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Nuclear envelope dystrophies show a
transcriptional fingerprint suggesting disruption of
Rb–MyoD pathways in muscle regeneration
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Mutations of lamin A/C (LMNA) cause a wide range of human disorders, including progeria, lipodystrophy,
neuropathies and autosomal dominant Emery–Dreifuss muscular dystrophy (EDMD). EDMD is also caused by
X-linked recessive loss-of-function mutations of emerin, another component of the inner nuclear lamina that
directly interacts with LMNA. One model for disease pathogenesis of LMNA and emerin mutations is cell-
specific perturbations of the mRNA transcriptome in terminally differentiated cells. To test this model, we
studied 125 human muscle biopsies from 13 diagnostic groups (125 U133A, 125 U133B microarrays), including
EDMD patients with LMNA and emerin mutations. A Visual and Statistical Data Analyzer (VISDA) algorithm
was used to statistically model cluster hierarchy, resulting in a tree of phenotypic classifications. Validations of
the diagnostic tree included permutations of U133A and U133B arrays, and use of two probe set algorithms
(MAS5.0 and MBEI). This showed that the two nuclear envelope defects (EDMD LMNA, EDMD emerin) were
highly related disorders and were also related to fascioscapulohumeral muscular dystrophy (FSHD). FSHD
has recently been hypothesized to involve abnormal interactions of chromatin with the nuclear envelope. To
identify disease-specific transcripts for EDMD, we applied a leave-one-out (LOO) cross-validation approach
using LMNA patient muscle as a test data set, with reverse transcription–polymerase chain reaction (RT–PCR)
validations in both LMNA and emerin patient muscle. A high proportion of top-ranked and validated transcripts
were components of the same transcriptional regulatory pathway involving Rb1 and MyoD during muscle
regeneration (CRI-1, CREBBP, Nap1L1, ECREBBP/p300), where each was specifically upregulated in
EDMD. Using a muscle regeneration time series (27 time points) we develop a transcriptional model for
downstream consequences of LMNA and emerin mutations. We propose that key interactions between the
nuclear envelope and Rb and MyoD fail in EDMD at the point of myoblast exit from the cell cycle, leading to
poorly coordinated phosphorylation and acetylation steps. Our data is consistent with mutations of nuclear
lamina components leading to destabilization of the transcriptome in differentiated cells.
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Introduction
LMNA and the nuclear lamina
The nuclear envelope is composed of inner- and outer-

membrane components, with an intermediate filament-

based nuclear skeleton (lamina) bound to the inner

membrane. The major components of the lamina are the

nuclear lamins. Nuclear lamins are type V intermediate fila-

ments and have globular amino and carboxyl termini, with

four alpha-helical central domains separated by non-helical

spacers. Nuclear lamins are classified into A and B types;

B types (B1 and/or B2 genes) are ubiquitously expressed.

The A-type lamins (lamin A and lamin C; LMNA gene)

show more restricted expression, often at specific develop-

mental stages or differentiation states.

LMNA protein isoforms have both structural and signal-

ling roles. LMNA serves as scaffolding for binding of many

other proteins, and many of these lamin binding proteins

have ascribed functions. Three of the better characterized

lamin binding proteins (emerin, LAP2, MAN1) contain a

40-amino acid LEM domain that interacts with a conserved

chromatin protein, barrier to auto-integration factor (BAF)

(Laguri et al., 2001; Lee et al., 2001; Shumaker et al., 2001;

Wolff et al., 2001). Importantly, BAF acts as a transcriptional

repressor, presumably at chromatin attachment sites at the

nuclear envelope (Wang et al., 2002). While LMNA and

emerin show widespread expression, murine knockouts are

viable, possibly via functional redundancy among family

members (Sullivan et al., 1999; Melcon et al., 2006). On

the other hand, BAF is required for cell viability

(Bengtsson and Wilson, 2004).

Many additional functions have been ascribed to LMNA

and its binding proteins, leading to many possible patho-

physiological models when LMNA is mutated (see below).

Functions include binding and localization of histones, actin,

retinoblastoma protein, sterol-response-element-binding

protein (SREPB) and components of RNA polymerase II tran-

scription complexes (Gruenbaum et al., 2000; Bengtsson and

Wilson, 2004; Zastrow et al., 2004). Thus, LMNA is probably

involved in nuclear morphology, cytoskeleton organization,

nuclear positioning in the cell, chromatin organization, tran-

scriptional regulation and mechanically coupling the nuclear

envelope and cytoskeleton (Starr et al., 2001; Lee et al., 2002;

Starr et al., 2002; Malone et al., 2003).

LMNA, emerin and genetic disease
A series of disorders have been found to be caused by muta-

tions in LMNA (Mounkes et al., 2003). The most common is

an autosomal dominant form of Emery–Dreifuss muscular

dystrophy (EDMD) showing early onset of severe con-

tractures (particularly of the posterior cervical, elbows and

ankles), cardiac conduction defect (generally requiring a pace

maker by age 20 years), cardiomyopathy and slowly pro-

gressive weakness and wasting in a humeroperoneal distribu-

tion (Bonne et al., 1999; Brodsky et al., 2000). The large

majority of patients show a dominant inheritance pattern,

generally caused by missense mutations (Di Barletta et al.,

2000). Limb-girdle muscular dystrophy type 1B (LGMD1B)

is a very rare dominantly inherited dystrophy with few or no

contractures, and this was also found to harbour different

mutations of the LMNA gene (Muchir et al., 2000).

A series of other disorders have been found to be caused

by LMNA mutations. Familial partial lipodystrophy is a

disorder where patients appear normal until puberty, then

begin to show an altered subcutaneous fat distribution, with

loss of limb fat and relative gain of face, neck and upper trunk

fat leading to a cushingoid appearance (Kobberling et al.,

1975). Cao and Hegele (2000) identified the same R482Q

missense mutation in five Canadian familial partial lipody-

strophy pedigrees. A form of inherited dilated cardiomyo-

pathy, with and without cardiac conduction defects

(CMD1A) is caused by LMNA mutations. A series of

11 families were studied and six mutations identified in

the LMNA gene (Fatkin et al., 1999; Brodsky et al., 2000).

A de-myelinating peripheral neuropathy, Charcot-Marie-

Tooth type 2B1 (CMT2B1), showed homozygous mutation

in the LMNA rod domain (R298C) in three consanguineous

Algerian families (De Sandre-Giovanolli et al., 2002).

Hutchinson–Gilford progeria syndrome is a disorder of

rapid ageing (precocious senility), where patients typically

die of arteriosclerosis prior to age 10 years. In the majority

of patients, the same de novo cryptic splice site mutation was

found in exon 11 of LMNA (Eriksson et al., 2003). This splice

site change leads to the loss of 50 amino acids near the

carboxyl-terminus, including the proteolytic site, to produce

mature lamin A. Mandibuloacral dysplasia (MAD) patients

show severe dental crowding owing to a hypoplastic mand-

ible, thin skin, stiff joints and wide cranial sutures. Many of

the reported patients show an altered fat distribution, strik-

ingly similar to that seen in familial partial lipodystrophy

(Simha et al., 2002). A series of consanguinous families

have all shown the same homozygous R587H missense

mutations in LMNA (Novelli et al., 2002; Simha et al.,

2003). Finally, restrictive dermopathy, a congenital tight

skin contraction syndrome, has been found to be caused
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by a splicing mutation of LMNA in two patients (Navarro

et al., 2004).

While the LMNA gene shows many different dominantly

inherited mutations resulting in a wide variety of clinical

phenotypes, all emerin mutations lead to X-linked recessive

loss of function of the protein, and the same EDMD pheno-

type. It is intriguing that emerin is more widely expressed

than LMNA (Lee et al., 2001), yet emerin loss of function

leads to a consistent tissue-restricted EDMD phenotype.

Some EDMD mutations of LMNA (but not other LMNA

phenotypes) lead to mislocalization of emerin, where it is

no longer retained within the nuclear envelope, but instead

is abnormally released into the endoplasmic reticulum

(Vaughan et al., 2001; Holt et al., 2003). Thus, loss of emerin

from myofibre nuclei may be a unifying biochemical theme

between both dominant LMNA EDMD and X-linked reces-

sive emerin EDMD. However, the majority of LMNA muta-

tions do not lead to mislocalization of emerin.

Molecular pathology of EDMD
The cellular and biochemical abnormalities caused by LMNA

and emerin mutations are poorly understood. Both LMNA

and emerin show widespread expression though most

cells and tissues. However, different mutations of LMNA

cause tissue- and age-specific pathologies. Mice made null

for LMNA show a runted phenotype and early death, but

do not show many of the symptoms of human LMNA dis-

orders (Sullivan et al., 1999; Lammerding et al., 2004).

Emerin null mice are phenotypically normal (Melcon et al.,

2006). Pathophysiological models include instability of

the nuclear envelope (Raharjo et al., 2001; Lammerding

et al., 2004), perturbations in chromatin organization

and attachment, abnormal development of cells and tissues

and perturbations of mRNA expression patterns (Hutchison,

2001; Maraldi et al., 2002; Östlund et al., 2003). For example,

cultured cells and lymphocytes from progeria patients

showed nuclear morphology abnormalities, a relative loss

of lamin A from the majority of nuclei (�80%) and incorrect

localization of lamin B into the nucleoplasm (De Sandre-

Giovanolli et al., 2003). However, the correlations between

nuclear mophology, tissue involvement and patient symp-

toms have been less than gratifying. There have been some

efforts to map the different mutations to specific sub-

domains of the LMNA protein, as an explanation for the

different phenotypes. However, the overlap in phenotypes

complicates this effort, and there are few clear genotype/

phenotype correlations with regard to LMNA protein

domains.

Here, we tested the model of altered gene regulation as

a downstream consequence of LMNA and emerin muta-

tions in EDMD patients. We used mRNA expression profiling

analysis of 13 diagnostic groups, including EDMD patients

with either emerin or LMNA mutations. We show that the

expression profiles of these two nuclear envelope disorders

are very closely related, and then use disease-specific

transcriptional changes to build a biochemical model for

specific perturbations of mRNA regulation pathways. Our

model is that loss of emerin from the nuclear envelope

leads to inappropriate timing of Rb and MyoD phosphoryla-

tion and acetylation steps during the myoblast/myotube tran-

sition. This model is validated and extended through targeted

muscle regeneration studies in mouse knockouts of emerin

in a second paper (Melcon et al., 2006).

Methods
Patient muscle biopsies
Muscle biopsies were from patients being tested for neuromus-

cular disease biochemical analyses (IRB ‘Candidate gene and protein

studies in neuromuscular disease’), or enrolled into specific IRB-

approved research studies. All biopsies were flash-frozen in iso-

pentane cooled in liquid nitrogen immediately after excision and

stored in air-tight hydrated containers until use. All muscle samples

were tested histologically by cryosection and showed excellent

preservation of muscle morphology.

All muscle biopsies showed excellent preservation by

haematoxylin–eosin histology and were evaluated for histological

preservation by a single co-author (E. Hoffman). Characteristics

of the patient population are provided in Supplementary Table 1.

Expression profiling methods and
quality control
Expression profiling from flash frozen muscle biopsies was done

using methods and quality control procedures as we have described

previously (Tumor Analysis Group, 2004). Briefly, RNA was isolated

using standard Trizol reagent and methods, and quality of RNA

was assessed by gel electrophoresis and/or Agilent Bioanalyzer.

Ten micrograms of total RNA was then reverse-transcribed into

double stranded cDNA using a T7-oligo-dT primer, and cRNA

was produced using two biotinylated nucleotide precursors. A

4-fold amplification of starting material (total RNA) to biotinylated

cRNA was set as the minimum threshold for continuing with

microarray hybridizations.

Fifteen micrograms of cRNA was fragmented and hybridized

to Affymetrix U133A microarrays. Hybridization solution was

removed, and the same solution was then hybridized to Affymetrix

U133B microarrays. Microarrays were washed and scanned as per

standard procedure with scaling factors and present calls within

acceptable ranges (Tumor Analysis Group, 2004).

All microarrays were entered into a single normalized project

using dCHIP/MBEI (Li and Wong, 2001) and chip outliers were

detected. Four microarrays were detected by outlier analysis and

were excluded from all further studies. Both MAS5.0 and dCHIP

difference model probe set algorithms were used, as we have found

these to give good signal/noise ratios in human tissue projects

(Seo et al., 2004).

Leave-one-out and weighted Fisher criteria
We used weighted Fisher criterion (wFC) to measure the individu-

ally discriminatory power of each gene hence to identify the

individual discriminatory genes (IDG) and jointly discriminatory

genes (JDG). A leave-one-out (LOO) procedure was then employed
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to measure the bias and variance of wFC. The details of the proposed

robust gene selection method are described below.

First, gene i is selected as an IDG if its discriminatory power across

all clusters, measured by wFC

JwFC ið Þ ¼
Xk0�1
k¼1

Xk0
l¼kþ1

pkplv Dklð Þ
mi;k � mi;l

� �2
s2
i;k  þ  s2

i;l

ð1Þ

is above an empirically determined threshold, where K0 is the

number of the clusters, pk and pl are the relative mass of classes

k and l and mi,k and mi,l are the mean expression levels of gene i in

classes k and l, respectively, with corresponding standard deviations

si,k and si,l. The weighting function, v(Dkl), is designed to give more

weight to the proximate cluster pairs. According to Loog et al.

(2001), v(Dkl) can be mathematically defined as

v Dklð Þ ¼ 1

2D2
kl

erf
Dkl

2
ffiffiffi
2

p
� �

,

where Dkl is the Mahalanobis distance between the classes k and l.

As a special case, if K0 = 2 (i.e. only one cluster pair), the weighting

function v(Dkl) will be set as 1.

Second, the computation of JwFC(i) is augmented by a LOO

procedure to improve the robustness of IDG selection. We describe

the LOO procedure of IDG selection as follows. Suppose there are

N samples in the study. By excluding one sample at a trial, we will

obtain one measurement of JwFC(i) for each gene each time. After

N times of the LOO procedure, we obtain N measurements of

JwFC(i). We will then calculate the mean and variance of JwFC(i)

to determine the IDGs. There are two practical ways to use the

mean and variance of JwFC(i) to determine the individually discri-

minatory power: (i) using only the mean and (ii) using the least

value of JwFC(i) (worst case, considering the variance of the

measurements). In this study, we use the mean measurement of

JwFC(i) across all genes to select and rank the IDGs accordingly.

Quantitative RT–PCR validations
Two hundred nanograms of total RNA was reverse-transcribed

into single-stranded cDNA, and aliquots (10 ng) were processed

for real-time polymerase chain reaction (PCR) using either ‘assays

demand’ or custom-designed primers against regions of the

target sequence similar to those detected by Affymetrix probe

sets. Real-time PCR assays were done on an ABI 7700 TaqMan unit.

Double-tagged MyoD proteomics
Methods for constructions, transfections and identification of iso-

lated proteins are as described previously (Puri et al., 2002). Briefly, a

double-tagged MyoD construct was utilized, with an amino-term-

inal Myc tag and carboxy-terminal FLAG-tag. HeLa cells were trans-

fected with either a plasmid containing the double-tagged MyoD or

a empty vector, using Superfect (Qiagen). Total cell lysate was pre-

pared 48 h after transfection in lysis buffer. Proteins were then run

through two immunoaffinity columns, first for Myc, then for FLAG.

Equal amounts of eluted protein from double-tagged MyoD-trans-

fected cells, and vector-transfected cells, were run on one-dimen-

sional SDS–polyacrylamide gel electrophoresis (SDS–PAGE) gels.

Coomassie blue staining was done, and bands that were presented

in the MyoD cells, but not the vector-transfected cells, were excised.

Ten stained gel slices were sent to the Harvard Microchemistry

Facility. In gel digestion and mass spectometry peptide maps with

MS/MS, determination of sequences was done by database searches

as described previously (Eng et al., 1994; LeRoy et al., 1998). Single

microcapillary runs were done on a reverse-phase HPLC column,

directly coupled to the nano-electrospray ionization source of an

ion-trap mass spectrometer (Finnigan LCQ DECA quadrupole ion-

trap mass spectrometer).

Results
Generation of a 125 biopsy
(250 microarrays) muscle biopsy
data set from 13 diagnostic groups
A description of the samples utilized for the human muscle

data set is provided in Supplementary Table 1. Thirteen diag-

nostic groups were studied, with 125 muscle biopsies total.

None of these U133 data set expression profiles has been

published previously. We have previously published expres-

sion profiles on a small subset of the patient muscle biopsies

using an earlier microarray (U95A) [acute quadriplegic myo-

pathy (AQM), spastic paraplegia and normal muscle (3 out of

18 samples)]. References are given below for these reports.

One of the 13 diagnostic groups was composed of normal

adult volunteers enrolled in exercise physiology studies

(‘Normal’; n = 18). Ten of the thirteen groups were defined

by molecular diagnostic results (gene and/or protein testing)

considered diagnostic of the specific disorder, and all

showed histological findings, clinical phenotype and family

histories consistent with that diagnosis: Duchenne muscular

dystrophy, Becker muscular dystrophy, Fukutin-related

protein (FKRP), dysferlin deficiency (LGMD2B), calpain 3

deficiency (LGMD2A), fascioscapulohumeral muscular dys-

trophy (FSHD), hereditary spastic paraplegia type 4 (HSP;

or SPG4), emerin deficiency (X-linked EDMD) and LMNA

mutations (autosomal dominant EDMD). Two of the thir-

teen groups were given the assigned diagnosis by clinical

examination, using current criteria: amyotrophic lateral

sclerosis (ALS) and AQM. All muscle biopsies were flash

frozen in isopentane cooled in liquid nitrogen and were

stored at �80�C until analysis. All biopsies showed excellent

preservation by histological analysis of cryosections by

haematoxylin and eosin staining.

Normal muscle biopsies (n = 18) were from normal

volunteers participating in exercise physiology studies (see

Chen et al., 2003). Juvenile dermatomyositis (JDM) (n = 25)

is an autoimmune disease of children, and biopsies were part

of molecular studies of this disorder (see Tezak et al., 2002).

Calpain 3 (n = 10) is a muscle-specific calcium-activated

protease that shows loss-of-function mutations of the corre-

sponding gene in LGMD2A; mutation data on two subjects

have been published (Chou et al., 1999), whereas others

had mutations found for this study (Supplementary Table 1).

FKRP (n = 7) is a glycosidase involved in glycosylation of

dystroglycan, and all patients were homozygous for the com-

mon missense mutation C826A (Leucine276Isoleucine) seen

in LGMD2I. Duchenne muscular dystrophy patients (n = 10)
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showed complete lack of dystrophin by immunoblot and

immunostaining of muscle (see Chen et al., 2000; Bakay

et al., 2002b; Chen et al., 2005). Becker muscular dystrophy

patients (n = 5) showed dystrophin protein of abnormally

small molecular weight by immunoblot, consistent with

in-frame deletions of the dystrophin gene (n = 5). Dysfer-

lin-deficient patients (LGMD2B; n = 10) showed complete

absence of dysferlin by immunoblot analyses. FSHD patients

had chromosome 4q sub-telomeric deletions characteristic

of this disorder, and a subset of these patients have been

reported previously (Winokur et al., 2003) (n = 14). AQM

patients (also called critical care myopathy) have been

recently published by us (DiGiovanni et al., 2004) (n = 5).

Upper motor neuron disease (SPG4; HSP) patients were

heterozygous for spastin gene mutations and were previously

reported by us (Molon et al., 2004) (n = 4). ALS biopsies were

from patients enrolled into a specific research study (n = 9).

Emery–Dreifuss patients were in two groups: autosomal

dominant due to LMNA gene mutations (n = 4) and X-linked

recessive due to emerin mutations (n = 4). The autosomal

dominant patients harboured novel mutations of the LMNA

gene detected by gene sequencing, and have not been pre-

viously reported. Of the X-linked recessive patients, three

were from a single pedigree that has been reported previously

(Nevo et al., 2001; Family 4; exon 6 1675-1678delTCCG), and

these patients were brought to the NCRR Clinical Research

Center at Children’s National Medical Center for muscle

biopsy for the purposes of this current study. The remaining

X-linked patients had an intronic duplication of the emerin

gene detected by PCR analyses of genomic DNA.

We used one round biotinylated cRNA production from

total RNA isolated from each muscle biopsy. We generated

250 high-quality mRNA expression profiles from 125 patient

muscle biopsies from 13 diagnostic groups (125 U133A and

125 U133B Affymetrix microarrays). All microarrays were

generated by the Research Center for Genetic Medicine

according to a standard operating procedure, and all profiles

passed numerous quality control metrics for RNA quality and

quantity, image intensity and quality and lack of chip outliers

by MBEI analyses (Li and Wong, 2001; Tumor Analysis

Group, 2004).

Data from this study is available from the PEPR resource

(http://pepr.cnmcresearch.org/browse.do?action = list_prj_exp

&projectId = 319), and NCBI GEO (http://www.ncbi.nih.

gov/geo). Both raw data and processed files have been

made public for 121 of 125 patients (242 of 250 U133A

and U133B profiles). Four of the JDM sample (JDM

group) profiles corresponding to male patients have not

been made public owing to pending publication of these

in a manuscript focused on JDM sex differences (L. Pachman,

Y.W. Chen; personal communication). These four samples

are not necessary for the interpretation of the Emery–Dreifuss

data presented in this current manuscript. In our PEPR

portal, analysis with five probe set algorithms is available

for all 242 profiles (MAS5.0, dCHIP PM/MM, dCHIP PM

only, ProbeProfiler, RMA). Public access analysis tools for

this data set are available through NCBI GEO, PEPR, and also

through our SAS web server (http://sas.cnmcresearch.org).

Data analysis of the human biopsy data set
We have previously reported that both MAS5.0 and dCHIP

difference model probe set algorithms provide a good sig-

nal/noise balance in human muscle expression profiling pro-

jects (Seo et al., 2003, 2004). However, it is also known that

different probe set algorithms lead to very different data

interpretations. We, therefore, normalized all data separately

for MAS5.0 and dCHIP (MBEI) probe set algorithms. To

filter out low signals and poorly performing probe sets, a

10% MAS5.0 ‘present call’ filter was used on all data.

We then tested the relationships of the 13 diagnostic

groups within the 125 muscle biopsy data set by creating a

diagnostic classification tree using Visual and Statistical Data

Analyzer (VISDA) (Wang et al., 2000, 2003) in both super-

vised and unsupervised modes. Different from the conven-

tional hierarchical clustering, our analysis used a sub-space

Fisher hierarchical clustering (SFHC) mechanism to discover

the tree of phenotype among the diagnostic groups in two

steps. First, samples were assigned to known diagnostic

groups in which the information about how related each

individual within each diagnostic category is kept in the

within-group scatter matrix Sw. Second, the relationship of

the different groups was determined (unsupervised) by

comparing the relatedness Skl between diagnostic categories

using sub-space Fisher criterion as the distance measure
Dk;l ¼ TraceðS�1

w SklÞ that exploits the information about

how related each individual within each diagnostic group

is as compared with the relatedness between the diagnostic

groups (Loog et al., 2001). VISDA, a hierarchical statistical

data visualization and cluster exploration algorithm with

hierarchical statistical models and visualization space, has

been proven to be able to discover hidden cluster structure

and statistically estimate cluster parameters. Furthermore,

VISDA is designed to use the top-level model (in a statistical

hierarchical mixture model) and top-level projection (of the

entire data set) to explain structural information of the entire

data set, and then use lower-level models and projections

(of ‘softly’ partitioned sub-clusters) to explain local and

internal structure between individual clusters that may not

be obvious at the upper levels. Owing to the hierarchical

nature of VISDA, the relationships (e.g. distance in the

space) among classes are also unveiled during clustering,

and such relationships can be shown in a tree structured

class grouping figure. The more distant classes in the gene

expression space (e.g. in different branches) that are generally

less similar classes in terms of their gene expression levels are

more easily captured by the VISDA at the upper levels, and

therefore are separated at the upper levels of the tree.

We first used the U133A data set with MAS5.0 normal-

ization and grouped the 13 muscle biopsy diagnostic classes

into a tree structured class grouping with subgroups of

related disorders using VISDA, with the number of IDG
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(Xuan et al., 2004) shown at each node (Fig. 1A). This ana-

lysis showed four disorders to be most distantly related to the

other nine groups, with branching of these four groups from

the remainder high in the clustering tree (AQM, JDM, ALS,

HSP). This is consistent with each having an underlying

disease that is much different from the other groups. The

tree then showed two major branches. The left branch

included most of the ‘dystrophic myopathies’, inborn single

gene disorders causing degeneration/regeneration of muscle

fibres (DMD, BMD, calpain 3, FKRP, dysferlin). The right

branch included normal muscle, both nuclear lamina disor-

ders (emerin, LMNA) and FSHD. The two nuclear envelope

disorders then formed their own group, indicating that the

mRNA profiles were very closely related. The co-segregation

of FSHD with EDMD as a distinct branch of the dystrophies

is interesting, as FSHD has recently been shown to disrupt

chromatin attachment sites to the nuclear envelope (Masny

et al., 2004).

To validate the derived tree structure, we used classification

with adaptive hierarchical sub-space experts (AHSE)

(Fig. 1B). At each node, one multi-layer perceptron (MLP)

is designed to classify the specific classes or groups; and the

inputs of MLPs are JDG selected for these specific tasks (Xuan

et al., 2004). Since the most distant and separable classes or

groups among other remaining classes are expected to be

partitioned at each node, the misclassification rate of its cor-

responding MLP should be small. The misclassification rates

at each node for both the training and test sets are shown.

Despite the many confounding variables intrinsic to human

biopsies (inter-individual variation, tissue heterogeneity) we

found that most training and test misclassification rates were

quite low (0–3%) at most nodes. The one exception was Node

6 (N6; Fig. 1B), where the misclassification rate of the test

data set was 7%. The good classification performance at most

nodes of the tree implies that the tree reflects a valid picture

of the relationships among classes.

We then ran a series of validations for the tree structure,

using two distinct probe set algorithms (MAS5.0 and MBEI),

and also both U133A and U133B microarrays for the

same samples. U133A and U133B microarrays have very

little overlap in probe set content, and each interrogates

about half of known or proposed transcript units in the

genome. The IDG/VISDA and JDG training/test analyses

(Fig. 1A and B) were then validated with three additional

data sets: U133A MBEI/dCHIP probe set normalization, and

then the semi-independent U133B data (both MAS5.0 and

MBEI/dCHIP normalizations). All analyses resulted in a simi-

lar tree structure, with co-segregation of EDMD LMNA and

EDMD emerin into the same branch (Fig. 1C and D for

U133B MBEI/dCHIP) (U133A MBEI, and U133B MAS5.0

not shown). While the U133A data gave consistently low

misclassification rates, the U133B data gave generally higher

test misclassification rates (Fig. 1D). This is probably due

to the relatively high proportion of probe sets correspond-

ing to expressed sequence tags (ESTs) or other less well-

characterized transcript units, and the generally lower

number of ‘present calls’ on this microarray, as we have

shown previously for the U95 A, B, C, D, E chip sets in muscle

(Bakay et al., 2002b).

There are many confounding variables in such an analysis.

Sex, age, ethnic background and severity of pathology are all

uncontrolled variables. In addition, three of the four Emerin

patients utilized were members of the same family, and this

could lead to higher grouping of these subjects. Nevertheless,

the finding of similar tree structures using two different

probe set algorithms, and two different microarrays, suggests

that diagnosis (molecular defect) rather than hidden admix-

ture due to confounding variables drives the tree structure

shown. These data serve to generate a hypothesis that must be

extensively tested by other methods and approaches.

Gene selection optimized for biochemical
pathways suggests disease-specific
perturbations of a lamin A–emerin–Rb–
MyoD–CREBBP/p300 acetylase
biochemical pathway
The IDG/VISDA and JDG approach above is optimized so

that the lowest number of genes with the most discriminatory

power is selected. This approach is too stringent for discern-

ing biochemical pathways, as the goal of identification of

biochemical pathways should not include a positive weight

for low numbers of pathway members, but rather a positive

weight for the highest proportion of pathway members

shown to be dysregulated.

To identify potential biochemical pathways specific to the

nuclear envelope disorders (EDMD LMNA and EDMD

emerin), we used the following approach. First, we selected

potential pathway members by selecting genes that can dis-

tinguish the LMNA mutation-positive EDMD group (n = 4

biopsies) and the other 11 groups as a single combined group

based on wFC, a statistical cluster separability measure (Loog

et al., 2001). We used only the LMNA patients for this ana-

lysis for two reasons: the LMNA patients were unrelated,

whereas some of the emerin patients were from the same

family, and we wanted to use the emerin group as a validation

set using alternative methods. To assess the generalizability of

the selected gene subset, stability analysis was performed via a

LOO cross-validation (Xuan et al., 2004), in which the gene

subset with most discriminative power is selected on the basis

of a training set with one sample profile being left out. The

profile is then put back into the data set, a different profile

then excluded, and the analysis run again. Each time a gene

presents in any one subset, the gene is given one ‘vote’. This

process is repeated 121 times, so that the maximum number

of votes is 121 for a gene that is fully informative in discri-

minating between the two groups. Discriminatory genes were

ranked by vote number and deemed as potential LMNA

biochemical pathway members.

We then compared each of the top-ranked probe sets

against normal skeletal muscle (e.g. 4 LMNA profiles versus
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Fig. 1 Continued
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18 normal muscle biopsies). The output of this analysis was

a P-value and relative fold-change (Supplementary Table 2).

This was done for both MAS5.0 and dCHIP, again using a

10% present call data filter. This analysis provided 101 probe

sets with between 84 and 21 votes (Supplementary Table 2),

then no probe sets between 21 and 8 votes.

In studying the assigned functions of the 101 selected

probe sets we found that 7 of the top 36 probe sets (20%)

could be assigned a known or probable role in a myogenic

differentiation pathway at the time point of terminal differ-

entiation of myoblasts into myotubes (Table 1). Each of these

seven showed significant upregulation in LMNA EDMD

muscle. Specifically CREBBP is an acetylase involved in acti-

vation of MyoD, and also acetylation of histones on down-

streamMyoD transcriptional targets (Li et al., 2000; Puri et al.,

2001; Magenta et al., 2003). CRI-1 is an inhibitor of CREBBP,

which controls the timing of acetylase activity (MacLellan

et al., 2000). NAP1L1 is a protein that binds acetylated

histones and serves as a chaperone to open up chromatin

on downstream targets of MyoD/CREBBP (Shikama

et al., 2002). LAP2 is a component of the inner nuclear

lamina, where it cooperates with LMNA to bind hypo-

phosphorylated Rb at the nuclear envelope (Markiewicz

et al., 2002). RBL2 (also p130) is a retinoblastoma-like pro-

tein involved in terminal differentiation of many cell types.

We validated the increased expression of the Rb–MyoD

pathway members, using quantitative reverse transcription–

polymerase chain reaction (RT–PCR) in muscle biopsies

from patients with both LMNA and emerin mutations.

The four tested pathway members (CREBBP, p300, CRI-1,

NAP1L1) showed similar upregulation (Table 2 and Fig. 2).

The upregulation appeared blunted in all cases in EDMD

emerin patient muscle compared with EDMD LMNA patient

muscle; however, three of four EDMD emerin subjects were

much later in the progressive disease process than the LMNA

patients. Thus, this may reflect a consequence of severity of

pathology.

The abnormally regulated transcripts specific for the two

nuclear envelope disorders (EDMD due to LMNA and

emerin) were each significantly increased in expression

(CREBBP, CRI-1, EP300, RBL2, LAP2/TMPO and two

probe sets for NAP1L1). We hypothesized that the upregula-

tion of these transcripts was in response to a biochemical

block in one or more biochemical pathways involving

MyoD, Rb and the transition from proliferating myoblasts

to post-mitotic myotubes in muscle regeneration (Li et al.,

2000; MacLellan et al., 2000; Kitzmann et al., 2001; Puri et al.,

2001; Peschiaroli et al., 2002).

Construction of a biochemical model
based upon temporal profiling in vivo
We have previously described time series data during muscle

degeneration/regeneration in vivo, where degeneration was

induced with cardiotoxin injection, and muscles harvested

at 16 time points during regeneration, typically at 12–24 h

intervals (Zhao et al., 2002, 2003, 2004, 2006) (see http://pepr.

cnmcresearch.org for public access to data set and query

tools). This data set allows the placement of activation of

gene transcription of myogenic genes into a temporal context,

thereby achieving cause/effect in transcriptional cascades.

To build a model for biochemical perturbations downstream

of LMNA and emerin mutations in muscle, we synthesized

data from the literature on biochemical pathways involving

Rb, MyoD and CREBBP/p300 acetylase and the other

EDMD-specific transcripts, and then validated and extended

the pathways using a 27 time point in vivo muscle regenera-

tion time series data set (Zhao et al., 2002, 2003, 2004). Most

previously published studies have focused on an immorta-

lized murine cell line (C2C12) and have not studied these

pathways in the context of normal regeneration in vivo (Iezzi

et al., 2002; Charge and Rudnicki, 2004; Simone et al., 2004).

It is becoming increasingly recognized that muscle regenera-

tion in vivo requires an intact basal lamina that is absent

in vitro. Indeed, in vitro differentiation of C2C12 cells does

not involve most of the complex series of events known to be

important in vivo, with interplay of infiltrating immune cells,

activation of quiescent satellite (stem) cells, proliferation of

myoblast to fill up the pre-existing basal lamina, fusion to

myotubes and maturation of the myotubes into muscle fibres.

Most of the proposed pathway members have not been stu-

died in regeneration in vivo. Indeed, muscle regeneration

proceeds very poorly with a dysfunctional basal lamina, as

is the case with the congenital muscular dystrophies

(Pegoraro et al., 1996).

Fig. 1 Diagnostic/phenotypic tree construction from a 125 biopsy, 250 profile data set shows that EDMD due to LMNA mutations and
EDMD due to emerin mutations are highly related. (A) Shown is the diagnostic tree defined using the U133A data set (125 profiles) of
13 diagnostic groups, normalized using MAS5.0 probe set algorithm. The number of biopsies per subgroup is provided in the top box.
The bioinformatic method used was VISDA (Wang et al., 2000, 2003) based upon individual discriminatory probe sets (IDG). The
number of IDGs used at each node is shown in the boxes at each node. This data analysis shows the muscular dystrophies to branch into a
‘membrane defect’ group [left branch of node 6 (N6)] and a nuclear envelope branch [LMNA and emerin mutations; left branch of
node 8 (N8)]. This data suggests that the two forms of EDMD share similar perturbations of mRNA profiles. (B) The data and tree
structure in A were then tested for misclassification rates using jointly discriminatory gene approach (JDG) and AHSE approach.
The misclassification rates are given for both the training (Tr) and test (ts) sets. Variable, node-specific scaling is shown, and was found to
improve performance. (C) The U133B data set was normalized by MBEI/dCHIP, and then a new diagnostic tree constructed using
the same bioinformatics approaches as in A (IDG VISDA). This tree shows a very similar structure to that in A, despite using a different
microarray, and different probe set algorithm. Again, there is a distinction between the plasma membrane dystrophies and the nuclear
envelope dystrophies. (D) Shown is the data in C tested for misclassification rates. Misclassification rates are found to be higher than in B,
probably due to poorer performance of the probe sets on the U133B microarray.
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To build a model of Rb–MyoD biochemical pathways

in vivo, we relied heavily on a 27 time point in vivo muscle

regeneration profiling series (Zhao et al., 2003, 2004, 2006).

Muscle regeneration was induced in adult mice using a

10-needle injection manifold covering the entire gastro-

cnemius, and histologically matched muscles expression

profiled at the indicated time points. We then used our

web Oracle query database to generate the temporal profiles

for each candidate gene in the pathways over the 27 time

points (Chen et al., 2004) (http://pepr.cnmcresearch.org).

Query of each transcript allowed us to sign a relatively precise

time point where the transcript was expressed during

regeneration.

With regard to the nuclear envelope, lamin B receptor

(LBR), lamin B1 and LAP1 showed expression early in

regeneration (day 1), with gradual decrease of expression

during differentiation to the basal level at Day 16 (Fig. 3).

Emerin was equally expressed at all time points (Fig. 3).

Lamin B2, LAP2 and LMNA showed later transcriptional

induction by the Day 3.5 time point. The 3.0–3.5 day time

point is the time frame where we have previously shown

strong induction of MyoD and its downstream targets

(Zhao et al., 2002, 2003, 2004) (Fig. 4). This data suggests

that there is a remodelling of the nuclear envelope at or about

the time of myoblast exit from the cell cycle and terminal

differentiation.

We then studied the Rb–MyoD–CREBBP/p300 acetylase

pathway during muscle regeneration. Rb, CREBBP/p300,

NAP1L1 and MEF2A all showed peak expression

commensurate with that of MyoD and the change in struc-

ture of the nuclear envelope (Fig. 4). HDAC was expressed at

about 2 days regeneration. As Rb is known to be regulated by

phosphorylation, we used the Kegg databases to search

for candidate kinases of Rb and found only one of these,

CDK4, to be highly expressed in muscle and differentially

regulated during regeneration. We propose that CDK4 is

the Rb kinase relevant to muscle regeneration (Figs 4 and 5).

Targets of MyoD binding and transcriptional induction,

such as the alpha subunit of the acetylcholine receptor

(AchRalpha), were induced 12 h later than MyoD, at the

Day 3.5 time point.

Assembling literature data on protein–protein interactions

in vitro, together with query of gene family members in our

regeneration time series, allowed us to build a model of

relevant events during the specific time frame in which

myoblasts exit the cell cycle and commit to terminal differ-

entiation during muscle regeneration in vivo (Fig. 5A), and

how these might be perturbed in disorders of the nuclear

envelope (Fig. 5B). At Day 3.0 of regeneration, MyoD,

Nap1L1 and CDK4 are induced. MyoD is bound to pre-

existing HDAC, where it is kept hypo-acetylated and inactive.

At Day 3.5 of regeneration, Rb1is induced, but it is phos-

phorylated by CDK4 that is pre-existing (from Day 3), and

thus inactive. The CREBBP acetylase and three nuclear

lamina components (lamin A/C, LAP2, lamin B2) are all

induced at Day 3.5, at which point the machinery to sense

appropriate time to exit from the cell cycle is in place in the

proliferating myoblasts. When sufficient myoblasts are resi-

dent in myotubes, Rb becomes de-phosphorylated, where-

upon it recruits HDAC from MyoD, and the Rb/HDAC

associates with the nuclear envelope via lamin A/C and

LAP2. This allows MyoD to bind the acetylase CREBBP,

become acetylated and act on downstream differentiation

targets. CREBBP then acetylates histones on MyoD target

genes, and Nap1L1 then escorts the acetylated histones

from the chromatin to open up the chromatin structure.

In muscle with EDMD due to either lamin A/C or emerin

mutations, we propose that a biochemical block then occurs,

preventing the appropriate phosphorylation and acetylation

steps, owing to failure of Rb to associate correctly with

Table 2 Validation of the Rb–MyoD–CREBBP/p300
pathway perturbations in both lamin A/C and emerin
EDMD biopsies using quantitative RT–PCR

Gene Lamin A/C Emerin

Fold change P-value n Fold change P-value n

CREBBP +5.1 0.001 4 +1.8 0.057 4
ECREBBP/P300 +2.9 0.020 3 +2.2 0.020 4
CRI-1 +2.7 0.010 4 +1.7 0.040 4
RBL-1 +4.8 0.040 3 +1.8 0.004 4
NAP1L1 +2.2 0.002 4 +1.6 0.040 4

Table 1 Gene selection for lamin A/C EDMD (n = 4) versus all other (n = 121) using wFC, LOO and biochemical pathway
building

Committee
vote

Fold change
ED-versus-NHM

P-values AFFY ID Symbol Gene name

79 1.3 0.04798 202160_at CREBBP CREB binding protein (Rubinstein–Taybi syndrome)
73 1.7 0.01118 211698_at CRI1 CREBBP/EP300 inhibitory protein 1
60 1.8 0.00747 202221_s_at EP300 E1A binding protein p300
58 2.2 0.00002 212331_at RBL2 retinoblastoma-like 2 (p130)
46 1.5 0.00147 209754_s_at LAP2/TMPO lamina-associated polypeptide 2/thymopoietin
45 1.8 0.00017 208754_s_at NAP1L1 nucleosome assembly protein 1-like 1
37 1.8 0.00036 208753_s_at NAP1L1 nucleosome assembly protein 1-like 1

Fold change and P-values are relative to normal skeletal muscle (n = 18).

Disruption of Rb–MyoD pathways in nuclear envelope dystrophies Brain (2006), 129, 996–1013 1005

 at M
cK

eldon L
ibrary 34 on February 14, 2012

http://brain.oxfordjournals.org/
D

ow
nloaded from

 

http://pepr.cnmcresearch.org
http://brain.oxfordjournals.org/


Fig. 3 Coordinated nuclear envelope remodelling during muscle regeneration in vivo. Shown are the expression patterns of genes in the
nuclear envelope correlated with MyoD induction. Two histologically matched muscles are shown profiled at each time point after
staged muscle degeneration/regeneration, with graph shown of the average of the two values. The data set (Zhao et al., 2003, 2004) as well
as the public access graphics chart tool used for data visualizations (Chen et al., 2004) have been described previously. Twenty-seven time
points, with 54 expression profiles, are shown. Lamin B receptor (LBR) is induced early during regeneration (day 1). Lamin B2 and Lamin
C appear later (day 3) commensurate with terminal differentiation of myoblasts into myotubes. Emerin expression remains constant
during regeneraiton.

Fig. 2 Validation of upregulation of the Rb–MyoD–CREBBP/p300 pathway in both LMNA and emerin EDMD biopsies by quantitative
RT–PCR. Shown are results of quantitative RT–PCR from muscle biopsy RNA from EDMD patients having mutations of either LMNA
(autosomal dominant) or emerin (X-linked recessive). All tested pathway members validated by this alternative approach in both disorders.
*P < 0.05.
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the nuclear envelope (Fig. 5B). The other members of

this pathway show compensatory upregulation in an effort

to overcome this biochemical block, as observed in the

expression profiles of both X-linked emerin deficiency and

dominant missense mutations of lamin A/C.

MyoD as a binding partner for LMNA
It is thought that de-phosphorylated Rb directly binds LMNA

(Mancini et al., 1994; Ozaki et al., 1994; Markiewicz et al.,

2002), and that LMNA is required for Rb stability in LMNA

null cells (Johnson et al., 2004). Recent findings have also

suggested that Rb is acetylated during the differentiation

of myoblasts, and that the acetylase is the same p300 (and

P/CAF) acetylase responsible for acetylation of MyoD

(Nguyen et al., 2004). We felt that it was possible that

MyoD might bind to LMNA directly, and thus LMNA and

emerin might assist in the orchestrated acetylation/

de-acetylation of Rb and MyoD that is known to be impor-

tant for myogenic differentiation. To provide evidence for

direct binding of MyoD to LMNA, we used stable transfection

of double-tagged MyoD construct (FLAG and HA tagged)

into HeLa cells, followed by double immunoisolation of

MyoD under non-denaturing conditions. Equal amounts

of chromatographed protein extracts from double-tagged

MyoD and vector transfectants were then loaded on one-

dimensional SDS–PAGE gels, and bands specific for MyoD

transfected cells were excised from Coomassie blue stained

gels. Eight peptides matching the lamin A sequence were

identified by peptide maps and MS/MS protein sequencing

(Table 3). These findings suggest that LMNA is part of a

protein complex containing MyoD.

Discussion
Cross-sectional mRNA profiling to
define biochemical pathways
mRNA profiling of human tissues using microarrays is an

experimental design with many confounding, uncontrolled

variables. Patient tissues are typically difficult or impossible

to match for age, sex, ethnicity, stage of disease, tissue

pathology or molecular diagnosis, and numbers of biopsy

samples are typically limited. There have been many studies

of expression profiling of cancers, where diagnostic bio-

markers and key biochemical pathways in tumour progres-

sion have been identified. To our knowledge, this report

presents the largest and most comprehensive data set of

expression profiling in human genetic disease, and we have

shown that valuable ‘pathway-specific’ information can be

obtained from human cross-sectional studies. There are a

number of key points that we believe permitted the sensitivity

to detect disease-specific biochemical pathway perturbations

in our study. First, it is advantageous to study a relatively

large number of well-defined diagnostic groups, as this allows

generic ‘pathology’ transcriptional changes to be cancelled

out bioinformatically (e.g. necrosis, inflammation). Intrinsic

to this design was the use of mutation-verified groups of

patients where the primary genetic defect was known and

the availability of diagnostic muscle biopsies that are appro-

priately processed for mRNA studies (e.g. rapid post-surgical

freezing and storage). Second, quality control and standard

Fig. 4 Transcriptional induction of MyoD/Rb pathway members commensurate with myoblast/myotube transition.
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operating procedures must be followed to reduce technical

noise (Tumor Analysis Group, 2004). Third, use of advanced

bioinformatics and statistical models, as presented here,

is critical to success. Particularly important is the use of

different computational methods for ‘diagnosis’ (VISDA)

versus ‘pathway building’ (AHSE), as described here. Both

VISDA and AHSE are founded on more robust statistical

principles relative to the traditional hierarchical clustering

methods. Fourth, we were fortunate to have a ‘disease

validation’ set, in that we could use lamin A/C patients as

a test data set, and emerin patients as a validation data set. In

the studies presented here, the use of two different disease

A

B

Fig. 5 (A) Shows the coordinate regulation of a series of proteins at the Day 3.0–3.5 time point, with remodelling of the nuclear
envelope (induction of LMNA, LAP2 and lamin B2) and induction of key myogenic regulatory proteins (Rb, MyoD, CREBBP/p300, NAP1L1,
MEF2, CDK4). (B) Shows the proposed block in this regulatory pathway, where Rb and MyoD fail to associate correctly with LMNA and
emerin (owing to dominant mutations of LMNA and secondary loss of emerin, or primary loss of emerin due to X-linked recessive
emerin gene mutations). The correct timing of phosphorylation and acetylation steps is perturbed, leading to a failure of downstream
activation of MyoD targets. In this model, the upregulation of the pathway members (see Table 1) appears to reflect a compensatory
mechanism to overcome this biochemical block. similar compensatory upregulation of the Rb–MyoD–p300–HDAC pathway is seen in
staged regeneration in emerin knockout mice (Melcon et al. 2005). The higher sensitivity of the staged degeneration/regeneration also
showed failure of appropriate MyoD target activation and failure of appropriate repression of E2F/Rb target genes.
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genes, involving the same sub-cellular structure (nuclear

envelope), and known to be interacting proteins (emerin

and LMNA) provided an internal validation set for identifi-

cation of potential pathway members. We feel that the

approach successfully used here may serve as a model for

other larger human disease data sets.

Physical and functional associations
between LMNA, Rb and MyoD
We present a working model of the downstream effects

of EDMD LMNA and emerin mutations on myogenic

transcriptional pathways. This model was derived from a

cross-sectional analysis of human muscle biopsies from

mutation-positive EDMD patients and cross-referencing dis-

ease-specific transcripts to a 27 time point in vivo muscle

regeneration temporal series.

Our model builds upon emerging data concerning inter-

actions of MyoD, Rb and LMNA. Specifically, Rb has been

shown to associate with LMNA and LAP2 (Markiewicz et al.,

2002), and Rb has been shown to be targeted for proteosomal

degradation in LMNA null cells leading to Rb loss (Johnson

et al., 2004). Thus, there is ample evidence for a structural

and functional association between LMNA and Rb.

There is also ample evidence for interplay of Rb andMyoD.

In proliferating myoblasts, MyoD is associated with

HDAC1/2, where it is inhibited from binding to downstream

target promoters via hypo-acetylation (Puri et al., 2001).

MyoD does induce some expression of pro-differentiation

Rb via an independent CREB/p300 binding complex

(Magenta et al., 2003), but in the presence of proliferation

stimuli, cyclin/CDK complexes hyper-phosphorylate Rb,

thereby inactivating it. On the basis of correlation of

known Rb kinases with our in vivo expression profiles, we

hypothesize that CDK4 is the Rb kinase relevant to muscle

regeneration (Fig. 5). With the onset of differentiation cues,

Rb becomes hypo-phosphorylated by p21 and other cell cycle

regulators. Hypo-phosphorylated Rb has been shown in sepa-

rate studies to bind to LMNA and LAP2a (Mancini et al.,

1994; Ozaki et al., 1994; Dechat et al., 2000; Markiewicz et al.,

2002), and to compete for HDAC1/2 binding with MyoD

(Puri et al., 2001). The freeing of MyoD from HDAC permits

acetylation of MyoD by CREBBP/p300/PCAF (Puri et al.,

1997; Polesskaya et al., 2000; Polesskaya et al., 2001),

and the establishment of functional gene transcriptional

machinery with CREBBP/p300, MEF2 and PCAF complex

bound to MyoD target promoters (Puri et al., 2001), with

CREBBP/p300 then acetylating neighbouring histones

(Bergstrom et al., 2002; McManus et al., 2003). In parallel,

at the point of myoblast exit from the cell cycle, we show that

LMNA is transcriptionally induced, and is thus available

to bind hypo-phosphorylated Rb (Markiewicz et al., 2002).

At this same time point (Day 3.0 of regeneration in vivo)

we show that an acetylated histone chaperone, NAP1L1, is

induced, facilitating removal of acetylated histones from

the MyoD target promoters. Finally, we show proteomic

experiments using double-tagged MyoD transfections

into HeLa cells, with mass spectrometry identification of

double affinity-purified MyoD complexed proteins, where

we identify LMNA as one of the top-ranked MyoD binding

proteins. Thus, this provides evidence that LMNA binds

directly (or indirectly) to MyoD.

Our data suggests that there is a general remodelling

of the nuclear envelope at the point of myoblast differentia-

tion in vivo. Lamin B1, LAP1 and LBR are highly expressed

at the time points of active myoblast proliferation; however,

these then decline as lamin B2, LAP2 and LMNA are

induced at the point of myoblast exit from the cell cycle

and terminal differentiation (Day 3 post-degeneration)

(Fig. 3). Emerin is ubiquitously expressed; however, an extra-

polation from our data is that normal interactions between

emerin and LMNA are required for appropriate MyoD–Rb

interactions. Thus, if either emerin is lost (X-linked EDMD)

or LMNA harbours specific dominant missense mutations

(autosomal dominant EDMD), the carefully orchestrated

interaction of Rb, MyoD and CREBBP/p300 acetylases

becomes poorly timed or inappropriate, leading to the down-

stream disruption of transcriptional programming during

this key stage in myogenesis.

It is important to note that phosphorylation of Rb

appears to be tied to its role in cell cycle regulation, while

acetylation of Rb plays a role in myogenic differentiation.

Acetylation of Rb during myogenic differentiation appears to

be done by the same acetylases (p300 and PCAF) responsible

for acetylating MyoD (Chan et al., 2001; Nguyen et al., 2004).

Thus, our model of transcriptional pathway perturbations

induced by LMNA and emerin mutations may integrate

both cell cycle abnormalities and differentiation abnormal-

ities during myogenesis. Melcon et al. (2006) tested

and extended our model, using staged muscle regeneration

in emerin null and LMNA null mice, and validated

both the Rb1–MyoD model presented here, while also

extending the perturbations to failure of suppression of

the Rb–E2F–HP1–SUV39 histone methylation pathway for

permanent exit of the cell cycle. The role of Rb in stabilizing

heterochromatic regions to permanently silence genes is

increasingly well documented (Gonzalo et al., 2005).

Table 3 Mass spectrometry MS/MS data identifying
Lamin A/C (gi|125962) as a potential MyoD interacting
protein

Peptide sequence TIC Ions Scans

NSNLVGAAHEELQQSR +17 1.1E7 21/30 1864
SVGGSGGGSFGDNLVTR +11 9.2E6 21/32 1899
LKDLEALLNSK +18 5.3E6 17/20 2179
IDSLSAQLSQLQK +19 3.6E6 18/24 2102
VAVEEVDEEGK +17 5.5E6 17/20 1614
LEAALGEAK +16 3.2E6 12/16 1635
ITESEEVVSR +14 3.2E6 13/18 1595
QNGDDPLLTYR +4 4.5E6 9/20 1970
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The model presented here, and further studied and

expanded in the accompanying paper of Melcon et al.

(2006), can provide a molecular explanation for some of

the enigmatic features of EDMD. Patients with EDMD

show an unusual early onset of contractures, where muscle

growth and/or homeostasis is imbalanced between opposing

muscle groups, leading to fixed deformities. Most myofibre

growth during development occurs at the myotendinous

junction, where myoblasts and sarcomeres are added to

the ends of the growing, syncytial muscle fibre. Our model

suggests that the timing of myoblast exit from cell cycle and

differentiation is perturbed in EDMD patients, and this

inappropriate development at the myotendinous junction

might be expected to lead to a contracture phenotype.

EDMD patients also show an early muscle wasting pheno-

type, where muscle regeneration appears inhibited. From our

model, we would expect that EDMD shows less regenerative

capacity than normal muscle. The last enigmatic feature of

EDMD is cardiac conduction block. This is more difficult to

explain, as little is known about the developmental processes

leading to formation of the cardiac conduction system. This

system is muscle-derived, and we hypothesize that disruption

of the Rb–MyoD–LMNA pathway could lead to inappropri-

ate development or homeostasis of the cardiac conduction

system. These models are speculative, based only upon the

data here, and must be proven by future targeted studies. For

example, the contractures could also result from differential

involvement of agonist and antagonist muscle groups. We

note that Melcon et al. (2006) have validated the regeneration

defect; however, the exact mechanisms of development and

contractures and cardiac conduction defect will require

future studies in the murine knockout and other models.

Our data have implications for other phenotypes asso-

ciated with different mutations within the LMNA gene.

Rb-related pathways have been shown to be critical for the

development and homeostasis of many cell types. Rb and

Rb-like proteins RBL-1 [p107] and RBL-2 [p130] are impor-

tant during steps in differentiation and remodelling of

muscle, heart and adipocytes (Carnac et al., 2000; Guan

et al., 2002; Sindermann et al., 2002). We found RBL-2

(p130) to be an EDMD-specific transcript, and disruption

of the E2F–Rb pathways are likely to disrupt development

or homeostasis of adipose, cardiac and also muscle tissues;

other phenotypes of LMNA mutations are lipodystrophy,

cardiac failure and cardiac conduction defects. Our data

suggests that the interactions between Rb and LMNA may

be quite specific, involving other additional binding proteins,

with different missense mutations perturbing different path-

ways downstream of Rb. Consistent with this, LMNA has

been recently shown to bind SREBP, a transcription factor

important for adipogenesis (Lloyd et al., 2002).

Finally, the results presented here, and in the follow-up

functional studies of Melcon et al. (2006) address an

important issue regarding mouse models and human disease.

While the emerin-deficient mouse model described by

Melcon et al. shows no overt clinical abnormalities, we

were able to uncover abnormalities of the Rb–MyoD pathway

model described here, as well as extend this model into

abnormalities of the related E2F pathways through induction

of degeneration/regeneration in muscle. It is often the case

that mouse models of human disease possessing the same

primary defect do not show clinical symptoms similar to

the human disease. In other words, a genetic model is

often not a clinical model. It is often hypothesized that

the lack of murine phenotype is due to biochemical

redundancy; for example, compensatory mechanisms are

more effective in the mouse. The paper of Melcon et al.

(2006) demonstrates this effect, where the block in

LMNA–Rb–MyoD pathways due to emerin deficiency

results in a dramatic compensatory upregulation of the com-

ponents of the pathway, and that this compensation is indeed

partly effective. The data presented here suggest that human

EDMD patient muscle is also attempting to overcome the

Rb–MyoD block, as we found similar upregulation of many

of the members of this pathway. We hypothesize that the

ability of EDMD muscle to overcome this block may dete-

riorate with advancing age of the patient. The shorter lifespan

and relative resistance to apoptosis compared with humans

may help prevent the development of pathology in the

emerin-deficient mouse.
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