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Lamins A and C (products of the LMNA gene) are found in roughly equal amounts in peripheral tissues, but the
brain produces mainly lamin C and little lamin A. In HeLa cells and fibroblasts, the expression of prelamin A (the
precursor to lamin A) can be reduced by miR-9, but the relevance of those cell culture studies to lamin A regula-
tion in the brain was unclear. To address this issue, we created two new Lmna knock-in alleles, one
(LmnaPLAO-5NT) with a 5-bp mutation in a predicted miR-9 binding site in prelamin A’s 3′ UTR, and a second
(LmnaPLAO-UTR) in which prelamin A’s 3′ UTR was replaced with lamin C’s 3′ UTR. Neither allele had significant
effects on lamin A levels in peripheral tissues; however, both substantially increased prelamin A transcript
levels and lamin A protein levels in the cerebral cortex and the cerebellum. The increase in lamin A expression
in the brain was more pronounced with the LmnaPLAO-UTR allele than with the LmnaPLAO-5NT allele. With both
alleles, the increased expression of prelamin A transcripts and lamin A protein was greater in the cerebral
cortex than in the cerebellum. Our studies demonstrate the in vivo importance of prelamin A’s 3′ UTR and its
miR-9 binding site in regulating lamin A expression in the brain. The reduced expression of prelamin A in the
brain likely explains why children with Hutchinson–Gilford progeria syndrome (a progeroid syndrome
caused by a mutant form of prelamin A) are spared from neurodegenerative disease.

INTRODUCTION

Lamins A and C (the A-type lamins) are alternatively spliced
products of the LMNA gene (1). LMNA mutations have been
linked to many diseases, including muscular dystrophy, cardio-
myopathy, partial lipodystrophy, neuropathy and progeroid syn-
dromes (2). Most of these mutations are located in sequences
shared by prelamin A (the precursor to lamin A) and lamin C,
but some, including the one for Hutchinson–Gilford progeria
syndrome (HGPS; OMIM 176670), are located in sequences
unique to prelamin A. The HGPS mutation has no effect on
lamin C but leads to the synthesis of a mutant prelamin A that
is toxic to cells and tissues (3,4).

Lamins A and C are expressed in roughly similar amounts in
most tissues, but we recently encountered an exception: the brain

produces mainly lamin C and little lamin A (5). The preferential
synthesis of lamin C in the brain is intriguing because it sug-
gested a new insight into the spectrum of disease phenotypes
in HGPS. Children with HGPS have multiple disease phenotypes
resembling premature aging, but they are spared from senile de-
mentia. The absence of neurodegenerative disease could be due
to the fact that the brain makes mainly lamin C and little of the
toxic prelamin A.

We initially suspected that alternative splicing would explain
the preferential synthesis of lamin C in the brain, but this was not
the case. Lamin A expression in the brain was also low in ‘lamin
A-only’ knock-in mice (6), where alternative splicing is absent
and all of the output of the gene is channeled into prelamin A
(5). Additional studies suggested that prelamin A expression
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might be regulated by miR-9, a microRNA that is expressed
highly in the brain. When miR-9 was expressed in HeLa cells
and mouse embryonic fibroblasts (MEFs), prelamin A tran-
scripts were reduced but lamin C was unaffected (5).

The cell culture studies on miR-9 regulation of prelamin A left
several questions unanswered. One was whether the experiments
with cultured non-neuronal cells (i.e. HeLa cells and MEFs)
were relevant to prelamin A regulation in the brain, particularly
since microRNA-target interactions can be context-dependent
(7–10). A second issue was whether other sequences in prelamin
A’s 3′ UTR, apart from the miR-9 binding site, might be import-
ant in regulating prelamin A expression. A third issue was
whether the preferential expression of lamin C in the brain is
crucial for brain homeostasis and whether lamin A expression
in the brain would lead to adverse consequences. To address
these issues, we created and characterized two new lines of
Lmna knock-in mice with mutations in prelamin A’s 3′ UTR—
one with a 5-bp mutation in the predicted miR-9 binding site
and a second in which prelamin A’s 3′ UTR was replaced with
lamin C’s 3′ UTR.

RESULTS

We used sequence-replacement vectors to create two Lmna
knock-in alleles, one (Lmnaplao-5nt) in which a predicted miR-9
seed-binding site in exon 12 (CCAAAG, within prelamin A’s
3′ UTR) (5) was changed to ACCCTG, and a second
(Lmnaplao-utr) in which prelamin A’s 3′ UTR was replaced with
lamin C’s 3′ UTR (Fig. 1). Both vectors eliminated introns 10
and 11; consequently, the new alleles produced exclusively pre-
lamin A and no lamin C (11). To be certain that the ‘ACCCT’
mutation in the LmnaPLAO-5NT allele would be effective in abol-
ishing the effect of miR-9 on prelamin A transcripts, we per-
formed reporter assays with a luciferase vector linked to
prelamin A’s 3′ UTR (Supplementary Material, Fig. S1). The
ACCCT mutation in the 3′ UTR abolished the ability of miR-9
to reduce luciferase expression in HeLa cells and U-87 MG
cells (a human glioblastoma cell line) (Supplementary Material,
Fig. S1B and C).

We used western blots to assess relative amounts of lamins A
and C in the cerebral cortex, cerebellum, heart, liver and kidney
of wild-type, Lmnaplao-5nt/plao-5nt, Lmnaplao-utr/plao-utr and Lmna-
plao/plao mice. [Lmnaplao/plao mice lack introns 10 and 11 and therefore
produce exclusively prelamin A, but they have no mutations in
prelamin A’s 3′ UTR (11).] Large amounts of both lamins A
and C were present in the peripheral tissues of wild-type mice;
in the brain, lamin C was abundant, but lamin A expression
was low (Fig. 2A). Lamin A levels were higher in Lmnaplao/plao

mice than in wild-type mice (including in the brain), reflecting
the fact that all of the output of the LmnaPLAO allele is channeled
into prelamin A (rather than into both lamin C and prelamin A).
Like Lmnaplao/plao mice, Lmnaplao-5nt/plao-5nt and
Lmnaplao-utr/plao-utr mice expressed exclusively lamin A. In all
three lines, the amount of lamin A in peripheral tissues, relative
to actin, was similar, but there were obvious differences in the
brain. In the cerebral cortex of Lmnaplao-5nt/plao-5nt mice, the level
of lamin A was 2.28+0.33-fold higher, relative to actin, than in
Lmnaplao/plao mice (P , 0.005; Fig. 2B); in the cerebellum, the
level of lamin A was 1.66+0.27-fold higher (P , 0.05). The

differences were more striking in Lmnaplao-utr/plao-utr mice. In
those mice, the lamin A level in the cerebral cortex was 4.30+
0.84-fold higher than in Lmnaplao/plao mice (P , 0.0005); in
the cerebellum, the lamin A level was 1.99+ 0.24-fold higher
(P , 0.005).

Consistent changes were observed at the RNA level (Fig. 2E).
Prelamin A transcripts in the cerebral cortex of Lmnaplao-5nt/plao-5nt

mice were 1.75+0.21-fold higher than in Lmnaplao/plao mice (P ,
0.005). In Lmnaplao-utr/plao-utr mice, prelamin A transcripts in the
cerebral cortex were 3.24+ 0.44-fold higher than in
Lmnaplao/plao mice (P , 0.0005). Prelamin A transcripts in the
cerebellum were 1.60+0.19-fold higher in Lmnaplao-5nt/plao-5nt

mice than in Lmnaplao/plao mice (P , 0.005) and 1.92+
0.36-fold higher in Lmnaplao-utr/plao-utr mice than in Lmnaplao/plao

mice (P , 0.005). There were no substantial differences in
prelamin A transcript levels in the heart, liver, and kidney of
Lmnaplao-5nt/plao-5nt, Lmnaplao-utr/plao-utr and Lmnaplao/plao mice.

The changes in lamin A expression in Lmnaplao-5nt/plao-5nt and
Lmnaplao-utr/plao-utr mice were not accompanied by substantial
changes in the expression of lamins B1 or B2. Quantitative ana-
lyses of western blots uncovered minor fluctuations in lamins
B1 and B2 levels in the tissues of Lmnaplao-5nt/plao-5nt and
Lmnaplao-utr/plao-utr mice (Fig. 2C and D; Supplementary Material,
Fig. S2), but the significance of these changes is questionable
because consistent changes were not observed at the RNA level
(Fig. 2H and I).

Todetermine if theamountsof laminAexpression in thecentral
nervous system of Lmnaplao-utr/plao-utr and Lmnaplao-5nt/plao-5nt

mice were similar to the total amount of A-type lamins (i.e.
lamins A and C) in the brain of wild-type mice, we quantified
total Lmna transcripts with PCR primers common to lamins A
and C (Fig. 2F). Total Lmna transcript levels in the cerebral
cortex of Lmnaplao-5nt/plao-5nt mice were 54.3+9.6% of the
levels in wild-type mice (P , 0.0005). In Lmnaplao-utr/plao-utr

mice, total Lmna transcript levels in the cerebral cortex were
88.8+11.3% of the levels in wild-type mice (P . 0.05). In the
cerebellum, total Lmna transcripts in Lmnaplao-5nt/plao-5nt and
Lmnaplao-utr/plao-utr mice were somewhat lower than in wild-type
mice (68.0+4.7 and 80.7+10.0%, respectively; P , 0.05).

Mice that were heterozygous for the knock-in mutations
exhibited consistent changes in lamin A expression (Supplemen-
tary Material, Fig. S3). Lamin A expression in the cerebral cortex
and cerebellum was significantly higher in Lmnaplao-5nt/+ and
Lmnaplao-utr/+ mice than in Lmnaplao/+ mice. In peripheral
tissues, the amounts of lamin A, relative to actin, were similar
in Lmnaplao-5nt/+, Lmnaplao-utr/+ mice and Lmnaplao/+ mice.

A recent study by Senyuk et al. (12) reported that miR-9 is
expressed in myeloid cells and promotes myeloid differenti-
ation. To assess the impact of the LmnaPLAO-5NT knock-in muta-
tion on lamin A expression in myeloid cells, we used western
blots to compare the relative amounts of lamins A and C in
bone marrow myeloid cells and peritoneal macrophages (Sup-
plementary Material, Fig. S4A). Lamin A expression was
lower than lamin C in both bone marrow myeloid cells and peri-
toneal macrophages in wild-type mice. Lamin A expression was
higher in Lmnaplao/+ mice than in wild-type mice, as expected.
However, unlike the situation in the brain, the levels of lamin
A expression were not further increased in Lmnaplao-5nt/+ mice
(Supplementary Material, Fig. S4A), demonstrating that
miR-9 does not play a significant role in regulating prelamin A
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Figure 1. Knock-in mice expressing prelamin A transcripts with mutations in the 3′ UTR. (A) Strategy to create the LmnaPLAO-5NT allele, in which 5-nt of the seed-
binding sequence in a predicted miR-9 binding site in prelamin A’s 3′ UTR (CCAAAG) (5) were replaced with ACCCTG. Introns 10 and 11 were also deleted; con-
sequently, the targeted allele yields exclusively prelamin A (and no lamin C) (11). Exons are depicted as white boxes; loxP sites are represented by arrowheads; the
position of the 5′ flanking probe and EcoRI sites for Southern blotting are also identified. Primer locations for the 5′ (primers A and NeoR) and 3′ (primers NeoF and B)
long-range PCRs and genotyping PCRs (primers C and D) are indicated with arrows. (B) Strategy to create the Lmnaplao-utr allele, in which prelamin A’s 3′ UTR was
replaced with lamin C’s 3′ UTR (grey). Introns 10 and 11 were deleted. Primer locations for the 5′ (primers A and NeoR) and 3′ (primers NeoF and B) long-range PCRs
and genotyping PCRs (primers E and F) are indicated with arrows. (C) The 5′ long-range PCRs with the LmnaPLAO-5NT and Lmnaplao-utr alleles yield 5.5 kb (lanes 3 and
4) and 4.4 kb (lanes 5 and 6) fragments, respectively. No PCR product was amplified from wild-type DNA (lane 2). (D) The 3′ long-range PCRs with the LmnaPLAO-5NT

and Lmnaplao-utr alleles yield a 6.2 kb fragment (lanes 3–6); no product was amplified from wild-type DNA (lane 2). (E) Southern blot analysis to identify targeted
mouse ES cell clones for the LmnaPLAO-5NT and Lmnaplao-utr alleles. Genomic DNA was digested with EcoRI, and the blot was hybridized with a 5′ flanking probe (A
and B). (F) Genotyping PCR for the LmnaPLAO-5NT allele yields a 255 bp fragment, whereas wild-type DNA yields a 500 bp fragment. (G) Genotyping PCR with the
Lmnaplao-utr allele yields a 226 bp fragment, whereas wild-type DNA yields a 1.3 kb fragment.
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expression in bone marrow myeloid cells or peritoneal macro-
phages. Of note, the levels of miR-9 expression in myeloid
cells were far lower than those in the cerebral cortex and rather
similar to the miR-9 levels in other peripheral tissues Supple-
mentary Material, Fig. S4B.

The higher levels of lamin A in the cerebral cortex of
Lmnaplao-5nt/plao-5nt and Lmnaplao-utr/plao-utr mice were easily
detectable by immunohistochemistry (Fig. 3). Lamin A-positive
cells were abundant throughout the cerebral cortex in both lines
of mice, but were particularly striking in Lmnaplao-utr/plao-utr mice
(Fig. 3). In wild-type and Lmnaplao/plao mice, lamin A staining in
the cerebral cortex was minimal; only a few cells were positive

for lamin A, reflecting the fact that capillary endothelial cells
express lamin A (5).

We used immunohistochemistry to test the possibility that the
impact of the LmnaPLAO-5NT and Lmnaplao-utr mutations
might vary in different regions of the brain. In the cortex of
Lmnaplao-utr/+ mice, most lamin C-positive cells expressed
lamin A; the same was the case in Lmnaplao-5nt/+ mice, although
the intensity of lamin A expression in those mice, relative to
lamin C, was lower (Supplementary Material, Fig. S5A). In the
corpus callosum and in the arbor vitae of the cerebellum, the
expression of lamin A was similar in Lmnaplao-5nt/+ and
Lmnaplao-utr/+ mice (Supplementary Material, Fig. S5A and

Figure 2. Higher lamin A expression in the brain of Lmnaplao-5nt/plao-5nt and Lmnaplao-utr/plao-utr mice. (A) Western blot analysis of lamins A and C expression in the
cerebral cortex, cerebellum, heart, liver and kidney from Lmna+/+ (+/+), Lmnaplao/plao (PLAO/PLAO) (11), Lmnaplao-utr/plao-utr (UTR/UTR) and Lmnaplao-5nt/plao-5nt

(5NT/5NT) mice with antibodies against lamin A/C and actin. All samples are from 1-month-old mice. (B–D) Quantification of lamin protein levels relative to actin
(A; Supplementary Material, Fig. S2). Values represents mean+SD. ∗P , 0.05; ∗∗P , 0.005; ∗∗∗P , 0.0005; (2) P . 0.05. (E–I) Lamin transcript levels, as
judged by quantitative reverse transcription polymerase chain reaction in the same tissues analyzed in (A)–(D). Transcript levels were normalized to cyclophilin
A and compared with levels in wild-type mice (set at 1.0). Values represent the mean+SD.
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B). In some regions of the brain, e.g. the striatum, lamin A ex-
pression was low in both Lmnaplao-5nt/+ and LmnaPLAO-UTR/+

mice (Supplementary Material, Fig. S5 and Table S1). In the
striatum, miR-9 expression was robust, as judged by in situ
hybridization (Supplementary Material, Fig. S6A). Consistent
with that finding, the magnitude of the increase in prelamin A
transcripts (as measured by qRT-PCR) in the striatum of
Lmnaplao-utr/plao-utr mice was similar to that in the cortex (Supple-
mentary Material, Fig. S6B and C). We suspect that our inability to
observe a significant increase in lamin A expression in the striatum
of Lmnaplao-utr/+ mice by immunohistochemistry probably relates

to the low levels of Lmna expression in that site, given that lamin C
expression was also low in the same tissue sections (Supplemen-
tary Material, Fig. S5).

To further define lamin A expression in the brain, we stained
brain sections from Lmnaplao-5nt/+, Lmnaplao-5nt/plao-5nt,
Lmnaplao-utr/+ and Lmnaplao-utr/plao-utr mice with an antibody
against lamin A—along with an antibody against NeuN (neuronal
nuclei), Olig2 (oligodendrocyte lineage transcription factor 2) or
GFAP (glial fibrillary acidic protein) (Fig. 4; Supplementary
Material, Fig. S7). In the cerebral cortex and hippocampus of
Lmnaplao-5nt/+ and Lmnaplao-utr/+ mice, all NeuN-positive

Figure 3. Immunofluorescence microscopy of the cerebral cortex from Lmnaplao/plao (PLAO/PLAO), Lmnaplao-5nt/plao-5nt (5NT/5NT), Lmnaplao-utr/plao-utr (UTR/UTR)
and wild-type (WT) littermate mice, revealing increased lamin A expression in the mice harboring mutations in prelamin A’s 3′ UTR. (A and B) Low- and high-
magnification images of the cerebral cortex stained with antibodies against lamin A (green) and lamin B1 (red). The scattered lamin A-positive cells in wild-type
and Lmnaplao/plao mice are endothelial cells (5). Scale bar in (A), 100 mm; (B), 20 mm.
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neurons were stained positively for lamins A and C, but lamin A
staining was more intense in Lmnaplao-utr/+ mice (Fig. 4A; Supple-
mentary Material, Fig. S7A). In both Lmnaplao-5nt/+ and
Lmnaplao-utr/+ mice, lamin A expression was observed in most
Olig2-positive oligodendrocytes (Fig. 4B, yellow arrows). The
expression of lamin A in GFAP/lamin C-positive astrocytes in
Lmnaplao-5nt/+ and Lmnaplao-utr/+ mice was less evident, likely
due to low expression of A-type lamins in astrocytes (Fig. 4C;
Supplementary Material, Fig. S7B, yellow arrows).

The health and vitality of Lmnaplao-5nt/plao-5nt and
Lmnaplao-utr/plao-utr mice were indistinguishable from wild-type

littermates (Supplementary Material, Fig. S8A and B). At 1
month of age, the size and morphology of the brain in
Lmnaplao-5nt/plao-5nt and Lmnaplao-utr/plao-utr, and wild-type mice
were similar (Fig. 5A and B). We found no evidence for abnor-
mal layering of neurons or lower numbers of neurons in brains of
knock-in mice (Fig. 5C and D; Supplementary Material,
Fig. S8C–E). In addition, we found no evidence that the expres-
sion of lamin A (rather than lamin C) in the brain resulted in
misshapen cell nuclei or mislocalization of other nuclear
membrane proteins (Fig. 3B; Supplementary Material,
Fig. S9). Older Lmnaplao-5nt/plao-5nt (at 6.5 months of age) and

Figure 4. Lamin A expression in different cell types in the brain of Lmnaplao-5nt/+, Lmnaplao-5nt/plao-5nt, Lmnaplao-utr/+ and Lmnaplao-utr/plao-utr mice. (A) Immunofluor-
escence microscopy of the cerebral cortex from Lmnaplao-5nt/+ (5NT/+) and Lmnaplao-utr/+ (UTR/+) mice stained with antibodies against lamin A (red), lamin C
(cyan) and NeuN (green). (B) Immunofluorescence microscopy of the corpus callosum or the arbor vitae from Lmnaplao-5nt/plao-5nt (5NT/5NT) and Lmnaplao-utr/

plao-utr (UTR/UTR) mice stained with antibodies against lamin A (red), Olig2 (green) and lamin B1 (magenta). (C) Immunofluorescence microscopy of the arbor
vitae from Lmnaplao-5nt/+ (5NT/+) and Lmnaplao-utr/+ (UTR/+) mice stained with antibodies against lamin A (red), lamin C (magenta) and GFAP (green). White
arrowheads indicate cells in which lamin A expression was undetectable, even though these cells expressed lamin C (C) or lamin B1 (B); white arrows indicate
cells in which neither lamin A nor lamin C was detectable; yellow arrows indicate lamin C-expressing cells in which lamin A expression was robust. Scale bars:
as indicated in the figures. CTX, cerebral cortex; CC, corpus callosum.
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Lmnaplao-utr/plao-utr mice (at 9.5 months of age) remained healthy
(Supplementary Material, Fig. S10); neither loss of neurons nor
increased cell death was observed (Supplementary Material,
Fig. S10D and E). Lmnaplao-utr/plao-utr mice were also indistin-
guishable from wild-type mice by SHIRPA (SmithKline
Beecham, Harwell, Imperial College and Royal London Hos-
pital phenotype assessment) behavioral screens and by rotarod
tests (13,14) (Supplementary Material, Fig. S11 and Table S2).

DISCUSSION

Earlier studies by Jung et al. (5) with transfected cells suggested
that the low levels of lamin A expression in the brain might be
due to regulation of prelamin A transcripts by miR-9. A subse-
quent study suggested the same possibility (15). While intri-
guing, these reports dealt solely with cultured cells, and
whether the experiments were actually relevant to lamin A
expression in the brain was unclear. In the current study, we
addressed that issue by creating two new lines of Lmna

knock-in mice—one in which a 5-nucleotide (nt) mutation was
introduced into the predicted miR-9 binding site in prelamin
A’s 3′ UTR (Lmnaplao-5nt/plao-5nt) and a second in which
prelamin A’s 3′ UTR was replaced with lamin C’s 3′ UTR
(Lmnaplao-utr/plao-utr). Both mouse models produced increased
amounts of lamin A in the brain, providing strong support for
the role of miR-9 in regulating prelamin A expression in the
central nervous system. The discovery that miR-9 is crucial in
determining prelamin A production is clinically important: the
limited expression of prelamin A in the brain likely explains
why children with HGPS are spared from neurodegenerative
disease.

The LmnaPLAO-5NT and Lmnaplao-utr alleles lacked introns 10
and 11, eliminating any possibility of the alternative splicing
event that normally leads to lamin C synthesis. The fact that
both knock-in mice were ‘prelamin A-only’ models was a
boon for our studies, making it possible for us to quantify the
impact of the 3′ UTR mutations on prelamin A/lamin A expres-
sion without having to worry about effects on prelamin A/lamin
C splicing. As a control, we simultaneously evaluated prelamin

Figure 5. Lmnaplao-5nt/plao-5nt and Lmnaplao-utr/plao-utr mice have no detectable neuropathology. (A and B) Brains from 1-month-old Lmna+/+ (+/+), Lmnaplao-5nt/+

(5NT/+), Lmnaplao-5nt/plao-5nt (5NT/5NT), Lmnaplao-utr/+ (UTR/+) and Lmnaplao-utr/plao-utr (UTR/UTR) mice, viewed from the top. Scale bar, 5 mm. (C and D) Im-
munofluorescence microscopyof the cerebral cortex from 1-month-old Lmnaplao/plao (PLAO/PLAO), Lmnaplao-5nt/plao-5nt (5NT/5NT), Lmnaplao-utr/plao-utr (UTR/UTR)
and wild-type (+/+) littermate mice stained with antibodies against Cux1 (red) and Ctip2 (green) (C) or NeuN (white) (D). Scale bar, 100 mm.

1512 Human Molecular Genetics, 2014, Vol. 23, No. 6

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt537/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt537/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt537/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt537/-/DC1


A/lamin A expression levels in prelamin A-only mice lacking
any 3′ UTR mutations (Lmnaplao/plao mice) (11). Lamin A ex-
pression in the brain of Lmnaplao/plao mice was low.

The expression of prelamin A transcripts and lamin A protein
in the cerebral cortex and cerebellum of Lmnaplao-5nt/plao-5nt mice
was significantly higher than in Lmnaplao/plao mice. The sole dif-
ference between these models was the 5-nt mutation in prelamin
A’s 3′ UTR. We are confident that this mutation was effective in
eliminating miR-9-mediated regulation because it abolished the
ability of miR-9 to inhibit the expression of a luciferase reporter
(linked to prelamin A’s 3′ UTR). Also, this mutation resulted in
significantly increased expression of prelamin A transcripts in
the brain (where miR-9 expression is robust) but had no effect
on prelamin A transcripts in peripheral tissues (where miR-9 is
absent).

The increase in prelamin A/lamin A expression in the cerebral
cortex was more substantial in Lmnaplao-utr/plao-utr mice than in
Lmnaplao-5nt/plao-5nt mice. The mutation in the Lmnaplao-utr

allele was obviously more extensive, eliminating both the
miR-9 binding site and �1 kb of additional sequences in
prelamin A’s 3′ UTR. The higher levels of lamin A expression
in the brain of Lmnaplao-utr/plao-utr mice, compared with
Lmnaplao-5nt/plao-5nt mice, suggest that other sequences in prela-
min A’s 3′ UTR play a role in regulating prelamin A. The possi-
bility is certainly plausible because large stretches of prelamin
A’s 3′ UTR (and not simply the region surrounding the miR-9
binding site) have been conserved in mammalian evolution.
Interestingly, the effects of the Lmnaplao-utr allele on prelamin
A/lamin A expression varied in different regions of the brain.
The increase in prelamin A expression in the cerebral cortex of
Lmnaplao-utr/plao-utr mice was greater than in Lmnaplao-5nt/plao-5nt

mice, but in the cerebellum, the increase in prelamin A expres-
sion was fairly similar in the two lines of mice. These findings
suggest that the regulation of lamin A in the cerebellum could
depend primarily on the miR-9 binding site, whereas lamin A
regulation in the cortex could involve both the miR-9 site and
other, as-yet-undefined, 3′ UTR sequences. It is also possible
that the differences in lamin A regulation in different parts of
the brain relate, at least in part, to distinct impacts of the two
knock-in mutations on different cell types and to different popu-
lations of cells in different regions of the brain. By immunohis-
tochemistry, lamin A expression in NeuN-positive cortical
neurons was increased in both Lmna knock-in lines, and the
effects were clearly greater in Lmnaplao-utr/plao-utr mice.
However, the increase in lamin A expression in Olig2-positive
oligodendrocytes was less impressive in both knock-in lines,
and the increase in lamin A in GFAP-positive astrocytes was
nearly undetectable. As a result, we could not discern significant
differences between the two knock-in lines with respect to glial
cell expression of lamin A.

Our studies provide new insights regarding the functional im-
portance of the A-type lamins in the brain. First, we observed no
neuropathology in Lmnaplao/plao mice, which cannot make lamin
C and produce little lamin A in brain parenchymal cells. Thus, it
would appear that very low levels of A-type lamins in the brain
are not associated with adverse consequences. This is very dif-
ferent from the situation with striated muscle, where an
absence of lamins A and C causes myopathic changes and
early death (16). Second, we observed no pathology or behavioral
abnormalities in Lmnaplao-utr/plao-utr mice, which produce

prelamin A (rather than lamin C) in brain parenchymal cells, dem-
onstrating that lamin A production is not overtly toxic in the brain.

We previously reported that lamins B1 and B2 are expressed
highly in the developing brain and that both proteins are crucial
for neuronal migration (17–19). Neither lamin A nor lamin C is
expressed in migrating neurons, but large amounts of lamin C are
expressed after birth. From the current studies, we now under-
stand why lamin A synthesis is low in brain parenchymal cells,
but the physiologic ‘rationale’ for limiting lamin A expression
in the brain is still elusive. The nuclear lamins are known to inter-
act with a variety of inner nuclear membrane proteins as well as
proteins in the chromatin (20,21). One possibility is that lamin C
is better suited for interacting with the spectrum of nuclear enve-
lope and chromatin proteins that are expressed in the brain.
Another possibility is that lamin A expression in the brain,
while well tolerated in laboratory mice, would be suboptimal
in extenuating circumstances, e.g. in response to injury or meta-
bolic stress.

Mice lacking miR-9 exhibit defective neuronal migration and
impaired neuronal survival (22). Neither of these phenotypes
were encountered in mice lacking the miR-9 binding site in pre-
lamin A’s 3′ UTR. Of course, this discrepancy is not surprising,
given that miR-9 almost certainly has many dozens of targets, the
majority of which await characterization. Once all of the miR-9
targets are defined and understood, it is possible that the rationale
for miR-9 regulation of prelamin A expression will come into
sharper focus.

MATERIALS AND METHODS

Generation of knock-in mice with mutations
in prelamin A’s 3′ UTR

The LmnaPLAO-5NT allele was created with a sequence-
replacement vector identical to the one used to create the
LmnaPLAO allele (11), except that the miR-9 seed-binding se-
quence in prelamin A’s 3′ UTR (CCAAAG) was changed to
ACCCTG. The mutation was introduced into the 5′ arm of the
LmnaPLAO targeting vector by site-directed mutagenesis (Quik-
Change kit, Stratagene) with primer 5′-AGCAGGCCTGAAG
ACCCTGAAAAATTTATC-3′ (and a complementary reverse
primer). The vector used to create the Lmnaplao-utr vector was
also similar to the LmnaPLAO vector, except that the sequences
encoding prelamin A’s 3′ UTR in the 5′ arm of the vector were
replaced with lamin C’s 3′ UTR (using the In-Fusion Advantage
PCR cloning kit from Clontech). Lamin C’s 3′ UTR was ampli-
fied with primers 5′-TGCAGCATCATGTAAGGCCCAGCC
CACAAGGGTA-3′ and 5′-GACACCACAGCATCTGGCATT
CCAAAACAT-3′ and then inserted into the 5′ arm of the
LmnaPLAO vector with primers 5′-AGATGCTGTGGTGTCT
CTTTGTTG-3′ and 5′-TTACATGATGCTGCAGTTCTGG
GAGCTCT-3′. The integrity of the vectors was verified by re-
striction endonuclease digestion and DNA sequencing.

After electroporating the vectors into 129/OlaHsd embryonic
stem (ES) cells, targeted clones were identified by long-range
PCR (TaKaRa LA Taq polymerase, Clontech) with primers A
and NeoR on the 5′ end and primers NeoF and B on the 3′ end
(see Supplementary Material, Table S3A for the primer
sequences; Fig. 1A and B). The targeting events were confirmed
by Southern blotting with EcoRI-cleaved genomic DNA and a 5′
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flanking probe (11). The probe detected a 10.4-kb fragment in a
wild-type Lmna allele; a 9.4-kb fragment in the LmnaPLAO-5NT

allele and an 8.6-kb fragment in the Lmnaplao-utr allele.
Targeted ES cell clones were injected into C57BL/6 blasto-

cysts, and the resulting chimeras were bred with C57BL/6
females to generate heterozygous Lmna knock-in mice, which
were then intercrossed to generate homozygotes. Genotyping
was performed by PCR with primers C and D for the
LmnaPLAO-5NT allele and primers E and F for the Lmnaplao-utr

allele (Fig. 1A and B).
All mice were fed a chow diet and housed in a virus-free

barrier facility with a 12-h light/dark cycle. Animal protocols
were approved by UCLA’s Animal Research Committee.

Western blots

Protein extracts from mouse tissues were prepared as described
(5,23). Briefly, snap-frozen mouse tissues were powdered with a
chilled metal mortar and pestle, resuspended in ice-cold PBS
containing 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM

NaF and protease inhibitors (Roche) and homogenized with a
glass tissue grinder (Kontes). The cell pellets were resuspended
in urea buffer [9 M urea, 10 mM Tris–HCl (pH 8.0), 1 mM NaF,
1 mM PMSF, 10 mM ethylenediaminetetraacetic acid 0.2%
b-mercaptoethanol and a Roche Protease Inhibitors Cocktail
Tablet], sonicated and centrifuged at 18,000g for 5 min to
isolate the urea-soluble protein fraction. Protein extracts were
size-fractionated on 4–12% gradient polyacrylamide Bis-Tris
gels (Invitrogen) and transferred to a nitrocellulose membrane.
Membranes were incubated with primary antibodies as indicated
in Supplementary Material, Table S3B. Antibody binding was
detected with infrared (IR)-dye-conjugated secondary antibodies
(Rockland) and an Odyssey IR scanner (LI-COR).

Quantitative RT–PCR

Levels of lamin transcripts were assessed as described previous-
ly (19). Snap-frozen mouse tissues were homogenized in TRI
reagent (Molecular Research Center), and total RNA was
extracted according to the manufacturer’s protocol. RNA was
treated with DNase I (Ambion) and then reverse transcribed
with oligo(dT), random primers and SuperScript III (Invitro-
gen). qPCRs were prepared with SYBR Green PCR Master
Mix (Bioline) and performed on a 7900 Fast Real-Time PCR
system (Applied Biosystems). Transcript levels were deter-
mined by the comparative cycle threshold method and normal-
ized to levels of cyclophilin A.

Histology and immunofluorescence microscopy

Freshly harvested mouse tissues were fixed in 10% formalin
(Evergreen) overnight at 48C; tissues were then embedded in
paraffin, sectioned (5 mm) and stained with hematoxylin and
eosin. For immunohistochemical studies, mouse tissues were
embedded in Optimum Cutting Temperature compound
(Sakura Finetek), cryosectioned (10 mm) and fixed in ice-cold
methanol. After rinsing with acetone, the sections were
washed with 0.1% Tween-20 in tris-buffered saline and incu-
bated with M.O.M. Mouse Ig Blocking Reagent (Vector Labora-
tories). Primary antibodies are listed in Supplementary Material,

Table S3B. Binding of primary antibodies was detected with
Alexa Fluor-labeled donkey antibodies against goat, rabbit or
rat IgG (Invitrogen); the binding of mouse monoclonal anti-
bodies was detected with M.O.M. Biotinylated Anti-Mouse
IgG Reagent (Vector Laboratories) and Alexa Fluor-conjugated
streptavidin (Invitrogen). DNA was stained with 4′,6-diamidino-
2-phenylindole.

Light microscopy images were captured with a Leica MZ6
dissecting microscope [a Plan 0.5× objective (air)] with a
DFC290 digital camera (Leica) and a Nikon Eclipse E600 micro-
scope [Plan Fluor 4×/0.13 NA or 10×/0.30 NA objectives (air)]
with a DS-Fi2 camera (Nikon). The images were recorded with
Leica Application Suite imaging software and NIS-Elements F
(Nikon), respectively. Confocal microscopy was performed
with a Zeiss LSM700 laser-scanning microscope [Plan Apochro-
mat 10×/0.45 NA or 20×/0.80 NA objectives (air)]. Images
along the z-axis were captured and merged images were gener-
ated with Zen 2010 software (Zeiss).

Behavioral analysis

The SHIRPA primary screen (13) was performed with adult
Lmnaplao-utr/plao-utr mice in the UCLA Behavioral Testing Core
facility. The tests included observation of mice in a viewing
jar and measurements of transfer arousal, muscle tone, auto-
nomic behaviors and righting reflex. Rotarod testing (14) was
also performed. All tests were performed in a blinded fashion.

Statistical analysis

Statistical analyses were performed with GraphPad QuickCalcs
(http://www.graphpad.com/ last accessed on 29 October, 2013).
Differences in levels of lamin transcripts, proteins and luciferase
activities were analyzed by a two-tailed Student’s t-test.
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