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Abstract

Background: Hutchinson-Gilford progeria syndrome (HGPS) is a progeroid disease characterized by the early onset
of age-related phenotypes including arthritis, loss of body fat and hair, and atherosclerosis. Cells from affected
individuals express a mutant version of the nuclear envelope protein lamin A (termed progerin) and have
previously been shown to exhibit prominent histone modification changes.

Methods: Here, we analyze the possibility that epigenetic deregulation of lamina-associated domains (LADs) is
involved in the molecular pathology of HGPS. To do so, we studied chromatin accessibility (Assay for Transposase-
accessible Chromatin (ATAC)-see/-seq), DNA methylation profiles (Infinium MethylationEPIC BeadChips), and
transcriptomes (RNA-seq) of nine primary HGPS fibroblast cell lines and six additional controls, two parental and
four age-matched healthy fibroblast cell lines.

Results: Our ATAC-see/-seq data demonstrate that primary dermal fibroblasts from HGPS patients exhibit chromatin
accessibility changes that are enriched in LADs. Infinium MethylationEPIC BeadChip profiling further reveals that
DNA methylation alterations observed in HGPS fibroblasts are similarly enriched in LADs and different from those
occurring during healthy aging and Werner syndrome (WS), another premature aging disease. Moreover, HGPS
patients can be stratified into two different subgroups according to their DNA methylation profiles. Finally, we
show that the epigenetic deregulation of LADs is associated with HGPS-specific gene expression changes.

Conclusions: Taken together, our results strongly implicate epigenetic deregulation of LADs as an important and
previously unrecognized feature of HGPS, which contributes to disease-specific gene expression. Therefore, they not
only add a new layer to the study of epigenetic changes in the progeroid syndrome, but also advance our
understanding of the disease’s pathology at the cellular level.
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Background Its main component are type V intermediate filaments
The nuclear lamina is a filamentous mesh network that termed lamins, four of which, lamin A, B1, B2, and C,
lines the inner nuclear membrane of metazoan nuclei. are expressed in metazoan cells [1, 2]. Over 180 muta-
tions causing at least 13 different diseases, collectively
, called laminopathies, have been described for their cor-
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a rare progeroid disease characterized by the early onset
of age-related phenotypes including osteoporosis, alope-
cia, loss of body fat and hair, and atherosclerosis [4, 5].
Affected individuals are usually diagnosed within the
first year of life due to a failure to thrive, and suffer from
rapid disease progression with death occurring in their
teens as a consequence of myocardial infarction or
stroke [5, 6].

The classical form of HGPS is caused by an autosomal
dominant mutation in exon 11 of the LMNA gene,
which encodes both lamins A and C [7]. The mutation
activates a cryptic splice site, causing the expression of a
mutant lamin A that lacks 50 amino acids near the C-
terminus while leaving lamin C unaffected [7, 8]. The
resulting truncated protein, referred to as progerin,
undergoes aberrant posttranslational modification and
retains a farnesyl residue at its C-terminal CaaX motif,
thus becoming permanently associated with the nuclear
lamina and causing characteristic morphological changes
[6]. progerin-expressing cells have been shown to display
a wide range of cellular defects such as premature cellu-
lar senescence, increased levels of reactive oxygen spe-
cies, clustering of nuclear pores, delayed DNA repair,
and shortened telomeres [6, 9-14]. Interestingly, low-
level progerin expression has also been found in cells
from normal, aged individuals, suggesting that cryptic
splicing of LMINA mRNA is part of normal aging as well
[15-17].

HGPS cells also exhibit a number of epigenetic aberra-
tions. Most prominently, heterochromatin markers such
as the histone modifications H3K27me3 and H3K9me3,
as well as heterochromatin protein 1 (HP1) and the
H3K27me3 methyltransferase EZH2, have been shown
to be downregulated in fibroblasts from HGPS patients
[15, 18, 19]. Conversely, H4K20me3, another heterochro-
matin mark, has been reported to be increased in HGPS
cells and after ectopic progerin expression [18, 20]. Fur-
thermore, Hi-C experiments indicate that late-passage
HGPS cells lose the spatial compartmentalization of active
and inactive chromatin domains that is characteristic of
healthy cells [19, 21].

Less is known about the HGPS-associated role of an-
other key epigenetic modification, DNA methylation. An
earlier comparison of BJ and HGPS skin fibroblasts
using bisulfite padlock probes, a method for the targeted
quantification of DNA methylation at a limited number
of CpGs [22], identified 586 differentially methylated
autosomal genes in HGPS [23]. Another study reported
profound DNA methylation changes in a set of age-
related genes in HGPS patients [24]. However, the au-
thors used samples of adult onset, i.e., non-classical pro-
geria, for their comparisons [24], thus leaving the
question of DNA methylation alterations in classical
HGPS unanswered. Finally, it was recently demonstrated
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that HGPS fibroblasts from some patients exhibit an in-
creased “DNA methylation age” (an estimate of the bio-
logical age computed on the basis of the methylation
status of 391 genomic loci) [25], hence suggesting a con-
siderable degree of underlying changes. A comprehen-
sive characterization of these aberrations in classical
HGPS, however, remains to be performed.

A potential candidate for epigenetic changes in HGPS
is lamina-associated domains (LADs), i.e., regions of the
DNA that are in close contact with the nuclear lamina.
They are considered to assist in the spatial organization
of the genome and to exert a role in gene repression
[26-28]. Importantly, LADs largely overlap with late-
replicating regions [26, 27], are mostly gene-poor [26],
and are enriched for the heterochromatin marks
H3K9me2 and H3K9me3 [26-29]. Despite their hetero-
chromatic nature, LADs are not associated with high
levels of cytosine methylation. In fact, they overlap to a
large extent with partially methylated domains (PMDs)
[30, 31], i.e, long stretches of DNA with reduced levels
of DNA methylation. Interestingly, PMDs have also been
shown to undergo hypomethylation as a consequence of
mitotic cell division and cell aging [32]. Whether they
also become differentially methylated in HGPS is still an
open question.

Here, we identify epigenetic deregulation of LADs as a
central feature of the epigenetic alterations in HGPS.
Using Assays for Transposase-accessible Chromatin
(ATAC)-see/-seq and Infinium  MethylationEPIC
BeadChip-mediated DNA methylation profiling, we
demonstrate that dermal fibroblasts from HGPS patients
exhibit both chromatin accessibility and DNA methyla-
tion changes that are enriched at LADs. Importantly, we
further show that these epigenetic alterations are associ-
ated with HGPS-specific gene expression changes. To-
gether, our results strongly implicate epigenetic
deregulation of LADs as an important and previously
unrecognized feature of HGPS.

Methods

Samples

Primary HGPS patient (HGADEFN155, HGADEN271,
HGADEN188, HGADFN164, HGADEN122, HGADEN178,
HGADEN167, HGADFN169 and HGADFN143) and paren-
tal skin fibroblasts (HGMDFN090 and HGFDFN168) were
obtained from the Progeria Research Foundation (PRF) Cell
and Tissue Bank (Boston, MA, USA). Age-matched primary
skin fibroblasts (GMO05659, GM02036, GMO01864, and
GMO00969) were obtained from the Coriell Cell Repository
(Camden, NJ, USA). A detailed overview of the cells used
for each experiment is given in Additional file 1: Table S1.
Cells were grown in DMEM high-glucose medium supple-
mented with 10% fetal bovine serum (FBS) and 1% penicil-
lin/streptomycin under standard 37°C and 5% CO,
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conditions. For all experiments, early-passage cells were
used (Progeria Research Foundation: 8-9 passages, Coriell:
9-12 passages).

ATAC-see

Hyperactive Tn5 transposase production and Tn5 trans-
posome assembly using Atto-590N-labeled oligonucleo-
tides were carried out as described previously [33]. Cells
were grown on cover slips until 70-80% confluence and
fixed with 3.8% paraformaldehyde (PFA) for 10 min at
room temperature. They were then permeabilized with
lysis buffer (10 mM TRIS-HCl pH 7.4, 10 mM NaCl, 3
mM MgCl,, 0.01% IGEPAL CA-630), washed with 1x
phosphate buffered saline (PBS) twice, and incubated
with the transposome mixture (100 nM assembled Tn5-
Atto-590N-transposomes, 25 pl Nextera tagmentation
buffer, ddH,O to 50pul) for 30 min at 37°C. Subse-
quently, cover slips were washed three times (15 min
each) with 1x PBS containing 0.01% SDS and 50 mM
EDTA at 55°C and immunostained. Imaging was per-
formed using an Olympus FluoView FV1000 micro-
scope. For each sample, 50 cells from three technical
replicates were analyzed to determine nuclear malforma-
tion and the presence of ATAC-see foci. A nucleus was
scored as malformed when showing lobulation charac-
teristic of HGPS cells.

ATAC-seq

ATAC-seq was performed as described previously [34].
The generated datasets are available in the GEO reposi-
tory under the accession code GSE150138, (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE150138) [35].
Briefly, 50,000 cells were washed with ice-cold 1x PBS and
resuspended in 50 pl lysis buffer (10 mM TRIS-HCl pH
74, 10mM NaCl, 3mM MgCl,, 0.1% IGEPAL CA-630).
The lysis reaction was carried out while spinning down
the samples at 500g for 10 min at 4 °C. Samples were then
resuspended in transposition buffer (25 pl 2x TD buffer
(Ilumina), 2.5 pul TDEI (Tagment DNA Enzyme, [llumina),
and 22.5pl ddH,O) and incubated for 30 min at 37 °C.
Subsequently, samples were purified using the MinElute
PCR Purification kit (Qiagen). Final libraries were then
PCR-amplified, purified once again with the same kit, and
subjected to paired-end sequencing on a HiSeq 4000 plat-
form (Illumina).

Reads were trimmed by removing stretches of bases
having a quality score of <30 at the ends of the reads.
The reads were mapped using Bowtie 2 [36] against the
hgl9 assembly of the human genome. Peaks were called
using MACS2 [37] and differential peaks were quantified
by DESeq2 [38].

Distribution of significant, non-sex chromosome-
associated ATAC-seq peaks across the genome was de-
termined using the subsetByOverlaps and Genomic
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Regions functions with the TxDb.Hsapiens.UCSC.hgl19.-
knownGene Bioconductor annotation package (version
3.2.2) in R (version 3.3.1). The overlap with histone
modifications and lamin A was calculated in the same
way using previously published ChIP-seq datasets from

ENCODE (https://www.encodeproject.org/) [39, 40]
(ENCSROO0OARX, ENCSRO00ARV, ENCSRO00APR,
ENCSROO0APN, ENCSRO00APP, = ENCSRO00APQ,

ENCSRO00APO) and GEO (https://www.ncbi.nlm.nih.
gov/geo/) (GSE54334) repositories [41-43]. The overlap
with lamin B was tested using data from Guelen et al.
[26]. The significance of ATAC-seq peak enrichment in
the respective regions was assessed using Fisher’s exact
test in R. Poised enhancers for dermal fibroblasts were
defined as regions containing pairs of H3K4mel peaks
in close proximity (< 1500 bp) using ENCODE [39, 40]
ChIP-seq data (ENCSRO00ARYV); active enhancers were
obtained  directly from the same repository
(ENCSR871EJM). Transcription factor binding sites
enriched in significant, non-sex chromosome-associated
ATAC-seq peaks were determined using the HOMER
motif analysis tool [44] against Hgl9 background and
the following parameters: -size: 2000, -hist: 20.

DNA methylation analysis

DNA methylation profiles were generated using Infi-
nium MethylationEPIC BeadChips (Illumina), following
the manufacturer’s instructions. These datasets are avail-
able in the GEO repository under the accession code
GSE149960  (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE149960) [45]. Methylation data analysis
was carried out using the R Bioconductor package Minfi
(v1.20.2) [46]. Specifically, raw .IDAT files were read and
preprocessed. Methylation loci (probes) were filtered for
high detection P value (P> 0.01, as provided by Minfi),
location on sex chromosomes, ability to self-hybridize,
and potential single nucleotide polymorphism (SNP)
contamination. Array normalization was performed
using the preprocessFunnorm function, available in Minfi
[46]. Quality control was performed after every prepro-
cessing step. Subsequently, differentially methylated
probes were identified by fitting a linear model followed
by statistical analysis using an empirical Bayes method
to moderate standard errors. Lastly, differentially meth-
ylated probes were filtered by significance threshold (P <
0.05, F-test, after correction for multiple testing using
the Benjamini-Hochberg method).

For consensus clustering, probe clusters were identi-
fied using the Minfi function boundedClusterMaker with
a maximum cluster width of 1500 bp and a maximum
gap of 500 bp. Using the ConsensusClusterPlus package
[47], consensus clustering was performed with the 5000
most variable probe clusters, i.e., the 5000 probe clusters
having the highest standard deviation, with the following
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parameters: maxK=6, reps=1000, pltem=0.8, and
pFeature = 1. Samples were then assigned to the optimal
number of clusters, and S values were sorted by hier-
archical clustering for visualization. Finally, a principal
component analysis (PCA) was generated on the basis of
the identified 5000 probe clusters with the R package
FactoMineR [48]. Density distributions for all probe
clusters, as well as those overlapping with gene bodies
and intergenic regions, were created using the “density”
function in R. The genes containing the 2248 gene body-
associated probe clusters were then identified using the
R package GenomicRanges, matched with their expres-
sion values in HGPS and control fibroblasts and plotted
using the heatmap.2 function in R.

For the comparison of LAD- and “solo-WCGW”
CpG probe methylation levels between HGPS and
control samples, we used previously published loca-
tions of lamin A LADs [41], lamin B LADs [26],
and “solo-WCGWs” CpGs [32]. DNA methylation in
regions overlapping with histone modifications was
determined using previously published ENCODE
[39, 40] data for dermal fibroblasts (ENCSROO0ARX,
ENCSRO0O0ARV, ENCSRO00APR, ENCSRO00APN,
ENCSRO0O0APP, ENCSRO00APQ, ENCSRO00APO).
The significance of methylation differences between
HGPS and control groups was assessed using
Welch’s two-sample t-test in R, while the signifi-
cance of probe enrichment in the respective regions
was assessed using Pearson’s chi-squared test with
Yates’ continuity correction in R. The enrichment of
transcription factor binding sites among the differ-
entially methylated regions was analyzed using
ELMER 2.0 [49, 50] with a minimum motif quality
“B” and a minimum incidence of 10. Finally, DNA
methylation age estimates were obtained using a re-
cently published algorithm (Skin&Blood Clock [25])
and corrected for passage number using a passage
factor p, with p=passage number*(3.32*log(cells
harvested/cells seeded)).

The enrichment of ChIP-seq and associated input for
lamin A (datasets obtained from GSE57149) [41],
DNMT3A and DNMT?3B (datasets kindly provided by Sal-
vador Aznar-Benitah’s laboratory) [51] in LADs of dermal
fibroblasts was determined by taking aligned (Bowtie2
[36]) and processed (HOMER [44]) data from previous
publications [41, 51]) and intersecting it with each lamin
A LAD/inter-LAD position [41], or DESeq peaks, using
bedtools “intersect.” The mean enrichment at each LAD/
inter-LAD or DESeq peak for each ChIP/input was deter-
mined and the log2-fold enrichment of ChIP divided by
input calculated in R. The LAD and inter-LAD (or DESeq)
enrichment over input was then displayed as a boxplot
using default settings in R and statistical differences were
calculated using a Wilcoxon test.
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DNA methylation data for dermal fibroblasts of differ-
ent ages were obtained from a publically available GEO
dataset (GSE52025) [52] and processed in an identical
fashion to that of the HGPS fibroblasts. Specifically, after
filtering for probes with a high detection P value (P>
0.01), location on sex chromosomes, ability to self-
hybridize, and SNP contamination, array normalization
was performed using the preprocessFunnorm function,
available in Minfi [46]. DNA methylation levels in re-
gions overlapping lamin A LADs or H3K9me3 were then
identified using previously published locations of lamin
A LADs (GSE54334) [41-43] and ENCODE [39, 40]
data for H3K9me3 (ENCSRO00ARX), respectively, and
plotted for each sample.

Werner syndrome (WS) was analyzed using a publi-
cally available GEO dataset (GSE131752) that includes
methylation data for lymphocytes from 18 WS patients
and 24 controls [53]. After removal of probes with a de-
tection P value of more than 0.01, methylation values
were averaged for each group and ranked according to
the absolute difference between both groups to deter-
mine the 1000 probes with the strongest methylation
differences. WS-specific lamin A LAD probe methylation
was assessed using previously published locations of
lamin A LADs (GSE54334) [41-43]. The significance of
methylation differences between the WS and control
group was tested using Welch’s two-sample ¢-test in R.

DNA fluorescence in situ hybridization (FISH)

Bacterial artificial chromosomes (BACs) were obtained
from the Children’s Hospital Oakland Research Institute
(CHORI) (Oakland, CA, USA). Additional file 1: Table
S2 contains a list with all BACs used and the genes they
cover. BACs were labeled with the ENZO Nick transla-
tion DNA labeling system 2.0 (ENZO) using SEEB-
RIGHT Red 580 dUTP (ENZO) and SEEBRIGHT Green
496 dUTP (ENZO), following the manufacturer’s in-
structions. Subsequently, 500 ng of each probe were pre-
cipitated with 5 pl of Cot-1 DNA (1 mg/ml) (Invitrogen)
and resuspended in 15yl of hybridization buffer (10%
dextran sulfate, 50% formamide, 2x SSC pH 7). Ultim-
ately, FISH was performed as previously described [54].
Slides were imaged using Zeiss Axioskop 2 and Olympus
FluoView FV1000 microscopes. For each probe, images
were acquired for 60 cells. Distance measurements were
performed with Fiji [55, 56] using confocal sections with
a clear FISH signal. For group-specific comparisons, the
respective HGPS and control sample data were pooled
and subjected to Welch’s two-sample ¢-test with a 95%
confidence interval in R.

Immunostainings
For lamin A immunostainings, cells were grown on cov-
erslips, fixed with 3.8% PFA in 1x PBS for 10 min at
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room temperature, and permeabilized with 0.3% Triton
X-100 in 1x PBS for 15 min at room temperature. Cov-
erslips were subsequently washed three times with 1x
PBS (10 min each) and blocked with 10% FBS in 1x PBS
with 0.1% (v/v) Tween 20 (PBT) for 1h at room
temperature. They were then incubated with a 1:250 di-
lution of lamin A/C primary antibody (sc7292, Santa
Cruz) in the same solution for 90 min, washed three
times with 1x PBS (10 min each), and incubated with a
1:500 dilution of Alexa 488 secondary antibody (A11017,
Thermo Fisher) in the same solution for 45 min at room
temperature. Finally, coverslips were washed three times
with 1x PBS (10 min each), stained with DAPI, and
mounted onto slides. Slides were imaged using Zeiss
Axioskop 2 and Olympus FluoView FV1000 micro-
scopes. For quantification of malformed nuclei, severely
misshapen nuclei (on the basis of significant blebbing
and wrinkling) were determined in three technical repli-
cates with 100 cells counted per replicate.

RNA-seq

RNA was isolated using TRIzol (Invitrogen) and follow-
ing the manufacturer’s instructions. Total RNA was then
purified with the RNA Clean & Concentrator-5 kit
(Zymo Research) and reverse-transcribed using Super-
Script III reverse transcriptase (Invitrogen), again follow-
ing the manufacturer’s instructions. Libraries were
prepared with the TruSeq RNA sample preparation kit
(Ilumina) and sequenced on a HiSeq 4000 machine
(Ilumina) using 50-bp single reads.

Reads were trimmed by removing stretches of bases
having a quality score of <30 at the ends of the reads.
Then they were mapped using Tophat 2.0.6 [57] against
the hgl9 assembly of the human genome. Differential
expression was quantified using DESeq2 [38] and Cuff-
diff 2.0 [58] and subjected to multiple testing correc-
tions. Genes with a g-value smaller than 0.05 were
considered differentially expressed. All files related to
these experiments are available in the GEO database
(GSE150138,  https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE150138) [35].

Gene ontology (GO) analyses were performed using
the AmiGO 2 database [59-61]. TRANSFAC analyses
were carried out using the TRANSFAC® Public 6.0 data-
base in Match - 1.0 [62]. Gene Set Enrichment Analysis
(GSEA) [63] was performed utilizing the RNA sequen-
cing datasets of HGPS and control fibroblasts and the
“hallmark” (v5.0, Arthur Liberzon [64], Broad Institute)
and “KEGG” (KEGG (Kyoto Encyclopedia of Genes and
Genomes)) collections from the Molecular Signature Da-
tabases (MSigDB) supplemented with the “NRF2_01"
(v6.0, Xiaohui Xie, Broad Institute) and “AP1_01" (v6.0,
Xiaohui Xie, Broad Institute) gene sets, using the param-
eters “gene_set permutation” and “1000 permutations”.
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Gene signatures with a false discovery rate (FDR) g-value
of < 0.05 were considered enriched.

The comparison of HGPS gene expression patterns
with those of normal fibroblasts was carried out using a
publically available GEO dataset (GSE113957) [65]. After
exclusion of the HGPS samples included in this dataset,
fibroblast data were classified as young (< 26, n =36) or
old (>60, n=48) based on donor age, and expression
was averaged on a per-gene basis for each group.
Group-specific expression was then plotted against
HGPS-specific expression for all expressed genes, as well
as for those found to be differentially (g-value< 0.05)
expressed in HGPS. Finally, Pearson correlation coeffi-
cients were computed with standard settings in R.

Ectopic expression of progerin in control fibroblasts
Progerin ¢cDNA was generated by standard PCR tech-
niques and cloned into the EcoRI and BamHI restriction
sites of the expression vector pLVX-IRES-ZsGreenl
(Clontech). For viral infection of control fibroblasts, len-
tiviral particles were generated cotransfecting the result-
ing expression vector in 293T cells (ATCC), together
with the packaging vectors psPAX and pMD2.G (Sigma-
Aldrich). After 48 h, filtered supernatants with the lenti-
viral particles were collected and added to the control fi-
broblasts during 36 h, when ZsGreenl-expressing cells
could be observed. Culture medium was then changed
and fibroblasts were grown for additional 4 days.

Results

ATAC-see and ATAC-seq reveal genome-wide chromatin
accessibility changes enriched in lamina-associated
domains (LADs)

We obtained primary skin fibroblasts from nine progeria
patients and six controls (Additional file 1: Table SI).
We tested all these cell lines for characteristic nuclear
morphology changes and progerin expression at the
transcript and protein levels. HGPS fibroblasts exhibited
a wide range of nuclear malformations including charac-
teristic wrinkling and lobulation of the nuclear lamina
(Additional file 1: Fig. S1A). Importantly, the fraction of
cells showing nuclear malformations ranged from 30 to
89% in HGPS cells, but only from 3 to 15% in control
cells (Additional file 1: Fig. S1B). In addition, expression
of progerin as a consequence of an upregulation of the
A150 LMNA transcript was readily detected in all HGPS,
but not in control samples (Additional file 1: Figs. S2
and S3; Additional file 2).

In order to gain further insight into the extent of epi-
genetic aberrations in HGPS cells, we imaged the access-
ible genome in HGPS and control fibroblasts using
ATAC-see [33]. Through the insertion of fluorophores
by the Tn5 transposase at open chromatin sites, this
technique allows the visualization of accessible
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chromatin using microscopy. In the large majority of
control cells, we observed a high dynamic range of signal
including regions of low accessibility as well as a number
of bright foci representing highly accessible chromatin
(Fig. 1a). Interestingly, only 34—53% of HGPS nuclei re-
vealed these bright foci, whereas they were present in
82-91% of control nuclei (Fig. 1a, b, P=1.43e-2, un-
paired t-test). Moreover, the number of nuclei contain-
ing these foci was negatively correlated with the number
of malformed nuclei in HGPS cells (R* = 0.30), suggest-
ing that HGPS-related nuclear malformation has an ef-
fect on chromatin accessibility (Fig. 1c).

To further investigate this possibility and to quantify
the magnitude of changes in HGPS fibroblasts, we pro-
filed the accessible genome in HGPS cells using ATAC-
seq. This identified 545 significantly differentially access-
ible regions between HGPS and control fibroblasts, of
which 397 and 148 gained and lost accessibility in
HGPS, respectively (g < 0.05, Benjamini-Hochberg, Fig. 2a
and Additional file 1: Fig. S4). About one half of the dif-
ferentially accessible regions were located in genes,
about one third mapped to intergenic regions, and a
minor fraction to active and poised enhancers (Fig. 2b).

Interestingly, we found several lines of evidence sug-
gesting that genomic regions in contact with the nuclear
lamina, especially those associated with lamin A,
undergo alterations in chromatin accessibility in HGPS
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cells. First, lamin A-, but not lamin B-associated LADs
were enriched 2.6- (P = 2.20e-16, Fisher’s exact test) and
3.3-fold (P < 2.20e-07, Fisher’s exact test) among the ac-
cessible regions gained and those lost in HGPS, respect-
ively (Fig. 2c). Second, regions associated with the active
chromatin marks H3K4me3 (P < 2.20e-16), H3K27ac
(P =1.27e-03), and H3K36me3 (P =3.15e-06) were sig-
nificantly underrepresented among the differentially ac-
cessible regions, whereas regions associated with the
repressive chromatin mark H3K9me3 (P=5.61e-04)
were slightly overrepresented (Fisher’s exact test for all,
Additional file 1: Fig. S5). Third, we observed that the
relatively gene-poor chromosome 18, which tends to be
located near the nuclear periphery and shows multiple
LAD contacts in proliferating cells [66, 67], exhibited
over seven times more differentially accessible regions
than the similarly sized, gene-rich, and more centrally
located chromosome 19 (Additional file 1: Fig. S6). Fi-
nally, we found that binding sites of members of the Ac-
tivator Protein 1 (AP1) family of transcription factors,
which have previously been shown to be associated with
the nuclear lamina in mammalian cells [68], are highly
enriched in the differentially accessible regions (g < 0.01,
Benjamini-Hochberg, Fig. 2d and Additional file 1: Fig.
S7). As Fos/Jun transcription factors regulate a wide
range of cellular processes including cell proliferation,
cellular differentiation, and apoptosis [69, 70], this is
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likely to have functional implications in HGPS cells.
Taken together, our ATAC-see and ATAC-seq experi-
ments provide evidence that the chromatin accessibility
landscape is substantially altered in HGPS cells, with
lamin A-associated LADs being at the center of these
changes.

DNA methylation profiling in HGPS reveals two patient
subgroups and LAD-enriched hypermethylation

Loss of DNA methylation in lamina-associated, late-
replicating regions known as partially methylated do-
mains (PMDs) has recently been shown to constitute a
pan-tissue biomarker of cellular aging [32]. To investi-
gate whether the LAD-specific chromatin accessibility
changes in HGPS cells are accompanied by alterations in
DNA methylation, we performed DNA methylation pro-
filing using Infinium MethylationEPIC BeadChips, which
capture the methylation status of more than 850,000
CpGs in the human genome.

After batch correction and removal of sex
chromosome-associated probes, we identified 19,759 dif-
ferentially methylated (P <0.05, F-test) probes between
nine HGPS and six control samples (Fig. 3a). Unsuper-
vised consensus clustering of the 5000 most variably
methylated probe clusters separated the samples into
three groups: while the controls formed one uniform
group, the HGPS samples were split into two subgroups
(Fig. 3b and Additional file 1: Fig. S8). This substructure
was not associated with patient age, body site of

sampling, sex, strength of progerin expression, or pas-
sage number. However, it was in agreement with a sub-
classification of HGPS samples based on a recently
reported DNA methylation age acceleration in some
HGPS patients [25]. When we applied the corresponding
age estimator to our sample set, the samples were di-
vided into an age-accelerated group (median A age =
9.73 years) and a group with a slight age deceleration
(median A age = — 1.51 years) (Additional file 1: Fig. S9),
which overall matched the two subgroups identified
through consensus clustering and the previous report
[25]. Further analysis of the DNA methylation patterns
in the two subgroups (which did not present differences
in the proportion of misshapen nuclei) revealed that, in
comparison with the non-accelerated group, age-
accelerated samples exhibited higher levels of partial
DNA methylation across all 5000 probes, as well as gene
body-associated and intergenic probes (Additional file 1:
Fig. S10A). Interestingly, gene body-associated probes
were distributed across 1336 genes that were enriched
for developmental processes (Additional file 1: Figs.
S10B and C).

Most of the 5000 most variable probe clusters used for
the subgrouping contained probes located in genes and
intergenic regions, while only a few were located in CpG
islands and promoters (Fig. 3b, right panel). Together
with the fact that CpG island methylation in the HGPS
samples was virtually unchanged (Additional file 1: Fig.
S11A), this indicates that aberrant CpG island
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methylation of all (P < 2.20e—16), non-LAD- (P < 2.20e—16), lamin A LAD- (P < 2.20e—16), solo-WCGW HMD- (P=4.42e—15), and solo-WCGW PMD-
(P < 2.20e-16) associated probes (all: Welch's two-sample t-test) with median indicated as a black line. HMD = highly methylated domain, PMD =
partially methylated domain. d Enrichment of LAD-associated probes among all differentially (P < 0.05, F-test) methylated probes, as well as those
hyper- and hypomethylated in HGPS samples (*P < 0.01, chi-squared test). Expected numbers were calculated based on the fraction of LAD-
associated probes among all probes normalized to the number of differentially methylated probes. Sign = significantly. e Differential (3 value)
methylation of probes overlapping with different histone modifications. Median indicated as a black line. H3K4me1: P < 2.20e—16, H3K4me2: P <
2.20e—16, H3K4me3: P < 2.20e—16, H3K27ac: P < 2.20e—16, H3K36me3: P < 8.68e—15, H3K9me3: P < 2.20e—16, H3K27me3: P < 2.20e-16 (all: Welch's

two-sample t-test). Outliers were hidden for H3K4me3

methylation, a prominent epigenetic alteration of normal
cells during aging [71, 72], plays only a minor role in
HGPS. We also tested for the enrichment of transcrip-
tion factor binding sites among the regions comprising
the differentially methylated probes in HGPS using
ELMER. In agreement with our ATAC-seq findings,
AP1 family members were the most enriched in these
regions (odds ratio > 2.1, 95% confidence interval, Add-
itional file 1: Fig. S12), confirming that this transcription
factor family is strongly associated with the epigenetic
changes in HGPS fibroblasts.

One of the major epigenetic alterations known in
HGPS is the loss of heterochromatin-associated histone
marks at the nuclear periphery of progerin-expressing
cells [15, 18, 19]. We therefore tested whether DNA
methylation is similarly altered in genomic regions that
are in contact with the nuclear lamina. While we only
found a minor increase in median methylation levels of
all 850,000 EPIC probes as well as non-LAD probes,
lamin A LAD-associated probes exhibited a strong and
significant (P < 2.20e-16, Welch’s two-sample ¢-test) in-
crease (Fig. 3c) and were enriched 2.06-fold among the
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differentially methylated probes in HGPS (P < 2.20e-16,
chi-squared test, Fig. 3d). Interestingly, this enrichment
was caused by a significant overrepresentation of lamin
A LAD-associated hypermethylated probes (2.44-fold,
P <2.20e-16, chi-squared test) among differentially
methylated probes, whereas hypomethylated probes were
slightly, but significantly underrepresented (- 1.56-fold,
P <2.35e-13, chi-squared test) (Fig. 3d). Lamin B LAD-
associated probes, while overrepresented as well, were
less enriched (1.54-fold, P <2.20e-16, chi-squared test)
and showed less pronounced methylation changes
(Fig. 3d and Additional file 1: Fig. S11B).

A recent study identified a subset of lamina-associated
CpGs in PMDs (termed “solo-WCGWs”), which track
the mitotic history of a cell and gain substantial age-
related hypomethylation in a wide range of tissues [32].
Given the occurrence of different aging phenotypes in
HGPS cells, we wondered whether these “solo-WCGWs”
CpGs show similar hypomethylation in HGPS. Intri-
guingly, median methylation levels of PMD-associated
“solo-WCGWs” were not reduced in HGPS, but signifi-
cantly increased compared to control cells (P < 2.20e-16,
Welch’s two-sample ¢-test, Fig. 3c). In comparison,
methylation levels of “solo-WCGW?” probes associated
with highly methylated domains (HMDs) exhibited only
minor changes (Fig. 3c). We conclude that, despite the
progeroid phenotype of HGPS fibroblasts, age-related
hypomethylation of PMDs is not a feature of the HGPS-
specific DNA methylome.

To determine more directly whether HGPS-specific
DNA methylation changes differ from those observed
during normal aging, we obtained data from a previous
study of DNA methylation in untransformed human fi-
broblasts originating from donors aged 23-63 years [52].
Despite considerable variation between samples, median
DNA methylation levels in regions overlapping with
H3K9me3 or lamin A LADs tended to decline with in-
creasing donor age (Additional file 1: Figs. S13A and B),
thus reinforcing the notion that HGPS-specific DNA
methylation pattern are distinct from those occurring
during physiological aging.

Further leveraging publicly available ChIP-Seq datasets
from dermal fibroblasts, we expanded our analysis of
DNA methylation changes in genomic regions overlap-
ping various histone modifications. Genomic regions
marked by H3K4mel and H3K9me3 showed the stron-
gest HGPS-specific increases in median DNA methyla-
tion levels (P<2.20e-16, Welch’s two-sample t-test,
Fig. 3e), resembling those seen in lamin A LAD-
associated probes (Fig. 3c). Consistently, differentially
(P <0.05, F-test) methylated probes were enriched in re-
gions overlapping H3K4mel (1.38-fold) and H3K9me3
(1.60-fold) and underrepresented in regions associated
with H3K4me3 (- 2.54-fold) and H3K36me3 (-1.33-

Page 9 of 16

fold) (chi-squared test for all, Additional file 1: Fig.
S14A). Interestingly, H3K9me3-associated probes were
only enriched among hypermethylated (1.76-fold, chi-
squared test), but not hypomethylated probes, indicating
that regions marked by H3K9me3 in dermal fibroblasts
predominantly gain DNA methylation in HGPS (Add-
itional file 1: Figs. S14B and C). Using a previously pub-
lished ChIP-seq dataset [51], we also noticed that
DNMTS3B, but not DNMT3A, is significantly enriched in
genomic regions associated with lamin A (P < 2.20e-16,
Wilcoxon test, Additional file 1: Fig. S15), thus providing
a potential mechanistic link to the observed DNA
methylation changes in HGPS cells.

Finally, another progeroid disease, Werner syndrome
(WS), has recently been shown to result in changes in
DNA methylation patterns and accelerated DNA methy-
lation age [53, 73]. Using an available dataset [53], we
therefore tested whether WS methylomes are character-
ized by alterations similar to those of HGPS methy-
lomes. In contrast to our findings for HGPS cells, DNA
methylation levels were highly correlated between 18
WS and 24 control samples (Additional file 1: Figs. S16A
and B) and showed no lamin A LAD-associated DNA
hypermethylation (Additional file 1: Fig. S16C). Al-
though it is necessary to point out that the analyzed WS
methylomes were generated from lymphocytes and not
dermal fibroblasts, these results indicate that the epigen-
etic deregulation of LADs is a feature unique to the
HGPS methylome.

Altogether, these results suggest that DNA methyla-
tion alterations in HGPS, while distinct from those ob-
served during healthy aging or WS, are not randomly
distributed, but occur primarily in regions that are
lamina-associated, partially methylated and characterized
by the presence of heterochromatic histone marks in
normal dermal fibroblasts.

Epigenetic deregulation of LADs contributes to aberrant
gene expression in HGPS
To investigate whether the identified LAD-specific chro-
matin accessibility and DNA methylation changes con-
tribute to aberrant gene expression in HGPS cells, we
performed RNA sequencing (RNA-seq) using fibroblasts
from six HGPS patients and three controls. A total of
343 genes were found to be significantly (g<0.05,
Benjamini-Hochberg) differentially expressed between
HGPS and control cells, of which 160 were upregulated
and 183 were downregulated in HGPS, respectively
(Fig. 4a). Importantly, many of these genes, especially
those more strongly deregulated, overlapped with genes
previously identified to be differentially expressed in
HGPS [11, 74] (Additional file 1: Fig. S17).

Gene Ontology (GO) analysis suggested “organismal”
and “developmental” processes as well as “signaling” and
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“cell communication” as the main pathways to be af-
fected by these changes (Additional file 1: Fig. S18). In
addition, Gene Set Enrichment Analyses (GSEA)
highlighted Hippo signaling, ECM receptor interaction,
UV response and Notch signaling, among others, to be
significantly overrepresented in the set of differentially
regulated genes (Fig. 4b and Additional file 1: Fig. S19).
GSEA analyses also revealed a slight enrichment of AP1
target genes, even though it did not reach statistical sig-
nificance (normalized enrichment score (NES)=1.05,
FDR g-val =0.285, Additional file 1: Fig. S19). TRAN
SFAC analysis of putative upstream regulators identified
NRF2 as the main transcription factor associated with
these changes (Fig. 4c). Importantly, NRF2 has previ-
ously been reported to be sequestered to the nuclear
lamina by progerin and to cause a subset of HGPS-
associated expression changes [11].

Given the rapid progression of age-related pathologies
in HGPS patients, we also wondered whether cells from

young and older patients differ significantly with regard
to their expression patterns. Indeed, deregulated genes
in younger patients (< 8 years) were associated with the
GO terms “embryonic skeletal system development” and
“anterior/posterior pattern specification” (Fig. 4d and
Additional file 1: Fig. S20A). In comparison, differentially
expressed genes in older patients (> 8 years) were associ-
ated with typical HGPS-related pathological features in-
cluding “glomerulus  development,” “endothelium
development,” “regulation of blood pressure,” “angiogen-
esis,” and “muscle system process” (Fig. 4d and Add-
itional file 1: Fig. S20B). In conclusion, both HGPS-
related developmental changes and the aggravation of
the clinical phenotype can be recapitulated at the level
of gene expression in vitro.

We also compared HGPS-specific expression changes
to those of aging normal dermal fibroblasts analyzed in a
previous study [65]. Interestingly, while overall HGPS
fibroblast-specific gene expression correlated well with
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those of both young (< 26years) and old fibroblasts
(> 60years) (both: R*=0.81, Additional file 1: Figs.
S21A and B), expression of the 343 HGPS-specific
differentially expressed genes in old fibroblasts was
more similar to that of control fibroblasts (R? = 0.83)
than to HGPS fibroblasts (R* = 0.58, Additional file 1:
Figs. S21B and C). These findings indicate that
HGPS-specific gene expression patterns are distinct
from those observed during physiological aging.

In order to assess whether LAD-associated epigenetic
changes contribute to the gene expression patterns ob-
served in HGPS fibroblasts, we compared the RNA-seq
datasets with the DNA methylation and ATAC-seq data-
sets. Of the 343 genes with significant expression
changes, 21 showed simultaneous changes in accessibil-
ity in HGPS (Additional file 1: Fig. S22A). In compari-
son, simultaneous DNA methylation changes were
observed in 14 genes (Additional file 1: Fig. S22B), and
three of the differentially expressed genes (EDIL3, RELN,
and ZNF423) were both differentially methylated and
differentially accessible. Interestingly, the 21 genes
undergoing both accessibility and expression changes
are localized in or in close proximity to LADs in the
genome of dermal fibroblasts (P =2.25e-4, Wilcoxon
rank-sum test, Fig. 4e). Although not reaching statistical
significance, a similar trend was observed for the 14
genes undergoing both DNA methylation and expression
changes (P =2.43e-1, Wilcoxon rank-sum test, Fig. 4e).
These findings reveal an important subset of differen-
tially expressed genes, which is affected by the epigenetic
deregulation of LADs in HGPS.

To test whether the epigenetic deregulation of this
subset of genes is associated with an intranuclear reloca-
lization of the underlying genomic loci, we performed
fluorescence in situ hybridization (FISH) experiments in
HGPS fibroblast nuclei. More specifically, we measured
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the distance of specific FISH signals for a selected set of
genes to the nuclear lamina in HGPS and control cells
(Fig. 5a, lower panel). Two of the tested genes, EDIL3
(P=3.03e-08, Welch’s two-sample t-test), which en-
codes an integrin ligand with an important role in angio-
genesis, vessel wall remodeling, and development [75,
76], and IGFBP7 (P=2.75e-13, Welch’s two-sample ¢-
test), which encodes a member of the insulin-like growth
factor-binding protein (IGFBP) family and is related to
cellular senescence and modulation of angiogenesis [77—
79], were consistently localized farther away from the
nuclear periphery in HGPS compared with control cells
(Figs. 5b, c), with the strongest locational changes occur-
ring in cells from older patients. Importantly, we subse-
quently verified the increased expression of both genes
in HGPS cells using quantitative RT-PCR (Add-
itional file 1: Figs. S23A and B). In contrast, two of the
genes characterized by reduced chromatin accessibility
and gene expression in HGPS, FAMI9A2 and ADCY7
(P=1.13e-03 and P=1.62e-03, respectively, Welch’s
two-sample t-test), exhibited a tendency to be relocated
to the nuclear periphery in HGPS cells, despite high
cell-to-cell variation (Additional file 1: Figs. S24A and
B). Taken together, these findings further support the
notion that intranuclear relocalization of lamina-
associated loci underpins the aberrant gene expression
patterns in HGPS.

Ectopic expression of progerin causes epigenetic
deregulation of LADs in control fibroblasts

In order to find out whether progerin is sufficient to
cause the epigenetic deregulation of LADs and HGPS-
specific expression changes, we ectopically expressed the
mutant protein in control fibroblasts by lentiviral trans-
duction of progerin (pLVX-Prog) or empty-vector
(pLVX-EV) constructs. Following successful detection of
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the mutant protein 4 days after transduction, as well as
an incipient increase in the number of malformed nuclei
(Additional file 1: Figs. S25A and B; Additional file 2),
we tested the cells for DNA methylation and gene ex-
pression changes similar to those observed in HGPS fi-
broblasts. Importantly, cells showed a significant (P <
2.20e-16, Welch’s two-sample t-test) hypermethylation
of lamin A- and lamin B-associated LADs similar to that
observed in HGPS cells (Additional file 1: Fig. S25C).
Consistently, a number of genes identified to be differen-
tially expressed in HGPS fibroblasts, including EDIL3
and IGFBP7, became up- or downregulated as observed
in the primary cells (Additional file 1: Fig. S26). These
results provide evidence that the observed epigenetic de-
regulation of LADs and its downstream effects are a dir-
ect consequence of progerin expression.

Discussion

Previous studies have reported widespread histone modi-
fication changes in HGPS cells [15, 18, 19], but little is
known about their effect on chromatin accessibility and
their relationship to DNA methylation patterns. To ex-
plore the nature and extent of potential alterations in
these regulatory layers, as well as their influence on
disease-specific gene expression, we subjected primary
dermal fibroblasts from different HGPS patients to an
integrated analysis using ATAC-see/-seq, DNA methyla-
tion profiling, and RNA-seq. Our data reveal epigenetic
deregulation of LADs as a novel, defining feature of the
HGPS epigenome, which contributes to aberrant gene
expression in the disease.

We found HGPS-specific chromatin accessibility and
DNA methylation changes to be significantly enriched in
genomic regions that are in contact with the nuclear
lamina in normal dermal fibroblasts [26, 41]. This en-
richment was observed for both regions gaining and los-
ing accessibility in the disease, thus indicating
considerable reconfiguration of peripheral chromatin in
HGPS nuclei. Importantly, as more than two thirds of
the differentially accessible regions exhibited increased
accessibility in the disease, lamina-associated chromatin
appears to undergo substantial relaxation, which is in
agreement with the observation that progerin-expressing
cells are characterized by reduced levels of the hetero-
chromatin marks H3K9me3 and H3K27me3 in the vicin-
ity of the nuclear lamina [18, 19]. Similarly, Hi-C
experiments with HGPS fibroblasts have demonstrated a
considerable loss of chromatin compartmentalization,
ie, a reduction of chromatin compartment identity, at
later passages [19, 21]. Our ATAC-see-related findings
are in accordance with these observations, even though
the HGPS-specific decrease in ATAC-see foci seems to
be in disagreement with previous reports demonstrating
a loss of H3K9me3 and H3K27me3 in HGPS cells [15,
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18, 19]. In fact, we noticed that the dark, inaccessible re-
gions also become brighter, i.e., more accessible in many
HGPS nuclei, thus indicating a similar loss of hetero-
chromatic regions in our HGPS fibroblasts. However, in
comparison with the decrease in ATAC-see foci, this
phenomenon was less prevalent and less homogenously
distributed across different cells.

The rather limited number of regions exhibiting sig-
nificant chromatin accessibility changes may appear sur-
prising, given the numerous epigenetic changes observed
in HGPS cells. However, we note that lamin A/C immu-
nostainings of HGPS fibroblasts showed high levels of
population heterogeneity, with individual nuclei exhibit-
ing a wide range of nuclear malformations. The set of
regions we identified as significantly differentially access-
ible may therefore represent a consensus of chromatin
regions shared by a minimum number of progerin-
expressing cells in the population. Future experiments
with single-cell resolution in primary tissues should pro-
vide a better characterization of these changes in indi-
vidual cells.

LADs largely overlap with PMDs, which have been
shown to exhibit reduced levels of DNA methylation as
a consequence of mitotic aging [32]. Surprisingly, in
HGPS cells, we observed an increase of median methyla-
tion levels in regions associated with lamin A, H3K9me3
or solo-WCGWs. While this appears contradictory to
the increase in peripheral chromatin accessibility and
the reported loss of the heterochromatin marks HP1,
H3K9me3, and H3K27me3 in HGPS cells [15, 18, 19], it
may represent a consequence of de novo DNMT activity,
as DNMT3B exhibited significant enrichment in regions
associated with lamin A. It is therefore tempting to
speculate that the remodeling of peripheral heterochro-
matin in HGPS cells [21] renders the underlying regions
more susceptible to DNMT3B-mediated DNA hyperme-
thylation. Additionally, HGPS-specific relocalization of
formerly LAD-associated regions within the nucleus,
leading to increased expression as observed in the case
of the EDIL3 and IGFBP7 loci, may contribute to the ob-
served DNA methylation changes. Such a conclusion is
supported by the finding that a substantial portion of
the HGPS-specific DNA methylation changes occurred
in gene bodies and that active gene expression positively
correlates with gene body methylation [80].

Our results also indicate that considerable DNA
methylation differences exist not only between HGPS
and control samples, but also within the group of patient
fibroblasts. Intriguingly, these are manifested in a DNA
methylation age acceleration for some patients, but not
others. Despite small deviations, which might be attrib-
utable to differences in the number of population dou-
blings or data preprocessing [81], our DNA methylation
age estimates closely resemble previously published data
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for the same samples [25]. Intriguingly, this HGPS-
specific age acceleration seems to be reflected at the
transcriptional level as well, as HGPS fibroblasts have re-
cently been shown to exhibit a transcriptomic age accel-
eration of 9-10years [65], which closely matches the
median age difference (9.73 years) identified for one of
the HGPS subgroups in our analysis (Additional file 1:
Fig. S9). Of note, the methylomes of our age-accelerated
fibroblast subgroup present higher partial methylation, a
well-established hallmark of aging, even in gene bodies.
However, we detected no or very limited differences be-
tween the two subgroups with regard to chromatin ac-
cessibility and gene expression, respectively, and the
extent of these changes did not match those observed
between HGPS and control cells (data not shown).
While this is likely to be a consequence of the relatively
low number of samples from both groups used for the
comparisons, further studies are necessary to better de-
cipher the molecular implications of the detected DNA
methylation differences between individual HGPS
patients.

The relatively limited effect of LAD-related chromatin
accessibility and DNA methylation changes on gene ex-
pression is consistent with the observation that LADs
are generally gene-poor [26] and that local alterations in
the LAD landscape can cause global transcriptional
changes not restricted to genes in LADs [82]. However,
it also suggests that other mechanisms contribute to the
aberrant gene expression of HGPS cells. In this regard,
NRF2 mislocalization to the nuclear lamina has recently
been demonstrated to be a key contributor to the
HGPS-specific transcriptome [11]. Our data are in
agreement with this finding, since we identified the tran-
scription factor as one of the key factors responsible for
the HGPS-related gene expression changes, even though
its target genes did not reach statistical significance in
our GSEA analyses (Additional file 1: Fig. S16). Further-
more, NRF2 binding motifs were significantly enriched
in the differentially accessible regions between HGPS
and control cells. Because the transcription factor has
been shown to be sequestered to the nuclear lamina by
progerin [11], it is tempting to speculate that the epigen-
etic changes observed in LADs are involved in the
NRF2-mediated differential expression in the disease.

The nuclear lamina is known to be a resting place for
transcription factors, serving to sequester them away
from chromatin [83]. For example, c-Fos, a member of
the AP1 family of transcription factors has been demon-
strated to be negatively regulated by binding to lamin A/
C at the nuclear lamina [68]. This function might be im-
paired by the presence of progerin in HGPS cells, since
we found AP1 members to constitute the transcription
factor family that is most affected by the epigenetic de-
regulation in HGPS. Intriguingly, both IGFBP7 and
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EDIL3 contain consensus binding sites for AP1 family
members in their respective promoter [78] or enhancer
[84], further indicating that their differential expression
is likely driven by epigenetic changes in HGPS cells.

In summary, our results suggest a scenario, in which
the progerin-driven nuclear malformation of HGPS nu-
clei causes substantial, but potentially locally stochastic
epigenetic reconfiguration of LAD-specific chromatin
(Fig. 6). As peripheral heterochromatin is diminished in
these cells [15, 18, 19], many of the affected regions gain
a more relaxed chromatin environment that is more per-
missive to the binding of transcription factors and might
thus facilitate differential expression. In some cases,
chromatin decondensation and disease-specific differen-
tial expression of formerly LAD-associated loci accom-
panies their relocalization within the nucleus (Fig. 6), as
detected for EDIL3 and IGFBP7. Further experiments
are needed to clarify whether similar mechanisms con-
tribute to disease-specific gene expression in other tis-
sues and in other laminopathies.

Normal
LADs
LAD-specific
heterochromatin
Gene A

-5

HGPS

Gene A

Gene C

Fig. 6 Epigenetic deregulation of lamina-associated domains (LADs)
in HGPS. Progerin-driven nuclear malformation in HGPS nuclei
causes substantial, but potentially locally stochastic epigenetic
reconfiguration of LAD-specific chromatin. As peripheral
heterochromatin is diminished in these cells, many of the affected
regions gain a more relaxed chromatin environment that is more
permissive to the binding of transcription factors and might thus
facilitate differential expression. In some cases, chromatin
decondensation and disease-specific differential expression of
formerly LAD-associated loci coincides with their relocalization
within the nucleus, as detected in the case of £DIL3 and IGFBP7
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Conclusions

We have performed an integrated analysis of chromatin
accessibility, DNA methylation, and RNA expression
changes in dermal fibroblasts from HGPS patients. Im-
portantly, we identify epigenetic deregulation of LADs as
a central characteristic of the HGPS-specific epigenome,
as both HGPS-specific DNA methylation and chromatin
accessibility changes are enriched in regions associated
with the nuclear lamina. Furthermore, we demonstrate
that the abovementioned alterations contribute to the
aberrant gene expression pattern observed in the disease.
Taken together, our data not only add a new layer to the
study of epigenetic changes in the progeroid syndrome,
but also advance our understanding of the disease’s
pathology at the cellular level.
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