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DNA repair genes are critical for preserving genomic stability and it is well

established that mutations in DNA repair genes give rise to progeroid diseases

due to perturbations in different DNAmetabolic activities. Cockayne Syndrome

(CS) is an autosomal recessive inheritance caused by inactivating mutations in

CSA and CSB genes. This review will primarily focus on the two Cockayne

Syndrome proteins, CSA and CSB, primarily known to be involved in

Transcription Coupled Repair (TCR). Curiously, dysregulated expression of

CS proteins has been shown to exhibit differential health outcomes: lack of

CS proteins due to genemutations invariably leads to complex premature aging

phenotypes, while excess of CS proteins is associated with carcinogenesis. Thus

it appears that CS genes act as a double-edged sword whose loss or gain of

expression leads to premature aging and cancer. Future mechanistic studies on

cell and animal models of CS can lead to potential biological targets for

interventions in both aging and cancer development processes. Some of

these exciting possibilities will be discussed in this review in light of the

current literature.
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Introduction

Aging is a complex biological process characterized by the gradual reduction of tissue,

organ and cellular homeostasis. In this context, senescent cells, by virtue of their altered

chromatin structure coupled with gene expression profiles, have been suggested to play a

pivotal role in mediating impaired tissue regeneration, organismal aging and age-

associated diseases. On the other hand, somatic and stem cells may acquire

advantageous mutations over time that may facilitate the development of certain

oncogenic properties such as sustained proliferative signaling and resistance to cell

death, thus eventually leading to the onset of cancer. While genomic instability is
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known to be a convergent driving force for both aging and

cancer, it is still unclear what factors determine the cell fate

between tumorigenesis and senescence.

DNA repair genes are the guardians of genomic stability and

their functions decline during the normal aging process. The

molecular link between DNA repair deficiency and aging is

strongly supported by some of the human premature aging

syndromes resulting from mutations in well-known DNA

repair genes. These progeroid syndromes serve as an ideal

model system for understanding the role of DNA repair in

aging process since most symptoms observed during normal

aging process in healthy humans are similar to humans afflicted

with premature aging diseases (Kamenisch and Berneburg,

2009). Moreover, in most cases, patients afflicted with

premature aging syndromes display also an early and

increased cancer incidence, illustrating that genomic

instability, driven by DNA repair deficiency, can promote

both aging and carcinogenic processes (Schumacher et al.,

2008; Wolters and Schumacher, 2013). Mutations in three of

the five human RecQ helicases (WRN, BLM and RecQL4) are yet

known to result in premature aging syndromes characterized by

increased cancer predisposition: Werner, Bloom and Rothmund-

Thomson. Cells derived from these patients have been found to

be defective in various DNA repair pathways (see Balajee, 2021

and references therein). Interestingly, a fourth member of the

RecQ family of helicases, RecQL1, has been recently associated

with a human genome instability disorder, named RECON

(RECqlONe) syndrome. RECON patients display progeroid

facial features, xeroderma, and photosensitivity (Abu-Libdeh

et al., 2022).

Additionally, there are two classical Nucleotide Excision

Repair (NER) deficient syndromes, Xeroderma Pigmentosum

(XP) and Cockayne Syndrome (CS), which can be included in the

growing list of premature aging syndromes. There are eight

complementation groups for XP (A, B, C, D, E, F, G, and

Variant) and two complementation groups for CS (A and B).

All the proteins of XP and CS play crucial roles in NER pathway.

Although XP and CS patients are extremely sensitive to

ultraviolet radiation due to NER deficiency, increased cancer

incidence is only seen in XP patients.

Nucleotide excision repair deficient
syndromes

Nucleotide Excision Repair (NER) is a major pathway for

the removal of bulky DNA adducts such as those induced by

UV. NER pathway consists of different steps: recognition of

damaged DNA, incision/excision of damaged DNA, resynthesis

of new DNA substituting the damaged DNA and ligation. NER

operates at two levels: Global genome repair (GGR) and

transcription coupled repair (TCR) with different kinetics

(Hanawalt and Spivak, 2008). TCR facilitates the rapid repair

of DNA lesions induced on the transcribing strand of active

genes to promote cell survival by resumption of transcription.

The UV-induced DNA photoproducts cyclobutane pyrimidine

dimers (CPD) and 6-pyrimidine-4-pyrimidone products are

recognized and removed by GGR that involves several proteins

acting in tandem, including double-strand DNA–binding

protein 2 (DDB2) and XPC. After the recognition, the DNA

is unwound by XPB and XPD helicases, which are part of the

10-subunit basal transcription factor IIH (TFIIH). The XPA

protein maintains the open DNA region containing the

damage, which is then cut out by XPF/ERCC1 and XPG

endonucleases at the 3′ and 5’ ends of the damaged DNA,

respectively. The resulting gap is filled in by DNA polymerase

and ligase. TCR is triggered when elongating RNA polymerase

II (RNA pol II) is blocked by DNA damage in the transcribed

strand. RNA pol II complex must be displaced and/or degraded

for an efficient repair to occur because blocked polymerase II

complex can shield and prevent the accessibility of NER

proteins to the lesion sites (Licht et al., 2003; Fousteri and

Mullenders, 2008). Interestingly, a recent and elegant work of

Kokic and colleagues, based on both previously published data

and their new Cryo-electron microscopy, suggests that the

ATPase activity of Cockayne Syndrome group B protein

(CSB) is able to push the backtrack of RNA pol II forward

enabling it to resume elongation if the block can be bypassed. If

the block cannot be bypassed, CSB is then responsible for the

recruitment of Cockayne Syndrome group A (CSA) and its

associated DNA damage binding protein 1 (DDB1), Cullin 4A

and Roc 1 (Rbx1) E3 ubiquitin ligase complex (CRL4CSA) to the

site of damage-stalled RNA pol II (Lainé and Egly, 2006;

Vermeulen and Fousteri, 2013). The recruitment of UV

Stimulated Scaffold Protein A (UVSSA) to stalled Pol II

depends on CSA (van der Weegen et al., 2020). CRL4CSA

ubiquitylates RNA pol II at K1268, leading to the

recruitment of TFIIH near UVSSA and enabling DNA repair

with the same cascade of GGR (Figure 1). Finally,

rearrangement of CRL4CSA leads to the polyubiquitylation of

CSB and degradation by the proteasome (Anindya et al., 2010),

which releases TCR factors that are all anchored via CSB,

enabling RNA Pol II to resume transcription. Alternatively,

the persistence of stalled RNA pol II may trigger a last resort

mechanism, in which RNA pol II is ubiquitinated and degraded

in a CSA and CSB dependent manner (Wilson et al., 2013;

Kokic et al., 2021).

The NER pathway requires coordinated activities of

multiple proteins and this is the reason why mutations in

any of NER genes either the TCR or GGR sub-pathways lead

to abnormalities in DNA repair. Besides DNA repair

deficiency, mutations in NER genes lead to multiple clinical

syndromes with overlapping features, including Xeroderma

Pigmentosum (XP), Cockayne Syndrome (CS), Cerebro-

Oculo-Facial-Skeletal syndrome (COFS), and

Trichothiodystrophy (TTD) (Black, 2016).
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Xeroderma pigmentosum

XP is associated with mutations in one of the eight

complementation groups: XPA, XPB/ERCC3, XPC, XPD/ERCC2,

XPE/DDB2, XPF/ERCC4, XPG/ERCC5, and XPV/POLH.

Xeroderma Pigmentosum (XP) is an autosomal recessive disorder

and the XP patients are highly photosensitive since XP gene

products play crucial roles in NER pathway (van Steeg and

Kraemer, 1999; DiGiovanna and Kraemer, 2012). The prevalence

of XP is variable, affecting 1 per million in the United States, 2.3 per

million inWestern Europe, and 45 per million in Japan. The shorter

average lifespan of XP patients depends both on skin cancer and

neurodegeneration, but the minimization of UV radiation exposure

can improve the course of disease and prolong life (Black, 2016).

FIGURE 1
Nucleotide excision repair and its two sub-pathways. Global genome repair (GGR): the UV-induced DNA damage is recognized and removed by
GGR, that involves several proteins acting in tandem, including the UV-DDB and XPC-RAD23B, involved in damage recognition. Transcription
coupled repair (TCR): TCR is triggeredwhen elongating RNApol II is blocked byDNA damage in the transcribed strand. CSB is involved in the initiation
of TCR through recognition of blocked RNA pol II and binding to this complex, followed by recruitment of the other NER proteins CSA, CUL4,
RBX1, DDB1 and UVSSA to the damaged site. In both the sub-pathways, XPB and XPD helicases, which are part of TFIIH, are recruited at the lesion for
the DNA unwinding. XPA protein maintains the open DNA region containing the damage, which is then cut out by XPF/ERCC1 and XPG
endonucleases at the 3′ and 5′ ends of the damaged DNA, respectively. PCNA recruitment next favors the DNA polymerase action in filling in the
resulting gap.
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XP patients are not protected from UV light at an early age

and therefore develop photodamage and vision impairment

including blindness besides an elevated risk for different types

of skin cancers (Bradford et al., 2011). UV radiation damage leads

to an early onset and increased frequency of both nonmelanoma

skin cancer (NMSC) and melanoma in XP patients, with a few

differences between the types. Indeed, XPC, XPE and XPV types

have been associated with less severe Sun burning after minimal

Sun exposure, but still acquire abnormal pigmentation (Bradford

et al., 2011; Tamura et al., 2014). The anatomic distribution of

NMSC in XP patients is similar to that in the general population,

with over 80% occurring on the face, head, and neck (Kraemer

et al., 1994). XP patients display a drastic and at early age increase

in cancers of the brain and other organs of the central nervous

system (Kraemer et al., 1994), including brain medulloblastoma

(Giannelli et al., 1981), glioblastoma, spinal cord astrocytoma

(DiGiovanna et al., 1998), and Schwannoma. The spectrum of

this disease also includes a severe form characterized by

dwarfism, gonadal hypoplasia, and mental deficiency along

with the conventional features of XP (de Sanctis and

Cacchione, 1932) and neurologic abnormalities (Neisser,

1883), which are second only to cancer for causing the death

of XP patients.

Cockayne syndrome

Cockayne syndrome (CS) is a rare autosomal recessive

disorder linked to mutations in the ERCC8 and ERCC6 genes

encoding for Cockayne syndrome protein A (CSA) and

Cockayne syndrome protein B (CSB), respectively (Troelstra

et al., 1992; Henning et al., 1995) both of which play a role in

TCR (Bregman et al., 1996; Svejstrup, 2003). CS is characterized

by progressive neurodegeneration, mental retardation,

developmental abnormalities, retinal degeneration, physical

impairment, severe photosensitivity and premature aging

(Karikkineth et al., 2017). The phenotype of the patients is

subdivided into three types based on the severity of

symptoms: i) the type I corresponds to the moderate

phenotype, in which life expectancy is 16 years; ii) the type II

is the most severe and with the earliest onset, with a life

expectancy of 5 years; iii) the type III is the form with the

highest life expectancy (above 30 years) and in which the

phenotype manifests itself later in life (Laugel, 2000).

CSB protein exhibits ATPase activity and CSB belongs to

SWI2/SNF2 family of chromatin remodelers (Citterio et al., 2000;

Batenburg et al., 2017). Recently, it was shown that CSB possesses

an ubiquitin binding domain (Anindya et al., 2010). CSA belongs

to the family of WD-40 repeat proteins, known for coordinating

the interactions in multiprotein complexes (Zhang and Zhang,

2015) and is a component of the ubiquitin E3 ligase complex,

containing CUL4, RBX1 and DDB1 (Groisman et al., 2003;

Fischer et al., 2011).

In sharp contrast to XP patients, cancer incidence has not

been reported in CS patients despite a demonstrated deficiency in

TCR. While mutational loss of functions lead to a different

spectrum of abnormalities, mostly correlated with stress-

induced cell death and/or cell senescence, increased expression

of CS proteins has been reported in cancer cells from different

tissues often associated with increased proliferation and cell

robustness due to the induction of pro survival pathways

(Spyropoulou et al., 2021). In this context, it has been recently

demonstrated that inhibition of CS proteins is sufficient to halt

neoplastic growth (Caputo et al., 2013; Paccosi et al., 2021; Filippi

et al., 2022). It appears as CS genes act as a double-edged sword

whose loss or gain of expression leads to premature aging or

cancer respectively.

The comparison between XP and CS unveils an intriguing

scenario with respect to cancer induction. XP patients are

1,000 times more prone to developing cancer while CS

patients, in contrast, do not develop it (Zhang et al., 2016).

Interestingly, loss of CS proteins in cancer prone INK4a/ARF−/−

mice protected them from skin cancer development illustrating a

negative correlation between expression of CS proteins and

carcinogenesis (Lu et al., 2001). Observations of increased

expression of CS proteins in cancer cells and reduction of

neoplastic growth by suppression of CS proteins suggest that

CS proteins are intimately associated with carcinogenic

processes. In corroboration, induction of pro-survival

pathways by CS proteins leading to cell robustness and

increased proliferation has been recently demonstrated

(Caputo et al., 2013; Paccosi et al., 2021; Filippi et al., 2022).

Unlike CS patients, humans afflicted with Werner, Bloom and

Rothmund-Thomson syndromes display increased cancer

incidence. Strikingly, increased expression of RecQ helicases

and RecQL4 in particular is observed in many human cancer

types. In sharp contract to CS, loss of RecQ helicases is associated

with cancer development processes. Nevertheless, increased

expression of CS and RecQ helicase proteins appears to be a

common phenomenon in cancer cells. Given the uniqueness of

CS genes in both premature aging and cancer either by loss or

increased expression, CS can be an ideal model system for

dissecting the molecular pathways involved in premature

aging and carcinogenesis.

The unbalance of CS proteins in aging
and cancer

CSA and CSB genes were initially characterized as the main

players of TCR, wherein CSA and CSB proteins first participate

in the removal of the RNA polymerase stalled ahead of the lesion

(Bregman et al., 1996; Svejstrup, 2003) and then in the

recruitment of NER proteins, including the transcription/DNA

repair factor TFIIH (Lainé and Egly, 2006; van der Weegen

2020). It has become increasingly clear that some of the features
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exhibited by CS patients could hardly be attributed to TCR

deficiency alone and that CSA and CSB functions extend their

roles far beyond of DNA repair. Indeed, studies over the last

decades demonstrated that CS proteins participate in other

cellular processes: (I) basal and activated transcription as well

as in the recovery of RNA synthesis after the massive

transcriptional shut down induced upon genotoxic stresses

(Balajee et al., 1997; Proietti-De-Santis et al., 2006; Kristensen

et al., 2013; Epanchintsev et al., 2017; Lee et al., 2019;

Epanchintsev et al., 2020) (II) Modulation of p53 levels in

response to different cellular stresses to re-equilibrate the

physiological response in favor of cell survival and

proliferation instead of cell cycle arrest and cell death (Latini

et al., 2011); (III) Maintenance of mitochondrial homeostasis

(Aamann et al., 2010; Berquist and Wilson, 2012; Chatre et al.,

2015) (IV) Regulation of autophagy and lysosomal function

(Scheibye-Knudsen et al., 2012; Majora et al., 2018) and

transcription of RNA polymerase I for ribosomal biogenesis

(Alupei et al., 2018; Okur et al., 2020; Lanzafame et al., 2021)

and (V) Regulation of cell division completion through triggering

the abscission of the intercellular bridge at the end of cytokinesis

(Paccosi et al., 2020). Dysregulated expression of CS proteins has

been shown to exhibit differential health outcomes: loss of

function by mutations in CS genes invariably leads to

complex premature aging phenotypes, and elevated expression

of CS proteins is associated with carcinogenesis. The lack of

cancer incidence observed in CS patients (Zhang et al., 2016) and

CSB knockout mouse model system (Lu et al., 2001) is in

agreement with the increased apoptotic potential reported in

CS cells upon exposure to genotoxic agents. The probability of

developing cancer causing mutations is expected to be extremely

low in CS cells, that display an elevated apoptotic potential, as it

was demonstrated in a study performed on human CSB and

hamster UV61 (carrying a mutation in the homolog of the

human csb gene) cells: indeed, both cell lines displayed an

increased apoptotic response following UV exposure

compared with normal cells, thus avoiding the onset of

mutations (Balajee et al., 2000). This phenomenon is

presumably related to the cytotoxic effect of lesions in the

coding regions of the genome, that determine the stalling of

RNA pol II and lead to transcription arrest and subsequent

stimulation of apoptotic response. Along this line, another study

reported that the UV-induced mutation frequency in CS cells is

lower than in normal cells suggesting that TCR deficiency may be

protective against UV-induced mutagenesis (Reid-Bayliss et al.,

2016) by stimulating a robust apoptotic response.

Although the precise role(s) of CS genes in carcinogenesis is

not clearly elucidated, increased expression of CS genes confers

proliferative and survival advantage to cancer cells. It is likely that

cancer cells activate the pro-survival and antiapoptotic pathways

by modulating the expression of CS genes. Nevertheless, the

contrasting phenotypes of premature aging and carcinogenesis

mediated by CS gene products present an ideal model system for

developing new therapeutic strategies for aging and cancer.

CS proteins as a biological predictor for
cell fate determination

The tumor suppressor p53 protein participates in multiple

cellular response pathways that protect the cells from the

deleterious effects of many stress-inducing agents inclusive of

DNA damage, oncogenic activation, hypoxia, and other forms of

stress (Hong et al., 2014). Cellular DNA damage response is

aimed either to cause a transient or a permanent cell cycle arrest,

leading to either cell death via apoptosis or cellular senescence

(Feng et al., 2008; Bieging et al., 2014) or, alternatively, to prevent

damaged cells from undergoing neoplastic transformation as

p53 is the most frequently mutated gene in human cancers

(Guimaraes and Hainaut, 2002).

A complex network of feedback loop mechanisms controls

the action of this protein (Tyner et al., 2002; Brown et al., 2009).

Indeed, an altered (reduced or increased) p53 activity would be

detrimental either by resulting in cancer or premature aging

through increased proliferative advantage or replicative

senescence, respectively (Rodier et al., 2007).

Given the recently unveiled role of CS proteins in

counteracting p53 activity by indirect/direct stimulation of its

degradation (Berquist and Bohr, 2011; Latini et al., 2011; Frontini

and Proietti-De-Santis, 2012), it was recently proposed that CSA

and CSB, besides their authentic roles in DNA repair, may also

act as dose-limiting factors for p53 activity (Paccosi and Proietti-

De-Santis, 2021). In brief, CS proteins are able to drive p53 to the

MDM2-dependent ubiquitination/degradation, therefore down

regulating the cellular levels of p53. Moreover, expression of CSB

is induced by p53 itself, as a part of a feedback loop (Latini et al.,

2011). This mechanism allows the cells to resume physiological

levels of p53 after the transient up-regulation of the p53 response

pathway induced by genotoxic agents and aimed to temporarily

arrest the cell cycle and potentiate the DNA repair mechanisms.

When a cytotoxic lesion occurs, CSB is recruited to push the

backtracked RNA pol II forward. Alternatively, the entire TCR

complex will be recruited for the repair and the eventual last

resort degradation of RNA pol II, both processes being mediated

by CSA and CSB (Wilson et al., 2013; Kokic et al., 2021). Indeed,

high levels of unrepaired DNA damage would sequester CS

proteins at the damaged sites in which RNA pol II is stalled

and, as a result of the limited availability of CS proteins, p53 may

not be efficiently degraded (Fousteri et al., 2006; Frontini and

Proietti-De-Santis, 2012). The resulting sustained p53 activity

will lead to cell death. The foregoing account suggests that CS

proteins, through modulation of p53 activity, have a crucial role

in determining cellular fate between survival and apoptosis. In

this regard, CS proteins act as biological predictors of cell fate
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after sub-lethal and lethal DNA damage induction (Figures 2A,B,

central panel).

An imbalance in the equilibrium between p53 and CS proteins

might be responsible for either the accelerated aging process

observed in CS patients or the promotion of cancer in tissues

that overexpress CS proteins. In the context of CS cells, the lack

of p53 degradation leads to a massive induction of apoptosis that

may account for the overall loss of tissue homeostasis found in CS

patients (Rapin et al., 2006) (Figure 2B, left panel). On the other

hand, overexpression of CS proteins likely induce abnormally high

levels of p53 degradation, thereby promoting development and

progression of cancers, by shifting the cell fate toward survival

and proliferation rather than apoptosis (Figure 2B, right panel).

Loss of CS proteins and premature aging

Cockayne Syndrome recapitulates many molecular traits of

physiological aging, such as DNA repair dysfunction, oxidative

DNA accumulation, impaired redox balance, mitochondrial

dysfunction, chromatin remodeling defects, and transcription

deregulation (Karikkineth et al., 2017; Pascucci et al., 2018), each

of these defects being reasonably relevant in contributing to the

clinical phenotypes of CS patients (Cleaver et al., 2013;

Lanzafame et al., 2013; Scheibye-Knudsen et al., 2013; Vélez-

Cruz and Egly, 2013). CS cells are characterized by a stronger

apoptotic response to DNA damaging agents than normal cells

(Balajee et al., 2000; Liu et al., 2006; Laposa et al., 2007) that can

FIGURE 2
The biological predictor role of CS proteins. In our model CS proteins, which are alternatively involved in DNA repair or p53 ubiquitination/
degradation, act as dose-limiting factors. When a cytotoxic lesion occurs, CS proteins, together with the TCR machinery, are transiently recruited at
the level of the stalled RNA pol II, whose backtracking or degradation will allow the repair in case of sub-lethal damage. In this context, p53 is not
ubiquitinated and degraded and it is free to induce a transient cell cycle arrest, in those cells receiving sub-lethal DNA damage. Cell cycle will be
then restored upon the completion of DNA repair when CS proteins, being no longer engaged in TCR, will be able to re-establish the basal level of
p53 through its ubiquitination and degradation. If cells are exposed to lethal damage/stress, instead, they will undergo an irreversible cell cycle arrest
followed by apoptosis, due to the sustained activation of p53. In this case, CS proteins accumulate and persist at the damaged sites and, as a result of
this entrapment, p53 may not be efficiently degraded [(A,B) central panel]. When CS role as biological predictors is missing, as in the context of CS
cells, the lack of p53 degradation leads to a massive induction of apoptosis [(B) left panel]. Instead in cancer cells, where CS proteins are
overexpressed, abnormally high levels of p53 degradation are induced, thereby promoting development and progression of cancers, by shifting the
cell fate toward survival and proliferation rather than apoptosis [(B) right panel].
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account for the progressive loss of organ homeostasis and lack of

tissue renewal observed in CS patients (Rapin et al., 2006).

Regarding DNA repair dysfunction, CS cells display a

defective repair mechanism for cyclobutane dimers (Barrett

et al., 1991; Parris and Kraemer, 1993), and DNA single

strand breaks (Spivak and Hanawalt, 2006). Oxidative DNA

lesions have been reported in both human and mouse tissues

(Brooks, 2007; Kirkali et al., 2009; Wang P. et al., 2012) and

in vitro experiments demonstrated that CS cells are defective in

repairing oxidized bases unlike normal cells (Spivak and

Hanawalt, 2006; D’Errico et al., 2017). It was previously

noticed that CSA or CSB deficient primary fibroblasts fail to

degrade RNA pol II after UV irradiation, leading to the

hypothesis that a deficiency in RNA pol II processing and

prolonged transcription arrest in response to DNA damage,

rather than a compromised TCR activity, may underlie the

CS-like neurodegenerative phenotype (Proietti-De-Santis et al.,

2006; Nakazawa et al., 2012).

The recent evidence for the involvement of CSA and CSB

proteins in the repair of mitochondrial DNA damage both upon

oxidative stress and in the electron transport chain (Aamann

et al., 2010; Kamenisch et al., 2010; Pascucci et al., 2012; Sykora

et al., 2012; Scheibye-Knudsen et al., 2013) led to the hypothesis

that mutations in CSA and CSB may influence the redox

homeostasis and mediate the cellular hypersensitivity to

oxidative agents. In corroboration, an altered redox balance

has been reported in primary fibroblasts derived from CSA

and CSB patients, with changes in cellular bioenergetics,

alterations in oxidative metabolism, glycolysis and

osmoregulation (Pascucci et al., 2012). Additionally, a higher

rate of mtDNA mutations was observed both in human cells

from CS patients and aged Csa and Csbmutant mice (Kamenisch

et al., 2010). Other studies performed on CSBm/m mouse cells

revealed a highly abnormal and increased mitochondrial content,

due to reduced autophagy and an increased free radical

production (Scheibye-Knudsen et al., 2012). Since the failure

of autophagy has been linked to neurodegeneration (Komatsu

et al., 2006), a role was suggested for CS proteins in counteracting

mitochondrial mutagenesis that can minimize the

neurodegenerative and aging processes which are typical of CS

(Kamenisch et al., 2010; Karikkineth et al., 2017). Available data

suggest that both mitochondrial leakage of byproducts of

oxidative phosphorylation (Barnes and Lindahl, 2004; Wallace,

2005) and mitochondrial autophagy (Koren and Kimchi, 2012)

can lead to neurodegeneration and aging. In fact, specific

abnormalities related to mitochondrial dysfunction have been

observed in the Purkinje cells of CSBm/m mice (Laposa et al.,

2007). Even if mitochondrial dysfunction may account at least for

some of the neurodegenerative features observed in CS patients,

some cytological abnormalities found in the brains of CS

patients, such as the appearance of binucleated neurons and

multinucleated astrocytes (Itoh et al., 1999; Weidenheim et al.,

2009), appear to arise from a defect in cell division due to the lack

of CSA or CSB, which have recently been shown to exert a role in

the last step of cytokinesis, the abscission (Paccosi et al., 2020).

The notion that ribosomal impairment may be a driver for

the aging processes dates back to the 1960s, when it was proposed

that errors in the translation process would be worsened if

accompanied by ribosomal proteins impairment (Orgel, 1963),

and it took the name of “error catastrophe theory of aging”

(Gallant et al., 1997). Inspired by this original hypothesis, a novel

pathomechanism has been proposed recently in CS cells, in

which an abnormal RNA polymerase I (RNA pol I)

transcription activity was shown to affect ribosomal

performance, inducing both misfolded proteins (Alupei et al.,

2018; Qiang et al., 2021) and nucleolar stress, with the latter

characterized by a p53-regulated cell cycle arrest and senescence

and/or apoptosis. The decreased RNA pol I transcription is

followed by ribosomal malfunction, loss of proteostasis, and

Endoplasmic reticulum (ER) stress-induced inhibition of

rRNA synthesis all of which lead to death of CS cells. This

kind of pathomechanism might explain both developmental

defects and neurological degeneration observed in CS (Phan

et al., 2019).

Given the complex clinical phenotypes of CS, it is difficult to

explain each of the phenotypic traits based on a specific defect

such as TCR. CS may be a multifactorial disease where most of

the features are initiated primarily by the loss of CS genes and

secondarily by the impairment of CS associated signaling

pathways.

CS proteins overexpression in cancer

Recent studies have demonstrated that a number of cancer

cell lines of different tissue origin display a dramatic up-

regulation of CS proteins expression and are dependent on

increased levels of CS proteins for their survival. Indeed, upon

suppression of CSA or CSB proteins in these cells, several pro-

apoptotic factors become dramatically up-regulated leading to

a massive induction of apoptosis. Strikingly, ablation of CS

proteins specifically affects the tumor cells, without any

impact on non-transformed cells, suggesting that the

increased expression of CS proteins is crucial for cancer

cell survival (Caputo et al., 2013; Paccosi et al., 2021;

Filippi et al., 2022).

How CS proteins participate in cancer development and

progression? First of all, CSB has been proven to act as a

mediator of the hypoxic response by redistributing the

transcriptional co-activator p300 between hypoxia-inducible

factor 1 (HIF1) and p53 (Filippi et al., 2008; Frontini and

Proietti-De-Santis, 2009). Hypoxia is a prevalent feature of

solid tumors and cancer cells have to deal with micro-

environmental stress (Schito et al., 2006) by developing

tolerance to hypoxia by increasing the vascularization that can

support their growth (Harris, 2002; Gorgoulis et al., 2018).
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A regulatory network of proteins is required either for p53-

induced cell death or for hypoxic adaptation. This may occur at

the gene level, and involves transcriptional induction through

binding of these respective factors (p53 or HIF-1) to responsive

elements at the promoter of the downstream genes (Amelio and

Melino, 2015). In this context, CSB plays a role in adaption to

hypoxia by activating and downregulating the HIF-1 and

p53 transcriptional programs, respectively (Filippi et al.,

2008). While in normal healthy cells hypoxic stress activates

the p53 response that leads to the expression of genes involved in

cell death, instead, in tumor cells, HIF-1 plays a central role in

adaptation to hypoxia by activating genes implicated in

angiogenesis, such as vegf and gapdh, that favor the conditions

for cancer progression (Harris, 2002; Gorgoulis et al., 2018).

Hence, in the absence of functional CSB, cells are unable to react

to hypoxic stimuli and to activate transcription of crucial pro-

survival genes. Therefore, suppression of CSB activity might

reduce the hypoxia tolerance of tumor cells, thus increasing

their apoptotic threshold (Proietti-De-Santis et al., 2018).

Cancer cells also require increased expression of CS proteins

for dealing with other kind of stresses, such as oxidative and ER

stresses, the latter responsible of the triggering of the Unfolded

Protein Response (UPR), the adaptive survival strategy that

cancer cells adopt to deal with the increasing levels of ER

stress (Storz et al., 2005; Yadav et al., 2014). Indeed, it was

demonstrated that CSB is involved in regulating the levels of

misfolded proteins by maintaining a productive ER protein

folding environment through up-regulation of mediators of

UPR pro-survival pathway. Also, it was shown that CSB

suppression leads to both up-regulation of pro-apoptotic

factors downstream of the ATF3-CHOP cascade, which are

responsible for the massive induction of apoptosis, and down-

regulation of the UPR pro-survival mediators (Caputo et al.,

2017). This observation suggests that ablation of CSB in cancer

cells results in an increase in pre-existing ER stress that tilts the

balance from pro-survival towards apoptosis (Wang et al., 2014).

It is well documented that CS proteins participate in RNA

pol I and II mediated basal and activated transcription

(Balajee et al., 1997; Selby and Sancar, 1997; Bradsher

et al., 2002; Yuan et al., 2007; Brooks et al., 2008; Koch

et al., 2014; Lanzafame et al., 2021). In this context, it is

worth noting the role of CSB in the transcriptional activation

of some key genes, as neuroD1 (Ciaffardini et al., 2014), whose

tight regulation is well known to be required to avoid the

trigger of dysregulatory mechanisms for initiating and

promoting oncogenic activities (Costanzo et al., 2022). For

this reason, it might be of interest investigating if CSB

overexpression is causative for the abnormal regulation of

these key genes and, consequently, for the induction of the

hyperactivation cascades aimed to direct cell fate towards

abnormal survival and proliferation.

Although most studies regarding the CS involvement in

cancer has been focused on CSB overexpression, a similar role

for CSA can not be excluded. Filippi and collaborators provided

the first evidence that Breast Cancer (BC) cells displayed an

increased expression of CSA protein, and that its ablation by

AntiSense Oligonucleotides (ASOs) drastically impaired the

tumorigenicity of BC cells by hampering their survival and

proliferative capabilities without affecting normal breast cells.

Moreover, CSA ablation also resulted in lowering the IC50 value

of Oxaliplatin and Paclitaxel, two commonly used

chemotherapeutic agents in breast cancer treatment (Filippi

et al., 2022).

FIGURE 3
The balanced action of CS proteins. In normal conditions,
CSA and CSB pro-survival activity counterbalances the signaling
pathways that, otherwise, would lead to the induction of
senescence and the triggering of apoptosis in response to the
insults to which the cells are daily exposed (A). Lack of CS proteins
due to gene mutations causes an unbalance in which senescence
and apoptotic load are not counteracted, thus leading to complex
premature aging phenotypes (B). A gain of CS proteins expression,
instead, is responsible for an up-regulation of pro-survival
pathways, thus favoring conditions for cancer development and
progression (C).
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Furthermore, unpublished data from our laboratory indicate

that protein kinase B (AKT) is subjected to a CSA-dependent

ubiquitination that regulates its membrane recruitment and,

consequently, its phosphorylation/activation, thus tuning the

activation the PI3K-AKT pathway, which is known to be

over-activated in many human cancers (Revathidevi and

Munirajan, 2019; Uko et al., 2020). These observations led us

to hypothesize that also CSA overexpression may favor cancer

development and progression by activating the pro-survival AKT

pathway and that both CSA and CSB have the potential to serve

as new molecular therapeutic targets for cancer.

In conclusion, when the delicate balance of CS proteins

expression is disrupted, cells are forced to face a plethora of

complex molecular alterations directed either to favor cancer

development and progression, in case of CS gain of expression, or

to establish a process of accelerated aging, in case of CS proteins

loss of expression (Figure 3).

Future perspectives and strategies for
intervention

Mutations in DNA repair genes give rise to progeroid

diseases where different DNA metabolic activities are

deregulated/disrupted (Kamenisch and Berneburg, 2009).

Progeroid syndromes are usually characterized by an

increased and earlier incidence of cancer, that confirms the

role of genomic instability as a promoting factor for both

aging and cancer processes (Schumacher et al., 2008; Wolters

and Schumacher, 2013) and this was also demonstrated in old

mice, in which decline of stem-cell function with age has been

correlated to DNA damage, which leads to dramatic epigenetic

changes and alterations in gene expression, damage and

instability with increased probabilities for malignant

transformation (Rossi et al., 2007). In sharp contrast to RecQ

helicase deficient premature aging syndromes characterized by

increased cancer susceptibility, CS patients are not associated

with cancer development showing even a sort of resistance to

cancer development (Lu et al., 2001). These two distinct

outcomes from the loss and gain of expression of CS proteins

in premature aging and cancer warrant future investigations for

using the CS proteins as novel therapeutic targets for aging and

cancer.

Strategies for CS patients care and their
potential use for counteracting normal
aging

Given the importance of endogenous ROS production in the

pathogenesis of CS, an ideal approach is to administer

antioxidants to reduce the oxidative stress in CS patients. A

similar approach in the mouse model of yet another human

neurodegenerative disorder Ataxia Telangiectasia Mutated

(ATM) increased the lifespan by reducing the neurological

symptoms (Gueven et al., 2006). It remains to be investigated

whether the antioxidant approach will be effective for therapeutic

intervention of CS patients because this kind of treatment may

trigger some unfavorable side effects, such as DNA damage and

induction of apoptosis (Fox et al., 2012), with the risk of

enhancing the loss of cells/tissues and evetually tissue

homeostasis. Another example of focused approach is the

lithium chloride or rapamycin treatment, that was to work

well in reversing the mitochondrial phenotype of CSBm/m cells

by increasing autophagy (Scheibye-Knudsen et al., 2012). This

kind of treatment yet to be tested for other neurodegenerative

diseases treatment (Wang et al., 2012).

The ribosomal biogenesis and protein synthesis in CS cells

may be normalized by treatments with pharmaceutical

chaperones, such as 4-phenylbutyrate (4-PBA) and

Tauroursodeoxycholic acid (TUDCA), both of them being

able to reduce ER stress. Interestingly, these chaperones were

shown to block both the protein synthesis and the

hypersensitivity of CS cells to oxidative stress (Alupei et al.,

2018). Moreover, treatment with pharmaceutical chaperones was

shown to restore cellular growth, impaired transcription

initiation by RNA pol I and protein synthesis, opening a

promising scenario for treating those clinical symptoms

related to impaired ribosome functioning (Qiang et al., 2021).

Interestingly, the emerging knowledge of a common, unifying

molecular mechanism underlying the pleiotropic action of CSA

and CSB proteins in the cascade of events leading to ubiquitin/

proteasome-directed protein degradation in a plethora of

different processes (Ratner et al., 1998; Proietti-De-Santis

et al., 2006; Latini et al., 2011; Epanchintsev et al., 2017; Okur

et al., 2020; Paccosi et al., 2020) may not only reasonably explain

the plethora of cellular functions that are impaired when either

CSA or CSB gene is mutated, but also open a new and intriguing

scenario for the study of the molecular basis of CS. In this

context, it has been recently proposed that the identification

of the ubiquitin-proteasome machinery, able to comprehensively

face the different molecular aspects of CS, as a new potential

therapeutic target for intervention could open a promising

avenue to design effective therapeutic interventions, whether

confirmed and corroborated by in vivo studies (Paccosi and

Proietti-De-Santis, 2021). Despite treating each of the CS

defects separately, restoration of csa and csb gene expression

would be the best strategy for intervention. In this regard, the

feasibility of retinal gene therapy for CS yet to be proven in a

murine model (Gruntman et al., 2015). Moreover, CRISPR/Cas9-

mediated gene correction has shown to be successful in rescuing

CS induced pluripotent stem cells from premature aging defects,

laying a foundation for the development of novel therapeutic

strategies to treat the overall CS symptomatology (Wang et al.,

2022). Last but not least, in the context of a wide heterogeneity of

clinical features and severity of symptoms among the CS patients
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(Natale, 2011), recent molecular technologies involving next

generation sequencing s may play pivotal role in investigating

the etiology of the disease. Calmels and colleagues performed an

interesting work on a large cohort of patients with Cockayne

syndrome, and demonstrated that the humanmutation spectrum

of the CS genes is not yet saturated and that there is a plethora of

genetic variants still to be identified, since a definitive correlation

between genotype and phenotype is still missing (Calmels et al.,

2018). Recently, many novel csb variants associated with severe

or mild clinical phenotypes (Friedman et al., 2021; Yousefipour

andMahjoobi, 2021; Zayoud et al., 2021; Duong et al., 2022) have

been identified by whole-genome and/or whole-exome

sequencing. CS being a disease with no effective treatments or

cure, the kind of molecular approach described above will open

up new avenues for facilitating diagnosis and will likely improve

the definition of the sketchy genotype-phenotype relationship in

patients with CS. The emerging knowledge of the molecular

mechanisms underlying CS raises hope not only that some of

these strategies will be successful in improving life and health for

CS patients, but also that these kind of approaches may be a

useful tool against some deleterious features related to the normal

aging, such as DNA damage sensitivity, loss of proteostasis and

neurodegeneration.

CSA and CSB targeting for cancer
treatment

In addiction to the observation of the dramatic up-regulation

of CS proteins in a number of cancer cell lines of different tissue

origin (Caputo et al., 2013; Paccosi et al., 2021; Filippi et al.,

2022), it is worth nothing that several groups also provided

evidences that many csb single-nucleotide polymorphism (SNPs)

are associated with increased cancer susceptibility or affected

response to chemotherapy: i) the rs2228526, rs4253160,

rs12571445, and rs3793784 SNPs of csb may contribute to the

susceptibility of lung cancer (Lin et al., 2008; Ma et al., 2009); ii)

the SNP rs4253002 has shown a significant association with

gastrointestinal toxicity in the patients receiving Platinum-

Paclitaxel (TP) regimen, while the SNP rs4253212 has shown

to be correlated with neutropenia in the patients receiving

Platinum-Gemcitabine (GP) regimen, suggesting that CSB

might be involved in regulating clinical outcomes of

platinum-based chemotherapy (Song et al., 2017). These data

suggest that, almost regarding csb gene, both overexpression and

SNPs may contribute to cancer development and progression.

However, these findings need to be validated by larger studies

with diverse populations and also functional evaluations.

Regarding csa gene, instead, there is still a sketchy knowledge

regarding both the association between SNPs/cancer

predisposition and the mechanisms by which CSA

overexpression may contribute to cancer development. The

established data are that CS proteins play a major role in

cancer progression and that their ablation by antisense

technology not only results in increased levels of apoptotic

death of cancer cells but, most importantly, does not affect

the normal cells, suggesting that the former are addicted to

high levels of CS proteins, an ideal condition for any

candidate therapeutic approach. Moreover, the sensitivity of

tumor cells either to the chemotherapeutic agent Cisplatin or

to Oxaliplatin and Paclitaxel, was shown to be increased after

silencing csb or csa genes respectively by RNA interference

(Proietti De Santis et al., 2018; Filippi et al., 2022). This is a

key point for minimizing the chemotherapeutic dose required to

induce apoptosis, thereby reducing chemotherapy side effects.

Worthy of note, it has been also demonstrated that CSA ablation

even restores drug sensitivity in oxaliplatin-resistant cells (Filippi

et al., 2022). In conclusion, the challenging task is to understand

whether CS proteins may be an attractive candidate for

therapeutic targeting. To achieve this milestone, further

studies, both in vitro and in vivo, are mandatory in order to

fully elucidate the contribution of CSB and CSA in cancer

development and progression, in the optic of paving the way

for a new kind therapeutic approach which, to date, seems to be

really attractive.

Author contributions

EP, AB, and LP-D-S wrote sections of the manuscript. All

authors contributed to manuscript revision, read, and approved

the submitted version.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the

editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the

publisher.

Frontiers in Aging frontiersin.org10

Paccosi et al. 10.3389/fragi.2022.960662

https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2022.960662


References

Aamann, M. D., Sorensen, M. M., Hvitby, C., Berquist, B. R., Muftuoglu, M., Tian,
J., et al. (2010). Cockayne syndrome group B protein promotes mitochondrial DNA
stability by supporting the DNA repair association with the mitochondrial
membrane. FASEB J. 24 (7), 2334–2346. doi:10.1096/fj.09-147991

Abu-Libdeh, B., Jhujh, S. S., Dhar, S., Sommers, J. A., Datta, A., Longo, G.M., et al.
(2022). RECON syndrome is a genome instability disorder caused by mutations in
the DNA helicase RECQL1. J. Clin. Invest. 132 (5), e147301. doi:10.1172/JCI147301

Alupei, M. C., Maity, P., Esser, P. R., Krikki, I., Tuorto, F., Parlato, R., et al. (2018).
Loss of proteostasis is a pathomechanism in cockayne syndrome. Cell. Rep. 23 (6),
1612–1619. doi:10.1016/j.celrep.2018.04.041

Amelio, I., and Melino, G. (2015). The p53 family and the hypoxia-inducible
factors (HIFs): Determinants of cancer progression. Trends biochem. Sci. 40 (8),
425–434. doi:10.1016/j.tibs.2015.04.007

Anindya, R., Mari, P. O., Kristensen, U., Kool, H., Giglia-Mari, G., Mullenders, L.
H., et al. (2010). A ubiquitin-binding domain in Cockayne syndrome B required for
transcription-coupled nucleotide excision repair.Mol. Cell. 38 (5), 637–648. doi:10.
1016/j.molcel.2010.04.017

Barrett, S. F., Robbins, J. H., Tarone, R. E., and Kraemer, K. H. (1991).
Evidence for defective repair of cyclobutane pyrimidine dimers with normal
repair of other DNA photoproducts in a transcriptionally active gene
transfected into Cockayne syndrome cells. Mutat. Res. 255 (3), 281–291.
doi:10.1016/0921-8777(91)90032-k

Balajee, A. S. (2021). Human RecQL4 as a novel molecular target for cancer
therapy. Cytogenet. Genome Res. 161 (6-7), 305–327. doi:10.1159/000516568

Balajee, A. S., May, A., Dianov, G. L., Friedberg, E. C., and Bohr, V. A. (1997).
Reduced RNA polymerase II transcription in intact and permeabilized Cockayne
syndrome group B cells. Proc. Natl. Acad. Sci. U. S. A. 94 (9), 4306–4311. doi:10.
1073/pnas.94.9.4306

Balajee, A. S., Proietti De Santis, L., Brosh, R. M., Jr, Selzer, R., and Bohr, V. A.
(2000). Role of the ATPase domain of the Cockayne syndrome group B protein in
UV induced apoptosis. Oncogene 19 (4), 477–489. doi:10.1038/sj.onc.1203372

Barnes, D. E., and Lindahl, T. (2004). Repair and genetic consequences of
endogenous DNA base damage in mammalian cells. Annu. Rev. Genet. 38,
445–476. doi:10.1146/annurev.genet.38.072902.092448

Batenburg, N. L., Walker, J. R., Noordermeer, S. M., Moatti, N., Durocher, D.,
Zhu, X. D., et al. (2017). ATM and CDK2 control chromatin remodeler CSB to
inhibit RIF1 in DSB repair pathway choice. Nat. Commun. 8 (1), 1921. doi:10.1038/
s41467-017-02114-x

Berquist, B. R., and Bohr, V. A. (2011). Cockayne syndrome, underlying
molecular defects and p53. Cell. cycle 10 (23), 3997–3998. doi:10.4161/cc.10.23.
18352

Berquist, B. R., and Wilson, D. M., 3rd (2012). Pathways for repairing and
tolerating the spectrum of oxidative DNA lesions. Cancer Lett. 327 (1-2), 61–72.
doi:10.1016/j.canlet.2012.02.001

Bieging, K. T., Mello, S. S., and Attardi, L. D. (2014). Unravelling mechanisms of
p53-mediated tumour suppression. Nat. Rev. Cancer 14 (5), 359–370. doi:10.1038/
nrc3711

Black, J. O. (2016). Xeroderma Pigmentosum.Head Neck Pathol. 10 (2), 139–144.

Bradford, P. T., Goldstein, A. M., Tamura, D., Khan, S. G., Ueda, T., Boyle, J., et al.
(2011). Cancer and neurologic degeneration in xeroderma pigmentosum: Long
term follow-up characterises the role of DNA repair. J. Med. Genet. 48 (3), 168–176.
doi:10.1136/jmg.2010.083022

Bradsher, J., Auriol, J., Proietti de Santis, L., Iben, S., Vonesch, J. L., Grummt, I.,
et al. (2002). CSB is a component of RNA pol I transcription. Mol. Cell. 10 (4),
819–829. doi:10.1016/s1097-2765(02)00678-0

Bregman, D. B., Halaban, R., van Gool, A. J., Henning, K. A., Friedberg, E. C.,
Warren, S. L., et al. (1996). UV-Induced ubiquitination of RNA polymerase II: A
novel modification deficient in cockayne syndrome cells. Proc. Natl. Acad. Sci. U. S.
A. 93 (21), 11586–11590. doi:10.1073/pnas.93.21.11586

Brooks, P. J. (2007). The case for 8, 5’-cyclopurine-2’-deoxynucleosides as
endogenous DNA lesions that cause neurodegeneration in xeroderma
pigmentosum. Neuroscience 145 (4), 1407–1417. doi:10.1016/j.neuroscience.2006.
10.025

Brooks, P. J., Cheng, T. F., and Cooper, L. (2008). Do all of the neurologic diseases
in patients with DNA repair gene mutations result from the accumulation of DNA
damage? DNA repair 7 (6), 834–848. doi:10.1016/j.dnarep.2008.01.017

Brown, C. J., Lain, S., Verma, C. S., Fersht, A. R., and Lane, D. P. (2009).
Awakening guardian angels: Drugging the p53 pathway. Nat. Rev. Cancer 9 (12),
862–873. doi:10.1038/nrc2763

Calmels, N., Botta, E., Jia, N., Fawcett, H., Nardo, T., Nakazawa, Y., et al. (2018).
Functional and clinical relevance of novel mutations in a large cohort of patients
with Cockayne syndrome. J. Med. Genet. 55 (5), 329–343. doi:10.1136/jmedgenet-
2017-104877

Caputo, M., Balzerano, A., Arisi, I., D’Onofrio, M., Brandi, R., Bongiorni, S., et al.
(2017). CSB ablation induced apoptosis is mediated by increased endoplasmic
reticulum stress response. PloS one 12 (3), e0172399. doi:10.1371/journal.pone.
0172399

Caputo, M., Frontini, M., Velez-Cruz, R., Nicolai, S., Prantera, G., Proietti-De-
Santis, L., et al. (2013). The CSB repair factor is overexpressed in cancer cells,
increases apoptotic resistance, and promotes tumor growth. DNA repair 12 (4),
293–299. doi:10.1016/j.dnarep.2013.01.008

Chatre, L., Biard, D. S., Sarasin, A., and Ricchetti, M. (2015). Reversal of
mitochondrial defects with CSB-dependent serine protease inhibitors in patient
cells of the progeroid Cockayne syndrome. Proc. Natl. Acad. Sci. U. S. A. 112 (22),
E2910–E2919. doi:10.1073/pnas.1422264112

Ciaffardini, F., Nicolai, S., Caputo, M., Canu, G., Paccosi, E., Costantino, M., et al.
(2014). The cockayne syndrome B protein is essential for neuronal differentiation
and neuritogenesis. Cell. Death Dis. 5 (5), e1268. doi:10.1038/cddis.2014.228

Citterio, E., Vermeulen, W., and Hoeijmakers, J. H. (2000). Transcriptional
healing. Cell. 101 (5), 447–450. doi:10.1016/s0092-8674(00)80854-5

Cleaver, J. E., Bezrookove, V., Revet, I., and Huang, E. J. (2013). Conceptual
developments in the causes of Cockayne syndrome. Mech. Ageing Dev. 134 (5-6),
284–290. doi:10.1016/j.mad.2013.02.005

Costanzo, F., Martínez Diez, M., Santamaría Nuñez, G., Díaz-Hernandéz, J. I.,
Genes Robles, C. M., Díez Pérez, J., et al. (2022). Promoters of ASCL1- and
NEUROD1-dependent genes are specific targets of lurbinectedin in SCLC cells.
EMBO Mol. Med. 14 (4), e14841. doi:10.15252/emmm.202114841

D’Errico, M., Parlanti, E., Pascucci, B., Fortini, P., Baccarini, S., Simonelli, V., et al.
(2017). Single nucleotide polymorphisms in DNA glycosylases: From function to
disease. Free Radic. Biol. Med. 107, 278–291. doi:10.1016/j.freeradbiomed.2016.
12.002

de Sanctis, C., and Cacchione, A. (1932). L’idiozia xerodermica. Riv. Sper.
Freniatr. 56, 269–292.

DiGiovanna, J. J., and Kraemer, K. H. (2012). Shining a light on xeroderma
pigmentosum. J. Invest. Dermatol. 132 (3 Pt 2), 785–796. doi:10.1038/jid.2011.426

DiGiovanna, J. J., Patronas, N., Katz, D., Abangan, D., and Kraemer, K. H. (1998).
Xeroderma pigmentosum: Spinal cord astrocytoma with 9-year survival after
radiation and isotretinoin therapy. J. Cutan. Med. Surg. 2 (3), 153–158. doi:10.
1177/120347549800200308

Duong, N. T., Anh, N. P., Bac, N. D., Quang, L. B., Miyake, N., Van Hai, N., et al.
(2022). Whole-exome sequencing revealed a novel ERCC6 variant in a Vietnamese
patient with Cockayne syndrome.Hum. Genome Var. 9 (1), 21. doi:10.1038/s41439-
022-00200-1

Epanchintsev, A., Costanzo, F., Rauschendorf, M. A., Caputo, M., Ye, T., Donnio,
L. M., et al. (2017). Cockayne’s syndrome A and B proteins regulate transcription
arrest after genotoxic stress by promoting ATF3 degradation. Mol. Cell. 68 (6),
1054–1066. e6. doi:10.1016/j.molcel.2017.11.009

Epanchintsev, A., Rauschendorf, M. A., Costanzo, F., Calmels, N., Obringer, C.,
Sarasin, A., et al. (2020). Defective transcription of ATF3 responsive genes, a marker
for Cockayne Syndrome. Sci. Rep. 10 (1), 1105. doi:10.1038/s41598-020-57999-4

Feng, Z., Hu, W., Rajagopal, G., and Levine, A. J. (2008). The tumor suppressor
p53: Cancer and aging. Cell. cycleGeorget. Tex.) 7 (7), 842–847. doi:10.4161/cc.7.7.
5657

Filippi, S., Latini, P., Frontini, M., Palitti, F., Egly, J. M., Proietti-De-Santis, L.,
et al. (2008). CSB protein is (a direct target of HIF-1 and) a critical mediator of the
hypoxic response. EMBO J. 27 (19), 2545–2556. doi:10.1038/emboj.2008.180

Filippi, S., Paccosi, E., Balzerano, A., Ferretti, M., Poli, G., Taborri, J., et al. (2022).
CSA antisense targeting enhances anticancer drug sensitivity in breast cancer cells,
including the triple-negative subtype. Cancers 14 (7), 1687. doi:10.3390/
cancers14071687

Fischer, E. S., Scrima, A., Böhm, K., Matsumoto, S., Lingaraju, G. M., Faty, M.,
et al. (2011). The molecular basis of CRL4DDB2/CSA ubiquitin ligase architecture,
targeting, and activation. Cell. 147 (5), 1024–1039. doi:10.1016/j.cell.2011.10.035

Fousteri, M., and Mullenders, L. H. (2008). Transcription-coupled nucleotide
excision repair in mammalian cells: Molecular mechanisms and biological effects.
Cell. Res. 18 (1), 73–84. doi:10.1038/cr.2008.6

Fousteri, M., Vermeulen, W., van Zeeland, A. A., and Mullenders, L. H. (2006).
Cockayne syndrome A and B proteins differentially regulate recruitment of

Frontiers in Aging frontiersin.org11

Paccosi et al. 10.3389/fragi.2022.960662

https://doi.org/10.1096/fj.09-147991
https://doi.org/10.1172/JCI147301
https://doi.org/10.1016/j.celrep.2018.04.041
https://doi.org/10.1016/j.tibs.2015.04.007
https://doi.org/10.1016/j.molcel.2010.04.017
https://doi.org/10.1016/j.molcel.2010.04.017
https://doi.org/10.1016/0921-8777(91)90032-k
https://doi.org/10.1159/000516568
https://doi.org/10.1073/pnas.94.9.4306
https://doi.org/10.1073/pnas.94.9.4306
https://doi.org/10.1038/sj.onc.1203372
https://doi.org/10.1146/annurev.genet.38.072902.092448
https://doi.org/10.1038/s41467-017-02114-x
https://doi.org/10.1038/s41467-017-02114-x
https://doi.org/10.4161/cc.10.23.18352
https://doi.org/10.4161/cc.10.23.18352
https://doi.org/10.1016/j.canlet.2012.02.001
https://doi.org/10.1038/nrc3711
https://doi.org/10.1038/nrc3711
https://doi.org/10.1136/jmg.2010.083022
https://doi.org/10.1016/s1097-2765(02)00678-0
https://doi.org/10.1073/pnas.93.21.11586
https://doi.org/10.1016/j.neuroscience.2006.10.025
https://doi.org/10.1016/j.neuroscience.2006.10.025
https://doi.org/10.1016/j.dnarep.2008.01.017
https://doi.org/10.1038/nrc2763
https://doi.org/10.1136/jmedgenet-2017-104877
https://doi.org/10.1136/jmedgenet-2017-104877
https://doi.org/10.1371/journal.pone.0172399
https://doi.org/10.1371/journal.pone.0172399
https://doi.org/10.1016/j.dnarep.2013.01.008
https://doi.org/10.1073/pnas.1422264112
https://doi.org/10.1038/cddis.2014.228
https://doi.org/10.1016/s0092-8674(00)80854-5
https://doi.org/10.1016/j.mad.2013.02.005
https://doi.org/10.15252/emmm.202114841
https://doi.org/10.1016/j.freeradbiomed.2016.12.002
https://doi.org/10.1016/j.freeradbiomed.2016.12.002
https://doi.org/10.1038/jid.2011.426
https://doi.org/10.1177/120347549800200308
https://doi.org/10.1177/120347549800200308
https://doi.org/10.1038/s41439-022-00200-1
https://doi.org/10.1038/s41439-022-00200-1
https://doi.org/10.1016/j.molcel.2017.11.009
https://doi.org/10.1038/s41598-020-57999-4
https://doi.org/10.4161/cc.7.7.5657
https://doi.org/10.4161/cc.7.7.5657
https://doi.org/10.1038/emboj.2008.180
https://doi.org/10.3390/cancers14071687
https://doi.org/10.3390/cancers14071687
https://doi.org/10.1016/j.cell.2011.10.035
https://doi.org/10.1038/cr.2008.6
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2022.960662


chromatin remodeling and repair factors to stalled RNA polymerase II in vivo.Mol.
Cell. 23 (4), 471–482. doi:10.1016/j.molcel.2006.06.029

Fox, J. T., Sakamuru, S., Huang, R., Teneva, N., Simmons, S. O., Xia, M., et al.
(2012). High-throughput genotoxicity assay identifies antioxidants as inducers of
DNA damage response and cell death. Proc. Natl. Acad. Sci. U. S. A. 109 (14),
5423–5428. doi:10.1073/pnas.1114278109

Friedman, J., Bird, L. M., Haas, R., Robbins, S. L., Nahas, S. A., Dimmock, D. P.,
et al. (2021). Ending a diagnostic odyssey: Moving from exome to genome to
identify cockayne syndrome. Mol. Genet. Genomic Med. 9 (7), e1623. doi:10.1002/
mgg3.1623

Frontini, M., and Proietti-De-Santis, L. (2009). Cockayne syndrome B protein
(CSB): Linking p53, HIF-1 and p300 to robustness, lifespan, cancer and cell fate
decisions. Cell. cycleGeorget. Tex.) 8 (5), 693–696. doi:10.4161/cc.8.5.7754

Frontini, M., and Proietti-De-Santis, L. (2012). Interaction between the cockayne
syndrome B and p53 proteins: Implications for aging. Aging 4 (2), 89–97. doi:10.
18632/aging.100439

Gallant, J., Kurland, C., Parker, J., Holliday, R., and Rosenberger, R. (1997). The
error catastrophe theory of aging. Point counterpoint. Exp. Gerontol. 32 (3),
333–346. doi:10.1016/s0531-5565(96)00030-7

Giannelli, F., Pawsey, S. A., and Botcherby, P. K. (1981). Tendency to high levels
of UVR-induced unscheduled DNA synthesis in Bloom syndrome. Mutat. Res. 81
(2), 229–241. doi:10.1016/0027-5107(81)90037-3

Gorgoulis, V. G., Pefani, D. E., Pateras, I. S., and Trougakos, I. P. (2018).
Integrating the DNA damage and protein stress responses during cancer
development and treatment. J. Pathol. 246 (1), 12–40. doi:10.1002/path.5097

Groisman, R., Polanowska, J., Kuraoka, I., Sawada, J., Saijo, M., Drapkin, R., et al.
(2003). The ubiquitin ligase activity in the DDB2 and CSA complexes is
differentially regulated by the COP9 signalosome in response to DNA damage.
Cell. 113 (3), 357–367. doi:10.1016/s0092-8674(03)00316-7

Gruntman, A. M., Su, L., and Flotte, T. R. (2015). 601. Gene therapy for cockayne
syndrome. Mol. Ther. 23 (S1), S238–S239. doi:10.1016/S1525-0016(16)34210-1

Gueven, N., Fukao, T., Luff, J., Paterson, C., Kay, G., Kondo, N., et al. (2006).
Regulation of the atm promoter in vivo. Genes. Chromosom. Cancer 45 (1), 61–71.
doi:10.1002/gcc.20267

Guimaraes, D. P., and Hainaut, P. (2002). TP53: A key gene in human cancer.
Biochimie 84 (1), 83–93. doi:10.1016/s0300-9084(01)01356-6

Hanawalt, P. C., and Spivak, G. (2008). Transcription-coupled DNA repair: Two
decades of progress and surprises. Nat. Rev. Mol. Cell. Biol. 9 (12), 958–970. doi:10.
1038/nrm2549

Harris, A. L. (2002). Hypoxia--a key regulatory factor in tumour growth.Nat. Rev.
Cancer 2 (1), 38–47. doi:10.1038/nrc704

Henning, K. A., Li, L., Iyer, N., McDaniel, L. D., Reagan, M. S., Legerski, R., et al.
(1995). The Cockayne syndrome group A gene encodes a WD repeat protein that
interacts with CSB protein and a subunit of RNA polymerase II TFIIH. Cell. 82 (4),
555–564. doi:10.1016/0092-8674(95)90028-4

Hong, B., van den Heuvel, A. P., Prabhu, V. V., Zhang, S., and El-Deiry, W. S.
(2014). Targeting tumor suppressor p53 for cancer therapy: Strategies, challenges
and opportunities. Curr. Drug Targets 15 (1), 80–89. doi:10.2174/
1389450114666140106101412

Itoh, M., Hayashi, M., Shioda, K., Minagawa, M., Isa, F., Tamagawa, K., et al.
(1999). Neurodegeneration in hereditary nucleotide repair disorders. Brain Dev. 21
(5), 326–333. doi:10.1016/s0387-7604(99)00033-9

Kamenisch, Y., and Berneburg, M. (2009). Progeroid syndromes and UV-induced
oxidative DNA damage. J. Investig. Dermatol. Symp. Proc. 14 (1), 8–14. doi:10.1038/
jidsymp.2009.6

Kamenisch, Y., Fousteri, M., Knoch, J., von Thaler, A. K., Fehrenbacher, B., Kato,
H., et al. (2010). Proteins of nucleotide and base excision repair pathways interact in
mitochondria to protect from loss of subcutaneous fat, a hallmark of aging.
J. Exp. Med. 207 (2), 379–390. doi:10.1084/jem.20091834

Karikkineth, A. C., Scheibye-Knudsen, M., Fivenson, E., Croteau, D. L., and Bohr,
V. A. (2017). Cockayne syndrome: Clinical features, model systems and pathways.
Ageing Res. Rev. 33, 3–17. doi:10.1016/j.arr.2016.08.002

Kirkali, G., de Souza-Pinto, N. C., Jaruga, P., Bohr, V. A., and Dizdaroglu, M.
(2009). Accumulation of (5’S)-8, 5’-cyclo-2’-deoxyadenosine in organs of Cockayne
syndrome complementation group B gene knockout mice. DNA repair 8 (2),
274–278. doi:10.1016/j.dnarep.2008.09.009

Koch, S., Garcia Gonzalez, O., Assfalg, R., Schelling, A., Schäfer, P.,
Scharffetter-Kochanek, K., et al. (2014). Cockayne syndrome protein A is a
transcription factor of RNA polymerase I and stimulates ribosomal biogenesis
and growth. Cell. cycleGeorget. Tex.) 13 (13), 2029–2037. doi:10.4161/cc.
29018

Kokic, G., Wagner, F. R., Chernev, A., Urlaub, H., and Cramer, P. (2021).
Structural basis of human transcription-DNA repair coupling. Nature 598
(7880), 368–372. doi:10.1038/s41586-021-03906-4

Komatsu, M., Kominami, E., and Tanaka, K. (2006). Autophagy and
neurodegeneration. Autophagy 2 (4), 315–317. doi:10.4161/auto.2974

Koren, I., and Kimchi, A. (2012). Cell biology. Promoting tumorigenesis by
suppressing autophagy. Sci. (New York, N.Y.) 338 (6109), 889–890. doi:10.1126/
science.1230577

Kraemer, K. H., Lee, M. M., Andrews, A. D., and Lambert, W. C. (1994). The role
of sunlight and DNA repair in melanoma and nonmelanoma skin cancer. The
xeroderma pigmentosum paradigm. Arch. Dermatol. 130 (8), 1018–1021. doi:10.
1001/archderm.130.8.1018

Kristensen, U., Epanchintsev, A., Rauschendorf, M. A., Laugel, V., Stevnsner, T.,
Bohr, V. A., et al. (2013). Regulatory interplay of Cockayne syndrome B ATPase and
stress-response gene ATF3 following genotoxic stress. Proc. Natl. Acad. Sci. U. S. A.
110 (25), E2261–E2270. doi:10.1073/pnas.1220071110

Lainé, J. P., and Egly, J. M. (2006). When transcription and repair meet: A
complex system. Trends Genet. 22 (8), 430–436. doi:10.1016/j.tig.2006.06.006

Lanzafame, M., Branca, G., Landi, C., Qiang, M., Vaz, B., Nardo, T., et al. (2021).
Cockayne syndrome group A and ferrochelatase finely tune ribosomal gene
transcription and its response to UV irradiation. Nucleic Acids Res. 49 (19),
10911–10930. doi:10.1093/nar/gkab819

Lanzafame, M., Vaz, B., Nardo, T., Botta, E., Orioli, D., Stefanini, M., et al. (2013).
From laboratory tests to functional characterisation of Cockayne syndrome. Mech.
Ageing Dev. 134 (5-6), 171–179. doi:10.1016/j.mad.2013.03.007

Laposa, R. R., Huang, E. J., and Cleaver, J. E. (2007). Increased apoptosis, p53 up-
regulation, and cerebellar neuronal degeneration in repair-deficient Cockayne
syndrome mice. Proc. Natl. Acad. Sci. U. S. A. 104 (4), 1389–1394. doi:10.1073/
pnas.0610619104

Latini, P., Frontini, M., Caputo, M., Gregan, J., Cipak, L., Filippi, S., et al. (2011). CSA
and CSB proteins interact with p53 and regulate its Mdm2-dependent ubiquitination.
Cell. cycleGeorget. Tex.) 10 (21), 3719–3730. doi:10.4161/cc.10.21.17905

Laugel, V. (2000). “Cockayne syndrome,” in GeneReviews®. Editor M. P. Adam
(Seattle: University of Washington).

Lee, J. H., Demarest, T. G., Babbar, M., Kim, E. W., Okur, M. N., De, S., et al.
(2019). Cockayne syndrome group B deficiency reduces H3K9me3 chromatin
remodeler SETDB1 and exacerbates cellular aging. Nucleic Acids Res. 47 (16),
8548–8562. doi:10.1093/nar/gkz568

Licht, C. L., Stevnsner, T., and Bohr, V. A. (2003). Cockayne syndrome group
B cellular and biochemical functions. Am. J. Hum. Genet. 73 (6), 1217–1239. doi:10.
1086/380399

Lin, Z., Zhang, X., Tuo, J., Guo, Y., Green, B., Chan, C. C., et al. (2008). A variant
of the Cockayne syndrome B gene ERCC6 confers risk of lung cancer.Hum. Mutat.
29 (1), 113–122. doi:10.1002/humu.20610

Liu, F., Yu, Z. J., Sui, J. L., Bai, B., and Zhou, P. K. (2006). siRNA-mediated
silencing of Cockayne Cyndrome group B gene potentiates radiation-induced
apoptosis and antiproliferative effect in HeLa cells. Chin. Med. J. 119 (9),
731–739. doi:10.1097/00029330-200605010-00005

Lu, Y., Lian, H., Sharma, P., Schreiber-Agus, N., Russell, R. G., Chin, L., et al.
(2001). Disruption of the Cockayne syndrome B gene impairs spontaneous
tumorigenesis in cancer-predisposed Ink4a/ARF knockout mice. Mol. Cell. Biol.
21 (5), 1810–1818. doi:10.1128/MCB.21.5.1810-1818.2001

Ma, H., Hu, Z., Wang, H., Jin, G., Wang, Y., Sun, W., et al. (2009). ERCC6/CSB
gene polymorphisms and lung cancer risk. Cancer Lett. 273 (1), 172–176. doi:10.
1016/j.canlet.2008.08.002

Majora, M., Sondenheimer, K., Knechten, M., Uthe, I., Esser, C., Schiavi, A., et al.
(2018). HDAC inhibition improves autophagic and lysosomal function to prevent
loss of subcutaneous fat in a mouse model of Cockayne syndrome. Sci. Transl. Med.
10 (456), eaam7510. doi:10.1126/scitranslmed.aam7510

Nakazawa, Y., Sasaki, K., Mitsutake, N., Matsuse, M., Shimada, M., Nardo, T.,
et al. (2012). Mutations in UVSSA cause UV-sensitive syndrome and impair RNA
polymerase IIo processing in transcription-coupled nucleotide-excision repair. Nat.
Genet. 44 (5), 586–592. doi:10.1038/ng.2229

Natale, V. (2011). A comprehensive description of the severity groups in
Cockayne syndrome. Am. J. Med. Genet. A 155A (5), 1081–1095. doi:10.1002/
ajmg.a.33933

Neisser, A. (1883). Ueber das ‘Xeroderma pigmentosum’ (Kaposi):Lioderma
essentialis cum melanosi et telangiectasia. Vierteljahresschr. F. Dermatol. U.
Syph. 10, 47–62. doi:10.1007/bf01833443

Okur, M. N., Lee, J. H., Osmani, W., Kimura, R., Demarest, T. G., Croteau, D. L.,
et al. (2020). Cockayne syndrome group A and B proteins function in rRNA

Frontiers in Aging frontiersin.org12

Paccosi et al. 10.3389/fragi.2022.960662

https://doi.org/10.1016/j.molcel.2006.06.029
https://doi.org/10.1073/pnas.1114278109
https://doi.org/10.1002/mgg3.1623
https://doi.org/10.1002/mgg3.1623
https://doi.org/10.4161/cc.8.5.7754
https://doi.org/10.18632/aging.100439
https://doi.org/10.18632/aging.100439
https://doi.org/10.1016/s0531-5565(96)00030-7
https://doi.org/10.1016/0027-5107(81)90037-3
https://doi.org/10.1002/path.5097
https://doi.org/10.1016/s0092-8674(03)00316-7
https://doi.org/10.1016/S1525-0016(16)34210-1
https://doi.org/10.1002/gcc.20267
https://doi.org/10.1016/s0300-9084(01)01356-6
https://doi.org/10.1038/nrm2549
https://doi.org/10.1038/nrm2549
https://doi.org/10.1038/nrc704
https://doi.org/10.1016/0092-8674(95)90028-4
https://doi.org/10.2174/1389450114666140106101412
https://doi.org/10.2174/1389450114666140106101412
https://doi.org/10.1016/s0387-7604(99)00033-9
https://doi.org/10.1038/jidsymp.2009.6
https://doi.org/10.1038/jidsymp.2009.6
https://doi.org/10.1084/jem.20091834
https://doi.org/10.1016/j.arr.2016.08.002
https://doi.org/10.1016/j.dnarep.2008.09.009
https://doi.org/10.4161/cc.29018
https://doi.org/10.4161/cc.29018
https://doi.org/10.1038/s41586-021-03906-4
https://doi.org/10.4161/auto.2974
https://doi.org/10.1126/science.1230577
https://doi.org/10.1126/science.1230577
https://doi.org/10.1001/archderm.130.8.1018
https://doi.org/10.1001/archderm.130.8.1018
https://doi.org/10.1073/pnas.1220071110
https://doi.org/10.1016/j.tig.2006.06.006
https://doi.org/10.1093/nar/gkab819
https://doi.org/10.1016/j.mad.2013.03.007
https://doi.org/10.1073/pnas.0610619104
https://doi.org/10.1073/pnas.0610619104
https://doi.org/10.4161/cc.10.21.17905
https://doi.org/10.1093/nar/gkz568
https://doi.org/10.1086/380399
https://doi.org/10.1086/380399
https://doi.org/10.1002/humu.20610
https://doi.org/10.1097/00029330-200605010-00005
https://doi.org/10.1128/MCB.21.5.1810-1818.2001
https://doi.org/10.1016/j.canlet.2008.08.002
https://doi.org/10.1016/j.canlet.2008.08.002
https://doi.org/10.1126/scitranslmed.aam7510
https://doi.org/10.1038/ng.2229
https://doi.org/10.1002/ajmg.a.33933
https://doi.org/10.1002/ajmg.a.33933
https://doi.org/10.1007/bf01833443
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2022.960662


transcription through nucleolin regulation. Nucleic Acids Res. 48 (5), 2473–2485.
doi:10.1093/nar/gkz1242

Orgel, L. E. (1963). The maintenance of the accuracy of protein synthesis and its
relevance to ageing. Proc. Natl. Acad. Sci. U. S. A. 49 (4), 517–521. doi:10.1073/pnas.
49.4.517

Paccosi, E., Costantino, M., Balzerano, A., Filippi, S., Brancorsini, S., Proietti-De-
Santis, L., et al. (2021). Neuroblastoma cells depend on CSB for faithful execution of
cytokinesis and survival. Int. J. Mol. Sci. 22 (18), 10070. doi:10.3390/ijms221810070

Paccosi, E., Costanzo, F., Costantino, M., Balzerano, A., Monteonofrio, L., Soddu,
S., et al. (2020). The Cockayne syndrome group A and B proteins are part of a
ubiquitin-proteasome degradation complex regulating cell division. Proc. Natl.
Acad. Sci. U. S. A. 117 (48), 30498–30508. doi:10.1073/pnas.2006543117

Paccosi, E., and Proietti-De-Santis, L. (2021). The emerging role of Cockayne
group A and B proteins in ubiquitin/proteasome-directed protein degradation.
Mech. Ageing Dev. 195, 111466. doi:10.1016/j.mad.2021.111466

Parris, C. N., and Kraemer, K. H. (1993). Ultraviolet-induced mutations in
Cockayne syndrome cells are primarily caused by cyclobutane dimer
photoproducts while repair of other photoproducts is normal. Proc. Natl. Acad.
Sci. U. S. A. 90 (15), 7260–7264. doi:10.1073/pnas.90.15.7260

Pascucci, B., Fragale, A., Marabitti, V., Leuzzi, G., Calcagnile, A. S., Parlanti, E.,
et al. (2018). CSA and CSB play a role in the response to DNA breaks. Oncotarget 9
(14), 11581–11591. doi:10.18632/oncotarget.24342

Pascucci, B., Lemma, T., Iorio, E., Giovannini, S., Vaz, B., Iavarone, I., et al. (2012).
An altered redox balance mediates the hypersensitivity of Cockayne syndrome
primary fibroblasts to oxidative stress. Aging Cell. 11 (3), 520–529. doi:10.1111/j.
1474-9726.2012.00815.x

Phan, T., Khalid, F., and Iben, S. (2019). Nucleolar and ribosomal dysfunction-A
common pathomechanism in childhood progerias? Cells 8 (6), 534. doi:10.3390/
cells8060534

Proietti-De-Santis, L., Balzerano, A., and Prantera, G. (2018). CSB: An emerging
actionable target for cancer therapy. Trends Cancer 4 (3), 172–175. doi:10.1016/j.
trecan.2018.01.005

Proietti-De-Santis, L., Drané, P., and Egly, J. M. (2006). Cockayne syndrome B
protein regulates the transcriptional program after UV irradiation. EMBO J. 25 (9),
1915–1923. doi:10.1038/sj.emboj.7601071

Qiang, M., Khalid, F., Phan, T., Ludwig, C., Scharffetter-Kochanek, K., Iben, S.,
et al. (2021). Cockayne syndrome-associated CSA and CSB mutations impair
ribosome biogenesis, ribosomal protein stability, and global protein folding.
Cells 10 (7), 1616. doi:10.3390/cells10071616

Rapin, I., Weidenheim, K., Lindenbaum, Y., Rosenbaum, P., Merchant, S. N.,
Krishna, S., et al. (2006). Cockayne syndrome in adults: Review with clinical and
pathologic study of a new case. J. Child. Neurol. 21 (11), 991–1006. doi:10.1177/
08830738060210110101

Ratner, J. N., Balasubramanian, B., Corden, J., Warren, S. L., and Bregman,
D. B. (1998). Ultraviolet radiation-induced ubiquitination and proteasomal
degradation of the large subunit of RNA polymerase II. Implications for
transcription-coupled DNA repair. J. Biol. Chem. 273 (9), 5184–5189.
doi:10.1074/jbc.273.9.5184

Reid-Bayliss, K. S., Arron, S. T., Loeb, L. A., Bezrookove, V., and Cleaver, J. E.
(2016). Why Cockayne syndrome patients do not get cancer despite their DNA
repair deficiency. Proc. Natl. Acad. Sci. U. S. A. 113 (36), 10151–10156. doi:10.1073/
pnas.1610020113

Revathidevi, S., and Munirajan, A. K. (2019). Akt in cancer: Mediator and more.
Semin. Cancer Biol. 59, 80–91. doi:10.1016/j.semcancer.2019.06.002

Rodier, F., Campisi, J., and Bhaumik, D. (2007). Two faces of p53: Aging and
tumor suppression. Nucleic Acids Res. 35 (22), 7475–7484. doi:10.1093/nar/gkm744

Rossi, D. J., Bryder, D., Seita, J., Nussenzweig, A., Hoeijmakers, J., Weissman, I. L.,
et al. (2007). Deficiencies in DNA damage repair limit the function of
haematopoietic stem cells with age. Nature 447 (7145), 725–729. doi:10.1038/
nature05862

Scheibye-Knudsen, M., Croteau, D. L., and Bohr, V. A. (2013). Mitochondrial
deficiency in Cockayne syndrome. Mech. Ageing Dev. 134 (5-6), 275–283. doi:10.
1016/j.mad.2013.02.007

Scheibye-Knudsen, M., Ramamoorthy, M., Sykora, P., Maynard, S., Lin, P. C.,
Minor, R. K., et al. (2012). Cockayne syndrome group B protein prevents the
accumulation of damaged mitochondria by promoting mitochondrial autophagy.
J. Exp. Med. 209 (4), 855–869. doi:10.1084/jem.20111721

Schito, M. L., Demidov, O. N., Saito, S., Ashwell, J. D., and Appella, E. (20061950).
Wip1 phosphatase-deficient mice exhibit defective T cell maturation due to
sustained p53 activation. J. Immunol. 176 (8), 4818–4825. doi:10.4049/
jimmunol.176.8.4818

Schumacher, B., Garinis, G. A., and Hoeijmakers, J. H. (2008). Age to survive:
DNA damage and aging. Trends Genet. 24 (2), 77–85. doi:10.1016/j.tig.2007.11.004

Selby, C. P., and Sancar, A. (1997). Cockayne syndrome group B protein enhances
elongation by RNA polymerase II. Proc. Natl. Acad. Sci. U. S. A. 94 (21),
11205–11209. doi:10.1073/pnas.94.21.11205

Song, X., Wang, S., Hong, X., Li, X., Zhao, X., Huai, C., et al. (2017). Single
nucleotide polymorphisms of nucleotide excision repair pathway are significantly
associated with outcomes of platinum-based chemotherapy in lung cancer. Sci. Rep.
7 (1), 11785. doi:10.1038/s41598-017-08257-7

Spivak, G., and Hanawalt, P. C. (2006). Host cell reactivation of plasmids
containing oxidative DNA lesions is defective in Cockayne syndrome but
normal in UV-sensitive syndrome fibroblasts. DNA repair 5 (1), 13–22. doi:10.
1016/j.dnarep.2005.06.017

Spyropoulou, Z., Papaspyropoulos, A., Lagopati, N., Myrianthopoulos, V.,
Georgakilas, A. G., Fousteri, M., et al. (2021). Cockayne syndrome group B
(CSB): The regulatory framework governing the multifunctional protein and its
plausible role in cancer. Cells 10 (4), 866. doi:10.3390/cells10040866

Storz, P., Döppler, H., and Toker, A. (2005). Protein kinase D mediates
mitochondrion-to-nucleus signaling and detoxification from mitochondrial
reactive oxygen species. Mol. Cell. Biol. 25 (19), 8520–8530. doi:10.1128/MCB.
25.19.8520-8530.2005

Svejstrup, J. Q. (2003). Rescue of arrested RNA polymerase II complexes. J. Cell.
Sci. 116 (Pt 3), 447–451. doi:10.1242/jcs.00271

Sykora, P., Wilson, D. M., 3rd, and Bohr, V. A. (2012). Repair of persistent strand
breaks in the mitochondrial genome. Mech. Ageing Dev. 133 (4), 169–175. doi:10.
1016/j.mad.2011.11.003

Tamura, D., DiGiovanna, J. J., Khan, S. G., and Kraemer, K. H. (2014). Living with
xeroderma pigmentosum: Comprehensive photoprotection for highly
photosensitive patients. Photodermatol. Photoimmunol. Photomed. 30 (2-3),
146–152. doi:10.1111/phpp.12108

Troelstra, C., van Gool, A., de Wit, J., Vermeulen, W., Bootsma, D., Hoeijmakers,
J. H., et al. (1992). ERCC6, a member of a subfamily of putative helicases, is involved
in Cockayne’s syndrome and preferential repair of active genes. Cell. 71 (6),
939–953. doi:10.1016/0092-8674(92)90390-x

Tyner, S. D., Venkatachalam, S., Choi, J., Jones, S., Ghebranious, N., Igelmann, H.,
et al. (2002). p53 mutant mice that display early ageing-associated phenotypes.
Nature 415 (6867), 45–53. doi:10.1038/415045a

Uko, N. E., Güner, O. F., Matesic, D. F., and Bowen, J. P. (2020). Akt pathway
inhibitors. Curr. Top. Med. Chem. 20 (10), 883–900. doi:10.2174/
1568026620666200224101808

van der Weegen, Y., Golan-Berman, H., Mevissen, T., Apelt, K., González-Prieto,
R., Goedhart, J., et al. (2020). The cooperative action of CSB, CSA, and UVSSA
target TFIIH to DNA damage-stalled RNA polymerase II. Nat. Commun. 11 (1),
2104. doi:10.1038/s41467-020-15903-8

van Steeg, H., and Kraemer, K. H. (1999). Xeroderma pigmentosum and the role
of UV-induced DNA damage in skin cancer.Mol. Med. Today 5 (2), 86–94. doi:10.
1016/s1357-4310(98)01394-x

Vélez-Cruz, R., and Egly, J. M. (2013). Cockayne syndrome group B (CSB)
protein: At the crossroads of transcriptional networks.Mech. Ageing Dev. 134 (5-6),
234–242. doi:10.1016/j.mad.2013.03.004

Vermeulen, W., and Fousteri, M. (2013). Mammalian transcription-coupled
excision repair. Cold Spring Harb. Perspect. Biol. 5 (8), a012625. doi:10.1101/
cshperspect.a012625

Wallace, D. C. (2005). A mitochondrial paradigm of metabolic and degenerative
diseases, aging, and cancer: A dawn for evolutionary medicine. Annu. Rev. Genet.
39, 359–407. doi:10.1146/annurev.genet.39.110304.095751

Wang, P., Gao, J., Li, G., Shimelis, O., and Giese, R. W. (2012). Nontargeted
analysis of DNA adducts by mass-tag MS: Reaction of p-benzoquinone with DNA.
Chem. Res. Toxicol. 25 (12), 2737–2743. doi:10.1021/tx300363a

Wang, S., Min, Z., Ji, Q., Geng, L., Su, Y., Liu, Z., et al. (2022). Correction to:
Rescue of premature aging defects in Cockayne syndrome stem cells by CRISPR/
Cas9-mediated gene correction. Protein Cell. 13 (8), 623–625. Advance online
publication. doi:10.1007/s13238-021-00901-310.1007/s13238-021-00901-3

Wang, W. A., Groenendyk, J., and Michalak, M. (2014). Endoplasmic reticulum
stress associated responses in cancer. Biochim. Biophys. Acta 1843 (10), 2143–2149.
doi:10.1016/j.bbamcr.2014.01.012

Wang, Z., Shen, J., Wang, J., Lu, T., Li, C., Zhang, X., et al. (2012). Lithium
attenuates bupivacaine-induced neurotoxicity in vitro through
phosphatidylinositol-3-kinase/threonine-serine protein kinase B- and
extracellular signal-regulated kinase-dependent mechanisms. Neuroscience 206,
190–200. doi:10.1016/j.neuroscience.2011.12.043

Frontiers in Aging frontiersin.org13

Paccosi et al. 10.3389/fragi.2022.960662

https://doi.org/10.1093/nar/gkz1242
https://doi.org/10.1073/pnas.49.4.517
https://doi.org/10.1073/pnas.49.4.517
https://doi.org/10.3390/ijms221810070
https://doi.org/10.1073/pnas.2006543117
https://doi.org/10.1016/j.mad.2021.111466
https://doi.org/10.1073/pnas.90.15.7260
https://doi.org/10.18632/oncotarget.24342
https://doi.org/10.1111/j.1474-9726.2012.00815.x
https://doi.org/10.1111/j.1474-9726.2012.00815.x
https://doi.org/10.3390/cells8060534
https://doi.org/10.3390/cells8060534
https://doi.org/10.1016/j.trecan.2018.01.005
https://doi.org/10.1016/j.trecan.2018.01.005
https://doi.org/10.1038/sj.emboj.7601071
https://doi.org/10.3390/cells10071616
https://doi.org/10.1177/08830738060210110101
https://doi.org/10.1177/08830738060210110101
https://doi.org/10.1074/jbc.273.9.5184
https://doi.org/10.1073/pnas.1610020113
https://doi.org/10.1073/pnas.1610020113
https://doi.org/10.1016/j.semcancer.2019.06.002
https://doi.org/10.1093/nar/gkm744
https://doi.org/10.1038/nature05862
https://doi.org/10.1038/nature05862
https://doi.org/10.1016/j.mad.2013.02.007
https://doi.org/10.1016/j.mad.2013.02.007
https://doi.org/10.1084/jem.20111721
https://doi.org/10.4049/jimmunol.176.8.4818
https://doi.org/10.4049/jimmunol.176.8.4818
https://doi.org/10.1016/j.tig.2007.11.004
https://doi.org/10.1073/pnas.94.21.11205
https://doi.org/10.1038/s41598-017-08257-7
https://doi.org/10.1016/j.dnarep.2005.06.017
https://doi.org/10.1016/j.dnarep.2005.06.017
https://doi.org/10.3390/cells10040866
https://doi.org/10.1128/MCB.25.19.8520-8530.2005
https://doi.org/10.1128/MCB.25.19.8520-8530.2005
https://doi.org/10.1242/jcs.00271
https://doi.org/10.1016/j.mad.2011.11.003
https://doi.org/10.1016/j.mad.2011.11.003
https://doi.org/10.1111/phpp.12108
https://doi.org/10.1016/0092-8674(92)90390-x
https://doi.org/10.1038/415045a
https://doi.org/10.2174/1568026620666200224101808
https://doi.org/10.2174/1568026620666200224101808
https://doi.org/10.1038/s41467-020-15903-8
https://doi.org/10.1016/s1357-4310(98)01394-x
https://doi.org/10.1016/s1357-4310(98)01394-x
https://doi.org/10.1016/j.mad.2013.03.004
https://doi.org/10.1101/cshperspect.a012625
https://doi.org/10.1101/cshperspect.a012625
https://doi.org/10.1146/annurev.genet.39.110304.095751
https://doi.org/10.1021/tx300363a
https://doi.org/10.1007/s13238-021-00901-310.1007/s13238-021-00901-3
https://doi.org/10.1016/j.bbamcr.2014.01.012
https://doi.org/10.1016/j.neuroscience.2011.12.043
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2022.960662


Weidenheim, K. M., Dickson, D. W., and Rapin, I. (2009). Neuropathology of
Cockayne syndrome: Evidence for impaired development, premature aging, and
neurodegeneration.Mech. Ageing Dev. 130 (9), 619–636. doi:10.1016/j.mad.2009.07.006

Wilson, M. D., Harreman, M., and Svejstrup, J. Q. (2013). Ubiquitylation and
degradation of elongating RNA polymerase II: The last resort. Biochim. Biophys.
Acta 1829 (1), 151–157. doi:10.1016/j.bbagrm.2012.08.002

Wolters, S., and Schumacher, B. (2013). Genome maintenance and transcription
integrity in aging and disease. Front. Genet. 4, 19. doi:10.3389/fgene.2013.00019

Yadav, R. K., Chae, S. W., Kim, H. R., and Chae, H. J. (2014). Endoplasmic reticulum
stress and cancer. J. Cancer Prev. 19 (2), 75–88. doi:10.15430/JCP.2014.19.2.75

Yousefipour, F., and Mahjoobi, F. (2021). Identification of two novel
homozygous mutations in ERCC8 gene in two unrelated consanguineous
families with Cockayne syndrome from Iran. Clin. Chim. Acta. 523, 65–71.
doi:10.1016/j.cca.2021.08.015

Yuan, X., Feng, W., Imhof, A., Grummt, I., and Zhou, Y. (2007). Activation of
RNA polymerase I transcription by cockayne syndrome group B protein and
histone methyltransferase G9a. Mol. Cell. 27 (4), 585–595. doi:10.1016/j.molcel.
2007.06.021

Zayoud, K., Kraoua, I., Chikhaoui, A., Calmels, N., Bouchoucha, S., Obringer, C.,
et al. (2021). Identification and characterization of a novel recurrent ERCC6 variant
in patients with a severe form of cockayne syndrome B. Genes. 12 (12), 1922. doi:10.
3390/genes12121922

Zhang, C., and Zhang, F. (2015). The multifunctions of WD40 proteins in
genome integrity and cell cycle progression. J. Genomics 3, 40–50. doi:10.7150/
jgen.11015

Zhang, W. R., Garrett, G. L., Cleaver, J. E., and Arron, S. T. (2016). Absence of
skin cancer in the DNA repair-deficient disease cockayne syndrome (CS): A survey
study. J. Am. Acad. Dermatol. 74 (6), 1270–1272. doi:10.1016/j.jaad.2016.01.003

Frontiers in Aging frontiersin.org14

Paccosi et al. 10.3389/fragi.2022.960662

https://doi.org/10.1016/j.mad.2009.07.006
https://doi.org/10.1016/j.bbagrm.2012.08.002
https://doi.org/10.3389/fgene.2013.00019
https://doi.org/10.15430/JCP.2014.19.2.75
https://doi.org/10.1016/j.cca.2021.08.015
https://doi.org/10.1016/j.molcel.2007.06.021
https://doi.org/10.1016/j.molcel.2007.06.021
https://doi.org/10.3390/genes12121922
https://doi.org/10.3390/genes12121922
https://doi.org/10.7150/jgen.11015
https://doi.org/10.7150/jgen.11015
https://doi.org/10.1016/j.jaad.2016.01.003
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2022.960662

	A matter of delicate balance: Loss and gain of Cockayne syndrome proteins in premature aging and cancer
	Introduction
	Nucleotide excision repair deficient syndromes
	Xeroderma pigmentosum
	Cockayne syndrome

	The unbalance of CS proteins in aging and cancer
	CS proteins as a biological predictor for cell fate determination
	Loss of CS proteins and premature aging
	CS proteins overexpression in cancer

	Future perspectives and strategies for intervention
	Strategies for CS patients care and their potential use for counteracting normal aging
	CSA and CSB targeting for cancer treatment

	Author contributions
	Conflict of interest
	Publisher’s note
	References


