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Abstract Mandibuloacral dysplasia type A (MADA) is a

rare laminopathy characterized by growth retardation,

craniofacial anomalies, bone resorption at specific sites

including clavicles, phalanges and mandibula, mottled

cutaneous pigmentation, skin rigidity, partial lipodystro-

phy, and insulin resistance. The disorder is caused by

recessive mutations of the LMNA gene encoding for A-type

lamins. The molecular feature of MADA consists in the

accumulation of the unprocessed lamin A precursor, which

is detected at the nuclear rim and in intranuclear aggre-

gates. Here, we report the characterization of prelamin A

post-translational modifications in MADA cells that induce

alterations in the chromatin arrangement and dislocation of

nuclear envelope-associated proteins involved in correct

nucleo-cytoskeleton relationships. We show that protein

post-translational modifications change depending on the

passage number, suggesting the onset of a feedback

mechanism. Moreover, we show that treatment of MADA

cells with the farnesyltransferase inhibitors is effective in

the recovery of the chromatin phenotype, altered in

MADA, provided that the cells are at low passage number,

while at high passage number, the treatment results inef-

fective. Moreover, the distribution of the lamin A interac-

tion partner SUN2, a constituent of the nuclear envelope, is

altered by MADA mutations, as argued by the formation of

a highly disorganized lattice. Treatment with statins par-

tially rescues proper SUN2 organization, indicating that its

alteration is caused by farnesylated prelamin A accumu-

lation. Given the major role of SUN1 and SUN2 in the

nucleo-cytoskeleton interactions and in regulation of

nuclear positioning in differentiating cells, we hypothesise

that mechanisms regulating nuclear membrane–centrosome

interplay and nuclear movement may be affected in MADA

fibroblasts.
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Introduction

Mandibuloacral dysplasia type A [MADA; Online Men-

delian Inheritance in Man (OMIM) no. 248370] is a rare

and complex laminopathy characterized by postnatal

growth retardation, craniofacial anomalies, bone resorption

at specific sites including clavicles, phalanges and
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mandibula, mottled cutaneous pigmentation, partial lipo-

dystrophy (type A pattern), and insulin resistance (Novelli

et al. 2002). The disorder is caused by recessive mutations

of the LMNA gene on chromosome 1q21.2 encoding for

A-type lamins, including lamin A, lamin C, lamin A delta

10, and lamin C2 obtained by alternative RNA splicing

(Maraldi et al. 2011).

Lamin A forms polymers at the nuclear lamina with

lamin C. While lamin C is produced as mature protein,

lamin A is translated as a precursor protein, which under-

goes four steps of post-translational modifications, includ-

ing farnesylation, double endoprotease cleavage and

carboxymethylation (Maraldi et al. 2011). These modifi-

cations occur at the C-terminal CaaX motif, a sequence

shared by farnesylated proteins, in which C is cysteine, the

target of protein farnesyl transferase which catalyses prel-

amin A farnesylation. In human prelamin A, the

aaX sequence consists of a serine, an isoleucine and a

methionine (SIM residues) and the methionine directs the

addition of the 15 Carbon farnesyl residues to cysteine.

Following farnesylation, the aaX tripeptide is cleaved by

ZMPSTE24 (zinc-dependent metalloproteinase Ste24

homolog) or RCE1 (Ras converting enzyme 1) and the

C-terminal cysteine was carboxymethylated by the carb-

oxymethyltransferase Icmt. The second ZMPSTE24-med-

iated cleavage of 15 amino acids at the C-terminus of

prelamin A leads to removal of the farnesyl residue and

yields mature lamin A (Dominici et al. 2009). Prelamin A

processing is altered in laminopathies featuring premature

aging and/or lipodystrophy, including Hutchinson–Gilford

progeria (HGPS), Werner syndrome, restrictive dermopa-

thy, familial partial lipodystrophy (FPLD2) and MADA, as

well as in mandibuloacral dysplasia associated with

mutations of the ZMPSTE24 endoprotease gene (MADB)

(Maraldi and Lattanzi 2007). Prelamin A was postulated to

be toxic for the cells and its toxicity has been attributed to

the farnesylated residue. In agreement with this hypothesis,

drugs impairing protein farnesylation have been shown to

ameliorate the nuclear morphological abnormalities in

laminopathic cells accumulating prelamin A and the whole

phenotype in Zmpste24 null mice (Davies et al. 2011). It

has been shown that reducing mutated prelamin A levels in

progeria cells by splicing correction restores heterochro-

matin markers (Scaffidi and Misteli 2005). Moreover, we

previously showed that in progeria cells accumulating

farnesylated prelamin A, chromatin organization and

function can be recovered by treating with mevinolin (an

inhibitor of the hydroxymethyl-glutaryl-synthase eventu-

ally impairing prelamin A farnesylation) in combination

with the inhibitor of histone deacetylases trichostatin A

(TSA) (Columbaro et al. 2005). In the present study, we

determine the post-translational modifications harbored by

prelamin A in MADA cells and the effects of the treatment

with mevinolin alone and in combination with TSA on

heterochromatin. Here, we show that low passage fibro-

blasts from MADA patients accumulate farnesylated prel-

amin A. However, at high passage number, full-length

prelamin A, possibly in its farnesylated and non-farnesy-

lated forms, is detected in cells. The examined drug

treatments appear to be effective in reducing heterochro-

matin defects in low passage cells only, possibly depending

on the relative amount of prelamin A forms which are

accumulated. Recovery of the cellular phenotype is dem-

onstrated by changes in altered nuclear markers, such as

trimethylated histone H3K9.

Moreover, the highly disorganized lattice formed by the

nuclear envelope protein SUN2 in MADA nuclei (Mattioli

et al. 2011) is rescued by treatment with mevinolin, indi-

cating that the altered pattern of SUN2 distribution in the

nuclear envelope of MADA fibroblasts is caused by farn-

esylated prelamin A accumulation.

Materials and methods

Cell cultures

MADA skin fibroblasts were obtained from patients car-

rying the homozygous R527H LMNA mutation that has

been previously reported (Filesi et al. 2005; Lombardi et al.

2007). Control skin fibroblast cultures were obtained from

skin biopsies of healthy patients (mean age 24) undergoing

orthopedic surgery, following a written consent. The pro-

tocol had been approved by the local ethical committees.

Cell cultures had been established and maintained in Dul-

becco’s modified Eagle’s medium supplemented with 10 %

fetal calf serum (FCS) and antibiotics. The experiments

were performed at passages 8 or 14 (low passage samples)

or 25 (high passage samples).

Drug treatments

Impairment of farnesylation and further processing of

prelamin A was achieved by the use of mevinolin, an

inhibitor of the hydroxymethyl-glutaryl-synthase, applied

at 25 lM concentration for 18 h. When specified, follow-

ing mevinolin administration, cells were treated with

2.5 lM trichostatin A (TSA), an inhibitor of histone

deacetylases, for additional 24 h.

Antibodies

Antibodies employed for Western blot analysis or immuno-

fluorescence labelling were: anti-lamin A/C, goat polyclonal

(Santa Cruz, SC-6215, used at 1:1,000 dilution for the Wes-

tern blot analysis); anti-prelamin A, goat polyclonal (Santa
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Cruz, SC-6214, lot. J3105 used at 1:100 dilution for the

immunofluorescence analysis and at 1:700 dilution for the

Western blot analysis); anti-prelamin A, rabbit polyclonal,

raised against the last 18 aminoacids of the prelamin A

sequence including the SIM sequence (antibody 1188-1,

Diatheva); anti-prelamin A, rabbit polyclonal, raised against

the last 15 aminoacids of the prelamin A sequence including

the farnesylated cysteine residue but not the SIM sequence

(antibody 1188-2, Diatheva); anti-trimethyl-H3K9, rabbit

polyclonal (Upstate); anti-emerin, mouse monoclonal

(Novocastra); anti-SUN1 or SUN2 rabbit polyclonal (Atlas);

anti-actin, goat polyclonal (Santa Cruz).

Western blot analysis

Western blot analysis was done as follows: cells were lysed

in Ripa buffer containing 1 % Nonidet P-40, 0.25 %

sodium deoxycholate, 0.1 % SDS, 10 mM Tris–HCl pH

7.4, 150 mM NaCl, 1 mM EDTA, 1 mM PMFS, 1 lM

aprotinin, leupeptin, and pepstatin. Cell lysates were dilu-

ted in Laemmli buffer, subjected to SDS-PAGE (6–20 %)

and transferred to nitrocellulose membrane. Membranes

were saturated with 4 % BSA and incubated with primary

antibodies for 1 h at room temperature at 1:100 dilution.

Secondary antibodies were used at 1:10,000 dilution for

30 min. Immunoblotted bands were revealed by Amersham

ECL detection system.

Immunofluorescence

Human fibroblasts grown on coverslips were fixed in 4 %

paraformaldehyde at 4 �C for 10 min and permeabilized with

0.15 % Triton X-100 for 5 min at room temperature. Alter-

natively, cells were fixed in absolute methanol at -20 �C.

Samples were incubated with PBS containing 4 % BSA to

saturate non-specific binding, incubated with primary anti-

bodies overnight at 4 �C, and with secondary antibodies for

1 h at room temperature. Anti-prelamin A Sc-6214, anti-

prelamin A 1188-1, anti-lamin A/C, anti-SUN1, anti-SUN2,

and anti-trimethyl H3K9 were used at 1:100 dilution. Anti-

prelamin A 1188-2 was applied at 1:10 dilution. Slides were

mounted with DABCO (Sigma-Aldrich) anti-fading reagent

in glycerol and observed with a Nikon E 600 fluorescence

microscope equipped with a digital camera.

Results

Carboxymethylated prelamin A is accumulated in low

passage MADA fibroblasts

To discriminate the prelamin A form accumulated in

MADA cells, we used two antibodies capable of detecting

different prelamin A modifications (Fig. 1). Antibody

1188-1 binds full-length prelamin A either in its unpro-

cessed non-farnesylated form, or harboring the farnesyl

residue (first processing step) (Dominici et al. 2009).

Antibody 1188-2 selectively detects farnesylated prelamin

A devoid of the C-terminal SIM sequence (Dominici et al.

2009; Mattioli et al. 2011). Interestingly, immunofluores-

cence analysis performed on low passage cells revealed

that antibody 1188-1 failed to label MADA cells, while

antibody 1188-2 stained both the nuclear rim and inner

nuclear invaginations (Fig. 1a). Antibody 1188-2 also

labelled the nucleoplasm. As expected, control skin fibro-

blasts were negative for prelamin A staining using either

antibody. At this stage, the Sc-6214 antibody, binding to

any form of prelamin A, barely detected the precursor at

the nuclear rim of MADA fibroblasts, and it faintly stained

control nuclei. Thus, we suggest that farnesylated and

partially processed (first step) prelamin A is accumulated in

MADA cells at the first cell culture passages, while other

prelamin A forms are not detectable at this stage.

Full-length prelamin A is accumulated in high passage

MADA fibroblasts

Immunofluorescence analysis of MADA fibroblasts at

passage 25 showed a markedly reduced labelling by 1188-2

antibody (Fig. 1b). The nuclear envelope and the nucleo-

plasm were faintly labelled by this antibody and no staining

at nuclear invaginations could be observed. On the con-

trary, distinct staining with 1188-1 antibody, which binds

full-length prelamin A (Fig. 2c), was observed both at the

nuclear rim and at intranuclear invaginations. These prel-

amin A aggregates likely represent nuclear lamina invag-

inations, as suggested by previous studies (Filesi et al.

2005; Lattanzi et al. 2007; Mattioli et al. 2008).

Western blot analysis of both low and high passage cells

revealed that a prelamin A band was clearly detectable by

1188-1 or Sc-6214 antibody in MADA fibroblast at passage

25 (Fig. 2d). These data suggest that full-length prelamin A

is accumulated in high passage MADA fibroblasts, while

carboxymethylated prelamin A level appears to be reduced

at this stage.

Drug treatments rescue tri-methyl H3K9 pattern in low

passage cells

Cells from progeroid laminopathies are known to present

chromatin defects, consisting of peripheral heterochro-

matin loss and disorganization of heterochromatin sites

labelled by tri-methylated histone 3 on lysine 9 (tri-H3K9)

and HP1 (Columbaro et al. 2005; Filesi et al. 2005;

Larson et al. 2012). Certain drug treatments including

farnesyltransferase inhibitor administration or addition of

Histochem Cell Biol (2012) 138:643–651 645
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mevinolin in combination or not with TSA to cell cultures

have been previously shown to rescue the chromatin

phenotype in progeria cells (Columbaro et al. 2005;

Galiova et al. 2008). In order to define the efficacy of

these pharmaceutical tools in MADA cells, we considered

the labelling pattern of tri-H3K9 as a parameter, and

monitored its staining before and after drug treatment.

Administration of mevinolin rescued the labelling pattern

of tri-H3K9 in low passage MADA fibroblasts, while

treatment was not effective in high passage cells (Fig. 2a,

middle and bottom row, respectively). In fact, in mevin-

olin-treated MADA cells at passage 8, the diffuse staining

characteristic of untreated MADA nuclei at any passage

number was changed to intranuclear clusters, comparable

to the pattern observed in control nuclei. However, the

diffuse tri-H3K9 staining of MADA fibroblasts at passage

25 was not improved by the drug (Fig. 2a, bottom row).

The different responsiveness of the three MADA cell

cultures to drug treatments is shown in Fig. 2b and c. As

shown by the statistical analysis, the age of patient at

biopsy, but not the mutation, influenced drug efficacy.

TSA administration, following mevinolin treatment,

induced an even more pronounced improvement, indicat-

ing a positive synergistic effect on the rescue of chromatin

organisation (Fig. 2c).

Drug treatment rescues SUN2 organization in MADA

cells

SUN1 and SUN2 are nuclear membrane proteins known to

interact with prelamin A (Crisp et al. 2006; Mattioli et al.

2011). Immunofluorescence assays in MADA fibroblasts

revealed altered distribution of both proteins. In fact, SUN1

was properly localized at the nuclear envelope, but it was

also found at intranuclear invaginations. Prelamin A

aggregates were found to colocalize with SUN1-labeled

nuclear invaginations. Further, SUN2 was mislocalized

forming a honey-comb-like lattice in the nuclear membrane

Fig. 1 Prelamin A accumulation in low or high passage MADA cells.

Immunofluorescence analysis of control or MADA fibroblasts at

passage 8 (a) and at passage 25 (b) Lamin A/C was labelled by

polyclonal anti-lamin A/C. Prelamin A was labelled by 1188-1,

1188-2 or Sc-6214 antibody, as indicated. Bar 10 lm. c Schematic

representation of prelamin A epitopes that have been employed to

raise the antibodies used in the present study. Specific sequences are

indicated; F stands for farnesyl group. d Western blot analysis of

control, mevinolin-treated or MADA fibroblasts. Prelamin A was

labelled by Sc-6214 or 1188-1 antibody. Representative pictures of at

least three experiments are shown
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(Fig. 3a, b). SUN1 and SUN2 disorganization persisted in

high passage MADA fibroblasts (not shown).

In line with the observation of a rescue in chromatin

organisation by drug administration, we applied mevinolin

and mevinolin/trichostatin A treatment to MADA fibroblast

and obtained an improvement of the labelling pattern of

SUN2 in MADA nuclei that lost the honeycomb pattern in

favor of a more homogenous distribution despite a persis-

tent co-localization with prelamin A aggregates (Fig. 3b,

c). Differently, SUN1 localization in intranuclear aggre-

gates resulted unaffected (Fig. 3a).

Comparable results in SUN2 pattern recovery were

obtained in MADA cells independent from the number of

passages in culture, suggesting that, differently from what

observed for the tri-methylated H3K9, drug treatment was

efficient for phenotype rescue also at high passage number.

However, complete rescue was not achievable as indicated

by the persistence of co-localization with prelamin A

aggregates for both SUN2 and SUN1 in control, mevinolin

and mevinolin plus trichostatin A treatment conditions.

Taken altogether, these data suggest that SUN2 is mainly

affected by accumulation of farnesylated prelamin A and

its reduction by drug treatment mediates partial recovery of

phenotype at any stage of disease progression.

Discussion

The reported study shows that MADA fibroblasts accu-

mulate different forms of prelamin A depending on the

passage number. Farnesylated prelamin A is accumulated

in low passage cells, while full-length prelamin A, either

farnesylated or non-farnesylated, is detectable in high

passage fibroblasts. We further show that drugs interfering

with prelamin A processing can rescue the proper distri-

bution of the heterochromatin marker tri-H3K9 and the

organization of the nuclear envelope protein SUN2 in

MADA fibroblasts.

Data so far reported in laminopathic cells strongly

suggest that trimethylation of lysine 9 on histone 3 is a

hallmark of chromatin defects related to lamin A muta-

tions. In fact, tri-H3K9 aberrant organisation, manifested

by loss of clustered distribution and reduced labelling

intensity, has been reported in HGPS, RD and MADA cells

Fig. 2 Treatment of MADA cell lines with mevinolin affects tri-

methylated H3K9 labelling pattern. a Control or MADA3 cells at

passage 8 or passage 25 were cultured in the absence or presence of

20 lM mevinolin for 18 h. Tri-methylated H3K9 (tri-H3K9) labelling

pattern is shown. Clusters of tri-H3K9 are indicated by arrowheads.

Bar 10 lm. NT non-treated, MEV fibroblasts treated with mevinolin.

b, c Statistical analysis. The graphs show the percentage of nuclei

showing clustered trimethylated-H3K9 in control and MADA cells.

MADA cells were left untreated or treated (black and colored bars,

respectively) with increasing concentrations of mevinolin (25 lL)

either alone (b) or followed by TSA (2.5 lM) (c). The study includes

one control and three MADA cell lines: MADA1 (homozygous

R527H LMNA mutation, age 18 years), CH-MADA (heterozygote

compound R527H/V440M LMNA mutation, age 27 years), MADA3

(homozygous R527H LMNA mutation, age 50 years). Values are

means of two independent experiments ± standard deviation; for

each experiment a total of 100 nuclei were taken into consideration;

p values indicate statistical significance of the difference between

treated and non-treated samples
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(Columbaro et al. 2005, 2010; Filesi et al. 2005; Shumaker

et al. 2006). Moreover, it has been shown that a direct

correlation exists between levels of farnesylated prelamin A

in the nuclear lamina and degree of H3K9 methylation

(Columbaro et al. 2005, 2010; Lattanzi et al. 2007; Mattioli

et al. 2008; Shumaker et al. 2006). Most importantly, it has

been demonstrated that reduction of prelamin A levels or

impairment of its farnesylation in laminopathic cells

improves tri-H3K9 labelling pattern within the nucleus, thus

supporting the intriguing hypothesis that some enzymatic

activity regulating histone 3 methylation may be affected by

prelamin A accumulation (Columbaro et al. 2005).

Here, we demonstrate that rescue of tri-H3K9 methyl-

ation can be achieved in MADA fibroblasts at low passage

Fig. 3 SUN2 organization at the nuclear envelope is rescued by drug

treatment. Control and patient fibroblasts were cultured in the

presence or absence of mevinolin (25 lM for 18 h). Cells were fixed

in ice cold methanol and immunofluorescence assay was performed

using goat anti-prelamin A and rabbit SUN1 or SUN2 antibodies. Cell

nuclei were counterstained with DAPI. Panels a and b show SUN1

and SUN2 staining, respectively, in control and treated conditions as

indicated (NT non-treated, MEV ? TSA treated with mevinolin and

trichostatin A). c The graph represents the percentage of nuclei

showing SUN2 in a honeycomb-like pattern in both control and

MADA fibroblasts, before and after treatment with mevinolin (25 lM

for 18 h) and mevinolin (25 lM for 18 h) followed by trichostatin A

(2.5 lM for 24 h) (NT, MEV and MEV ? TSA, respectively). Nuclei

were considered positive to SUN2 alteration when displaying a

honeycomb pattern on the nuclear surface. Experiments were

performed 3 times and a minimum of 200 nuclei was counted per

sample. Values are means of three independent experiments ± stan-

dard deviation; p values indicate the statistical significance of the

difference of treated MADA samples compared with the untreated

one
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number, through a treatment aimed at reducing lamin A

precursor farnesylation. However, the onset of an unknown

mechanism, leading to accumulation of full-length prelamin

A (either farnesylated or not) in high passage MADA

fibroblasts, makes ineffective the treatment of cells with

mevinolin. The most likely explanation for these results is

that the cell requires a constant rate of farnesylated to non-

farnesylated prelamin A, which is unbalanced towards

farnesylated prelamin A in low passage MADA fibroblasts,

while it is unbalanced towards non-farnesylated prelamin A

in high passage cultures. Thus, knowledge of the mecha-

nism, which affects prelamin A processing in MADA, is

needed in order to efficiently re-establish the physiological

condition. Moreover, other nuclear envelope markers here

used to monitor the effects of LMNA mutations on nuclear

organization are two trans-membrane proteins, namely

SUN1 and SUN2, which are known binding partners of

prelamin A (Haque et al. 2006, 2010; Crisp et al. 2006;

Mattioli et al. 2011). SUN1-increased expression has been

correlated with accumulation of farnesylated prelamin A in

progeria cells (Haque et al. 2010). Here, we show that

MADA cells, reported to accumulate prelamin A in intra-

nuclear aggregates (Capanni et al. 2005, Filesi et al. 2005),

display a partial recruitment of SUN1 in these aggregates,

overlapping with chromatin decondensation areas. Inter-

estingly, SUN2, which does not appear to be altered

in HGPS, is mislocalized in MADA. Importantly, SUN2

mislocalization in honeycomb structures is partially

recovered after drug treatment, suggesting that it is mostly

dependent on the accumulation of farnesylated prelamin A.

To be noted, differently from what observed for the tri-

H3K9, defarnesylating treatment is shown to be effective on

SUN2 rescue in MADA fibroblasts at any passage number,

thus implying an even stronger relation between loss of

farnesylated precursor, in both its partial or non-processed

form, and recovery of proper distribution. Importantly,

similarly to SUN2, an altered distribution of the nuclear

envelope protein emerin has been previously reported in

MADA (Filesi et al. 2005). Thus, we suggest that prelamin

A accumulation in MADA interferes with both hetero-

chromatin organization and a variety of inter-molecular

interactions required for proper nuclear envelope assembly.

It is known that specific tissues are prevailingly targeted

in MADA: adipose tissue, skin, and certain bone segments.

As in other systemic laminopathies, the accumulation of

abnormal amounts of prelamin A, besides causing alter-

ation in the heterochromatin pattern, can specifically

interfere with the availability of tissue-specific transcrip-

tion factors. This has been previously demonstrated in

MADA fibroblasts, in which prelamin A aggregates

resulted in a reduced availability of free SREBP1, thus

affecting the expression of genes involved in adipogenic

differentiation (Capanni et al. 2005).

The study here reported suggests an additional patho-

genic mechanism implicating a role for the different

modification status of NE proteins; however, the pathoge-

netic significance of SUNs mislocalization in relation to the

nature of prelamin A form accumulated in MADA is not

obvious. It has been suggested that alterations in lamin A/C

might compromise interactions between the nucleus and

cytoskeleton involved in nuclear positioning (Mejat et al.

2009; Mattioli et al. 2011). In fact, LMNA mutations have

been reported to affect the linkage of the nucleus to the

cytoskeleton (Schneider et al. 2010; Hale et al. 2008;

Luxton et al. 2011). In a recent study, by examining

nuclear movement during centrosome orientation in

migrating fibroblasts, which requires A-type lamins, it has

been determined that LMNA mutations causing muscle

diseases, block actin-dependent nuclear movement,

whereas most that affect adipose tissue, such as MADA,

inhibit microtubule-dependent centrosome positioning

(Folker et al. 2011). Besides adipose tissue, MADA

patients present a mottled cutaneous pigmentation and a

sclerotic skin and osteolysis. The biological mechanism

causing osteolysis in some bone segments of MADA

patients is not completely understood. However, some

aspects of the osteolytic process have been shown to be

altered in either animal or cellular models of MADA

(Avnet et al. 2011; Duque et al. 2011). We have recently

provided evidence that MADA osteoblast-derived factors

affect osteoclast differentiation and activity, suggest-

ing that the altered bone turnover in MADA is due to

up-regulation of osteoblast-derived stimulatory cytokines,

including TGF beta 2, that affect osteoclast activity (Avnet

et al. 2011). We previously reported that accumulation of

prelamin A induced by drugs interfering with its processing

results into increased osteoclast differentiation from human

peripheral blood monocytes (Zini et al. 2008). Here, we

propose that mislocalization of SUN1 and SUN2 occurring

in MADA cells contributes to dysregulation of the mech-

anism of cell fusion, which is required for osteoclast for-

mation. Further, a general mechanism of nuclear

positioning implicated in bone, adipocyte and muscle dif-

ferentiation and depending on SUN proteins and the LINC

complex (Folker et al. 2011; Mattioli et al. 2011; Starr

2009) may play a role in MADA pathogenesis.

The results here reported also suggest that, whichever

pathogenic mechanism could be activated through farn-

esylated prelamin A accumulation, mevinolin, and mostly

mevinolin plus TSA (Columbaro et al. 2005), are effective

in the recovery of both chromatin arrangement and of

proper SUN2 organization.

The effects of drug treatments reported in this study give

new important insights. First, molecules involved in

MADA pathogenesis are not only those regulating chro-

matin organization but contingently also the integral
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membrane proteins SUN1 and SUN2 and likely other

factors implicated in nuclear positioning and nucleo-cyto-

skeleton interplay, a relevant aspect in adipose tissue, skin,

and bone development, which are target tissues in MADA

patients. Second, improvement of the cellular phenotype by

statin or statin/TSA treatment is better reached in low

passage cells, when only the farnesylated form of prelamin

A is accumulated. The latter finding further implies that

simultaneous accumulation of different prelamin A pro-

cessing intermediates might worsen the cellular phenotype

and result into a less tractable pathology. Further, these

data, and the evidence that drug-mediated improvement of

the nuclear phenotype is also influenced by patient age at

biopsy, may help explaining the efficacy of current clinical

trials with statins in MADA and the less satisfactory

response observed in older patients.

Moreover, this study shows how different protein part-

ners are differently affected by drug treatments, supporting

a picture of an intricate network of finely regulated inter-

actions involved in pathogenetic mechanisms. In this

context, the global restoration of this variety of functional

interactions in which prelamin A plays a central role,

appears even more complicated, raising the need of more

than a univocal strategy (Richards et al. 2011) for effective

treatment.

Acknowledgments The technical support of P. Sabatelli, A. Val-

mori, S. Grasso and D. Zini is gratefully acknowledged. This work

was supported Italian MIUR PRIN 2008 to G.L., Italian Firb 2010 to

N.M.M., Italian ISS ‘‘Rare diseases Italy–USA program’’ grant no.

526/D30, by a grant from ‘‘Fondazione Carisbo’’, Italy and a grant

from A.I.Pro.Sa.B., Italy to G.L. and AIFA to G.N.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

References

Avnet S, Pallotta R, Perut F, Baldini N, Pittis MG, Saponari A,

Lucarelli E, Dozza B, Greggi T, Maraldi NM, Capanni C,

Mattioli E, Columbaro M, Lattanzi G (2011) Osteoblasts from a

mandibuloacral dysplasia patient induce human blood precursors

to differentiate into active osteoclasts. Biochim Biophys Acta

1812(7):711–718

Capanni C, Mattioli E, Columbaro M, Lucarelli E, Parnaik VK,

Novelli G, Wehnert M, Cenni V, Maraldi NM, Squarzoni S et al

(2005) Altered pre-lamin A processing is a common mechanism

leading to lipodystrophy. Hum Mol Genet 14(11):1489–1502

Columbaro M, Capanni C, Mattioli E, Novelli G, Parnaik VK,

Squarzoni S, Maraldi NM, Lattanzi G (2005) Rescue of

heterochromatin organization in Hutchinson-Gilford progeria

by drug treatment. Cell Mol Life Sci 62(22):2669–2678

Columbaro M, Mattioli E, Schena E, Capanni C, Cenni V, Levy N,

Navarro CL, Del Coco R, Squarzoni S, Camozzi D et al (2010)

Prelamin A processing and functional effects in restrictive

dermopathy. Cell Cycle 9(23):4766–4768

Crisp M, Liu Q, Roux K, Rattner JB, Shanahan C, Burke B, Stahl PD,

Hodzic D (2006) Coupling of the nucleus and cytoplasm: role of

the LINC complex. J Cell Biol 172(1):41–53

Davies BS, Coffinier C, Yang SH, Barnes RH 2nd, Jung HJ, Young

SG, Fong LG (2011) Investigating the purpose of prelamin A

processing. Nucleus 2(1):4–9

Dominici S, Fiori V, Magnani M, Schena E, Capanni C, Camozzi D,

D’Apice MR, Le Dour C, Auclair M, Caron M et al (2009)

Different prelamin A forms accumulate in human fibroblasts: a

study in experimental models and progeria. Eur J Histochem

53(1):43–52

Duque G, Vidal C, Rivas D (2011) Protein isoprenylation regulates

osteogenic differentiation of mesenchimal stem cells: effect of

alendronate and farnesyl and geranylgeranyl transferase inhib-

itors. Br J Pharamacol 162(5):1109–1118

Filesi I, Gullotta F, Lattanzi G, D’Apice MR, Capanni C, Nardone

AM, Columbaro M, Scarano G, Mattioli E, Sabatelli P et al

(2005) Alterations of nuclear envelope and chromatin organiza-

tion in mandibuloacral dysplasia, a rare form of laminopathy.

Physiol Genomics 23(2):150–158

Folker ES, Ostlund C, Luxton GW, Worman HJ, Gundersen GC

(2011) Lamin A variants that cause striated muscle diseases are

defective in anchoring transmembrane actin-associated nuclear

lines for nuclear movement. Proc Natl Acad Sci USA

108(1):131–136

Galiova G, Bartova E, Raska I, Krejci J, Kozubek (2008) Chromatin

changes induced by lamin A/C deficiency and the histone

deacetylase inhibitor trichostatin A. Eur J Cell Biol

87(5):291–303

Hale CM, Shrestha AL, Khatau SB, Stewart-Hutchinson PJ, Hernan-

dez L, Stewart CL, Hodzic D, Wirtz D (2008) Dysfunctional

connections between the nucleus and the actin and microtubule

networks in laminopathic models. Biophys J 95(11):5462–5475

Haque F, Lloyd DJ, Smallwood DT, Dent CL, Shanahan CM, Fry

AM, Trembath RC, Shackleton S (2006) SUN1 interacts with

nuclear lamin A and cytoplasmic nesprins to provide a physical

connection between the nuclear lamina and the cytoskeleton.

Mol Cell Biol 26(10):3738–3751

Haque F, Mazzeo D, Patel JT, Smallwood DT, Ellis JA, Shanahan

CM, Shackleton S (2010) Mammalian SUN protein interaction

networks at the inner nuclear membrane and their role in

laminopathy disease processes. J Biol Chem 285(5):3487–3498

Larson K, Yan SJ, 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 Genet 8(1):e1002473

Lattanzi G, Columbaro M, Mattioli E, Cenni V, Camozzi D, Wehnert

M, Santi S, Riccio M, Del Coco R, Maraldi NM et al (2007) Pre-

lamin A processing is linked to heterochromatin organization.

J Cell Biochem 102(5):1149–1159

Lombardi F, Gullotta F, Columbaro M, Filareto A, D’Adamo M,

Vielle A, Guglielmi V, Nardone AM, Azzolini V, Grosso E et al

(2007) Compound heterozygosity for mutations in LMNA in a

patient with a myopathic and lipodystrophic mandibuloacral

dysplasia type A phenotype. J Clin Endocrinol Metab

92(11):4467–4471

Luxton GC, Gomes ER, Folker ES, Worman HJ, Gundersen GC

(2011) TAN lines: a novel nuclear envelope structure involved in

nuclear positioning. Nucleus 2(3):173–181

Maraldi NM, Lattanzi G (2007) Involvement of prelamin A in

laminopathies. Crit Rev Eukaryot Gene Expr 17(4):317–334

650 Histochem Cell Biol (2012) 138:643–651

123



Maraldi NM, Capanni C, Cenni V, Fini M, Lattanzi G (2011)

Laminopathies and lamin-associated signaling pathways. J Cell

Biochem 112(4):979–992

Mattioli E, Columbaro M, Capanni C, Santi S, Maraldi NM, D’Apice

MR, Novelli G, Riccio M, Squarzoni S, Foisner R et al (2008)

Drugs affecting prelamin A processing: effects on heterochro-

matin organization. Exp Cell Res 314(3):453–462

Mattioli E, Columbaro M, Capanni C, Maraldi NM, Cenni V,

Scotlandi K, Marino MT, Merlini L, Squarzoni S, Lattanzi G

(2011) Prelamin A-mediated recruitment of SUN1 to the nuclear

envelope directs nuclear positioning in human muscle. Cell

Death Differ 18(8):1305–1315

Mejat A, Decostre V, Li J, Renou L, Kesari A, Hantai D, Stewart CL,

Xiao X, Hoffman E, Bonne G et al (2009) Lamin A/C-mediated

neuromuscular junction defects in Emery-Dreifuss muscular

dystrophy. J Cell Biol 184(1):31–44

Novelli G, Muchir A, Sangiuolo F, Helbling-Leclerc A, D’Apice MR,

Massart C, Capon F, Sbraccia P, Federici M, Lauro R et al

(2002) Mandibuloacral dysplasia is caused by a mutation in

LMNA-encoding lamin A/C. Am J Hum Genet 71(2):426–431

Richards SA, Muter J, Ritchie P, Lattanzi G, Hutchison CJ (2011) The

accumulation of un-repairable DNA damage in laminopathy

progeria fibroblasts is caused by ROS generation and is

prevented by treatment with N-acetyl cysteine. Hum Mol Genet

20(20):3997–4004

Scaffidi P, Misteli T (2005) Reversal of the cellular phenotype in the

premature aging disease Hutchinson–Gilford progeria syndrome.

Nat Med 11(4):440–445

Schneider M, Lu W, Neumann S, Brachner A, Gotzmann J, Noegel

AA, Karakesisoglou I (2010) Molecular mechanisms of centro-

some and cytoskeleton anchorage at the nuclear envelope. Cell

Mol Life Sci 68(9):1593–1610

Shumaker DK, Dechat T, Kohlmaier A, Adam SA, Bozovsky MR,

Erdos MR, Eriksson M, Goldman AE, Khuon S, Collins FS et al

(2006) Mutant nuclear lamin A leads to progressive alterations

of epigenetic control in premature aging. Proc Natl Acad Sci

USA 103(23):8703–8708

Starr DA (2009) A nuclear-envelope bridge positions nuclei and

moves chromosomes. J Cell Sci 122(Pt 5):577–586

Zini N, Avnet S, Ghisu S, Maraldi NM, Squarzoni S, Baldini N,

Lattanzi G (2008) Effects of prelamin A processing inhibitors on

the differentiation and activity of human osteoclasts. J Cell

Biochem 105(1):34–40

Histochem Cell Biol (2012) 138:643–651 651

123


	Altered chromatin organization and SUN2 localization in mandibuloacral dysplasia are rescued by drug treatment
	Abstract
	Introduction
	Materials and methods
	Cell cultures
	Drug treatments
	Antibodies
	Western blot analysis
	Immunofluorescence

	Results
	Carboxymethylated prelamin A is accumulated in low passage MADA fibroblasts
	Full-length prelamin A is accumulated in high passage MADA fibroblasts
	Drug treatments rescue tri-methyl H3K9 pattern in low passage cells
	Drug treatment rescues SUN2 organization in MADA cells

	Discussion
	Acknowledgments
	References


