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ABSTRACT: Hutchinson−Gilford progeria syndrome (HGPS, proge-
ria) is a rare genetic disease characterized by premature aging and death
in childhood for which there were no approved drugs for its treatment
until last November, when lonafarnib obtained long-sought FDA
approval. However, the benefits of lonafarnib in patients are limited,
highlighting the need for new therapeutic strategies. Here, we validate
the enzyme isoprenylcysteine carboxylmethyltransferase (ICMT) as a
new therapeutic target for progeria with the development of a new series
of potent inhibitors of this enzyme that exhibit an excellent antiprogeroid profile. Among them, compound UCM-13207 significantly
improved the main hallmarks of progeria. Specifically, treatment of fibroblasts from progeroid mice with UCM-13207 delocalized
progerin from the nuclear membrane, diminished its total protein levels, resulting in decreased DNA damage, and increased cellular
viability. Importantly, these effects were also observed in patient-derived cells. Using the LmnaG609G/G609G progeroid mouse model,
UCM-13207 showed an excellent in vivo efficacy by increasing body weight, enhancing grip strength, extending lifespan by 20%, and
decreasing tissue senescence in multiple organs. Furthermore, UCM-13207 treatment led to an improvement of key cardiovascular
hallmarks such as reduced progerin levels in aortic and endocardial tissue and increased number of vascular smooth muscle cells
(VSMCs). The beneficial effects go well beyond the effects induced by other therapeutic strategies previously reported in the field,
thus supporting the use of UCM-13207 as a new treatment for progeria.

■ INTRODUCTION

Hutchinson−Gilford progeria syndrome (HGPS), or progeria,
is an extremely rare pediatric disorder, characterized by
premature aging and death at an average age of 14.6
years.1−3 The molecular cause of HGPS is an autosomal
spontaneous dominant point mutation in the LMNA gene
(encoding nuclear A-type lamins)4,5 that leads to the synthesis
of progerin, a permanently farnesylated and methylated
truncated version of prelamin A.6 This mutant protein
accumulates abnormally in the inner nuclear membrane,
causing the multiple and characteristic cellular and organismal
alterations of the disease.1,2

In November 2020, lonafarnib (Zokinvy), an inhibitor of the
enzyme farnesyltransferase aimed at decreasing progerin
farnesylation, received the landmark approval by the US
Food and Drug Administration (FDA), becoming the first
(and only) approved drug for treating progeria. However, the
outcome of the lonafarnib clinical trial showed limited
benefits,7 possibly due to alternative prenylation of prelamin
A and progerin by geranylgeranyl transferase upon farnesyl-
transferase inhibition.8 Yet, treatment of HGPS children with
combination therapies inhibiting both prenylation pathways
did not seem to improve the benefits achieved with lonafarnib

monotherapy.9 In addition, it is possible that other targets of
farnesyltransferase, apart from progerin, are affected by
lonafarnib, eliciting adverse effects in progeroid patients. In
line with this concern, since lonafarnib was originally
developed for the treatment of Ras-dependent tumors,10 it is
antiproliferative, a feature that can potentially limit its positive
effects on progeroid cells, in which pro-proliferative effects are
needed. Alternative approaches in HGPS animal models have
explored the potential use of N-acetyltransferase 10 (NAT10)
inhibitors,11 CRISPR/Cas9-based therapy,12,13 and micro-
biome-based interventions,14 but these strategies cannot as
yet be easily translated to humans. Finally, a moderate
extension of longevity (by 12%) has been reported in the
progerin-expressing LmnaG609G/G609G mouse model after
increasing the levels of ATP and pyrophosphate, but the
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Figure 1. New ICMT inhibitors improve progeria hallmarks in mouse and human HGPS cells. (a) Design of new ICMT inhibitors. (b) Growth
curves of Lmna+/+ and LmnaG609G/G609G mice fibroblasts incubated with 0.1% DMSO (vehicle, veh) or ICMT inhibitors at 10 μM over 14 days (n ≥
4 independent experiments; two-tailed Student′s t test). (c) Growth curves of human wild type (WT) or HGPS fibroblasts incubated with vehicle
or different ICMT inhibitors at 2 μM over 24 days (n ≥ 4 independent experiments; two-tailed Student′s t test). (d) Immunofluorescence images
of human WT or HGPS fibroblasts treated with vehicle or different ICMT inhibitors at 2 μM for 17 days and stained with antiprogerin (green) and
Hoechst (blue). Magnification shows subnuclear distribution of progerin, that was delocalized from the nuclear rim toward the nucleoplasm (1,
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relevance of this finding to human HGPS remains to be
addressed.15 Hence, there is a clear and urgent need for better
therapeutic strategies for treatment of HGPS. Building on the
findings that genetic blockade of the enzyme isoprenylcysteine
carboxylmethyltransferase (ICMT) ameliorated disease phe-
notype in the Zmpste24-null mouse model of progeria and in
HGPS human cells,16 we hypothesized that pharmacological
inhibitors of ICMT may be beneficial drugs for progeroid
patients. Specifically, we considered that small molecule
inhibitors of ICMT, an approach previously not explored in
progeria, could avoid the carboxymethylation of progerin and
consequently induce its delocalization from the nuclear
membrane and as such decrease its accumulation, leading to
an improvement of HGPS progression. However, the lack of
noncytotoxic and bioavailable ICMT inhibitors have to date
precluded the therapeutic validation of such a therapeutic
strategy. Of note, while the present work was under review, the
ability of a previously described ICMT inhibitor to delay
senescence of HGPS cells was reported.17 However, the low
bioavailability of this compound has hampered its in vivo
assessment. Here, we describe the development of a new
potent and selective ICMT inhibitor (compound 21, UCM-
13207) and demonstrate its ability to significantly improve
fundamental progeroid features in vitro and in vivo, including
increased survival in LmnaG609G/G609G mice. Collectively, our
findings indicate that small molecule inhibition of ICMT could
be an effective therapy for progeria. Furthermore, as progeria
can be considered as an accelerated model of physiological
senescence, our findings could have implications for aging-
related conditions, one of the major challenges nowadays.18

■ RESULTS AND DISCUSSION

Design and Synthesis of New ICMT Inhibitors. We
have previously carried out an extensive medicinal chemistry
program aimed at the development of new ICMT
inhibitors.19,20 Based on this work and using the key criteria
of potency (80% inhibition at 50 μM) and low cellular toxicity
(cellular viability >80% at 10 μM), we selected a new
compound (1) as our initial hit. Our findings suggested that
the 3-amino-N-phenylpropanamide moiety as well as the n-
octyl chain of compound 1 were key elements for interaction
with ICMT.20 Accordingly, we envisioned that the phenyl
group could be further explored for optimizing cellular viability
without significantly compromising ICMT inhibition (Figure
1a). This focused library was synthesized as detailed in the
Supporting Information. In all cases, the obtained structural
data were in agreement with the proposed structures (see the
Supporting Information for details). All new compounds were
screened for ICMT inhibition. In addition, those compounds
that blocked >60% of ICMT activity were assayed for cellular
viability in mouse wild-type and progerin-expressing fibroblasts
(LmnaG609G/G609G) (Supporting Table S1). All compounds that
showed the strongest capacity to enhance the viability of

progeroid fibroblasts (values >70% at 2 μM) were selected for
further biological assays with the exception of the furan-
containing derivative 13. The reason for the latter was the
narrow efficacy window observed for this compound when
tested at a higher concentration (Supporting Figure S1).

New ICMT Inhibitors Improve the Cellular Hallmarks
of Progeria in Fibroblasts from LmnaG609G/G609G Mice
and HGPS Patients. Next, we sought to confirm whether
compounds 14, 17, and 21 could counteract some of the most
characteristic molecular and cellular defects found in both
progeroid mouse and human cells. This included growth arrest,
progerin accumulation in the perinuclear rim, Akt inhibition,
and increased level of phosphorylated histone 2AX (pH2AX).
We found that the three compounds augmented the
proliferation rate of progeroid mouse cells (Figure 1b) and,
in particular, incubation with compound 21 increased
population doubling values almost to the level of Lmna+/+

cells. As the LmnaG609G/G609G mouse cells are SV40LT
immortalized cells, they are p53 and Rb deficient, and
therefore do not undergo senescence. Hence, to rule out the
effects of cell immortalization in our results, we confirmed a
significant positive proliferative effect of the compounds in
primary HGPS human cells (Figure 1c). To further
corroborate that the effects regarding the proliferation rate
were due to the specific inhibition of ICMT activity, we
knocked down its expression and studied the effects of
compound 21. As expected, the effect of the inhibitor in the
proliferation rate of progeroid mouse fibroblasts was absent in
siRNA-induced ICMT knockout cells, indicating that the
beneficial effects exerted by compound 21 are selectively
elicited by ICMT inhibition (Supporting Figure S2). Under
these conditions, we did not observe a significant effect of the
siRNA alone on increasing cellular viability. It is possible that
the time point (72 h) and the cells used (immortalized
progeroid mouse fibroblasts) are not optimal for observing the
direct siRNA effects, which may require longer times to
become phenotypically evident, as siRNA and small molecule
effect may differ in the extension of the observed effect or the
optimal window time. In support of this, published experi-
ments with short hairpin (sh) RNAs of ICMT conducted in
human progeroid cells have shown that at least 20 days are
needed to observe the effect of the ICMT shRNA alone on
cellular viability.16

Consistent with their ICMT inhibitory activity, all three
compounds induced a significant delocalization of progerin
from the nuclear rim in human HGPS cells (Figure 1d, left
plot). This effect was accompanied by a decrease in total levels
of progerin, as shown by both immunofluorescence experi-
ments using human HGPS cells (Figure 1d, right plot) and by
Western blot analysis using mouse progeroid cells (Figure 1e
and Supporting Figure S3).
Furthermore, and consistent with the increase in cellular

proliferation, phospho-Akt levels were higher in treated

Figure 1. continued

quantification in middle plot) and/or decreased (2, quantification in right plot) after treatment with ICMT inhibitors (at least 47 cells quantified
per condition from ≥2 independent experiments; two-tailed Student′s t test). Scale bar: 20 μm. (e) Immunoblot of progerin from Lmna+/+ or
LmnaG609G/G609G mouse fibroblasts incubated with vehicle or ICMT inhibitors (2 μM) for 14 days. Protein levels were normalized against total
GAPDH (n ≥ 3 independent experiments; plot shows mean ± sem, two-tailed Student′s t test). (f) Immunoblot and quantification of
phosphorylated Akt (pAkt) and phosphorylated histone 2AX (pH2AX) from Lmna+/+ or LmnaG609G/G609G mouse fibroblasts incubated with vehicle
or ICMT inhibitors (2 μM) for 14 days. Protein levels were normalized against total Akt or GAPDH, respectively (n ≥ 3 independent experiments;
plots show mean ± sem, two-tailed Student′s t test).
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Figure 2. Compound 21 ameliorates the progeria phenotype in mouse and human HGPS fibroblasts. (a) Lmna+/+ fibroblasts were incubated with
compound 21 at different concentrations for 72 h, and viability was determined by an MTT assay (n ≥ 4 independent experiments; one-way
ANOVA). (b) Lmna+/+ or LmnaG609G/G609G fibroblasts were incubated with compound 21 for 72 h at different concentrations, and viability was
assessed by MTT assay (n ≥ 4 independent experiments; one-way ANOVA). (c) Cropped immunoblot of lamin A, progerin, and lamin C from
Lmna+/+ or LmnaG609G/G609G fibroblasts incubated with 0.1% DMSO (vehicle, veh) or compound 21 at 2 μM for 14 days (n ≥ 3 independent
experiments; plot shows progerin level ± sem, two-tailed Student’s t test). (d) Cropped immunoblot and quantification of lamin A, progerin, and
lamin C from Lmna+/+ or LmnaG609G/G609G fibroblasts. Cells were incubated with vehicle or compound 21 at 2 μM for 14 days and then bafilomycin
A (24 h at 25 nM) or MG-132 (5 h at 5 μM) was added when indicated (n = 3 independent experiments; plot shows mean ± sem, one-way
ANOVA). (e) Cropped immunoblot and quantification of phosphorylated Akt (pAkt) and phosphorylated histone 2AX (pH2AX) from wild type
(WT) or HGPS human fibroblasts incubated with vehicle or compound 21 at 2 μM for 10 days. Protein levels were normalized against total Akt or
GAPDH (n ≥ 3 independent experiments; plot shows mean ± sem, one-way ANOVA). (f) Human WT or HGPS fibroblasts were incubated with
vehicle or compound 21 at 2 μM for 15 days. The activity of senescence-associated (SA) β-galactosidase was determined by incubating the cells
with fluorescein di-β-D-galactopyranoside (FDG) for 24 h and measuring the resultant fluorescein production (n ≥ 3 independent experiments in
triplicates; plot shows mean ± sem, two-tailed Student′s t test). (g) Lmna+/+ C57BL/6 mice (n = 2 females; n = 2 males per time point) were
treated with compound 21 (intraperitoneal injection, 40 mg/kg), blood was extracted at different time points, and the compound concentration in
serum was determined by high-performance liquid chromatography coupled to mass spectrometry.
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Figure 3. Improvement of the progeroid phenotype in vivo upon treatment with compound 21. (a) Representative photograph of a 3-month-old
Lmna+/+ mouse, a LmnaG609G/G609G mouse, and a LmnaG609G/G609G mouse treated with compound 21 (40 mg/kg). (b) Body weight versus age plot
of LmnaG609G/G609G mice treated with vehicle (n = 6) or with compound 21 (n = 9) (plot shows mean ± sem, two-tailed Student′s t test, p-value * <
0.05, ** < 0.005, *** < 0.0005). (c) Kaplan−Meier survival plot showing a significant increase in life span in LmnaG609G/G609G mice treated with
compound 21 (n = 9) compared with LmnaG609G/G609G mice treated with vehicle (n = 9) (P = 0.0001, log-rank/Mantel−Cox test). (d) Glycemia in
Lmna+/+ and LmnaG609G/G609G mice treated with compound 21 or vehicle (n = 6 per condition). Data are represented by box plots, and whiskers are
minimum to maximum values (one-way ANOVA followed by Bonferroni−Holm post hoc test, n.s. non significant P = 0.11). (e) Grip strenght in
Lmna+/+ and LmnaG609G/G609G mice treated with compound 21 or vehicle (n = 5 per condition, one-way ANOVA followed by Bonferroni−Holm
post hoc test, n.s. non significant P = 0.107). (f) Magnetic resonance imaging of a 3-month-old Lmna+/+ mouse, a vehicle-treated LmnaG609G/G609G

mouse, and a compound 21-treated LmnaG609G/G609G mouse. Note that the marked curvature of the spine called lordokyphosis, a key feature of
progeria, is reduced upon treatment with compound 21. The plot represents the average of inner column angle (yellow arrowhead) of ≥4 mice per
condition (one-way ANOVA). (g) Representative photographs of thymus and spleen from a 3-month-old Lmna+/+ mouse, a vehicle-treated
LmnaG609G/G609G mouse, and a compound 21-treated LmnaG609G/G609G mouse. Plots represent average of thymus or spleen weight from ≥3 mice per
condition (one-way ANOVA followed by Bonferroni−Holm post hoc test, n.s. non significant P = 0.17).
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progeroid cells (Figure 1f). In addition, the phosphorylated
levels of histone H2AX, a marker of nuclear damage associated
with aging,21 were also significantly reduced in the presence of
compounds 14, 17, and 21. Finally, no significant effect was
observed in the number of misshapen nuclei in cells treated
with these compounds (Supporting Figure S4). This is in
agreement with the results reported in the ICMT genetically
deficient mouse model.16 Taken together, these results
demonstrate that the new ICMT inhibitors described here
significantly ameliorate the main cellular hallmarks of HGPS in
progeroid fibroblasts from both LmnaG609G/G609G mice and
HGPS patients, suggesting their potential for the treatment of
the disease.
Selection of Compound 21 (UCM-13207) for In-

Depth Studies. Among the three tested compounds,
derivative 21 (UCM-13207) systematically induced the
strongest effect in all the functional assays and showed a
good IC50 value of 1.4 μM (Supporting Figure S5) in the
ICMT in vitro assay. Compound 21 was also able to inhibit the
ICMT activity in whole cells, as confirmed by prelamin
accumulation in Lmna+/+ cells (Supporting Figure S6),
accumulation of carboxymethylated acetylfarnesylcysteine
(the minimal substrate recognized by ICMT), and Ras
mislocalization in LmnaG609G/G609G cells (Supporting Figure
S7). Hence, it was selected for further exploration of its
toxicity-efficacy window in vitro and key pharmacokinetic
parameters before extending its evaluation to in vivo efficacy
assessment using a mouse model of progeria. UCM-13207 did
not cause appreciable cellular toxicity at least up to 10 μM
(Figure 2a), whereas its efficacy to preserve the proliferation of
progeroid cells was dose-dependent, with 2 μM showing the
maximal effect (Figure 2b). Consistent with these results,
compound 21 at 2 and 10 μM induced a decrease in progerin
level (Figures 2c and 1d and e) without significantly affecting
levels of wild-type lamin A and lamin C (Supporting Figure
S8). The decrease in progerin levels seemed to be mediated by
the proteasome pathway since blocking its activity with the
specific inhibitor MG-132 reversed the effects of compound
21, whereas treatment with the lysosome pathway inhibitor
bafilomycin A did not significantly affect progerin down-
regulation induced by compound 21 (Figure 2d). Cyclo-
heximide turnover studies indicated the ability of the
compound to exert a reduction in half-life of progerin
(Supporting Figure S9). The decrease in total levels of
progerin was not initially expected, since the effect of an ICMT
inhibitor should be mainly the mislocalization of progerin from
the nuclear rim and increased progerin levels have been
reported in HGPS cells treated with C75, another ICMT
inhibitor.17 However, our results consistently showed
decreased progerin levels both in human (Figure 1d) and
mouse cells (Figures 1e, 2c, 2d, and Supporting Figure S3)
treated with derivative 21. We hypothesize that the extent of
progerin mislocalization produced by the compound (around
36% for derivative 21 compared to vehicle as shown in Figure
1d) may be an important factor that contributes to decrease
stability of progerin and to make it more prone to proteasome
degradation. This effect has been observed for other inhibitors
of the interaction between progerin and lamin A/C, such as
compounds JH4 and SLC-DO11.22,23 Both compounds induce
a reduction in progerin levels that is reversed in the presence of
a proteasome inhibitor, and a decrease in the half-life of
progerin in experiments using cycloheximide. These results are
in line with the findings reported here.

Moreover, human HGPS fibroblasts treated with compound
21 at 2 μM significantly increased phospho-Akt, reduced
phospho-H2AX levels (Figure 2e) and diminished the levels of
senescence-associated (SA) β-galactosidase activity (Figure
2f), a biomarker of senescent cells.24

With respect to the pharmacokinetic parameters, we first
determined the cell culture and serum stability, the intrinsic
clearance, and the serum free drug or fraction unbound (Fu) of
the compound. Our in vitro stability results indicated excellent
values for the half-life of compound 21 in both human and
mouse cell culture media as well as in human serum (t1/2 > 24
h), although a more moderate value was obtained in the case of
mouse serum (t1/2 = 29 ± 2 min). The in vitro microsomal
intrinsic clearance was 40 ± 6 μL/min/mg protein in human
samples and 144 ± 29 μL/min/mg protein in mouse samples.
These values are predictive of a medium and high in vivo
clearance, respectively, but since the Fu of compound 21 was
0.02 (with a KD value for human serum albumin of 7.2 μM),
this might reduce the metabolic clearance by the liver and, in
turn, increase its half-life. Indeed, the in vivo half-life curve
after intraperitoneal (ip) administration showed a significant
and sustained concentration of the compound up to 6 h
postadministration, reaching a maximum concentration close
to 40 μM after 5 h (Figure 2g). In addition, signs of acute
toxicity, tissue, or pathological damage were not detected at
doses up to 80 mg/kg of compound 21.

Compound 21 (UCM-13207) Improved the Overall
Phenotype of Progeroid LmnaG609G/G609G Mice and
Improved Cardiac Tissue Condition. Having demonstrated
the in vitro efficacy of compound 21 in mouse and human
progeroid cells, we evaluated its therapeutic potential in the
progeroid LmnaG609G/G609G mice, a model that recapitulates the
majority of the alterations observed in HGPS patients.25−28

Remarkably, progeroid mice treated with the ICMT
inhibitor 21 showed significantly improved body weight at
all ages tested (Figures 3a,b) and increased survival (Figure
3c). Thus, the mean survival of mice treated with the
compound was extended to 173 days compared to 134 days
of the vehicle treated mice (P = 0.0001, Figure 3c).
Furthermore, the maximum survival increased from 164 to
194 days while the minimum survival from 110 to 158 days
between untreated and treated animals, respectively. The
beneficial effects of compound 21 were observed in both males
and females (Supporting Figures S10−S12). Moreover, no
signs of toxicity were observed in wild-type mice receiving the
same dose of compound (Supporting Figure S13). Encouraged
by these results, we explored other phenotypic features
characteristic of the LmnaG609G/G609G progeria model such as
reduced serum glucose levels, reduced grip strength, bone
defects, and marked involutions of thymus and spleen.25

Treatment of progeroid mice with compound 21 increased
serum glucose levels and grip strength close to the values
observed in wild-type controls (Figures 3d, e). Additionally,
administration of the compound slightly improved lordoky-
phosis (abnormal convexity in the curvature of the spine when
viewed from the side), increased spleen size (Figures 3f, g),
and significantly increased the size of the thymus (Figure 3g).
Cardiovascular cells and tissues are major targets of progerin

in animal models and in humans, being cardiovascular
problems the main cause of death in progeria patients.2,27,29−31

As such, specific decrease of progerin accumulation in
cardiovascular tissues could be critical in maintaining the
cardiovascular wellbeing. In line with this notion, treatment of
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Figure 4. Reduced progerin expression in progeric LmnaG609G/G609G mice treated with compound 21. Mice of the indicated genotypes were treated
with compound 21 or vehicle, starting at 6 weeks of age, and were sacrificed at 12 weeks of age. Cross sections of aortic arch and heart were stained
with antiprogerin antibody (white) and Hoechst 33342 to visualize nuclei (blue). Representative immunofluorescence images are shown. (a) Aortic
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LmnaG609G/G609G mice with compound 21 substantially reduced
progerin expression and increased the number of vascular
smooth muscle cells (VSMCs) in the aortic arch (Figure 4a).
Progerin levels were also decreased in endocardial tissue
(Figure 4b), although the reduction was less evident in
arterioles (Supporting Figure S15). Nonetheless, these results
are relevant considering that progerin expression in VSMCs
has been described as the main cause of vessel contraction
impairment observed in HGPS32 and that VSMCs loss is an
important hallmark of vascular disease in HGPS.27 Accord-
ingly, specific decrease of progerin in aortic arch and
endocardial tissue, together with an increase in the number
of VSMCs, highlights that compound 21 is able to correct
some of the critical primary causes of the cardiovascular
complications that lead to the early death of HGPS patients.
Importantly, compound 21 decreased fibrosis and micro-
vascular cell loss in the heart of progeroid mice (Supporting
Figures S14 and S15). In addition, treatment of mice with
compound 21 led to an improvement in global tissue
senescence in other organs such as liver and kidney
(Supporting Figure S16) as assessed by quantification of the
levels of SA β-galactosidase activity.

■ CONCLUSION

Here, we report a novel strategy to reduce the anomalous
accumulation of progerin in the nuclear rim membrane, which
is considered to be the main cause of the fatal phenotype
developed by HGPS patients. Specifically, we show that
compound 21 (UCM-13207), a new ICMT inhibitor,
significantly induces the mislocalization of progerin and
reduces its protein expression level, leading to a substantial
overall amelioration of the cellular hallmarks of progeria in
both mouse and human cells. Importantly, treatment with
compound 21 significantly improved the phenotype of
progeroid LmnaG609G/G609G mice, including lifespan extension
in both males and females. Collectively, these findings have
important clinical implications regarding the validation of the
clinical relevance of ICMT as a promising therapeutic target
for progeria treatment, providing a new pharmacological
strategy in a field dramatically devoid of validated therapeutic
targets beyond farnesyltransferase. Furthermore, our results
pave the way for targeting ICMT as a new pharmacological
strategy for succeeding in the long sought objective of making
a meaningful difference to the lives of HGPS patients.

■ MATERIALS AND METHODS

Safety statement. No unexpected or unusually high safety
hazards were encountered.
Compound Syntheses. The synthesis and structural

characterization of compound 21 (UCM-13207) is detailed
below. Full details regarding the synthetic procedures and
characterization data of all compounds are given in the
Supporting Information.

Synthesis of N2-Octyl-N1-phenyl-N2-(pyridin-2-ylcar-
bonyl)-β-alaninamide (21, UCM-13207). To a solution of
picolinic acid (133 mg, 1.1 mmol) in anhydrous DCM (4 mL/
mmol), EDC (207 mg, 1.1 mmol) and HOBt (146 mg, 1.1
mmol) were added. The reaction mixture was stirred at rt for 1
h. Then, a solution of N2-octyl-N1-phenyl-β-alaninamide (150
mg, 0.54 mmol) in anhydrous DCM (2.0 mL/mmol) was
added and the reaction mixture was stirred at rt for 16 h. The
reaction crude was washed with saturated aqueous solutions of
NaHCO3 and NaCl, consecutively. The organic extracts were
dried over Na2SO4, filtered, and the solvent was removed
under reduced pressure. The residue was purified by column
chromatography (hexane/EtOAc, 2:8) to yield compound 21
in 92% yield (189 mg).
Rf (hexane/EtOAc, 3:7): 0.30. IR (ATR, cm−1): 3309 (NH),

1685 (CON), 1615, 1547, 1495, 1443 (Ar). 1H NMR (CDCl3,
δ): Amide rotamers A:B, 2:1; 0.85 (t, J = 6.7 Hz, 3H, CH3),
1.11−1.25 (m, 10H, (CH2)5CH3), 1.57 (m, 2H,
CH2(CH2)5CH3), 2.81 (t, J = 6.4 Hz, 2H, CH2CO), 3.37 (t,
J = 7.4 Hz, 2H, (CH2)6CH2N, rotamer A), 3.46−3.47 (m, 2H,
(CH2)6CH2N, rotamer B), 3.69−3.75 (m, 2H, COCH2CH2N,
rotamer B), 3.87 (t, J = 6.3 Hz, 2H, COCH2CH2N, rotamer
A), 7.05 (t, J = 7.1 Hz, 1H, H4), 7.24−7.32 (m, 3H, H3, H5,
H5′), 7.54−7.56 (m, 3H, H2, H6, H4′), 7.71−7.76 (m, 1H, H3′),
8.55 (d, J = 4.4 Hz, 1H, H6′), 8.64 (br s, 1H, NH, rotamer B),
8.92 (br s, 1H, NH, rotamer A). 13C NMR (CDCl3, δ): 14.0
(CH3), 22.6, 26.5, 28.8, 29.0 (2C), 31.7 ((CH2)6CH3), 36.5
(CH2CO), 43.2 (CH2N), 50.0 ((CH2)6CH2N), 119.9 (C2,
C6), 123.1, 123.9, 124.4 (C4, C3′, C5′), 128.8 (C3, C5), 137.0
(C4′), 138.4 (C1), 148.5 (C6′), 154.5 (C2′), 169.5, 169.7
(CONH, CON). HRMS (ESI, m/z): Calculated for
C23H31N3O2Na [M + Na]+: 404.2308. Found: 404.2276.

Determination of ICMT Activity. Synthesized com-
pounds were tested for their ability to inhibit human ICMT
activity using Sf9 membranes containing the recombinantly
expressed enzyme. In this assay, a mixture of biotin-farnesyl-L-
cysteine and tritiated S-adenosylmethionine in the presence or
absence of the compound under study was prepared, and the
reaction was initiated by the addition of the Sf9 membrane
homogenates. The inhibitory capacity of the compounds was
expressed as percentage of inhibition of the methyl
esterification step, in which the tritiated methyl group of the
methyl donor S-adenosylmethionine was transferred to the
substrate biotin-farnesyl-L-cysteine as described previously,33

and the radioactivity incorporated was quantified.
Cell Lines and Culture. Progeroid mouse fibroblasts

(LmnaG609/G609) and their wild-type counterparts were kindly
donated by Prof. Carlos Loṕez Otiń (Oviedo University,
Spain). Cells were grown in Dulbecco’s modified eagle
medium (DMEM, Invitrogen) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, HyClone), 1% L-
glutamine (Invitrogen), 1% sodium pyruvate (Invitrogen), 50
U/mL penicillin, and 50 μg/mL streptomycin (Invitrogen).
Human progeroid or healthy fibroblasts (HGADFN167,

Figure 4. continued

arch. Scale bar: 100 μm (entire image) and 20 μm (magnified view). L, lumen; m, media; adv, adventitia. The left plot shows mean ± sem number
of VSMCs in the medial layer of the aortic arch (n = 4 animal per condition, 2 sections per animal). The right plot shows mean ± desvest of
progerin signal intensity in VSMC from the medial layer of the aortic arch (n = 646 nuclei for LmnaG609G/G609G treated with vehicle and 532 nuclei
for LmnaG609G/G609G treated with compound 21, from 4 animals per condition, two-tailed Student′s t test). (b) Endocardial tissue. The bottom plot
shows mean ± desvest of progerin signal intensity (n = 400 nuclei for LmnaG609G/G609G treated with vehicle and 412 nuclei for LmnaG609G/G609G

treated with compound 21, from 5 animals per condition, two-tailed Student′s t test). Scale bar: 25 μm.
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HGADFN003, HGADFN143, and HGFDFN168) were
obtained from The Progeria Research Foundation and cultured
in 15% DMEM, 50 U/mL penicillin and 50 μg/mL
streptomycin. All cells were incubated in a humidified
atmosphere at 37 °C in the presence of 5% CO2.
Cell Viability and Proliferation Assays. The effect of the

different compounds on the cellular viability was determined
through standard MTT assays.34−36 Full details are given in the
Supporting Information.
RNA Interference-Mediated Silencing of the ICMT

Gene. Progeroid mouse fibroblasts (LmnaG609/G609) were
transfected with an ICMT siRNA (m) or with a control
siRNA commercially available from Santa Cruz Biotechnology
(sc-146137 and sc-37007, respectively), using lipofectamine
and following the manufacturer’s instructions. To determine
cell viability, the MTT protocol indicated above was followed.
Immunoblot and Immunocytofluorescence Analysis.

Western blot analysis was carried out as described
previously.37−39 Full details are given in the Supporting
Information.
Senescence-Associated (SA) β-Galactosidase Activity.

SA β-galactosidase activity was determined by the FDG
method.40 Full details are provided in the Supporting
Information.
Stability Assays. Stability in cell culture medium, in mouse

and human serum, and in mouse and human liver microsomes
was assayed as detailed in the Supporting Information.
Human Serum Albumin (HSA) Binding Assay.

Determination of the binding of the compound to HSA was
performed by incubating a fixed concentration of the
compound with different concentrations of immobilized
HSA, using the TRANSILXL HSA Binding Kit (TMP-0210-
2096, Sovicell) as described in the Supporting Information.
Animal Experiments. All scientific procedures with

animals were conformed to EU Directive 2010/63 EU and
Recommendation 2007/526/EC, enforced in Spanish law
under Real Decreto 53/2013. Animal protocols were approved
by the Committee of Animal Experimentation of Universidad
Complutense de Madrid and the Animal Protection Area of
the Comunidad Autońoma de Madrid (PROEX 159/18).
Animal studies were carried out in LmnaG609G/G609G knock-in
mice ubiquitously expressing progerin25 and control Lmna+/+

littermates. Mice were maintained in the animal facility of the
Universidad Complutense de Madrid under specific pathogen
free conditions. Full details about the in vivo characterization
and the pathological and immunohistofluorescence analysis are
provided in the Supporting Information.
Statistics. All data were analyzed using GraphPad Prism 6

software. Data were presented as mean ± standard error of the
media (SEM) with at least three biologically independent
experiments. Representative morphological images were taken
from at least three biologically independent experiments with
similar results. The Student t test or one-way ANOVA were
used for comparison between groups. Survival analysis was
performed using the Kaplan−Meier method. Differences
between survival distributions were analyzed using the log
rank test. Hazard ratio and confidence interval were obtained
by Mantel−Haenszel analysis. Differences with P < 0.05 were
considered significant.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
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