Mol Neurobiol (2013) 47:290-301
DOI 10.1007/s12035-012-8350-1

Nuclear Lamins in the Brain — New Insights into Function

and Regulation

Hea-Jin Jung - John M. Lee - Shao H. Yang -
Stephen G. Young - Loren G. Fong

Received: 23 July 2012 /Accepted: 12 September 2012 /Published online:

© Springer Science+Business Media New York 2012

Abstract The nuclear lamina is an intermediate filament
meshwork composed largely of four nuclear lamins —
lamins A and C (A-type lamins) and lamins B1 and B2
(B-type lamins). Located immediately adjacent to the inner
nuclear membrane, the nuclear lamina provides a structural
scaffolding for the cell nucleus. It also interacts with both
nuclear membrane proteins and the chromatin and is thought
to participate in many important functions within the cell
nucleus. Defects in A-type lamins cause cardiomyopathy,
muscular dystrophy, peripheral neuropathy, lipodystrophy,
and progeroid disorders. In contrast, the only bona fide link
between the B-type lamins and human disease is a rare
demyelinating disease of the central nervous system —
adult-onset autosomal-dominant leukoencephalopathy,
caused by a duplication of the gene for lamin B1. However,
this leukoencephalopathy is not the only association
between the brain and B-type nuclear lamins. Studies of
conventional and tissue-specific knockout mice have demon-
strated that B-type lamins play essential roles in neuronal
migration in the developing brain and in neuronal survival.
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The importance of A-type lamin expression in the brain is
unclear, but it is intriguing that the adult brain preferentially
expresses lamin C rather than lamin A, very likely due to
microRNA-mediated removal of prelamin A transcripts. Here,
we review recent studies on nuclear lamins, focusing on the
function and regulation of the nuclear lamins in the central
nervous system.
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Introduction

The nuclear lamina is an intermediate filament meshwork
located adjacent to the inner nuclear membrane. In verte-
brates, it is composed largely of four proteins called nuclear
lamins — lamins A, C, B1, and B2 [1]. The lamins have
been classified as A- and B-type based on their biochemical
properties [2—4]. The expression of the A-type lamins (lamins
A and C) starts during the later stages of embryonic develop-
ment and peaks postnatally; B-type lamins (lamins B1 and
B2) are expressed in all cell types from the earliest stages of
development [5, 6].

Lamins A and C are alternatively spliced products of the
same gene, LMNA (Fig. 1) [7]. They are identical through
the first 566 amino acids but diverge in their carboxyl-
terminal domains. Lamin C terminates with exon 10 sequen-
ces and has six unique amino acids (not found in lamin A) at
its carboxyl terminus. Prelamin A, the precursor to mature
lamin A, includes sequences from two additional exons
(exons 11 and 12), resulting in 98 unique amino acids at
its carboxyl terminus. The 3’ UTRs of lamin C and prelamin
A transcripts are also distinct. Lamin C’s 3’ UTR, formed by
intron 10 sequences, is short (~100 bp); prelamin A’s 3’
UTR is ~1 kb in length and includes many sequences that
have been conserved through mammalian evolution.
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Lamins Bl and B2, are encoded by distinct genes,
LMNBI [8] and LMNB?2 [9], respectively. These genes have
a similar intron—exon structure, suggesting that they arose
from a gene-duplication event [1, 10]. Lamin B1 and lamin
B2 proteins are ~60 % identical at the amino acid level [11].

Like other intermediate filament proteins, all nuclear
lamins have a highly conserved «-helical central rod domain
(Fig. 1) [12, 13]. The rod domain is critical for lamin
dimerization and for the formation of higher-order polymers
[14]. Lamins also have globular head and tail domains, with
the tail domain containing a nuclear localization signals
(NLS) (Fig. 1) [12, 13].

Physiologic Importance of A-Type Lamins

To assess the importance of the A-type lamins, Sullivan and
coworkers [15] generated Lmna knockout mice (Lmna ™).
Lmna”~ mice do not manifest developmental abnormalities
and are indistinguishable from wild-type littermates at birth
[15]. Soon thereafter, however, Lmna'~ mice develop a
cardiac and skeletal myopathy, and they die by 6-8 weeks
of age. The absence of A-type lamins compromises the
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structural integrity of the nuclear envelope, resulting in
misshapen nuclei, which likely plays a part in the patho-
genesis of the muscle disease [16]. The absence of
lamins A and C also results in mislocalization of emerin,
an inner nuclear membrane protein, to the endoplasmic retic-
ulum. Emerin mutations cause muscular dystrophy in humans
[2, 17-19].

Thus far, unique roles for lamin A and lamin C remain
obscure. Fong et al. [20] created “lamin C—only mice”
(Lmna““°™©) that do not produce prelamin A transcripts
and make approximately twice-normal amounts of lamin C
transcripts. Surprisingly, the absence of prelamin A and
lamin A in Lmna““°"“° mice does not appear to have
adverse consequences; these mice are normal in size and
vitality and have no obvious disease phenotypes. Subtle
abnormalities in nuclear shape can be detected in cultured
Lmna™“°""© fibroblasts [16, 20], but it is unclear whether
any such abnormalities actually occur in parenchymal cells
of Lmna““©""“© mice. Later, Coffinier et al. [21] generated
“mature lamin A—only mice” (Lmna"*°"**°) and Davies et
al. [22] created “prelamin A—only mice” (Lmna"~*°"P-40),
Both mouse models are incapable of producing lamin C
transcripts, and all of the output of the Lmna gene is
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Fig. 1 Schematic diagram of nuclear lamin genes and nuclear lamin
structure. All nuclear lamins have «-helical central rod domains (in
grey) flanked by globular head and tail domains. The tail domains
contain a nuclear localization signal (NLS, in red). Prelamin A (664
amino acids) and lamin C (572 amino acids) are alternatively spliced
products of a single gene, LMNA. Lamin C terminates with exon 10
sequences and contains six unique amino acids at its carboxyl terminus
(in green); prelamin A contains sequences from exons 11 and 12 and
contains 98 unique amino acids at its carboxyl terminus (in sky blue).
The 3’ UTR for lamin C is yellow; the 3" UTRs for the other nuclear

lamins are purple. The 5" UTRs are colored orange. Lamin A (646
amino acids) is formed from prelamin A by a series of four posttrans-
lational processing events and involves the removal of the final 18
amino acids of prelamin A. Lamin B1 (586 amino acids) and lamin B2
(600 amino acids) are produced from independent genes, LMNBI and
LMNB2, respectively. All lamins, except lamin C, contain a carboxyl-
terminal CaaX motif, which triggers protein farnesylation. The farne-
sylated segment of prelamin A (in sky blue with blue stripes) is
removed during the biogenesis of mature lamin A
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channeled into prelamin A transcripts (encoding mature
lamin A in the case of Lmna"*°"**° mice or full-length
prelamin A in Lmna" *°""**° mice). The Lmna“*°"~*°
and Lmna™ "0 mice are healthy and free of pathology.
Misshapen nuclei can be observed in cultured Lmna“*°"“*©
fibroblasts but were never observed in the tissues of
Lmnd“*°""*° mice [21].

Prelamin A contains a CaaX motif at its carboxyl termi-
nus (Fig. 1), which triggers three sequential posttranslational
CaaX processing steps: farnesylation of a carboxyl-terminal
cysteine (the C of the CaaX motif), cleavage of the last three
amino acids of the protein (i.e., the —aaX), and carboxyl
methylation of the newly exposed farnesylcysteine [23, 24].
Prelamin A undergoes one additional processing step: cleav-
age of the last 15 amino acids of the protein, including the
carboxyl-terminal farnesylcysteine methyl ester. This final
step, carried out by the metalloprotease ZMPSTE24,
releases mature lamin A. Lamin C does not have a CaaX
motif and does not undergo any of these posttranslational
processing steps.

Protein farnesylation and methylation have been assumed
to be important for the association of the nuclear lamins with
the inner nuclear membrane. This notion has been supported
by in vitro evidence [25], but the in vivo relevance of these
modifications remained uncertain until the development of
Lmna™*9"™*° mice [21]. Lmna“*°"™*° mice, which pro-
duce mature lamin A directly — completely bypassing
prelamin A synthesis and processing — are phenotypically
normal. The levels of mature lamin A in cells and tissues are
normal, and there is no significant defect in the ability of
lamin A to reach the nuclear rim. Thus, the posttranslational
processing of prelamin A is quite dispensable, at least in
laboratory mice.

While the posttranslational processing of prelamin A
appears to be dispensable, it is important to emphasize that
defects in prelamin A processing can elicit severe disease.
For example, ZMPSTE24 deficiency abolishes the final
endoproteolytic cleavage event in lamin A biogenesis, lead-
ing to an accumulation of farnesyl-prelamin A in cells and
progeria-like disease phenotypes — both in humans and in
mice [26-29]. These disease phenotypes can be eliminated
by reducing prelamin A synthesis with a single Lmna
knockout allele [30] or a single Lmna"““® allele [20], clearly
demonstrating that farnesyl-prelamin A was responsible for
disease. Also, the classic progeroid syndrome of children,
Hutchinson—Gilford progeria syndrome (HGPS), is caused
by a LMNA mutation that prevents the conversion of farnesyl—
prelamin A to mature lamin A [31, 32]. Finally, abolishing all
prelamin A processing steps leads to cardiomyopathy, as
illustrated by a gene-targeted mouse model by Davies et al.
[22]. They created a “nonfarnesylated prelamin A—only”
mouse (Lmna"*°""PLA0) by replacing the cysteine in prel-
amin A’s CaaX motif with a serine. In Lmna""-A°"PLA0 mice,
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prelamin A does not undergo farnesylation, nor does it
undergo any of the subsequent posttranslational processing
steps. The nonfarnesylated prelamin A in Lmng""-*0"PLAO
mice is targeted quite normally to the nuclear rim, indistin-
guishable from mature lamin A in wild-type mice, but the
Lmna""=AOMPLAO mice develop a dilated cardiomyopathy and
die by 6-8 months of age [22].

Physiologic Importance of B-Type Lamins
in Mammalian Cells

The B-type lamins have been assumed, based on in vitro
studies [33-37], to be essential in eukaryotic cells, with
unique and vital roles in DNA replication, the formation of
the mitotic spindle, gene transcription, and a variety of other
processes in the cell nucleus. However, until recently, the
importance of B-type lamins had never been tested in vivo
with appropriate mouse models. Yang et al. [38, 39] gen-
erated Lmnbl and Lmnb2 conditional knockout alleles,
making it possible to eliminate B-type lamins in specific
cell types. Remarkably, the loss of both lamin B1 and B2 in
skin keratinocytes has no perceptible effect on keratinocyte
growth or on the complex developmental programs involved
in the generation of the skin and adnexal structures. Mis-
shapen nuclei can be observed in Lmnbl/Lmnb2—deficient
keratinocytes in culture, but misshapen nuclei were never
found within the skin of the keratinocyte-specific Lmnbl1/
Lmnb2—deficient mice [38]. Similarly, the loss of B-type
lamins has no adverse effects on liver hepatocytes [39].
These studies suggest that B-type lamins are dispensable,
at least in some cell types, and raise doubts about whether
the B-type lamins truly have unique roles in mitosis, DNA
replication, etc. Of note, skin keratinocytes and hepatocytes
express A-type lamins; thus, it is possible that the nuclear
lamin proteins have redundant roles in the cell nucleus and
the A-type lamins are able to compensate for the loss of both
B-type lamins.

Kim et al. [40] recently showed that B-type lamins are
dispensable in embryonic stem cells. The authors derived
ES cells lacking both Lmnbl and Lmnb2 and found that the
cells grew normally and could be differentiated to trophec-
toderm cells with an efficiency similar to that of wild-type
ES cells. Lamin A and lamin C were undetectable in undif-
ferentiated ES cells by routine western blots or conventional
RT-PCR [40]. However, in our hands, low but easily detect-
able levels of Lmna transcripts are present in pluripotent
undifferentiated ES cells, as judged by quantitative real-time
RT-PCR (unpublished observations); hence, it remains pos-
sible that low levels of A-type lamins in ES cells compen-
sate for the absence of B-type lamins.

Both lamin Bl and lamin B2 terminate with a CaaX
motif (Fig. 1) and undergo farnesylation, endoproteolytic
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cleavage of the last three amino acids, and methylation of
the farnesylcysteine. Unlike prelamin A, however, there is
no additional endoproteolytic cleavage step; thus, the B-type
lamins retain their carboxyl-terminal farnesylcysteine
methyl ester. For both lamin B1 and lamin B2, the physio-
logical relevance of the carboxyl-terminal posttranslational
processing events is uncertain and needs to be investigated
by creating knock-in mice that express nonfarnesylated ver-
sions of these proteins.

A Role for B-Type Lamins in Brain Development

The essential role of B-type lamins in the developing brain
was first uncovered by Coffinier et al. [41] during the
characterization of lamin B2-deficient mice (Lmnb2'").
Lmnb2”" mice die at birth; however, newborn Lmnb2™"~
mice are normal in size and there are no histopathological
abnormalities in any organs, except for the brain. The brain
in Lmnb2™" mice is slightly smaller than normal, and there
is a striking defect in the layering of neurons within the
cerebral cortex. Subsequent studies of Lmnb2~~ embryos
revealed a defect in the migration of neurons from the
ventricular zone to the cortical plate. The neuronal migration
defect was documented both by BrdU birthdating experi-
ments and immunohistochemical studies with cortical layer—
specific markers [41]. The development of the cerebellum is
also profoundly abnormal in Lmnb2”~ embryos, with a
complete absence of foliation and an absence of a discrete
Purkinje cell layer. The layering of neurons in the hippo-
campus is also perturbed in Lmnb2~~ embryos [41].

Occasional neurons in the cortical plate of Lmnb2™'~
embryos have “comet-shaped” nuclei with detached centro-
somes (located >20 um from the cell nuclei) (Fig. 2a) [42].
These “stretched out” nuclei were never observed in wild-
type brains. Lamin B1 remains uniformly distributed at the
nuclear rim in Lmnb2~'~ neurons.

We proposed that the “stretched out” nuclei in Lmnb2™'~
neurons are likely a consequence of the deformational
stresses associated with nucleokinesis during neuronal
migration [43, 44]. A crucial step in neuronal migration is
pulling the cell nucleus forward (by cytoplasmic motors)
toward the centrosome in the direction of the leading edge of
the cell [43, 44]. We suspect that the structural integrity of
the nuclear envelope is compromised by the absence of
lamin B2 (particularly since there is little or no Lmna
expression in neurons during development) [42]. We have
suggested that the same forces that are meant to pull the
nucleus forward are responsible for “stretching out” the
nucleus (creating the distinctive comet-shaped nucleus) in
Lmnb2™"~ neurons [42-44].

Lmnb2™"~ embryonic fibroblasts exhibit few abnormali-
ties; Lmnb2~"~ fibroblasts grow normally and do not exhibit

aneuploidy [41]. Staining of Lmnb2~"~ embryonic fibro-
blasts with antibodies against several nuclear envelope pro-
teins did not uncover abnormalities in nuclear shape [41].

After uncovering a role for lamin B2 in the developing
brain, Coffinier and coworkers [42] were interested in ascer-
taining the importance of lamin B1 in brain development. In
approaching this problem, they built on earlier studies by
Vergnes et al. [45], who had generated lamin Bl—deficient
mice (Lmnbl & A) with a gene-trap ES cell clone. Lmnb1 A8
mice synthesize a lamin B1—geo fusion protein that lacks a
large fraction of the lamin B1 coding sequences, including
two known phosphorylation sites, the nuclear localization
signal, and the carboxyl-terminal CaaX motif [45]. Lmnb1 A8
mice were abnormally small during development and died
shortly after birth, with abnormalities in lung and bones
[45]. In the work by Vergnes and coworkers [45], the possi-
bility of neuropathology was not specifically investigated, but
the authors did note that the calvarium in Lmnb1°'> mice was
abnormally flattened and that these mice had abnormalities in
the cranial sutures. Interestingly, Lmnb1~"® embryonic fibro-
blasts in culture had misshapen nuclei and exhibited a reduced
replication rate, polyploidy, and premature senescence [45].

When Coffinier et al. [42] examined the brains of
Lmnb1~"® embryos, they found that the characteristic layer-
ing of neurons in the cerebral cortex is markedly abnormal.
Using a combination of BrdU birthdating and immunobhis-
tochemistry studies, they showed that the neuronal layering
defect is due to defective neuronal migration. They also
found that the cortical plate of LmnbI“'> embryos is abnor-
mally thin, with fewer neuronal progenitor cells and more
apoptotic cells, implying a defect in neuronal survival. The
cerebellum of LmnbI™'> embryos is small and devoid of
foliation.

In LmnbI~'? embryos, many of the neurons in the cor-
tical plate contain a solitary nuclear bleb. Also, lamin B2 is
asymmetrically distributed at the nuclear rim, with a large
fraction of the lamin B2 being located at the rim of the
nuclear bleb (Fig. 2b) [42]. The authors suggested that the
solitary bleb might be the consequence of the deformational
forces that occur with nucleokinesis during neuronal migra-
tion [42]. We have observed the same “solitary nuclear
blebs” in cells of peripheral tissues of LmnbI“~* embryos
(unpublished observations), raising the possibility that
deformational forces on cell nuclei could exist in peripheral
tissues as well.

To investigate the role of the B-type lamins in the post-
natal brain, Coffinier et al. [42] took advantage of a
forebrain-specific Cre transgene (EmxI-Cre) [46] and con-
ditional knockout alleles for Lmnbl and Lmnb2 [38] to
create forebrain-specific Lmnbl and Lmnb2 knockout mice
(Emx1-Cre LmnbI™™ and EmxI-Cre Lmnb2™, respec-
tively). Immunohistochemical studies showed that the
knockout mutations worked as planned; ~90 % of the
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Fig. 2 Brain abnormalities in Lmnbl and Lmnb2 knockout mice. a
Immunostaining of cerebral cortex from wild-type (Lmnb2*"") and
Lmnb2 knockout embryos (Lmnb2~") at E16.5 with an antibody against
lamin B1 (green). Arrowheads indicate “comet-shaped” nuclei. b Immu-
nostaining of cerebral cortex from LmnbI™* and LmnbI knockout em-
bryos (LmnbI~®) at E16.5 with an antibody against lamin B2 (green).
Arrowheads indicate solitary blebs and asymmetric distribution of lamin

cells in the cortical plate of EnxI-Cre LmnbI™™ and EmxI-Cre
Lmnb2"1 embryos have no lamin B1 or lamin B2, respectively.
Both forebrain-specific knockout mouse strains are viable, and
by 4 months of age, EmxI-Cre LmnbI™™ and EmxI-Cre
Lmnb2"™ mice exhibit a markedly smaller forebrain, suggesting
that the postnatal survival of neurons is impaired (Fig. 2¢). Mice
lacking both lamin B1 and lamin B2 in the forebrain (Emx{-Cre
Lmnb 1" Lmnb2"™) were also generated. In EmxI-Cre
Lmnb I Lmnb2™" embryos, it is possible to identify neurons
lacking both lamin B1 and lamin B2. However, in adult Emx!-
Cre Lmnb 1" Lmnb2"™ mice, the forebrain is completely atro-
phic (Fig. 2c); the thin layer of tissue representing the forebrain
does not contain neurons, nor does it contain any cells lacking
lamins B1 and B2. Thus, it would appear that neurons in the
adult brain do not survive in the absence of both B-type lamins.

Misshapen cell nuclei are common in forebrain neurons
of EmxI-Cre LmnbI1™™ and EmxI1-Cre Lmnb2"™ embryos.
Many neurons in EmxI-Cre LmnbI™" embryos contain a
solitary nuclear bleb, and comet-shaped nuclei are observed
in neurons of EmxI-Cre Lmnb2™"™ embryos. Interestingly,
however, few of the neurons in the forebrain of adult Emx1-
Cre Lmnb1™"™ and Emx1-Cre Lmnb2™™ mice are misshapen,
perhaps because neurons of the adult brain (unlike the
neurons of embryos) express lamin C [42, 47].
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B2. Scale bars, a and b, 25um ¢ Hematoxylin and eosin staining of
coronal brain section from control mouse (Lmnb1""Lmnb2"™ and cor-
onal (middle) and sagittal (bottom) brain sections from forebrain-specific
Lmnb1/Lmnb2 double knockout mice (Enx/-Cre Lmnb 1V 'Lmnb2"™). In
the double knockout brain, the hippocampus and the cortex are nearly
absent. Reproduced with permission from Coffinier et al. [42]

In a recent study, Kim et al. [40] suggested that B-type
lamins might have redundant roles in interkinetic nuclear
migration. They found that neuronal progenitor cells con-
taining phospho-histone H3 (a marker for G2/M phase cells)
in the brains of Lmnbl and Lmnb?2 single knockout mice (at
E14.5) are located normally in the apical portion of ventric-
ular zone, whereas the neuronal progenitor cells in the
brains of Lmnb1/Lmnb2 double knockout mice are scattered
along the basal side of ventricular zone.

At this point, we know that both lamin B1 and lamin B2
are crucial for brain development and postnatal neuron
survival [41, 42]. We also know that the neuropathology in
the lamin B2-deficient mice is distinct from that in lamin
Bl1-deficient mice [41, 42]. Lamin B1 deficiency has a
greater impact on the size and cellularity of the cortical plate
than lamin B2 deficiency [42]. Also, the nuclear shape
abnormalities in lamin B1- and lamin B2-deficient neurons
are distinct. However, these observations do not provide
clear-cut insights into whether lamin B1 and lamin B2 have
functionally redundant roles in the development of the
brain; additional knock-in mouse models will be required
to address this issue. For example, it would be informative
to generate a mutant mouse in which the lamin B1 coding
sequences are “knocked in” to the Lmnb2 locus, thereby
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replacing the production of lamin B2 with lamin B1. In these
mice, it would be possible to ask: Does the production of
lamin B1 from the Lmnb2 locus prevent the neuropathology
that is normally associated with lamin B2 deficiency? If the
answer is “no,” that would imply that the two B-type lamins
have distinct and nonredundant roles in brain development.
Recently, Yoon et al. [48] found that lamin B2, but not
lamin A or lamin B1, is translated in Xenopus retinal gan-
glion cell (RGC) axons and that association of exonuclear
lamin B2 with mitochondria is essential for RGC axon
maintenance. The role of lamin B2, if any, in axon mainte-
nance in mammals is unknown and should be investigated.

Regulation of the A-Type Lamins

LMNA expression is developmentally regulated; high levels
of LMINA expression appear late in embryonic development
and in differentiated cells. For this reason, the expression of
lamins A and C has been used as a marker of stem cell
differentiation [5, 49]. However, surprisingly little is known
about mechanisms controlling the expression of LMNA dur-
ing development. Lin et al. [S0] observed that the proximal
promoter of LMNA drives transcription in many cell types,
including Burkitt lymphoma Raji cells (where A-type lam-
ins are not expressed). These findings suggested that the
LMNA promoter might be active in all cells and that distinct
regulatory elements serve to silence LMNA expression in
undifferentiated cells. Later, Tiwari et al. [51] showed that
AP1 and SP1 sites in the 5’ promoter of rat Lmna are sufficient
for the active transcription, and suggested that conformational
changes in chromatin might underlie cell-type specific repres-
sion of Lmna expression.

DNase I hypersensitive sites, indicators of open chroma-
tin structure, have been observed in the first intron of mouse
Lmna [52]. When reporter constructs containing cell-type
specific Lmna DNase I hypersensitive sites were stably
integrated into the chromosomal DNA, transcription
increased [52]. The methylation status of a CpG island in
the LMNA promoter also appears to correlate with inactiva-
tion of LMNA in the setting of hematologic malignancies
[53]. Agrelo et al. [53] found hypermethylation of a pro-
moter CpG island of LMNA (as judged by bisulfite sequenc-
ing) in tumor cells from leukemias and lymphomas patients,
and they suggested that methylation could be responsible for
the minimal expression of A-type lamins in those cells.
Thus, the expression of A-type lamins may depend, at least
in part, on epigenetic regulation of LMNA.

The fact that the expression of A-type lamins is activated
late in development has prompted speculation that lamins A
and C could play unique roles in differentiated cells [5, 6].
However, it is also conceivable that the expression of A-type
lamins is suppressed in undifferentiated cells simply

because these lamins are deleterious for embryonic develop-
ment. At least in Drosophila, ectopic expression of lamin C
leads to stage-specific lethality [54]. It would be worthwhile
determining if ectopic expression of lamin A/C in early
phases of development adversely affects mammalian devel-
opment. For example, it would be interesting to express A-
type lamins in undifferentiated cells at early stages of devel-
opment by “knocking in” lamin A coding sequences into the
Lmnbl locus. If mouse embryos heterozygous for this sort
of knock-in allele failed to develop normally, it would imply
that lamin A expression adversely affects embryonic
development.

Regulation of Lamin A Expression in the Brain
by a MicroRNA

LCO/LCO LAO/LAO
[20],

The health and vitality of Lmna Lmna
[21], and Lmna"*°"PLA0 [22] have demonstrated that the
loss of one of the two Lmna isoforms does not cause
significant pathology. However, the vitality of these “single
isoform” mouse models should not be interpreted as proof
that the two isoforms lack unique functions. The preserva-
tion of the two protein isoforms during mammalian evolu-
tion represents strong evidence that the two proteins are
important, and we are confident that unique functions for
the two isoforms will eventually be uncovered.

Another reason to believe that the two protein isoforms
have distinct properties comes from recent studies by Jung
et al. [47], showing that the relative amounts of lamin A and
lamin C can be quite different in different tissues. In most
peripheral tissues, the levels of lamin A and C are similar,
but the situation is quite different in the brain. By performing
western blots of protein extracts from different tissues, Jung et
al. [47] showed that the expression of lamin A is far lower in
the central nervous system than in peripheral tissues,
while the level of lamin C expression is similar
(Fig. 3a). By immunohistochemistry, lamin A expression
is nearly absent in neurons and glia of the mouse brain,
and the only cells that produce significant amounts of lamin
A within the brain are capillary endothelial cells and menin-
geal cells (Fig. 3b). Lamin C is expressed in all cell types
within the adult brain. Similar findings were observed with
Zmpste24-deficient mice, where the conversion of farnesyl—
prelamin A to mature lamin A is blocked. The brains of
those mice contain abundant amounts of lamin C but almost
no prelamin A — except in capillary endothelial cells and
the meninges. Studies of lamin C and prelamin A transcript
levels yielded concordant results: lamin C transcript levels
in the brain are high, while prelamin A transcript levels are
low.

To understand the differential expression of lamin A and
lamin C in the brain, Jung et al. [47] first examined the most
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Fig. 3 Exclusive expression of lamin C in the mouse brain and down-
regulation of lamin A expression by miR-9, a brain-specific micro-
RNA. a Western blot of tissue extracts from a WT (Lmna'") mouse
and a Lmna knockout (Lmna™"") mouse. Lamins A and C are expressed
highly in the peripheral tissues (liver, heart, and kidney) of wild-type
mice, whereas the brain (cerebellum and cortex) expresses mainly
lamin C and little lamin A. b Immunostaining of the liver and the
cerebellum from WT mouse with antibodies against lamin A (red) and
lamin C (green). DNA was stained with DAPI (blue). The liver
expresses both lamin A and lamin C, whereas expression of lamin A
in the brain is largely restricted to vascular endothelium cells. Neurons
in the granular layers of cerebellum expresses lamin C. ¢ Reduced
expression of lamin A in HeLa cells transfected with a miR-9 expres-
sion vector. Lamin C expression was unaffected. Transfected cells were
readily identified by GFP expression (arrowheads). Expression of
lamin A was not affected when cells were transfected with a control
expression vector. Reproduced with permission from Jung et al. [47]

likely explanation — a distinct pattern of mRNA splicing in the
brain. They reasoned that if alternative splicing were the mech-
anism, then lamin A expression should be abundant in the
central nervous system of lamin A-only mice (Lmna™~*°"“*°)
[21]— where alternative splicing is absent and all of the output
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of the Lmna gene is channeled into prelamin A transcripts. But
this was not the case! The amount of lamin A in the central
nervous system of Lmna"*“"*° mice is extremely low, as
judged by western blots analysis. Also, by immunohistochem-
istry, lamin A can be found in capillary endothelial cells within
the brain of Lmna™*°"~*° mice but is almost absent in neurons
and glia. The same sorts of findings are observed in gene-
targeted mice carrying a mutant Lmna allele that yields pro-
gerin, the mutant prelamin A found in patients with HGPS. In
that mouse model, high levels of progerin are found in periph-
eral tissues, but very little is found in the brain. Both of these
mouse models show that the low levels of lamin A in the brain
cannot be due to alternative splicing and instead must be due to
another posttranscriptional mechanism.

Next, Jung et al. [47] examined prelamin A’s 3" UTR and
identified a putative binding site for miR-9, a brain specific
microRNA [55-58]. To determine if miR-9 might down-
regulate lamin A expression, they expressed miR-9 in fibro-
blasts and HeLa cells. The expression of miR-9 reduced
lamin A expression but had no effect on lamin C expression
(Fig. 3c). They [47] also showed that when the putative
miR-9 binding motif in prelamin A’s 3’ UTR was mutated
or deleted, miR-9 no longer downregulated prelamin A
expression. Moreover, when the critical RNA-binding motif
in the miR-9 expression vector was mutated, the ability of
the mutant miR-9 to downregulate prelamin A expression
was abolished [47]. Finally, Jung et al. [47] reported circum-
stantial evidence suggesting that microRNAs play a signifi-
cant role in regulating lamin A expression in vivo. They
generated forebrain-specific Dicer knockout mice [59, 60]
(DICER is essential for the synthesis of microRNAs). As
predicted, the level of lamin A protein in the forebrain-
specific Dicer knockout mice increased in the forebrain
but remained low in the cerebellum (where DICER is
expressed normally) [47].

Reduced expression of lamin A in central nervous system
neurons is not a peculiarity of the mouse. In a recent study,
Wakabayashi et al. [61] examined the retina of the rat and
found that retinal neurons express exclusively lamin C,
while some of the surrounding cell types express both lamin
A and lamin C. They speculated that the exclusive expres-
sion of lamin C in retinal neurons could be relevant to
neuronal differentiation or gene expression.

Jung et al. [47] proposed that the elimination of prelamin
A transcripts by miR-9 could explain why children with
HGPS are spared from central nervous system disease. This
explanation is both attractive and plausible, particularly
since progerin levels are extremely low in the brains of
Lmna knock-in mice expressing progerin [47]. However,
one could argue that the brain might be spared from disease
— even if it were to produce large amounts of progerin.
Children with HGPS exhibit little or no pathology in the
liver or kidney, even though those organs produce large
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amounts of progerin. Whether progerin expression is toxic
to the brain needs to be tested with knock-in mice that
produce progerin, rather than lamin C, in the brain.

In a recent paper, Nissan and coworkers [62] confirmed
that miR-9 expression downregulates prelamin A expression
in cultured cells, including neurons derived from induced
pluripotent stem cells. When miR-9 was expressed in HGPS
mesenchymal stem cells, progerin levels fell (relative to
lamin C), and the percentage of cells with misshapen nuclei
was slightly lower [62].

The studies by Jung et al. [47] and the subsequent studies
by Nissan et al. [62] are certainly consistent with the idea
that miR-9 is a key regulator of prelamin A/lamin A expres-
sion in the brain. However, it is important to remember that
this conclusion has been supported mainly by in vitro stud-
ies in cultured cells. Also, the forebrain-specific Dicer
knockout observations, while suggesting a role for micro-
RNAs in prelamin A regulation, did not prove that miR-9 is
solely responsible for prelamin A regulation. Mice lacking
both miR-9-2 and mir-9-3 were recently characterized; these
mice have severe neurodevelopmental abnormalities and die
within 1 week [63]. Unfortunately, the expression of lamin
A in these mice was not investigated. However, even if miR-
9-2/3 knockout mice had elevated levels of prelamin A
transcripts and lamin A protein in the brain, the interpreta-
tion would not be straightforward, given that miR-9 targets
many other genes, and some of those changes might lead to
secondary changes in lamin A expression.

At this point, it would be highly desirable to test the
significance of miR-9 with Lmna knock-in mice with a
mutation in the miR-9 binding site in prelamin A’s 3’
UTR. The analysis of such a mouse model should reveal
whether miR-9 is the only relevant factor in prelamin A
regulation, or whether other factors are also involved.

The discovery that lamin A expression in the brain is
regulated by a microRNA raises a number of issues for
future research. One is whether the expression of lamin C
in the brain serves an important function during postnatal
life. The Lmna™“*°"*© and Lmna"™*°""*A° mice have neg-
ligible levels of lamin A expression in neurons and glia yet
have no obvious pathology in the brain. However, it is
possible that in-depth characterization of those mice would
uncover behavioral and cognitive abnormalities. Another
issue is why the mouse, and apparently the rat also, have
evolved a mechanism to limit the expression of lamin A in
the brain. Would the expression of lamin A in neurons and
glia, rather than lamin C, be associated with neuropathology
or defects in cognition? To address that issue, it would be
necessary to generate a mouse model where neurons pro-
duce lamin A. Presumably, one could accomplish this goal
by creating Lmna knock-in mice where prelamin A’s 3’ UTR
was replaced with lamin C’s 3" UTR. A final issue is
whether robust downregulation of prelamin A transcripts

occurs in the Auman brain. Indirect observations suggest
that this could be the case: the miR-9 binding site is con-
served in the human LMNA gene, and the levels of lamin A
are far lower than the levels of lamin C in neuronal cells
derived from human induced pluripotent stem cells [64]. In
the future, it would be very interesting to assess lamin A and
lamin C expression, along with miR-9 expression levels, in
the brains of human fetuses, infants, children, and adults of
various ages.

Nuclear Lamins and Human Disease

A-type lamins have been linked to multiple human genetic
diseases, including cardiomyopathy, several forms of mus-
cular dystrophy, peripheral neuropathy, partial lipodystro-
phy, mandibuloacral dysplasia, and HGPS [2, 3, 19]. Thus
far, more than 200 clinically significant missense, nonsense,
frameshift, and splicing mutations in LMNA have been
described (http://www.umd.be) [65]. The “A-type lamin
diseases” largely affect mesenchymal tissues, and none of
them, as far as we are aware, causes primary disease within
the central nervous system.

The sole bona fide link of B-type lamins to human disease
is an adult-onset autosomal dominant leukodystrophy
(ADLD), which is caused by a duplication of LMNBI
[66—68]. This demyelinating disorder, which is sometimes
mistaken for a progressive form of multiple sclerosis, was
first identified in 1984 in a large American-Irish family but
has since been found in multiple kindreds around the world
[69]. The disease generally presents in middle-aged years
with autonomic dysfunction, followed by the development
of progressive cerebellar and pyramidal tract abnormalities
[70]. MRI scans show widespread symmetrical demyelination
in the white matter, beginning in the frontoparietal area
and extending to the brain stem and cerebellum [71-73].
Light microscopy shows vacuolization of the white matter
with preservation of oligodendrocytes, and no evidence of
inflammation. Abnormalities of the neurons or axons are
minimal or absent [72, 73]. The locus for this disease was
mapped to the long arm of chromosome 5 (near 5q31) by the
laboratory of Dr. Ying-Hui Fu at the University of California,
San Francisco. Later, the same group showed that ADLD is
caused by a duplication of LMNBI on chromosome 5 [66].
The size of the duplicated stretch of genomic DNA is variable
in different kindreds. Increased expression of lamin B1 in
ADLD patients has been documented both in the brain [66]
and in peripheral blood leukocytes [74].

In one family with ADLD but without autonomic disease,
the disease locus was mapped to 5q23.2—q23.3, which con-
tains 11 genes including LMNBI [75]. No mutations were
found in the coding regions of these genes, nor were there
any gene duplications; nevertheless, the expression of lamin
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B1 in lymphoblastoid cell lines from affected patients was
higher than in cell lines from healthy controls. The authors
speculated that the ADLD in this kindred might be due to a
mutation in a regulatory element that leads to increased
LMNBI expression [75].

Thus far, no mouse model of ADLD has been generated.
However, important clues regarding disease pathogenesis
have been uncovered with cell culture studies. Overexpression
of lamin B1 in neuronal, astrocytic, and oligodendrocytic cell
lines results in misshapen cell nuclei, and fibroblasts that
overexpressed lamin B1 have abnormalities in the localization
of heterochromatin protein 13 and methylated histone 3 [76].
Also, overexpression of LMNBI in an oligodendrocyte cell
line represses transcription of oligodendrocyte-specific genes
such as myelin basic protein, proteolipid protein, and myelin
oligodendrocyte glycoprotein [76]. Finally, expression of
human LMNB] in the eye of Drosophila leads to degenerative
abnormalities in the eye, including pigment loss, roughening
of the eye, and reduced eye size [66].

The expression of lamin B1 is downregulated by a micro-
RNA, miR-23, which binds to lamin B1’s 3" UTR [76].
Therefore, miR-23 has the potential to reverse the adverse
effects of lamin B1 on oligodendrocyte gene expression, and
indeed the expression of miR-23 did enhance oligodendro-
cyte differentiation in cultures of glial cells [76]. Interest-
ingly, the expression pattern of miR-23 is the opposite of
that of lamin B1. Lamin B1 levels peak late in development
and decline in postnatal life; miR-23 levels are low during
embryonic development and higher in postnatal life [76].

Currently, it is unclear why overexpression of lamin B1
leads to a demyelinating disease with adverse effects on
oligodendrocyte gene expression, whereas a deficiency of
lamin B1 leads to defects in neuronal migration and neuro-
nal survival. Presumably, altered expression of lamin B1
changes the composition of the nuclear lamina, leading to
secondary changes in gene expression and protein—protein
interactions. The consequences of these changes are likely
to be distinct in different cell types. In any case, the finding
of ADLD with LMNB1 gene duplications [71-73], together
with the neuropathology in Lmnbl and Lmnb2 knockout
mice [41, 42], underscores the importance of B-type lamins
in brain development and homeostasis.

There have been no reports of LMNBI or LMNB2 non-
sense, frameshift, splicing, or missense mutations. Hetero-
zygosity for Lmnbl or Lmnb2 knockout mutations does not
appear to cause neurodevelopmental abnormalities. Whether
half-normal amounts of lamin B1 or lamin B2 synthesis
would alter gene expression in neurons or glia later in life
has never been evaluated. Given the phenotypes of the
knockout mice, homozygous loss of LMNBI or LMNB? in
humans would likely lead to severe defects in the develop-
ment of the brain. We predict that homozygous mutations in
B-type lamins will eventually be uncovered in human
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fetuses with defects in neuronal migration and neuronal
survival. Neuronal migration abnormalities have also been
implicated in the pathogenesis of milder forms of neuro-
logical disease, such as epilepsy and autism [77, 78]. We
would not be surprised if human geneticists ultimately
uncover LMNBI or LMNB2 missense mutations in patients
with familial forms of those diseases.

Perspectives

Recent discoveries on the role of the B-type lamins in the
brain [41, 42] open a new window on mechanisms under-
lying neuronal migration and brain development. Finding a
role for nuclear lamins in brain development has raised the
possibility that genetic defects in LMNBI and LMNB2 could
cause neurodevelopmental abnormalities in humans. Also,
the discovery that prelamin A expression in the brain is
regulated by a microRNA [47] suggests that lamins A and
C could have distinct functions in the brain.

The study of nuclear lamins in the central nervous system is
an exciting new area of research, but our understanding of this
topic is still quite limited. To better define the function of
nuclear lamins in the brain, more studies with knock-in mouse
models are necessary (as has been suggested repeatedly in the
course of this review article). Also, we believe that the human
genetics of B-type lamins needs more attention. It seems
likely, based on the findings in knockout mice [41, 42], that
LMNBI and LMNB2 mutations will eventually be uncovered
in humans with neurodevelopmental abnormalities.
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