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Combined treatment with statins and

José M P Freije! & Carlos Lépez-Otin!

Several human progerias, including Hutchinson-Gilford progeria
syndrome (HGPS), are caused by the accumulation at the
nuclear envelope of farnesylated forms of truncated prelamin A,
a protein that is also altered during normal aging!:2. Previous
studies in cells from individuals with HGPS have shown that
farnesyltransferase inhibitors (FTIs) improve nuclear
abnormalities associated with prelamin A accumulation,
suggesting that these compounds could represent a therapeutic
approach for this devastating progeroid syndrome3. We
show herein that both prelamin A and its truncated form
progerin/LAA50 undergo alternative prenylation by
geranylgeranyltransferase in the setting of farnesyltransferase
inhibition, which could explain the low efficiency of FTIs
in ameliorating the phenotypes of progeroid mouse models.
We also show that a combination of statins and amino-
bisphosphonates efficiently inhibits both farnesylation and
geranylgeranylation of progerin and prelamin A and markedly
@improves the aging-like phenotypes of mice deficient in the

=)’ metalloproteinase Zmpste24, including growth retardation,
loss of weight, lipodystrophy, hair loss and bone defects.
Likewise, the longevity of these mice is substantially
extended. These findings open a new therapeutic approach
for human progeroid syndromes associated with nuclear-
envelope abnormalities.
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The elucidation of some molecular mechanisms underlying human
aging has been facilitated by studies on segmental progeroid syn-
dromes such as HGPS?, a fatal disease for which there is currently
no treatment®. Most people with HGPS have a single nucleotide
substitution within exon 11 of the gene encoding lamin A (LMNA)!, a
nuclear protein that undergoes a complex maturation including
farnesylation and proteolytic processing by the ZMPSTE24-FACE-1
metalloproteinase®. This mutation (GGC— GGT; G608G) activates a

aminobisphosphonates extends longevity in
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cryptic splice-donor site, finally leading to a truncated prelamin A
isoform called LAA50-progerin'. Mutations in ZMPSTE24 have also
been found in some cases of HGPS or related progeroid syndromes
that do not have mutations in LMNA'. Notably, Zmpste24~"~ mice
show a premature aging phenotype that phenocopies human HGPS%8,
In all cases, the mutations in LMNA or ZMPSTE24 give rise to
farnesylated forms of prelamin A that accumulate at the nuclear
envelope, leading to the nuclear abnormalities and functional defects
of cells from individuals with HGPS and Zmpste24~~ micel®3-11,
Several groups have suggested that FTTs, originally developed as
anticancer drugs, could be useful for HGPS therapy>!2. Previous
studies with HGPS cells have supported this hypothesis'>~8. Thus,
FTIs reduce the incidence of nuclear deformities associated with
HGPS!3-16, Likewise, FTI treatment of Zmpst624‘/‘ or Lmna"6/+
(heterozygous for a targeted HGPS mutation that exclusively yields
progerin) mice relieved some premature aging symptoms in these
animals!”18, However, the benefit of this strategy seems to be limited,
as indicated by the fact that prelamin A was almost undetectable with
an antibody to lamin A and lamin C (lamin A/C) in cells from treated
mice!”!8, The low in vivo efficiency of these FTI-based treatments of
progeroid mice may derive from the fact that the FTI concentration in
the plasma of treated mice was much lower than that achieved in
earlier anticancer studies!”!8, It is also possible that prelamin A
undergoes alternative prenylation by geranylgeranyltransferase I in
the setting of farnesyltransferase inhibition, as described previously for
oncoproteins such as K-Ras!®, which could help explain the limited
benefits observed with FTI-based treatments of Lmna®* and
Zmpste24™~ progeroid mice?®. To evaluate the possibility that effec-
tive blockade of prelamin A prenylation requires inhibition of
both farnesyltransferase and geranylgeranyltransferase I, we performed
western blot analysis of HeLa cells treated with the farnesyltransferase
inhibitor FTI-277 the geranylgeranyltransferase I inhibitor GGTI-2147
or both. The simultaneous presence of both inhibitors led to a
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Figure 1 Prelamin A accumulation in the presence of farnesyltransferase
and geranylgeranyl transferase inhibitors. Shown is a western blot analysis
of lamin A/C in cell lysates prepared from Hela cells treated with the
indicated concentrations of farnesyltransferase inhibitor FTI-277
geranylgeranyltransferase | inhibitor GGTI-2147 or both. LA, lamin A;

LC, lamin C; Pre, prelamin A.

substantial accumulation of prelamin A as compared with the effect of
each inhibitor alone (Fig. 1). To provide direct molecular evidence
that prelamin A is alternatively prenylated in the setting of farnesyl-
transferase inhibition, we performed mass spectrometry analysis of the
prenylated prelamin A forms present in Zmpste24~"~ fibroblasts. We
detected the presence of the expected farnesylated and carboxyl-
methylated tryptic peptide from prelamin A

in Zmpste247'~ cells but not in wild-type cells

However, after FTI-277 treatment, we detected a peptide whose
molecular mass is compatible with the occurrence of a geranylger-
anylation event (Fig. 2b). To examine whether progerin could also
undergo this alternative prenylation in the presence of FTI-277, we
extended our analysis to HGPS cells; we found the expected farnesy-
lated and carboxyl-methylated peptide from progerin in these cells but
not in wild-type fibroblasts (Supplementary Fig. 1a online). Further-
more, treatment of HGPS cells with FTI-277 caused a reduction in the
abundance of the farnesylated peptide and the appearance of a new
peptide whose molecular mass corresponds to the geranylgeranylated
and phosphorylated progerin C-terminal peptide (Supplementary
Fig. 1b). Taken together, these results show that both prelamin A
and progerin are alternatively prenylated in the presence of FTIs and
provide an explanation for the low efficiency of the FTI-based
treatment tested on progeroid mouse models.

We next used HGPS cells and Zmpste24”~ mice to evaluate
therapeutic strategies for HGPS aimed at preventing cross-prenylation
of prelamin A. We hypothesized that the farnesylation of aberrant
lamin A variants may also be targeted by drugs acting on the synthetic
pathway of farnesyl pyrophosphate, a cosubstrate of farnesyltransferase
and a precursor of geranylgeranyl pyrophosphate, the substrate of
geranylgeranyltransferase I. Because statins and aminobisphospho-
nates are among the approved drugs used to block this metabolic
pathwayZI, we tested their effects on normal and HGPS human
fibroblasts. Mass spectrometry analysis revealed that this combined
treatment with statins (pravastatin) and aminobisphosphonates
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Figure 3 Synergistic effect of pravastatin

and zoledronate on prelamin A accumulation

in normal and HGPS fibroblast nuclei.

(a) Immunocytochemical detection of lamin A/C
and prelamin A in normal human fibroblasts
untreated or treated with pravastatin (60 uM,
12 h) and zoledronate (60 uM, 6 h) alone or in
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combination. (b) Immunocytochemical detection of lamin A/C and prelamin A in normal and HGPS fibroblasts treated for 24 h with a combination of
pravastatin (1 pM) and zoledronate (1 pM). (c) Quantification of the effects of the pravastatin (1 uM) and zoledronate (1 pM) combined treatment on nuclear
morphology of HGPS cells. We analyzed untreated and treated cells with a lamin A/C-specific antibody at passages 8 (p8), 13 (p13) and 20 (p20). White
arrowheads show representative images of misshapen nuclei. (d) Quantification of the effects of the pravastatin (1 uM) and zoledronate (1 uM) combined
treatment on nuclear morphology of HGPS cells in the presence of either farnesol, geranylgeraniol or the combination of both. Error bars represent

means + s.e.m. Scale bars, 10 pm.

(zoledronate) causes the appearance of a peak corresponding to the
molecular mass of the C-terminal nonprenylated peptide, which is
undetectable in control or FTI-277—treated cells (Supplementary
Fig. 1c). Of note, peaks corresponding to the farnesylated and
geranylgeranylated peptides are absent in the spectra from pravastatin-
zoledronate—treated HGPS cells, indicating that this treatment
efficiently inhibits the prenylation of progerin (Supplementary
Fig. 1c). We next investigated the effect of this combination of
drugs on prelamin A maturation. The unprenylated C-terminal
peptide is readily detectable in pravastatin-zoledronate-treated cells,
whereas it is absent in control cells (Supplementary Fig. 2 online).
Conversely, the farnesylated and carboxyl-methylated peptide is pre-
sent in control prelamin A but absent in the protein isolated from
treated cells (Supplementary Fig. 2). Finally, in contrast to the
effect of farnesyltransferase inhibition, the geranylgeranylated form
is not detectable after pravastatin-zoledronate treatment (Supplemen-
tary Fig. 2).

To examine the potential benefits of this inhibition, we incubated
HGPS cells with pravastatin, zoledronate or a combination of both
compounds and analyzed nuclear morphology and prelamin A
abundance. Immunocytochemical analysis of normal fibroblasts
revealed an accumulation of prelamin A in the nuclear matrix of
cells treated with the combination of pravastatin and zoledronate
(Fig. 3a). HGPS-treated cells also accumulated prelamin A but, in
addition, a clear improvement of their characteristic nuclear abnorm-
alities was observed (Fig. 3b). Quantitative analysis of the effects of the
combined pravastatin and zoledronate treatment on the nuclear
morphology of HGPS cells revealed that the relative percentage of
misshapen nuclei observed after successive passages decreased in

HGPS-treated cells (Fig. 3c). To further investigate the effect of this
treatment on the nuclear architecture of HGPS cells, we analyzed by
immunofluorescence the distribution of lamin A/C and lamin B1 in
control and treated cells (Supplementary Fig. 3 online). Untreated
HGPS cells contained nucleoplasmic aggregates of lamin A and lamin
C isoforms, which can associate with deep invaginations of the inner
nuclear envelope identifiable by calreticulin immunoreactivity (Sup-
plementary Fig. 3a—f). These aggregates are absent from cells from
healthy individuals (Supplementary Fig. 3j-1) and disappear upon
pravastatin-zoledronate treatment (Supplementary Fig. 3g-i). The
subcellular localization of lamin Bl, a farnesylated nuclear lamina
protein, underwent a similar change upon treatment with pravastatin-
zoledronate (Supplementary Fig. 3), providing additional evidence of
the potency of this combination of drugs to block isoprenylation of
nuclear proteins.

To rule out the possibility that the observed decrease in the number
of misshapen nuclei could be due to functions of pravastatin or
zoledronate distinct from the blockade of progerin prenylation, we
added farnesol or geranylgeraniol to the combined treatment of HGPS
cells. Upon supplementation with farnesol or geranylgeraniol, cells
should be able to generate farnesyl pyrophosphate or geranylgeranyl
pyrophosphate, respectively, and then prenylate progerin even in the
presence of pravastatin and zoledronate. We found that farnesol
completely abolishes the effect of the pravastatin-zoledronate treat-
ment on the nuclear morphology of HGPS cells (Fig. 3d), thus
providing additional evidence that the efficacy of this treatment
derives from its ability to inhibit farnesyl pyrophosphate synthesis.
Notably, geranylgeraniol is also able to block this effect, showing that
the geranylgeranylated form of progerin is toxic for progeria cells, as
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well (Fig. 3d). These effects were also observed in Zmpste24'~ cells
(Supplementary Fig. 4a online), indicating that the above findings for
progerin can also be extended to prelamin A, which is the accumu-
lated protein isoform in these Zmpste24~'~ cells. Neither farnesol nor
geranylgeraniol produced any effect on control fibroblasts, ruling out
any potential artifact derived from the treatment with these com-
pounds (Supplementary Fig. 4b). Finally, combined pravastatin-
zoledronate treatment produced a reduction in phospho-H2AX foci

Fig. 5 online). Taken together, these in vitro studies indicate that the
combination of pravastatin and zoledronate partially blocks farnesyla-
tion and geranylgeranylation and leads to the expected nuclear lamina
localization and nucleoplasmic redistribution of non-prenylated pre-
lamin A in both normal and HGPS fibroblasts. Furthermore, we can
conclude that both the reduced abundance of farnesylated progerin in
the lamina and its relocalization in the nucleoplasm underlie the
beneficial effect observed in HGPS cells after the continued combined
treatment with pravastatin and zoledronate.

After these in vitro studies, we explored the effect of a treatment of
statins and aminobisphosphonates on lifespan and progeroid pheno-
types of Zmpste24™~ mice. Mutant mice and littermate controls were
treated daily with zoledronate, pravastatin or a combination of both at
doses previously used in mice with no evidence of toxicity?>?.
Consistent with the above findings in HGPS-treated cells, we did
not observe any survival benefit in Zmpste24”~ mice treated with
either pravastatin or zoledronate alone (Supplementary Fig. 6
online). In contrast, a substantial recovery of progeroid phenotypes
was observed in Zmpste24 Zmpste24”~ mice with the combined
treatment (Fig. 4a—e). Thus, the statin-aminobisphosphonate treat-
ment improved body weight of Zmpste24™'~ mice, increased the
amount of subcutaneous fat, reduced the degree of kyphosis and
alopecia and extended the longevity of mutant mice. The median

la.l accumulation, which correlates with DNA damage (Supplementary

survival of treated Zmpste247~ mice was extended from 101 d to
179 d, and the maximum survival was extended from 151 d to 222 d
(P < 0.001; Fig. 4c). Notably, all of the phenotypes rescued in
Zmpste24~ progeroid mice represent characteristic features of
humans with HGPS. The combined treatment also resulted in a
marked improvement of the bone density reduction that is a hallmark
of both Zmpste24"~ mice and humans with HGPS or related proger-
oid syndromes®>. Thus, microcomputerized tomography (micro-CT)
analysis of Zmpste24™~ animals showed a marked increase in bone
mineralization and cortical thickness when compared with untreated
littermates (Fig. 4d). Additionally, quantification of nuclear abnorm-
alities in livers from Zmpste24*'*, Zmpste24~'~ or treated Zmpste247'~
mice revealed that the pravastatin-zoledronate treatment induces a
recovery of the shape of Zmpste24~'~ nuclei to almost normal levels
(Fig. 4e). Furthermore, we tested by quantitative RT-PCR the effect of
this combined treatment on the upregulation of the p53 pathway
described in Zmpste24™'~ progeroid mice® and found a marked
reduction in the abundance of all analyzed p53 targets in mutant
mice (Fig. 4f). Finally, we evaluated whether this combined treatment
could have any positive consequence on Lmna~'~ mice, which present
several phenotypes that resemble those observed in Zmpste24~'~ mice
but do not accumulate prenylated prelamin A%%. However, the statin-
aminobisphosphonate treatment failed to extend lifespan of Lmna=~
mice (Supplementary Fig. 7 online), providing additional proof of
the specificity of the treatment for mice that accumulate prenylated
lamin A isoforms in the nuclear envelope.

The molecular mechanisms through which this combined treat-
ment with statins and aminobisphosphonates ameliorates age-related
phenotypes probably involve the blocking of prelamin A prenylation.
Statins inhibit hydroxymethylglutaryl coenzyme A reductase, an
enzyme located at the apex of the mevalonate pathway, whereas
aminobisphosphonates act on the last steps of the same synthetic
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pathway, inhibiting farnesyl pyrophosphate synthase and isopentenyl
pyrophosphate isomerase?!. The observed additive or synergistic effect
of statins and bisphosphonates on Zmpste24~'~ aging-like phenotypes
may derive from their sequential action on different enzymes of the
mevalonate pathway, thereby blocking both protein farnesylation and
geranylgeranylation and minimizing the possibility of alternative
prenylation events that confer resistance to FTIs. The above experi-
ments showing that farnesol and geranylgeraniol abolish the positive
effect of the pravastatin-zoledronate treatment on both HGPS and
Zmpste247"= cells support the proposal that these compounds exert
their beneficial action through inhibition of prenylation of lamin A
isoforms. Nevertheless, this combined pravastatin-zoledronate treat-
ment may have additional effects derived from functions of statins and
aminobisphosphonates distinct from their protein prenylation-blocking
actions. Thus, statins—widely used as lipid-lowering drugs—also
inhibit the synthesis of cholesterol, have extensive immunomodulatory
properties and target the proteasome degradation machinery?>2¢,
whereas aminobisphosphonates have strong antiosteoporotic proper-
ties and block angiogenesis through mechanisms that may be inde-
pendent from their inhibitory actions on the mevalonate pathway?>27,
All of these pleiotropic effects of statins and aminobisphosphonates
might contribute to an overall improvement in the health of
Zmpste24~'~ progeroid mice beyond the proposed action of these
drugs in targeting the farnesylated forms of prelamin A that cause
progeria. Nevertheless, many clinical studies have revealed that statins
and aminobisphosphonates are well tolerated and are proven to be
effective without showing any major negative effects after prolonged
treatments. Furthermore, combinations of both compounds have been
previously assayed in different in vitro and in vivo studies that have
showed synergistic effects and no evidence of overlapping toxici-
ties?®?%, Accordingly, we propose that it should be worth exploring
the combined potential of these drugs as a therapeutic approach to
slow down disease progression in children with progeria.

METHODS

Mice. We generated and genotyped Zmpste24”’~ and Lmna”~ mice as
described®?*. We performed micro-CT analysis of bones with a micro-CT
SkyScan 1172 system (SkyScan). We performed animal experimentation in

@acccrdamce with the guidelines of the Committee for Animal Experimentation

of the Universidad de Oviedo. We administrated pravastatin (100 mg/kg/d) and
zoledronate (100 pg/kg/d) in PBS intraperitoneally to mice every day. Neither
vehicle alone nor pravastatin-zoledronate treatments produced any apparent
damage or stress responses in control mice.

Cell culture. We obtained human skin fibroblasts from a control subject
(GM00038) and from subjects with HGPS carrying the G608G mutation
(AG11498 and AG01972) from the Coriell Cell Repository. We obtained HeLa
cells from the American Type Culture Collection. We maintained all cultures in
DMEM (Gibco) supplemented with 10% FBS (Gibco) and 1% antibiotic-
antimycotic (Gibco). We extracted mouse fibroblasts from 12-week-old mouse
ears as previously described®. Doses and duration of treatments with statins and
bisphosphonates are indicated in the figure legends. In combined treatment of
statins and aminobisphosphonates with farnesol or geranylgeraniol, we added
1 pM of both pravastatin and zoledronate to culture medium together with
increasing amounts of either farnesol, geranylgeraniol or both. We measured
the percentage of misshapen nuclei 48 h after the start of treatment.

Immunocytochemistry. We transferred fibroblasts on Lab Tek chamber slides
(Nalgen Nunc International), washed them with PBS and fixed them in 4%
paraformaldehyde for 15 min. We dehydrated the fixed cells in ethanol and
permeabilized them with 0.5% Triton X-100, 5% normal serum (goat or rabbit)
in PBS for 5 min at 25 °C. Then we preincubated the slides at 25 °C in PBS
supplemented with 5% normal serum. The primary antibody dilutions used
were 1:100 for the prelamin A—specific goat polyclonal antibody (Sc-6214,

LETTERS

Santa Cruz Biotechnologies), 1:40 for the mouse lamin A/C—specific antibody
(4A7 kindly provided by G. Morris); 1:200 for the rabbit calreticulin-specific
antibody (Stressgen), and 1:100 for the lamin Bl-specific antibody (Abcam).
After washes with PBS, we incubated the slides with secondary antibodies
diluted in the incubation solution for 1 h at 25 °C. The secondary antibodies
dilutions used were 1:100 FITC-conjugated mouse-specific donkey IgG
(Jackson ImmunoResearch), 1:400 goat-specific Alexa 488—conjugated donkey
IgG, 1:800 goat-specific Alexa 568—conjugated donkey IgG (Molecular Probes)
and 1:100 rabbit-specific tetramethylrhodamine isothiocyanate—conjugated
donkey IgG (Sigma). We then washed the cells and stained nuclei with DAPI
(Sigma-Aldrich) at 100 ng/ml for 15 min at 25 °C and then washed three times
in Tween-20 at 0.5% in PBS. Slides were mounted in Vectashield mounting
medium (Vector). Digitalized microphotographs were recorded with a Leica
DMR microscope equipped with a CoolSNAP camera or a Leica TCS SP5 laser
confocal microscope. We counted normal and abnormal nuclei in chambers
stained for lamin A/C. More than 100 nuclei of normal fibroblasts were
counted for each treatment. The number of nuclei counted for HGPS
fibroblasts was n = 250 at passage 8, n = 198 at passage 13 and n = 150 at
passage 20.

X-ray irradiation and analysis of phosphorylated H2AX. We used a Philips
X-ray clinical irradiator to irradiate HGPS cells and 1BR3 control fibroblasts.
The X-ray beam was produced from a tungsten anode, applying a voltage
setting of 200 kV and an intensity of 20 mA and using a filtration of 0.1 mm
copper filter. The dose-rate was 1.234 Gy/min. We detected phosphorylated
histone H2AX by immunofluorescence with antibodies specific for phosphory-
lated H2AX at Ser139 from Upstate Biotechnology-Euromedex (Mundolsheim,
France), used at 1:800 dilution, followed by incubation with mouse-specific
FITC-conjugated secondary antibodies (1:100; Sigma-Aldrich). We fitted the
number of double-strand breaks as a function of repair time to the formula
N;= Ny (1/1 + pt)% with o and f representing adjustable parameters and N,
and N representing the number of double-strand breaks at time ¢ and time 0.

Western blotting. We homogenized cells in 50 mM Tris (pH 7.4), 150 mM
NaCl, 1% NP-40, 50 mM NaE 1 mM dithiothreitol, 2 mg/ml pepstatin A,
Complete inhibitor cocktail (Roche) and Phosphatase Inhibitor Cocktails I and
II (Sigma). After electrophoresis, we transferred the protein extracts to
nitrocellulose membranes, blocked with 5% nonfat dry milk in TBS-T buffer
(20 mM Tris pH 7.4, 150 mM NaCl and 0.05% Tween-20) and incubated for
1 h with 3% nonfat dry milk in TBS-T with either 1:500 lamin A/C-specific
(4A7), 1:250 lamin A-specific (C20, Santa Cruz Biotechnology) or 1:5,000
[-actin—specific (A5441, Sigma) antibodies. Finally, we incubated the blots with
1:10,000 of goat to mouse or rabbit to goat horseradish peroxidase (Jackson
ImmunoResearch) in 1.5% nonfat milk in TBS-T, washed them and developed
the immunoreactive bands with Immobilon Western chemiluminescent HRP
substrate (Millipore).

Mass spectrometry analysis. We collected Zmpste24”~ and control mouse
fibroblasts as well as HGPS lymphoblastoid cells, and, after homogeneization,
we isolated nuclei by ultracentrifugation and used them to obtain nuclear
lamina proteins as previously described®®. We separated nuclear lamina
proteins by SDS-PAGE and excised gel bands containing lamin, prelamin A
or progerin. We washed gel pieces twice with 180 pl of 25 mM ammonium
bicarbonate/acetonitrile (70:30), dried them for 15 min at 90 °C, and incubated
them with 12 ng/pl trypsin (Promega) in 25 mM ammonium bicarbonate. We
allowed the digestion to proceed for 1 h at 60 °C. In a typical experiment, 1 pl
of CHCA (o-cyano-4-hydroxycinnamic acid, Waters) was placed onto a
matrix-assisted laser desorption/ionization—time of flight (MALDI-ToF) plate.
Once dried, we placed 1 pl of peptide mixture and 1 pl of matrix (CHCA) over
it and performed mass spectrometry analysis on a time-of-flight mass spectro-
meter equipped with a nitrogen laser source (Voyager-DE STR, Applied
Biosystems). We collected data from 200 laser shots to produce mass spectra
and analyzed them with Data Explorer version 4.0.0.0 (Applied Biosystems).

Real-time quantitative PCR. We analyzed expression levels of selected p53
target genes (Atf3, Gadd45g and Cdknla, which encodes p2l1) with
Applied Biosystems Taqman gene expression assays in an ABI PRISM
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