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Epigenetic regulation of gene expression is a central mechanism that governs cell stemness, determination,
commitment, and differentiation. It has been recently found that PHFS8, a major H4K20/H3K9 demethylase,
plays a critical role in craniofacial and bone development. In this study, we hypothesize that PHF8 promotes
osteoblastogenesis by epigenetically regulating the expression of a nuclear matrix protein, special AT-rich
sequence-binding protein 2 (SATB2) that plays pivotal roles in skeletal patterning and osteoblast differentiation.
Our results showed that expression levels of PHFS and SATB2 in preosteoblasts and bone marrow stromal cells
(BMSCs) increased simultaneously during osteogenic induction. Overexpressing PHF§ in these cells upregu-
lated the expression of SATB2, Runx2, osterix, and bone matrix proteins. Conversely, knockdown of PHFS8
reduced the expression of these genes. Furthermore, ChIP assays confirmed that PHFS§ specifically bound to the
transcription start site (TSS) of the SATB2 promoter, and the expression of H3K9mel at the TSS region of
SATB2 decreased in PHFS overexpressed group. Implantation of the BMSCs overexpressing PHFS with silk
protein scaffolds promoted bone regeneration in critical-sized defects in mouse calvaria. Taken together, our
results demonstrated that PHFS8 epigenetically modulates SATB2 activity, triggering BMSCs osteogenic dif-
ferentiation and facilitating bone formation and regeneration in biodegradable silk scaffolds.

Introduction bility and excellent slow-release function because of its

special porous mesh membrane structure. Now, SS, which

O VER 500,000 SURGERIES CORRECTING bone deformities
and critical size defects occur each year, yet 50% of
typical graft procedures fail."> Consequently, the repair of
massive bony defects remains challenging in the clinical
setting. Tissue engineering provides a new method for bone
regeneration. It has three parts: the source of seed cells,
suitable scaffold material, and effective cytokines. The ideal
scaffold should have good biodegradability, distinguishing
mechanical properties, and low inflammatory response. As a
natural material, silk scaffold (SS) has good histocompati-

was used for bone tissue engineering scaffold, has been in
the stage of clinical trials. Kim er al.® used silk nanofiber
membrane as scaffold to repair cranial defects and found
completely new bone repair after 12 weeks and exhibited no
inflammatory response. Our lab also used SSs to repair
mouse skull defects and achieved good results.*® Stem cells
play pivotal roles in bone tissue regeneration and bone
wound repairing. We have previously explored the effects of
bone marrow stromal cells (BMSCs) and induced pluripo-
tent stem cells regulated by the osteogenic transcription

'Division of Oral Biology, Tufts University School of Dental Medicine, Boston, Massachusetts.

2Shamdong Provincial Key Lab of Oral Biomedicine, Jinan, China.

3Guangdong Provincial Stomatological Hospital, Guangzhou, China.

“Department of Periodontology, School of Stomatology, Shandong University, Jinan, China.

5Department of Biomedical Engineering, Tufts University, Medford, Massachusetts.

SCancer Preventive Material Development Research Center (CPMDRC) and Institute, College of Oriental Medicine, Kyung Hee

University, Seoul, Korea.

"Department of Anatomy and Cell Biology, Tufts University School of Medicine, Sackler School of Graduate Biomedical Sciences,

Boston, Massachusetts.
*These authors contributed equally to this work.

2156



PHF8 PROMOTES CALVARIAL BONE HEALING

factors in osteogenetic differentiation and bone regenera-
tion.”™ The differentiation of stem cells toward specific
functional cell types is the process used to establish specific
gene expression patterns, which is a result of elaborated
control of activation/silencing of large numbers of genes.
Initial regulation in coordinating the expression of osteo-
genic genes and orchestrating molecular mechanisms in
osteoblastogenesis exists and epigenetic regulation of gene
expression may serve this role.

Epigenetic modification does not involve changes in
DNA sequence, but it causes alterations in DNA methyla-
tion and acetylation pattern that modifies the local chro-
matin structure and thereby serves to regulate expression of
specific genes. Histone methylation played important roles
in cellular proliferation and differentiation.'®"" PHFS was
a histone demethylase associated with X-linked mental re-
tardation. PHFS§ bound through its PHD domain to H3K4me3
nucleosomes and demethylated H3K9, H3K27, and H4K?20 at
the transcription start site (TSS) regions of active promot-
ers'>!3 and then regulated gene transcription.

PHFS8 has been shown to be involved in various biolog-
ical processes. It has been confirmed that PHFS8 regulates
many cell cycle genes'* and controls the expression of genes
associated with cell adhesion and cytoskeleton organization
such as RhoA, Racl, and GSK3B.15 PHFS8 was also shown
to govern retinoic acid response in acute promyelocytic
leukemia'® and affect cell migration and invasion in can-
cer.'” Besides, PHFS regulates rRNA synthesis via its his-
tone H3K9me1/2 demethylase activity.'®!?

It has been recently found that PHF8 2played a critical role
in craniofacial and bone development.”’ Using a zebrafish
model Qi et al. found that PHFS was mostly expressed in
the head and jaw regions. Injection of a zPHF8 morpholino
caused abnormalities in craniofacial organs and wild-type
(but not catalytically inactive) zPHF8 showed significant
rescue of craniofacial defects induced by zPHF8 morpholi-
no. These important findings identified a critical role of
zPHFS in craniofacial development.

Special AT-rich sequence-binding protein 2 (SATB2) is a
DNA-binding protein that regulates chromatin organization
and gene expression.”' Similar to PHFS, SATB2 is also
expressed in branchial arches and osteoblast-lineage cells.
SATB2™'~ mice exhibited defects in osteoblast differentia-
tion and function, which consequently delayed bone for-
mation and mineralization. SATB2”'~ embryos showed
multiple craniofacial defects including a sizgniﬁcant trunca-
tion of the mandible and a cleft palate.”> Our previous
studies demonstrated that SATB2 enhanced expressions of
bone matrix proteins and osteogenic transcription factors in
BMSCs and dental follicle cells, and played pivotal roles in
bone regeneration, suggesting that SATB2 can be used as an
osteogenic transcription factor to overcome hurdles in cra-
niofacial regeneration.” However, the profiles of the epige-
netic regulation of the SATB2 expression during osteogenic
differentiation of BMSCs, particularly in oral and cranio-
facial development are still largely unknown.

The studies described above indicate the similarities in
gene expression and function between PHFS and SATB2. In
this study, we characterized the epigenetic regulation of
PHF8 on SATB2 in BMSCs and the role of PHFS in osteo-
blast differentiation and calvarial bone regeneration in
mouse calvarial defects filled with BMSCs packed in SSs.
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Materials and Methods
Cell culture

MC3T3-E1 murine preosteoblast cells were maintained in
alpha minimum essential medium (¢-MEM) with 10% fetal
bovine serum and antibiotics. The MC3T3-E1 cells were
then cultured in medium containing 50 mg/mL ascorbic acid
(Sigma) and 5mM -glycerophosphate (Sigma) to induce
osteogenic differentiation. BMSCs were obtained from the
femurs and tibias of 4-week-old mice, were cultured in DMEM
supplemented with 20% fetal bovine serum and antibiotics in
cell culture dish with a diameter of 60 mm (Becton, Dickinson
and Company) until they reached 80-90% confluence, and then
passaged and maintained at «-MEM supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin as we de-
scribed previously.® To induce osteogenic differentiation of
BMSC:s, cells were switched to osteogenic medium containing
50mg/mL ascorbic acid (Sigma), 10nM dexamethasone
(Sigma), and 5 mM B-glycerophosphate (Sigma) for 1, 3,7, 10,
14, and 21 days, respectively.

Preparation of retroviral vectors and cell infection

The plasmids pBABE-control shRNA, pBABE-PHFS
shRNA, and pOZ-Flag-HA-PHFS8 (mouse PHF8 cDNA) were
a generous gift from Dr. Yang Shi’s laboratory (Department of
Pathology, Harvard Medical School). The pOZ-Flag-HA-
PHFS8 and packaging vectors pOZ-ENV and pOZ-Gagpol
were co-transfected into HEK-293T cells using lipofectamine
2000 (Invitrogen). Forty-eight hours after transfection, the
supernatant filtered through a 0.45mm filter (Millipore) was
used to infect targeted cells with polybrene at a final concen-
tration of 8 pg/mL. The empty retroviral vector pOZ-Flag-HA
was also packaged and used as a control. pBABE-PHFS
shRNA and packing vector pCG-Gagpol and pCG-VSVG were
co-transfected into HEK-293T cells to construct the viruses
expressing PHFS8 shRNA. Quantitative reverse transcription
polymerase chain reaction (RT-PCR) assay was used for
quantification of both genomic viral RNA after production and
of targeted gene transcripts following transduction.

Cytoimmunofluorescence test

The glass coverslips were put in 24-well plate and the
MC3T3-El cells were seeded in 24-well plate. The fol-
lowing day, cells were fixed with 4% paraformaldehyde,
followed by permeabilization with 0.05% Triton X-100
(Sigma-Aldrich). Then, cells were blocked for 30 min with
10% normal donkey serum and incubated with PHFS pri-
mary antibody (Abacm) overnight at 4°C. After three wa-
shes of 5min each in phosphate-buffered saline (PBS), the
cells were incubated in conjugated secondary antibody
(Alexa 488 green; Invitrogen) and then mounted with Pro-
Long® Gold Antifade Reagent with DAPI (Invitrogen). Ima-
ges were collected using an Axiovert 405M epifluorescence
inverted light microscope (Lumen200; Prior Scientific, Inc.)
and an Olympus DP 73 digital camera.

Real-time RT-PCR for mRNA analysis

Real-time RT-PCR for mRNA analysis was performed
using SYBR Green Mastermix (Affymetrix) on a Bio-Rad iQ5
thermal cycler (Bio-Rad Laboratories). The relative expression
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level of the housekeeping gene GAPDH was used to normalize
gene expression in each sample in different groups. The se-
quences of the primer for amplification of mouse ALP, BSP,
OCN, Runx2, osterix, SATB2, PHFS8, and GAPDH were shown
in Supplementary Table S1 (Supplementary Data are available
online at www.liebertpub.com/tea).

Western blot analysis

MC3T3-El and BMSCs were infected with viruses that
express PHFS, empty vector, PHF8 shRNA, and control
shRNA, respectively. Whole protein lysates were prepared as
described previously.24 Antibodies for PHFS (Abcam), SATB2,
OSX, and Runx2 were obtained from Santa Cruz Biotechnol-
ogies. The second antibody was HRP-labeled goat anti-rabbit
IgG (Santa Cruz). The proteins were visualized using electro-
generated chemiluminescence reagents from Pierce Biotech-
nology. Image J was used to qualify the protein expression.

ChIP analysis

The MC3T3-E1 cells and BMSCs from a 150 cm plate were
cross-linked with 10% formaldehyde and quenched with
0.125M glycine. Cells were washed with cold PBS and then
lysed with cell lysis buffer complemented with protease in-
hibitor Cocktail II (Sigma). DNA fragmentation was per-
formed with Vibra-Cell™ sonicator using 500 pL nuclear lysis
buffer lysate with 20 cycles of 15s ON and 45s OFF. In
qChlIP, 100 pg of chromatin were incubated with 2 pg of PHFS8
antibody (Abcam) or 2 pg of the H3K9mel antibody (Abcam)
at 4°C overnight. Twenty microliters of Protein A or G beads
was added to each tube for 2h at 4°C and the complex were
then washed with low salt buffer, high salt buffer, LiCl buffer,
and TE buffer each for 5 min. The immunoprecipitants were
de-cross-linked at 62°C overnight. The immunoprecipitated
DNA was dissolved in 30 pL. H>O. One microliter of DNA was
used for real-time polymerase chain reaction (PCR). The
primers for qChIP were shown in Supplementary Table S2.

SS preparation and cell seeding

The silk fibroin scaffolds (disk-shaped, 4 mm diameter
and 2 mm thick) were prepared as described previously.>?
For cell seeding, cells were released from the culture sub-
stratum and concentrated to 2x 107 cells/mL in serum-free
medium. Then, BMSCs were seeded into the SSs by pi-
petting 0.5 mL of the cell suspension onto the materials. The
BMSCs/SS construct was incubated overnight to allow cell
attachment in vitro before implantation.

Animal surgery

The animal protocols used in this study were approved
by the Institutional Animal Care and Use Committee at
Tufts University/Tufts Medical Center (Approved Protocol
#B2011-49). All mice were kept in a controlled temperature-
and controlled room under a 12h light, 12h dark cycle.

Eight-week-old C57BL/6J mice were anesthetized, and a
4-mm-diameter calvarial critical-sized defect was created on
each side of the calvarial bone using a dental bur attached to
a slow-speed hand piece with minimal invasion of the Dura
mater. The critical-sized defects in mice were randomly
divided into six groups to receive the following implants
(n=35 per group): (1) SS alone; (2) SS with BMSCs; (3) SS
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with PHFS8-modified BMSCs; (4) SS with empty vector-
modified BMSCs; (5) SS with PHF8 shRNA-modified
BMSCs; (6) SS with control shRNA-modified BMSCs.

Quantitative real time reverse transcription polymerase
chain reaction of newly formed tissue

The mice were sacrificed 5 weeks after surgery and the newly
formed bone samples were frozen immediately in liquid nitro-
gen. Total RNA was extracted using TRIzol reagent (Invitro-
gen) from the newly formed tissues and used for cDNA
synthesis. Real-time PCR was used to detect the mRNA ex-
pressions of ALP, BSP, OCN, SATB2, Runx2, OSX, and PHFS.

Micro CT measurement

Five weeks after surgery, the morphology of the re-
constructed cranium was assessed using a micro-CT system
(LCT-40; Scanco Medical). The CT settings were used as
follows: pixel matrix, 1024 x 1024; slice thickness, 20 mm.
After scanning, the micro-CT images were segmented usin%
a nominal threshold value of 300 as reported previously
and a three dimensional histomorphometric analysis was
performed automatically. The parameters of bone volume
were used for comparison in this study.

Histomorphometric analysis
and immunohistochemical staining

For histological examination, cranial specimens were fixed
with 10% formalin and then decalcified with 10% ethylene-
diaminetetraacetic acid (pH 7.0) for 2 weeks. Samples were
then dehydrated in ethanol and embedded in paraffin wax.
Five-millimeter sections were cut and mounted on glass slides.
Three randomly selected sections from each sample were
stained with hematoxylin and eosin (H&E). H&E staining was
performed using standard methods as previously described.®
The expressions of OCN were detected using immunohisto-
chemical staining followed by counterstaining in hematoxylin
with a Histostain SP kit (Invitrogen). H&E staining and im-
munostaining sections were photographed with an OLYMPUS
BX53 microscope. Newly formed bone in H&E-stained sec-
tions was quantified in five sections of at least five different
defects for each treatment at 200X magnification using Image
Pro Plus software. New bone formation on each section was
expressed as a percentage of the total area of the defect. The
localization of OCN staining was studied on transverse sec-
tions of the cranium as previously described.?® All slides were
coded to prevent the introduction of examiner bias.

Long bones, calvarial bone, periodontal ligament, heart,
brain, kidney, liver, and muscle tissues were also collected
from 8-week wild-type mice without surgery. Five-millimeter
sections were cut and mounted on glass slides. The expres-
sions of PHF8 were detected using immunohistochemical
staining followed by counterstaining in hematoxylin with a
Histostain SP kit (Invitrogen).

Statistical analysis

All results were expressed as mean * standard error of the
mean of three or more independent experiments. One-way
analysis of variance with post-hoc tests was used to test
significance using the software SPSS 13.0. Values of
p<0.05 were considered statistically significant.
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Results

The cellular localization of PHF8 and the expression
pattern of PHF8 in different tissues

To detect the expression pattern of PHFS in different tis-
sues, we collected tissues from 8-week wild-type mice and
used immunohistochemical staining to detect the PHFS§ ex-
pression (Fig. 1A-I). We found that there was little PHFS
expression in kidney, liver, and muscle. In heart, only a few
cells were PHF8-positive cells. In long bones, calvarial bones,
and periodontal ligaments, there were more PHFS-positive
cells than that in other tissues. Importantly, the PHF§-positive
cells mainly distributed in the growth plate of long bone and
the cranial suture. These results indicated that PHF8 might
play an important role in bone formation and regeneration.

PHFS is a histone demethylase and it exhibits its de-
methylase activity in the nucleus. In this study, we used
immunocytofluorescent staining to detect the cellular lo-
calization of PHF8 and found that PHFS§ expressions were
localized in nucleus in MC3T3-E1 cells (Fig. 1J).

The expression of PHF8 increased during
osteogenic differentiation

BMSCs were obtained from 4-week-old mice and treated
with osteogenic medium for 1, 3, 7, 10, 14, and 21 days,
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respectively. RNA was extracted and real-time PCR was
conducted to detect the gene expression of PHFS. Our re-
sults showed that the expression of both PHF8 and SATB2
increased during osteogenic differentiation (Fig. 2A).

PHF8 promoted osteogenic differentiation
of MC3T3-E1 cells and BMSCs

To determine whether PHFS affects osteogenic differ-
entiation, we overexpressed or knocked down PHFS ex-
pression in MC3T3-E1 cells and BMSCs. The results showed
that PHF8 overexpression upregulated the expression of all
bone marker genes and knockdown of PHFS§ using shRNA
downregulated the expression of SATB2, OSX, Runx2, BSP,
and OC in MC3T3-E1 cells and BMSCs (Figs. 2B, C and 3).
These results provided the evidence that PHFS promoted
osteogenic differentiation of MC3T3-E1 cells and BMSCs.

PHF8 directly bound to the TSS region of SATB2

To detect the mechanism of how PHFS8 regulates osteo-
genic differentiation, we performed ChIP analysis to deter-
mine whether PHF$ can directly bind to transcription factor
SATB2. MC3T3-E1 cells were treated with osteogenic me-
dium for 7 and 14 days, and then cross-linked. The DNA-
protein complex was then incubated with PHF§ antibody

FIG. 1. The localization of
PHFS and the expression
pattern of PHF§ during os-
teogenic differentiation. Ori-
ginal magnification: 400 X .
(A-I) The expression pattern
of PHFS in different tissues
detected by IHC. (A) Cal-
varial bone; (B) periodontal
ligament; (C) growth plate;
(D) long bone; (E) muscle;
(F) brain; (G) kidney; (H)
liver; (I) heart; (J) The cel-
lular localization of PHFS.
PHFS protein was labeled
with Alexa 488 green, and
nuclei were labeled with
DAPI (blue). Color images
available online at www
Jliebertpub.com/tea
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FIG. 2. PHFS regulated the gene expression levels of the
osteogenic markers. The expression of PHFS, SATB2, OSX, and
Runx2 increased during osteogenic differentiation, *p<0.05
versus 0 day group (A). PHFS cDNA overexpression and
knockdown of PHF8 using shRNA, respectively, in MC3T3-E1
cells (B) and BMSCs (C). The gene expressions of SATB2,
OSX, Runx2, BSP, and OCN were detected by realtime reverse
transcription polymerase chain reaction. *p < 0.05 versus control
vector group; *p<0.05 versus control sShRNA group. BMSCs,
bone marrow stromal cells; SATB2, special AT-rich sequence-
binding protein 2.
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and then DNA was extracted. The results showed that
PHFS8 bound to the TSS region of SATB2 gene (Fig. 4A).
We also found that the binding of PHFS to the TSS region
of SATB?2 increased when cells were treated with osteogenic
medium (Fig. 4A).

PHF8 regulated osteogenic differentiation via
demethylating H3K9me1 at the promoter of SATB2

To determine whether PHF'S regulates SATB2 transcrip-
tion through the H3K9mel demethylase activity, we over-
expressed or knocked down PHF'8 expression in MC3T3-El
cells undergoing osteogenic differentiation, and then per-
formed ChIP analysis to detect the binding of H3K9mel at
the promoter of SATB2. Our results confirmed that over-
expressing PHF8 downregulated the binding of H3K9mel
at the TSS region of SATB2, while knockdown of PHFS8
using shRNA upregulated the binding of H3K9mel (Fig.
4B, C). H3K9mel can silence gene transcription and the
demethylation of H3K9mel causes the DNA to unwind
from histone protein, and converting chromatin into a
transcriptionally active conformation. Therefore, this result
suggested that the binding of PHFS8 to SATB2 and the re-
sultant demethylation activity of PHF8 toward H3K9mel at
the promoter of SATB2 converted SATB2 into a transcrip-
tional active conformation.

Enhancement of bone healing by transduction
of PHF8 in mice

Critical size full thickness defects of 4 mm in diameter
were made in both sides of the cranial bone and filled with a
SS seeded with gene-modified BMSCs. Five weeks after
surgery, micro CT was used to detect the morphology of the
newly formed bone and evaluate new bone formation within
the defects. As shown in Figure 5, larger, newly formed bone
filled the defects of the PHF8-modified BMSCs group when
compared with the empty vector-modified or unmodified
groups, which showed the formation of scattered new bone in
the defect sites (Fig. 5SA). No obvious evidence of new bone
formation was observed in the defects filled with scaffolds
alone or PHF8 shRNA-modified BMSCs (Fig. 5A).

To quantify the new bone regeneration within the cal-
varial defects, the volume of regenerated bone (BV) were
measured. As shown in Figure 5C, BV was significantly
higher for the PHFS§-modified BMSCs group when com-
pared with all other groups. Histological evidence further
supported the micro CT results, indicating that the speci-
mens from the PHF8-modified BMSCs group showed the
most extensive new bone formation (Fig. 5B). In contrast, a
small amount of newly formed bone tissue was shown in the
empty vector-modified BMSCs, unmodified BMSCs group,
or control shRNA-modified group. Defects were filled with
fibrous connective tissue and no obvious bone formation
was found in the PHF8 shRNA-modified BMSCs group and
scaffold alone group (Fig. 5B). The percentage of new bone
area in the PHF8-modified BMSCs group was significantly
higher than the other four groups 5 weeks postoperation
(Fig. 5D). To further analyze the new bone mineralization,
immunohistochemistry was performed to determine OCN
expression levels. As shown in Figure 6, immunohisto-
chemistry exhibited strong expression for OCN in areas of
new bone formation within the defect region from samples
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FIG. 3. PHFS regulated bone transcription factors. The protein expressions of PHFS8, Satb2, OSX, and Runx2 were
detected by western blot. (A) PHFS8 overexpression (left panel) and PHF8 suppression by shRNA (right panel) in MC3T3-
El cells. (B, C) Quantification of protein levels. (D-F) The same experiments as (A—C) in BMSCs. *p <0.05.

treated with the PHFS8-modified BMSCs, whereas OCN
staining was weaker in empty vector-transduced BMSCs,
control shRNA-modified BMSCs, and untransduced BMSCs
groups. Moreover, no obvious positive staining was ob-
served in the PHF8 shRNA-modified BMSCs group or
scaffold alone group (Fig. 6A—F). Moreover, to further de-
termine the effect of PHFS§-modified BMSCs in new bone
formation, total RNA was isolated from four the experi-
mental groups (PHF8-modified BMSCs group; empty vector-
modified BMSCs group; PHF8 shRNA-modified BMSCs
group; control shRNA-modified BMSCs group), and quanti-
tative real time reverse transcription polymerase chain reac-
tion was performed to detect mRNA expression levels of
ALP, BSP, OCN, SATB2, Runx2, and OSX. As shown in

B 0.08+

Figure 6, the ALP, BSP, OCN, SATB2, Runx2, and OSX
mRNA expression showed a higher level in the defects with
PHF8-modified BMSCs group than the control group 5
weeks postoperation (Fig. 6G), while knockdown of PHFS§
expression using shRNA in BMSCs inhibited the expression
of these genes (Fig. 6H). These results demonstrated that
BMSCs modified with PHFS$ and seeded on SSs enhanced
cranial critical-size bone healing in mice.

Discussion

Epigenetic regulation has been shown to play an important
role in various biological processes. As one of the modes of
epigenetic regulation and a mechanism for modifying

FIG. 4. ChIP-qPCR analyze the binding of PHFS8 and H3K9mel on Satb2. (A) MC3T3-E1 cells were treated with
osteogenic medium for 7 and 14 days, and then cross-linked. The DNA-protein complex was then incubated with PHFS§
antibody and then DNA was extracted, real-time PCR was used to detect the binding of PHF8 on SATB2. (B, C) PHFS§ was
overexpressed (B) or suppressed (C) in MC3T3-El cells, and then cross-linked. The DNA-protein complex was incubated
with H3K9mel antibody and then DNA was extracted, real-time PCR was used to detect the binding of H3K9mel on

SATB2. *p<0.05. PCR, polymerase chain reaction.



FIG. 5. Micro CT and HE staining
analysis. (A) Five weeks after surgery,
micro CT results indicated the PHFS§-
modified BMSCs group showed the
largest amounts of new bone formation.
(B) HE staining demonstrated that PHF'S-
modified BMSCs group showed more
new bone formation than other groups.
Original magnification: top panel, 40X
middle panel, 200X ; bottom panel,
400%. (C) Volume of newly formed bone
detected by micro CT. (D) Percentage of
new bone area in different treatment
groups measured in HE staining sections.
HE, hematoxylin and eosin; S, scaffold;
*p <0.05. Color images available online
at www.liebertpub.com/tea
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FIG. 6. Immunohistochemical and real-time PCR analysis of newly formed bones. (A-F) Immunohistochemical analysis
of new bone formation in each group at 5 weeks postoperation (A-F); Original magnification: upper panel, 200 X ; lower
panel, 400x). OCN staining demonstrates no obvious positive staining in scaffold alone (A) and PHFS shRNA-modified
BMSCs group (F), while a weak OCN staining in scaffold with BMSCs group (B), vector-modified BMSCs group (C) and
control shRNA-modified BMSCs group (E), and a stronger OCN expression was observed in the new bone tissue from
PHFS8-modified BMSCs group (D). (G-H) Gene expression levels of PHFS8, Satb2, ALP, OSX, Runx2, OCN, and BSP in
the new bone of PHF§8-modified BMSCs treatment group (G) and PHFS8 shRNA treatment group (H). *p <0.05. Color
images available online at www.liebertpub.com/tea
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chromatin structure, histone methylation was associated with
the stimulation of several pathways known to be important
for biological processes including neural development,®’
vascular development,”®*° and bone regeneration.”*" Our
research aimed to characterize the role PHFS played in os-
teogenic differentiation and bone regeneration.

In this study, we first detected the distribution of the
PHFS in different tissues in mice. We found that there were
more PHFS8-positive cells in the growth plate of the long
bone and calvarial sutures than other tissues in 8-week mice.
The growth plate is responsible for bone lengthening®? and
sutures play an important role in bone repair and bone re-
generation.” Based on the distribution of PHF8 expression
in these tissues, we hypothesized that PHFS plays an im-
portant role in bone regeneration. When we treated BMSCs
and preosteoblasts with osteogenic medium, we found that
the gene expression of PHFS§ and other osteogenic markers
such as SATB2, Runx2, and OSX were upregulated com-
pared with control groups. These results indicated that
PHFS8 might play an important role in osteogenic differen-
tiation of BMSCs and MC3T3-El.

BMSCs can differentiate into several kinds of cells in-
cluding osteoblasts and play an important role in bone
regeneration.’**> Enhanced osteogenic differentiation of
BMSCs induced by genetic modification could change the
character of these cells. Such genetic modifications were
frequently achieved by overexgression of regulatory pro-
teins such as BMP2 and VEGF.?*?’ In this study, we found
that PHF8 overexpression increased the expression of
SATB2, Runx2, OSX, ALP, BSP, and OCN while knockdown
of PHFS8 downregulated the expression of those genes in
MC3T3-El cells and BMSCs. Our previous studies and
those of other labs confirmed that SATB2 plays an impor-
tant role in osteogenic differentiation and bone regenera-
tion,>® and SATB2 regulates the expression of OSX during
osteoblast differentiation.” Given that SATB2 plays an
important role in integrating genetic and epigenetic sig-
naling® and PHFS8 overexpression upregulated the
expression of SATB2 during osteogenic differentiation, we
inferred that PHF8 might regulate SABT?2 to activate os-
teogenic differentiation of BMSCs. To this end, we per-
formed ChIP analysis to confirm the epigenetic regulation
of PHFS through SATB?2.

Epigenetic regulation is largely controlled by histone
modifications, which enable gene promoters to be accessible
or inaccessible to transcription factors.***! One such im-
portant histone modification is histone H3 lysine mono-
methylation (H3K9mel) on gene promoters, which silences
gene transcription.*? PHFS is a histone demethylase that can
demethylate H3K20 and H3K9me1/2," and it apparently
would be localized in the nucleus of the cells. We first
confirmed that PHFS8 was mainly localized in the nucleus
of the cells using immunocytofluorescent assays. Then,
ChIP analysis found that PHF8 bound to the TSS region of
SATB2. More interestingly, the occupancy of the PHF8 at
the TSS region increased during osteogenic differentiation.
These results indicated that PHF8 might promote osteogenic
differentiation via regulation the expression of SATB2. Next,
we performed another ChIP analysis and found that PHF8
overexpression decreased the binding of H3K9mel to the
promoter of SATB2. As PHFS is an H3K9mel/2 demethy-
lase, these results indicated that PHF8 could demethylate
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H3K9mel at the promoter region of SATB2, thus causing the
DNA to unwind from histone protein, and converting SATB2
into a transcriptionally active conformation. These in vitro
data confirmed that PHF8 regulated the expression of
SATB?2 via its histone demethylation activity and then pro-
moted osteogenic differentiation.

Tissue engineering has been widely used in bone research
field, which is an especially good choice to repair large size
bone defects by using resorbable scaffolds supplemented
with regeneration-competent cells and growth factors.** The
biodegradability, distinguishing mechanical properties, and
low inflammatory response of silk fibroin make it a prom-
ising scaffold for bone regeneration.®** Our previous re-
search also found that silk fibroin was an ideal scaffold for
bone repair.“’5 As a result, we choose silk fibroin as scaf-
folds in this research. Besides the scaffolds, the seeded cells
and growth factors are key elements for forming tissue-
engineered bone. As an important regulator, epigenetic
pathways are able to play a crucial role in the control of
gene activity during different stages of development and
throughout life, which will lead to more effective ways to
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MSCs ‘x..?r\'_‘j.ys4 (%}LySQ
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> ON

Osteogenesis

Silk Scaffold

FIG. 7. Schematic representation of epigenetic regulation
by PHFS§ in promoting BMSCs osteogenic differentiation
and bone repair. PHF8 demethylate H3K9mel at the pro-
moter of SATB2 and activate SATB2 transcription. SATB2
then upregulate the expression of osteogenic factors such as
OSX, ALP, BSP, OCN, and promote osteogenic differenti-
ation of BMSCs and bone repair. Color images available
online at www.liebertpub.com/tea
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prevent and treat diseases affecting the oral and craniofacial
region. PHFS§ could demethylate H3K9mel at the promoter
of SATB2 and then promoted osteogenic differentiation
in vitro. Therefore, we wanted to know whether PHFS could
promote bone healing in vivo. Critical size calvarial bone
defects were formed in mice and then implanted with PHF 8-
modified BMSCs in the defects housed within the SSs. We
found little new bone formation in the defects 2 weeks after
surgery. However, when we used immunohistochemistry to
detect the expression of OCN in cells in the defects, we
found that there were more OCN-positive cells in PHFS-
modified BMSCs implanted group (data not shown). These
results indicated that PHF8 could promote osteogenic dif-
ferentiation of BMSCs in vivo. Five weeks after surgery, we
found substantially more new bone formation in PHFS-
modified BMSCs group than other groups. However, little
new bone was found in PHFS8 shRNA-modified BMSCs
treatment group. These results provided the evidence that
PHFS8 played an important role in bone-related wound
healing. As an epigenetic regulator, PHFS§ could demethy-
late H3K9mel and converted SATB2 chromatin into a
transcriptionally active conformation during osteogenic
differentiation. We and other researchers have also shown
that SATB2 acted as a ‘‘node’ to transcriptionally regulate
oral and craniofacial development and osteoblast differen-
tiation, and promote bone tissue regeneration.”® PHF§
could be used as a useful epigenetic regulator in the tissue
engineering field as it can promote BMSCs osteogenic dif-
ferentiation and bone regeneration (Fig. 7). Further under-
standing of how the nuclear matrix gene SATB2, chromatin
structure modifier PHFS8, and transcriptional activity coor-
dinate the regulation of multiple steps during osteoblastic
differentiation of BMSCs will allow us to better optimize
tissue regeneration strategies.

Conclusions

The data demonstrated that PHF'S, an epigenetic modifier,
regulated osteogenic differentiation of BMSCs via modulating
H3K9mel methylation of the master gene SATB2. Ex vivo
gene therapy of PHF8-modified BMSCs within SSs effec-
tively promoted bone regeneration in critical-sized calvarial
defects. Although further studies are needed to optimize PHF'S
levels during bone regeneration, the present results provide
strong evidence for using PHF$ to repair bone defects.
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