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Abstract
Cockayne syndrome (CS) is a rare premature aging disease, most commonly caused 
by mutations of the genes encoding the CSA or CSB proteins. CS patients display 
cachectic dwarfism and severe neurological manifestations and have an average life 
expectancy of 12 years. The CS proteins are involved in transcription and DNA repair, 
with the latter including transcription-coupled nucleotide excision repair (TC-NER). 
However, there is also evidence for mitochondrial dysfunction in CS, which likely con-
tributes to the severe premature aging phenotype of this disease. While damaged mi-
tochondria and impaired mitophagy were characterized in mice with CSB deficiency, 
such changes in the CS nematode model and CS patients are not fully known. Our 
cross-species transcriptomic analysis in CS postmortem brain tissue, CS mouse, and 
nematode models shows that mitochondrial dysfunction is indeed a common fea-
ture in CS. Restoration of mitochondrial dysfunction through NAD+ supplementa-
tion significantly improved lifespan and healthspan in the CS nematodes, highlighting 
mitochondrial dysfunction as a major driver of the aging features of CS. In cerebellar 
samples from CS patients, we found molecular signatures of dysfunctional mitochon-
drial dynamics and impaired mitophagy/autophagy. In primary cells depleted for CSA 
or CSB, this dysfunction can be corrected with supplementation of NAD+ precursors. 
Our study provides support for the interconnection between major causative aging 
theories, DNA damage accumulation, mitochondrial dysfunction, and compromised 
mitophagy/autophagy. Together, these three agents contribute to an accelerated 
aging program that can be averted by cellular NAD+ restoration.
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1  |  INTRODUC TION

Patients with Cockayne syndrome (CS) experience cachectic dwarf-
ism and microcephaly, with an average life expectancy of 12 years. 
CS is considered a segmental aging disease and a model of premature 
aging. Along with increased genetic damage, mitochondrial dysfunc-
tion has been implicated in CS progression; however, the mechanism 
of this dysfunction needs further exploration (Karikkineth et al., 
2017). Cockayne syndrome is predominantly caused by mutations 
in the genes encoding either the CSA or CSB proteins. CSA (van der 
Horst et al., 2002) and CSB (van der Horst et al., 1997) are DNA 
damage response proteins that are involved in transcription-coupled 
nucleotide excision repair (TC-NER) and in nuclear and mitochon-
drial base excision repair (BER) (Stevnsner et al., 2002). Nucleotide 
excision repair is a versatile DNA repair pathway as it is responsible 
for the removal of a wide range of DNA adducts. CSA and CSB are 
also important for transcription recovery after DNA damage (Mayne 
& Lehmann, 1982). Various studies have shown that CSB plays a 
considerable role in transcription and likely is a transcription factor 
(Epanchintsev et al., 2017; Lake et al., 2014; Okur, et al., 2020).

Mitochondria are highly dynamic organelles that constantly 
modify their shape, size, and distribution to optimize function and 
adapt to the energy needs of the cell (Yu & Pekkurnaz, 2018). The 
decline in mitochondrial function and quality is associated with 
aging and age-related diseases and, in particular, neurodegenera-
tive diseases (Johri & Beal, 2012). Similar to other DNA repair-de-
fective premature aging diseases, such as xeroderma pigmentosum 
(Fang et al., 2014), ataxia-telangiectasia (Fang et al., 2016), and 
Werner syndrome (Fang, et al., 2019), mitochondrial dysfunction 
is implicated in many CS phenotypes (Scheibye-Knudsen et al., 
2012, 2014). The mechanisms of mitochondrial dysfunction un-
derlying CS remain unclear but may involve the impairment of the 
NAD+ (nicotinamide adenine dinucleotide, oxidized)–mitophagy 
axis (Fang et al., 2014, 2016, 2019; Scheibye-Knudsen et al., 2012, 
2014). NAD+ is a fundamental molecule in cellular energy metabo-
lism and signaling pathways and is essential for adaptive responses 
of cells to bioenergetics and oxidative stress. There is an age-de-
pendent depletion of cellular NAD+, which may be a major driver of 
both pathological and biological aging (Gilmour et al., 2020). Many 
molecular mechanisms are involved in the multi-faceted effects 
of NAD+ on longevity and healthspan, including the induction of 
mitophagy, a cellular self-recognition, engulfment, degradation, 
and recycling of damaged and superfluous mitochondria (Gilmour 
et al., 2020). In CS, the accumulation of unrepaired DNA damage 
may lead to mitochondrial dysfunction through increased PARP-1-
mediated NAD+ consumption (Fang et al., 2014; Scheibye-Knudsen 

et al., 2014). Decreased NAD+ levels lead to decreased activity of 
SIRT-1, an NAD+-dependent deacetylase that maintains mitochon-
drial homeostasis through coordination of elimination of damaged 
mitochondria via mitophagy and mitochondrial biogenesis via acti-
vation of PGC-1α and FOXOs (Fang et al., 2014). This phenomenon 
has also been observed in other DNA repair disorders (Fang et al., 
2014, 2016). Notably, rapamycin treatment or dietary restriction, 
which up-regulate mitophagy, has shown promise in CS models 
(Scheibye-Knudsen et al., 2012). It is therefore of interest whether 
increasing NAD+ levels through NAD+ precursor supplementation 
can ameliorate symptoms of mitochondrial dysfunction in CS.

Our cross-species and unbiased transcriptomic analysis 
on CS postmortem brain tissue, CS mouse cerebellum, and CS 
Caenorhabditis elegans (C.  elegans) models showed that Gene 
Ontology (GO) terms associated with mitochondria are changed in 
all CS models and are normalized with NAD+ supplementation in 
worms and mouse models of CS. We also report that various mito-
chondrial abnormalities such as increased mitochondrial length and 
reduced mitochondrial networking are present in CS worms and are 
restored by NAD+ precursor treatment. Lastly, the activity of several 
key proteins of mitochondrial homeostasis such as AMPK and ULK-1 
was impaired in the CS postmortem brain tissues. Cellular and tis-
sue NAD+ supplementation restored the activity of these proteins in 
primary cell lines deficient in CSA or CSB. This has implications for 
intervention in CS and possibly aging.

2  |  RESULTS

2.1  |  Microarray analysis of CS patient cerebellum 
samples

The loss of CSA and CSB proteins compromise the central nerv-
ous system function, with patients exhibiting varying degrees of 
demyelination, neuronal loss, calcification, gliosis, and cerebellar 
atrophy (Karikkineth et al., 2017). To examine changes in gene 
expression in the cerebellum of CS patients, microarray analysis 
was conducted using frozen cerebellar samples from CS patients 
and age-matched controls from the NIH NeuroBioBank's Brain and 
Tissue repository at the University of Maryland, Baltimore (Table 
S1). Since the origin of the gene mutations in these patients is un-
known, hierarchical clustering was performed on the samples to 
see whether the CS patient-derived samples clustered together 
(Figure S1 and S2a). From this analysis, two samples, CS2 and 
CS4R, clustered more closely with the controls than the CS pa-
tients and were therefore removed from further array analysis. We 

F I G U R E  1 The transcriptomic analysis in CS postmortem brain tissue, CS mouse, and Caenorhabditis elegans models. (a) The number of 
up- and down-regulated genes (fold change≥1.5 and p-value≤0.05) in CS patient cerebellum samples compared to healthy controls. (b) GO 
term Z-scores comparing human CS and control patients. (c) The alteration in mitochondrial pathways (Z-scores) in human CS vs control 
patients. (d) Heatmaps of GO term Z-scores showing changes between CS worms compared to N2 worms. Hierarchical clustering showing 
(e) various GO terms commonly affected between human CS patient and CS worms and (d) GO terms that are commonly affected in CS 
mouse and worm models, and CS brain samples. A p-value ≤0.05 and an absolute value Z-score of 2.0 were the cutoffs used for significance.
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identified 1,206 up-regulated and 673 down-regulated genes in CS 
compared to non-CS controls (Figure 1a). Gene expression analysis 
on the cerebellum of CS patients was previously performed by an-
other group (Wang et al., 2014). We compared the gene expression 
patterns in the two independent microarrays and found that there 
is an almost identical match of up- and down- regulation of the 
common genes (Figure S2b). These results suggest that the gene 
expression changes in our array are accurate and CS-dependent. 
We next used gene set enrichment analysis to parse the genes into 
various GO terms and identified 126 (88%) up-regulated and 17 
(12%) down-regulated terms (Figure 1b and Table S2). Notably, all 
of the terms associated with synapse and neuronal function were 
significantly down-regulated (Figure 1b) in CS. In contrast, many 
terms associated with mitochondrial function, immune response, 
and stress response pathways were up-regulated (Figure 1b and 
Figure S3a). Taken together, the signature of changes in CS patient 
samples relative to controls suggests a proinflammatory, oxidative 
stress environment with neuronal cells suffering from mitochon-
drial and synaptic dysregulation. Given that many mitochondrial 
GO terms were altered in CS patients, we next specifically focused 
on mitochondrial dysfunction and generated a map of affected mi-
tochondrial pathways in CS (Figure 1c). We detected up-regulation 
of key mitochondrial pathways that control mitochondrial struc-
ture and biogenesis such as mitochondrial ribosome, membrane 
envelope, and matrix. Interestingly, the pathways that utilize NAD+ 
or are involved in NAD+ biosynthesis such as tryptophan metabo-
lism, fatty acid biosynthesis, and fatty acid beta-oxidation were 
up-regulated in CS brain samples. Previously, we implicated oxi-
dative stress, persistent DNA damage signaling, and NAD+ deple-
tion as contributors to mitochondrial dysfunction in mice with CSB 
deficiency (Scheibye-Knudsen et al., 2012, 2014). Our microarray 
data of human postmortem brain tissues show cross-species con-
sistency of these affected terms/pathways and are therefore of 
great interest in understanding CS pathology.

2.2  |  Microarray analysis of Cockayne syndrome 
worm models

Transcription-coupled nucleotide excision repair is important for the 
DNA repair pathway in C. elegans (Lans & Vermeulen, 2011), and mu-
tations in both csa-1 and csb-1 lead to increased UV sensitivity, sug-
gesting that the function of these proteins is conserved in C. elegans 
(Babu et al., 2014; Bianco & Schumacher, 2018). We sought to evalu-
ate csa-1(tm4539) and csb-1(ok2335) worm mutants to understand 
the shared or unique features of the disorder. Gene expression mi-
croarrays were performed on day 7 adult worms and compared to N2 

worms to determine significantly changed GO terms and how these 
compare to those observed in CS patients. After the selection of 
terms with p-values lower than 0.05 and an absolute value pathway 
Z-score cutoff of 2.0, the remaining 40 GO terms and their respec-
tive Z-scores were sorted by clustering in Figure 1d. Interestingly, 
csa-1(tm4539) and csb-1(ok2335) worms had opposite pathway 
changes for a majority of the terms. Throughout the dataset, csa-
1(tm4539);csb-1(ok2335) worms partitioned more with csa-1(tm4539) 
than csb-1(ok2335) worms, suggesting that csa-1 drives the double 
mutant phenotype. However, there was a shortlist of terms, includ-
ing lysosome and hydrolase activity, where the csa-1(tm4539);csb-
1(ok2335) worms segregated with csb-1(ok2335) worms. Previously, 
we reported that CS mice have an accumulation of dysfunctional 
mitochondria, with ribosomal and mitophagy defects (Scheibye-
Knudsen et al., 2012). These types of GO terms were significantly 
changed in the nematodes with mitochondrial and ribosomal path-
ways up-regulated in csa-1(tm4539) and csa-1(tm4539);csb-1(ok2335), 
but down-regulated in csb-1(ok2335). The lysosomal pathway, which 
is important for mitophagy (Raimundo et al., 2016), showed an oppo-
site trend with up-regulation in csa-1(tm4539) but down-regulation 
in csb-1(ok2335) and csa-1(tm4539);csb-1(ok2335) worms. The pres-
ence of changes in these GO terms, despite their direction, suggests 
the dysregulation in mitochondrial and ribosomal pathways in CS 
worms. Notably, we also observed that certain GO terms such as 
“Response to reactive oxygen species” or “Galactosyltransferase ac-
tivity” were significantly changed only in csa-1;csb-1 double mutant 
strain but not in single mutants, suggesting pathways that are syner-
gistically impacted by CSA and CSB (Figure S3b).

To understand the similar pathology in all CS models, we com-
pared the GO terms in human CS patients and CS worms. Only 
13 GO terms, which were associated with mitochondria, synapse, 
membrane, and signal transduction, were in common (Figure 1e). 
Interestingly, hierarchical clustering showed that csb-1(ok2335) 
worms cluster more closely to human CS than csa-1(tm4539) or csa-
1(tm4539);csb-1(ok2335) worms when the largest group of human CS 
terms listed in Figure S3a were compared (Figure S3c). To under-
stand the similar pathology in all CS models, we also  included GO 
terms from the cerebellum of CSB mutant mice and their controls 
from a previously published study (Scheibye-Knudsen et al., 2014). 
CSB mice recapitulate the features of small body size, hearing loss, 
and retinal degeneration (Gorgels et al., 2007; Okur, et al., 2020). 
In addition to these features, we showed the presence of reduced 
muscle strength in old CSB mutant mice (Figure S4). We found that 
the terms associated with synaptic transmission, cellular signaling, 
membrane formation, lysosome, and mitochondria were the only 
GO terms that are commonly affected in all CS models and CS brain 
samples (Figure 1f).

F I G U R E  2 Transcriptomic analyses from CS Caenorhabditis elegans models and CS mouse without/with NR treatment. (a) The up- and 
down-regulated genes (fold change ≥1.5 and p-value ≤0.05) in CS strains vs. N2 with or without NR treatment. (b) Heatmap showing 
Z-score changes of the various GO terms from CS worms ±NR treatment. (c) Heatmap showing Z-score changes of the GO terms related to 
mitochondria and mitochondrial inner membrane from CS worm and mouse models ±NR treatment. Terms were considered significant if 
they had p-values lower than 0.05 and an absolute value pathway Z-score 2.0.
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We previously showed that NAD+ supplementation with NR was 
of benefit in DNA repair-deficient mouse and worm models (Fang 
et al., 2014, 2016). Thus, we sought to determine whether NR could 
also modulate gene expression patterns and GO terms in this system. 
Microarray analysis was done on adult day 7 worms that were treated 
with water (vehicle, veh) or NR beginning the late L4 stage. Each geno-
type was compared to N2 vehicle worms for consistency. Overall, NR 
treatment modulated the gene expression profile in all CS worm strains 
(Figure 2a) and caused CS mutant nematodes to cluster more closely 

with N2 (Figure 2b). To assess the pathways that are specially targeted 
by NAD+ supplementation, we examined the Z-score of individual GO 
terms that were altered in CS models but restored with NR treatment. 
The terms mitochondrion and mitochondrial inner membrane were the 
only common GO terms in CS mice and nematodes with Z-score values 
that were normalized after NR treatment (Figure 2c and Figure S5). 
Altogether, our comprehensive transcriptomic analysis suggests that 
the alterations in mitochondria play a central role in CS pathology and 
are conserved across animal models of CS.

F I G U R E  3 NAD+ replenishment rescues lifespan and healthspan of CS mutant C. elegans. (a-e) Effects of NAD+ supplementation on 
the lifespan of N2, csa-1(tm4539), csb-1(ok2335), and csa-1(tm4539); csb-1(ok2335) worms at 25°C with or without 1 mM NR and NMN 
treatment. A representative set of data from two biological repeats (The raw data is available in Data S1, which also includes an additional 
independent biological experiment testing N2 and csa-1 life span without/with 1 mM NR and NMN treatment). The log-rank test was used, 
with p ≤ 0.05 was considered significant. (f) The tabular representation of lifespan data. (g) Effect of NR/NMN on swimming in N2 and CS 
worms at D8. Data are represented as mean ±SEM (Total of 80–100 worms for each condition combined from three biologically independent 
experiments; Two-way ANOVA with Tukey's post hoc test was used to determine significant differences. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001 and n.s., not significant.)
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2.3  |  NAD+ replenishment in CS nematodes

The efficacy of NAD+supplementation in improving mitochondrial 
health was previously reported (Fang et al., 2014, 2016). We thus 
wondered whether targeting the pathological mitochondrial phe-
notype via NAD+ supplementation can alleviate disease pheno-
types. To address this, csa-1(tm4539), csb-1, and csa-1(tm4539);csb-1 
worms were analyzed for mean and maximum lifespan following 
NAD+ supplementation using two NAD+ precursors, NR (1 mM) or 
NMN (1 mM), from L4 stage (Figure 3a-f and Figure S6a). In the 
absence of drug treatment, N2 worms lived for 18.3 ± 0.7 days, 
while all the mutants showed reduced lifespans (Figure 3a,f). csa-
1(tm4539) showed a 16% reduction (15.3 ± 0.5 days), csb-1(ok2335) 
a 13.6% reduction (15.8  ±  0.6  days), and csa-1(tm4539);csb-
1(ok2335) a 22% reduction (14.3  ±  0.06  days) (Figure 3a). After 
drug treatments, in comparison with vehicle controls, both NAD+ 
supplement-treatment groups showed significantly improved 
lifespan of each genotype (Figure 3b-d,f). No significant benefit of 
either drug was observed in N2 worms (Figure 3e-f).

We next assessed healthspan and found that swimming motions 
were reduced in all CS genotypes except the csa-1(tm4539) strain 
which displayed a slight reduction in swimming, but it did not reach 
significance (Figure 3h). Notably, NR or NMN treatment significantly 
improved swimming at day (D) 8 in all CS genotypes (Figure 3h). The 
pumping rate or maximum velocity was similar across all genotypes 
at the ages of 6 and 9 days (Figure S6b-c). Collectively, the worm 
data suggest that NAD+ augmentation extends lifespan and im-
proves some of the healthspan parameters in the csb-1(ok2335), and 
csa-1(tm4539);csb-1(ok2335) worms.

2.4  |  Mitochondrial assessment in CS nematodes

We previously reported an increased oxygen consumption rate 
in C. elegans worms defective in csa-1(tm4539) and csb-1(ok2335) 
(Scheibye-Knudsen et al., 2016), implicating mitochondrial dys-
function in CS worms. Indeed, we found that the GO term mi-
tochondrion was one of the most significantly changed terms 
when comparing CS to N2 worms (Figures 1 and 2). Along with 
the mitochondrial changes, the GO term for the lysosome was 
significantly changed. Mitophagy is a regulated process that in-
volves the degradation of damaged mitochondria by lysosomes. 
This process plays an important role in mitochondrial homeosta-
sis, neuroprotection, and even healthy longevity in laboratory 
animal models (Fang, et al., 2019). While we have characterized 
mitophagy in the CSBm/m mice (Scheibye-Knudsen et al., 2012), 
the changes of mitochondrial morphology and mitophagy in the 
worm models with CSA mutation or CSA/CSB double mutations 
are not known. We therefore sought to characterize mitochon-
drial networking and mitophagy in the CS C.  elegans strains. In 
order to visualize the mitochondrial networking in the C. elegans 
body wall muscle tissue, we crossed csa-1(tm4539), csb-1(ok2335), 
and csa-1(tm4539);csb-1(ok2335) mutants to a myo3::gfp reporter 

strain (N2 background) in which GFP is targeted to the mitochon-
dria and the nuclei of body wall muscle cells. For these experi-
ments, late L4 stage worms were treated with 1 mM NR. At day 7, 
worms were immobilized using Levamisole (100 mM) and imaged 
under a confocal microscope. All CS worm mutants exhibited sig-
nificantly diminished levels of mitochondrial networking relative 
to N2 veh (Figure 4a-b and Figure S7), and this phenotype was 
rescued with NR treatment in csa-1(tm4539) and csb-1(ok2335) 
strains. To directly visualize mitophagy in worms, the strains 
were crossed with DCT-1::GFP and LGG-1::RFP expressing worms 
(Palikaras et al., 2015). Colocalization of the two markers is in-
dicative of mitophagy, and from this, we can derive a “mitophagy 
score.” On day 6, csb-1(ok2335) and csa-1(tm4539);csb-1(ok2335) 
worms displayed reduced mitophagy compared to N2 worms, by 
28 and 23 percent, respectively, while there were no significant 
differences on day 1 (Figure 4c and Figure S8). Notably, all CS 
genotypes exhibited a progressive reduction of mitophagy upon 
aging compared to Day 1, while there was only a trend toward a 
reduction in the N2 worms (Figure 4c, compare mitophagy score 
values on Day 1 to Day 6). To gain more insight into mitochondrial 
health in CS, we next assessed mitochondrial morphology in the 
CS strains by electron microscopy (Figure 4d-e). Consistent with 
defective mitophagy in the CS worms, we observed increased mi-
tochondrial length in all CS genotypes, which was restored with 
NR treatment. Notably, we found that NAD+ supplementation 
also restored increased mitochondrial width in csb-1(ok2335) and 
csa-1(tm4539);csb-1(ok2335) strains and mitochondrial area in csa-
1(tm4539) and csa-1(tm4539);csb-1(ok2335) strains.

2.5  |  Mitochondrial dynamics in CS patient 
cerebellum samples

The presence of impaired mitochondrial networking and morphol-
ogy in CS worms (Figure 4) suggests a dysregulation in mitochon-
drial homeostasis. We therefore assessed CS patient cerebellum 
samples for the activity of the proteins that have a key role in 
the turnover or dynamics of mitochondria (e.g. AMPK, DRP-1, 
and ULK1). AMPK directly phosphorylates downstream targets 
like PGC1α, which is important for mitochondrial biogenesis, and 
ULK1 (autophagy protein unc-51 like autophagy activating kinase 
1) is critical for mitophagy and promotes mitochondrial homeo-
stasis. We consistently observed a reduction in the activation of 
AMPK and its downstream target, ULK1, in CS patient samples 
(Figure 5a,b). Further, the levels of Beclin1 were also decreased, 
suggesting a defect in the initiation of cellular autophagy in CS. 
In line with the findings of enlarged mitochondria in CS nema-
todes (Figure 4d-e), we observed a trend toward a reduction in 
pDRP1 activity, a protein important for mitochondrial fission, in 
CS brain samples (Figure 5 and Figure S9). As previously reported 
(Pascucci et al., 2018), the levels of Gamma-H2AX, a marker of 
DNA damage, were increased in CS. The oxidative stress pathway 
was up-regulated in the microarray, so we also measured levels of 
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F I G U R E  4 CS worms have reduced mitochondrial networking and mitophagy. (a,b) The myo-3::gfp reporter was expressed in both the 
nucleus and mitochondria to mark non-pharyngeal body wall muscle cells in the worms. Representative images and quantified scores of 
muscle mitochondrial morphology of adult D7 N2 and CS worms. Data are shown as mean ±SEM (Total of 29-30 images of muscle cells from 
each group of worms (N = 10), Two-way ANOVA with Tukey's post hoc test was used. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 
and n.s., not significant.). (c) The mitophagy reporter strain N2;Ex(pmyo-3∷dsred∷lgg-1;pdct-1∷dct-1∷gfp) was crossed with csa-1(tm4539), 
csb-1(ok2335) or csa-1(tm4539); csb-1(ok2335) worms and imaged for muscle cells at D1 and D6 to measure the colocalization coefficient 
between DSRED∷DCT1 and LGG1∷GFP. Data are shown in mean ±SEM (n = 3-6 worms; two-tailed t test). (d) Mitochondrial structure 
changes were evaluated via electron microscopy (arrows indicate mitochondria). (e) Mitochondrial length, width, and area were quantified. 
Data are shown in mean ±SEM (n = 16–19 worms for each condition; Two-way ANOVA with Tukey's post hoc test was used. *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 and n.s., not significant.)
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the reactive oxygen detoxifying enzymes superoxide dismutase 1 
(SOD1, cytoplasmic) and 2 (SOD2, mitochondrial). Although there 
was no significant change in SOD1 levels, we found that SOD2 
levels increased in CS.

2.6  |  Restoration of AMPK signaling in CSA- and 
CSB-depleted fibroblasts with NAD+ supplementation

The effect of AMPK on NAD+ metabolism was previously published 
(Canto et al., 2009). To investigate whether NAD+ supplementa-
tion could modulate the expression and activation of mitophagy 
and autophagy-related proteins, we treated primary fibroblasts 
with NMN following CSA or CSB impairment. In line with the find-
ings in CS brain samples, we observed lower levels of activated 
AMPK (p-AMPK), pULK1 and pDRP1 in CSA and CSB-deficient 
primary fibroblasts (Figure 5c and Figure S10). Notably, NAD+ sup-
plementation restored phosphorylation of these proteins, which 
is predicted to increase their activity (Figure 5c). Beclin1 levels 
were slightly lower in CSA and CSB-depleted cells compared to 
control cells but increased significantly following NMN treatment. 
The p62 protein levels in CSA and CSB-deficient cells show no 
difference from the control group but decrease following NMN 
treatment in all samples, suggesting that cellular autophagy is in-
creased after NAD+ supplementation. Collectively, these findings 
suggest that impaired activation of AMPK and ULK1 along with 
DRP1 leads to dysregulation of mitochondrial fission and degrada-
tion and causes subsequent defects in mitochondrial homeostasis. 
NAD+ supplementation restores these features and improves mi-
tochondrial quality in CS.

3  |  DISCUSSION

Mitochondrial homeostasis involves coordination between mito-
chondrial biogenesis and mitophagy. If these processes become 
uncoordinated, mitochondrial dysregulation can ensue. Hence, 
mitochondrial dysfunction is causative in many human ailments, 
including neurological abnormalities (Johri & Beal, 2012). It is im-
portant to investigate common phenotypes between human and 
animal models of CS to explore conserved pathways. Here, we re-
port that mitochondrial dysfunction is a common feature across 
CS patients and animal models. Comparative transcriptomic 
analysis of CS patient cerebellum samples and CS animal models 
like C. elegans and mice converge to implicate mitochondrial dys-
function in CS. This is in line with the dysfunctional mitochondrial 
dynamics such as increased mitochondrial membrane potential, 
superoxide production, and increased oxygen consumption rates 
that are commonly seen in many CS models (Scheibye-Knudsen 
et al., 2012, 2014). Notably, we observed a stronger impact of 
csb-1(ok2335) on mitochondrial morphology, networking, and mi-
tophagy than the csa-1(tm4539) mutant has (Figure 4). This was 
also reflected in mitochondria-associated swimming behavior 

(Figure 3g). Interestingly, our transcriptomic analysis also revealed 
that csb-1(ok2335) worms cluster more closely to human CS than 
csa-1(tm4539) worms on the common mitochondria-associated 
GO terms (Figure S3c and S5).

Notably, unlike the previous report, we observed a shorter 
lifespan of csb-1(ok2335) worms potentially due to different ex-
perimental settings leading to temperature-induced stress and ex-
acerbation of   the DNA repair deficiency on lifespan (Lans et al., 
2013). Nevertheless, we observed that NAD+ augmentation im-
proves lifespan in CS worm models. Also, NAD+ supplementation 
enhanced mitochondrial networking and led to the normalization 
of mitochondrial morphology via restoration of mitochondrial 
length. Specifically, mitochondrion and mitochondrial inner mem-
brane GO terms were the only GO terms that NR treatment nearly 
reverted to wild type in both CS mouse and worm models, sug-
gesting NR's therapeutic effects are mediated significantly through 
mitochondrial homeostasis in CS. Interestingly, unlike its effect on 
single mutants, NAD+augmentation failed to improve mitochon-
drial networking in the csa-1;csb-1 double mutant (Figure 4a). This 
apparently inconsistent result may be due to the synergistic im-
pact of CSA and CSB on an NAD+-independent pathway regulat-
ing mitochondrial networking. Indeed, our transcriptomic analysis 
in CS worms identified GO terms that are only altered with csa-1 
and csb-1 double mutation but not significantly affected by single 
mutation or NR treatment (Figure S3b). Investigating these CSA- 
and CSB-mediated pathways might provide novel insights into CS 
disease mechanism, particularly in the context of mitochondrial 
homeostasis.

Our data suggest that impairment of neuronal pathways along 
with mitochondrial dysregulation contributes to the neurode-
generation in CS. CSB has been known to localize to mitochon-
dria and participate in DNA repair and transcription (Aamann 
et al., 2010; Berquist et al., 2012). Neurological degeneration 
is observed in many conditions with DNA repair deficiency in-
cluding CS (Karikkineth et al., 2017). Cells with compromised 
mitophagy contribute to neuronal death and thus cause neurode-
generation (Fang, et al., 2019). Our recent report suggests that 
NAD+-dependent SIRT1 activity regulates mitophagy through a 
DAF-16-DCT1 pathway (Fang et al., 2016). AMPK is associated 
with NAD+ metabolism and SIRT1 activity, and its activation reg-
ulates ULK1/DRP1 proteins necessary for mitophagy (Egan et al., 
2011). Protein expression from the brain samples of CS patients 
showed dysregulation of AMPK and decreased phosphorylation of 
its downstream target, ULK1, which is necessary for ULK1's trans-
location to damaged mitochondria for mitophagy. Although we 
did not observe a significant reduction in mitofusin 2, there was 
a trend toward reduction in phosphorylated dynamin-like protein 
DRP1, which mediates the mitochondrial fission and subsequent 
fragmentation to undergo mitophagy (Wang & Youle, 2016). This 
finding is in line with the increased mitochondrial length in all CS 
worm strains, suggesting defects in mitochondrial fragmentation. 
AMPK helps in recruiting DRP1 to the mitochondrial outer mem-
brane and thus regulates the morphology of mitochondria (Li & 
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Chen, 2019; Toyama et al., 2016). This imbalanced regulation of 
mitophagy was further supported by the increased levels of DNA 
damage and ROS (Andrade et al., 2012). Interestingly, we noted 
that NMN treatment helps regulate AMPK pathway proteins. Thus 
in CS, increased DNA damage causes increased PARP-1-mediated 
NAD+ consumption, thereby leading to depletion in the NAD+ 
pool (Scheibye-Knudsen et al., 2014). This NAD+ pool is regulated 
by the AMPK-ULK1/DRP1 pathway, and the dysregulation of CS 
proteins generates a mitochondrial dysfunction phenotype in CS 
(Figure 6). The extracellular NAD+ degradation produces increased 
adenylate levels in the cell and increases the intracellular ATP lev-
els by activating AMPK through modulation of the ATP/AMP ratio 
(Zhang et al., 2018). AMPK senses stress to initiate mitochondrial 
fission to eliminate damaged mitochondria while at the same time 
inducing mitochondrial biogenesis to regulate mitochondrial ho-
meostasis (Toyama et al., 2016). Given the central role of NAD+ 
metabolism and mitochondria in energy production, CSA and CSB 
play an important role to modulate the AMPK-ULK1/DRP1 path-
way to maintain mitochondrial homeostasis.

In closing, these results illustrate the underlying molecular 
mechanisms of CS proteins (CSA and CSB) in preventing premature 
age-induced mitochondrial dysfunction. Moreover, the interplay 
between NAD+ supplementation, mitochondria, and mitophagy pro-
vides insight into the development of therapeutic strategies in the 
treatment of DNA repair-accelerated aging models like CS.

4  |  METHODS

4.1  |  Caenorhabditis elegans strains and cultivation

All C. elegans strains were maintained and grown on standard nema-
tode growth medium (NGM) as previously described (Brenner, 1974). 
Bristol strain N2 (wild type) and myo3::gfp reporter strains were 
obtained from the Caenorhabditis Genetics Center (CGC). Worm 
populations were synchronized via egg lay, and all experiments 
were conducted at 25°C unless otherwise noted. csa-1(tm4539) and 
csb-1(ok2335) were provided by Dr. Bjorn Schumacher (University 
of Cologne, Cologne, Germany). The strains were backcrossed to 
N2 multiple times to clear out unknown mutations. Furthermore, 
the worms were thawed from the original stocks regularly to avoid 
maintaining for extended generations.  The mitophagy reporter 
strain  N2;Ex(pmyo-3∷dsred∷lgg-1;pdct-1∷dct-1∷gfp) was provided 
by Dr. Nektarios Tavernarakis (Institute of Molecular Biology and 
Biotechnology, Crete, Greece) and described previously (Palikaras 
et al., 2015).

4.2  |  Caenorhabditis elegans drug treatment

Worms were treated with 100  µM fluorodeoxyuridine (FUDR) in 
order to prevent egg-laying throughout the study (unless otherwise 
noted), as described previously (Mitchell et al., 1979). Worms were 
transferred manually to plates containing FUDR at the late L4 devel-
opmental stage. Worms were treated with NAD+ precursors nico-
tinamide riboside (NR) and nicotinamide mononucleotide (NMN) at 
a final concentration of 1 mM in water. Drug plates changed every 
three days. Water was used as vehicle control. The drug was added 
directly to seeded plates one day ahead of the experiments (unless 
otherwise noted). Worms were then transferred to the treatment 
plates by hand.

4.3  |  Caenorhabditis elegans lifespan analysis

Lifespan analysis was conducted as described previously (Fang 
et al., 2014) with minor modifications. Experiments were con-
ducted at 25°C unless otherwise noted. Briefly, worm popula-
tions were synchronized via egg lay and randomly selected (to 
avoid selecting bigger and more active worms) and transferred 
to treatment plates at the L4 stage (48 h post egg lay at 25°C). 
Each group contained 3 plates. 35–40 worms were plated in each 
of the 6.5-cm petri dish with NGM and Escherichia coli (E. coli, 
L4440) seeded. Drugs (NR) were added to the NGM plates with 
E. coli 12 h ahead to enable equally NR spreading in the agar at the 
time of experiment. Animals were transferred every two days to 
freshly prepared NGM plates ± drugs; the worms were not trans-
ferred to new plates from adult day 10 to avoid physical injury of 
the sick worms during transferring. no FUDR was added. Animals 
were scored every 2  days. Worms that were nonresponsive to 
touch were considered dead (score 1). Missing worms or worms 
that died due to matricidal hatching, desiccation, or gonad extru-
sion were censored (score 0). The data were then represented by 
smoothed Kaplan–Meier survival curves, with statistical signifi-
cance determined using the log-rank test. p ≤ 0.05 was considered 
significant.

4.4  |  Caenorhabditis elegans healthspan analysis

Methods to quantify healthspan in C. elegans have been described 
previously (Hahm et al., 2015; Restif et al., 2014). Healthspan 
was assessed by maximum velocity, pharyngeal pumping, and 
swimming. To measure maximum velocity, we adapted a method 

F I G U R E  5 Protein expression levels in CS patient cerebellum samples. (a) Western blots showing changes in the expression of designated 
proteins from control and CS patient cerebellum samples. The characteristics of the patient material are shown in Table S3. (b) Quantitation 
of western blot data in (a). Data are shown in mean ±SEM (n = 3–6 worms; Two-tailed t test.). (c) NAD+ supplementation rescues AMPK 
signaling in CSA and CSB-depleted fibroblasts. Western blot data showing changes in the expression of designated proteins from control 
and CSA- or CSB-depleted primary fibroblast cell line (passage 9). Blots shown are representative of three independent biological repeats. 
The values above the blots show the densitometry quantification of the relative phosphorylation levels of the indicated proteins.
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previously described by Hahm et al. (2015). On the designated day, 
up to 10 worms were transferred to unseeded NGM plates. The 
movement was recorded over a span of 30 s using a stereomicro-
scope (Unitron 2850) and a charge-coupled device camera (Infinity 
2, Lumenera). Videos were analyzed using ImageJ software and 
the wMTrck Batch (http://www.phage.dk/plugins) plugin. To as-
sess pharyngeal pumping, worms were assayed at the adult D6 
stage. Contractions of the pharynx were manually counted over a 
period of 3 s in a double-blinded manner. At least 30 worms were 
measured per group, and three independent experiments were 
conducted. Swimming analysis was conducted as described previ-
ously (Fang et al., 2017). At D8, individual worms were transferred 
from treatment plates onto a 6  cm dish containing 1 mL of M9 
buffer. After an acclimatization period of ~1 s, the number of body 
bends was scored over a period of 30 s.

4.5  |  Caenorhabditis elegans mitochondrial  
networking

To visualize the mitochondrial networking in the C. elegans body wall 
muscle tissue, csa-1(tm4539), csb-1(ok2335), and csa-1(tm4539);csb-
1(ok2335) mutants were crossed to CB5600  ccIs4251 [(pSAK2) 
myo-3p::GFP::LacZ::NLS + (pSAK4) myo-3p::mitochondrial GFP + 
dpy-20(+)] I, which is obtained from the Caenorhabditis Genetics 

Center (CGC). Worms were transferred to drug-treated plates from 
the late L4 stages until day 7 unless otherwise noted. The mito-
chondrial network of randomly-selected muscle cells between the 
pharynx and the vulva were imaged using a 40x objective lens. 
2–4 muscle cells/worm were analyzed. Images were acquired with 
a ZEISS LSM 710 confocal microscope and analyzed as described 
previously (Fang et al., 2016, 2017). Imaging and scoring for mito-
chondrial networking integrity were performed by two different 
investigators in a double-blinded manner. Mitochondrial network-
ing was assessed using an arbitrary scale from 1–5. Healthy, organ-
ized mitochondrial networks in which the mitochondria are longer, 
less circular, aligned with the muscle fibers, and with reduced inter-
connecting mitochondrial strings received a score of 5 (Fang et al., 
2017). The mitochondrial networking score was reduced if the 
mitochondria appeared disorganized and consisted of more glob-
ular mitochondria forming a network of irregular shapes. A total 
of 29–30 muscle cells from each group of worms (N = 10 worms/
group) were collected.

4.6  |  Caenorhabditis elegans mitophagy

To visualize mitophagy in worms, the mitophagy reporter 
strain  N2;Ex(pmyo-3∷dsred∷lgg-1;pdct-1∷dct-1∷gfp) was crossed 
with csa-1(tm4539), csb-1(ok2335) and csa-1(tm4539); csb-1(ok2335) 

F I G U R E  6 We propose CS mutation leads to cellular NAD+ reduction that impairs mitochondrial homeostasis through down-regulation 
of the activities of p-AMPK and p-ULK1. NAD+ levels decline during the aging process, resulting in many age-associated pathologies 
like mitochondrial dysfunction. Restoring NAD+ level by supplementing NAD+ precursors such as NR (nicotinamide riboside) and NMN 
(nicotinamide mononucleotide) can ameliorate these age-associated defects.

http://www.phage.dk/plugins
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worms. The muscle cells were imaged at D1 and D6 under a ZEISS 
LSM 710 confocal microscope as described previously (Palikaras 
et al., 2015). A total of 3-6 worms/group were imaged. Zeiss LSM 
Image Examiner was used to measure the colocalization coefficient 
between DSRED∷DCT1 and LGG1∷GFP.

4.7  |  Electron microscopy

Electron microscopy (EM) was performed by Electron Microscopy 
Bioservices. Worm were washed with M9 buffer, cut with a scalpel 
blade on a petri dish, and then fixed in ice-cold EM fixative buffer 
(2.5% glutaraldehyde, 2.0% paraformaldehyde in Millonig's Sodium 
Phosphate Buffer) for 2 h. Following rinsing with cold 1X PBS, worms 
were embedded in 2% agarose for ultrathin sectioning and microscopy. 
Ultrathin section analysis was performed on an electron microscope 
(Tecnai Spirit Twin Transmission; FEI) at 80 kV. The percent damaged 
mitochondria were counted from 19 random images. The mitochon-
drial length, area, and width were measured using ImageJ, n > 150.

4.8  |  Cockayne syndrome cerebellum samples

Human tissues were obtained from the NIH NeuorBioBank's Brain 
and Tissue repository at the University of Maryland, Baltimore. The 
patients and their ID numbers are listed in Tables S1 and S3. No cor-
relation between postmortem interval (PMI) and RNA integrity was 
observed in CS brain and non-CS controls (Figure S11). CS patients 
are clinically diagnosed.

4.9  |  Microarray analysis

RNA was purified from cerebellum samples from Cockayne 
patients and age- and gender-matched healthy individuals by 
using the Nucleospin RNA isolation kit (catalog no. 740955.250; 
Macherey-Nagel) with initial quantitation conducted using 
a NanoDrop ND-1000 spectrophotometer (Thermo Fisher 
Scientific). A 2100 Bioanalyzer (Agilent Technologies) was used to 
confirm the quality of the RNA. The microarray was performed by 
the Gene Expression and Genomics Unit core facility (NIA) and an-
alyzed using DIANE 6.0 software. The complete set was tested for 
Geneset enrichment using parametric analysis of gene set enrich-
ment (PAGE). Detailed data analysis was performed as reported 
previously (Scheibye-Knudsen et al., 2014). The samples (CS2 and 
CS4R) which clustered more closely with the controls (WT) than 
the CS patients were removed from further array analysis. The 
sample CS7x was identified as an outlier during quality analysis 
and excluded from the group analysis.

For microarray analysis of nematodes, N2, csa-1(tm4539), csb-
1(ok2335), csa-1(tm4539); csb-1(ok2335) worms were exposed to 
500 µM NR from the L4 stage and whole-body tissue was collected 
at adult day 7 for RNA extraction (Qiagen RNeasy mini kit with a 

QIAcube machine). Three biological replicates were prepared for 
each group. The Agilent kits were used for C.  elegans microar-
ray with the reagents including C.  elegans (V2) Gene Expression 
Microarray (# G2519F-020186), Low Input Quick Amp Labeling 
Kit (one color, #5190-2305), Hybridization Backing Kit (# G2534-
60012), and Gene Expression Hybridization Kit (#5188-5242). The 
microarray was performed and analyzed at the National Institute 
on Aging (NIA) Gene Expression and Genomics Unit using DIANE 
6.0 software. Raw microarray data were log-transformed to yield 
Z-scores. The Z-ratio was calculated as the difference between 
the observed gene Z-scores for the experimental and the control 
comparisons divided by the standard deviation associated with 
the distribution of these differences. Z-ratio ±1.5 with a p-value 
≤0.05, 0.05 false discovery rate (FDR), and average signal inten-
sity of comparison greater than zero were used as cutoff values 
(the false discovery rate is calculated by the Benjamini–Hochberg 
procedure). The gene expression Z-ratio values were then used 
as input to perform Parametric Analysis of Gene Set Enrichment 
(PAGE) testing (Kim & Volsky, 2005). The accession number for 
both array data is GSE144558.

4.10  |  Cell culture and cell lines

The normal human fetal lung primary fibroblasts were received from 
Coriell Institute (ID #I90-83) and were cultured in Dulbecco's modi-
fied Eagle medium (DMEM) supplemented with 10% (vol/vol) FBS 
and 1% penicillin/streptomycin in a humidified chamber under 5% 
(vol/vol) CO2 at 37°C.

4.11  |  siRNA knockdown

siERCC6 (5′-CCACUACAAUAGCUUCAAGACAGCC-3′), siERCC8 
(5′-GGAGAACAGAUAACUAUGCUUAAGG −3′) and siRNA duplex 
control (Origene) was diluted with DMEM to a final concentration 
of 20 nM, mixed with INTERFERin (Polyplus transfection), incubated 
for 15 min at room temperature, and transfected into primary cells 
target according to the manufacturer's instructions. Twenty-four 
hours after transfection, the media was replaced with FBS media. 
Forty-eight hours after transfection, the cells were treated with 
NMN (500 µM) or water as a vehicle for 24 h and lysed for western 
blotting.

4.12  |  Immunoblotting

Cells were lysed in RIPA buffer (#9806S; Cell Signaling) with Halt™ 
Protease and Phosphatase Inhibitor Cocktail (100X) (#78444, 
Thermo Fisher Scientific) unless indicated otherwise. Antibodies 
were used according to the manufacturer's instructions to detect the 
following antigens: AMPK (Cell signaling, #5831), p-AMPK (Thr172) 
(Cell signaling, #2535), pULK1 (Ser555, Cell signaling, #5869), ULK1 
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(Cell signaling, #6439), p62 (Cell signaling, #39749), β-actin (Santa 
Cruz, #sc-1616), DRP1 (Cell signaling, #8570), p-DRP-1 (S616, Cell 
signaling, #3455), Beclin1 (Cell signaling, #3738), mitofusin 2 (Cell 
signaling, #9482), total OXHOS rodent cocktail (Abcam, ab110413), 
SOD-1 (Cell signaling, #2770), SOD-2 (Enzo Life Sciences, #ADI-
SOD-110-F), γ-H2AX (Santa Cruz, #sc-517348), and GAPDH 
(Abclonal, #AC027).

4.13  |  Animals

Mouse models of CSBm/m (mice carrying a premature stop codon 
in exon 5 to mimic the K337 stop truncation mutation from CS pa-
tient CS1AN) (Horst et al., 1997) and wild type (WT) on a C57BL/6 J 
background in the age ranges of 20–26 weeks (young), 52–62 weeks 
(mid-age), and 98–11  weeks (old) of age) were used for the grip 
strength studies. All animal protocols were approved by the appro-
priate institutional animal care and use committee of the National 
Institute on Aging.

4.14  |  Grip strength

The forelimbs of each mouse were tested for grip strength by pulling 
on a wire attached to a Chatillon DFE002 force gauge (Chatillon Force 
Measurement Systems). Five pulls were performed for each mouse, 
and the mean of the recordings was determined as a final score.

4.15  |  Statistical analysis

All statistical analyses were performed with GraphPad Prism 
(GraphPad Software, Inc.). For multiple samples with two groups, 
two-way ANOVA with Tukey's post hoc test was used to determine 
significant differences. One-way ANOVA with Tukey's post hoc test 
was used to determine significant differences across multiple sam-
ples. t-test was used to compare two groups. The log-rank test was 
used to determine statistical significance for survival assays, and 
p ≤ 0.05 was considered significant.

5  |  ETHIC S APPROVAL AND CONSENT TO 
PARTICIPATE

All animal protocols were approved by the appropriate institutional 
animal care and use committee of the National Institute on Aging. 
Human tissues were obtained from the NIH NeuorBioBank's Brain 
and Tissue repository at the University of Maryland, Baltimore.
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