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Hutchinson-Gilford progeria syndrome (HGPS) is a uniformly fatal
condition that is especially prevalent in skin, cardiovascular, and
musculoskeletal systems. A wide gap exists between our knowl-
edge of the disease and a promising treatment or cure. The aim of
this study was to first characterize the musculoskeletal phenotype
of the homozygous G608G BAC-transgenic progeria mouse model,
and to determine the phenotype changes of HGPS mice after a
five-arm preclinical trial of different treatment combinations with
lonafarnib, pravastatin, and zoledronic acid. Microcomputed to-
mography and CT-based rigidity analyses were performed to as-
sess cortical and trabecular bone structure, density, and rigidity.
Bones were loaded to failure with three-point bending to assess
strength. Contrast-enhanced pCT imaging of mouse femurs was
performed to measure glycosaminoglycan content, thickness,
and volume of the femoral head articular cartilage. Advanced gly-
cation end products were assessed with a fluorometric assay. The
changes demonstrated in the cortical bone structure, rigidity, stiff-
ness, and modulus of the HGPS G608G mouse model may increase
the risk for bending and deformation, which could result in the
skeletal dysplasia characteristic of HGPS. Cartilage abnormalities
seen in this HGPS model resemble changes observed in the age-
matched WT controls, including early loss of glycosaminoglycans,
and decreased cartilage thickness and volume. Such changes might
mimic prevalent degenerative joint diseases in the elderly. Lona-
farnib monotherapy did not improve bone or cartilage parameters,
but treatment combinations with pravastatin and zoledronic acid
significantly improved bone structure and mechanical properties
and cartilage structural parameters, which ameliorate the muscu-
loskeletal phenotype of the disease.
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utchinson-Gilford progeria syndrome (HGPS) is a uni-

formly fatal condition that causes a dramatic acceleration of
symptoms associated with aging, especially cardiovascular and
cerebrovascular events that lead to premature death at ~13 y of
age (1). HGPS primarily affects the musculoskeletal and vascular
systems as evidenced by skeletal dysplasia, joint contractures,
scleroderma-like skin, lipoatrophy, alopecia, atherosclerosis, and
severe failure to thrive (1, 2). It is a rare sporadic autosomal
dominant disorder caused by a de novo heterozygous mutation in
the LMNA gene (c.1824C > T, p.G608G) (3, 4). The LMNA
gene encodes for lamins type A and C and is composed of 12
exons (5). Prelamin A, the precursor protein of lamin A, un-
dergoes posttranslational processing on its C-terminal region.
Posttranslational modifications include transient farnesylation of
the cysteine at the C-terminal CaaX motif, followed by proteolytic
cleavage of the last three amino acids (aaX) by the metalloproteinase
ZMPSTE?24, and carboxymethylation. Finally, ZMPSTE24 performs
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an additional cleavage of the last 15 amino acids in the C-terminal
region, which results in removal of the farnesyl group (4). These
posttranslational modifications lead to the mature unfarnesylated
lamin A protein (6, 7). Lamin A is predominantly an inner nuclear
membrane protein that broadly influences nuclear structure and
function (8). In addition, a small fraction of lamin A has been
described to reside as a highly dynamic pool in the nucleoplasm
(9-12). The posttranslational processing previously mentioned
(farnesylation and carboxymethylation of the cysteine residue and
removal of the -AAX tripeptide) appears to be important for the
close association of lamins with the inner nuclear membrane (9,
13-15).

In IBIGPS, a single C-to-T transition occurs at position 1824 in
the LMNA gene (¢.1824C > T, p.G608G), activating a cryptic
splice site that deletes the terminal 150 nucleotides of exon 11.
This leads to a 50-amino acid deletion in the C-terminal domain
of prelamin A, which eliminates the second endoproteolytic cleav-
age site, resulting in a truncated and permanently farnesylated
protein termed progerin or LMNAASO (16). Persistent farnesylation
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causes progerin accumulation in the inner nuclear membrane,
which is at least partly responsible for the HGPS phenotype (17).

Preclinical and clinical studies have been conducted with three
different upstream prenylation inhibitors, including lonafarnib,
pravastatin, and zoledronate. Lonafarnib is a farnesyltransferase
inhibitor (FTT) that binds reversibly to the farnesyltransferase
binding site (18) and therefore inhibits progerin farnesylation.
FTIs have been shown to improve weight, arterial pulse wave
velocity, carotid artery echo density, skeletal rigidity, and sen-
sorineural hearing in children with HGPS (19). Furthermore,
transgenic HGPS murine models treated with FTIs have shown
improvement in cardiovascular defects (20), bone mineraliza-
tion, and weight, as well as lifespan extension (21, 22).

Although FTIs have been previously shown to increase mean
survival in HGPS patients (23-25), alternative prenylation events
of progerin upstream of its farnesylation step were previously
described, and can still occur in the presence of FTIs. Protein
prenylation consists of the addition of farnesyl or geranylgeranyl
groups on specific cysteine residues located near the C termini of
various proteins (26). Alternative posttranslational prenylation
of progerin (and subsequent accumulation) can occur by the
action of the geranylgeranlyltransferase I (GGT-type I) protein.
Hence, researchers have hypothesized that acting on the syn-
thetic pathway of farnesyl phosphate (cosubstrate of farnesyl-
transferase and precursor of GGT-type I) would minimize
alternative prenylation events and excess accumulation of pro-
gerin (7). The addition and synergistic action of other prenylation
(including farnesylation or geranylgeranylation) inhibitors to the
treatment strategy in HGPS patients has resulted in the addition
of statins and bisphosphonates (23).

The statin pravastatin inhibits HMG-CoA reductase, while
zoledronic acid inhibits farnesyl-pyrophosphate synthase. Inhibi-
tion of all three enzymes can effectively block the farnesylation
step of progerin, and therefore halt its subsequent intercalation
into the nuclear membrane (23, 24). Even though children with
HGPS showed increased bone mineral density when treated with a
combination of these drugs (24), other benefits are yet to be
determined.

In the past two decades, several mouse models have been
developed in order to test promising therapeutic options. Cur-
rently, there are seven LMNA and three ZMPSTE24 genetically
modified models (5, 6). One of the first LMNA mutant mouse
models developed a myopathic phenotype that resembles the hu-
man Emery-Dreifuss muscular dystrophy, a disease in connection
with HGPS. This model shows a severely decreased postnatal
growth rate and evidence of cardiac and skeletal muscular dys-
trophy (27), including dystrophic perivertebral and lower limb
muscles, as well as severely compromised ventricular heart fibers.
Another mouse model for Emery-Dreifuss muscular dystrophy
was developed in 2003 by introducing a nucleotide base change
into the LMNA gene (28). It exhibits short stature, abnormal gait,
micrognathia, abnormal dentition, scleroderma like skin, absence
of subcutaneous fat, and musculoskeletal and heart muscle atrophy.

HGPS is a sporadic autosomal dominant syndrome and nearly
90% of the patients affected carry a de novo G608G heterozy-
gous (c.1824C > T, p.G608G) mutation within exon 11 of LMNA
(5, 29). In 2006, Varga et al. (30) published a detailed charac-
terization of the vascular system in a heterozygous (p.G608G/+)
HGPS mouse model. This mouse, heterozygous for a human
transgene with the G608G mutation in LMNA, exhibits the pro-
gressive vascular abnormalities that closely resemble the most le-
thal aspect of the human HGPS phenotype. By 12 mo of age, aortic
and carotid calcification, severe loss of vascular smooth muscle
cells, thickening of the adventitia and middle layer of vessels,
collagen deposition, and elastic fiber breakage were observed.
Although G608G heterozygous transgenic mice develop pathologic
changes in the medial layer of large vessels in a pattern very sim-
ilar to that seen in children with HGPS, they lack the pathologic
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features of HGPS outside of the vascular system (external phe-
notype) seen in human patients (30).

In order to recapitulate bone microstructural and mechanical
abnormalities observed in HGPS patients, several animal models
of laminopathies have been generated. The first one reported
is the Zmpste24™'~ mouse. The bone phenotype in this animal
model shows the development of kyphosis by 6 to 7 wk of age,
and spontaneous bone fractures in multiple locations. Fractures
of almost all ribs are apparent at 24 to 30 wk of age, although
other fracture sites, such as the scapula, clavicle, sternum, zy-
gomatic arch, mandible, and humerus have been reported as well
(6, 31). Moreover, thoracic vertebrae exhibit reduced bone density,
bone volume fraction (ratio of bone volume to total volume BV/TV),
trabecular thickness, and increased porosity. In addition, cortical
thickness values are reduced in the long bones of Zmpste24™'~ mice.

More recently, the Lmna®®*%/6%%S homozygous animal model
was generated, exhibiting joint immobility and skeletal deformities
in the vertebral column (lordo-kyphosis) and the skull. In addition,
tibias of the G609G mutant mice show decreased cortical bone
mineral density, cortical thickness, and increased porosity (6).

As previously mentioned, the single base substitution at exon
11 of the LMNA gene is the most common mutation responsible
for most of the HGPS cases observed in patients (5). As the
heterozygous G608G mouse model (p.G608G/+) strictly focuses
on the cardiovascular phenotype of the disease, the G608G
transgene was recently bred to homozygosity, resulting in an
HGPS mouse model that replicates many aspects of both mus-
culoskeletal and vascular changes of HGPS human patients. This
homozygous transgenic model expressing the human mutation
includes a highly progressive vascular smooth muscle cells loss
and large vessel calcification, as well as other features of HGPS
not evident in the heterozygous transgenic model, such as ky-
phosis, joint contractures, craniofacial anomalies, severe lip-
odystrophy, skin tightening, and hair loss.

To date, there is no available description of the musculoskel-
etal phenotype in the HGPS homozygous G608G mouse model.
Moreover, there is limited literature describing cartilage structural
abnormalities and extracellular matrix (ECM) changes observed in
animal models of HGPS disease. An HGPS mouse model that
properly mimics the musculoskeletal changes in humans would be
essential to assess new therapeutic strategies and evaluate how
different treatments may alter the natural course of the disease.
Therefore, we aimed to first characterize the musculoskeletal and
cartilage phenotype of the homozygous G608G mouse model, and
assess whether these changes can be used as an “assay” to track
disease severity in HGPS patients. In addition, our secondary aim
was to determine the phenotype changes of HGPS transgenic mice
after a preclinical trial of different treatment combinations with
lonafarnib, pravastatin, and zoledronic acid, and observe whether
the combination of drugs ameliorate the disease phenotype. We
hypothesized that: 1) Treatment with lonafarnib monotherapy will
result in a nondetectable effect in bone tissue; 2) the addition of
prenylation inhibitors that target bone resorption and stimulate
bone tissue formation will synergistically improve the musculo-
skeletal phenotype of the homozygous G608G mouse model; and
3) combining bone protective medications with lonafarnib will still
improve the disease phenotype and ameliorate the musculoskeletal
abnormalities.

Research Design and Methods

Generation and characterization of LMNA G608G mice has been previously
described (32). Animal care was provided at the NIH after Institutional An-
imal Care and Use Committee approval. These mice grew at a reduced rate
for approximately 4 mo. They ate normally until 7 mo of age, where at-
tentiveness and activity declined, causing progressive deterioration until
premature death.

We conducted a five-arm preclinical trial consisting of: 1) HGPS homo-
zygous transgenic mice treated with lonafarnib alone (P1L, n = 4); 2) HGPS
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homozygous transgenic mice treated with pravastatin and zoledronic acid
(P2PZ, n = 5); 3) HGPS homozygous transgenic mice treated with lonafarnib,
pravastatin, and zoledronic acid (P3LPZ, n = 5); 4) HGPS homozygous
transgenic mice with no treatment (HGPS-Ctrl, n = 5); and 5) age-matched
C57BL/6 WT mice (8mWT, n = 5). The HGPS-Ctrl mice without treatment had
age-matched WT mice littermates that were euthanized at the same time
points as the HGPS mice. These age-matched WT mice were considered the
“older WT healthy control mice.” As the reported lifespan for the G608G
homozygous model is ~8 mo (33), we refer to these age-matched controls as
the 8-mo-old WT mice (8mWT). In addition, 2-mo-old C57BL/6 WT mice
(2mWT, n = 10) were included to determine whether any differences due to
drug therapies cause musculoskeletal changes that trend toward older age-
matched or younger healthy WT mice.

We randomly assigned diseased mice into one of four treatment groups
(P1L, P2PZ, P3LPZ, or no treatment), where treatment was started at 2 mo of
age. Lonafarnib (Schering-Plough) and pravastatin (Ranbaxy Pharmaceuticals
Inc.) were mixed with transgenic dough at a concentration of 450-mg/kg and
100-mg/kg dough, respectively. A daily 5-g ball of dough, mixed with
lonafarnib and/or pravastatin, was administered to each mouse. Food col-
oring was added for identification and to ensure even mixing. Zoledronic
acid (Reclast, Novartis) was administered by intraperitoneal injections at 0.1
ug per gram of body weight per day. Control animals were given a daily 5-g
ball of dough, without any drug. Transgenic mice were euthanized upon
reaching severe pathology (loss of >15% body weight) together with their
age-matched WT littermates. In addition, young WT mice were humanely
euthanized at 2 mo of age (2mWT). Femurs were dissected and stripped of
soft tissue, flash-frozen in liquid nitrogen, and stored at —80 °C until analysis.

Bacterial Artificial Chromosome G608G Transgenic Construct. The original
bacterial artificial chromosome (BAC) clone RP11-702H12 (RPCI-11 Human
BAC Library) was recombineered to contain a human insert with 164.4 kb of
genomic DNA from chromosome 1q, including the LMNA gene with the
G608G homozygous mutation, surrounding upstream and downstream el-
ements (homology arms) from introns 10 and 11 of the LMNA gene, and
four other known genes: UBQLN4, MAPBPIP, RAB25, and MEX3A. As pre-
viously described (30, 32), the BAC clone RP11-702H12 was recombineered to
contain the most common mutation that causes HGPS, a C > T transition at
base 1824 in LMNA exon 11. The final circular BAC G608G transgenic con-
struct (total size with vector, 173.2 kb) was microinjected to create the
G608G homozygous transgenic mouse line.

Assessment of Bone Structure, Density, and Rigidity. We obtained sequential
transaxial images through the bone cross-section using microcomputed to-
mography (pCT) (uCT40, Scanco Medical). The samples were scanned using
an integration time of 200 ms and a tube voltage and current of 70 kV and
114 mA, respectively. Cortical and trabecular structural indices were mea-
sured for each femur sample, as observed in Table 1. Cortical bone area (BA,
mm?), total area (TA, mm?), cortical thickness (Ct.Th, mm), bone area frac-
tion (BA/TA, %), and apparent and mineral density (MinDens, mg/cm3) were
measured for cortical bone specimens. Bone volume fraction (BV/TV, %),
bone surface density (BS/BV, mm™"), connectivity density (ConnD, mm~3),
Structure Model Index (SMI), trabecular number (Tb.N, mm™"), trabecular
thickness (Tb.Th, mm), trabecular spacing (Tb.Sp, mm), apparent and mineral
densities, and degree of anisotropy (DA) were calculated for trabecular bone
specimens. Volumetric bone mineral density (vBMD, g»cm3) was calculated
using manufacturer-supplied hydroxyapatite phantoms to convert X-ray
attenuation to a known MinDens. CT-based rigidity analysis (CTRA) was
used to calculate the axial (EA, N), bending (El, N-mm~2), and torsional (GJ,
N-mm~) rigidities for each transaxial cross-sectional image of each femur (2,
19, 34).

Axial and coronal uCT projections of the femurs were reconstructed using
ImageJ (NIH) (35, 36) to evaluate the presence of coxa magna (enlargement
of the femoral head with >10% asymmetry in size) and coxa valga (femoral
neck shaft angle >125°), respectively. Femoral head area (FHA) was calcu-
lated in the axial cross-sections of the proximal and distal thirds of the
femoral head to determine the presence of coxa magna. Moreover, the
femoral neck shaft angle (NSA) was measured as the angle formed by
the intersection of a line connecting the midpoints along the femoral shaft
and another line connecting the midpoints of the femoral neck to evaluate
the presence of coxa valga.

Mechanical Testing. Three-point bending was performed on the femurs using
a MTS200 Synergy (MTS Inc.) load frame under displacement control con-
ditions with an 8-mm support span. Specimens were thawed to room tem-
perature and rehydrated for 30 min prior to testing. They were loaded to
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failure at an axial strain rate of 0.01 mm-s~". Yield and ultimate load, dis-
placement, stress, and strain, and flexural modulus were calculated using
uCT-based area moment of inertia measures and an in-house developed
MATLAB program (MathWorks).

Measurement of Glycosaminogylcan Content, Cartilage Thickness, and Volume.
Contrast-enhanced microcomputed tomography (CECT) imaging of mouse
femurs was performed to measure the glycosaminogylcan (GAG) content of
the femoral head articular cartilage. We used an anionic iodinated contrast
agent (Hexabrix 320; Mallinckrodt) that alters the X-ray attenuation of the
cartilage in inverse proportion to cartilage GAG concentration. Femurs were
placed overnight in a solution of Hexabrix at 12 mg I/mL before pCT imaging
(70 Kvp, 113 pA, 0.006-pm voxel size, 30 slices). Postprocessing (Analyze TM,
Mayo Clinic, Rochester, MN) consisted of segmenting cartilage from bone
based on an X-ray attenuation gradient algorithm, and subtracting the av-
erage X-ray attenuation of the unenhanced cartilage at baseline from the
contrast enhanced X-ray attenuation.

In order to quantitatively assess degradation of femoral articular cartilage,
we calculated the thickness (mm?) and volume (mm?®) for each specimen.
First, axial projections of the femoral head were reconstructed using Image)
to assess the thickness of the femoral articular cartilage. Cartilage thickness
was then measured in three specific cross sections: one-third, one-half, and
two-thirds of the femoral head height. Initial assessment was performed
using Analyze TM by contouring the cartilage-contrasted area in the axial
plane from the pCT scans, taking as reference the 45% of the femoral head
height and analyzing 15 slices before and after this point for a precise and
reproducible comparison. Measurements were then obtained at the thickest
portion in the midpoint of the head at each cross section. Second, a three-
dimensional (3D) cartilage volume assessment was performed using ScanlP
(Simpleware, Synopsis, Software v2016.09). Finally, a complete 3D re-
construction of the femoral heads was performed contouring all three
planes (axial, sagittal, and coronal) of each pCT scan slice.

Assessment of Advanced Glycation End Products in Bone. Bone proteins from
the femoral diaphysis were extracted using established protocols (37, 38) and
used for collagen and advanced glycation end product (AGE) measurement
by a fluorometric assay following established methods (38-41). Briefly, bone
samples were lyophilized and hydrolyzed according to dry mass in 6N HCI for
20 h at 110 °C. AGE bulk fluorescence (relative to a quinine standard) was
measured from the hydrolysates at 360-nm/460-nm excitation/emission us-
ing a multimode spectrophotometer (SynergyMX, BioTek) and was nor-
malized to collagen content per specimen. The amount of collagen per
sample was determined based on hydroxyproline quantity (relative to a
hydroxyproline standard) assessed by absorbance measurements of pro-
cessed specimens at 570 nm using the same spectrophotometer (42).

Statistical Methods. Normality was assessed with the Shapiro-Wilk test.
Survival analysis was conducted with a log-rank (Mantel-Cox) test. An ANOVA
test was used to assess differences between animal groups and geometric,
densitometric, structural, microstructural, biomechanical, and mechanical in-
dices as dependent variables; a post hoc Bonferroni test was used to detect
differences within groups. For outcomes that did not meet the normality as-
sumption, we performed a Kruskall-Wallis test with post hoc multiple com-
parisons. All reported outcomes were independent of body mass index, which
was not accounted for in the analysis. Sex-adjusted differences within treat-
ment arms were calculated with an unpaired t test or Wilcoxon rank sum test.
Two-tailed P values less than 0.05 were considered significant. Statistical
analyses were conducted with RStudio v1.0.153 (RStudio) (43, 44). Normality
assumption was met only by FHA, NSA, and trabecular BS/BV. Mean and SDs
were used to report normally distributed outcomes; median and interquartile
ranges were used for nonnormally distributed variables. Reported P values in
Tables 1 and 2 can be interpreted as: 1) P values in 8mWT column: 8mWT vs.
2mWT mice; 2) P values in HGPS-Ctrl: HGPS Ctrl vs. 8mWT mice; 3) P values
under P1L, P2PZ, and P3LPZ: each treatment arm independently vs. HGPS-
Ctrl mice.

Data Availability Statement. All data from this manuscript are available at the
Open Science Framework (https:/osf.io/u6p3c/).

Results

Nineteen transgenic and 15 WT mice were included in the study,
of which 10 were 2mWT and 5 were age-matched WT mice
(8mWT). A total of 44 femurs were analyzed, of which 24 were
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Table 1. Cortical and trabecular structural indices of mouse femurs (measurements are reported as medians and interquartile ranges)

2mWT 8mWT HGPS-Ctrl P1L P2PZ P3LPZ
n (%) 20 (45.5) 5(11.4) 5(11.4) 4(9.1) 5(11.4) 5(11.4)
Cortical
structure
BA/TA (%) 0.990 0.996 0.996 0.996 0.997 0.997
(0.987-0.990) (0.995-0.996) (0.995-0.996) (0.996-0.996) (0.997-0.997) (0.997-0.997)
P value 0.008 0.458 0.250 0.099 0.196
Ct.Th 0.12 0.19 (0.16-0.19) 0.16 0.12 0.23 0.19
(0.11-0.12) (0.14-0.16) (0.12-0.13) (0.22-0.24) (0.19-0.24)
P value 0.002 0.197 0.135 0.044 0.083
AppDens 969.35 1153.68 1134.85 984.22 1165.03 1147.19
(mg/cm?) (960.93-978.90) (1118.63-1165.93) (1100.98-1135.35) (972.41-1028.95) (1089.62-1184.49) (1139.08-1191.70)
P value <0.001 0.284 0.156 0.276 0.186
MinDens 996.02 1185.57 1166.29 1004.22 1190.98 1177.19
(mg/cm?3) (988.05-1006.61) (1149.99-1197.19) (1134.72-1167.82) (992.01-1053.18) (1110.44-1210.26) (1166.29-1216.83)
P value <0.001 0.331 0.106 0.322 0.249
Trabecular
structure
BV/TV (%) 0.12 0.05 (0.04-0.05) 0.03 0.01 0.16 0.16
(0.11-0.13) (0.02-0.06) (0.01-0.02) (0.13-0.16) (0.15-0.21)
P value 0.005 0.439 0.329 0.004 <0.001
BS/BV 72.89 + 6.07 51.64 + 4.17 66.22 + 4.91 60.57 + 10.13 53.23 + 9.63 52.79 + 18.76
(1/mm)*
P value <0.001 0.482 1.000 0.819 0.709
Tb.N (1/mm) 5.09 2.07 2.32 1.55 3.90 4.83
(4.40-5.39) (2.00-2.53) (2.10-3.10) (1.15-1.83) (3.34-4.92) (4.63-5.49)
P value <0.001 0.406 0.293 0.094 0.014
Tb.Th (58) 0.04 0.06 0.04 0.06 0.05 0.04
(0.04-0.04) (0.06-0.06) (0.04-0.05) (0.06-0.06) (0.04-0.06) (0.04-0.08)
P value <0.001 0.294 0.317 0.458 0.430
Tb.Sp (58) 0.20 0.49 0.43 0.56 0.25 0.20
(0.18-0.23) (0.40-0.50) (0.34-0.48) (0.52-0.61) (0.20-0.30) (0.17-0.24)
P value <0.001 0.374 0.325 0.086 0.017
SMI 2.02 2.61 (2.45-2.66) 3.24 3.76 1.87 1.74
(1.82-2.16) (2.78-3.74) (3.02-4.60) (1.59-2.07) (1.21-1.74)
P value 0.004 0.404 0.486 0.004 <0.001
ConnD 299.71 21.77 8.63 1.04 80.75 165.56
(1/mm?) (267.09-319.94) (14.75-24.27) (4.75-53.45) (0.45-2.15) (77.07-292.86) (107.70-301.06)
P value <0.001 0.494 0.305 0.106 0.051
AppDens 116.95 54.47 35.71 62.83 112.22 154.74
(mg/cm?3) (97.94-124.04) (35.55-61.14) (19.23-67.47) (51.17-69.59) (108.16-147.17) (86.27-155.19)
P value 0.002 0.442 0.446 0.034 0.009
MinDens 729.71 849.89 797.01 878.99 869.35 829.17
(mg/cm?3) (725.32-734.40) (824.75-852.86) (794.75-851.65) (845.97-879.89) (851.42-881.33) (826.92-934.58)
P value 0.001 0.425 0.341 0.237 0.281
DA 1.921 1.143 1.280 1.336 1.278 1.472
(1.900-1.956) (1.115-1.201) (1.195-1.288) (1.232-1.391) (1.213-1.312) (1.152-1.625)
P value <0.001 0.242 0.380 0.461 0.407

P values represent statistical significance of differences among groups; multiple comparisons are included in the text. AppDens apparent density; BA/TA; bone area
fraction; BS/BV, bone surface density; BV/TV, bone volume fraction; ConnDens, connectivity density; Ct.Th, cortical thickness; DA, degree of anisotropy; MinDens, mineral
density; SMI, structural model index; Th.N trabecular number; Tb.Sp, trabecular spacing; Tb.Th, trabecular thickness. Bold values demonstrate significance.

*These measurements are reported as mean and SD

the left femurs from transgenic and SmWT mice and 20 were
bilateral femurs from 2mWT mice.

HGPS control (Ctrl) mice had age-matched WT mice litter-
mates that were euthanized at the same time points as HGPS
mice. These age-matched controls are considered the “older
healthy WT mice” or “SmWT,” as referred to in this section.

The mean age at death for HGPS mice was 39.4 wk (SD = 6.2 wk).
Overall, no significant differences were observed in survival rates
between treatment groups (x* = 5.9, P = 0.114) as observed in Fig. 1.
However, survival rates were significantly higher for male than for
female HGPS mice (x> = 5.7, P = 0.017). Sex-adjusted differences in
age at death within treatment groups are shown in Table 3.

Results for bone and cartilage parameters will be reported as
follows: 1) Progeria-Ctl vs. age-matched WT mice (HGPS-Ctrl vs.

12032 | www.pnas.org/cgi/doi/10.1073/pnas.1906713117

8mWT mice); 2) progeria-treated mice (P1L, P2PZ, and P3LPZ)
vs. HGPS-Ctrl; and 3) physiological aging assessment: 2mWT vs.
8mWT mice. In addition, gender differences (female vs. male mice
in each condition) will be reported at the end of each section.

Cortical Bone Material Properties: Thickness, BA/TA, and MinDens.
HGPS-Ctr]l mice showed a 15% decrease in Ct.Th when com-
pared to 8mWT mice (P = 0.197). There was a 44% increase
(P = 0.044) in bone Ct.Th when mice were treated with zole-
dronic acid and pravastatin (P2PZ group) when compared to the
HGPS-Ctrl group. The SmWT mice showed a 58% increase in
Ct.Th when compared to 2ZmWT mice (P = 0.002) (Table 1). No
significant changes occurred in cortical BA/TA in all treatment
conditions, as seen in Table 1.
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Table 2. Mechanical testing, femoral geometry, and cartilage parameters (measurements are reported as medians and
interquartile ranges)

Outcome 2mWT 8mWT HGPS-Ctrl P1L P2Pz P3LPZ
n (%) 20 (45.5) 5(11.4) 5(11.4) 4(9.1) 5(11.4) 5(11.4)
Mechanical
testing
Yield stress 157.2 150.3 205.6 161.4 211.6 199.5
(MPa) (136.3-169.8) (132.5-165.3) (130.0-208.1) (149.7-194.4) (208.6-228.2) (182.7-219.3)
P value 0.434 0.114 0.368 0.091 0.163
Ultimate stress 164.45 157.42 213.02 169.49 228.17 219.26
(MPa) (152.09-184.54) (143.48-169.72) (173.90-216.28) (164.48-183.67) (212.96-231.15) (188.45-231.97)
P value 0.253 0.082 0.301 0.096 0.170
Flexural 164.77 154.98 88.13 130.63 431.95 465.35
modulus (121.11-188.36) (146.07-163.29) (73.99-104.70) (95.57-173.87) (350.62-564.20) (449.74-565.19)
(MPa)
P value 0.443 0.068 0.115 0.002 <0.001
Femoral
geometry
FHA (mm?)* 1.19 + 0.5 1.21 + 0.13 1.24 + 0.10 1.20 + 0.11 1.24 + 0.09 1.27 + 0.04
P value 1.000 1.000 1.000 1.000 1.000
NSA (°)* 130.32 + 5.24 136.75 + 6.60 133.00 + 2.65 136.17 + 3.33 134.20 + 4.44 130.40 + 4.93
P value 0.400 1.000 1.000 1.000 1.000
Cartilage
parameters
CECT (HU) 2451.36 3854.90 3989.71 3867.51 3911.63 3814.69
(2304.5-2596.6) (3757.5-4007.5) (3948.7-4030.3) (3782.6-3962.8) (3874.2-4006.0) (3667.1-4277.4)
P value 0.007 0.157 0.288 0.341 0.296
Cartilage 0.37 (0.35-0.41) 0.27 (0.25-0.28) 0.11 (0.10-0.12) 0.18 (0.18-0.19) 0.18 (0.18-0.21) 0.19 (0.19-0.22)
volume
(mm3)
P value 0.055 0.012 0.161 0.145 0.077

P values represent statistical significance of differences among groups; multiple comparisons are included in text. HU, Hounsfield units.
*These measurements are reported as mean and SD.

No significant differences were observed in MinDens values
between SmWT and HGPS-Ctrl mice. Animals treated with
lonafarnib monotherapy (P1L) had a 14% decrease (P = 0.106)
in MinDens when compared to HGPS-Ctrl mice, while the
remaining treatment arms showed no changes in MinDens
when compared to HGPS mice without treatment. The 2mWT
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Fig. 1. Kaplan-Meier curves and estimates of survival for all HGPS mice.

mice had the lowest cortical MinDens values among all groups,
which increased by almost 19% with age in 8mWT mice
(P < 0.001).

There were no significant differences in cortical indices be-
tween male and female mice overall or within each treatment
group (P values >0.05).
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Table 3. Age at death in weeks for HGPS mice

Group n % Age at death (mean + SD) P value

HGPS-Ctrl 5 26.3 345+54 —
Male 2 36.9 + 8.7 0.455
Female 3 33.0+34

P1L 4 21.1 43.1 + 10.2 0.113*
Male 2 50.3 + 9.5 0.090
Female 2 36.0 + 4.2

P2PZ 5 26.3 394 + 3.0 0.206*
Male 2 40.1 £ 1.6 0.946
Female 3 389 +4.0

P3LPZ 5 26.3 41.1 + 2.8 0.124*
Male 3 424 +1.5 0.397
Female 2 39.1 + 3.6

*P values that represent the comparison of longevity of each treatment arm
independently vs. HGPS-Ctrl mice.

Trabecular Bone Material Properties: Volume Fraction; Th.N, Th.Th,
and Th.Sp.; SMI, MinDens, ConnD, and DA. There were no signifi-
cant changes observed in trabecular indices between SmWT mice
and HGPS-Ctrl mice. Combined treatment groups (P2PZ and
P3LPZ) had an 81% increase in BV/TV values when compared
to HGPS-Ctrl mice (P = 0.004 and P < 0.001, respectively).
Regarding trabecular microstructural indices, P3LPZ had a
108% (P = 0.014) increase in Tb.N and a 53% decrease in Tb.Sp
(P = 0.017) when compared to HGPS-Ctrl mice. No significant
changes were observed in Tb.Th values between HGPS-Ctrl
mice and the HGPS-treated mice. In terms of SMI values, P2PZ
(SMI = 1.87) and P3LPZ mice (SMI = 1.74) had significant de-
creases in their SMI (42% and 46%, respectively; P < 0.004 and <
0.001, respectively) when compared to HGPS-Ctrl mice (SMI =
3.24). No significant changes were observed in ConnD, MinDens,
and DA between HGPS-Ctrl and HGPS-treated mice.

BV/TV was significantly lower (P = 0.005) in SmWT when
compared to younger 2mWT mice. While Tb.N decreased by
60% with age from 2mWT to 8mWT mice (P < 0.001), Tb.Th
and Tb.Sp values increased 50% and 145%, respectively (P <
0.001). In addition, SmWT mice had a 92% decrease in ConnD
(P < 0.002), a 41% decrease in DA (P < 0.001), and a 29% in-
crease in SMI (SMI = 2.61; P = 0.004) when compared to 2mWT
mice as observed in Table 1.
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Significant differences were observed between male and fe-
male mice in Tb.N (P = 0.02), Tb.Th (P = 0.009), and Tb.Sp (P =
0.003) when considering all males and females combined for
each trabecular parameter analysis. More specifically, female
mice exhibited a lower Tb.N, and higher Tb.Th and Tb.Sp values.

CTRA: Axial, Bending, and Torsional Rigidities. HGPS-Ctrl mice
showed a decreasing trend in EA (43%), EI (57%), and torsional
(GJ; 56%) rigidities when compared to SmWT mice as observed
in Fig. 2. In P2PZ-treated mice, EI and GJ rigidity values in-
creased 145% (P = 0.034) and 143% (P = 0.032), respectively,
when compared to HGPS-Ctrl mice. Although EA, EI, and GJ
values showed an increasing trend in the P3LPZ group, there was
no significant difference when compared to HGPS-Ctrl mice.
EA, EI, and G rigidities significantly increased with aging (from
2mWT to 8mWT), as shown in Fig. 2 (P < 0.001).

No significant differences were observed in rigidity values
between male and female mice overall or within each treatment
group (P > 0.05).

Mechanical Testing: Yield Stress, Ultimate Stress, and Flexural
Modulus. Yield stress and ultimate stress values exhibited in-
creasing trends (37% and 35%, respectively) in HGPS-Ctrl when
compared to SmWT mice, as observed in Table 2. Regarding the
flexural modulus values, HGPS-Ctrl mice had a decreasing trend
(43%, P = 0.068) when compared to the age-matched WT mice
(8mWT group).

Multiple drug combinations had no effect on yield stress and
ultimate stress values when compared to HGPS-Ctrl mice.
However, flexural modulus values significantly increased 4.9 to
5.3 times in the P2PZ- and P3LPZ-treated mice when compared
to the HGPS-Ctrl mice (P = 0.002 and P < 0.001, respectively).

Yield stress, ultimate stress and flexural modulus values had a
decreasing tendency in older WT mice (4.4%, 4.3%, and 5.9%,
respectively) when compared to the healthy young mice (2mWT).

There were no significant differences in mechanical testing
measurements between male and female mice overall or within
each treatment group (P > 0.05).

Femoral Head Geometry: FHA and NSA. There were no geometrical
differences in the femoral head morphology of the HGPS-Ctrl
mice when compared to age-matched WT mice (8mWT), as ob-
served in Table 2. Moreover, no treatment combinations exhibited
significant differences in both FHA and NSA when compared to
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Fig. 2. Computed tomography rigidity analysis. Only significant (*) P values are displayed.
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Fig. 3. Cartilage thickness (millimeters) at the proximal one-third, one-half, and two-thirds distal of the femoral head.

HGPS-Ctrl mice. In addition, no relevant changes were observed
in FHA or NSA between young healthy mice and SmWT mice.

There were no differences in measurements between male and
female mice within each treatment group (P > 0.05).

Cartilage Structure and Biomechanical Composition: Cartilage
Thickness, AGEs, GAG Content, and Cartilage Volume. Cartilage
thickness assessed at the proximal third of the femoral head
height in HGPS-Ctr]l mice was not significantly different from
8mWT mice. Combined treatments (P2PZ and P3LPZ) exhibi-
ted higher cartilage thickness values when compared to HGPS-
Ctrl mice (P = 0.036 and P = 0.013, respectively). However, no

significant differences were observed in mice treated with lona-
farnib alone (P1L) when compared to HGPS-Ctrl mice.

Cartilage thickness at the proximal third of the femoral head
height significantly decreased with age (78%) when compared to
2mWT mice (P < 0.001), as observed in Fig. 3. Changes in car-
tilage thickness observed at the middle and at the distal thirds
mirrored the differences described at the proximal third of the
femoral head height above.

AGEs have been described to increase oxidative stress and
inflammation in different tissues, such as heart, lung, skeletal mus-
cle, bone, and brain. These macromolecules have been described
to accumulate with age in multiple organ systems and cause

1000

p=0.0072

900
800
700
600
500
400
300
200

"

2mWT

100

SmWT HGPS-Ctrl

PiL P2PZ P3LPZ

Fig. 4. AGE content in the femoral diaphysis.
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AGE-associated damage by creating covalent cross-links with
extra-cellular matrix and vascular basement membrane proteins
(45). We observed that there were no significant differences in the
amount of AGEs in the femoral diaphysis between HGPS-Ctrl
and SmWT mice. Mice that received a combined treatment with
pravastatin and zoledronic acid (P2PZ) exhibited a lower quantity
of AGEs when compared to HGPS-Ctrl mice (P = 0.0072; means =
219.7 and 523.2 ng quinine per milligram collagen, respectively).
No significant differences were observed between HGPS-Ctrl
mice and the remaining treatment arms. However, there tended
to be fewer AGE accumulation in treated mice with P1L (mean =
255.4 ng quinine per milligram collagen) and P3LPZ (mean =
233.3 ng quinine per milligram collagen) compared to HGPS-Ctrl
mice as shown in Fig. 4. In addition, no relevant changes were
observed between young healthy and SmWT mice, or between
male and female mice.

GAG content assessed by the CECT attenuation of the fem-
oral head cartilage (inversely related to overall cartilage GAG
content) exhibited no differences between SmWT and HGPS-
Ctrl mice (P = 0.157), as observed in Table 2. In addition, no
differences in GAG content were observed between each treat-
ment arm and HGPS-Ctrl mice. CECT attenuation significantly

(A=2mWT, B=8mWT, C=HGPS-Ctr] mice)

Fig. 5. Three-dimensional reconstruction of the articular and endochondral
surfaces of the femoral head. (A) 2mWT, (B) 8mWT, (C) HGPS-Ctrl mice.

12036 | www.pnas.org/cgi/doi/10.1073/pnas.1906713117

increased with age as observed in the age-matched WT mice
(8mWT) when compared to 2-mo-old WT mice (P = 0.007), indi-
cating that SmWT mice had a lower overall cartilage GAG content.

As previously described, 3D reconstructions of the femoral
head articular cartilage were performed by contouring three
anatomical planes: Sagittal, coronal, and axial sections. The
HGPS and age-matched WT controls (mWT) notably exhibited
cartilage degradation evidenced by the lack of tissue covering
some articular surface areas (Fig. 5). Further volumetric evalua-
tions indicated a significant decrease in cartilage volume in HGPS
mice (0.11 mm®) when compared SmWT (0.27 mm>, P = 0.012).
However, no significant differences in cartilage volume were ob-
served between each treatment arm and HGPS-Ctrl mice. Carti-
lage volume shows a decreasing trend with older age (27%) when
comparing SmWT with 2mWT mice (0.37 mm>, P = 0.055).

There were no significant differences in cartilage parameters
reported above between male and female mice overall or within
each treatment group (P > 0.05).

Discussion

Bone Geometry, Microstructure, and Mechanical Properties. Our re-
sults indicate that the HGPS-Ctrl mice show decreased Ct.Th in
their femurs, while maintaining the same bone MinDens when
compared to SmWT mice. Other models of HGPS, such as the
Zpmste24™'~, also report decreased Ct.Th in the tibias of the
mutant mice, which can be rescued by the addition of statins and
bisphosphonates to the treatment regimen (46). The mice re-
ceiving lonafarnib monotherapy had decreasing trends in Ct.Th
(15%) and cortical MinDens (14%) when compared to the
HGPS-Ctrl mice, but no significant differences were noted. As
expected, addition of pravastatin and zoledronic acid signifi-
cantly improved Ct.Th values and achieved the highest values in
all treatment groups. As reported in previous studies in humans
(1, 2), we did not find any differences in cortical bone MinDens
in the HGPS-Ctrl mouse model when compared to healthy age-
matched mice (SmWT).

Trabecular bone abnormalities observed in the HGPS-Ctrl
group were not significantly different from 8mWT mice. Fur-
thermore, trabecular indices remained unchanged in mice treated
with lonafarnib when compared to HGPS-Ctrl animals. As pre-
viously reported in clinical trials with HGPS patients, adding
pravastatin and zoledronic acid exerts an additional benefit in
cancellous and cortical bone parameters (24, 46). In the homo-
zygous G608G mice, cancellous bone improvements were ob-
served in the combined treatment groups. This was reflected by
increased BV/TV and Tb.N, and decreased SMI and Tb.Sp. The
addition of statins and bisphosphonates brings trabecular param-
eters closer to that of young healthy WT mice (2mWT).

Trabecular differences observed between male and female
mice resemble those reported in the literature (47, 48) and include
lower Tb.N, and higher Tb.Th and Tb.Sp values in the female
population as a whole. Glatt et al. (48) report that declines in
vertebral and distal femoral trabecular bone volume throughout
age are more pronounced in female than male C57BL/6J (WT)
mice. More specifically, Tb.N was reported to be lower in the
vertebrae and distal femur of female mice when compared to male
mice at all ages (48). Robertson et al. (47) also report gender
differences in bone microstructural parameters. The trabecu-
lar microarchitecture in all studied regions exhibited better
morphometric indices in male mice when compared to their fe-
male littermates. Lower Tb.N and higher Tb.Sp were observed in
WT female mice when compared to WT male mice (47). These
observed changes in trabecular bone between genders can be
potentially explained by the effect of gender-specific hormones
on bone metabolism. Nonetheless, the structural differences ob-
served in this study had no impact on rigidity or biomechanical
properties.
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It has been previously described that the deterioration of
trabecular bone due to aging and disease is characterized by a
conversion from plate to rod elements (49). The SMI allows
quantifying of the characteristic form of a 3D-described structure
in terms of the amount of plates and rods composing the tra-
becular structure of interest. More specifically, for an ideal plate
and rod structure, the corresponding SMI assigned values are
0 and 3, respectively. Interestingly, the higher SMI in trabecular
bone of HGPS-Ctrl mice (SMI = 3.2) suggests a more pre-
dominant rod-like structure (49) than their age-matched (SMI =
2.6) healthy WT animals (8mWT). Therefore, the trabecular
geometry of the HGPS-Ctrl mouse femurs may resemble that of
an aged bone. CTRA was used to assess the rigidity of bones, or
the capacity of bones to resist different types of loads. Rigidity
analyses showed similar results to bone mechanical properties as
measured by mechanical testing of femurs. The HGPS-Ctrl and
lonafarnib (P1L) mice showed the lowest rigidities and flexural
modulus (intrinsic stiffness) values. There were no protective
effects of lonafarnib on the HGPS-Ctrl mice for these indices.
Interestingly, rigidity indices were higher in both combined treat-
ment groups (Fig. 2), with no significant differences between them.
Mice treated with the two-drug combination (pravastatin and
zoledronic acid) exhibited a significant increase in EI (145%) and
GJ (143%) rigidities (P = 0.03). Moreover, mice treated with the
three-drug regimen (pravastatin, zoledronic acid, and lonafarnib)
exhibited an increasing trend in all three indices (EA, EI, and GJ
rigidities) when compared to HGPS-Ctrl mice, but with overall
smaller median rigidity values when compared to P2PZ. The ob-
served increased rigidities observed in the P2PZ group are com-
parable to the range of rigidity improvement observed in a clinical
trial with HGPS patients (24) and can be explained by the bone-
protective effects due to the addition of both pravastatin and
zoledronic acid to the HGPS mice treatment regimen. These
medications target bone resorption and also have anabolic effects
on bone (50-52). Unlike HGPS patients in the clinical trial by
Gordon et al. (24), mentioned above, no protective effects on bone
rigidity indices were observed with the use of lonafaranib alone.

A clinical trial including 26 children with HGPS (ages 3.1 to
16.2 y) concluded that HGPS primarily affects the structural
geometry rather than the bone material properties, which is
suggestive of a skeletal dysplasia (1, 2, 53). While vVBMD was not
different in children with HGPS when compared to age-matched
healthy patients, CTRA results indicated that children with
HGPS had 40% lower EA, and 66% lower EI, and GJ rigidities
when compared to healthy controls. In our animal study, similar
reductions were observed. When compared to SmWT mice, av-
erage HGPS mouse EA was 43% lower, and average EI and GJ
were 57% lower. Furthermore, we did not encounter any differ-
ences in BMD measurements comparing HGPS and age-matched
WT mice.

Overall, our results show that lonafarnib monotherapy did not
exhibit a significantly improved bone phenotype in the previously
mentioned bone microstructural parameters. However, treat-
ment with lonafarnib alone did show improving trends in some
bone indices (decreasing trends in Ct.Th and cortical MinDens
when compared to HGPS-Ctrl mice). In addition, trabecular in-
dices and bone rigidity parameters remained unchanged in mice
treated with lonafarnib monotherapy when compared to HGPS-
Ctrl animals. As previously reported in clinical trials with HGPS
patients (24), the addition and synergistic effect of pravastatin and
zoledronic acid showed significant bone phenotype improvements
in HGPS mice.

The homozygous G608G mouse model exhibits an altered
bone phenotype in the cortical structural properties as a conse-
quence of the disease. These cortical bone alterations, in con-
junction with an altered rigidity and ultimate stress profile, could
provide a possible explanation for the musculoskeletal changes
found in patients with HGPS. By having lower rigidity values and
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lower Ct.Th, bones could be at increased risk for bending and
deformation, which could result in the characteristic skeletal dys-
plasia of HGPS, such as coxa valga (NSA above 135°). In contrast
to previous clinical studies that describe an altered hip geometry of
patients with HGPS (1, 53), coxa valga (NSA), and coxa magna
(asymmetrical circumferential enlargement of the FHA) were not
observed in our HGPS mouse femurs. However, the decreased
physical activity of animals under laboratory conditions and the
differences in weight-bearing status between humans (bipeds) and
animals (quadrupeds) (54) could potentially explain the absence of
morphological changes in the femurs of the HGPS mice in our
study.

Although HGPS mice exhibited a decreasing trend of rigidity
profiles and flexural modulus (tendency to resist bending), P2PZ-
and P3LPZ-treated mouse femurs had higher rigidity values and a
flexural modulus 4.9 and 5.3 times higher, respectively. However,
bisphosphonates alone would not be responsible for the increase
in rigidity and mechanical properties present in these treatment
arms (46). A recent metaanalysis conducted in 2016 concluded
that statin use seems to be associated with higher BMD values and
could be a potential treatment to improve bone health (55). This
might also account for the increased rigidity and mechanical
properties of the femoral cortical bone in the combined treatment
arms.

Cartilage Structure and Biomechanical Composition. Musculoskeletal
abnormalities reported in animal models of progeroid laminopathies
mainly focus on describing the bone phenotype of HGPS. Com-
monly reported bone disorders include generalized osteoporosis,
spontaneous fractures, bone mineralization defects, joint con-
tractures, and dysplastic long bones. However, there is insufficient
literature on whether HGPS may cause any potential premature
cartilage disease.

In this study, we performed direct and indirect assessments of
cartilage health in the articular cartilage of the femoral head
from G608G homozygous mice. Indirect measurements included
measuring GAG and AGEs, which give information related to
the cartilage biochemical composition. GAGs are specifically
important markers, as they can change early in the course of a
musculoskeletal disease such as osteoarthritis (OA). In addition,
quantitative measurements of thickness (millimeter, mm) and
volume (cubic millimeter, mm®) aimed to assess macroscopic
changes in the structure of the cartilage itself.

Mean attenuation values assessed with CECT were the lowest
in the young WT mice group, meaning that GAG content was
significantly higher in this group when compared to the other five
experimental arms. In contrast, HGPS mice exhibited the highest
mean attenuation values, indicating that HGPS mice had the
lowest cartilage GAG content overall. However, treatment arms
did not exhibit a significant improvement when compared to
HGPS-Ctr]l mice (Table 2). Depletion of GAG content in the
cartilage increases tissue permeability, which in turn decreases
interstitial fluid load support, thereby softening the cartilage and
increasing its coefficient of friction. It is the early loss of GAG
that is currently described as one of the first manifestations of
cartilage degradation. In this way, cartilage resistance to compres-
sive loads is adversely affected, and cartilage thickness and volume
are compromised at a later stage.

Cartilage thickness from HGPS and 8mWT mice were signif-
icantly decreased when compared to young healthy WT mice in
all cross-sections (P < 0.001). In addition, combined treatment
groups with statins and bisphosphonates showed increased carti-
lage thickness values in all cross-sections of HGPS mice (Fig. 3).

After a slice-by-slice contouring process in all directions (axial,
sagittal, and coronal) of a high-resolution CT scan (6 pm), a 3D
reconstruction was performed for direct visualization of the car-
tilage articular and endochondral surfaces. Macroscopic cartilage
degradation was observed in the HGPS-Ctrl mice in areas devoid
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of cartilage tissue, as shown in Fig. 5. Moreover, per software
calculation, we obtained precise volumetric measurements of the
previously contoured regions. Cartilage degradation observed in
Fig. 5 correlates with the lower cartilage volumes found in SmWT
and HGPS-Citrl mice.

As previously mentioned, there is limited data available re-
garding animal models whose primary focus is on cartilage struc-
ture and composition in HGPS models. For example, a study
performed in 20-wk-old progeroid mice demonstrated interverte-
bral disk degeneration (56). Among other degenerative changes,
the discs showed loss of disk height and premature loss of matrix
proteoglycans, which is comparable to the changes observed in our
HGPS and 8mWT mice. Another study, focusing on cartilage
biochemical parameters in HGPS, describes the altered expression
of aggrecan in skin fibroblasts lines from HGPS patients, one of
the most abundant proteoglycans in the cartilage ECM (57).
These cells exhibited up-regulation in the expression of aggrecan
when compared to their controls. However, it is still unclear
whether similar transcriptional changes occur in human chon-
drocytes. Previous clinical studies rely strongly on X-ray imaging
for the assessment of arthritis signs. For example, in a study per-
formed in hips, ankles, knees, and wrists from 21 children with
HGPS, no radiographic evidence of arthritis was observed (53).

Our cartilage findings are in line with recent in vitro studies
that focus on the molecular background of the HGPS documented
abnormalities in the musculoskeletal system. These studies link
the accumulation of progerin with altered cellular mechanisms
that can explain the phenotype of the disease present in bone and
cartilage. Altered signaling pathways described in HGPS that are
relevant to the musculoskeletal homeostasis include the Wnt/f
catenin pathway and the mechanotransduction pathway.

The Wnt/B-catenin pathway has been shown to have decreased
activity in HGPS cells (58, 59). For example, fibroblasts from the
Lmna A9 progeria mouse model and hair follicle stem cells in
Zmpste24™'~ mice have shown reduced Wnt/p-catenin signaling
(16, 60). This alteration leads to mesenchymal stem cell dys-
function (7), as well as an altered expression of ECM genes with
specific roles in skeleton and cartilage development (16, 58, 59).

Mechanotransduction describes the adaptive response by which
cells respond to changes in mechanical loads exerted by their
environment (61). WT cells respond to physical stress by activating
specific gene-expression programs that include up-regulation and
redistribution of type A lamins (62, 63). Accumulation of progerin
in HGPS cells leads to thickening and increased stiffness of the
lamina, which results in stiffer and less compliant nuclei (61, 63).
HGPS fibroblasts have been shown to have increased mechano-
sensitivity and react to mechanical strain with apoptosis/necrosis
and impaired strain-induced proliferation response (61, 64, 65).
This abnormal adaptive response in HGPS cells places tissues
exposed to high shear stress—such as vasculature, bone, and
joints—to be more susceptible to damage (63).

Our cartilage results outline interesting degenerative changes
in the HGPS articular cartilage, which resemble those observed
in the age-matched WT controls. Currently, it remains unclear
whether HGPS causes premature cartilage abnormalities that
resemble articular degeneration, characteristic of elderly indi-
viduals. OA is a chronic debilitating disease that degrades ar-
ticular cartilage and is characterized by the early loss of matrix
GAGs. OA is one of the most common causes of chronic dis-
ability and pain in the elderly population, and accelerated aging
animal models could offer a unique opportunity for the study of
degenerative joint diseases. Therefore, further studies with
HGPS G608G mice at different growth stages would be useful to
determine whether HGPS mice have comparable disease to se-
nile WT rodents, and could be of use to assess new therapeutic
approaches for highly prevalent debilitating joint diseases, such
as OA.
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Limitations. The ability to obtain and manipulate BAC clones with
genomic DNA spanning hundreds of kilobases is highly advanta-
geous for transgenic applications, given that most BAC clones
encode the complete Open Reading Frame and most regulatory
sequences, which recapitulate the regulation of endogenous genes
much better than shorter transgenes (66). Thus, BACs provide a
direct accurate, endogenous-like expression of the disease-causing
proteins of interest. In this large-scale addition of introns and
exons of a human gene, the mouse environment may cause un-
expected phenotypes. Currently, this is unpredictable and must be
assessed on a case-by-case basis but does not preclude working
with such animals (67).

A major limitation of the present study is that the BAC used
(172 kb: vector and insert) also carries other genes (UBQLN4,
MAPBPIP, RAB25, and MEX3A) in addition to LMNA, which
could affect the disease phenotype. Although we do not include
supplemental data regarding the potential overexpression of
these genes in this homozygous mouse model, these concerns
were previously addressed the in the heterozygous (p.G608G/+)
HGPS mouse model described by Varga et al. (30). To assess the
potential effect of other genes carried in the BAC (UBQLN4,
MAPBPIP, and RAB25) in addition to LMNA, Varga et al. created
control animals carrying a WT human LMNA BAC. Interestingly,
they observed that phenotype of the WT transgenics was essentially
normal, except for possibly very mild medial arterial changes in
animals of advanced age (30).

The mutant form of lamin A (progerin) responsible for the
premature aging disease in HGPS acts as a dominant-negative
protein (4, 68-71). In addition, the permanently farnesylated state
of progerin allows it to exert its dominant-negative effects and
cause the devastating effect on cellular function, accelerating the
senescence of cells that express it (63, 72-74). Thus, as disease in
HGPS is produced by a dominant-negative mechanism; it is the
effect of progerin, not the diminution of lamin A, that causes the
disease phenotype (23). Although human UBQLN4, MAPBPIP,
RAB25, and MEX3A genes can be expressed from the BAC in the
G608G homozygous mouse model, the homozygous mice develop
and progress without neoplasia, aggressive tumors, or T cell de-
ficiencies characteristic of overexpression of these genes (75-82).
The most important feature of this HGPS mouse model is the
overexpression of the dominant-negative human progerin protein.

Another limitation of this study is the small sample size (n = 5)
in each transgenic mouse group and the additional stratification
by gender. The low sample size may have yielded high variability
in some measurements that could account for the lack of dif-
ferences in some bone material and mechanical properties, carti-
lage structural and biochemical parameters, and overall survival.
Survival rates were not improved in HGPS-treated mice in this
animal model, but a study with bigger sample size would be able to
properly address the impact of the combined treatment regimens
in the longevity of G608G mice. Therefore, an increased sample
size would be ideal to determine the differences in outcomes be-
tween groups more definitively. Moreover, our results describe
bone and cartilage changes in 2-mo-old (young WT) and older
age-matched WT animals, but changes during growth could not be
assessed. Furthermore, given that we have investigated an animal
model, the external validity of our results may be limited. There-
fore, interpretation of results and their applicability to humans
must be considered with caution. This is of particular importance
given the differences in weight-bearing status between mice and
humans, and how this could potentially affect bone metabolism.

Conclusions

The changes demonstrated in the cortical bone structure, rigidity,
stiffness, and flexural modulus of the HGPS G608G mouse model
may increase the risk for bending and deformation of bones, which
could result in the skeletal dysplasia characteristic of HGPS pa-
tients. Differences in the distribution of weight-bearing status
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between humans and mice may provide an explanation for the
absence of morphological changes in this animal model, which
may serve as a progeria mouse model. Even though lonafarnib
alone did not improve any bone or cartilage outcomes, it did not
counter the positive effects of combined treatment with statins or
bisphosphonates. This was mostly reflected in the improvement of
trabecular bone indices observed in the P3LPZ group in Table 1,
such as increased BV/TV (P < 0.001) and Tb. N (P = 0.014),
decreased SMI (P < 0.001) and Tb.Sp (P = 0.017), and increased
flexural modulus (P < 0.001) when compared to HGPS-Ctrl mice.
Other trends toward improvement in the P3LPZ group were ev-
ident in ConnD (P = 0.051) and EA-EI-GIJ rigidities. Given the
lack of changes in bone or cartilage structure with lonafarnib and
the clear benefits reported in survival rates in animal and clinical
studies (23, 25, 46), it should always be considered as a treatment
option for the disease.
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Cartilage abnormalities seen in this HGPS model resemble
those observed in the age-matched WT controls. Further studies
at different growth stages would allow researchers to understand
cartilage health and structure in order to determine whether
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premature aging of the tissue itself or due to a developmental
alteration. In addition, this raises the question of whether HGPS
G608G mice could be used as an accurate animal model that
resembles degenerative joint disease in the elderly population, and
serve for further research approaches toward the early detection,
management and development of novel therapeutics for OA.
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