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Correlated alterations in genome organization, histone
methylation, and DNA–lamin A/C interactions
in Hutchinson-Gilford progeria syndrome
Rachel Patton McCord,1 Ashley Nazario-Toole,2 Haoyue Zhang,2 Peter S. Chines,3

Ye Zhan,1 Michael R. Erdos,3 Francis S. Collins,3 Job Dekker,1 and Kan Cao2,4

1Program in Systems Biology, Department of Biochemistry and Pharmacology, University of Massachusetts Medical School, Worcester,

Massachusetts 01605, USA; 2Department of Cell Biology and Molecular Genetics, University of Maryland, College Park, Maryland

20742, USA; 3Genome Technology Branch, National Human Genome Research Institute, National Institutes of Health, Bethesda,

Maryland 20892-8004, USA

Hutchinson-Gilford progeria syndrome (HGPS) is a premature aging disease that is frequently caused by a de novo point
mutation at position 1824 in LMNA. This mutation activates a cryptic splice donor site in exon 11, and leads to an in-frame
deletion within the prelamin A mRNA and the production of a dominant-negative lamin A protein, known as progerin.
Here we show that primary HGPS skin fibroblasts experience genome-wide correlated alterations in patterns of H3K27me3
deposition, DNA-lamin A/C associations, and, at late passages, genome-wide loss of spatial compartmentalization of active
and inactive chromatin domains. We further demonstrate that the H3K27me3 changes associate with gene expression
alterations in HGPS cells. Our results support a model that the accumulation of progerin in the nuclear lamina leads to
altered H3K27me3 marks in heterochromatin, possibly through the down-regulation of EZH2, and disrupts hetero-
chromatin–lamina interactions. These changes may result in transcriptional misregulation and eventually trigger the
global loss of spatial chromatin compartmentalization in late passage HGPS fibroblasts.

[Supplemental material is available for this article.]

Hutchinson-Gilford progeria syndrome (HGPS) is a rare premature

aging disease that affects one in 4 million live births every year

(Capell and Collins 2006; Merideth et al. 2008; Capell et al. 2009).

HGPS is usually diagnosed in the first year or two of life and is

characterized by a rapid progression of aging phenotypes, in-

cluding hair loss, growth retardation, extreme lipodystrophy, skin

wrinkling, osteoporosis, and arteriosclerosis (Capell and Collins

2006; Merideth et al. 2008). Patients with HGPS usually die from

heart attack or stroke at the average age of 13 (Capell and Collins

2006; Capell et al. 2007; Merideth et al. 2008; Gordon et al.

2012a,b). The most common form of HGPS is caused by a de novo,

heterozygous point mutation (1824, C$T) in the human LMNA

gene. This mutation activates a cryptic splice site in exon 11, re-

sulting in the production of progerin, a mutant lamin A with an

internal deletion of 50 amino acids near its C terminus (Eriksson

et al. 2003). Progerin is also detectable, at a low level, in cells and

tissues from normal humans (Scaffidi and Misteli 2006; Cao et al.

2007, 2011b; McClintock et al. 2007; Gruenbaum 2009; Olive et al.

2010; H Zhang et al. 2012). A recent study has shown that in

normal human fibroblasts, telomere damage during replicative

senescence induces progerin production (Cao et al. 2011a).

Lamin A is a major component of the nuclear lamina, a dy-

namic protein scaffold located underneath the inner nuclear mem-

brane (Goldman et al. 2004; Gruenbaum et al. 2005). The lamina

provides mechanical support to the nuclear shape (Gruenbaum

et al. 2005; Dechat et al. 2009). It has been proposed that such

a scaffold could connect and coordinate a wide range of nuclear

activities, such as transcription and DNA replication (Shumaker

et al. 2006; Dechat et al. 2008, 2009). Indeed, lamin A has been

shown to interact with a variety of nuclear factors, including

double-stranded DNA, transcriptional regulators, nuclear mem-

brane associated proteins, and nuclear pore complexes, and the

presence of progerin in lamina leads to altered gene expression,

genome instability, and other nuclear defects (Capell and Collins

2006; Dechat et al. 2008).

In cultured primary HGPS fibroblasts, progerin accumulates

as a function of cellular age (Goldman et al. 2004). The increase in

progerin amount correlates with the progressive changes in nu-

clear shape (defined as nuclear blebbing) and in nuclear architec-

ture, most notably a gradual loss of peripheral heterochromatin

(Goldman et al. 2004; Driscoll et al. 2012). Moreover, cell bio-

logical analysis has demonstrated that progerin induces pro-

gressive alterations in repressive histone marks, especially in the

facultative heterochromatin mark trimethylation of histone H3

lysine 27 (H3K27me3) (Shumaker et al. 2006). Importantly, it ap-

pears that those changes in H3K27me3 happen before the ap-

pearance of nuclear blebbing, suggesting that they are the early

events in HGPS phenotype progression that likely represent mo-

lecular mechanisms responsible for the rapid manifestation of

HGPS disease (Shumaker et al. 2006).

To investigate further the roles of H3K27me3 epigenetic reg-

ulation in HGPS disease manifestation, we mapped the locations

of H3K27me3 and lamin A/C association in HGPS and normal

skin fibroblast cells using chromatin immunoprecipitation fol-

lowed by sequencing (ChIP-seq). We found that disease-associated

changes in H3K27me3 and lamin A/C were correlated with each

other and with gene density. Local changes in H3K27me3 at spe-

cific gene promoters were significantly associated with changes in

gene expression. By use of genome-wide chromosome conformation
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capture (Hi-C), we then characterized the changes in spatial ge-

nome organization between control cells and early and late pas-

sage HGPS cells. We observed global loss of spatial chromatin

compartmentalization in late passage HGPS cells and found that

the changes in compartmentalization were correlated with the

observed genomic locations of changes in H3K27me3 and lamin

A/C association at an earlier passage. Our data support a model in

which the accumulation of progerin in the lamina causes global

alterations in the repressive histone mark H3K27me3 and disrupts

the associations between heterochromatin and nuclear lamina in

HGPS skin fibroblasts. Those changes may then result in loss of

compartmentalization of chromosomes.

Results

Patches of decreased H3K27me3 in HGPS occur in gene-poor
regions

To analyze the changes of H3K27me3 in HGPS fibroblasts, we

mapped the location of H3K27me3 in the human genome in HGPS

and control cells, using ChIP-seq (Supplemental Fig. S1; Johnson

et al. 2007; Mardis 2007; Robertson et al. 2007). Three primary

fibroblast cell lines were used in this study: an HGPS patient fi-

broblast (HGPS), a normal cell line from the father of the HGPS

patient (Father), and an age-matched normal fibroblast line (Age

Control). Two biological replicates were performed at different

passages, since some changes in HGPS may progress with cell age

(Rep1: HGPS-p14 vs. Father-p14; Rep2: HGPS-p17 vs. Father-p19)

(for details, see Supplemental Table S1). The concordance between

the biological replicates is high (Supplemental Fig. S2). Similar

amounts of H3K27me3 were detected in the Input chromatin

samples of ChIP experiments for the HGPS and Father control

(Supplemental Fig. S3). After filtering and normalizing the se-

quencing data, we calculated the Log (IP/Input) signal for both

HGPS and normal cells. The H3K27me3 data for each cell line

across the genome and the comparison between cell lines can

be found at http://research.nhgri.nih.gov/manuscripts/Collins/

HGPSepigenetics/.

In both Father and Age Control cell lines, we observed broad

patches of H3K27me3, as well as more localized signal at CpG is-

land (CGI) promoters, as documented in previous literature (ex-

amples from chr14 are shown in Fig. 1A,B; Bracken et al. 2006;

Pauler et al. 2009; Soshnikova and Duboule 2009; Deaton and Bird

2011). Genome wide analysis showed that gene-poor, non-CGI

regions were more likely to show H3K27me3 enrichment than

were gene-rich, CGI-dense regions in control cells (Supplemental

Fig S4A,C). However, among regions with H3K27me3 enrichment,

CGIs showed higher H3K27me3 signal than non-CGI regions

(Supplemental Fig S4B), reflecting H3K27me3 enrichment at spe-

cific promoters. The H3K27me3 data in primary skin fibroblasts

correlate weakly to moderately, but significantly, with previously

published H3K27me3 data sets in lung fibroblast IMR90 cells

(Supplemental Fig. S4D; Hawkins et al. 2010). The lack of full

correlation potentially reflects the very different sources of these

fibroblasts, as well as differences in experimental details such as the

H3K27me3 antibody used.

To determine changes in H3K27me3, we calculated the dif-

ference in the Log (IP/Input) ratios between HGPS and normal

cells at 25-kb resolution. To find ‘‘high-confidence’’ changes in

H3K27me3 for downstream analyses, we required that a genomic

region have an IP signal greater than the background Input se-

quencing signal in either the HGPS or normal data set. Examining

the changes in H3K27me3 in HGPS versus normal cells revealed

that the large patches of this histone modification in gene-poor

regions of normal cells were often decreased or lost in HGPS

(Fig. 1A, red boxes). We found that this trend was significant ge-

nome wide—globally, gene-poor, non-CGI regions were enriched

for losses of H3K27me3 in HGPS compared with normal cells

(Fig. 1C,D; Supplemental Figs. S5, S6).

Such losses of H3K27me3 in HGPS may be associated with the

previously reported down-regulation of EZH2, the methyltransferase

that is primarily responsible for H3K27 methylation, in HGPS cells

(Shumaker et al. 2006; Margueron et al. 2009). Indeed, when we

measured the mRNA level of EZH2 using quantitative RT-PCR

in HGPS and normal fibroblasts, we found that the mRNA level

of EZH2 is significantly reduced in the four HGPS fibroblast cell

lines tested, compared with three passage-matched normal control

samples (Supplemental Fig. S7). Together, these results suggest that

gene-poor regions of HGPS fibroblasts experience a reduction of

H3K27me3 compared with the control, possibly influenced by the

down-regulation of EZH2 in HGPS.

Localized changes in H3K27me3 correlate with gene expression

In addition to these broad changes in H3K27me3 that correlate

with gene density genome wide, we observed changes (both in-

creases and decreases) in H3K27me3 at specific CGI promoters in

HGPS fibroblasts (Fig. 1B). As the H3K27me3 mark at such pro-

moters is often associated with repression of gene expression

(Bracken et al. 2006; Deaton and Bird 2011), we measured the gene

expression changes between the Father, Age Control, and HGPS

fibroblasts using an Affymetrix gene expression array. We found

a good correlation between gene expression changes in HGPS

when comparing either to Father or Age Control cells (Fig. 2A). We

focused on the sets of genes that changed expression at least

fourfold in both comparisons (Fig. 2A, red and green boxes). Ge-

nome wide, we found that down-regulated genes were more likely

to have increased H3K27me3 and up-regulated genes were more

likely to have decreased H3K27me3 levels (Fig. 2B), consistent with

the previously reported effects of H3K27me3 on gene expression

(Deaton and Bird 2011). Many of the regions where H3K27me3

changes correlated with gene expression changes occurred at CGI

promoters (Fig. 2C). We selected a subset of three genes and con-

firmed their expression changes using quantitative RT-PCR (Fig.

2D). Genes with correlated expression and H3K27me3 changes

between both Father and Age Control fibroblasts and HGPS fi-

broblasts are listed in Supplemental Table S2.

Dissociation of heterochromatin regions from lamin A/C
in HGPS cells

We next examined the lamin A/C–chromatin interactions using

ChIP in the same HGPS and Father fibroblasts as in the H3K27me3

experiment (at passage 16) (Supplemental Table S1). Two different

anti-lamin A/C antibodies, MAB3211 and N18, were used for two

biological replicates. The correlation between replicates was high

(R = 0.95). After filtering and normalizing the data, we took the log

ratio between the lamin A/C IP and Input signal at 100-kb reso-

lution, reflecting the broad domains of lamin association pre-

viously reported (Fig. 3A; Guelen et al. 2008). We found that the

locations of lamin A/C association in normal skin fibroblasts was

significantly associated with previously determined lamin-associated

domains (LADs) in human lung Tig3 fibroblasts (Fig. 3B; Guelen

et al. 2008). The changes in lamin A/C binding between normal
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Figure 1. The correlation between gene density and changes of H3K27me3 signals in HGPS. Three primary fibroblast cell lines used in all experiments
were HGADFN167 (HGPS), HGFDFN168 (Father, normal), and AG08470 (Age Control, normal). (A) H3K27me3 signals for Age Control, Father, HGPS,
and the difference between Father and HGPS (HGPS-Father) are shown at 25-kb resolution across a region of chromosome 14. Patches of H3K27me3
enrichment are observed in gene-poor regions in control samples (red boxes), and these regions show decreased H3K27me3 in HGPS. RefSeq genes are
shown below to indicate gene density, and the locations of CpG islands are noted. (B) A 4-Mb region of chr14 shows enrichment of H3K27me3 in the
normal Father fibroblasts at CpG island promoter regions. (C ) Distributions of H3K27me3 changes between Father and HGPS [Log(Father/HGPS)] are
plotted as a ‘‘violin plot’’ for regions of high gene density ($20 genes per Mb) and low gene density (#5 genes per Mb). In all violin plots, the white dot
represents the median of the plotted data, the black box indicates the 25% and 75% quartiles, and the gray shape represents the distribution of the plotted
signal. Genome wide, H3K27me3 tends to increase in gene-dense regions and decrease in gene-poor regions. This result is significant by a KS test and
a circular permutation test of the data (1000 permutations). (D) The genome is divided into bins of differing gene density, with the lower bound of gene
density (genes/Mb) indicated below each bar. The fraction of each bin that is covered by 25-kb regions that have at least a 1.5-fold decrease in H3K27me3
in HGPS vs. Father is plotted on the y-axis. The fraction of H3K27me3 depleted regions decreases monotonically as the gene density increases.
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and HGPS samples were calculated in a similar manner to the

H3K27me3 changes (a section of chromosome 1 is shown in Fig. 3A;

data for the whole genome are available at http://research.nhgri.

nih.gov/manuscripts/Collins/HGPSepigenetics/). As with the

H3K27me3 comparisons, we only considered changes to be ‘‘reli-

able’’ in regions in which either normal or HGPS cells showed

a higher IP than Input signal. Though HGPS lamin-associated re-

gions still showed a correlation with normal fibroblast LADs

(Supplemental Fig. S8), we found that lamin associations were of-

ten reduced in the same gene-poor genomic regions that showed

decreased H3K27me3 levels in HGPS cells (Fig. 3A). Genome wide,

we found a weak but significant correlation between the changes

Figure 2. Changes in H3K27me3 associated with changes in gene expression in HGPS. (A) Scatterplot of Log2 ratio expression changes between HGPS
and Age Control (y-axis) and HGPS and Father (x-axis). Red and green boxes indicate genes considered ‘‘up-regulated’’ and ‘‘down-regulated’’ (more than
fourfold), respectively, for subsequent analyses. (B) H3K27me3 changes between Father and HGPS in the 25-kb bin overlapping each gene are plotted on
the y-axis for genes that are up-regulated (left) or down-regulated (right). H3K27me3 tends to decrease in HGPS for up-regulated genes and increase for
down-regulated genes. (C ) Examples of H3K27me3 changes for genes that are up-regulated (left, PDE3A and PTGS2) and that are down-regulated (right,
SALL1) according to the expression microarray data in normal vs. HGPS fibroblasts. (D) Quantitative RT-PCR results confirm expression microarray results
for these three example genes (*) P < 0.05; (**) P < 0.01 in unpaired, one-tailed Student’s t-tests.
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in lamin A/C interaction and changes in H3K27me3 (Supple-

mental Fig. S9).

We hypothesized that the loss of lamin A/C binding and loss

of H3K27me3 were mechanistically linked, possibly through

physical association of chromatin enriched in H3K27me3 with the

nuclear lamina. To test this idea, we performed immunoprecipi-

tation (IP) experiments with an anti-H3K27me3 antibody in nor-

mal cells. As controls, we performed parallel IPs with IgG control

and an antibody against the trimethylated histone H3 lysine

4 (H3K4me3), a mark enriched at actively transcribed genes

(Pinskaya and Morillon 2009). The precipitates were probed with

anti-lamin A/C and anti-histone H3 antibodies for Western blot-

ting analysis. While similar amounts of histone H3 were immu-

noprecipitated by either H3K4me3 or H3K27me3 antibodies in

nuclear lysates from normal fibroblasts, we found that lamin A/C

was preferentially enriched in the anti-H3K27me3 IP (Fig. 3C).

Figure 3. Dissociation of lamin A/C from heterochromatin regions in HGPS fibroblasts. (A) Regions of lamin A/C binding are shown as log (IP/Input) at
100-kb resolution for Father and HGPS fibroblasts along the left arm of chromosome 1. The previously classified LADs are shown above Father data (Tig3
LADs). Changes in lamin A/C binding and H3K27me3 association between Father and HGPS are shown below. (B) The distributions of lamin association
signal in Father fibroblasts are shown for regions that were previously classified as LADs or non-LADs in Tig3 human lung fibroblasts. Lamin A/C ChIP-seq
log ratios are significantly higher in LADs than in non-LADs as evaluated by a KS test and a circular permutation of the data (1000 permutations). (C )
Western blotting analysis with anti-lamin A/C and anti-histone H3 antibodies in the immunoprecipitates with indicated antibodies. One percent of the
Input and 10% of the immunoprecipitated proteins were run in each indicated lane. Three independent experiments were performed. One representative
set is shown. (D) Quantification of the ratio of lamin A/C /Histone H3 of three independent replicates. There is a significant enrichment of lamin A/C in
H3K27me3 ChIP compared with H3K4me3 ChIPs. P = 0.023.

Epigenomic alterations in progeria cells
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Quantification of three independent ex-

periments showed a significant increase

of more than twofold in the amount of

lamin A/C bound to H3K27me3 compared

with H3K4me3, suggesting H3K27me3-

modified repressive chromatin has a

higher affinity to the nuclear lamina than

open chromatin (Fig. 3D).

Loss of spatial compartments in HGPS
fibroblasts

In normal cells, heterochromatic, gene-

poor, inactive regions of chromatin tend

to spatially cluster together near the nu-

clear periphery, while open, active, gene-

dense regions cluster together in the nu-

clear interior (Cremer and Cremer 2010).

Based on the above observation that re-

duction in H3K27me3 modification and

in lamin A/C-chromatin associations pri-

marily occur in gene-poor regions in

HGPS fibroblasts, we predicted that the

spatial arrangement of these normal com-

partments would be disrupted in HGPS

cells. To test this idea, we characterized

the three-dimensional genome architec-

ture in normal and HGPS cells using Hi-C

(Lieberman-Aiden et al. 2009). Hi-C was

performed on the same HGPS cell line as

used in the previous ChIP experiments

at two passages (p17 and p19), as well as

on the two normal fibroblast cell lines

(Father and Age Control) at similar pas-

sages (Father-p18 and Age Control-p20).

The HGPS fibroblasts exhibited severe

nuclear abnormality (blebbing) at pas-

sage 17 and showed a slight increase in

the nuclear blebbing at passage 19 (Sup-

plemental Fig S10). However, most HGPS

fibroblasts at passage 17 were still pro-

liferating, and those at passage 19 were

approaching senescence.

After correcting the Hi-C interaction

maps for systematic biases as previously

described (Imakaev et al. 2012; X Zhang

et al. 2012), we observed that, in normal

cells (Age Control and Father), structured

patterns of interaction are evident be-

tween proximal and distal regions of the

same chromosome (patterns of weaker and stronger interac-

tion between a given chromosomal bin and all other bins on

a chromosome are visible in each row or column of the heat-

maps in Supplemental Fig. S11A). As described in a previous

study (Lieberman-Aiden et al. 2009), when we find the correlations

between the interaction patterns of each genomic bin (Fig. 4A),

we find two unique patterns of interaction, which were previ-

ously found to represent two spatial compartments where open

(‘‘A compartment’’) and closed (‘‘B compartment’’) chromatin

domains associate. The red and blue plaid pattern (Fig. 4A) shows

this spatial compartmentalization by indicating, for a given chro-

mosomal bin (row or column), which regions share a similar set of

interactions (red, same compartments) or have an anti-correlated

interaction pattern (blue, different compartments). Along a row,

regions that are red are more likely to interact with each other than

with regions that are blue, and vice versa. This compartmen-

talization pattern in Hi-C data represents the well-characterized

spatial separation of active an inactive chromosomal domains as

observed by microscopy. When principal component analysis

(PCA) is used to partition these Hi-C interaction maps, the first

principal component captures the plaid pattern, with positive

values corresponding to the open chromatin interaction pattern

and negative values corresponding to the closed chromatin in-

teraction pattern (Fig. 5A).

Figure 4. Loss of compartments in prematurely senescent HGPS fibroblast cells. (A) Pearson corre-
lation maps of chromosome 7 reveal the compartment structure of the genome (red and blue ‘‘plaid’’
pattern). Compartments are clearly visible in Father control fibroblasts at passage 18 (left) and show
subtle changes in HGPS cells at passage 17 (middle), but compartments are lost in senescing HGPS cells
at passage 19 (right). (B) The percentage of the Hi-C data explained by the compartment eigenvector
(first principal component) is shown for each chromosome. The compartment signal explains a large
proportion of the variance in normal cells (blue; average of % explained from Father and Age Control
samples tested). This percentage explained decreases slightly in HGPS-p17 cells (red) and then global
decreases in HGPS-p19 cells (green). (C ) Electron microscopic observations of HGPS-p18 and Father-
p18 fibroblasts. A high-magnification view showed a normal array of heterochromatin adjacent to the
nuclear envelope (Father, left). A higher-magnification view of an HGPS cell showed a loss of peripheral
heterochromatin (right). Compared with Father control, the chromosomes in HGPS nucleus exhibit
a loss of higher-order genome organization (scale bars, 500 nm). (N) Nucleus; (C) cytoplasm.

McCord et al.
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The compartment pattern is well defined in both normal

samples (Father sample is shown in Fig. 4A, and Age Control is

shown in Supplemental Fig. S11B). A high percentage (92%) of

genomic bins have the same compartment assignment (A or B) in

both normal cell lines. Consistent regions in both normal samples

(‘‘normal’’) were used for further statistical comparisons with

HGPS samples.

Interestingly, in HGPS samples, we observed clear compart-

ment signals in passage 17 cells, but in passage 19 cells, most ge-

nomic regions exhibited a loss of compartmentalization. Visual

inspection of the Hi-C interaction map confirms a dramatic loss of

the plaid pattern, indicating loss of compartment formation (Fig.

4A). This compartment loss can be quantified by finding the pro-

portion of the Hi-C interaction map variance that is explained by

the first principal component (the ‘‘compartment eigenvector’’).

The compartmentalization of active and inactive domains ex-

plains 50%–80% of the Hi-C signal in normal cells (Fig. 4B). This

proportion of variance explained by compartments decreases only

slightly on average (2% less) for HGPS p17 cells. However, the

compartment signature accounts for only 5%–20% of the Hi-C

data variance for HGPS p19 cells. Thus, even though some com-

partment structure can be still identified in the HGPS p19 cells, this

Figure 5. H3K27me3 and lamin changes correspond with compartment changes from control to HGPS cells. (A) Comparison of compartment structure
in control and HGPS cells with changes in H3K27me3 and lamin A/C binding between control and patient on chromosome 7. Compartment tracks are at
1-Mb resolution, smoothed with a 200-kb step size while lamin and H3K27me3 change tracks are at 200-kb resolution, plotted as in Figures 1 through 3.
Positive values of the compartment eigenvector (derived from principal component analysis) correspond to domains of open chromatin, while negative
values correspond to the closed chromatin compartment. (Red boxes) Examples of closed compartment regions with a decrease in H3K27me3 or lamin
A/C binding in HGPS cells. (B) Comparison of the distribution of H3K27me3 change at sites of compartment change. The distribution of H3K27me3 log
ratios (control/HGPS) are shown in a violin plot for 1-Mb bins that changed from open to closed (‘‘AtoB,’’ left) or closed to open (‘‘BtoA,’’ right). The
H3K27me3 values show significantly higher increases for AtoB regions than for BtoA regions as evaluated by a KS test and a circular permutation of the data
(1000 permutations). (C ) The distributions of lamin A/C binding log ratios (control/HGPS) are displayed vs. compartment change as in B. Lamin A/C
binding increases at genomic regions that change from open to closed and decreases at regions that change from closed to open.
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structure is very weak in these late passage cells (Fig. 4B). These

results suggest that global loss of chromosome compartments oc-

curs catastrophically throughout the genome when HGPS cells

approach a prematurely senescent stage.

To visualize the chromatin compaction changes in HGPS

cells, we performed high-resolution electron microscopy on the

nuclei of HGPS and Father control cells at passage 18. Consistent

with a previous study (Goldman et al. 2004), we found that the

dark-staining areas of heterochromatin near the nuclear lamina in

normal cells are lost in HGPS cells (Fig. 4C), which is in line of the

findings on the reduced lamin A/C–heterochromatin interaction

in HGPS cells, as described in Figure 3. In addition, compared with

the Father nucleus, the HGPS nucleus has less high-order, electron-

dense structures, and its chromatin appears to be more uniformly

compacted to form a ‘‘thread-like’’ conformation (Fig. 4C). These

high-resolution imaging observations are in agreement with Hi-C

results on the global changes in genome structure in HGPS cells.

Correlation of changes in H3K27me3 localization and lamin
A/C binding with 3D organization changes

We next compared the patterns of compartmentalization and

compartment changes (as classified by the first principal compo-

nent eigenvector as above) with changes in H3K27me3 and lamin

interactions. Regions that showed a decrease in H3K27me3 or

lamin A/C binding in HGPS cells tended to correspond to the

closed and gene-poor chromatin spatial compartment in normal

cells (Fig. 5A, examples are shown in red boxes), consistent with

the observation that both normal compartmentalization and

changes in H3K27me3 and lamin A/C correlate with gene density.

Even though the most evident change in late passage HGPS

cells is an overall loss of compartmentalization, the first principal

component can still assign genomic regions to compartments

based on some remaining weak signal. We thus compared com-

partment assignments between normal and HGPS cells to identify

which regions of chromatin experience reorganization during the

overall compartment loss. Genome-wide analysis indicated that

compared with the controls, 3% of 1-Mb genomic regions showed

a compartment change in HGPS-p17 sample compared with re-

gions consistent between the two controls, while 12% of regions

changed in HGPS-p19 samples (here, the compartment changes

include both ‘‘open to closed’’ and ‘‘closed to open’’). In addition,

the changes in eigenvector values (HGPS/normal) were markedly

greater in passage 19 cells than in passage 17 cells (Supplemental

Fig. S12).

Next, we compared the changes in spatial compartments

with the changes in H3K27me3 modification and lamin A/C as-

sociation. We compared the H3K27me3 changes and lamin A/C

changes at the 1-Mb bins that change spatial compartment as-

signment between the controls and HGPS-p19 according to the

Hi-C analysis. Compartment change was defined as both a change

in the sign of the eigenvector and a change of at least 0.03 in the

value of the eigenvector.

We found that regions that change from open in normal cells

to a closed spatial compartment in HGPS cells associate with in-

creased H3K27me3 signals and increased lamin binding, while

changes from closed in normal cells to open in HGPS cells occur

where there are decreases in H3K27me3 modification and lamin

binding (Fig. 5B,C). These associations are statistically significant

(P < 0.001) according to a circular permutation test. Similar, though

somewhat less strong, results were also obtained from the early

passage HGPS-p17 cells (Supplemental Fig. S13) and from analyz-

ing these data using an average signature plot (Supplemental

Fig. S14).

In summary, the Hi-C analysis revealed two phenomena in

the patterns of genome organization change as HGPS cells progress

to later passages. First, there is a global decrease in the strength of

active and inactive chromatin compartmentalization in HGPS cells

as they senesce. Very preliminary Hi-C study on normal senescent

cells suggests that some compartment changes take place, though

the changes do not appear to be as drastic as in HGPS (data not

shown). Future work will be required to determine the extent to

which this compartment loss is unique to HGPS or related to

normal senescence. Second, there are certain genomic regions that

change compartment identity in HGPS compared with normal

cells, and these compartment changes are in consistent directions

with the changes in repressive histone mark H3K27me3 and in

lamin A/C association with chromatin. These correlated changes

could be directly relevant to progerin accumulation, though their

significance cannot be completely ascertained without further

investigation of normal senescing cells.

Discussion
A previous study showed that progerin alters H3K27me3 modifi-

cations in the interphase nucleus, and the change in H3K27me3

occurs before the nuclear blebbing phenotype appears, implicating

the epigenetic changes as upstream events during the cellular

HGPS phenotype progression (Shumaker et al. 2006).

To explore the potential consequences of H3K27me3 al-

terations in HGPS, we mapped the chromosome regions with

enriched or depleted H3K27me3 in HGPS fibroblast cells. Our

analysis indicates that the loss or gain of H3K27me3 in a genomic

region correlates strongly with its gene density: Gene-poor regions

tend to lose H3K27me3, and gene-rich regions gain (Fig. 1). We

also observe a significant but globally weak relationship between

H3K27me3 changes and gene expression alterations in HGPS.

The observation that not all regions with altered gene expression

show correlated changes in H3K27me3 is in line with a previous

report that loss of H3K27me3 is not always required for gene up-

regulation (Guelen et al. 2008; Sen et al. 2008). Future functional

studies on those genes whose expression changes are correlated

with loss or gain of H3K27me3 at their promoters in HGPS may

reveal molecular insights about HGPS phenotypes.

The lamina network is known to play a role in facilitating

nuclear organization, at least partially through interactions with

chromosomes (Gruenbaum et al. 2005; Dechat et al. 2009). We

find that chromatin associations with lamin A/C, a major com-

ponent of the nuclear lamina, are altered in HGPS fibroblast cells

(Fig. 3). The detachment of chromatin from the lamina, visible

under electron microscopy (Fig. 4C), often occurs in the gene-poor

genomic regions with decreased H3K27me3 in HGPS cells (Fig. 3A;

Supplemental Fig. S9). In vitro biochemical analysis demonstrated

a stronger physical interaction of H3K27me3-modified chromatin

with lamin A/C compared with the H3K4me3-modified regions

(Fig. 3C,D). These results suggest that lamina detachments in

HGPS could potentially be caused by the disruption of lamin A/C

structure and/or a reduction of H3K27me3 in those regions. We

note that we cannot in this study distinguish between chromatin

associations with lamin A/C at the periphery and at internal nu-

cleoplasmic foci, which are also known to decrease in HGPS

(Musich and Zou 2009). Nor can we specifically characterize the

role of decreased levels of wild-type lamin A/C in HGPS (Goldman

et al. 2004) in the changes in lamin–chromatin associations we
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observe. How these factors relate to our observations will require

future study.

To further characterize the chromosome structure changes

in HGPS, we applied Hi-C (Lieberman-Aiden et al. 2009). As ex-

pected, we find that in control cells, genome organization is char-

acterized by prominent compartmentalization where active and

inactive chromatin domains cluster in different spatial compart-

ments. During early passages of HGPS cells, we find similar

compartmentalization, but interestingly, we also find that some

compartments have changed; i.e., some loci moved from the

A-compartment to the B-compartment and vice versa. At a later

passage, when most HGPS cells have entered premature senes-

cence, we observe a global loss of compartmentalization (Fig. 4).

Importantly, the changes in spatial genome organization correlate

with changes in H3K27me3 and lamin A/C binding that have

already occurred at an earlier passage (Fig. 5). Thus, changes in

H3K27me3 and lamin A/C binding precede and could have a

causal influence on later major chromatin structure changes.

Our study supports a model in which progerin accumulation

leads to a disruption of the normal nuclear envelope scaffold.

As a consequence, correlated changes occur in chromatin associ-

ations with the nuclear lamina and the distribution of the het-

erochromatin mark H3K27me3, which may be influenced by the

down-regulation of EZH2. Localized changes in H3K27me3 at CpG

promoters lead to changes in gene expression at early passages,

while larger-scale changes in H3K27me3 and lamin associations

eventually trigger the global loss of spatial chromatin compart-

mentalization at late passages. Future work will be needed to es-

tablish whether these events are causally related, as this proposed

model suggests.

Reduction of H3K27me3 and loss of heterochromatin–lamina

association have been previously shown to be relevant in the

progression of HGPS (Shumaker et al. 2006). However, our results

also show evidence of regions that gain H3K27me3 (Figs. 1, 2),

increase association with lamin A/C (Fig. 3), and change com-

partment identity from open to closed (Figs. 4, 5). These observa-

tions may suggest that the changes in chromatin structure during

HGPS progression involve some heterochromatin formation as

well as heterochromatin loss. Further work will be necessary to

determine the potential biological importance of these regions

with increased repressive marks. Moreover, it was surprising that

the loss of compartmentalization revealed by Hi-C between HGPS-

p17 and HGPS-p19 is much more significant than the change in

nuclear shape. The relationship between these two phenomena

will need further investigation.

It is known that tissue aging and cellular senescence in nor-

mal cells is accompanied by redistribution of heterochromatin

from constitutive heterochromatin to other normally euchromatic

sites (Sedivy et al. 2008). In addition, EZH2 down-regulation in

human fibroblasts is associated with stress-induced cellular senes-

cence (Bracken et al. 2007). Moreover, moderate perturbation of

the EZH2 silencing can increase longevity (Siebold et al. 2010). All

of these phenomena are closely aligned with the considerably more

dramatic findings reported here in HGPS cells. Future experiments

may elucidate the changes of chromosome structure and nuclear

organization during normal aging with a combination of both ge-

nomic approaches and high-resolution imaging methods. As has

been previously demonstrated for other molecular details (Scaffidi

and Misteli 2006; Cao et al. 2007, 2011b; McClintock et al. 2007;

Gruenbaum 2009; Olive et al. 2010), the study of HGPS may open

a window into the normal aging process, providing an opportunity

to understand relevant pathways and even potential interventions.

Methods

Cell lines
The three primary fibroblast cell lines used in the ChIP, expression
microarray, and Hi-C experiments were HGADFN167 (HGPS),
HGFDFN168 (Father, normal), and AG08470 (Age Control, nor-
mal). Additional fibroblast lines were used in EZH2 RT-qPCR analy-
sis, and these cell lines were HGADFN169 (HGPS), HGADFN164
(HGPS), HGADFN155 (HGPS), and HGFDFN090 (normal). AG08470
was obtained from Coriell, and the other cell lines were obtained
from the Progeria Research Foundation. These primary human
dermal fibroblasts were cultured in MEM (Invitrogen/GIBCO)
supplemented with 15% fetal bovine serum (FBS; Invitrogen) and 2
mM L-glutamine.

Antibodies

The antibodies used in the study included a mouse anti-lamin A/C
antibody (MAB3211, Chemicon), a goat anti-lamin A/C antibody
(N18, Santa Cruz), a mouse anti-H3K27me3 antibody (Abcam) for
chromatin IP, a rabbit anti-H3K27me3 (Millipore) for Western blot-
ting, a rabbit anti-H3K4me3 (Abcam), a control rabbit IgG antibody
(Santa Cruz), and a rabbit anti-histone H3 antibody (Abcam).

Statistical analysis

Unless otherwise specified, results are presented as mean 6 SD for
RT-PCR analysis and quantification of Western signals. Data were
analyzed using unpaired, one-tailed Student’s t-test, and a P-value
less than 0.05 was considered significant.

For full details of other methods, see Supplemental Information.

Data access
Raw and processed expression array, ChIP-seq, and Hi-C data have
been submitted to the NCBI Gene Expression Omnibus (GEO)
(http://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE41764. The processed and binned lamin A/C and H3K27me3
ChIP-seq data for each cell line across the genome and the com-
parison between cell lines can be found at http://research.
nhgri.nih.gov/manuscripts/Collins/HGPSepigenetics/.
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