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Pyrophosphate deficiency may explain the excessive vascular calcifi-
cation found in children with Hutchinson-Gilford progeria syndrome
(HGPS) and in a mouse model of this disease. The present study
found that hydrolysis products of ATP resulted in a <9% yield of
pyrophosphate in wild-type blood and aortas, showing that eNTPD
activity (ATP — phosphate) was greater than eNPP activity (ATP —
pyrophosphate). Moreover, pyrophosphate synthesis from ATP was
reduced and pyrophosphate hydrolysis (via TNAP; pyrophosphate —
phosphate) was increased in both aortas and blood obtained from
mice with HGPS. The reduced production of pyrophosphate, together
with the reduction in plasma ATP, resulted in marked reduction of
plasma pyrophosphate. The combination of TNAP inhibitor levami-
sole and eNTPD inhibitor ARL67156 increased the synthesis and re-
duced the degradation of pyrophosphate in aortas and blood ex
vivo, suggesting that these combined inhibitors could represent a
therapeutic approach for this devastating progeroid syndrome.
Treatment with ATP prevented vascular calcification in HGPS mice
but did not extend longevity. By contrast, combined treatment with
ATP, levamisole, and ARL67156 prevented vascular calcification and
extended longevity by 12% in HGPS mice. These findings suggest a
therapeutic approach for children with HGPS.
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utchinson-Gilford progeria syndrome (HGPS) is an ex-

tremely rare sporadic genetic disorder in children, charac-
terized by premature aging and accelerated cardiovascular
disease, including vascular stenosis and excessive vascular calcifi-
cation (1-4). HGPS patients live to a mean age of 13-14 y (range,
8-21y) (5). Most carry a noninherited autosomal dominant de
novo heterozygous mutation of the LMNA gene (c.1824C > T;
GGC > GCT; p.G608G) (6, 7). This mutation activates a cryptic
splice donor site, resulting in the synthesis of a lamin A mutant,
known as progerin, which disrupts the nuclear membrane archi-
tecture and causes multiple cellular alterations, including ab-
normal gene transcription and signal transduction.

The molecular mechanism leadin% to vascular calcification in
HGPS was analyzed in Lmna“*°“™ knock-in mice (8), which
showed a profound deficiency in extracellular pyrophosphate, a
potent inhibitor of vascular calcification (9, 10). Treatment with
exogenous pyrophosphate reduced vascular calcification but did
not increase the life span of these HGPS mice (8).

Extracellular pyrophosphate availability in HGPS mice may be
increased by modifying extracellular pyrophosphate metabolism.
Pyrophosphate is enzymatically degraded to phosphate by tissue
nonspecific alkaline phosphatase (TNAP) in extracellular fluids
(9). Over-expression of TNAP causes vascular calcification (11,
12), which can be prevented by alkaline phosphatase inhibitors
(12-14). Moreover, extracellular pyrophosphate is synthesized by
the enzyme ectonucleotide pyrophosphatase/phosphodiesterase
(eNPP), which hydrolyzes extracellular ATP to generate pyro-
phosphate and AMP (9). In vascular smooth muscle cells and
aortas, eNPP1 is the main source of extracellular pyrophosphate

23698-23704 | PNAS | November 19,2019 | vol. 116 | no. 47

(11). Mutations in eNPP1 result in generalized arterial calcifica-
tion of infancy, which is characterized by excess calcification of the
internal elastic lamina of large and medium-size arteries (15).
Moreover, eNPP1-null mice develop ectopic artery calcification
(16). Ectonucleoside triphosphate diphosphohydrolase (eNTPD),
a direct competitor of eNPP for ATP, is the main enzyme that
hydrolyzes ATP to phosphate in vascular smooth muscle cells and
aortas (17). Loss of eNTPD activity could increase the availability
of ATP for pyrophosphate production by eNPP. Therefore, both
the eNPP/eNTPD activity ratio and TNAP activity play key roles
in pyrophosphate availability. Therefore, loss of eNTPD and
TNAP activities could increase the pyrophosphate production,
prevent vascular calcification, and extend longevity in this devas-
tating progeroid syndrome.

Methods

Mice. Male Lmna and wild-type littermates were used. The protocol
was approved by the ethics committees of the Fundacién Instituto de
Investigacion Sanitaria (FIIS), the Fundacién Jiménez Diaz (FJD), and the
Madrid Community (PROEX 177/15), and conformed to directive 2010/63EU
and recommendation 2007/526/EC regarding the protection of animals used
for experimental and other scientific purposes, enforced in Spain under
RD1201/2005.
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Aorta Isolation and Calcification Assays. Mice aged 30-32 wk were euthanized
by carbon dioxide inhalation, and their thoracic aorta tissue was perfused
with saline and removed as described (18). For calcification assays, aortas
were cultured ex vivo (37 °C, 5% CO;) in Minimum Essential Medium Eagle
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(MEM; Gibco) containing calcium-45 as a radiotracer (Perkin-Elmer), 1 mmol/L
L-glutamine, 100 IU/mL penicillin, 100 pg/mL streptomycin, and 0.1% FBS.
Culture medium was replaced daily. After 10 d, the aortas were dried and
weighed, and radioactivity was measured by liquid scintillation counting
(Perkin-Elmer Tri-Carb 2810TR).

Blood Collection. Blood was obtained from 30 to 32-wk-old mice in heparin-
containing tubes. Plasma was separated from cell components (erythrocytes,
leukocytes, and platelets) by centrifugation at 5000 x g for 10 min, 4 °C. The
blood cell components were washed 5 times with buffer containing 9 g/L Nacl.

Pyrophosphate Metabolism. VSMCs or aortas were incubated ex vivo in Hank's
Balanced Salt Solution (HBSS, BE10-527F, Lonza) containing the indicated
amounts of pyrophosphate and 32PPi or ATP and [y*?P]ATP (Perkin-Elmer)
(17). After the indicated times, ATP and pyrophosphate were separated from
orthophosphate, as described (11, 17). Briefly, 20 pL of sample was mixed
with 400 pL of ammonium molybdate to bind the orthophosphate (Sigma-
Aldrich) and 0.75 mol/L sulfuric acid (Sigma-Aldrich) (19), followed by ex-
traction with 800 pL of isobutanol/petroleum ether (4:1; Sigma-Aldrich) to
separate phosphomolybdate from pyrophosphate and ATP. A 400 pL aliquot
of each organic phase containing phosphomolybdate was removed, and its
radioactivity was counted (19). The same aortas were used for both the ATP
and pyrophosphate hydrolysis assays. After the ATP hydrolysis assays, the
rings were washed 5 times in HBSS before performing the pyrophosphate
hydrolysis assay. Finally, the aortic rings were dried and weighed.

To analyze the products released during ATP hydrolysis, blood or aortas
were incubated in HBSS containing ATP and [y32P]ATP at final concentrations
of 1 umol/L and 10 pCi/mL, respectively (19). After the indicated times, the
production of 32Pi and 32PPi was determined by chromatography on PEI-
cellulose plates (50488-25EA-F; Sigma-Aldrich) developed with 650 mmol/L
K,HPO, (Sigma-Aldrich), at pH 3.0, as described (19). The spots were excised
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and subjected to liquid scintillation counting (UltraGold, 6013329, Perkin-
Elmer) (19).

eNPP, eNTPD, and Phosphatase Activities. eNTPD activity was measured by
quantification of 3?Pi released by hydrolysis of ATP (1 pmol/L and 10 pCi/mL
[y32P]ATP as a radiotracer), and extracted by the above isobutanol/petroleum
method (19). Phosphatase and eNPP activities were measured by assessing the hy-
drolysis of p-nitrophenylphosphate (pNPP; Sigma) and thymidine 5'-monophosphate
nitrophenyl (TMPpNP; Sigma). Activity assays were performed in HBSS.

Real-Time PCR. Total RNA was isolated by TRIzol extraction (Invitrogen), and
<DNA was generated using the SuperScript Ill cDNA synthesis system (Invitrogen)
according to the manufacturer’s instructions (17, 20). Mouse TNAP, eNTPD1,
and eNPP1 mRNAs were quantified by real-time PCR using SYBR Green,
according to the manufacturer’s instructions. All reactions were performed
in triplicate. The primers used for amplification were as follows (20): 1) Enpp1
(NM_008813): 5'-GGATTGTGCCAATAAGGACT-3' (forward), 5-CAAGAACTGT-
TGCTGCTGGAG-3’ (reverse); 2) TNAP (NM_007431): 5'-CTATGTCTGGAACCG-
CACTGA-3' (forward), 5-AGCCTTTGAGGTTTTTGGTCA-3’ (reverse); and 3) Entpd1
(NM_009848): 5-AGCCTCCACACAGATCACCTT-3" (forward), 5-GCCACCA-
CTTGAAACCTGAAT-3’ (reverse). Expression was quantified by the com-
parative C; method, with correction for the expression of the endogenous
control gene, acidic ribosomal phosphoprotein PO (RPLPO, accession number:
NM_007475).

In Vivo Treatments. Mice were intraperitoneally injected every 2 d with ATP
(5 mg/kg; Sigma), alone or in combination with levamisole (0.2 mg/kg; Sigma)
and ARL67156 trisodium salt (0.1 mg/kg; 1283, Tocris). Control mice were
intraperitoneally injected with saline. Mice were treated from 8 wk of age
until death or euthanasia.
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Fig. 1. eNTPD is the main activity in the aorta. (A) Levels of eNTPD1, eNPP1, and TNAP mRNAs in aortas of 30-32-wk-old wild-type and Lmna®®®°¢"* mice (n = 8
aorta pools). (B) 32PPi (32-pyrophosphate) and 32Pi (32-phosphate) produced by hydrolysis of 1 umol/L ATP containing 10 pCi/mL [y*2P]ATP as a radiotracer
over the indicated times. 32PPi, 32Pi, and [y*2P]ATP were separated by TLC, as described in the Methods section. (C) ATP hydrolysis in wild-type and Lmna®%9%/+
aortas, quantified as 3?Pi produced by 1 pmol/L ATP containing 10 pCi/mL [y*>P]ATP as a radiotracer after incubation for 5 and 10 min (n = 21). The mean of
2 timepoints is shown. (D) Pyrophosphate (PPi) hydrolysis in wild-type and Lmna®®°°"* aortas, quantified as 32Pi released by hydrolysis of 1 pmol/L pyro-
phosphate containing 10 pCi/mL 32PPi as a radiotracer after incubation for 2 and 4 h (n = 21). The mean of 2 timepoints is shown. (E) 3?PPi produced by the
hydrolysis of 1 pmol/L ATP containing 10 pCi/mL [y*P]ATP after incubation for 100 min in the absence or presence of 200 pmol/L levamisole (+Lev) or
ARL67156 (+ARL). 32PPi (E) and 32Pi (C and D) production was quantified using the isobutanol/petroleum extraction method. (F) Forty-five-calcium accu-
mulation in wild-type and Lmna®®%?“"* aortas ex vivo. Statistical analyses by 1-way ANOVA and Tukey’s multiple comparisons posttest or Student’s t test (in C).
#P < 0.05; #P < 0.01; #*P < 0.001, compared with wild-type control (no inhibitors). **P < 0.01; ***P < 0.001, compared with control (no inhibitors).
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Quantification of Aortic Calcium. Mouse aortas were dried, weighed, and
treated with 0.6 mol/L HCl for 24 h. Calcium was quantified using a colori-
metric QuantiChrom calcium assay kit (BioAssay Systems).

Mitochondrial Assays. Mitochondrial ATP synthesis was measured by kinetic
luminescence assay (20). Cytochrome ¢ oxidase (COX) and citrate synthase
(CS) enzymatic activities were measured as described previously (20). COX
activity was normalized to CS, a Krebs cycle enzyme used as an index of
mitochondrial mass.

ATP and Pyrophosphate Quantification. Blood was obtained from 30 to 32-wk-
old mice in heparin-containing tubes. Plasma was separated from cell com-
ponents by centrifugation (5000 x g for 10 min, 4 °C). Plasma was frozen in
liquid nitrogen and stored in —80 °C. Extracellular pyrophosphate was
measured with an enzyme-linked bioluminescence assay as described pre-
viously (20). ATP was measured by a coupled luciferin/luciferase reaction
with an ATP determination kit (Invitrogen), as described previously (20).

Statistical Analysis. Results are presented as mean + SD. The Kolmogorov-
Smirnov test was used to assess the normality of the data. Student’s t test or
1-way ANOVA and Tukey's multiple comparison posttest were used for
statistical analyses. Longevity was assessed by the Kaplan-Meier method. All
statistical analyses were performed using GraphPad Prism 5 software.

Data Availability. The data that support the findings of this study are available
in figshare, reference number 10.6084/m9.figshare.9978794.

Results

Pyrophosphate Availability in Vascular Smooth Muscle Cells (VSMCs)
Depends on the eNTPD1/eNPP1 Ratio. The contribution of the 3
main enzymes involved in extracellular pyrophosphate metabolism
was analyzed in primary vascular smooth muscle cells (VSMCs)
obtained from 30 to 32-wk-old Lmna®*“"* mice. Pyrophosphate
production from hydrolysis of 1 pmol/L ATP was significantly
reduced by siRNA knockdown of eNPP1 and enhanced by siRNA

knockdown of eNTPD1 (SI Appendix, Fig. S14), indicating that
the eNPP/eNTPD activity ratio plays a key role in pyrophosphate
synthesis. By contrast, pyrophosphate production from ATP hy-
drolysis was unaffected by siRNA knockdown of TNAP, despite
this knockdown significantly reducing pyrophosphate hydrolysis
(SI Appendix, Fig. S1B). Moreover, calcium accumulation in
VSMCs was significantly increased by siRNA knockdown of
eNPP1 (SI Appendix, Fig. S1C) but was significantly reduced by
siRNA knockdown of TNAP (P < 0.05) and eNTPD1 (P < 0.001).

Combination of TNAP/eNTPD Inhibitors Improved Pyrophosphate
Availably in Lmna®®?%’+ ysMcCs. Combination of TNAP inhibitor
levamisole and the eNTPD inhibitor ARL67156 increased ex-
tracellular pyrophosphate synthesis in Lmna“®’“"* VSMCs 2-
fold (SI Appendix, Fig. S1D). By contrast, ARL67156 plus
levamisole reduced extracellular pyrophosphate hydrolysis in
Lmna®®*S"* VSMCs by 91% (SI Appendix, Fig. S1E). Finally,
the addition of levamisole and ARL67156 reduced calcium ac-
cumulation by 92% in Lmna“®*’%"* VSMCs (SI Appendix,
Fig. S1F).

eNTPD Is the Main Activity in Aorta. To assess aortic calcification in
HGPS mice, extracellular pyrophosphate metabolism was exam-
ined in Lmna®®”“"* and wild-type mouse aortas. In wild-type
aortas, the eNTPD1 mRNA level was 20- and 9-fold higher than
eNPP1 and TNAP mRNA levels, respectively (Fig. 14). Corrcl;pared
with the wild type, TNAP and eNTPD1 mRNA levels in Lmna“*”“*
aortas were increased by 57% and 38%, respectively.

Aortas ex vivo completely hydrolyzed 1 pmol/L ATP after
60 min. TLC of wild-type hydrolysis products of [y*?P]ATP resulted
in a 9% yield of pyrophosphate (Fig. 1B), showing that eNTPD
activity (ATP — phosphate) was greater than eNPP activity
(ATP — pyrophosphate).
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Fig. 2.

Loss of systemic pyrophosphate synthesis. (A) Plasma phosphatase, eNPP, and eNTPD activities in 30-32-wk-old wild-type and Lmna®®%?%* mice. (B)

Pyrophosphate synthesis and hydrolysis in plasma. (C) Plasma ATP, pyrophosphate, and pyrophosphate/ATP ratio. (D) Mitochondrial ATP synthesis and COX:CS

ratio in liver. Statistical analyses by Student’s t test. **P < 0.01; ***P < 0.001.
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Fig. 3. eNTPD is the main activity in blood. (A) Representative autoradiograph showing the products released by incubation of 1 pmol/L ATP con-
taining 10 pCi/mL [y3>2P]ATP for 60 min with blood, plasma, or blood cell components. 32PPi (32-pyrophosphate), 32Pi (32-phosphate), and [y*?P]ATP
were separated by TLC, as described in the Methods section. (B) 32PPi released after 60 min of incubation with 1 pmol/L ATP containing 10 pCi/mL
[y*2PIATP. 32PPi was quantified using the isobutanol/petroleum extraction method (n = 12). (C) 32Pi produced by incubation of 1 pmol/L ATP con-
taining 10 pCi/mL [y*2P]ATP over the indicated times in blood cells obtained from Lmna®®°?%"* mice. 32Pi was quantified using the isobutanol/
petroleum extraction method. (D) eNTPD activity of Lmna®®°?%"* blood cells in the absence or presence of 200 pmol/L levamisole (+Lev) or ARL67156
(+ARL) (n = 12). (E) 3?PPi hydrolysis in blood samples of wild-type and Lmna®%°%"* mice in the absence or presence of levamisole (+Lev) and ARL67156
(+ARL). (F) 32PPi produced by the hydrolysis of 1 umol/L ATP containing 10 uCi/mL [y*?P]ATP after 60 min of incubation in blood samples of wild-type and

Lmna66096/+

posttests. *P < 0.05; ***P < 0.001; ns, nonsignificant difference.

ATP hydrolysis (Fig. 1C) was 101-fold faster than pyrophos-
phate hydrolysis (Fig. 1D) in wild-type ex vivo aortas (17.9 + 3.74
versus 0.18 + 0.03 pmol*mg™"*min~"). Compared with wild-type
aortas, extracellular ATP and pyrophosphate hydrolysis were
increased by 25% (t0 22.3 + 3.71 pmol*mg™"*min™") and 32% (to 024 +
0.03 pmol*mg~"*min~"), respectively, in Lmna®*%* aortas. In-
cubation with levamisole, a TNAP inhibitor, reduced extracellular
pyrophosphate hydrolysis in wild-type and Lmna®“"* aortas by
55% (to 80.2 + 7.5 fmol*mg™"*min™") and 66% (to 80.4 + 4.5
fmol*mg~"*min~"), respectively. Moreover, the combination of
levamisole and the eNTPD inhibitor ARL67156 reduced extra-
cellular pyrophosphate hydrolysis in wild-type and Lmna®®%?¢/*
aortas by 75% (to 44.3 + 4.1 fmol*mg™"*min™") and 82% (to
425 + 34 fmol*mg‘l*min_l), respectively. These findings indicated
that TNAP mainly hydrolyzed extracellular pyrophosphate in normal
aortas, with the residual extracellular pyrophosphate hydrolysis due
to eNTPD activity (11).

Extracellular pyrophosphate synthesis was 46% lower in
Lmna®®** than in wild-type aortas (5 + 0.4% versus 9.2 +
0.8%; Fig. 1E). The addition of levamisole had no effect on ex-
tracellular pyrophosphate synthesis, as shown in rat aortic rings
(17). By contrast, ARL67156 plus levamisole increased extracellular
pyrophosphate synthesis in wild-type and Lmna“®*“'* aortas
3.1-fold (to 28.5 + 5.3%) and 4.7-fold (to 23.6 + 2.2%),
respectively.

Villa-Bellosta

mice in the absence or presence of levamisole and ARL67156 (n = 18). Statistical analyses by 1-way ANOVA and Tukey’s multiple comparison

Calcium accumulation was 30% higher in Lmna®®*“’* than in
wild-type aortas cultured ex vivo (4.24 + 1.16 versus 3.23 + 0.97 umol
calcium*g™; Fig. 1F). The addition of levamisole and ARL67156
reduced calcium accumulation by 83% and 87% in wild-type and
Lmna®%C™ aortas, respectively, whereas the addition of levamisole
alone reduced calcium accumulation by 24% and 22%, respectively.
This result indicated that calcification of Lmna“**’“’* aortas
was incremental and was due to alterations in extracellular pyro-
phosphate metabolism, resulting in deficient pyrophosphate syn-
thesis. Moreover, these findings showed that a combination of
eNTPD and TNAP inhibitors reduced vascular calcification ex vivo.

Loss of Systemic Pyrophosphate Synthesis. Systemic extracellular
pyrophosphate was analyzed in HGPS mice using blood from
Lmna®*"* and wild-type mice. Plasma phosphatase and eNTPD
activities were 46% and 33% higher, respectively, whereas eNPP
activity was 23% lower, in Lmna®’’“’* than in wild-type mice
(Fig. 24). In addition, extracellular pyrophosphate hydrolysis was
53% higher while extracellular pyrophosphate synthesis was 41%
lower in plasma of Lmna“®*“’* than of wild-type mice (Fig. 2B).

Plasma ATP and pyrophosphate concentrations were 88% and
92% lower, respectively, in Lmna®®°®/* than in wild-type mice
(Fig. 2C). However, the Gplasma pyrophosphate/ATP ratio was
also 33% lower in Lmna®®*“'* than in the wild type, indicating
that extracellular pyrophosphate resulting from the hydrolysis of
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ATP was reduced. The liver is the main source of extracellular
ATP in plasma (21, 22). Mitochondrial synthesis and the
COX:CS ratio were 57% and 37% lower, respectively, in livers of
Lmna®®”%"* mice (Fig. 2D), indicating that mitochondrial ATP
synthesis was impaired in the liver. This impairment was asso-
ciated with a significantly lower COX:CS ratio, indicating that
the activity of COX, an essential component of the mitochon-
drial electron transport chain, was also impaired (20).

eNTPD Is the Main Activity in Blood. Incubation of blood samples
from both types of mice completely hydrolyzed ATP after 1 h (Fig.
34). Blood incubated with ATP produced 8.4% pyrophosphate
(Fig. 3B), indicating that, as in aortas, eNTPD (ATP —
phosphate) is the main activity in blood. However, pyrophos-
phate synthesis in plasma was 75% higher, indicating that eNPP
activity (ATP — pyrophosphate) was predominant. By contrast,
ATP hydrolysis by blood cell components (containing erythro-
cytes and leukocytes) produced phosphate (Fig. 3 A-C), which
was reduced to 15% by the addition of the eNTPD inhibitor
ARL67156, but was unaffected by levamisole (Fig. 3D). These
findings indicated that eNPP and eNTPD activities are mainly
located in plasma and blood cell components, respectively.
Notably, eNTPD activity has been previously detected both in
erythrocytes (23) and leukocytes, including monocytes, neu-
trophils, and lymphocytes (24).

Pyrophosphate hydrolysis was 52.5% higher (Fig. 3E), whereas
pyrophosl();hate production by ATP hydrolysis was 26% lower
in Lmna®%%°%’* than in wild-type blood (Fig. 3F). The ad-
dition of eNTPD and TNAP inhibitors reduced pyrophosphate
hydrolysis by 82%, while increasing pyrophosphate production by
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2.1-fold, in Lmna®%°"* plood. By contrast, levamisole had no
effect on pyrophosphate production (Fig. 3F).

ATP-Based Therapy Improved Calcification and Longevity in Lmna®5%%"+

Mice. To assess the effects of ATP replacement therapy alone or in
combination with eNTPD and TNAP inhibitors, 8-wk-old Lmna“**“*
mice were intraperitoneally injected with these compounds.
Compared with untreated Lmna®*“/* mice, ATP alone did not
significantly affect life span (38.2 versus 38.9 wk; P = 0.225; Fig.
44) or total body weight (23.1 + 1.8 versus 23.4 + 0.9 wk; P =
0.436; Fig. 4B), but significantly reduced the calcium content in
aortas of 34-wk-old mice (837.4 & 189.7 versus 561.2 + 121.7 pg/g;
P < 0.01; Fig. 4C). Treatment with ATP, levamisole, and
ARL67156 significantly increased life span from 38.2 to 42.8 wk
(11.9%, P < 0.001; Fig. 44) and total body weight from 23.1 + 1.8 g
to 25.8 + 1.0 g (P < 0.001; Fig. 4 B and D), while significantly re-
ducing calcium in the aorta from 837.4 + 189.7-443.9 + 76.3 pg/g
(P < 0.001; Fig. 4C).

Discussion

Hutchinson-Gilford progeria syndrome is caused by the accu-
mulation at the nuclear envelope of the farnesylated form of
truncated prelamin A, a protein that is altered during normal
aging (6, 7). Most people with HGPS have a single nucleotide
substitution within exon 11 of the gene encoding lamin A (LMNA).
This mutation (GGC — GGT; G608G) activates a cryptic splice-
donor site, finally leading to a truncated, permanently farnesylated
prelamin A isoform, which induces a dimorphic nuclear phenotype
in HGPS patients (6, 7).

*k K
*k %k -

] Lmna®%%9¢* mice treated with ATP
Bl Lmna®5%96* mice treated with ATP+Lev+ARL

G609G/+

G609GH+ mjce (n = 20) and

Lmna®%°%"* mice treated with ATP (n = 21) or with a combination of ATP, levamisole (Lev) and ARL67156 (ARL) (n = 22). (B) Total body weight of 34-wk-old

G609G/+ G609G/+

wild-type mice, Lmna mice, and Lmna

mice treated with ATP or with a combination of ATP, Lev, and ARL. (C) Calcium content in aortas obtained

from 34-wk-old wild-type mice (n = 22), Lmna®°%"* mice (n = 22), and Lmna®**"* mice treated with ATP (n = 19) or with ATP+Lev+ARL (n = 17). (D)

Representative photographs of 38-wk-old wild-type mice, Lmna®¢%¢+
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mice, and Lmna
tistical analyses by 1-way ANOVA and Tukey’s multiple comparison posttests. **P < 0.01; ***P < 0.001 compared with untreated Lmna

GE09G/+ mjce treated with a combination of ATP, Lev, and ARL. Sta-

G609G/+ mice.
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The first treatment strategy for HGPS was based on the ability
of farnesyl transferase inhibitors (FTIs) to reverse the nuclear
phenotype (25). However, prelamin A and progerin undergo
alternative prenylation by geranylgeranyl transferase when farnesyl
transferase activity is inhibited. For this reason, an alternative
treatment strategy employed a combination of statins and
bisphosphonates, inhibitors of HMG-CoA reductase, and farnesyl-PP
synthase, respectively, to inhibit efficiently both farnesylation and
geranylgeranylation of progerin and prelaminar, which markedly
improved the aging-like phenotypes of progeroid mice, including
weight loss and decreased longevity (26). These treatments
showed less efficiency in children with HGPS (27, 28).

The second HGPS treatment strategy was based on reversion
of the HGPS mutation using CRISP-Cas9, which extended lon-
gevity in HGPS mice (29, 30). However, this treatment is still far
from being applicable in humans.

This study herein presents an alternative strategy for the
treatment of HGPS. Like in humans, HGPS mice display ex-
cessive vascular calcification as a consequence of a reduced level
of extracellular pyrophosphate, a potent endogenous inhibitor of
calcification (10, 20). Our study shown herein that this reduction
in extracellular pyrophosphate levels in HGPS mice is a conse-
quence of the impaired synthesis of pyrophosphate both in the
aorta and blood, which in turn is caused by several factors in-
cluding 1) the up-regulation of the ectoenzymes TNAP (the main
enzyme involved in pyrophosphate degradation) and eNTPD1
(an enzyme that hydrolyzes ATP to release phosphate), and 2)
reduced ATP production (the source of pyrophosphate) caused
by mitochondrial dysfunction associated with reduced complex
IV COX activity. Vascular calcification is dependent mainly on
plasma levels of pyrophosphate (10). However, as a main source
of pyrophosphate, ATP plays a key role in preventing vascular
calcification (31). Moreover, ATP could also directly inhibit
calcium deposition on the aortic wall (32). ATP availability
is dramatically reduced in Lmna®*’’* mice. Increments in
extracellular pyrophosphate degradation and reduction in
extracellular pyrophosphate synthesis found in this study im-
pair the availability of extracellular pyrophosphate in aorta
and blood.

Notably, activity of eNTPD (ATP — phosphate) is predominant
and it hydrolyzes more than 90% of ATP in the aorta and blood.
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Therefore, eNPP (ATP — pyrophosphate) hydrolyzes less than
10% of ATP to form pyrophosphate. Inhibition of eNTPD and
TNAP activity reduced pyrophosphate hydrolysis in both Lmna®®"*
aortas and blood, as well as increasing pyrophosphate synthesis
through ATP hydrolysis, indicating that alterations in the eNPP/
eNTPD activity ratio via eNTPD inhibition were more effective
than inhibition of TNAP activity in increasing extracellular pyro-
phosphate availability. Moreover, the combination of eNTPD and
TNAP inhibitors reduced calcification in aortas ex vivo, whereas
pyrophosphate degradation during ex vivo pyrophosphate pro-
duction by ATP hydrolysis was negligible, suggesting that long-
term studies are required to assess the effect of phosphatase ac-
tivity on extracellular pyrophosphate availability.

Finally, combined treatment in HGPS mice with ATP and
inhibitors of TNAP and eNTPD resulted in extension of lon-
gevity and the prevention of vascular calcification, a common
clinical manifestation also associated with aging, diabetes, and
chronic kidney disease. Moreover, combined treatment with
ATP and TNAP/eNTPD inhibitors may also increase the
availability of ATP in local tissue and provide more energy for
maintenance of life. Therefore, this HGPS treatment strategy,
focused on improving extracellular ATP/pyrophosphate me-
tabolism, could constitute an alternative therapy against this de-
vastating syndrome.

This study also showed that the eNPP/eNTPD activity ratio
plays a key role in pyrophosphate availability, as this ratio could
determine the ratio of pyrophosphate/phosphate synthesis from
ATP. By altering the eNPP/eNTPD activity ratio, eNTPD in-
hibitors lead to increments in pyrophosphate availability. ATP
replacement therapy, combined with TNAP and eNTPD inhib-
itors, may provide an alternative to eNPP replacement therapy
(33) in patients with HGPS or other diseases with pyrophosphate
deficiency, such as Pseudoxanthoma elasticum (34).
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