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Abstract Hutchinson-Gilford progeria (HGPS) is a premature ageing syndrome caused by

a mutation in LMNA, resulting in a truncated form of lamin A called progerin. Progerin triggers loss of

the heterochromatic marker H3K27me3, and premature senescence, which is prevented by telomerase.

However, the mechanism how progerin causes disease remains unclear. Here, we describe an inducible

cellular system to model HGPS and find that LAP2α (lamina-associated polypeptide-α) interacts with

lamin A, while its interaction with progerin is significantly reduced. Super-resolution microscopy

revealed that over 50% of telomeres localize to the lamina and that LAP2α association with telomeres is

impaired in HGPS. This impaired interaction is central to HGPS since increasing LAP2α levels rescues

progerin-induced proliferation defects and loss of H3K27me3, whereas lowering LAP2 levels

exacerbates progerin-induced defects. These findings provide novel insights into the pathophysiology

underlying HGPS, and how the nuclear lamina regulates proliferation and chromatin organization.

DOI: 10.7554/eLife.07759.001

Introduction
The nuclear lamina, a proteinaceous meshwork consisting of A-type and B-type lamins, underlies the

inner nuclear membrane and is important for maintaining interphase nuclear architecture. In addition, it

provides a structural scaffold for factors involved in DNA repair, replication and transcription (Burke and

Stewart, 2006; Dechat et al., 2008). Mutations in the LMNA gene are responsible for a variety of

human genetic disorders, collectively called the laminopathies (Burke and Stewart, 2006; Worman

et al., 2010). Laminopathies include forms of muscular dystrophy, cardiomyopathy, lipodystrophy and

the premature aging disease, Hutchinson-Gilford Progeria Syndrome (HGPS).

HGPS patients appear normal at birth, but by 12–18 months begin to exhibit features associated

with accelerated ageing, and usually die in their teens due to cardiovascular failure. HGPS is caused by

an autosomal dominant C to T nucleotide substitution at position 1824 (G608G) in LMNA, which

activates a cryptic splice site and results in a truncated and constitutively farnesylated version of lamin

A called progerin (De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003). HGPS fibroblasts have

a greatly reduced proliferative capacity, abnormal nuclear architecture, persistent activation of DNA
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damage checkpoints and shortened telomeres (Allsopp et al., 1992; Bridger and Kill, 2004;

Goldman et al., 2004; Liu et al., 2005, 2006; Decker et al., 2009). Critically shortened

telomeres elicit a DNA damage response and trigger senescence, resulting in irreversible growth

arrest (d’Adda di Fagagna et al., 2003). Previous results revealed that ectopic expression of

telomerase reverse transcriptase (TERT) extends the proliferative capacity of HGPS fibroblasts

and rescues progerin-induced DNA damage (Kudlow et al., 2008; Benson et al., 2010).

However, it remains unknown to what extent ectopic expression of TERT rescues all progerin-

induced phenotypes, and whether physiological levels of TERT are sufficient. It also remains

unclear how progerin triggers senescence and why specific tissues in HGPS patients are more

affected than others.

Here, we describe a regulatable cellular model of progeria and show that upon induction in primary

human fibroblasts, progerin leads to increased DNA damage, cellular senescence, senescence-

associated reduction of lamin B1, nuclear morphology defects and altered expression of H3K27me3, in

a dose-dependent manner. Exogenous TERT prevents the proliferative defects, DNA damage, lamin B1

reduction and gene expression differences induced by progerin, although nuclear morphology defects

and altered deposition of H3K27me3 are not prevented by TERT.

To determine how progerin may induce these defects, we compared the protein interactome between

lamin A and progerin. This revealed that the physical association between progerin and the α-isoform of the

lamina-associated polypeptide 2 (LAP2α) is disrupted. Increased levels of LAP2α, but not LAP2β, suppressed
many of the progerin-induced defects, including the inhibition of cell proliferation and reduction in

heterochromatin, revealing that LAP2α plays a central role in the molecular pathology of progeria.

Results

Progerin impairs proliferation, induces premature senescence and loss of
lamin B1 in primary fibroblasts
To investigate the mechanism of progerin’s effects, we developed a tractable experimental system

utilizing primary (telomerase-negative) and telomerase-positive (expressing pBABE-Neo-hTERT)

eLife digest Hutchinson-Gilford Progeria Syndrome (HGPS) is a rare genetic disease in which

individuals age prematurely. Newborns appear normal at birth, but start ageing rapidly when they

are around a year old. Symptoms of the disease include stunted growth and joint stiffness, and

individuals often die of heart failure during their teens.

A mutated version of a protein called lamin A causes HGPS; this mutant is known as progerin. In

cells that produce progerin, the ‘telomeres’ that protect the ends of chromosomes (the structures

that contain most of the cell’s DNA) from damage, are unusually short. Every time a cell divides, the

telomeres get shorter. If they get too short, the DNA is damaged and the cell stops dividing and

enters a state known as senescence.

HGPS affects some of the tissues in the body more severely than others, and these tissues tend to

produce high levels of progerin. By gradually raising the levels of progerin in human cells, Chojnowski

et al. found that DNA damage and cell senescence only occur when the amount of progerin in a cell

exceeds a particular threshold. Moreover, the expression of telomerase—a complex that can

elongate telomeres—prevented progerin-induced DNA damage and premature senescence.

To find out how progerin affects cells, Chojnowski et al. compared how lamin A and progerin

interact with other proteins. This revealed that progerin interacts with a protein called LAP2α more

weakly than lamin A. LAP2α normally associates with telomeres, but using super-high resolution

microscopy, Chojnowski et al. observed that this association is less likely to occur in the cells of

people with HGPS. Importantly, increasing the amount of LAP2α in progerin-expressing cells

prevented DNA damage and senescence and enabled these cells to continue dividing.

Chojnowski et al. propose that in HGPS, the weak interaction between LAP2α and progerin

disrupts how LAP2α interacts with telomeres, which prevents cells from dividing. Understanding this

process may help to design new ways of treating HGPS, and may also help us to understand other

diseases that are caused by mutations in lamin proteins.

DOI: 10.7554/eLife.07759.002
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(TERT+) human fibroblasts. These were then either induced to express V5-tagged lamin A or progerin

to model the pathophysiology of HGPS fibroblasts. We used a doxycycline (DOX) inducible lentiviral

based system to quantitatively induce the expression of progerin and lamin A to levels comparable to

those present in HGPS fibroblasts (Figure 1A,B; Figure 1—figure supplement 1A,B,H). The

advantage of such a system is that it accurately tracks the replicative history of isogenic cell lines,

removing the uncertainty in using HGPS-patient derived cells where passage number and telomere

length may be unknown, as described (Decker et al., 2009).

Progerin expression leads to misshapen nuclei (Figure 1—figure supplement 1B), inhibition of cell

proliferation (Figure 1C, Figure 1—figure supplement 1C), premature senescence (as measured by

expression of senescence-associated β-galactosidase, [SA-β-gal]), a reduction in lamin B1 levels,

(Figure 1—figure supplement 1A,D,G) and the induction of 53BP-1 DNA-damage foci (Figure 1D).

In addition, western blot analysis from three independent experiments demonstrated that expression

of TERT did not reduce progerin levels (Figure 1B,E and Figure 1—figure supplement 1E). All of

these changes are consistent with previous findings from HGPS and senescent fibroblasts (Scaffidi

and Misteli, 2005; Taimen et al., 2009; Shimi et al., 2011; Freund et al., 2012; Dreesen et al.,

2013). The expression of exogenous TERT prevented progerin-induced proliferative defects, loss of

lamin B1, and reduced the number of SA-β-gal positive cells to background levels (Figure 1B,D;

Figure 1—figure supplement 1A,C,D,G). Consistent with these results, expression of TERT in HGPS

patient derived fibroblasts increased telomere length, restored their proliferative capacity and

reduced the number of cells with DNA damage foci (Figure 1—figure supplement 1H–J). In contrast,

expression of TERT did not ameliorate the nuclear abnormalities of HGPS cells (Figure 1—figure

supplement 2A). Lastly, expression of normal lamin A did not significantly affect the proliferation

rates of primary- or TERT+ human fibroblasts (Figure 1—figure supplement 1F).

One of the most intriguing aspects of HGPS and other premature aging syndromes is the tissue-

specific manifestation of the disease. Different lineages derived from reprogrammed HGPS induced

pluripotent cells (iPSC) expressed varying amounts of progerin, with neural lineages showing the

lowest levels, consistent with the fact that they remain unaffected in HGPS patients (Zhang et al.,

2011). These results suggested that progerin’s detrimental effects depend on its levels of expression

in a given tissue. To test this, we expressed increasing levels of progerin in primary and TERT+
fibroblasts by increasing the concentration of DOX (0–2000 ng/ml). This resulted in progerin

inhibiting the proliferation of primary fibroblasts in a dose-dependent manner (Figure 1C). Defective

proliferation was accompanied by a gradual increase in DNA damage levels, as quantified by the

number of 53BP1 foci per nucleus (Figure 1D, left panel, p < 0.01). The levels of progerin required to

induce a phenotype corresponded to ∼30–40% of endogenous lamin A levels (at 100–250 ng/ml DOX;

Figure 1B–D). Progerin therefore must reach a certain threshold to induce DNA damage and inhibit

proliferation. Both of these effects were suppressed by exogenous TERT (Figure 1B–D, right panel).

Previous studies reported that progerin leads to a decrease in repressive histone marks including

H3K27 trimethylation and loss of peripheral heterochromatin (Shumaker et al., 2006; McCord et al.,

2013). To determine whether TERT would prevent progerin-induced chromatin alterations, we

measured the levels of progerin and H3K27me3 in single cells by immunofluorescence. As shown in

Figure 1E, a scatterplot analysis of >9800 nuclei revealed an inverse correlation between progerin

and H3K27me3 levels (Pearson r = −0.43 and −0.24 for TERT negative and TERT+ cells expressing

progerin, respectively, p < 0.001, Figure 1E, inset). However, progerin mediated loss of H3K27me3

was not prevented by TERT. The inverse correlation between progerin expression and loss of

H3K27me3 is also apparent in two primary HGPS cell lines (Figure 1F, Pearson r = −0.70 and −0.52 for

HGPS 01972 and HGPS 11513 respectively, p < 0.001), as well as in one TERT+HGPS cell line

(Figure 1—figure supplement 1K, Pearson r = −0.5). To determine whether this altered chromatin

state was sufficient to affect genome-wide gene expression, and whether TERT would prevent these

changes, we performed a microarray analysis on primary and TERT+ cells expressing either lamin A or

progerin at 4 weeks after induction. The expression of 142 genes was increased or decreased more

than twofold in progerin vs lamin A expressing cells (Figure 1G). Many of these gene expression

changes were associated with senescence, including a reduction of Wnt2 (Ye et al., 2007), increased

expression of matrix metalloproteinases (Kang et al., 2003) and plasminogen activator inhibitor-1

(PAI-1) (Kortlever et al., 2006). Expression of TERT prevented nearly all these changes in the

differentially expressed genes, and restored the gene expression profile to that seen in cells not

expressing progerin (Figure 1H). These results show that the inducible system reliably phenocopies
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Figure 1. Telomerase rescues dose dependent progerin-induced proliferation defects, DNA damage and gene

expression changes without alleviating chromatin changes. (A) Immunofluorescence microscopy using v5-tag

antibody showing doxycycline-dependent inducible expression of v5-progerin and its localization to the nuclear

periphery. DAPI staining is shown on the bottom panels. Scale bar: 100 μm. (B) Western blotting showing

doxycycline-dependent progerin expression in primary (left panel) and TERT+ (right panel) fibroblasts. Progerin

migrates between lamin A and C as indicated (red arrowhead). Doxycycline concentrations (0–2000 ng/ml) are

indicated under each lane. (C) Quantification of progerin-induced proliferation defects. Relative growth rates of

primary (left panel) and TERT+ cells (right panel) according to progerin expression levels (*p < 0.05; ***p < 0.001

compared to control 0 ng/ml doxycycline, error bars represent SEM, 2-way ANOVA with Bonferroni’s post-test).

(D) Quantification of progerin-induced 53BP1 DNA damage foci in response to progerin expression levels, in

Figure 1. continued on next page
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HGPS cell characteristics in isogenic cell lines, and that ectopic expression of TERT prevents dose-

dependent DNA damage, premature cellular senescence and senescence-associated changes in gene

expression induced by progerin, independent of its impact on H3K27 methylation.

To determine whether endogenous physiological levels of TERT would recapitulate the effects of

exogenous TERT expression, we expressed lamin A and progerin in mouse embryonic stem cells (ESC).

Endogenous TERT expression is a hallmark of ESCs and enables them to perpetually self-renew. Both

lamin A and progerin were expressed in the ESC nuclei upon addition of DOX and localized to the

nuclear periphery (Figure 2—figure supplement 1A,B). Expression of the exogenous progerin or lamin

A did not impair the proliferation of the pluripotent ESCs (Figure 2A), induce significant changes in

gene expression (Figure 2B), alter nuclear lamina structure, as measured by lamin B1 and emerin

expression, nor affect the expression of the pluripotency markers Nanog, Oct-4 and Sox-2 (Figure 2C).

TERT is expressed in undifferentiated ESC, but is repressed during differentiation (Armstrong et al.,

2000). To determine whether ESC would become susceptible to progerin expression upon

differentiation, we aggregated ESC into embryoid bodies (EB), plated them in tissue culture dishes

and measured the size of the differentiating EB outgrowth upon plating. While the total EB size did not

vary significantly between the different conditions (Figure 2E), the EB outgrowth of differentiated cells

was significantly reduced in progerin expressing cells (Figure 2F, p < 0.01). As in primary fibroblasts, we

observed an increase in 53BP-1 foci in the differentiated progerin expressing cells (Figure 2—figure

supplement 1C). To further investigate whether TERT is necessary to prevent progerin-induced defects

in pluripotent ESC, we expressed progerin in Tert−/− mouse ESC (Figure 2—supplement 1D,E).

Expression of progerin in Tert−/− ESC led to a reduction in cell number (Figure 2G), rapidly induced

differentiation and significantly impaired ability of ESC to form embryoid bodies (Figure 2H,I). Taken

together, these results demonstrate that physiological expression levels of TERT are necessary and

sufficient to prevent progerin-induced defects.

BioID analysis reveals an impaired interaction between LAP2α and
progerin
Cellular senescence is considered to be a key factor in HGPS, as well as during normal ageing in

humans (Kuilman et al., 2010). To determine how progerin may trigger senescence, we compared the

protein interactomes of lamin A and progerin using BioID (Roux et al., 2012). The Myc-tagged

promiscuous biotin ligase BirA* was fused to the N-termini of lamin A or progerin, and expressed in

fibroblasts by DOX-induction. To avoid complications from senescence-associated secondary

consequences of progerin expression, we performed the comparison in TERT-expressing cells. Upon

induction, BirA*-lamin A and BirA*-progerin were expressed (Figure 3A), localized at the nuclear

Figure 1. Continued

primary (left panel, p < 0.01, χ2 test) and TERT+ cells (right panel). 350–500 cells were counted for each condition.

(E) Scatter plot analysis of primary (blue, red) and TERT+ (cyan, orange) cells showing an inverse correlation between

H3K27me3 and progerin expression in each cell nucleus using immunofluorescence microscopy (Pearson r = −0.43
and −0.24 for TERT negative and TERT+ cells expressing progerin, respectively, p < 0.001, n > 9800). Inset: box plot

of the same data, whiskers represent 10–90 percentile (***p < 0.001, *p < 0.05, one way ANOVA with Bonferroni’s

post-test). (F) Scatter plot analysis of H3K27me3 and progerin expression in single nuclei of two primary HGPS lines

using immunofluorescence microscopy (Pearson r = −0.70 and −0.52 for HGPS AG01972 and HGPS AG11513

respectively, p < 0.001, n > 4000). (G) Illustration showing the number of genes whose expression changed more

than twofold after 28 days of lamin A or progerin expression (I, induced. N.I., non-induced). No significant changes

were observed upon expression of lamin A. In primary and TERT+ cells, 5 and 142 genes were differentially

regulated upon progerin expression, respectively. (H) Heatmap representation of the 142 differentially regulated

genes in the presence or absence of progerin and TERT, in human fibroblasts.

DOI: 10.7554/eLife.07759.003

The following figure supplements are available for figure 1:

Figure supplement 1. Progerin induced senescence, lamin B1 loss, DNA damage, and telomere shortening are

prevented by TERT in primary and HGPS fibroblasts, control experiments.

DOI: 10.7554/eLife.07759.004

Figure supplement 2. Expression of hTERT or LAP2α does not alleviate nuclear abnormalities in HGPS cells.

DOI: 10.7554/eLife.07759.005
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Figure 2. Physiological levels of telomerase prevent progerin-induced defects in mouse ESC. (A) Growth curve of

mouse ESC expressing progerin (PG) or lamin A (LA) upon DOX induction (n = 3, error bars indicate SEM).

(B) Heatmap showing the number of genes whose expression changed more than twofold after 8 days of lamin A or

progerin expression (I, induced. N.I., non-induced). (C) Immunofluorescence microscopy using Oct-4, emerin, lamin

Figure 2. continued on next page
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periphery (Figure 3B), with BirA*-progerin inducing lobulated and misshapen nuclei (Figure 3B).

Protein biotinylation by the BirA*-lamin A and progerin fusion proteins occurred exclusively upon

addition of biotin and DOX (Figure 3—figure supplement 1A). Biotinylated proteins were purified

and analyzed by mass spectrometry. As expected, self-biotinylated BirA*-lamin A, BirA*-progerin,

endogenous lamin A/C and biotinylated lamin B1, previously shown to interact with A-type lamins,

were identified (Figure 3—figure supplement 1B,C) (Kubben et al., 2010). Mass spectrometry

analysis of pull-down fractions revealed several known components of the nuclear envelope/lamina,

including lamin A, LAP2, emerin, lamin B1 and B2 (Figure 3—figure supplement 1C) (Roux et al.,

2012). We compared the interactome of lamin A vs progerin, and quantified the differential

interactions using the exponentially modified protein abundance index (emPAI) (Ishihama et al.,

2005). We observed a decreased interaction of the nuclear pore complex protein TPR with progerin,

consistent with a previous report describing impaired nuclear import of TPR in HGPS cells (Snow

et al., 2013). A list of the 11 identified nuclear proteins and their respective interaction index with

lamin A or progerin is shown in Figure 3—figure supplement 1C.

We observed a significantly decreased interaction of progerin with the lamina-associated

polypeptide 2 (LAP2) (Figure 3C). LAP2 exists as several alternatively spliced isoforms (Dorner

et al., 2006), among which LAP2α and β were identified by BioID. Since LAP2α forms nucleoplasmic

complexes with lamin A (Dechat et al., 2000), and its levels decline with progerin expression (Scaffidi

and Misteli, 2005; Zhang et al., 2011) or during senescence (Dreesen et al., 2013), we focused on

the α-isoform. To avoid complications associated with cellular senescence, we used TERT+ cells

expressing BirA*-progerin, in which total LAP2α levels remained stable in protein extracts (Figure 3A,

lanes 3 + 4 bottom panel). This confirmed that the reduced interaction between LAP2α we observed

by BioID was not due to a global decrease in the LAP2α levels in the protein samples.

In addition, we expressed BirA*-lamin A and BirA*-progerin in pluripotent ESC. Both constructs

correctly localized to the nuclear periphery and did not lead to any alterations in the nuclear lamina, as

judged by emerin, lamin B1 and SUN1 staining (Figure 3—figure supplement 2A,B). As expected,

mass spectrometry analysis of pull-down fractions identified the nuclear lamina constituents lamin

A/C, lamin B1 and B2, suggesting that the BirA*-constructs interact with endogenous proteins

similarly in ESC and in human fibroblasts. We also noted that, progerin also showed a significantly

decreased interaction with LAP2 in the ESC (Figure 3—figure supplement 2C).

To determine whether LAP2α physically interacts with lamin A and progerin, we examined the

interaction of in vitro transcribed/translated v5-tagged lamin A or v5-progerin with LAP2α and emerin

by co-translation followed by co-immunoprecipitation (Figure 3D, upper panel). Progerin consistently

pulled down ∼40–60% less LAP2α than lamin A, while its interaction with emerin was unaffected

(Figure 3D, lower panel). These results demonstrate that the weakened binding between progerin

and LAP2α, suggested by the BioID screen, is due to a reduction of the association between progerin

and LAP2α.

Figure 2. Continued

B1 and Sox2 antibodies in the presence or absence of v5-lamin A and v5-progerin expression. (D) Embryoid body

(EB) formation upon removal of leukemia inhibitory factor (LIF). The orange line indicates the total size of the

differentiated EB, while the pink line indicates the differentiated cell outgrowth. (E) Quantification of total embryoid

body size in ESC expressing lamin A (LA+DOX) or progerin (PG+DOX), compared to EBs differentiated from ESC LA

non induced controls (one-way ANOVA, n > 80, p > 0.05). (F) Quantification of the size of the differentiated cell layer,

in percentage of the total EB size for each EB, compared to EBs differentiated from non-induced ESC LA controls

(p < 0.01, n > 80, one-way ANOVA with Tukey’s post-test). (G) Cell counts of Tert−/− ESC in the presence (PG+DOX)

or absence (PG) of progerin. Cells were induced for 5 days prior to cell counting (p < 0.05, n = 3, Student’s t-test).

(H) Brightfield microscopy images of Tert−/− ESC ± progerin. Pictures were taken 7 days after induction with

progerin (PG+DOX) or non-induced controls (PG). (I) Total size of EBs differentiated from Tert−/− ESC expressing

progerin (PG+DOX) or controls (PG) (p < 0.001, n > 160, Student’s t-test).

DOI: 10.7554/eLife.07759.006

The following figure supplement is available for figure 2:

Figure supplement 1. (A) Western blot showing inducible expression of v5-progerin or v5-lamin A in primary mouse

ESC ± doxycycline (DOX) as indicated.

DOI: 10.7554/eLife.07759.007
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Figure 3. BioID analysis reveals differential interaction of lamin A and progerin with lamina-associated polypeptide 2 (LAP2). (A) Western blot showing

doxycycline-dependent expression of myc-BirA*-progerin (BirA-PG) and myc-BirA*-lamin A (BirA-LA) fusion constructs in primary and TERT+ cells.

Antibodies are indicated: myc; lamin A, lamin C, LAP2α, actin, GAPDH. (B) Immunofluorescence microscopy confirms doxycycline-dependent induction

and localization of BirA*-lamin A/BirA*-progerin fusion constructs to the nuclear periphery (green, myc tag; blue, DAPI staining). Scale bar: 20 μm.

(C) Impaired interaction of LAP2 with progerin. Quantitative interactome of lamin A (black bars) or progerin (striped bars) with nuclear proteins lamin A,

LAP2, lamin B1 and B2. Control: non-induced BirA*-lamin A (grey bars). BioID (emPAI) index: quantification based on the number of peptides for each

protein detected by mass spectrometry error bars represent SEM (n = 3, ***p < 0.001, one-way ANOVA with Tukey’s post-test). (D) Interaction of lamin A

or progerin with LAP2α or emerin by co-immunoprecipitation. In vitro transcribed and translated v5-tagged lamin A, v5-tagged progerin, LAP2α and

emerin (antibodies: v5-tag, LAP2α, emerin are indicated). Top panel: recombinant v5-tagged progerin and lamin A, myc-LAP2α and HA-emerin were

efficiently immunoprecipitated using anti-v5-tag or anti-myc antibodies, respectively (input lanes two, three and four). Bottom panel: LAP2α or emerin

immunoprecipitated by either v5-lamin A or v5-progerin. Quantification of LAP2α and emerin pulled down by v5-lamin A or v5-progerin is shown below

(normalized to respective v5-signal, *p < 0.05, Student’s t-test).

DOI: 10.7554/eLife.07759.008

The following figure supplements are available for figure 3:

Figure supplement 1. BirA*-dependent biotinylation of proteins in human fibroblasts, control experiments and protein list.

DOI: 10.7554/eLife.07759.009

Figure supplement 2. BioID analysis of lamin A or progerin in pluripotent ESC.

DOI: 10.7554/eLife.07759.010
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Super-resolution microscopy reveals impaired localization of LAP2α to
telomeres in HGPS cells
A comparison of the lamin A and progerin interactomes has been described using other procedures

(Kubben et al., 2010; Liu et al., 2011), but it is unclear whether any of the previously identified

differential interactors had any functional role in the pathophysiology of HGPS. However, a previous

report indicated that LAP2α may directly interact with chromatin and telomeres (Dechat et al., 2004).

In addition, since exogenous telomerase suppresses progerin-induced defects, we investigated

whether LAP2α localization to the telomeres was altered in TERT+HGPS cells. To address this with

sufficient resolution, we used 3D-structured illumination microscopy (Schermelleh et al., 2010) to

compare nuclei from TERT+ wild-type and TERT+HGPS cells. In normal nuclei, LAP2α was present as

discrete foci distributed throughout the nucleoplasm (Figure 4A,B), with many foci closely localized

with telomeres, visualized by staining for TRF1, a component of the telomere-associated shelterin

complex (De Lange, 2005). We then measured the distribution profile of LAP2α along a ∼400 nm axis

Figure 4. LAP2α association with telomeres. (A, B) Projection of an extended section of a wild-type fibroblast

nucleus showing lamin A (blue), LAP2α (red) and TRF1 (green) staining. Magnified section indicated by the white

frame is shown in panel (B). The eight radiuses used to measure the distribution profile of LAP2α around each

telomere are indicated by the dotted white lines. (C) Average LAP2α intensity in WT or TERT+HGPS nucleus

(n = 17, ***p < 0.001, errors bars indicate SEM, Student’s t-test). (D) Intensity profile of LAP2α (red) near telomeres

(TRF1, green) in WT (left part, blue) or TERT+HGPS (right part, red) nuclei along ∼400 nm axis, relative to the

minimum and maximum LAP2α and TRF1 signal per nucleus. Dotted lines indicate SEM, n ≥ 88. (E) Quantification of

telomere distance to the nuclear lamina (a total number of 2891 telomeres from 34 nuclei were analyzed).

DOI: 10.7554/eLife.07759.011

The following figure supplement is available for figure 4:

Figure supplement 1. LAP2α association with telomeres, control experiments and details of analysis.

DOI: 10.7554/eLife.07759.012
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from the center of each telomere in 3D-SIM nuclear sections (544 nm thick), at 45˚ angle intervals

(Figure 4B). To eliminate any localization bias due to the observed differences in LAP2α amounts

between WT and HGPS nuclei (Figure 4C, p < 0.001, n = 17), we normalized the signal intensity to the

maximum/minimum LAP2α intensity for each nucleus. We found that in normal nuclei, the highest

average LAP2α signal intensity is within ∼200 nm of each telomere. In contrast, in HGPS nuclei

(Figure 4—figure supplement 1A,B), the distribution of LAP2α in relation to the telomeres was

significantly altered, and reached its maximum value roughly 360–400 nm from the center of each

telomere (Figure 4D). We observed a similar profile of LAP2α localization to telomeres in TERT+ wild

type cells expressing progerin (Figure 4—figure supplement 1H,I).

To confirm this loss of proximity between LAP2α and the telomeres in HGPS cells, we quantified the

surface area of telomeres co-localizing with LAP2α for each telomere in normal or HGPS nuclear sections.

Consistent with our previous results, we found a decrease in the surface area of HGPS nuclei associated

with LAP2α (6.7% of the surface of each HGPS nuclei was covered by LAP2α vs 15.7% for wild-type nuclei

[p < 0.001, n = 25, Figure 4—figure supplement 1C]). To take into account this difference in

nucleoplasmic LAP2α levels between HGPS and wild type nuclei, we grouped telomeres into three

categories (i) low co-localization TRF1/LAP2α at the telomeres: telomeres with a percentage of their

surface co-localizing with LAP2α below the average percentage of surface covered by LAP2α in the

nucleus, minus one standard deviation ðnoted < LAP2c− σÞ, (ii) average co-localization TRF1/LAP2α at

the telomeres: telomeres with a percentage of their surface co-localizing with LAP2α within the average

surface covered by LAP2α in the nucleus ðnoted LAP2c± σÞ and (iii) high co-localization TRF1/LAP2α at

the telomeres: telomeres with a percentage of their surface co-localizing with LAP2α above the average

surface area covered by LAP2α in the nucleus plus one standard deviation ðnoted > LAP2c+ σÞ.
Examples of these quantified images used for telomere/LAP2α co-localization are shown in

Figure 4—figure supplement 1D,E. In agreement with an impaired LAP2α localization at telomeres,

we observed a lower co-localization of telomeres with LAP2α in HGPS cells. In addition, we observed

fewer telomeres with average or high LAP2α association in HGPS cells as indicated by categories

LAP2c± σ and >LAP2c+ σ, respectively (Figure 4—figure supplement 1F). Taken together, these

results demonstrate that the close physical proximity between LAP2α and telomeres is disrupted in

HGPS nuclei.

Although telomeres localize at the nuclear periphery, their localization is
not significantly affected by progerin
Depletion of, or mutations in LMNA can alter telomere distribution within the nucleus (Gonzalez-

Suarez et al., 2009; Taimen et al., 2009; De Vos et al., 2010). Telomeres may also transiently localize

to the nuclear periphery during the G1 phase of the cell cycle (Crabbe et al., 2012). To determine

whether telomeres were mis-localized in HGPS nuclei, we used 3D-SIM and 3D rendering to measure

the distance between telomeres and the nuclear lamina (Figure 4—figure supplement 1G). We found

that ∼50% of the telomeres localized to within 250 nm of the nuclear lamina in interphase nuclei, but

we did not observe any change in telomere distribution between normal- and HGPS+TERT fibroblasts

(Figure 4E). This suggests that progerin expression or mis-localization of LAP2α does not affect

telomere distribution within the nucleus.

LAP2 deficiency exacerbates progerin-induced proliferation defects
To investigate whether the impaired association of LAP2α with telomeres and progerin was

functionally relevant to the pathophysiology of HGPS, we modulated LAP2 levels in wild type and

progerin expressing cells using our doxycyclin-inducible system. First, we depleted the α, β and γ
isoforms of LAP2 using lentiviral delivered shRNA, and observed, in agreement with previous reports,

enhanced proliferation of primary and TERT+ fibroblasts (Figure 5—figure supplement 1A–C)

(Dorner et al., 2006; Naetar et al., 2008). To determine the consequences of LAP2 depletion in

progerin expressing cells, we introduced v5-tagged progerin or lamin A into LAP2-depleted

fibroblasts (Figure 5B). Surprisingly, and in contrast to normal cells, the loss of LAP2 enhanced

progerin-induced proliferation defects (Figure 5C, red arrowhead). However, this enhanced reduction

in proliferation was rescued by TERT expression (Figure 5—figure supplement 1D). From these

findings we conclude that LAP2 depletion potentiates the detrimental effect of progerin on cell

proliferation.
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Figure 5. LAP2 depletion exacerbates the progerin-induced proliferation defect whereas specific overexpression of

LAP2α rescues it. (A) Growth curve of normal (ctrl shRNA) and LAP2-depleted (shLAP2) primary fibroblasts

expressing progerin or lamin A. Dotted lines indicate SEM (n = 3). Inset: growth rate after 8 days, error bras indicate

SEM (*p < 0.05, Student’s t-test). (B) Western blot of primary and TERT+ cells expressing v5-tagged lamin A (v5-LA)

Figure 5. continued on next page
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Increased LAP2α specifically rescues progerin-induced defects
Since depletion of LAP2 enhances the progerin-induced reduction in proliferation, we investigated

whether ectopic expression of specific LAP2 isoforms would ameliorate progerin-induced defects. In

normal cells, increased expression of LAP2α impairs cell proliferation in a dose-dependent manner

(Figure 5—figure supplement 1E–G), as previously reported (Dorner et al., 2006). We then

introduced progerin into cells expressing exogenous LAP2α (Figure 5C,D). Strikingly, a moderate

increase in LAP2α levels almost completely restored the proliferative capacity of cells expressing

progerin (Figure 5C, red arrowhead), reduced the number of cells with DNA damage foci

(Figure 5—figure supplement 2A) and prevented premature senescence in these cells

(Figure 5—figure supplement 2B,C). This is in contrast to wild-type cells (or vector control cells),

in which increased LAP2α impaired proliferation (Figure 5—figure supplement 1E–G) and increased

premature senescence (Figure 5—figure supplement 2B).

To determine to which extent LAP2α prevented progerin-induced defects, we used immunoflu-

orescence microscopy to measure LAP2α and H3K27me3 levels in single cells upon LAP2α induction.

As shown in Figure 5F, expression of LAP2α in progerin expressing cells increased H3K27me3 levels

as compared to non-induced controls (n = 3, p < 0.05). We further confirmed these results in TERT+
HGPS fibroblasts ectopically expressing LAP2α (Figure 5E,G). Scatterplot analysis of ≈5500 nuclei

revealed a significant increase in H3K27me3 upon induction of LAP2α (Pearson r = 0.1835, p < 0.01) (n

= 3, p < 0.001). However, overexpression of LAP2α did not ameliorate progerin induced nuclear

abnormalities in TERT+HGPS fibroblasts (Figure 1—figure supplement 2B). Lastly, overexpression of

LAP2α in wild type cells, not expressing progerin, did not result in a significant increase in H3K27me3

levels (Figure 5—figure supplement 1H). Taken together, these results suggest that increasing

LAP2α levels prevents progerin-induced proliferation defects and alleviates the progerin-induced

reduction in the heterochromatin mark H3K27me3.

A reduction in heterochromatin renders DNA vulnerable to increased damage (Di Micco et al.,

2011). To determine whether ‘open chromatin’ renders cells more susceptible to progerin, we treated

progerin-expressing, and their non-induced (wild type) controls, to increasing concentrations of the

histone deacetylase inhibitor valproic acid (0.025–0.5 μM). As shown in Figure 5—figure supplement 2,

Figure 5. Continued

or progerin (v5-PG) with or without LAP2 silencing by shRNA (shLAP2). V5-tag, lamin A, lamin C, progerin (PG),

LAP2α, LAP2β and GAPDH are indicated. (C) Growth curve of fibroblasts expressing control vector or progerin in the

presence or absence of doxycycline-inducible LAP2α. LAP2α expression was induced by addition of 0.25 μg/ml

doxycycline. Dotted lines indicate SEM (n = 3). Inset: growth rate after 5 days, error bras indicate SEM (**p < 0.01,

Student’s t-test). (D) Western blot of primary fibroblasts carrying doxycycline-inducible v5-LAP2α, expressing control

vector or progerin. LAP2α expression was induced by addition of 0.25 μg/ml doxycycline. LAP2α, progerin and actin

are indicated. (E) Western blot showing doxycycline-dependent induction of v5-LAP2α in TERT+HGPS cells. (F) Box

plot of H3K27me3 levels in human fibroblasts expressing progerin in the presence (red) or absence (blue) of

ectopically expressed LAP2α (Student’s t-test, p < 0.05, n > 7500 cell analyzed, whiskers represent 10–90 percentile.

(G) Scatter plot analysis of H3K27me3 levels in TERT+HGPS cells in the presence (red) or absence (blue) of

ectopically expressed LAP2α showing increased levels of H3K27me3 upon LAP2α induction (Student’s t-test,

p < 0.01, n > 4000 cell analyzed. Inset: box plot of the same data, whiskers represent 10–90 percentile, ***p < 0.001).

(H) Growth curve of control (ctrl) or progerin expressing fibroblasts (+progerin) in the presence or absence of

doxycycline-inducible v5-LAP2β. Dotted lines indicate SEM (n = 3). Inset: growth rate after 6 days, error bars indicate

SEM (**p < 0.01, Student’s t-test). (I) Western blot of fibroblasts transduced with doxycycline-inducible LAP2β and

expressing control vector or progerin. LAP2β, progerin and actin are shown.

DOI: 10.7554/eLife.07759.013

The following figure supplements are available for figure 5:

Figure supplement 1. Depletion and expression of LAP2 in wild type and progerin expressing fibroblasts, control

experiments.

DOI: 10.7554/eLife.07759.014

Figure supplement 2. Expression of LAP2α prevents progerin induced DNA damage and premature senescence.

DOI: 10.7554/eLife.07759.015

Figure supplement 3. Effects of valproic acid treatment on proliferation of control (non-induced WT, green lines)

and progerin-expressing (red lines) normal dermal fibroblasts.

DOI: 10.7554/eLife.07759.016
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valproic acid treatment exacerbated progerin-induced proliferation defects, at concentrations that

had no discernible effect on non-induced wild type cells (Figure 5—figure supplement 3). Based on

these results we speculate that a reduction in heterochromatin may render cells more susceptible to

progerin-induced proliferation defects.

LAP2 exists in many isoforms. To determine whether the rescue by LAP2α is specific to this isoform,

we expressed the β-isoform of LAP2 in normal- and progerin expressing cells (Figure 5H,I;

Figure 5—figure supplement 1I–K). In contrast to LAP2α, ectopic expression of LAP2β led to

a reduction in the rate of proliferation in both normal and progerin expressing fibroblasts (Figure 5H,

red arrow). Together, these results demonstrate that expression of the α-isoform of LAP2 specifically

ameliorates progerin-induced proliferation defects and increases the levels of heterochromatin

associated H3K27me3.

Discussion
HGPS is described as a ‘segmental ageing syndrome’, but it remains unclear why specific tissues are

more affected, in particular those of mesenchymal origin, while others, such as neural lineages, are

seemingly spared (Zhang et al., 2011). To address this, we developed a DOX-inducible expression

system to regulate the levels and timing of progerin expression in isogenic primary and TERT-positive

cells. By using this system, we find that progerin inhibits proliferation, causes DNA damage and entry

into senescence in a dose-dependent fashion. These results suggest that progerin’s detrimental

effects become apparent only when levels reach a critical threshold. This provides a compelling

explanation as to why tissues expressing relatively high levels of lamin A/progerin are central to the

pathology of HGPS (Jung et al., 2012; Nissan et al., 2012).

Previous studies showed that progerin-induced defects can be rescued by ectopic expression of

TERT (Kudlow et al., 2008; Benson et al., 2010). However, it remained unclear whether physiological

levels of TERT would suffice, and to what extent TERT prevents progerin’s defects. Our results confirm

that ectopic expression of TERT prevents progerin-induced DNA damage, proliferation defects,

premature senescence and senescence-associated loss of lamin B1 (Kudlow et al., 2008; Benson et al.,

2010). Moreover, by expressing progerin and lamin A in ESCs which express endogenous levels of

TERT, and Tert−/− ESC, we demonstrate that physiological levels of TERT are sufficient to prevent

progerin-induced proliferation defects and changes in gene expression. These results may be relevant

to HGPS patients, as TERT expression during embryogenesis or in adult stem cell compartments may

protect these cells from the detrimental consequences of progerin (Wright et al., 1996). In this respect,

HGPS may be quite different from dyskeratosis congenita (DC), a premature ageing disorder that is

caused by defects in telomerase that particularly affects stem cell maintenance (Vulliamy et al., 2004).

Here we have expanded the analysis as to what physiological and biochemical parameters are

effected by progerin, and to what extent they are restored to normal levels by the simultaneous

expression of TERT. Importantly, the microarray analysis revealed that the persistent loss of

H3K27me3 in TERT-positive progerin expressing cells did not result in significant changes in gene

expression. However in determining the levels of the heterochromatin marker H3K27me3, in primary

and TERT-positive cells, we found that TERT does not prevent progerin-induced loss of

heterochromatin. This, in turn, suggests that the changes in gene expression in primary fibroblasts

expressing progerin are a consequence of premature senescence, rather than a direct consequence of

progerin expression.

To determine the direct effects of progerin on other nuclear proteins, with the consequent

impairment of cell proliferation and premature senescence, we compared the protein interactomes of

lamin A and progerin. Previous studies showed that lamin A interacts with LAP2α (Dechat et al., 2000;

Kubben et al., 2010). Our interactome analysis confirmed this interaction, but demonstrated that the

physical interaction between LAP2α and progerin was significantly reduced. Furthermore, it had been

suggested that LAP2α may transiently associate with telomeres during mitosis (Dechat et al., 2004),

and cells with a disrupted nuclear lamina show abnormal telomere localization (Gonzalez-Suarez

et al., 2009; Taimen et al., 2009). We therefore compared telomere distribution, and their

association with LAP2α, in HGPS and normal nuclei. We found that a significant proportion of

telomeres can be found at the nuclear periphery, and that their distribution is not perturbed by

progerin. This suggests that other progeroid mutations (LMNA E145K), or loss of LMNA may have

different effects on telomere localization (Gonzalez-Suarez et al., 2009; Taimen et al., 2009).
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Although telomere distribution was unaffected, we find that the association of LAP2α with telomeres

is reduced in HGPS.

To determine the functional relevance of these changes, we modulated LAP2α levels in normal and

progerin-expressing fibroblasts. Depletion of LAP2 exacerbated the progerin-induced defects whereas

increasing nuclear LAP2α levels prevented the proliferation defects, DNA damage and premature

senescence resulting from progerin expression. This rescue was specific to the α-isoform of LAP2, as

increasing LAP2β levels failed to restore normal rates of proliferation. Moreover, increased or decreased

levels of LAP2α led to diametrically opposed effects between normal and progerin-expressing cells.

Taken together, our data provide mechanistic evidence that LAP2α plays a key role in the HGPS

pathophysiology and that progerin-induced defects are rescued by ectopic expression of LAP2α.
Changes in the levels of LAP2α are emerging as a consistent feature in at least some of the

laminopathies. Loss of Lmna, that causes cardiomyopathy and muscular wasting/dystrophy results in

a transient increase in LAP2α in muscle precursors and myoblasts (Melcon et al., 2006). However,

ablation of LAP2α in Lmna null mice significantly reduces the severity of the disease and increases

longevity (Cohen et al., 2013), a result similar to that observed following elimination of another nuclear

envelope protein Sun1 (Chen et al., 2012). Together these observations, and those presented here,

suggest that the lamina/nuclear envelope forms an integrated and mutually regulated stoichiometric

network of proteins. When the network is disrupted, for example by LMNA mutations, one of the

consequences is that the levels of other protein components change, with this change being a major

contributing factor to the consequent pathology.

Within this context, and based on the results presented here, we propose a model linking progerin

and LAP2α to human telomeres (Figure 6). In this model, telomeres in normal cells are surrounded by

LAP2α complexes, which in turn interact with nuclear lamins (Figure 6A). In progeria, the impaired

association between LAP2α and progerin disrupts this organization and ultimately leads to premature

senescence (Figure 6B). This can be prevented by expression of either telomerase or by increasing the

levels of LAP2α (Figure 6C,D). However, it is not clear if the effect of TERT mechanistically differs from

the rescue by LAP2α. Our data suggest that this indeed might be the case: in contrast to LAP2α, TERT
expression does not ameliorate the progerin-induced reduction in H3K27me3 levels. However, it

remains to be investigated whether progerin affects H3K27me3 specifically at telomeric- or

subtelomeric regions, and how expression of LAP2α ameliorates this loss. Telomeres are fragile sites

and a reduction in heterochromatin has been associated with increased susceptibility to DNA damage

and cell cycle arrest (Sfeir et al., 2009; Di Micco et al., 2011). In agreement with this hypothesis,

progerin expression destabilizes chromosome ends, causing DNA damage and premature

senescence (Benson et al., 2010; Wood et al., 2014). By elongating telomeres, TERT counteracts

such telomere loss and prevents the telomeric DNA damage associated with HGPS (Figure 6E;

Figure 1—figure supplement 1I,J) (Kudlow et al., 2008; Benson et al., 2010). In contrast to TERT,

we found that increased LAP2α alleviates the progerin-induced loss of H3K27me3 (Figure 5F,G).

Chromatin decondensation by treatment with valproic acid enhanced progerin-dependent pro-

liferation defects. Taken together, our results suggest that increased LAP2α stabilizes chromatin

structure by increasing H3K27me3 and prevents progerin-associated DNA damage that resulted in

premature senescence (Figure 6E). In support of this notion, both LAP2α and H3K27me3 decline

during normal ageing in human cells (Scaffidi and Misteli, 2006; Naetar et al., 2007; Dreesen et al.,

2013), and it has been suggested that sustaining heterochromatin levels may extend lifespan by

protecting against DNA damage (Larson et al., 2012). Our results have important implications in

understanding the role of the nuclear architecture, in particular the lamina and nuclear envelope, in

regulating cell proliferation, chromatin organization and in providing novel insights into the molecular

pathology of progeria. They may also be relevant to other laminopathies that are associated with

perturbations or mutations of components of the nuclear lamina.

Materials and methods

Fibroblast cell culture, immunofluorescence and image acquisition
Normal primary dermal fibroblasts were a gift from Dr Bruno Reversade (Institute of Medical Biology,

A*STAR, Singapore). Fibroblasts were grown under standard culture conditions (37˚C; 5% CO2) in

minimum essential medium (MEM; Invitrogen, Carlsbad, CA) supplemented with 50 U/ml penicillin

and streptomycin (Invitrogen), 15% fetal calf serum (FBS, Invitrogen), 0.2 mM non-essential amino
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acids (NEAA, Invitrogen) and 2 mM glutamine (Invitrogen). For immunofluorescence microscopic

analysis, fibroblasts were grown on Lab Tek Chambered Coverglass slides (Nalge Nunc International,

Rochester, NY) for 4–7 days, fixed 10 min in 4% paraformaldehyde, washed in PBS, permeabilized

using PBS + 0.3% Triton-X and blocked in PBS + 5% FBS + 1% BSA. Primary antibodies in blocking

solution were incubated overnight at 4˚C, washed in PBS, probed with secondary antibodies for

30–45 min at room temperature (RT) and DAPI (4,6 diamidino-2-phenylindole) stained in PBS for 5

min. Images were acquired using a Zeiss Axiovert 200M inverted microscope (Carl Zeiss International,

Singapore) using 10× NA 0.3 ZEISS Plan-NeoFluar, 40× NA 0.60 Ph2 Korr LD-Plan-NeoFluar or 63×
NA 1.4 oil DIC ZEISS Plan-Apochromat objectives and a AxioCam MRm. Images were processed and

exported using AxioVision LE software 4.5 SP (2006). Images were cropped and figures assembled

using Adobe Photoshop CS4 and Adobe Illustrator CS3. DNA damage (by 53BP and γH2A-X staining)

Figure 6. Putative model of lamin A/progerin::LAP2α interaction mechanism with telomeres. (A) Normal formation

of lamin A::LAP2 complexes allows proper positioning of LAP2α near telomeres (green). (B) Perturbed progerin::

LAP2α interaction impairs LAP2α localization at telomeres. (C) Telomeric damage resulting from this impaired

interaction can be rescued by expression of telomerase (gray) or (D) by supplementing cells with exogenous LAP2α
(orange). (E) Progerin-induced H3K27me3 loss is prevented by ectopic LAP2α expression. TERT expression does not

prevent progerin-induced loss of H3K27me3 but rescues telomere dysfunction by telomere elongation.

DOI: 10.7554/eLife.07759.017
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was quantified by scoring 350–500 cells for each cell line and condition. Confocal images were

acquired on an upright Olympus FV-1000 confocal microscope using a 100× oil objective.

Constructs, retro- and lentiviral production, infection and selection
pBABE-Neo-hTERT (Counter et al., 1998; Hahn et al., 1999) were obtained from Addgene. Full length

lamin A, progerin and LAP2β were amplified from a cDNA library (human embryonic stem cell line H9).

LAP2α was amplified from pTD15 (gift from Dr Roland Foisner, Vienna). cDNAs were cloned into retroviral

vector pBABE-hygro (Addgene, Cambridge, MA) or doxycyclin-inducible lentiviral vector pTRIPZ (Open

Biosystem, Singapore). Restriction sites and v5-tag were introduced during PCR amplification step.

Retroviruses were generated and fibroblast cultures infected using standard procedures. Lentiviruses were

generated according to manufacturer’s protocol (OpenBiosystem). Doxycline-dependent expression was

verified by western blotting, immunofluorescence and FACS analysis.

Antibodies
DNA damage foci were detected using antibodies against 53BP1 (Novus Biologicals; NB100-304) and

anti-phospho-Histone H2A-X (Ser139) (Millipore; 05-636), lamin B1 (YenZym), lamin A/C (Millipore;

MAB3211), progerin (Santa Cruz, SC 81611), LAP2 (Santa Cruz, H-130), LAP2α (Abcam, Ab 5162),

TRF1 (Abcam 10579), V5-tag (Invitrogen; 37-7500), myc (Santa Cruz, sc-40), GAPDH (Sigma; G9545),

β-tubulin (Covance; MRB 435P), β-actin (Sigma; A5441).

Proliferation assays
DOX-induced and non-induced cells were seeded in triplicates, grown for 3–5 days, trypsinized and

counted using a Scepter cell counter (Millipore). Experiments were repeated 2, 3 and 4 weeks after

doxycycline induction. Growth curves were performed at least in triplicates using the xCELLigence

System (Roche, Basel, Switzerland). Cell Index was monitored at hourly intervals.

Mouse embryonic stem cell derivation, culture and differentiation
Tert−/− embryonic stem cells were derived by crossing heterozygous TERT-deficient mice (Jackson

Laboratories; B6.129S-Terttm1Yjc/J). Embryonic stem cells were isolated from day 4 blastocyst stage

embryos according to previously published protocols (Wong et al., 2010) and allowed to hatch out

for 5 days. Outgrowths were dissociated and embryonic stem cells were expanded in KO-DMEM

media supplemented with leukemia inhibitory factor (LIF), under standard culture conditions (37˚C; 5%

CO2). Two wild-type, two homozygous and four heterozygous mouse ESC lines were genotyped using

primers and conditions provided on the Jackson Lab website (http://jaxmice.jax.org/strain/005423.

html). Bruce4 mouse embryonic stem cells (derived from C57BL/6 mouse strain) were grown under

standard culture conditions (37˚C; 5% CO2) in 90% Knockout DMEM high glucose medium (Gibco,

Waltham, MA), supplemented with 10% FBS, L-glutamine (2 mM, Gibco), pen strep (100 U/ml, Gibco),

mercapto-ethanol (100 μM, Gibco), human LIF (10 ng/ml, Millipore), BIO GSK3-I (2 μM final, Calbiochem,

Singapore). Differentiation was induced by removing leukemia inhibitory factor (LIF) from the culture

medium as previously described (Keller, 1995). Embryoid bodies were generated using the hanging

drop method, by aggregating 400 cells in 20 μl drops as described previously (Dang et al., 2002). To

induce differentiation, embryoid bodies were grown for 6 days prior to plating onto gelatin coated dish

in standard ESC growth medium without LIF. This study was performed in strict accordance with the

recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of

Health. All of the animals were handled according to approved institutional animal care and use

committee (IACUC) protocols (140960) of the Institute of Medical Biology, A*STAR, Singapore.

Immunoblotting
Whole cell lysates were isolated using Complete Lysis-M solution kit (Roche), quantified using the

Pierce Microplate BCA protein assay kit (Thermo Scientific, Waltham, MA), separated by SDS-PAGE

and transferred onto nitrocellulose membranes. Membranes were blocked for 1 hr in Odyssey

Blocking Buffer:PBS (1:1) (LI COR Biosciences, Lincoln, NE) and hybridized with antibodies overnight

at 4˚C. Membranes were washed in PBS and two color detection was carried out using Odyssey

Infrared (IR)-labeled secondary antibodies. A LI-COR Odyssey scanner was used to scan membranes

and quantify signals.
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Microarray analysis
Primary and TERT+ fibroblasts stably expressing pTRIPZ-v5-lamin A or pTRIPZ-v5-progerin were grown

in triplicates for 28 days in the presence or absence of 1 μg/ml doxycycline. At each time point, cells

were grown to confluency and serum starved for 24 hr. Total mRNA was isolated using RNAeasy mini kit

(Qiagen, Singapore) and integrity of the RNA was verified using Agilent 2100 Bioanalyzer (Agilent,

Singapore). cRNA was synthesized using the Ambion Target Amp kit (Ambion) according to the

manufacturer’s protocol, and cRNA from each sample was hybridized to BeadChip v2 chips (Illumina).

BirA*-fusion proteins, biotinylation and affinity capture of biotinylated
proteins
Lamin A and progerin were N-terminally tagged with the myc-BirA* biotinylation enzyme and cloned

into the pTRIPZ lentiviral vector. Primary and TERT+ fibroblasts stably expressing either construct

were generated by lentiviral transduction and selected with 1.0 μg/ml puromycin. The myc-BirA*-

fusion constructs were expressed upon induction with doxycycline for at least 6 days prior to analysis.

Induction was verified by western blotting and by immunofluorescence microscopy using an anti-myc

antibody (Santa Cruz, sc40). 50 μM biotin was added to the medium for 24 hr prior to lysing cells

under denaturing conditions (M-lysis buffer; Roche). Control cells not induced with doxycycline, or

without addition of biotin were processed in parallel. Biotinylated proteins were purified using

streptavidin-coupled magnetic beads (Invitrogen). After reduction and alkhylation, purified proteins

were separated by SDS-PAGE electrophoresis and analyzed by mass spectrometry. Proteins were

quantified using the Exponentially Modified Protein Abundance Index (emPAI), which is directly

proportional to the abundance of a protein in a mixture (Ishihama et al., 2005).

In vitro translations and immunoprecipitations
V5-tagged lamin A, v5-tagged progerin and LAP2α cDNAs were cloned into pcDNA 3.1

(Invitrogen), and corresponding proteins were individually translated in vitro using the TnT quick

coupled transcription/translation system (Promega) according to manufacturer’s protocol. After

translation, 20 μl of each produced protein was mixed with respective partners as indicated in the

figure legend. 4 μg of anti-v5 antibody (Invitrogen) was added to each protein mix and incubated for

12 hr at 4˚C with 50 μl of protein–G coupled Dynabeads (Invitrogen) in PBS. Beads were washed

twice for 10 min in 0.5% sodium deoxycholate, 150 mM NaCl, 1% NP-40, 0.1% SDS, 50 mM TRIS

pH7.4 with proteinase inhibitors, and once for 10 min in 20 mM TRIS HCl pH 7.4 with proteinase

inhibitors. Protein complexes retained by the anti-v5 coupled beads were then eluted in Laemmli

BioRad buffer at 95˚C, run on SDS page gels and analyzed by western blotting using antibodies

against v5-tag and LAP2α. Recovered amounts of LAP2α were quantified and normalized to the

v5-tagged proteins (lamin A and progerin).

Senescence-associated-β-gal staining
Cells were fixed in 2% formaldehyde and 0.2% glutaraldehyde for 5 min at room temperature, washed

twice in PBS and incubated for 6 hr in 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside as described

previously (Dimri et al., 1995).

3D-SIM super-resolution microscopy and image analysis
Cells were grown on microscopy cover glasses in 6-well plates, fixed in 2% paraformaldehyde in PBS for

20 min at room temperature and incubated in 50 mM NH4Cl/PBS (5 min) and 1% Triton X-100/0.1% SDS

(5 min) according to a previously published protocol (Dechat et al., 2004). Samples were blocked in 0.2%

gelatin/PBS for 30 min prior to antibody incubation. Primary and secondary antibodies were applied in

gelatin/PBS for 1 hr at room temperature, washed in PBS and post-fixed in 2% paraformaldehyde in PBS

for 20 min at room temperature.

Acquisition was performed using a DeltaVision OMX v4 Blaze microscope (GE Healthcare,

Singapore), with the BGR-FR filter drawer for acquisition of 3D-SIM images. Olympus Plan

Apochromat 100×/1.4 PSF oil immersion objective lens was used, with liquid-cooled Photometrics

Evolve EM-CCD cameras for each channel. 15 images per section per channel were acquired with a z-

spacing of 0.125 μm (Gustafsson et al., 2008; Schermelleh et al., 2008). Structured illumination

reconstruction and wavelength alignment was completed using the SoftWorX (GE Healthcare)
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program. 3D image rendering and analysis was performed using Imaris version 7.6 (Bitplane an

Oxford Instruments Company), Tango (Ollion et al., 2013) and 2D image analysis using Fiji

(Schindelin et al., 2012), and CellProfiler (Carpenter et al., 2006).

Statistical analysis
Data and statistical analyses were performed using Excel and Graphpad Prism software. Results are

shown as mean ± S.E.M/SD and box plots whiskers indicate 10–90 percentile, unless otherwise

indicated. Data were analyzed using one or two way ANOVA and Bonferroni’s/Tukey’s post-hoc test if

required, as well as two tailed Student’s t-test and Pearson correlation coefficients, as appropriate.

p-values below 0.05 were considered significant.
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M, Lévy N. 2003. Lamin a truncation in Hutchinson-Gilford progeria. Science 300:5. doi: 10.1126/science.1084125.

De Vos WH, Houben F, Hoebe RA, Hennekam R, van Engelen B, Manders EM, Ramaekers FC, Broers JL, Van
Oostveldt P. 2010. Increased plasticity of the nuclear envelope and hypermobility of telomeres due to the loss of
A-type lamins. Biochimica et Biophysica Acta 1800:448–458. doi: 10.1016/j.bbagen.2010.01.002.

Dechat T, Gajewski A, Korbei B, Gerlich D, Daigle N, Haraguchi T, Furukawa K, Ellenberg J, Foisner R. 2004.
LAP2alpha and BAF transiently localize to telomeres and specific regions on chromatin during nuclear assembly.
Journal of Cell Science 117:6117–6128. doi: 10.1242/jcs.01529.

Dechat T, Korbei B, Vaughan OA, Vlcek S, Hutchison CJ, Foisner R. 2000. Lamina-associated polypeptide 2alpha
binds intranuclear A-type lamins. Journal of Cell Science 19:3473–3484.

Dechat T, Pfleghaar K, Sengupta K, Shimi T, Shumaker DK, Solimando L, Goldman RD. 2008. Nuclear lamins:
major factors in the structural organization and function of the nucleus and chromatin. Genes & Development
22:832–853. doi: 10.1101/gad.1652708.

Decker ML, Chavez E, Vulto I, Lansdorp PM. 2009. Telomere length in Hutchinson-Gilford progeria syndrome.
Mechanisms of Ageing and Development 130:377–383. doi: 10.1016/j.mad.2009.03.001.

Di Micco R, Sulli G, Dobreva M, Liontos M, Botrugno OA, Gargiulo G, dal Zuffo R, Matti V, d’Ario G, Montani E,
Mercurio C, Hahn WC, Gorgoulis V, Minucci S, d’Adda di Fagagna F. 2011. Interplay between oncogene-induced
DNA damage response and heterochromatin in senescence and cancer. Nature Cell Biology 13:292–302. doi: 10.
1038/ncb2170.

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano EE, Linskens M, Rubelj I, Pereira-Smith O.
1995. A biomarker that identifies senescent human cells in culture and in aging skin in vivo. Proceedings of the
National Academy of Sciences of USA 92:9363–9367. doi: 10.1073/pnas.92.20.9363.

Dorner D, Vlcek S, Foeger N, Gajewski A, Makolm C, Gotzmann J, Hutchison CJ, Foisner R. 2006. Lamina-
associated polypeptide 2alpha regulates cell cycle progression and differentiation via the retinoblastoma-E2F
pathway. The Journal of Cell Biology 173:83–93. doi: 10.1083/jcb.200511149.

Dreesen O, Chojnowski A, Ong PF, Zhao TY, Common JE, Lunny D, Lane EB, Lee SJ, Vardy LA, Stewart CL, Colman
A. 2013. Lamin B1 fluctuations have differential effects on cellular proliferation and senescence. The Journal of
Cell Biology 200:605–617. doi: 10.1083/jcb.201206121.

Eriksson M, Brown WT, Gordon LB, Glynn MW, Singer J, Scott L, Erdos MR, Robbins CM, Moses TY, Berglund P,
Dutra A, Pak E, Durkin S, Csoka AB, Boehnke M, Glover TW, Collins FS. 2003. Recurrent de novo point mutations
in lamin A cause Hutchinson-Gilford progeria syndrome. Nature 423:293–298. doi: 10.1038/nature01629.

Freund A, Laberge R, Demaria M, Campisi J. 2012. Lamin B1 loss is a senescence-associated biomarker. Molecular
Biology of the Cell 23:2066–2075. doi: 10.1091/mbc.E11-10-0884.

Goldman RD, Shumaker DK, Erdos MR, Eriksson M, Goldman AE, Gordon LB, Gruenbaum Y, Khuon S, Mendez M,
Varga R, Collins FS. 2004. Accumulation of mutant lamin A causes progressive changes in nuclear architecture in

Chojnowski et al. eLife 2015;4:e07759. DOI: 10.7554/eLife.07759 19 of 21

Research article Genes and chromosomes

http://dx.doi.org/10.1016/S0925-4773(00)00423-8
http://dx.doi.org/10.1016/S0925-4773(00)00423-8
http://dx.doi.org/10.1242/jcs.067306
http://dx.doi.org/10.1016/j.exger.2004.02.002
http://dx.doi.org/10.1146/annurev.genom.7.080505.115732
http://dx.doi.org/10.1146/annurev.genom.7.080505.115732
http://dx.doi.org/10.1186/gb-2006-7-10-r100
http://dx.doi.org/10.1016/j.cell.2012.01.059
http://dx.doi.org/10.1093/hmg/ddt135
http://dx.doi.org/10.1073/pnas.95.25.14723
http://dx.doi.org/10.1016/j.celrep.2012.11.019
http://dx.doi.org/10.1038/nature02118
http://dx.doi.org/10.1038/nature02118
http://dx.doi.org/10.1002/bit.10220
http://dx.doi.org/10.1101/gad.1346005
http://dx.doi.org/10.1126/science.1084125
http://dx.doi.org/10.1016/j.bbagen.2010.01.002
http://dx.doi.org/10.1242/jcs.01529
http://dx.doi.org/10.1101/gad.1652708
http://dx.doi.org/10.1016/j.mad.2009.03.001
http://dx.doi.org/10.1038/ncb2170
http://dx.doi.org/10.1038/ncb2170
http://dx.doi.org/10.1073/pnas.92.20.9363
http://dx.doi.org/10.1083/jcb.200511149
http://dx.doi.org/10.1083/jcb.201206121
http://dx.doi.org/10.1038/nature01629
http://dx.doi.org/10.1091/mbc.E11-10-0884
http://dx.doi.org/10.7554/eLife.07759


Hutchinson-Gilford progeria syndrome. Proceedings of the National Academy of Sciences of USA
101:8963–8968. doi: 10.1073/pnas.0402943101.

Gonzalez-Suarez I, Redwood AB, Perkins SM, Vermolen B, Lichtensztejin D, Grotsky DA, Gapud EJ, Sleckman BP,
Sullivan T, Sage J, Stewart CL, Mai S, Gonzalo S. 2009. Novel roles for A-type lamins in telomere biology and the
DNA damage response pathway. The EMBOJournal 28:2414–2427. doi: 10.1038/emboj.2009.196.

Gustafsson MG, Shao L, Carlton PM, Wang CJR, Golubovskaya IN, Cande WZ, Agard DA, Sedat JW. 2008. Three-
dimensional resolution doubling in wide-field fluorescence microscopy by structured illumination. Biophysical
Journal 94:4957–4970. doi: 10.1529/biophysj.107.120345.

Hahn WC, Stewart SA, Brooks MW, York SG, Eaton E, Kurachi A, Beijersbergen RL, Knoll JH, Meyerson M,
Weinberg RA. 1999. Inhibition of telomerase limits the growth of human cancer cells. Nature Medicine
5:1164–1170. doi: 10.1038/13495.

Ishihama Y, Oda Y, Tabata T, Sato T, Nagasu T, Rappsilber J, Mann M. 2005. Exponentially modified protein
abundance index (emPAI) for estimation of absolute protein amount in proteomics by the number of sequenced
peptides per protein. Molecular & Cellular Proteomics: MCP 4:1265–1272. doi: 10.1074/mcp.M500061-MCP200.

Jung H-J, Coffinier C, Choe Y, Beigneux AP, Davies BSJ, Yang SH, Barnes RH II, Hong J, Sun T, Pleasure SJ, Young
SG, Fong LG. 2012. Regulation of prelamin A but not lamin C by miR-9, a brain-specific microRNA. Proceedings
of the National Academy of Sciences of USA 109:E423–E431. doi: 10.1073/pnas.1111780109.

Kang MK, Kameta A, Shin KH, Baluda MA, Kim HR, Park NH. 2003. Senescence-associated genes in normal human
oral keratinocytes. Experimental Cell Research 287:272–281. doi: 10.1016/S0014-4827(03)00061-2.

Keller GM. 1995. In vitro differentiation of embryonic stem cells. Current Opinion in Cell Biology 7:862–869.
doi: 10.1016/0955-0674(95)80071-9.

Kortlever RM, Higgins PJ, Bernards R. 2006. Plasminogen activator inhibitor-1 is a critical downstream target of
p53 in the induction of replicative senescence. Nature Cell Biology 8:877–884. doi: 10.1038/ncb1448.

Kubben N, Voncken JW, Demmers J, Calis C, van Almen G, Pinto Y, Misteli T. 2010. Identification of differential
protein interactors of lamin A and progerin. Nucleus 1:513–525. doi: 10.4161/nucl.1.6.13512.

Kudlow BA, Stanfel MN, Burtner CR, Johnston ED, Kennedy BK. 2008. Suppression of proliferative defects
associated with processing-defective lamin A mutants by hTERT or inactivation of p53. Molecular Biology of the
Cell 19:5238–5248. doi: 10.1091/mbc.E08-05-0492.

Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. 2010. The essence of senescence. Genes & Development
24:2463–2479. doi: 10.1101/gad.1971610.

Larson K, Yan S-J, Tsurumi A, Liu J, Zhou J, Gaur K, Guo D, Eickbush TH, Li WX. 2012. Heterochromatin formation
promotes longevity and represses ribosomal RNA synthesis. PLOS Genetics 8:e1002473. doi: 10.1371/journal.
pgen.1002473.

Liu B, Wang J, Chan KM, Tjia WM, Deng W, Guan X, Huang JD, Li KM, Chau PY, Chen DJ, Pei D, Pendas AM,
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Taimen P, Pfleghaar K, Shimi T, Möller D, Ben-Harush K, Erdos MR, Adam SA, Herrmann H, Medalia O, Collins FS,
Goldman AE, Goldman RD. 2009. A progeria mutation reveals functions for lamin A in nuclear assembly,
architecture, and chromosome organization. Proceedings of the National Academy of Sciences of USA
106:20788–20793. doi: 10.1073/pnas.0911895106.

Vulliamy T, Marrone A, Szydlo R, Walne A, Mason PJ, Dokal I. 2004. Disease anticipation is associated with
progressive telomere shortening in families with dyskeratosis congenita due to mutations in TERC. Nature
Genetics 36:447–449. doi: 10.1038/ng1346.

Wong ESM, Ban KH, Mutalif R, Jenkins NA, Copeland NG, Stewart CL. 2010. A simple procedure for the efficient
derivation of mouse es cells. Methods in enzymology 476:265–283. doi: 10.1016/S0076-6879(10)76015-8.

Wood AM, Rendtlew Danielsen JM, Lucas Ca, Rice EL, Scalzo D, Shimi T, Goldman RD, Smith ED, Le Beau MM,
Kosak ST. 2014. TRF2 and lamin A/C interact to facilitate the functional organization of chromosome ends.
Nature communications 5:5467. doi: 10.1038/ncomms6467.

Worman HJ, Ostlund C, Wang Y. 2010. Diseases of the nuclear envelope. Cold Spring Harbor Perspectives in
Biology 2:a000760. doi: 10.1101/cshperspect.a000760.

Wright WE, Piatyszek MA, Rainey WE, Byrd W, Shay JW. 1996. Telomerase activity in human germline and
embryonic tissues and cells. Developmental Genetics 18:173–179. doi: 10.1002/(SICI)1520-6408(1996)18:2<173::
AID-DVG10>3.0.CO;2-3.

Ye X, Zerlanko B, Kennedy A, Banumathy G, Zhang R, Adams PD. 2007. Downregulation of Wnt signaling is
a trigger for formation of facultative heterochromatin and onset of cell senescence in primary human cells.
Molecular Cell 27:183–196. doi: 10.1016/j.molcel.2007.05.034.

Zhang J, Lian Q, Zhu G, Zhou F, Sui L, Tan C, Mutalif RA, Navasankari R, Zhang Y, Tse HF, Stewart CL, Colman A.
2011. A human iPSC model of Hutchinson Gilford Progeria reveals vascular smooth muscle and mesenchymal
stem cell defects. Cell Stem Cell 8:31–45. doi: 10.1016/j.stem.2010.12.002.

Chojnowski et al. eLife 2015;4:e07759. DOI: 10.7554/eLife.07759 21 of 21

Research article Genes and chromosomes

http://dx.doi.org/10.1083/jcb.201002018
http://dx.doi.org/10.1038/nmeth.2019
http://dx.doi.org/10.1016/j.cell.2009.06.021
http://dx.doi.org/10.1016/j.cell.2009.06.021
http://dx.doi.org/10.1101/gad.179515.111
http://dx.doi.org/10.1073/pnas.0602569103
http://dx.doi.org/10.1073/pnas.0602569103
http://dx.doi.org/10.1083/jcb.201212117
http://dx.doi.org/10.1083/jcb.201212117
http://dx.doi.org/10.1073/pnas.0911895106
http://dx.doi.org/10.1038/ng1346
http://dx.doi.org/10.1016/S0076-6879(10)76015-8
http://dx.doi.org/10.1038/ncomms6467
http://dx.doi.org/10.1101/cshperspect.a000760
http://dx.doi.org/10.1002/(SICI)1520-6408(1996)18:2<173::AID-DVG10>3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1520-6408(1996)18:2<173::AID-DVG10>3.0.CO;2-3
http://dx.doi.org/10.1016/j.molcel.2007.05.034
http://dx.doi.org/10.1016/j.stem.2010.12.002
http://dx.doi.org/10.7554/eLife.07759


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


