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ABSTRACT
Patients with Hutchinson-Gilford progeria syndrome (HGPS) have low bone mass and an atypical skeletal geometry that manifests in
a high risk of fractures. Using both in vitro and in vivo models of HGPS, we demonstrate that defects in the canonical WNT/b-catenin
pathway, seemingly at the level of the efﬁciency of nuclear import of b-catenin, impair osteoblast differentiation and that restoring
b-catenin activity rescues osteoblast differentiation and signiﬁcantly improves bone mass. Speciﬁcally, we show that HGPS patientderived iPSCs display defects in osteoblast differentiation, characterized by a decreased alkaline phosphatase activity and
mineralizing capacity. We demonstrate that the canonical WNT/b-catenin pathway, a major signaling cascade involved in skeletal
homeostasis, is impaired by progerin, causing a reduction in the active b-catenin in the nucleus and thus decreased transcriptional
activity, and its reciprocal cytoplasmic accumulation. Blocking farnesylation of progerin restores active b-catenin accumulation in
the nucleus, increasing signaling, and ameliorates the defective osteogenesis. Moreover, in vivo analysis of the Zmpste24-/- HGPS
mouse model demonstrates that treatment with a sclerostin-neutralizing antibody (SclAb), which targets an antagonist of canonical
WNT/b-catenin signaling pathway, fully rescues the low bone mass phenotype to wild-type levels. Together, this study reveals that
the b-catenin signaling cascade is a therapeutic target for restoring defective skeletal microarchitecture in HGPS. © 2018 American
Society for Bone and Mineral Research.
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Introduction

H

utchinson-Gilford progeria syndrome (HGPS) is a rare
genetic disorder of accelerated aging. The majority of
HGPS cases are caused by a de novo single nucleotide mutation
(C1824T, G608G) in the Lamin A gene (LMNA), which results in
the activation of a cryptic splice donor site in exon 11. This point
mutation leads to a deletion of 150 nucleotides in its mRNA and
produces a permanently farnesylated mutant protein called
progerin.(1–3) Progerin disturbs the function of proper nuclear
structural scaffolding and attributes to defective progeroid
phenotypes, which at the cellular level are characterized by
nuclear blebbing, nuclear pore clustering, disrupted peripheral
heterochromatin, and misregulated gene expression.(4,5)
Patients with HGPS exhibit age-related conditions, including
alopecia, growth retardation, lipodystrophy, wrinkling of skin,
severe skeletal defects, and arterial diseases.(6,7) Defects in
cardiovascular function are the foremost cause of death in
the patients and can be managed with Lonafarnib, a

farnesyltransferase inhibitor (FTI), improving cardiovascular
function and extending the life span of patients.(8,9) Statins
and aminobisphosphonates (N-BPs) further inhibited the level of
farnesylation of progerin and extended the life span in
Zmpste24-deﬁcient (Zmpste24-/-) mice, one of the HGPS mouse
models.(10) These data conﬁrm that farnesylation of progerin is
key to its deleterious action and that targeting farnesylation can
be beneﬁcial, but the molecular basis of its action is unclear.
In addition to cardiac defects, HGPS patients exhibit low bone
mass with increased fracture risk, hypoplastic or aplastic
clavicles, osteolysis in ribs, skeletal dysplasia, and delayed
recovery of bone fractures.(11–15) However, the molecular basis
leading to these profound skeletal changes are unknown but
likely involve defects in nuclear function caused by farnesylated
progerin. A-type lamins have been implicated in the regulation
of bone development. Lmna-/- mice exhibit low bone mass and
a substantial reduction in osteoblast and osteoclast number.(16)
Among HGPS mouse models,(17) Zmpste24-/- mice display the
most severe skeletal phenotype, which approximates that
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observed in HGPS patients.(18–20) Interestingly, a tissue-speciﬁc
inducible transgenic mouse model that expresses progerin in
osteoblasts not only exhibits defects in bone quality but also a
signiﬁcant reduction in the expression of Wnt-mediated Lef1,(21)
suggesting impaired canonical b-catenin signaling. However,
direct evidence of the involvement of WNT/b-catenin signaling
to the skeletal phenotype in HGPS has not been established.
Canonical WNT/b-catenin signaling has major roles in stem
cell proliferation, lineage allocation, and differentiation. In
particular, b-catenin signaling is a major player in coordinating osteoblastogenesis, bone mass acquisition, and tissue
remodeling.(22–26) b-catenin knockout mice have reduced
femur length, diminished trabecular and cortical bone mass,
and lower body weight than the control or heterozygous
mice. Likewise, mice lacking b-catenin speciﬁcally in osteoblast- or osteocyte-lineage have progressively reduced bone
mass in the axial and appendicular skeleton and exhibit
increased bone resorption by osteoclasts.(27)
A few pieces of evidence have suggested that HGPS might
be associated with defective WNT/b-catenin signaling
cascades.(21,28,29) Stem cells isolated from Zmpste24-/- mice
exhibit alterations in the WNT signaling pathway.(28)
Furthermore, this Zmpste24-/- mouse model shows a reduced
level of active b-catenin in their epidermis and hair follicle
cells.(28) These data imply that a global defect in b-catenin
signaling may underpin the phenotypes of HGPS.
Here, we conducted in vitro and in vivo investigations of the
osteoblast differentiation phenotypes in HGPS and the potential
roles of b-catenin signaling in this process. The results indicate
that b-catenin signaling, osteoblast differentiation, and osteoblast function are impaired based on in vitro differentiation
analysis using both HGPS patient-derived induced pluripotent
stem cells (iPSCs) and human bone marrow–derived mesenchymal stem cells (hBM-MSCs) overexpressing the mutant progerin.
Furthermore, in vivo analysis shows that SclAb, which targets an
antagonist of canonical WNT/b-catenin signaling pathway,
restores active b-catenin and fully rescues low bone mass in
the Zmpste24-/- mouse model.

Materials and Methods
Cell lines and in vitro osteogenic differentiation
Normal and two HGPS(I) and HGPS(II) ﬁbroblast cell lines
(HGADFN168, HGADFN164, HGADFN167) were obtained from
the Progeria Research Foundation cell bank (Peabody, MA, USA).
These cell lines have been fully characterized, including the
karyotypes.(30–32) Induced pluripotent stem cells (iPSCs) were
generated by reprogramming with KLF4, SOX2, OCT4, and C-MYC
Yamanaka factors, as we have described previously.(33) The iPSCderived osteoprogenitor cells were cultured by disassociating
iPSC colonies that were treated with ROCK inhibitor Y-27632 and
growing in MSCs derivation medium, which contains alphaMEM, 10% FBS, 100 nM dexamethasone, and 50 mM L-ascorbic
acid.(33) These iPSC-derived progenitor cells were then maintained in alpha-MEM with 10% Hi-FBS, 2 mM L-glutamine and
nonessential amino acid. Our previous publication conﬁrmed
that these iPSC-progenitor cells could be induced into
adipogenic cells, which was supported by the results from
qPCR analysis, immunoﬂuorescence, and lipid production using
Oil Red O staining after 21days of culture.(33) Also, these MSC-like
cells derived from iPSCs were characterized by labeling and
sorting with positive (CD90) and negative (CD45) markers, which
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are most representative surface markers for MSCs.(33) As
controls, commercially prepared hBM-MSCs were purchased
from RoosterBio (#00022; RoosterBio, Frederick, MD, USA). The
wild-type hBM-MSCs were infected with lentivirus to overexpress GFP-lamin A, GFP-progerin and GFP-SSIM progerin as
previously described.(34,35) Plasmids were subcloned into
lentiviral vector pHR-SIN-CSGW d1NotI. After conﬁrming the
positive sequence, virus was generated by cotransfecting
HEK293T cells with the lentiviral plasmids and the packaging
vectors, CMV-8.2DR, and pCMV-VSVG using Fugene 6 (#E2692;
Promega, Madison, WI, USA).(34,35) hBM-MSCs were transduced
with each type of lentiviruses for 48 hours, and GFP efﬁciency
was checked under ﬂuorescent microscope.
All osteoprogenitors were maintained in MSC complete
medium, which includes alpha-MEM, L-glutamine, 10% FBS,
MEM non-essential amino acids –NEAA (#11140; Gibco,
Thermo Fisher Scientiﬁc, Waltham, MA, USA), sodium bicarbonate at 37 °C with 5% CO2. Osteogenic differentiation
medium was composed of alpha-MEM, L-glutamine, 10% FBS,
sodium bicarbonate, 100 nM dexamethasone (#D4902; SigmaAldrich, St. Louis, MO, USA), 100 mM L-ascorbic acid (#A8960;
Sigma-Aldrich), and 10 mM b-glycerophosphate (#G9422;
Sigma-Aldrich).(36–38)

Alizarin Red S (ARS) and von Kossa (VK) staining
Alizarin Red S staining was performed as previously
described.(39,40) Quantiﬁcation was performed by solubilizing
the stained cell monolayer with 10% acetic acid, neutralized with
1% ammonium hydroxide, then heated at 85 °C for 15 minutes
to extract the dyes from the mineralized deposits. Lysates were
centrifuged to remove the insoluble particles, and the extracted
calciﬁed minerals were quantiﬁed by colorimetric detection
measuring absorbance at 405 nm. For von Kossa staining,
osteogenic differentiated iPSC-osteoprogenitor cells were ﬁxed
with 4% paraformaldehyde, then incubated with 1% silver
nitrate solution (#204390; Sigma-Aldrich) under UV light for 1
hour, then rinsed with distilled water several times.

Alkaline phosphatase (AP) histochemical staining assay
AP substrate solution was prepared by dissolving a single
tablet of Sigma Fast BCIP/NBT (#B5655; Sigma-Aldrich) in
10 mL of distilled water. After the ﬁxation of cells by 4%
paraformaldehyde/PBS solution, the mineralized matrix was
stained with AP substrate solution for 1 hour at room
temperature in the dark, then rinsed with distilled water.

Western blotting analysis
Western blots were performed as previously described.(34)
Subcellular fractions of normal and HGPS iPSC-osteoprogenitors were obtained by NE-PER Nuclear and Cytoplasmic
Extraction Kit (#78835; Bio-Rad, Hercules, CA, USA), according
to manufacturer’s directions. For long bone extracts, tibias
were dissected from both genotypes and cleaned of soft
tissue. Subsequently, the epiphyses were removed, the
marrow cavity ﬂushed with sterile saline, before lysis, as
described.(40,41) Primary antibodies used for immunoblotting
analysis are as follows: rabbit anti-non-phosphorylated (Active)
b-catenin protein Ser33/37/Thr41 (#4270; Cell Signaling
Technology, Danvers, MA, USA); mouse anti-lamin A/C
(MAB3211; EMD Millipore, Burlington, MA, USA); goat antilamin A/C N-18 (sc-6215; Santa Cruz Biotechnology, Dallas, TX,
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USA); rabbit anti-RCC1 (#3589; Cell Signaling Technology);
rabbit anti-S6 ribosomal protein (#2217; Cell Signaling
Technology); monoclonal anti-b-Actin-peroxidase (#A3854;
Sigma-Aldrich). Protein densitometry was analyzed by using
Image lab software to eliminate the saturation of band and
quantify normalized protein expression values.

TOP/FOP flash reporter gene assay
Normal and HGPS iPSC-derived osteoprogenitors were seeded
at 10,000 cells/well into 24-well plates and induced for
differentiation for 1, 2, and 3 weeks by culturing the cells in
the osteogenic differentiation medium (the culture medium was
changed three times a week). After osteogenic differentiation for
designated induction periods, the cells were transiently
cotransfected with TOP- (#21-170; Upstate Biotechnology,
EMD Millipore) or FOP- (#21-169; Upstate Biotechnology) ﬂash
luciferase reporter vector and internal control Renilla plasmid,
pRL-SV40 vector (#E2231; Promega) using Lipofectamine 2000
transfection reagent (#11668; Invitrogen, Carlsbad, CA, USA) in
Opti-MEM reduced serum medium (#31985; Gibco). TOP-ﬂash
reporter construct comprises three copies of b-cateninresponsive TCF/LEF sites driving expression of ﬁreﬂy luciferase.
FOP-ﬂash is a negative control with mutated copies of TCF/LEF
binding sites. Dual-luciferase reporter assay kit (#E1910;
Promega) was used for the detection of b-catenin activity.
The TOP-ﬂash reporter construct with wild-type TCF binding
sites (0.5 mg) or FOP-ﬂash reporter construct with mutant TCF
binding sites (0.5 mg) was transfected with pRL-SV40 vector
(0.1 mg) for 48 hours at 37 °C.(23) Passive lysis buffer provided by
dual-luciferase reporter assay kit was used to lyse the cells. Fireﬂy
luciferase activity and Renilla Luciferase activity were in a
luminometer (SoftMax Pro software, Molecular Devices, San
Jose, CA, USA).

HGPS mouse model and isolation of bone cells
Zmpste24þ/- mice, on a C57BL/6J background strain (stock
number: 015958-UCD), were obtained from the Mutant Mouse
Resource & Research Centers (MMRRC at University of California,
Davis). All animal studies were performed with approval by the
Animal Care and Use Committee at the University of Maryland
School of Medicine. Mice were group housed in micro-isolator
cages, and food (standard rodent chow) and water were
available ad libitum. Littermates from our breeding colony were
used for all experiments.

In vivo SclAb treatment and bone microarchitecture
assessment
Zmpste24-/- mice and WT control littermate mice were treated
with a sclerostin neutralizing antibody (SclAb, Novartis Pharma
AG, Basel, Switzerland; 100 mg/kg, 1/week) or vehicle (saline)
for 4 weeks. The treatment was initiated at the age of 4 weeks
and intraperitoneally (i.p.) injected once a week, until the mice
reached the age of 8 weeks (4 weeks duration of the treatment).
Then, the mice were euthanized and bone microarchitecture
was evaluated by micro-computed tomography (micro-CT)
analysis.

Micro-CT
Femurs were dissected from 8-week-old male Zmpste24þ/þ and
Zmpste24-/- mice and ﬁxed in 4% PFA for 2 to 4 days, then
transferred to 70% ethanol. Three-dimensional micro-CT was
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performed on the femurs of each genotype using SkyScan 1172
(Bruker, Kontich, Belgium), as described.(39,41) The skeletal
parameters assessed by micro-CT followed published nomenclature guidelines.(42) Bone morphology and microstructure
were assessed at the mid-diaphysis for cortical parameters,
including cortical thickness (Ct.Th) and mean polar moment of
inertia (MMI). Trabecular parameters were assessed at the distal
femoral metaphysis including the trabecular bone volume
fraction (BV/TV), trabecular thickness (Tb.Th), trabecular number
(Tb.N), and trabecular separation (Tb.Sp). Analysis was completed on 8 to 9 animals for each genotype, treatment, and sex,
respectively. Femurs were scanned with 2K resolution, 10micron voxel size, 0.5 mm Al ﬁlter at 60kV and 167 mA. Trabecular
bone was delineated manually in a region of interest 0.2 mm to
2.0 mm proximal to the distal femoral growth plate. For cortical
bone parameters, transverse micro-CT scans were performed at
the femoral diaphysis beginning at 56% of the femoral length
(measured from the head of the femur) extending 0.6 mm
distally.

Quantitative real-time RT-PCR
Total RNA was isolated from tibia (ﬂushed of marrow) using
Tripure reagent (Roche, Indianapolis, IN, USA), reverse transcribed, and quantitative PCR carried out as described.(40,43,44)
The data are simultaneously normalized to Gapdh, Rpl13, and
Hprt using geNorm v3.5 software (Ghent University Hospital
Ghent, Belgium), as described.(45) Primer sequences are available
upon request.

Statistical analysis
Results are presented as mean  SD. Experiments were repeated
at least three times, unless indicated otherwise. Data normality
was assessed by GraphPad Prism 7 software by D’AgostinoPearson omnibus normality test. For normally distributed data,
samples were compared by an ANOVA for unpaired samples
with a Holm-Sidak post hoc test, as appropriate. For nonparametric data, a two-tailed Mann-Whitney test or Kruskal-Wallis
test was performed, as indicated. A p value of <0.05 was used as
a threshold for statistical signiﬁcance.

Results
Osteoblastogenesis is impaired in iPSCs
osteoprogenitors and hBM-MSCs with HGPS mutation
The osteogenic differentiation potential of mesenchymal
progenitor cells in HGPS was characterized in osteoprogenitors derived from iPSCs generated from normal and HGPS
primary ﬁbroblast cells.(30,33) Early-stage osteoblasts, identiﬁed by alkaline phosphatase (AP) staining, were markedly
reduced in both HGPS(I) and HGPS(II) iPSC-osteoprogenitors
relative to the normal control line (Supplemental Fig. S1A, B).
Similarly, HGPS iPSC-osteoprogenitors had reduced mineralizing capacity, with fewer calciﬁed nodules than control cells,
as shown by Alizarin Red S (ARS) staining (Fig. 1A–C;
Supplemental Fig. S1C) and von Kossa staining (Supplemental Fig. S1D). In contrast to control iPSC-osteoprogenitors,
HGPS iPSC-osteoprogenitors exhibit higher cell proliferative
rate in comparison to normal osteoprogenitors. Nevertheless,
despite this increase in cell number, the mineralization
capacity in HGPS osteoprogenitors was reduced relative to
normal iPSC-osteoprogenitors.
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Fig. 1. Osteoprogenitor cells with HGPS mutation undergo defective osteogenic differentiation. (A) Normal and HGPS iPSC-osteoprogenitors were induced
for osteogenic differentiation (OsteoD) for up to 5 weeks, and calcium deposition evaluated by Alizarin Red S (ARS) staining assay. Representative images are
shown. (B) Quantiﬁcation of ARS staining in normal and HGPS osteoprogenitors (n ¼ 3). (C) Representative whole-plate views and magniﬁed bright-ﬁeld
microscopy images of normal and HGPS osteoprogenitors that were differentiated for 4 weeks and stained with ARS. Images are taken from biological
replicate of (A). Scale bars ¼ 200 mm. (D) Representative whole-plate views and magniﬁed bright-ﬁeld images of ARS-stained hBM-MSCs with no lentiviruses
(control), or lentivirus-mediated overexpression of wild-type lamin A, or progerin. Scale bars ¼ 200 mm. (E) Quantiﬁcation of colorimetric detection of ARS
stains (n ¼ 3) from samples in (D). Data are represented as mean  SD.  p < 0.001,  p < 0.0001.

To conﬁrm a direct association between the HGPS mutation and
impaired osteogenic differentiation, we conducted the same
differentiation experiments in commercially available, wellcharacterized hBM-MSCs. hBM-MSCs were overexpressing GFPnull, or GFP-lamin A, or GFP-progerin constructs (Supplemental
Fig. S2). Consistent with the preceding results, ectopic overexpression of progerin in hBM-MSCs impaired osteogenic
differentiation, reﬂected by fewer numbers of mineralized nodules
(Fig. 1D, E). Overall, these results support that the expression of
progerin in osteoprogenitors disrupts osteoblast differentiation.

WNT/b-catenin signaling is impaired during the
osteogenic differentiation of HGPS osteoprogenitor cells
Canonical b-catenin signaling is an essential regulator for the
commitment of MSCs or progenitor cells toward osteoblast
lineage.(46–48) Based on prior observations in HGPS mouse
models,(21,29) we hypothesized that impaired b-catenin signaling affects HGPS osteogenic differentiation. In support of our
hypothesis, we observed a large decrease in the protein level of
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non-phosphorylated (active) b-catenin in HGPS iPSC-derived
osteoprogenitors after the osteogenic induction for 2 or 3 weeks
(Fig. 2A, B; Supplemental Fig. S3A–C).
Next, TOP/FOP ﬂash luciferase reporter assay was employed
to evaluate the b-catenin transcriptional activity in normal and
HGPS osteoprogenitors during osteogenic induction. Consistent
with the Western blotting result of reduced active b-catenin
protein in HGPS iPSC-derived osteoprogenitors (Supplemental
Fig. S4), TOP-ﬂash luciferase assay showed a signiﬁcant decrease
in b-catenin transcriptional activity in HGPS osteoprogenitors at
osteogenic differentiation week 1 (Fig. 2C) and week 2.5
(Fig. 2D). In contrast, FOP-ﬂash activity was similar between
the normal and HGPS samples (Fig. 2C, D).
To investigate whether defects in b-catenin signaling are
responsible for the observed defects in HGPS osteoblast
differentiation, the endogenous b-catenin in normal and
HGPS osteoprogenitors was knocked down using siRNA, and
the efﬁciency was assessed by Western blot (Supplemental
Fig. S5A). The knockdown of b-catenin by siRNA in normal iPSCosteoprogenitors resulted in decreased protein level of
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Fig. 2. WNT/b-catenin activity is diminished during the osteogenic differentiation of HGPS osteoprogenitors. (A) A representative Western blot showing
detection of non-phosphorylated (active) b-catenin and lamin A/C proteins in normal and HGPS iPSC-osteoprogenitors that were induced for osteogenic
differentiation for 2 weeks. b-actin protein was used as a loading control. (B) Quantiﬁcation of fold change for Western blot band densitometry of the
relative non-phosphorylated (active) b-catenin protein levels normalized to its corresponding b-actin. (C, D) TOP- and FOP-ﬂash luciferase reporter gene
assay in normal and HGPS iPSC-osteoprogenitors during osteoblast differentiation (OsteoD) for 1 week (C) and 2.5 weeks (D). Relative luciferase activity
(RLU) indicates a ratio of ﬁreﬂy/renilla luciferase activity. Data are represented as mean  SD.  p < 0.05,  p < 0.001.

b-catenin to levels comparable to those found in HGPS iPSCosteoprogenitors (Supplemental Fig. S5A). Upon transient
silencing of b-catenin in normal iPSC-osteoprogenitors followed
by the induction of osteogenic differentiation, AP activity was
markedly reduced, approaching the low levels observed in HGPS
iPSC osteoprogenitors (Supplemental Fig. S5B). Given that HGPS
iPSC-osteoprogenitors already express a very low level of
b-catenin (Fig. S5A), b-catenin knockdown in HGPS iPSCosteoprogenitors displayed only mild reduction in AP activity
(Supplemental Fig. S5C, D).

Farnesylated-progerin is required for attenuated
b-catenin signaling
To examine how progerin suppresses b-catenin signaling during
the osteogenic differentiation, we investigated the abnormal
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farnesylation of progerin, a key functional property of this
mutant. Posttranslational processing of the LMNA gene involves
farnesylation of the cysteine in the carboxyl-terminal CISM
(CAAX motif) of prelamin A, followed by cleavage of the farnesyl
group by Zmpste24.(49,50) Progerin permanently retains the
farnesylation and is anchored to the nuclear membrane. SSIMprogerin carries a mutated form of CSIM (CAAX motif), which
becomes non-farnesylable and rescues the nuclear blebbing
phenotype by relocalizing progerin to the nucleoplasm.(49)
Importantly, the abundance of active b-catenin protein in hBMMSCs overexpressing SSIM-progerin was rescued to levels
comparable to control hBM-MSCs overexpressing GFP-null or
wild-type lamin A (Fig. 3A, B). In contrast, hBM-MSCs overexpressing GFP-progerin showed a reduced active b-catenin
protein level compared with hBM-MSCs overexpressing control
GFP-null vector or GFP-wild-type lamin A. Consistent with the
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Fig. 3. Wild-type hMSCs overexpressing a non-farnesylable form of progerin (SSIM Progerin) attain stabilized active b-catenin activity during the
osteogenic differentiation. (A) Representative Western blot detecting non-phosphorylated (active) b-catenin in hBM-MSCs induced with lentiviruses
expressing GFP, GFP-progerin, GFP-lamin A, or GFP-SSIM (non-farnesylable)-progerin. b-actin protein was used as a loading control. The samples were
collected at 1 week in osteogenic differentiation. (B) Quantiﬁcation of Western blot by analyzing the fold changes of non-phosphorylated (active) bcatenin/b-actin densitometry. Western blots were conducted at least three biological replicates (n > 3) on separate gels. (C) Whole-plate views and
bright-ﬁeld images of alkaline phosphatase (AP) staining in hBM-MSCs overexpressing GFP-null, GFP-progerin, GFP-lamin A, and GFP-SSIM (nonfarnesylable) progerin, then induced for osteogenic differentiation for 1 or 2 weeks.

active b-catenin protein levels, the presence of the farnesylatedprogerin, but not the non-farnesylable SSIM-progerin, was
associated with impaired osteogenic differentiation, as indicated by AP activity (Fig. 3C). In total, these results reveal that
progerin farnesylation suppresses the active b-catenin, thereby
inhibiting osteogenic differentiation.

Farnesylated progerin causes abnormal accumulation of
active b-catenin in the cytosol of HGPS osteoprogenitors
during osteogenic differentiation
Nuclear translocation of b-catenin is an essential process to
provide stabilized b-catenin levels in the nucleus to activate gene
expression. Given that the farnesylated progerin anchors to the
nuclear membrane and disrupts the normal nuclear lamina
assembly, the abnormal nuclear scaffolding may impact the
organization of nuclear pore complexes (NPCs) and the RanGTP
gradient across the nuclear membrane.(30,51) Because b-catenin
has no nuclear localization signal (NLS), its import is mediated by
the interactions with NPCs.(52) Accordingly, we hypothesized that
the HGPS-associated changes in b-catenin signaling may be
caused by inefﬁcient transport of b-catenin from the cytosol to
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the nucleus, impairing the transcriptional signaling necessary to
drive osteogenic differentiation.
Nuclear import of b-catenin was examined by the subcellular
distribution of the non-phosphorylated (active) form of b-catenin
during osteogenic differentiation. Subcellular fractionations were
taken weekly during the 4-week osteogenic differentiation of
both normal and HGPS osteoprogenitors. The normal cells
exhibited an increase in the ratio of nuclear to cytoplasmic active
b-catenin protein, reaching a peak at 4 weeks, toward the late
stage of osteogenic differentiation (Fig. 4A, B). In contrast, HGPS
cells showed marked reduction in the ratio of nuclear to
cytoplasmic active b-catenin protein, reaching a nadir by 4 weeks,
toward the later stage of osteogenic differentiation (Fig. 4C, D).
These ratios suggest that at a time that normal cells are
accumulating active b-catenin in the nucleus, active b-catenin is
selectively partitioned in the cytoplasm of HGPS cells. This failure
to accumulate in the nucleus of HGPS cells occurs despite
increasing cytoplasmic levels of active b-catenin in the
cytoplasmic fraction over this same time course. Thus, these
results suggest that inefﬁcient nuclear import of active b-catenin
leads to its accumulation in the cytosol of HGPS osteoprogenitors
during the later stage of osteogenic differentiation.
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Fig. 4. Progerin causes abnormal accumulation of active b-catenin in the cytosol of HGPS osteoprogenitors during osteogenic differentiation.
Representative image from Western blotting analysis for active b-catenin protein in subcellular fractionations of (A) normal iPSC-osteoprogenitors or (C)
HGPS iPSC-osteoprogenitors. The fractionated nuclear and cytosolic lysates were obtained weekly during osteogenic differentiation from week 1 to week
4. RCC1 represents the nuclear marker, and S6 was used to detect the overall loadings of samples. (B, D) Quantiﬁcation for band intensities of nuclear to
cytosolic b-catenin protein ratios at each osteogenic differentiation induction time points (weeks 1, 2, 3, and 4) for (B) normal iPSC-osteoprogenitors or
(D) HGPS iPSC-osteoprogenitors. Western blots were conducted at least three biological replicates (n ¼ 3) on distinct blots.  p < 0.05,  p < 0.0001.

Stimulation of b-catenin signaling cascade rescues the
skeletal phenotype in a mouse model of HGPS
The skeletal phenotypes of human HGPS patients are best
recapitulated in one of the HGPS murine models, Zmpste24-/-,
which exhibits similar severe osteopenia as that in HGPS
patients.(7,53–55) Consistent with our in vitro data, Western
blotting revealed that active b-catenin in the primary calvaria
cells (Fig. 5A, B) and the whole tibia extracts (Fig. 5C, D) was
signiﬁcantly lower in samples of Zmpste24-/- mice than those of
wild-type control mice. This decrease in b-catenin occurred
independent of any changes in Wnt signaling components
(Supplemental Fig. S6), suggesting that the defect in b-catenin
signaling occurred intracellularly, perhaps at the level of nuclear
import. As expected, the cell autonomous nature of this defect
was conﬁrmed in primary calvarial osteoblasts from Zmpste24-/mice, which exhibited the accumulation of farnesyl-prelamin A
protein, the loss of mature lamin A, and reduction of active
b-catenin protein (Fig. 5A, B).
Based on these data, we proposed that stimulating the pool of
active b-catenin in the cell might compensate for the
inefﬁciency in b-catenin nuclear import, restoring nuclear
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function, osteoblast differentiation, and ameliorating the
skeletal phenotypes of HGPS. To activate the pathway in
bone-speciﬁc aspect, we targeted the sclerostin, a bone-speciﬁc
inhibitor of Wnt/b-catenin signaling, using sclerostin function
blocking antibodies (SclAb), which enhance b-catenin signaling
and osteoblast function.(56,57) Consistent with the work of
others,(54,55) both male and female Zmspte24-/- mice have
markedly reduced bone mass relative to littermate controls,
including a >2-fold decrease in trabecular bone volume fraction
(Fig. 6A) and cortical thinning (Supplemental Fig. S7). Likewise,
qPCR analysis of the long bones of these mice demonstrated
defects in the osteoblast lineage, including downregulation of
the mRNA encoding the key lineage driving transcription
factors, Runx2 and osterix, as well as the mRNA abundance of the
differentiation markers, bone sialoprotein, alkaline phosphatase,
and osteocalcin. Further, the b-catenin responsive genes,
RANKL, Cx43/Gja1, and Axin2, were affected as expected by
Zmpste24 gene deletion (Supplemental Fig. S8).
SclAb were administered to wild-type and Zmpste24-/- mice
via i.p. injection for 4 weeks. Importantly, SclAb administration
not only enhanced the basal expression level of active
b-catenin proteins in bone extracts from both wild-type and
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Fig. 5. Zmpste24-/- osteoblasts show reduced active b-catenin, which can be rescued with sclerostin-neutralizing antibodies. (A) Western blots of active
b-catenin protein, prelamin A, and lamin A/C in primary calvaria cells isolated from wild-type (Zmpste24þ/þ), and knockout (Zmpste24-/-) mice. b-actin
protein was used as a loading control. (B) Quantiﬁcation of fold changes of relative Western blot band intensity of active b-catenin protein against b-actin
protein band. Western blots were conducted at least three biological replicates (n > 3) on separate gels. (C) Western blotting analysis to detect active bcatenin protein in tibia extracts from wild-type and Zmpste24-/- mice treated with vehicle (saline) or 100 mg/kg SclAb for 4 weeks during the age of
week 4 to week 8. GAPDH was used a loading control. (D) Quantiﬁcation of relative Western blot band intensity from Fig. 5C, indicating active b-catenin
protein levels normalized to corresponding band intensities of GAPDH (n ¼ 4). Data are represented as mean  SD.  p < 0.05.

Zmpste24-/- mice (Fig. 5C, D), but it also fully restored the
trabecular and cortical bone parameters of Zmpste24-/- mice to
age- and sex-matched WT control levels (Fig. 6; Supplemental
Fig. S7). The effects of SclAb on trabecular (and to a lesser
extent cortical) microarchitecture were far more potent in
Zmpste24-/- mice than in controls (Fig. 6; Supplemental Fig. S7),
strongly suggesting that defective b-catenin signaling is a
fundamental driver of the skeletal phenotype in these mice.
Likewise, markers of late osteoblast differentiation, including
osterix, bone sialoprotein, and osteocalcin, were rescued by the
antibody administration, as was the expression of b-catenin
responsive genes, RANKL, Cx43/Gja1, and Axin2 (Supplemental
Fig. S8). Together, these data indicate that targeting the
b-catenin signaling cascade is a possible therapeutic target for
restoring defective bone quality in HGPS patients, at least in
part by restoring nuclear b-catenin function.

Discussion
In the present study, we report that defects in b-catenin
signaling, perhaps at the level of nuclear import, underpin
delayed osteogenic differentiation in HGPS and that activating
this pathway with sclerostin function blocking antibodies can
restore bone mass in a mouse model of HGPS (Fig. 7). We
identiﬁed a diminished level of active b-catenin protein in the
nucleus in two HGPS iPSC-derived osteoprogenitors lines,
wild-type hBM-MSCs ectopically overexpressing progerin, and
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in osteoblasts and tissue extracts from Zmpste24-/- mice. This
ﬁnding of decreased b-catenin in HGPS cells was associated
with defects in osteoblast differentiation, lower matrix
mineralization capacity, and a partitioning of active b-catenin
in the cytoplasm of osteoblast during differentiation. We
showed that the ability of progerin to inhibit the nuclear
import and transcriptional activity of b-catenin required the
farnesylation of progerin. Moreover, Zmpste24-/- mice, which
express farnesylated pre-lamin A and phenotypically mimic
HGPS, exhibit defects in b-catenin signaling and osteoblast
differentiation that are consistent with the in vitro ﬁndings in
iPSCs from HGPS patients. Further, we showed that targeting
canonical WNT/b-catenin signaling with the sclerostin
neutralizing antibodies fully restores trabecular bone mass
and increases cortical bone parameters. In total, these data
establish that defective b-catenin signaling, perhaps at the
level of efﬁcient nuclear import, is a key driver of the skeletal
phenotype of HGPS, and that therapeutically targeting
b-catenin may be particularly effective at restoring skeletal
function. Furthermore, given the fundamental nature of
b-catenin signaling in stem cell renewal and lineage allocation,
these ﬁndings may have broader implications, beyond skeletal
biology, in the treatment of HGPS.
Previously, downregulated activities of both Notch and Wnt
signaling pathways and a possible role in impaired stem cell
function in human HGPS osteoprogenitors and HGPS mouse
models, including D9Lmna and tetop-LAG608Gþ and K5tTAþ,
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Fig. 6. Sclerostin neutralizing antibody treatment alleviates the defective bone quality of Zmpste24-/- mouse model. (A) Microcomputed tomography
(mCT) analysis of femurs of normal and Zmpste24-/- male mice that were treated either by i.p. injection of 100 mg/kg SclAb or saline control for 4 weeks,
starting the treatment at the age of week 4. n ¼ 8–9 mice/treatment/group. (B–E) Bone-quality assessment of SclAb-treated or non-treated normal or
HGPS male mice elucidated by (B) bone volume (BV/TV), (C) trabecular number (Tb.N), (D) trabecular thickness (Tb.Th), and (E) trabecular spacing (Tb.Sp)
was implemented in sclerostin-neutralizing antibody treated or non-treated male normal or HGPS mice. n.s. ¼ not signiﬁcant;  p < 0.05,  p < 0.01,

p < 0.0001. (F–I) Bone-quality assessment of SclAb-treated or non-treated normal or HGPS female mice elucidated by (F) bone volume, (G) trabecular
number, (H) trabecular thickness, and (I) trabecular spacing. n.s. ¼ not signiﬁcant;  p < 0.05,  p < 0.001,  p < 0.0001.

have been reported.(29,58,59) Here, we demonstrated the
sufﬁciency of enhancing b-catenin signaling to rescue the
skeletal phenotype of Zmpste24-/- mice. Although numerous
developmental signals are integrated into the regulatory
cascade for osteoblast differentiation, including Hedgehog
signaling, Notch signaling, bone morphogenetic protein
(BMP) signaling, and FGF signaling,(60) the canonical WNT/bcatenin pathway has a key function in developmental processes
involving lineage formation for organ-speciﬁc cells, especially
vital to skeletal development.(48,61,62) Active b-catenin allows the
osteoprogenitor cells to remain committed to the osteoblastic
lineage, limiting the progenitor cell differentiation to adipocytes
or chondrocytes, and drives the osteogenic differentiation
program.(47,63,64) Future studies will be needed to see if aberrant
b-catenin and lineage allocation issues underlie other tissue
pathologies in HGPS.
Interestingly, two studies examined the osteoblast lineage
in HGPS MSCs(65,66) and reported an unpredicted enhancement in osteogenic differentiation, despite the low bone mass
observed in HGPS patients and mouse models of HGPS. We
also observed this phenotype transiently at the very early
stage of osteogenic differentiation in both HGPS(I) and
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HGPS(II) iPSC-osteoprogenitors. However, when comparing
HGPS and control cells at the same cell densities, we found
that the HGPS cells failed to gain, but rather, lowered the
mineralization capacity. These results were conﬁrmed by
assessing osteoblast lineage markers in the Zmpste24-/- mice.
Furthermore, using ectopically expressed lamin A or progerin
in hBM-MSCs to minimize the effects of different genetic
backgrounds for the control versus HGPS iPSCs, we observed
the same osteoblast differentiation defects as those in iPSCderived HGPS osteoprogenitors.
Another ﬁnding is that farnesylation of progerin seems to
disturb the cytosolic-nuclear distribution of active b-catenin in
HGPS osteoprogenitor cells as they progress through osteogenic differentiation. Although it is known that Ran-mediated
nuclear transport is impaired in HGPS cells,(30,51,67) b-catenin has
no nuclear localization signal (NLS), thus the nuclear import
mechanism is independent of Ran gradient. Rather, b-catenin
nuclear import is mediated by NPCs.(52) Progerin is a truncated
form of lamin A that abnormally retains a farnesyl group, which
anchors itself to the nuclear membrane. Our results suggest that
farnesylation of progerin negatively affects the b-catenin
nuclear entry and exacerbates the defects in osteogenesis.
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Fig. 7. Schematic working model proposing the major hypothesis. Progerin plays an inhibitory role in b-catenin signaling pathway and ultimately
affects the downstream stages of osteogenesis.

MSCs with the progerin mutation of CSIM sequence changed to
SSIM, which prevents farnesylation and rescues nuclear blebbing,(49) demonstrated restored b-catenin signaling and osteoblast differentiation. Although other points of disruption of bcatenin signaling may also exist in these models, the contribution
of deﬁcits in nuclear import of b-catenin are intriguing.
Regardless, activating b-catenin signaling fully restores
defective bone formation in HGPS, and these results provide
the mechanistic basis that defects in b-catenin signaling are
underlying factors contributing to clinical features of bone in
HGPS. The effects of SclAb on Zmpste24-/- HGPS mice were
unambiguous. After the treatment with SclAb in Zmpste24-/mice over a 4-week period, the bone mass and the microarchitecture measures, such as trabecular bone volume, density,
spacing, and cortical thickness, were fully restored to the levels
of control mice (Fig. 6; Supplemental Fig. S7). Although the
currently used clinical treatment with FTI slows down the rate of
rapid bone turnover by blocking the high bone resorption
process,(8) our study suggests a complementary therapeutic
approach to synergistically restore bone formation by targeting
b-catenin signaling in bone precursor cells in HGPS patients.
Notably, FTIs may also partially restore b-catenin activity and
osteoblast differentiation function in HGPS patient cells by
blocking progerin farnesylation and preventing negative effects
on Ran-GTPase system.
In normal cells, Ran is mostly localized in the nucleus, whereas
HGPS-patient ﬁbroblasts had more Ran in the cytoplasm.(51,67)
Disrupted Ran gradient by progerin was reported in the past,
and farnesyltransferase inhibitor (FTI) rescues disrupted
Ran gradients in HGPS culture.(67) Moreover, another study

2068

CHOI ET AL.

demonstrated that progerin lowers the function of SUMOylation
pathway, which is involved in nuclear-cytosolic transport.(67)
Because b-catenin nuclear transport is Ran machineryindependent but its import is self-regulated by direct binding
to NPC, we speculate that progerin provides a disrupted scaffold
for organizing NPC, which consequently inhibits proper
transport of active b-catenin in HGPS osteoprogenitors during
the osteogenic differentiation.
The rationale for the intervention using SclAb is not to repair
disrupted translocation activity by progerin but rather to
compensate for inefﬁcient nuclear import of b-catenin in
HGPS by driving up the pool of active b-catenin. However,
the skeletal impact may be more effective if b-catenin is directly
targeted or targeted in conjunction with FTIs. Combination
therapies with FTIs and SclAb might enhance the skeletal
phenotype most effectively. Although abnormal skeletal
development in HGPS is not fatal, a restoration of skeletal
function could eminently improve the life quality of patients.
Further, because of the role of b-catenin signaling in the lineage
renewal and allocation of other stem cell populations, these
ﬁndings in bone may be extrapolated to other aspects of HGPS.
The complete rescue of skeletal microarchitecture by the
activation of b-catenin is unexpected, novel, compelling, and
translational. As past studies have demonstrated defective
b-catenin signaling in other cell types, it is likely not bone
speciﬁc. Although we were able to use a very bone-speciﬁc
model to target b-catenin signaling to fully rescue bone
structure, it is highly likely that a more global strategy to rescue
defective b-catenin signaling could be therapeutically beneﬁcial
to multiple organ systems in HGPS.
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