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Abstract: Cockayne syndrome (CS) group B (CSB), which results from mutations in the excision repair cross-complementation
group 6 (ERCC6) genes, which produce CSB protein, is an autosomal recessive disease characterized by multiple progressive
disorders including growth failure, microcephaly, skin photosensitivity, and premature aging. Clinical data show that brain
atrophy, demyelination, and calcification are the main neurological manifestations of CS, which progress with time. Neuronal
loss and calcification occur in various brain areas, particularly the cerebellum and basal ganglia, resulting in dyskinesia, ataxia,
and limb tremors in CSB patients. However, the understanding of neurodevelopmental defects in CS has been constrained by
the lack of significant neurodevelopmental and functional abnormalities observed in CSB-deficient mice. In this review, we
focus on elucidating the protein structure and distribution of CSB and delve into the impact of CSB mutations on the
development and function of the nervous system. In addition, we provide an overview of research models that have been
instrumental in exploring CS disorders, with a forward-looking perspective on the substantial contributions that brain organoids
are poised to further advance this field.
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1 Introduction

Cockayne syndrome (CS), initially documented
by Dr. Cockayne in 1936, is a genetic disorder with a
shared array of symptoms but exhibiting significant
phenotypic heterogeneity. Individuals with CS typically
manifest with distinctive features, including micro-
cephaly, progeroid facial characteristics, ocular anom-
alies, and varying degrees of hearing impairment.
Neurologically, CS patients face a wide spectrum of
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complications, including developmental delay and re-
gression, intellectual disability, movement disorders,
tigroid leukodystrophy, basal ganglia calcifications,
seizures, and tremors (Wilson et al., 2016; Karikkineth
et al., 2017). Rarely, they also experience hemiplegic
migraines and hemiplegic strokes (Atalay et al., 2021;
Carroll et al., 2023). Since the clinical manifestations
of CS cover a wide range of subtypes, Nance and
Berry (1992) conducted a thorough examination of
140 cases of CS and categorized them into three
distinct types. It is noteworthy that various subtypes
of CS partially overlap and constitute a continuous
spectrum (Laugel, 2013). Patients with type I typically
exhibit normal features at birth and begin to develop
clinical features between 1-2 years of age. These symp-
toms progressively worsen and often lead to mortality
between 20-30 years of age. Conversely, type Il pa-
tients are characterized by more severe symptoms,
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often apparent at birth or even earlier. These individu-
als usually have a survival rate of no more than ten
years. Type III, the mildest form, manifests later in
childhood, and those affected may have a lifespan ex-
tending to several decades (Karikkineth et al., 2017;
Calmels et al., 2018). The accurate diagnosis of CS
has been historically challenging due to the diverse
array of clinical symptoms, with genome sequencing
widely utilized only recently to uncover the potential
links between genomic alterations and phenotypic
manifestations.

Approximately two-thirds of CS cases present ex-
cision repair cross-complementation group 6 (ERCC6)
mutations, and the rest have mutations in the ERCCS8
gene, which produces the protein Cockayne syndrome
protein A (CSA) (Karikkineth et al., 2017). Patients
with Cockayne syndrome group B (CSB) and CSA
mutations often have similar clinical symptoms, with
a slight tendency of more severe symptoms in CSB
patients (Calmels et al., 2018). Therefore, studies on CS
have mainly addressed the CSB protein function, yet
the heterogeneity of disease pathogenesis-associated
links between CSB activity and CS symptoms remains
partially obscure. In this review, we mainly focus on
describing the structure and distribution of the CSB
protein, as well as the effects of CSB mutations on
neurological development and functions. In addition,
we discuss the research models that have been devel-
oped so far to investigate CS disorders and the prom-
ising contribution that brain organoids are expected
to make in this field.

2 CSB protein structure and localization

The full length of human CSB is 1493 amino
acids (about 168 kDa). The N-terminal region of CSB
is followed by acidic domain, central helicase domain,
and nuclear localization signal (NLS) sequences. The
helicase region of CSB comprises seven highly con-
served canonical modules of ATPase motifs. The C-
terminus of the protein includes ubiquitin-binding
domain (UBD) and winged helix domain (WHD)
(Fig. 1a). The Switch/sucrose non-fermentable (SWI2/
SNF2)-family protein, CSB, exhibits adenosine triphos-
phate (ATP)-dependent chromatin remodeling activity
but lacks helicase activity (Citterio et al., 2000). The
CSB domain functions are listed in Table 1. CSB
functions as a homodimer (Tiwari et al., 2021). The
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N-terminus intramolecularly interacts with the ATPase
motif to inhibit ATPase activity (Cho et al., 2013;
Batenburg et al., 2017). Furthermore, the C-terminus
stimulates the CSB ATPase and chromatin remodel-
ing activities (Wang LF et al.,, 2014). CSB recruits
CSA via its CSA-interaction motif (CIM, upstream of
the UBD) to DNA damage-stalled RNA polymerase
IT (Pol II) (van der Weegen et al., 2020). The WHD
domain in its turn binds to ubiquitin, participates in
DNA repair (Takahashi et al., 2019), and modulates
transcription elongation (Batenburg et al., 2021).

The major CSB pool is found in the nucleus
(Fig. 1b), where it is involved in a number of nuclear pro-
cesses such as transcription and DNA repair (Scheibye-
Knudsen et al., 2012; van den Heuvel et al., 2021). It
is noteworthy that CSB has a dynamic localization
during cell cycle progression. It is present in the cyto-
plasm at the beginning of mitosis and eventually accu-
mulates in the intercellular bridge between two daugh-
ter cells, where it binds ubiquitin ligases and the pro-
teasome to degrade the intercellular bridge (Paccosi
et al., 2020). Under oxidative stress, CSB localizes in
the mitochondria, acts as a sensor of DNA damage, and
regulates mitophagy (Aamann et al., 2010; Scheibye-
Knudsen et al., 2012; Kamenisch and Berneburg,
2013) (Fig. 1b). Although there is no evidence that
CSB is localized in the endoplasmic reticulum, CSB
deletion enhances the endoplasmic reticulum stress re-
sponse to proteins that are not properly folded or con-
formed (Caputo et al., 2017). As for cell and tissue
localization, the specificity of CSB is low, as may be
seen in the CSB messenger RNA (mRNA) expression
levels from the Human Protein Atlas (HPA) databases
(Fig. 1c). The cerebellum, in particular, exhibits signi-
ficantly higher levels of CSB mRNA expression, high-
lighting the crucial roles of CSB in the central ner-
vous system (Fig. 1c).

Unlike other species such as mice, chickens,
frogs, zebrafish, and worms, cells of primates such as
humans and marmosets specifically express another
CSB chimeric protein called CSB-PiggyBac transpos-
able element-derived 3 (CSB-PGBD3) (International
Human Genome Sequencing Consortium, 2001; Sarkar
et al., 2003; Newman et al., 2008; Weiner and Gray,
2013). PGBD3 is situated within intron 5 of the
ERCC6 gene (Fig. 1a). As a result, in primate cells,
the ERCC6 gene encodes the full-length CSB protein
as well as CSB-PGBD3 fusion protein containing the
initial 465 amino acids of the CSB protein (Newman
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Fig. 1 Cockayne syndrome group B (CSB) protein structure and distribution. (a) Domain organization of CSB and
CSB-PiggyBac transposable element-derived 3 (CSB-PGBD3). (b) Cellular localization of CSB (created with BioRender.com).
(c) CSB messenger RNA (mRNA) expression levels in human tissues. The tissue data for mRNA expression from the
functional annotation of mammalian genome 5 (FANTOMS) project using cap analysis of gene expression (CAGE) are
presented as scaled tags per million. The color scheme is based on tissue groupings (Kawaji et al., 2017). NLS: nuclear
localization signal; UBD: ubiquitin-binding domain; WHD: winged helix domain.

et al., 2008). The CSB-PGBD3 is generally four times
more abundant than CSB (Newman et al., 2008;
Weiner and Gray, 2013). Moreover, research revealed
that CSB-PGBD?3 is primarily located in the nuclei of
oocytes from primordial, primary, secondary, and an-
tral follicles (Qin et al., 2015). Importantly, sustained
expression of CSB-PGBD3 has the potential to modify
the transcriptome in the UVSS1KO cell line (Gray
et al., 2012; Weiner and Gray, 2013). In conclusion,
CSB-PGBD3 fusion proteins may exert an influence
on gene transcription pathways that regulate embryonic
developmental processes.

3 Genetic variants of CSB

The human gene mutation database (HGMD)
provides information on CSB-causing mutations in
the CSB exons, including about 50 missense/nonsense
mutants, 22 deletion mutants, and 14 insertion mutants
(Table S1). We mapped the mutant site distribution on
the CSB exon and intron (Fig. 2a). The CSB exon and
intron sequences were obtained from Universal Muta-
tion Database (UMD). Most of these mutation sites are
located in exons 5-10 and exons 13—15 that encode
the NLS and ATPase domains (Fig. 2b). Intron se-
quence mutations typically affect pre-mRNA splicing,
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Table 1 Cockayne syndrome group B (CSB) domain functions

Domain Amino acids

Domain functions

1-510 Repression of CSB ATPase activity. Phosphorylation at Ser-10 and Ser-158 increases the N-terminal
intramolecular interaction with ATP-binding domain, thereby inhibiting ATPase activity (Cho et al.,

Structural domain consisting of seven conserved helicase motifs with DNA-dependent ATPase

Stimulation of the CSB ATPase activity and the chromatin-remodeling activity (Wang LF et al.,
2014). Amino acid residues (1463—1493) are essential for interaction with RNA Pol II and chromatin,

CSB-N-
terminal
2013; Batenburg et al., 2017).
NLS3 285-354  CSB nuclear localization (NLS3) was predicted via computational analysis (Iyama et al., 2018).
NLSI1 466-481 CSB nuclear localization (Iyama et al., 2018).
CSB- 510-960
ATPase activity but no helicase activity (Selby and Sancar, 1997).
NLS2 1038-1055 CSB nuclear localization (Iyama et al., 2018).
CSB-C- 972-1493
terminal
and CSA translocation to the nuclear matrix (Sin et al., 2016).
CIM 1385-1399 CSB-CSA interaction motif (van der Weegen et al., 2020).
UBD 1400-1428 Binding to ubiquitin and TC-NER (Lake et al., 2013).
WHD 1429-1493

Mediation of the CSB interaction with other proteins including MRE11/RADS0/NBS1 (Batenburg et al.,

2019), RIF1 (Batenburg et al., 2017), RNA Pol II (Sin et al., 2016), and ubiquitin, which allow CSB
to regulate transcription elongation and DNA repair (Takahashi et al., 2019; Batenburg et al., 2021).

NLS: nuclear localization signal; CIM: CSA-interaction motif; UBD: ubiquitin-binding domain; ATP: adenosine triphosphate; WHD: winged
helix domain; TC-NER: transcription-coupled nucleotide excision repair; Pol II: polymerase II.
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Fig. 2 Cockayne syndrome group B (CSB)-related mutations. (a) Genetic variants of CSB in each exon from clinical
reports. Sourced from the human gene mutation database (HGMD). (b) Number of CSB-causing mutations in each exon
from clinical reports. (¢) Number of CSB-causing mutations in each intron from clinical reports.

which impacts protein expression (Anna and Monika,
2018). Various mutants of the CSB intron were also
included on the HGMD, and these mutant sites are
mainly located in introns 3—15 (Fig. 2c). Above all,
based on the distribution of CSB mutation sites in
each exon, the majority of CSB mutations are found
in or affect the NLS and ATPase regions. This could
imply that alterations in nuclear localization and

DNA-dependent ATPase activity are frequent causes
of the CSB symptoms.

Evolutional bioinformatics approaches have re-
vealed that amino acid sequences from diverse species
frequently share a common ancestry. Accordingly, the
amino acid homology analysis is useful in understand-
ing gene functions shared by homologous sequences
and interspecies translational research (Fang et al.,
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2010). We compared the homologs in CSB amino acid  predominantly located on exons 810 and 13-15 (en-
sequences from five species including Homo sapiens,  coding the ATPase domain) (Fig. 3¢). Overall, this may
Mus musculus, Gallus gallus, Xenopus laevis, and Da-  suggest that CSB altering DNA-dependent ATPase ac-
nio rerio by using Clustal Omega analysis (https://  tivity is the most common cause of CS. The pathophys-
www.ebi.ac.uk/jdispatcher/msa/clustalo). According iological meaning of CSB dysfunction in the context
to the protein sequence alignment, the N-terminal,  of neurological activity and CS is discussed further in
ATPase, CIM, and WHD domains of CSB are evolu-  the next section.

tionarily conserved (Fig. 3a). This suggests that DNA- Due to the wide spectrum of CSB clinical manifes-
dependent ATPase activity, DNA repair, and transcrip-  tations, studies have focused on analyzing the genotype—
tion elongation are inter-specifically the uniform func-  phenotype correlation. It was shown that mutations
tions of CSB. We then examined the proportion of downstream of intron 5 may result in more severe
clinical CSB mutation sites on conserved sequences forms than mutations upstream of the PGBD3 trans-
and found that 90% of CS missense mutation sites are  poson insertion (Newman et al., 2008; Weiner and
annotated to the conserved sites (Fig. 3b), which are = Gray, 2013; Sin et al., 2018; Damaj-Fourcade et al.,

(a) Hom [APNEGT L 1 YLSERSVGDG- - - - - - LSTSAVGC A THTdRHdToAVEPSAQAETJGLGVIVVDGVLEQGVRQY 113
Mus fheevpnsthpgeqdc gqerjgg, geclsstsceyg------ pstsaeacvl, 11H3 il 1eldgl y 113 (b)
Gal |mptenshlpdsiqeqdpittlssi----c egengicnsdlvnhf P 1114l il 1 y 116
Xen  |mpg SRR AT nqd-- - -eglygsvsendadapgpsssyv-- - ----- ghslppgdig]rkangl1dildriqdi 1le]dgl@lavyddevl 92
Dan |dpvegtedq------- alspls------ spsalt, 1sipgss------ reepaaacpet {rfk a1 (ydhsdaddelqgl gvqvydddvleqpviaay 101
Hom T TNRTIEQLSPRRAT RRT R) VKIELDHASLEE 0] 232
Mus vaql ttslrqinkif ikl dsvkn 1kki 1dhasl 233
Gal ineanratki ttolkqidkifi ekl ildkvneiefi 235
Xen i asrlaetede] telrdi L ieeel 1p 212
Dan tsal i igkle-aelli 220
Hom [CIRTGATPFG i 9 {UdHIHKLGKRAT PKA 351
Mus  etgwedlirtgqmtpfgt akkaivise-ssraaiet! 5! 1grrialqfqgkvglpsg 351
Gal etquedlirtggmtpfgtkilp vaptsatkekr tdkrilidikh1Kk1 ipke 353
Xen daqwedlirtgqmtpfatkilp 1vkgpssl------ 1qska rvgvptk 325
Dan  esduedlirtghmtpfasripdkdd [m1jtlefts 11adsrirpimkkkt tkihsgett-------- £ {lidkrm1k1grtiayrahpkarpkve 332
Hom YART fd MdikeLp -E T E fivGRYHDDGDEDYYIQRIRR 467
Mus  kkplep-evrpeaegdt B qeeeeg-vasl plrkr q--eidddf d arr T 463
Gal  kknlet-tkl y 1 1sgkgkyl dy kvkr 464 M Conserved
Xen  pnpvpk----net y ---dk hd: lkpliqktngkr--p-rnkgidpef - e 428
Dan  kelprvkkr hasdsegdsk {el ddel N rkp ldeed----- I ddgdi dirk 443 I Unconserved
Hom  [ANKLRLQIKEKR - LKLEDHIEHSOAEAJEGRAKPGHUHKKIHKYQQTGVRWIWE LHCQQAGGI LGDEMGLGK T IQLIAF [VRF {GLGHTYTVCA [TVMHQWVKEFH 586
Mus  |[nrlrlqdkekr-1k1 kk v fdglgntivepttvmhg 582
Gal |Mgrerlkdkers-va-ee ffikk lifkyqqtgvi glgdtyivepdtvmhquvkefhl 582
Xen -t gflcdpgs IMkk hikyqqtgvr lgdsiivepat kefh| 546 .
Dan  |dkrarlrdkeakr |dddsdded el Mkk1l{kyagtevrie ltrgdiyriydg] gt vivepdtymhauvkefh 563 (© Missense mutant number
Hom  [TwAHFRYAITHETGSY THKKE HTIROVAHCHG L TTSYSYIRUMG RY(WHYMT LDEGHK TRNPNAAVT|LACKQF RTPHRITLSGSPHMQNNIHELWSLFOAI] 0 1 2 3 4 5
Mus  [twagdfryadidtesy thiderl drdivyctgvllitsysyilringdi srhduhyli 1deghkirnpnadvtilackqfrtphriil Ielws1fdffilfpgklgtlpyfmed 702 o4 | 1 | ] |
Gal  |twwgdfrvaillHdtgsytrikkvilireiascdilitsysy i ildeghkirnpnagvtillackqfrtphriilil Uelws1fdf
Xen  [twwaqfryvilHete: lilgelgngrigiilitsys 1gkyHuhyfili 1deghkirnpn. fackafrtphniilil Uqelws]fdf
Dan  [twwddfryavlHdtesiftdkkeqlipeivashgi litsysyi iqrydwhyiildeghki rnpnagvtitiackqfrtphriflilsgspmgnnllkelws1fdfm
Hom [FSVPT ACVIROJI[TRPYLLI NCAOKNEQVLFCRLY) Kf IATRKICNAPDLASGGPKNLKGLPDDE 826
Mus  |fsvpit quitaykcacvlrdtfinpyllrr 1fcrl yanfi il i 1rkicnhpdl 822
Gal [fsvpit quiktaykcacvlrddinpyllrr 1fcrl y 1 1rkicnhpd1fisggpkilkcvpdad 822
Xen [fsvpit qvitaykcacvlrddinpyllrr i 1ferl: yquifi il ilalrkicnhpdlfisggplkilkgtrded 786
Dan [fsvpitmgg: pvqvgtaykcacvlrdginpyllrr 1fcrl yatif il i \rkicnhpdlflg_%_[:rllrgiphdq 803
TeEsEEEaasEEREERE; 2 LT Ey e 117 TER Ty EER TR TEER; 3,3 aR, A S
Hom [T - EDJFaYRKMRSGRITVVEN LUK fWHHQGRVUUFSQSROML OTLEVALRAQKY THLKFADG T TT IA TGANRVMIYDPDWNPSTOTQAR 945
1 i [ 1)1 figqsrqmll Hiflevfil rahkysyl Kmdgt t tila: lgvnlte: ii npstdtqar| 941
1 gkmi 1f qmilqiflevfilrdraysylindgt ttila ilgvn] tgadryili dtqar| 942
i i villifitqsrqmi diflevfivrtrgy gtttila vnltganryiliydpdwnpstdtqar| 906
L} K sgkmivvelgL e futy G ia lgvnltganryviydpdwnpstdtqar) 923
KQVTVYRLLTAGT 1 EEKIYHRQIFKQF L TNRVLKDPKQRRFFKSHD) WSQSTETSATFAGTGSPMQT HIACHLKRRIQPAF GADHDV - - -PKRKK 1055
vtvyrlltagtieekiyhrqifkqfltnrvlkdpkqrrffksndllyelft etsaifagtgspigtnkcqlkkrtstylgtdp------------- kekk 1048
Kqutvyrlltagtieekiyhrqifkqfltnrvlkdpkqrrfksndllyelft etsaifagt, lkrklerpadddtlkgglhlkkssspkysk 1062
Kqvtvyrlltagtieekiyhrqifkqfltnrvlkdpkqrrffksndllyel ft etsaifagtg: tanhlvth ke----1sd---sitip 1019
vtvyrlltagtieekiyhrqifkqfltnrvlkdpkqrrffksndliyelftligspd| etsaifagt, [§rhktsspsq--gtt-------------oo-- r 1024
Hom T TSNRSDPLI TSNDRLGEETNAVSGP-EELSV. GECSNSSGTGKT IDEKLGL QAQTEAFWEN 1171
Mus ppvsdtpanaat---1i vtsgesgpfkgdhdtngnrassvafgeetdagstl-ehl vdhtsrppvea: -cqaqtepvpms 1163
Gal sssshltrhransseaietseeakg---nletfdgnsy atdi leradislsgsl

Xen  pslpkeplnpc
Dan pslshstds--

g---nrnttsvngl----pnnntsespnnklesrsn -angllts--

Hom  KQMENNFYRHKKIKHHSVAE EETLEKHLI fq EGTR - -AKEQSNDDYVL]
Mus  eqmegqf d tt vKkkrryrqqtseqegg-- dy
Gal  gqldnnhyKctgktkhrvdmlsh----- ighlvkqkr -1 1
Xen  evpenghitkhkditlkHq-- - ----------- nkegkr i dh1vKqkaflkeeddgh- - - -edrrksddyvl}
Dan pdikhrdiidktcetpekdt i -psdg {hsddd (i k ddyv}
Hom AVSGVPTHT P SN TSPTEKC K 77 BSSLL IURERLE 1406
Mus aldalirlsr ghrgisg. fgpkrdsslpvghpssltek---tq --gkaht gap 1larmrarnhmilperle 1393
Gal |afdalldalksr ptutgysgl fehkrnpml1sshstcvspmkke gessssildsssllakrarnhlilpgrtg 1407
Xen fahdalifalkysr wtgtn- -kappkgtkrirf 1 1sqdkckdsni ---agsalssssll 11lphrde 1286
) rarich1p: -gstt kit 115qssgtmtksaekckdaeivig -aedesgslspssll lkkpasge 1302
S e TR ; ) 2oL e . PR R AT €, 20 B Conserved
GHLQEASALLPT-[TEHDPL L} CVFRELLRNLETFHR] KPEYC 1493
Mus  sds-ehl PP L 1\vdmrnfiilaf i frellpnlenfhr kpeyc 1481 . Unconserved
Gal negdenl eydell Ivdvpnflilafg i frellpnlihfhr kpefr 1496
Xen netss-----g I nflilafqapty stefliin frellpklckifhrgidgtghirilkpeth 1370
Dan deeee-stq ehidell lvdlpnfMaf i pritkstampyfrellpnickfhr bklkpdyr 1390

Fig. 3 Cockayne syndrome group B (CSB) mutations in homologous sequences associated with CSB. (a) Amino acid
homology analysis between Homo sapiens (Hom), Mus musculus (Mus), Gallus gallus (Gal), Xenopus laevis (Xen), and Danio
rerio (Dan) by Clustal Omega analysis. (b) Proportion of CSB missense mutation sites on conserved and unconserved
sequences. (¢) Number of CSB missense mutation sites on conserved and unconserved sequences per exon.



2022). Mutations in exons 2—5 affect both full-length
CSB and CSB-PGBD3, whereas mutations in exons
621 impact the complete CSB but not CSB-PGBD3.
Therefore, it is speculated that CSB-PGBD3 appears to
exert adverse effects in the context of the deficiency
of full-length CSB.

4 CSB neurological functions

Brain atrophy, demyelination, and calcification
in specific brain regions represent the fundamental
neurological abnormalities observed in CSB cases.
The majority of patients undergo motor dysfunction,
ataxia, and tremor of the extremities as a result of sig-
nificant cerebellar atrophy. Atrophy is the result of
substantial loss of Purkinje cells and granule cells, ac-
companied by Purkinje cells dendritic branching reduc-
tion, axonal degeneration, and cerebellar demyelination
(Karikkineth et al., 2017). Cerebellar Bergmann glial
cells and microglia are abnormally increased in the
cerebellum of patients with CS (Koob et al., 2010),
and it is unclear whether this gliosis is a response to
cerebellar neuronal loss and demyelination or the re-
sult of the abnormal directed differentiation of neural
stem cells. Most patients with CS also suffer from
tremor, which is typically intention tremor, consistent
with cerebellar etiology (Wilson et al., 2016). In CS,
the cerebellum, cerebral cortex, basal ganglia, and thal-
amus are the brain regions with the most pronounced
calcification sites (Karikkineth et al., 2017). Patients’
social ability is maintained through the later stages
mostly due to the forebrain cortex remaining physio-
logically unaltered (Koob et al., 2010). Given that
CSB is extensively expressed in the cerebellar region
and that most CS patients exhibit cerebellar retardation/
impaired development and dysfunction, the cerebel-
lum is the primary affected brain region in CSB due
to CSB mutations. CSB deficiency affects neuronal
synapse development and functions. Vessoni et al.
(2016) generated induced pluripotent stem cells (iPSCs)
from CSB patients and discovered that patient-derived
neurons featured fewer synapses, lower frequency of
spontaneous firing and synchronous neuronal activity,
and aberrant insulin-like growth factor-1 (IGF-1) path-
ways. In addition, CSB loss-of-function mutation led
to mitochondrial dysfunction and consequently affected
axonal degeneration in Caenorhabditis elegans (Lopes
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et al., 2020), suggesting the existence of a similar
mechanism in mammalian neurons.

CSB is initially found to be a core protein for the
transcription-coupled nucleotide excision repair (TC-
NER) process. When DNA damage leads to Pol II ar-
rest and the termination of transcription, CSB recog-
nizes the binding of stalled Pol II, and then its ATPase
structure promotes the forward movement of Pol II
(Kokic et al., 2021) and facilitates the recovery of tran-
scription (van den Heuvel et al., 2021). In addition to
the TC-NER, CSB also participates in other multiple
cellular events such as interstrand cross-link (ICL)
repair, DNA double-strand break (DSB) repair, and
chromatin remodeling. CSB recognizes ICL and trig-
gers the activity of the nucleic acid exonuclease
SNMI1A, which facilitates ICL repair (Ilyama and Wil-
son, 2016). CSB scavenges histone proteins onto the
damaged chromatin and promotes efficient homolo-
gous recombination-dependent DSB repair (Batenburg
et al., 2017). CSB hydrolyzes ATP to uncouple DNA—
histone interactions in nucleosomes, thereby altering
chromatin composition and structure (Tiwari et al.,
2021). It is worth noting that xeroderma pigmento-
sum (XP) is also completely devoid of nucleotide ex-
cision repair (Vélez-Cruz and Egly, 2013). XP pa-
tients are prone to ultraviolet (UV)-induced skin and
eye damage, as well as an elevated risk of developing
skin tumors, yet they do not exhibit severe neurode-
velopmental deficits like CS patients (Piccione et al.,
2021). Therefore, although CSB has a significant role
in DNA repair, it is certainly not a central factor con-
tributing to the neurological development and dys-
function of CS (Vélez-Cruz and Egly, 2013). Studies
have increasingly shown that CSB plays a more im-
portant function than expected in the transcription and
cellular homeostasis of neuronal cells (Vélez-Cruz
and Egly, 2013; Wang et al., 2016; Boetefuer et al.,
2018; Xu et al., 2019; Weems et al., 2021).

Normal neurodevelopment is controlled by pre-
cise transcriptional and cellular homeostatic processes.
Multiple studies have shown that, in addition to DNA
damage repair, CSB is crucial for transcription regula-
tion (Weiner and Gray, 2013; Wang YM et al., 2014;
van den Heuvel et al., 2021; Kokic et al., 2021). Inter-
estingly, the CSB ATPase domain was discovered to
serve a key function in transcription regulation (Kyng
et al., 2003). Besides, as discussed earlier, mutations
in the ATPase and NLS domains are the most com-
mon causes of CS (Fig. 2). Therefore, it is speculated



884 | JZhejiang Univ-Sci B (Biomed & Biotechnol) 2024 25(10):878-889

that abnormal transcriptional regulation in the nucleus
is likely to be one of the important pathological mech-
anisms in CS. Accordingly, transcriptome analysis
revealed that CSB is required for the transcription of
a large number of genes involved in neuronal develop-
ment and/or survival (Wang YM et al., 2014). CSB
binds to the promoter and participates in the transcrip-
tional activation of microtubule-associated protein 2
(MAP2) and neurogenic differentiation 1 (NeuroD1I),
which are essential for neurogenesis and differentia-
tion (Ciaffardini et al., 2014). CSB also acts as a tran-
scriptional repressor of p21 and Necdin, which are crit-
ical for the proliferation and differentiation of neural
progenitor cells (NPCs) (Li and Wong, 2018; Liang
et al., 2023) (Fig. 4a). Besides, CSB UBD promotes
the binding of nucleolin to ribosomal DNA (rDNA)
to regulate rDNA transcription (Okur et al., 2020).
Furthermore, CSB plays a role in ubiquitin/
proteasome-directed protein degradation. It is a compo-
nent of the E3 ubiquitin ligase murine double minute 2
(MDM2) complex and involved in the proteasome re-
cruitment on ubiquitinated target proteins (Paccosi and
Proietti-De-Santis, 2021) (Fig. 4b). CSB promotes the
recruitment of proteasome for activating transcription
factor 3 (ATF3), a cyclic adenosine monophosphate
(cAMP)-dependent transcription factor causing tran-
scription arrest upon exposure UV irradiation. Follow-
ing ATF3 degradation by the proteasome, Pol II is re-
cruited and RNA synthesis restarts (Epanchintsev et al.,
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2017). During cell division, CSB migrates to the inter-
cellular bridge and recruits the proteasome to degrade
protein regulator of cytokinesis 1 (PRC1), a main com-
ponent of the intercellular bridge (Paccosi et al., 2020).
More importantly, CSB modulates the activity of p53.
CSB and CSA promote p53 ubiquitination and degra-
dation (Latini et al., 2011; Proietti-De-Santis et al.,
2018). Substantial evidence has indicated that p53 is
involved in neural stem cell proliferation, neuronal
death, axon degeneration, and transcriptional regula-
tion (Maor-Nof et al., 2021). Given that CSB™ neural
precursors possess a reduced capacity for self-renewal
(Sacco et al., 2013), it is predicted that altered p53
signaling in the nervous system might have an essen-
tial part in CSB neurological dysfunction.

Despite the above knowledge, the precise func-
tion of CSB-PGBD?3 proteins in neurological disorders
associated with CS remains elusive. CSB-PGBD3 pri-
marily exerts its transcriptional regulation via binding
to the chromosomal protein c-Jun (Weiner and Gray,
2013). CSB-PGBD3 overexpression in CSB-deficient
cells triggers an interferon response (Weiner and Gray,
2013). Notably, the interferon signaling pathway, acti-
vated by CSB-PGBD3, plays a role in regulating the
differentiation process of neural progenitors (Warre-
Cornish et al., 2020). Therefore, it is suggested that
CSB-PGBD3 fusion proteins may be intricately in-
volved in the differentiation process of neural stem
cells.
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Fig. 4 Cockayne syndrome group B (CSB)’s role in transcription and ubiquitin/proteasome-directed protein degradation.
(a) CSB is a transcription inhibitor of p21 and Necdin genes and a transcription promotor of neurogenic differentiation 1
(NeuroDI1) and microtubule-associated protein 2 (MAP2) genes. (b) CSB is a component of the E3 ubiquitin ligase murine
double minute 2 (MDMZ2) complex that promotes p53, activating transcription factor 3 (ATF3), and protein regulator of
cytokinesis 1 (PRC1) ubiquitin/proteasome-directed degradation. NPC: neural progenitor cell; Ub: ubiquitin.



5 Research/experimental models of CSB

Animal models have been widely utilized in the
study of molecular pathways underlying human dis-
eases. To investigate how cellular pathology translates
into CS symptoms, CSB-mutant mice have been cre-
ated (Laposa et al., 2007; Jaarsma et al., 2013). Both
CSB knockout and CSB mutation knockin mice ex-
hibit the TC-NER deficiency, including UV-induced
skin, eye damage, and photoreceptor loss, but fail to
develop severe neurological disorders (van der Horst
et al., 1997; Laposa et al., 2007). Besides, aberrant
gene expression has been identified in postmortem
cerebella from CS patients, but this was not observed
in CSB”™ mice (Wang YM et al., 2014, 2016). The
CSB-PGBD3 fusion protein and potentially the mu-
rine transcriptional machinery, particularly the Pol II-
dependent one, are different from those of humans and
may not necessarily require CSB-Elongin involvement,
which can also explain the differences in disease phe-
notype between species. This may suggest that the se-
vere neurological symptoms of CS are caused by tran-
scriptional abnormalities rather than DNA repair dys-
function (Wang YM et al., 2014, 2016; Xu et al.,
2019). Remarkably, no myelin deficits have been docu-
mented in CS knockout mice to date, in stark con-
trast to the severe myelination defects consistently ob-
served in CS patients (Revet et al., 2012; Jaarsma
et al., 2013). Consequently, the existing mouse model
proves inadequate for the comprehensive study of
neurological lesions in CS, and it does not lend itself
well to therapeutic testing for the associated neurolog-
ical disorders. An intriguing alternative was presented
by Xu et al. (2019), who described a rat model of CS
(CSB*"™), in which the animals displayed several neu-
rologic abnormalities including cerebellar atrophy,
thinner cerebellar cortex, and Purkinje cell degenera-
tion. However, it is worth noting that despite these ob-
servations, CSB*"™* rats exhibited normal appearance
and behaviors, presenting a disparity in the clinical
symptoms observed in CS patients.

Lopes et al. (2020) reported progressive neurode-
generation in adult C. elegans specimens with csb-1
gene mutation. The csb-/-mutant C. elegans exhibited
sensory neuronal function loss and mitochondrial ab-
normalities. Moreover, knockdown csb-1 gene height-
ened the sensitivity of C. elegans to UV irradiation, ev-
idenced by higher levels of germ cell development

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2024 25(10):878-889 | 885

arrest, apoptosis, and increased embryonic lethality
(Lee et al., 2002). Of note, CSB regulates the devel-
opmental growth of C. elegans related to decay-
accelerating factor-16 (DAF-16) and insulin/insulin-like
signaling (Bianco and Schumacher, 2018), with IGF1
signaling also impaired in CS patient-derived neurons
(Vessoni et al., 2016).

iPSC culture and differentiation methods are be-
coming increasingly popular in the investigation of
neurological disorders. (Engle et al., 2018). iPSCs de-
rived from CS patients (CS-iPSCs) exhibit higher cell
death rates and elevated oxidative stress (de Sousa
Andrade et al., 2012). Neural stem cells derived from
CS-iPSCs are more vulnerable to DNA damage stress
(Wang et al., 2020). Vessoni et al. (2016) reconstructed
functional neural networks from human CS-iPSCs,
which exhibited dysregulated grouth hormone (GH)/
IGF-1 pathway, synapse formation, neuronal homeosta-
sis, and differentiation pathways in CSB neurons. Not-
ably, CS individuals have been documented who had
the same mutations but distinct symptoms (Colella
et al., 2000), which could be attributed to individual
genetic heterogeneity or various degrees of transcrip-
tional deficiency possibly linked to gender and family
history (Zhao and Usdin, 2014). The genetic back-
ground of the CS donor and the pathogenic mutation
are both reproduced in iPSC-derived neurons (Vessoni
et al., 2016), which therefore present as a useful tool
to facilitate studying CS neurological disease.

6 Research prospects

Both animal models and CS-iPSC-derived neurons
exhibit substantial limitation due to challenges in in-
terspecies translational research or the lack of brain
microenvironment context. In recent years, cerebral
organoids have been widely used to study human brain
development, neurological disease, and aspects of pre-
cision medicine. Patient-derived iPSC-induced organ-
oids can recapitulate the developmental process of
neurological diseases in multiple dimensions, such as
developmental timeline, three-dimensional (3D) struc-
ture, and molecular signaling pathways, providing im-
portant disease models for the study of neurological
disorders, such as Alzheimer’s disease, Down’s syn-
drome, and major depressive disorder (Park et al.,
2018; Tang et al., 2021; Lu et al., 2023). Existing
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animal-based research is unsuitable for studying neuro-
development and dysfunction from the perspective
of CS neurological disorders. Two significant factors
warrant attention in this context. (1) Human cells
uniquely express CSB-PGBD3 fusion proteins dis-
tinguishing them from other animals. CSB-PGBD3
fusion proteins potentially play a role in transcription
and the neural stem cell differentiation process. Not-
ably, compared to mutations located upstream of the
PGBD3 insertion, those positioned downstream of the
PGBD3 insertion might result in more severe manifest-
ations (Newman et al., 2008; Weiner and Gray, 2013;
Calmels et al., 2018). (2) The protein sequence of hu-
man CSB is different from other animals and thus
may have other critical biological functions. Conse-
quently, utilizing somatic cells from patients, which
are reprogrammed into iPSC and further differentiated
into cerebral organoids, is a promising path to investi-
gate neurological development and functional disor-
ders of CS.

One of the primary brain regions affected by CS
is the cerebellum. Cerebellar atrophy produced by a
decrease in the number of cerebellar granule cells and
Purkinje cells as well as demyelination is the com-
mon cause of dyskinesia, ataxia, and limb tremor.
Muguruma (2018) and Muguruma et al. (2015) deve-
loped a method to generate cerebellar neurons using a
3D culture of human iPSC with growth factors, in-
cluding fibroblast growth factor 2 (FGF2), FGF19,
and stromal cell-derived factor-1 (SDF-1). Chen et al.
(2023) generated a more mature and complex cerebel-
lar organoid tissue, in which several types of differen-
tiated neurons were established, including Purkinje
cells, granule cells, and interneurons. Implementing the
key types of cerebellar neurons and addressing the
personalized genomic profiles, patient-derived cerebel-
lar organoids are useful to investigate cerebellar dis-
eases. One example is spinocerebellar ataxia type 6
(SCA6), which is a genetic disorder characterized by
the absence of Purkinje cells. Produced from patient-
derived cerebellar organoids, it has been revealed that
SCAG6 iPSC-derived Purkinje cells exhibit significant
degeneration induced by thyroid hormone depletion
(Ishida et al., 2016). Tuberous sclerosis complex (TSC)
is an autosomal dominant disease that is often comor-
bid with autism disorder. TSC iPSC-derived Purkinje
cells exhibit hyperexcitability and synaptic defects,
which are reversed by rapamycin (Sundberg et al.,

2018), suggesting that cerebellar organoids comprise
an essential model for investigating the molecular and
cellular mechanisms of cerebellar disorders and act as
a platform for therapeutic screening including drug-
based and gene-editing approaches.

Overall, the above accomplishments make us
wonder whether CS patient-derived cerebellar organ-
oids are capable of reproducing cerebellar atrophy,
with specific reduction in granule cell and Purkinje
cell numbers. In the future, CS cerebellar organoids
can assist in further investigating the effects of CSB
deficiency on early cerebellar development and the
regulatory mechanisms of transcriptional regulation
and DNA repair, which may provide new ideas for un-
derstanding the neurological lesions of CS and identi-
fying potential therapeutic targets.
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