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Abstract
Advanced age is one of the most important risk factors for osteoporosis. Accumulation of
oxidative DNA damage has been proposed to contribute to age-related deregulation of osteoblastic
and osteoclastic cells. ERCC1 (Excision Repair Cross Complementary group 1)-XPF (Xeroderma
Pigmentosum Group F) is an evolutionarily conserved structure-specific endonuclease that is
required for multiple DNA repair pathways. Inherited mutations affecting expression of ERCC1-
XPF cause a severe progeroid syndrome in humans, including early onset of osteopenia and
osteoporosis, or anomalies in skeletal development. Herein, we used progeroid ERCC1-XPF
deficient mice, including Ercc1-null (Ercc1−/−) and hypomorphic (Ercc1−/Δ) mice, to investigate
the mechanism by which DNA damage leads to accelerated bone aging. Compared to their wild-
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type littermates, both Ercc1−/− and Ercc1−/Δ mice display severe, progressive osteoporosis caused
by reduced bone formation and enhanced osteoclastogenesis. ERCC1 deficiency leads to atrophy
of osteoblastic progenitors in the bone marrow stromal cell (BMSC) population. There is
increased cellular senescence of BMSCs and osteoblastic cells, as characterized by reduced
proliferation, accumulation of DNA damage and a senescence-associated secretory phenotype
(SASP). This leads to enhanced secretion of inflammatory cytokines known to drive
osteoclastogenesis, such as IL-6, TNFα, and RANKL and thereby induces an inflammatory bone
microenvironment favoring osteoclastogenesis. Furthermore, we found that the transcription factor
NF-κB is activated in osteoblastic and osteoclastic cells of the Ercc1 mutant mice. Importantly, we
demonstrated that haploinsufficiency of the p65 NF-κB subunit partially rescued the osteoporosis
phenotype of Ercc1−/Δ mice. Finally, pharmacological inhibition of the NF-κB signaling via an
IKK inhibitor reversed cellular senescence and SASP in Ercc1−/Δ BMSCs. These results
demonstrate that DNA damage drives osteoporosis through an NF-κB-dependent mechanism.
Therefore, the NF-κB pathway represents a novel therapeutic target to treat aging-related bone
disease.
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Introduction
Osteoporosis is the most common metabolic bone disease and is characterized by reduced
bone mass and bone mineral density (1). Advanced age is one of the most important risk
factors for osteoporosis (2). Age-related cellular changes that impede bone formation and/or
promote bone resorption include skeletal stem cell atrophy (3), reduced osteoblast (bone-
forming cells) proliferation, impaired osteoblast differentiation and activity, and enhanced
osteoclastic (bone-resorbing cells) differentiation and function. The detailed molecular
mechanisms underlying age-related osteoblastic and osteoclastic changes remain elusive.
However, telomerase deficiency and telomere shortening (4) and accumulation of oxidative
DNA damage (5) have been proposed to contribute to age-related deregulation of
osteoblastic and osteoclastic cells.

DNA damage is caused by exogenous sources, such as ultraviolet and ionizing radiation, as
well as endogenous sources such as reactive oxygen species (ROS), which are byproducts of
normal respiration (5). Evidence that DNA damage plays a causal role in skeletal defects
comes from the observation that mutations in genes that encode proteins required for DNA
repair and/or the DNA damage response lead to compromised bone development and/or
deregulation of bone homeostasis. ERCC1 (Excision Repair Cross complementary group 1)
-XPF (Xeroderma Pigmentosum Group F) is an evolutionarily conserved structure-specific
endonuclease that is required for nucleotide excision repair of helix-distorting DNA lesions
(6), the repair of DNA interstrand crosslinks (7), and the repair of some double-strand
breaks (DSBs) (8). Genetic deletion of either Ercc1 or Xpf in the mouse leads to what
appears to be identical phenotypes (9–11). Although these mice have normal embryonic
development, postnatally Ercc1-null mice develop numerous progeroid symptoms, including
neurodegeneration, anemia and bone marrow degeneration, osteopenia, and decreased
lifespan (10,1213). A human progeroid syndrome caused by ERCC1-XPF deficiency has
symptoms strikingly similar to what were observed in ERCC1-deficient mice, including
osteopenia (12). Mutations in ERCC1 have been linked to COFS syndrome (cerebro-oculo-
facio-skeletal) with severe developmental failure and death in early infancy (14). Skeletal
abnormalities include microcephaly, bilateral microphthalmia, micrognathia, short philtrum,
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and rocker-bottom feet. Given that all of these phenotypes occur in the absence of exposure
to exogenous genotoxic stress, the skeletal defects associated with both human and murine
ERCC1-XPF deficiency support a critical, yet unexpected role for DNA repair in skeletal
development and maintenance of bone homeostasis. What is not known is the mechanism by
which failure to repair DNA damage drives deregulation of bone homeostasis.

The NF-κB (Nuclear Factor KappaB) transcription factor is a key regulator of cell death and
survival in response to various types of cell stress including genotoxic and inflammatory
stimuli (15–17). This leads to the activation of an upstream protein kinase: IκB kinase
(IKK). Activated IKK subsequently phosphorylates IκB (18–20) resulting in release of NF-
κB from IκB. NF-κB then translocates to the nucleus and induces transcription of a variety
of target genes that regulate the cellular response to genotoxic and inflammatory stimuli
including cell senescence and apoptosis (21). NF-κB signaling is known to play an essential
role in regulating bone homeostasis by inhibiting bone formation (22) and enhancing bone
resorption (23). Overexpression of a dominant negative IKKβ subunit or genetic deletion of
IKKβ result in increased bone mass (22). In addition, mice deficient for the p65 subunit of
NF-κB in the hematopoietic compartment have defective osteoclast formation and thus are
resistant to arthritis-induced osteolysis (24). However, it remains unclear whether NF-κB
plays a role in aging- related osteoporosis.

In the present study, we systematically analyzed the bones of ERCC1-deficient mice,
including both Ercc1-null (Ercc1−/−) and hypomorphic (Ercc1−/Δ) mice at multiple ages.
These DNA repair-deficient mice displayed severe and progressive osteoporosisdue to both
the loss of bone formation and enhanced bone resorption. Our studies reveal a novel role of
SASP in uncoupling bone formation and resorption and NF-κB signaling as a driving force
for osteoporosis in response to accumulation of endogenous DNA damage.

Results
ERCC1 deficiency leads to severe, progressive osteoporosis in mice

Humans and mice with reduced expression of ERCC1-XPF develop numerous symptoms
associated with old age, including osteopenia (9,10,12). To investigate the cellular and
molecular mechanisms underlying these phenotypes, we compared the bones of ERCC1-
deficient mice to normal littermates at multiple ages. Three dimensional reconstruction of
microcomputed-tomography (μQCT) images of vertebrates of 3-week-old gender-matched
Ercc1−/− and WT (Ercc1+/+) mice revealed a dramatic reduction in trabecular structures in
bones from DNA repair-deficient mice compared to WT littermates (Fig. 1A, left).
Histomorphometric analysis based on the μCT studies indicated that Ercc1−/− mice have a
significant reduction in bone volume relative to tissue volume (BV/TV), trabecular thickness
(Tb.Th) and trabecular number (Tb.N) and an increase in trabecular space (Tb.Sp) compared
to WT littermates (Fig. 1A, right), demonstrating that these mice have osteoporosis. This
was confirmed by haematoxylin eosin (H&E) staining of tibias of 2-week-old Ercc1−/− and
WT mice (Fig. 1C). Male and female Ercc1−/−mice exhibited similar osteoporotic changes,
indicating that ERCC1 deficiency and consequently unrepaired DNA damage drive
osteoporosis in a sex-independent manner. The number of osteoblasts per bone perimeter
(Ob.N/B.pm) (Fig. 1D, right) was significantly reduced in Ercc1−/− mice, while osteoclast
surface (Oc.S/BS) and the number of osteoclasts per bone perimeter (Oc.N/B.pm) was
increased (Fig. 2B, right) compared to WT littermates,

Ercc1−/− mice have a short life span and die before 4 weeks of age (9). To determine
whether ERCC1 deficiency affects bone homeostasis in adult mice, we studied Ercc1
hypomorphic (Ercc1−/δ) mice. This strain harbors one knock-out and one mutant allele of
Ercc1 and express approximately 5% of the normal level of ERCC1 and XPF proteins,
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leading to a lifespan of 7 months (10,25). μCT analysis of the lumbar vertebra (Fig. 1B) and
femurs (Suppl Fig. 1) of age- and gender-matched WT and Ercc1−/Δmice demonstrated that
Ercc1−/Δmice also develop osteoporosis. Histomorphometric analysis of the vertebrae of
adult 8-week-old Ercc1−/Δmice, which do not have overt symptoms of progeria, revealed a
30% reduction in BV/TV compared to WT littermates. This was due to reduced trabecular
thickness, but not number (Fig. 1B, Top). At 22 weeks of age, when Ercc1−/Δmice show
severe progeroid symptoms, they had a >60% reduction of BV/TV due to a significantly
reduced trabecular thickness and number and an increased trabecular space (Fig. 1B,
Bottom). These results demonstrate that osteoporosis is a progressive process in
Ercc1−/Δmice. Osteoporosis in Ercc1−/Δmice was confirmed by H&E staining of tibia and
vertebrae (Fig. 1D) as well as radiographic examination of vertebrae (Fig. 1E). The similar
osteoporotic phenotypes observed in both Ercc1−/− and Ercc1−/δdemonstrate that ERCC1-
XPF-dependent DNA repair is required for maintaining normal bone homeostasis.

ERCC1 deficiency leads to reduced bone formation and enhanced osteoclastogenesis
The steady state of bone homeostasis is determined by two tightly coupled, but opposing
biological processes: bone formation and bone resorption (26). Immunoblot analysis
revealed that ERCC1 is expressed in both osteoblastic and osteoclastic cells of WT mice.
(Suppl. Fig. 2A to C). To first determine if ERCC1 deficiency affects bone formation,
dynamic histomorphometric analysis was performed by calcein double-labeling of 8-week-
old Ercc1−/Δmice and WT littermates, to measure new bone matrix deposition.
Ercc1−/Δmice had a significantly reduced rate of bone formation compared to WT
littermates (Fig. 2A). This is consistent with their reduced Ob.N/B.pm compared to WT
littermates (Fig. 1D, right). Next, we asked if ERCC1 deficiency affects bone resorption
(osteoclastogenesis). The tibiae of 8-week-old WT and Ercc1−/Δmice were stained for the
osteoclastic marker tartrate-resistant acid phosphatase (TRAP). Ercc1−/Δmice exhibited
significantly increased TRAP staining throughout the tibiae, compared to WT mice (Fig. 2B,
left). This is consistent with the increased Oc.S/BSand Oc.N/BPm in the spongiosa of
Ercc1−/Δtibiae compared to WT (Fig. 2B, right). Increased osteoclastogenesis, Oc.S/BS and
Oc.N/BPm were also observed in Ercc1−/− mice. Taken together, these results demonstrate
that there is uncoupling of bone formation and resorption, with the latter being enhanced in
ERCC1-deficient mice.

Osteoclast progenitor primary bone marrow monocytes (pBMMs) were isolated from the
bone marrow of Ercc1−/Δand WT littermates. The pBMMs were induced to undergo
osteoclastogenesis ex vivo by exposing them to osteoclastogenic media (27). TRAP positive
(TRAP+) multinucleated cells (defined as those having 3 or more nuclei per cell) were
counted as mature osteoclasts. Ercc1−/Δcultures contained a significantly greater number of
osteoclasts than WT cultures (Fig. 2D). Further, Ercc1−/ΔpBMMs exhibited enhanced
mRNA expression of osteoclast differentiation markers, such as cathepsin K (CTSK),
nuclear factor of activated T-cells, cytoplasmic C 1 (NFATC1), receptor activator of nuclear
factor κB (RANK) and TRAP compared to WT pBMMs (Fig. 2E). Finally,
Ercc1−/ΔpBMMs displayed a significantly greater capacity to resorb bovine bone in vitro
compared to WT pBMMs (Fig. 2F). This demonstrates that ERCC1-deficient pBMMs are
more prone to osteoclastogenesis via a cell autonomous mechanism.

ERCC1 deficiency compromises osteoblastic differentiation
Next we asked if defects in osteoblast lineages required for bone deposition also contribute
to osteoporosis in DNA repair-deficient ERCC1 mice. We measured mRNA expression of
osteoblastic markers in vertebrae from 5-month-old Ercc1−/Δand WT mice. Expression of
Osterix (Osx), a transcription factor required for osteoblastic differentiation and bone
sialoprotein (Bsp), a bone extracellular matrix glycoprotein (26), were significantly reduced
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in Ercc1−/Δmice compared to age-matched WT mice (Fig. 3A). This suggests that DNA
repair deficiency affects osteoblast differentiation.

ERCC1-deficiency has been reported to reduce hematopoietic reserves (13). Thus, we
hypothesized that there would be a reduced number of osteoblastic progenitor cells in
ERCC1-deficient mice. Osteoblastic progenitors are a clonogenic subset of adherent
BMSCs, known as colony-forming unit fibroblasts (CFU-Fs). Indeed, BM of Ercc1−/Δmice
contained significantly fewer CFU-Fs than that of WT mice (Fig. 3B). Further, BM of
Ercc1−/Δmice contained significantly reduced number of osteogenic alkaline phosphatase
positive colonies (CFU-ALP+) than WT littermates (Fig. 3C). Cultures of BM cells from
WT mice spontaneously formed mineralized nodules, mimicking bone formation in vitro,
whereas the BM cells isolated from Ercc1−/Δmice were defective (Fig. 3D). These results
demonstrate that there is a reduced number of osteoblastic progenitor cells in the bone
marrow of DNA repair-deficient Ercc1 mutant mice.

We next asked if this was due to failure of BMSCs to differentiate towards osteoblastic
lineages. BMSCs were isolated from Ercc1−/Δand WT mice, plated at the same density, and
cultured in osteoblastic differentiation media for up to 3 weeks. At weekly time points, cells
were harvested and expression of several osteoblastic markers was measured by qRT-PCR.
Expression of Osx, Alp and Atf4 and Col1 were significantly reduced in BMSCs of
Ercc1−/Δmice compared to WT mice, at least at one time point (Fig. 3E). Furthermore, ALP
staining was dramatically reduced in differentiated Ercc1−/ΔBMSCs cultures after 2 and 3
weeks of osteogenic induction (Fig. 3F). These results demonstrate that osteoblastic
differentiation of Ercc1−/Δ BMSCs is severely compromised, which likely contributes to the
reduced number of osteoblastic progenitor cells in Ercc1−/Δ BMSC population (Figs. 3B to
3D).

ERCC1 deficiency leads to persistent DNA damage and cellular senescence, of primary
osteoblasts and BMSCs

ERCC1 plays an essential role in DNA repair. Thus, we predicted that ERCC1 deficiency
leads to the accumulation of DNA damage in bone tissues. ATM is a proximal effector of
DNA damage, in particular DSBs (28). Upon its activation, ATM phosphorylates several
downstream substrates, including H2AX, a nucleosomal histone variant, to facilitate
checkpoint activation and DNA repair. Phosphorylated H2AX (γ-H2AX) promptly localizes
to DSBs and forms distinct foci, a characteristic feature of persistent DNA damage and
cellular senescence (29). Ercc1−/− primary osteoblasts exhibited a greater number and more
distinctγ-H2AX foci than WT cells (Fig. 4A). There was also increased γ-H2AX
immunostaining in cells lining bone surfaces in Ercc1−/Δmice than WT controls (Fig. 4B).
Furthermore, there was increased immunohistochemical staining for phosphorylated ATM
substrate in bone surface lining cells, indicative of activated DNA damage response (30) in
Ercc1−/Δbone tissues compared to WT animals (Fig. 4C). These data support the conclusion
that ERCC1 deficiency results in persistent DNA damage in skeletal tissues.

Persistent DNA damage can drive premature replicative senescence of cells (29,31). To test
whether osteoblastic cells in Ercc1−/Δmice undergo premature senescence, we examined
expression of several senescence markers in bone tissues. As shown by
immunohistochemical staining of 8-week-old tibias of Ercc1−/Δand WT mice, the bone
tissues of Ercc1−/Δmice displayed increased expression of p16INK4A (Fig. 4D), a cyclin-
dependent kinase inhibitor associated with cellular senescence (32). In addition, expression
of Ki67, a marker of cell proliferation (33), was reduced in Ercc1−/Δmice compared to WT
animals (Fig. 4E). Finally, Western blot analysis revealed that bone tissues of Ercc1−/Δmice
had dramatically decreased cyclin D1 expression compared to WT animals (Fig. 4F).
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Together these data demonstrate increased cellular senescence and reduced cell proliferation
in bone tissues and the related cells of Ercc1−/Δmice.

To confirm these in vivo observations, the proliferation of primary osteoblasts and BMSCs
isolated from WT and Ercc1−/− mice was measured in vitro. Despite being plated at the
same density, Ercc1−/−osteoblasts had significantly reduced cell number than their WT
counterparts at each passage (Fig. 4G). At passage 4, Ercc1−/− osteoblasts stopped
proliferating (Fig. 4G) and acquired morphological features of senescence including
enlarged cell bodies and nuclei (data not shown), while WT osteoblasts continued to
proliferate. At passage 3, 7.4±0.4% Ercc1−/− primary osteoblasts stained positively for the
proliferation marker Ki67 compared to 28.4±1.5% of WT cells. At passage 6, there were no
Ki67 positive cells in the Ercc1−/− cultures, whereas 12.9±1.8 of WT primary osteoblasts
stained positively (Fig. 4H). In accordance, there was an 8-fold increase in the number of
Ercc1−/− pBMSCs that stained positively for senescence-associated β-galactosidase (SA β-
Gal) compared to WT pBMSCs (Fig. 4I). A similar extent of increased SA β-Gal staining
was observed in Ercc1−/− primary osteoblasts compared to WT primary osteoblasts (data not
shown). These data demonstrate that DNA repair deficient osteoblasts and BMSCs senesce
prematurely. In total, the data support the conclusion that premature senescence of
osteoblastic progenitors, in addition to differentiation defects, contribute to osteoporosis in
ERCC1-deficient mice.

ERCC1 deficiency triggers a senescence-associated secretory phenotype (SASP) in
BMSCs and osteoblasts, creating an inflammatory microenvironment favoring
osteoclastogenesis

Persistent DNA damage signaling promotes secretion of senescence-associated
inflammatory cytokines, termed senescence-associated secretory phenotype (SASP)
characterized by substantial IL-6 secretion (29). Since the osteoblastic lineages of ERCC1-
deficient mice exhibited persistent DNA damage, we hypothesized that this induces SASP,
thereby creating an inflammatory microenvironment in the bone. In support of this,
Ercc1−/ΔBMSCs have significantly increased IL-6 mRNA expression as measured by qRT-
PCR (Suppl. Fig. 3A). Further, these cells also secreted a greater level of IL-6 compared to
WT counterparts (Fig. 5A). Consistently, the level of IL-6 was also elevated by
approximately 1000-fold in the serum of Ercc1−/Δmice compared to WT animals. Since IL-6
is osteoclastogenic (34), we also examined other inflammatory cytokines that regulate
osteoclast formation, including TNFα (Tumor necrosis factor α), RANKL and OPG
(Osteoprotegerin), a RANKL antagonist (35). RT-PCR analysis on vertebra of 8-week-old
Ercc1−/− mice revealed a more than 2-fold up-regulation of TNFα mRNA expression
(Suppl. Fig. 3B). Consistently, elevated TNFα secretion was detected in both serum of
Ercc1−/Δmice and conditioned medium of Ercc1−/ΔBMSCs compared to WT counterparts
(Fig. 5B and C). In addition, expression of RANKL in Ercc1−/Δvertebrae was increased >4-
fold, whereas OPG expression was reduced by 70% compared to WT animals (Suppl. Fig.
3B), resulting in an 11-fold increase in the ratio of RANKL to OPG, an indicator for
osteoclastogenic potential of BMSCs. The elevated mRNA expression of RANKL was also
observed in Ercc1−/Δprimary osteoblasts compared to WT cells as measured by qRT-PCR
(Suppl. Fig. 3C). Consistent with that, Ercc1−/− mice exhibited a 2.8-fold elevation of serum
RANKL and a 30% reduction of serum OPG compared to WT animals (Fig. 5B). Finally,
lentiviral transduction of Ercc1−/Δ BMSCs with murine Ercc1 dramatically attenuated IL-6
and TNFα secretion to levels that are comparable to WT BMSCs (Fig. 5C), supporting the
conclusion that failure to repair DNA damage drives cell senescence and SASP in
osteoblastic cell lineages.

To determine if cellular senescence and SASP contribute to osteoclastogenesis, primary
murine WT BMMs were co-cultured with either primary WT, or Ercc1−/δ, BMSCs for 7
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days. TRAP staining revealed that Ercc1−/ΔBMSCs induced formation of a significantly
greater number of osteoclasts (Fig. 5D) and more nuclei per osteoclast (data not shown) than
WT BMSCs did, despite the fact that there were fewer Ercc1−/ΔBMSCs (data not show).
Re-expression of murine Ercc1 in the Ercc1−/ΔBMSCs reduced their enhanced ability to
induce osteoclastogenesis (Fig. 5D). These data provide direct experimental evidence that
BMSCs from ERCC1-deficient mice also promote osteoclastogenesis through a non-cell
autonomous mechanism.

NF-κB is activated in osteoblasts and osteoclasts from DNA repair-deficient mice
Having demonstrated the cellular mechanisms by which unrepaired DNA damage promotes
premature osteoporosis, we next examined the underlying molecular events. Induction of
NF-κB signaling represents a common molecular change in various tissues and cells of aged
animals compared with young animals, such as liver, brain, kidney, bone, and so on (36–38).
pBMSCs from aged (28-month-old) WT mice had enhanced NF-κB activity, demonstrated
by increased levels of phospho-p65, phospho-IκBα and phospho-IKKα/β in cell lysates
after TNFα treatment (Suppl Fig. 4A). In addition there was enhanced immunostaining of
nuclear p65 in these cells either in the presence of absence of TNFα treatment (Suppl Fig.
4B) compared to pBMSCs from 2-week-old mice. Similarly, primary osteoblasts from
progeroid Ercc1−/− mice displayed enhanced phosphorylation of IκBα (Fig. 6A) as well as
increased nuclear localization and levels of the p65 subunit of NF-κB (Fig. 6B) compared to
cells from WT littermates. Furthermore, an increase in the phosphorylated-p65 protein level
was detected in pBMSCs from Ercc1−/− mice compared to WT BMSCs (Fig. 6C).

Next, we determined the molecular changes responsible for the increased NF-κB signaling
in ERCC1 deficient mice. Given IKKs are the upstream kinases responsible for
phosphorylation of IκBα and consequent activation of NF-κB signaling, we measured the
levels of phosphorylated and total IKKα, β, and γ isoforms. Interestingly, both
phosphorylated and total IKKα and β were similar in Ercc1-deficient and WT cells (data not
shown). However, pBMSCs from Ercc1−/Δ mice displayed increased levels of
phosphorylated IKKγ at serine 85 compared to WT counterparts (Fig. 6D). Consistent with
these findings, pBMSCs (Fig. 6D) and bone tissues (Fig. 4C) from Ercc1-deficient mice
displayed increased levels and activity of ATM, the upstream kinase that phosphorylates
IKKγ at serine 85 in response to genotoxic stress. Finally, enhanced phosphorylation of
IKKγ at serine 85 (Fig. 6E) leading to elevated baseline and RANKL-induced levels of NF-
κB signaling activity (Fig. 6F) were observed in Ercc1−/ΔBMMs. Taken together, these data
demonstrate that ERCC1 deficiency leads to increased NF-κB activity in both osteoblastic
and osteoclastic cells, potentially through an ATM-dependent increase in IKKγ activity in
response to unrepaired endogenous DNA damage.

Heterozygous deletion of the p65 subunit rescues osteoporosis
Having demonstrated increased NF-κB activity in both osteoblasts and osteoclasts of
ERCC1-deficient mice, we next asked if this activity contributes to their skeletal defects.
First, we observed that p65 overexpression in stable murine osteoblastic cell line MC4
impaired their differentiation in response to ascorbic acid, as reflected by a significant
reduction in expression of osteoblast markers Osterix, alkaline phosphatase (Alp) and
Osteocalcin (OCN) (Suppl Fig. 5A), as well as reduced alkaline phosphatase staining (Suppl
Fig. 5B). Next, we bred ERCC1-deficient mice that were haploinsufficient for the p65
subunit of NF-κB, a strategy previously used to characterize the role of NF-κB in Duchenne
muscular dystrophy (39). μQCT on tibia and lumbar vertebrae of age- and gender-matched
WT, Ercc1−/Δand Ercc1−/Δ;p65+/− mice revealed that p65 haploinsufficiency partially but
significantly rescued osteoporosis in Ercc1−/Δmice (Figs. 7A, B & C). Specifically,
Ercc1−/Δ;p65+/− mice showed significantly greater BV/TV compared to Ercc1−/Δmice,
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which represented 41.7% (vertebrae) or 59.8% (Tibia) rescue of BV/TV to normal level of
the WT mice (Fig. 7B). The Ercc1−/Δ;p65+/− mice also showed significantly increased
trabecular number and thickness and reduced trabecular space compared to Ercc1−/Δmice
(Fig. 7B). Further, histomorphometric analysis demonstrated that p65 haploinsufficiency
largely corrected the decrease in Ob.N/B.Pm and enhanced osteoclastogenesis (increased
Oc.N/B.Pm and Oc surface) seen in Ercc1−/Δmice (Fig. 7C). These results demonstrate that
genetic reduction of NF-κB signaling attenuates osteoporosis in a murine model of
accelerated aging.

To elucidate how p65 haploinsufficiency rescues osteoporosis of ERCC1-deficient mice, we
measured senescence, SASP and bone-specific endpoints in cells isolated from age-matched
WT, Ercc1−/Δand Ercc1−/Δ;p65+/− mice. p65 haploinsufficiency abolished cellular
senescence of BMSCs, as demonstrated by SAβ-Gal staining (Fig. 7D). However, there was
nodifference in Ki67 staining between Ercc1−/− and Ercc1−/−;p65+/− BMSCs (Suppl Fig.
6A). p65 haploinsufficiency completely reverted the elevated serum levels of SASP factors
IL-6 and TNFα to the levels that were either comparable to, or even lower than, those of
WT animals (Fig. 7E). Further, Ercc1−/Δ;p65+/− BMSCs formed significantly more CFU-Fs
and CFU-ALP+ colonies than those of Ercc1−/Δmice, although still significantly less
colonies than WT BMSCs (Figs. 7F and G). Consistently, alkaline phosphatase staining
showed that p65 hapoinsufficiency significantly rescued impaired osteoblastic
differentiation of the Ercc1−/− BMSCs (Fig. 7H). These data indicate that p65
haploinsufficiency partially rescued the inhibitory effects of ERCC1 deficiency on
osteoblastic cell lineage. Finally, we observed that NF-κB activation also contributes to the
enhanced osteoclastogenesis in Ercc1−/Δmice since TRAP staining of BMMs isolated from
Ercc1−/Δ;p65+/− mice revealed reduced osteoclast formation compared to Ercc1−/ΔBMMs
(Fig. 7I). Taken together, these results support a model where NF-κB mediates osteoporosis
in the ERCC1-deficient mice by driving cell autonomous changes that promote increased
bone resorption and decreased bone formation.

Pharmacologic inhibition of NF-κB activation rescues osteoporosis
We next asked if pharmacologic inhibition of NF-κB attenuates osteoporosis in ERCC1-
deficient mice. IKKiVII is a small molecule inhibitor of the upstream kinase that activates
NF-κB (IKK) (40). Addition of IKKiVII to cultures of Ercc1−/ΔBMSCs dramatically
reduced the levels of phospho-p65, which represents activated NF-κB (Suppl Fig. 6B).
IKKiVII treatment partially, but significantly, reduced cellular senescence in
Ercc1−/ΔBMSCs in a dose-dependent manner (Fig. 8A). In addition, IKKiVII significantly
restored expression of osteoblastic markers including Osx, Runx2, and Ocn, in
Ercc1−/ΔBMSCs in a dose-dependent manner (Fig. 8B). Expression was fully corrected to,
and even beyond, the level of WT cells treated with vehicle only (DMSO). Furthermore,
IKKiVII abolished IL-6 secretion from Ercc1−/ΔBMSCs (Fig. 8C). IKKiVII treatment also
blunted the enhanced capacity of Ercc1−/ΔBMSCs to drive osteoclatogenesis of WT
pBMMs (Fig. 8D). Finally, the inhibitor also reduced enhanced osteoclastic differentiation
of Ercc1−/ΔBMMs (Fig. 8E). Collectively, these data provide strong experimental evidence
that NF-κB is, in part, responsible for the cellular senescence, compromised osteoblastic
differentiation, as well as increased inflammatory cytokine secretion in BMSCs that drive
osteoclastogenesis in DNA repair-deficient ERCC1 mice, via both cell-autonomous and cell-
non-autonomous mechanisms. Importantly, the data also support the conclusion that
inhibition of NF-κB with small molecules will be efficacious for preventing and/or
attenuating osteoporosis that results from progeria, old age in the general population, and
secondary to radiation therapy.
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Discussion
Stochastic damage to cellular macromolecules and organelles, including DNA damage, is
thought to be a driving force behind ageing and associated degenerative changes. However,
how cellular damage drives degenerative diseases is still poorly understood. To address this,
we investigated the mechanism(s) underlying the onset and progression of osteoporosis in
mice where the primary defect is failure to repair DNA damage, leading to accelerated
aging. Here we demonstrate that the mice spontaneously develop osteoporosis as a
consequence of damage to DNA. This occurs as a consequence of both cell-autonomous and
non-autonomous mechanisms affecting multiple cell types. ERCC1-deficiency leads to
persistent DNA damage that causes premature cellular senescence and reduced proliferation
of cells of the osteoblastic lineage. This in turn results in a decline in the number of bone
marrow mesenchymal progenitors and/or osteoblastic progenitor cells in the bone marrow.
Consistent with this, we previously observed premature exhaustion of hematopoietic stem
cells (13) and loss of muscle-derived stem/progenitor cells in progeroid ERCC1-deficient
and aged WT mice (41). This establishes exhaustion of multiple stem/progenitor cell
populations with natural and accelerated ageing.

Osteoclast lineages were also affected in the ERCC1-deficient mice. Our studies suggest that
both cell-autonomous and non-autonomous mechanisms drive increased osteoclatogenesis in
progeroid ERCC1-deficient mice. In vitro, Ercc1−/ΔBMM cultures formed a significantly
greater number of osteoblasts with a greater bone resorbing capacity than WT pBMMs when
induced to differentiate (Figs. 2D & F), consistent with a cell autonomous mechanism. In
addition, ERCC1-deficienct BMSCs and osteoblasts display a senescence-associated
secretory phenotype (SASP), which induces an inflammatory bone microenvironment
favoring osteoclastogenesis, suggesting a cell non-autonomous mechanism.

In our study, ERCC1-deficient BMSCs and primary osteoblasts exhibited persistent DNA
damage (Figs. 4A to 4C) and significantly increased gene and/or protein expression of not
only IL-6 (Suppl. Fig. 3A, Figs. 5A & 5B) and TNFα (Suppl. Fig. 3B, Figs. 5B & 5C), but
also RANKL, a potent osteoclastogenic inflammatory cytokine (Suppl. Figs. 3B, 3C, and
Figs. 5B). In contrast, both gene expression and protein secretion of OPG (Suppl. Fig. 3B
and Fig. 5B), an inhibitor for osteoclastogenesis, were decreased in ERCC1-deficient mice,
leading to an increase in the ratio of RANKL to OPG, an indicator for osteoclastogenic
potential of BMSCs, in these mice compared to normal mice. Consequently,
Ercc1−/ΔBMSCs exhibited enhanced osteoclastic induction capacity than WT BMSCs (Fig.
5D & 8E). These results reveal that RANKL may be a novel SASP factor. Further, it was
observed that either lentiviral transduction of ERCC1 or inhibition of NF-κB signaling, via
both genetic and pharmacologic approaches, in ERCC1-deficient BMSCs reversed their
heightened secretion of IL-6 and TNFα as well as their enhanced capacity to induce
osteoclast formation from BMMs (Figs. 5C, 5D, 7C, 7E, 8C & 8E). Taken together, these
results provide critical evidence for a novel role of SASP in osteoblastic regulation of
osteoclastogenesis and in driving ageing-related osteoporosis. Further, since an increase in
senescent cells is a hallmark of many tissues, including bone, with either natural or
accelerated aging (42,43), our data suggest that SASP is an important molecular mechanism
responsible for uncoupling of decreased bone formation and enhanced bone resorption in
ageing-related osteoporosis. Supporting this, induction of mRNA expression of several pro-
inflammatory response genes was also detected in bone tissues from telomerase-deficient
mice, another model of premature ageing and osteoporosis (44). Furthermore, a recent report
revealed that circulating osteoblastic cells found in the peripheral blood from aged
postmenopausal women express several osteoclastogenic inflammatory factors that may
contribute to the increased bone resorption in these patients (45).
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NF-κB activity was induced in both osteoblast and osteoclast lineages isolated from Ercc1-
deficient mice. The up-regulation of NF-κB signaling is likely a direct consequence of DNA
damage via ATM-dependent activation of the upstream kinase IKK, most likely IKKγ. We
also observed increased protein levels (Fig. 6D) and activity of ATM (Fig. 4C) in both
Ercc1-deficient osteoblastic and osteoclastic cells compared with WT cells. In addition, we
detected an increase in phosphorylation of IKKγ at serine 85 (Figs. 6D & E), a direct target
of ATM kinase in responsive to genotoxic stress (17), but not phosphorylation of IKKα/β
(data not shown), in both Ercc1-deficient osteoblastic and osteoclastic cells compared with
WT cells in vitro. NF-κB activation in turn promotes secretion of inflammatory cytokines,
such as IL-6, RANKL, and TNFα into the bone microenvironment. These inflammatory
factors also can feed-forward to activate NF-κB through a non-cell autonomous mechanism
(27).

To determine the pathophysiological significance of elevated NF-κB signaling in
osteoporosis, we generated Ercc1−/Δ;p65+/− mice and found that p65 haploinsufficiency
significantly rescued the osteoporotic phenotype of Ercc1−/Δmice (Figs. 7A–C).
Specifically, p65 haploinsufficiency rescued premature cellular senescence, reduced SASP
and the osteoblastic progenitor cell number and impaired osteoblastic differentiation of
ERCC1 deficient BMSCs (Figs. 7D–7H). Furthermore, IKKiVII, a small molecule inhibitor
of IKK, rescued senescence (Fig. 8A) and osteoblastic differentiation (Fig. 8B), while
attenuating SASP factor IL-6 secretion (Fig. 8C) and osteoclastogenesis (Fig. 8D, E) of
Ercc1−/Δcells. Taken together, these data demonstrate that NF-κB signaling plays a pivotal
role in mediating the effects of DNA damage on bone homeostasis via affecting both
osteoblastic and osteoclastic activity.

The standard treatment for osteoporosis includes bisphosphonate and its derivatives that
target osteoclasts to inhibit bone resorption without directly affecting bone formation. In
addition, there are limited anabolic agents including PTHrP that restore bone loss (46). NF-
κB signaling affects both osteoblastic and osteoclastic lineages. This indicates that inhibitors
of NF-κB represent a novel class of drugs that offer the potential to both inhibit bone
resorption and promote bone formation using a single agent for treating osteoporosis in the
aged and in patients who experience genotoxic stress due to radiation treatment or genetic
disorders caused by defective DNA repair.

Materials and methods
Mice

Ercc1−/−, Ercc1−/Δand p65+/− mice were described preciously (12,47,48). Ercc1−/−;p65+/−

mice and Ercc1−/Δ;p65+/− mice were generated by crossing p65+/− mice with Ercc1+/− mice
and further crossing them with Ercc1+/− or Ercc1+/mice. All mice were in an f1 C57Bl/
6:FVB/n genetic background. All procedures involving animals were approved by the
University of Pittsburgh Institutional Animal Care and Use Committee.

Cell cultures, in vitro analyses, and reagents
IKKiVII was purchased from Calbiochem. Cells (pObs, BMSCs and BMMs) were cultured
with α-MEM containing 10% fetal bovine serum (FBS), 100units/ml penicillin and 100μg/
ml streptomycin (P/S) (Invitrogen). Primary calvarial osteoblasts were isolated as previously
described (49). Murine bone marrow cells were harvested from long bones and seeded into
100-mm culture dishes.

To induce osteoblastic differentiation in vitro, the cells were cultured in differentiation-
inducing media containing 5mM β-glycerophosphate (Sigma-Aldrich), 50μM ascorbic acid
(Sigma-Aldrich) for the indicated time periods. The media were changed every 3 days. After
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induction, the cells were fixed with 10% neutral buffered formalin and stained with an
alkaline phosphatase staining kit according to the manufactuer’s protocol (Sigma-Aldrich).
To detect biomineralization, the cells were induced in osteoblastic differentiation media for
3 weeks, subsequently fixed with neutral formalin and processed for von Kossa staining
(50). For CFU-F assays, single cell suspensions of 1×106 nucleated bone marrow cells were
seeded on 6-well plates in α-MEM containing 15% FBS for 14 days. Colonies containing 50
or more cells were counted. For CFU-ALP assays, we induced differentiation of BMSCs by
osteogenic media as described above for 14 days followed by ALP staining.

To determine cell proliferation, primary osteoblasts were plated at 1×105 cells/well and
cultured for 3 days. The cell number was calculated using a hemacytometer. The cells were
then re-plated at 1×105 cells/well and counted 3 days later for each passage.

To induce osteoclast differentiation in vitro, non-adherent BMMs isolated from long bones
were incubated with M-CSF (10ng/ml) for 3 days, then were induced to differentiate in
media containing M-CSF (10ng/ml) and sRANKL (50ng/ml) for 4–8 days. Osteoclasts were
identified as TRAP positive, multinucleated (>3 nuclei) cells. Co-culture experiments were
performed as previously described (51). Briefly, primary BMSCs were seed into 96 well
plates and cultured in α-MEM containing 10% FBS. BMMs were seeded on top of BMSCs.
The media were supplemented with 10−8M 1,25 dihydroxy-vitamin D3. OCLs were
identified by TRAP staining and counted.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ATM Ataxia telangiectasia mutated

CFU-Fs colony-forming unit fibroblasts

ERCC1 Excision repair cross complementation group 1

NF-κB Nuclear Factor-KappaB

OCL osteoclast(s)

OPG Osteoprotegerin

pBMM primary bone marrow monocytes

pBMSCs primary bone marrow stromal cells

pObs primary osteoblasts (primary calvarial osteoblastic cells

RANKL Receptor activator of nuclear factor kappa-B ligand
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SA β-gal senescence-associated β-galactosidase. SASP, senescence associated secretory
phenotype

TNFα Tumor necrosis factor α

XPF Xeroderma pigmentosum group F
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Fig. 1. ERCC1 deficiency leads to severe, progressive osteoporosis in mice
(A) μQCT images (Left) and histomorphometric properties (Right) of lumbar vertebrae of 3-
week-old WT (+/+) and Ercc1−/− mice. Upper panel, male WT (n=4) and Ercc1−/− (n=6).
Lower panel, female WT (n=6) and Ercc1−/− (n=4). Scale bar, 200μm. (B) μQCT images
(Left) and histomorphometric properties (Right) of lumbar vertebrae of 8-week-old (upper
panels, n=4) and 22-week-old (lower panels, n=4) WT (+/+) and Ercc1−/Δmice. Scale bar,
200μm. (C) H&E analysis of tibia of 2-week-old WT (+/+) and Ercc1−/− mice. Scale bar,
100μm. (D) H&E of tibia of 8-week-old (left panels) and 22-week-old (right panels) WT (+/
+) and Ercc1−/Δmice. Scale bar, 100μm. The number of osteoblasts per bone perimeter
(Ob.N/B.pm) of 8-week-old WT (+/+) and Ercc1−/Δmice (n=4) is shown in the right panel.
(E) Radiographic images of lumbar vertebrae of 22-week-old WT (+/+) and Ercc1−/Δmice.
Scale bar, 1mm. All values are shown as mean ± SEM. * p < 0.05, ** p < 0.01, and *** p <
0.001.
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Fig. 2. ERCC1 deficiency leads to reduced bone formation and enhanced osteoclastogenesis
(A) Calcein double-labeling showing bone formation in 8-week-old (n=4) WT (+/+) (Upper
panel) and Ercc1−/Δmice (Lower panel). Scale bar, 20μm. Bone formation rate (BFR) was
calculated and presented in right panel. (B) TRAP staining of tibia sections of 8-week-old
(n=4) WT (+/+) (Upper panels) and Ercc1−/Δmice (Lower panels). Scale bar, 50μm. The
former animals displayed a significant increase in osteoclast surface/bone surface (%) and
number of osteoclasts per bone perimeter (Oc.N/B.pm) (right panel, n=4). (C) TRAP
staining of tibia sections of 2-week-old WT (+/+) and Ercc1−/− mice. Scale bar, 100μm.
Osteoclast surface/bone surface (%) and Oc.N/B.pm were calculated for these animals (right
panel, n=4) (D) TRAP staining of pBMMs of WT (+/+) and Ercc1−/Δmice cultured in
osteoclastogenic medium in vitro (n=5). Scale bar, 50μm. (E) Quantitative RT-PCR
analyses for mRNA levels of osteoclastic differentiation markers in pBMMs from WT and
Ercc1−/Δmice (n=3). (F) pBMMs from WT and Ercc1−/Δmice were cultured on bovine
cortical bone slices in osteoclastogenic medium for 15 days and stained for toluidine blue to
visualize the resorption pits, the number of which in both animals were calculated and
presented in the right panel (n=3). Scale bar, 50μm. The experiments in A–C and G were
performed three times independently, and representative data are shown. All values are
shown as mean ± SEM. **p < 0.01.
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Fig. 3. ERCC1 deficiency leads to atrophy of mesenchymal stem cells and compromises
osteoblastic differentiation
(A) qRT-PCR analyses for expression of osteoblast markers Osx and Bsp in vertebrae
extraction of 5-month-old (n=4) WT (+/+) and Ercc1−/Δmice. (B) Bone marrow CFU-F
assays (hematoxylin staining) on bone marrow cells isolated from WT (+/+) mice and
Ercc1−/Δlittermates. The CFU-F colonies were quantified (n=3). (C) Bone marrow CFU-
ALP staining on bone marrow cells isolated from 8-week-old WT (+/+) and
Ercc1−/Δlittermates. The CFU-ALP colonies were quantified (right panel, n=3). (D) Bone
marrow CFU-OB assays (von-Kossa staining) on bone marrow cells isolated from 8-week-
old WT (+/+) and Ercc1−/Δlittermates. Scale bar, 100μm. (E) qRT-PCR analysis of
expression of osteoblast markers in adherent BMSCs of isolated from WT (+/+) mice and
Ercc1−/− littermates (n=3). (F) ALP staining of WT (+/+) and Ercc1−/− BMSCs under
osteogenic induction conditions for the indicated time periods (n=3). All experiments were
performed three times independently, and representative data are shown. All values are
shown as mean ± SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Fig. 4. ERCC1 deficiency leads to increased DNA damage and cellular senescence in osteoblastic
cells
(A) Immunofluorescent staining for γ-H2AX in cultures of WT (+/+) and Ercc1−/− primary
calvarial osteoblasts. Scale bar, 20μm. (B) Staining of γ-H2AX in tibias from 8-week-old
WT (+/+) mice and Ercc1−/Δlittermates. Scale bar, 50μm. (C) Staining for p-ATM in tibias
of 8-week-old WT (+/+) mice and Ercc1−/Δlittermates. Scale bar, 100μm. (D) Staining for
p16INK4A in tibias of 2-week-old WT (+/+) and Ercc1−/− mice. Scale bar, 50μm. (E) Ki67
staining of tibias from 8-week-old WT (+/+) and Ercc1−/Δlittermates. Scale bar, 50μm. (F)
Western blot analysis demonstrating expression of cyclin D1 in vertebrae extracts of 5-
month-old WT (+/+) mice and Ercc1−/Δlittermates. (G) Population doubling of WT (+/+)
and Ercc1−/− primary calvarial osteoblasts. (H) Ki67 staining of primary calvarial
osteoblasts isolated from 2-week-old WT (+/+) mice and Ercc1−/− littermates at passage 3
(Upper panel) and passage 6 (Lower panel). The percentage of Ki67 positive cells was
quantified (Right panels). Scale bar, 100μm. (I) SA-β-gal staining of BMSCs from 4-week-
old WT (+/+) mice and Ercc1−/Δlittermates at passage 2. Scale bar, 50μm. The percentage
of positive cells was quantified (Right panel, n=4). All experiments were performed three
times independently, and representative data are shown. The values are shown as mean ±
SEM. *** p < 0.001.
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Fig. 5. ERCC1 deficiency triggers SASP and induces an inflammatory microenvironment
favoring bone resorption
(A) ELISA analysis for IL-6 secretion in the conditioned medium of BMSCs of WT (+/+)
and Ercc1−/Δmice. BMSCs were cultured with osteogenic media for 0 or 7 days,
respectively. ** p < 0.01 by Student’s t-test. (B) ELISA analyses for the serum levels of
IL-6, TNFα, RANKL and OPG of WT (+/+) and Ercc1-deficient mice (n=9). * p < 0.05, **
p < 0.01, and ** p < 0.001 by Student’s t-test. (C) ELISA analysis for IL-6 and TNF-α
secretion from WT (+/+) and Ercc1−/ΔBMSCs that were transduced with lentiviruses
expressing either empty vector (EV) or Ercc1. * p < 0.05 and ** p < 0.01 compared with +/+
GFP, and # p < 0.05 compared with Ercc1−/Δcells transduced with EV. (D) pBMMs-BMSCs
co-culture assays. pBMSCs from WT (+/+) and Ercc1−/Δmice were transduced with
lentiviruses expressing either empty vector (EV) or Flag-mErcc1. Then the infected BMSCs
were co-cultured with WT (+/+) BMMs in osteoclastogenic differentiation media for 7–8
days prior to TRAP staining for TRAP+ mononuclear cells (MNCs). Scale bar, 50μm. ** p
< 0.01 compared to WT (+/+) BMSCs with EV expression and # p < 0.05 compared to
Ercc1−/ΔBMSCs with EV expression. All experiments were performed three times
independently, and representative data are shown. All values are shown as mean ± SEM.
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Fig. 6. NF-κB is activated in primary osteoblasts, BMSCs and primary bone marrow
macrophages from osteoporotic ERCC1-deficient mice
(A) Western blot analysis demonstrating protein levels of IκBα and phospho-IκBα in
primary calvarial osteoblasts isolated from 1-week-old WT (+/+) and Ercc1−/− mice with
osteogenic induction for either 0 or 7 days, respectively. β-actin served as a loading control.
(B) Immunostaining of p65 in primary calvarial osteoblasts of 1-week-old WT (+/+) and
Ercc1−/− mice. Cells were treated with TNFα for either 0 (Upper panel) or 60 minutes
(Lower panel). Scale bar, 50μm. (C) Western blot analysis demonstrating protein levels of
phospho- and total p65 in WT (+/+) and Ercc1−/Δprimary BMSCs with 7-day osteogenic
induction. β-actin served as a loading control. (D) Western blot analysis demonstrating
protein levels of phospho- (S85), total IKKγ as well as ATM in WT (+/+) and
Ercc1−/ΔpBMSCs. (E) Western blot analysis demonstrating protein levels of phospho- (S85)
and total IKKγ in WT (+/+) and Ercc1−/Δprimary BMMs. (F) Western blot analysis
demonstrating protein levels of phospho- and total p65 in WT (+/+) and Ercc1−/Δprimary
BMMs. The cells were cultured in proliferation medium for 3 days, and then treated with
RANKL for the indicated time periods prior to being harvested. β-actin served as a loading
control. All experiments were performed three times independently, and representative data
are shown.
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Fig. 7. Heterozygous deletion of the p65 subunit rescues osteoporosis
(A–C) μQCT images (A) and histomorphometric analyses (B & C) on tibia (Upper panels)
and lumbar vertebrae (Lower panels) from 15-week-old WT (+/+), Ercc1−/Δ, and
Ercc1−/Δ;p65+/− age-matched mice (n=3). (D) Visual (left) and quantitative (right)
presentations of senescence-associated β-galactosidase staining of BMSCs isolated from 15-
week-old WT (+/+), Ercc1−/Δand Ercc1−/Δp65+/− mice at passage 2 (n=4). Scale bar,
100μm. (E) The effects of p65 haploinsufficiency on serum levels of IL-6 (right) and TNFα
(left) of 10-week- old Ercc1−/Δmice (n=3), as determined by ELISA assays. (F) Bone
marrow CFU-F assays for WT (+/+) and Ercc1−/Δ, Ercc1−/Δp65+/− mice. The number of
nodules was quantified (Right panel, n=3). (G) Bone marrow CFU-ALP assays for WT (+/
+), Ercc1−/Δ, and Ercc1−/Δp65+/− mice. The number of nodules was quantified (Right panel,
n=4). (H) ALP staining of BMSCs isolated from 3-week-old WT (+/+), Ercc1−/−, Ercc1−/−

p65+/− mice with osteogenic induction for either 7 or 14 days (n=3). (I) Visual and
quantitative presentations of TRAP staining of pBMMs isolated from 15-week-old WT (+/
+), Ercc1−/Δ, and Ercc1−/Δp65+/− mice. The cells were cultured in osteoclastogenic medium
for 6 days (n=5). Scale bar, 50μm. The experiments were performed at least three times
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independently, and representative data are shown. All values are shown as mean ± SEM. * p
< 0.05, ** p < 0.01, *** p < 0.001 compared with WT and # p < 0.05, ## p < 0.01 compared
with Ercc1−/Δ.
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Fig. 8. Pharmacological inhibition of the NF-κB activation rescues the osteoblast and osteoclast
defects of ERCC1-deficient mice
(A) Senescence-associated β-galactosidase staining of WT (+/+) and Ercc1−/ΔBMSCs that
were treated with DMSO (vehicle), or the inhibitor of NF-κB activation IKKiVII (100nM,
or 300nM) for 3 days. The percent of positive cells was counted (Right panel, n=4). Scale
bar, 100μm. (B) qRT-PCR analysis of expression of osteoblastic markers in WT (+/+) and
Ercc1−/ΔBMSCs. The cells were cultured in osteogenic media with DMSO, or 100nM, or
300nM IKKiVII for 7 days before harvesting for RNA isolation (n=4). (C) ELISA analysis
showing IL-6 secretion from BMSCs isolated from 8-week-old WT (+/+) and Ercc1−/Δmice.
The cells were treated with DMSO or 100nM or 300nM IKKiVII for 3 days. Conditioned
media was then harvested for ELISA analysis (n=4). (D) TRAP staining of WT (+/+) and
Ercc1−/ΔBMMs. The cells were cultured in osteoclastogenic media with DMSO or 100nM
or 300nM IKKiVII treatment for 6 days prior to TRAP staining (n=5). Scale bar, 50μm. (E)
pBMMs-BMSCs co-culture assays. Primary BMSCs from 4-week-old WT (+/+) and
Ercc1−/Δmice were co-cultured with WT (+/+) BMMs for 7–8 days with either DMSO or
100nM or 300nM IKKiVII. The number of TRAP+ MNCs per well was counted (n=5).
Scale bar, 100μm. All experiments were performed three times independently, and
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representative data are shown. All values are shown as mean ± SEM. * p < 0.05 compared to
+/+ with DMSO, # p < 0.05 and ## p < 0.01 compared to Ercc1−/Δwith DMSO.
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