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Summary

Increasing evidence suggests that regulation of heterochromatin at the nuclear

envelope underlies metabolic disease susceptibility and age-dependent metabolic

changes, but the mechanism is unknown. Here, we profile lamina-associated

domains (LADs) using lamin B1 ChIP-Seq in young and old hepatocytes and find

that, although lamin B1 resides at a large fraction of domains at both ages, a third

of lamin B1-associated regions are bound exclusively at each age in vivo. Regions

occupied by lamin B1 solely in young livers are enriched for the forkhead motif,

bound by Foxa pioneer factors. We also show that Foxa2 binds more sites in Zmp-

ste24 mutant mice, a progeroid laminopathy model, similar to increased Foxa2 occu-

pancy in old livers. Aged and Zmpste24-deficient livers share several features,

including nuclear lamina abnormalities, increased Foxa2 binding, de-repression of

PPAR- and LXR-dependent gene expression, and fatty liver. In old livers, additional

Foxa2 binding is correlated to loss of lamin B1 and heterochromatin (H3K9me3

occupancy) at these loci. Our observations suggest that changes at the nuclear lam-

ina are linked to altered Foxa2 binding, enabling opening of chromatin and de-

repression of genes encoding lipid synthesis and storage targets that contribute to

etiology of hepatic steatosis.
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1 | INTRODUCTION

Increasing evidence suggests that regulation of heterochromatin at

the nuclear envelope is a common mechanism underlying metabolic

disease susceptibility and age-dependent metabolic changes (Lopez-

Otin, Galluzzi, Freije, Madeo & Kroemer, 2016). A recent report

implicated disorganization of heterochromatin at the lamina as a dri-

ver of human aging (Zhang et al., 2015). Mutations in LMNA, encod-

ing the nuclear structural protein lamin A/C, result in disturbed

nuclear architecture and cause the premature aging syndrome

Hutchinson-Gilford progeria (HGPS). Additionally, LMNA mutations

lead to partial lipodystrophy, a condition associated with insulin-

resistant diabetes, hypertriglyceridemia, and hepatic steatosis (Shack-

leton et al., 2000). Multiple enzymes modulating covalent modifica-

tions to lysine 9 of histone 3 (H3K9), the mark associated with

heterochromatin in lamina-associated domains (Guelen et al., 2008),

have been linked to fatty liver, hyperlipidemia, diabetes, and obesity

(Picard et al., 2002; Sun et al., 2012; Tateishi, Okada, Kallin & Zhang,

2009; Villeneuve et al., 2008; Wang et al., 2013). We have recently
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implicated lamina-associated factors Hdac3 and Srf in age-dependent

dysregulation of lipid metabolism in the liver (Bochkis, Przybylski,

Chen & Regev, 2014). However, the mechanism relating chromatin

disorganization at the nuclear lamina to metabolic defects is

unknown.

Foxa2 is a member of the Foxa subfamily of winged-helix/fork-

head box (Fox) transcription factors comprised of three unlinked

genes (Foxa1, Foxa2, and Foxa3) that share a highly conserved DNA-

binding domain (Friedman & Kaestner, 2006). The structure of Foxa

forkhead box has been solved and resembles that of H1 histone

(Clark, Halay, Lai & Burley, 1993). Foxa1 can bind and open com-

pacted chromatin in vitro (Cirillo et al., 2002), while Foxa2 binds

nucleosomal DNA in vivo (Li, Schug, Tuteja, White & Kaestner,

2011) and mediates nucleosomal depletion during differentiation (Li

et al., 2012). Hence, Foxa proteins have been labeled as “pioneer”

factors for their ability to bind highly condensed chromatin first, dis-

placing linker histones, and enable access for subsequent binding of

additional transcription factors (Zaret & Carroll, 2011). We also

found that Foxa2 occupies considerably more regions in aged fatty

liver, binding regions of decreased nucleosome occupancy at PPAR

targets, and cooperating with PPAR receptors in regulation of gene

expression changes that contribute to steatosis (Bochkis et al.,

2014).

As we have suggested a relationship between lamina-associated

factors and age-dependent decline of hepatic lipid metabolism

(Bochkis et al., 2014), we set out to profile LADs using lamin B1

ChIP-Seq to discover different genomic regions located at the

nuclear lamina in young and old hepatocytes in an unbiased manner.

While nuclei in young mice have a round shape, those in old mice

exhibit nuclear lamina abnormalities (Andrew, Brown & Johnson,

1943; Jin et al., 2010). We find that although a large fraction of

regions is bound by lamin B1 at both ages, a third of the domains

are occupied by lamin B1 exclusively at each age. Regions bound by

lamin B1 only in the young are enriched for the forkhead motif,

bound by Foxa pioneer factors. Moreover, we show that binding of

Foxa2 is increased in a progeroid laminopathy model, similar to

increased Foxa2 occupancy in old livers, contributing to etiology of

fatty liver and age-dependent metabolic dysfunction. In old livers,

additional Foxa2 binding is correlated to loss of lamin B1 and hete-

rochromatin (H3K9me3 occupancy) at these loci. Together, our

observations suggest that changes at the nuclear lamina are linked

to altered Foxa2 binding, enabling opening of chromatin and de-

repression of genes encoding lipid synthesis and storage targets that

contribute to development of hepatic steatosis.

2 | RESULTS

2.1 | Lamin B1 binds distinct domains in young and
old livers

As we have previously connected two lamina-associated factors

Hdac3 and Srf to dysregulation of lipid metabolism in aged liver

(Bochkis et al., 2014), we decided to continue our investigation into

the role of the nuclear lamina in metabolic dysfunction by profiling

LADs in young and old livers using lamin B1 ChIP-Seq (chromatin

immunoprecipitation followed by sequencing, data merged from two

replicates in each condition). Consistent with previous reports, nuclei

in old livers are distorted and of irregular shape (Figure 1a, bottom

panel), and aged hepatocytes accumulate lipids (Figure 1b, bottom

panel, lipid droplets indicated by arrows). Lamina-associated domains

lack active histone marks and contain repressive H3K9me2 and

H3K9me3 modifications (Guelen et al., 2008; Sadaie et al., 2013).

Lamina-associated domains present in both young and old livers,

enriched for chromatin marks H3K9me2 and H3K9me3, are shown

in Figure 1c. We computed pairwise correlations for the replicates

(Pearson R) that showed that replicates were similar (lamin B1 –

0.78 for young, 0.66 for old; H3K9me3 – 0.78 for young, for 0.79

old; H3K9me2 – 0.65 for young, for 0.64 old). Epic peak caller, a

more efficient implementation of SICER domain-calling algorithm

(Xu, Grullon, Ge & Peng, 2014), was used to ascertain lamin B1

occupancy. We found a similar number of lamin B1 domains in

young and old hepatocytes (regions called by Epic, Figure 1d, 1,624

in young and 1,519 in old) in vivo. Although a large fraction of

regions is bound by lamin B1 at both ages, a third of lamin B1-asso-

ciated regions are bound exclusively at each age. Binding sites were

mapped to nearby genes using GREAT (McLean et al., 2010). Major-

ity of regions were located distally, 5 to 500 kb from the transcrip-

tion start site (TSS) in both conditions (Figure 1e). A list of genes

embedded within LADs at each age is provided in Table S1. We

compared our results (LADs in young livers) with previously defined

LADs in mice (Peric-Hupkes et al., 2010). The overlap ranged from

42% with mESC data to 47% with MEF LADs. The overlap is reason-

able considering reported genomewide correlation of 0.6 between

mESC and other cell types (Peric-Hupkes et al., 2010) and differ-

ences between DamID and ChIP-Seq methods.

Next, we focused on genes in regions that were differentially

bound by lamin B1 in either young or old livers (examples shown in

Figure 2a.). We performed functional analysis of genes bound by

lamin B1 only in young livers using Ingenuity Pathway Analysis (IPA).

Pathways including “genes regulated by PPARa” (p-value

1.1 9 10�2), PPARa/RXRa activation (p-value 1.1 9 10�2), and TR/

RXR activation (p-value 2.3 9 10�5) were enriched among these tar-

gets. This observation is consistent with our previous report that

Foxa2 binds regions of reduced nucleosome occupancy at PPARa

targets in aged liver, leading to their activation (Bochkis et al., 2014).

“liver proliferation” (p-value 4.1 9 10�3), known to be impaired in

aged liver (Timchenko, 2009), and “xenobiotic metabolism signaling”

(p-value 7.4 9 10�3) were pathways enriched in lamin B1-associated

regions in old livers. The full set of pathways for regions bound by

lamin B1 is provided in Table S2.

To eliminate the possibility that changes in lamin B1 binding

were due to differences in expression levels, we performed gene

expression and protein analysis of lamina-associated proteins. While

mRNA levels of Lmna, gene that codes for lamin A and lamin C pro-

teins, are downregulated about twofold (t test p-value <.01), expres-

sion of Lmnb1, gene that codes for lamin B1 protein, is not changed
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in old livers (Figure 2b). Although protein levels of lamin B1 also did

not change, confirming that changes in lamin B1 binding were inde-

pendent of lamin B1 expression, protein levels of lamin A declined in

aged livers (about threefold, t test p-value <.005 expression of both

lamin A and lamin B1 is normalized to loading control TBP, Figure 2c)

To identify potential regulators with differential occupancy in

lamin B1 regions in young and old livers, we completed de novo

motif analysis using HOMER (Heinz et al., 2010). LADs are A/T-rich

(Meuleman et al., 2013); hence, using a common genomic back-

ground (without a sequence bias) for both conditions to find motifs

in lamin B1-associated regions would not be appropriate. Thus, we

compared sequences in lamin B1 domains against each other (young

vs. old and old vs, young) to find motifs that were enriched in each

condition. Multiple motifs resembling the forkhead (Fox) consensus

(p-values ranging from 1 9 10�35 to 1 9 10�21) were overrepre-

sented in sites bound by lamin B1 in young livers (Figure 2d, left

c
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F IGURE 1 Lamin B1 binds distinct domains in young and old livers. (a) Nuclear immunofluorescence staining (Hoechst 33,258, 1:2,000) of
liver sections from young and old mice. Nuclei in young livers have a round shape (top panel), while nuclei in old livers are irregular in shape
and distorted (bottom panel). (b) Representative liver sections from young and old mice stained with hematoxylin and eosin (H&E). Lipid
accumulation is apparent on histological sections by presence of lipid droplets in old livers (arrows, bottom panel). (c) ChIP-Seq track view in
Integrative Genome Viewer (IGV) of common lamina-associated domains (LADs) found in both young and old wild-type (WT) male livers,
profiled by binding of lamin B1, and H3K9me2 and H3K9me3 chromatin marks (top panel: chr4:146,871,271-147,892,241, bottom panel:
chr8:71,777,720-71,882,785). Reads are merged from two replicates in each condition. Track of input reads is provided for comparison. Size of
the region shown on x-axis and magnitude of ChIP-Seq signal is shown on y-axis. (d) Venn diagram showing the results of genomewide
location analysis for lamin B1 in young and old liver, identifying 1,624 domains in young and 1,519 in old, of which 1,022 were called bound in
both young and old livers by Epic. (e) The distribution of sites occupied by lamin B1 (in young and old livers) around transcription start site
(TSS). Values for young and old (in parentheses) for each bin (0 to 5 kb, 5 to 50 kb, 50 to 500 kb, and >500 kb) from TSS are shown above
each bar. The majority of regions are distal, 5 to 500 kb from the TSS
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panel). In addition, motifs for Sox (p-value 1 9 10�27) and GATA fac-

tors (p-value 1 9 10�25) were enriched in these regions. Forkhead

and GATA factors are established pioneer factors (Zaret & Carroll,

2011), which actively open chromatin by binding nucleosomal DNA

first and enable subsequent binding of other factors, while Sox fac-

tors may also exhibit pioneering ability (Sarkar & Hochedlinger,

2013). The motifs for these regulators are found in regions bound

by lamin B1 exclusively in young hepatocytes and possibly occupied

by these pioneer factors in the old hepatocytes. In contrast, CG-rich

motifs for Klf factors (p-value 1 9 10�43), Sp1 (p-value 1 9 10�26),

and Zeb1 (p-value 1 9 10�35) motifs were highly enriched in lamin

B1 regions bound in old livers (Figure 2d right panel). The motifs

enriched in lamin B1 sites that are shared between young and old

livers resemble young sites in their sequence profile. We have identi-

fied similar motifs by HOMER (forkhead motif p-value 1 9 10�6,

Sox p-value 1 9 10�7, GATA p-value 1 9 10�3), although enrich-

ment is less significant than for regions bound by lamin B1 exclu-

sively in young livers.

2.2 | Foxa2 occupies more sites in Zmpste24
mutant livers

Winged-helix transcription factor Foxa2 plays an important role in

lipid homeostasis in aged liver, binding regions of decreased nucleo-

some occupancy near PPAR-dependent lipid synthesis and storage

genes and contributing to gene expression changes that lead to

steatosis (Bochkis et al., 2014). We have shown that Foxa2 occupies

twice as many sites in older hepatocytes (6605 sites in young,

12,834 sites in old)(Bochkis et al., 2014), where lamin A expression

is decreased (Figure 2b,c). In addition, forkhead motif is enriched in
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F IGURE 2 Changes in lamin B1 binding are independent of lamin B1 expression. (a) Examples of genomic regions bound by lamin B1 only
in young (top panels: chr10:26,190,000-27,329,999 and chr15:70,812,890-71,315,108) and exclusively in old hepatocytes (bottom panels:
chr8:11,455,379-12,704,619 and chr4:45,742,267-46,497,732) with input track as a comparison. Size of the region is shown on x-axis and
magnitude of ChIP-Seq signal is shown on y-axis. (b) mRNA levels of Lmna, gene that codes for lamin A and lamin C proteins, and Lmnb1,
gene that codes for lamin B1 by quantitative RT–PCR. While mRNA levels of Lmna are downregulated about twofold (t test p-value <.01),
expression of Lmnb1 is not changed (c) Western blot analysis of protein nuclear extracts from four young (3 months) and four old (21 months)
mouse livers with antibodies to lamin A/C, lamin B1, TATA box-binding protein (TBP, loading control). Although protein levels of lamin B1 also
did not change, protein levels of lamin A declined in aged livers (about threefold, t test p-value <.005). Protein expression is quantified by
ImageJ and expression of both lamin A and lamin B1 is normalized to loading control TBP. (d) Multiple motifs resembling the forkhead (Fox)
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1 9 10�43), Sp1 (p-value 1 9 10�26), and Zeb1 (p-value 1 9 10�35) motifs were highly enriched in old livers
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regions bound by lamin B1 only in young livers (Figure 2d). Hence,

we hypothesized that increased Foxa2 binding in older livers is due

to nuclear lamina defects accompanying aging and examined Foxa2

binding in a laminopathy mouse model. Zmpste24 is a metallopro-

tease that processes prelamin A to a mature form. Zmpste24

mutants, similar to old mice, exhibit nuclear lamina abnormalities and

develop fatty liver (Varela et al., 2005). We found that Foxa2 binding

is increased in Zmste24-deficient mice (8,177) compared to their

wild-type control littermates (4,960) (data merged from three repli-

cates in each condition, peaks called by PeakSeq (Rozowsky et al.,

2009), Figure 3a). We computed pairwise correlations for the repli-

cates (Pearson R) that showed that replicates were similar (0.89,

0.85, 0.86 for WT, 0.74, 0.75, 0.81 for Zmpste24 KO). Comparing

Foxa2 ChIP coverage in young wild-type controls (Figure 3b, left

panel) and Zmpste24 mutants (Figure 3b, middle panel) of sites

bound by Foxa2 in aged livers (Figure 3b, right panel), we found that

more of these sites were bound in young Zmpste24 mutants. Quanti-

tative analysis (details in Experimental Procedures) of overlap

between sites bound by Foxa2 in Zmpste24 mutants and old livers

is shown in Figure S1. We find a large overlap as well as distinct

regions bound by Foxa2 exclusively in Zmpste24 mutants or only in

old livers. Some observed differences could be due to different circa-

dian regulation in old mice and Zmpste24 mutants (Hood & Amir,

2017). Regions where Foxa2 binding in Zmpste24-deficient livers

resembles Foxa2 occupancy in old livers (Bochkis et al., 2014) are

shown in Figure 3c. To eliminate the possibility that differences in

Foxa2 binding were due to changes in expression levels, we mea-

sured Foxa2 protein levels in Zmpste24 mutants and their control
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littermates, and found that Foxa2 levels do not change (Figure 3d).

Also, lamin B1 protein expression did not change in Zmpste24

mutant livers (Figure 3d).

Motif analysis in Foxa2 sites bound exclusively in Zmpste24-defi-

cient mice (positional weight matrix (PWM) scan using PscanChiP

(Zambelli, Pesole & Pavesi, 2013)) identified consensus sequences

for forkhead (p-value 5.9 9 10�110), Sox (p-value 7.6 9 10�100), and

GATA factors (p-value 4.0 9 10�67), as well as DR-1 element bound

by PPAR nuclear receptors (p-value 1.6 9 10�10, Figure 3e). The

motifs for pioneer factors found in regions occupied by Foxa2 in

Zmpste24 mutants correspond to those detected in sites bound by

lamin B1 and tethered to the nuclear lamina in young livers. We per-

formed functional analysis of genes associated with Foxa2 binding

sites in Zmpste24-deficient mice using IPA. Analogous pathways are

affected by Foxa2 binding in Zmpste24-deficient livers as in older

hepatocytes (Bochkis et al., 2014) (Figure 3f), including activation of

genes regulated by PPARa and LXR, factors that contribute to

steatosis in older livers. Functional categories are associated with

activation of additional nuclear receptors (FXR and PXR, Figure 3f),

which is consistent with our previous findings that ligand-dependent

activation of nuclear receptors requires Foxa2 (Bochkis et al., 2009).

2.3 | Direct Foxa2 targets are upregulated in
Zmpste24 mutants and contribute to fatty liver
phenotype

To investigate whether Foxa2 binding is functional and influences gene

expression, we focused on direct targets of Foxa2 in Zmpste24-deficient

mice, defined as bound and upregulated as Foxa2 is a transcriptional acti-

vator (Lai et al., 1990). Binding sites were mapped to 2,293 nearby genes

using GREAT (McLean et al., 2010) and compared to gene expression

profile of Zmpste24 mutants (Osorio et al., 2010). We identified 814

direct targets (fold change >2), while expression of 118 genes near a Fox-

a2 site decreased (fold change <�2). Just like in comparison with all Fox-

a2-binding sites (Figure 3f) in Zmpste24-deficient livers, similar pathways

were overrepresented in Foxa2 direct targets and differentially expressed

genes in older hepatocytes (Bochkis et al., 2014) (Figure 4a), including

activation of PPARa and LXR. Hepatotoxicity functions in Foxa2 direct

targets identified by IPA included highly enriched “liver hyperplasia”

(p-value 1.75 9 10�16) and “liver steatosis” (p-value 1.80 9 10�6)

(Figure 4b). The full set of pathways for Foxa2-bound regions and direct

targets of Foxa2 is provided in Table S2. The direct targets included

PPARc, a nuclear receptor involved in development of fatty liver

(Figure 4c) (Gavrilova et al., 2003). Hence, additional Foxa2 binding in

Zmpste24 mutants, like in old liver, leads to activation of gene expression

that contributes to hepatic steatosis.

2.4 | Foxa2 binding is correlated to loss of lamin
B1 and H3K9me3 occupancy in old livers

To investigate whether changes in occupancy by pioneer factor Fox-

a2 could have functional changes in old livers, we compared

increased Foxa2 binding to changes in lamin B1 occupancy in old

livers. We computed the overlap of all lamin B1 domains in young

livers with Foxa2-binding sites in old liver and found 4,434 such

sites occupied by Foxa2. The correlation is significant (2,967 sites

are found in a background set of random genomic regions of same

size, Fisher’s exact test p-value <.0001). An average profile of lamin

B1 occupancy in young and old livers for these 4,434 sites is shown

in Figure 5a. Lamin B1 is substantially reduced at these sites. In

addition, sum of lamin B1 coverage in 10 kb region surrounding the

Foxa2 site is higher in young livers for 95% of the sites. These

results suggest that even in large domains that are called bound by

lamin B1 in both young and old livers, additional Foxa2 binding in

old mice is accompanied by loss of lamin B1 occupancy locally.

Next, we mapped 4,434 Foxa2-binding sites to closest genes

using GREAT Chip-Seq analysis tool (McLean et al., 2010) and com-

puted an overlap with RNA-Seq data set of differentially regulated

genes in old livers from our previous study (Bochkis et al., 2014).

Three hundred seventy-five such genes were analyzed for enrich-

ment using EnrichR, a collection of distinct gene set libraries (Kule-

shov et al., 2016) (Figure S2). CheA library compared existing ChIP-

Seq data sets with our list of genes and identified binding sites for

PPAR, LXR, and their heterodimer partner RXR significantly enriched

in our gene set. Positional weight matrix analysis found the forkhead

consensus, as well motifs for nuclear receptors. NCI-Nature path-

ways implicated the Foxa2 transcription network. And WikiPathways

database associated our gene list with adipogenesis targets. Collec-

tively, enrichment analyses of Foxa2 targets bound in old livers in

regions of lamin B1 loss corroborate our model. The overlap

between these targets and genes differentially expressed in Zmp-

ste24 mutants is provided in Table S3.

Furthermore, we related the changes in heterochromatin mark

H3K9me3 (5,276 regions in young, 4,579 regions in old livers with

overlap of 2,588, Figure 5b) to Foxa2 binding. For sites bound by

Foxa2 in old livers, we plotted H3K9me3 coverage in young and old

livers in 5 kb regions surrounding the site. We found a reduction in

H3K9me3 levels, showing a correlation between reduced H3K9me3

signal and increased Foxa2 binding (Figure 5c). We show examples

of genomic regions where Foxa2 binding corresponds to decrease in

both lamin B1 binding and H3K9me3 occupancy in old hepatocytes,

suggesting that these regions are no longer tethered to the lamina

and closed and could be open to transcription (Figure 5d). In addi-

tion, Foxa2 binding in Zmpste24 mutants resembles Foxa2 occu-

pancy in old livers in these regions.

In summary, we found that lamin B1 binds distinct domains in

young and old livers. Sequences in sites bound by lamin B1 in young

livers are enriched for the forkhead motif. We observed that protein

levels of lamin A decrease during chronological aging in hepatocytes

where binding of pioneer factor Foxa2 is increased. We found that

Foxa2 occupancy is also increased in Zmpste24 mutant mice, a

laminopathy model, connecting our findings to Foxa2 binding in old

livers. Aged and Zmpste24-deficient livers share several features,

including nuclear lamina abnormalities, increased Foxa2 binding, de-

repression of PPAR- and LXR-dependent gene expression, and fatty

liver. In old livers, additional Foxa2 binding is correlated to loss of
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lamin B1 and heterochromatin (H3K9me3 occupancy) at these loci.

Our observations suggest that changes at the nuclear lamina are

linked to altered Foxa2 binding, enabling opening of chromatin and

de-repression of genes encoding lipid synthesis and storage targets

that contribute to etiology of hepatic steatosis (Figure 6).

3 | DISCUSSION

Here, we used an unbiased approach to investigate changes in LADs

in aging and are providing these data sets as a resource to the field.

While this work is the first to connect regulation of chromatin at the

nuclear lamina to binding of pioneer factors in mammalian aging and

age-dependent metabolic dysfunction, Mango and colleagues have

reported that binding of pha-4, an ortholog of Foxa proteins in

Caenorhabditis elegans, is restricted by emerin, a nuclear lamina com-

ponent, in the pharynx during foregut development. On this basis,

they concluded that nuclear lamina interferes with binding of pha-4,

preventing global decompaction and reorganization of chromatin

(Fakhouri, Stevenson, Chisholm & Mango, 2010). Collectively, these

observations indicate that the relationship between lamina compo-

nents and pioneer factors is conserved and warrants further investi-

gation.

Both LAD sequences and forkhead motifs are A/T-rich, suggest-

ing a model where the nuclear lamina and pioneer factors could vie

for genomic regions such as nucleosomes and transcription factors

compete for DNA binding (Workman & Kingston, 1992). In this para-

digm, pioneer factors would be prevented from binding when these

loci are sequestered to the nuclear envelope but could access these

sites once the chromatin is no longer tethered to the lamina.

a

b

PPARα/RXRα activation

LXR/RXR activation

FXR/RXR activation

PXR/RXR activation

Aryl hydrocarbon 
receptor signaling

Xenobiotic metabolism

Foxa2 direct targets DE in 
Zmpste24 mutants 

DE in old vs. young 
WT

c

Liver hyperplasia

Liver steatosis

Liver inflammation

Liver fibrosis

Hepatocellular carcinoma

Liver damage

Liver cholestasis

Young

Old

WT

Zmpste24  KO

Input

Pparg   (chr6: 115 462 002–115 474 031)

10

10

10

10

10

Foxa2 ChIP-Seq

F IGURE 4 Direct Foxa2 targets are upregulated in Zmpste24 mutants and contribute to fatty liver phenotype. (a) Comparison of
overrepresented pathways identified by Ingenuity Pathway Analysis (IPA) between direct targets of Foxa2 in Zmpste24-deficient mice and
differentially expressed genes in aged WT livers (RNA-Seq data from our previous study (Bochkis et al., 2014)). (b) Hepatotoxicity functions in
Foxa2 direct targets identified by IPA. “liver hyperplasia” (p-value 1.75 9 10�16) and “liver steatosis” (p-value 1.80v10�6) are the most
significantly enriched. (c) ChIP-Seq track view of two novel Foxa2 sites in old hepatocytes and Zmpste24 mutants in the intron of Pparg. Reads
were merged from three replicates for binding in Zmpste24 mutants and their control littermates. Data for young and old livers (merged from
two replicates in each condition) are from our previous study (Bochkis et al., 2014). Size of the region is shown on x-axis and magnitude of
ChIP-Seq signal is shown on y-axis
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While we find that A/T-rich motifs, including the forkhead con-

sensus, are significantly enriched in sites bound by lamin B1 exclu-

sively in young livers and those shared between young and old livers,

CG-rich motifs are more prevalent in lamin B1 regions bound in old

livers. Increased CG content is associated with DNA methylation.

Analysis of DNA methylation in aged blood cells has demonstrated

presence of age-associated hypomethylated domains, which exhibit

preferential hypomethylation in cancer independently of tissue of ori-

gin (Yuan et al., 2015). Another study has linked hypomethylated

domains in cancer to LADs (Berman et al., 2012). Hence, the pres-

ence of CG-rich motifs in LADs in old livers could indicate an age-

dependent dysregulation of DNA methylation in the liver.

We observe striking similarities between old and Zmpste24

mutant livers, including nuclear abnormalities, changes in lamin A

expression, and increased Foxa2 binding leading to de-repression of

PPAR- and LXR-dependent gene expression that contributes to

development of fatty liver. Hepatic steatosis is a common phenotype

for aged mice (Jin et al., 2010; Ogrodnik et al., 2017), Zmpste24

mutants (Marino et al., 2008; Pendas et al., 2002), and liver-specific

Lmna knockouts (Kwan et al., 2017). In addition, mutations in LMNA

and ZMPSTE24 in patients lead to metabolic dysfunction, including

type 2 diabetes and hepatic steatosis (Galant et al., 2016; Shackleton

et al., 2000). Moreover, a recent report has implicated disorganiza-

tion of heterochromatin at the lamina as a driver of human aging

(Zhang et al., 2015). Numerous enzymes associated with H3K9me3,

the mark associated with heterochromatin, including acetyltrans-

ferases (SRC-1/Ncoa1), deacetylases (Hdac3), methyltransferases

(Suv39 h1 and G9a/Ehmt2), and demethylases (Jhmdh2a/Kdm3a,

5,276

2,588

4,579

H3K9me3
Young

Old

a

b

d

chr5: 92 707 448–92 723 300

Lamin B1

H3K9me3

Input 

Foxa2

15

15

15

15

15

15

15

15

15

Young

Old

Young

Old

Young

Old

WT

Zmpste24 KO

chr18: 11 001 433–11 048 567

15

15

15

15

15

15

15

15

Shroom3Genes

15

Young

Old

Young

Old

Young

Old

WT

Zmpste24 KO

Lamin B1

H3K9me3

Input 

Foxa2

Genes

Young Old
c

Lamin B1 occupancy at Foxa2 sites

F IGURE 5 Regions where Foxa2 binding corresponds to decrease in lamin B1 occupancy. (a) Average profile of lamin B1 coverage (reads
are normalized per million of mapped reads) in young and old livers at 4,434 sites bound by Foxa2 in old liver. Lamin B1 occupancy decreases
in old livers. (b) Venn diagram showing the results of genomewide location analysis for H3K9 trimethylation in young and old liver, identifying
5,276 regions in young and 4,579 in old, of which 2,588 were called bound in at both ages. (c) Coverage plot of H3K9me3 signal in young and
old livers for sites bound by Foxa2 in old livers in 5 kb regions surrounding the site. (d) Examples of regions where Foxa2 binding (in old livers
and Zmpste24 mutants) corresponds to a decrease in lamin B1 binding and levels of H3K9me3 in old livers (top: chr5:92,707,448-92,723,300,
bottom: chr18:11,001,433-11,048,567). Data for young and old livers (merged from two replicates in each condition) are from our previous
study (Bochkis et al., 2014) with input track as a comparison. Size of the region is shown on x-axis and magnitude of ChIP-Seq signal is shown
on y-axis
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Jmjd2c/Kdm4c), have been linked to fatty liver, diabetes, and obesity

(Picard et al., 2002; Sun et al., 2012; Tateishi et al., 2009; Wang

et al., 2013). In addition, levels of H3K9me3 increase during caloric

restriction and decrease in db/db mice and other models of hyper-

glycemia (Vaquero & Reinberg, 2009; Villeneuve et al., 2008).

Together, these studies underscore the importance of investigating

how dysregulation of heterochromatin at the nuclear lamina leads to

metabolic dysfunction.

4 | EXPERIMENTAL PROCEDURES

4.1 | Mice

Male mice (C57BL6) were purchased from the National Institute of

Aging (NIA) aged rodent colony (Charles River Laboratories). Two

biological replicates of young and old mice were used for chromatin

immunoprecipitation and sequencing. The derivation of Zmpste24

null mice has been described previously (Varela et al., 2005).

12-week-old wild-type control littermates and Zmpste24 male

mutants (three biological replicates each) were used for ChIP-Seq

experiments. All animal work was approved by MIT’s Committee on

Animal Care.

4.2 | Immunofluorescence and
immunohistochemistry

Indirect immunofluorescence and immunohistochemistry were per-

formed as described previously (Zhang, Rubins, Ahima, Greenbaum &

Kaestner, 2005). Slides subject to immunohistochemistry were coun-

terstained with hematoxylin and eosin. Hoechst 33528 nucleic acid

stain (ThermoFisher, 1:2,000) was used to detect nuclei.

4.3 | Chromatin immunoprecipitation and ChIP-Seq

Snap-frozen mouse liver (100 mg) from wild-type mice was used

to prepare chromatin. ChIP and ChIP-Seq were performed as

reported previously (Bochkis et al., 2014). Briefly, liver tissue was

minced in cold PBS and cross-linked in 1% formaldehyde/PBS for

15 min with constant rotation in Labquake tube rotator. Cross-

linking was quenched by adding glycine to a final concentration of

0.125 M. Nuclear lysate was sonicated using Diagenode Bioruptor

for 20 min (30 s on/30 s off). Libraries were made according to

standard Illumina protocol (end repair of ChIP DNA, addition of

A base to the 30-ends, adapter ligation, and amplification). We

used multiplex adapters for sequencing and Kapa HiFi DNA poly-

merase (Kapa Biosystems) for PCR amplification (16 cycles). Library

fragments were isolated using Pippin Prep agarose gel. The

purified DNA was captured on an Illumina flow cell for

cluster generation. Libraries were sequenced on Illumina HiSeq

2,000 and HiSeq 2,500 instruments following the manufacturer’s

protocols.

Foxa2-specific rabbit antiserum (Seven Hills Bioreagents, WRAB-

1,200), rabbit antibody to Di-Methyl-Histone H3 Lys9 (Cell Signaling,

D85B4), goat antibody to lamin B1 (Santa Cruz Biotechnology,

sc-6,216), and rabbit antihistone H3 (trimethyl K9) antibody

(ab8898) were used for immunoprecipitation. Libraries were

Aging Zmpste24 KO mice (Laminopathy)
lamin A  expression  defec�ve processing of prelamin A

to mature lamin A 

nuclear lamina abnormali�es, blebbing, 
premature aging phenotype (including hepa�c 

steatosis)

nuclear lamina abnormali�es, 
redistribu�on of lamin B1, hepa�c 

steatosis

Increased binding of 
pioneer factor Foxa2

Opening of repressed chroma�n
De-repression of nuclear receptors (PPAR and LXR)

Upregula�on of lipid synthesis and storage

F IGURE 6 Changes at the nuclear lamina alter binding of pioneer factor Foxa2 leading to hepatic steatosis. Aged and Zmpste24-deficient
livers share several features, including nuclear lamina abnormalities, increased Foxa2 binding, de-repression of PPAR- and LXR-dependent gene
expression, and fatty liver. In old livers, additional Foxa2 binding is correlated to loss of lamin B1 and heterochromatin (H3K9me3 occupancy)
at these loci. Our observations suggest that changes at the nuclear lamina are linked to altered Foxa2 binding, enabling opening of chromatin
and de-repression of genes encoding lipid synthesis and storage targets that contribute to etiology of hepatic steatosis
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sequenced on an Illumina HiSeq 2,000 and HiSeq 2,500 instruments

(40 bp and 60 bp single-end reads, read summary in Table S4).

4.4 | RNA and protein analysis

Liver RNA was isolated from young and old wild-type mice, and

quantitative reverse transcription–PCR was performed as described

(Zhang et al., 2005). Protein extracts preparation and protein immu-

noblot analysis were performed as reported previously (Bochkis

et al., 2008). The primary antibodies used were rabbit antibody to

FOXA2 (Seven Hills Bioreagents, WRAB-1,200, 1:5,000), rabbit anti-

body to histone H3 (Cell Signaling #4,499), goat antibody to LAMIN

A/C (Santa Cruz, sc-7,196, 1:100), goat antibody to LAMIN B (Santa

Cruz, sc-6,215, 1:100), rabbit antibody to LAMIN B (Abcam,

ab16048), and rabbit antibody to TBP (Santa Cruz, sc-273, 1:100).

Protein expression was quantified by IMAGEJ software.

4.5 | ChIP-Seq analysis

Reads were aligned to the mouse genome (mm10; NCBI Build 38,

Table S4) using BWA v0.7.12 (Li & Durbin, 2009). Duplicate reads

were removed using Picard v 1.134 (http://picard.sourceforge.net).

Reads (phred score ≥20) that aligned uniquely were used for subse-

quent analysis. Data from two biological replicates were merged for

lamin B1 ChIP-Seq comparison (two young and two old). Data from

three biological replicates were merged for Foxa2 binding in Zmp-

ste24 mutants (three WT and three KO). Epic peak caller (https://

github.com/daler/epic), a more efficient implementation of SICER

domain-calling algorithm (Xu et al., 2014), was used to determine

lamin B1-associated domains (mm10 as species, window size of

10 kb, gap size of 3). PeakSeq (Rozowsky et al., 2009) was used to

identify Foxa2 bound peaks against input controls (FDR 5%,

q-value = 0.12). Pairwise correlations among samples for regions at

least 50 bp long were computed in R. We used input reads from the

previous study (Bochkis et al., 2014), a mixture of input chromatin

from young and old wild-type livers (42.9 million total reads).

For Foxa2 ChIP-Seq, as there were more reads in Zmpste24

mutants (21 million in WT, 31 million in KO, Table S4), KO reads

were downsampled to 21 million. We used PeakSeq (21 million WT

reads vs. input controls and 21 downsampled KO reads vs. input

controls) to identify Foxa2 bound peaks. Epic/SICER performs nor-

malization of data using a technique based on filtering with islands,

as described in Zang et al. (2009), thus precluding the need for

downsampling of lamin B1 ChIP-Seq data (89 million reads in Young,

59 million reads in Old, Table S4).

4.6 | Functional analysis

ChIP-Seq peaks were associated with closest genes with the GREAT

analysis (parameters: single closest gene, 10,000 kb) (McLean et al.,

2010). Overlap between different categories of binding sites was

computed using Galaxy genome analysis tools (Hillman-Jackson, Cle-

ments, Blankenberg, Taylor & Nekrutenko, 2012). Sequencing reads

were visualized with the Integrative Genome Viewer (IGV)(Robinson

et al., 2011). Ingenuity Pathway Analysis (IPA) and PWM scan analy-

sis were performed as reported previously (Bochkis et al., 2014).

Reads were extended to the size of the library insert (150 bp for

Foxa2) to obtain sequences for motif analysis. De novo motif analy-

sis was completed using HOMER (findMotifsGenome.pl command,

young vs. old (as background), old vs. young (as background)). For

overlap analysis (Figure S1), for sites bound by Foxa2 in old livers,

we computed coverage (using bedcov function in samtools) in align-

ment files for young (WT) and Zmpste24 mutant livers. We used a

cutoff of 400 bases per region (or read base count/read

length = read count, 400/75 = 5.3 reads per region). Heatmaps were

constructed using ngs.plot software (Shen, Shao, Liu & Nestler,

2014).

4.7 | Accession numbers

Genomic data from this study can be accessed at GEO under acces-

sion number GSE58006 (SubSeries GSE60393 for ChIP-Seq) and

GSE78177.

ACKNOWLEDGMENTS

We thank L. Gaffney, N. Leitinger, and J.M. Freije for helpful com-

ments and technical assistance. We thank S. Turner for critical read-

ing of the manuscript. I.M.B. was supported by National Diabetes

and Digestive and Kidney Diseases Institute K01 award DK-101633.

C.L-O. is supported by grants from European Union (ERC Advanced

Grant, DeAge), Ministerio de Econom�ıa y Competitividad-Spain and

Instituto de Salud Carlos III (Feder, Ciberonc), Spain. The Instituto

Universitario de Oncolog�ıa is supported by Fundaci�on Bancaria Caja

de Ahorros de Asturias.

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTIONS

H.W. performed experiments. L.N.S., M.A.P., and A.J.P. analyzed

data. F.G.O. and C. L. O. contributed to studies with Zmpste24

mutant mice. I.M.B. developed the project, performed experiments,

analyzed data, and wrote the draft of the manuscript.

ORCID

Irina M. Bochkis http://orcid.org/0000-0001-8073-8408

REFERENCES

Andrew, W., Brown, H. M., & Johnson, J. B. (1943). Senile changes in the

liver of mouse and man, with special reference to the similarity of

10 of 12 | WHITTON ET AL.

http://picard.sourceforge.net
https://github.com/daler/epic
https://github.com/daler/epic
http://orcid.org/0000-0001-8073-8408
http://orcid.org/0000-0001-8073-8408
http://orcid.org/0000-0001-8073-8408


the nuclear alterations. American Journal of Anatomy, 72, 199–221.

https://doi.org/10.1002/(ISSN)1553-0795

Berman, B. P., Weisenberger, D. J., Aman, J. F., Hinoue, T., Ramjan, Z.,

Liu, Y., . . . Van Den Berg, D. (2012). Regions of focal DNA hyperme-

thylation and long-range hypomethylation in colorectal cancer coin-

cide with nuclear lamina-associated domains. Nature Genetics, 44,

40–46. https://doi.org/10.1038/ng.969

Bochkis, I. M., Przybylski, D., Chen, J., & Regev, A. (2014). Changes in

nucleosome occupancy associated with metabolic alterations in aged

mammalian liver. Cell Reports, 9, 996–1006. https://doi.org/10.1016/

j.celrep.2014.09.048

Bochkis, I. M., Rubins, N. E., White, P., Furth, E. E., Friedman, J. R., &

Kaestner, K. H. (2008). Hepatocyte-specific ablation of Foxa2

alters bile acid homeostasis and results in endoplasmic reticulum

stress. Nature Medicine, 14, 828–836. https://doi.org/10.1038/nm.

1853

Bochkis IM, Schug J, Rubins NE, Chopra AR, O’Malley BW, Kaestner KH

(2009) Foxa2-dependent hepatic gene regulatory networks depend

on physiological state. Physiological Genomics, 38(2), 186–195.

https://doi.org/10.1152/physiolgenomics.90376.2008

Cirillo, L. A., Lin, F. R., Cuesta, I., Friedman, D., Jarnik, M., & Zaret, K. S.

(2002). Opening of compacted chromatin by early developmental

transcription factors HNF3 (FoxA) and GATA-4. Molecular Cell, 9,

279–289. https://doi.org/10.1016/S1097-2765(02)00459-8

Clark, K. L., Halay, E. D., Lai, E., & Burley, S. K. (1993). Co-crystal struc-

ture of the HNF-3/fork head DNA-recognition motif resembles his-

tone H5. Nature, 364, 412–420. https://doi.org/10.1038/364412a0

Fakhouri TH, Stevenson J, Chisholm AD, Mango SE (2010) Dynamic

chromatin organization during foregut development mediated by the

organ selector gene PHA-4/FoxA. PLoS Genetics, 6(8), e1001060.

https://doi.org/10.1371/journal.pgen.1001060

Friedman, J. R., & Kaestner, K. H. (2006). The Foxa family of transcription

factors in development and metabolism. Cellular and Molecular Life

Sciences, 63, 2317–2328. https://doi.org/10.1007/s00018-006-6095-6

Galant, D., Gaborit, B., Desgrouas, C., Abdesselam, I., Bernard, M., Levy,

N., . . . Badens, C. (2016). A heterozygous ZMPSTE24 mutation asso-

ciated with severe metabolic syndrome, ectopic fat accumulation, and

dilated cardiomyopathy. Cells, 5, 21. https://doi.org/10.3390/ce

lls5020021

Gavrilova, O., Haluzik, M., Matsusue, K., Cutson, J. J., Johnson, L., Dietz,

K. R., . . . Reitman, M. L. (2003). Liver peroxisome proliferator-acti-

vated receptor gamma contributes to hepatic steatosis, triglyceride

clearance, and regulation of body fat mass. Journal of Biological Chem-

istry, 278, 34268–34276. https://doi.org/10.1074/jbc.M300043200

Guelen, L., Pagie, L., Brasset, E., Meuleman, W., Faza, M. B., Talhout, W.,

. . . van Steensel, B. (2008). Domain organization of human chromo-

somes revealed by mapping of nuclear lamina interactions. Nature,

453, 948–951. https://doi.org/10.1038/nature06947

Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y. C., Laslo, P., . . .

Glass, C. K. (2010). Simple combinations of lineage-determining tran-

scription factors prime cis-regulatory elements required for macro-

phage and B cell identities. Molecular Cell, 38(4), 576–589. https://d

oi.org/10.1016/j.molcel.2010.05.004

Hillman-Jackson, J., Clements, D., Blankenberg, D., Taylor, J., & Nekru-

tenko, A. (2012). Using Galaxy to perform large-scale interactive data

analyses. Current Protocols in Bioinformatics, 38(10.5), 10.5.1–10.5.47.

Hood, S., & Amir, S. (2017). The aging clock: Circadian rhythms and later

life. The Journal of Clinical Investigation, 127, 437–446. https://doi.

org/10.1172/JCI90328

Jin, J., Wang, G. L., Iakova, P., Shi, X., Haefliger, S., Finegold, M., & Tim-

chenko, N. A. (2010). Epigenetic changes play critical role in age-

associated dysfunctions of the liver. Aging Cell, 9, 895–910. https://d

oi.org/10.1111/j.1474-9726.2010.00617.x

Kuleshov M. V., Jones M. R., Rouillard A. D., Fernandez N. F., Duan Q.,

Wang Z., . . . Ma’ayan A. (2016). Enrichr: A comprehensive gene set

enrichment analysis web server 2016 update. Nucleic Acids Research,

44, W90–W97. https://doi.org/10.1093/nar/gkw377

Kwan, R., Brady, G. F., Brzozowski, M., Weerasinghe, S. V., Martin, H.,

Park, M. J., . . . Omary, M. B. (2017). Hepatocyte-specific deletion of

mouse lamin A/C leads to male-selective steatohepatitis. Cellular and

Molecular Gastroenterology and Hepatology, 4, 365–383. https://doi.

org/10.1016/j.jcmgh.2017.06.005

Lai, E., Prezioso, V. R., Smith, E., Litvin, O., Costa, R. H., & Darnell Jr, J. E.

(1990). HNF-3A, a hepatocyte-enriched transcription factor of novel

structure is regulated transcriptionally. Genes & Development, 4,

1427–1436. https://doi.org/10.1101/gad.4.8.1427

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with

Burrows-Wheeler transform. Bioinformatics, 25, 1754–1760. https://d

oi.org/10.1093/bioinformatics/btp324

Li, Z., Gadue, P., Chen, K., Jiao, Y., Tuteja, G., Schug, J., . . . Kaestner, K.

H. (2012). Foxa2 and H2A.Z mediate nucleosome depletion during

embryonic stem cell differentiation. Cell, 151, 1608–1616. https://d

oi.org/10.1016/j.cell.2012.11.018

Li, Z., Schug, J., Tuteja, G., White, P., & Kaestner, K. H. (2011). The nucle-

osome map of the mammalian liver. Nature Structural & Molecular

Biology, 18, 742–746. https://doi.org/10.1038/nsmb.2060

Lopez-Otin, C., Galluzzi, L., Freije, J. M., Madeo, F., & Kroemer, G. (2016).

Metabolic control of longevity. Cell, 166, 802–821. https://doi.org/

10.1016/j.cell.2016.07.031

Marino, G., Ugalde, A. P., Salvador-Montoliu, N., Varela, I., Quiros, P. M.,

Cadinanos, J., . . . Lopez-Otin, C. (2008). Premature aging in mice acti-

vates a systemic metabolic response involving autophagy induction.

Human Molecular Genetics, 17, 2196–2211. https://doi.org/10.1093/

hmg/ddn120

McLean, C. Y., Bristor, D., Hiller, M., Clarke, S. L., Schaar, B. T., Lowe, C.

B., . . . Bejerano, G. (2010). GREAT improves functional interpretation

of cis-regulatory regions. Nature Biotechnology, 28, 495–501.

https://doi.org/10.1038/nbt.1630

Meuleman, W., Peric-Hupkes, D., Kind, J., Beaudry, J. B., Pagie, L., Kellis,

M., . . . van Steensel, B. (2013). Constitutive nuclear lamina-genome

interactions are highly conserved and associated with A/T-rich

sequence. Genome Research, 23, 270–280. https://doi.org/10.1101/

gr.141028.112

Ogrodnik, M., Miwa, S., Tchkonia, T., Tiniakos, D., Wilson, C. L., Lahat, A.,

. . . Jurk, D. (2017). Cellular senescence drives age-dependent hepatic

steatosis. Nature Communications, 8, 15691. https://doi.org/10.1038/

ncomms15691

Osorio, F. G., Varela, I., Lara, E., Puente, X. S., Espada, J., Santoro, R., . . .

Lopez-Otin, C. (2010). Nuclear envelope alterations generate an

aging-like epigenetic pattern in mice deficient in Zmpste24 metallo-

protease. Aging Cell, 9, 947–957. https://doi.org/10.1111/j.1474-

9726.2010.00621.x

Pendas, A. M., Zhou, Z., Cadinanos, J., Freije, J. M., Wang, J., Hultenby,

K., . . . Lopez-Otin, C. (2002). Defective prelamin A processing and

muscular and adipocyte alterations in Zmpste24 metalloproteinase-

deficient mice. Nature Genetics, 31, 94–99.

Peric-Hupkes, D., Meuleman, W., Pagie, L., Bruggeman, S. W., Solovei, I.,

Brugman, W., . . . van Steensel, B. (2010). Molecular maps of the reor-

ganization of genome-nuclear lamina interactions during differentia-

tion. Molecular Cell, 38, 603–613. https://doi.org/10.1016/j.molcel.

2010.03.016

Picard, F., Gehin, M., Annicotte, J., Rocchi, S., Champy, M. F., O’Malley,

B. W., . . . Auwerx, J. (2002). SRC-1 and TIF2 control energy balance

between white and brown adipose tissues. Cell, 111, 931–941.

https://doi.org/10.1016/S0092-8674(02)01169-8

Robinson, J. T., Thorvaldsdottir, H., Winckler, W., Guttman, M., Lander, E.

S., Getz, G., & Mesirov, J. P. (2011). Integrative genomics viewer.

Nature Biotechnology, 29, 24–26. https://doi.org/10.1038/nbt.1754

Rozowsky, J., Euskirchen, G., Auerbach, R. K., Zhang, Z. D., Gibson, T.,

Bjornson, R., . . . Gerstein, M. B. (2009). PeakSeq enables systematic

WHITTON ET AL. | 11 of 12

https://doi.org/10.1002/(ISSN)1553-0795
https://doi.org/10.1038/ng.969
https://doi.org/10.1016/j.celrep.2014.09.048
https://doi.org/10.1016/j.celrep.2014.09.048
https://doi.org/10.1038/nm.1853
https://doi.org/10.1038/nm.1853
https://doi.org/10.1152/physiolgenomics.90376.2008
https://doi.org/10.1016/S1097-2765(02)00459-8
https://doi.org/10.1038/364412a0
https://doi.org/10.1371/journal.pgen.1001060
https://doi.org/10.1007/s00018-006-6095-6
https://doi.org/10.3390/cells5020021
https://doi.org/10.3390/cells5020021
https://doi.org/10.1074/jbc.M300043200
https://doi.org/10.1038/nature06947
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1172/JCI90328
https://doi.org/10.1172/JCI90328
https://doi.org/10.1111/j.1474-9726.2010.00617.x
https://doi.org/10.1111/j.1474-9726.2010.00617.x
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1016/j.jcmgh.2017.06.005
https://doi.org/10.1016/j.jcmgh.2017.06.005
https://doi.org/10.1101/gad.4.8.1427
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1016/j.cell.2012.11.018
https://doi.org/10.1016/j.cell.2012.11.018
https://doi.org/10.1038/nsmb.2060
https://doi.org/10.1016/j.cell.2016.07.031
https://doi.org/10.1016/j.cell.2016.07.031
https://doi.org/10.1093/hmg/ddn120
https://doi.org/10.1093/hmg/ddn120
https://doi.org/10.1038/nbt.1630
https://doi.org/10.1101/gr.141028.112
https://doi.org/10.1101/gr.141028.112
https://doi.org/10.1038/ncomms15691
https://doi.org/10.1038/ncomms15691
https://doi.org/10.1111/j.1474-9726.2010.00621.x
https://doi.org/10.1111/j.1474-9726.2010.00621.x
https://doi.org/10.1016/j.molcel.2010.03.016
https://doi.org/10.1016/j.molcel.2010.03.016
https://doi.org/10.1016/S0092-8674(02)01169-8
https://doi.org/10.1038/nbt.1754


scoring of ChIP-seq experiments relative to controls. Nature Biotech-

nology, 27, 66–75. https://doi.org/10.1038/nbt.1518

Sadaie, M., Salama, R., Carroll, T., Tomimatsu, K., Chandra, T., Young, A.

R., . . . Narita, M. (2013). Redistribution of the Lamin B1 genomic

binding profile affects rearrangement of heterochromatic domains

and SAHF formation during senescence. Genes & Development, 27,

1800–1808. https://doi.org/10.1101/gad.217281.113

Sarkar, A., & Hochedlinger, K. (2013). The sox family of transcription fac-

tors: Versatile regulators of stem and progenitor cell fate. Cell Stem

Cell, 12, 15–30. https://doi.org/10.1016/j.stem.2012.12.007

Shackleton, S., Lloyd, D. J., Jackson, S. N., Evans, R., Niermeijer, M. F.,

Singh, B. M., . . . Trembath, R. C. (2000). LMNA, encoding lamin A/C,

is mutated in partial lipodystrophy. Nature Genetics, 24, 153–156.

https://doi.org/10.1038/72807

Shen, L., Shao, N., Liu, X., & Nestler, E. (2014). ngs.plot: Quick mining

and visualization of next-generation sequencing data by integrating

genomic databases. BMC Genomics, 15, 284. https://doi.org/10.

1186/1471-2164-15-284

Sun, Z., Miller, R. A., Patel, R. T., Chen, J., Dhir, R., Wang, H., . . . Lazar,

M. A. (2012). Hepatic Hdac3 promotes gluconeogenesis by repressing

lipid synthesis and sequestration. Nature Medicine, 18, 934–942.

https://doi.org/10.1038/nm.2744

Tateishi, K., Okada, Y., Kallin, E. M., & Zhang, Y. (2009). Role of Jhdm2a

in regulating metabolic gene expression and obesity resistance. Nat-

ure, 458, 757–761. https://doi.org/10.1038/nature07777

Timchenko, N. A. (2009). Aging and liver regeneration. Trends in

Endocrinology and Metabolism, 20, 171–176. https://doi.org/10.1016/

j.tem.2009.01.005

Vaquero, A., & Reinberg, D. (2009). Calorie restriction and the exercise

of chromatin. Genes & Development, 23, 1849–1869. https://doi.org/

10.1101/gad.1807009

Varela, I., Cadinanos, J., Pendas, A. M., Gutierrez-Fernandez, A., Fol-

gueras, A. R., Sanchez, L. M., . . . Lopez-Otin, C. (2005). Accelerated

ageing in mice deficient in Zmpste24 protease is linked to p53 sig-

nalling activation. Nature, 437, 564–568. https://doi.org/10.1038/nat

ure04019

Villeneuve, L. M., Reddy, M. A., Lanting, L. L., Wang, M., Meng, L., &

Natarajan, R. (2008). Epigenetic histone H3 lysine 9 methylation in

metabolic memory and inflammatory phenotype of vascular smooth

muscle cells in diabetes. Proceedings of the National Academy of

Sciences USA, 105, 9047–9052. https://doi.org/10.1073/pnas.

0803623105

Wang, L., Xu, S., Lee, J. E., Baldridge, A., Grullon, S., Peng, W., & Ge, K.

(2013). Histone H3K9 methyltransferase G9a represses PPARgamma

expression and adipogenesis. The EMBO Journal, 32, 45–59.

Workman, J. L., & Kingston, R. E. (1992). Nucleosome core displace-

ment in vitro via a metastable transcription factor-nucleosome

complex. Science, 258, 1780–1784. https://doi.org/10.1126/science.

1465613

Xu, S., Grullon, S., Ge, K., & Peng, W. (2014). Spatial clustering for

identification of ChIP-enriched regions (SICER) to map regions of

histone methylation patterns in embryonic stem cells. Methods in

Molecular Biology, 1150, 97–111. https://doi.org/10.1007/978-1-

4939-0512-6

Yuan, T., Jiao, Y., de Jong, S., Ophoff, R. A., Beck, S., & Teschendorff, A.

E. (2015). An integrative multi-scale analysis of the dynamic DNA

methylation landscape in aging. PLoS Genetics, 11(2), e1004996.

https://doi.org/10.1371/journal.pgen.1004996

Zambelli, F., Pesole, G., & Pavesi, G. (2013). PscanChIP: Finding over-

represented transcription factor-binding site motifs and their correla-

tions in sequences from ChIP-Seq experiments. Nucleic Acids

Research, 41, W535–W543. https://doi.org/10.1093/nar/gkt448

Zang, C., Schones, D. E., Zeng, C., Cui, K., Zhao, K., & Peng, W. (2009). A

clustering approach for identification of enriched domains from his-

tone modification ChIP-Seq data. Bioinformatics, 25(15), 1952–1958.

https://doi.org/10.1093/bioinformatics/btp340

Zaret, K. S., & Carroll, J. S. (2011). Pioneer transcription factors: Estab-

lishing competence for gene expression. Genes & Development, 25,

2227–2241. https://doi.org/10.1101/gad.176826.111

Zhang, W., Li, J., Suzuki, K., Qu, J., Wang, P., Zhou, J., . . . Belmonte, J. C.

(2015). Aging stem cells. A Werner syndrome stem cell model unveils

heterochromatin alterations as a driver of human aging. Science, 348,

1160–1163. https://doi.org/10.1126/science.aaa1356

Zhang, L., Rubins, N. E., Ahima, R. S., Greenbaum, L. E., & Kaestner, K. H.

(2005). Foxa2 integrates the transcriptional response of the hepato-

cyte to fasting. Cell Metabolism, 2, 141–148. https://doi.org/10.1016/

j.cmet.2005.07.002

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Whitton H, Singh LN, Patrick MA,

et al. Changes at the nuclear lamina alter binding of pioneer

factor Foxa2 in aged liver. Aging Cell. 2018;17:e12742.

https://doi.org/10.1111/acel.12742

12 of 12 | WHITTON ET AL.

https://doi.org/10.1038/nbt.1518
https://doi.org/10.1101/gad.217281.113
https://doi.org/10.1016/j.stem.2012.12.007
https://doi.org/10.1038/72807
https://doi.org/10.1186/1471-2164-15-284
https://doi.org/10.1186/1471-2164-15-284
https://doi.org/10.1038/nm.2744
https://doi.org/10.1038/nature07777
https://doi.org/10.1016/j.tem.2009.01.005
https://doi.org/10.1016/j.tem.2009.01.005
https://doi.org/10.1101/gad.1807009
https://doi.org/10.1101/gad.1807009
https://doi.org/10.1038/nature04019
https://doi.org/10.1038/nature04019
https://doi.org/10.1073/pnas.0803623105
https://doi.org/10.1073/pnas.0803623105
https://doi.org/10.1126/science.1465613
https://doi.org/10.1126/science.1465613
https://doi.org/10.1007/978-1-4939-0512-6
https://doi.org/10.1007/978-1-4939-0512-6
https://doi.org/10.1371/journal.pgen.1004996
https://doi.org/10.1093/nar/gkt448
https://doi.org/10.1093/bioinformatics/btp340
https://doi.org/10.1101/gad.176826.111
https://doi.org/10.1126/science.aaa1356
https://doi.org/10.1016/j.cmet.2005.07.002
https://doi.org/10.1016/j.cmet.2005.07.002
https://doi.org/10.1111/acel.12742

