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Blocking farnesylation of the prelamin A variant
in Hutchinson-Gilford progeria syndrome alters
the distribution of A-type lamins
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Mutations in the lamin A/C gene that cause Hutchinson-Gilford progeria syndrome lead to expression of a truncated,
permanently farnesylated prelamin A variant called progerin. Blocking farnesylation leads to an improvement in the
abnormal nuclear morphology observed in cells expressing progerin, which is associated with a re-localization of the
variant protein from the nuclear envelope to the nuclear interior. We now show that a progerin construct that cannot
be farnesylated is localized primarily in intranuclear foci and that its diffusional mobility is significantly greater than
that of farnesylated progerin localized predominantly at the nuclear envelope. Expression of non-farnesylated progerin
in transfected cells leads to a redistribution of lamin A and lamin C away from the nuclear envelope into intranuclear
foci but does not significantly affect the localization of endogenous lamin B1 at nuclear envelope. There is a similar
redistribution of lamin A and lamin C into intranuclear foci in transfected cells expressing progerin in which protein
farnesylation is blocked by treatment with a protein farnesyltransferase inhibitor. Blocking farnesylation of progerin can
lead to a redistribution of normal A-type lamins away from the inner nuclear envelope. This may have implications for
using drugs that block protein prenylation to treat children with Hutchinson-Gilford progeria syndrome. These findings

also provide additional evidence that A-type and B-type lamins can form separate microdomains within the nucleus.

Introduction

Hutchinson-Gilford progeria syndrome (HGPS; OMIM no.
176670) is a rare, sporadic, dominant genetic disorder character-
ized by phenotypic features of accelerated aging."? It is caused
by de novo mutations in LMNA, the gene encoding A-type
nuclear lamins.*# Lamins are intermediate filament proteins that
polymerize to form the nuclear lamina, which is located on the
inner aspect of the inner nuclear membrane of nucleated meta-
zoan cells.”® The major A-type lamins expressed in somatic cells,
lamin A and lamin C, arise by alternative RNA splicing. They
are identical for their first 566 amino acids and differ in their
carboxyl-termini, with lamin C having six unique amino acids
encoded by LMNA exon 10 and prelamin A, the precursor to
lamin A, having 98 unique amino acids encoded by exons 11
and 12.° Mutations causing HGPS (G608G or G608S) create
an abnormal splice donor site within RNA encoded by exon
11, leading to an in-frame deletion of 50 amino acids from
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prelamin A** This truncated prelamin A variant expressed in
HGPS has been named progerin.

Prelamin A contains a cysteine-aliphatic-aliphatic-any amino
acid (CAAX) motif of sequence cysteine-serine-isoleucine-methi-
onine (CSIM) at its carboxyl-terminus. This motif initiates a
series of enzymatic reactions leading to farnesylation of the cyste-
ine, cleavage of -SIM and carboxymethylation of the cysteine.'*!!
Farnesylated prelamin A is then recognized by the endoprotease
ZMPSTE24 and cleaved 15 amino acids from the farnesylated
carboxyl-terminal cysteine to yield lamin A.'">'? As a consequence
of the 50 amino acid deletion, progerin does not contain this
ZMPSTE24 cleavage site. Progerin therefore retains a farnesyl-
cysteine methyl ester at its carboxyl-terminus.

Progerin is believed to exert its effects on cells via a dominant,
toxic mechanism."”” An obvious effect of progerin expression in
cells is a significant change in nuclear shape, including abnormal-
ities visualized at the light microscopy level such as lobulations or
“blebs” in the nuclear envelope, “folds” in the nuclear envelope,
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a thickening of the nuclear lamina, loss of peripheral hetero-
chromatin and clustering of nuclear pores.” Abnormal nuclear
morphology occurs when progerin is expressed at “endogenous
pathological” levels, such as in cells from human subjects with
HGPS and mice with a “knock in” mutation in the endogenous
Lmna gene, as well as in cells in which the progerin is expressed
by transgenic methods.>*"3" This prominent morphological
abnormality appears to be caused by expression of farnesylated
progerin at the nuclear envelope, as blocking protein prenylation
significantly restores normal nuclear shape.'®**73 The nor-
malization of nuclear shape induced by blocking progerin pre-
nylation correlates with an amelioration of disease phenotypes in
mouse models of HGPS.?*%7

In cultured cells, normalization of nuclear shape generated by
blocking progerin farnesylation leads to the redistribution of the
non-prenylated progerin away from the nuclear envelope to the
16182127 Fxpression of progerin with the CSIM
sequence signaling farnesylation mutated to SSIM or CSM simi-

nuclear interior.

larly leads to concentration of progerin away from the nuclear
rim in intranuclear foci or other abnormal structures.!®!*3
These observations led to the hypothesis that targeting progerin
away from the nuclear envelope/inner nuclear membrane into
the nuclear interior by blocking its farnesylation may be respon-
sible for beneficial effects in HGPS.*® However, the composition
and features of the intranuclear foci of non-farnesylated progerin
have not been described. And while the dynamics of farnesyl-
ated progerin at the nuclear envelope have been examined,” the
dynamics of non-farnesylated progerin in the nucleoplasm have
not been studied. Here we examine the effects of farnesylation
on the localization and dynamics of progerin, characterizing the
intranuclear foci formed by the non-farnesylated protein and
obtaining insights into nuclear lamina formation.

Results

Effects of farnesylation on progerin localization and dynam-
ics. We first set out to confirm that preventing the farnesylation
of progerin leads to its redistribution from the nuclear envelope
to the inside of the nucleus, as has been observed in other stud-

16182127 Tn transiently transfected mouse embryonic fibro-

ies.
blasts (MEFs) analyzed by confocal microscopy, a construct
of green fluorescent protein (GFP) fused to the N-terminus of
progerin (GFP-progerin) was localized almost exclusively at the
nuclear periphery, whereas a GFP-progerin variant that could
not be farnesylated because the cysteine of the CAAX motif was
changed to a serine (GFP-progerin-NF), was localized primar-
ily in intranuclear foci (Fig. 1A; see also Vid. S1). In over 50
transfected cells examined, GFP-progerin-NF was localized pre-
dominantly in intranuclear foci in approximately 90% of trans-
fected cells and primarily at the nuclear periphery in only 10%.
The cells expressing GFP-progerin had irregularly shaped nuclei
with blebbing of the nuclear envelope whereas those expressing
GFP-progerin-NF were more regular in shape. We then used
fluorescence recovery after photobleaching (FRAP) to determine
if farnesylation affected the dynamics of progerin. We photo-
bleached a part of nuclear rim of cells expressing GFP-progerin
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or an internal focus near the edge of the nucleus in cells express-
ing GFP-progerin-NF for the FRAP experiment. FRAP analysis
showed that non-farnesylated progerin in intranuclear foci had a
significantly increased diffusional mobility compared with farne-
sylated progerin localized to the nuclear periphery (Fig. 1B).
These results confirmed that non-farnesylated progerin is pri-
marily localized in intranuclear foci rather than the nuclear enve-
lope and that it can diffuse more readily within nuclei than the
farnesylated protein. To determine if the intranuclear foci of non-
farnesylated progerin co-localized with selected nuclear proteins,
we performed immunofluorescence analysis of MEFs transiently
expressing GFP-progerin-NF with antibodies against PML, pro-
liferating cell nuclear antigen (PCNA), DNA-dependent RNA
polymerase IT (RNAPII) and heterochromatin protein 1. There
was absolutely no co-localization with heterochromatin protein 1
(data not shown) and only partial overlap with PML bodies and
the more diffusely localized RNAPII and PCNA (Fig. 1C), indi-
cating that intranuclear foci of non-farnesylated progerin did not
precisely co-localize with these other nuclear proteins.

Expression of non-farnesylated progerin alters the nuclear
distribution of A-type lamins but not lamin B1. We next asked
whether the expression of non-farnesylated progerin in intra-
nuclear foci would alter the normal distribution of endogenous
A-type lamins. In transiently transfected MEFs examined by
confocal microscopy, immunostaining with antibodies against
lamin A (which would also recognize progerin fusion proteins
but do not recognize lamin C) showed that lamin A and GFP-
progerin were co-localized almost exclusively at the nuclear
periphery. However, virtually all of the lamin A labeling co-
localized with the green fluorescent signal of foci without any
smooth nuclear rim labeling in almost all of the cells expressing
GFP-progerin-NF (Fig. 2; see also Vid. S2). This suggested that
lamin A has a higher avidity for overexpressed non-farnesylated
progerin than for endogenously expressed lamins, leading to a
change in its distribution, normally mostly at the nuclear periph-
ery, into discrete foci in the nuclear interior.

We also analyzed the effects of expressing GFP-progerin on
the nuclear distribution of the other major A-type lamin, lamin
C. Because of the lack of high quality antibodies that specifically
recognize lamin C and to clearly distinguish the localization of
A-type lamins from that of the progerin fusion proteins, we co-
transfected MEFs with plasmids that express either GFP-progerin
or GFP-progerin-NF and plasmids that express lamin C with red
fluorescent protein (RFP) fused to its N-terminus (RFP-lamin
C). In these cells, RFP-lamin C co-localized with GFP-progerin
at the nuclear periphery but almost exclusively in intranuclear
foci with GFP-progerin-NF (Fig. 3; see also Vid. 83). Hence, like
endogenous lamin A, RFP-lamin C preferentially co-localized
with intranuclear non-farnesylated progerin rather than with
endogenous lamins at the nuclear envelope.

In contrast to its effect on altering the distribution of A-type
lamins from the nuclear envelope to the intranuclear foci, expres-
sion of non-farnesylated progerin did not significantly affect the
localization of endogenous lamin Bl. In transiently transfected
MEFs expressing GFP-progerin or GFP-progerin-NF, immu-
nofluorescence labeling showed that endogenous lamin Bl was
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Figure 1. Intracellular localizations and
dynamics of progerin and non-farnesylated
progerin in transiently transfected MEFs. (A)
Confocal fluorescence micrographs showing
localizations of GFP-progerin at the nuclear
envelope and GFP-progerin-NF in intranuclear
foci. The arrow indicates the irregular shape,
and the arrowhead points a nuclear envelope
bleb in the cells expressing GFP-progerin.

Bar: 5 pwm. (B) The diffusional mobility of
GFP-progerin-NF is higher than that of GFP-
progerin in transfected MEFs. Quantitative
experiments showing normalized fluores-
cence recovery after photobleaching in cells
transiently transfected with cDNA constructs
encoding GFP-progerin (red) or GFP-progerin-
NF (green). Normalized fluorescence of 1 is the
level before bleaching. Normalized fluores-
cence for GFP-progerin-NF is statistically
significantly higher than that for GFP-progerin
(p < 0.05 at 13 sec, 22 sec, 31 sec, 61 sec, 102
sec, 302 sec and 654 sec these time points;

n = 12 cells analyzed for GFP-progerin and

n =10 cells analyzed for GFP-progerin-NF).
Values shown are means plus or minus stan-
dard deviations. (C) Confocal immunofluores-
cence micrographs of transiently transfected
MEFs expressing GFP-progerin-NF (green) and
labeled with antibodies against RNAPII, PML
or PCNA (red) with signal overlap appearing
yellow (merge). Bar: 5 pm.

always localized primarily at the nuclear
periphery with minimal to no co-localiza-
tion with GFP-progerin-NF in intranuclear
foci (Fig. 4; see also Vid. S4). Hence, lamin
B1 appears to have a higher avidity for the
nuclear envelope than for overexpressed
intranuclear non-farnesylated progerin.
Effects of treatment with a protein
farnesyltransferase inhibitor (FTI) on
progerin localization and lamin distribu-
tion. To determine how pharmacological
blockade of progerin prenylation affects
its localization and the distribution of
lamins, we treated transfected MEFs with
an FTT (FTI-276) for 48 h. Incubation of
MEFs with 10 wM of FT1-276 blocked
protein prenylation as shown by accumu-
lation of prelamin A, which was approxi-
mately equal in amount to lamin A, and
non-farnesylated HDJ-2, a permanently
farnesylated protein (Fig. 5A). In the FTI-
treated cells, GFP-progerin was localized
primarily in intranuclear foci along with
endogenous lamin A/prelamin A (the
antibody used recognized both) and RFP-
lamin C, whereas lamin B1, which is also
a farnesylated protein, remained primarily
at the nuclear periphery in almost all of the

transfected cells (Fig. 5B; see also Vid. S5).
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Figure 2. Expression of non-farnesylated progerin alters the nuclear distribution of lamin A in
transiently transfected MEFs. Confocal fluorescence micrographs showing localizations of GFP-
progerin and GFP-progerin-NF (green signals) and immunofluorescence labeling with anti-lamin
A antibodies (red signals) in the same cells; merged images are shown at the right with signal

overlap appearing yellow (merge). Bar: 5 um.

Pharmacological blockade of protein farnesylation used in pres-
ent experiments therefore had similar effects on the distribution
of lamins as did expression of GFP-progerin-NF.

Localizations of integral inner nuclear membrane proteins
and nuclear pore complexes in cells expressing progerin or non-
farnesylated progerin. We next examined the effects of express-
ing non-farnesylated progerin on the localizations of two integral
proteins of the inner nuclear membrane and nuclear pore com-
plex proteins. We used confocal microscopy to image transiently
transfected MEFs expressing GFP-progerin or GFP-progerin-NF
and immunostained with antibodies that recognize either lam-
ina-associated polypeptide 1 (LAP1) or emerin, integral proteins
concentrated in the inner nuclear membrane, or antibodies that
recognize several proteins of the nuclear pore complex. In MEFs
expressing GFP-progerin or GFP-progerin-NF, endogenous
LAPI was always localized at nuclear periphery (Fig. 6A; see also
Vid. S6). Endogenous emerin was co-localized with GFP-
progerin at nuclear periphery. However, in cells expressing GFP-
protein-NF, emerin was localized at both the nuclear periphery as
well as in the intranuclear foci with the non-farnesylated progerin
variant (Fig. 6B; see also Vid. S6). Nuclear pore complex local-
ization was not significantly affected by the presence of intra-
nuclear foci of GFP-progerin-NF (Fig. 6C).

Interactions of lamin A and lamin C with progerin-NF.
As A-type lamins co-localized with non-farnesylated progerin
in intranuclear foci, we performed biochemical and biophysi-
cal experiments to examine their interactions. First, protein
extracts from transiently transfected MEFs expressing GFP-
lamin A, GFP-progerin, GFP-progerin-NF or GFP were sub-
jected to co-immunoprecipitation using an anti-GFP antibody
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and precipitated products detected by
immunoblotting with anti-lamin A/C anti-
bodies. Endogenous lamin A and lamin C
co-immunoprecipitated with GFP-lamin A,
GFP-progerin and GFP-progerin-NF but
not GFP; more endogenous A-type lamins
appeared to co-immunoprecipitate with
GFP-tagged lamin A and non-farnesylated
progerin compared with progerin with
similar protein inputs into the experiments
(Fig. 7A). We next used acceptor photo-
bleaching FRET to examine the molecular
interactions of lamin A and lamin C with
progerin and non-farnesylated progerin in
intact cells. In this method, FRET effi-
ciency was measured as an increase in donor
fluorescence after acceptor photobleaching.
MEFs were co-transfected with plasmids
encoding RFP-lamin A, RFP-lamin C or
RFP control (acceptors) and GFP-progerin
or GFP-progerin-NF (donors). MEFs were
also transfected with RFP-lamin A or GFP-
progerin only to calculate the cross-talk
correction factor and donor bleaching cor-
rection factor. An increase in donor fluo-
rescence was detected in nuclei expressing
GFP-progerin or GFP-progerin-NF after acceptor photobleach-
ing (Fig. 7B). Statistical analysis showed that the energy transfer
between GFP-progerin-NF and RFP-lamin A or RFP-lamin C
was statistically significantly higher than the transfer between
GFP-progerin and RFP-lamin A or RFP-lamin C (Fig. 7C),
indicating a closer association of wild type A-type lamins with
progerin-NF than with progerin. There was no significant energy
transfer between GFP-progerin or GFP-progerin-NF and RFP
(Fig. 7C). Energy transfer was independent of the intensity of
acceptor fluorescence (RFP) or donor fluorescence (GFP) in the
experiment presented, indicating the FRET was not a random
distribution effect (Fig. 7D).

Discussion

The fact that blocking farnesylation of prelamin A leads to an
intranuclear accumulation of the protein away from the nuclear
envelope was first suggested by results obtained by McKeon
and colleagues, who showed this for a CAAX motif mutant.”’
Sinensky and colleagues subsequently showed that blocking
prelamin A prenylation with lovastatin leads to its intranuclear
accumulation.” With regards to progerin, Yang et al. first
demonstrated in fibroblasts from a gene-targeted mouse model
expressing progerin, but not wild type prelamin A, that FTI
treatment mis-localized progerin away from the nuclear envelope

to the nucleoplasm in discrete intranuclear foci.'®

Several subse-
quent studies in cultured fibroblasts from human subjects with
HGPS or in progerin-transfected cells collectively showed that
blocking farnesylation of progerin led to its redistribution away

from the nuclear envelope into the nuclear interior, sometimes in
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Figure 3. Expression of non-farnesylated progerin alters the nuclear distribution of lamin C in transiently transfected MEFs. Confocal fluorescence mi-
crographs showing localizations of GFP-progerin and GFP-progerin-NF (green signals) with RFP-lamin C (red signals) in the same cells; merged images
are shown at the right with signal overlap appearing yellow (merge). Bar: 5 pum.

discrete foci and other times in a more homogenous pattern.””*!

Similar results have also been observed in cultured keratinocytes
from transgenic mice expressing progerin.”’ In fibroblasts from
two strains of knock in mice that expressed progerin with the
CSIM sequence mutated to either SSIM or CSM, progerin was
also primarily located away from the nuclear rim but localized
to structures that looked like linear folds rather than punctate
foci.**3” None of the previous studies on the effects of blocking
farnesylation on progerin localization specifically analyzed its
effects on the distribution of other A-type and B-type lamins.
Our biochemical and biophysical results further suggest that
non-farnesylated progerin associates more strongly with wild
type lamin A and lamin C than farnesylated progerin.

We have confirmed these previous findings that non-farnesyl-
ated progerin concentrates in the nuclear interior. We have now
shown that the diffusional mobility of non-farnesylated progerin
is greater than that of its farnesylated counterpart at the nuclear
periphery. We further showed that wild type A-type lamins pref-
erentially associate with mis-localized non-farnesylated progerin
in nuclei whereas the B-type lamin remains segregated from it.
These results have potential implications for the therapeutic use
of drugs that block protein prenylation to treat children with
HGPS and also for basic mechanism of lamina formation.

FTIs and other drugs that block protein farnesylation are
being studied in clinical trials of patients with HGPS.**%
However, the safety of long-term administration in such patients
remains unknown. FTTs, alone or combined with a statin and
aminobisphosphonate, have been shown to cause donut-shaped
nuclei attributable to a centrosome separation defect in mitotic

456 Nucleus

cells and blocking farnesylation of lamin Bl has been linked to
this defect.* We have seen occasional post-mitotic fibroblasts
from human subjects with HGPS showing donut-shaped nuclei
after FTT treatment (data not shown) but did not see this in
transfected cells expressing GFP-progerin or GFP-progerin-NF
with or without FTT treatment. Our result, however, suggest that
FTT treatment at certain concentrations or dosages with the pur-
pose of blocking progerin farnesylation may elicit an unwanted
cellular side effect, namely the redistribution of A-type lamins to
the nuclear interior. Deficiency of A-type lamins from the lam-
ina could lead to pathologies. Along these lines, Lmna null mice,
which have no A-type lamins in the lamina, have severe skel-
etal and cardiac myopathies and peripheral neuropathy, dying

45,46

at about 8 weeks of age.**® Human subjects with mutations
causing haploinsufficiency of A-type lamins also have severe
myopathies and sometimes peripheral neuropathy.”*® Our find-
ing that FTT treatment does not significantly affect the intranu-
clear localization of B-type lamins is consistent with previously
observations.’

We also observed a partial co-localization of emerin with
intranuclear foci of non-farnesylated progerin. Absence of emerin
from the nuclear envelope occurs in most cases of X-linked
Emery-Dreifuss muscular dystrophy.’®’' While emerin is an inte-
gral membrane protein primarily localized at the nuclear enve-
lope, the wild type protein is sometimes seen to a small extent
in intranuclear foci, probably representing nuclear envelope
invaginations.’>* Our present results in cells expressing GFP-
progerin-NF are consistent with those showing that emerin also
co-localizes with intranuclear foci of some lamin A variants that
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Figure 4. Expression of non-farnesylated progerin does not significantly alter the nuclear
distribution of lamin B1 in transiently transfected MEFs. Confocal fluorescence micro-
graphs showing localizations of GFP-progerin and GFP-progerin-NF (green signals) and
immunofluorescence labeling with anti-lamin B1 antibodies (red signals) in the same cells;
merged images are shown at the right with signal overlap appearing yellow (merge). Bar:

5 pum.

are associated with autosomal dominant Emery-Dreifuss mus-
cular dystrophy.
the inner nuclear membrane, inducing micro-invaginations of

These intranuclear foci are likely to be near

inner nuclear membrane and allowing emerin, a transmembrane
>4 The localized binding to an
A-type lamin likely prevents emerin from redistributing into the

protein, to co-localize with them.

endoplasmic reticulum, as it does in cells lacking A-type lam-
ins.® Given the observed effects of non-farnesylated progerin
on A-type lamin and emerin redistribution, monitoring subjects
with HGPS for adverse events involving striated muscle and
nerve in clinical trials of protein farnesylation inhibitors would
be prudent.

Our finding of a preferential association of lamin A and
lamin C compared with lamin B1 with non-farnesylated progerin
provide additional evidence for the existence of lamin microdo-
mains as proposed by Goldman and collaborators.” In vitro,
lamin A, lamin B1, lamin B2 and lamin C all can bind to each
other, although with different affinities leading to differences
in the stabilities of polymers composed of different lamins.’®%
Within the cell nuclei expressing these four major lamins, how-
ever, A-type and B-type lamins form separate but interacting
stable meshworks in the lamina.®® FRET experiments in nuclei
have similarly shown that lamins A and Bl polymerize in dis-
tinct homopolymers that further interact with homopolymers
of the opposite type within the lamina and the nucleoplasm.’®
Farnesylated progerin can co-assemble in nuclei with lamin Bl
and lamin A to form a mixed heteropolymer and lead to a loss
of A-type and B-type lamin segregation at the nuclear lamina.’®
Our results suggest that non-farnesylated progerin preferentially
binds to A-type lamins relative to lamin Bl. Non-farnesylated
progerin also may bind more strongly than farnesylated progerin
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to wild type A-type lamins. Hence, block-
ing farnesylation of progerin may lead to some
degree of reestablishment of A-type and B-type
lamin segregation into microdomains in HGPS.

We close by cautioning that all of our results
were obtained in transfected cultured cells.
Experiments to clearly differentiate intranuclear
localization of non-farnesylated progerin from
other A-type lamins at high resolution in animal
tissues would be fraught with obvious technical
hurdles. In perhaps the most relevant experiment
in animal tissue, Yang et al. performed an analy-
sis of non-farnesylated progerin localization in
one animal tissue, the liver.” In liver sections of
knock-in mice expressing non-farnesylated vari-
ants of progerin, they reported rarely observing
abnormal shaped nuclei yet most of the non-
farnesylated progerin was located at the nuclear
rim. Liver is not significantly affected in HGPS."?
In our own study of transgenic mice expressing
progerin in keratinocytes, we did not observe sig-
nificant intranuclear progerin in skin sections of
mice treated with either a FTT or a statin plus an
aminobisphosphonate leading to approximately
15% to 20% inhibition of protein prenylation,
although abnormal nuclear morphology was improved.*® These
mice, despite having nuclear structural abnormalities in kera-
tinocytes, had normal skin structure and function.”” All of the
observations in cultured cells may therefore not apply to all ani-
mal tissues. The effects of non-farnesylated progerin on A-type
lamin redistribution may also not be as dramatic in cells in native
tissues as they are in transfected MEFs overexpressing the pro-
tein. Nonetheless, our results clearly show that non-farnesylated
progerin has the potential to affect A-type lamin distribution and
possibly function.

Materials and Methods

Plasmid construction. We first generated a plasmid that con-
tained a cDNA for full-length human prelamin A fused to GFP at
its N-terminus by ligation of a previously described cDNA* into
the X/hol and BamHI sites of pEGFP-C1 (Clontech). To construct
an expression plasmid encoding GFP-progerin, a cDNA encod-
ing progerin in pSVF? was digested with BsszW/and BamHI and
the reaction product was ligated into the plasmid encoding GFP-
lamin A from which the coding cDNA was removed by treatment
with the same restriction endonucleases. To produce a cDNA
encoding GFP fused to non-farnesylated progerin, progerin
cDNA was used as a template for polymerase chain reaction with
a 3' oligonucleotide primer of sequence 5-ATG GAT CCT TAC
ATG ATG CTG CTG TTC TG-3". This reaction generated a
cDNA encoding a cysteine to serine substitution at amino acid
611 of progerin, changing the carboxyl-terminal CSIM to SSIM.
This ¢cDNA was digested with Bs:W/ and BamHI and ligated
into the plasmid encoding GFP-lamin A from which the cDNA
was removed by digestion with the same restriction endonuclease.
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To generate a construct encoding RFP fused to
the N-terminus of lamin C, mouse lamin C
cDNA was generated from reverse transcribed
mRNA isolated from MEFs. Restriction sites
BglIl (5') and Xbal (3') were engineered into
the cDNA by polymerase chain reaction using
primers 5-ACT AGA TCT GTC ACC CTG
CCG GCC ATG-3" and 5-TAT CTA GAT
CAG CGG CGG CTG CCA CTC A-3,
respectively. The reaction product was sub-
cloned into the pEGFP-C1 in which the EGFP
coding region was replaced by monomeric
RFP coding region.®® The plasmid encoding
RFP-lamin A has been described previously.®
Sequencing of cDNA constructs was per-
formed at the Herbert Irving Comprehensive
Cancer Center DNA Sequencing Lab at
Columbia University Medical Center.

Cell culture, transfection and FTI treat-
ment. Immortalized MEFs were cultured in
Dulbecco’s modified Eagle medium contain-
ing 10% fetal bovine serum at 37°C and 5%
CO, Cells were transiently transfected using
Lipofectamine PLUS following the manu-
facturer’s instructions (Life Technologies).
FTI-276 (Sigma) at a final concentration
of 10 wM from a stock solution in dimethyl
sulfoxide, or an equal volume of dimethyl
sulfoxide as a control, was added to cul-
ture media 4 h after starting transfection for
a total of 48 h.

Fluorescence microscopy. Fluorescence
microscopy to detect GFP or RFP fluores-
cence or fluorescence after immunostaining
was performed as described previously.””®
When imaging cells for GFP or RFP fluores-
cence, we selected those with moderate protein
expression levels defined a clear nuclear rim
fluorescence visible under the microscope and
on the screen of the Zeiss LSM Image Browser
window with detective gain set at 400-500
and a pinhole size of 256. For immunofluo-
rescence microscopy, cells cultured on cham-
ber slides were immunostained as described
previously.””®® Primary antibodies used were
rabbit polyclonal anti-lamin A (sc-20680,
Santa Cruz) at a dilution of 1:2,000 dilution,
rabbit polyclonal anti-lamin B1® at a dilu-

A FTI-276 (uM) 0 10
Prelamin A

<€—Lamin A
<—Lamin C

<&—Non-farnesylated HDJ-2
<—Farnesylated HDJ-2

<€—-actin

B..

Figure 5. Effects of FTI treatment on protein farnesylation, progerin localization and intra-
nuclear distribution of lamins. (A) FTI treatment blocks protein farnesylation in MEFs. MEFs
were incubated for 48 h with 0 wM or 10 wM FTI-276 and extracted proteins were separated
by SDS-PAGE and immunoblotted with antibodies against lamin A/C, HDJ-2 and B-actin. (B)
Treatment of MEFs with FTI leads to intranuclear localization of GFP-progerin and altered
distributions of lamin A and lamin C but not lamin B1. Confocal fluorescence micrographs
showing localizations of GFP-progerin (green signals), immunofluorescence labeling with
anti-lamin A antibodies (red signals, top row), immunofluorescence labeling with anti-lamin
B1 antibodies (red signals, middle row) and RFP-lamin C (red signals, bottom row) in cells
that were incubated with 10 wM FTI-276; merged images are shown at the right with signal
overlap appearing yellow (merge). Bar: 5 pum.

tion of 1:1,000, rabbit polyclonal anti-LAP1% at a dilution of
1:500, mouse monoclonal anti-emerin (Vector Laboratories) at
a dilution of 1:30, mouse monoclonal Mab414 anti-nuclear pore
complex (Abcam) at a dilution of 1:4,000, rabbit polyclonal anti-
HPI1® at a dilution of 1:150, mouse monoclonal anti-RNAPII
CTD repeat YSPTSPS (Abcam) at a dilution of 1:1,000, rabbit
polyclonal anti-PML (Abcam) at a dilution of 1:200 and rabbit
polyclonal anti-PCNA (Abcam) at a dilution of 1:200. Secondary

458 Nucleus

antibodies were Rhodamine Red-X-conjugated goat anti-rabbit
IgG (Jackson ImmunoResearch Laboratories) and Texas Red
goat anti-mouse IgG (Life Technologies) at a dilution of 1:200.
Microscopy was performed on a Zeiss LSM 510 META confocal
laser scanning system attached to a Zeiss Axiovert 200 inverted
microscope with spectral resolution of fluorescence labels and
excitations at 488 nm and 543 nm (Carl Zeiss). We generated
z-series by scanning a stack consisting of 15-20 optical sections
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Figure 6. Effects of expressing non-farnesylated progerin on the
distribution of two integral proteins of the inner nuclear membrane
and non-membrane nuclear pore complex (NPC) proteins. (A) Confocal
fluorescence micrographs showing localizations of GFP-progerin and
GFP-progerin-NF (green signals) and immunofluorescence label-

ing with anti-LAP1 antibodies (red signal). (B) Confocal fluorescence
micrographs showing localizations of GFP-progerin and GFP-progerin-
NF (green signals) and immunofluorescence labeling with anti-emerin
antibodies (red signals). (C) Confocal fluorescence micrographs showing
localizations of GFP-progerin and GFP-progerin-NF (green signals)

and immunofluorescence labeling with antibodies that recognize NPC
proteins (red signals). Merged images of the same cells are shown at the
right of each panel with signal overlap appearing yellow (merge). Bar:

5 pm.

using a step size of 0.36 wm in the z-axis. Stacks of images were
used to make Audio Video Interleave (AV]) files of 3-dimensional

www.landesbioscience.com

representations of nuclei using projections from the Zeiss LSM
Image Browser.

FRAP. MEFs were cultured on chambered cover glasses and
transfected as described above for analysis by FRAP. Experiments
were performed on the microscope described above using the
488 nm line with a 30mW argon laser in conjunction with a
Plan-Neofluar 40x/1.3 oil objective (Carl Zeiss). A selected area
with fixed size for each nucleus was photobleached at full laser
power (100% transmission) for 25 iterations and the fluores-
cence recovery was monitored by scanning at low power (2.1%
transmission) in 3 sec intervals for the first 30 micrographs and
8 sec intervals for another 70 micrographs. The average intensity
of the fluorescence signal was measured in the region of inter-
est using NIH Image ] software (http://rsb.info.nih.gov/ij) and
normalized to the change in total fluorescence as I = T 1/TI
as described previously.®® The mean normalized fluorescence
plus or minus standard deviations calculated from 10 to 12 cells
expressing the same fusion protein were plotted against time
after bleach using Microsoft Excel. The significance of the dif-
ference in normalized fluorescence between cells expressing the
different fusion proteins was determined using student’s t-tests at
multiple time points (13 sec, 22 sec, 31 sec, 61 sec, 102 sec, 302
sec and 654 sec).

Protein isolation, electrophoresis and immunoblotting.
Immunoblotting was performed to assess the effects of FTI
treatment on protein farnesylation in cultured cells. Proteins
were extracted from MEFs in urea isolation buffer, separated in
SDS-polyacrylamide gels, transferred on nitrocellulose mem-
branes and analyzed by immunoblotting as described else-
where.® Primary antibodies used for immunoblotting were
mouse anti-B-actin (Santa Cruz) at 1:5,000 dilution, mouse
anti-HDJ-2 (Lab Vision) at 1:500 dilution and rabbit anti-
lamin A/C (Santa Cruz) at 1:5,000 dilution. Secondary anti-
bodies were ECL-horseradish peroxidase-conjugated anti-mouse
and anti-rabbit antibodies (GE Healthcare) used at a dilution
of 1:5,000. Signals were detected using SuperSignal West Pico
Chemiluminescent Substrate Kit (Pierce) and X-ray film (Phenix
Research Products).

Co-immunoprecipitation. Protein extracts were isolated
from transiently transfected MEFs expressing GFP-lamin A,
GFP-progerin, GFP-progerin-NF or GFP, then were subjected
to co-immunoprecipitation using mouse monoclonal anti-
GFP antibody ab1218 (Abcam). Co-immunoprecipitations
were performed in triplicate with anti-GFP antibody using
the Co-immunoprecipitation Kit following the manufacture’s
instruction (Pierce). Precipitated products were separated by
SDS-PAGE and analyzed by immunoblotting with anti-lamin
A/C antibodies as described above.

FRET. MEFs grown in chamber slides were co-transfected with
plasmids expressing GFP-progerin or GFP-progerin-NF (donors)
and either RFP-lamin A, RFP-lamin C or RFP (acceptors). MEFs
also were transfected with plasmids expressing RFP-lamin A or
GFP-progerin individually to calculate correction factors. Cells
were fixed in methanol at -20°C for 6 min, washed in phosphate-
buffered saline and mounted with a mounting medium without
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Figure 7. Binding of non-farnesylated progerin to A-type lamins. (A) Immunoblot with anti-lamin A/C antibodies of co-immunoprecipitated proteins
(Co-IP) and inputs (Input) of cell extracts. MEFs transiently expressing GFP-lamin A, GFP-progerin, GFP-progerin-NF or GFP only were subjected to
immunoprecipitation with antibody against GFP. Less endogenous lamin A and lamin C was precipitated from MEFs expressing GFP-progerin than
GFP-lamin A or GFP-progerin-NF and no endogenous lamin A or lamin C was detected in precipitates from MEFs expressing only GFP. (B) Top row
shows fluorescence micrographs of a cell expressing GFP-progerin (green) and RFP-lamin A (red) with merged image (yellow) and bottom row shows a
cell expressing GFP-progerin-NF (green) and RFP-lamin A (red) with merged image (yellow). Images before photobleaching (Prebleaching), after pho-
tobleaching (Postbleaching) and energy transfer image (Transfer image) are indicated. Bar: 5,um. (C) Energy transfer efficiency between GFP progerin
or GFP-progerin-NF and RFP-lamin A, RFP-lamin C or RFP only. Transfer efficiencies were significantly higher for GFP-progerin NF than for GFP-progerin
(values shown are means plus or minus standard errors; p values calculated using Student’s t-test, two-tailed, two-sample unequal variance). No sig-
nificant difference (n.s.) was detected in energy transfer efficiency between RFP only and GFP-progerin or GFP-progerin-NF. (D) Correlation of energy
transfer efficiency and corresponding RFP-lamin A (acceptor) or GFP-progerin (donor) fluorescence intensity before photobleaching. AB_RFP: acceptor
before photobleaching (red squares); DB-GFP: donor before photobleaching (green diamonds). No correlation was observed between FRET efficien-
cies and GFP-progerin or RFP-lamin A fluorescence intensity before photobleaching; similar lack of correlation was seen between FRET efficiencies and
GFP-progerin-NF or RFP-lamin C fluorescence intensity before photobleaching (not shown).
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anti-fading agent. Cells displaying moderate levels of GFP and
RFP fluorescence were selected for FRET analysis. The RFP signal

in the whole nucleus was photobleached in 6 sec using a 561 nm
diode laser at 100% laser output using NIS element AR software

on a Nikon AIR MP inverted laser scanning confocal microscope.
Images in both channels (488 nm and 561 nm) were captured
before and after acceptor photobleaching. The donor channel was

antibodies.

corrected for crosstalk and unintentional bleaching using images

of single-transfected cells. Data analysis and calculation of energy

transfer efficiency were performed as reported previously'
the Image] software with the AccPbFRET plugin.®
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