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ABSTRACT
Autosomal Dominant Leukodystrophy (ADLD), a fatal adult onset demyelinating disorder, is the only
human disease that has been linked to mutations of the nuclear lamina protein, lamin B1, and is primarily
caused by duplications of the LMNB1 gene. Why CNS myelin is specifically targeted and the mechanisms
underlying ADLD are unclear. Recent work from our group has demonstrated that over expression of
lamin B1 in oligodendrocytes, the myelin producing cells in the CNS, resulted in age dependent
epigenetic modifications, transcriptional down-regulation of lipogenic gene expression and significant
reductions of myelin-enriched lipids. Given the high lipid content of meylin, we hypothesize that lipid loss
is one of the primary drivers of the demyelination phenotype. These results can, at least partially, explain
the age dependence and cell type specificity in ADLD and are discussed in the context of the existing
literature, in an attempt to delineate potential pathways underlying the disease phenotype.
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Introduction

The nuclear lamina is a critical structural component of
the nuclear envelope found adjacent to the inner
nuclear membrane in all multicellular organisms.1

Nuclear lamins are a class of intermediate filament pro-
teins and in vertebrates they are composed of 2 main
types: the A and B type lamins. The A type lamins, lam-
ins A & C are alternatively spliced products of the same
gene LMNA. Two separate genes, LMNB1 and LMNB2
code for the major B type lamins.1 The A and B type
lamins closely interact in the nuclear lamina meshwork
although they have been shown to form independent
microdomains.2

While originally identified as having a structural
role in maintaining nuclear architecture, the nuclear
lamina is now thought to play a critical role in multiple
cellular processes including transcription, DNA
replication, DNA repair and epigenetic regulation.1

Genes associated with the nuclear lamina are thought
to be transcriptionally silenced and enriched in specific
repressive histone marks.3,4 In addition, the nuclear
lamina has been shown to play an important role in
both normal and pathological aging.5,6

Autosomal Dominant Leukodystrophy is caused by
mutations involving the Lamin B1 gene

While at least 12 distinct disorders have been
associated with mutations in the LMNA gene, only
one disease, Autosomal Dominant Leukodystrophy
(ADLD), has so far been linked to mutations
involving lamin B1.7,8 The majority of ADLD cases
are caused by duplications involving the lamin B1
gene locus that results in increased lamin B1 pro-
tein expression.8,9 A recent report described a dele-
tion upstream of the lamin B1 gene that resulted
in a variant ADLD phenotype.10 Lamin B1 expres-
sion was also found to be increased in these
patient samples suggesting that increased lamin B1
expression is the common pathway that leads to
the disease phenotype.

ADLD is a slowly progressive and fatal demyelinat-
ing disorder presenting in the 4th or 5th decade of
life.11,12 It is characterized clinically by early auto-
nomic abnormalities, pyramidal and cerebellar
dysfunction, muscle wasting and symmetrical demye-
lination of the CNS with the brain stem and spinal
cord showing early involvement.11,12 ADLD is also
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unique as it is one of the few leukodystrophies that has
a purely adult onset.12

ADLD Pathology-location and timing: Clues from
mouse models

That lamin b1 is critical for CNS development has
been well documented using both germ line and con-
ditional knockouts.13 Mice lacking a functional lamin
B1 protein survived embryonic development but died
immediately after birth with lung, bone and neurode-
velopmental defects.14 Conditional knockouts with a
deletion of lamin b1 in forebrain specific neurons
exhibited normal longevity but had significantly small
cerebral cortices, disorganized layering of cortical neu-
rons with a smaller number of neurons and neuronal
migration defects.15 Lamin B1 has also been shown to
be required for normal dendrite development in pri-
mary mouse cortical neurons.16 While the lamin b1
appears to be essential for the proper development of
neuronal lineages, its role is glial cells such as astro-
cytes and oligodendrocyte is still unknown.

Given the widespread nature of lamin B1 expres-
sion, the specific involvement of myelin and the late
age onset of the disease process have been puzzling
features. However, recently developed mouse models

for ADLD are providing insights into the disease pro-
cess that may help answer both these questions. Previ-
ous work by Heng et al., (2013) suggested that
oligodendrocyte and not neuron or astrocyte specific
overexpression of lamin B1 was sufficient to produce a
late age onset motor dysfunction reminiscent of
ADLD.17 In this report, myelin defects were identified
in the brain stem only demonstrable by electron
microscopy while biochemical analysis revealed a
reduction of the myelin protein, PLP1.17 However, as
PLP1 knock out mice do not exhibit demyelination18

this suggested that other mechanisms were responsible
for the pathology observed in the lamin b1 over
expressing mice.

To further understand these mechanisms, our
group, in a report by Rolyan et al. (2015) characterized
independently derived mouse lines that expressed a
FLAG tagged lamin B1 in oligodendrocytes.19 These
FLAG-PLP-LMNB1 transgenic (TG) mice exhibited a
robust overexpression of lamin B1 that was highest in
the spinal cord and an age dependent muscle wasting,
kyphosis and motor dysfunction that culminated in
premature mortality by 13–15 months of age (Fig. 1a).
Interestingly, the spinal cord exhibited the most severe
pathological alterations with the cervical region show-
ing the most extensive demyelination (Fig. 1b).

Figure 1. Spinal cord degeneration in a mouse model of ADLD. (A) PLP-FLAG-LMNB1 transgenic mice (TG), with oligodendrocyte specific
overexpression of lamin B1, show age dependent degenerative phenotypes including kyphosis (black arrow), forelimb paralysis (white
arrowhead) and muscle wasting at 13 months while wild type (WT) littermates show no obvious phenotypes. (B) Cervical spinal cords
section of TG mice show significant vacuolar degeneration involving the white matter (arrows). No such alterations are observed in spi-
nal cord sections from WT littermates. Top panel – H&E staining, Bottom panel – Fluormyelin staining (Fluromyelin is a fluorescent dye
that specifically stains white matter). Reproduced with permission from Rolyan et al., (2015).19
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Cervical involvement was also consistent with fore-
limb paralysis as the being earliest presenting
phenotype.

The pathology in the spinal cord of the TG mice
shared a number of similarities with the histo-patho-
logical alterations in ADLD patient CNS tissue. Both
exhibited a vacuolar degenerative phenotype primarily
involving the white matter tracts with a preservation
of oligodendrocytes.20,21 This suggested that the over
expression of lamin B1 is not lethal to oligodendro-
cytes and that the demyelination is not the result of
oligodendrocyte loss. Recent reports have linked lamin
b1 to pathways of cellular proliferation and senes-
cence.22,23 However, results from both human patients
and our mouse model suggest that oligodendrocyte
proliferation and survival are unaffected, suggesting
that these pathways might not play a role in the
ADLD phenotype. Another similarity was the finding
that in ADLD patents axonal loss was minimal while
in the mice axonal loss was present only in the termi-
nal stages, secondary to the demyelination.19,20

Some differences were also present between the
mouse model and human disease. The mouse model
showed significant astrocytosis and microglial infiltra-
tion, with some degree of microglial infiltration pres-
ent even before the onset of demyelination in the
mice. While patient brain sections exhibited a modest
degree of reactive gliosis, no astrocytic proliferation
was observed, although the astrocytes in affected
regions were found to have abnormal and shortened
processes.20,21 It is unclear whether these differences
represent species-specific responses to lamin B1 over-
expression. However, it is important to remember that
ADLD has a relatively slow disease progression with
death occurring at least a 10-20 y after the onset of
symptoms. As the pathological studies in ADLD have
been carried out on post mortem brain samples it is
possible that the demyelination lesions are no longer
active sites of inflammation and thus do not show a
cellular infiltrate.

Another notable difference between mouse and
human diseases was the location of the pathology. The
PLP-FLAG-LMNB1 mouse model displayed the most
severe pathology in the spinal cord while other regions
such as the brain stem showed minimal involve-
ment.19 In ADLD patients, in addition to the spinal
cord, the brain stem, cerebellum and cerebral lobes all
show white matter loss.20,21 We attributed this differ-
ence to the expression pattern of the transgenic FLAG

tagged LMNB1 protein which was maximal in the spi-
nal cord. Support for this assertion comes from a
recently published report that describes a variant form
of ADLD where an enhancer adoption mechanism
resulted in increased expression of lamin B1 in the
frontal lobe, the region that exhibited the most severe
pathology by MRI.10 In the patient sample brain sam-
ple studied, the cerebellum was unaffected and this
coincided with lamin b1 levels that were comparable
with controls. The precise location of lamin b1 over
expression thus may play an important role in deter-
mining the specific areas of the CNS that are
impacted. This is especially relevant as ADLD patients
from independent families have unique duplications
and the differing regulatory sequences upstream of the
lamin B1 gene in these families may contribute to
altered spatial patterns of lamin B1 overexpression
and a varied clinical presentation.10 The specific loca-
tions of the pathology, both in mice and humans, may
also raise the possibility of differential susceptibility of
oligodendrocytes to lamin b1 over expression. A
recent report has suggested that the developmental
origin of oligodendrocytes determines the response to
demyelination and susceptibility to age-associated
functional decline and it would be tempting to specu-
late whether a similar mechanism also holds true for
oligodendrocyte function due to lamin B1
overexpression.24

Epigenetic and transcriptional pathways link lipid
synthesis and demyelination in ADLD

Given the importance of lamin B1 in regulating chro-
matin, Rolyan et al., (2015) interrogated specific his-
tone modifications in oligodendrocytes from the
FLAG-PLP-LMNB1 spinal cord sections and demon-
strated that there were age dependent increases in
repressive histone marks (H3K9me3 and H3K27me3)
and decreases in activating histone marks (AcH3 and
AcH4). This suggested that lamin B1 overexpression
promotes transcriptional repression in older animals
that might be a driving force in oligodendrocyte dys-
function (Fig. 2). The nuclear lamina is known to
undergo age dependent alterations6 and whether the
increased epigenetic impact of Lamin B1 overexpres-
sion reflects a greater sensitivity to perturbations in
nuclear structure at a later age is yet to be determined.
Age is a particularly important factor in the case of oli-
godendrocyte function as remyelination efficiency has

NUCLEUS 549



been shown to decline with age through mechanisms
also mediated by chromatin modification.25

To identify genes that might be impacted by chro-
matin alterations in the ADLD mouse model we car-
ried out a genome wide trancriptomics analysis of
spinal cord tissue isolated from TG and WT mice at 2
different time points, one before the onset of the dis-
ease (3 months) and one after (13 months). Interest-
ingly, genes encoding myelin proteins were not found
to be significantly reduced either at the RNA or pro-
tein level in the TG mice. As predicted from the his-
tone alterations, there was a dramatic increase in the
percentage of genes that were down regulated in the
older TG mice from 8.4% (3 months) to 48.4%
(13 months) suggesting that the chromatin alterations
do indeed lead to a global transcriptional repression in
an age dependent manner.19

Up regulated genes primarily belonged to inflam-
matory pathways and were thought to indicate a sec-
ondary response to the demyelination phenotype
derived from astrocytes or microglia. Only 12 genes
that were common to the 2 time points were downre-
gulated. Intriguingly, a closer analysis of these genes
revealed that 9 of them belonged to lipid synthesis
pathways (Table 1). Furthermore, 8 of these 9 genes
were those known to be enriched in myelinating oligo-
dendrocytes. Consistent with these results a lipidomics
analysis revealed significant reductions in myelin
enriched lipids in TG mice spinal cord extracts when
compared to WT mice, even at time points prior to

the onset of pathological alterations. Lipid dysregula-
tion is a particularly attractive hypothesis in ADLD as
myelin is composed of »70% lipids and mutations in
lipid synthesis genes have resulted in myelin pathol-
ogy.26 Further evidence supporting the lipid hypothe-
sis is the similarity in histo-pathological features we
have observed and the mouse models where specific
myelin enriched lipids such as galactolipids have been
disrupted.27 The lipid dysregulation we have identified
in the ADLD mouse model also provides a rationale
to explain the involvement of oligodendrocytes in the
disease pathology. As they require an extremely robust
lipid biosynthetic process, oligodendrocytes might be
acutely sensitive to the reductions in lipogenic gene
expression that are caused by lamin B1 over expres-
sion to the extent that other cell types such as astro-
cytes or neurons in the CNS are not.

Our results linking lamin B1 and lipid biosynthesis
confirms a distinct yet poorly understood role for the
nuclear lamina in lipid regulation. Mutations in lamin
A cause lipodystrophies, a class of disorders character-
ized by a selective loss of adipose tissue.5 While the
mechanisms in Lamin A associated lipodystrophies
are unclear, previous studies have suggested that
mutant lamin A sequesters the critical lipogenic tran-
scription factor Sterol regulatory Binding Protein 1
(SREBP 1) at the nuclear periphery thereby reducing
availability of the protein for transcriptional activa-
tion.28 Rolyan et al, (2015) also demonstrated a
reduced expression of the SREBP1 and 2 genes in tis-
sues from the Lamin B1 overexpressing mice. It
remains to be determined whether Lamin B1 regulates
the activity of these genes through a chromatin medi-
ated transcriptional mechanism or whether post-
translational mechanisms such as nuclear sequestra-
tion also play a role.

While our results indicate that age dependent epi-
genetic alterations and transcriptional pathways are a
critical component of the pathology in ADLD, other
potential mechanisms can also contribute to the dis-
ease (Fig. 2). Recent reports have linked lamin b1 to
oxidative stress pathways and suggested that elevated
reactive oxygen species (ROS) lead to an accumulation
of lamin B1.23 As elevated ROS levels are associated
with the aging brain, it is also possible that lamin b1
accumulation in ADLD patients is accelerated by age
dependent ROS to critical levels that disrupt oligoden-
drocyte function, thus providing an alternate mecha-
nism to explain the age dependence of the disease.

Table 1. Lipid synthesis genes downregulated in 3 and 13 month
transgenic PLP-FLAG-LMNB1 mice.

Fold change relative
to wild types

Gene
Symbol Full name 3 month 13 month

Enriched in
myelinating

oligodendrocyte

Ldlr Low-Density Lipoprotein
(LDL) Receptor

0.71 0.31 Yes

Cyp51 Lanosterol 14-
demethylase (CYP51)

0.75 0.37 Yes

Hmgcs1 3-Hydroxy-3-
Methylglutaryl-CoA
Synthase 1

0.65 0.38 Yes

Sqle Squalene Epoxidase 0.75 0.41 No
Sc4mol Methylsterol

Monooxygenase
0.71 0.41 Yes

Hmgcr 3-Hydroxy-3-
Methylglutaryl-CoA
Reductase

0.74 0.55 Yes

Scd1 Stearoyl-CoA desaturase-1 0.62 0.55 Yes
Dhcr7 DHCR7 7-

dehydrocholesterol
reductase

0.73 0.58 Yes

Elovl7 ELOVL Fatty Acid Elongase 0.74 0.69 Yes
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Fibroblasts from ADLD patients exhibit increased
nuclear rigidity and nuclear abnormalities and this
has been proposed to alter nuclear signaling, although
the exact pathways are unclear.29 Altered mRNA proc-
essing has been demonstrated in ADLD fibroblasts
and it is thought that this may contribute to an aber-
rant regulation of myelin specific genes.30

In conclusion, the recent report by Rolyan et al.,
(2015) provides evidence that lamin B1 over expres-
sion can down regulate the expression of lipid synthe-
sis genes and myelin enriched lipids though age
dependent epigenetic pathways. This model provides
a mechanistic framework that can, at least partially,
explain some aspects of the age dependence and cell
type specificity in ADLD. Other mechanisms such as
oxidative stress response, nuclear shape alterations
and altered splicing may also contribute, either in con-
cert or through independent pathways to the disease
phenotype (Fig. 2).
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