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mineralization and impaired skeletal and dental structures.

contribute to general bone aging.
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(Background: Tissue-specific mouse model for Hutchinson-Gilford progeria syndrome (HGPS).
Results: Dysfunctional osteoblast maturation and impacts DNA damage and Wnt signaling, which lead to abnormal bone

Conclusion: Resemble clinical features of HGPS and normal bone aging.
Significance: Provides insights to the molecular mechanisms of HGPS and will be useful to further elucidate the processes that
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Hutchinson-Gilford progeria syndrome (HGPS) is a very rare
genetic disorder that is characterized by multiple features of pre-
mature aging and largely affects tissues of mesenchymal origin. In
this study, we describe the development of a tissue-specific mouse
model that overexpresses the most common HGPS mutation
(LMNA, c.1824C>T, p.G608G) in osteoblasts. Already at the age of
5 weeks, HGPS mutant mice show growth retardation, imbalanced
gait and spontaneous fractures. Histopathological examination
revealed an irregular bone structure, characterized by widespread
loss of osteocytes, defects in mineralization, and a hypocellular red
bone marrow. Computerized tomography analysis demonstrated
impaired skeletal geometry and altered bone structure. The skele-
tal defects, which resemble the clinical features reported for bone
disease in HGPS patients, was associated with an abnormal osteo-
blast differentiation. The osteoblast-specific expression of the
HGPS mutation increased DNA damage and affected Wnt signal-
ing. In the teeth, irregular dentin formation, as was previously dem-
onstrated in human progeria cases, caused severe dental abnormal-
ities affecting the incisors. The observed phenotype also shows
similarities to reported bone abnormalities in aging mice and may
therefore help to uncover general principles of the aging process.
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Hutchinson-Gilford Progeria Syndrome (HGPS,* progeria,
OMIM#176670) is a rare segmental progeroid genetic disorder
that affects one in 4—8 million live births (1). Patients appear
normal at birth, but during the first years of life, symptoms start
appearing and include severe growth retardation, loss of subcu-
taneous adipose tissue, hair loss, atrophy, and wrinkling of the
skin, micrognathia, delayed tooth eruption, formation of irreg-
ular secondary dentin obliterating the dental pulp and stiffness
of joints (2, 3, 4). In addition, they show skeletal abnormalities,
including abnormalities in bone morphology and alterations in
bone structure, which result in a unique skeletal dysplasia (5).
The majority of patients die from progressive atherosclerosis at
a median age of 13 years (6, 7).

Most of the classical HGPS cases are the result of a single de
novo point mutation within exon 11 of the LMNA gene (G608G,
GGC>GGT) (8, 9). The LMNA gene codes for the A-type
lamins, lamin A, AA10, C, and C2 (10, 11). Lamin A is synthe-
sized first as the precursor molecule, prelamin A, which under-
goes modification before it becomes mature lamin A (12, 13).
The maturation of prelamin A initially requires farnesylation of
the C terminus followed by cleavage of the three C-terminal
amino acids, carboxymethylation of the farnesylated cysteine
and finally, the cleavage of the fifteen terminal amino acids. The
endoprotease, Zmpste24, is responsible for the final cleavage of
the prelamin A molecule (14, 15). The most common HGPS
mutation activates a cryptic splice site and results in a form of
the prelamin A protein that contains an internal deletion of 50
amino acids (9). This deletion results in the removal of the rec-

“The abbreviations used are: HGPS, Hutchinson-Gilford progeria syndrome;
tTA, tetracycline-responsive transcriptional activator; BMD, bone mineral
density; RT-PCR, reverse transcription-PCR; TRAP, tartrate-resistant acid
phosphatase; pQCT, peripheral quantitative computed tomography; DAPI,
4' 6-diamidino-2-phenylindole; Alp, alkaline phosphatase; Col1a1, Colla-
gen type 1al; Ocn, Osteocalcin; CTSK, cathepsin K.
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ognition site that is required for the final proteolytic step. The
resulting farnesylated and carboxymethylated lamin A protein
is designated progerin. Cells expressing progerin are character-
ized by an abnormal shape and lobulation of the cell nucleus,
loss of peripheral heterochromatin, thickening of the nuclear
lamina, and clustering of nuclear pore complexes (16 —18).

Mouse models previously generated to reflect bone abnor-
malities in progeria patients exhibit growth retardation, abnor-
mal gait, immobility of the joints, deformations of the skeleton
and changes in bone mineral density (BMD) (14, 19, 20).
Homozygous lmna™“"S mice, that express progerin exclu-
sively and no lamin A or C, displayed severe bone abnormali-
ties, including spontaneous bone fractures in the extremities,
poorly mineralized bones and premature death (21). In addition
to skeletal abnormalities, Zmpste24-deficient mice also showed
malformation of the teeth (15, 22).

To increase the understanding of bone and dental diseases in
HGPS, we have developed an inducible and tissue-specific
mouse model, which expresses the most common HGPS muta-
tion, ¢.1824C>T, p.G608G, in osteoblasts and odontoblasts
(23, 24). The previously described osterix transactivator mouse,
Sp7-tTA (25, 26), was intercrossed with two different mouse
lines carrying minigenes of human lamin A under the control of
a pTRE element (tetop). Our results show that inducible
expression of a minigene of human lamin A with the HGPS
mutation during bone development in mice results in skeletal
abnormalities, characterized by irregular cortical bone with
poor biomechanical properties and widespread loss of osteo-
cytes and osteoblasts. These changes are associated with
impaired osteoblast differentiation, decline in DNA damage
signaling and altered Wnt signaling. Our findings demonstrate
that this mouse model exhibit a bone disease similar to that of
HGPS and may thus be useful for increasing the understanding
of lamin A in dystrophic osteogenesis as well as during aging. In
addition, this model is, to our knowledge, the only available
model with inducible and tissue-specific expression of the
HGPS mutation in the bone and will be useful for testing treat-
ments for HGPS.

EXPERIMENTAL PROCEDURES

Animal Housing—Animals were housed in a 12 h light/dark
cycle, at temperatures of 19-23 °C and 50 — 65% air humidity at
the animal facility at the Karolinska University Hospital, Hud-
dinge, Sweden. The animals were fed autoclaved RM3(P) pellets
(Scanbur, Sweden), and drinking water was provided ad libi-
tum. All animal studies were approved by the Stockholm South
Ethical review board, Dnr. S141-06 and S107-09.

Generation of Binary Transgenic Mice—We obtained
B6.Cg-Tg (Sp7-tTA, tetO-EGFP/cre)1Amc/] promoter mice
(referred to as Sp7-tTA) from The Jackson Laboratory, stock
number: 006361. Sp7-tTA mice were maintained by mating to
C57BL/6], and 100 pg/ml doxycycline/2.5% sucrose was
included in the drinking water according to suggestions from
the donating investigator. To target HGPS transgenic expres-
sion to bone tissue, FVB/N-Tg (tetO-LMNA"G608G,-EGFP)
VF1-07Maer (referred to as tetop-LA9°°°S), and FVB/N-Tg
(tetO-LMNA,-EGFP) SF1-04Maer (referred to as tetop-LA™")
mice (24) were intercrossed with the Sp7-tTA transgenic mice.
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All animals were genotyped according to published protocols
(24, 25). The bitransgenic offspring, tetop-LAS®%%G*; Sp7-
tTA™, are referred to as HGPS mice. The bitransgenic off-
spring, tetop-LA™*"; Sp7-tTA™, are referred to as human LA
mice. The single transgenic offspring, tetop-LAS®%G*; Sp7-
tTA™ and tetop-LA™™"; Sp7-tTA ™, are referred to as control
mice. The non-transgenic offspring, tetop-LAS®%%G~; Sp7-
tTA™, are referred to as wild-type mice. The offspring that
resulted from the intercross breeding were provided with soft-
ened/moist food pellets (see above) on the cage floor after
weaning. The weight of the animals was recorded every week
from postnatal week 2. Animals were sacrificed with an over-
dose of Isofluran (Baxter, Sweden) at postnatal week 5 and 12,
and tissues (femur, tibia, spine, skull, lower jaw, skin, heart,
liver, spleen, kidney, testis, ovaries, and limb muscle) were col-
lected. X-ray images were taken from animals at the age of 12
weeks using a Mobilett x-ray unit (Siemens).

Extraction of Total RNA and Protein from Bone—The tibia
was collected, and the epiphyses were cut off. The bone marrow
cavity was flushed with PBS using a 27-gauge needle. The empty
bone was immediately transferred to liquid nitrogen. The tissue
was homogenized using a Bessmann tissue homogenizer and
transferred to Matrix Lysing D (Qbiogene) containing either
TriZol® (Invitrogen) for RNA extraction or 8 M urea/RIPA
buffer (including proteinase inhibitors, Roche) for protein
extraction. For further homogenization, the Fastprep 220A
(Qbiogene) was used twice at 6 ms™ ' for 40 s. Samples were
incubated on ice for 10 min between each run.

Analysis of Transgenic Expression—The analysis of trans-
genic expression on RNA levels was performed in bone, carti-
lage, brain, skeletal muscle, heart, liver, and fat tissue for HGPS
(n = 3) and control mice (n = 4). RNA was isolated from
12-week-old mice using the TriZol® reagent (Invitrogen). The
cartilage was microdissected from 5-day-old pups and the RNA
was extracted with proteinase K (20 mg/ml), 4 M guanidine
thiocyanate, 25 mMm sodium citrate, pH 7.0, and 0.1 M 3-mer-
captoethanol (27). Random hexamers and SuperScript II
Reverse Transcriptase (Invitrogen) were used to synthesize
c¢DNA from 1 pg of RNA. A transgene-specific assay was per-
formed for the lamin A minigenes according to the previously
published procedure (24). RT-PCR analysis with B-actin spe-
cific primers (28) was performed on all samples as a control.
Enhanced protein separation and Western blot analysis was
performed as previously described (24). The primary antibodies
used for Western blot included mouse monoclonal anti-human
lamin A+C (mab3211, Chemicon), goat polyclonal anti-lamin
A/C (sc-6215, Santa Cruz Biotechnology) and mouse monoclo-
nal anti-B-actin (A5441, Sigma). Densitometry was performed
using the Versa Doc Imaging System, and the results were ana-
lyzed with Quantity One software (Bio-Rad).

Histology—The skeletal preparations of the fore limbs were
performed according to Nagy et al. (29). The tissues were fixed
overnight in 4% paraformaldehyde, pH 7.4. Decalcification of
the lower jaw, femur, and skull was performed in 12.5% EDTA
for 5 days and the spine for 10 days and thereafter processed for
dehydration and embedded in paraffin wax. 4-um Sections
were stained with Hematoxylin & Eosin, and a combination of
Alcian Blue, pH 2.5, and Van-Gieson. The osteoclasts were
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visualized using a histochemical staining kit to detect tartrate-
resistant acid phosphatase (TRAP) according to the manufac-
turer’s instructions (Kit 387A, Sigma).

Histomorphometry—The osteocyte lacunae differential count
was performed on 4-um femoral sections stained with Hematox-
ylin & Eosin using a bright light microscope. A total number of
300 lacunae was counted in identical areas of the diaphysial
cortical bone from HGPS (n = 3) and control mice (n = 3).
Osteocyte lacunae were further distinguished in lacunae con-
taining live cells, with osteocytes showing well-defined and
well-preserved nuclei, and empty lacunae, containing no nuclei
or a degenerated cell. The cell counts were normalized for the
total number of counted lacunae.

Bone Quality Analysis—To assess the bone quality, we col-
lected long bones (tibia and femur) from male and female HGPS
and control mice (n = 6, respectively) at the age of 12 weeks.
After fixation in 4% paraformaldehyde, the bones were trans-
ferred to 70% EtOH and processed for peripheral quantitative
computed tomography (pQCT) and the three-point bending
test. The computed tomographic scans were performed with
the pQCT XCT RESEARCH M system (Version 4.5B, Norland,
Fort Atkinson, WI) operating at a resolution of 70 um, as
described previously (30). The trabecular volumetric BMD
(vBMD) was determined with a metaphyseal pQCT scan of the
long bones. The scan was positioned at the metaphysis at a
distance that was distal from the proximal growth plate corre-
sponding to 3% of the total length of the bone, and the trabec-
ular bone region was defined as the inner 45% of the total cross-
sectional area. The cortical bone parameters (cortical vVBMD
and cortical thickness) were analyzed in the mid-diaphyseal
region of the bone. The biomechanical properties of the bones
were analyzed by the three-point bending test, with a span
length of 5.5 mm and a loading speed 0.155 mm/min, and was
performed for tibial and femoral diaphysis, while axial loading
was performed for the femoral neck using the Instron universal
testing machine (Instron 3366, Instron Corp., Norwood, MA).
Previously developed principles of bone biomechanical testing
were applied (31, 32). The biomechanical parameters were cal-
culated based on the recorded load deformation curves.

Quantitative RT-PCR Analysis—The real-time PCR reac-
tions were performed in 20- ul reaction volumes containing 5 ul
of diluted cDNA template in MicroAmp 96-well plates sealed
with optical adhesive covers (Applied Biosystems). Each exper-
iment contained cDNA or a no template control, 1X Power
SYBR® Green and 0.2 pmol/ul of the respective forward and
reverse primer. The primer sequences are provided in supple-
mental Table S1. After the plates were prepared, they were
loaded onto an ABI7500 fast system sequencing detection
instrument and run with the following cycling conditions: 2
min at 50 °C, 10 min at 95 °C, then 40 cycles each of 15 s at 95 °C
and 40 s at 60 °C. All reactions were run in triplicate, and each
sample group had an # = 3. The variation among the triplicates
of =0.3 units for C; values below 30 and =0.5 units for C
values above 30 was considered acceptable. To calculate the
relative changes in gene expression, the 2~ 4. compara-
tive C method was used (33). The data were interpreted as the
expression of the gene of interest relative to the reference gene
(B-actin) in HGPS mice compared with wild-type animals.
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Primary Osteoblast Cultures—Animals at the age of postna-
tal day 5 and 12 weeks were euthanized with an overdose of
Isofluran (Baxter, Sweden). Primary osteoblasts were extracted
according to the previously published procedure (34) and were
processed for the in vitro mineralization assay and cytospin
staining.

In Vitro Mineralization Assay—Cells were plated at 25,000
cells/cm? in 12-well plates, grown to confluence in «MEM/10%
FBS with antibiotics, and differentiated in osteoblast culture
media containing 100 ug/ml ascorbate and 5 mm B-glycero-
phosphate. For histochemical assessment of alkaline phospha-
tase (Alp) activity, osteoblast cultures were fixed in 4% parafor-
maldehyde and stained for 20 min with a solution containing
0.1 mg/ml naphthol AS-MX phosphate and 0.6 mg/ml Fast blue
BB salt (Sigma-Aldrich). To stain for calcium deposition, cul-
tures were fixed in 4% paraformaldehyde, stained for 30 min
with 0.1% Alizarin Red at pH 5.5, and rinsed several times with
deionized water to remove nonspecifically bound stain. Alp-,
and Alizarin Red-stained osteoblast cultures were analyzed
using an Axiovert Zeiss microscope. Three 12-well plates per
sample were analyzed in each experiment. The staining inten-
sity was evaluated by three independent researchers using a 4
unit scoring system. The criteria for scoring the degree of stain-
ing ranged from 1 (no staining) to 4 (intense staining).

Cytospin—1 X 10° cells were washed with 200 ul of PBS,
centrifuged at 0.2 rcf for 10 min and resuspended in 200 ul of
PBS. The cells were centrifuged onto SuperFrost Plus glasses
(Menzel, Germany) with Thermo Shandon filter cards using
the Shandon Cytospin 4 machine at medium acceleration rate,
500 rpm for 15 min.

Immunofluorescence—Cytospins were fixed with 4% parafor-
maldehyde, permeabilized with 1% Nonidet P-40 detergent
(Pierce) in PBS and blocked with 5% goat serum/0.1% Birj
(Pierce) in PBS (13). All incubations were performed using a
MIST tray. The primary antibodies used were a rabbit poly-
clonal anti-mouse collagen type 1 (BT21-5014, Biotrend)
co-stained with a mouse monoclonal anti-human lamin
A+C antibody (mab3211, Chemicon) or a mouse monoclo-
nal anti-phospho-Histone H2A.X (yH2AX) (JBW301, Milli-
pore). The cells were incubated with 4’,6-diamidino-2-phe-
nylindole (DAPI) at the concentration of 0.1 mg/ml prior to
mounting using the ProLong® Gold antifade reagent (Invit-
rogen). The frequency of cytoplasmic collagen type 1 stained
cells with nuclear human lamin A/C staining was calculated
from isolated osteoblasts of HGPS mice (#n = 5) and control
mice (n = 4). The fraction of cells that was positive for cyto-
plasmic collagen type 1 staining was analyzed for presence of
YH2AX foci. The fraction of cytoplasmic collagen type 1
positive cells with =5 yH2AX foci was counted from HGPS
mice (n = 3) and wild-type mice (# = 3). A minimum of 300
cytoplasmic collagen type 1-stained cells was counted for
each animal.

Statistical Analysis—The unpaired Student’s ¢ test was used
for data analysis. Values represent the mean = S.E. p values of
<0.05 were considered significant (*, p < 0.05; P, **<0.01;
P,***< 0.001).
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FIGURE 1. Transgenic expression in the bone is regulated by the transactivator. The transgenic expression of human lamin A and progerin detected in RNA
(A) and protein extracts (B and C) from HGPS mice and a human HGPS control sample (AG03506). The tissues analyzed for the transgenic expression of RNA
levels included bone, cartilage, brain, skeletal muscle, heart, liver, and fat. A no RT-control for bone and brain and a no-template-control (NTC) were included
in the PCR reactions (A). There was no detectable expression in control or wild-type (WT) samples of RNA (A) or protein (B) in the bone. In the brain protein
samples from HGPS mice and control mice, expression of prelamin A and lamin A, but no progerin expression was detected (C). The human-specific lamin A/C
antibody (red) detects transgenic expression of human lamin A and progerin in primary osteoblasts isolated from HGPS mice (E). No lamina staining was
detected in osteoblasts from control mice. Collagen type 1 antibody (green) was used as an osteoblast marker), and nuclei were counterstained with DAPI (blue)
(D). The quantification of cells from the calvariae explant cultures showed that 89.7 = S.E. 2.5% of all isolated cells are collagen type 1-positive, of which 23.6 =

S.E. 7.1% stained positive for human lamin A/C (F). Scale bars: 50 wm.

RESULTS

The Transactivator Regulates the Transgenic Expression—
The lamin A transgenic mice, tetop-LA“°®S and tetop-LA™",
were intercrossed with the Sp7-tTA promoter, and the trans-
gene expression was analyzed by RT-PCR (Fig. 14), Western
blot (Fig. 1, Band C), and immunofluorescence (Fig. 1, D and E).
The amplification of human lamin A and lamin Adel150 (proge-
rin) was detected in bone, cartilage, and brain tissue isolated
from HGPS mice after the cDNA had undergone 35 PCR cycles.
Although the amplification products were also detected in the
brain of control mice, transgenic expression was not observed
in the bone or cartilage of control mice, indicating that the
transgenic expression was regulated by the transactivator in
these tissues (Fig. 14). Western blot analysis with an antibody
specific for human lamin A/C revealed transgenic expression of
lamin A and progerin in bone protein extracts from HGPS
mice, whereas bone protein extracts from human LA mice only
showed lamin A expression (Fig. 1B, and data not shown). No
transgenic expression was seen in the protein extracts from the
bones of control mice, demonstrating that activation is depen-
dent on the transactivator (Fig. 1B). In protein extracts from the
brain, human lamin A was detected in both HGPS and control
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mice, indicating that the tetop-LAS°°®S minigene was at least

partially being expressed in the brain and even in the absence of
the transactivator (Fig. 1C). The relative expression levels of the
minigene compared with expression of mouse lamin A were
quantified using densitometry on western filters that were
hybridized with an antibody that recognized lamin A/C of
mouse and human origin (data not shown). In HGPS mice (n =
3), the average expression ratio of human lamin A and progerin
compared with mouse lamin A was 1.03, which indicates that
the average transgenic overexpression was close to 100%.
Immunofluorescence with the human lamin A/C specific
antibody, mab3211, on cytospins showed no staining in control
mice (n = 4) (Fig. 1D) whereas distinct lamina staining was
detected in cells isolated from HGPS mice (n = 5) at the age of
5weeks (Fig. 1E). This showed that the antibody is very useful to
detect the transgenic expression of human lamin A and proge-
rin since it does not cross-react with the mouse lamin A/C. To
test our extraction method of osteoblasts from the calvariae, we
used a Collagen type 1 antibody as an osteoblast expressed
marker to calculate the frequency of collagen type 1 positive
cells in the calvariae explant cultures. Our results showed that,
on average, 89.7 = S.E. 2.5% of all isolated cells expressed Col-
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FIGURE 2. The expression of the HGPS mutation in osteoblasts results in growth retardation, bone fractures, and altered bone quality. Photograph and
radiograph images of 12-week-old HGPS mice (A and F) versus wild-type littermate mice (A and E). The HGPS mice (n = 16) showed reduced growth rates
compared with wild-type mice (n = 19) (B). The thorax of 12-week-old wild-type (C) and HGPS mice (D). Fractures and callus formation were detected close to
the costovertebral junction in HGPS mice (D, arrowheads), but not in wild-type animals (C). Skeletal abnormalities, such as scoliosis (D) and kyphosis (F) were
noted in the HGPS mice only. Fractures (asterisk) were detected in Alizarin Red skeletal preparations in humerus (G) and in the tibia on radiograph images (H)
in HGPS mice. Shorter bones were seen in HGPS mice compared with control mice when bone length was measured in tibia (/) and femur (J) from male and
female HGPS and control mice. Impaired skeletal integrity and compromised bone strength (Fmax, maximum load at bone failure) were detected in tibial
diaphysis (K) and femoral neck (M) from HGPS mice by three-point bending test but femoral diaphysis was not significantly affected (L). Reduced values for
trabecular bone mineral density (BMD) (N), and increased measurements for the cortical bone area (O) and thickness (P) in male and female HGPS mice. Solid

gray bars, WT; empty bars, HGPS. All values represent measurements of the mean = S.E. (¥, p < 0.05, **, p < 0.01, ***, p < 0.001).

lagen type I (n = 4). The frequency of cells isolated from HGPS
mice that were positive for transgenic expression was 23.6 *
S.E.7.1% (n = 5) (Fig. 1F).

External Phenotypes—The HGPS mice were indistinguish-
able from littermate controls at birth through the weaning of
the litters at postnatal day 21. However, during their fourth
postnatal week, the weight dropped, possibly due to dental
abnormalities. Incisors that were bent outwards and broken
were observed in the HGPS mice, and all mice were provided
with a soft diet on the cage floor from the day of weaning. Even
when using this special diet, HGPS mice (male n = 6, female
n = 10) were smaller in size (Fig. 24) and had lower body
weights (Fig. 2B) when compared with wild-type littermates
(male n = 9, female n = 10).

In parallel with the observed growth retardation, at postnatal
week 5, the HGPS mice (n = 16) displayed a wobbling gait. All
HGPS mice continuously had problems standing on their hind
legs and fell to the side when walking in the cage. Callus forma-
tion, which indicated fractures of the ribs close to the costover-
tebral junction, was not detected in wild-type and control mice
(Fig. 2C), whereas HGPS animals displayed callus formations
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from postnatal week 5 (Fig. 2D). No skeletal deformations of the
spine was detected in wild-type (Fig. 2E) and control mice. In
HGPS mice kyphosis was apparent at the age of 12 weeks (Fig.
2F). With increasing age, the wobbling gait became more
severe, and HGPS mice also showed kyphoscoliosis (Fig. 2D).
The increased incidence of spontaneous fractures in long
bones, accompanied by callus formation, was another striking
skeletal abnormality that was only seen in HGPS mice (Fig. 2, G
and H). Despite the described skeletal and dental abnormalities,
the mice were viable, and no premature death was observed,
with a survival up to 24 months (data not shown). At postnatal
week 12, tibia and femur lengths were significantly reduced for
both male (femur p < 0.01, tibia p < 0.001) and female (femur
p < 0.001, tibia p < 0.001) mice, when compared with control
animals of the same age (Fig. 2, I and ).

Impaired Bone Quality in HGPS Mice—To assess the biome-
chanical properties of the bones, three-point bending tests were
performed on the tibia and femur. Reductions in the Fmax
(maximum load at bone failure) indicated compromised bone
strength for the measurements of tibial diaphysis as well as
femoral neck from HGPS mice when compared with control
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mice (Fig. 2, K and M). Instead, femoral diaphysis was not sig-
nificantly affected (Fig. 2L). The cortical and trabecular bone
structure was assessed in the femur and tibiae of 13-week-old
animals using pQCT. In HGPS mice, there was an increased
cortical bone area (Fig. 20) and an increased cortical bone
thickness (Fig. 2P) compared with wild-type mice. In contrast,
trabecular BMD was decreased in female HGPS mice (Fig. 2N).
The combination of an increased cortical thickness and a sig-
nificant decrease in the biomechanical properties of the bone
suggests a reduction in the bone tissue quality.

Bone and Dental Phenotypes in HGPS Mice—Histopatho-
logic analysis revealed that postnatal overexpression of the
HGPS mutation in osteoblasts and osteocytes has dramatic
effects on the structure of the bone. In the cortical bone (long
bones, spine, rib cage, skull, lower jaw) of 5-week-old HGPS
mice, there was a striking loss of lamellar structure, and an
increase of non-remodeled, non-mineralized matrix embedded
in the cortical bone structure, as well as an significant increase
(p < 0.001) of empty osteocyte lacunae lacking viable osteo-
cytes (n = 4) when compared with wild-type mice (Fig. 3, A-G,
and Fig. 4F and data not shown). The bone marrow cavity of
HGPS mice was hypocellular, with prominent adipocytes (Fig.
3, B and I). Histologic analysis also showed callus formation at
the junction between the ribs and the vertebrate bodies, likely
due to early, spontaneous fractures. Although the bone struc-
ture appeared severely affected with signs of fracture sites in the
ribs, no signs of inflammatory reactions were detected. We did
not detect any morphologic abnormalities of articular or
growth plate cartilage in any of the examined bone tissue from
the HGPS mice. To ensure that the observed phenotype was not
caused by overexpression of human lamin A, we also analyzed
mice overexpressing a wild-type human lamin A minigene
(human LA mice). These mice did not exhibit the abnormalities
in the bone or dental tissues that were detected in the HGPS
mice (1 = 4), and they were indistinguishable from control
mice (n = 4) and wild-type littermates (n = 4) (Fig. 3, A and C,
and E, and H and data not shown).

No abnormalities were seen in the incisors and molars of any
of the control mice (n = 4) (Fig. 4, A and D). Analysis of the
HGPS incisors revealed broken incisors with tooth fragments
remaining in the periodontal space and the presence of second-
ary inflammatory reactions around the fracture sites (n = 4). In
addition, irregular dentine formation, with a clear demarcation
line between normal primary and abnormal secondary dentine,
was observed. In addition to abnormal secondary dentin struc-
tures, a polarization defect in the underlying odontoblast layer
was noted. The odontoblasts at the incisal part had lost their
polarization resulting in secondary dentine that was less orga-
nized toward the incisal part of the incisor (Fig. 4B) while the
odontoblasts and the predentine layer showed a normal orga-
nization in the apical part of the incisor (Fig. 4C). A few apo-
ptotic bodies were visible among the odontoblasts. We also
found massive formation of irregular dentine formation oblit-
erating the pulpal cavity of the molar teeth of HGPS mice (Fig.
4E).

Defective Osteoblast Differentiation and Down-regulation of
Bone Biomarkers in HGPS Mice—Decreased TRAP staining on
HGPS mice bone sections reflects reduced TRAP secretion of
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FIGURE 3. Progerin expression during osteoblast development results in
loss of osteocytes and mineralization defects. The histological analysis of
the femur of wild-type (A, C, E, and H) and HGPS mice (B, D, F, and /). Hema-
toxylin & Eosin staining on femur sections (A-F). In sections from wild-type
mice viable osteocyte cells were detectable (C, and enlarged in E) while sec-
tions from HGPS mice showed a high frequency of empty osteocyte lacunae
(arrow) (D, and enlarged in F). Quantitative histomorphometric analysis
showed a significant increase of empty osteocyte lacunae in HGPS mice
85.1 = S.E. 1.8% compared with wild-type mice 7.4 = S.E. 1.4% (G). Unminer-
alized matrix was detected by Alcian blue & Van Geison staining (H, /) with
cartilage stained in blue, mineralized tissue stained pink, and unmineralized
tissue stained gray (arrowhead). Increased adipocyte infiltration of the bone
marrow space was detected in HGPS mice only (asterisk) (/). Scale bars: (A, B, H,
) 50 wm (C=F) 100 wm. Values represent the mean = S.E. (***, p < 0.001).

osteoclastic cells compared with control mice (Fig. 5, A and B).
To test the differentiation capacity and the bone-forming
potential of primary osteoblasts isolated from calvaria of HGPS
and wild-type mice, we performed an in vitro mineralization
assay. Osteoblasts isolated from animals at postnatal day 5 did
not show any differences in proliferation and differentiation
potential when cultured for 3 weeks in differentiation media
and stained for Rhodamine B (Fig. 5, C—F), Alizarin red (Fig.
5, Gand /) and Alp (Fig. 5, H and J). Osteoblasts isolated from
HGPS mice at the age of 12 weeks showed a reduced Alp
activity (score 1.3 £ S.E. 0.1, p < 0.001), and sparsely formed
calcium deposits and bone nodules (score 2.0 = S.E. 0.2, p <
0.001) after 3 weeks in differentiation media (Fig. 5L),
whereas wild-type mice scored 2.6 = S.E. 0.2 for Alp and
3.4 * S.E. 0.1 for Alizarin Red (calcium deposits) (Fig. 5K).
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e i Nl HGPS

FIGURE 4. Fractured incisors, disturbed dentine formation and abnormal
odontoblast polarization in permanent and regenerative teeth. The api-
cal portion of the incisor (B) and molar roots (E) of HGPS mice showed a clear
demarcation line (arrow) between primary and secondary dentine (d). A
polarization defect in odontoblasts (o) that begins at the proximal part of the
incisors (C) was detected. Both cells and secondary dentine appeared less
organized toward the apical part of the teeth (C, and enlarged in B). The bone
phenotype with empty osteocyte lacunae (arrowhead) was also presentin the
jaw bone of HGPS mice (E). No abnormalities were seen in the wild-type mice
(A, D).

Aliz d 2

FIGURE 5. Expression of the HGPS mutation causes a disturbed bone
microenvironment and defects in bone matrix deposition. Lower TRAP
secretion, detected by enzymatic reaction for acid tartrate phosphatate on
femur sections (arrowheads), indicates reduced osteoclast resorption activity
in HGPS mice (B). Mineralization assay was performed on primary osteoblast
cultures extracted from postnatal day 5-old-mice (C-J) and 12-week-old mice
(K and L). Rhodamine B staining was used to check for equal cell number
comparing wild-type (C-D) and HGPS mice (E-F). In osteoblast cultures, bone
nodule formation was visualized by Alizarin Red staining (G and /) and osteo-
blastic differentiation by alkaline phosphatase (ALP) staining (H and J). Reduced
ALP activity and bone nodule formation in primary osteoblast explant cultures
was only detected in HGPS mice (L) when compared with wild-type mice (K)
isolated from animals at the age of 12 weeks. Scale bars: 50 um.

These observations indicated that the early expression of the

HGPS mutation does not cause disturbances in osteoblast
differentiation, while the expression of the HGPS mutation
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over longer periods had a negative effect on the potential of
the cells to secrete bone matrix.

To further investigate the detected mineralization defect and
fracture-prone nature of HGPS mice, we analyzed the expres-
sion of several bone biomarkers. Consistent with the findings of
reduced number of bone forming cells, quantitative RT-PCR
confirmed that there was a significant reduction of Collagen
type 1 (Collal), and the osteoblast markers Alkaline phospha-
tase (Alp) and Osteocalcin (Ocn) in samples from long bones
(Fig. 6A). In addition, osteoblast-specific runt-related tran-
scription factor 2 (Runx2) and bone biomarkers specific for
osteocytes (Phex, Mepe) and osteoclasts (Mmp9) were not sig-
nificantly reduced compared with wild-type control animals
but showed a tendency toward lower expression (Fig. 6A).

The Impact of Bone-specific Progerin Expression on DNA
Damage Response—To test for changes in Wnt signaling, which
has previously been seen in HGPS, we found that the lymphoid
enhancer-binding factor (Lef1), which is a Wnt-regulated tran-
scription factor known to regulate osteoblast maturation (35),
was significantly reduced in our mouse model. Furthermore,
when HGPS mice were compared with wild-type animals, we
saw an overall trend toward the lower expression for most of the
studied target genes, including Cdknla, Jagl, Jag2, Hesl, and
Tcf3 (Fig. 6B). In accordance with the description of bone dis-
ease in HGPS patients, we found no histological signs of skeletal
arthritis in our mouse model. However, the fracture prone
nature of the skeletal apparatus is very likely to show an inflam-
matory reaction due to tissue damage signaling. S100 proteins
belong to the superfamily of calcium binding proteins and are
involved in damage associated molecular patterns (36). Among
the S100 proteins, SI00A8, S100A9, and S100A4 have been
shown to be associated with osteoblast differentiation, and
S100A4 has been shown to be a negative regulator for bone
mineralization (37-39). We performed expression analysis and
found a trend toward higher levels of SI00A8 and S100A9 in
HGPS mice compared with control animals, even though not
significantly different (Fig. 6C), while analyzed markers of the
interleukin, interferon, and tumor necrosis factor families did
not show any indication of altered expression (Fig. 6C). Skeletal
abnormalities among progeroid syndromes are also reported
for diseases with defects in DNA repair (40). In addition, trans-
genic mouse models have shown that several proteins involved
in the DNA damage response play an important role in bone
remodeling (41). To determine whether there was a disturbed
DNA damage response in progerin-expressing osteoblasts, we
examined DNA double strand breaks by immunofluorescence
analysis for YH2AX staining that co-localized with Collagen
type 1, which served as an osteoblast marker (Fig. 6D). We
found a significantly higher percentage of cells with numerous
yYH2AX foci in osteoblast cells isolated from HGPS mice
(44.6 = S.E. 1.6%) compared with wild-type animals (14.8 = S.E.
1.1%), implicating progerin-induced DNA damage signaling
(p < 0.001) (Fig. 6E).

DISCUSSION

Although bone and dental tissue abnormalities are com-
monly seen in children with HGPS, and despite the improved
description of the clinical features of bone disease and the oral

ACEVEN

VOLUME 287+NUMBER 40+-SEPTEMBER 28, 2012



Bone Mineralization Defects in Progeria

>

N
@

= WT OHGPS

LLELLY

=
<

* *

L1

Relative expression
@

o
o

Lk

Runx2 Col1a1 Alp cn‘ Phex Mepe Mmp9 NFATc1 cSrc  CTSK
Osteoblast maturation
B 2o
5
'g 154 o
(o}
X 101
T 051
[0}
4
O_
Cdkn1a Jagl Jag2 Hes1  Tcf3 Left C-myc
Cas
40
- 35
o
? 301
(0]
S 25
3
o 20
=
® 151
0]
x 1.0
051
0+ - - "
S100A8 S100A9 IL1o IFNo. IFNB IFNy TNFo TNF-R
D
5 50 FA
X 40
x S
g T 30
T >
> [ 20
»
o 10
o
X0

WT

HGPS

FIGURE 6. Impaired osteoblast differentiation in HGPS mice leads to down-regulation of bone biomarkers increased DNA damage, elevated inflam-
matory response and reduced Wnt-mediated Lef1 levels. Expression levels of osteoblast (Runx2, Colala1, Alp, and Ocn), osteocyte (Phex and Mepe), and
osteoclast (Mmp9, NFATc1, c-Src, and CTSK) markers in long bones of HGPS and wild-type mice were assessed by relative qPCR. Down-regulation of multiple
bone biomarkers and significantly reduced markers specific for osteoblasts (Col1a1, Alp, and Ocn) was observed (A). Wnt-mediated Lef1 expression was
significantly reduced in HGPS bones, whereas expression levels of genes for the Notch (Cdkn1a, Jag1, Jag2, Hes1) and Wnt (Tcf3, c-Myc) pathways were similar
in bone samples from HGPS and control mice (B). Expression analysis revealed a trend toward increased levels of the inflammatory response markers ST00A8
and S100A9 in bone samples from HGPS mice, while the expression of genes of family members of interleukins (IL1¢, IL4, and IL6), interferons (IFNe, IFNB, and
IFNv) as well as tumor necrosis factors (TNFa, and TNF-R) were unaffected (C). Immunofluorescence showed increased numbers of cells with DNA damage in
primary osteoblasts that were isolated from HGPS mice (D). The frequency of cells with =5 yH2AX positive foci (red) was counted, Collagen type 1 staining was
used as an osteoblast marker (green), and nuclei were counterstained with DAPI (blue) (D, E). Values represent the mean = S.E. (*, p < 0.05; ***, p < 0.001). Scale
bars: 50 um.

and craniofacial phenotype in HGPS, very little is known about
the molecular mechanism underlying the reported skeletal and
dental abnormalities (2—5, 42). In this study, we have utilized a
tissue-specific approach for the development of a mouse model
that allows us to spatially restrict the expression of a target gene
to osteoblast cells during development. We took advantage of a
previously published Sp7-tTA transactivator mouse (25) to
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drive the expression of wild-type and mutated human lamin A.
Sp7 is a bone specific transcription factor that is active in osteo-
blastic progenitors and has been shown to be essential for
osteoblast differentiation and bone formation (26). Expression
analysis, by RT-PCR and Western blot, demonstrated that the
transgenic expression in the bone tissue of HGPS mice was
tightly regulated by the transactivator system. Immunofluores-
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cence staining on primary explant cultures from mouse cal-
variae confirmed the expression and lamina localization of
human lamin A and progerin in osteoblast cells. The analysis of
HGPS mice revealed an external phenotype that was already
evident at postnatal week 5, which included growth retardation,
abnormal gait with striking balance problems, spontaneous
bone fractures and kyphosis. The increased detection of callus
formation along the costovertebral junction and fracture sites
in long bones suggested an altered bone quality. The compro-
mised bone strength was confirmed by the three-point bending
test. The bone parameter measurements obtained from the
pQCT analysis showed a reduced trabecular BMD together
with increased cortical bone thickness. Similar features of
abnormalities in BMD, bone structural geometry and skeletal
strength have also been found in children with HGPS (5). The
brittle bone characteristics in our HGPS mice are also present
in mouse models for other skeletal diseases with defective Col-
lagen type 1 secretion, such as many forms of osteogenesis
imperfecta (43). Collagen type 1 is the main component of the
organic bone matrix, which is secreted by osteoblasts and is
essential for proper bone biomineralization. The bone mineral
provides mechanical strength and the load bearing characteris-
tic of the skeleton, while the organic matrix provides elasticity,
flexibility, and structural organization of the bone (44). Expres-
sion analysis showed down-regulation of Collagen type 1 in
HGPS mice compared with wild-type mice, indicating a dys-
functional or an abnormal development of osteoblastic cells.
Osteoblastogenesis is a complex, tightly regulated process of
mesenchymal cell origin where the cell fate, proliferation, and
differentiation are regulated by several markers. Runx2 is an
important transcription factor that regulates the commitment
to the osteogenic lineage and acts upstream of Osterix. Osterix
and alkaline phosphatase are early proliferation markers,
whereas Osteocalcin is a later marker of bone formation (45).
To further examine the mineralization defect in our HGPS
mice and to test if it was caused by defective osteoblast differ-
entiation, we performed relative quantification of the expres-
sion of osteoblast-specific bone markers. The results showed a
significant reduction of alkaline phosphatase and Osteocalcin,
which is consistent with the observed loss of bone-forming
cells. However, it may also indicate aberrant osteoblast differ-
entiation, detected in vitro. Together with our histological
observations, the lack of viable osteocytes along with a signifi-
cant reduction of Wnt-mediated Lefl (an osteoblast matura-
tion regulator), our findings support a model where impaired
osteoblast maturation is a result of expression of the HGPS
mutation. Bone quality is, however, secured by permanent bone
remodeling. The complex interaction of osteoblastic bone for-
mation and osteoclastic bone resorption, together with osteo-
cytic regulatory and signaling function, is based on the balanced
interplay of biochemical and mechanical factors and plays an
important role in skeletal structure maintenance (46). Along
with the significant reduction of osteoblast-specific bone bio-
markers, we also detected a trend of the suppressed expression
of analyzed bone markers for osteocytes and osteoclasts (Phex,
Mepe, and Mmp9) in our HGPS mice. This suggests that the
osteoblast-specific expression of HGPS mutation disturbs the
intracellular interaction between osteoblasts, osteoclasts, and
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osteocytes. The reduced histochemical TRAP staining on long
bone sections in HGPS mice is, in accordance with the sup-
pressed expression of osteoclasts bone marker Mmp9, further
indicating reduced osteoclast activity. The skeletal abnormali-
ties that we observed in the HGPS mice, including abnormal
osteoblast differentiation, loss of bone forming cells, and
decreased bone resorption are similar to the findings in lamin
A/C-deficient mice and in mice overexpressing unprocessed
prelamin A (47, 48). In addition HGPS mice showed common
cellular and pathological changes that occur in the aging bone
of normal mice, including distorted organization, and a hypo-
cellular bone marrow with prominent white adipocytes (49, 50).
This is in agreement with a recent study where they showed
that disturbed osteoclast and osteoblast activity disrupted the
hematopoietic stem cell niche in the bone marrow (51).

In summary, in this study, we have shown that expression of
the HGPS mutation in osteoblasts and osteocytes has a dra-
matic effect on the structure and function of bone. In addition,
we showed that the expression of the HGPS mutation induces a
DNA damage response in osteoblasts and possibly inflamma-
tion, which results in a bone mineralization defect. The
reported HGPS mouse model is a promising system to study
bone disease in HGPS because it resembles the phenotype
described in affected individuals. The altered osteoblast differ-
entiation and defective bone mineralization indicate general
mechanisms that are most likely affecting the bone microenvi-
ronment through typical age-related signs, including increased
DNA damage signaling. Finally, this is the first study, to our
knowledge, to show that expression of the HGPS mutation in
the bone results in loss of osteocytes, and disrupted organiza-
tion of the bone marrow and this model will be useful for testing
treatments for HGPS and drugs targeting aging associated
diseases.
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