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The fat mass and obesity-associated gene (FTO) encodes an m6A
RNA demethylase that controls mRNA processing and has been
linked to both obesity and bone mineral density in humans by
genome-wide association studies. To examine the role of FTO in
bone, we characterized the phenotype of mice lacking Fto globally
(Fto"©) or selectively in osteoblasts (Fto®® “©). Both mouse models
developed age-related reductions in bone volume in both the trabec-
ular and cortical compartments. RNA profiling in osteoblasts following
acute disruption of Fto revealed changes in transcripts of Hspala and
other genes in the DNA repair pathway containing consensus m6A
motifs required for demethylation by Fto. Fto KO osteoblasts were
more susceptible to genotoxic agents (UV and H,0,) and exhibited
increased rates of apoptosis. Importantly, forced expression of Hspata
or inhibition of NF-xB signaling normalized the DNA damage and
apoptotic rates in Fto KO osteoblasts. Furthermore, increased meta-
bolic stress induced in mice by feeding a high-fat diet induced greater
DNA damage in osteoblast of Fto® “° mice compared to controls.
These data suggest that FTO functions intrinsically in osteoblasts
through Hspala-NF-xB signaling to enhance the stability of mRNA
of proteins that function to protect cells from genotoxic damage.

bone | osteoblasts | osteoporosis | DNA damage | epigenetics

Osteoporosis, characterized by decreased bone mineral den-
sity (BMD) and increased risk of fracture, continues to
impact global health with an alarming financial and social bur-
den (1). Like other complex disorders, such as diabetes and
obesity, the development of osteoporosis is strongly influenced
by genetic factors (2). Large-scale genome-wide association
studies (GWAS) have identified numerous loci harboring genetic
variants robustly associated with BMD (3, 4). The observation
that some of these loci are also associated with obesity and body
mass index (3, 5) suggests the existence of common heritable
pathways controlling these related physical traits.

The fat mass and obesity-associated gene (FTO) was among the
first genes to be linked by GWAS to obesity and body composition in
multiple human populations (6-8). Subsequently, several SNPs within
the FTO locus have also been linked to BMD (5). Ffo was originally
described in the fused toe mouse mutant, which carries a 1.6-Mb
deletion on chromosome 8 containing 6 separate genes, including Fro
(9). FTO is a member of the Fe-II and 2-oxygluterate-dependent
dioxygenase family (10, 11) and catalyzes the oxidative demethyla-
tion of N6-methyladenosine (m6A) in nuclear RNA (12), to influence
mRNA splicing, export, localization, translation, and stability (13).

The importance of FTO as a determinant of mammalian
growth is suggested by the finding of severe growth retardation
and early lethality in individuals carrying a homozygous 947G-A
transition in the FTO gene (14). However, the major sites of
action and mechanism for this RNA-modifying enzyme are still
unclear. The current understanding of how FTO controls growth
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and body composition has been largely inferred from the pheno-
type in mice lacking Fto globally, which exhibit reduced survival
rates with postnatal growth retardation, reduced food intake, and
reduced adipose tissue (15, 16). Subsequent studies have indicated
that FTO influences early differentiation (17) and clonal expan-
sion of adipocyte precursors (18) and alters adipocyte triglyceride
metabolism (19). Conversely, unrestricted overexpression of Fto
caused obesity in mice (20). While such data support a role for
FTO in body composition, the precise mechanism by which FTO
influences postnatal growth and BMD remains elusive.

In this study, we used genetic mouse models to demonstrate
that osteoblast expression of Fto is required for normal bone
formation in mature mice. Our studies suggest that the bone-
preserving actions of FTO are exerted via a cell-autonomous
mechanism, which stabilizes endoplasmic reticulum (ER) stress
pathway components, such as Hsp70, that normally protect os-
teoblasts from genotoxicity and cell death.

Results

FTO Is Expressed in Osteoblasts and Is Required for Maintenance of
Bone Mass. As a first step in defining the role of FTO in bone, we
compared the relative expression of Ffo mRNA across mouse

Significance

Like other complex disorders, such as diabetes and obesity,
osteoporosis is strongly influenced by genetic factors. In this study,
we explored the function of the fat mass and obesity-associated
gene (FTO), an RNA demethyase that has been strongly linked by
genome-wide association studies to obesity and bone density.
We show that loss of Fto in mouse osteoblasts leads to age-
related bone loss with increased susceptibility of osteoblasts to
cell death. RNA profiling of osteoblasts lacking Fto prioritized
FTO targets that are members of the DNA repair pathway, which
are activated in response to genotoxic stimuli. Our results iden-
tify an epigenetic pathway in which FTO normally functions in
bone to enhance the stability of mRNA-encoding proteins that
protect osteoblasts from genotoxic damage.
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tissues. Ffo mRNA was expressed at highest levels in white adi-
pose tissue and specific regions of the brain, including the hip-
pocampus, hypothalamus, and cortex. Moderate levels of Fro
expression were detected in bone marrow, the femur, and calvaria
bones (Fig. 14), whereas expression was low in the heart and
skeletal muscle. We next created new strains of mice, which lacked
Fto globally (Fto®?) or selectively in osteoblasts (Fto? X?), and
compared their phenotypes. Immunoblots performed on tissues
from the KO mice indicated complete loss of FTO protein in
global (Fto®?) mice (SI Appendix, Fig. S14), and a marked re-
duction in Fto expression in bone samples from Fro? %© (SI
Appendix, Fig. S1B). We attribute residual expression of Fto in
bone from Fto” %© mice to the contamination from nonosteoblast
tissue and not to a partial or incomplete excision of the Fro gene.
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Fig. 1. Unrestricted loss of Fto in mice reduces postnatal growth and bone
acquisition. (A) Fto mRNA expression across mouse tissues. (B) Representa-
tive photograph of a FtoX® mouse and a WT control littermate at 30 wk of
age. (C) Body length and (D) body weight at 12 wk and 30 wk. (E) Food
intake and (F) gonadal fat mass from control and FtoX® mice. (G) Repre-
sentative computer renderings of bone structure in the femurs from control
and Fto© mice at 12 wk. (H) Quantitative analysis of femoral trabecular and
cortical bone at 12 wk (male, n = 5 to 6): Bone volumettissue volume, BV/TV
(%); trabecular number, Tb. N (1/mm); trabecular thickness, Tb. Th (mm);
trabecular separation, Tb. Sp (mm); cortical thickness, Ct. Th (mm); bone
area/total cross-sectional tissue area, B. Ar/T. Ar. (/) Representative computer
renderings of bone structure in the femurs from control and Fto*© mice at
30 wk. (J) Quantitative analysis of femoral trabecular and cortical bone at
30 wk (male, n = 5). *P < 0.05. All error bars represent SEM.

Zhang et al.

Consistent with published findings (15), global loss of Fto in
mice resulted in normal litter sizes at birth but ~50% of the
offspring of both sexes died within a few days after birth. Analysis
of the surviving mice revealed reduced body length (Fig. 1 B and
C) and body weight (Fig. 1D) compared with WT littermates at
both 12 wk and 30 wk of age. Food intake was also reduced in the
FtoX©, but adipose tissue was unaffected when normalized to
body weight (Fig. 1 E and F).

Skeletal morphometry assessed by micro-CT at the femur
revealed a loss of both cortical and trabecular bone volume in
Fto®© mice. Compared with WT mice, bone volume and tissue
volume in the mutants was decreased 30% at 12 wk (Fig. 1H) and
40% at 30 wk (Fig. 1J), with corresponding reductions in trabec-
ular number and thickness. At the femoral middiaphysis, cortical
thickness and bone area/total cross-sectional tissue area (Fig. 1 H
and J) were significantly reduced. In addition, for Fto®° mice at
12 vs. 30 wk we found that while trabecular bone decreases, cor-
tical bone is actually increased during this interval. This apparent
compartment-specific alteration may relate in part to the growing
of overall body length in the Fto®“ mice over this period. Anal-
ogous changes in trabecular structure were observed at the spine
(SI Appendix, Fig. S2).

To assess the impact of Fto on bone mass without potential
confounding effects of generalized alterations in body composi-
tion on skeletal acquisition, we created mice lacking Ffo selec-
tively in osteoblasts (Ffo?° X9). In contrast to the growth and
metabolic changes observed in the global Fto®© mice, Fto®® X
mice had no discernable changes in overall growth body weight
and length (Fig. 2 A-D) up to 30 wk of age. In addition, these
mice showed no alterations in food intake, body composition
(lean and fat mass), or glucose metabolism (SI Appendix, Fig.
S3). Bone volume in Ff10“* “© mice was comparable to controls at
12 wk of age (Fig. 2 E and F), but was decreased at 30 wk of age
(Fig. 2 G and H), as was trabecular number, (Fig. 2H), and in-
creases in trabecular separation (Fig. 2H). Measures of cortical
bone volume including cortical thickness and bone area/total
cross-sectional tissue area were also significantly decreased in
mutant mice. Similar but more modest changes were observed at
the spine (S Appendix, Fig. S4). Taken together, these data suggest
that the early defects in bone volume evident in the global Fro?
mice are due, at least in part, to changes in body composition and
metabolism, whereas bone changes in the 30-wk-old Fro® X mice
are cell autonomous.

Static and dynamic histomorphometric analyses performed at
30 wk of age showed that the decrease in bone volume in Fro9¢ X©
mice was secondary to a reduction of bone formation. Although
the numbers of osteoblasts per bone perimeter were similar to
controls, the bone formation rate in mutant mice were decreased
by 66% at 30 wk old compared to controls (Fig. 21 and SI Ap-
pendix, Table S1). Interestingly, bone marrow adipocyte number
per bone marrow area was increased in Fro?° *© mice (Fig. 2I), a
finding confirmed by CT visualization in osmium tetroxide-fixed
femurs (Fig. 2J). Moreover, significantly greater numbers of
empty osteocytic lacunae were observed in cortical bone from
30-wk-old Fro? X© mice compared to their control littermates
(Fig. 2K). Osteoclast numbers were unchanged in Ffo” %© mice
when compared to controls (Fig. 21 and SI Appendix, Table S1) and
serum levels of the bone resorption marker CTX were decreased
(Fig. 2L). The histomorphometry results indicate that the decreased
bone volume in F10% X© mice is due primarily to a decrease in
activity or loss of resident osteoblasts/osteocytes. This ultimately
leads to a state of low bone turnover and accumulation of marrow
fat, a phenotype compatible with age-related bone loss.

FTO Is Required for Osteoblast Survival and Differentiation. We next
determined the requirement for FTO for differentiation and
survival of osteoblasts using primary cell cultures. In WT oste-
oblasts, Ffo mRNA was expressed at low levels in freshly plated
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Fig. 2. Mice lacking Fto in osteoblasts exhibit normal growth but lose bone
with age. (A) Growth curves for Fto® “© and control mice over 30 wk. (B)
Representative photograph of 30-wk-old Fto® X° mouse and a control lit-
termate indicating similar body size. (C) Body weight and (D) body length at
12 wk and 30 wk. (E) Representative computer renderings of bone structure
in the femurs from Ftof/f and Fto® X° mice at 12 wk (male, n = 6 to 8). (F)
Quantitative analysis of femoral trabecular and cortical bone at 12 wk. (G)
Representative computer renderings of bone structure in the femurs from
Ftof/f and Fto®° “© mice at 30 wk (male, n = 5 to 7). (H) Quantitative analysis
of femoral trabecular and cortical bone at 30 wk. (/) Histomorphometric
analysis of Ftof/f and Fto® X© femur at 30 wk: Osteoblast numbers per bone
perimeter, N. Ob/B.Pm; osteoclast numbers per bone perimeter, N. Oc/B. Pm;
bone formation rate, BFR/BS; Adipocyte number per bone marrow area, Ad.
N/BM area. (J) Distribution of marrow adipose tissue (MAT) in the medullary
canal. Three-dimensional reconstruction of osmium-stained tibia: Light gray,
bone; white, MAT. (K) Empty lacunae (arrow) staining of osteocyte and
quantification in the cortical bone of 30-wk-old Fto® X© or control mice. (Scale
bar, 200 pm.) (L) Serum P1NP and CTX. *P < 0.05. All error bars represent SEM.

cultures and increased by 2-fold over 21 d of in vitro differenti-
ation (Fig. 34). Cre-mediated knockdown of Ffo in calvarial
osteoblasts isolated from mice carrying floxed Fto alleles did not
significantly alter proliferative capacity as measured by BrdU
incorporation at 3 d of culture (Fig. 3C). However, loss of Fto in
osteoblasts showed increased apoptosis assessed by TUNEL
(Fig. 3D) and caspase cleavage (Fig. 3E), and reduced accumu-
lation of mineral (Alizarin) by 21 d of culture (Fig. 3B). These
changes were accompanied by decreased expression of osteocalcin
(Fig. 3F). These findings suggest that FTO is required for survival
of osteoblasts during differentiation.

17982 | www.phas.org/cgi/doi/10.1073/pnas. 1905489116

The accumulation of marrow fat in mature mice lacking Ffo in
osteoblasts suggested the possibility that FTO might function in
mesenchymal cell lineage allocation. To test this idea, we per-
formed colony formation assays lgCFU) in marrow harvested
from both global F1o*° and Fto® *© mice. As shown in Fig. 3G,
the numbers of clonogenic fibroblast colon ny-f forming cells (CFU-
F) cultured from marrow of 12-wk-old Fro™“ mice was markedly
reduced compared to cells from WT mice and formed fewer
CFU-osteoblasts (Ob) when cultured in osteoblast differentia-
tion medium (Fig. 3H). The marrow from the Ffo*® mice formed
fewer numbers of Qil-red O* colonies when cultured in adipo-
cyte differentiation medium (Fig. 3/). These findings are com-
patible with previous studies, which reported that FTO is
required in early mesenchymal expansion and adipocyte differ-
entiation (17). Similar changes in CFU-F and CFU-Ob were
observed in marrow cultures from Fto” X° mice (Fig. 3J and K).
Oil-red O colonies were increased (Fig. 3L) when differentiated in
osteoblast and adipocyte medium, respectively. Similar changes
were observed in marrow cultures from 30-wk-old mice (Fig. 3 J-
L). These findings indicate that loss of Fto in osteoblast lineage
cells compromises their early differentiation and survival.

Loss of Fto in Osteoblasts Increases Susceptibility to Genotoxic
Damage. To identify possible downstream targets of FTO in os-
teoblasts, we profiled global RNA transcripts by RNA sequencing
(RNA-seq) in primary mouse osteoblasts following Cre-mediated
disruption of Fto. A total of 45 transcripts were significantly (false-
discovery rate < 0.05) differently expressed as a function of Fto
disruption when compared to controls at 24 h (Dataset S1).
Pathway analysis indicated major alterations in transcripts enco-
ded by genes known to function in the genotoxic damage response
(gene ontology term “DNA Repair”, P = 0.002) (SI Appendix,
Table S2), including members of the heat-shock family (e.g.,
Hspala encoding Hsp70). We focused on DNA repair for 2 rea-
sons. First, “DNA repair” was identified as a 51gn1f1cantly altered
pathway after Fro knockdown (P,qj = 2.7 x 10~ ?) and this pathway
has previously been linked to FTO (21). Second, individual gene
members of the DNA repair pathway, Kdm2a and Hspala, were
2 of the top 3 most significant perturbed genes (false-discovery
rate < 1.5 x 107™°) (Dataset S1).

DNA damage following exposure to genotoxic agents is known
to activate the ER stress response pathway triggering heat-shock
proteins, which in turn, engage immune signaling networks to
initiate apoptosis of damage cells (22). To explore a possible role
for FTO in the genotoxic damage, we compared the suscepti-
bility of WT and Fto KO osteoblasts to 2 well-established
genotoxic agents, UV light and H,O,. Osteoblasts lacking Ffo
were more susceptible to UV-induced damage as indicated by
greater yYH2AX 1mmun0react1v1gl (Fig. 4A) Similarly, treatment
of primary osteoblasts from Fzo” X© mice with H,0, resulted in
greater DNA damage (Fig. 4 B and C) and increased rates of
apoptosis as indicated by increased numbers of annexin V* cells
and cleaved caspase 3 levels (Fig. 4 D and E) as co )pared to
control cells. Comet assays showed no tail DNA in Fro% *© and
WT primary osteoblasts prior to inducing genotoxic stress, sug-
gesting that Ffo deletion per se does not cause DNA damage
(Fig. 4C). In contrast, deletion of Fto significantly increased tail
DNA in osteoblasts exposed to H,O, (Fig. 4C). Consistent with
the notion that Ffo protects osteoblasts from DNA damage,
yH2AX immunoreactivity was observed in a greater proportion
of osteocalcin-positive cells of marrow derived from 30-wk-old
Fto? %9 mice compared to controls (Fig. 4F). In addition, loss of
Fto greatly increased the percentages of tail DNA (comet assay)
in bone marrow-derived stem cells (BMSCs) derived from 30-
wk-old mice (Fig. 4G). Moreover, YH2AX immunoreactivity
was present in a greater proportlon of osteoblasts (Fig. 4H) and
osteocytes (Flg 41) from Fto®® %© mice femur compared to con-
trol (Ftof/f) mice.

Zhang et al.
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Fig. 3.
osteoblast differentiation after the deletion of Fto by Alizarin red (ARS) staining

12w 30w

Loss of Fto in vitro impairs osteoblast differentiation. (A) Fto mRNA levels in 0-, 7-, 14-, 21-d differentiated primary osteoblasts (n = 3). (B) Examination of

after 7, 14, and 21 d of differentiation, with FTO and GFP expression, respectively.

Relative ARS levels (n = 6) was quantified. (C) Quantification of osteoblast proliferation by BrdU uptake in primary osteoblasts isolated from control and Fto® K©
mice (n = 3). (D) TUNEL staining of primary osteoblasts at 21 d of differentiation. The images are representative of 4 wells. (Scale bars: Left, 500 um; Right, 200 pm.) (E)

Immunoblot of cleaved caspase 3 in Fto® <©

cells differentiated for 14 d. (F) RT-PCR analysis of Fto and osteocalcin expression after osteoblasts differentiation (n = 3).

(G-L) BMSC were isolated from bone marrow, cultured in complete medium, or osteogenic induction medium, or adipogenic induction medium. (G) CFU-F and
quantification (n = 3); (H) CFU-Ob and quantification (n = 3); and (/) CFU-Ad (n = 3) in BMSC from 12 wk old Fto global KO mice. (Scale bar: 200 pm.) (J) CFU-F (n =
410 6); (K) CFU-Ob (n = 6); and (L) CFU-Ad (n = 4) in BMSC from 12- and 30-wk-old male Fto®® X© mice. (Scale bar: 200 pm.) *P < 0.05. All error bars represent SEM.

FTO Targets Multiple Proteins in the Genotoxic Damage/ER Stress-
Response Pathway. To validate Fro targets, we determined the
impact of loss of Fto on the expression of down-regulated tran-
scripts from the RNA profile (SI Appendix, Table S2) associated
with DNA repair, including Hspala (23), Cdk9 (24), Kdm2a (25),
and Ube2vl (26), each of which contained the predicted m6A
motif (27) (SI Appendix, Fig. S5A4). Disruption of Ffo in primary
osteoblasts decreased the expression of each of these transcripts
(Fig. 54). RT-PCR of RNA following a methylated RNA immu-
noprecipitation (MeRIP) with an m6A-specific antibody (28, 29),
showed enrichment in Hspala and Ube2vl mRNA in the Fto KO
osteoblasts as compared to controls (Fig. 5B). Consistent with the
in vitro result, Hspala mRNA expression in femora from 30-wk-
old Fro® X© mice was also down-regulated (Fig. 5C).

Zhang et al.

We prioritized Hsp70 for further study because of its estab-
lished role in the ER stress pathway, where it is known to block
activation of NF-kB via stabilization of the inhibitory complex with
inhibitor of NF-xB (IxkB) (30, 31). Consistent with this concept,
p-p65 levels were increased in Fto KO osteoblasts compared to
controls (Fig. 5D). Moreover, forced expression of Hspala in the
Fto KO osteoblasts inhibited the increase of p-p65-NF-kB (S
Appendix, Fig. S5 A and B) and prevented the increase of yYH2AX
seen with Ffo KO alone in both UV-treated primary osteoblasts
(81 Appendix, Fig. S5C) and BMSC from 30-wk-old mice (SI Ap-
pendix, Fig. SSE). Comet assay showed that overexpression in
Hspala-attenuated DNA damage in Ffo deleted cells under the
stimulation of UV (SI Appendix, Fig. S5D). Taken together, these
results indicate that Hspala and NF-kB are linked downstream
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targets of FTO. Moreover, treatment of primary osteoblasts with
an NF-«xB inhibitor MLN-120B, largely restored the defective
mineralization and increased apoptosis of Ffo-null osteoblasts
(Fig. 5 E and F).

To determine whether pharmacologic suppression of NF-xB
signaling in vivo also results in recovery of DNA damage, a pep-

17984 | www.phas.org/cgi/doi/10.1073/pnas. 1905489116

tide inhibitor of IKK, termed the NEMO-binding domain (NBD),
was used (32-35). The activity of the peptide was first verified
in vitro by demonstrating a reduction in nuclear p-p65 in pri-
mary osteoblasts (SI Appendix, Fig. S5F). Next, 29-wk-old Fto%° X°
mice were treated with NBD (10 mg/kg, i.p., every other day) for
10 d, and bone was harvested for analysis of DNA damage. As
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Fig. 5.

FTO modulates osteoblast apoptosis through the Hspala-NF-kB pathway. (A) mRNA expression in primary osteoblasts with 24-h inhibition of Fto by

adenovirus (n = 3). (B) Effect of Fto KO on m6A-methylation of Hspala and Ube2v1 from mRNA in primary osteoblasts after m6A-specific MeRIP. mRNA

abundance was determined by RT-PCR and calculated relative to the input sample (n = 3). (C) RT-PCR of Hspala expression in femur from 30-wk-old Fto

Oc KO

and Ftof/f mice (n =5 to 6). (D) Immunoblot of Hspala and p-p65 NF-kB after 24 h of Fto deletion in primary osteoblasts. (E and F) Fourteen-day differentiated
control and Fto®¢ X© osteoblasts were treated with 10 uM MLN-120B for 7 d, ARS staining (E) and Western blot of relative protein expression (F) were
performed with quantifications (n = 3). After injection of NBD in Fto®° X© and Ftof/f mice, (G) immunoblot of yH2AX in femur (male, n = 4 to 5) and
(H) immunofluoresence staining of femur bone sections were detected. White arrows indicate colocalization of YH2AX and osteocalcin (yellow). (Scale bar:

100 pm.) *P < 0.05. All error bars represent SEM.

shown in Fig. 5 G and H, NBD administration attenuated yH2AX
immunoreactivity in osteoblasts from Ffo“® £° mice compared to
controls (Ftofif).

Osteoblasts Lacking Ffo Are More Susceptible to Genotoxic Damage
Induced by Metabolic Stress. The increased susceptibility to DNA
damage in Fto KO osteoblasts exposed to H,O, (Fig. 4) sug-
gested that FTO might protect cells from genotoxic damage
associated with generalized metabolic stress. Previous studies
have shown that excessive accumulation of lipids, referred to
lipotoxicity, activates the ER stress pathway in a number of cell/

Zhang et al.

tissue types (36). We therefore examined the role of FTO in
standard experimental models of lipotoxicity. In primary osteo-
blasts cultured in the presence of the saturated fatty acids stea-
rate or palmitate, DNA damage and apoptotic rates were more
pronounced in osteoblasts lacking Ffo compared to controls
(Fig. 6 A-F).

To assess the impact of loss of FTO function in a patho-
physiological setting of lipotoxicity in vivo, 6-wk-old male Fro?® %©
and control littermates were fed a chow or standard high-fat (HF)
diet for 12 wk, then killed, and their bone cells examined for ev-
idence of DNA damage. HF diet feeding increased total body
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weight to a similar degree in both Fo® X and control (Ftoflf)
mice (Fig. 6 G and H), but reduced trabecular thickness and
cortical bone area in the mutants relative to controls (Fig. 6 I and
J). HF feeding was also associated with lower serum P1NP levels
in F109° %0 compared to Ftoflf mice (Fig. 6K). DNA damage as
assessed by YH2AX in osteoblasts of the femurs from Fro® X0
mice was significantly greater in mutant mice fed the HF diet
compared with controls (Fig. 6 L and M). These findings fur-
ther support the notion that FTO protects osteoblasts from
genotoxic stress.

Discussion

In this study, we characterized the role of the RNA demethylase
FTO in bone using genetic models designed to avoid the po-
tentially confounding effects of FTO on global metabolism and
body composition. Our results show that osteoblast expression of

17986 | www.pnas.org/cgi/doi/10.1073/pnas. 1905489116

Fto acts in a cell-autonomous fashion to protect osteoblasts from
genotoxic-induced apoptosis and thereby preserves bone mass.
Previous studies in mouse models lacking Ffo globally have
reported alterations in postnatal growth and skeletal acquisition
but with several significant phenotypic differences. For example,
Fischer et al. (15) reported that global deletion of Fro in mice
leads to high embryonic lethality, postnatal growth retardation,
and a significant reduction in adipose tissue and lean body mass.
In contrast, Church et al. (37) found that mice carrying a point
mutation, which eliminated the demethylase catalytic activity, had
reduced fat mass, increased energy expenditure, and unchanged
physical activity. However, when Ffo was selectively deleted in
adipocytes, mature mice demonstrated increased fat mass due to
impaired lipolysis and accelerated triglyceride clearance through
modulation of Angptl4 (19). While previous studies and the data
presented here suggest that global loss of Ffo is associated with
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reduced bone volume (16, 38), interpretation of these findings is
complicated due to the potential for confounding effects of changes
in overall growth, body size, and body composition.

To more precisely define the role of FTO in bone, we created
both global and osteoblast-specific Ffo KO models and compared
their phenotypes. A side-by-side comparison of both models
revealed reductions in bone mass that strongly support an osteo-
blast intrinsic role for FTO in preserving bone formation during
adulthood. This conclusion is supported by several additional lines
of evidence. First, Fto was expressed at relatively high levels in
osteoblasts of WT mice. Second, osteoblast precursors lacking Fro
differentiated poorly and demonstrated increased rates of apo-
ptosis. Moreover, loss of Ffo in osteoblast lineage cells reduced the
ability of mesenchymal colonies to form osteoblasts (CFU-Ob)
while increasing the numbers of adipocyte precursors. Finally
and most importantly, the decreased trabecular bone in mice
lacking Ffo was associated with decreased bone formation by
resident osteoblasts and fewer surviving osteocytes. These results
indicate that FTO is required for the maintenance of osteoblast
lineage cell precursors and their subsequent ability to differentiate
and form bone. These alterations in mouse bone are compatible
with the skeletal changes associated with age-related bone loss in
humans, including a decline in the rate of bone formation and an
increase in bone marrow adiposity (39-42).

Given our in vitro data showing that FTO is required for
limiting osteoblast death from DNA damage, we might have
expected to see fewer osteoblasts in the bones from the KO mice.
The lack of a significant decrease in osteoblast numbers in vivo
may simply be due to the relatively small numbers of total oste-
oblasts measured at the femoral trabecular bone compartment in
older mice. Unfortunately, the apoptotic rate of these cells, which
we would anticipate to be elevated, cannot be accurately quanti-
fied due to the low percentage (<1%) of apoptosis in normal
osteoblasts (43). In this regard, the increased empty osteocytic
lacunae observed in F10“ X bones is certainly compatible with an
increased apoptotic rate of osteocytes, and by inference, oste-
oblasts. Clearly, the finding of reduced bone formation rates per
bone surface is suggestive of a defect in osteoblast function, pos-
sibly as a consequence of accumulation of DNA damage and in-
cipient apoptosis. It is highly unlikely that osteoclast numbers or
activity explain the reduced bone volume in Fro *© mice since
total numbers of osteoclasts per bone perimeter were unchanged
(i.e., not increased) and serum Ctx was reduced.

Our focus on the DNA damage/stress pathway as a potential
site for FTO action in osteoblasts was based on unbiased RNA
profiling, which disclosed alterations in the expression of tran-
scripts with the predicted m6A consensus motif for FTO binding.
Key among these is the chaperone Hsp70, which is known to play
a central role in the ER stress response (44—46). Programmed
cell death triggered by the accumulation of DNA damage is a
common phenomenon in many cell types. In this pathway, the
induction of Hsp70 induced in response to both intrinsic and ex-
trinsic stressors protects cells from apoptosis in part by inhibiting
the expression of NF-kB (47, 48). In agreement with this concept,
Fto KO osteoblasts were more susceptible to apoptosis in response
to experimental genotoxic damage. Moreover, reexpression of
Hsp70 or inhibition of in NF-kB signaling in Fro KO cells ame-
liorated their sensitivity to genotoxicity and apoptosis.

We fully recognize the possibility that the bone changes ob-
served in mice lacking Ffo here might have resulted in part
through FTO targets aside from those associated with DNA
damage. Indeed, some of the transcripts altered in cells lacking Fto
did not contain the consensus sequence, suggesting that they might
represent secondary or downstream events possibly in compen-
sation for the loss of Fto. Importantly, however, FTO functions in
bone do not appear to involve IRX3 or IRXS, previously reported
to influence aditpocyte lineage (49), since these transcripts were
unchanged in the Fro-null cells (SI Appendix, Fig. S6).

Zhang et al.

With these caveats in mind, it is reasonable to conclude that
FTO represents an important epigenetic mechanism that func-
tions in bone to protect osteoblasts from genotoxic damage through
stabilization of components of the ER stress pathway (Fig. 6N).
Such a mechanism would enable FTO to regulate the expression of
multiple components of the stress response, simultaneously pro-
tecting cells from apoptosis when exposed to genotoxic damage. In
this regard, it is important to note that NF-kB signaling is increased
in bone from aged mice and genetic depletion of the p65 can
protect osteoblasts from reactive oxygen species-associated DNA
damage and retard age-related bone loss (50, 51). Our finding that
loss of Ffo also increased susceptibility of osteoblasts to genotoxic
damage from metabolic stress induced by exposure to HF is also
consistent with this model for FTO action. We believe that these
findings in mice are relevant to human bone and may account at
least in part for the strong linkage of this gene with BMD.

Methods

Mice and Treatment Protocols. All procedures involving mice were approved
by the Institutional Animal Care and Use Committee of The Johns Hopkins
University. Fto flox/flox (Ftof/f) mice, in which exon 3 is flanked by loxP sites
and when excised results in a frameshift causing early termination in trans-
lation, were a gift from Pumin Zhang, Department of Biochemistry and Mo-
lecular Biology, Baylor College of Medicine, Houston, TX (16). Mice lacking Fto
in osteoblasts (Fto® “©) were generated by crossing osteocalcin-Cre (Oc-Cre)
transgenic mice (52) with Ftof/f mice. To generate global KO mice, Ftof/f mice
were crossed with the ubiquitous Cre delete strain B6.C-Tg (CMV-Cre) 1Cgn/J
(The Jackson Laboratory), generating homozygous knockout mice (Fto¥©).
Fto"© mice were backcrossed to WT C57BL/6 mice to remove Cre and bred to
homozygosity. Results are reported for male mice on the same genetic back-
ground (C57BL6/J). For the diet-induced bone loss studies, mice were fed a 60%
high-fat diet (D12492, Research Diets) from 6 wk of age to 24 wk. Genotyping
strategies are available upon request. NBD (KKKKKKKKGGTALDWSWLQTE)
with the Trp to Ala substitutions designed to render the peptide inactive
underlined, was a gift from D.C.G. and dissolved in water before use. Next,
10 mg/kg NBD was intraperitoneally injected in 29-wk old Fto®® X© mice every
other day for 9 d. One day after the last injection, bone was harvested for
analysis of DNA damage.

Primary Cells Isolation and Culture. Osteoblasts were isolated from calvaria of
newborn mice by serial digestion in 1.8 mg/mL of collagenase. For in vitro
analysis, osteoblasts were isolated from Ftof/f and Fto®¢ X° mice; alterna-
tively, osteoblasts isolated from Ftof/f mice were infected with adenovirus-
encoding Cre recombinase or green fluorescent protein (Vector Biolabs), as
previously described (53). Infection with 100 mulitiplicity of infection was
used in all experiments. Osteoblast differentiation was induced by supple-
menting a-MEM media with 10% FBS, 10 mM b-glycerol phosphate, and
50 pg/mL ascorbic acid. Alkaline phosphatase and Alizarin red S staining were
carried out according to standard techniques. For DNA damage analysis, cells
were treated for 200 uM H,O,. For the forced Hspala expression, pcDNA5/
FRT/TO HIS HSPA1A (#19537, Addgene) was a gift from Harm Kampinga,
Department of Cell Biology, University Medical Center Groningen, University
of Groningen, Groningen, The Netherlands (54), and the control plasmid
vector was pcDNAS/FRT/TO vector. The plasmids were transfected using
Lipofectamine 3000 Transfection Reagent (L3000008, Thermo Fisher Scien-
tific) following their protocol. To mimic the high-fat feeding in vitro, cells
were incubated with 200 pM stearate (Sigma-Aldrich) or 200 uM palmitate
(Sigma-Aldrich). Stearate was resuspended in ethanol and heated at 65 °C to
fully dissolve, then conjugated to BSA by a 1:20 dilution in a 10% BSA PBS
solution and heated at 65 °C for 15 min to make a stearate solution. For
palmitate solution, a 20 mM solution of fatty acid in 0.01 M NaOH was in-
cubated at 70 °C for 30 min. Dropwise addition of 1 N NaOH facilitated
solubilization of the fatty acid. Fatty acid soaps were complexed with 5%
fatty acid-free BSA in PBS at an 8:1 fatty acid to BSA molar ratio.

Bone marrow was isolated from Ftof/f, Fto® X©, FtoX® and WT littermate
mice, as previously described (55). To generate BMSC, marrow cells were
washed and resuspended in complete media and incubated overnight. Adherent
cells were collected as BMSC, and cell purity was confirmed >95% negative for
nonspecific esterase (a marker for cells of the monocyte/macrophage lineage).

For assay of CFU-F, BMSC were plated in triplicate over a range of plating
densities in a 10-cm dish in complete growth medium composing a-MEM
(Invitrogen) supplemented with 10% FBS (Corning), sodium pyruvate (1 mM),
and glutamin (2 mM). Culture medium were changed every 3 d. On day 14,
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cells were briefly rinsed with PBS and fixed with 4% PFA for 10 min, then
stained with 1 mg/mL Methylene blue in Borate buffer (10 mM, pH 8.8) for
30 min. For CFU-Ob assay, established colonies were stimulated for 14 d by
osteogenic induction medium: a-MEM supplemented with 10% FBS, 10 nM
dexamethasone, 10 mM b-glycerol phosphate, and 50 pg/mL ascorbic acid. At
the end of mineralization period, cells were fixed in ethanol and stained with
40 mM Alizarin red solution for calcium deposition. For the CFU-adipocyte
(CFU-Ad) assay, cells were seeded in 6-well plates in triplicate and treated
with adipogenic induction media (DMEM containing 10% FBS, 1 pM dexa-
methasone, 200 pM indomethacin, 10 pg/mL insulin, and 0.5 mM methyl-
isobutylxanthine) for 2 d, followed by a 9-d incubation in maintenance media
(DMEM with 10% FBS plus 10 pg/mL insulin) with media replaced every 3 d. For
Oil-red O staining, the cells were washed, fixed, and stained with Oil-red O
solution. Oil-red O solution was freshly prepared by diluting a stock solution
(0.5 g of Oil-red O in 100 mL of isopropanol) with water (6:4) followed by
filtration.

RNA Preparation and RNA-Seq Analysis. Total RNA was extracted using TriZol,
reverse transcribed using iScript cDNA Synthesis Kit (Bio-Rad), and amplified
by real-time PCR using SYBR GREEN PCR Master Mix (Bio-Rad). p-Actin was
used as housekeeping gene. Primer sequences were from PrimerBank
(https:/pga.mgh.harvard.edu/primerbank/index.html). For the RNA-seq ex-
periment, after fragment analysis, RNA was sent and subsequently analyzed
at the Core Facility at University of Virginia.

m6A MeRIP. Total osteoblast RNA was subjected to RiboMinus kit (Invitrogen)
to deplete rRNA following the manufacturer’s instruction, and then frag-
mented with Ambion RNA Fragmentation Reagent (Invitrogen). m6A im-
munoprecipitation (IP) was carried out with rabbit polyclonal anti-m6A
antibody (Synaptic Systems, 202003) using protocols described previously
(28, 56). In brief, fragmented RNA was immunoprecipitated in 300 pL of IP
buffer (10 mM Na phosphate, 0.05% Triton-X, 140 mM NacCl) with 300 pL of
anti-m6A antibody-coupled Dynabeads (Invitrogen) for 2 h at 4 °C. Beads
were then washed in 500 pL of 1x IP buffer 5 times, and the supernatant
saved for the sake of IP quality control. To elute m6A-enriched RNA frag-
ments from the beads, 200 pL of elution buffer (5 mM Tris-HCl, pH 7.5, 1 mM
EDTA, 0.05% SDS and 2.8 pL proteinase K [20 mg/mL]) was added to the beads
and incubated at 50 °C for 1.5 h, with shaking every 15 min. The beads were
washed once with 100 pL elution buffer and the supernatant collected.
Combined eluates were then treated with 0.1 volume of 3 M sodium acetate
(pH 5.2), and 2.5 volumes of prechilled ethanol to isolate eluted RNA. cDNA
was generated from input and eluted RNA samples using iScript cDNA Syn-
thesis Kit (Bio-Rad). RT-PCR was performed and calculated relative to the input
sample with Gusb (a nonm6A-containing mRNA) used as endogenous control.

Immunoblot Analysis. To extract protein from long bones, the attached
muscles and tissues were removed, the epiphyseal ends were cut, and the
marrow was flushed out; then the bone was grinded with liquid nitrogen in
the presence of proteinase inhibitor and phosphatase inhibitor. Inmediately
after grinding, we transfered the ground femur to a microfuge tube con-
taining lysis buffer. For cell samples, total protein was extracted using RIPA
lysis buffer, and nuclear protein was extracted using protocol from Rockland
antibodies and assays. Immunoblot was performed according to standard
techniques. Primary antibodies anti-FTO (1:1,000, #597-FTO, PhosphoSolutions),
anti-yH2AX (1:1,000, ab26350, Abcam), anti-Hspala (1:1,000, C92F3A-5, Enzo
Life Sciences), anti-p-NF-xB p65 (1:1,000, 3033S, Cell Signaling Technology),
anti-t-NF-xB p65 (1:1,000, 4764S, Cell Signaling Technology), anticleaved-
caspase-3 (1:1,000, 9664S, Cell Signaling Technology), and anti—$-actin (1:1,000,
37008, Cell Signaling Technology) were incubated overnight at 4 °C.

Immunostaining. Paraffin sections of bone were deparaffinized at 60 °C for
20 min. Sections were then treated with 100% xylene for 5 min twice, 100%
ethanol for 5 min, 95% ethanol for 3 min, and 70% ethanol for 3 min and
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rinsed with PBS for 1 min twice, followed by antigen retrieval with citrate
buffer (DAKO) at 90 °C for 30 min. Blocking was done with Protein Block
Reagent (DAKO). Anti-yH2AX (1:500, ab26350, Abcam) and antiosteocalcin
(1:500, Sc-30044, Santa Cruz) antibodies were used. Secondary staining was
done with goat anti-rabbit AF594 (1:1,000, Invitrogen) and goat anti-mouse
AF488 (1:1,000, Invitrogen) or goat anti-mouse AF594 (1:1,000, Invitrogen).
The nuclei were counter stained with DAPI and images were obtained using
a fluorescence microscope (IX71 Olympus). YH2AX fluorescence per cell was
quantified using ImageJ software. This was normalized by comparing the
quantified blue signal of the same cells imaged for DAPI staining.

Comet Assay. Cells were analyzed with Trevigen Comet Assay kit (4250-050-K)
under alkaline conditions. Images were taken with an Olympus fluorescence
microscope with a similar background. Using a comet assay plugin from
ImageJ that allows a mathematical calculation of DNA contents in the head
and tail of a comet, DNA damage was quantified as the percentage of tail
DNA and tail moment.

Osmium Tetroxide Staining. To assess marrow adipose tissue, mouse bones
were infiltrated with osmium tetroxide as described previously (57). Briefly,
bones were fixed in 4% PFA and decalcified in 14% EDTA, pH 7.4, for 14 d.
After washing with water, we cut off the tibia just proximal to the ankle
joint and incubated the bone in 1% osmium tetroxide in the fume hood for
48 h. After being washed, all of the waste contaminated by osmium te-
troxide was disposed properly, the bones were removed from the fume
hood, and scanned in micro-CT with energy of 55 kV.

TUNEL Staining and Flow Cytometry. Osteoblast proliferation was assessed by
flow cytometry with a BrdU kit (559619, BD Pharmingen). Briefly, control and
Fto*© osteoblasts were cultured in «-MEM containing 10% FBS. At 30%
confluence, BrdU (10 uM) was added to the medium for 16 h before har-
vesting the cells. Cells were stained with anti-BrdU-FITC and 7-amino-
actinomycin D (7AAD) and assessed by LSR Il (BD Biosciences). H,O, induced
apoptotic cells were detected using an Annexin V antibody (563544, BD Bio-
sciences), and assessed by LSR II. Ten-thousand events were collected for each
sample and the results analyzed by FlowJo 7.6. TUNEL staining was performed
by in situ cell ceath detection kit (Roche Applied Science).

Imaging and Histomorphometry. Mice were killed at the indicated age and
bone volume in the distal femoral metaphysis was assessed using a desktop
microtomographic imaging system (Skyscan 1275). For the trabecular bone
analysis, a region of interest (ROI) was selected and delineated into 2-mm
segments along the longitudinal direction. The vertical distance between
the first image in the ROl and the growth plate was 0.5 mm. For the cortical
bone analysis, from the midpoint of the femur, 0.25 mm toward the proximal
end, and 0.25 mm toward the distal end, represented the ROI. Histological
analyses, using a semiautomatic method (Osteoplan II, Kontron) were carried
out on 30-wk-old mice injected with 1% calcein (wt/vol) at 8 and 3 d before
sacrifice. Histomorphometric parameters follow the recommended nomen-
clature of the American Society of Bone and Mineral Research (58). Body
composition was measured by QNMR (EchoMRI-100).

Statistical Analysis. All data are expressed as means + SEM. Significant dif-
ferences were assessed using unpaired, 2-tailed Student t test or 1-way
ANOVA followed by the Student-Newman-Keuls test. P < 0.05 was consid-
ered statistically significant.
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