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Optineurin regulates NRF2-mediated antioxidant
response in a mouse model of Paget’s disease of bone
Xiangxiang Hu1,2,3, Sing-Wai Wong4,5, Kaixin Liang1,6,7, Tai-Hsien Wu3, Sheng Wang3,
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Baohong Zhao11,12,13, Henry C. Tseng14, Ching-Chang Ko3*

Degenerative diseases affecting the nervous and skeletal systems affect the health of millions of elderly people.
Optineurin (OPTN) has been associated with numerous neurodegenerative diseases and Paget’s disease of bone
(PDB), a degenerative bone disease initiated by hyperactive osteoclastogenesis. In this study, we found age-
related increase in OPTN and nuclear factor E2-related factor 2 (NRF2) in vivo. At the molecular level, OPTN
could directly interact with both NRF2 and its negative regulator Kelch-like ECH-associated protein 1 (KEAP1)
for up-regulating antioxidant response. At the cellular level, deletion of OPTN resulted in increased intracellular
reactive oxygen species and increased osteoclastogenic potential. At the tissue level, deletion of OPTN resulted
in substantially increased oxidative stress derived from leukocytes that further stimulate osteoclastogenesis.
Last, curcumin attenuated hyperactive osteoclastogenesis induced by OPTN deficiency in aged mice. Collective-
ly, our findings reveal an OPTN-NRF2 axis maintaining bone homeostasis and suggest that antioxidants have
therapeutic potential for PDB.
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INTRODUCTION
Age-dependent tissue degeneration leads to many diseases that neg-
atively affect the health and quality of life of elderly people (1, 2).
Along with the nervous system, bones are among the most vulner-
able organs to degenerate (3, 4). Recently, optineurin (OPTN), a
multifunctional protein previously associated with numerous neu-
rodegenerative diseases, was genetically implicated in Paget’s
disease of bone (PDB) (5–7). In PDB, a pathological increase in
cells that degrade bone (called osteoclasts) leads to abnormal
bone remodeling (8). Affected individuals suffer debilitating bone
fractures, poor healing, neuropathic pain, and increased mortality
(9). The cause of PDB is unknown. There are no cures and treat-
ment options are limited (10). The genetic association of OPTN

with neurodegeneration and PDB suggests a role inmaintaining cel-
lular homeostasis, but its function remains poorly understood.

To study OPTN’s function in cellular degeneration and specifi-
cally in PDB, we previously reported the development and charac-
terization of a mouse model based on the ubiquitous deletion of
OPTN (Optn−/−, −/−). These mice recapitulate key phenotypic fea-
tures of PDB clinical and histological findings, compared to their
wild-type (Optn+/+, +/+) littermates (11). Our subsequent in vitro
studies revealed that loss of OPTN altered nuclear factor E2-related
factor 2 (NRF2) expression during osteoclastogenesis. This, in turn,
modulated cellular antioxidant responses to reactive oxygen species
(ROS) (12). This OPTN-NRF2 signaling axis regulation of ROS
levels had not been previously reported. Loss of OPTN and in-
creased ROS levels were found to stimulate in vitro formation of os-
teoclasts (called osteoclastogenesis) and osteoclast function (12).
However, at the in vivo level, it remains unclear whether collective
changes inOPTN, NRF2, and ROS levels are actually responsible for
clinical findings of bone loss and abnormal remodeling in PDB.

Because tissue levels of ROS are largely generated by mitochon-
drial respiratory activity, highly metabolically active cells such as os-
teoclasts generate high levels of ROS (13, 14). ROS has been
reported to function as an intracellular signal mediator of osteoclas-
togenesis and, thus, can trigger bone turnover (15, 16). However,
excessive intracellular ROS exerts oxidative stress resulting in bio-
chemical and structural damage. Among various tissue environ-
mental factors, oxidative stress has also been associated with
neurodegeneration and abnormal bone remodeling in vivo (17–
19). Although several classic molecular pathways have been
implied (20–22), how ROS homeostasis is maintained and regulated
in bone largely remains unknown.

ROS levels are indirectly regulated by the NRF2-antioxidant
system, which neutralizes excessive ROS to avoid accumulation
and tissue damage (23). At basal levels, NRF2 is bound to its nega-
tive regulator, Kelch-like ECH-associated protein 1 (KEAP1), which
results in rapid NRF2 turnover and degradation in the cytoplasm.
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With increased ROS, KEAP1 dissociates and allows NRF2 to enter
the nucleus and enhance the expression of downstream antioxi-
dants, which, in turn, quenches ROS (24, 25). Our previous work
demonstrated that OPTN and NRF2 directly interact through spe-
cific binding sites. Moreover, we found that a deficiency of OPTN
resulted in compromised NRF2-induced antioxidant response in
osteoclasts (12). However, it remains unknown howOPTN interacts
with NRF2 in vivo in actual bone tissue, how the interaction
changes with age, and how these changes contribute to tissue
degeneration.

In this study, we test the hypothesis that compromised Nrf2-
induced antioxidant response leads to age-dependent degeneration
in OPTN-associated bone loss. We demonstrate that age-dependent
changes in OPTN-NRF2 axis play a critical role in PDB pathophys-
iology. We also provide evidence that restoration of NRF2 antioxi-
dant response minimizes age-dependent OPTN-mediated bone
loss. This constitutes a possible therapeutic strategy for treating ox-
idative stress and PDB. This work improves our understanding of
the pathogenesis of OPTN-associated PDB and possibly other
OPTN-associated neurodegenerative diseases.

RESULTS
OPTN expression increases with age and is highly
colocalized with NRF2 in the bone
It is not clear how OPTN expression changes with age in the bone
and whether OPTN interacts with NRF2 in vivo. Therefore, we ex-
amined the expression of NRF2 and OPTN in young and aged wild-
type (Optn+/+) mice.Western blotting of whole bonemarrow lysates
showed significantly higher levels of both NRF2 and OPTN in aged
versus young bones (Fig. 1A). This is in contrast to young bones that
expressed very low levels of NRF2 and OPTN. Quantitation of the
bands showed that bones from older mice expressed sixfold higher
levels of NRF2 (P < 0.001) and eightfold higher of OPTN (P < 0.001)
than young mice (Fig. 1B).

These findings were confirmed by confocal microscopy of im-
munofluorescent bone staining. First, marked increase in OPTN
within the bone marrow was observed with increasing age (Fig. 1,
C and D). Confocal images revealed that OPTN and NRF2 were
highly colocalized regardless of age, but their intensity and distribu-
tions changed markedly over time. Notably, some hollow, nodular
areas (shown by the arrow in Fig. 1C) were highly colocalized for
OPTN and NRF2 in both young and aged bones. In contrast,
there were regions where OPTN-NRF2 colocalizations (shown by
the triangle in Fig. 1C) were observed only in aged bones.

Next, we visualized OPTN and NRF2 separately with both tar-
trate-resistant acid phosphatase (TRAP; an osteoclast marker) and
alkaline phosphatase (ALP; an osteoblast marker) (fig. S1, A and B)
in long bones from normal young mice to determine the type of
cells that were expressing OPTN and/or NRF2. Hollow, nodular
areas (arrow with triangle head) containing TRAP-positive osteo-
clasts showed strong colocalization with OPTN and NRF2. In con-
trast, ALP areas curvilinear in shape containing osteoblasts (arrow)
showed less colocalization of OPTN and NRF2. The bone marrow
exhibited many tiny irregular areas (triangle) with cells that were
neither TRAP nor ALP positive but were notably OPTN and
NRF2 positive.

Together, our Western blotting and immunofluorescent experi-
ments showed that both OPTN and NRF2 expression levels increase

with age. Moreover, OPTN and NRF2 expression are highly colo-
calized to primarily osteoclasts but relatively less in osteoblasts and
other bone cells. These findings also suggest that OPTN might reg-
ulate NRF2 expression as a function of age, which we investigate
further in the following sections.

OPTN modulates NRF2 expression and interacts with the
NRF2 regulator KEAP1
NRF2-induced antioxidant response is regulated by a protein called
KEAP1 through direct protein binding (25). Both proteins are
tightly bound until increased ROS levels induce KEAP1 to release
NRF2 to initiate an antioxidant response. We hypothesized that
OPTN interacts with NRF2 through KEAP1. To test this possibility,
we examined the extent that OPTN, NRF2, and KEAP1 might co-
localize to up-regulate NRF2-induced antioxidant response. Osteo-
clasts from Optn−/− mice, Optn+/+mice, and the Optn+/+ cells after
OPTN overexpression were compared for NRF2 nuclear transloca-
tion, as well as for OPTN, NRF2, and KEAP1 colocalization.
Western blotting of cytoplasmic and nuclear extractions showed
that the incremental expression of OPTN was restricted to cyto-
plasm but resulted in less NRF2 degradation in cytoplasm and
more NRF2 nuclear translocation (Fig. 2, A and B), suggesting
OPTN as a positive regulator in cytoplasm for NRF2-induced anti-
oxidant response. In analyzing the colocalization, with increased
nuclear 4′,6-diamidino-2-phenylindole (DAPI)–NRF2 colocaliza-
tion following OPTN overexpression, we detected increased coloc-
alization of both OPTN-NRF2 and OPTN-KEAP1 following
increased OPTN expression and nuclear (DAPI)–NRF2 (Fig. 2C).
These findings suggest that OPTN may up-regulate NRF2 nuclear
translocation through interactions with both NRF2 and KEAP1.

We have previously shown direct binding and perinuclear coloc-
alization between OPTN-NRF2 (12). To determine whether OPTN
might biochemically interact with KEAP1 directly, we performed a
coimmunoprecipitation (co-IP) experiment to test potential
OPTN-KEAP1 binding. As expected, transient overexpression of
the hemagglutinin (HA)–tagged KEAP1 and the enhanced green
fluorescent protein (eGFP)–tagged OPTN was accomplished in
human embryonic kidney (HEK) 293 cells. We found that eGFP-
OPTN was pulled down by anti-HA antibodies (Fig. 2D). This
result suggests that OPTN can bind to KEAP1 directly. We
further performed endogenous co-IP to confirm the binding of
OPTN-KEAP1 in osteoclasts (fig. S2A). Previous findings suggest
that NRF2-KEAP1 binding is independent from OPTN and
OPTN-NRF2 binding is independent from KEAP1 (12). To deter-
mine whether NRF2 is required for the OPTN and KEAP1 binding,
we knocked down NRF2 using a small interfering RNA targeting
Nrf2 (siNrf2) in preosteoclasts where KEAP1 was more prominent
in cytoplasm. We then visualized OPTN, NRF2, and KEAP1 by im-
munostaining and confocal microscopy. By comparing the level of
OPTN-KEAP1 colocalization between the siNrf2-treated cells and
the regular cells, we did not observe loss or significant decrease in
OPTN-KEAP1 binding in the setting of NRF2 silencing (fig. S2B).
The above data suggest that OPTN-KEAP1 binding is independent
from NRF2 and that OPTN-NRF2 and OPTN-KEAP1 binding are
important parts of the regulatory mechanism underlying the
OPTN-NRF2 axis.

Next, we immunostained for OPTN, NRF2, and KEAP1 in both
osteoclastic areas and nonosteoclastic areas of the bone marrow in
Optn+/+ mice. Besides colocalization with NRF2, OPTN was found
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to be highly colocalized to KEAP1 (Fig. 2E). Osteoclastic areas iden-
tified by morphology consistently showed colocalization of OPTN-
NRF2 and OPTN-KEAP1 regardless of age (Fig. 2, E and F). In con-
trast, nonosteoclastic areas in the bone marrow showed a switch of
colocalization pattern, from predominantly NRF2-KEAP1 in young
bones to a much higher level of both OPTN-NRF2 and OPTN-
KEAP1 in aged bones (Fig. 2, E and F). Together, these findings
on KEAP1 colocalization further support OPTN’s interaction
with NRF2 and role in regulating ROS and osteoclastogenesis.

Deletion of OPTN results in decreased NRF2 in aged
osteoclasts and other bone marrow cells
Our previous in vitro study found that, following receptor activator
of nuclear factor κampt;Beta; ligand (RANKL) induction, preosteo-
clasts lacking OPTN generate higher level of ROS intracellularly to
further up-regulate osteoclastogenic activity and formation of oste-
oclasts (12). In addition, we also found that OPTN deficiency is as-
sociated with compromised Nrf2-induced antioxidant response in
vitro, which normally neutralizes ROS to prevent excessive

accumulation (12). Therefore, we hypothesized that NRF2-
induced antioxidant response would also be compromised in vivo
in osteoclasts of Optn−/− mice and that this would worsen with in-
creasing age. If this hypothesis were true, then it predicts that
Optn−/− mice will demonstrate increased ROS and osteoclastogenic
activity.

To test this, we visualized NRF2 in femurs from Optn−/− mice
using immunofluorescent staining and confocal microscopy.
These were costained for TRAP. TRAP staining was highly colocal-
ized with NRF2 in the bones of both Optn+/+ and Optn−/− mice
(Fig. 3A). This colocalization pattern was observed in young and
aged animals from both genotypes. However, in bones from older
animals, there was significantly less NRF2 expression in Optn−/−

versus Optn+/+ osteoclasts. NRF2 staining intensity was lower, and
there were fewer NRF2-immunopositive areas. No difference in
NRF2 expression was observed in bones from young animals
when comparing Optn+/+ and Optn−/− mice. This is quantitatively
shown in Fig. 3C.

Fig. 1. OPTN expression increases with age and is highly colocalized with NRF2 in the bone. (A) Immunoblot analysis of femur whole bone marrow lysates for NRF2
and OPTN expression in 2-month-old (2mo) and 24-month-old (24mo) mice. β-Actin was used as control. (B) Quantitation of immunoblot in 2-month-old (black bars) and
24-month-old (gray bars) mice. There is a sixfold increase in NRF2 and eightfold increase in OPTN in older animals. Data presented as averages ± SEM; n = 3 blots;
***P < 0.001. (C)Localization of DAPI, OPTN, and NRF2. Arrow indicates osteoclasts areas, and triangle indicates areas in the bone marrow showing high OPTN/NRF2
colocalization. (D) Representative images showing localization of DAPI, TRAP, ALP, and OPTN in femurs. TRAP is a marker for osteoclasts, while ALP is a marker for os-
teoblasts. (C and D) Representative images of femur trabeculae (TB) and bone marrow (BM) in 2- and 24-month-old animals. Scale bars, 250 μm (for both low and high
power views).
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Fig. 2. OPTN modulates NRF2 expression and interacts with the NRF2 regulator KEAP1. (A) Immunoblot (IB) analysis of Optn−/−, Optn+/+, and OPTN-overexpressed
osteoclasts. β-Actin and histone H3 were used as cytoplasmic and nuclear controls. (B) Quantitation of immunoblot in NRF2 and OPTN. (C) Representative images of DAPI,
OPTN, NRF2, and KEAP1 in primary osteoclasts. Scale bars, 20 μm (low power views) and 5 μm (high power views). (D) Coimmunoprecipitation (co-IP) of enhanced green
fluorescent protein (eGFP)–OPTN and HA-KEAP1. HA-tag and beads were used as negative and blank controls. (E) Representative images showing colocalization of DAPI,
OPTN, NRF2, and KEAP1 in the trabeculae and bone marrow from femurs of Optn+/+ animals. High power views of osteoclastic areas (yellow box) and nonosteoclastic
areas (blue box) are shown. KEAP1 was further recolored to blue merged with green OPTN and red NRF2 for quantification of OPTN-NRF2 (yellow), OPTN-KEAP1 (cyan),
and NRF2-KEAP1 (magenta) colocalization. Scale bars, 50 μm (low power views) and 20 μm (high power views). (F) Quantification of the areas of OPTN-NRF2, OPTN-KEAP1,
and NRF2-KEAP1 colocalization in osteoclastic and nonosteoclastic areas. Data presented as means ± SD; n = 3 experiments; *P < 0.05, **P < 0.01, and ***P < 0.001.
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It is unknown how loss of OPTN affects NRF2 in other bone
cells. To investigate this, we first analyzed OPTN expression in
Optn−/− versus Optn+/+ bones using Western blotting with fresh
whole bone marrow lysates. We observed approximately 40% de-
creased NRF2 expression in aged bones following OPTN deletion,
although no significant difference was observed between the young
samples (fig. S3A). We next investigated NRF2 expression in trabec-
ular bone area covering both trabeculae and bone marrow regions
using immunofluorescent staining and confocal microscopy. As
previously described, TRAP staining was used to visualize osteo-
clasts. In contrast, ALP staining was used to visualize osteoblasts
that are typically located on the margin of trabecular bone
(Fig. 3B), which is differentiated from bone marrow. Results
showed that (i) NRF2 signals were more colocalized with TRAP
than ALP regardless of genotype or age, suggesting that NRF2 are
more expressed in osteoclasts than osteoblasts. (ii) Increased age

significantly increased NRF2 expressions in the bone marrow of
normal bones; however, the difference was not significant in the
setting of OPTN deletion. (iii) Mature osteocytes that could be
found inside trabeculae showed weak NRF2 expression regardless
of age or genotype. Further analysis revealed increased general
NRF2 expression in normal aged bones (Fig. 3D, threefold increase,
P < 0.01), particularly in nonosteoclastic, nonosteoblastic cells in
the bone marrow (Fig. 3E, sevenfold increase, P < 0.001), and in os-
teoblasts (Fig. 3F, 1.8-fold increase, P < 0.05). This increase was not
significant in the setting of OPTN deletion. However, NRF2 expres-
sion in osteoclastic areas persisted at a high level regardless of age in
Optn+/+ bones, and deletion of OPTN led to significantly decreased
NRF2 expression in aged bones (Fig. 3G). The above findings
suggest that NRF2 expression increases with age in multiple bone
cells such as nonosteoclastic bone marrow cells and osteoblasts.
The increase in NRF2 expression is not observed with deletion of

Fig. 3. Deletion of OPTN results in decreased NRF2 in aged osteoclasts and other bonemarrow cells. (A) Representative images of DAPI, TRAP, and NRF2 colocation
show that NRF2 is strongly expressed in TRAP+ osteoclastic areas of femurs, markedly by highly NRF2 expressed areas (Ar. Nrf2high; indicated by arrows) in TRAP+ oste-
oclastic areas. n = 3. Scale bars, 20 μm. (B) Representative images showing for localization of DAPI, TRAP, ALP, and NRF2 in femur trabeculae and bone marrow. TRAP was
used to show osteoclastic regions, and ALP was used to show osteoblastic regions (contour of trabeculae) in the bone. Scale bars, 50 μm. (C) Quantification of average
fluorescence intensity of NRF2 in TRAP+ areas. Quantification of fluorescence was performed in different bone marrow regions: (D) total NRF2 for all regions, (E) NRF2 in
nonosteoclastic and nonosteoblastic areas in the bonemarrow (Ar. Alp−Trap−; indicated by arrows), (F) NRF2 in osteoblastic areas, and (G) NRF2 in osteoclastic areas. (C to
G) Data presented as means ± SD; n = 3 femurs; **P < 0.01 and ***P < 0.001.
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OPTN. Moreover, it appears that loss of OPTN adversely affects the
age-dependent increase in NRF2 expression in all types of bone
cells, particularly in the bone marrow.

Deletion of OPTN results in age-dependent increase in
intracellular ROS in the bone marrow and
osteoclastogenesis in vivo
We next determined whether the difference in NRF2 expression is
associated with differences in downstream NRF2-mediated antiox-
idants and ROS levels. Transcriptional expression of NRF2-mediat-
ed antioxidants was assessed through reverse transcription
polymerase chain reaction (RT-PCR). Mitochondrial activity con-
tributes to most of the intracellular ROS and can be differentiated
from other sources of ROS in a cell’s extracellular environment (14).
Because environmental ROS can easily pass into cells andmay affect
the accuracy of measuring total intracellular ROS, we usedMitoSOX
to evaluate mitochondrial ROS in preosteoclasts to distinguish
between the two ROS sources.

As expected, lower expression of numerous NRF2-mediated an-
tioxidants,Gclc,Gclm,Hmox1, andNqo1 (fig. S3B), was observed in
Optn−/− osteoclasts by RT–quantitative PCR (qPCR). In addition,
higher intracellular mitochondrial ROS (Fig. 4A) and higher intra-
cellular total ROS levels (Fig. 4B) were observed in Optn−/− cells
compared to Optn+/+ cells using fluorescence imaging of
MitoSOX staining and 2′,7′-dichlorofluorescin diacetate (DCF)
assays, respectively. To confirm these findings, we also quantitated
intracellular mitochondrial ROS in preosteoclasts from fresh bone
marrow using flow cytometry. To identify preosteoclasts, we used
known surface markers CD14 and CD265. We initially determined
whether there was a difference in the number of baseline preosteo-
clasts in the bone marrow ofOptn−/− andOptn+/+mice. We did not
find any significant differences in the number of CD14+CD265+
preosteoclasts by genotype or age (Fig. 4C). Regarding mitochon-
drial ROS, significantly increased number of high MitoSOX signal
preosteoclasts was observed only in agedOptn−/−mice, suggesting a
higher intracellular ROS level in these cells (Fig. 4D). These results
suggest that a decrease in NRF2 in aged Optn−/− mice results in de-
creased downstream antioxidant expression and an accumulation of
intracellular ROS levels produced by the mitochondria during
osteoclastogenesis.

In addition to ROS derived from mitochondrial metabolism in-
tracellularly, ROS can also originate from an extracellular source.
Bone contains a variety of types of cells with different metabolic ac-
tivities, for example, erythrocytes and leukocytes in the bone
marrow. While mature erythrocytes are mitochondria-free and
less metabolically active, leukocytes produce and release ROS as
part immune cell physiology. MitoSOX stained with whole bone
marrow flushes showed that approximately 20% of bone marrow
cells were MitoSOX positive in young mice regardless of genotype.
This number stayed the same in normal aged mice but increased to
30% in aged Optn−/− mice (Fig. 4E). Because bone marrow cells
contain a large number of highly metabolically active leukocytes,
we next sought to determine how much leukocytes contribute to
ROS accumulation and oxidative stress in bone cells. We performed
flow cytometry after MitoSOX staining using leukocytes identified
by the CD45 marker from freshly prepared bone marrow samples.
Our results confirmed that leukocytes contribute notable ROS in
the bone marrow regardless of age or genotype. No significant
change was observed between young bones from either Optn−/−

or Optn+/+ mice (Fig. 4F). Leukocytes could be further divided
into three groups on the basis of their intracellular ROS levels
(low, medium, and high). Deletion of OPTN doubled the number
of “medium ROS” leukocytes and increased by approximately 20%
the number of “high ROS” leukocytes in aged bones (Fig. 4F). Our
data from these experiments showed that exogenous ROS from bone
marrow leukocytes might also contribute to elevated ROS inOptn−/

− cells in addition to endogenous mitochondrial sources.
Because ROS has been reported to be an intracellular secondary

messenger that mediates the production of osteoclasts, we next de-
termined whether increased ROS in agedOptn−/−mice is associated
with enhanced osteoclastogenesis. Osteoclasts were differentiated
from young and aged mice of both genotypes. We found that
Optn−/− cells exhibited higher osteoclastogenic activity compared
toOptn+/+ cells, in general, regardless of age (fig. S4A).Optn−/− cul-
tures exhibited more mature osteoclasts per area, larger average os-
teoclast size, and more nuclei per cell (fig. S4B). In addition, gene
expression of several key osteoclastogenic markers, including
Nfatc1, Mmp9, and Tnfα, was significantly increased in Optn−/−

versus Optn+/+ (fig. S4C). These findings were more pronounced
in cells obtained from older Optn−/− mice (fig. S4). Accordingly,
higher osteoclastogenic activity was also observed in aged mice in
the setting of OPTN deletion by higher number of osteoclasts in
TRAP staining (Fig. 4, G to I) and higher serumC-terminal telopep-
tide [type I collagen cross-linked C-telopeptide (CTX-1)] levels
(Fig. 4J). Young Optn−/− bones bore a similarity to aged wild-
type bones, as shown by wider distribution of osteoclasts
(Fig. 4G) and increased numbers of preosteoclasts (Fig. 4K) in tra-
becular bones, suggesting that these two conditions may have
similar tissue environment for osteoclast development.

Collectively, our data support our working hypothesis that
OPTN regulates NRF2 activity in vivo. Loss of OPTN decreases
NRF2 expression, which, in turn, decreases the expression of down-
stream NRF2-mediated antioxidants, increases osteoclastic ROS,
and enhances osteoclastogenesis. Our data also suggest that extra-
cellular ROS may be critical for the age-dependent OPTN-associat-
ed hyperactivation of osteoclastogenesis in vivo.

Loss of OPTN increases sensitivity to exogenous ROS with
increased intracellular ROS production and
osteoclastogenesis
We next investigated how extracellular ROS influences oxidative
stress and osteoclastogenic activity. After inducing preosteoclasts
from aged Optn−/− and Optn+/+ mice, the cells were treated with
the incremental amount of hydrogen peroxide ranging from 0 to
200 μM H2O2 during osteoclastogenesis induced by RANKL. This
system enabled us to manipulate extracellular ROS and determine
how this affects osteoclastogenic activity.

TRAP staining (Fig. 5A) showed that incremental extracellular
ROS below 100 μM could increase osteoclastogenesis in both
Optn−/− and Optn+/+ cells (Fig. 5A). We observed more mature os-
teoclasts per area, larger average osteoclast size, and more nuclei per
cell (Fig. 5B). Notably, Optn−/− cells were always of higher osteo-
clastogenic activity compared to Optn+/+ cells under the same
H2O2 treatment below 100 μM. H2O2 (200 μM) resulted in even
lower osteoclastogenic activity compared to 100 μM treatment, sug-
gesting that there is a certain threshold for extracellular ROS to stim-
ulate osteoclastogenic activity.
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Fig. 4. Deletion of OPTN results in age-dependent increase in intracellular ROS in the bonemarrowand osteoclastogenesis in vivo. (A) Representative fluorescent
images of preosteoclasts stained with MitoSOX. Scale bar, 100 μm. (B) Quantification of intracellular ROS of preosteoclasts using DCF (n = 6). (C) Analysis of the number of
preosteoclasts with CD14+ and CD265+ surface markers (n = 4). (D) Staining for mitochondrial ROS by MitoSOX in CD14+CD265+ preosteoclasts (n = 4). (E) Staining for
mitochondrial ROS by MitoSOX in whole bone marrow cells (n = 4). (F) Flow cytometry analysis on CD45+ leukocytes from fresh bone marrows with MitoSOX staining
(n = 4). On the basis of mitochondrial ROS level, CD45+ leukocytes were further divided into three groups (low, medium, and high). (G) Representative images of TRAP
staining of femurs (left) and details of trabecular bones (top right) and cortical bones (bottom right). Scale bars, 500 μm. Quantification of osteoclasts numbers in (H)
cortical bones, (I) trabecular bones, and (K) preosteoclasts in trabecular bones (n = 3 femurs). (J) Enzyme-linked immunosorbent assay (ELISA) assay on serum CTX-1 level
(n = 4). (B and H to K) Data presented as means ± SD; *P < 0.05, **P < 0.01, and ***P < 0.001. (C to F) Data marked by the percentage of cells in %.
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Using MitoSOX Red staining and fluorescence microscopy, we
also observed higher levels of mitochondrial ROS inOptn−/− versus
Optn+/+ cells, increased with H2O2 treatment under 100 μM but de-
creased at 200 μMH2O2 (Fig. 5C). This was confirmed by additional
quantitative analysis by assay (Fig. 5D). These findings not only
show that aged Optn−/− cells had higher intracellular ROS levels
under stress but also suggest that extracellular ROS could further
increase intracellular ROS production by mitochondria. This, in
turn, increases osteoclastogenesis.

Bone mesenchymal stem cells (BMSCs)/osteoblasts have been
reported to regulate osteoclastogenesis through secretory cytokines
(26). To rule out the possibility that extracellular ROS is acting on
BMSCs/osteoblasts to increase secretion of cytokines, conditional
media from cultured BMSCs of either Optn−/− orOptn+/+ genotype
were collected to treat preosteoclasts of either Optn+/+ or Optn−/−

genotype during osteoclastogenesis. The results of TRAP staining
(fig. S5A) confirmed no change between cells treated with Optn+/
+ or the Optn−/− conditional media. No differences were observed
between mature osteoclasts per area (fig. S5B), average osteoclast
size (fig. S5C), and nuclei per cell (fig. S5D).

Collectively, our data suggest that extracellular ROS could
markedly increase intracellular ROS, thus up-regulating

osteoclastogenic activity. Furthermore, this effect is not due to en-
hanced cytokine release from BMSCs or osteoblasts.

Deletion of OPTN results in bone tissue oxidative stress
with increased age
To further investigate how increased ROS associated with OPTN
deletion affects bone tissue, we used fresh bone marrow flushes
from aged Optn+/+ and Optn−/− mice to assess the extent of oxida-
tive stress induced by ROS. Flow cytometry following CellROX
staining and mRNA sequencing (RNA-seq) were performed.
CellROX is a fluorescent assay that has been established as an
assay for cellular oxidative stress by measuring the extent of ROS
binding to DNA (27). Following euthanasia, bone marrow flushes
from femurs were dissociated and stained. Fluorescent signals rep-
resenting relative level of oxidative stress was quantitated using flow
cytometry. As expected, the CellROX assay result showed signifi-
cantly increased level of oxidative stress in aged, Optn−/− bone
marrow when compared to Optn+/+ ones (Fig. 6A).

Elevated ROS and prolonged exposure can lead to oxidative
stress, cellular degeneration, and tissue damage. To determine
whether increased ROS resulting from loss of OPTN is causing cel-
lular damage in osteoclasts in the bone, we immunostained bone
tissue for TRAP, NRF2, and 8-Hydroxyguanosine (8-OHdG),

Fig. 5. Loss of OPTN increases sensitivity to exogenous ROS with increased intracellular ROS production and osteoclastogenesis. (A) Representative images of
TRAP staining of osteoclasts exposed to H2O2 at 0, 50, 100, or 200 μM during osteoclastogenesis (4 days after induction). Scale bars, 200 μm. (B) Quantification of os-
teoclastogenesis based on TRAP staining, by the percentage of osteoclast area per image, osteoclasts number per square millimeter, and nucleus number per osteoclast
(n = 20 cells per group). (C) Representative images for MitoSOX staining of preosteoclasts undergoing osteoclastogenesis (4 days after induction) with H2O2 at 0, 50, 100,
or 200 μM. Scale bars, 50 μm. (D) Quantification of intracellular ROS of preosteoclasts using DCF staining. Data were collected from the cells of 24-month-old Optn+/+ or
Optn−/− mice. (B and F) Three mice per group; data presented as means ± SD; *P < 0.05, **P < 0.01, and ***P < 0.001.
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which is a marker for oxidative damage. Staining was performed in
gross bone samples covering both trabeculae and bone marrow
(Fig. 6B). Unexpectedly, a high level oxidative damage was observed
in young Optn−/− bone. This was as severe as that observed in aged
Optn+/+ bones. While bones in agedOptn−/− mice also exhibited an
extremely high level of oxidative damage, osteoclastic areas showed
the least oxidative damage. This suggests that osteoclasts could
survive and function in a tissue environment with high oxida-
tive stress.

In addition to oxidative tissue damage, we also tested the level of
senescence-associated β-galactosidase (SA-βGal), which has been
established as a marker for senescence associated with aging (28).
As expected, an increase in SA-βGal expression was observed in
control Optn+/+ mice as a function of age (Fig. 6C). Similarly, in
both young and aged Optn−/− bones, strong SA-βGal expression
was observed. The staining pattern suggests that young Optn−/−

bones were almost as senescent as bones from aged Optn+/+ mice.
To determine how increased ROS and oxidative stress inOptn−/−

bones alter the expression of various genes, we used mRNA

Fig. 6. Deletion of OPTN results in bone tissue oxidative stress with increased age. (A) Flow cytometry after staining with CellROX using freshly prepared whole bone
marrow from 24-month-oldOptn−/− compared toOptn+/+ (n = 4). (B) Representative images of staining for DAPI, TRAP, NRF2, and 8-OHdG in trabecular bones [labeled by
trabeculae and bone marrow] in femurs. Detailed views of osteoclastic areas are highlighted and shown to the right for each marker. Scale bars, 50 μm (low power views)
and 20 μm (high power views). (C) Representative images shown for SA-βGal stainingwith femurs. Scale bar, 500 μm. (D) Volcano plots showed differential expression (DE)
of genes in the femur tissues from 24-month-old Optn−/− compared to Optn+/+ based on RNA-seq results (n = 2 per genotype). Some significantly altered genes are
involved in metabolic turnover (Npy, Hs3st2, Sparc, Scand1, and Plppr4). NRF2-induced antioxidant genes (Nrf2, Ho1, Nqo1, and Gclc) were significantly down-regulated,
and alternative antioxidant pathway genes (Gpx4 and Txn1) were significantly up-regulated. (E) Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis for RNA-seq of samples from femur tissue lysates from 24-month-old Optn−/− mice compared to Optn+/+ mice; top 6 most changed pathways
were plotted.
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sequencing to analyze the whole tissue lysis from the bone marrow.
We identified 1048 up-regulated genes and 916 down-regulated
genes in Optn−/− bones compared to Optn+/+ ones (fig. S6A).
Various marker genes (Npy, Hs3st2, Sparc, Scand1, Plppr4, etc.)
that have been associated with alteration in oxidative stress were
among genes that showed the most change in Optn−/− bones. Con-
sistent with our RT-qPCR results above, we also observed decreased
expressions of NRF2-induced antioxidant genes (Ho1, Nqo1, Gclc,
etc.). We observed increased expression of genes in alternative an-
tioxidant pathways (Gpx4, Txn1, etc.) that are not regulated byNrf2,
suggesting that a compensatory antioxidant response has been acti-
vated (Fig. 6D). Last, both Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis revealed
that multiple genes in molecular pathways related to metabolism,
mitochondrial function, and numerous degenerative diseases were
altered in aged Optn−/− bones (Fig. 6E and fig. S6B).

Together, data from the above experiments showed that elevated
ROS induces oxidative stress and cellular damage, resulting in accel-
erated tissue senescence. Furthermore, high ROS exposure also
induced changes at the genetic level, up-regulating and down-reg-
ulating genes associated with pathways involves in antioxidant re-
sponses, metabolism, and mitochondrial function. Many of these
transcriptional changes are consistent with known OPTN functions
and associations with neurodegenerative diseases such as amyotro-
phic lateral sclerosis (ALS) and glaucoma.

Oxidative stress stimulates hyperactive osteoclastogenesis
in vivo
Thus far, we have shown that deletion of OPTN decreases NRF2
antioxidant response, which, in turn, increases ROS levels and ox-
idative stress. However, it is unclear whether oxidative stress can di-
rectly lead to increased osteoclastogenesis. To investigate this
possible mechanism, we performed an in vivo study in which we
induced oxidative stress in young Optn−/− mice.

D-Galactose (D-gal) increases tissue ROS and accelerates the
aging process (29). We used D-gal to induce oxidative stress in
mice through peritoneal injections for 8 weeks in 2-month-old
Optn+/+ or Optn−/− mice. A control group was injected with
saline solution (vehicle). Bones from these mice were stained with
TRAP to evaluate osteoclastogenesis. Results were also compared to
aged, 24-month-old Optn+/+ and Optn−/− mice (Fig. 7A).

While vehicle treatment showed no difference in osteoclasts
numbers between Optn+/+ and Optn−/− mice (Fig. 7, B, E, and F),
D-gal injection in youngOptn+/+mice did not enhance osteoclasto-
genesis. In contrast, D-gal injection resulted in much higher
numbers of osteoclasts in young Optn−/− mice compared to
Optn+/+ controls (Fig. 7, C, E to F). This level was comparable to
24-month-oldOptn−/−mice that did not receive any D-gal injection
(Fig. 7, D to F). Increased osteoclastic numbers were observed in
both cortical and trabecular bones. Enzyme-linked immunosorbent
assay (ELISA) on serum bone resorption marker CTX-1 (Fig. 7G)
confirmed that D-gal injection resulted in significantly increased
bone loss compared to vehicle-treated controls. CTX-1 levels were
as high in young D-gal–injected Optn−/− mice as natural aged ones
(Fig. 7G). We also analyzed the effects on osteogenesis following D-
gal injection. No significant difference in osteoblasts (fig. S7, A and
B) and serum bone formationmarker procollagen type I N-terminal
propeptide (PINP) (Fig. 7H) was found between Optn+/+and

Optn−/− mice, although D-gal and aging led to significantly de-
creased osteogenesis in both types of mice. Collectively, the data
strongly suggest that oxidative stress is critical in OPTN-associated
hyperactive osteoclastogenesis.

Antioxidant treatment attenuates bone loss and
hyperactive osteoclastogenesis associated with OPTN
deletion
Having shown how deficiency of OPTN and compromised Nrf2-
antioxidant response might play a role in the development of
OPTN-associated bone loss, we next tested whether supplying ex-
ogenous antioxidants might help decrease ROS levels and decrease
bone loss. Curcumin is a natural antioxidant that has been shown to
activate NRF2 and inhibit osteoclastogenesis in vitro (30, 31).
Therefore, we hypothesized that treatment with NRF2 activators
such as curcumin might alleviate oxidative stress and reduce osteo-
clastogenesis in the setting of OPTN deficiency (fig. S9A). To test
the potential of curcumin for in vivo therapeutic applications, we
injected curcumin peritoneally every other day for 6 weeks into
24-month-old Optn−/− mice that exhibit typical PDB-like bone
loss. These mice were compared to vehicle [dimethyl sulfoxide
(DMSO)]–treated control mice consisting of 24-month-old
Optn−/− mice and 24-month-old Optn+/+ mice exhibiting regular
bone phenotype (Fig. 8A). As expected, the CellROX assay result
showed markedly decreased level of intracellular oxidative stress
in Optn−/− bone marrow following global delivery of curcumin
when compared to vehicle-treated controls, even lower than the
24-month-old Optn+/+ mice (fig. S9B).

Our previous study highlighted OPTN-associated bone loss as
cortical focal lesion and loss of trabecular pattern, recapitulating
PDB histology. X-ray micro–computed tomography (μCT) revealed
substantial restorative effects of curcumin on bone quality in treated
mice, with decreased cortical resorptive lesions, more condensed
cortical bone, and more organized trabecular pattern (Fig. 8B). He-
matoxylin and eosin (H&E) staining also revealed active bone re-
modeling in the trabecular bone following curcumin injection,
marked by larger (arrow) and newly formed (triangle) trabeculae
(fig. S9C). Furthermore, curcumin treatment significantly improved
cortical bone mineral density (Ct. BMD) of the Optn−/− mice to the
same level as theOptn+/+ controls (Fig. 8C). We observed a decreas-
ing trend in the thickness of cortical bone (Ct. Th) after the treat-
ment, while no difference was observed in cortical area (Ct. A), even
between the Optn−/− mice and the Optn+/+ controls (Fig. 8C). As
expected, we did not observe any change in trabecular bone
mineral density (Tb. BMD), trabecular bone volume fraction (Tb.
BV/TV), or thickness of trabecular bone (Tb. Th) (Fig. 8C and
fig. S9D). However, we did observe decreased trabecular numbers
(Tb. Th) and increased trabecular separation (Tb. Sp) (fig. S9D).
These changes may be related to the growth of new trabecular
bones as shown by the H&E staining (fig. S9C). TRAP staining
with the femur slices (Fig. 8D) and quantitative analysis on osteo-
clasts counting showed that systemic curcumin injection signifi-
cantly inhibited osteoclastogenesis in Optn−/− mice, especially in
Ct. As, marked by approximately 65% decreased osteoclasts
numbers in the cortical bone (Fig. 8E) and 40% lower osteoclasts
numbers in the trabecular bone (Fig. 8F) compared to the
vehicle-treated ones. This pattern was confirmed by ELISA assay
on serum CTX-1, which showed a significant decrease in osteoclasts
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in curcumin-treated Optn−/− mice to the level of Optn+/+ normal
mice (Fig. 8H).

We further characterized curcumin-treated Optn−/− mice by
staining femurs for TRAP, ALP, and NRF2. We observe signifi-
cantly increased NRF2 expressions in curcumin-treated groups
(Fig. 8G, Nrf2 column). The curcumin-treated bones showed signif-
icantly increased activity of ALP for osteogenesis (Fig. 8G, Alp
column), compared to their vehicle-treated controls, as well as
Optn+/+ normal bones, although no significant difference in osteo-
blasts (fig. S8A) and serum bone formation marker PINP (fig. S8B)
was found between Optn+/+and Optn−/− mice. This suggests that
curcumin treatment did not only inhibit osteoclastogenesis but
also promoted active remodeling of bone. Serum ELISA assay

confirmed significantly increased PINP in Optn−/− mice following
curcumin treatment compared to vehicle-treated Optn−/− and
Optn+/+ mice (Fig. 8I). However, curcumin did not prevent oxida-
tive damage in agedOptn−/−mice, as shown by 8-OHdG expression
that remained unchanged following curcumin treatment (fig. S9E).
Together, these results suggest that treatment with an antioxidant
such as curcumin ameliorated OPTN-associated bone loss.

DISCUSSION
Degenerative diseases affect millions of elderly people around the
world resulting in substantial pain, suffering, and health care
costs (1). Central nervous system and skeletal systems are most

Fig. 7. Oxidative stress stimulates hyperactive osteoclastogenesis in vivo. (A) Schematics for in vivo experiments to induce osteoclastogenesis in 2-month-oldOptn+/
+ andOptn−/−mice; negative control groups received an injection of saline (Veh); natural aging group for positive control (n = 4mice per group). Bones were then stained
for TRAP to identify osteoclasts in femurs in (B) Veh groups, (C) D-gal groups, and (D) natural aging groups. Scale bars, 200 μm (low power views) and 100 μm (high power
views). Quantification of osteoclasts numbers in (E) cortical bones or (F) trabecular bones (n = 4). (G) ELISA assay on serum CTX-1 level (n = 4). (H) ELISA assay on serum
PINP level (n = 4). (E to H) Data presented as means ± SD; *P < 0.05, **P < 0.01, and ***P < 0.001
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Fig. 8. Antioxidant treatment attenuates bone loss and hyperactive osteoclastogenesis associated with OPTN deletion. (A) Schematics for in vivo experiments to
restore PDB-like phenotypes in 24-month-old Optn−/− mice. Twenty-four–month-old Optn−/− mice were peritoneally injected with curcumin. Twenty-four–month-old
Optn−/−mice injected with DMSO (Veh) served as negative controls. Twenty-four–month-oldOptn+/+micewere included as normal control animals for comparison [n = 6
mice per group (one in Veh group and one in Cur group died at week 5)]. (B) Representative μCT scanning and three-dimensional reconstruction images of cortical bone
for focal resorptive lesions. Scale bars, 500 μm. (C) Quantification of cortical bone mineral density (Ct. BMD), trabecular bone mineral density (Tb. BMD), thickness of
cortical bone (Ct. Th), and (G) area of cortical bone was performed. (D) Representative imaging of TRAP staining of femurs (left) with high magnification views for tra-
becular bones (top right) and cortical bones (bottom right). Scale bars, 500 μm. Quantification of TRAP+ osteoclasts numbers in (E) cortical bones or (F) trabecular bones is
shown. (G) Representative images of DAPI, TRAP, ALP, and NRF2 in femurs, with cortical (CT) and bonemarrow. Scale bars, 200 μm. (H) ELISA assay on serum CTX-1 level. (I)
ELISA assay on serum PINP level (n = 4). (C and E to H) Data presented as means ± SD; *P < 0.05, **P < 0.01, and ***P < 0.001.
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susceptible to age-dependent degeneration (2–4). OPTN has been
implicated in numerous neurodegenerative diseases and was recent-
ly identified to be genetically associated with PDB, the second most
prevalent degenerative bone disease (5–8). Efforts to uncover the
mechanism(s) underlying OPTN-associated degeneration have
been limited to nuclear factor κB and interferon signaling pathways
in osteoclasts (11, 32). Our previous in vitro work showed that
OPTN modulates ROS in osteoclasts by direct interaction with
NRF2 (12). In this study, we further extended this study through
in vivo work showing that (i) OPTN and NRF2 expression increases
with age; (ii) OPTN and NRF2 strongly colocalize in bones; (iii)
OPTN modulates Nrf2-induced antioxidant through binding to
KEAP1 in various bone tissues; (iv) deficiency of OPTN results in
compromised Nrf2-induced antioxidant response; (v) deficiency of
OPTN results in higher osteoclastic intracellular ROS in aged bones;
(vi) deficiency of OPTN leads to increased tissue oxidative stress,
which triggers hyperactive osteoclastogenesis by further increasing
osteoclastic intracellular ROS; and (vii) we showed that antioxidant
treatment could attenuate in vivo hyperactive osteoclastogenesis
and bone loss resulting from deletion of OPTN. Our data describe
an OPTN pathway for regulating oxidative stress that we call the
“OPTN-NRF2 axis” and demonstrate how dysregulated OPTN-
NRF2 axis results in hyperactive osteoclastogenesis and OPTN-as-
sociated bone loss (Fig. 9).

Generated as the byproduct of energy metabolism, ROS diffuse
and pass through cell membranes as a secondary messenger for

various cellular processes, such as osteoclastogenesis (14, 16, 33).
However, if not properly neutralized by antioxidants, then excessive
ROS leads to oxidative stress, cell and tissue damage, or even cell
death (19, 34). We found deletion of OPTN leads to notably in-
creased intracellular oxidative stress in osteoclasts. This oxidative
stress is exacerbated by extracellular sources of ROS. These phe-
nomena were observed regardless of age in vitro but only in aged
situation in vivo. These findings underscore the importance of
tissue environment, particularly the extracellular ROS, in the regu-
lation of osteoclasts and pathogenesis of the OPTN-associated
pagetic lesions. For example, we found that leukocytes in the
bone marrow are a major resource of ROS in aged mice. Dysfunc-
tion of OPTN leads to markedly increased ROS level in these cells
and leads to tissue oxidative stress in aged bones.

Tissue oxidative stress, rather than osteoclastic intrinsic path-
ways, appears to be the primary driver for an age-dependent bone
lesion in our OPTN mouse model. Our findings show that young
Optn−/− bones are similar to aged Optn+/+ bones in many aspects,
including distribution of osteoclasts, level of oxidative damage, and
expression of SA-βGal as an indication of senescence. These find-
ings imply the important role of oxidative stress in the age-depen-
dent pathogenesis of pagetic lesions. Other groups also have found
that unbalanced ROS is a critical mediator in numerous metabolic/
degenerative bone diseases, including bone aging, postmenopausal
osteoporosis, osteoarthritis, and diabetic bone fragility (20, 35–39).
However, to our knowledge, no other study has associated ROS/

Fig. 9. OPTN-NRF2 axis in the pathogenesis of hyperactive osteoclastogenesis in aged Optn−/− mice. Deletion of OPTN results in increased NRF2-KEAP1 binding,
leading to more NRF2 degradation and less NRF2 nuclear translocation, thus compromising NRF2-induced antioxidant response. In aged Optn−/− bones, compromised
NRF2 results not only in higher intracellular ROS in preosteoclasts but also in other bone marrow cells such as leukocytes. Increased ROS results in oxidative stress and
ultimately enhances osteoclastogenesis in aged Optn−/− mice.
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oxidative stress with hyperactivation of osteoclasts in other PDB
animal models. An implication of this finding is that OPTN may
play an important role in reducing oxidative stress. This is not un-
expected since OPTN has been implicated to protect against oxida-
tive stress in neurons (40, 41).

ROS homeostasis is maintained by cellular antioxidant respons-
es. The Nrf2-induced antioxidant response is the primary system to
neutralize intracellular ROS and maintain homeostasis (23). NRF2
is constitutively expressed and suppressed in cells. At basal levels,
NRF2 is inhibited by binding to its negative regulator, KEAP1,
which results in NRF2’s degradation. With increased ROS levels,
KEAP1 dissociates from NRF2, which is then able to enter the
nucleus and induce the expression of downstream antioxidants
(23–25). Thus, a decrease in NRF2-KEAP1 binding and an increase
in NRF2 expression suggest higher activity of NRF2-induced anti-
oxidant response. Previous reports only suggested that OPTN reg-
ulates NRF2 in vitro and potentially through OPTN-NRF2 binding.
Consistent with that hypothesis, this study reveals that OPTN is
highly colocalized with NRF2 in various types of bone cells in
vivo. This study also advances our knowledge by showing that
OPTN binds to KEAP1 and that NRF2 is not required for the
OPTN-KEAP1 binding. In particular, we find that these bindings
increase, synchronous with reduced NRF2 degradation, increased
the availability of NRF2 in the cytoplasm, and markedly increased
NRF2 into nuclei when OPTN is overexpressed. Together, OPTN-
NRF2 and OPTN-KEAP1 binding could be a mechanism for how
OPTN regulates NRF2-induced antioxidant response. Future work
will be required to elucidate the binding sites and uncover the mo-
lecular mechanism of how these bindings regulate NRF2 and down-
stream antioxidant response.

Although further trials are needed, our study demonstrated the
therapeutic potential of antioxidant treatment for OPTN-associated
bone degeneration. Except for the pain relief effect of ascorbic acid,
no study has discussed the therapeutic potential of antioxidant
treatment for PDB (42, 43). We found that antioxidant treatment
activates osteogenesis in addition to inhibiting osteoclastogenesis,
although osteogenesis was not substantially regulated by deletion
of OPTN in Optn−/− mice. Our fluorescent staining data suggest
that OPTN and NRF2 likely play greater roles in osteoclasts than
other bone cell types. However, the current study could not
answer whether the therapeutic effects on osteoclasts could be sec-
ondary to effects on osteoblast or other tissues. Osteoblasts have
been reported to be susceptible to oxidative stress, and increasing
age is associated with a decrease in osteogenesis due to oxidative
stress (44, 45). On one hand, curcumin has been reported to
induce osteogenesis (46, 47), which leads to rebuilding of bone
mass in aged Optn−/− mice. On the other hand, increased osteo-
blasts could also induce osteoclastogenesis and rapid bone turnover
due to osteoblast-osteoclast (OB-OC) coupling (48). Our study sug-
gests that osteoclastogenic activity is inhibited, and osteoblasts have
markedly increased NRF2 level in agedOptn−/−mice following cur-
cumin treatment. Thus, it is possible that osteoblast activity is inhib-
ited in aged Optn−/− bones and antioxidant treatment unleashes
osteoblast-mediated remodeling. Future studies are needed to elu-
cidate the role of osteoblasts in the pathogenesis of OPTN-associat-
ed bone degeneration.

ROS has been implicated in numerous neurodegenerative dis-
eases beyond skeletal tissue. OPTN has also been genetically associ-
ated with neurodegeneration in glaucoma and ALS (5, 6). OPTN

protein has also been implicated in other neurodegenerative diseas-
es such as Alzheimer’s and Parkinson’s diseases (44, 45, 49). In
these neurodegenerative diseases, oxidative stress has been suggest-
ed to trigger neuronal death (44, 50–52). Therefore, our findings on
OPTN and NRF2’s role in regulating ROS homeostasis and oxida-
tive stress may also contribute to advancing the understanding of
pathogenesis of glaucoma, ALS, and other neurodegenerative
diseases.

MATERIALS AND METHODS
Study design
The objective of this study was to elucidate the mechanisms and
roles of NRF2 antioxidant pathway in the pathogenesis of OPTN-
associated bone degeneration. The activity of the NRF2 pathway was
first assessed in vivo in both young and aged Optn+/+ mice using
tissue staining and Western blotting. Further molecular biological
studies by plasmid transfection, co-IP, and staining revealed the
strong association between OPTN and NRF2 pathway both in
vitro and in vivo. Furthermore, young (2-month-old) and old
(24-month-old) global OPTN knockout (Optn−/−) mice were com-
pared to wild-type (Optn+/+) mice for elucidating the pathogenic
mechanisms. In these studies, NRF2 pathway, ROS level, oxidative
stress, and osteoclastogenic activity were evaluated by various tissue
staining, plate reader and flow cytometry–based assays, RNA-seq,
etc. Last, D-gal was used to induce tissue ROS, and curcumin was
used to induce NRF2 antioxidant response. The treatments were
applied through intraperitoneal injection either to induce hyperac-
tive osteoclastogenesis in youngOptn−/−mice or to ameliorate bone
loss in old Optn−/− mice. μCT, various tissue staining, and ELISA
assays were used to evaluate the therapeutic potential of antioxidant
treatment for OPTN-associated bone loss. Most data were acquired
from at least three independent samples (3 mice or ≥4 for animal
experiments). The RNA-seq data were from two biological repli-
cates. All experiments were performed with appropriate controls,
and animals were assigned randomly to various experimental/
control groups.

Animals
Global Optn knockout (Optn−/−) mice on a C57BL/6 background
were generated by crossing Optnflox/flox mice with CMV-Cre mice
(Jackson Laboratories, Bar Harbor, ME) as described in our previ-
ous study. For D-gal–induced aging treatment, 2-month-old male
mice of either Optn+/+ or Optn−/− genotype were intraperitoneally
injected with D-gal (G0750,MilliporeSigma) at the concentration of
200 mg/kg in 200 μl of saline solution every 2 days for 6 weeks (D-
gal) compared to 200 μl of saline solution–treated male mice of
same genotype (Veh). For antioxidant treatment, 24-month-old
Optn−/− male mice were intraperitoneally injected with curcumin
(C1386, MilliporeSigma) at a concentration of 25 mg/kg in 200 μl
of DMSO every 2 days for 6 weeks (Cur) compared to 200 μl of
DMSO-treated Optn−/− male mice of same age (Veh). All animal
procedures were approved by the Institutional Animal Care and
Use Committees at the Ohio State University, the University of
North Carolina at Chapel Hill, and Duke University.

Primary cell culture
Eight-week-old or 24-month-old Optn−/− and Optn+/+ mice were
euthanized by CO2, and tibias and femurs were collected. For
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osteoclast differentiation, bone marrow cells were flushed out into
α–minimum essential medium (α-MEM; #41061029, Gibco) con-
taining 10% fetal bovine serum (FBS; 26140079, Gibco) and peni-
cillin/streptomycin (#15140122, Gibco) and cultured at 37°C in a
humidified 5% CO2 atmosphere. After 1 day, nonadherent cells
were collected and reseeded at the concentration of 2 × 105 cells/
ml with macrophage colony-stimulating factor (M-CSF; 60 ng/ml;
#416ML050, R&D Systems) for 3 days to grow osteoclast precursor
cells. For primary culture of BMSCs, bone marrow cells were
flushed out into α-MEM (#12571063, Gibco) containing 10% FBS
(26140079, Gibco) and penicillin/streptomycin (#15140122, Gibco)
and cultured at 37°C in a humidified 5% CO2 atmosphere. After 3
days, nonadherent cells were discarded, and adherent cells were cul-
tured by changing the same culture medium every 2 days until pas-
saging at 80% confluency. Passage 2 cells were identified by
confirming stem cell surface markers through flow cytometry and
used for further osteogenic differentiation.

Osteogenic/osteoclastogenic differentiation
To promote osteoclastogenic differentiation, osteoclast precursors
were treated with osteoclast α-MEM culture medium containing
RANKL (#462TR010, R&D Systems) at 20 ng/ml and M-CSF
(#416ML050, R&D Systems) at 60 ng/ml for 6 days until fully dif-
ferentiated. To promote osteogenic differentiation, BMSCs were
cultured with osteogenic media [BMSC culture media containing
ascorbic acid (50 μg/ml; PHR1008-2G, MilliporeSigma), 10 mM
β-glycerophosphate (G9422, MilliporeSigma), and 10 nM dexame-
thasone (D4902, MilliporeSigma)]. Osteogenic media from differ-
ent BMSCs were collected as OB conditional media for analyzing
OB-OC cross-talk.

Cell transfections and treatments
mOPTN (MG53387-UT, SinoBiological) overexpression plasmids
were transfected to preosteoclasts cells from Optn+/+ mice using
Lipofectamine LTX Reagent with PLUS Reagent (A12621, Invitro-
gen) following the manufacturer ’s instructions. The transfected
cells were compared to nontreated Optn+/+ preosteoclast cells and
preosteoclast cells from Optn−/− mice for further analysis. siNrf2
(s70521, Thermo Fisher Scientific) were transfected to preosteo-
clasts from Optn+/+ mice using Lipofectamine RNAiMAX
Reagent (13778030, Invitrogen) following the manufacturer’s in-
structions. The transfected cells were compared to nontreated
Optn+/+ preosteoclasts.

Reverse transcription quantitative polymerase chain
reaction
Total mRNA of osteoclast precursor cells was extracted using
RNAzol and reverse-transcribed using the iScript Kit. Subsequently,
PCR reactions were prepared using the iTaq Universal SYBR Green
Supermix and performed on the StepOnePlus Real-Time PCR
System (Applied Biosystems). Primers for target genes are listed
in table S1. Threshold cycles of primers were normalized to a house-
keeping gene β-actin, and the relative values were calculated on the
basis of comparative Ct method (2 − ΔΔCt method) (12).

Western blot
Protein samples were prepared either by radioimmunoprecipitation
assay buffer (R0278, Sigma-Aldrich) to yield total protein or by the
Nuclear Extraction Kit (catalog no. 2900, MilliporeSigma) to yield

cytoplasmic and nuclear protein. The total protein concentration of
each sample was tested and normalized using Pierce BCA Protein
Assay Kit (#23225, Thermo Fisher Scientific). The Criterion Verti-
cal Electrophoresis Cell and Trans-Blot Turbo Transfer System
(Bio-Rad) were used for immunoblot analysis as described in our
previous study. Protein expression levels were detected by ECL
Prime Western Blotting Detection Reagent (GE Healthcare Amer-
sham). Antibodies and their working concentrations are listed in
table S2.

Co-IP assays
pOPTN-eGFP (#27052), pcDNA3-HA2-Keap1 (#21556), and
pHA-tag (#55182) were purchased from addgene.org. For expressed
co-IP assay, HEK293T cells were seeded in six-well plates until 80%
confluency and transfected with indicated plasmids at a concentra-
tion of 2000 ng per plasmid per well by Lipofectamine 2000 accord-
ing to the manufacturer’s protocol. Transfected cells were lysed by
NP-40 buffer and split into two parts—200μl fractions for input
assay and an 800 μl of fractions for co-IP. The input lysates were
resolved on SDS–polyacrylamide gel electrophoresis (PAGE) gels
and analyzed by immunoblot. The co-IP lysates were incubated
with 20 μl of EZview Red Anti-HA Affinity Gel (E6779-1ML, Milli-
poreSigma) for 24 hours. For endogenous co-IP assay, osteoclasts
from 2-month-old Optn+/+ mice were used. The co-IP lysates
were precipitated with anti-KEAP1 antibody (sc-514914, Santa
Cruz Biotechnology) or normal mouse immunoglobulin G
control (#02-6502, Invitrogen) bound to protein G and protein A
agarose beads (IP05, MilliporeSigma), respectively, for 24 hours.
After the incubation, samples were centrifuged at 5000g for 1
min, and pellets were washed five times with NP-40 buffer. The pro-
teins were lastly resolved on SDS-PAGE gels and analyzed by
immunoblot.

Measurement of ROS
Qualitative and quantitative analyses of intracellular/mitochondrial
ROS in cells were performed by fluorescence microscopy using
MitoSOX Red Mitochondrial Superoxide Indicator (#M36008, In-
vitrogen) following the user’s manual. The stained cells were
imaged using an Eclipse Ti microscope (Nikon, Shinagawa,
Japan). Cell ROS levels were also assessed by plate reader using
DCF (#4091-99-0, MilliporeSigma).

Flow cytometry
Bone marrow cells were measured by flow cytometry to analyze cell
types andmeasure ROS level. Bonemarrow flushes were diluted in 1
ml of phosphate-buffered saline (PBS) and stained with different
Fc-applicable primary antibodies for 10 min, followed by and 1
μM CellROX Green Reagent (#C10444, Invitrogen) to test generic
ROS level or 1 μM MitoSOX Red Mitochondrial Superoxide Indi-
cator (#M36008, Invitrogen) to test intracellular/mitochondrial
ROS level for another 20 min. Antibodies and their working con-
centrations are listed in table S2. The cells were washed three times
with PBS before running by flow cytometry and analyzed by FlowJo.

mRNA sequencing and bioinformatic analysis
Total RNA was extracted using an RNeasy mini kit (#74104,
QIAGEN). A cDNA library was prepared using NEBNext Ultra
DNA library prep kit (E7370L, New England Biolabs), and
mRNA sequencing was performed on the NovaSeq 6000 System
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(Illumina). RNA-seq data from eight samples were collected: Two
replicates in four sample groups (total RNA from fresh bone
marrow flushes of 24-month-old Optn−/− and Optn+/+ mice were
extracted and grouped as aged Optn+/+ and aged Optn−/−. Reads
were mapped to Mus musculus mm10 genome by STAR software.
Fragments per kilobase of transcript per million mapped reads were
calculated to estimate gene expression levels. Differential expression
(DE) analysis was performed using the DESeq2 package in R soft-
ware (version 2_1.6.3) to identify the significant DE genes in the
comparisons. P values were adjusted using the Benjamini and
Hochberg’s approach for controlling the false discovery rate. Gene
set enrichment tests were performed using the clusterProfiler
package and the “camera” function in limma package in R software
to test gene sets in MsigDB collection including GO and
KEGG (53).

Micro–computed tomography
Femurs were dissected from mice free of soft tissue, fixed overnight
in 4% paraformaldehyde, and analyzed by high-resolution μCT
(Skyscan 1172-D, Kontich, Belgium) with 10-μm3 voxel size (50
kVp, 200 μA, 0.4° rotation per projection, eight frames averaged
per projection, and 260-ms exposure time) and NRecon reconstruc-
tion software. Trabecular bone region of interest (ROI) was drawn
starting from 5% of femoral length proximal to distal epiphyseal
growth plate and extended proximally for a total of 5% of femoral
length. The trabecular bone was segmented from the bone marrow
and analyzed to determine the Tb. BV/TV, Tb. BMD, Tb. Th, Tb. N,
and Tb. Sp. Diaphyseal cortical bone ROI was drawn starting from
20% of femoral length proximal to distal epiphyseal growth plate
and extended proximally for a total of 10% of femoral length. We
analyzed the cortical bone to determine the Ct. Th, Ct. A, and
Ct. BMD.

ELISA assays
Serum-based ELISA assays were performed to test serum levels of
PINP and CTX-1.Whole blood from various mice models were col-
lected through cardiac puncture. Blood samples were then kept still
at 4°C overnight, followed by centrifuging at 3000 rpm for 15 min.
Blood was stratified, and serum from top layer was carefully collect-
ed for ELISA assays. The Mouse PINP ELISA Kit (MBS2500076,
MyBioSource) and theMouse CTX-I ELISA Kit (MBS2700259,My-
BioSource) were used following the manufacturer’s protocol.

Cell and tissue staining
For TRAP staining, the staining solutions were prepared following
previously published standard protocol. Cells were fixed with 10%
paraformaldehyde for 10 min before incubating in TRAP staining
solution for 10 min at 37°C. Cryostat frozen sectioned slices were
incubated in TRAP staining solution for 1 hour at 37°C. For Aliza-
rin Red staining, cells were fixed with 10% paraformaldehyde for 10
min before incubating in 1% Alizarin Red staining solution for
10 min, followed by washing three times. For ALP staining, cells
and cryostat frozen sectioned slices were stained with a commercial-
ized ALP kit (86R-1KT, MilliporeSigma) following the manufactur-
er’s instructions. For SA-βGal staining, cells were fixed with 10%
paraformaldehyde for 10 min before staining; both cells and cryo-
stat frozen sectioned slices were stained with commercialized sen-
escence cells histochemical staining kit (CS0030-1KT,
MilliporeSigma) following manufacturer’s instructions. For H&E

staining, paraffin-embedded slices were deparaffinized and
stained with Hematoxylin Solution, Gill no. 2 (GHS216-500ML,
MilliporeSigma), and Eosin Y Solution (HT110116-500ML, Milli-
poreSigma) following the manufacturer’s instructions. All stained
samples were scanned and imaged using an Eclipse Ti microscope
(Nikon, Shinagawa, Japan).

Confocal microscopy
For cell imaging, all cells were fixed by 4% paraformaldehyde for 24
hours. After washing three times with PBS, cells were permeabilized
with 0.3% Triton X-100 for 10 min and washed three times again
with PBS. After blocking with PBS solution with 1% bovine
serum albumin (BSA; B14, Thermo Fisher Scientific) for 1 hour,
cells were incubated with indicated primary antibodies in PBS over-
night at 4°C. The cells were then washed three times and incubated
with accordant secondary antibodies in PBS containing 0.2% BSA
for 2 hours at room temperature. After DAPI staining, cells were
imaged by an A1R confocal microscope system (Nikon, Shinagawa,
Japan). For bone slice imaging, 20-μm cryo-sectioned femur slices
were prepared. Slices were permeabilized with 0.3% Triton X-100
for 10 min and washed three times with PBS. After blocking with
PBS solution with normal donkey serum (566460, MilliporeSigma)
for 1 hour, slices were incubated with indicated primary antibodies
in PBS overnight at 4°C. The slices were then washed three times
and incubated with accordant secondary antibodies in PBS contain-
ing 20% donkey serum for 2 hours at room temperature. After DAPI
staining, each slice was imaged by A1R confocal microscope system
(Nikon, Shinagawa, Japan). Antibodies and their working concen-
trations are listed in table S2.

Image quantification
For protein quantification in Western blot, ImageJ (version 1.52k;
Bethesda, MD) was used to analyze the gray value of each band to
represent intensity, which was normalized to β-actin or histone H3.
For quantification of puncta area, ImageJ was applied to measure
the area of puncta of different colors picked up by assigning
“Hue” window in “color threshold” setting. The areas of fluores-
cence passing the color threshold in each image were recorded.
For quantification of cell area, ImageJ was applied to measure the
area of cells by assigning “brightness” window in color threshold
setting. The areas of cells that pass the brightness threshold in
each image were picked up and recorded. Each analysis was done
three times to determine statistical significance.

Statistical analyses
Statistical analyses were performed using Prism 9 (GraphPad Soft-
ware, San Diego, CA). Significancewas determined as P<0.05. Com-
parisons with a specific control were assessed using Student’s t test
or one-way analysis of variance (ANOVA), followed by the Bonfer-
roni’s t test. Data are expressed as means ± SEM, Significance was
shown as *P<0.05, **P < 0.01, or ***P < 0.001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
Tables S1 and S2
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