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CELL BIOLOGY

Histone demethylase LSD1 is critical for endochondral
ossification during bone fracture healing

Jun Sun"?*, Heng Feng'*, Wenhui Xing’, Yujiao Han', Jinlong Suo’, Alisha R. Yallowitz?,
Niandong Qian?, Yujiang Shi*, Matthew B. Greenblatt?, Weiguo Zou'"

Bone fracture is repaired predominantly through endochondral ossification. However, the regulation of endo-
chondral ossification by key factors during fracture healing remains largely enigmatic. Here, we identify histone
modification enzyme LSD1 as a critical factor regulating endochondral ossification during bone regeneration.
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Loss of LSD1 in Prx1 lineage cells severely impaired bone fracture healing. Mechanistically, LSD1 tightly controls
retinoic acid signaling through regulation of Aldh1a2 expression level. The increased retinoic acid signaling in
LSD1-deficient mice suppressed SOX9 expression and impeded the cartilaginous callus formation during fracture
repair. The discovery that LSD1 can regulate endochondral ossification during fracture healing will benefit the
understanding of bone regeneration and have implications for regenerative medicine.

INTRODUCTION

Bone fractures are common injuries caused by high-force impact or
stress, and many diseases, such as osteoporosis or certain cancers,
can cause increased risk for bone injury (1, 2). Bone can rapidly and
efficiently repair itself; however, 5 to 10% of fracture cases have
impaired healing, such as delayed fusion or nonunion, which leads
to additional surgery, morbidity, and decreased quality of life (3).
Clinical studies have shown that many health conditions, including
diabetes, hypothyroidism, aging, and vascular disease, are related to
fracture healing defects (4). To begin to address this clinical prob-
lem, it is important to understand what regulatory signaling path-
ways are necessary for bone regenerative cells to promote bone
regeneration upon injury.

Bone fracture healing recapitulates many facets of bone forma-
tion during embryonic development, as both intramembranous and
endochondral bone formation contribute to fracture repair (5).
Intramembranous bone formation occurs immediately adjacent to
the broken ends of the bone, whereas skeletal progenitors directly
differentiate to osteoblasts. Endochondral bone formation initiates
in the gap region where periosteal cells turn into chondrocytes and
form the cartilaginous callus, which is subsequently mineralized
and replaced by a bony hard callus (6).The periosteum harbors stem
cells responsible for skeletal repair (7-9). Genetic mouse models
and lineage-tracing techniques have identified several markers that
label the periosteal cells during bone regeneration. Prx1, Ctsk, LepR,
aSMA, DKKS3, or Glil-lineage cells all mark periosteal cells that
contribute to chondrocytes and osteoblasts in the fracture callus
(7, 8, 10-16). Prx1 lineage cells have been reported to be a main
source for fracture healing as almost all the callus cellular compo-
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nents are derived from PrxI lineage cells, and deletion of Rbpj or Runx1
in these cells led to impaired fracture callus formation (7, 8, 17-19).
In addition, PrxI" periosteal cells overlap with the newly identified
myxovirus resistance-1 (MxI) and alpha smooth muscle actin (a-SMA)
periosteal skeletal stem cells (20). Although the importance of Prx1
cells in fracture repair is known, the molecular pathways they fol-
low to perform this function is still unknown.

Epigenetic regulation of bone progenitors plays important roles
in bone homeostasis. Lysine-specific histone demethylase 1A (LSD1)
was the first found histone demethylase that specifically catalyzes
the demethylation of H3K4mel and H3K4me2 and generally func-
tions as a transcriptional repressor (21). A previous study demon-
strated that mice with LSD1 deletion in bone progenitors exhibited
high bone mass due to increased osteoblast differentiation during
bone development (22), while the role of LSD1 in periosteal cells
under bone regeneration is yet to be determined.

In this study, we uncovered LSD1 as a key regulator for PrxI
lineage cells to repair bone injury. LSD1 can restrain retinoic acid
(RA) signaling in fracture healing cells through directly targeting
and suppressing Aldhla2 via histone modification. Loss of LSD1
increased RA signaling, which led to decreased SOX9 level and
impaired cartilaginous callus formation, thus resulting in fracture
nonunion.

RESULTS

LSD1 deletion in Prx1 lineage cells leads to impaired bone
fracture healing

Histone demethylation enzyme LSD1 plays important roles in bone
homeostasis (22). To explore the role of LSD1 in fracture healing,
we deleted LSD1 in fracture healing cells using PrxI-Cre mice. We
performed unilateral femoral fractures on 6-week-old Lsd"" con-
trol mice and Prx1-cre; Lsd "/ mice (Lsd1™"). The healing process
was monitored by serial x-rays every 7 days, and we used the callus
index (CI), defined as the maximum diameter of callus divided by
the diameter of adjacent diaphysis, to measure callus formation over
time. In control mice, a hard tissue callus was evident at the fracture
site at 14 days post fracture (dpf), and it gradually decreased in size
reflecting a remodeling process (Fig. 1, A and B). Unexpectedly, the
callus in Lsd1"™" mice was hardly discernible at 14 dpf and also at
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later time points (Fig. 1, A and B). To further study the mineralized bone volume compared with control mice (Fig. 1D). To examine the
callus formation, we performed micro-computed tomography (WCT)  structural property of the repaired bones, we applied biomechanical
analyses and found that Lsd 1" mice exhibited impaired hard cal-  torsion test on fractured femur isolated at 42 dpf from Lsd1”™ and
lus formation at 14 dpf and fracture nonunion at 42 dpf (Fig. 1C). In  control mice. As expected, the femur bone maximum torque was notably
addition, Lsd1"™! mice showed a decrease in the total fracture callus  lower in Lsd1"™™! mice (fig. S1A). The callus of PrxI-Cre; Lsd 7 mice
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Fig. 1.LSD1 is required for cartilaginous callus formation during bone fracture healing. (A) Temporal radiographic analysis of fractured femurs in Lsd1”*" and control
mice. (B) Cl calculated from radiographic data showed the callus formation at different time points of mutant and control mice. n=6 for each group. Data are presented as
means £ SD (n=8). Unpaired t test, **P < 0.01 and ***P < 0.001. (C) Reconstruction of uCT data reflected hard bony callus formation at 14 dpf and 42 dpf in mutant and
control mice. (D) Graphs show callus bone volume of Lsd 7" and control mice at 14 dpf. Two-tailed Student’s t test. Data are means = SD. n = 5/6. (E) Safranin O staining
showed the cartilage callus formation from Lsd 1™ and control mice fractured femurs at 10 and 14 dpf. n =3 mice per genotype per time point. Scale bars, 100 um.
(F) Fluorescence label of Prx1 lineage cells (tdTomato™ cells) at the injury site from Lsd 1" and control mice fractured femurs at 3,4.5,and 7 dpf. n = 3 mice per genotype
per time point. Scale bars, 100 um.

Sun etal., Sci. Adv. 2020; 6 : eaaz1410 4 November 2020 20f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

underwent a normal healing process (fig. S1, B and C), indicating
that the abnormal healing process in Lsd1”™! mice was from the
deletion of the LsdI gene in PrxI-Cre cells and not from the expres-
sion of Cre recombinase. Together, these data suggest that the
expression of LSD1 in Prx1 lineage cells is required for bone frac-
ture healing.

To assess how LSD1 deletion affected bone fracture healing, we
performed histological analysis at different time points in Lsd1"™!
and control mice. A robust cartilaginous callus was formed in
the fracture sites of Lsd ™" control mice at 10 dpf, as indicated by
Safranin O staining, and the cartilage was then replaced by woven
bone at 14 dpf (Fig. 1E). In contrast, cartilage formation was greatly
impaired in Lsd1""™" mice as there was no integrated cartilage es-
tablished during the healing process, and only small islands of
chondrocytes were identified (Fig. 1E). Intramembranous bone
formation at the fracture site proceeded normally, which suggests
that loss of LSD1 mainly affected endochondral bone formation
during fracture healing (Fig. 1E, black dash).

The impaired cartilaginous callus formation and abnormal bone
fracture healing in Lsd1”™" mice prompted us to examine the con-
tribution of Prx1 lineage cells in Lsd1"™' mice during bone fracture
healing. To this end, we examined Prx1 lineage cells at the fracture
site 1 to 7 dpf in Prx1-Cre; Lsd " (Lsd1”™') and Prx1-Cre; Lsd P/
mice (Prx1-Ctrl) with the Ai9 reporter, which expresses tdTomato
following Cre-mediated recombination (fig. S1D) (23). The results
showed that the expansion of periosteum adjacent to the fracture
site happened normally in both Lsd1”™; Ai9 and PrxI-Ctrl; Ai9 mice
from 1 to 3 dpf (Fig. 1F and fig. S2A). In addition, fibroblast-like
cells accumulated at the injury site with no obvious difference be-
tween groups at 4.5 dpf, indicating that deletion of LSD1 did not
affect the accumulation of Prx1-Cre cells at the injury site in early
phases (Fig. 1F). At 7dpf, Prx1-Ctrl; Ai9 mice formed a cartilaginous
callus, while Lsd1”™'; Ai9 mice stayed at a fibrous callus stage (Fig. 1F),
which indicates that loss of LSD1 inhibited the transformation from
fibrous callus to cartilaginous callus. As angiogenesis is reported to
have a positive effect on chondrocyte differentiation during fracture
repair, we performed immunofluorescence for CD31 to evaluate the
vascularization of the fracture callus. CD31 staining revealed that
vessel formation in the callus was normal in Lsd1”™" mice (fig. S2,
B to D). Together, these data suggest that LSD1 is essential for car-
tilaginous callus formation during fracture healing.

LSD1-deficient Prx1 lineage cells show decreased SOX9
expression during fracture healing

To gain mechanistic insight into what prevents cartilaginous callus
formation in Lsd1”™'; Ai9 mice, we performed RNA sequencing
(RNA-seq) using Prx1 lineage cells sorted from Lsd1"™; Ai9 mice
and Prx1-Ctrl; Ai9 mice at 4.5 dpf when periosteal cells are about to
be committed to turn into chondrocytes (Fig. 2A). LSD1 protein was
significantly depleted in Ai9 cells from Lsd1”™; Ai9 mice (fig. S3A).
Comparing transcriptomes of samples from Lsd1”™%; Ai9 mice and
Prx1-Ctrl; Ai9 mice, we found that the expression of Sox9, a well-
known chondrogenesis factor, was greatly repressed in cells from
Lsd17™; Ai9 mice (Fig. 2B), while other chondrocyte regulators in-
cluding Snaill, Nkx3-2, Cebpa, Rbpj, and Statl showed no obvious
difference between groups (fig. S3B). The reduced expression of
LsdI and Sox9 was validated by quantitative polymerase chain reac-
tion (qPCR; Fig. 2, C and D). To further confirm that loss of
LSD1-inhibited SOX9 expression, we examined the SOX9 protein
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level in vivo. Lsd1”™'; Ai9 mice exhibited less SOX9* cells compared
to the littermate controls in the fracture callus at 4.5 dpf (Fig. 2E).
Consistent with the decreased expression of SOX9, the expression
of SOX9 target genes and chondrocyte marker genes were greatly
repressed in cells from Lsd1"™ mice (Fig. 2B). Differential expression of
these genes was validated by reverse transcription PCR (Fig. 2, F to J).
The decreased expression of Type II collagen (COLII) and Type X
collagen (COLX) was confirmed by immunostaining using anti-
bodies specific to COL2A1 and COL10AL1, respectively (fig. S3, Cand D).

LSD1 regulates the expression of SOX9

The decreased expression of SOX9 in LSD1-deficient periosteal cells
prompted us to investigate the effects of LSD1 on chondrocyte dif-
ferentiation. We isolated periosteal cells from 4-week-old Lsd1”™!
mice and control mice and performed micromass culture. We found
that the chondrocyte differentiation of Lsd1”™" cells was suppressed
along with reduced expression level of Sox9 and other chondrocyte
markers (Fig. 3, A and B), indicating that loss of LSD1 inhibited
chondrocyte differentiation of periosteal cells. Sox9 heterozygous
mutant mice display a phenotype similar to the skeletal abnormalities
of human campomelic dysplasia patients (24). Strikingly, we found
that the skeletal phenotypes of Lsd1”™ mice strongly resembled Sox9
heterozygous mice, including short and bent limbs (Fig. 3, C to E),
hypoplasia of scapula (Fig. 3D), the absence of the deltoid protuber-
ance of humerus (Fig. 3E), and expanded hypotrophic zone in the
growth plate (Fig. 3F). In addition, we detected reduced SOX9 pro-
tein level at the growth plate in Lsd1”™" mice (Fig. 3G). In line with
this, the Sox9 mRNA level was also decreased in the growth plate
chondrocytes of Lsd1”™! mice (fig. S4A). Collectively, these data
indicate that LSD1 regulates SOX9 level during bone repair and
skeletal development.

LSD1 inhibits RA signaling through suppression

of ALDH1A2

LSD1 has been suggested to act as a transcriptional suppressor to its
H3K4mel/2 demethylase activity and as a transcriptional activator
to its H3K9 demethylase activity (21). As loss of LSD1 did not
change the H3K9 methylation levels at the Sox9 promoter region
(fig. S5, A and B), we proposed that LSD1 could use its H3K4me1/2
demethylase activity to suppress signaling pathways that negatively
regulate the expression of Sox9. To explore this possibility, we ana-
lyzed the RNA-seq data between Prx1-Ctrl; Ai9 and Lsd17™'; Ai9
callus cells to compare Wnt/notch/RA/actin polymerization signal-
ing pathways, which have been reported as SOX9 inhibiting path-
ways (25-28). We found that the RA signaling pathway-related
genes were enriched in Lsd1”™!; Ai9 samples and that Aldhla2
had the highest increase in gene expression upon deletion of LSD1
(Fig. 4A and fig. S5, C to E). ALDH1A2 (aldehyde dehydrogenase 1
family member a2) is a rate-limiting enzyme that catalyzes the syn-
thesis of RA from retinaldehyde (29). ALDH1A2 protein was also
increased in the periosteum of Lsd1 Prel mice (fig. S6A). To measure
in vivo ALDH activity in the fracture callus, we isolated 4.5 dpf cal-
lus cells from Lsd1"™ mice and control mice and then performed a
flow cytometry-based ALDEFLUOR assay. In line with up-regulated
ALDHI1A2 level, the ALDH activity was increased in LSD1-deficient
cells, which could be blocked by the ALDH-specific enzyme inhibitor
diethylaminobenzaldehyde (DEAB; Fig. 4, B and C). Cyp26al is also
up-regulated in Lsd1"™ samples, which encodes a RA catabolic enzyme
(Fig. 4A) (30). To investigate the net effect of LSD1 loss of function
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Fig. 2. LSD1-deficient Prx1 lineage cells show decreased SOX9 expression during fracture healing. (A) lllustration of fluorescence-activated cell sorting (FACS) sort-
ing of Prx1 lineage cells from Lsd1”™" and control mice fractured femurs at 4.5 dpf. (B) Heat map showed the differentially expressed chondrocyte-related genes in the
RNA-seq samples from fractured femurs of Lsd1”™" and control mice. (C and D) RT-PCR analysis of the expression levels of candidate genes in Prx1-lineage callus cells
sorted from fractured femur of Lsd 1" and control mice at 4.5 dpf. Data are presented as means + SD (n=8). Unpaired t test, **P < 0.01 and ***P < 0.001. (E) Immunofluo-
rescence staining showed the expression of SOX9 at fracture site in Lsd 1" and control mice at 4.5 dpf. n =2 per genotype. Scale bars, 25 um. (F to J) RT-PCR analysis of
the expression levels of genes in Prx1 lineage callus cells sorted from fractured femurs of Lsd1”™" and control mice at 4.5 dpf. Data are presented as means + SD (n=8).
Unpaired t test, *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 3. LSD1 regulates the expression of SOX9. (A) Alcian blue staining of micromass culture using periosteal cells isolated from Lsd1”*" and control mice. n = 4.
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Prx1-CKO and control mice (n = 3) at postnatal day 2 as shown by Safranin O staining. Scale bars, 20 um. (G) Immunofluorescence staining showed the SOX9 protein level
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in the growth plate from P2 Lsd and control mice. n = 3. Scale bars, 20 um.

on RA metabolism, we measured local and systemic serum all-trans
RA (ATRA) levels at 4.5 dpf through liquid chromatography tandem
mass spectrometry (LC-MS/MS). Because of limitations in the
amount of callus tissue and the input requirements for this analytic
technique, we were unable to determine the local ATRA level. How-
ever, an increase of systemic serum ATRA level was observed in
Lsd1"™" mice at 4.5 dpf (Fig. 4D). In addition, to delineate whether
loss of LSD1 could amplify RA signaling, we transfected Lsd1"™!
and control cells with RARE-luc reporter and then stimulated the
cells with all-trans retinal for 12 hours before measuring reporter
activity. As expected, Lsd1”™ cells were more sensitive to retinal
stimulation and exhibited increased RA signaling compared to con-

Sun etal., Sci. Adv. 2020; 6 : eaaz1410 4 November 2020

trols (Fig. 4E). To address whether LSD1 could directly regulate
Aldhla2, we performed chromatin immunoprecipitation (ChIP)-
qPCR analysis using an LSD1-specific antibody on murine peri-
osteal cells and found that LSD1 directly bound to the promoter
region of ALdhla2 (Fig. 4F). We next sought to explore whether the
deletion of LSD1 changed the histone H3K4 methylation state on
the Aldhla2 promoter. ChIP-qPCR data showed that H3K4me2
levels were increased near the transcription start site of Aldhla2
locus in Lsd1"™ cells compared to control cells (Fig. 4G), suggest-
ing a more active transcriptional state upon LSD1 deletion. Together,
our results indicate that LSD1 negatively regulates Aldhla2 and RA
signaling.
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Fig. 4. LSD1 inhibits RA signaling through suppression of ALDH1A2. (A) Quantitative expression analysis of RA signaling-related genes in the RNA-seq samples from
fractured femurs of Lsd 1" and control mice. (B and €) Flow cytometric analysis of ALDH activity of Prx1 lineage cells in the presence and absence of the ALDH inhibitor
DEAB to show specificity. n = 4 to 6 mice per group; data represent means + SD. ANOVA followed by Tukey's post hoc test was performed, ***P < 0.001. (D) Concentrations
of endogenous ATRA in serum of Lsd1”™" and Prx1-Ctrl mice by LC-MS/MS analysis. Unpaired t test was performed, n=7 mice per group, **P < 0.01. (E) Luciferase assay
detected RA signaling in Lsd1”*" and control periosteal cells treated with all-trans retinal for 12 hours. Results are representative of two independent experiments. Data
are represented means + SD. Unpaired t test was performed, **P < 0.01. (F) ChIP-qPCR analysis of LSD1 enrichment in the Aldh1a2 promoter regions in periosteal cells.
n =3 for each group, data are represented means + SD. Unpaired t test was performed, ***P < 0.001. IgG, immunoglobulin G. (G) ChIP-gPCR analysis of H3K4me2 enrich-
ment in the Aldh1a2 promoter regions in periosteal cells derived from 4-week-old Lsd 1™ and Lsd1™ mice. n=3 for each group; all data represent means + SD. ANOVA
followed by Tukey's post hoc test was performed, ***P < 0.001.

Increased RA signaling inhibits SOX9 expression

and fracture healing

We found both RA and retinal could markedly inhibit chondrocyte
differentiation and SOX9 protein level (fig. S7, A and B), which is
consistent with previous studies showing that RA signaling sup-
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pressed chondrocyte differentiation (31). We therefore sought to
investigate whether RA could impair cartilaginous callus formation
during fracture healing. We performed standard femoral fracture
on wild-type mice and randomly assigned them to treatment with
either ATRA (15 mg/kg) or corn oil (control) daily starting at 4 dpf.
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At 14 dpf, we found that ATRA-treated mice failed to form a nor-
mal hard callus (fig. S7, C and D). Histological analysis showed that
the cartilaginous callus was greatly impaired in the ATRA-treated
group, which was analogous to that observed in Lsd1”™! mice
(Fig. 5A). Inhibition of RA signaling through AGN193109, a selec-
tive RA receptor (RAR) antagonist, rescued the chondrocyte differ-
entiation defects of Lsd 1™ cells (Fig. 5, B and C). To assess whether
AGN193109 could imgrove the cartilage callus formation in Lsd1"™
mice, we treated Lsd1”™! mice and control mice with AGN193109
(4 m§/kg, daily) from 2 to 12 dpf. After administration of AGN193109,
Lsd1"™ mice displayed improved cartilage callus formation at 14 dpf
(Fig. 5, D and E). Overall, these data suggest that RA signaling sup-
presses fracture healing and contributes to the impaired fracture
repair in Lsd1"™! mice.
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In this study, we provide the first genetic evidence that histone
modification enzyme LSD1 is involved in bone repair. Loss of LSD1
in Prx1-Cre" cells led to decreased SOX9 expression and impaired
fracture cartilaginous callus formation, which was attributed to in-
creased RA signaling.

SOX9 is a transcription factor that plays a central role in chon-
drocyte differentiation and cartilage maintenance, as it is indispens-
able for the commitment of mesenchymal stem cells toward the
chondrocyte lineage (32). Heterozygous mutations of Sox9 cause
campomelic dysplasia, a severe human skeletal malformation syn-
drome characterized with dwarfism, micrognathia, bent long bones,
and other bone defects (33). Identifying factors that regulate SOX9
is of importance for better understanding and treating SOX9-related
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O staining that showed cartilage formation of Lsd7™ and control mice treated with AGN193109 or DMSO. (E) Cl calculated from radiographic data showed the callus
formation at 14 dpf of Lsd 1" and control mice treated with AGN193109 or DMSO. N> 9 for each group. Data are presented as means + SD; unpaired t test, *P < 0.05.
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cartilage diseases. Our work reveals that loss of LSD1 reduced SOX9
levels, which led to both a campomelic dysplasia-like phenotype
during bone development and impaired cartilaginous callus forma-
tion during bone regeneration. We showed that LSD1 sustains SOX9
expression during the process of fracture healing by repressing RA
signaling via histone modification of Aldhla2. However, it is possible
that LSD1 could also regulate SOX9 independent of histone demethyl-
ation. In addition to the well-known role of LSD1 in histone modifi-
cation, LSD1 also demethylates nonhistone proteins such as P53, signal
transducers and activators of transcription 3 (STAT3), and hypoxia-
inducible factor 1A (HIF1A) (34). STAT3 and HIF1A can be demethyl-
ated by LSD1 resulting in increased activity or stability, and several
studies have shown STAT3 and HIF1A can bind to the Sox9 promoter
and regulate its transcription directly (35-38). This suggests that LSD1
may also be able to regulate SOX9 through STAT3 or HIF1A.

RA signaling is crucial to embryonic development and postnatal
maintenance of organ systems, including the skeletal system (39).
Clinical data shows that both high- and low-serum retinol levels were
associated with increased risk of fracture (40). Meanwhile, both in-
creased RA signaling by RARY agonist treatment or decreased RA
signaling caused by vitamin A deficiency led to a delay in fracture
repair, attributed to a decrease in bone morphogenetic protein
(BMP) signaling (41). Our data show that enhanced RA signaling
could decrease SOX9 levels, which had a strong direct effect on
chondrocyte differentiation and cartilage formation. Because of the
important role of RA signaling, RA homeostasis is tightly regulated
in mammals. There are various enzymes, receptors, and carrier pro-
teins in charge of storage, transportation, metabolism, and clearance
of RA signaling components. RALDH1A2 is a key enzyme respon-
sible for synthesizing RA, and Raldhla2 knockout mice displayed a
lethal phenotype due to impaired RA synthesis, and this phenotype
could be rescued by administration of ATRA (42). Our finding that
LSD1 directly regulated expression of Raldhla2 is a new approach
to controlling RA signaling, and this regulation is essential for
chondrocyte differentiation from progenitor cells.

Overall, our study highlights a critical role of LSD1 in endochon-
dral ossification during fracture healing. Impaired fracture healing
is more likely to happen in aging conditions or certain pathological
states, such as diabetes mellitus, osteomyelitis, avascular necrosis, and
hyperparathyroidism. Whether LSD1 has some functional loss in these
conditions during fracture healing requires further study. Gaining
further insight into the role of LSD1 in pathology-related impaired
fracture repair will benefit clinical treatment of these diseases.

MATERIALS AND METHODS

Mice

Lsd ™" mice-bearing loxP sites flanking exon 6 of the LsdI gene were
provided by M. Rosenfeld. PrxI-Cre mice were purchased from the
Jackson laboratory. Ai9 reporter mice were provided by Z. Qiu. All
mice were bred and maintained under specific pathogen—free con-
ditions in the institutional animal facility of the Shanghai Institute
of Biochemistry and Cell Biology, Chinese Academy of Sciences.
Age- and sex-matched littermates were used as control mice. Both
genders were used in experiments.

ChIP assays
Primary periosteal cells were isolated from LsdI"™" mice and control
Lsd™" mice. Cells (1 x 10°) were used for each immunoprecipitation.

Prx1
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Briefly, cells were cross-linked with 1% formaldehyde at room tem-
perature for 10 min. Glycine with a final concentration of 125 mM
was added to quench the cross-linking. Cells were scraped, washed
by phosphate-buffered saline (PBS) three times, and lysed with SDS
buffer (1% SDS, 10 nM EDTA, and 50 mM tris). Samples were then
sonicated to produce 0.2- to 0.7-kb DNA fragments. Indicated anti-
body (8 ug) was used for immunoprecipitation overnight at 4°C.
Protein G beads were then added and incubated for 2 hours to iso-
late anitbody-bound chromatin. The ChIP DNA was purified with
a PCR purification kit (Qiagen) and quantified by real-time PCR.
The primers sequences for ChIP-qPCR are listed in table S1.

Isolation and culture of periosteal cells

Primary periosteal cells were isolated from the femurs of 4-week-old
mice. After carefully removing the muscles and tendons, periosteum
was scrapped under a dissecting microscope and then digested with
collagenase II (1 mg/ml; Sigma-Aldrich) and dispase II (2 mg/ml;
Roche) for 30 min at 37°C. Cells were passed through a 70-pm
nylon mesh (BD Falcon), then pelleted at 1500 rpm for 5 min, sus-
pended in a-minimal essential medium (Gibco) with 10% fetal
bovine serum (Ausbian) and 1% penicillin/streptomycin (Gibco),
and cultured in the cell incubator at 37°C with 5% CO,.

Antibodies and reagents

Anti-LSD1 (ab17721) were obtained from Abcam. Anti-H3K4mel
(A2355), anti-H3K4me2 (A2356), and anti-H3K4me3 (A2357) were
purchased from ABclonal Technology. Anti-tubulin antibody (SC-
23948) for Western blot was from Santa Cruz Biotechnology.
Anti-ALDHI1A?2 (ab75674) for immunostaining was from Abcam.
Anti-SOX9 (AB5535) was purchased from Millipre/Merck. Anti-CD31
(AF3628) was from R&D Systems. All-trans retinol [HY-B1342,
MedChemExpress (MCE)] was used at a concentration of 1 uM. All-
trans RA (HY-14649, MCE) was used at a concentration of 100 nM.
AGN193109 (HY-U00449) was purchased from MCE.

Vector information
pGL3-RARE-luciferase vector (no. 13458) was purchased from
Addgene.

Histology and immunostaining

Tissues were fixed in 4% paraformaldehyde for 48 hours and incu-
bated in 15% diethyl pyrocarbonate-EDTA (pH 7.8) for decalcifica-
tion. Then, specimens were embedded in paraffin and sectioned at
5 um. Immunohistochemistry was performed using a trichostatin
A-biotin amplification system (PerkinElmer Life Sciences) accord-
ing to the manufacturer’s instructions using antibody against SOX9.
Frozen bone samples were thawed at room temperature for 10 min,
rehydrated with PBS, and blocked for 1 hour with 10% horse serum
and 0.2% Triton X-100 in PBS, followed by primary antibodies in-
cubation overnight at 4°C. Then, samples were washed three times
with PBS and incubated by secondary antibodies for 1 hour followed
by washing three times with PBS. The samples were mounted with
fluoroshield mounting medium with 4’,6-diamidino-2-phenylindole
(DAPI; Abcam, ab104139). Images were acquired with an Olympus
confocal microscope (FV1200) and Olympus fluorescence micro-
scope (BX51). The following primary antibodies were used: SOX9
(1:200 dilution; Millipore, AB5535), ALDH1A2 [1:100 dilution;
Abcam, ab75674; citrate unmasking (pH 6)], collagen type II (1:200
dilution; Abcam, ab34712), collagen type X (1:200 dilution; Abclonal,
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A6889), and platelet endothelial cell adhesion molecule/CD31 (1:200
dilution; R&D Systems, AF3628).

Sample preparation for frozen section

Freshly extracted unfractured and fractured mouse samples were
collected and fixed with 4% paraformaldehyde for 36 hours at 4°C.
Samples were decalcified with 15% EDTA for 14 days. After wash-
ing in PBS, samples were incubated in PBS/30% sucrose overnight
at 4°C and embedded in optimum cutting temperature embedding
medium. Samples were preserved at —80°C. Sections were performed
by a Leica cryostat with a thickness of 10 cm.

Mice bone fracture model

Six-week-old male or female mice were used for the model. Mice
were anesthetized using chloral hydrate. The patella was dislocated
laterally to expose femoral condyles, and an intramedullary pin was
inserted to stabilize the femur; the patella was then relocated. The
fracture was made using a dentist’s microdrill at midpoint of femur.
Muscles were reapproximated, and the skin was closed using a 6/0
nylon suture. Fracture repair was followed radiographically using
an MX2 x-ray system (6 s at 932 kV) weekly.

pCT analysis

The mouse fractured femurs were skinned and fixed in 70% etha-
nol. Femurs were scanned using a Skyscan 1176 scanner (Bruker,
Kartuizersweg, Belgium) with a spatial resolution of 8.96 um. The
x-ray energy is 70 kVp and 305 pA. Three-dimensional reconstruc-
tion of bone was performed using CTVox software.

Biomechanical testing

The mouse fractured femurs were skinned and fixed in 70% ethanol
before testing. The specimens were fixed by silica gel at the two ends of
the bone. Specimens were tested in torsion using electromechanical
torsion testing machine (0.5 N.m torque cell; LAB ANS UHNZ001)
at 30°/min. The torque data were plotted against the rotational de-
formation to determine the maximum torque.

ALDEFLUOR assay
The ALDEFLUOR Kit (STEMCELL Technologies, 01700) was
used to measure the ALDH enzymatic activity in callus cells fol-
lowing the manufacturer’s protocol. Briefly, fracture callus tissues
at 4.5 dpf were isolated and cut into small pieces with sterile scissors
and then digested with collagenase II (1 mg/ml; Sigma-Aldrich)
and dispase II (2 mg/ml; Roche) for 30 min at 37°t. Cells were
passed through a 70-um nylon mesh (BD Falcon) then pelleted
at 1500 rpm for 5 min, and suspended in 1-ml ALDEFLUOR assay
buffer. After addition of 5 ul of ALDH substrate and a brief mixing,
0.5 ml of the cell suspension was transferred to a new tube supple-
mented with 5 ul of DEAB (a specific ALDH inhibitor) as a negative
control.

Both tubes were incubated for 40 min at 37°C. The cells were
then washed twice with ALDEFLUOR buffer and stained with DAPI
for dead cells before analyzing by BD LSR II flow cytometer.

Quantitation of ATRA in mouse serum

ATRA was quantified in serum as previously described (43). Briefly,
100 pl of serum and 1 pl of ATRA-d5 [50 pug/ml; internal standard,
Toronto Research Chemicals (TRC)] were transferred to a 15-ml glass
culture tube and extracted in 200 pl of acetonitrile (Sigma-Aldrich) and
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2-ul formic acid (Sigma-Aldrich) and 10 ml of hexanes (Sigma-Aldrich). The
hexane extracts was separated by centrifugation, dried under nitro-
gen flow, and reconstituted in 100 pl of acetonitrile for LC-MS/MS
analysis. The whole process was performed on ice and under yellow
light to avoid the degradation.

The concentration of ATRA from serum was measured using the
AB Sciex 4000 QTRAP LC-MS/MS System equipped with atmospheric-
pressure chemical ionization (APCI) in positive ion mode. Briefly,
ATRA was separated with the 2.1 mm by 100 mm Supelcosil ABZ + PLUS
column (3 um; Sigma-Aldrich) with the following running solvents:
A, H,O with 0.1% formic acid; B, acetonitrile with 0.1% formic acid.
Quantification is based on peak area ratio of ATRA to the ATRA-d5
and the ATRA-d5 concentration.

RNA sequencing

Six-week-old female Lsd1”™*’; Ai9 mice and Prx1 Lsd"*; Ai9 litter-
mate controls were applied for fracture surgery. Total RNA was iso-
lated using TRIzol (Sigma-Aldrich) from sorted ai9" cells from the
bone callus of fractured femurs at 4.5 dpf. Complementary DNA
(cDNA) library preparation and sequencing were performed ac-
cording to Illumina’s standard protocol.

Real-time RT-PCR analysis

Total RNA was prepared using TRIzol (Sigma-Adrich) and was
reverse-transcribed into cDNA with the PrimeScript RT Reagent Kit
(TakaRa). Real-time qPCR was performed with the Bio-Rad CFX96
System. The sequences of oligonucleotides used for qPCR are listed
in table S1.

In vivo AGN193109 treatment

Six-week-old female Lsd1”™! mice and Lsd 1"/ littermate controls
were applied for fracture surgery. Lsd1”™ mice were then divided
into two groups separately. We injected these mice with either
AGN193109 (2 mg/kg) or saline intraperitoneally every day from
2 to 12 dpf. At 14 dpf, we did histological analysis on these fractured
bones to examine the formation of cartilage at the fracture site. We
also did radiographic and pCT analysis of 14 dpf samples.

In vivo ATRA treatment

Six-week-old wild-type male mice were applied for fracture surgery.
Mice were then divided into two groups separately. We injected
these mice with either ATRA (15 mg/kg) or saline intraperitoneally
every day from 4 dpf to the sample collection day. At 10 and 14 dpf,
we did histological analysis on these fractured bones to examine the
formation of cartilage at the fracture site. We also did radiographic
and pCT analysis of 14 dpf samples.

Skeletal preparation and staining

Mice were eviscerated, and the skin was removed, and the resulting
samples were transferred into acetone for 48 hours after overnight
fixation in 95% ethanol. Skeletons were then stained in Alcian blue
and Alizarin red solution as described previously (44). Specimens
were kept in 1% KOH until tissue had completely cleared.

Statistics

All results are presented as the means + SD. Comparisons be-
tween two groups were analyzed using two-tailed, unpaired Student’s
t test. Analysis of variance (ANOVA) followed by Tukery’s post hoc
test was used when the data involves multiple group comparisons.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/45/eaaz1410/DC1

View/request a protocol for this paper from Bio-protocol.
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