, contribute to the
3′ end maturation of tRNA [36,37]. Second, exonucleases, which degrade RNA, influence RNA
expression levels, which are determined by the rates of RNA synthesis and degradation. Most
mRNA degradation is associated with deadenylation performed by poly(A)-specific 3′-5′ RNA
exonucleases [38]. Finally, 3′-5′ RNA exonucleases regulate the production of small RNAs such
as microRNAs (miRNAs) and small interfering RNAs (siRNAs). The evolutionarily conserved
3′-5′ RNA exonuclease ERI-1 associates with the Dicer complex to generate certain siRNAs in
C. elegans [39], and Eri-1 in mice has been shown to regulate global miRNA abundance [40].
Moreover, in C. elegans, forward genetic screens have revealed that the 3′-5′ RNA exonuclease
activity of MUT-7 acts through small RNA-mediated silencing pathways [41].

3. Roles of the WRN Exonuclease in Gene Regulation
3.1. Functional Domains of the WRN Protein and Effects of Their Mutation

WS is a rare autosomal recessive inherited disease. Individuals with WS develop
normally during childhood, but aging accelerates in late adolescence. The aging signs and
symptoms include early graying and loss of hair, osteoporosis, atherosclerosis, cataracts,
and type II diabetes mellitus [42–44]. Epidemiological studies have indicated that WS
affects nearly 1 in 100,000 people worldwide. A higher frequency has been reported in
Japan, where the incidence is 1 in 20,000 to 40,000 live births [45].

Most cases of WS have been linked to one or more mutations in WRN, which is located
on chromosome 8p12 in the human genome [7]. The WRN gene encodes a 1432-amino
acid protein with four functional domains (Figure 1, middle). WRN has a 3′-5′ exonuclease
domain in its N-terminal region. The crystal structure of this exonuclease domain reveals
that Mg2+-binding sites help to modulate exonuclease activity [15]. A helicase/ATPase
domain and RecQ C-terminal domain (RQC) are located in the middle region of the
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protein. Biochemical analysis of the helicase has shown that ATPase activity produces
the energy needed for unwinding double-stranded DNA with 3′-5′ polarity, suggesting
that this enzyme may be involved in DNA replication, recombination, and repair [46]. A
helicase and RNaseD C-terminal (HRDC) domain is found at the C-terminus. The HRDC
domain has a weak DNA binding affinity but interacts with many different proteins [47].
In addition, a C-terminal nuclear localization signal (NLS) plays a critical role in importing
WRN into the cell nucleus where it carries out its biological functions.

Based on functional domain characterization, WRN is considered a member of the
RecQ helicase family [7,48]. The human genome contains five genes that encode RecQ
helicases: RecQ1, BLM, WRN, RecQ4, and RecQ5. Mutations in BLM and RecQ4 lead to
Bloom syndrome and Rothmund–Thomson syndrome, respectively [48]. The WRN gene
in WS patients often has nonsense or frameshift mutations that generate a stop codon,
which leads to the production of a truncated WRN protein [49]. Furthermore, loss of the
C-terminal NLS sequence means that truncated proteins fail to localize to the nucleus and
are generally degraded in the cytoplasm [50–53]. Failure of WRN protein entry into the
nucleus is considered to be the main pathogenic cause of WS because it results in changes
in cellular homeostasis including DNA replication and stability.

3.2. Functions of the WRN Exonuclease

A large body of evidence has established a tight link between the human WRN protein
and the regulation of DNA replication and repair. However, it remains unclear whether
WRN has RNase activity or influences post-transcriptional modification. A recent study of
human embryonic stem cells showed that WRN associates with a complex consisting of a
trimethylated histone H3K9 (H3K9me3) methyltransferase, SUV39H1; a histone H3K9me3
binding protein, HP1α; and a nuclear envelope component, LAP2β [16]. This result may
implicate epigenetic alterations in WRN-mediated premature aging. Interestingly, the func-
tion of the WRN exonuclease in epigenetic changes in humans is consistent with the role
of the C. elegans WRN ortholog MUT-7 in olfactory learning processes. Olfactory learning
requires downregulation of the expression of a guanylyl cyclase, ODR-1, by endogenous
odr-1 siRNA. The production of this siRNA is modulated by MUT-7 in the cytoplasm, and
this siRNA is required for the formation of the complex with chromatin-associated hete-
rochromatin protein 1 (HP1) homolog HPL-2 in the nucleus; HPL-2 binds to odr-1 mRNA to
silence ODR-1 expression in a negative feedback loop [54,55]. These findings suggest that
the WRN exonuclease is critical for the installation of epigenetic modifications that regulate
gene expression. The importance of WRN-like 3′-5′ exonuclease activity has been observed
in other species. In Arabidopsis thaliana, loss of the WS-like exonuclease WEX causes defective
posttranscriptional gene silencing [56]. In Drosophila melanogaster, loss of the fly WRN, which
contains only a 3′-5′ exonuclease domain, affects lifespan via NAD+ supplementation [12].

In humans, 10–15% of patients with WS are nonclassical cases that present with the
clinical manifestations of WS but possess the wild-type WRN gene [57]. Their pathogenic
variant is found in mutations in the 3′-5′ exonuclease domain of POLD, which is a highly
conserved human polymerase delta associated with the WRN helicase in lagging strand
synthesis. In addition, some clinical case reports have described subjects who have muta-
tions that cause a 90% reduction in WRN helicase activity but that do not affect exonuclease
activity; these subjects do not develop clinical WS symptoms [14]. Thus, it is important to
determine the roles of the helicase and 3′-5′ exonuclease domains of WRN to elucidate and
distinguish the roles they play in WS.

4. Separate Functional Domains of the WRN Ortholog in C. elegans

Due to the complexity of human disease, a simple model organism that enables
powerful genetic screening, such as C. elegans, can be helpful in identifying the mechanisms
of a disease process [58,59]. C. elegans is a small soil-residing nematode with a short life
cycle of 3.5 days and a lifespan of approximately 3 weeks at 20 ◦C. C. elegans homologs
have been identified for 60–80% of human genes [60,61]. A search of the literature and
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the WormBase database (https://wormbase.org/, accessed on 13 October 2021) revealed
that two nematode proteins are homologous to functional domains in the human WRN
protein: CeWRN-1, which has an ATPase/helicase domain, and MUT-7, which has a 3′-5′

exonuclease domain (Figure 1, up and down panels). Loss of the nematode CeWRN-1
helicase leads to several progeroid signs, including decreased lifespan, cavity formation,
and pharyngeal clogging in the worm head [62].

The exonuclease ortholog in nematodes was identified by RNA interference (RNAi)
screening and transposon activity [41]. MUT-7 has been shown to participate in RNA
regulation. Several reports have shown that MUT-7 is important for the amplification
of secondary siRNAs that are produced after the initial siRNA stage [63–65]. Residues
critical for MUT-7 3′-5′ exonuclease catalytic activity are conserved in the mammalian
WRN exonuclease domain [41]. The WRN protein has both DNase and RNase activity [22],
but few studies have focused on WRN RNA regulation, except to note that loss of the
miRNA miR-124 in WRN-mutant mice seems to affect aging [66].

4.1. Olfactory Learning in C. elegans as a Model for WS

A hallmark of aging is the alteration of intercellular communication. In neurons, this
communication is important for transferring correct information from sensory neurons, via
interneurons, to motor neurons. Sensory neurons are at the frontline of neural networks
and detect external stimuli. To respond correctly to a changing environment, the sensory
system must be plastic enough to ignore prolonged stimuli that do not benefit the animal.
This process is termed olfactory learning. The progressive loss of neuroplasticity is a sign
of physiological aging.

C. elegans is a good platform with which to model biological processes such as olfactory
behavior because it relies extensively upon a sense of smell to not only detect food sources
such as bacteria, but also to recognize odors that are not associated with food. C. elegans has
12 classes of amphid neurons with cilia exposed to the outside environment to enable the
detection of environmental cues [67]. A pair of these neurons called amphid wing C (AWC)
neurons detects attractive odorants, and their activity can be measured using a well-established
chemotaxis assay (Figure 2). When the animal’s sensory neurons are stimulated by an odor,
the neural response is reflected in its behavior. The animal’s naïve or primary response is to
seek out innately attractive odors (chemotaxis; Figure 2 upper). When the animal is exposed to
the previously attractive odor for a long time, this odor-seeking response is decreased, causing
the animal to ignore the previously attractive odor (olfactory learning; Figure 2 lower).

Chemotaxis and long-term odor learning in C. elegans are excellent models for studying
behavioral plasticity and long-term memory behaviors at the molecular and genetic levels.
A key behavioral “switch” involves the entry of the cGMP-dependent protein kinase EGL-4
into the nucleus of AWC neurons [68]. Prolonged exposure to the AWC neuron-sensed
odors results in a decreased response to an odor that lasts for hours. This behavioral state is
termed long-term olfactory learning and requires the accumulation of EGL-4 in the nucleus
of AWC neurons [68,69]. When EGL-4 accumulates in the nucleus, MUT-7 acts specifically
in the cytoplasm to promote the synthesis of 22G siRNA [54,55]. Endogenous 22G siRNAs
are 22 nucleotides long and have a guanosine at the 5′ end [63]. The nuclear argonaute
protein NRDE-3 acts as a shuttle to carry these 22G siRNAs from the cytoplasm to the
nucleus [70]. The entrance of the 22G siRNAs into the nucleus induces nuclear EGL-4
to phosphorylate nuclear MUT-7 [54]. Activated MUT-7 is required for the association
between HPL-2 and CeWRN-1 and their loading on the siRNA-targeted locus odr-1 [54].
This results in a reduction in the mRNA level of odr-1, which encodes the guanylyl cyclase
ODR-1 that generates the second messenger cGMP; it is this reduction that is highly
correlated with the adaptation of the odor-seeking response [54,55]. These findings support
the idea that the 3′-5′ exonuclease of MUT-7 is required for siRNA synthesis and suggest
that the import of siRNA into the AWC neuron nucleus is required for CeWRN-1-dependent
olfactory learning (Figure 3). This may provide hints about how small RNAs, such as miR-
124, are differentially expressed in mice lacking WRN compared to wild-type mice [66].

https://wormbase.org/
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Figure 3. Signaling model of long-term olfactory learning in the AWC neuron of C. elegans. Wild-type AWC neurons
enable the worm to detect an attractive odor and move toward it. When the worm is exposed to an odor for a long
time, EGL-4 accumulates in the nucleus. Cytoplasmic MUT-7 mediates the synthesis of 22G siRNAs that target odr-1 and
the siRNAs are carried by NRDE-3 into the nucleus. Once the siRNA enters the nucleus, EGL-4 phosphorylates nuclear
MUT-7, resulting in the association between CeWRN-1 and HPL-2. HPL-2 then binds to methylated histone H3.3, thereby
downregulating odr-1 transcription. Lower levels of the ODR-1 protein promote olfactory learning and worms ignore the
previously attractive odor.
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4.2. C. elegans Model of WS Hypogonadism

A symptom of WS is hypogonadism of the testes in men and ovaries in women,
which causes a reduction in fertility [49]. In C. elegans, although the loss of CeWRN-1
function seems to block the checkpoint function of DNA replication in the germline [71],
the same mutant that lacks the helicase domain does not cause abnormalities in total brood
size or germline cell death. In contrast, the loss-of-function mut-7 mutant worm shows a
significantly reduced total brood size compared to the egg number of wild-type worms [54].
A potential cause of this decreased brood size is the loss of germ cell viability. In support of
this hypothesis, the number of germline cell deaths was high in the mut-7-null mutant [54].
The findings in C. elegans may open a new path to study the pathogenic mechanism of WS
hypogonadism.

5. Conclusions and Future Directions

WS is a premature aging disorder that starts after adolescence. Currently, there is no
cure for this disease, and clinical treatment options for WS only ameliorate symptoms. A
therapeutic solution will require further development of an effective model organism and
the use of this research platform to analyze the pathogenic mechanisms that underlie the
symptoms of WS. Recent reports have indicated that human WS may not be caused by the
loss of genome integrity, but rather by changes in epigenetic modifications [16,17]. C. elegans
is a simple model organism, but powerful genetic screening has been applied to study
the gene functions and signaling pathways of human neurodegenerative diseases [59].
The roles of the 3′-5′ exonuclease and helicase domains in the human WRN protein were
initially clarified by examining spatial and temporal changes in C. elegans olfactory behavior,
that is, chemotaxis and odor learning behavior after prolonged exposure to an odor. A
number of questions have not been answered: First, the mechanism by which the 3′-5′

exonuclease and helicase domains of WRN dynamically regulate histone modification to
shape neuronal plasticity should be studied. Research into siRNA-mediated regulation
of the WRN-associated pathway is an emerging field. A complete catalog of all siRNAs
and histone modifications will provide insight into the molecular mechanisms that drive
the development of cellular plasticity. Second, it will be interesting to look for potential
suppressors in the absence of a functional WRN protein. The neuronal-to-behavioral
platform offered by C. elegans allows genome-wide screening in a relatively rapid and
unbiased manner. Third, it has been challenging to devise novel therapeutic strategies for
WS. Early phases of drug discovery and compound screening for this currently incurable
disease may be achieved using this nematode platform [72].

Given the widely known association between cancer and WS, WRN is a specific target
to develop a therapy for microsatellite instability-high (MSI-H) cancer cells [73]. WRN
inactivation is selectively associated with the MSI-H status of cancer cells rather than
the microsatellite stable (MSS) status of colorectal and endometrial cancer cell lines [10].
A relatively surprising finding was that gene expression analysis between WS cells and
HGPS cells revealed very similar profiles [74]. Thus, a progerin inhibitor (SLC-D011) can
improve the premature aging phenotypes of WRN iPSCs derived from fibroblasts and
cardiac muscle cells [74]. Moreover, these iPSC lines derived from a WS patient have shown
the potential to correct mutations in the WRN gene by using the CRISPR/Cas9-mediated
method [75].

Multiple epigenetic changes may provide hints at the timing of onset and progression
of WS since mutations in the WRN gene are not able to simply elicit adult premature aging.
Recent studies have shown that epigenetic mechanisms could play an active role in driving
the aging process. The ability of epigenetic systems may be added in a unique genomic
position to change gene expression. It may be suggested that these systems translate the
effects of various internal and external stimuli into molecular marks to change the rate of
aging. Therefore, these genomic biomarkers in epigenetic mechanisms appear to be the
most promising and effective strategy for developing WS therapies.



Cells 2021, 10, 3457 9 of 12

Author Contributions: B.-T.J. wrote the manuscript; T.-Y.H., L.-N.H. and S.-Y.C. edited the manuscript;
and T.-Y.H. and B.-T.J. prepared the figures. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Institutes of Health 5R01DC005991-14.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this review paper.

Acknowledgments: We thank Noelle L’Etoile for critical help in project development. We thank
Chin-Fu Wang (Fu Jen Catholic University) and Churchill Chen (Association of NCTU Alumni) for
the lab development of the B.J. laboratory; Yan-Hwa Wu Lee for the lab financial support (National
Yang Ming Chiao Tung University); and Chiao-Hui Chuang for figures editing. We thank the “Center
for Intelligent Drug Systems and Smart Bio-devices (IDS2B)” from The Featured Areas Research
Center Program within the framework of the Higher Education Sprout Project by the Ministry of
Education (MOE) in Taiwan; the Higher Education Sprout Project of the National Yang Ming Chiao
Tung University and Ministry of Education (MOE), Taiwan; and the C. elegans Core Facility of the
National Core Facility for Biopharmaceuticals, Ministry of Science and Technology, Taiwan.

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

References
1. Warmerdam, D.O.; Wolthuis, R.M.F. Keeping ribosomal DNA intact: A repeating challenge. Chromosome Res. Int. J. Mol. Supramol.

Evol. Asp. Chromosome Biol. 2019, 27, 57–72. [CrossRef]
2. De Sandre-Giovannoli, A.; Bernard, R.; Cau, P.; Navarro, C.; Amiel, J.; Boccaccio, I.; Lyonnet, S.; Stewart, C.L.; Munnich, A.; Le

Merrer, M.; et al. Lamin a truncation in Hutchinson-Gilford progeria. Science 2003, 300, 2055. [CrossRef]
3. Eriksson, M.; Brown, W.T.; Gordon, L.B.; Glynn, M.W.; Singer, J.; Scott, L.; Erdos, M.R.; Robbins, C.M.; Moses, T.Y.; Berglund, P.;

et al. Recurrent de novo point mutations in lamin A cause Hutchinson-Gilford progeria syndrome. Nature 2003, 423, 293–298.
[CrossRef] [PubMed]

4. Cenni, V.; Capanni, C.; Mattioli, E.; Schena, E.; Squarzoni, S.; Bacalini, M.G.; Garagnani, P.; Salvioli, S.; Franceschi, C.; Lattanzi, G.
Lamin A involvement in ageing processes. Ageing Res. Rev. 2020, 62, 101073. [CrossRef]

5. Lee, J.Y.; Kennedy, B.K.; Liao, C.Y. Mechanistic target of rapamycin signaling in mouse models of accelerated aging. J. Gerontol.
Ser. A 2020, 75, 64–72. [CrossRef]

6. Wang, W.P.; Wang, J.Y.; Lin, W.H.; Kao, C.H.; Hung, M.C.; Teng, Y.C.; Tsai, T.F.; Chi, Y.H. Progerin in muscle leads to thermogenic
and metabolic defects via impaired calcium homeostasis. Aging Cell 2020, 19, e13090. [CrossRef] [PubMed]

7. Yu, C.E.; Oshima, J.; Fu, Y.H.; Wijsman, E.M.; Hisama, F.; Alisch, R.; Matthews, S.; Nakura, J.; Miki, T.; Ouais, S.; et al. Positional
cloning of the Werner’s syndrome gene. Science 1996, 272, 258–262. [CrossRef]

8. Cenni, V.; D’Apice, M.R.; Garagnani, P.; Columbaro, M.; Novelli, G.; Franceschi, C.; Lattanzi, G. Mandibuloacral dysplasia: A
premature ageing disease with aspects of physiological ageing. Ageing Res. Rev. 2018, 42, 1–13. [CrossRef]

9. Zhu, M.; Wu, W.; Togashi, Y.; Liang, W.; Miyoshi, Y.; Ohta, T. HERC2 inactivation abrogates nucleolar localization of RecQ
helicases BLM and WRN. Sci. Rep. 2021, 11, 360. [CrossRef]

10. Lieb, S.; Blaha-Ostermann, S.; Kamper, E.; Rippka, J.; Schwarz, C.; Ehrenhofer-Wolfer, K.; Schlattl, A.; Wernitznig, A.; Lipp, J.J.;
Nagasaka, K.; et al. Werner syndrome helicase is a selective vulnerability of microsatellite instability-high tumor cells. eLife 2019,
8, e43333. [CrossRef] [PubMed]

11. Tu, J.; Wan, C.; Zhang, F.; Cao, L.; Law, P.W.N.; Tian, Y.; Lu, G.; Rennert, O.M.; Chan, W.Y.; Cheung, H.H. Genetic correction of
Werner syndrome gene reveals impaired pro-angiogenic function and HGF insufficiency in mesenchymal stem cells. Aging Cell
2020, 19, e13116. [CrossRef]

12. Fang, E.F.; Hou, Y.; Lautrup, S.; Jensen, M.B.; Yang, B.; SenGupta, T.; Caponio, D.; Khezri, R.; Demarest, T.G.; Aman, Y.; et al.
NAD(+) augmentation restores mitophagy and limits accelerated aging in Werner syndrome. Nat. Commun. 2019, 10, 5284.
[CrossRef]

13. Aumailley, L.; Garand, C.; Dubois, M.J.; Johnson, F.B.; Marette, A.; Lebel, M. Metabolic and Phenotypic Differences between Mice
Producing a Werner Syndrome Helicase Mutant Protein and Wrn Null Mice. PLoS ONE 2015, 10, e0140292. [CrossRef]

14. Kamath-Loeb, A.S.; Zavala-van Rankin, D.G.; Flores-Morales, J.; Emond, M.J.; Sidorova, J.M.; Carnevale, A.; Cardenas-Cortes,
M.D.; Norwood, T.H.; Monnat, R.J.; Loeb, L.A.; et al. Homozygosity for the WRN Helicase-Inactivating Variant, R834C, does not
confer a Werner syndrome clinical phenotype. Sci. Rep. 2017, 7, 44081. [CrossRef]

15. Perry, J.J.; Yannone, S.M.; Holden, L.G.; Hitomi, C.; Asaithamby, A.; Han, S.; Cooper, P.K.; Chen, D.J.; Tainer, J.A. WRN exonuclease
structure and molecular mechanism imply an editing role in DNA end processing. Nat. Struct. Mol. Biol. 2006, 13, 414–422.
[CrossRef]

http://doi.org/10.1007/s10577-018-9594-z
http://doi.org/10.1126/science.1084125
http://doi.org/10.1038/nature01629
http://www.ncbi.nlm.nih.gov/pubmed/12714972
http://doi.org/10.1016/j.arr.2020.101073
http://doi.org/10.1093/gerona/glz059
http://doi.org/10.1111/acel.13090
http://www.ncbi.nlm.nih.gov/pubmed/31833196
http://doi.org/10.1126/science.272.5259.258
http://doi.org/10.1016/j.arr.2017.12.001
http://doi.org/10.1038/s41598-020-79715-y
http://doi.org/10.7554/eLife.43333
http://www.ncbi.nlm.nih.gov/pubmed/30910006
http://doi.org/10.1111/acel.13116
http://doi.org/10.1038/s41467-019-13172-8
http://doi.org/10.1371/journal.pone.0140292
http://doi.org/10.1038/srep44081
http://doi.org/10.1038/nsmb1088


Cells 2021, 10, 3457 10 of 12

16. Zhang, W.; Li, J.; Suzuki, K.; Qu, J.; Wang, P.; Zhou, J.; Liu, X.; Ren, R.; Xu, X.; Ocampo, A.; et al. Aging stem cells. A
Werner syndrome stem cell model unveils heterochromatin alterations as a driver of human aging. Science 2015, 348, 1160–1163.
[CrossRef] [PubMed]

17. Maierhofer, A.; Flunkert, J.; Oshima, J.; Martin, G.M.; Poot, M.; Nanda, I.; Dittrich, M.; Muller, T.; Haaf, T. Epigenetic signatures
of Werner syndrome occur early in life and are distinct from normal epigenetic aging processes. Aging Cell 2019, 18, e12995.
[CrossRef] [PubMed]

18. Bebenek, A.; Ziuzia-Graczyk, I. Fidelity of DNA replication-a matter of proofreading. Curr. Genet. 2018, 64, 985–996. [CrossRef]
19. Ranjha, L.; Howard, S.M.; Cejka, P. Main steps in DNA double-strand break repair: An introduction to homologous recombination

and related processes. Chromosoma 2018, 127, 187–214. [CrossRef]
20. Ackerson, S.M.; Romney, C.; Schuck, P.L.; Stewart, J.A. To Join or Not to Join: Decision Points Along the Pathway to Double-Strand

Break Repair vs. Chromosome End Protection. Front. Cell Dev. Biol. 2021, 9, 708763. [CrossRef]
21. Ibrahim, H.; Wilusz, J.; Wilusz, C.J. RNA recognition by 3′-to-5′ exonucleases: The substrate perspective. Biochim. Biophys. Acta

2008, 1779, 256–265. [CrossRef]
22. Suzuki, N.; Shiratori, M.; Goto, M.; Furuichi, Y. Werner syndrome helicase contains a 5′→3′ exonuclease activity that digests DNA

and RNA strands in DNA/DNA and RNA/DNA duplexes dependent on unwinding. Nucleic Acids Res. 1999, 27, 2361–2368.
[CrossRef]

23. Lovett, S.T. The DNA Exonucleases of Escherichia coli. EcoSal Plus 2011, 4. [CrossRef]
24. Deng, T.; Huang, Y.; Weng, K.; Lin, S.; Li, Y.; Shi, G.; Chen, Y.; Huang, J.; Liu, D.; Ma, W.; et al. TOE1 acts as a 3′ exonuclease for

telomerase RNA and regulates telomere maintenance. Nucleic Acids Res. 2019, 47, 391–405. [CrossRef] [PubMed]
25. Edwards, D.N.; Orren, D.K.; Machwe, A. Strand exchange of telomeric DNA catalyzed by the Werner syndrome protein (WRN)

is specifically stimulated by TRF2. Nucleic Acids Res. 2014, 42, 7748–7761. [CrossRef] [PubMed]
26. Machwe, A.; Xiao, L.; Orren, D.K. TRF2 recruits the Werner syndrome (WRN) exonuclease for processing of telomeric DNA.

Oncogene 2004, 23, 149–156. [CrossRef]
27. Opresko, P.L.; Mason, P.A.; Podell, E.R.; Lei, M.; Hickson, I.D.; Cech, T.R.; Bohr, V.A. POT1 stimulates RecQ helicases WRN and

BLM to unwind telomeric DNA substrates. J. Biol. Chem. 2005, 280, 32069–32080. [CrossRef] [PubMed]
28. Edwards, D.N.; Machwe, A.; Chen, L.; Bohr, V.A.; Orren, D.K. The DNA structure and sequence preferences of WRN underlie its

function in telomeric recombination events. Nat. Commun. 2015, 6, 8331. [CrossRef]
29. Morl, M.; Marchfelder, A. The final cut. The importance of tRNA 3′-processing. EMBO Rep. 2001, 2, 17–20. [CrossRef]
30. Proudfoot, N. New perspectives on connecting messenger RNA 3′ end formation to transcription. Curr. Opin. Cell Biol. 2004, 16,

272–278. [CrossRef]
31. Reeder, R.H.; Lang, W.H. Terminating transcription in eukaryotes: Lessons learned from RNA polymerase I. Trends Biochem. Sci.

1997, 22, 473–477. [CrossRef]
32. Allmang, C.; Kufel, J.; Chanfreau, G.; Mitchell, P.; Petfalski, E.; Tollervey, D. Functions of the exosome in rRNA, snoRNA and

snRNA synthesis. EMBO J. 1999, 18, 5399–5410. [CrossRef]
33. Allmang, C.; Mitchell, P.; Petfalski, E.; Tollervey, D. Degradation of ribosomal RNA precursors by the exosome. Nucleic Acids Res.

2000, 28, 1684–1691. [CrossRef] [PubMed]
34. Schilders, G.; van Dijk, E.; Pruijn, G.J. C1D and hMtr4p associate with the human exosome subunit PM/Scl-100 and are involved

in pre-rRNA processing. Nucleic Acids Res. 2007, 35, 2564–2572. [CrossRef] [PubMed]
35. Purusharth, R.I.; Madhuri, B.; Ray, M.K. Exoribonuclease R in Pseudomonas syringae is essential for growth at low temperature

and plays a novel role in the 3′ end processing of 16 and 5 S ribosomal RNA. J. Biol. Chem. 2007, 282, 16267–16277. [CrossRef]
[PubMed]

36. Li, Z.; Deutscher, M.P. The role of individual exoribonucleases in processing at the 3′ end of Escherichia coli tRNA precursors. J.
Biol. Chem. 1994, 269, 6064–6071. [CrossRef]

37. Li, Z.; Pandit, S.; Deutscher, M.P. 3′ exoribonucleolytic trimming is a common feature of the maturation of small, stable RNAs in
Escherichia coli. Proc. Natl. Acad. Sci. USA 1998, 95, 2856–2861. [CrossRef]

38. Garneau, N.L.; Wilusz, J.; Wilusz, C.J. The highways and byways of mRNA decay. Nat. Rev. Mol. Cell Biol. 2007, 8, 113–126.
[CrossRef]

39. Kennedy, S.; Wang, D.; Ruvkun, G. A conserved siRNA-degrading RNase negatively regulates RNA interference in C. elegans.
Nature 2004, 427, 645–649. [CrossRef]

40. Duchaine, T.F.; Wohlschlegel, J.A.; Kennedy, S.; Bei, Y.; Conte, D., Jr.; Pang, K.; Brownell, D.R.; Harding, S.; Mitani, S.; Ruvkun, G.;
et al. Functional proteomics reveals the biochemical niche of C. elegans DCR-1 in multiple small-RNA-mediated pathways. Cell
2006, 124, 343–354. [CrossRef]

41. Ketting, R.F.; Haverkamp, T.H.; van Luenen, H.G.; Plasterk, R.H. Mut-7 of C. elegans, required for transposon silencing and RNA
interference, is a homolog of Werner syndrome helicase and RNaseD. Cell 1999, 99, 133–141. [CrossRef]

42. Epstein, C.J.; Motulsky, A.G. Werner syndrome: Entering the helicase era. BioEssays News Rev. Mol. Cell. Dev. Biol. 1996, 18,
1025–1027. [CrossRef]

43. Goto, M.; Miller, R.W.; Ishikawa, Y.; Sugano, H. Excess of rare cancers in Werner syndrome (adult progeria). Cancer Epidemiol.
Biomark. Prev. 1996, 5, 239–246.

http://doi.org/10.1126/science.aaa1356
http://www.ncbi.nlm.nih.gov/pubmed/25931448
http://doi.org/10.1111/acel.12995
http://www.ncbi.nlm.nih.gov/pubmed/31259468
http://doi.org/10.1007/s00294-018-0820-1
http://doi.org/10.1007/s00412-017-0658-1
http://doi.org/10.3389/fcell.2021.708763
http://doi.org/10.1016/j.bbagrm.2007.11.004
http://doi.org/10.1093/nar/27.11.2361
http://doi.org/10.1128/ecosalplus.4.4.7
http://doi.org/10.1093/nar/gky1019
http://www.ncbi.nlm.nih.gov/pubmed/30371886
http://doi.org/10.1093/nar/gku454
http://www.ncbi.nlm.nih.gov/pubmed/24880691
http://doi.org/10.1038/sj.onc.1206906
http://doi.org/10.1074/jbc.M505211200
http://www.ncbi.nlm.nih.gov/pubmed/16030011
http://doi.org/10.1038/ncomms9331
http://doi.org/10.1093/embo-reports/kve006
http://doi.org/10.1016/j.ceb.2004.03.007
http://doi.org/10.1016/S0968-0004(97)01133-X
http://doi.org/10.1093/emboj/18.19.5399
http://doi.org/10.1093/nar/28.8.1684
http://www.ncbi.nlm.nih.gov/pubmed/10734186
http://doi.org/10.1093/nar/gkm082
http://www.ncbi.nlm.nih.gov/pubmed/17412707
http://doi.org/10.1074/jbc.M605588200
http://www.ncbi.nlm.nih.gov/pubmed/17405875
http://doi.org/10.1016/S0021-9258(17)37570-1
http://doi.org/10.1073/pnas.95.6.2856
http://doi.org/10.1038/nrm2104
http://doi.org/10.1038/nature02302
http://doi.org/10.1016/j.cell.2005.11.036
http://doi.org/10.1016/S0092-8674(00)81645-1
http://doi.org/10.1002/bies.950181214


Cells 2021, 10, 3457 11 of 12

44. Salk, D. Werner’s syndrome: A review of recent research with an analysis of connective tissue metabolism, growth control of
cultured cells, and chromosomal aberrations. Hum. Genet. 1982, 62, 1–15. [CrossRef]

45. Satoh, M.; Imai, M.; Sugimoto, M.; Goto, M.; Furuichi, Y. Prevalence of Werner’s syndrome heterozygotes in Japan. Lancet 1999,
353, 1766. [CrossRef]

46. Hickson, I.D. RecQ helicases: Caretakers of the genome. Nat. Rev. Cancer 2003, 3, 169–178. [CrossRef] [PubMed]
47. Kitano, K.; Yoshihara, N.; Hakoshima, T. Crystal structure of the HRDC domain of human Werner syndrome protein, WRN. J.

Biol. Chem. 2007, 282, 2717–2728. [CrossRef]
48. Croteau, D.L.; Popuri, V.; Opresko, P.L.; Bohr, V.A. Human RecQ helicases in DNA repair, recombination, and replication. Annu.

Rev. Biochem. 2014, 83, 519–552. [CrossRef]
49. Huang, S.; Lee, L.; Hanson, N.B.; Lenaerts, C.; Hoehn, H.; Poot, M.; Rubin, C.D.; Chen, D.F.; Yang, C.C.; Juch, H.; et al. The

spectrum of WRN mutations in Werner syndrome patients. Hum. Mutat. 2006, 27, 558–567. [CrossRef] [PubMed]
50. Goto, M.; Yamabe, Y.; Shiratori, M.; Okada, M.; Kawabe, T.; Matsumoto, T.; Sugimoto, M.; Furuichi, Y. Immunological diagnosis

of Werner syndrome by down-regulated and truncated gene products. Hum. Genet. 1999, 105, 301–307. [CrossRef]
51. Matsumoto, T.; Shimamoto, A.; Goto, M.; Furuichi, Y. Impaired nuclear localization of defective DNA helicases in Werner’s

syndrome. Nat. Genet. 1997, 16, 335–336. [CrossRef]
52. Moser, M.J.; Kamath-Loeb, A.S.; Jacob, J.E.; Bennett, S.E.; Oshima, J.; Monnat, R.J., Jr. WRN helicase expression in Werner

syndrome cell lines. Nucleic Acids Res. 2000, 28, 648–654. [CrossRef]
53. Von Kobbe, C.; Bohr, V.A. A nucleolar targeting sequence in the Werner syndrome protein resides within residues 949–1092. J.

Cell Sci. 2002, 115, 3901–3907. [CrossRef] [PubMed]
54. Hsu, T.Y.; Zhang, B.; L’Etoile, N.D.; Juang, B.T. C. elegans orthologs MUT-7/CeWRN-1 of Werner syndrome protein regulate

neuronal plasticity. eLife 2021, 10, e62449. [CrossRef]
55. Juang, B.T.; Gu, C.; Starnes, L.; Palladino, F.; Goga, A.; Kennedy, S.; L’Etoile, N.D. Endogenous nuclear RNAi mediates behavioral

adaptation to odor. Cell 2013, 154, 1010–1022. [CrossRef] [PubMed]
56. Glazov, E.; Phillips, K.; Budziszewski, G.J.; Schob, H.; Meins, F., Jr.; Levin, J.Z. A gene encoding an RNase D exonuclease-like

protein is required for post-transcriptional silencing in Arabidopsis. Plant J. Cell Mol. Biol. 2003, 35, 342–349. [CrossRef]
57. Oshima, J.; Hisama, F.M. Search and insights into novel genetic alterations leading to classical and atypical Werner syndrome.

Gerontology 2014, 60, 239–246. [CrossRef]
58. Markaki, M.; Tavernarakis, N. Caenorhabditis elegans as a model system for human diseases. Curr. Opin. Biotechnol. 2020, 63,

118–125. [CrossRef]
59. Sin, O.; Michels, H.; Nollen, E.A. Genetic screens in Caenorhabditis elegans models for neurodegenerative diseases. Biochim.

Biophys. Acta 2014, 1842, 1951–1959. [CrossRef] [PubMed]
60. Consortium, C.e.S. Genome sequence of the nematode C. elegans: A platform for investigating biology. Science 1998, 282, 2012–2018.

[CrossRef]
61. Lai, C.H.; Chou, C.Y.; Ch’ang, L.Y.; Liu, C.S.; Lin, W. Identification of novel human genes evolutionarily conserved in Caenorhab-

ditis elegans by comparative proteomics. Genome Res. 2000, 10, 703–713. [CrossRef]
62. Lee, S.J.; Yook, J.S.; Han, S.M.; Koo, H.S. A Werner syndrome protein homolog affects C. elegans development, growth rate, life

span and sensitivity to DNA damage by acting at a DNA damage checkpoint. Development 2004, 131, 2565–2575. [CrossRef]
63. Gu, W.; Shirayama, M.; Conte, D., Jr.; Vasale, J.; Batista, P.J.; Claycomb, J.M.; Moresco, J.J.; Youngman, E.M.; Keys, J.; Stoltz, M.J.;

et al. Distinct argonaute-mediated 22G-RNA pathways direct genome surveillance in the C. elegans germline. Mol. Cell 2009, 36,
231–244. [CrossRef]

64. Lee, R.C.; Hammell, C.M.; Ambros, V. Interacting endogenous and exogenous RNAi pathways in Caenorhabditis elegans. RNA
2006, 12, 589–597. [CrossRef] [PubMed]

65. Yigit, E.; Batista, P.J.; Bei, Y.; Pang, K.M.; Chen, C.C.; Tolia, N.H.; Joshua-Tor, L.; Mitani, S.; Simard, M.J.; Mello, C.C. Analysis of
the C. elegans Argonaute family reveals that distinct Argonautes act sequentially during RNAi. Cell 2006, 127, 747–757. [CrossRef]
[PubMed]

66. Dallaire, A.; Garand, C.; Paquel, E.R.; Mitchell, S.J.; de Cabo, R.; Simard, M.J.; Lebel, M. Down regulation of miR-124 in both
Werner syndrome DNA helicase mutant mice and mutant Caenorhabditis elegans wrn-1 reveals the importance of this microRNA
in accelerated aging. Aging 2012, 4, 636–647. [CrossRef]

67. Perkins, L.A.; Hedgecock, E.M.; Thomson, J.N.; Culotti, J.G. Mutant sensory cilia in the nematode Caenorhabditis elegans. Dev.
Biol. 1986, 117, 456–487. [CrossRef]

68. Lee, J.I.; O’Halloran, D.M.; Eastham-Anderson, J.; Juang, B.T.; Kaye, J.A.; Scott Hamilton, O.; Lesch, B.; Goga, A.; L’Etoile, N.D.
Nuclear entry of a cGMP-dependent kinase converts transient into long-lasting olfactory adaptation. Proc. Natl. Acad. Sci. USA
2010, 107, 6016–6021. [CrossRef]

69. L’Etoile, N.D.; Coburn, C.M.; Eastham, J.; Kistler, A.; Gallegos, G.; Bargmann, C.I. The cyclic GMP-dependent protein kinase
EGL-4 regulates olfactory adaptation in C. elegans. Neuron 2002, 36, 1079–1089. [CrossRef]

70. Guang, S.; Bochner, A.F.; Pavelec, D.M.; Burkhart, K.B.; Harding, S.; Lachowiec, J.; Kennedy, S. An Argonaute transports siRNAs
from the cytoplasm to the nucleus. Science 2008, 321, 537–541. [CrossRef] [PubMed]

71. Ryu, J.S.; Koo, H.S. The Caenorhabditis elegans WRN helicase promotes double-strand DNA break repair by mediating end
resection and checkpoint activation. FEBS Lett. 2017, 591, 2155–2166. [CrossRef] [PubMed]

http://doi.org/10.1007/BF00295598
http://doi.org/10.1016/S0140-6736(98)05869-3
http://doi.org/10.1038/nrc1012
http://www.ncbi.nlm.nih.gov/pubmed/12612652
http://doi.org/10.1074/jbc.M610142200
http://doi.org/10.1146/annurev-biochem-060713-035428
http://doi.org/10.1002/humu.20337
http://www.ncbi.nlm.nih.gov/pubmed/16673358
http://doi.org/10.1007/s004399900151
http://doi.org/10.1038/ng0897-335
http://doi.org/10.1093/nar/28.2.648
http://doi.org/10.1242/jcs.00076
http://www.ncbi.nlm.nih.gov/pubmed/12244128
http://doi.org/10.7554/eLife.62449
http://doi.org/10.1016/j.cell.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/23993094
http://doi.org/10.1046/j.1365-313X.2003.01810.x
http://doi.org/10.1159/000356030
http://doi.org/10.1016/j.copbio.2019.12.011
http://doi.org/10.1016/j.bbadis.2014.01.015
http://www.ncbi.nlm.nih.gov/pubmed/24525026
http://doi.org/10.1126/science.282.5396.2012
http://doi.org/10.1101/gr.10.5.703
http://doi.org/10.1242/dev.01136
http://doi.org/10.1016/j.molcel.2009.09.020
http://doi.org/10.1261/rna.2231506
http://www.ncbi.nlm.nih.gov/pubmed/16489184
http://doi.org/10.1016/j.cell.2006.09.033
http://www.ncbi.nlm.nih.gov/pubmed/17110334
http://doi.org/10.18632/aging.100489
http://doi.org/10.1016/0012-1606(86)90314-3
http://doi.org/10.1073/pnas.1000866107
http://doi.org/10.1016/S0896-6273(02)01066-8
http://doi.org/10.1126/science.1157647
http://www.ncbi.nlm.nih.gov/pubmed/18653886
http://doi.org/10.1002/1873-3468.12724
http://www.ncbi.nlm.nih.gov/pubmed/28640365


Cells 2021, 10, 3457 12 of 12

72. Giunti, S.; Andersen, N.; Rayes, D.; De Rosa, M.J. Drug discovery: Insights from the invertebrate Caenorhabditis elegans. Pharmacol.
Res. Perspect. 2021, 9, e00721. [CrossRef]

73. Behan, F.M.; Iorio, F.; Picco, G.; Goncalves, E.; Beaver, C.M.; Migliardi, G.; Santos, R.; Rao, Y.; Sassi, F.; Pinnelli, M.; et al.
Prioritization of cancer therapeutic targets using CRISPR-Cas9 screens. Nature 2019, 568, 511–516. [CrossRef] [PubMed]

74. Kang, S.M.; Yoon, M.H.; Lee, S.J.; Ahn, J.; Yi, S.A.; Nam, K.H.; Park, S.; Woo, T.G.; Cho, J.H.; Lee, J.; et al. Human WRN is an
intrinsic inhibitor of progerin, abnormal splicing product of lamin A. Sci. Rep. 2021, 11, 9122. [CrossRef] [PubMed]

75. Kato, H.; Maezawa, Y.; Ouchi, Y.; Takayama, N.; Sone, M.; Sone, K.; Takada-Watanabe, A.; Tsujimura, K.; Koshizaka, M.;
Nagasawa, S.; et al. Generation of disease-specific and CRISPR/Cas9-mediated gene-corrected iPS cells from a patient with adult
progeria Werner syndrome. Stem Cell Res. 2021, 53, 102360. [CrossRef]

http://doi.org/10.1002/prp2.721
http://doi.org/10.1038/s41586-019-1103-9
http://www.ncbi.nlm.nih.gov/pubmed/30971826
http://doi.org/10.1038/s41598-021-88325-1
http://www.ncbi.nlm.nih.gov/pubmed/33907225
http://doi.org/10.1016/j.scr.2021.102360

	Introduction 
	The Diverse Roles of 3'-5' Exonucleases 
	The Roles of 3'-5' DNA Exonucleases 
	The Roles of 3'-5' RNA Exonucleases 

	Roles of the WRN Exonuclease in Gene Regulation 
	Functional Domains of the WRN Protein and Effects of Their Mutation 
	Functions of the WRN Exonuclease 

	Separate Functional Domains of the WRN Ortholog in C. elegans 
	Olfactory Learning in C. elegans as a Model for WS 
	C. elegans Model of WS Hypogonadism 

	Conclusions and Future Directions 
	References

