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HUTCHINSON-GILFORD PROGERIA

Splicing-Directed Therapy in a New Mouse Model of
Human Accelerated Aging

Fernando G. Osorio," Claire L. Navarro,? Juan Cadifanos,'* Isabel C. Lopez-Mejia,*
Pedro M. Quirés,’ Catherine Bartoli,> José Rivera,* Jamal Tazi,> Gabriela Guzman,®
Ignacio Varela,' Danielle Depetris,? Félix de Carlos,® Juan Cobo,® Vicente Andrés,*
Annachiara De Sandre-Giovannoli,”” José M. P. Freije," Nicolas Lévy,>’ Carlos Lépez-Otin'*

Hutchinson-Gilford progeria syndrome (HGPS) is caused by a point mutation in the LMNA gene that activates a
cryptic donor splice site and yields a truncated form of prelamin A called progerin. Small amounts of progerin
are also produced during normal aging. Studies with mouse models of HGPS have allowed the recent development
of the first therapeutic approaches for this disease. However, none of these earlier works have addressed the ab-
errant and pathogenic LMNA splicing observed in HGPS patients because of the lack of an appropriate mouse
model. Here, we report a genetically modified mouse strain that carries the HGPS mutation. These mice accumulate
progerin, present histological and transcriptional alterations characteristic of progeroid models, and phenocopy the
main clinical manifestations of human HGPS, including shortened life span and bone and cardiovascular aberrations.
Using this animal model, we have developed an antisense morpholino-based therapy that prevents the pathogenic
Lmna splicing, markedly reducing the accumulation of progerin and its associated nuclear defects. Treatment of
mutant mice with these morpholinos led to a marked amelioration of their progeroid phenotype and substantially
extended their life span, supporting the effectiveness of antisense oligonucleotide-based therapies for treating

human diseases of accelerated aging.

INTRODUCTION

Progeroid laminopathies, including Hutchinson-Gilford progeria syn-
drome (HGPS), are human disorders of accelerated aging caused by
defects in nuclear A-type lamins. The HGPS clinical phenotype is
characterized by growth impairment, lipodystrophy (fat redistribu-
tion), dermal and bone abnormalities, and cardiovascular alterations,
leading to shortened life span (1, 2). Most HGPS patients carry a het-
erozygous point mutation within exon 11 of the LMNA gene encoding
lamin A [a C-to-T transition in the LMNA coding region at nucleotide
1824 (c.1824C>T); no putative change in the protein sequence, be-
cause both encode a glycine at amino acid position 608 (p.Gly608Gly)]
(3, 4). Lamin A is a core component of the nuclear envelope that
undergoes a complex maturation process, including the addition of
a farnesyl group and a proteolytic processing event carried out by
the metalloprotease ZMPSTE24/FACEL. The p.Gly608Gly mutation
activates a cryptic splicing donor site that leads to the accumulation
of a truncated form of prelamin A, called LAA50 or progerin, which
has an internal deletion of 50 amino acids encompassing the target
sequence for cleavage by ZMPSTE24. The accumulation of farnesylated
progerin at the nuclear envelope leads to the functional and structural
defects observed in the nucleus of affected patients (5, 6). Progerin is
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not only detected in HGPS patients but also during normal aging,
thereby adding a new level of interest to the study of the mechanisms
that underlie progerin formation and accumulation in human cells
and tissues (7, 8).

Over the past few years, several mouse models of progeroid lami-
nopathies have been generated (9-14), providing valuable information
about the molecular alterations functionally involved in these diseases
(15-18) and allowing the development of strategies to test anti-progeria
therapeutic approaches (19-22). Although some of these models, es-
pecially Zmpste24-deficient mice (9, 10), phenocopy most alterations
present in HGPS, none of them reproduce the molecular situation that
occurs at the LMNA locus of these patients. These differences have
represented a serious limitation for both the study of splicing altera-
tions in HGPS and the development of in vivo treatments with drugs
that specifically modify LMNA splicing (23). Here, we describe the
generation and characterization of a mouse model that carries the pre-
cise HGPS mutation. With this new model, we were able to test in
vivo therapies aimed at targeting the abnormal LMNA splicing that
occurs in both normal and pathological aging.

RESULTS

To generate a knock-in mouse strain carrying the HGPS mutation, we
designed a strategy for replacement of the wild-type mouse Lmna gene
with a mutant allele that carried the ¢.1827C>T;p.Gly609Gly muta-
tion, which is equivalent to the HGPS ¢.1824C>T;p.Gly608Gly muta-
tion in the human LMNA gene (Fig. 1A). In an attempt to avoid the
breeding problems present in other mouse models that express pro-
gerin (19), we designed a conditional mutant allele with a neomycin
resistance gene flanked by two loxP sites inserted in Lmna intron 10. This
cassette was able to prevent the formation of prelamin A transcripts
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by blocking lamin A-specific splicing. Therefore, this allele, which
we refer to as Lmna"“® (Lamin C-Stop), directs only the expression
of lamin C and allows study of the potential effects of lamin A defi-
ciency (Fig. 1A). We generated Lmna““* mice and crossed them with
a Cre-deleter mouse strain to obtain germline removal of the neomycin
resistance cassette (Fig. 1, A and B). As a result, we obtained offspring
that carried the Lmna“**“ knock-in allele, which expressed lamin C,
lamin A, and progerin (Fig. 1C).

To ensure the correct translation of the mutant allele, we analyzed
protein extracts from cultures of mouse fibroblasts of each genotype
by Western (immuno) blot with a specific antibody that recognizes
lamin A/C (Fig. 1C). Genomic analysis of Lmna exon 11 confirmed
the genotypes of Lmna™*, Lmna“"*, and Lmna“*"““*% mice
(fig. S1). Likewise, semiquantitative transcriptional analysis and direct
sequencing of RNA samples from several tissues confirmed that the
aberrant Lmna splicing in Lmna“***“ mice was equivalent to the
LMNA splicing error that occurs in HGPS patients (3, 4) (fig. S1).
Finally, several tissue samples from Lmna®™"*, Lmna“**“’*, and
Lmna® S mice were analyzed further by Western blotting,
which confirmed the expected lamin A/C and progerin expression
patterns (fig. S2).

A

Homozygous mice for the conditional Lmna™“* allele were in-

distinguishable from their wild-type littermates and did not show
any detectable differences in growth or longevity up to 50 weeks of
age (fig. S3), which is in agreement with previous reports on the dis-
pensability of the lamin A isoform (24). Conversely, mice that carried
the Lmna“*" allele expressed lamin C, lamin A, and progerin, repro-
ducing the same molecular situation as is present in HGPS patients.
Homozygous mice with the ¢.1827C>T;p.Gly609Gly mutation were
infertile but seemed healthy until 3 weeks of age. Subsequently, they
showed a reduction in growth rates (Fig. 2A), with a progressive loss
of weight (Fig. 2B) and the acquisition of an abnormal posture and a
marked curvature of the spine (cervicothoracic lordokyphosis) (Fig.
2D). These multiple alterations finally resulted in premature death
of these mutant mice, which have an average life span of 103 days
(Fig. 2C) compared to more than 2 years for wild-type mice. Hetero-
zygous Lmna®**“"* mice had normal weight, size, and fertility until
about 8 months of age. At that point, the mice started to lose weight,
exhibiting a process similar to that observed in homozygous mice and
causing their premature death at an average of 242 days. Both hetero-
zygous and homozygous mice that carried the ¢.1827C>T;p.Gly609Gly
mutation showed profound nuclear abnormalities as a consequence
of progerin accumulation (Fig. 2E).
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mice. (A) Schematic representation of the wild-type Lmna
locus, targeting vector, and targeted allele. Positions of restriction enzyme cleavage sites and probes
used for Southern blot analysis are shown. (B) Southern (DNA) blot analysis of genomic DNA from two
-ES cell clones and wild-type ES. Probing of Hind lll-digested DNA revealed frag-
ments of 9.8 and 8.5 kb for mutant and wild-type (wt) alleles, respectively. Probing of Bsp Hl-digested
DNA revealed fragments of 12 and 10.5 kb for wt and mutant alleles, respectively. (C) Western
(immuno) blot analysis of mouse adult fibroblasts obtained from the mice with the various genotypes
used in the study. Lamin A, lamin C, prelamin A, and progerin were detected with a monoclonal anti-

4 weeks after birth (9, 25). According-
e ly, homozygous Lmna®?*%“*”% mice
g@ likely are a better model of HGPS than
are Lmna“*"*“’* heterozygotes.
Lmna®®*?%“%%% mice of advanced
age exhibited a generalized loss of the
principal fat deposits. Microscopy analysis
of the skin revealed loss of the sub-
cutaneous fat layer and a general attrition
of hair follicles (Fig. 2F). Senescence-
associated B-galactosidase staining was
increased in liver and kidney sections
from 3-month-old Lmna“”““%% mice
when compared with age-matched wild-
type animals (Fig. 2F), reflecting a pre-
mature aging process in these animals.
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The size of most organs from homozygous mutant mice was propor-
tional to their reduced body weight (fig. S4), but the main lymphoid
organs, thymus and spleen, exhibited a marked involution relative to
wild-type animals (Fig. 2F). Similar alterations are shown by other
progeroid mouse models in association with defects in the immune
system (26, 27). Microcomputed tomography (WCT) analysis of tibias,
skull, and vertebral column revealed profound bone alterations in
Lmna“*%%'“%C mice compared to wild-type mice. Thus, the tibias
of mutant mice showed a reduction in bone density and cortical thick-
ness as well as an increased porosity (Fig. 3A). Likewise, skulls showed
a clear size reduction and smaller lower incisors, whereas vertebral
column analysis confirmed a marked lordokyphosis in homozygous
mutant mice (fig. S5, A and B). Lmna®%9’5%%C mice also showed
reduced grip strength (fig. S5C).

Moreover, mutant mice exhibited important cardiovascular altera-
tions that could be related to their premature death and that also oc-
cur in HGPS patients as well as during normal aging (28). Because
vascular smooth muscle cell (VSMC) depletion has been reported in

another progeroid mouse model (12) and in some HGPS patients (29),
we focused on the study of these cells. The number of VSMCs in the
med1a1 lager of the thoracic aorta was similar in wild-type and

aGOCIG09G mice (fig. S6A), but Lmna“*“ %% mice displayed
a s1gn1ﬁcant loss of VSMCs in the aortic arch, a region that exhibits
extensive branching and is subjected to high hemodynamic stress (Fig.
3B). Notably, the severity of this phenotype in one HGPS patient
correlated with hemodynamic stress around the site of branching
(29). Blood pressure appeared normal in Lmna®®*%“* mutant
mice (fig. S6B), but they progressively developed bradycardia between
9 and 15 weeks of age (Fig. 3B). Moreover, electrocardiographic
(ECQ) studies revealed prolonged QRS waves in LmnaCe0°6/Go0oG
mice without changes in the PR interval (Fig. 3B) relative to wild-type
mice, which indicates an alteration of heart ventricular depolarization.
Finally, we assessed heart function by transthoracic echocardiography.
Both M-mode and Simpson’s method two-dimensional (2D) echo-
cardiography of left ventricular function revealed no differences in sys-
tolic function (ejection fraction and fractional shortening) or diastolic
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Fig. 2. Phenotypes of Lmna mice. (A) Representative photographs of
3-month-old Lmna**, Lmna®®°°%*, and Lmna®¢?9%/¢%%%¢ mijce. (B)
Cumulative plot of body weight versus age. Dots represent mean values,
and error bars indicate SDs (n > 10 for each genotype) (P < 0.01 for all the
comparisons, ANOVA test). (C) Kaplan-Meier survival plots for Lmna®®°¥60%¢
(n = 12), Lmna®%%* (n = 8), and Lmna*’* mice (n = 15) [P < 0.01 for all the
comparisons, log-rank (Mantel-Cox) test]. (D) Radiograph of a 3-month-old
Lmna®e%?%/%6%%¢ mouse compared with a wild-type littermate. (E) Nuclear
envelope architecture analyzed in Lmna®**®%%°¢ and Lmna*" fibroblasts
with an anti-lamin A/C antibody and counterstained with DAPI (top panel).
The white arrowhead indicates a representative example of membrane
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blebbing in an abnormal nucleus. The plot reflects the percentage of nuclei
with abnormalities (nuclei with blebbing or irregular shape) in Lmna*”,
Lmna®*, and Lmna®?®®%%% fibroblast cell lines. Error bars represent
SDs. **P < 0.01 (two-tailed Student’s t test) compared to control (+/+)
values (bottom panel). (F) H&E staining of skin from a 3-month-old
Lmna®®9?¥e6%% moyse compared with that of a wild-type littermate (aster-
isks indicate subcutaneous fat layer). Senescence-associated B-galactosidase
activity in sections of liver and kidney from Lmna®?®°%%¢ and wild-type
littermate (top panel). Representative photographs of thymus and spleen
from Lmna®®%*®'®%%%¢ and wild-type littermates at 1 and 3 months of age
(bottom panel).
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function (mitral valve inflow velocity E to A ratio) in Limna®009¢/660%6

mutant versus wild-type mice (fig. S6C).

Lmna“®%5“S mice also showed, relative to wild-type mice,
altered circulating plasma concentrations of various hormones and
other biochemical markers. For example, at 2 months of age, the

G609G/G609G . ;
Lmna / mutant mice showed a decrease in serum glucose

concentrations, relative to wild-type mice, an alteration that worsened
with age, leading to extreme hypoglycemia at 3 months of age (Fig. 3C).
We also observed a decrease of serum glucose concentrations in hetero-
zygous Lmna®”“* mutant mice of advanced age (8 months), indicating
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Fig. 3. Bone, cardiovascular, and biochemical alterations in Lmng®®°%¢6%%¢

mice. (A) 3D image generated from pCT analysis of tibias from 3-month-old
Lmna®0%°%%%% and Lmna*’* mice (top panel). Bottom panel contains quan-
titative analysis of relative bone volumes [bone volume/tissue volume (BV/TV)],
number of trabecules per millimeter, and cortical thickness in Lmnag®®??¥c50%¢
(n = 4) and Lmna™™* (n = 4) mice. Mean values are represented, and error
bars indicate SDs. *P < 0.05; **P < 0.01 (two-tailed Student’s t test) com-
pared to control (+/+) values. (B) Representative photographs showing
VSMC depletion in the medial layer of the aortic arch (top left panel).
Cross sections were stained with DAPI and H&E. Plot represents the av-
erage from 14 to 17 independent cross sections (bottom left panel). Right
panels show the results of longitudinal studies to assess heart rate and
ECG parameters (n = 4). Heart rate is represented as the number of beats
per minute (bpm). Mean values are represented and error bars indicate
SDs. *P < 0.05; **P < 0.01; ***P < 0.001 (two-tailed Student’s t test) com-
pared to control (+/+) values. (C) Blood glucose concentrations in Lmna™*
(n = 5), 8-month-old Lmna®®* (n = 4), and 2- (n = 6) and 3-month-old (n =
6) Lmna®®?=5%%C mice, respectively (top panel). Mean values are repre-
sented and error bars indicate SDs. *P < 0.05; **P < 0.01 (two-tailed Stu-
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dent’s t test) compared to control (+/+) values. Bottom panel shows
comparisons of plasma concentrations of IGF-1, GH, insulin, leptin, and adi-
ponectin between Lmna®%¥%%%%¢ (n = 4) and wild-type littermates (n = 4).
Concentrations were normalized to the mean of control (+/+). Error bars
indicate SDs. *P < 0.05 (two-tailed Student’s t test) compared to control
(+/+) values. (D) Indirect immunofluorescence staining of YH2AX in P5 skin
fibroblasts issued from Lmna™*, Lmna®%°*, and Lmna®%*%%¢ mice
(top left panel). The number of enlarged nuclei that showed yH2AX foci
staining for each cell line is reported on the graph. Three independent
experiments were performed for each genotype. F = 4.05 (F, found varia-
tion of the group averages/expected variation of the group averages);
mean values are represented and error bars indicate SDs. **P < 0.005
(ANOVA) compared to control (+/+) values. Contribution of the genotype
to the variance: 32% (Cohen’s d Ryan test) (top right panel). Transcriptional
analysis by real-time quantitative PCR of p53 targets in 3-month-old
Lmna®®%?¥%8%%C and Lmna™"* mice (bottom panel). mRNA levels were nor-
malized to the mean of Lmna*"* liver mRNA. Error bars represent SDs. *P <
0.05; **P < 0.01; ***P < 0.001 (two-tailed Student’s t test) compared to con-
trol (+/4) values.
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that hypoglycemia might also contribute to the cardiovascular com-
promise and early death of mice that carried the ¢.1827C>T;p.Gly609Gly
mutation. In addition, Lmna®®%“%“ mice showed decreased serum
levels of insulin-like growth factor 1 (IGF-1), insulin, and leptin and
increased levels of growth hormone (GH) and adiponectin relative to
wild-type mice (Fig. 3C).

As a measure of genotoxic stress, we analyzed histone YH2AX
levels—a marker for the amount of nuclear DNA double-strand
breaks—in the nuclei of cultured fibroblasts from mice of the various
genotypes (Fig. 3D). Most (81%) Lmna®°%%%%C fiproblasts at pas-
sage 5 (P5) contained large and abnormally shaped nuclei with foci
that were highly stained with anti-yH2AX antibodies. Similar abnor-
mal nuclei were identified in 24% of Lmna®®"* fibroblasts and in
3% of Lmna™" fibroblasts (Fig. 3D).

To elucidate the molecular pathways that underlie the phenotypic
alterations described in Lmna®**““***® mice, we analyzed the
transcription profiles of livers from Lmna“***“'“***“ mutant mice
and wild-type littermates using complementary DNA (cDNA) hybrid-
ization to DNA microarrays. A large number of genes showed repro-
ducible changes in their expression levels in the mutant mice,
consistent with the critical roles of nuclear lamins in chromatin struc-
ture and function (30) (table S1). From these data, gene set enrichment
analysis (GSEA) was used for an unbiased identification of molecular
pathways that were significantly altered in these mice (31). This analysis
revealed a very strong correlation between the transcriptional alterations
detected in these Lmna®***%“%G and Zmpste24-deficient mice (32),
supporting the existence of a common transcriptional signature in
two different models of progeroid laminopathies.

Functionally, most of the pathways that were significantly enriched
in Lmna®%%“*%C samples are associated with stress responses. Thus,
the p53 tumor suppressor pathway (Fig. 3D) and the ATM (ataxia
telangiectasia mutated)-related pathway are significantly up-regulated
in Lmna®%%“%% mice, probably as a consequence of unrepaired
DNA damage caused by progerin accumulation (33). We previously
hypothesized that these alterations, including chronic activation of the
p53 pathway, are drivers of the senescent phenotype displayed by
these mice (32). Moreover, the list of genes that were overexpressed
in the Lmna“*"*““*“ mutant mice relative to wild-type animals
contains a significant number of components of the hypoxia response
pathway mediated by induction of the HIF-1la (hypoxia-inducible
factor 1a) transcription factor (fig. S7). This pathway recently was as-
sociated with metabolic changes in a mouse model of progeria and
could be involved in the serum glucose alterations seen in these mice
(34). Other pathways that were down-regulated in Linna“®*%00%¢
mice are related to metabolic processes such as fatty acid metabo-
lism, oxidative phosphorylation, and mitochondria biogenesis (figs.
S7 and S8).

The marked similarities in the molecular alterations observed in
Lmna®*”S mice and HGPS patients prompted us to develop an in
vivo therapeutic approach based on the use of morpholino antisense
oligonucleotides (35). Morpholinos are small modified oligonucleo-
tides that can block splicing events by preventing access of the
splicing machinery to the splice sites (36). In contrast with other un-
modified oligonucleotides, morpholinos are stable and do not induce
ribonuclease (RNase) H-driven degradation of the morpholino-
RNA heteroduplex. Previous in vitro studies have demonstrated
how a 25-nucleotide morpholino that specifically binds the human
€.1824C>T;p.Gly608Gly HGPS mutation in the altered LMNA
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transcript can restore normal LMNA splicing in fibroblasts from
HGPS patients, correcting the main pathological alterations of these
cells, including nuclear abnormalities and mislocalization of other
nuclear envelope proteins (23). The lack of phenotypic alterations
in mice homozygous for the Lmna"“® allele (fig. $3) prompted us
to design a new approach based on modulation of Lmna splicing
through interfering with the lamin A-specific splice donor site.

Thus, we designed a 25-nucleotide morpholino (MmEx10) that
bound to the exon 10-lamin A splice donor site (Fig. 4A). In addition,
using the same coordinates as were specified in the original human
HGPS targeting experiments (23), we designed another 25-nucleotide
morpholino that bound the ¢.1827C>T;p.Gly609Gly mutated
sequence in the region of the Lmna transcript that corresponded to
exon 11 (MmExI11), to test whether the combined administration of
both morpholinos could be more effective at reducing progerin
amounts than the separate administration of each individual oligo-
nucleotide. In an initial attempt to evaluate the effects of these mor-
pholinos on splicing of the Lmna“**’“ allele, we transfected the
oligonucleotide reagents into a fibroblast cell line derived from a het-
erozygous mouse that carried the ¢.1827C>T;p.Gly609Gly mutation
and found that both MmEx10 and MmEx11 morpholinos each re-
duced progerin amounts in a dose-dependent manner; MmEx10
was more effective than MmEx11 at reducing progerin concentrations
when the morpholinos were administered separately (30% reduction
in 10 uM MmEx11-treated cells when compared to untreated cells;
40% reduction in 10 uM MmEx10-treated cells when compared to
untreated cells; P < 0.01). When the two reagents were administered
to cells at the same time (at a final concentration of 40 uM), progerin
amounts were reduced to undetectable levels (Fig. 4B). We obtained
similar results after using the human equivalents of the morpholinos
in an HGPS fibroblast cell line (Fig. 4B). We also observed that pro-
gerin reduction mediated by administration of morpholinos correlated
with the correction of nuclear abnormalities in a cell line carrying the
homozygous ¢.1827C>T;p.Gly609Gly mutation and in an HGPS fi-
broblast cell line (fig. S9). Thus, both independent administration of
each morpholino and their combined administration were able to re-
duce, in a dose-dependent manner, the percentage of cells with nucle-
ar abnormalities to wild-type levels (Fig. 4C).

On the basis of these in vitro studies, we next explored the effect
of these antisense oligonucleotides on the progeroid phenotype of
Lmna®5%°/%%G mice. To this end, we chose a vivo-morpholino
delivery approach. Vivo-morpholinos consist of a morpholino oligo-
nucleotide with a covalent link to an octa-guanidine dendrimer that
facilitates efficient delivery into most mouse tissues (37). To attempt to
obtain a maximum in vivo reduction of progerin concentrations, we
treated mice either with a control vivo-morpholino or with a combi-
nation of MmEx10-MmEx11 vivo-morpholinos. Mutant mice treated
with MmEx10-11 showed significantly improved body weights, re-
duced degrees of lordokyphosis, and extended life spans (Fig. 4D).
Thus, the mean survival of treated Lmna®*““**“ mice was extended
from 111 to 155 days, and the maximum survival from 119 to 190 days
(P < 0.001; Fig. 4D). No significant differences were recorded in sur-
vival or body weight between untreated and control vivo-morpholino—
treated Lmna®*”%%%%¢ mice (Fig. 4D). To assess the direct effect of
morpholino treatment, we carried out reverse transcription-polymerase
chain reaction (RT-PCR) experiments and Western blot analyses on
mice tissues, which demonstrated clear reductions in progerin mRNA
and protein concentrations, respectively, in all tissues analyzed except
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skeletal muscle, in which we could detect only a slight reduction in
progerin concentrations (Fig. 4E and figs. S10 and S11).

To evaluate the biological effect of morpholino treatment in the re-
version of the phenotypical alterations displayed by Lmna“®%%°¢
mice, we analyzed the abundance of several p53 targets in treated mice
as a marker of the senescent phenotype, and remarkably found a more
than fivefold reduction in Cdknla, Gadd45g, and Atf3 mRNA levels in
the liver of MmEx10-11-treated Linna®”“ % mice in comparison

Exon 11
c>t (G609G)

A Exon 10 Exon 12

Lamin A

with Lmna®%%%%C _yntreated mice (fig. S12A). MmEx10-11-treated
mice also showed significantly increased serum glucose concentrations
compared with untreated Lnmna®”%“%S mice (P < 0.01, two-tailed
Student’s t test) (fig. S12B), a thicker subcutaneous fat layer, and re-
duced staining for senescence-associated B-galactosidase activity in kid-
ney. Treated Lmna®*““***S mice also showed a reduced involution of
thymus and spleen compared with untreated Lmna®”“”¢ mice
(fig. S12C).
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Fig. 4. Prevention of progeroid phenotypes upon treatment with anti-
sense morpholino oligonucleotides. (A) Schematic representation of the
morpholino-based strategy for Lmna splicing modulation. (B) Western
(immuno) blot analysis of mouse G609G/+ fibroblasts (MF) treated with
varying concentrations of morpholinos MmEx10 and MmEx11 (top pan-
el). AG01972c HGPS fibroblasts (HF) treated with varying concentrations
of morpholinos HsEx10 and HsEx11 (bottom panel). Lamin A, lamin C,
and progerin were detected with a monoclonal antibody against lamin
A/C (Manlac-1). B-Actin was used as a loading control. As a specificity
control, human morpholinos were used in mouse cells and mouse mor-
pholinos were used in human cells at their maximum concentrations. (C)
Nuclear envelope architecture analyzed in an Lmna®?*%%5%°€ fiproblast
cell line treated with varying concentrations (uM) of MmEx10 and
MmEx11 morpholinos. Top panel shows Western blot analysis of lamin
A/C in morpholino-treated cells. Bottom panel shows a quantitative
analysis of nuclear abnormalities (right) and a representative photograph
(left) of Lmna®?%%%%C_yntreated and morpholino-treated cells. White arrow-
heads indicate representative examples of abnormal nuclei. For each mor-
pholino concentration, 300 nuclei were analyzed. Mean values are
represented and error bars indicate SDs. **P < 0.01 (two-tailed Student’s
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et 6(\3\* e’d(" \)Sc'\e
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t test) compared to values of untreated cells. (D) Representative photo-
graph of a 3-month-old Lmna*’* mouse, a Lmna®*°“’®4%*¢ mouse, and a
Lmna®?%/%%%¢ mouse treated with a combination of MmMEx10-MmEx11
(6 mg/kg per day) (left panel). Kaplan-Meier survival plot (middle-left panel)
showing a significant increase in life span in MMEx10-MmEx11-treated
(n = 8) compared with untreated (n = 5) and control vivo-morpholino-treated
Lmna®%?%5%%%C mjce (n = 5) (P < 0.01 for the comparison between MmEx10-
MmEx11-treated and nontreated Lmna®’*“6%%¢ mice; P < 0.01 for the com-
parison between MmEx10-MmEx11 and control-treated Lmna®6%9%/¢609¢
mice; log-rank/Mantel-Cox test). Middle-right panel shows a body weight
versus age plot of untreated, control vivo-morpholino-treated, and MmEx10-
MmEx11 vivo-morpholino-treated Lmna®®°®®%%¢ mice. Mean values are
represented and error bars indicate SDs (P < 0.01 for the comparison be-
tween MmEx10-MmEx11-treated and untreated Lmna®?%©%%%¢ mice;
P < 0.01 for the comparison between MmEx10-MmEx11-treated and
control-treated Lmna®?°%%%%?% mice; ANOVA test). (E) qRT-PCR analysis
of progerin mRNA in various tissues from MmMEx10-11 vivo-morpholino-
treated (n = 3) and untreated Lmna®?%%5%% (n = 3) mice. mRNA levels
were normalized to the mean of untreated animals. Error bars indicate
SDs. *P < 0.05; **P < 0.01 (two-tailed Student’s t test).
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DISCUSSION

We have previously provided preclinical proof of principle that the
combined use of statins (pravastatin) and aminobisphosphonates
(zoledronate) could ameliorate several HGPS parameters, including
growth, bone density, and survival, by reducing progerin prenylation
(20). On the basis of these findings, together with additional work
from other groups (19), two clinical trials were designed and are on-
going in children affected with HGPS (ClinicalTrials.gov #NCT00731016
and #NCT00916747). These therapeutic approaches are aimed at re-
ducing progerin toxicity by pharmacologically inhibiting its prenylation,
whereas the one we propose in this study aims to lower the intra-
cellular quantities of the mutant protein itself. The preclinical in vivo
success of this approach in the Lmna®®¢ knock-in mouse model,
which most closely mimics the genetics and pathophysiology of HGPS
in patients, represents a fundamental proof of concept in the field of
progeria therapeutics.

We have shown that Lmna®*® knock-in mice constitute a val-
uable model for the study of human accelerated aging syndromes
because they recapitulate most of the described alterations asso-
ciated with HGPS. The accumulation of progerin in Lmna“**® %50
tissues is responsible for a progeroid syndrome characterized by a
shortened life span, reduced body weight, and bone and cardiovascular
abnormalities. The cardiovascular phenotype evident in the Lmna*”
mice resembles that of HGPS patients, as assessed by the loss of VSMCs
and the alterations in ECG parameters. These similarities are a unique
feature of this animal model when compared with previously available
models of HGPS (38) and may facilitate further studies about the role of
A-type lamins in cardiovascular pathophysiology during normal and
pathological aging.

In addition, Lmna®® knock-in mice may help to clarify the
relevance of systemic factors as regulators of aging. Recent work has
pinpointed metabolic alterations in several mouse progeria models
(15, 21, 27, 39). Accordingly, Lmna®’* %% animals also exhibited
changes in several metabolic parameters, including blood insulin,
leptin, and adiponectin concentrations, which are probably related
to the altered glucose and lipid metabolism displayed by these mice.
Likewise, Lmna“*”*““**% showed a marked dysregulation of the
somatotroph axis, with a reduction and increase in blood levels of
IGF-1 and GH, respectively, a situation that resembles a GH resistance
condition known as Laron syndrome (40, 41).

We have also demonstrated in this work that the combined admin-
istration of two antisense oligonucleotides that block the aberrant
splicing in Lmna caused by the ¢.1827C>T;p.Gly609Gly mutation re-
duces progerin amounts in vivo. The fact that we could not observe a
significant reduction of progerin levels in skeletal muscle could be the
result of lower vivo-morpholino uptake in this tissue compared with
liver or kidney, in which progerin expression was markedly down-
regulated. Notably, we have also shown that progerin reduction
mediated by vivo-morpholino treatment significantly expands the life
expectancy of Lmna®*““*% mice and ameliorates most phenotyp-
ical and molecular alterations in these animals relative to untreated
mice, including a significant reduction in the expression of p53 target
genes and a normalization of blood glucose levels.

Together, these findings provide an in vivo demonstration of the
feasibility of ameliorating the characteristic alterations caused by
progerin-linked premature aging through splicing modulation. Our
results also suggest that these reagents might be tested in a future clin-
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ical trial for the treatment of HGPS. Setting up of therapeutic trials for
rare diseases such as progeroid syndromes (38, 42) is extremely
challenging because of the lack of extensive clinical longitudinal
studies with homogeneous evaluation parameters on cohorts of pa-
tients, which hinders the definition of homogeneous therapeutic out-
come measures and endpoints. Also, multicentric trials are difficult to
organize because of the very low number of patients within a single
country, which hampers the strict application of identical protocols in
various participating clinical investigation centers.

These difficulties have often prevented translation from established
therapeutic proofs of principle to phase 1 and 2 clinical trials. How-
ever, the ongoing clinical trials in HGPS patients mentioned above
have demonstrated the feasibility of designing and conducting a ther-
apeutic trial for progeria and may serve as a basis for the design of a
novel protocol that tests the oligonucleotides used in the present study.
Furthermore, the development of this splicing-directed protocol for
HGPS treatment may be facilitated by antisense oligonucleotide-based
therapies that have already displayed preclinical efficacy in several
other diseases (43) and are being currently tested in clinical trials for
Duchenne muscular dystrophy (44).

MATERIALS AND METHODS

Gene targeting of Lmna gene

DNA fragments for the arms of the gene-targeting vector were gen-
erated by PCR of genomic DNA from 129/Ola embryonic stem (ES)
cells. A 4.4-kb 5’-homology arm, spanning from exon 3 to the middle
of exon 10, was amplified and cloned in the 5'-polylinker of a modi-
fied PGKNeotpalox2 vector into which we had previously introduced
the thymidine kinase selection gene. Next, we cloned the 5.6-kb 3'-
homology arm, which spanned from exon 10 to the end of the gene,
in the 3'-polylinker of PGKNeotpalox2. To this end, we amplified and
cloned two subfragments. The first one, which spanned to the end of
exon 11, was amplified with a reverse oligonucleotide that contained the
¢.1827C>T mutation. Vector integrity was verified by DNA sequencing
and restriction mapping. The targeting vector was linearized and electro-
porated into strain 129/Ola ES cells. To identify clones that carried the
targeted Lmna"* allele, we performed Southern (DNA) blot analysis of
Hind III- and Bsp HI-digested genomic DNA. The probes detected
9.8- and 10.5-kb fragments, respectively, in the recombinant allele.
Mouse genotyping was performed by PCR of genomic DNA with the
following oligonucleotides: 5'-AAGGGGCTGGGAGGACAGAG-3/,
5'-AGTAGAAGGTGGCGCGAAGG-3', and 5'-AGCATGCAATAG-
GGTGGAAGGA-3'. The PCR fragment consisted of 340 base pairs
(bp) from the Lmna"“ allele and 100 bp from the wild-type allele. Tar-
geted 129/Ola ES cells were microinjected into C57BL/6 mouse blasto-
cysts to produce chimeric mice that were then crossed with C57BL/6
mice to generate heterozygous Lmna"“® mice. Electroporation of the
targeting vector and microinjection of ES cells were performed in the
facilities available at Centre D’Immunologie de Marseille-Luminy
(Marseille-Luminy, France) under the supervision of B. Malissen. To
generate mice that carry the Lmna®" allele, we crossed Lmna"“® mice
with transgenic mice that express constitutive cytomegalovirus Cre
recombinase (Jackson Laboratory), and we verified cassette excision
by PCR. The nomenclature for the description of sequence variants
follows the Human Genome Variation Society guidelines given at
http://www.hgvs.org/mutnomen/. The reference sequences used for
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sequence variation description were as follows: human LMNA
NM_170707.2 and mouse Lmna NM_001002011.2.

Animal experiments

We performed animal experiments in accordance with the guidelines
of the Committee for Animal Experimentation of the Universidad de
Oviedo and the Regional Ethics Committee for Animal Experimenta-
tion (Provence Committee). pCT analyses of bones were performed
with a uCT Skgscan 1172 system (Skyscan). Forepaw strength of
Lmna®%%%%C [ mna®**, and Lmna*"* male mice was measured
with a strain gauge sensor (Bioseb). We administrated combined vivo-
morpholinos (Gene Tools, LLC) MmEx10-MmEx11 at a concentra-
tion of 6 mg/kg each in phosphate-buffered saline (PBS) through tail
vein injection twice per week. Control vivo-morpholino was admin-
istrated according to the same routine at a concentration of 12 mg/kg
in PBS. Mice were treated for 12 weeks, starting at the age of 6 weeks.
Treatment with vehicle alone or control vivo-morpholinos did not
produce any apparent damage or stress in control mice. For histology
analysis, we fixed samples with 4% paraformaldehyde in PBS, pro-
cessed the resulting preparations into serial paraffin sections, and
stained each with either 4’',6-diamidino-2-phenylindole (DAPI) or he-
matoxylin and eosin (H&E).

>

Genomic and transcriptional characterization

DNA was extracted from mouse tails following standard proce-
dures. Genotyping was performed with the following primers:
DNA-Mm-Lmna forward, 5'-GGTTCCCACTGCAGCGGCTC-3’
(exon 11), and DNA-Mm-Lmna reverse, 5'-GGACCCCACTCCC-
TTGGGCT-3’ (intron 11). Direct sequencing was performed with
an ABI Prism 3130XL automatic sequencer (Applied Biosystems).
Total RNA was extracted with PureLink RNA Mini Kit (Invitrogen)
and treated with deoxyribonuclease (Invitrogen). Total RNA (500 ng)
was retrotranscribed with the high-capacity reverse transcription kit
(Applied Biosystems). PCR primers that encompassed exon 11 were
used for both amplification and sequencing: Mm-Lmna 10 forward,
5-AGAGCTCCTCCATCACCACCGT-3', and Mm-Lmna 12 reverse,
5-TGCCTGGCAGGTCCCAGATT-3'.

Morpholino sequences

The morpholino oligonucleotides used in this study were as follows:
MmEx10 (5'-GCTGCCACTCACACGGTGGTGATGG-3'), MmEx11
(5"-GGATCCACCCACCTGGGCTCCCGCT-3'), and a negative control
(5'-CCTCTTACCTCAGTTACAATTTATA-3') for mouse cells and
in vivo experiments, and HsEx10 (5'-GCTACCACTCACGTGGTGGTG-
ATGG-3") and HsEx11 (5'-GGGTCCACCCACCTGGGCTCCTGAG-
3’) for human cell experiments (Gene Tools, LLC).

Cell culture

We extracted mouse fibroblasts from 8-week-old ears as previously
described (32). Human skin fibroblasts from control subjects
(AG10803) and patients who carried the HGPS p.Gly608Gly mutation
(AG01972c) were obtained from the Coriell Cell Repository. We
maintained all cultures in Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco) and 1% antibiotic-
antimycotic (Gibco). For transfection of the morpholinos, we followed
the manufacturer’s instructions (Gene Tools, LLC). Briefly, cells were
plated at a high density (80%), and varying amounts of each morpho-
lino were added to the cell cultures. Next, we added endoporter reagent
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at a final concentration of 6 uM (Gene Tools, LLC). Cells were retrans-
fected 48 hours later following the same routine. Western (immuno)
blot and inmunofluorescence analyses were performed 96 hours after
the first transfection of the morpholinos. Analyses in primary mouse
fibroblasts were performed at P5 and in HGPS human fibroblasts at
passage 16.

Western (immuno) blot analysis

Cultured cells were washed twice with 1x PBS and resuspended in
2x Laemmli buffer. Tissues were snap-frozen in liquid nitrogen.
Frozen tissues (~50 mg in each sample) were homogenized in 300 pl
of 100 mM tris-HCI (pH 7.4), 2% SDS, and 50 mM EDTA with a
Polytron homogenizer. Protein concentration was evaluated with the
bicinchoninic acid technique (Pierce BCA Protein Assay Kit). Equal
amounts of proteins were loaded onto 8% SDS-polyacrylamide gels.
After electrophoresis, gels were electrotransferred onto nitrocellulose
membranes or Immobilon-FL polyvinylidene fluoride membranes
(Millipore), blocked with 5% nonfat dry milk in TBS-T buffer [20 mM
tris (pH 7.4), 150 mM NaCl, and 0.05% Tween 20] or in Odyssey
Blocking Buffer diluted 1:1 in PBS for 1 hour at room temperature,
and incubated overnight at 4°C or 1 hour at room temperature with var-
ious primary antibodies: 1:500 monoclonal anti-lamin A/C (Manlac-1,
provided by G. Morris), 1:1000 goat polyclonal anti-lamin A/C (sc-20681
and sc-6215, Santa Cruz Biotechnology), 1:40,000 monoclonal anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (MAB374,
Millipore), 1:10,000 anti-o-tubulin (T6074, Sigma), or 1:10,000 anti—f-
actin (AC-40, Sigma). Finally, blots were incubated with 1:10,000 goat
anti-mouse horseradish peroxidase (HRP) (Jackson ImmunoResearch
Laboratories) in 1.5% nonfat milk in TBS-T or 1:15,000 IR-Dye 800-
conjugated secondary donkey anti-goat and anti-mouse antibodies in
Odpyssey blocking buffer. Then, we washed and developed the immuno-
reactive bands with Immobilon Western chemiluminescent HRP substrate
(Millipore). For IR-Dye 800 detection, an Odyssey Infrared Imaging
System (LI-COR Biosciences) was used.

Immunofluorescence analysis

Cells were fixed in 4% paraformaldehyde solution, rinsed in PBS, and
permeabilized with 0.5% Triton X-100. A different permeabiliza-
tion step was needed for YH2AX staining, which was performed with
a 0.1% sodium citrate and 0.1% Triton X-100 solution. The anti-
bodies used were anti-lamin A/C (Manlac-1, 1:50) or anti-yH2AX
(Millipore, 1:300). Cells were incubated with primary antibodies di-
luted in PBS (supplemented with 1% bovine serum albumin) for
1 to 3 hours at 25°C. After washes with PBS, slides were incubated with
1:100 rhodamine-conjugated donkey anti-mouse secondary antibody
(Jackson ImmunoResearch Laboratories) for 1 hour at 25°C. After
the final washes, nuclei were counterstained with DAPI (Roche), and
slides were mounted in Vectashield mounting medium (Vector). Micro-
photographs were recorded with an Axioplan-2 Zeiss fluorescent mi-
croscope (Zeiss), and images were captured with a charge-coupled
device camera (Photometrics SenSys). The nuclei of progeroid and nor-
mal fibroblasts were then counted (n = 300 for each experiment).

RNA preparation and quantitative RT-PCR

Collected tissue was immediately homogenized in TRIzol reagent
(Invitrogen) and processed through alcohol precipitation. RNA pellets
were then washed in cold 75% ethanol and resuspended in nuclease-
free water (Ambion), and the samples were quantified and evaluated
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for purity (260-nm/280-nm ratio) with a NanoDrop ND-1000 spec-
trophotometer. cDNA was synthesized with 1 to 4 ug of total RNA
with the ThermoScript RT-PCR system (Invitrogen). For detection
of aberrant splicing of the Lmna gene, the following oligonucleotides
were used: Lmna-9F (5-GTGGAAGGCGCAGAACACCT-3’) and
Lmna-12R (5-GTGAGGGGGGAGCAGGTG-3'). The oligonucleo-
tides used for specific amplification of the lamin C-encoding mRNA
transcript were Lmna-7F (5'-CCAGCCCTACCTCGCAGC-3’) and
Lmna-10R (5'-GCGGCGGCTGCCACTCAC-3') (23). Mouse Gapdh
mRNA was used as an endogenous control, and the corresponding
c¢DNA was amplified with the following primers: Gapdh-F (5'-
GTGCAGTGCCAGCCTCGTCC-3') and Gapdh-R (5-GCCACTGCA-
AATGGCAGCCC-3'). Quantitative RT-PCR (qRT-PCR) was carried
outin triplicate for each sample with 20 ng of cDNA, TagMan Universal
PCR Master Mix, and 1 pl of the specific TagMan custom gene expres-
sion assay solution for the gene of interest (Applied Biosystems). For the
mouse progerin qRT-PCR experiments, the following oligonucleotides
and probe were used: MmProgerin_fwd (5'-TGAGTACAACCTGC-
GCTCAC-3'), MmProgerin_rev (5-TGGCAGGTCCCAGATTACAT-3'),
and MmProgerin_probe (5'-CGGGAGCCCAGAGCTCCCAGAA-
3’). As an internal control for the amount of template cDNA used, gene
expression was normalized to amounts obtained for the mouse Gapdh
endogenous control.

Heart analysis and blood pressure

We anesthetized mice with 2.5% sevoflurane and used a Vevo 2100
transthoracic echocardiograph equipped with a 30-MHz mouse
ultrasound probe to assess left ventricular function and ECG param-
eters (PR and QRS intervals) with the VevoStrain software (Visual
Sonic). Blood pressure and heart rate were measured with a non-
invasive automated tail-cuff device (Visitech System BP2000). Mice
were trained on a daily basis for 1 week, and then measurements were
taken on a weekly basis at the same time in the morning. For more
accuracy, the first 10 of 20 measurements were discarded, and mean
values of the last 10 measurements for individual mice were used for
analysis.

Blood and plasma parameters

Animals were starved for 6 hours before measurement to avoid any
possible alteration in blood glucose concentrations as a result of food
intake. Blood glucose was measured with an Accu-Chek glucometer
(Roche Diagnostics) using blood from the tail vein. For other
measured parameters, blood was extracted directly from the mandib-
ular sinus after anesthetizing mice with isoflurane. To obtain plasma,
we centrifuged blood immediately after collection at 3000g at 4°C, and
we collected the supernatant and stored it at —20°C until analysis.
Plasma IGF-1 concentrations were determined with the Quantikine
ELISA (enzyme-linked immunosorbent assay) kit (R&D Systems),
whereas plasma GH concentrations were measured with the Linco
ELISA kit. For plasma insulin, leptin, and adiponectin measurements,
we used Millipore ELISA Kits. All protocols were performed according
to the manufacturer’s instructions.

Transcriptional profiling

Total RNA was isolated with an RNeasy kit (Qiagen). Double-stranded
cDNA was synthesized with the SuperScript cDNA synthesis kit
(Invitrogen). In vitro transcription was carried out with the Bio-
array high-yield RNA transcript labeling kit (Enzo Diagnostics).
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The biotin-labeled complementary RNA (cRNA) was purified, frag-
mented, and hybridized to a GeneChip Mouse Gene 1.0 ST Array
(Affymetrix). Washing and scanning were performed with a Fluidics
Station 400 and GeneChip Scanner (Affymetrix). After scanning, raw

data were processed with the RMAExpress program (http://RMAExpress.
bmbolstad.com) using default settings.

Gene set enrichment analysis

GSEA was performed as described in the original citation (31). For
data analysis, we used GSEA release 2.06 and MSigDB release 2.5
(http://www.broadinstitute.org/gsea/index.jsp). Weighted enrichment
scores were calculated with gene expression lists ranked by signal-
to-noise ratio. The maximum gene set size was set to 500 genes; the
minimum gene set size was set to 20 genes; the number of permutations
was set to 1000. Analyses were performed with a collection of gene sets
from curated genes and canonical pathways. Selected enriched pathways
had a relaxed false discovery rate of <0.25 and P < 0.01.

Statistical analysis

We performed statistical analysis of the differences between mouse
cohorts or treated and untreated cells with a two-tailed Student’s ¢ test.
In experiments with more than two groups, differences were analyzed
by multifactorial one-way analysis of variance (ANOVA). We per-
formed statistical analysis on the differences between positive nuclei in
indirect immunofluorescence experiments with ANOVA and Cohen’s
d Ryan test. The analysis of covariance (ANCOVA) with the body
mass as the covariate was used to analyze the grip strength test results.
We used Microsoft Excel or GraphPad Prism software for calculations
and expressed the results as the means + SDs.

SUPPLEMENTARY MATERIAL
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Fig. S1. Genomic sequencing of Lmna exon 11 in Lmna*’*, Lmna®%“*, and Lmna
mice.

Fig. S2. Western (immuno) blot analysis of human control fibroblasts (AG10803), human HGPS
fibroblasts (AG01972c), and tissues from Lmna™"*, Lmna®®%*, and Lmna®®%?%/5%%¢
Fig. S3. Phenotypic characterization of Lmng“*<*
Fig. S4. Organ size evaluation in 3-month-old Lmna
Fig. S5. uCT analysis of bone alterations in Lmng®®?%/¢6%%¢
Fig. S6. Cardiovascular phenotype of Lmna®®?°%/%%%%¢ mice.
Fig. S7. Enrichment score plots from GSEA-extracted representative pathways containing
genes enriched in Lmna®®°%%%%?¢ mice samples.

Fig. S8. Enrichment score plots of GSEA-extracted representative pathways containing genes
enriched in Lmna** mice samples.

Fig. S9. Nuclear envelope architecture analyzed in an HGPS fibroblast cell line (AG01972¢)
treated with HsEx10 and HsEx11 morpholinos.

Fig. S10. RT-PCR analysis in tissues from Lmna”*, untreated LmnaGsagG/GsogG, and MmEx10-11-
treated LmnaGéUQG/G&OQG and Lmn065096/+
Fig. S11. Western (immuno) blot analysis of lamin A/C in tissues from treated and untreated
Lmnq@6096/G609G
Fig. S12. Phenotypic characterization of MmEx10-11-treated Lmna mice.

Table S1. Affymetrix Mouse Gene 1.0 ST probes showing the greatest increase or decrease
(P < 0.005) in liver from Lmna®®%?®/%%?¢ mytant mice.

G609G/G609G

mice.
mice.
G609G/G609G yiarsus Lmna*’* mice.

mice.

mice.

mice.
G609G/G609G
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