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Abstract Hutchinson-Gilford progeria syndrome (HGPS)
is caused by the synthesis of a truncated prelamin A, com-
monly called progerin, that contains a carboxyl-terminal
farnesyl lipid anchor. The farnesyl lipid anchor helps to
target progerin to membrane surfaces at the nuclear rim,
where it disrupts the integrity of the nuclear lamina and
causes misshapen nuclei. Several lines of evidence have sug-
gested that progerinʼs farnesyl lipid anchor is crucial for the
emergence of disease phenotypes. Because a geranylgeranyl
lipid is ?45-fold more potent than a farnesyl lipid in an-
choring proteins to lipid membranes, we hypothesized that
a geranylgeranylated version of progerin might be more po-
tent in eliciting disease phenotypes. To test this hypothesis,
we used gene targeting to create mice expressing geranyl-
geranylated progerin (LmnaggHG/1). We then compared
LmnaggHG/1 mice, side-by-side, with otherwise identical mice
expressing farnesylated progerin (LmnaHG/1). Geranyl-
geranylation of progerin in LmnaggHG/1 cells and farnesylation
of progerin in LmnaHG/1 cells was confirmed by metabolic
labeling. Contrary to our expectations, LmnaggHG/1 mice
survived longer than LmnaHG/1 mice. The LmnaggHG/1 mice
also exhibited milder bone disease. The steady-state levels
of progerin, relative to lamin C, were lower in LmnaggHG/1

mice than in LmnaHG/1 mice, providing a potential expla-
nation for the milder disease in LmnaggHG/1 mice.—
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Hutchinson-Gilford progeria syndrome (HGPS) is a rare
genetic disease characterized by a number of aging-like
disease phenotypes (e.g., osteoporosis, loss of hair, re-
duced adipose tissue, occlusive vascular disease, and thin
skin with a wizened appearance) (1, 2). HGPS is caused
by point mutations in LMNA, the gene encoding prelamin
A and lamin C (3). These point mutations alter splicing of
the prelamin A pre-mRNA and lead to the production of a
mutant prelamin A protein, commonly called progerin,
containing an internal 50-amino-acid deletion (3). Progerin
is targeted to the cell nucleus by a nuclear localization sig-
nal (4), and a significant amount of progerin is located at
the rim of the nucleus adjacent to the inner nuclear mem-
brane (5, 6). Progerin leads to dramatically misshapen cell
nuclei (3, 5) and is responsible for all of the aging-like dis-
ease phenotypes in HGPS (3, 7).

Like wild-type prelamin A, progerin contains a carboxyl-
terminal CaaX motif, which triggers farnesylation of the
carboxyl-terminal cysteine (the “C ” of the CaaX motif)
(3). After endoproteolytic release of the last three amino
acids of the protein (i.e., the aaX of the CaaX motif), the
carboxyl-terminal farnesylcysteine is methylated (8, 9).
Progerin lacks the sequences required for the ZMPSTE24-
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mediated processing step that would ordinarily clip off the
farnesylated and methylated cysteine and release mature
lamin A (8). Thus, progerin terminates with a farnesyl-
cysteine a-methyl ester (9). Progerinʼs carboxyl-terminal
lipid anchor is thought to be important for targeting the
protein to the inner nuclear membrane (5). When the
farnesylation of progerin is blocked with a protein farnesyl-
transferase inhibitor (FTI), progerin is mislocalized away
from the nuclear rim and the frequency of misshapen nu-
clei is reduced (5). An FTI also ameliorates disease pheno-
types in mouse models of progeria (7, 10, 11).

The fact that a farnesyl group would help to anchor
progerin to the nuclear membrane is not surprising. In
in vitro lipid bilayer studies, farnesylation of synthetic pep-
tides increases their partitioning to the surface of phospho-
lipids vesicles, proportionately reducing their concentration
in the aqueous phase (12). On the other hand, it is impor-
tant to emphasize that a farnesyl lipid is not a particularly
strong membrane anchor. An n-alkyl chain with only 11 car-
bons is as effective as the 15-carbon branch-chain farnesyl
group in promoting membrane binding (12). Also, a far-

nesyl lipid is only ?2% as potent as a 20-carbon geranyl-
geranyl lipid in anchoring peptides to lipid membranes
(12). The latter differences persist when the isoprenyl-
cysteine is methylated (12).

Because the targeting of progerin to the nuclear rim is
thought to be important in eliciting disease phenotypes
in vivo and because a geranylgeranyl lipid is considerably
stronger than a farnesyl group in promoting membrane
binding, we hypothesized that a geranylgeranylated version
of progerin would elicit more severe disease phenotypes
than a farnesylated progerin. There is a straightforward
path to examine this hypothesis. Gene-targeting approaches
can be used to create mice expressing progerin (5, 7), and
it is possible to trigger protein geranylgeranylation by al-
tering the last amino acid of progerinʼs CaaX motif (13).
In this study, we produced knock-in mice that expressed
either a farnesylated or a geranylgeranylated version of pro-
gerin. Except for the length of the isoprenyl lipid anchor on
the carboxyl-terminal cysteine of progerin, the two groups
of mice were identical. We characterized both groups of
mice, side-by-side, for severity of disease phenotypes.

Fig. 1. Production of mice that express geranylgeranylated progerin. A: A mutant allele yielding geranyl-
geranylated progerin, LmnaggHG, was generated with a sequence-replacement vector that removes intron 10,
intron 11, and the last 150 bp of exon 11, and introduces a point mutation in exon 12 that changes the
methionine in the CaaX motif to leucine. B: Southern blot identification of the targeting event in two em-
bryonic stem (ES) cell clones. The genomic DNAwas cleaved with EcoRI, and the blot was hybridized with the
5′ flanking probe indicated in A. C: PCR strategy for genotyping LmnaggHG/1 mice. Primers shown in Awere
used to amplify a 580-bp DNA fragment from the Lmna1 allele or a 185-bp fragment from the LmnaggHG

allele. D: Western blot identification of progerin in extracts of Lmna ggHG/1 mouse embryonic fibroblasts
(MEFs), using a lamin A/C-specific polyclonal antibody.
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MATERIALS AND METHODS

Knock-in mice expressing a geranylgeranylated version
of progerin

To create a mutant Lmna allele yielding a geranylgeranylated
progerin (LmnaggHG), we used a gene-targeting vector identical
to one used previously to create a mutant allele yielding farnesyl-
ated progerin (LmnaHG) (5), except for a point mutation in exon
12 (in the 5′ arm of the vector) that changes the methionine
of progerinʼs CaaX motif to a leucine (i.e., CSIM to CSIL). The
mutation was introduced into the 5′-arm of the vector by site-
directed mutagenesis with the QuikChange kit (Stratagene, La
Jolla, CA) and primer 5′-CTCCCAGAACTGCAGCATTCTG-
TAATCTGGGACCTGCCAGG -3′ (and the complementary re-
verse primer). The integrity of the gene-targeting vector was
verified by restriction endonuclease digestion and DNA sequenc-
ing (5).

After electroporating 129/OlaHsd embryonic stem cells with
the gene-targeting vector, targeted clones were identified by
Southern blotting with EcoRI-cleaved genomic DNA and a
348-bp 5′-flanking probe (5). Targeted ES cells were micro-
injected into C57BL/6 blastocysts, and the resulting chimeras
were bred with C57BL/6 females to generate LmnaggHG/1 mice.
In parallel, LmnaHG/1 ES cells (5, 7) were used to generate chi-
meras, which were bred to generate LmnaHG/1 mice. Because
LmnaggHG/1 and LmnaHG/1 mice were generated from chimeras,
they were identical (with one C57BL/6 chromosome and one
129/OlaHsd chromosome), except for the single-nucleotide differ-
ence in exon 12 of Lmna. Genotyping of mice was performed by
PCR with genomic DNA from tail biopsies (5). The mice were fed
a chow diet and housed in a virus-free barrier facility with a 12-h
light-dark cycle. Body weights were measured weekly. All mouse ex-
periments were approved by UCLAʼs Animal Research Committee.

Analysis of mouse embryonic fibroblasts
Primary mouse embryonic fibroblasts (MEFs) were prepared

from E13.5 embryos (14), plated in 6-well plates, and grown to
75% confluency. To assess nuclear shape abnormalities, early-
passage MEFs were grown on coverslips and then fixed and per-
meabilized as described previously (15). Cells were incubated
with antibodies against lamin A (1:200, sc-20680, Santa Cruz Bio-
technology, Santa Cruz, CA) for 2 h. After washing, cells were in-
cubated with Alexa Fluor 568-conjugated anti-rabbit antibody
(1:800, Jackson ImmunoResearch Laboratories, West Grove, PA)
and DAPI to visualize DNA. Images were obtained on an Axiovert
200 MOT microscope (Carl Zeiss, Thornwood, NY), and nuclear
shape (550–1,500 cells per genotype) was assessed in a blinded
fashion (5, 16–18).

Metabolic labeling studies
To assess protein farnesylation, MEFs were incubated for 36 h

with an analog of farnesol, 8-anilinogeraniol (AG) (30 mM in di-
methyl sulfoxide) (19). AG is incorporated into anilinogeranyl
diphosphate and used by protein farnesyltransferase as a sub-
strate for the modification of CaaX proteins. The incorporation
of AG into proteins can be detected by Western blotting with an
AG-specific mouse monoclonal antibody (1:5,000) (19). To pre-
pare samples for Western blots, the A-type lamins were immuno-
precipitated with a goat anti-lamin A/C antibody (15 ml) (Santa
Cruz Biotechnology) (20). Proteins were size-fractionated on 4–
12% gradient polyacrylamide Bis-Tris gels (Invitrogen, Carlsbad,
CA), and the separated proteins were transferred to nitrocellu-
lose membranes for Western blotting. Signals were detected with
an Odyssey infrared imaging scanner. The antibody dilutions
were 1:200 for anti-lamin A/C goat IgG (sc-6215, Santa Cruz Bio-

technology), 1:5,000 for anti-AG mouse IgG, and 1:1,000 for anti-
actin goat IgG (sc-1616, Santa Cruz Biotechnology). After wash-
ing the membranes, the membranes were incubated with 1:5,000
IRDye 800 anti-goat IgG and 1:5,000 IRDye 680 anti-mouse IgG
(Li-Cor, Lincoln, NE).

Protein geranylgeranylation was assessed by azido geranyl-
geranyl alcohol labeling. Cells were incubated with 50 mM azido

Fig. 2. Metabolic labeling studies to assess the farnesylation and
geranylgeranylation of progerin in LmnaggHG/1 and LmnaHG/1

MEFs. A: Assessing geranylgeranylation of progerin in LmnaggHG/1

fibroblasts. LmnaggHG/1 and LmnaHG/1 MEFs were incubated with
azido geranylgeranyl alcohol, which is used as a substrate by pro-
tein geranylgeranyltransferase, type I. To detect protein geranyl-
geranylation, extracts prepared from cells that had been incubated
with azido geranylgeranyl alcohol and labeled with tetramethyl-
rhodamine (TAMRA) with the Click-iT Tetramethylrhodamine
(TAMRA) Protein Analysis Detection Kit were size-fractionated on
a 4–12% polyacrylamide Bis-Tris gel. Geranylgeranylated proteins
were then detected with a fluorescence imager. Next, the separated
proteins were transferred to nitrocellulose and incubated with an
antibody against lamin A/C, and a Western blot was performed
with the Odyssey infrared scanner. B: Assessing farnesylation of
progerin. Fibroblasts were incubated with anilinogeraniol (AG)
(30 mM) in the presence (1) or absence (2) of a farnesyltransfer-
ase inhibitor (FTI) (ABT-100, 5 mM). Western blots were performed
on cell extracts with an antibody specific for lamin A/C (green)
and an antibody specific for AG (red). When progerin and lamin
A/C were immunoprecipitated, the progerin in LmnaHG/1 MEFs
could be detected with an antibody against AG. As expected, the
FTI blocked the incorporation of AG into progerin in LmnaHG/1

MEFs. Because lower amounts of LmnaggHG/1 extracts were loaded
(the last two lanes), these lanes are also shown at an increased ex-
posure. Even with the longer exposure, no farnesylation of progerin
in LmnaggHG/1 cells was detected. The electrophoretic mobility of
progerin in LmnaggHG/1 and LmnaHG/1 MEFs was identical.
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geranylgeranyl alcohol for 48 h and harvested in 1% SDS and
50 mM Tris, pH 8. Protein extracts were prepared by sonication,
chloroform-methanol precipitation, and resuspension in 1% SDS
and 50 mM Tris, pH 8. Proteins that had incorporated azido
geranylgeranyl alcohol were labeled with tetramethylrhodamine
(TAMRA) with the Click-iT Tetramethylrhodamine (TAMRA)
Protein Analysis Detection Kit (Invitrogen, Carlsbad, CA), ac-
cording to the manufacturerʼs instructions. Proteins were size-
fractionated on 4–12% gradient polyacrylamide Bis-Tris gels
(Invitrogen), and labeled proteins were visualized with the Typhoon
9410 Variable Mode Imager (GE Healthcare, Piscataway, NJ). Fol-
lowing imaging, proteins were transferred to nitrocellulose for
Western blotting with anti-lamin A/C goat IgG (sc-6215, Santa
Cruz Biotechnology).

Analysis of disease phenotypes
The interior of the thorax of Lmna1/1, LmnaggHG/1, and

LmnaHG/1 mice was photographed, and the number of rib frac-
tures was counted (7, 10, 11, 15, 18). The thoracic cages of
Lmna1/1, LmnaggHG/1, and LmnaHG/1 mice were imaged by com-
pact cone-beam tomography (mCT 40 scanner, Scanco Medical,
Bassersdorf, Switzerland) (15, 17).

Protein extraction and Western blots
Urea-soluble extracts were prepared from early-passage MEFs

and mouse tissues (21). Extracts were size-fractionated on 4–12%
gradient polyacrylamide Bis-Tris gels (Invitrogen), and the sepa-
rated proteins transferred to nitrocellulose membranes for West-
ern blotting. Antibody dilutions were 1:200 for anti-lamin A/C goat
IgG (sc-6215, Santa Cruz Biotechnology), 1:1,000 for anti-actin goat
IgG (sc-1616, Santa Cruz Biotechnology), and 1:5,000 for IRDye
800 anti-goat IgG (Rockland Immunochemicals, Gilbertsville,
PA). The IR-coupled antibodies were detected with an Odyssey
infrared imaging scanner and quantified according to the manu-
facturerʼs instructions.

Extraction of RNA, cDNA synthesis, and RT-PCR
The isolation of RNA, cDNA synthesis, and RT-PCR were per-

formed as described (18). Band intensities of the fragments am-
plified from LmnaggHG, LmnaHG, and Lmna1 transcripts were
quantified with the Odyssey infrared imaging system and normal-
ized to 36B4.

Statistical analyses
The number of surviving male and female mice was recorded

weekly. Differences were assessed with log-rank (Mantel-Cox) and
Gehan-Breslow-Wilcoxon tests. Body weight curves were com-

Fig. 3. Analysis of nuclear shape in Lmna1/1, LmnaggHG/1, and
LmnaHG/1 MEFs. A: Immunostaining of LmnaggHG/1 and
LmnaHG/1 MEFs with a lamin A-specific antibody (red). Nuclei
were counterstained with DAPI (blue). Blebs are indicated with
white arrows. B: Percentage of cells containing misshapen nuclei
in primary MEFs from Lmna1/1, LmnaggHG/1, and LmnaHG/1 em-
bryos (n 5 2–3 cell lines/genotype, P , 0.0001, x2 test). Ratios
show the number of nuclear blebs over the total number of cells
counted. Error bars indicate SEM.

Fig. 4. Surface renderings of mCT scans showing characteristic rib
fractures in 6-month-old LmnaggHG/1 and LmnaHG/1 mice. Arrow-
heads indicate rib fractures and surrounding callus.
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pared with repeated-measures ANOVA. Differences in the num-
ber of rib fractures were assessed with a two-tailed Studentʼs t-test.
Differences in the percentages of misshapen nuclei were assessed
with a x2 test.

RESULTS

We used gene targeting to create a mutant Lmna allele,
LmnaggHG, that yields geranylgeranylated progerin (Fig. 1A).
The LmnaggHG allele is identical to the LmnaHG allele gen-
erated previously (5), except that the methionine in the
CaaX motif was replaced with a leucine (a substitution that
triggers protein geranylgeranylation). Multiple targeted ES
cell clones were identified by Southern blotting (Fig. 1B),
and two were used to create male chimeric mice, which
were bred with C57BL/6 females to produce heterozygous
knock-in mice (LmnaggHG/1). Offspring were genotyped by
PCR (Fig. 1C). As expected, fibroblasts from LmnaggHG/1

embryos produced substantial amounts of progerin pro-
tein (Fig. 1D).

The carboxyl-terminal leucine in the progerin of
LmnaggHG/1 mice was predicted to trigger protein geranyl-
geranylation. Indeed, metabolic labeling studies revealed

that the progerin in LmnaggHG/1 MEFs, but not LmnaHG/1

MEFs, was geranylgeranylated (Fig. 2A). As expected, the
progerin in LmnaHG/1 MEFs was farnesylated, as judged by
metabolic labeling with a farnesol analog (Fig. 2B). We
could not detect farnesylation of progerin in LmnaggHG/1

MEFs (Fig. 2B).
Progerinʼs lipid anchor is important both for the mis-

shapen nuclei phenotype in cultured fibroblasts and dis-
ease phenotypes in mice (5, 7). Because a geranylgeranyl
anchor binds to membranes more avidly than a farnesyl
anchor, we suspected that LmnaggHG/1 mice would exhibit
more severe phenotypes than LmnaHG/1 mice. As expected,
LmnaggHG/1 MEFs (n5 3 independent cell lines) exhibited
a high frequency of misshapen nuclei (Fig. 3A), but to our
surprise, the frequency of the misshapen nuclei was not
greater than in LmnaHG/1 MEFs (Fig. 3B).

One of the most easily quantifiable disease phenotypes
in mouse models of progeria is bone fractures at the sites
of osteolytic lesions in the ribs (which occur adjacent to
the costovertebral joints). The number of rib fractures in-
creases with age (7). The rib factures heal poorly, so each
fracture can be easily detected by exuberant fracture callus
(7, 11, 14, 15, 17, 18). All LmnaggHG/1 and LmnaHG/1 mice
developed rib fractures, which were easily detectable by

Fig. 5. Phenotypes of LmnaggHG/1 mice. A: Number of rib fractures in LmnaggHG/1 mice (n 5 7 males,
11 females) and LmnaHG/1 mice (n 5 15 males, 15 females). The number of fractures was lower in
LmnaggHG/1 mice than in LmnaHG/1 mice (P , 0.0001), despite the fact that LmnaggHG/1 mice were far
older than the LmnaHG/1 mice (32.35 6 4.96 weeks vs. 22.47 6 4.44 weeks). B: Kaplan-Meier survival plots
for LmnaggHG/1 mice (n 5 19 males, 15 females), LmnaHG/1 mice (n 5 15 males, 15 females), and Lmna1/1

mice (n 5 16 males, 14 females). Male and female LmnaggHG/1 mice survived significantly longer than
LmnaHG/1 mice (P , 0.0001). C: Body weight curves of male LmnaHG/1 (n 5 15), Lmna1/1 (n 5 16),
and LmnaggHG/1 mice (n 5 19). D: Body weight curves of female LmnaHG/1 (n 5 15), Lmna1/1 (n 5
14), and LmnaggHG/1 mice (n 5 15). Body weights tended to be higher in male and female LmnaggHG/1

mice than in LmnaHG/1 mice, but this difference was not statistically significant.
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mCT scanning (Fig. 4). However, contrary to our expecta-
tions, the number of rib fractures in LmnaggHG/1 mice was
lower than in LmnaHG/1 mice (P , 0.0001), despite the
fact that LmnaggHG/1 mice were significantly older than
the LmnaHG/1 mice when the fractures were counted
(32.35 6 4.96 weeks vs. 22.47 6 4.44 weeks) (Fig. 5A).
The survival of LmnaggHG/1 mice, both males and females,
was better than LmnaHG/1 mice, as judged by Kaplan-
Meier analysis (P , 0.0001 for both males and females)
(Fig. 5B). Compared with wild-type mice, both LmnaggHG/1

and LmnaHG/1 mice exhibited profoundly abnormal body
weight curves (P, 0.0001 for both groups) (Fig. 5C, D). In
line with the differences in rib fractures and survival, body
weights tended to be higher in LmnaggHG/1 mice than in
LmnaHG/1 mice (Fig. 5C, D), although these differences
did not achieve statistical significance.

Disease phenotypes were less severe in LmnaggHG/1 mice
(Fig. 5), even though the progerin contained a lipid
anchor with a greater avidity for membrane surfaces. We
hypothesized that one potential explanation for this
finding would be lower steady-state levels of progerin in
LmnaggHG/1 mice. To test this hypothesis, Western blots
were performed on tissue extracts of LmnaHG/1 and
LmnaggHG/1 mice, and the progerin and lamin C bands
were quantified with the Odyssey infrared scanner. Levels
of progerin, relative to lamin C, were lower in LmnaggHG/1

tissues (heart, liver, kidney, skull) than in LmnaHG/1 tis-
sues (Fig. 6A–D, F), though the difference in progerin lev-

els in kidney were only evident with quantification of the
band intensities on the Western blots. Progerin levels, rela-
tive to lamin C, tended to be somewhat lower in LmnaggHG/1

MEFs, although this difference did not achieve statistical
significance (Fig. 6E, F). The differences in progerin lev-
els in LmnaggHG/1 and LmnaHG/1 tissues could not be as-
cribed to differences in the levels of progerin transcripts.
For example, progerin transcript levels in the heart, as
judged by RT-PCR, were not different in LmnaggHG/1

and LmnaHG/1 mice (Fig. 7A, B).

DISCUSSION

In 1988, Clarke et al. (22) proposed that CaaX motifs
represented a potential signal for protein lipidation and
methylation. In the next few years, it became clear that cer-
tain CaaX proteins are farnesylated (23), whereas others
are geranylgeranylated (24). The different isoprenyl lipid
anchors have dramatically different properties in lipid
partitioning assays, with the geranylgernayl lipid being
?45-fold more potent in promoting associations with mem-
brane surfaces (12). However, the importance of a farnesyl
versus a geranylgeranyl lipid anchor has never been inves-
tigated in vivo, for any of the dozens of farnesylated and
geranylgeranylated proteins within cells. In the current
study, we addressed this issue, focusing on a farnesylated
CaaX protein, progerin, which is the culprit molecule in

Fig. 6. Western blots showing relative levels of progerin in the tissues of LmnaHG/1 and LmnaggHG/1 mice and in LmnaHG/1 and
LmnaggHG/1 MEFs. A–E: Western blots (with an antibody against lamin A/C) showing progerin, lamin A, and lamin C in the heart (A),
liver (B), kidney (C), and skull (D) of LmnaHG/1 and LmnaggHG/1 mice (n 5 3/genotype, each sample in duplicate). E: Western blot (with
an antibody against lamin A/C) showing progerin, lamin A, and lamin C in LmnaHG/1 and LmnaggHG/1 MEFs (n 5 3 cell lines/genotype,
each sample in duplicate). F: Quantitative analysis of progerin expression in the tissues and MEFs of LmnaHG/1 and LmnaggHG/1 mice.
Progerin/lamin C ratios in LmnaggHG/1 samples are expressed relative to those in LmnaHG/1 samples (which were set at a value of one).
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HGPS. Because targeting of progerin to the nuclear rim is
widely assumed to be important for disease pathogenesis
(5, 8, 15, 16, 25), we reasoned that progerin containing
the stronger geranylgeranyl lipid anchor might elicit more
severe disease phenotypes. To examine this issue, we gen-
erated a new line of knock-in mice expressing geranyl-
geranylated progerin. We then examined, side-by-side, mice
expressing progerin terminating with a farnesylcysteine
(LmnaHG/1) and mice expressing progerin terminating
with a geranylgeranylcysteine (LmnaggHG/1). Aside from
the length of the isoprenyl lipid attached to progerin, these
mice were identical. The LmnaggHG/1 MEFs exhibited a
high frequency of misshapen nuclei, but no higher than
in LmnaHG/1 MEFs. Contrary to our hypothesis, the se-
verity of disease phenotypes was reduced in LmnaggHG/1

mice. Male and female LmnaggHG/1 mice survived longer
than LmnaHG/1 mice, and the number of rib fractures
was lower in LmnaggHG/1 mice. This latter finding was
convincing, given that rib fractures increase steadily with
age (7), and the LmnaggHG/1 mice were considerably older
than the LmnaHG/1 mice at the time that the rib fractures
were counted.

What might explain the milder phenotype in LmnaggHG/1

mice? We reasoned that different steady-state levels of
progerin in the two models might conceivably underlie
the phenotypic differences. Indeed, levels of progerin
were lower in LmnaggHG/1 mice, and this difference was
striking in certain tissues, for example the skull and the
heart. The proposition that different steady-state levels of

progerin might explain the phenotypic differences is plau-
sible. In humans, LMNA mutations yielding particularly
high levels of progerin expression are associated with
more severe forms of progeria (26). Also, we showed that
LmnaHG/LCO mice (mice with one LmnaHG allele and one
“lamin C-only” allele) exhibit lower tissue levels of progerin
than LmnaHG/1 mice, despite identical levels of progerin
transcripts. The lower steady-state progerin levels in
LmnaHG/LCO mice were accompanied by reduced disease
phenotypes (18). Given that progerin transcript levels in
LmnaggHG/1 and LmnaHG/1 mice are identical, we presume
that the geranylgeranyl lipid anchor increases the turnover
of progerin. This possibility is not farfetched. Perturbed
levels of prenylated proteins in cells have been observed
when protein prenylation is altered (27, 28). Although
less likely, it is conceivable that the geranylgeranylated
form of progerin interacts differently with other nuclear
envelope proteins, and that this, rather than lower steady-
state progerin levels, is responsible for the milder dis-
ease phenotypes.

When evaluating the impact of gene-targeted mutations
in F2 mice on a mixed genetic background, one needs to
be concerned about the effects of “passenger genes” on
phenotypes (29). That concern does not apply to the cur-
rent experiments, in which we studied F1 mice bred from
chimeras (which were created from the same strain of ES
cells). Aside from the single amino acid substitution in
newly synthesized progerin and the length of the isoprenyl
anchor in the fully processed progerin, both groups of
mice were genetically identical, with each mouse having
one 129/OlaHsd chromosome and one C57BL/6 chromo-
some. Because the mice were genetically identical (aside
from the targeted mutation), we are confident that the
phenotypic differences are due to the effects of the tar-
geted mutation. Another reason for confidence is that
we observed the same phenotype in independent lines of
LmnaggHG/1 mice generated from independently targeted
ES cells.

Although this study is the first to examine the in vivo im-
pact of an “isoprenyl anchor substitution,” earlier studies
with model organisms and cultured mammalian cells had
suggested that an isoprenyl anchor substitution could have
biological consequences. In 1980, Fujino and Kitada (30)
examined the impact of isoprenyl chain length on the po-
tency of a normally farnesylated mating pheromone from
Tremella mesenterica. They found that chemically synthe-
sized mating pheromone peptides with isoprenyl chain
lengths of 20 or 25 carbons were far more potent in stimu-
lating mating than the 15-carbon farnesylated peptide
(30). Cox et al. (31) found that a geranylgeranylated Ras
had the same transforming properties as farnesylated Ras,
but the geranylgeranylated Ras appeared to be more po-
tent in inhibiting the growth of nontransformed 3T3 cells.
Also, Matsuda et al. (32) reported that a geranylgeranyl-
ated version of the heterotrimeric G-protein g-subunit
bound membranes more avidly than the farnesylated pro-
tein and was more potent in promoting pertussis toxin-
catalyzed ADP ribosylation of transducin-a. Unfortunately,
neither of the aforementioned mammalian cell-culture stud-

Fig. 7. Progerin transcript levels in heart RNA from LmnaHG/1 (n5
3) and LmnaggHG/1 mice (n 5 4). A: Syto-60-stained agarose gel of
RT-PCR products (at cycle 20) from RNA prepared from LmnaHG/1

and LmnaggHG/1 mice. The RT-PCR reaction spanned sequences
encoded by exons 10–12 of Lmna. Image intensity was quantified
with the Odyssey infrared imaging system. 36B4 was used as an
internal control. WT, wild-type; NTC, no template control. B: Quan-
titative analysis of progerin mRNA levels, corrected for 36B4
expression. Progerin mRNA levels in LmnaggHG/1 samples were
expressed relative to those in LmnaHG/1 samples (which were set
at a value of one).
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ies (31, 32) examined the impact of the different isoprenyl
anchors on the steady-state level of the prenylated protein.

In our studies, we created mice containing a leucine
rather than a methionine in the “X ” position of the CaaX
motif, a substitution that triggers protein geranylgeranylation
by protein geranylgeranyltransferase, type 1. While we had
little doubt that the methionine-to-leucine substitution
would trigger geranylgeranylation, we were delighted to
confirm this finding with new metabolic labeling tools.
To assess protein geranylgeranylation, we labeled cells with
azido geranylgeranyl alcohol, immunoprecipitated the A-
type lamins, and detected via a “Click Chemistry” reaction
with TAMRA-alkyne dye (33, 34). After separating the
proteins by gel electrophoresis, labeled proteins were vi-
sualized with the Typhoon 9410 Variable Mode Imager.
As expected, the progerin in LmnaggHG/1 cells, but not
LmnaHG/1 cells, was geranylgeranylated. At the same time,
labeling of cells with a farnesol analog revealed that pro-
gerin in LmnaHG/1 cells was farnesylated. We expect that
these new labeling tools will be useful to those interested
in the prenylation of lamins. A recent study from Europe
(35) raised the possibility that prelamin A might be al-
ternately geranylgeranylated when cells are treated with
a farnesyltransferase inhibitor (FTI). In the case of an-
other CaaX protein that terminates in methionine, K-Ras,
alternate prenylation in the setting of FTI treatment has
been well documented (36). In the future, metabolic la-
beling studies should be helpful in determining whether
alternate prenylation of prelamin A, progerin, and the B-
type lamins occurs and in gauging the extent of alternate
prenylation under different circumstances. Also, these met-
abolic labeling tools will be useful for defining the spec-
ificity of commonly used inhibitors of protein prenylation.

In summary, we found no support for our original hy-
pothesis, which is that the substitution of a geranylgeranyl
lipid for progerinʼs farnesyl lipid anchor would worsen dis-
ease phenotypes. Instead, geranylgeranylated progerin
yielded milder disease phenotypes, likely because this sub-
stitution results in lower steady-state levels of progerin.
These results indicate that the strength of the isoprenyl an-
chor in binding to membrane surfaces may not be the
dominant factor in the emergence of the disease pheno-
types of progeria, and that other properties of progerin,
for example abnormal protein-protein interactions, could
be more important. Along these lines, a recent study con-
cluded that progerin formed abnormal heterodimers with
the B-type lamins (37). We suspect that this type of abnor-
mal protein-protein interaction could ultimately prove to
be more relevant to disease pathogenesis than the degree
of hydrophobicity of the isoprenyl lipid anchor.

We thank D. Frost for ABT-100.
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