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ABSTRACT

Cockayne syndrome is an accelerated aging disor-
der, caused by mutations in the CSA or CSB genes.
In CSB-deficient cells, poly (ADP ribose) polymerase
(PARP) is persistently activated by unrepaired DNA
damage and consumes and depletes cellular nicoti-
namide adenine dinucleotide, which leads to mito-
chondrial dysfunction. Here, the distribution of poly
(ADP ribose) (PAR) was determined in CSB-deficient
cells using ADPr-ChAP (ADP ribose-chromatin affin-
ity purification), and the results show striking en-
richment of PAR at transcription start sites, de-
pletion of heterochromatin and downregulation of
H3K9me3-specific methyltransferases SUV39H1 and
SETDB1. Induced-expression of SETDB1 in CSB-
deficient cells downregulated PAR and normalized
mitochondrial function. The results suggest that de-
fects in CSB are strongly associated with loss of het-
erochromatin, downregulation of SETDB1, increased
PAR in highly-transcribed regions, and mitochondrial
dysfunction.

INTRODUCTION

Cockayne syndrome (CS) is a rare genetic disorder caused
by mutations in the ERCCS (CSA) or ERCC6 (CSB) genes
(1). CSA and CSB are thought to play important roles in
DNA repair (2) and transcriptional regulation (3). CS is
characterized by early-onset neurodegeneration, vision and
hearing loss, as well as impaired mitophagy and accumu-
lation of damaged mitochondria. Thus, CS is considered
a ‘progeria’, in which features of normal aging manifest in
early life, ultimately leading to premature death.

Although CS is caused by mutations in CSA4 or CSB,
the two proteins share no homology and are structurally

and functionally unrelated. CSB participates in transcrip-
tion, DNA base excision repair (BER) of oxidative DNA
lesions, as well as in transcription-coupled nucleotide ex-
cision repair (TC-NER) of UV-induced DNA damage (re-
viewed in Boetefuer ez al. (3)), while CSA participates in
transcription restart after RNA polymerase II stalled tran-
scription (4). CSB is a member of the SWI2/SNF2 family
of DNA-dependent adenosine triphosphatases (ATPases),
which act as chromatin remodelers during transcription (5).
In the presence of ATP, CSB binds to DNA and shortens the
DNA contour length by actively wrapping or unwrapping
DNA (6). This activity affects the affinity of DNA bind-
ing proteins, including p53 (7), TFAM (8) and CTCF (9)
to their cognate binding sites on DNA. Moreover, NAP1-
like histone chaperones facilitate the ATP-dependent chro-
matin remodeling activity of CSB for efficient transcription-
coupled DNA repair (10). The data suggest that CSB influ-
ences or regulates epigenetic signaling and that this may be
important in understanding CS pathology, including fea-
tures of premature aging. Epigenetic changes, widely ac-
cepted as a marker of aging (11), are also diagnostic of
premature aging disorders including Hutchinson-Gilford
progeria (HGPS) (12) and Werner Syndrome (WS) (13), but
they have not been linked to CS.

Epigenetic alterations are non-genomic changes that in-
fluence gene expression and alter the structural organiza-
tion of chromatin. Heterochromatin is tightly packed in a
‘closed’ conformation, less accessible to transcription ma-
chinery, while euchromatin is loosely packed, enriched in
actively transcribed chromatin in an ‘open’ conformation.
The methylation status of core histones strongly influences
chromatin conformation: for example, trimethylation of
Lys9 of H3 (H3K9me3) promotes and is a marker of het-
erochromatinization. Thus, enrichment for H3K9me3 can
be considered correlative with heterochromatin states.

The ‘heterochromatin loss model of aging’ suggests that
the gradual loss of heterochromatin-induced gene silenc-
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ing leads to aging-related changes in gene expression (14).
Many studies report the loss of epigenetic markers includ-
ing H3K9me3, H3K27me3 and the HP1 protein during nor-
mal aging (15) and in HGPS and WS (12,13), while in some
species, overexpression of these factors appears to extend
lifespan (16,17). Heterochromatin loss with aging may also
reduce transcriptional precision and increase genomic in-
stability (15).

Poly (ADP ribose) polymerases (PARPs) play fundamen-
tal roles in multiple DNA damage recognition and repair
pathways (18). Like many other DNA repair proteins, CSB
is recruited to sites of DNA damage by PARylated pro-
teins that are generated by PARP, after which CSB displaces
PARP and DNA repair can proceed (19). PARylation oc-
curs on H3K9me3 and H3K27me3 (20), which are enriched
in heterochromatin. In CSB-deficient cells, activated PARP
remains bound to DNA damage, the DNA lesions are not
repaired, PAR accumulates and nicotinamide adenine din-
ucleotide (NAD) is depleted. These cellular phenotypes are
also associated with aging and mitochondrial dysfunction
(19,21).

While PARylation has been shown to be increased in
CS, its intracellular distribution has not been character-
ized. The recently developed chromatin affinity purification
technique utilized in this study, ADPr-ChAP (ADP ribose-
chromatin affinity purification), can assess the genomic dis-
tribution of PAR, which would otherwise be difficult to
assess using conventional chromatin immunoprecipitation
(ChIP). ADPr-ChAP data indicate that oxidative damage-
induced PAR mostly occurs in heterochromatic regions in
human cells (20). In combination with conventional ChIP,
ADPr-ChAP analyses can be used to compare the distribu-
tion of H3K9me3 and PAR.

Here, we report reduced H3K9me3 throughout the
genome of CSB-deficient cells as well as increased PAR at
transcription start sites (TSS) after oxidative stress and de-
creased expression of the major human H3K9me3 methyl-
transferases, SUV39H1 and SETDBI1. Reduced H3K9me3
and enrichment of PAR in TSS regions were normal-
ized by overexpression of SETDBI. The mitochondrial
stress response and mitochondrial dysfunction in CSB-
deficient cells (22) were also complemented by expression of
SETDBI. These results suggest that decreased heterochro-
matin in CSB-deficient cells is associated with increased
PAR accumulation in TSS regions and perturbations in mi-
tochondrial function.

MATERIALS AND METHODS
Cell culture and stable cell line construction

SV40-transformed CS3BE and CS1AN cells stably trans-
fected with either CSA, CSB (WT CSA, CSB) or empty vec-
tors were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 1% pen-strep and 400 wg/ml geneticin and grown
in 20% O,/5% CO, at 37°C. Doxycycline-inducible CSA
and CSB knockdown HeLa cells were generated by infect-
ing lentivirus with Edit-R™ Inducible Lentiviral Cas9 Nu-
clease that targets CSA and CSB (Dharmacon, Lafayette,
CO, USA). Dox-inducible GFP-tagged lentiviral SUV39H]1
or SETDBI constructs were designed and ordered from
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VectorBuilder Inc. (Santa Clara, CA, USA). Lentivirus
infected CSIAN cells were selected with 400 wg/ml ge-
neticin, 1 pg/ml hygromycin and 1 pg/ml puromycin for
2 weeks and maintained in tet-free media (Atlanta Bi-
ologicals, Flowery Branch, GA, USA, S10350H). Cells
were treated with concentrations of doxycycline from 10
to 100 ng/ml for 72 h to knockdown CSA/B or to induce
SETDB1/SUV39H1. All cell lines used in this study are
checked and confirmed that they are free with mycoplasma
contamination, using LookOut® Mycoplasma qPCR De-
tection Kit (Sigma-Aldrich, St. Louis, MO, USA).

Immunofluorescence staining

Human primary fibroblasts were cultured for 48 h (Corning,
New York, NY, USA, #354236) on 4-well chamber slides
(ThermoFisher scientific, Waltham, MA, USA, #62407—
294) in DMEM containing 10% FBS, 2 mM L-glutamine,
1% Penicillin-Streptomycin antibiotics at 37°C in 5% COs,.
Slides with cells were washed twice with phosphate-buffered
saline (PBS) and fixed in a 4% paraformaldehyde-PBS so-
lution for 20 min followed by permeabilization with 0.1%
Triton-X for 10 min. Normal Goat serum (10%) was used to
block the cells followed by anti-CSB (Abcam, Cambridge,
MA, ab96089) and anti-SETDBI1 (Abcam, ab12317) stain-
ing overnight at 4°C. Cells were further stained with sec-
ondary antibodies (ThermoFisher scientific, CSB: AF647,
SETDB1:AF488) for 1 h at room temperature. For nuclear
staining, slides were incubated with DAPI for 5 min and
mounted with coverslips by using ProLong Diamond An-
tifade (ThermoFisher scientific, P36961). Confocal images
(z-series) were captured with Zeiss LSM 880 inverted laser
scanning confocal microscope (Carl Zeiss, Oberkochen,
Germany) using a 40 x /1.3 Plan-NeoFluar oil-immersion
objective at 1 wm z-step intervals with lateral pixel dimen-
sions of 0.22 pm. Captured z-series were imported and an-
alyzed using FIJI-Imagel.

Chromatin immunoprecipitation (ChIP)

The ChIP assay was performed as described (23), with slight
modifications. Briefly, CSB cells were cross-linked in a solu-
tion of 1% formaldehyde in PBS for 10 min at room tem-
perature. The cross-linking reaction was stopped by adding
glycine to a final concentration of 0.125 M. The cells were
harvested and washed three times with cold PBS, and cy-
tosolic fractions were eliminated with buffer A (5 mM
PIPES (pH 8.0), 85 mM KClI, 0.5% NP-40, protease in-
hibitor cocktail (GenDEPOT, Katy, TX, USA)). Nuclear
pellets were resuspended in buffer B (100 mM Tris—CI (pH
8.1), 1% sodium dodecyl sulfate (SDS), 10 mM ethylene-
diaminetetraacetic acid (EDTA), protease inhibitor cock-
tail) and the chromatin was sheared with S-450 sonicator
(Branson, Danbury, CT, USA). Sonication condition was
optimized by analyzing purified DNA samples with BIO-
ANALYZER (Agilent, DNA1000 Kit). The prepared chro-
matin fraction (500 wg total sheared DNA per sample) was
diluted 1/10 in IP buffer (0.01% SDS, 1.1% Triton X-100,
1.2mM EDTA, 16.7mM Tris-Cl (pH 8.1), 167mM NaCl
and a protease inhibitor cocktail) and incubated with an-
tibodies, overnight at 4°C. Samples were incubated for 2—
4 h at 4°C with protein A or G beads. Then the beads were
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washed with TSE150 (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris—Cl (pH 8.1), 150 mM NaCl), TSE500
(0.1% SDS, 1% Triton X-100,2mM EDTA, 20 mM Tris—Cl
(pH 8.1), 500 mM NacCl), Buffer III (0.25M LiCl, 1% NP-
40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-
Cl (pH 8.1)) and two times with TE (pH 8.0) for 10 min
in each solution. Bead-bound chromatin was eluted with
elution buffer (1% SDS, 0.1 M NaHCOs; (pH 8.0)) for 1-
2 h at 65°C. The supernatant containing the chromatin,
without the beads, was isolated and incubated overnight
at 65°C with 200mM NacCl to reverse cross-linking. Five
hundred microliters of the sample were incubated at 50°C
after adding 10 wl of 0.5M EDTA, 20 pl of 1M Tris
(pH 6.5) and 4 ul of Proteinase K (20 mgml~!) and then
purified with phenol/chloroform/isoamyl alcohol. Nucleic
acids were precipitated by centrifugation for 30 min at 4°C
after mixing the sample with 1 pl of glycogen solution (20
mgml~!), 20 ul 5M NaCl and 500 pl isopropanol. Purified
nucleic acid pellets were washed with 70% ethanol, dried
and dissolved in nuclease-free water.

ADPr-Chromatin affinity purification (ADPr-ChAP)

ADPr-ChAP was performed identically with ChIP, except
for the fixing condition (4%, at 4°C, without quenching)
and using WWE affinity resin (Tulip Biolabs, Lansdale, PA,
USA), instead of antibody and protein A/G beads, accord-
ing to previously described (24).

ADPr-ChAP and ChIP sequencing

Cells were ChIPed with Anti-trimethyl-Histone H3 (Lys9)
antibody (07-442, Millipore, Burlington, MA, USA) and
ChAPed with WWE affinity resin. DNA fragments were lig-
ated to a pair of adaptors for sequencing on an Illumina
Hiseq-2000. The ligation products were size-fractionated to
obtain 200-300-bp fragments on a 2% agarose gel and PCR-
amplified for 18 cycles. Each library was diluted to 8 pM for
76 cycles of single-read sequencing on the Illumina Hiseq-
2000 following the manufacturer’s recommended protocol.

ADPr-ChAP and ChIP-sequencing data analysis

The sequencing data were uploaded to the Galaxy web plat-
form (25), and we used the public server at usegalaxy.org
to analyze the data. Sequencing reads were mapped against
the human genome (GRCh37/hg19) using Bowtie for Il-
lumina (26) with default parameters. The SAM format
outputs were sorted by genomic coordinates and uniquely
mapped reliable reads were used in subsequent steps. SAM
files were preprocessed using SAMtools (27). We used the
MACS tool (28) to select regions that were enriched for
H3K9me3 and PAR. We applied the default settings and
found significant regions (P-value < 10~°), using non-IP
chromatin as a control to eliminate unspecific signals. Us-
ing Nebula (29), PAR peaks were annotated for genomic
distribution partitioning. Distance of H3K9me3 peak were
calculated using GREATV3.0.0 (30). Sequencing reads were
aligned on reference coordinates using seqMINER v1.3.3
(31). rDNA analysis was performed following previously
described methods (32). Unique reads from each data were

mapped onto human rDNA reference sequence (NCBI ac-
cession: HUS13369) using BWA. bamCompare tool was
used to normalize and subtract reads from each group. In-
tegrative Genomics Viewer (33) was used to visualize the
signal.

Quantitative real-time PCR (qPCR) and conventional PCR
analysis of relative mRNA levels and ChIP products

Total RNA was extracted with TriZol® (ThermoFisher sci-
entific) and reverse-transcribed (iScript™ ¢cDNA Synthesis
Kit, Bio-Rad). mRNA and antibody-bound chromatin lev-
els by ChIP assay were quantified by real-time qPCR with
the DyNAmo HS SYBR Green qPCR Kit (F-410L, Ther-
moFisher scientific) on the iQ5 and CFX Connect Real-
time PCR Detection System (Bio-Rad) and then normal-
ized to actin or 1% input chromatin using the 2~24CT cal-
culation method. The sequences of the primers are listed in
Supplementary Table S2.

Cellular oxygen consumption

Oxygen consumption rate (OCR) measurements were per-
formed using the Seahorse XFe96 analyzer (Agilent Tech-
nologies, Lexington, MA, USA). 5e4 cells were seeded into
a Seahorse tissue culture plate overnight and the follow-
ing morning, media was changed to freshly prepared un-
buffered XF assay media at pH 7.4 (Agilent Technologies),
supplemented with 25 mM glucose (SigmaAldrich), 1 mM
sodiumpyruvate and 1 mM L-glutamate (ThermoFisher
scientific). Cells were incubated for 1 h at 37°C in ambient
0O, and CO; concentration before measurements were ini-
tiated. Respiration was measured in four blocks of 3 x 3
min. First, the rate of basal respiration was measured with
3x mix (3 min) wait (1 min) measure (3 min) cycles. Next,
oligomycin (Cf: 2.5 wM) (Sigma-Aldrich) was injected into
injection port A to inhibit complex V and assess proton leak
mediated respiration. Then, FCCP (SigmaAldrich), a pro-
ton ionophore (Cf: 2uM) was added to elicit the maximal
uncoupled respiration rate Next, complex III inhibitor an-
timycin A (Cf: 2 pM) plus complex I inhibitor rotenone
(Cf: 200 nM) (SigmaAldrich) was added to assess non-
mitochondrial respiration. At last, artificial electron donor
N,N,N’,N'-tetramethyl-p-phenylenediamine (TMPD; Cf 1
wM) TMDP plus ascorbate (10 wM) was injected to assess
cytochrome oxidase (complex I'V) function. Immediately af-
ter the measurements, cells were lysed with RTPA buffer and
protein content was measured (BCA, ThermoFisher scien-
tific). Rates of respiration for each well was then normalized
to the corresponding protein concentration.

Quantification and statistical analysis

Data are presented as means + standard deviations and
P-values were calculated using the student’s ¢-test calcula-
tor (http://www.physics.csbsju.edu/stats/t-test.html), unless
otherwise stated. A value of P < 0.05 was considered to be
statistically significant. All data are representative of at least
three independent experiments. For Figure 7A and B, rep-
resentative images are maximum intensity z-projection of
all the slices from z-stacks. Quantification of mean fluores-
cence intensity of z-stacks of cells from different sex and


http://www.physics.csbsju.edu/stats/t-test.html

A DAPI B
g . Nuclear Size Mean Intensity
@ 18
7 71
O -
§1-3 ok 1
) 0.8
O 006 )
1 2
w T 04
m 1 © 02 0.2
d % :
O - CSA-  CsA+ CSA-  CsA+
DAPI
z . c Nuclear Size Mean Intensity
i( \ i —~ 2
2] & 12
O -, 0
@ g s 08
q i
(-i-) 4 0.4
> ; 205
Z / & 02
7 4
()] 0 0
o = CSB- CSB+ B- CSB+

Nucleic Acids Research, 2019, Vol. 47, No. 16 8551
’ X .. X
D FFKE

CTCF 507 == v = CSA
18 150_ & & ' CSsB
1.6 37 - GAPDH
" 15_ - - H3K36me3
p 15_ "= o= == o= H3K27me3
08 15_ *= == == == H3K9me3
: | " —
02 15_ - pH2A X
0 15_ = « == == pH2A X

G KDa Long exp

CTCF E Hela U20s
14 iKD- CSA CSB CSA CSB
12 Dox - -+ -+ -+
1 507 o = - FE® CsA
. 150_ 48 = = === CSB
0.6 37—--—-—-——GAPDH
g‘; T e = * wmaww H3
o 15 - = = — = = = — H3K9me3

CSB+

Figure 1. CSB-deficiency leads to nucleosome decondensation. (A) DAPI staining of CSA-deficient CS3BE (CSA—) and CSB-deficient CSIAN (CSB—)
cells with their respective corrected cells, which stably expressing wild-type CS proteins (CSA+ and CSB+). (B and C) Quantification of DAPI signal from
A. CTCEF, corrected total cell fluorescence. Error bars represent mean + SEM. *** <0.001; NS, not significant. (D) CS (CSA— and CSB—) cells and their
respective corrected (CSA+ and CSB+) cells were lysed and probed for the indicated proteins on western blot. (E) Doxycycline-inducible CSA and CSB
knockdown cells (iKD) were probed for indicated proteins on western blot after 72 h of doxycycline treatment.

aged groups, or different aged groups to measure staining
intensity. For each cell line from an individual, a total of 19
and 13 cells were analyzed for CSB and SETDBI, respec-
tively. Captured z-series were imported and analyzed using
F1JI-Imagel.

RESULTS

CSB-deficiency is associated with nucleosome decondensa-
tion

Heterochromatin loss, or the decondensation of nucleo-
somes, leads to enlarged nuclei. Heterochromatin loss and
enlarged nuclei are observed in aged cells and cells from
HGPS and WS patients (12,13). In this study, we compared
CS1AN (a fibroblast cell line from a CS patient who car-
ries a truncation mutation in CSB) to CSTAN cells express-
ing wildtype CSB (CSB-corrected), as well as CS3BE (a fi-
broblast cell line from a CS patient who carries a missense
mutation in CSA) to CS3BE cells expressing wildtype CSA
(CSA-corrected). For the present study, CSIAN cell are re-
ferred to as ‘CSB-deficient’ cells and CS3BE cells are re-
ferred to as ‘CSA-deficient’ cells. Nuclear staining revealed
increased nuclear size and decreased nuclear DNA stain-
ing intensity in the CSTAN cells (Figure 1A—C). Based on
corrected total cellular fluorescence, which reflects the total
amount of DNA, we tentatively conclude that CS3BE cells
are aneuploid (Figure 1B).

As noted above, change in nuclear size and nuclear
DNA content suggest changes in heterochromatin con-
tent. H3K9me3 and H3K27me3 are well-characterized
markers of heterochromatin, while H3K36me3 is a use-
ful marker of euchromatin. Heterochromatin markers
H3K9me3, H3K27me3 and H3K36me3 levels were sim-
ilar between CSA-deficient and CSA-corrected cells, but

H3K9me3 was much lower in CSB-deficient cells than in
CSB-corrected cells (Figure 1D). This suggests that CSB-
deficient cells have reduced heterochromatin. CSA- and
CSB-deficient cells also had more phosphorylated H2A.X
(pH2A.X) than the matched corrected controls, indicating
that the cells contained higher steady-state DNA damage,
in agreement with previous reports (34,35). CSB-deficient
cells had more pH2A. X, and likely have more DNA dam-
age than CSA-deficient cells (Figure 1D, pH2A.X Long ex-
posure).

To evaluate the relationship between H3K9me3 down-
regulation and CSB-deficiency, we generated doxycycline-
inducible CSA or CSB knockdowns (iKD), in HeLa and
U20S cells. CSB knockdown resulted in H3K9me3 reduc-
tion in both HelLa and U20S cells, suggesting that de-
creased H3K9me3 is a consequence of decreased CSB (Fig-
ure 1E).

CSB-deficient cells have increased PARylation after oxida-
tive damage

CS primary fibroblasts and induced pluripotent stem cells
from CS patients are sensitive to oxidative stress (36,37) and
have increased PARylation (19,38) even in the absence of
external stress. Here, PAR was quantified after oxidative
stress in CSA- and CSB-deficient and their respective cor-
rected cells. Exposure to hydrogen peroxide (H,0;) consis-
tently increased PAR in both pairs of cells. However, H,O,
led to higher PAR in CSB-deficient cells than in corrected
control cells, while there were no differences between CSA-
deficient and corrected cells (Figure 2A). Similar results
were obtained in cells treated with oxidant menadione that
elevates levels of cellular peroxide and superoxide radicals
(Figure 2B). These results suggest that CSB-deficiency leads
to higher PAR and more PARylation than CSA-deficiency.
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Figure 2. CSB-deficient cells have more PARylation sensitivity to oxidative damage. (A) CS (CSA— and CSB—) cells and their respective corrected (CSA+
and CSB+) cells were mock or 5 mM H,O; treated for 30 min. Nuclear fractions were prepared from formaldehyde cross-linked cells and probed for
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Oxidative stress-induced PARylation is highly correlated
with heterochromatin markers (20), and so H3K9me3 and
PAR were quantified in three genomic regions with distinct
chromatin compositions (20) to examine how this correla-
tion was affected by the loss of heterochromatin after CSB
loss. The TSS of the GAPDH house keeping gene is con-
stantly transcribed and thus represents a region with very
little heterochromatin. In contrast, the promoter of the dy-
namically regulated /L/B gene represents a denser hete-
rochromatin region, while the alpha satellite repeats (¢« SAT)
represent a constitutively heterochromatinized region.

As expected, ChIP-qPCR showed low H3K9me3 in the
GAPDH TSS, intermediate H3K9me3 in the ILIB pro-
moter, and high H3K9me3 in «SAT heterochromatin (Fig-
ure 2C). In CSB-deficient cells, H3K9me3 was significantly
lower in ILIB and aSAT than in isogenic corrected cells.
There was no significant reduction in the GAPDH re-
gion; however, the signal was low and close to the limit of
detection/limit of sensitivity for this method. ADPr-ChAP
showed highest PAR in «SAT heterochromatin, intermedi-
ate at the /L1 B promoter and low PAR in GAPDH (Figure
2D). CSB-deficient cells showed more pronounced increase
in PAR than isogenic corrected cells after H,O;. The in-
crease in PAR in H,O;-treated CSB-deficient cells was sig-
nificant in GAPDH and ILI B, but not in «SAT heterochro-
matin. In order to verify that these three regions were rep-
resentative of the whole genome, we designed primers for
three additional regions per each respective chromatin den-
sity and evaluated their H3K9me3 and PAR level. Consis-

tently, H3K9me3 was downregulated all across the regions
in CSB-deficient cells (Supplementary Figure Sla). How-
ever, H,O,-induced PAR accumulation was significantly in-
creased only on gene coding regions, but not on consti-
tutively heterochromatinized regions of CSB-deficient cells
(Supplementary Figure S1b), validating the representativ-
ity of the GAPDH, ILIB and aSAT loci. Thus, PAR in-
creased preferentially in the vicinity of gene coding regions
rather than in the highly condensed-chromatin regions in
CSB-deficient cells after exposure to oxidative stress.

CSB-deficient cells have increased PARylation around TSS
regions

In order to explore genomic PAR distribution in more de-
tail, genome wide ADPr-ChAP sequencing was performed
in H,O,-treated CSB-deficient and corrected cells. Prior
CSB ChIP-sequencing data revealed that CSB was signif-
icantly enriched at promoters and enhancers (39), therefore
we divided the genome into sub-partitions: TSS, promot-
ers, enhancers and intragenic regions to categorize PAR dis-
tribution throughout the genome (Figure 3A). While PAR
distribution in CSB-deficient and corrected cells appeared
similar (Figure 3B), closer inspection of peak enrichments
showed a marked increase in PAR at TSS and flanking re-
gions in CSB-deficient cells (Figure 3C).

Next, we quantified H3K9me3 at TSS in CSB-deficient
cells using ChIP-sequencing. To maintain an unbiased ap-
proach, we performed H3K9me3-ChIP sequencing from
CSB-corrected cells and used this H3K9me3 peak data as
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Figure 3. CSB-deficient cells have increased PARylation around TSS regions. (A) Schematic diagram of genomic distribution partitioning. TSS, transcrip-
tion start site; TTS, transcription termination site. (B) Genomic annotation analysis of ADPr-ChAP sequencing peaks. (C) Annotation of genes with
enriched ADPr-ChAP sequencing peaks (CSB-deficient cells to CSB-corrected cells). (D) H3K9me3-ChIP sequencing reads of CSB-deficient (CSB—) and
CSB-corrected (CSB+) cells were aligned with seqMINER (Ver 1.3.3) on hg19 refgene TSS and reference H3K9me3 (rK9) peaks as reference coordinates.
(E and F) Merged dataset profiles of aligned sequencing reads from D. (G) Distribution distance of rK9 was calculated using Genomic Regions Enrichment
of Annotations Tool (GREAT). (H) ADPr-ChAP sequencing reads of HyO,-treated CSB-deficient (CSB—) and CSB-corrected (CSB+) cells were aligned
on TSS and rK9 peaks. (I and J) Merged dataset profiles of aligned sequencing reads from H.

reference coordinates (rK9) to align independent H3K9me3
ChIP-sequencing data from CSB-deficient and corrected
cells. For further validation, our ChIP-sequencing data were
also aligned to TSS from the widely used hg19 refseq dataset
to compare H3K9me3 distribution. Both the TSS and rK9
alignments revealed dramatically decreased H3K9me3 in
CSB-deficient cells, representing heterochromatin loss at
TSS (Figure 3D and E), as well as in constitutively hete-
rochromatinized regions in CSB-deficient cells (Figure 3D
and F). To account for possible overlaps between the TSS
and rK9 reference coordinates used for alignments, the rK9
peak distribution distance from TSS was calculated. The
majority of rK9 peaks were 50-500 kb from TSS, suggest-
ing low likelihood of overlap between the two reference co-
ordinates. This independently confirms the validity of the
alignments (Figure 3G).

H3K9me3-ChIP sequencing data from CSB-deficient
and CSB-corrected cells were also validated by aligning
onto the ENCODE H3K9me3 ChlIP-sequencing data from
normal human epidermal keratinocytes (GSM1003528).
This analysis showed striking H3K9me3-peak overlap
(Supplementary Figure S3a and b), validating our analysis
and reliability of our H3K9me3-ChIP sequencing data and
the deduced genomic distribution of heterochromatin.

H,O0, treatment-induced PAR distribution was also com-
pared in CSB-deficient and corrected cells. Although the
distribution patterns of HO;-induced PAR and H3K9me3
overlapped dramatically in both CSB-deficient and isogenic
corrected cells (Figure 3H and J; Supplementary Figure
S3c and d), the PAR signal intensity was higher in CSB-

deficient than in corrected cells at TSS sites (Figure 3H,
TSS alignment, I and Supplementary Figure S2a), while
no significant differences were detected at rK9 sites (Fig-
ure 3H, rK9 alignment, J and Supplementary Figure S2b).
H3K9me3 signal intensities between H,O;-treated CSB-
deficient and corrected cells were similar when aligned on
TSS (Supplementary Figure S4a—c) and rK9 peaks (Sup-
plementary Figure S4a, d and e), as well as on the EN-
CODE H3K9me3 peaks (Supplementary Figure S3e and
f). In fact, the H3K9me3 signal intensity in corrected cells
seemed to be lower than that in CSB-deficient cells when
treated with H,O,. This may be a result of the ability of
CSB-corrected cells to react to oxidative stress by downreg-
ulating heterochromatin marks to enable DNA repair en-
zyme access (Supplementary Figures S3e-f and 4), whereas
a CSB-deficient cell would be impaired in this chromatin
remodeling ability. This finding supports the ‘access, repair,
restore’ model of DNA repair, which proposes that after the
initial phase of DNA damage, chromatin becomes more ac-
cessible to repair factors to enable efficient DNA repair (40).

We previously reported altered rDNA transcription in
CSB-deficient cells (38). Here, rDNA analysis showed de-
creased H3K9me3 and H,O,-induced PAR in rRNA cod-
ing regions (18S, 5.8S and 28S) in CSB-deficient and
corrected cells (Supplementary Figure S5, APAR and -
AH3K9me3). This data supports our hypothesis that de-
creased H3K9me3 is associated with increased PAR in tran-
scribed gene regions.



CSB-deficient cells have reduced H3K9me3 methyltrans-
ferase expression

It is possible that a decrease in H3K9me3 reflects down-
regulation of H3K9me3 methyltransferases (HMTases)
SUV39H1, SUV39H2 or SETDBI, altered expression of
H3K9me3 interacting proteins CBX3, CBXS, upregulation
of H3K9me3 demethylases KDM4A, KDM4B, KDM4C,
KDM4D and MINA (Figure 4; Supplementary Figures S6
and 7), or a combination of these factors. CSA-deficient
and corrected cells showed no differences in the levels of
the methyltransferase proteins (Figure 4A and C). In con-
trast, mRNA and protein expression levels of SUV39HI
and SETDBI, were significantly lower in CSB-deficient cells
than in corrected cells (Figure 4B and C).

CSB-deficiency may downregulate SETDBI1 by lack of ATF3
degradation

It has been reported that UV arrests transcription in CSA-
or CSB-deficient cells due to the constitutive presence of
ATF3 (activating transcription factor 3) (41). CSB is known
to facilitate MDM2-mediated ubiquitination and degrada-
tion of ATF3 by the proteasome (41). Thus, we hypothe-
sized high levels of activated ATF3 could repress expression
of SUV39HI and SETDBI in CSB-deficient cells. In silico
analysis of the promoters of these genes showed putative
ATF3 binding sites (Supplementary Document S1). Analy-
sis of ATF3 ChIP-sequencing data from the publicly avail-
able ENCODE transcription factor database (42) showed
direct binding of ATF3 to the promoter of SETDBI (Fig-
ure 4D and Supplementary Table S1). The ATF3 ChIP-
sequencing GEO dataset (GSE87562) from Epanchintsev et
al. (41) also showed ATF3 binding to the promoters of
SETDBIland SUV39HIin CSB-deficient cells. In line with
our hypothesis, the GEO dataset showed significantly re-
duced ATF3 binding to either promoter regions in CSB-
corrected cells (Figure 4E), suggesting that SETDBI ex-
pression may be regulated by CSB through ATF3. Thus,
we propose that ATF3 represses SETDBI, leading to het-
erochromatin loss in CSB-deficient cells.

CSB-deficient cells have altered histone expression

Core histone levels have been shown to decrease with age
in studies of chronological aging and cellular senescence
(15). So, we quantified expression of H3 isoforms in CSB-
deficient and control cells. Although the mRNA expres-
sion levels of H3 isoforms such as H3.1 and H3.2 were not
changed (Supplementary Figure S8a and b), the mRNA
level of the H3.3 isoform decreased and correlated with de-
creased total H3 protein expression in CSB-deficient cells
(Supplementary Figure S8c). These results suggest that CSB
regulates H3 expression and epigenetic changes.

H3K9me3 recovery by SETDBI1 reduces PAR production by
oxidative stress

The following experiments tested whether expression of
SETDB1 or SUV39H1 alters PAR deposition in CSB-
deficient cells. For this purpose, stable cell lines were con-
structed that express doxycycline-inducible SETDBI or
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SUV39HI1. Western blot analysis revealed that doxycy-
cline treatment induced the methyltransferases and res-
cued the decrease of H3K9me3 (Figure SA and B). H,O;-
induced PAR was lower in SETDBI-expressing cells, but
did not change in SUV39H1-expressing cells (Figure 5C
and E). Consistent with these results, qPCR analysis of
ADPr-ChAP samples also showed that induced-expression
of SETDBI reduced H,O,-induced PAR while SUV39H1
had no significant effects (Figure 5D and F). These re-
sults confirm above results indicating a relationship be-
tween chromatin PARylation, H3K9me3 and chromatin
structure/heterochromatinization.

SETDBI1 induction restores mitochondrial homeostasis in CS
fibroblasts

Mitochondrial respiration and membrane potential are in-
creased in CSB-deficient cells (22) and PAR suppression
by PARPI inhibition enhances mitochondrial content and
function in normal mouse and human CS cells (19,43). We
therefore tested whether the expression of SETDBI is suffi-
cient to correct mitochondrial alterations in CSB-deficient
cells. Doxycycline treatment induced SETDBI1 expression
(Figure 6A) and H3K9me3 was greatly upregulated at TSS
in CSB-deficient cells (Figure 6B and Supplementary Figure
S9a). H,O,-induced PAR accumulation at TSS was also res-
cued by SETDBI restoration (Supplementary Figure S9b).
The level of PAR in non-H,O, treated cells was difficult
to detect with conventional western blots and ADPr-ChAP
qPCR analysis of GAPDH, ILIB and aSAT loci (Sup-
plementary Figure S9b and c). However, ADPr-ChAP se-
quencing alignments revealed markedly decreased PAR on
TSS regions (Figure 6B).

CSB-deficient cells displayed an increased OCR mea-
sured via Seahorse extracellular flux analysis (Figure 6E-
L, CSB+ versus CSB- SUV39H1 and CSB- SETDBI).
SETDBI induction in CSB-deficient cells restored mito-
chondrial oxygen consumption to rates observed in CSB-
corrected cells (Figure 6E), including proton leak (Figure
6G), maximal respiration (Figure 6H) and complex IV func-
tion (Figure 6I), with a trend toward the normalization
of spare respiratory capacity (Figure 6J). Thus, increases
in mitochondrial respiration in CSB-deficient cells are re-
versed by SETDBI1 induction, but not by SUV31H1 in-
duction. We propose a model where H3K9me3 recovery
by SETDBI1 expression suppresses chromatin alterations
(PAR, H3K9me3 and histone expression) in CSB-deficient
cells thereby improving mitochondrial function (Figure 8).

SETDBI expression decreases by chronological aging

At last, we evaluated the validity of our proposed model in
relation to chronological aging. CSB and SETDBI protein
levels in fibroblasts from healthy donors from age 20, 40 and
60 years old were analyzed. Both CSB and SETDBI pro-
tein levels decreased significantly with age (Figure 7A and
B; Supplementary Figure S10). Furthermore, protein lev-
els of CSB and SETDBI decreased with age in brain tissue
extracts from mice of different ages (Figure 7C). This indi-
cates that heterochromatin loss resulting from the SETDBI
downregulation caused by a CSB deficiency may contribute
to heterochromatin loss during normal aging as well.
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DISCUSSION

In the present study, we are the first to report heterochro-
matin loss in CSB-deficient cells. Cellular genomes are con-
tinuously damaged by reactive oxygen species (ROS) from
aerobic processes. In vitro studies have shown that histones
organize DNA into higher order chromatin structures to
protect DNA from ROS-induced damage, which is pro-
duced by aerobic respiration (44), as well as from radiation-
induced damage (45-47). The importance of heterochro-
matin in protecting DNA is also supported by studies in
mice where partial reprogramming of cells to pluripotency
from a progeria model mouse (HGPS) increased the lev-
els of the heterochromatin marker H3K9me3, decreased the
DNA damage marker pH2AX, and ultimately decreased
physiological symptoms of aging and increased lifespans of
the mice (48). Thus, the ability of cells to maintain hete-
rochromatin states allows for protection against genomic
instability and promotes precise gene transcription.

Here we find that CSB-deficient cells have more pro-
nounced increases in pH2A.X than CSA-deficient cells

when compared to their respective corrected counterparts
(Figure 1D). A possible explanation is that CSB-deficient
cells have a more severe loss of heterochromatin than CSA-
deficient cells, making their genomes more susceptible to
ROS damage. Indeed, after H,O; treatment, CSB-deficient
cells sustained more chromatin PAR than corrected control
cells while CSA-deficient cells had a similar extent of PAR
accumulation as their corrected counterparts. This may be
one of the reasons for the slight differences in the patho-
logical severities between CSA and CSB complementation
groups (49,50), where CSB usually has more severe clinical
features than CSA.

CSB has been known as an ATP-dependent chromatin re-
modeler (51) that can slide histones along DNA to recruit
DNA repair enzymes after damage (10). However, in CSB-
deficient cells after oxidative stress, more heterochromatin
marks are deposited implying more densely packed DNA
and less accessibility for DNA repair enzymes (Supplemen-
tary Figure S4). These findings likely contribute to the DNA
repair deficiency in CS cells.
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Figure 5. H3K9me3 recovery by SETDBI reduces PAR production by oxidative stress. Tet-inducible SETDB1 (A) or SUV39H1 (B) expressing CSB-
deficient (CSB—) cells were treated with 10 or 50 ng/ml of doxycycline for 72 h. Whole cell lysates were probed for the indicated proteins on western
blot. Sample loading quantities were normalized with either total H3 or GAPDH. Tet-inducible SETDBI (C) or SUV39H1 (E) cells were treated with
DMSO or 50 ng doxycycline for 72 h and treated with 2.5 mM H, O, for 30 min before ADPr-ChAP sample preparation. Chromatin samples prepared for
ADPr-ChAP were probed for nuclear PAR analysis. (D and F) ADPr-ChAP were performed from chromatin preparations from C and E and analyzed for
real-time qPCR on indicated genomic locus. Error bars represent SD. *, <0.05.

PARPI1 is a major player in multiple DNA damage re-
sponse pathways. It is activated by many forms of DNA
damage including H,O;, and it catalyzes NAD to PAR
and nicotinamide upon binding to the DNA damage site.
Although PARPI accounts for about 75-95% of cellular
PARylation activity after DNA damage (52), it is possible
that PARP2 and PARP3 participate in the DNA damage
response, as these two enzymes are also known to play im-
portant roles in the repair of DNA strand breaks and are
known to be catalytically activated through interaction with
damaged DNA (53,54). Consistent with Bartolomei et al.
(20), a significant overlap of H3K9me3 and PAR peaks were
found in both CSB-deficient and corrected cells after H,O,
treatment (Figure 3H and J; Supplementary Figure S2b).
PAR is conjugated to histones and histone modifications,
such as H3K9me3, as well as to other proteins recruited to
the site of damage and thus believed to participate in the
regulation of the DNA damage response. Since the TSS re-
gions of CSB-deficient cells had less H3K9me3 (Figure 3D),
one might have expected less PAR, but in fact we find more
PAR accumulation after H,O, at TSS regions (Figure 3H).
Thus, CSB-deficient cells seem to accumulate more PAR per
single H3K9me3 on TSS when compared to corrected cells.

We can suggest a few scenarios that may explain the
increased PAR/H3K9me3 ratio on TSS in CSB-deficient
cells compared to corrected cells: (i) despite having less of
its substrate H3K9me3, PARP1 persistently builds longer
PAR branches on the few H3K9me3 marks on TSS because
of the persistent DNA damage caused by decreased hete-
rochromatin structure, which provides less protection from
oxidative stress in CSB-deficient cells. (ii)) As CSB partici-

pates in BER and TC-NER (55), both of which predomi-
nantly occur in open chromatin regions (56), CSB-deficient
cells likely have more unrepaired DNA damage caused
by impaired BER and TC-NER at TSS regions. (iii) G-
quadruplexes are an alternative structure formed between
guanines in G-rich DNA sequences, mostly in promoters
and 5UTRs of highly transcribed human genes (57). G-
quadruplex structures activate PARP1 and lead to acceler-
ated aging in C. elegans, which can be resolved by CSB (38).
Since chromatin relaxation increases G-quadruplex struc-
tures in regulatory regions, it is possible that heterochro-
matin loss in TSS regions makes them more prone to PARy-
lation (iv). While PARylation occurs preferentially on sub-
strates such as histones that are enriched with H3K9me3
and H3K27me3 in the rest of the genome, we suggest
that PARylation may also occur on substrates other than
H3K9me3 at TSS. This idea agrees with a study from Bar-
tolomei et al. (20) noting that TSS regions were an ex-
ception to the correlation between high levels of PAR and
chromatin density. One or more of these scenarios may ex-
plain the high levels of PAR accumulation in TSS of CSB-
deficient cells, and further research is required to elucidate
the precise mechanism.

To identify the molecular mechanism underlying loss of
H3K9me3 in CSB-deficient cells, we screened the expression
of multiple methyltransferases and found that SETDBI
and SUV39H1 were specifically downregulated in CSB-
deficient cells (Figure 4B and C). Although both SETDBI1
and SUV39HI1 methylate H3K9, it is likely that these two
HMTases have distinct affinities relating to their substrate’s
genomic distribution. SETDBI1 is more responsible for eu-
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Figure 6. SETDBI-induction restores mitochondrial homeostasis in CS fibroblasts. (A) Doxycycline-induced HMTase expression was probed on western
blot (CSB+; CSB-corrected cells, SUV; SUV39H 1-inducible CSB-deficient cells, SET; SETDBI-inducible CSB-deficient cells). (B) H3K9me3-ChIP and

ADPr-ChAP sequencing reads of SETDBI1-inducible CSB-deficient (CSB-

rtTA SETDBI) cells were aligned on TSS. (C and D) Merged dataset profiles of

aligned sequencing reads from (B). Seahorse extracellular flux analysis representative trace (E) and quantification of basal respiration (F), proton leak (G),
maximal respiration (H), complex IV function (I), spare capacity (J), ATP-linked respiration (K) and non-mitochondrial respiration (L) in CSB-corrected
(CSB+) and SUV39H1/SETDBI-inducible CSB-deficient cells. (n = 5; data are represented as mean + SEM) *P < 0.05, **P < 0.01, ***P < 0.001 One-way

ANOVA.

chromatin and facultative heterochromatin and is partic-
ularly involved in dynamic transcription repression (58),
while SUV39H1 binding is enriched at constitutive het-
erochromatin. Our data support that SETDBI1 induction
is more effective at H3K9me3 restoration in gene coding
regions (Supplementary Figure S9a, GAPDH and ILIB)
rather than in constitutive heterochromatin regions (Sup-
plementary Figure S9a, «SAT).

In addition to decreased SETDBI expression, we also
found decreased mRNA expression of H3.3 in CSB-
deficient cells (Supplementary Figure S8). It was reported
that histone isoform H3.3 influences animal lifespan by
regulating the pro-longevity transcriptional program (17)
and that it plays a critical role during PARPI derived
non-homologous end-joining (59). More interestingly, H3.3
is known to be involved in transcription recovery after
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Figure 7. SETDBI expression decreases with chronological aging. Immunofluorescence (IF) analysis of normal human fibroblast from healthy female
(ages: 20, 40 and 60) and male (age: 20, 40 and 60) donors. IF was performed with (A) anti-CSB (red) and (B) anti-SETDBI (green). Cell nuclei were
stained with DAPI. Representative images are maximum intensity z-projection of all the slices from z-stacks. Quantification of mean fluorescence intensity
of z-stacks of cells from different sex and aged groups, or different aged groups to measure staining intensity. For each cell line from an individual, a total
of 19 and 13 cells were analyzed for CSB and SETDBI, respectively. Error bars represents SEM. (C) Brain lysates of young, middle and old mice were
probed for the indicated proteins on western blot. Blot density was measured and normalized to GAPDH (H3K9me3 was normalized to H3). Scale bar,
30 pm. Error bars represent SD. NS, not significant; *, <0.05; **, <0.01.
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Figure 8. Schematic diagram of CSB-SETDBI axis. In CS, as well as chronological aging, decreased CSB causes decreased SETDB1 expression, which
could lead to reduced H3K9me3 on TSS regions, triggering accumulation of PAR and mitochondrial abnormalities.

UV (60), one of the cardinal features that is defective in
CS. So, we speculate that decreased H3.3 expression in CSB-
deficient cells not only correlates with the overall low chro-
matin density but also with transcription and DNA repair
dysfunction.

SETDBI (also known as ESET or KMTIE) is a member
of SET domain-containing methyltransferase superfamily,
which is one of the major H3K9me3 histone methyltrans-
ferases. SETDBI overexpression is found in various human
cancers, including lungs carcinoma (61,62), breast cancer
(63,64), colon cancer (65) and liver cancer (66,67) and is re-
ported to increase with cancer progression and metastasis
across many cancers. Although speculative, one possible ex-
planation as to why CS patients are not prone to cancer de-
spite their DNA repair deficiency (68) may be related to our
findings that CSB-deficient cells have decreased SETDBI1
expression.

SUV39H1 is downregulated in old human primary mes-
enchymal stem cells and in WRN depleted mouse mes-
enchymal stem cells (13), and was shown to regulate ge-
nomic H3K9me3 density in human mesenchymal stem cells.
However, restoring SETDBI1 rescued H3K9me3 levels in
CSB and dramatically suppressed H,O;-induced PAR ac-
cumulation in CSB-deficient cells, whereas SUV39H1 did
not (Figure SC-F).

Mitochondrial abnormalities are an important feature
of CS (69), are a hallmark of chronological aging, and of
a wide range of age-related diseases such as Alzheimer’s
disease (70,71). Inhibiting PARP1 enhances mitochon-
drial health (19,43,72). Thus, we tested whether normal-
ization of SETDBI1 expression and heterochromatiniza-
tion of DNA could rescue the mitochondrial dysfunction
in CSB-deficient cells (Figure 6E-L) and found that it
could. Of note, others have reported that mitochondrial
ROS increases with Setdb! silencing in mouse hematopoi-

etic stem cells (73). Induced-expression of SETDBI1, but not
of SUV39H1, specifically improved mitochondrial respira-
tion, demonstrating the modulation of chromatin can im-
prove mitochondrial function.

Epigenetic alterations are well established markers of ag-
ing, and thus we tested whether SETDB1 and CSB pro-
tein expression declines with age in normal fibroblast from
healthy individuals and in mouse brain tissue (Figure 7
and Supplementary Figure S10). Both proteins showed de-
creased expression along with H3K9me3 marks. These re-
sults suggest that CSB and SETDB1 may contribute to het-
erochromatin loss with age. In conclusion, we provide evi-
dence for heterochromatin loss in CSB patient cells and fol-
lowing CSB knockdown. These results are consistent with
what occurs in chronological aging and in the progeria syn-
dromes HGPS and WS. After CSB loss, decreased SETDB1
expression results in H3K9me3 loss facilitating PAR accu-
mulation at TSS regions, which then contributes to mito-
chondrial dysfunction (Figure 8). Importantly, we demon-
strate for the first time, that SETDBI re-expression res-
cues heterochromatin and PAR alterations and we find im-
proved mitochondrial functionality even though the cells
still lack CSB. Additionally, we provided evidence for a
novel molecular mechanism that may lead to age-related
heterochromatin loss. We also speculate that recovery of
lost heterochromatin by re-expression of methyltransferases
may improve mitochondrial health in other premature ag-
ing models and perhaps in normal aging. These observa-
tions provide new insights into CS pathology and implicate
chromatin remodeling as a therapeutic target in CS.
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