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Lamin A, a key component of the nuclear lamina, is generated
from prelamin A by four post-translational processing steps:
farnesylation, endoproteolytic release of the last three amino
acids of the protein, methylation of the C-terminal farnesylcys-
teine, and finally, endoproteolytic release of the last 15 amino
acids of the protein (including the farnesylcysteine methyl
ester). The last cleavage step, mediated by ZMPSTE24, releases
mature lamin A. This processing scheme has been conserved
through vertebrate evolution and is widely assumed to be crucial
for targeting lamin A to the nuclear envelope. However, its phys-
iologic importance has never been tested. To address this issue,
we created mice with a “mature lamin A-only” allele (Lmna™*©),
which contains a stop codon immediately after the last codon of
mature lamin A. Thus, Lmna*°“*° mice synthesize mature
lamin A directly, bypassing prelamin A synthesis and process-
ing. The levels of mature lamin A in Lmna“A°"A°
indistinguishable from those in “prelamin A-only” mice
(Lmna®AC"PLA0) where all of the lamin A is produced from
prelamin A. Lmna“*©"“A© exhibited normal body weights and
had no detectable disease phenotypes. A higher frequency of
nuclear blebs was observed in Lmna“*°"**© embryonic fibro-
blasts; however, the mature lamin A in the tissues of Lmna™A°/"A°
mice was positioned normally at the nuclear rim. We conclude
that prelamin A processing is dispensable in mice and that direct
synthesis of mature lamin A has little if any effect on the target-
ing of lamin A to the nuclear rim in mouse tissues.

mice were

Lamin A, one of the principal protein components of the
nuclear lamina, is generated from prelamin A by a series of four
enzymatic post-translational processing steps (1, 2). First, the
cysteine in the C-terminal CAAX motif is farnesylated by pro-
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tein farnesyltransferase. Second, the last three amino acids of
the protein (i.e. the -AAX) are clipped off, a redundant activity
of two membrane proteases of the endoplasmic reticulum
(ER),> RCE1 and ZMPSTE24 (2, 3). Third, the newly exposed
farnesylcysteine is methylated by ICMT (4), a membrane meth-
yltransferase of the ER. Finally, the last 15 amino acids of the
protein (including the C-terminal farnesylcysteine methyl
ester) are clipped off by ZMPSTE24, releasing mature lamin A.
Lamin A and lamin C, both “A-type” lamins, are splice variants
of LMNA (5, 6). Lamin C does not contain a CAAX motif and
therefore does not undergo any of the C-terminal post-transla-
tional processing steps.

The prelamin A processing pathway has attracted consider-
able attention from medical geneticists, cell biologists, and
pharmacologists (1, 7-11). Hutchinson-Gilford progeria syn-
drome (HGPS), the classic progeroid disorder of children, is
caused by point mutations leading to a 50-amino acid internal
deletion within the C-terminal region of prelamin A (7, 8). This
deletion does not affect protein farnesylation/methylation but
abolishes the final cleavage by ZMPSTE24, resulting in the
accumulation of a farnesylated, truncated prelamin A in cells
(2). This truncated prelamin A, generally called progerin, leads
to misshapen nuclei in cells and causes a host of aging-like
disease phenotypes (2). A more severe progeroid disorder,
restrictive dermopathy (RD), is caused by a deficiency of ZMP-
STE24 (12, 13). Without ZMPSTE24, the final cleavage reac-
tion of prelamin A processing cannot occur, preventing mature
lamin A synthesis and leading to an accumulation of farnesyla-
ted prelamin A (14, 15). The farnesylated prelamin A that accu-
mulates in RD patients is toxic to cells and elicits severe disease
(14, 15). Interestingly, several HIV-protease inhibitors block
ZMPSTE24 activity, leading to an accumulation of farnesylated
prelamin A (9, 10). This prelamin A accumulation conceivably
could underlie some side effects of HIV protease inhibitors, for
example lipodystrophy and osteoporosis (9, 10).

The discovery of a link between prelamin A processing and
progeroid disorders has generated considerable excitement (2,
6, 16, 17). But despite an explosion of interest in prelamin A,

2 The abbreviations used are: ER, endoplasmic reticulum; STED, stimulated
emission depletion; LAO, lamin A-only; PLAO, prelamin A-only; FTI, protein
farnesyltransferase inhibitor; DAPI, 4',6-diamidino-2-phenylindole; HIV,
human immunodeficiency virus.
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some fundamental issues regarding its processing have never
been addressed. Notably, it is not even known whether the
complicated scheme for lamin A biogenesis is physiologically
important. Several cell culture studies have suggested that pre-
lamin A processing is crucial for the delivery of lamin A to the
nuclear envelope (18-20), but this issue has never been
assessed in vivo. Investigators interested in prelamin A are often
asked the following questions: What would happen if the
mature form of lamin A were synthesized directly, bypassing all
of prelamin A enzymatic modifications? Would the absence of
prelamin A processing lead to lethal disease phenotypes, akin to
those occurring in Lmna knock-out mice? Is prelamin A proc-
essing crucial for the delivery of mature lamin A to the nuclear
envelope? The answers to these questions are not known.

We reasoned that prelamin A processing might be essential
in mammals because this process has been conserved through
vertebrate evolution (19, 21-23), and also because of cell cul-
ture studies suggesting that the post-translational processing
steps are essential for the targeting of the protein to the nuclear
envelope (18-20). We predicted that eliminating prelamin A
processing would elicit significant disease phenotypes. To test
this prediction, we used gene targeting to create “mature lamin
A-only” knock-in mice, where mature lamin A is synthesized
directly, bypassing prelamin A processing. We compared the
phenotypes of mature lamin A-only mice to “prelamin A-only”
knock-in mice, which produce mature lamin A through the
normal prelamin A processing pathway. Of note, both mature
lamin A-only and prelamin A-only mice lack the capacity to
synthesize lamin C. Thus, a side benefit of our experiments was
to determine if the synthesis of lamin C is crucial for the growth
and vitality of mice.

EXPERIMENTAL PROCEDURES

Generation of Mature Lamin A-only Mice—We generated a
mutant Lmna allele yielding only mature lamin A, Lmna"*°,
using a strategy similar to one used to generate a mutant Lmna
allele yielding progerin (Lmna™“) (32). The arms of the gene-
targeting vector were generated by long-range PCR from
genomic DNA isolated from 129/OlaHsd embryonic stem (ES)
cells. A 3.8-kb 5" arm, which spanned from the middle of intron
7 to the 3'-untranslated sequences in exon 12, was cloned into
pCR2.1-TOPO (Invitrogen). Next, intron 10 was deleted with
the QuickChange site-directed mutagenesis kit (Stratagene);
that mutation prevents lamin C synthesis. Next, the last 30
nucleotides of exon 11, intron 11, and the first 24 nucleotides of
exon 12 were deleted by site-directed mutagenesis; this muta-
tion brings the last codon of mature lamin A immediately adja-
cent to prelamin A stop codon. The 5’ arm was then cloned into
the EcoRI site of pKSloxPNT-mod (33). Next, a 5-kb 3" arm,
identical to the one used in the Lmna™c project (32), was
cloned into the Ascl site of pKSloxPNT-mod. The vector was
linearized with NotI and electroporated into 129/OlaHsd ES
cells. Targeted ES cells were identified by Southern blot anal-
ysis of EcoRI- or HindllI-digested genomic DNA with a 348-bp
5'-flanking probe. This probe was amplified from mouse
genomic DNA with oligonucleotides 5'-CAA GGA GCT CGG
ATT CTG TC-3' and 5'-GTC AGG GAA GAG TGC AGA
GG-3".
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Targeted ES cells were microinjected into C57BL/6 blasto-
cysts, and the resulting male chimeric mice were bred with
C57BL/6 females to generate heterozygous knock-in mice
(Lmna™*°""). Lmna™*°’"" mice were intercrossed to generate
homozygous mice (Lmna“*°""*°). Genotyping of mice was
performed by PCR. The wild-type allele was detected by
amplifying a 450-bp fragment with primers 5'-GCT CCC ACT
GCC TGT AAC TC-3' and 5'-CAG AAG ATC ACG TGC
AGG A-3'. The mutant allele was detected by amplifying a
350-bp fragment with primers 5'-GCT CCC ACT GCC TGT
AACTC-3"and 5'-GCC AGA GGC CACTTG TGT AG-3'.

To exclude the possibility of unwanted mutations in the
Lmna™*© or the Lmna®"*© alleles, the full-length lamin A cDNA
was isolated from Lmna“*°“*© fibroblasts, and the full-length
prelamin A ¢cDNA was isolated from both Lmna™ *°/"4© and
Lmna™'" fibroblasts. Aside from the expected mutation in the
Lmna™*° transcript, no other mutations were found.

Lmna“*°’" mice were bred with Zmpste24™'~ mice (14, 34)
and their offspring intercrossed to obtain Zmpste24*'"
Lmna™'™", Zmpste24™'* Lmna“*°'", Zmpste24~'~Lmna™'",
and Zmpste24~'~ Lmna“*°’" mice. All mice were fed a chow
diet and housed in a virus-free barrier facility with a 12-h light-
dark cycle. Animal experiments were approved by UCLA Ani-
mal Research Committee.

Cell Culture and Western Blot Studies—Primary mouse em-
bryonic fibroblasts were prepared from day 13.5 postcoitum
mouse embryos (35). Urea-soluble fibroblast extracts were pre-
pared as described (36), and the proteins were separated on
4-12% gradient polyacrylamide Bis-Tris gels (Invitrogen). The
size-separated proteins were transferred to nitrocellulose
membranes for Western blotting. The following antibodies
were used: goat polyclonal antibodies against lamin A/C (1:400,
$c6215), lamin B1 (1:200, sc6217), and actin (1:200, sc1616) (all
Santa Cruz Biotechnology), a mouse monoclonal antibody
against lamin B2 (1:200, E-3, Invitrogen), and a rat monoclonal
antibody against prelamin A (1:50) (37). Secondary antibodies
were IRDye 700- or IRDye 800-labeled antibodies against
mouse/rat/goat IgG (1:8000, Rockland Immunochemicals).
Antibody binding was detected with a Li-Cor Odyssey infrared
scanner.

Immunofluorescence Microscopy Studies on Fibroblasts—To
assess the morphology of nuclei in embryonic fibroblasts, early
passage cells were grown on coverslips, fixed with ice-cold
methanol, rinsed briefly with acetone, and stained as described
previously (32). The following primary antibodies were used: a
rabbit polyclonal antibody against lamin A/C (1:50, sc20681), a
goat polyclonal antibody against lamin B1 (1:200, sc6217) (both
from Santa Cruz Biotechnology), mouse monoclonal antibod-
ies against lamin A (1:200, MAB3540, Chemicon) and lamin B2
(1:200, E-3, Invitrogen), and a rat monoclonal antibody against
prelamin A (1:50) (37). For secondary antibodies, we used Alexa
Fluor 488- or Alexa Fluor 568-labeled antibodies against
mouse/rabbit/rat/goat IgG (1:200, Invitrogen). DNA was visu-
alized with DAPI Images were obtained on a Zeiss Axiovert
200M microscope with a X40 objective and an ApoTome, and
processed with AxoVision software, or were obtained on a
Leica TCS-SP2 laser scanning confocal microscope with a X63
objective.
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FIGURE 1. Generation of the Lmna“*° allele. A, gene-targeting strategy to create a mutant Lmna allele,
Lmna“"®, that yields exclusively mature lamin A. After recombination, introns 10 and 11 are deleted, thereby
abolishing the synthesis of lamin C. Also, the last 30 bp of exon 11 and the first 24 bp of exon 12 are removed,
placing the last codon within mature lamin A adjacent to the prelamin A stop codon (asterisk). Exon 12
sequences are indicated in gray. Exons are depicted as boxes; the position of the 5'-flanking probe and relevant
restriction sites are also included. B, Southern blot identification of targeting events in embryonic stem (ES) cell
clones with a 5'-flanking probe. Genomic DNA was digested with EcoRl or Hindlll. EcoRl digestion yields a
10.4-kb wild-type band and a 9.4-kb band from the targeted allele (Lmna“*°); Hindlll digestion yields a 8.5-kb
wild-type band and a 7.8-kb Lmna“*° band. C, Western blots on extracts of mouse embryonic fibroblasts,
grown either in the absence or the presence of an FTI (ABT-100, 5 um). Lamin A, lamin C, and prelamin A were
detected with a rabbit polyclonal antibody against lamin A/C. Actin was used as a loading control. The FTI
resulted in the accumulation of prelamin Ain all cells except Lmna“A°**° cells.

Histology and Immunohistochem-
istry—Paraffin-embedded forma-
lin-fixed tissues from mice were sec-
tioned (5-um thick) and stained
with hematoxylin and eosin. Light
microscopy images were taken on a
Nikon Eclipse E600 microscope
with a X40 objective and a RT slider
2.3.0 camera; images were recorded
with SPOT 4.7 software (Diagnostic
Instruments).

To assess the location of lamin A
within the nucleus, 6-10 wm-thick
frozen tissue sections were fixed
with ice-cold methanol, rinsed with
acetone, permeabilized with 0.1%
Tween-20in PBS, and then preincu-
bated in phosphate-buffered saline
containing 0.1% Tween and 5% fetal
bovine serum for 1 h at room tem-
perature. The sections were incu-
bated with a rabbit antibody against
lamin A/C (1:50, sc20681, Santa
Cruz Biotechnology). After several
washes, the sections were incubated
for 1 h at room temperature with an
Alexa Fluor 568-labeled antibody
against rabbit IgG (1:200, Invitro-
gen). After washes, the sections
were fixed with 4% paraformalde-

The confocal and STED images (Fig. S3) were recorded with
a Leica TCS SP5 STED confocal system equipped with an oil
immersion objective (HCX PL APO 100 X 1.4NA STED). A
635-nm pulsed diode laser (PicoQuant, Germany) was used for
excitation. The pulses for STED depletion were delivered with a
tunable Ti:sapphire laser (Mai Tai BB, Spectra Physics) emit-
ting at 750 nm. Fluorescence emitted from an ATTO 647N-
labeled secondary antibody against mouse IgG (Active Motif)
was collected through a Semrock BrightLine FF01-685/40-25
nm band pass filter (Rochester, NY) in front of an avalanche
photodiode (APD, PerkinElmer). Optical sectioning was
achieved by using a detection pinhole set to 1 Airy. Scanning
was performed at a line frequency of 10 Hz, averaged 1 to 2
times with an image format of 512 X 512 pixels. Pixel size was
kept between 18.5 nm X 18.5 nm and 29.5 nm X 29.5 nm by
applying a 10.2-16.4X digital zoom. For comparison of con-
ventional confocal and STED confocal images, all imaging
parameters were kept identical except for increasing the APD
gain by 7% when recording the STED image in order to com-
pensate for the slight loss of signal in STED microscopy result-
ing from the shrinking of the effective excitation spot.

In some experiments, primary fibroblasts were treated with
an FTI (ABT-100, 2-5 umMm) or vehicle (DMSO) alone for 24 h.
To analyze the frequency of nuclear blebbing in cultured fibro-
blasts, >800 cells/genotype were counted in blinded fashion as
described (31, 32, 38 —40).
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hyde and stained with DAPI. Images
were obtained with a Zeiss Axiovert
200M microscope equipped with an ApoTome.

Nuclear Strain Experiments—Nuclear strain studies were
performed as described previously (25, 29, 31), with the follow-
ing modifications. Two parallel strips of Scotch tape were
attached ~5 mm apart to the bottom of the silicone membrane
of the strain dish, resulting in a uniaxial strain field between the
two strips during strain application. Fibroblasts were plated on
fibronectin-coated silicone membranes in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS)
and cultured for 24 h. Before each assay, cells were incubated
with Hoechst 33342 nuclear stain (1.5 pg/ml) for 15 min; the
medium was then replaced with phenol red-free DMEM con-
taining 10% FCS and 25 mm Hepes. Membranes were placed on
a custom-made strain device, and 20% uniaxial strain was
applied to the silicone membrane. Membrane and nuclear
strains were computed based on bright field and fluorescent
images acquired before, during, and after strain application.
Normalized nuclear strain was defined as the ratio of nuclear
strain to membrane strain to compensate for small variations in
applied membrane strain. Cells that were damaged during or
after strain application were excluded from the analysis.

Mouse Phenotypes—Disease phenotypes associated with
Zmpste24 deficiency (abnormal body weight curves, reduced
survival, and number of spontaneous rib fractures) were assessed
in Zmpste24~'"Lmna™'" and Zmpste24~'~ Lmna“*°’" mice,
along with sibling control mice (Zmpste24™'* Lmna™'",

VOLUME 285+NUMBER 27+JULY 2, 2010


http://www.jbc.org/cgi/content/full/M110.128835/DC1

Zmpste24™ ' Lmna**°’"). Body weights were measured
weekly for 20 weeks; numbers of surviving mice were also
recorded weekly. The numbers of rib fractures were counted
after removing the heart and lungs from the thoracic cavity
(38,41, 42).

Statistical Analyses—Statistical analyses were performed
with Prism software version 5.0 (GraphPad). Statistical differ-
ences in the numbers of nuclei with nuclear blebs were assessed
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FIGURE 2. Western blot analysis of lamin A and lamin C expression in
extracts from fibroblasts and mouse tissues. A, Western blots of extracts
from Lmna™’*, Lmna“**/*°, and Lmna“*°’* fibroblasts (two cell lines/geno-
type) with antibodies against lamin A/C, lamin B1, lamin B2, and actin. B-C,
Western blots of heart and kidney extracts from Lmna™’*, Lmna*-*°"*°, and
Lmng®-A%/PLA0 mice (three mice/genotype) with antibodies against lamin A/C
(panel B), mature lamin A (panel C), and actin.

Lmna*"* Lmna‘-AoiLAo

- - - -
Skin - - -

anti-lamin A/C + DAPI

FIGURE 3. Immunofluorescence microscopy showing that mature lamin A in tissues of Lmna
is located at the nuclear rim. Frozen sections of liver (top) and skin (bottom) of Lmna*’*, Lmna

LmnaPLAO/PLAO

Images were taken with a X63 objective.
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mice were stained with a lamin A/C antibody (red); nuclei were counterstained with DAPI (blue).
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with the x? test. Variations in nuclear strain assays were ana-
lyzed with an unpaired ¢ test with Welch'’s correction to account
for differences in variances. Body weight curves were compared
with repeated-measures ANOVA. Differences in the numbers
of rib fractures were calculated with a two-tailed Student’s ¢
test. Survival differences were assessed by the Kaplan-Meier
method using the log-rank test (41, 42).

RESULTS

In the current study, we used gene targeting to create a
mutant Lmna allele, Lmna™*©, that yields exclusively mature
lamin A. The targeting event eliminated intron 10, thereby
abolishing lamin C synthesis, and also deleted all DNA
sequences between the last codon of mature lamin A (in exon
11) and the prelamin A stop codon (in exon 12) (Fig. 14). Gene-
targeting events were identified by Southern blotting of EcoRI-
or Hindlll-digested genomic DNA (Fig. 1B).

We predicted that the Lmna™*© allele would yield exclu-
sively mature lamin A. To test this prediction, we performed
Western blot analyses on extracts of Lmna“*°’* and
Lmna“*°""*° embryonic fibroblasts with an antibody against
lamin A/C. As controls, we examined fibroblasts from wild-
type (Lmna™'") embryos and embryos harboring a prelamin
A-only allele (Lmna®™*°’" and Lmna® *°'"*°). The
Lmna® *© allele contains a deletion of intron 10 (which abol-
ishes lamin C synthesis) but no other mutations (43). As
expected, Lmna**©"A° and Lmna®*°/PL2°  fibroblasts
contained mature lamin A, but no lamin C (Fig. 1C). In
Lmna™*°"A° fibroblasts, lamin A was synthesized directly,
whereas in Lmna™A°/PLA0 fibroblasts, it was generated
through prelamin A processing. Thus, when prelamin A pro-
cessing was blocked with a protein farnesyltransferase inhib-
itor (FTI), prelamin A accumulated in Lmna®*°"?=4© fibro-
blasts, but not in Lmna™*°"**° fibroblasts (Fig. 1C).

The amount of lamin A in primary Lmna"*°""*© fibroblasts
was greater than in Lmna™’™ fibroblasts (Fig. 2A). This result
was not surprising, given that all of the output of the Lmna“*°
allele is channeled into the production of mature lamin A
(rather than split between lamin A and lamin C). The amounts
of lamin B1 and B2 in Lmna™*°"-4°
fibroblasts were similar to those in
wild-type cells (Fig. 2A4).

We observed consistent findings
in heart and kidney extracts from
Lmna"*°"*° mice. The amount of
mature lamin A in tissue extracts
from Lmna**°"*° mice was
greater than in extracts from
Lmna™’" mice (Fig. 2, B and C).
Also, the amounts of mature lamin
A in the heart and kidney of
LmnaLAO/LA() and LmnaPLA()/PLA()
mice were virtually identical (Fig.
2, B and C). Thus, eliminating the
prelamin A processing pathway
has little impact on the steady-
state levels of mature lamin A in
mouse tissues.

Lmna PLAO/PLAO

LAO/LAO mice
LAO/LAO, and

JOURNAL OF BIOLOGICAL CHEMISTRY 20821



Direct Synthesis of Mature Lamin A in Mice

Lmna+/+ LmnaPLAO/PLAO
LmnaLAOILAO

anti-lamin A

>

P
3
S
Ny

+/+

Lmna

LAO/LAO LAO/LAO

Lmna

B 80 * C

60 *

+

50

30

20

10 ’—l—‘ 1 b
0 0

% cells with nuclear blebs
8
% cells with nuclear blebs

Lmna** Lmna-AoA° | mna-Aor Lmna** Lmna-A9'"A°L mngP-AoPLAC
D 60
* * P <0.0001
50 + *%* P =0.0003
40 *

% cells with nuclear blebs
(A
o

T Wﬂ

Lmna** Lmna-*°* Lmna-A°""A° Lmna-*°'*® L mna“-*°~

FIGURE 4. Misshapen cell nuclei in embryonic fibroblasts carrying either one or two Lmna-"? alleles.
A, confocal microscopy images showing the presence of misshapen nuclei in Lmna-*°*2° cells (stained with a
lamin A antibody). Typical nuclei from Lmna™*’" and Lmna®-*°’""A° fibroblasts are shown for comparison. B-D,
three independent experiments assessing the frequency of nuclear blebs in primary embryonic fibroblasts
from mice expressing one or two Lmna“~° alleles. B, comparison of the number of nuclear blebs in Lmna™’*
(n = 4), Lmna“*°/*A° (n = 2), and Lmna“*®’* (n = 2) fibroblast cell lines, all isolated from sibling embryos.
C, comparison of the number of nuclear blebs in primary Lmna™* (n = 2), Lmna“*°"*A° (n = 2), and
LmngP-A%’PLA0 (n = 3) fibroblast cell lines. D, comparison of the frequency of nuclear blebs in primary
Lmna™’*, Lmna**°’*, Lmna“**/**°, Lmna“*“/*°, and Lmna“*°’~ fibroblasts (two cell lines/genotype). For
each experiment, the frequency of nuclear blebs was assessed in >800 cells/genotype by observers blinded to
genotype, as described (38,41,42).In each experiment, the frequency of nuclear blebs in Lmna-*®/*A° cells was
higher than in Lmna™’* cells (p < 0.0001). Cells containing one Lmna-"° allele (Lmna-*°’*, Lmna-°/-<°,
Lmna“*°’") also had a higher frequency of misshapen nuclei than Lmna™’* cells (p < 0.0001), except for the
comparison between Lmna™*’" and Lmna-*°’~“© cells, where the p value was very slightly less (p = 0.0003).

LAO

Earlier studies with transfected cells concluded that direct
synthesis of mature lamin A substantially interferes with its
ability to reach the nuclear envelope (19, 20). These studies led
us to predict that Lmna"*°"*° mice might exhibit disease
phenotypes similar to those observed in Lmna knock-out mice
(24) and that lamin A in Lmna"*°"*© tissues might be mislo-
calized away from the nuclear envelope. Neither of these predic-
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tions was borne out. Lmna~*°"+A°

mice were fertile and healthy, and
the mice survived quite normally
for more than two years. Body
weights were entirely normal
(supplemental Fig. S1), and routine
histopathological studies did not
uncover any abnormalities in any
tissues, including skin, heart, brain,
liver, skeletal muscle, and kidney
(supplemental Fig. S2). Further-
more, the lamin A in the skin and
liver of Lmna“*°"*° mice was
located largely at the nuclear rim;
indistinguishable from Lmna™’'*
and Lmna®“*°/"**© mice (Fig. 3).

Whereas the nuclei in
Lmna“*°""*C  tissues appeared
normal, morphological abnormali-
ties were detected in Lmna™*°""A°
fibroblasts. Lmna"“*°"**° fibro-
blasts had a higher frequency of
nuclei with blebs (Fig. 4A4). In
three independent experiments
with early-passage primary fibro-
blasts, the frequency of nuclear
blebs in Lmna™*°""*° fibroblasts
was higher than in Lmna™’™" fibro-
blasts (p < 0.0001) (Fig. 4, B-D).
Lmna®™ " O"PLAC  cells  exhibited
more blebbing than Lmna™'" fibro-
blasts, but less than Lmna“*°""*°
fibroblasts (Fig. 4C). Cells containing
a single Lmna™*© allele (Lmna"*°'",
Lmna“*°""C,  Lmna**°'") also
manifested a higher frequency of
misshapen nuclei (p < 0.0001,
except for the comparison of
Lmna™" and Lmna““°"+<° cells,
where the p value was 0.0003) (Fig.
4, Band D).

As judged by confocal micros-
copy, some of the lamin A in
Lmna"*©"*© fibroblasts reached
the nuclear rim, but the amount of
lamin A at the nuclear rim (versus
the amount in the nucleoplasm)
appeared lower than in Lmna™'* or
Lmna®™ 9?49 fibroblasts  (Fig.
4A). We also imaged the nuclei of
Lmna“*°"“A° fibroblasts with a

Stimulated Emission Depletion confocal microscope, which
provided higher-resolution images of the nuclear blebs
(supplemental Fig. S3). A honeycomb-like pattern of staining
was observed for both lamin A and Lap2f in the blebs of
Lmna“*©"*© fibroblasts. Fewer and smaller blebs were
observed in Lmna™'* fibroblasts, and they had a more
homogenous pattern of staining for both proteins (Fig. S3).
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FIGURE 5. Immunofluorescence microscopy of Lmna*’*, Lmna**°"**°, and Lmna®-2°""A° fibroblasts
with an antibody against lamin A/C (red) and a rat monoclonal antibody against prelamin A (green).
These images reveal a higher frequency of misshapen nuclei in Lmna“*°’*A°fibroblasts. Cells were grown in the
presence of vehicle (DMSO) alone (panel A), or with an FTI (ABT-100, 2 um) (panel B). Treatment of cells with an
FTl results in an accumulation of prelamin Ain Lmna*’" and Lmna-A°"""A° fibroblasts, but not in Lmna-A°"*A©

fibroblasts.

When Lmna™'" and Lmna®™*°®4° fibroblasts were
treated with an FTI, prelamin A accumulated and was easily
detectable by immunofluorescence microscopy (Fig. 5). In con-
trast, prelamin A was absent in FTI-treated Lmna™A/+A©
fibroblasts (Fig. 5). We considered the possibility that the
inability to synthesize prelamin A might interfere with the abil-
ity of lamin B1 and lamin B2 to reach the nuclear rim. However,
this was not the case; both lamin B1 and lamin B2 reached the
nuclear rim in Lmna™*°"~*© fibroblasts, indistinguishable
from findings in Lmmna™’" fibroblasts (supplemental
Fig. S4).

Because nuclear shape abnormalities can be indicative of
impaired nuclear mechanics (25), we examined nuclear stiff-
ness in Lmna™*°""*° and Lmna""*°'?*A° fibroblasts as well as
Lmna™'" control cells. Lmna®™*°"-4° cells displayed decreased
nuclear deformations under strain, suggesting increased nuclear
stiffness, but nuclear stiffness in Lmna*°"*° and Lmna™'™"
fibroblasts was indistinguishable (supplemental Fig. S54). Also, a
detailed comparison of nuclear stiffness in Lmna“*"4° cells
with and without nuclear blebs (“abnormal” and “normal,” respec-
tively) did not reveal any differences in nuclear stiffness between
the two groups (supplemental Fig. S5B).

The accumulation of prelamin A in ZMPSTE24-deficient
(Zmpste24~'~) mice leads to severe disease phenotypes
(reduced body weight, spontaneous rib fractures, and reduced
survival) (14, 15). We suspected that a single Lmna"*© allele, by

JULY 2, 2010+ VOLUME 285-NUMBER 27

Direct Synthesis of Mature Lamin A in Mice

reducing the production of prel-
amin A, would significantly reduce
disease in Zmpste24~'~ mice.
Indeed, Zmpste24~'~Lmna“*°""
mice produced less prelamin A
than Zmpste24~'"Lmna™'" mice
and were entirely protected from
the disease phenotypes that occur
in Zmpste24~'"Lmna™’" mice
(Fig. 6).

Lmna PLAO/PLAO

DISCUSSION

The complex enzymatic pathway
that converts prelamin A to mature
lamin A is conserved in both avian
and mammalian species (19,
21-23). Also, earlier transfection
studies in cultured cells strongly
suggested that prelamin A process-
ing is required for the targeting of
lamin A to the nuclear rim (19, 20).
These findings led us to suspect that
direct synthesis of lamin A, bypass-
ing prelamin A synthesis and proc-
essing, would elicit severe disease
phenotypes, perhaps similar to
those in Lmna ™'~ mice (24). These
suspicions were not confirmed.
Mice that synthesize mature lamin
A directly (Lmna™*©"“*©) exhibited
no disease phenotypes or his-
topathological abnormalities, even
after >24 months of observation. The remarkable health and
vitality of Lmna™*°"“*© mice contrasts sharply with homozy-
gous Lmna knock-out mice, which succumb to muscular dys-
trophy at 6 weeks of age (24), and with heterozygous Lmna
knock-out mice, which manifest cardiomyopathy and conduc-
tion system disease after one year of age (26). The complete
absence of disease in Lmna"*°"~*° mice led us to predict that
the mature lamin A must reach the nuclear envelope normally,
despite the absence of prelamin A synthesis and processing.
Indeed, this was the case; the mature lamin A in tissues of
Lmna™*°""*° mice was positioned normally at the nuclear rim,
indistinguishable from lamin A in wild-type and Lmna®-*©"P-A©
mice. Also, we could not detect any peculiarities in nuclear shape
in tissues of Lmna™*°"*° mice.

Whereas no abnormalities in lamin A positioning were
detectable in the tissues of Lmna"*°"** mice, we did observe
a higher-than-normal frequency of misshapen nuclei in
Lmna“*°""*C fibroblasts. Although some of the lamin A
clearly reached the nuclear rim in Lmna"*°"*® fibroblasts,
immunofluorescence microscopy pointed to increased
amounts of mature lamin A in the nucleoplasm of those cells,
compared with wild-type or Lmna®*°’?*4® fibroblasts. The
nucleoplasmic lamin A in Lmna™*°"“A© cells was often irregu-
larly distributed, sometimes appearing in honeycomb-like lat-
tices. Lamin A was also detectable in the nucleoplasm of wild-
type or Lmna® *°/"A© fibroblasts, but in those cells, it was

Lmna PLAO/PLAO
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FIGURE 6. A single Lmna-*° allele eliminates disease phenotypes in Zmpste24~'~ mice. A, Western blots of liver extracts with antibodies against lamin A/C,
prelamin A, and actin. B-D, disease phenotypes in Zmpste24™'*Lmna™’™", Zmpste24~'~Lmna™’", Zmpste24*'* Lmna-*°’*, and Zmpste24 '~ Lmna-*°"* mice.
B, body weight curves of female mice. Zmpste24™/*Lmna™*’*,n = 14; Zmpste24~'"Lmna™'",n = 14; Zmpste24™'*Lmna“**/*,n = 12; Zmpste24~'~Lmna-**’~,
n = 18. C, number of spontaneous rib fractures at the time of death (or when the experiment was terminated at 20 weeks). Zmpste24*’*Lmna™*, n = 14;

Zmpste24* " Lmna-*°’"",n = 10; Zmpste24~'"Lmna*’",n = 11; Zmpste24~'~Lmna*°’",n = 14.D, survival of male and female mice over a 20-week time span.

The reduced survival phenotype in Zmpste24™/'~Lmna*’™"

mice was not observed in Zmpste24~'~Lmna“*®’* mice (p < 0.0001). Zmpste24™'*Lmna™*’",n = 23;

Zmpste24~'"Lmna™’", n = 22; Zmpste24™'* Lmna“*°’*, n = 22; Zmpste24~'~Lmna“*°’*, n = 39.

distributed homogenously. It is interesting that misshapen
nuclei were also more frequent in cells harboring a single
Lmna® allele. Thus, the nuclear shape abnormalities elicited
by the mature lamin A from a Lmna™*© allele could not be
prevented by prelamin A or lamin C synthesis from the other
allele. We do not understand why alterations in nuclear mor-
phology were obvious in fibroblasts while they were undetectable
in tissues, but there are several possibilities. Fibroblasts grown on
plastic plates are “spread out” and have a disk-shaped nucleus. In
our studies, the thickness of a fibroblast nucleus is only 2—4- um,
compared with a cross-sectional diameter of 1020 wm for nuclei
in tissues. It is possible that the “flattening” of nuclei in cultured
fibroblasts exaggerates nuclear lamina defects and nuclear shape
abnormalities, making them easier to detect. Another possibility is
that the abnormal distribution of lamin A and the accompanying
nuclear shape abnormalities “snowball” in cell culture where the
cells are growing continuously, perhaps giving cells less time for
proper assembly of the lamina after each mitosis.

Interestingly, despite significant nuclear shape abnormali-
ties, Lmna"*°"“*© fibroblasts had normal nuclear mechanics.
These findings are reminiscent of lamin Bl-deficient fibro-
blasts, which had severe nuclear blebbing but normal nuclear
stiffness (25). We suspect that local defects in lamina organiza-
tion may be sufficient to cause nuclear blebs, and can do so
without affecting global nuclear stiffness.
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Most cell transfection studies have pointed to a critical role of
protein farnesylation in the targeting of lamin A to the nuclear
rim (18 —20). For example, Lutz et al. (19) reported that nonfar-
nesylated prelamin A is retained in the nucleoplasm and cannot
reach the nuclear rim. On the other hand, Lutz et al. (19) found
that a truncated prelamin A lacking the last 21 amino acids of
the protein could reach the nuclear rim. Those observations
prompted them to speculate that the last 21 amino acids of
prelamin A might prevent prelamin A incorporation into
higher order filaments in the nuclear lamina. They reasoned
that prelamin A would become highly prone to polymerization
only after cleavage by ZMPSTE24 at the nuclear rim. We
believe that this speculation is intriguing. It is possible that the
increased amount of lamin A in the nucleoplasm of Lmna“*°"=°
fibroblasts, along with its nonhomogenous distribution, could be
due to “premature polymerization” of lamin A monomers (i.e.
before the molecule reaches the nuclear rim).

Nuclear shape abnormalities have been identified in fibro-
blasts harvested from human muscular dystrophy patients with
LMNA mutations (27) and the abnormalities in the nuclear
lamina underlying these shape changes are often considered
relevant to the pathogenesis of disease (28). For example, the
misshapen nuclei in Lmna '~ fibroblasts (24) were accompa-
nied by mechanical and signal transduction abnormalities that
seemed highly relevant to disease (29). However, our current
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studies strongly suggest that misshapen nuclei in cultured
fibroblasts do not necessarily foretell significant pathology in
tissues. One might conceivably argue that the “disconnect” that
we observed between misshapen nuclei in fibroblasts and dis-
ease phenotypes in mice might be unique to Lmna“*°""*°
mice, where an entirely normal nuclear lamin is produced in
normal amounts. However, recent data suggests that the same
“disconnect” can exist with structurally abnormal lamins.
Muchir et al. (28) found no clear relationship between severity
of disease in humans with LMNA mutations and morphological
defects in the nuclei of cultured fibroblasts. Also, Wang et al.
(30) generated transgenic mice that expressed progerin (the
mutant prelamin A in Hutchinson-Gilford progeria syndrome)
in skin keratinocytes. No skin pathology was detected in the
mice, but keratinocytes exhibited nuclear shape alterations.

Genetic studies in mice suggested that a reduction in the
synthesis of farnesyl-prelamin A reduces the progeria-like dis-
ease phenotypes in Zmpste24~ '~ mice (31). Our current stud-
ies provide further support for this concept. Zmpste24~'~ mice
carrying a single Lmna"*© allele accumulated less prelamin A
than Zmpste24~'~ mice harboring two wild-type Lmna alleles.
Also, the single Lmna™*© allele, which reduces prelamin A pro-
duction by 50%, completely abolished the disease phenotypes
that normally occur in Zmpste24 '~ mice.

A major finding of these studies is that Lmna mice were
healthy despite a complete absence of lamin C. Normally, mam-
malian cells and tissues express roughly equal amounts of lamin A
and lamin C. Our studies show that lamin C synthesis is not essen-
tial for the health and vitality of the laboratory mouse. They also
show that the lethal muscular dystrophy phenotype in Lmna-de-
ficient mice (24) cannot be ascribed to the loss of lamin C.

In summary, the current studies provide two important lessons
regarding lamin A biology. The first lesson is that direct synthesis
of mature lamin A, bypassing prelamin A synthesis and process-
ing, does not lead to detectable disease phenotypes. Misshapen
nuclei were found in Lmna“*°""4° fibroblasts, but no histopa-
thology was detected in Lmna"*°""*° mice, and remarkably, the
targeting of mature lamin A to the nuclear rim appeared quite
normal in tissues of Lmna™*°"“*° mice. Thus, prelamin A pro-
cessing has minimal importance for the targeting of mature lamin
A to the nuclear rim in mouse tissues. The second lesson is that the
synthesis of lamin C is dispensable in the laboratory mouse.?
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3 By saying that the prelamin A post-translational processing pathway is “dis-
pensable,” we do not mean to suggest that prelamin A processing has
been devoid of functional significance during vertebrate evolution.
Indeed, we think that the conservation of this pathway means that it has
had functional relevance. All we are saying is that prelamin A processing
does not appear to be crucial for the overt health of the laboratory mice, or
for the delivery of mature lamin A to the nuclear rim in tissues.
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