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Reversal of the cellular phenotype in the premature aging
disease Hutchinson-Gilford progeria syndrome

Paola Scaffidi & Tom Misteli

Hutchinson-Gilford progeria syndrome (HGPS) is a childhood
premature aging disease caused by a spontaneous point
mutation in lamin A (encoded by LMNA), one of the major
architectural elements of the mammalian cell nucleusl-4.

The HGPS mutation activates an aberrant cryptic splice site

in LMNA pre-mRNA, leading to synthesis of a truncated

lamin A protein and concomitant reduction in wild-type lamin
A34, Fibroblasts from individuals with HGPS have severe
morphological abnormalities in nuclear envelope structure.
Here we show that the cellular disease phenotype is reversible
in cells from individuals with HGPS. Introduction of wild-type
lamin A protein does not rescue the cellular disease symptoms.
The mutant LMNA mRNA and lamin A protein can be efficiently
eliminated by correction of the aberrant splicing event using

a modified oligonucleotide targeted to the activated cryptic
splice site. Upon splicing correction, HGPS fibroblasts assume
normal nuclear morphology, the aberrant nuclear distribution
and cellular levels of lamina-associated proteins are rescued,
defects in heterochromatin-specific histone modifications are
corrected and proper expression of several misregulated genes
is reestablished. Our results establish proof of principle for the

HGPS.

la.l correction of the premature aging phenotype in individuals with

Hutchinson-Gilford progeria syndrome is most commonly caused
by a de novo heterozygous silent substitution at codon 608 (G608G:
GGC—GGT) of the lamin A/C (LMNA) gene®*. The mutation resides
in exon 11 of LMNA and activates an exonic cryptic donor splice site
four nucleotides upstream. The pre-mRNA derived from the mutated
allele is spliced using this aberrant donor splice site and the correct
exon 12 acceptor splice site, giving rise to a truncated LMNA mRNA
lacking the terminal 150 nucleotides of exon 11 (refs. 3,4). As a con-
sequence of the aberrant splicing event, a mutant protein, A50 lamin
A, containing a 50—amino acid internal deletion in its globular tail
domain is generated®*. Fibroblasts from individuals with HGPS are
characterized by the presence of dysmorphic nuclei with altered size
and shape, showing lobules, wrinkles and herniations upon staining
for lamin A3~ (Fig. 1a,b). Aberrant morphology (as assessed by a
nuclear envelope contour ratio of <0.7) was present in typically ~70%
of cells in several HGPS cell lines (Supplementary Table 1 online). In

addition to these well-established morphological changes, we found
several hitherto unknown defects in HGPS fibroblasts. In ~70% of
the cells, lamin B, lamin A’s major interacting partner, and several
members of the family of lamina-associated polypeptides (LAP2s)
were depleted from their typical localization at the nuclear envelope,
and the global cellular amount of these proteins was reduced up to
sixfold compared with the control cells when assessed by total cellular
fluorescence intensity measurements (Fig 1a,b and Supplementary
Table 1 online). Furthermore, ~60% of HGPS cells showed a reduction
of at least twofold in the heterochromatin protein HP1a, one of the
adaptors between the nuclear lamina and chromatin’ (Fig. 1a,b and
Supplementary Table 1 online). The reduction in HP1o coincided
with aberrant histone modification status of chromatin, with reduc-
tion or complete loss of the heterochromatin marker tri-methyl lysine
9 of core histone H3 (Tri-Me-K9)8 in ~60% of the cells (Fig. 1a,b and
Supplementary Table 1 online). Reductions in the lamina-associated
proteins, HP1o.and Tri-Me-K9 in the entire cell population were con-
firmed by western blotting (data not shown).

Using these characteristics of fibroblasts from individuals with
HGPS, we set out to ask whether the morphological and cellular
changes associated with progeria are permanent or reversible. In HGPS
cells the presence of the mutant lamin A is accompanied by a reduc-
tion in the amount of the wild-type protein and the cellular defects
could thus be the result of either a decrease in fully functional wild-
type lamin A or a dominant negative effect of the mutant A50 lamin
A. Transfection of cells from individuals with HGPS with a plasmid
simultaneously expressing untagged lamin A and green fluorescent
protein (GFP) to identify transfected cells did not lower the percentage
of cells with aberrant overall morphology compared to untransfected
cells (Fig. 1c and Supplementary Table 1 online) and was insufficient
to restore the normal cellular levels of the lamina-associated proteins
and HP 1o (Fig. 1c and Supplementary Table 1 online). Furthermore,
it did not re-establish proper histone modifications in heterochroma-
tin in HGPS cells (Fig. 1¢; Supplementary Table 1 online). Even high
levels and prolonged expression of wild-type lamin A for up to 10 d
were not effective in correcting the cellular HGPS defects (data not
shown). Identical results were obtained using a FLAG-tagged and GFP-
tagged lamin A, previously shown to complement lamin A—deficient
cells’>!! (data not shown). Analysis of the dynamic properties of the
introduced wild-type GFP-lamin A suggested that the failure to rescue
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the progeria phenotype was probably because of the inability of wild-
type lamin A to function properly in HGPS cells. In fluorescence recov-
ery after photobleaching (FRAP) experiments, recovery kinetics of
wild-type GFP-lamin A were reduced in HGPS cells as compared with
control cells (P < 0.05), indicating that wild-type lamin A becomes
more tightly associated with its nuclear binding sites in the presence
of the mutant protein (Fig. 1d,e). The observation that the cellular
behavior of wild-type lamin A is altered in the presence of the mutant
lamin A suggests a dominant negative effect of A50 lamin A in HGPS
cells. In support of this conclusion, expression of GFP-A50 lamin A
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Figure 1 Wild-type lamin A is insufficient

for phenotypic rescue of HGPS cells. (a—¢)
Immunofluorescence microscopy on primary
dermal fibroblasts from a healthy control
individual (AGO8469; population doublings:
25-30) (a) and an individual with HGPS
(AGO1972; population doublings: 25-30),
untreated (b) or transfected with wild-type lamin
A and GFP as a transfection marker (c). Cells
were stained with DAPI (blue) and antibodies
(red) against the indicated proteins. Cells with
normal staining for lamin B, LAP2, HP1a

and Tri-Me-K9, respectively, are indicated by
arrowheads in b to directly compare the cellular
level of the proteins in unaffected and affected
cells. The percentage of cells showing aberrant
phenotype is indicated. Scale bar, 10 um.

(d) FRAP analysis of wild-type GFP—lamin A in
living control and HGPS cells. Nuclei were imaged
before and during recovery after the bleach
pulse. Scale bar, 5 um. (e) Kinetics of recovery
of the fluorescence signal in the entire bleached
area. (f) Immunofluorescence microscopy on
primary dermal fibroblasts from a healthy control
individual (AGO8469; population doublings:
25-30) transfected with GFP-A50 lamin A. Cells
were stained with DAPI (blue) and antibodies
(red) to lamin A/C, lamin B or LAP2 proteins. The
green fluorescent signal from GFP-A50 lamin A is
overlaid with the DAPI signal. Scale bar, 10 um.

Tri-Me-K9

in control fibroblasts induced nuclear mor-
phological defects similar to those observed
in HGPS cells and led to a reduction in the
cellular levels of lamin B and LAP2 (Fig. 1f).

Because of the dominant negative nature
of the mutant lamin A protein, reversal of the
cellular phenotype in HGPS cells requires the
elimination of the mutant protein. To do so,
we sought to correct the aberrant splicing of
the mutant LMNA pre-mRNA. We designed a
25-mer morpholino oligonucleotide (exo11)
complementary to the region containing the
HGPS mutation in exon 11 to sterically block
the activated cryptic splice site, thus prevent-
ing the access of the splicing machinery to
the aberrant splice site!? (Fig. 2a). In con-
trast to unmodified oligonucleotides, mor-
pholinos are stable and they neither induce
RNase H degradation of the heteroduplex
nor interfere with translation'>!4, The exo11
oligonucleotide was able to correct aber-
rant splicing of a LMNA minigene in HeLa
cells (Supplementary Fig. 1 online). To test
whether aberrant splicing of the endogenous LMNA transcript could
be corrected, exo11 oligonucleotide was introduced into HGPS fibro-
blasts by two sequential electroporations. We analyzed the splicing
pattern of endogenous lamin A after 4 d by RT-PCR, using primers in
exons 9 and 12. Oligonucleotide treatment effectively blocked aberrant
splicing of endogenous LMNA mRNA with a half-maximal effect at
~7 UM and resulted in the removal of <90% of the truncated LMNA
mRNA (Fig. 2b,c). Similar results were obtained in three dermal fibro-
blast and two B-lymphocyte cell lines derived from individuals with
HGPS, indicating that correction of LMNA aberrant splicing can be
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achieved with similar efficiency in several cell types (Fig. 2b,c). We
did not observe any change in the relative amount of splice products
after treatment with a control scrambled oligonucleotide, indicat-
ing that correction of aberrant splicing occurs in an oligonucleotide
sequence—specific manner (Fig. 2b,c). The exo11 oligonucleotide was
specific for correction of the aberrant splicing event and had no effect
on other splicing events in LMNA pre-mRNA as shown by similar
RNA levels and the absence of aberrant splice products when probed
along the entire mRNA (Fig. 2d—f). Concentrations of 240 uM resulted
in a slight increase of lamin C production. This increase is probably
the result of a partial block of the normal exon 11-intron 11 junc-
tion, which shares 16 out of 25 nucleotides with the activated splice
site, resulting in the activation of the lamin C alternative splice site in
exon 10 (ref. 15; Fig. 2e,f). In agreement with previous reports show-
ing high sequence specificity of morpholino oligonucleotides!*1°, we
saw no effect on splicing of several cellular RNAs (Supplementary
Fig. 2 online).

To confirm that correction of aberrant splicing of the LMNA pre-
mRNA also resulted in a reduction of the mutant lamin A protein, we
performed western blot analysis on treated fibroblasts from individu-
als with HGPS. Titration of exol1 oligonucleotide induced progressive
reduction of mutant lamin A, leaving <5% of the protein at concentra-
tions >13.5 uM (Fig. 2g). In agreement with the effects observed at the
RNA level, wild-type lamin A did not increase upon treatment, and at
high concentrations of oligonucleotide lamin C was moderately increased
in comparison with lamin A (Fig. 2g).

We used several criteria to test whether
correction of the splicing event restored the a
normal cellular phenotype in fibroblasts
from individuals with HGPS. Treatment of
HGPS cells with 13.5 or 40 uM exoll oli-
gonucleotide corrected the morphological
abnormalities of cell nuclei in >90% of cells |

GGC>GGT

! P

HGPS

and acquired a normal ellipsoid shape indistinguishable from that of
control cells (contour ratio = 0.89 £ 0.1) (Fig. 3a—c and Supplementary
Table 1 online). The normal cellular complement of lamin B, LAP2
proteins and HP1o was restored in ~90% of treated cells (Fig. 3a—d
and Supplementary Table 1 online). Upon treatment, we observed
normal concentrations of Tri-Me-K9 in HGPS cells (Fig. 3a—c and
Supplementary Table 1 online). Finally, normal cellular behavior of
the wild-type lamin A protein was restored after correction of aberrant
splicing. In the FRAP assay, GFP—lamin A was dynamically exchanged
at similar rates in control cells and in HGPS cells treated with oli-
gonucleotide, suggesting that correction of splicing restores proper
dynamic interactions of the lamin A protein in vivo (Fig. 3e,f).

Reversal of the cellular phenotype in HGPS fibroblasts did not
require mitosis or nuclear lamina disassembly. Analysis of single liv-
ing cells expressing GFP—lamin A by in vivo imaging showed restora-
tion of normal nuclear morphology without mitosis (Supplementary
Fig. 3 online). In addition, when cell division was prevented during
oligonucleotide treatment by either contact inhibition or arrest of cells
in GO, the normal cellular phenotype as assessed by lamin A, LAP2
or HPlo staining was restored in most cells (Supplementary Fig. 3
online).

As a final criterion for restoration of normal cellular function of
HGPS cells, we analyzed the expression levels of genes that are mis-
regulated in fibroblasts from individuals with progeria. Several genes
have been shown by microarray analysis to be differentially expressed
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Figure 2 Correction of aberrant splicing in the
endogenous lamin A transcript in HGPS cells.
(a) Schematic representation of the region of
LMNA pre-mRNA targeted by exol1 antisense
oligonucleotide. The predicted splicing events
(dotted line, normal splicing; dashed line,
aberrant splicing) and the position of exo11
oligonucleotide (black bar) are indicated.
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Figure 3 Phenotypic rescue of HGPS cells by
treatment with morpholino oligonucleotide.

(a—d) Immunofluorescence microscopy on
primary dermal fibroblasts from a healthy

control individual (a) and an individual with
HGPS (AGO1972) untreated (b) or treated with
oligonucleotide (¢). Cells were stained with DAPI
(blue) and antibodies (red) to the indicated
proteins. The percentage of cells showing
aberrant phenotype is indicated. Scale bar,

10 um. (d) Low-magnification images of
untreated and treated HGPS cells. Scale bar,

35 um. (e) FRAP analysis of wild-type
GFP-lamin A in HGPS cells upon splicing
correction. A nucleus was imaged before and
during recovery after the bleach pulse. Scale bar,
5 um. (f) Kinetics of recovery of the fluorescence
signal in the entire bleached area as compared to
control and untreated HGPS cells.

Tri-Me-K9

Expression of CCL8 and MMP14 was reduced
and that of TIMP3, MMP3 and HAS3 was
increased to levels similar to control cells.
As a negative control, signal transducer and
activator of transcription 3 (STAT3), which
is unchanged by the lamin A mutation, was
not affected by the presence of the oligonu-
cleotide. These results show that correction
of the aberrant splicing defect of LMNA pre-
mRNA restores normal expression of several
genes misregulated in HGPS.

Our findings show that elimination of the
mutant HGPS lamin A protein is necessary
and sufficient to rescue the progeria cellular
phenotype in fibroblasts from individuals
with HGPS. Together with the inability to
restore the normal cellular phenotype by over-
expressing wild-type lamin A in HGPS cells,
these data indicate that the cellular defects in
cells from individuals with HGPS result from
a dominant negative mode of action of the
mutant lamin A protein. Furthermore, over-
expression of A50 lamin A in wild-type cells

LAP2

HGPS +oligo

in HGPS cells'7-18, In agreement with those results, we found by RNase
protection (Supplementary Methods online) a twofold reduction of
matrix metalloproteinase 3 (encoded by MMP3), hyaluron synthase
I (encoded by HAS3) and tissue inhibitor of metalloproteinase 3
(encoded by TIMP3), as well as a twofold increase in matrix metal-
loproteinase 14 (encoded by MMP14) and chemokine (C-C motif)
ligand 8 (encoded by CCL8) mRNA in HGPS cells as compared with
age-matched control cells (Fig. 4a,b). Upon treatment of HGPS cells
with oligonucleotide, the expression of all five genes returned to
the levels observed in age-matched healthy control cells (Fig. 4a,b).

induces abnormalities in nuclear morphology®

Control cells (Fig. 1f). The observation that in HGPS cells
3 the presence of A50 lamin A severely compro-
ok e mises the cellular behavior of wild-type lam-
ina A and the composition of the nuclear rim
is additional direct evidence for the dominant
negative role of mutant lamin A.

The reversibility of the cellular disease
phenotype by all tested criteria through
correction of the aberrant splicing event may be used as a strategy
for therapeutic purposes. The observation that cells can be rescued
independently of mitosis suggests that reversal of the cellular pheno-
type might also be feasible in nondividing tissues. Although a mouse
mutant showing several progeria symptoms!® i

P>001

o HGPS celis
+oligo

is available, this animal
model is not suitable for further testing of our approach because its
molecular basis is a L530P mutation rather than the G608G muta-
tion found in humans and does not result in simple activation of a
cryptic splice site!®. Although morpholinos and oligonucleotides of
other chemistries have successfully been used for sustained delivery in
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Figure 4 Restoration of normal gene activity in HGPS cells by treatment with

(a) RNase protection assay on control cells (CRL-1474) and HGPS cells (AG11498) subjected to
three electroporations with oligonucleotide or mock treated. A longer exposure of the gel is shown for
CCL8, MMP3, HAS3 and MMP14 because of the low expression level of those genes in comparison

with STAT3, TIMP3, MRPL32 and GAPD. (b) Quantitation of gene expression

differences of the indicated mRNA levels between untreated and treated HGPS cells and control cells.

Values are averages from at least three independent experiments + s.d.

animals and humans'>2%21, splicing correction might also be achieved
by use of trans-splicing expression systems as applied to other splicing
diseases or by use of small-molecule inhibitors?2. Whichever method
is used, our results establish proof of principle for the reversal of the
cellular effects of premature aging in progeria.

METHODS

Cell culture and transfection. Primary dermal fibroblast cell lines and lympho-
blastoid cell lines from persons with HGPS and healthy donors were obtained
from the Aging Repository of the Coriell Cell Repository (CCR) and from the
American Type Culture Collection (ATCC). HGPS fibroblast cell lines were
AGO01972 (patient age 14 years, CCR, PDs 22 at purchase), AG11498 (14 years,
CCR, PDs 10), AG03199 (10 years, CCR, PDs 10). HGPS lymphoblastoid cell

SY0) Jines were AG03506 (13 years, CCR), AG03344 (10 years, CCR). Control fibro-

blast cell lines were AG08469 (38-year-old healthy male, CCR, PDs 4) and CRL-
1474 (7 years, ATCC, PDs 12). The control lymphoblastoid cell line was AG03504
(41-year-old healthy female, CCR). Cells were grown in medium (Minimum
Essential Medium (Gibco) for fibroblasts and RPMI (Gibco) for lymphocytes)
supplemented with 15% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin
and 100 pg/ml streptomycin at 37 °C in 5% CO,. Fibroblasts were analyzed over
<30 population doublings while the cells maintained a constant growth rate with
a typical doubling time of 48 h. Electroporations were carried out with a BTX
electroporator ECM 830 (175 V, 1-ms pulse, five pulses, 0.5-s interval between
pulses). Cells were electroporated in serum-free medium at ~2 X 107 cells/ml
(fibroblasts from one 75-cm? flask at 80-90% confluence in 100 pl) in a 2-mm-
gap cuvette using either 5 lig plasmid DNA and 15 ng sheared salmon sperm
carrier DNA, or the indicated amount of morpholino oligonucleotide without
carrier DNA. Oligonucleotides were delivered in two or three rounds at 48-h
intervals for fibroblasts and at 24-h intervals for lymphocytes. To prevent cell
division, 24 h before treatment fibroblasts were either plated at 100% conflu-
ence or serum starved in 0.5% fetal calf serum. Contact inhibition and serum
starvation were maintained throughout the treatment (two deliveries over 4 d).
HeLa cells were grown in Dulbecco Modified Eagle Medium supplemented with
10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin at 37 °C in 5% CO,.

Phenotypic evaluation and statistical analysis. To quantify changes in the
cellular phenotype upon treatment, 200 cells were analyzed in each experi-
ment for each parameter. Morphological abnormalities in the nucleus of

O HGPS 13.5 uM oligo
HGPS 40 uM oligo

control and HGPS cells were quantified based on
contour ratio (47 X area/perimeter?) as described®.
The contour ratio for a circle is 1. As the nucleus
becomes more lobulated, this ratio approaches 0.
Nuclei with contour ratios <0.7 were considered
abnormal. The cellular levels of LAP2, lamin B,
HP1a and Tri-Me-K9 in the nuclei of HGPS and
control cells were quantified by imaging cells with
identical settings and measuring the average inten-
sity of the fluorescent signal in the entire nucleus
using Metamorph software. The intensity from 20
control cells was averaged and used as reference to
determine the fold reduction in every cell. Cells
showing at least a twofold reduction were consid-
ered abnormal. Statistical significance of the dif-
ferences in the percentage of abnormal cells was
determined by contingency table analysis and >
test. To assess the phenotype of HGPS fibroblasts
upon expression of wild-type lamin A, cells were
fixed 24 h, 72 h or 10 d after transfection. To assess
the phenotype of HGPS fibroblasts upon treatment
with morpholino oligonucleotide, cells were fixed
after three rounds of electroporation 7 d after the
first delivery.

MMP3

HAS3 MMP14

oligonucleotide.

. Values represent fold

Modified antisense oligonucleotide. Morpholino

oligonucleotides were purchased from Gene Tools.

Exo011:5-GGGTCCACCCACCTGGGCTCCTGAG-
3”. Control scrambled: 5'-GCTGCCACGTGACGTGGCAGCCTCC-3".

Note: Supplementary information is available on the Nature Medicine website.
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