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Mesenchymal stem cells (MSCs) are capable of differentiating into osteoblasts and adipocytes,
and the dysregulation of MSC lineage specification may lead to the imbalance between bone mass
and fat tissue, which finally result in osteoporosis. Our previous study has shown the critical role
of KDM4B in promoting osteogenic differentiation and reducing adipogenic differentiation of
MSCs in vitro, but the in vivo function of KDM4B remains to be investigated. In this study, Global
deletion of Kdm4b and deletion of Kdm4b in mesenchymal progenitors, but not in mature
osteoblasts, enhanced age-related bone loss and adipose accumulation in mouse bone marrow.
Deletion of Kdm4b in mesenchymal progenitors also promoted bone loss and adipose

accumulation induced by estrogen deficiency respectively. Restoration of KDM4B successfully



reinstated ALP activity, mineralization and expression of osteogenic-related genes, and inhibited
adipogenesis of BMSCs from Prx1-Cre;Kdm4b™ mice. Furthermore, Kdm4b was required for the
self-renewal of mouse MSCs, as determined by colony formation assay and serial transplantation
assay. Collectively, Kdm4b was required for bone homeostasis by promoting osteogenic
differentiation and reducing adipogenic differentiation of MSCs in vivo. Kdm4b was also required
for self-renewal of MSCs. Targeting KDM4B may facilitate the prevention and therapy of
osteoporosis, and also be used in MSC-based bone regeneration. In addition, we reported an
efficient ex vivo culture protocol to derive functional MSCs from human ESCs by inhibition of
NF«B. We found inhibition of NFkB promoted loss of the pluripotent markers during
differentiation of human ESCs, and increased expression of mesenchymal lineage markers.
Microarray analysis revealed that the genes regulated by inhibition of NFxB signaling are
associated with developmental process and cell differentiation during human ESC differentiation.
Finally, the purified MSCs showed multipotency in vitro. Our data provides key insights into the
role of NFkB in mesenchymal lineage specification of human ESCs and provide a novel method

for generation of MSCs.
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CHAPTER 1

Histone Demethylases KDM4B promotes osteogenesis and reduces adipogenesis, and is

required for self-renewal of Mesenchymal Stromal Cells

1. INTRODUCTION

Osteoporosis is a skeletal disorder characterized by compromised bone strength predisposing a
person to an increased risk of fracture as defined by the NIH Consensus Development Panel. To
date, osteoporosis is most common bone disease affecting 9 million people worldwide. In United
States, approximately 1.5 million osteoporotic fractures occur annually, including around 700,000
vertebral fractures, 300,000 hip fractures, 250,000 wrist fractures, and 300,000 fractures at other
sites!. Osteoporosis is usually diagnosed by measuring bone mineral density (BMD), and several
clinical risk factors have been identified as contributing to fracture risk, such as age, premature
menopause, prior fragility fracture, the use of oral corticosteroids, and excess alcohol
consumption?.

The human skeleton is a dynamic organ where bone mass is controlled a delicate process, bone
remodeling. Bone remodeling is a life-long process, which occurs in distinct areas of bone known
as basic multicellular units (BMUs)3. Within BMUs, bone resorption by osteoclasts and bone
formation by osteoblasts are tightly coupled in a delicate balance to maintain homeostasis of bone
mass. However, in certain physiological conditions and various diseases, bone resorption outpaces
bone formation that shifts the balance to a negative outcome, and results in a net bone loss (also
known as osteopenia), which may eventually develops osteoporosis®. For instance, by about the
fifth decade of life, age-related bone loss begins in both men and women.

The term MSC was originally used to describe a hypothetical multipotent progenitor derived from

embryonic mesenchymal tissues with the ability of self-renewal to maintain the homeostasis of
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skeletal tissues®. However, questions rise about the existence of a common mesenchymal
progenitor. First, the “inducible” multipotency does not mean that the precursor cells are also
“determined” to spontaneous differentiation into all the skeletal tissues in vivo®. Secondly, the
heterogeneity of mesenchymal stromal cells from different tissues has been observed in
proliferation rate, mutlipotency in vitro, and the ability to generate ectopic bone” 8. In addition,
bone and muscle derive from different precursors during embryonic development®. All the
considerations demand an unequivocal identification of MSCs in vivo, and a lineage tracing
approach to study their fate map. To facilitate the exchange of data among investigators,
Mesenchymal and Tissue Stem Cell Committee proposed the minimal criteria of MSCs*. First,
MSC must be plastic-adherent when maintained in standard culture conditions. Second, MSC must
express CD105, CD73 and CD90, and lack expression of CD45, CD34, CD14 or CD11b,
CD79alpha or CD19 and HLA-DR surface molecules. Third, MSC must differentiate to
osteoblasts, adipocytes and chondroblasts in vitro.

In this study, MSCs refers to heterogeneous cell populations with capacity for self-renewal and
multipotency of differentiation, which can give rise to multiple lineages, including osteoblasts and
adipocytes. As the progenitor of osteoblasts, the commitment to osteoblasts and self-renewal
capacity of MSCs are critical for the maintenance of bone homeostasis. In addition, MSCs are
considered to be of great promise for regenerative medicine. MSCs were originally isolated from
bone marrow, and then have been found in many other adult tissues, such as adipose tissues,
although characteristics of MSCs from different tissue origins exhibited different capacities in
colony-formation capacity, proliferation rate, and differentiation potential*!. Understanding of the
molecular mechanisms in  regulation of MSC lineage specification will promote MSCs to

differentiate into the desired cell types for tissue repair, instead of other cell types. In this paper,



we mainly focused on the molecular mechanism regulation of osteogenic and adipogenic
differentiation of MSCs, as well as regulation of self-renewal of MSCs.

Several cell surface single markers and combinations of these markers have been proposed to
identify MSCs and to isolate MSCs, such as PDGFRa (platelet-derived growth factor receptor
alpha), Sca-1 (stem cell antigen-1), aSMA (alpha-smooth muscle actin), Nestin, LepR (leptin
receptor) and so on'?%5, And It is widely accepted that MSCs are negative for the expression of
hematopoietic lineage markers, such as CD45 (also known as the leukocyte common antigen
(LCA)), Ter119 (lymphocyte antigen 76). However, to date, there is no single, unique marker that
identifies MSCs or excludes all the other lineages. On the other hand, the overlay among different
marker-defined populations has been observed. For instance, Nes-GFP* cells comprise both
PDGFRo" and PDGFRa cells. And LepR+ cells are positive with PDGFRa, but include Sca-1*
and Sca-1" cells®.

1.1 Regulation of MSC Lineage Specification

The differentiation of MSCs is a highly controlled process involves multiple mechanisms, which
can be regulated at several levels, such as expression of key transcription factors, activities of
related signaling pathway, and at epigenetic levels. The osteogenic differentiation of MSCs can be
categorized into three steps: commitment to sublineage progenitors, differentiation into pre-
osteoblasts/pre-adipocytes and maturation of osteoblasts/adipocytes!® 17, Subsequently, mature
osteoblasts get entombed in osteoid (unmineralized bone matrix) to become osteocytes. The
adipogenic differentiation of MSCs also involves several stages as defined previously, including
mesenchymal precursors, committed pre-adipocytes, growth-arrested pre-adipocytes, mitotic

clonal expansion, terminal differentiation into lipid-laden and insulin-responsive adipocytes 8 °,



A reverse relationship between osteogenic differentiation and adipogenic differentiation of MSCs
has been long suggested. For instance, accumulation of adipose tissue in bone marrow has been
observed in parallel with bone loss during aging®® ?*. All the bone marrow is red and contains cells
for blood formation at birth. With age, hematopoietic marrow is progressively replaced by fatty
marrow with a higher conversion in the appendicular skeleton. By the age of 25 years,
approximately 40% hematopoietic marrow was replaced with fat in the axial skeleton, rib,
sternums, and metaphysis of femora and humeri?! 22, In contrast, during treatment of osteoporosis,
intermittent administration of parathyroid hormone (PTH) increases bone mass, and reduced bone
marrow adipose tissue (MAT). This negative correlation has been found in cell culture and animal
models?®, indicating the osteogenic differentiation of MSCs is switched to differentiation into
adipocyte lineages?*.

1.1.1 Transcription Factors Governing Osteogenesis and Adipogenesis of MSCs
Runt-related transcription factor 2 (RUNX2) is a member of the runt family, and is considered as
the master transcription factor that directs MSC fate toward osteoblasts. RUNX2 was discovered
as a DNA binding protein at the promoter of osteocalcin (bone gamma-carboxyglutamate protein,
BGLAP). In human, mutations in the RUNX2 gene are also associated with cleidocranial
dysplasia®. Both mutation of Runx2 at C-terminal and deletion of RUNX2 in MSCs caused a
severe skeletal defect, and led to death at birth, indicating Runx2 is required for osteogenic
differentiation of MSC and bone formation?:2’. It was further confirmed in cell culture and bone
repair that Runx2 transduced MSCs exhibited increased osteogenic differentiation potential in
vitro and enhanced bone formation in skull defects in vivo?®, Interestingly, Runx2 transgenic mice
that overexpressed Runx2 in osteoblasts using type | collagen promoter showed osteopenia with

multiple bone fractures. In Runx2 transgenic mice, although neonatal osteoblasts were increased,



their maturation and function was impaired in matrix production and mineralization?”?°. In a word,
Runx2 is essential for differentiation of MSC into osteoblasts, but overexpression of Runx2
severely impaired maturation of osteoblasts.

Osterix (OSX/SP7), a zinc finger-containing transcription factor, is another essential osteogenic
master regulator. Osx is expressed in osteoblasts of all endochondral and membranous bones. As
Nakashima et al. reported, Osx-deficient mice did not form bone in vivo, indicating Osx is required
for bone formation. MSCs in Osx-deficient mice exhibited impaired differentiation into osteoblasts
and did not deposit bone matrix, despite having normal levels of Runx2. In contrast, Osx
expression was down-regulated in Runx2 null mice, indicating that OSX is activated downstream
of RUNX2.

There are also several Homeobox (HOX) genes that have been implicated in osteogenesis. HOX
genes encode a large family of homeodomain-containing transcription factors, and play an
important role in anterior-posterior axis patterning and the developmental fate of cells®®. For
instance, distal-less homeobox 5 (DLX5) was found to induce RUNX2 and OSX expression when
treated with bone morphogenetic protein 2 (BMP2)%L. Interestingly, although Osx is a downstream
target of Runx2, the DLX5-mediated Osx upregulated could be independent of Runx2 in mouse
myogenic C2C12 cells*2. In addition, Homeobox A10 (HOXA10) is expressed in the presomitic
mesoderm during embryogenesis, which develops into the axial skeleton® 34, HOXA10-specific
regulatory elements can be found at promoters at Runx2 and Runx2 target genes, such as BGLAP,
alkaline phosphatase (ALP), and bone sialoprotein (BSP)®.

Like the role of Runx2 in osteogenesis, Ppary (peroxisome proliferator-activated receptor gamma)
is considered as a master transcription factor of adipogenesis. As a member of the nuclear receptor

superfamily, Ppary are capable of forming heterodimers with the retinoid X receptor, and regulate



the expression of target genes in a ligand-dependent manner. Ppary is expressed at high levels in
white and brown adipose tissue, where it plays an essential role in many different biological
processes including adipogenesis, glucose homeostasis, and insulin sensitivity. Due to adipocyte
hypertrophy, heterozygous Ppary-deficient mice were reported to be protected from the
development of insulin resistance under a high-fat diet®. Similarly, patients with heterozygous
mutations in the ligand-binding domain of PPARy showed severe insulin resistance®. Using
adipose-specific PPAR knockout mice model, Jones et al. found that these mice exhibited
diminished weight gain despite hyperphagia, and did not develop insulin resistance®’. In particular,
no factor has been found that can promote adipogenesis in the absence of PPARY, highlighted the
critical role in regulation of adipogenesis®.

Three members of CCAAT/enhancer-binding protein (C/EBP) family (C/EBPa, -B, -6) also play
an important role in promoting adipogenesis of MSCs. C/EBPa. is expressed at late stages during
adipogenesis, and is required for differentiation of white adipose tissue in mice®. Cell culture
studies also showed show that C/EBPa is sufficient to induce differentiation of preadipocytes into
mature adipocytes. C/EBPa directly promoted the transcription of adipose specific genes, such as
the fatty acid-binding protein (FABP), stearyl CoA desaturase (SCD1), and the insulin-responsive
glucose transporter 4 (Glut4). Although C/EBPP and C/EBPS single knockout mice had only
slightly smaller white fat pads compared to wild type controls, adipose tissue was significantly
reduced in double knockout mice. Compared to C/EBPa, C/EBPf and C/EBPS seem to be more
important for differentiation of brown adipocytes. The interscapular brown adipose tissue (BAT)
in wild-type mice contained many lipid droplets by 20 h after birth, whereas C/EBPJ and
C/EBPS single knockout mice did not accumulate any droplets*® 41,

1.1.2 Signaling pathways Governing Osteogenesis and Adipogenesis of MSCs



There are multiple signaling pathways regulating lineage specification of MSCs, such as Wnt
(wingless-type MMTYV integration site) signaling, BMP (bone morphogenetic protein) signaling,
Hedgehog signaling, NELL-1(NEL-like protein 1) signaling, and IGF (insulin-like growth factor)
signaling. In this paper, we mainly focus on Wnt signaling and BMP signaling that was found to
be related to KDM4B functions.

Whnt signaling plays an essential role in proliferation, stem cell differentiation, and self-renewal.
Wnt signaling is classified into canonical Wnt signaling (B-catenin-dependent) and non- canonical
Wnt signaling (B-catenin-independent). Generally, canonical Wnt signaling initiates with the
binding of Wnt ligands, such as Wnt3a and Wnt10b, to the frizzled receptors (Frz), which
subsequently induces complex formation with coreceptors, low-density lipoprotein receptor
(LRP5/6) and intracellular proteins Disheveled (DSH). Activated DSH then inhibits the Axin (axis
inhibition protein)/GSK3 (glycogen synthase kinase 3)/APC (adenomatosis polyposis coli)
complex, which lead to -catenin accumulation in nuclei. The role of canonical Wnt signaling in
bone formation has been well-established in both animal models and patients*2. For instance, loss-
of-function mutations of LRP5 gene cause pseudo-glioma syndrome, which is characterized by a
low bone mass phenotype. In addition, mutations in Wnt antagonist sclerostin (SOST) gene
induced skeletal disorders such as sclerosteosis that is featured with increased bone mass*, while
treatments with anti-sclerostin antibodies increased BMD by enhancing bone formation and
inhibiting bone resorption in Phase Il clinical trials**. Mechanistically, canonical WNT signaling
was found to promote MSC osteogenic differentiation by directly stimulating Runx2 expression.
Moreover, non-canonical Wnt signaling has recently been found to promote osteogenesis*.

Transgenic Wnt4 mice exhibited significant increased bone mass compare to controls*’.



On the other hand, Wnt signaling family has been found to inhibit adipogenesis of MSCs.
Activation of canonical Wnt signaling induced by Wnt10b treatment and ectopic overexpression
of Wntl inhibited PPARY expression and almost completely blocked adipogenic differentiation of
3T3-L1 preadipocytes® #84° Conversely, treatment with DKK1, an antagonistic inhibitor of Wnt
signaling, promoted adipogenesis*®. However, although the inhibitory effect of Wnt signaling on
adipogenesis has been proved more than 15 years, the mechanisms by which Wnt signaling
regulate expression of PPARy and C/EBPa remains largely unknown. Interestingly, although
upregulation of PPARy suppressed B-catenin signaling®, overexpression of PPARy and/ or
C/EBPa could not Wnt/B-catenin mediated inhibition of adipogenesis®?, indicating Wnt signaling
may inhibit adipogenesis independent on PPARy and/ or C/EBPa at different stages of
adipogenesis.

BMPs are members of the transforming growth factor-beta (TGF-B) superfamily and play a major
role in bone formation and skeletal development. More than 20 BMP genes has been found in
human genome, in which BMP2, -6, -7 and -9, promote osteogenic differentiation of MSCs
both in vitro and in vivo®. Knockout of specific BMPs often leads to a variety of skeletal
anomalies, suggesting the critical important role of BMP signaling in skeletal development®3 4,
Smadl is the major downstream mediator of BMP signaling, while osteoblast-specific deletion of
Smadl resulted in an osteopenic phenotype, and impaired osteoblastic differentiation and
proliferation. Consistently, overexpression of noggin, a well-established antagonist of BMPs, also
led to osteopenia® 6. Mechanistically, DIX5 is an early response gene in response to BMP2
treatment and could be a direct target of BMP-signaling®:. BMP-signaling can also directly induce

runx2 expression®”.



Several BMP family members, such as BMP2, -4, -9, also promote adipogenesis. For example,
BMP-2 enhanced adipogenic differentiation of murine 3T3-L1 preadipocytes in in synergy with
activator of PPARY, rosiglitazone®®. BMP2 and BMP4 induced commitment of C3H10T1/2
pluripotent stem cells into adipocytes. Interestingly, overexpression of BMPr1lA or BMPriB
promoted adipogenic commitment of C3H10T1/2 cells, while overexpression of a negative
receptor dominant-negative-BMPr1A inhibited adipogenic commitment induced by BMP2/4.
Conversely, depletion of Smad4, the co-regulator in the BMP/SMAD signaling, disrupted
commitment by the BMP2/4>. These findings indicate a critical role of BMP signaling in
adipogenesis. Haka et al. also reported that BMP2 may also induce PPARy expression and
adipogenesis by MAPK signaling in C3H10T1/2 cells®°.

1.2 Epigenetic Regulation

The term “epigenetic regulation” refers to inheritable changes in gene expression without altering
the DNA sequence, such as DNA methylation, histone modification and small non-coding RNA-
associated regulation®l. In eukaryotic cells, chromatin structure is highly dynamic, regulated in
large part by histone modifications, such as histone acylation and methylation®?. Histone
methylation usually takes place at lysine residues of histones. Specifically, the lysine residues can
be unmodifed (me0), mono- (mel), di- (me2) or trimethylated (me3). The resulting histone
methylation levels are important in regulating transcription factors’ access to the promoters of
target genes by regulating chromatin structure®. Major methylation sites are located in the tail
histones H3 and H4, such as H3K4, H3K9, H3K27, H3K36 and H4K20%. In general, methylation
at H3K4 and H3K36 is associated with transcriptional activation, while methylation at H3K9 and
H3K27 is related to transcriptional repression. The role of mono-methylation at H4K20 could be

either transcriptional activation or repression® .



Although it has been five decades since histone methylation’s discovery®, its correlation with gene
regulation was only established recently®’. Recent studies have highlighted histone methylation
states as an important modulator in stem cell differentiation®®. Regulation of these methylation
states is tightly controlled by the opposing activities of histone lysine methyltransferases (KMTSs)
and histone lysine demethylases (KDMs)®, which are recruited to specific histone lysine residues
and are responsible for the establishment and regulation of histone methylation and demethylation,
respectively. The SET domain-containing family and the Jumonji C (JmjC) domain-containing
family represent the major KMTs and KDMs®: &,

1.2.1 SET domain-containing Histone Methyltransferases

The evolutionarily conserved SET(Su(var)3-9, Enhancer-of-zeste, Trithorax) domain functions as
the catalytic domain of KMTs by transferring a methyl group from s-adenosylmethionine to the -
amine on the side chain of histone lysine residues®®. These SET domain-containing KMTs seem
to be particularly sensitive to posttranslational methylation at target lysine sites. Although it has
been five decades since histone methylation’s discovery®, its correlation with gene regulation was
only established recently®’.

EZH2 (Enhancer of zeste homologue 2), also known as KMT6A, catalyzes the addition of methyl
groups to H3K27%8. EZH2 inhibits osteogenesis of MSCs. Suppression of EZH2 by CDK1 (cyclin
dependent kinase 1) results in MSC differentiation to osteoblasts®®. Likewise, chemical enzymatic
inhibition and siRNA knockdown studies also show that EZH2 is a negative regulator of
osteogenesis of MSCs®. A genome-wide screen of polycomb target genes demonstrates that EZH2
IS present on osteogenesis-related genes in non-differentiated MSCs, such as RUNX2 and TCF7
(transcription factor 7)% %, Mechanistically, EZH2 expression is down-regulated under osteogenic

inductive conditions and disassociates from the promoter RUNX2". Conversely, a recent study on
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NCCs (neural crest cells) reported that EZH2 is required for neural crest-derived bone formation.
As a result of conditional ablation of EZH2 in NCCs, the formation of multiple skeletal elements
was inhibited and severe craniofacial defects were caused’. It is likely that EZH2 has different
tissue-specific functions in osteogenesis. In regard to adipogenesis, EZH2 methyltransferase
activity is required for adipogenesis. Deletion of EZH2 in brown preadipocytes leads to decrease
of H3K27me3 on the promoters of Wnt genes, resulting in severe defects in adipogenesis. These
differentiation defects could be rescued by ectopic EZH2 and inhibitors of Wnt/p-catenin signaling.
This suggests that EZH2 promotes adipogenesis by repression of Wnt genes’®. In addition to
Wnt/B-catenin signaling, MITR (myocyte enhancer factor-2 interacting transcriptional repressor)
also prevents adipogenesis by inhibiting the transcriptional activity of PPAR-y. EZH2 is present
at the MITR promoter, where it inhibits MITR expression in adipocytes. Dissociation of EZH2
from the MITR promoter increases MITR expression and inhibits adipogenesis, while
simultaneously enhancing the osteogenic differentiation of MSCs’.

SETDB1 (SET domain bifurcated 1) is another well-known KMT that inhibits osteogenic
differentiation and adipogenesis of MSCs. Lawson et al. found that mesenchymal deletion of
Setdb1 led to long bone defects and significant decrease in trabecular bone in both embryos and
postnatal Setdb1-deficient mice™ . They also observed impaired osteoblastic activity in Setdb1-
deficient MSCs from bone marrow with hyperactivity of Runx2. Consistently, knockdown of
Setdblalso enhances Runx2-mediated gene transcription in vitro, which may be caused by the
decrease of H3K9me3 in the promoters of Runx2 target genes’. Although Runx2 is necessary for
osteoblast differentiation, when transgenically over-expressed it can inhibit osteoblast
maturation’’. Collectively, Setdbl inhibits osteogenic differentiation of MSCs, but it is required

for normal skeletal formation due to its ability to repress hyperactive Runx2-mediated transcription.
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On the other hand, Setdbl is down-regulated by PPAR-y in rodent models of obesity, such as high-
fat feeding mice and the genetically predisposed obese ob/ob mice. A similar down-regulation of
Setdbl is observed in adipogenic differentiation of MSCs in vitro, while siRNA-mediated
knockdown of Setdblpromotes adipogenesis with up-regulated expression of PPAR-y, C/EBPa
(CCAAT/enhancer binding protein alpha) and other adipogenesis related genes’®.

There are also several other SET domain-containing KMTs that regulate lineage specification of
MSCs, such as MLL1 (Myeloid/lymphoid or mixed-lineage leukaemia 1), MLL3, MLL4. For
instance, MEFs isolated from MLL3-null mice show striking defects in adipogenesis. Upon
adipogenic induction, MLL3 and MLL4 are recruited to the promoter of aP2 (adipocyte protein
2),an adipogenic marker gene, in a time-dependent manner’®. In addition, MLL3 and MLL4 can
form a complex with PTIP (Pax transactivation domain-interacting protein). PTIP-deficient MEFs,
white preadipocytes, and brown preadipocytes all exhibit impaired adipogenic potential, with
decreased enrichment of PTIP and MLL4 on the PPAR-y promoter®®. Collectively, MLL3 and
MLL4 facilitate adipogenesis through their KMT activity to promote PPARy and aP2 expression.
Additionally, although additional KMTs have been identified in association with osteogenesis and
adipogenesis’ 81 8 further investigation to explore their underlying mechanism is necessary. In
summary, there is increasing evidence showing that SET domain-containing KMTs are essential

for MSC differentiation (Table 1).
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Table 1. The role of SET domain-containing KMTs in regulation of osteogenesis and adipogenesis (shaded)

of MSCs.
KMTs | Specific target Finding refere
ity nce
Runx2target SETDBI inhibits osteogenesis. 75,76

SETDB1 | H3K9 | genes

PPAR-y target SETDBLinhibits adipogenesis. 8

genes

Runx2, TCF7, OC | EZH2 inhibits osteogenesis. 69,71
EZH2 H3K27 | Wnt genes, MITR | EZH2 promotes adipogenesis. 73,74

PPAR-y and SETDS8 promotes adipogenesis. 83, 84

SETD8 | H4K20 | PPAR-y target

genes
MLL1 H3K4 | Not known Mice with SET domain mutated 8,86
MLL1exhibit skeletal defects.
MLL3, H3K4 | PPAR-y, aP2 MLL3 and MLL4 are promotes 79,80
MLL4 adipogenesis.

1.2.1 JmjC domain-containing Histone Methyltransferases

KDMs are capable of removing methyl groups from histone lysine residues, and this reversibility
of KMTs was first discovered in 200487, To date, more than 30 histone demethylases have been
identified, while JmjC domain-containing KMTs represent the largest class of potential histone
demethylases and act by catalyzing the removal of mono-, di-, tri-methyl residues via a 20G-

Fe(11)-dependent dioxygenase reaction®® 8. On the basis of emerging findings, JmjC domain-
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containing KDMs have been recognized and shown to play crucial roles in transcription regulation,
stem cell differentiation, and animal development88 %091,

JHDM1 (JmjC domain-containing histone demethylase 1), also known as KDM2 cluster, catalyzes
the removal of tri-methyl marks at H3K4, as well as mono- and di-methyl marks at H3K36%%%,
Recently, KDM2A and KDM2B were reported to regulate MSC differentiation by associating with
the BCOR (BCL-6 co-repressor) complex®*. KDM2B represses expression of AP-2a (activating
enhancer binding protein 2a) by removing the H3K4me3 and H3K36me2 marks in the its
promoter®. In addition, KDM2A and the BCOR complex are reported to inhibit osteogenesis by
increasing histone H3K4/36 methylation in the EREG (epiregulin) promoter, thereby repressing
EREG transcription. EREG is required for expression of osteogenic related genes, such as OSX
(osterix) and DLX2 (distal-less homeobox 5)%. In addition, although depletion of KDM2A in
SCAP (stem cells from apical papilla) enhances adipogenic differentiation in vitro®, the effect of
KDM2A on adipogenic differentiation is still not fully understood.

KDM4B is a member of KDM4 cluster, also known as the JIMJD2 subfamily, which can catalyze
the removal of di- and tri-methyl marks at H3K9 and H3K36%" %8, Five functional KDM4 member
genes have been identified in the human genome, of which KDM4A-C are broadly expressed in
human tissues, while KDM4D and KDMAE are specifically enriched in the human testes®” %,
Partly because they have redundant roles, Kdm4c or Kdm4d knockout mice are viable without
gross abnormalities®® 1. However, conditional deletion of Kdm4b was recently reported to delay
mammary gland development in mice!®, while Kdmda is required for skeletal muscle
differentiation and neural crest specification'> 1%, More recently, KDM4B was reported to
enhance osteogenic differentiation of human MSCs'%. In the bone marrow of aging mice, Kdm4b

expression is reduced, accompanying decreased osteogenesis. Knockdown of KDM4B by shRNA
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inhibits osteogenic differentiation in human bone marrow-derived MSCs. Conversely, over-
expression of KDM4B enhances osteogenesis. After subcutaneous transplantation of MSCs with
an HA scaffold, KDM4B is also required for MSC-mediated bone formation in vivo.
Mechanistically, KDM4B was found to remove the H3K9me3marks in the promoter of DLX5
(distal-less homeobox 5), activating its expression during osteogenesis. The role of KDM4
member genes in adipogenesis is still controversial. Ye et al. reported that knockdown of KDM4B
by shRNA enhanced adipogenic differentiation of MSCs and increased the expression of PPAR-y
and CD36!%. These results indicate that KDM4B inhibits adipocyte lineage specification from
MSCs. However, Kdm4b was also found to act as a co-factor of C/EBPP to promote differentiation
of preadipocytes'®®. Kdm4b with C/EBP is recruited to the promoters of the target genes of
C/EBP, such as Cdc451 (cell division cycle 45 homolog), Mcm3 (mini-chromosome maintenance
complex component 3), Ginsl (GINS complex subunit 1) and Cdc25c (cell division cycle 25
homolog c). By removing the H3K9me3 marks, Kdm4b facilitates C/EBPJ target gene
expression’®. It is possible that the conflicting effects are caused by opposing functions of
KDMA4B at different stages of adipogenesis.

The KDMG6 cluster contains three member genes, KDM6A, KDM6B, and UTY, which catalyzes
the removal of di- and tri-methyl marks at H3K27% 1%/, Both KDM6A and KDM6B promote
osteogenic differentiation of MSCs. Although Hemming et al. reported that transcription levels of
KDMBGA are down-regulated during osteogenesis of human bone marrow MSCs™, siRNA-
mediated knockdown of KDMG6A inhibits osteogenesis. Conversely, retroviral-mediated over-
expression of KDMG6A enhances the potential of MSCs to differentiate into mineral forming
osteoblasts and ectopic bone formation in vivo’. Over-expression of KDMG6A results in a decrease

in H3K27me3 at both RUNX2 and OC (osteocalcin) transcription start sites, which subsequently
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increases the expression of RUNX2 and OC. KDMG6B is recruited to the promoters of BMP (bone
morphogenetic protein) and HOX (homeobox) genes, which each promote the osteogenic
differentiation of MSCs. In terms of adipogenesis, KDM6A and KDM6B are both reported to
inhibit adipogenic differentiation of MSCs. Under adipogenic differentiation conditions, enforced
over-expression of KDMG6A results in decreased mRNA level of PPAR-y, C/EBPa and adiposin.
Knockdown of KDMG6A shows an increase in lipid formation’, and depletion of KDM6B
facilitates adipogenesis and promotes PPAR-y and CD36 expression.

Several other KDMs have also been reported to regulate MSC differentiation. NO66 catalyzes the
removal of mono-, di- and tri-methyl marks at H3K4, as well as di- and tri-methyl marks at
H3K36!%, which has been found in all the developing bones'®. Under osteogenic inductive
conditions, NO66 interacts with OSX to inhibit OSX transcriptional activity®® 1%°, Both NO66
and OSX can be found present in the promoter of BSP (bone sialoprotein), promoting
demethylation of H3K4me3 and H3K36me3 to repress BSP expression. A structural study showed
that the hinge domain-dependent oligomerization of NOG66 is essential for the interaction with
0SX!%, RBP2 (retinol binding protein 2), also known as KDM5A, catalyzes removal of themono-,
di- and tri-methyl marks at H3K4!1% 111 KDMB5A, also known as RBP2 (retinol binding protein 2),
catalyzes removal of the mono-, di- and tri-methyl marks at H3K40 11 RBP2 was found to
repress osteogenesis in Soas-2 cells (a human osteogenic sarcoma cell line)!? and adipose-derived
MSCs by repression of RUNX2-mediated transcriptional activity®. Depletion of RBP2 increased
expression levels of osteogenic related genes, promoted bone formation after subcutaneous
transplantation in vivo. In addition, RBP2 was shown to inhibit adipogenesis of preadipocytes, and
depletion of RBP2 in preadipocytes enhanceed lipid formation in vitro'*2, It is possible that RBP2

exert inhibitory effects during both osteogenic and adipogenic differentiation!* 114, JHDM1E, also
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known as PHF2 (plant homeodomain finger 2), catalyzes the removal of di-methyl marks at
H3K9!'®, Deletion of Phf2 in adipose tissue results in a 50% reduction in WAT, while BAT appears
normal. Mechanistically, Phf2 was found to be a co-activator of C/EBPa and to be recruited to the
promoter of C/EBP responsive elements!t®,

Collectively, these findings have revealed an important role of JmjC family genes in regulation of
the balance between osteogenic differentiation and adipogenic differentiation of MSCs (Table 2).
In contrast to KMTs, JmjC domain-containing KDMs control transcriptional activity by removing
the methylation marks at the specific histone lysine residues. It seems that the methyltransferase
activity of SET domain-containing KMTs is specific to one target site, while JmjC domain-
containing KDMs exhibit more redundancy and tissue specificity. However, the underlying

mechanisms of JmjC family genes in adipogenesis remains not well understood.

Table 2. The role of JmjC domain-containing KDMs in regulation of osteogenesis and adipogenesis (shaded)

of MSCs.

KMTs Specificity target Finding refer
ence

KDM2A | H3K4me3, | EREG KDM2A inhibits osteogenesis. 9%

H3K36mel/2 | Not known | KDM2A inhibits adipogenesis. o4

KDM2B H3K4me3, | AP-2a KDMZ2B inhibits osteogenesis. %

H3K36me1/2
H3K9me2/3 | DLX5 KDM4B promotes osteogenesis. 105
KDM4B | H3K36me2/3 | Not known | KDMA4B inhibits adipocyte lineage specification | 1%
from human bone marrow-derived MSCs.
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C/EBPB KDM4B promotes adipogenesis by catalyzing 106
target demethylation of H3K9me3in the promoter of
genes C/EBPp target genes in preadipocytes.
KDM4C | H3K9me2/3, | Not known | KDMA4C is required for adipogenesis from 17
H3K36me2/3 preadipocytes.
RUNX2, KDMBA promotes osteogenesis. n
KDM6A | H3K27me2/3 | OC
Not known | KDMBGA inhibits adipogenesis. n
BMP and KDM®6B promotes osteogenesis. 105
KDM6B | H3K27me2/3 | HOX genes
Not known | KDMB6B inhibits adipogenesis. 105
NO66 | H3K4mel/2/3, | OSX target | NOG66 inhibits osteogenesis. 108,
H3K36me2/3 | genes 109, 118
Runx2 RBP2 inhibits osteogenesis. 81
target
RBP2 H3K4mel/2/3 | genes
Not known | RBP2 inhibits adipogenesis from preadipocytes. | 12
PHF2 H3K9me2 | C/EBP PHF2 promotes adipogenesis. 116
response
elements

1.3 Self-renewal of MSCs
In addition to differentiation potential, self-renewal is another essential capacity of stem cells.
Transplantation assay of hematopoietic stem cell (HSC) serves as the paradigm for defining

postnatal stem cells''®. In the ideal serial transplantation assay, a single HSC can reconstitute
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multi-lineage hematopoiesis in lethally irradiated recipient mice. Accordingly, to define the MSCs
with skeletogenic potential, self-renewal and multipotency should be probed at a single cell level,
and through in vivo transplantation experiments?°.

Although the multiple differentiation potentials of MSCs have been recognized for a long time,
the self-renewal capacity of MSCs has recently been demonstrated'?: 22, In general, the self-
renewal capacity of MSCs is usually defined by the generation of a heterotopic ossicles in vivo,
the miniature bone organs that include the hematopoietic microenvironment!2, In vitro, colony-
forming assay is usually used to assess the self-renewal capacity of MSCs. Primary MSCs isolated
from bone marrow can proliferate and undergo several passages. At early passages, MSCs are
spindle-like in morphology and small in size with high proliferation rate and great differentiation
potential. After a long period of expansion, MSCs lose their ability of self-renewal and
differentiation, and become large and flatten'?3. The aging of MSCs has also been observed in
vivo. Several studies have shown that MSCs from older donors exhibited a slower proliferation
rate and a decrease in their differentiation to osteoblasts'®* %, However, the molecular
mechanisms regulating self-renewal of MSCs remains largely unknown. Recently, emerging
evidence has revealed that MSCs express Sox2 ((sex determining region Y)-box 2) and Nanog,
which may contribute to the maintenance of MSCs at undifferentiated stage!26-128,

1.3.1 Transcription Factors in Self-renewal of MSCs

SOX2 is a member of the Sox HMG box family of transcription factors. The function of SOX2 in
maintenance of pluripotency and regulation of self-renewal was first identified in embryonic stem
cells (ESCs). Sox2 is also a critical factor for the reprogram of somatic cells to induced pluripotent
stem cells (iPSCs) Induction of pluripotent stem cells from mouse embryonic and adult fibroblast

cultures by defined factors'?®. Recent studies have revealed that SOX2 is required for self-renewal
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of MSCst¥-1%2 |n MSCs, SOX2 expression was downregulated upon osteogenic differentiation®33,
In the osteoblast lineage, overexpressing of Sox2 increased sphere formation capacity and
inhibited osteoblast differentiation!®*, Deletion of Sox2 by Cre-expressing virus caused a
significant loss of colony-forming ability, which strongly support that Sox2 maintains stemness**®.
In addition, YAP1 (Yes Associated Protein 1) and BMI1 were identified as SOX2 target in
maintenance of MSCs by the same group3% 35,

Nanog is a homeodomain transcription factor that is also required for maintenance of ESCs and
induction for iPSCs!? 136, NANOG was detected in NANOG in proliferating cells in cultured
human adult MSCs**". Overexpression of NANOG enhanced the proliferation, colony formation
capacity, and differentiation potential along the chondrogenic and osteogenic lineages but reduced
adipogenic differentiation in MSCs derived from human bone marrow®. In addition, Nanog
upregulated genes involved in cell cycle, DNA replication, and DNA damage repair'®. However,
the in vivo role Nanog in regulation of MSC self-renew remains to be investigated.

OCT4, one of the three central transcription factor in regulation of maintenance of pluripotency in
ESCs, has also been reported to be regulate self-renewal of MSC in vitro'?® 138, Expression of
Oct4 decreased after spontaneous differentiation in MSCs. However, knockout of Oct4 has little
effect on the ability of MSCs in colony formation and differentiation into bone, fat, or cartilage*°,
indicating that Oct4 may not be a critical factor that directly regulate self-renewal of MSCs.

1.3.3 Epigenetic regulation of Self-Renewal of MSCs

Dnmtl (DNA methyltransferases 1) is a major DNA methyltransferase that catalyzes the transfer
of methyl groups to specific CpG structures in DNA. It is responsible for maintaining methylation
status during DNA replication. Inactivation of Dnmtl in mice led to loss of genomic imprinting

and early embryonic lethality**!. Although Dnmt1 is dispensable for maintenance of embryonic
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stem cell, it has been reported to maintain the progenitor state in constantly replenished somatic
tissues, such as mammalian epidermis!#? 143 In MSCs, Dnmt1 is a direct target of NANOG and
OCT4. OCT4 and NANOG promote Dnmtl expression through direct binding to its promoter,
thereby leading to repressed spontaneous differentiation of MSCs'?.

Emerging evidence has recently revealed that heterochromatin architecture alteration with massive
histone methylation changes may function as a driver of human aging***. WRN (Werner syndrome
ATP-dependent helicase) plays roles in DNA replication and telomere maintenance. Deficiency of
WRN protein led to Werner syndrome (WS), a premature aging disorder. Although ESCs-WRN ™"~
expressed pluripotency markers, and were able to differentiate into MSCs, the MSCs derived from
WRN-null ESCs showed features of a global loss of H3K9me3 and premature cellular aging,
indicating histone methylation status is critical for self-renewal of MSCs#.

In addition to histone methylation, histone H3 acetylation also plays a key role in regulating MSC
aging and differentiation'*. bFGF (basic fibroblast growth factor) promoted MSC proliferation
and suppressed the spontaneous osteogenic differentiation, with corresponding changes in histone
H3 acetylation in Oct4 and Sox2. Interestingly, treatment with HDAC (histone deacetylases)
inhibitors downregulated polycomb group genes (PcGs) as BMI1, EZH2 and SUZ12 (SUZ12
polycomb repressive complex 2 Subunit), and upregulated JMJD3, which may induce changes in
histone methylation status in MSCs4®: 147,

Taken together, epigenetic regulation played a critical role in regulation of MSC differentiation
and self-renewal. Specifically, KDM4B promoted osteogenic differentiation and inhibited
adipogenic differentiation of MSCs. But the in vivo function of KDM4B in regulation of lineage
specification of MSCs and bone homeostasis remains to be investigated. On the other hand,

KDM4B expression may influence self-renewal of MSCs by regulating global histone methylation
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status in MSCs. Hence, in this study, we investigated the effect of Kdm4b knockout on bone mass

in mice model and the role of KDM4B in regulation of MSC self-renewal.
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2. METHODS AND MATERIALS

Mice and genotyping primers

Mice used in this study included Kdm4b™™ mice, CMV-Cre mice, Prx1-Cre mice 8, Lepr-Cre
mice!*®, Ocn-Cre mice!™, and loxp-tdTomato mice'®. To obtain a defined genetic background, all
mice were backcrossed six times onto a C57BL/6 background, and housed in the Division of
Laboratory Animal Medicine (DLAM) at the University of California, Los Angeles (UCLA). We
established a sample size of at least 8 mice per group in all experiments. The mice were randomly
assigned to the groups including sham, OV X and PTH (1-34) injection. Bones and blood samples
were collected post procedures as indicated. ELISAs were performed with a mouse PLNP ELISA
kit and a CTx ELISA kit (both from Immunodiagnostic Systems). All procedures were approved
by the University Committee on Use and Care of Animals at UCLA. The primers for Kdm4b are:
forward, 5’-ACCCAGGACTGATGTTCACA-3’; reverse, 5’-GAAAGAAGACCTG AGCTGTC-
3’; the primers for Cre are: forward, 5’-GCATTACCGGTCGATGCAAC GAGTGATGAG-3’;
reverse, 5’-GAGTGAACGAACCTGGTCGAAATCAGTGCG-3’; the primers for tdTomato are:
forward, 5’- CGAGGCGGATCACAAGCAATA-3’; reverse, 5’-
TCAATGGGCGGGGGTCGTT-3.

MCT Analysis

Femurs were dissected, fixed overnight in 10% neutral buffered formalin for 24 h, and stored in
70% ethanol. The specimens were placed into a cylindrical holder (16.5 mm in diameter) with the
long axis of the femur perpendicular to the X-ray source, and scanned at 55 kVp and 70 pA on a
Scanco uCT40 scanner (Scanco Medical). The regions of interest were defined as the areas
between 0.3 mm and 0.4 mm proximal to the growth plate in the distal femurs. uCT Evaluation

Program V4.4A (Scanco Medical) with a threshold of 220 was used for analysis of all scans. To
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evaluate the MAT in tibias, samples were stained with osmium tetroxide, and scanned as
previously described™? %3, A threshold of 400 was used for analysis of osmium tetroxide-stained
MAT in tibias.

Tetracycline double labeling and histomorphometric analysis

To examine the rate of bone formation, mice were injected intraperitoneally with 5 mg/kg body
mass tetracycline (Sigma-Aldrich, USA) dissolved in physiological saline solution on day 0 and
day 7. Samples were collected 3 days post the second injection, fixed 10% neutral buffered
formalin for 24 h, dehydrated in 30% sucrose for 2 days, and sectioned without decalcification (8
pm) in Bone Histomorphometric Laboratory at UCLA. Mineral apposition rate (MAR) and bone
formation rate (BFR) were measured as previously described*” 1%, After toluidine blue staining,
osteoblasts were identified as plump cuboidal cells with a perinuclear clear zone lining the osteoid
surface.

Immunostaining and TRAP staining

After scanning, the specimens were decalcified in 10% ethylenediaminetetraacetic acid (EDTA,
PH 7.4, Fisher) for 2 weeks, and were sectioned (5 um) for staining as previously described®®.
The slides were incubated at 65 °C for 2 hrs, dewaxed with xylene (Fisher), and rehydrated through
gradient ethanol into water. Immunostaining was performed using a DAKO Envision Plus Kit
(DakoCytomation California, USA) according to manufacturers' instructions. Antibodies used
included rabbit polyclonal anti-FABP4 (1:200, Abcam). To perform osteoclast quantification,
TRAP staining was then performed using a TRAP kit from Sigma-Aldrich according to
manufacturers' instructions.

For tdTomato-expressing samples, bones were fixed in 4% paraformaldehyde, decalcified in 10%

EDTA (PH 7.4) for 2 weeks, and dehydrated in 30% sucrose for at least 2 days in dark. After
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frozen section, slides were washed with PBS twice, blocked in PBS with 10% horse serum for 30
minutes, and then stained with rabbit anti-FABP4 (1:200, Abcam) overnight at 4°C. Cy2
affiniPure donkey anti-rabbit IgG andibody (Jackson ImmunoResearch, USA) was used as
secondary antibodies (1:200, Invitrogen). After being extensively washed with PBS, the slides
were stained with DAPI (49,69-diamidino-2-phenylindole) and mounted with antifade
mounting medium (Thermo Fisher Scientific). Images were taken and analyzed using an Olympus
IX-51 microscope.

Cell culture

Intact bone marrow was isolated from the long bones by flushing and subjected to enzymatic
digestion with Collagenase Type | (3 mg/mL; Worthington) and Dispase (4 mg/mL; Roche
Diagnostics) as described previously!®®. For CFU-F assays, the digested cells were plated in 6-
well plates at a density of 1 x 10° cells/well, and cultured in a humidified 5% CO2 incubator at
37 °C in DMEM supplemented with 15% FBS and 1% penicillin/streptomycin (Invitrogen). CFU-
F colonies were stained with 0.5% Crystal violet (Sigma-Aldrich) in 4% Paraformaldehyde (Santa
Cruz, USA), and counted after 10 days of culture. For in vitro differentiation, the digested cells
were cultured for 2 weeks and passaged 2-3 times with trypsin for expansion. To induce
osteogenesis, cells were cultured in osteogenic induction medium containing 100 pM ascorbic acid,
2 mM B-glycerophosphate and 10 nM dexamethasone. To induce adipogenesis, cells were cultured
in adipogenic induction medium containing 1 pM dexamethasone, 10 pg/mL insulin, 0.5 mM 3-
isobutyl-1-methylxanthine, and 0.2 mM indomethacin (All from Sigma).

For primary culture of bone marrow macrophages, we isolated bone marrow cells from femurs,
and treated the cells with 100 ng/ml macrophage colony-stimulating factor (M-CSF; R&D systems)

for 2 days. For further induction of osteoclastogenesis, the osteoclast precursors with 100 ng/ml
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mouse RankL (R&D systems) for 3 days. Wnt3a (100ng/ml), BMP2 (100 ng/ml), PTH (100 puM),
and vehicle controls were added into the medium as indicated.

ALP, ARS, and Oil Red O staining

For ALP staining, cells were fixed with 70% ethanol for 15 min and incubated with a mix of 0.25%
naphthol AS-BI phosphate (Sigma-Aldrich) and 0.75% Fast Blue BB salt (Sigma- Aldrich)
dissolved in 0.1 M Tris buffer (pH 9.6) for 20 min. For quantitative determination of ALP activity,
20 pL cell extract was incubated with a mix of 50 pL ALP stabilizing buffer (Sigma-Aldrich) and
50 pL pNPP liquid substrate (Sigma-Aldrich) for 20 min at 37 °C. The absorbance was then read
at OD405 nm on a microplate reader (Bio-Rad). For ARS staining, after 2—3 weeks of osteogenic
induction, the cells with fixed with 70% ethanol for 1 hour and stained with 1% Alizarin red
solution (PH 4.2, Sigma-Aldrich). The stained cultures were then destained by 10%
Cetylpyridinium chloride solution (PH 7), and absorbance of the solution was read at 562 nM. To
detect the lipid droplet formation, Oil Red O staining was performed with a kit form Diagnostic
Biosystems according to the manufacturer’s instructions, after 2-3 weeks of differentiation.

Viral infection and Luciferase assay

To overexpress KDM4B in BMSCs, cells was plated, allowed to attach overnight, and then
infected with retroviruses expressing KDM4B in the presence of polybrene for 6 hrs (8 pg/ml,
Sigma-Aldrich). Resistant cells were selected and overexpression was confirmed by western blot
analysis. For luciferase assay, MSCs were infected with lentiviruses expressing TOPflash
luciferase reporters (System Biosciences). Luciferase activity was measured using a Dual-
luciferase Reporter Assay System (Invitrogen) as described previously after wnt3a treatment for 2
days.

Reverse Transcription-PCR (RT-PCR) and RNA-seq
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Total RNA was extracted using Trizol reagents (Invitrogen) according to the manufacturer’s
instructions. 2-pg aliquots of RNAs were used to generate cDNA with random hexamers and
reverse transcriptase (New England Biolabs, UK). Quantitative PCR (QPCR) then performed
reactions using the QuantiTect SYBR Green PCR kit (Qiagen) and the CFX96 Touch™ Real-
Time PCR Detection System (Bio-Rad). The primers for Gapdh are: forward, 5’-
ACAACTTTGGCATTGTGGAA-3’; reverse, 5- GATGCAGGGATGATGTTCTG-3’. The
primers for Runx2 are: forward, 5’-TCCACAAGGACAGAGTCAGATTACAG-3’; reverse, 5’-
CAGAAGTCAGAGGTGGCAGTGTCATC-3'. The primers for Sp7 are: forward, 5’-
ATGGCGTCCTCTCTGCTTG-3’; reverse, 5-TGAAAGGTCAGCGTAT GGCTT-3’. The
primers for Bglap are: forward, 5’- CTGACCTCACAGATGCCAAGC-3’; reverse, 5’-
TGGTCTGATAGCTCGTCACAAG-3’. The primers for Alp are: forward, 5’-
CACGGCCATCCTATATGGTAA-3’; reverse, 5-GGGCCTGGTAGTTGTTGTGA-3’. The
primers for Collal are: forward, 5’-TAGGCCATTGTGTATGCAGC-3’; reverse, 5’-
ACATGTTCAGCTTTGTGGACC-3’. The primers for Sppl are: forward, 5’-
ATCTCACCATTCGGATGAGTCT-3’; reverse, 5-TGTAGGGACGATTGGAGTGAAA-3’.
The primers for CD36 are: forward, 5-ATGGGCTGTGATCGGAACTG-3’; reverse, 5’-
GTCTTCCCAATAAGCATGTCTCC-3’. The primers for C/EBPo are: forward, 5’-
GTCACTGGTCAACTCCAGCA-3’; reverse, 5-TGGACAAGAACAGCAACGAG-3’. The
primers for FABP4 are: forward, 5’-AAGGTGAAGAGCATCATAACCCT-3’; reverse, 5’-
TCACGCCTTTCATAACACATTCC-3". The primers for Ppary are: forward, 5’-
AACTGGATGACAGTGACATTTCCC-3’; reverse, 5-CCCCTCCTGCAACTTCTCAAT-3".

The primers for Axin2 are: forward, 5’-AACCTATGCCCGTTTCCTCTA-3’; reverse, 5’-
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GAGTGTAAAGACTTGGTCCACC-3’. The primers for DKK1 are: forward, 5’-
CTCATCAATTCCAACGCGATCA-3’; reverse, 5’-GCCCTCATAGAGAACTCCCG-3".

For RNA-seq experiments, RNA was isolated using RNeasy Mini Kit (Qiagen) from three
biological replicates of primary MSCs from Prx1-Cre; Kdm4b™™ mice and control mice, and
MSCs induced for osteogenesis for 4 days. Total RNA was then purified with Dynabeads™
mMRNA Purification Kit (Invitrogen). RNA-seq libraries were constructed using Stranded mRNA-
Seq Kit (Kapa Biosystems), and sequenced using an illumina HiSeq 3000 sequencer at the
Technology Center for Genomics & Bioinformatics (TCGB) core in UCLA.

Western blot assay

Cells were collected and lysed in CelLytic™ MT Cell Lysis Reagent (Sigma-Aldrich) containing
protease inhibitor cocktail (Pierce Biotechnology) on ice for 30 min, and centrifuged at 18,000 g
for 15 min at 4 °C. Aliquots of the lysates were separated on a 7.5% - 12.5% sodium dodecyl
sulfate-polyacrylamide gel, and then transferred onto nitrocellulose membranes (Bio-Rad). The
membrane was incubated with primary antibodies overnight 4 °C, followed by a horseradish
peroxidase-conjugated secondary antibody. Protein bands were detected with an enhanced
chemiluminescence western blotting detection kit Thermo Fisher Scientific. The following
antibodies were used: mouse anti-a-tubulin (1:10000, Sigma-Aldrich), rabbit anti-Flag (1:2000,
Sigma-Aldrich).

Chromatin Immunoprecipitation (ChIP)

ChlIP assay was performed using a ChlP assay kit (Upstate Biotechnology, USA) following the
manufacturer's instructions. Briefly, cells were treated with 3'-dithiobispropionimidate solution
(20 mM) for 10 min at room temperature, followed by incubation in 1% formaldehyde for 15 min

in a 37 °C water bath for cross-linking. Nuclei were extracted as previous described'®’, and lysed.
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Immunoprecipitation was performed with Dynabeads Protein A/G (Thermo Fisher Scientific), and
the precipitated DNA was quantified with QPCR. Data was expressed as the percentage of input
DNA. The following antibodies were used: rabbit anti-KDM4B (Bethyl Laboratories, USA),
mouse anti-H3K9me2 (Abcam, UK), rabbit anti-H3K9me3 (Abcam), anti-mouse IgG (Abcam),
anti-rabbit IgG (Cell Signaling Technology).

Serial Transplantation

In the initial transplantation, MSCs from bone marrow of Prx1-Cre;Kdm4b"";tdTomato and
Prx1-Cre;Kdm4b™":tdTomato mice by mechanical and enzymatic dissociation as stated above,
respectively. After 2-3 passages for expansion, 100 pl of cell suspension with approximately 1 x
10° cells were incubated with scaffolds at 37 °C for 6 hrs, and then transplanted subcutaneously
at the dorsal sites of nude mice (n=8). 6 weeks after transplantation, the scaffolds were explanted
and digested to give rise to cells for secondary transplantation. Again, 6 weeks after secondary
transplantation, the scaffolds were fixed with 4% paraformaldehyde, decalcified by 10% EDTA
(PH 7.4), and were subjected to frozen section. Representative sections were stained with H&E.
Images were taken, and SPOT 4.0 software (Diagnostic Instruments, Michigan, USA) was used to
measure the area of mineralized tissue and adipose tissue versus total area. Expression of
TdTomato was detected and considered as an evidence that the newly formed bone tissue and
adipose tissue were generated by MSCs from MSCs from bone marrow of Prxl-
Cre;Kdm4b™":tdTomato and  Prx1-Cre;Kdm4b™:tdTomato mice during the serial
transplantation.

Statistical analyses

For single comparisons, an unpaired two-tailed Student’s t-test was used. And the statistical

significance of differences among more than two groups was calculated using one-way ANOVAs.
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The statistical significance of differences between treatments in the OVX experiments, PTH
administration, and in vitro differentiation experiments were assessed using two-way ANOVAs
followed by post hoc tests. Data shown are representative of at least three independent experiments

and are represented as mean = SEM. A p value < 0.05 was considered to be statistically significant.

* p<0.05; **, p<0.01; *** p <0.001.
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3. RESULT

3.1 Global deletion of Kdm4b enhanced age-related bone loss and adipose accumulation in
mouse bone marrow

To explore the in vivo role of Kdm4b in regulation of lineage specification of MSCs, we examined
the effects of Kdm4b knockout on bone mass and bone marrow fat (BMF) during aging by global
deletion of Kdm4b. The loxp sites in the Kdm4b allele surround the fifth exon, which contains the
Jumonji domain (JMJD) of Kdm4b %8 1% Micro-computed tomography (UCT) analysis revealed
that bone mineral density (BMD) and the bone volume/tissue volume ratio (BV/TV) of Kdm4b-/-
mice was significantly lower compared to WT littermates at 7 and 12 months of age (Figure 1A).
Of note, Kdm4b-/-mice exhibited comparable bone mass to the controls at 3 months of age,
indicating an important role of Kdm4b in inhibiting age-related bone loss. Histomorphometric
analysis further showed decreased osteoblasts in Kdm4b-/- mice at 7 and 12 months of age,
compared to WT mice (Figure 1B). However, the osteoclasts were not affected by Kdm4b deletion
during observed time, as determined by TRAP (tartrate-resistant acid phosphatase) staining
(Figure 1C). Taken together, Global deletion of Kdm4b enhanced age-related bone loss by

reducing osteoblasts.

A reverse correlation between osteogenesis and adipogenesis of MSCs has been long suggested,
and recent studies have revealed the existence of regulated marrow fat tissue (rMAT) 6160, Next,
we found that significantly increased numbers of bone marrow adipocytes, and the area taken by

adipose tissue in bone marrow of Kdm4b-/- mice as compared to littermate controls (Figure 1D).
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Figure 1. Global deletion of Kdm4b enhanced age-related bone loss and adipose accumulation in mouse
bone marrow. (A) uCT analysis of trabecular bone in femurs of Kdm4b-/- and sex-matched littermate
controls. Bar indicates 400 um. Bone mineral density (BMD) and BV/TV (bone volume/total volume) were
analyzed. (B) Toluidine blue-stained bone sections from 3-, 7, and 12-month-old Kdm4b-/- and littermates.
Bar indicates 400 um. Osteoblast number (Ob.N) and osteoblast surface (Ob.S) were normalized to the
bone surface (BS), respectively. (C) Trap staining of trabecular bone in femurs of Kdm4b-/- and sex-

matched littermate controls. Bar indicates 50 um. Osteoclast number (Oc.N) and osteoclast surface (Oc.S)
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were normalized to the BS, respectively. (D) Representative fatty acid binding protein 4 (FABP4) staining

in femur sections and quantification of the adipocyte per millimeter?. Bar indicates 40 pm.

To further test whether the enhanced age-related bone loss and adipose accumulation was caused by
imbalanced differentiation potential of MSCs in Kdm4b-/- mice, we isolated the MSCs as previously
reported and induced the MSCs to undergo osteogenic differentiation and adipogenic differentiation,
respectively 61, As evidenced by alkaline phosphatase activity assay and Alizarin red staining, primary
MSCs from Kdm4b-/- mice demonstrated decreased osteogenic potential, in response to osteogenic
stimulus (OS) (Figure 2A). gRT-PCR assay also showed reduced mRNA expression of the osteogenic-
related genes, such as transcription factors Sp7 and Runx2, and mineralization markers Collal, Alpl, Sppl
and Ocn in primary MSCs from Kdm4b-/- mice, 7 days after induction (Figure 2B). On the other hand,
MSCs from Kdm4b-/- mice exhibited enhanced adipogenic potential, as determined by Oil Red O staining

and expression of adipogenic-related genes, such as Ap2, CD36, Ppary, C/EBPo. (Figure 2C, 2D).

A B
WT KO
e 30
s, oo —. 40 =l
e 1 (= £= =]
ﬁi‘"ﬁ ER=P) == 3
oo™ o o =
g | 32 2L 2
e ] .\, )
!‘%’ .‘f".-;,- WT KO WT KO Sp7 Runx2 Col1a Alp Sppl Ocn
b J YIS
c D
WT KO _ o
o . 7 L 3 A $ — 0.8 x
dr, 31 E
9 86 o T—* 4 & Y BSo0+4
@ & F v ey oFo02
- A ~ g
r = Tg 0
s Wi & &S

Figure 2. Global deletion of Kdm4b reduced osteogenic differentiation and promoted adipogenic
differentiation of primary mBMSCs. (A) Alkaline phosphatase (ALP) activity assay and Alizarin Red S (ARS)

staining of mBMSCs from Kdm4b-/- and littermate controls in response to osteogenic stimulus (OS). (B)
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gRT-PCR analysis of expression of osteogenic-related genes in mBMSCs from Kdm4b-/- and littermate
controls in response to OS. (C) Oil Red O staining of mBMSCs from Kdm4b-/- and littermate controls in
response to adipogenic stimulus (AS). Bar indicates 80 um. (D) qRT-PCR analysis of expression of

adipogenic-related genes in mBMSCs from Kdm4b-/- and littermate controls in response to AS.

3.2 Deletion of Kdm4b in mesenchymal progenitors enhanced age-related bone loss and

adipose accumulation in mouse bone marrow

To investigate if the enhanced age-related bone loss and adipose accumulation in mouse bone
marrow was caused by loss of function of KDM4B in mesenchymal progenitors, We conditionally
deleted Kdm4b from bone marrow MSCs by generating Prx1-Cre;Kdm4b™" mice. Consistent to
global deletion of kdm4b, we found a significant decrease in bone mass in Prx1-Cre;Kdm4b/M
mice (Figure 2A) at 12-month old, as determined by pCT analysis. Histomorphometric analysis
revealed osteoblasts were decreased in Prx1-Cre;Kdm4b™ mice at 12 months of age, while
osteoclasts were not affected (Figure 2B, 2C). In addition, we also observed significant
upregulation of rMAT in the bone marrow of Prx1-Cre;Kdm4b™ mice at 12 months of age,

compared to the littermate controls (Figure 2D).
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Figure 3. Deletion of Kdm4b in mesenchymal progenitors enhanced aged-related bone loss and adipose
accumulation. (A) uCT analysis of trabecular bone in femurs of Prx1-Cre;Kdm4b™" and sex-matched
littermate controls (Prx1-Cre;Kdm4b+/+ or Kdm4b™). Bar indicates 400 pm. .BMD and BV/TV were
analyzed. (B) Toluidine blue-stained bone sections from 3- and 12-month-old Prx1-Cre;Kdm4b™" mice and
littermates. Bar indicates 500 um. Ob.N and Ob.S were normalized to the BS, respectively. (C) Trap
staining of trabecular bone in femurs of Prx1-Cre;Kdm4b™f and sex-matched littermate controls. Bar
indicates 40 um. Oc.N and Oc.S were normalized to the BS, respectively. (D) Representative images show

FABP4 staining in femur sections and quantification of the adipocyte per millimeter?. Bar indicates 30 um.

We isolated primary MSCs from the femur of Prx1-Cre;Kdm4b™" mice and littermate controls.

Consistently, the primary MSCs from Prx1-Cre;Kdm4b™ mice exhibited decreased osteogenic

potential and enhanced adipogenic potential (Data not shown).
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To investigate whether KDM4B regulates the function of mature osteoblasts, we conditionally
deleted Kdm4b in mature osteoblasts by generating Ocn-Cre;Kdm4b™ mice. We assessed the
trabecular bone parameters of Ocn-Cre;Kdm4b™ mice and littermate controls at 3- and 12-month-
old, but no significant difference was observed (Figure 3A-3C). And histomorphometric analysis
showed that the osteoblast and osteoclast counts were comparable in the Ocn-Cre;Kdm4b™ mice
and littermate controls (Figure 3D, 3E). In addition, as evidenced by adipocyte numbers and area,
deletion of Kdmd4bin mature osteoblasts contributed barely to the accumulation of adipose tissue
in aged mice (Figure 3F). Taken together, these findings indicate KDM4B is critical for the

differentiation of MSCs to osteoblasts, but not for the function of matured osteoblasts.
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Figure 4. Deletion of Kdm4b in mesenchymal progenitors had little effect on age-related bone loss and

adipose accumulation. (A) uCT analysis of trabecular bone in femurs of Ocn-Cre;Kdm4b™" and sex-
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matched littermates (Ocn-Cre;Kdm4b+/+ or Kdm4b™). Bar indicates 400 pm. BMD and BV/TV (bone
volume/total volume) of trabecular bone in femurs of Ocn-Cre;Kdm4b™ and littermate controls. (B) H&E
stained bone sections from 3- and 12-month-old Ocn-Cre;Kdm4b™ mice and littermates, and
histomorphometric analysis of Oc.N and Oc.S. Bar indicates 500 um. (C) Histomorphometric analysis of

Ob.N and Ob.S. (D) Quantification of the adipocyte per millimeter?.

3.3 Deletion of Kdm4b in mesenchymal progenitors enhanced bone loss and adipose
accumulation induced by estrogen deficiency

To mimic the pathogenesis of osteoporotic bone loss, we performed ovariectomy (OVX) surgery
on the female Prx1-Cre;Kdm4b" mice and littermate controls at 2-month old, and the tissues were
collected 5 weeks post-operation. Using uCT analysis, We found noticeable trabecular bone loss
in littermate mice, compared to sham controls; and bone loss in Prx1-Cre;Kdm4b™ mice was even
markedly higher, compared to littermates (Figure 3A). Further, toluidine blue staining showed
significantly lower osteoblast number and osteoblast surface in Prx1-Cre;Kdm4b™ mice
following OV X, compared to littermate controls (Figure 3B). However, the elevated osteoclast
number and osteoclast surface, induced by OVX, were not affected by deletion of Kdm4b in
mesenchymal progenitors (Figure 3C). On the other hand, histology analysis revealed a significant
increase in adipocyte numbers and the area taken by adipose tissue in Prx1-Cre;Kdm4b™ mice
following OV X, compared to littermate controls (Figure 3D). Collectively, these results indicate
Kdm4b is a key factor that inhibits development of osteoporosis by promoting osteoblastic

differentiation from mesenchymal progenitors.
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Figure 5. Deletion of Kdm4b in mesenchymal progenitors enhanced bone loss and adipose accumulation
induced by estrogen deficiency. (A) uCT analysis of trabecular bone in femurs of Prx1-Cre;Kdm4b™ and
littermates after sham and OVX surgery, respectively. BMD and BV/TV were analyzed. (B) Toluidine blue-
stained bone sections from Prx1-Cre;Kdm4b™" mice and littermates after sham and OVX surgery,
respectively. Ob.N and Ob.S were normalized to the BS, respectively. (C) Trap staining of trabecular bone
in femurs of Prx1-Cre;Kdm4b™ and littermate controls after sham and OVX surgery, respectively. Oc.N and

Oc.S were normalized to the BS, respectively. (D) Representative images showed FABP4 staining in femur

sections and quantification of the adipocyte per millimeter?.

To investigate whether osteoblasts and adipocytes come from same mesenchymal progenitors, we
generated Prx1-Cre;Kdm4b":tdTomato mice that expressed tdTomato in the Prx1-Cre

recombined cells, including mesenchymal progenitors and sublineages. We found osteocytes and
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osteoblasts lining on the trabecular bone surface were expressing tdTomato (Figure 6A), and the
Fabp4-expressing adipocytes in bone marrow were also positive with tdTomato. OV X was then
performed on Prx1-Cre;Kdm4b"":tdTomato mice and Prx1-Cre;Kdm4b™":tdTomato mice. We
found tdTomato+ adipocytes in Prx1-Cre;Kdm4b™:tdTomato mice are significantly more,
compared to the Prx1-Cre;Kdm4b"™*:tdTomato mice following OVX (Figure 6B, 6C). Giving
the osteoblasts in Prx1-Cre;Kdm4b™™ mice was less than littermate controls, these results indicate
that deletion of Kdmd4b in mesenchymal progenitors shifts the lineage specification of

mesenchymal progenitors from osteogenic differentiation to adipogenic differentiation.
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Figure 6. Prx1-labbled mesenchymal progenitors give rise to both bone and fat lineages in bone marrow.
cells. (A) osteoblasts and osteocytes expressed tdTomato. (B) Quantification of the tomato-expressing
adipocyte per millimeter?. (C) Representative images show FABP4 staining in femur sections after OVX

surgery. Bar indicates 40 um.
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3.4 Overexpression of Kdm4b and pharmacological inhibition of H3K9me2 reinstated
osteogenesis, and inhibited adipogenesis of BMSCs from Prx1-Cre;Kdm4b™" mice,
respectively.

To further conform if the change in osteogenesis and adipogenesis of MSCs was induced by loss
of enzymatic function of KDM4B, we performed rescue experiment by introducing Flag-tagged
KDM4B into MSCs from Prx1-Cre;Kdm4b™ mice (Figure 7A). As expected, the restoration of
KDM4B successfully reinstated ALP activity, mineralization and expression of osteogenic-related
genes in primary MSCs from Prx1-Cre;Kdm4b™ mice (Figure 7B, 7C). Restoration of KDM4B
also inhibited the adipogenic differentiation of primary MSCs from Prx1-Cre;Kdm4b™ mice

(Figure 7D, 7E).
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Figure 7. Overexpression of Kdm4b reinstated osteogenesis, and inhibited adipogenesis of BMSCs from

Prx1-Cre;Kdm4b™ mice. (A) Western blot analysis shows overexpression of Flag-tagged KDM4B in primary

mBMSCs from Prx1-Cre;Kdm4b™" mice. (B) ALP activity assay and ARS staining of Kdm4b-/- mBMSCs after
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transfection with KDM4B overexpressing retroviruses and empty vector control in response to OS. (C) qRT-
PCR analysis of expression of osteogenic-related genes in Kdm4b-/- mBMSCs after transfection with Kdm4b
overexpressing retroviruses and empty vector control in response to OS. (D) Oil Red O staining of Kdm4b-
/- mBMSCs after transfection in response to AS. (E) qRT-PCR analysis of expression of adipogenic-related

genes in Kdm4b-/- mBMSCs after transfection in response to AS.

In addition, we tried to inhibit the H3K9me2 levels enhanced by deletion of Kdm4b with small
chemical inhibitor, A366 %2, The inhibitory effect of A366 on H3K9m3 level in MSC from Prx1-
Cre;Kdm4b™ mice and controls was confirmed by western blot (Figure 8A). Treatment with A366
slightly enhanced ALP activity and mineralization of wild-type MSCs (Figure 8B). More
importantly, A366 treatment successfully rescued the decreased osteogenesis of MSCs from Prx1-
Cre;Kdm4b™ mice (Figure 8B). On the other hand, adipogenic differentiation of MSCs from

Prx1-Cre;Kdm4b™" mice and controls was dramatically suppressed by A366 treatment (Figure
8C, 8D) . Taken together, the function of KDM4B that removes the H3K9me2 and/or H3K9me3

marks played a critical role in promoting osteogenesis and reducing adipogenesis of MSCs.
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Figure 8. Pharmacological inhibition of H3K9me2 reinstated osteogenesis, and inhibited adipogenesis of
BMSCs from Prx1-Cre;Kdm4b™f mice. (A) Western blot analysis shows inhibition of H3K9me2 in primary
mBMSCs by H3K9me2 inhibitor A366. (B)ALP activity assay and ARS staining of mBMSCs treated with A366
and DMSO in response to OS. (C) Oil Red O staining of treated with A366 and DMSO in response to AS. (D)
gRT-PCR analysis of expression of adipogenic-related genes in mBMSCs with A366 and DMSO in response
to AS.

3.5 KDM4B is required for activation of wnt signaling and expression of osteogenic-related
genes induced by wnt3a

Next, we sought to investigate the molecular mechanism by which Kdm4b regulate the lineage
specification of mesenchymal progenitors. Total RNA were isolated from primary MSCs from
Prx1-Cre;Kdm4b™" mice and littermate controls, respectively, and RNA-seq was performed to
assess the involved signaling pathways and genes. Genes that were downregulated by 1.5 folds in
primary MSCs from Prx1-Cre;Kdm4b™ mice in presence of OS for 4 days, were selected for Gene

ontology (GO) analysis, which revealed these genes were related to skeletal system development
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(Figure 9A) 163184 KEGG analysis further showed Wnt signaling and BMP signaling, which are
critical for osteogenesis, are affected by deletion of Kdm4b in primary MSCs (Figure 9B, Table
1). Gene set enrichment analysis (GSEA) further revealed that deletion of Kdm4b downregulated
Whnt signaling related genes (Figure 9C)*. Since we had reported that KDM4B is required for
BMP-induced osteogenesis in human MSCs, we investigated the effect of Kdm4b knockout on
Whnt signaling transduction in primary MSCs. Luciferase reporter containing TEF/LCF binding
sites was transfected into primary MSCs from Prx1-Cre;Kdm4b™ mice and littermate controls,
respectively. We found that Wnt signaling significantly suppressed by deletion of Kdm4b in
response to overnight wnt3a treatment (Figure 9D). Consistently, the expression of downstream

genes Axin2 and DKK1 was also inhibited in Kdm4b deleted primary MSCs, when treated with

wnt3a (Figure 9E, 9F).
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Figure 9. KDM4B is required for activation of wnt signaling. (A) Go analysis of genes downregulated by

1.5 folds in primary MSCs from Prx1-Cre;Kdm4b™" mice. (B) KEGG pathway analysis of genes
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downregulated by 1.5 folds in primary MSCs from Prx1-Cre;Kdm4b™ mice. (C) GSEA revealed that deletion
of Kdm4b downregulated Wnt signaling related genes. (D) Luciferase reporter assay containing TEF/LCF
binding sites in wnt3a treated primary MSCs from Prx1-Cre;Kdm4b™" mice and littermates. (E, F) gRT-PCR
analysis of expression of Wnt target genes (Axin2, DKK1) in Wnt3a treated primary MSCs from Prx1-

Cre;Kdm4b™ mice and littermates.

Table 3. KEGG analysis revealed that deletion of Kdm4b downregulated Wnt signaling related genes. The

genes downregulated more than 1.5 folds were shown in the list.

FPKM Fold Change
Prx1-

GENE Control Cre:Kdm4b™ ( Prx1-Cre;Kdm4b™"f/contorl)
APC 8.65054 4.50888 0.521225265
CCND2 89.7542 55.9644 0.623529595
CSNK1A1 123.595 65.3907 0.529072373
CSNK2A1 43.6257 26.1681 0.599832209
CTNNB1 240.042 152.614 0.635780405
CuL1l 53.3896 31.9673 0.598755188
DAAM1 5.07208 2.86402 0.564663807
DVL3 12.2218 6.97503 0.570703988
EP300 14.2298 9.23324 0.648866463
FBXW11 31.2358 20.4447 0.654527817
FzD1 33.0212 9.90758 0.300036946
FzD3 0.850885 0.211596 0.248677553
FzD5 13.3127 4.75013 0.356811916
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FZD8

GSK3B

LRP6

MAPKS8

NFATS

NFATC3

NFATC4

PLCB1

PORCN

PPP2R5E

PPP3CB

PPP3R1

PRICKLE2

PRKCA

RAC3

ROCK?2

SFRP2

SMAD?2

SMAD3

SMADA4

TBP

TCF7

TM4SF19

VANGL1

VANGL2

10.7895

21.7972

20.2416

3.59528

10.0084

18.9068

13.1687

1.39441

10.0627

15.0845

20.9198

102.712

1.18828

6.23553

21.9881

35.5115

23.3259

10.0203

9.03863

28.4069

11.2734

1.09027

0.969236

3.09351

1.31899

3.69788
13.4462
10.4728
2.27372
4.94359
10.0643
5.25406
0.59875
4.14335
7.71459
12.2643
57.426
0.564292
2.58004
14.6372
18.4681
1.4691
6.05496
4.35555
18.1766
7.4937
0.34247
0.589513
1.27491

0.37018
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0.342729506

0.616877397

0.51738993

0.632418059

0.493944087

0.532311126

0.398980917

0.429393077

0.411753307

0.511424973

0.586253215

0.559097282

0.474881341

0.413764347

0.665687349

0.520059699

0.062981493

0.604269333

0.481881657

0.639865666

0.664724041

0.314114852

0.608224416

0.412124092

0.280654137




WNT10B 1.25235 0.261483 0.208793868

WNT5A 10.2278 2.64652 0.258757504
WNTSB 0.862578 0.384679 0.445964307
WNTIA 2.78656 0.645211 0.231543911

3.6 KDM4B is required for Runx2 expression induced by Wnt3a and BMP2 by removing
H3K9me3 at Runx2 promoter.

Runx2 was considered as the master transcription factor for osteogenesis'®® %7, As previous
suggested, Wnt signaling and BMP signaling can synergistically activate expression of Runx21¢2,
Here, we found that deletion of Kdm4b significantly inhibited expression of Runx2 induced by
treatment with wnt3a, BMP2, and wnt3a and BMP2, respectively (Figure 10A). Chip assay further
revealed p-catenin, Smadl, and Kdm4b was recruited to the promoter of Runx2 in response to
wnt3a and BMP2 treatment (Figure 10B, 10C-10E). Conversely, H3K9me3, a repressive histone
modification, was removed from the Runx2 promoter regain in response to wnt3a and BMP2
treatment in primary MSCs (Figure 10C). However, the H3K9me3 levels in MSCs from Prx1-
Cre;Kdm4b™ mice was significantly higher, compared to MSCs from the littermates, and
remained unchanged when treated with wnt3a and BMP2 (Figure 10C). To further test whether j3-
catenin, Smadl, and Kdm4b functions as in a complex, re-Chip assay was performed, and we
found that DNA fragments containing Runx2 promoter regions can be successfully pulled down
by primary IP with B-catenin antibody, following secondary IP with Samdl or Kdm4b antibody
(Figure 10G). These results indicate KDM4B may function in the same complex with (3-catenin

and Smad1to activate Runx2 expression.
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Figure 10. KDM4B was required for Runx2 expression induced by Wnt3a and BMP2 by removing

H3K9me3 at Runx2 promoter. (A) qRT-PCR analysis of expression of Runx2 in Wnt3a and BMP2 treated

primary MSCs from Prx1-Cre;Kdm4b™ mice and littermates. (B) Schematic diagram of primers at Runx2

promoter for Chip experiments. (C) Chip analysis of Kdm4b binding at Runx2 promoter in response to

Whnt3a and BMP2 treatment. (D) Chip analysis of H3K9me3 levels at Runx2 promoter in response to Wnt3a

and BMP2 treatment. (E) Chip analysis of B-catenin binding at Runx2 promoter in response to Wnt3a and

BMP2 treatment. (F) Chip analysis of Smad1 binding at Runx2 promoter in response to Wnt3a and BMP2

treatment. (G) Re-Chip assay analysis showed B-catenin, Smadl, and Kdm4b may function in a complex to
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activate Runx2 expression after treatment with Wnt3a and BMP2 for 4 hours.

3.7 Parathyroid hormone (PTH)-induced bone gain and adipose tissue loss is blunted by
deletion of Kdm4b in mesenchymal progenitors

To further investigate the effect of PTH administration on aged Prx1-Cre;Kdm4b™ mice, 12-
month-old Prx1-Cre;Kdm4b™ male mice and wild-type littermates were subjected to daily
injections of PTH(1-34) at 50 ug/kg or vehicle for 4 weeks. Consistently, PTH administration
significantly increase trabecular bone mass in wild-type controls, but not in Prx1-Cre;Kdm4b//
mice, as determined by uCT analysis (Figure 11A). Histomorphometric analysis further revealed
a blunted response to PTH administration in osteoblasts in Prx1-Cre;Kdm4b™ mice (Figure 11B-
11D). More importantly, we noticed that the FABP4-stained rMAT was dramatically reduced by
PTH administration in wild-type controls, but it remained almost unchanged in Prx1-

Cre;Kdm4b™ mice (Figure 11E, 11F).
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Figure 11. PTH-induced bone gain and adipose
mesenchymal progenitors. (A) uCT analysis of trabecular bone in femurs of Prx1-Cre;Kdm4b™ and
littermates after 4 weeks of PTH administration. (B) BMD and BV/TV were analyzed. (C) HE-stained bone
sections from Prx1-Cre;Kdm4b™ mice and littermates after 4 weeks of PTH administration. (D) Ob.N and

Ob.S were normalized to the BS, respectively. (E) Representative images show FABP4 staining in femur

tissue loss was blunted by deletion of Kdm4b in

sections. Bar indicates 40 um. (F) Quantification of the adipocyte per millimeter?.
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Mechanistically, we found that we found expression of Kdm4b was upregulated in mBMSCs in
response to treatment with 100 nM PTH (1-34) (Figure 12A). Deletion of Kdm4b in mesenchymal
progenitors inhibited Runx2 expression induced by PTH treatment in primary MSCs (Figure 12B).
KDM4B was recruited to the promoter of Runx2, and H3K9me3 marks were removed in response
to PTH treatment in MSCs from control mice. However, in MSCs from Prx1-Cre;Kdm4b™ mice,
PTH treatment failed to remove the repressive H3K9me3 marks, due to lack of KDM4B
(Figurel2C, 12D). Our results indicate deletion of Kdmd4b in mesenchymal progenitors
significantly inhibited PTH-induced osteoblastic differentiation of MSCs, thereby resulted in a

decrease in PTH-induced bone gain.
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Figure 12. PTH treatment recruited KDM4B to Runx2 promoter to remove H3K9me3 marks. (A) gRT-PCR
analysis of expression of Kdm4b in response to treatment with PTH in primary MSCs. (B) qRT-PCR analysis
of expression of Runx2 in response to treatment with PTH in primary MSCs from Prx1-Cre;Kdm4b™f mice
and littermates. (C) Chip analysis of Kdm4b binding at Runx2 promoter in response to PTH treatment. (D)

Chip analysis of H3K9me3 levels at Runx2 promoter in response to PTH treatment.
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PTH was reported to activate downstream PKA signaling and wnt/B-catenin signaling®® 1°, To
investigate the mechanism by which PTH treatment induced expression of Kdm4b, primary MSCs
were pre-treated with H89 (a competitive PKA inhibitor) for 1 hour, followed by PTH treatment
for 8 hours. gqRT-PCR analysis showed H89 significantly inhibited PTH-induced expression of
Kdm4b (Figure 13A). Similarly, siRNA-mediated depletion of B-catenin suppressed Kdm4b
expression, in presence or absence of PTH treatment (Figure 13B). In order to further confirm
whether PTH induces Kdm4b expression by PKA signaling and wnt/B-catenin signaling, we
analyzed the promoter region of Kdm4b by using JASPAR profiles, and found two potential CREB
(CAMP response element binding protein) binding sites (-2484~-2477; -2380~-2373) next to
TCF/LEF1 binding sites (-2532~-2521; -2324~-2313)"*. As evidenced by Chip assay, both CREB
and B-catenin were recruited to the promoter region of Kdm4b in response to PTH (1-34) treatment

(Figurel3C, 13D).
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Figure 13. PTH induce KDM4B expression via activate downstream PKA signaling and wnt/B-catenin

signaling. (A) gRT-PCR analysis of expression of Kdm4b in response to treatment with PTH in primary MSCs
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after knockdown of B-catenin. (B) gRT-PCR analysis of expression of Kdm4b in response to treatment with
PTH in primary MSCs that were pretreated with H89. (C) Chip analysis of Creb binding at Kdm4b promoter
in response to PTH treatment. (D) Chip analysis of B-catenin binding at Kdm4b promoter in response to

PTH treatment.

3.8 Kdm4b is required for the self-renewal of mouse MSCs

Giving the decreased bone mass in aged Prx1-Cre;Kdm4b™ mice, we suspected that deletion of
Kdm4b not only led to an unbalanced differentiation potential, but also impaired the self-renewal
capacity of MSCs. We found that deletion of Kdm4b in mesenchymal progenitors significantly
reduced the number of colony-forming unit fibroblasts (CFU-Fs) (Figure 14A). In contrast, -
galactosidase activity, a senescence marker, was significantly enhanced by deletion of Kdm4b in
primary MSCs (Figure 14B). GSEA further revealed that deletion of Kdm4b downregulated
expression of stem-ness related genes in primary MSCs (Figure 14C)%8, We then found expression
of NANOG and SOX2, the essential transcription factor for maintenance of stem cells, was
inhibited in Kdm4b-deficient MSCs, as evidenced by RT-qPCR and western blot (Figure 13D,

13E).
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Figure 14. Kdm4b is required for the self-renewal of primary MSCs in vitro. (A) Crystal violet-stained
colonies after 2 weeks of culture, and quantification of CFU-Fs. (B) B-galactosidase staining and
quantification of B-galactosidase-positive primary MSCs. (C) GSEA revealed that deletion of Kdm4b
downregulated stemness-related genes. (D) qRT-PCR analysis of expression of Nanog and Sox2 in primary
MSCs from Prx1-Cre;Kdm4b™" mice and littermates. (E) Western blot analysis of expression of NANOG and

SOX2 in primary MSCs from Prx1-Cre;Kdm4b™f mice and littermates.

To further confirm this hypothesis in vivo, we isolated primary MSCs from Prx1-
Cre;Kdm4b"":tdTomato and Prx1-Cre;Kdm4b™:tdTomato mice, and assessed the self-renewal
capacity of tdTomato+ MSCs in serial transplantation’> 173, For the primary transplantation,
tdTomato+ MSCs from Prx1-Cre;Kdm4b""";tdTomato and Prx1-Cre;Kdm4b":tdTomato mice
were incubated with gelform scaffold, and subcutaneously transplanted in the dorsal sites of nude
mice (n=8). After 6 weeks, the mice were sacrificed and transplants were collected for histology
analysis. Intriguingly, all the MSCs from Prx1-Cre;Kdm4b"/":tdTomato and 7 out of 8 MSCs
from Prx1-Cre;Kdm4b"™:tdTomato gave rise to bone, fat, and stromal tissues in the transplants,
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respectively (Figure 15A). Quantitative measurement of mineralized tissue areas revealed a 39%
decrease in bone formation by MSCs from Prx1-Cre;Kdm4b":tdTomato mice compared to MSCs
from Prx1-Cre;Kdm4b"""::tdTomato mice (Figure 15B). All the cells in bone tissues expressed
tdTomato, indicating the bone were generated by the transplanted tdTomato+ MSCs (Figures 15C).
Next, the tdTomato+ adipocytes were further confirmed by immunostaining for FABP4 (Figure
15D). And MSCs from Prx1-Cre;Kdm4b™:tdTomato mice generated more adipose tissue
compared to the controls (Figure 6F). Importantly, the cells from the transplants with Prx1-
Cre;Kdm4b""":tdTomato MSCs exhibited a significant decrease in CFU capacity, compared to
the controls (Figure 15E). After in vitro expansion, the cells from the transplants were used for
secondary transplantation (n=8). After 6 weeks, while 7 out of 8 transplants with Prx1-
Cre;Kdm4b""":tdTomato MSCs generated bone, fat, and stromal tissues, only 3 out of 8 secondary
transplants with Prx1-Cre;Kdm4b™:tdTomato cells MSCs have bone, fat, and stromal tissues
(Figure 15F). Of note, because the scaffold was absorbed, we suspect that the rest transplants might
be absorbed and were not found. Similarly, the cells from transplants with Prx1-
Cre;Kdm4b™:tdTomato MSCs showed a showed a 90% decrease in bone formation, and a greater
than 100% increase in adipose tissues formation in the secondary transplants (Figure 15G).
Furthermore, the cells from transplants with Prx1-Cre;Kdm4b™:tdTomato MSCs were barely able
to generate CFUs, indicating a fast loss of self-renewal capacity, compared to the controls (Figure

15H).
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Figure 15. Kdm4b is required for the self-renewal of primary MSCs in serial transplantation. (A) HE-
stained sections from transplants generated by MSCs from Prx1-Cre;Kdm4b™" mice and littermates after
6 weeks, respectively. (B) Quantification of bone and adipose tissues in the primary transplants. (C)
tdTomato-expressing bone tissue was found in the primary transplants. Bar indicates 150 um. (D) IF
staining for FABP4 of tomato-expressing adipocytes in transplants. Bar indicates 40 um. (E) Crystal violet-

stained colonies generated by the cells from the primary transplants after 2 weeks of culture, and
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guantification of CFU-Fs. (F) HE-stained sections from secondary transplants generated by MSCs from Prx1-
Cre;Kdm4b"" mice and littermates after 6 weeks, respectively. (G) Quantification of bone and adipose
tissues in the secondary transplants. (H) Crystal violet-stained colonies generated by the cells from the

secondary transplants after 2 weeks of culture, and quantification of CFU-Fs.

4. DISCUSSION
Osteoporosis is the most common bone metabolic diseases that associated with loss of bone mass
and accumulation of adipose tissues in bone marrow!’*. Unbalanced differentiation of MSCs into
osteoblasts or adipocytes contributes significantly to the development of osteoporosis. By using
mouse model of aging and estrogen-deficiency, we found that deletion of Kdm4b in mesenchymal
progenitors led to an enhanced bone loss by inhibition of the osteoblastic differentiation of MSCs,
but promoted the adipogenic differentiation of MSCs. As determined the Chip assay, recruitment
of KDM4B and removing of the H3K9me3 marks at the promoter regions of Runx2 are critical for
osteogenic lineage commitment of MSCs. PTH (1-34) is the only FDA-approved anabolic bone
treatment for treatment of osteoporosis in the United States'’®. We further revealed Kdm4b was
upregulated by PTH (1-34) treatment in primary MSCs, and KDM4B deletion of Kdm4b in
mesenchymal progenitors significantly attenuated the bone gain induced by PTH (1-34)
administration in vivo.
The reverse relationship between osteogenic and adipogenic lineage specification of MSCs has
been long realized, and the commitment to an osteogenic lineage of MSCs, in theory, requires
inhibition of differentiation toward adipogenic lineages. In this study, we found the regulation of
cell fate of MSCs could take place at epigenetic level by removing the repressing histone

modification at regulation region of Runx2 gene. Previous studies have demonstrated RUNX2
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represses adipogenesis, while deletion of Runx2 leads to the loss of the differentiated characters
of chondrocytes and induced adipogenic differentiation in vitro!’® 177  In the contrary, PPARY, the
master regulator of adipogenesis, inhibits expression of Runx2, and binds to the RUNX2 protein
to inhibit transcription activator of Runx2 at osteogenic promoters®: 176, We suspect that KDM4B
may promote osteogenic commitment of MSCs by RUNX2, thereby possibly inhibited adipogenic
commitment of MSCs. One the other hand, we found KDM4B was required for activation of Wnt
signaling that represses adipogenesis. It is also possible the enhanced adipogenesis was caused by
the decrease in Wnt signaling in Kdm4b-deficient MSCs. However, whether KDM4B directly
participates in the regulation of PPARy and other adipogenic genes remains to be investigated.

MAT is not inert. Instead, adipocytes are capable of regulating bone remodeling by secreting
endocrine and paracrine factors that strongly influence function and activities of other neighboring
and distant cells. In particular, bone marrow adipocytes compose a unique adipose depot and
express RANKL that promotes osteoclastogenesis!’®. On contrast, they can also produce the
cytochrome P450 enzyme, aromatase, which can restrain osteoclastogenesis within the BMUSs via
converting testosterone into estradiol 1’°. In addition, other factors secreted by adipocytes, such as
leptin, adiponectin, and proinflammatory cytokines, can affect the osteoblastic differentiation of
MSCs!8. These studied highlighted the role of MAT in regulation of bone homeostasis, and
partially explain the bone loss after menopause. In the present study, we found that deletion of
Kdm4b resulted in an accumulation of MAT in aged mice. However, to what extent BMF actually
affects bone remodeling requires further investigation. It is likely that the accumulated adipocytes
secreted factors, like RANKL, which compensated the decreased RANKL from osteoblasts and
maintain OC activities in Kdmd4b-deficient mice at a comparable level as control mice. This may

also accelerate the bone loss in Kdm4b-deficient mice.
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In addition, recent studies have provoked a fundamental debate about the lineage restriction of
skeletal stem cells. A small proportion of bone marrow cells are restricted to generate osteogenic
and chondrogenic lineages, and reticular cells, namely osteochondroreticular (OCR) stem cells.
OCR stem cells were reported to contribute to bone generation, maintenance, and repair during
development and adulthood. Gremlinl* cells and CD45Ter 119 Tie2 AlphaV*Thy-6C3'CD105
CD200" cells were identified as OCR stem cells by two different groups!®® 18, However, as
Grem1+ cells are also positive for CD105, they are distinct from CD45Ter' 119 Tie2 AlphaV*Thy-
6C3°CD105°CD200" cells. And obviously, OCR stem cell does not meet the minimal criteria of
MSCs. As Worthley et al. suggested, there might be at least two types of skeletogenic stem cells,
which contribute to postnatal bone formation®!. Grem1+ OCR stem cells are major source of
skeletal tissue in the early life, and the contribution of perivascular MSCs, such as LepR* MSCs,
increases with age'*®. As Zhou et al. reported, in the marrow of mice limb bones, LepR™ cells
uniformly express the Prx1. In this study, we used a Prx1 limb enhancer to drive expression of Cre
recombinase, and to delete Kdm4b in mesenchymal progenitors. On the other hand, the proposed
existence of two distinct skeletogenic stem cells (MSCs and OCR stem cells) may explain why
deletion of Kdm4b had little effect on the bone mass at 3-month-old.

Finally, we demonstrated KDM4B was also required for self-renewal of MSCs. It is possible that
deletion of Kdm4b resulted in a rapid aging process in MSCs, which eventually led to a decrease
in osteoblast numbers. And osteoblast function declines in late life, further exaggerating the
imbalance between bone resorption and formation 8. However, a global decrease in H3K9me3
was associated with alterations in heterochromatin patterns and MSC senescencel#* 184 18
Notably, knocking in a catalytically inactive form of SUV39H1, a H3K9me3 methyl-transferase,

in wild-type mesenchymal stem cells accelerated cellular senescence and led to a phenotype like
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WRN-null MSCs'**. These findings seem to conflict with our result that deletion of Kdm4b led to
an increase in H3K9me3 levels and MSC senescence. We suspect that, compared to SUV39H1,
KDM4B specifically promoted the differentiation- and stemness-related genes in MSCs. Also,
deletion of Kdm4b may not affect heterochromatin patterns as strong as SUV39H1.

In conclusion, we found Histone Demethylases KDM4B promotes osteogenesis and reduces
adipogenesis, and is required for self-renewal of MSCs. More importantly, KDM4B is required
for bone gain induced by PTH administration. Our findings indicate Kdm4b is key regulator of

bone homeostasis, and is a potential therapeutic target for osteoporosis and bone repair after injury.
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CHAPTER 2

Inhibition of IKK/NF-kB Signaling Enhances Differentiation of Mesenchymal Stromal Cells

from Human Embryonic Stem Cells

1. INTRODUCTION
Mesenchymal stem cells (MSCs) have generated a great amount of enthusiasm over the past
decades for tissue engineering. Two properties of MSCs are highlighted during the bone
regeneration: 1) to differentiate into mature osteocytes, 2) to secrete multiple bioactive molecules
capable of stimulating recovery of injured cells, inhibiting inflammation and performing immune-
modulatory functions'® 87, Many completed clinical trials have demonstrated that implantation
of MSCs is an effective, safe and durable method for repair of bone defects 88-1% So far, MSCs
for clinical use have been derived mostly from adult bone marrow!8 1%, However, adult MSCs
have been isolated from bone marrow and adipose tissues, the isolation procedure is invasive, and
MSCs represent a very small fraction, 0.001-0.01% of the total population of nucleated cells in
bone marrow. bone marrow may be detrimental due to the highly invasive donation procedure and

the decline in MSC number and differentiation potential with aging?®.

Human embryonic stem cells (ESCs), derived from the inner cell mass of blastocyst, are
characterized by their immortality and the potential to give rise to a large variety of cells and
tissues from all 3 germ layers, including MSCs. Because of these unique properties, ESC might be
the ideal candidate for regenerative medicine. However, with immunologic incompatibility and
the risk to form neoplasms or teratomas, it has become clear that the pluripotency, at the same time,
makes ESCs hard to control. Furthermore, the possible clinical application is also prevented by

political and ethical concerns. Hence, In spite of the pluripotency of human ESCs, these
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complicated controversies have restricted their use for therapeutic purposes. To free cell-based
therapy of bone defects from this dilemma, there is an alternative detour: derivation of human
MSCs from human ESCs. Since the first human ESC-derived MSC lineage was developed in 2007,
many other ESC lines have been successfully employed to generate MSCs in vitro. These MSCs
could be consistently derived in large amounts from ESCs, and they show similar properties with
adult MSCs in their gene expression, surface markers, and differential potential, which means they
also hold the promise for clinical application. In this review, we summarize the studies on
derivation human MSCs from ESCs via EB formation, and the potential cell-based therapy of bone

defects.

1.1 Derivation MSCs from ESCs

Basically, derivation of MSCs from hESCs consists of two steps: differentiation and purification.
Human embryonic stem cells (ESCs) are pluripotent, which have the potential to provide unlimited
supply of MSCs'® 192 Many differentiation strategies have been used to generate human MSCs,
which can be classified into three categories: 1) embryoid body (EB)-based differentiation, 2) co-
culture with stromal cells, 3) the culture of ESCs as monolayers’®*1%, hMSCs have been
successfully derived from many human ES cell lines, such as CHA3hESC,H1,H9,

HUES9,SNUhES3% 197,

EB formation is the most will-known method to induce differentiation of hESCs, which has been
used to induce differentiation to all the three primary germ layers. When cultured in suspension,
ES cells differentiate spontaneously, and form three-dimensional and round “ball” called EBs. An
EB is the aggregate of ectodermal, mesodermal, and endodermal tissues. Generally, there are three
methods to from EBs, culture in low-attachment plates, culture in methylcellose semisolid, and

culture in hanging drops. To induce EB formation, colonies of hESCs are detached by collagenase
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IV and then culture in suspension to form EBs in the low-attachment plates. After 7 to 14 days
suspension, the EBs are attached on tissue culture plates. When the outgrowing cells reach
confluent, these cells could be expanded with trypsin. After 2~3 passages, these cells are ready for
cell sorting with MSCs makers. The isolation of hMSCs is performed through flow cytometry

based on the specific surface makers, such as CD73, CD90, CD105, and CD146.

Compared to EB-based differentiation, it is recently reported that direct differentiation of human
ESCs as cell aggregates enhanced osteogenesis potential, indicating more restricted mesenchymal

or osteogenic progenitors in the derived cells'%,

1.2 Signaling Pathway Governing ESC Cell Fate

Canonical Wnt signaling plays an essential role in regulation of stem cells, including ESCs.
Previously, it has been implicated in the maintenance of both mouse and human ESCs!% 2% |t has
also been demonstrated to promote the reprogramming of somatic cells into iPSCs (induced
pluripotent stem cells)?L. Several studies have revealed that Wnt/B-catenin signaling is capable of
promoting self-renewal of mouse ESCs. However, recent loss-of-function studies suggested that
[-catenin is dispensable for self-renewal, but is required for multilineage differentiation, such as
cardiac differentiation in hESCs?%2. Davidson et al. further reported Wnt/B-catenin signaling was
repressed by Oct4 in hESCs, and activation of Wnt/p-catenin signaling promotes differentiation®®,
Specifically, Ctnnb1(B-catenin)-deficient mMESCs failed to give rise to mesendodermal germ layer
and neuroepithelial formation, indicating Wnt/B-catenin signaling is required for the

differentiation of ESCs into MSCs?%*,

Several TGF-p family genes also play crucial roles in the maintenance of self-renewal in both

human and mouse ESCs. When co-culturing ESCs with mouse embryonic fibroblasts (MEFs),
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MEFs provide an essential cytokine, like LIF (leukemia inhibitory factor) and BMPA4.
Mechanistically, BMP4 inhibits extracellular receptor kinase (ERK) and p38 mitogen-activated
protein kinase (MAPK) pathway to maintain ESC identity?®. Furthermore, treatment with TGF-
and activin induced nuclear localization of phosphorylated Smad2 in ESCs, but the phosphorylated
Smad?2 decreased upon differentiation®®. Conversely, treatment with SB-43154, a chemical
inhibitor of Smad2 phosphorylation, resulted in downregulation of the expression of pluripotent
markers in ESCs?%’. On the other hand, TGF family members also contribute to diverse processes
during embryogenesis by regulating ESC differentiation. In general, TGF-f signaling inhibits
ectodermal differentiation, but promotes mesodermal and endodermal differentiation of human
and mouse ESCs?%. For instance, treatment with BMP4 and VEGF (vascular endothelial growth
factor) induced hematopoietic differentiation of mESCs in serum free culture®®. Lengerke et al.
reported that BMP signals induced mesoderm and blood lineages by activation of Wnt signaling
and Cdx-Hox pathway?°. Moveover, BMPs inhibits the formation of neuroectoderm, but induces
its epidermal differentiation of mMESCs?!t, However, the role of TGF-B family genes in regulation
of differentiation of ESCs to MSCs remains large unknown.

FGFs and their receptors, FGFRs, have long been known for important roles in embryonic
development. To date, 23 members have been found in FGF family, and 5 different FGFRs have
been identified in vertebrates?!2. The divergent effects of FGF signaling may depend on the states
of differentiation of the cells, the expression of FGFRs, and the presence of other factors. Recent
studies have shown that hESCs express several isoforms of FGFs, such as FGF-2, 11 and 13, and
all the FGFRs?'3, FGF-2, also known as basic fibroblast growth factor (bFGF), is a key factor to
support the maintenance of hMSCs at undifferentiated state in the presence or absence of a feeder

layer in vitro. And several studies suggested FGF signaling might be important for self-renewal of
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hESCs?% 21° In contrast, treatment with synthetic inhibitor of FGFRs, SU5402, resulted in
downregulation of Oct4 expression and rapid differentiation. Interestingly, more recently have
highlighted an important role in lineage specification during early embryonic development. For
instance, FGF-2 promoted mesendoderm over trophoectoderm differentiation during BMP4-
induced hESC differentiation®!®. And after hESCs differentiated into a primitive ectoderm-like fate,
FGF signaling further promoted neural differentiation?!’.

NF«B (nuclear factor kappa-light-chain-enhancer of activated B cells) plays an essential role in
regulation of inflammation response, tumor development, as well as stem cell self-renewal and
differentiation?!® 219, In resting cells, the majority of NFxB subunits are associated with inhibitors
of NFkB (IkB). Activation of NFkB is caused by the IkB kinase-mediated phosphorylation of IkB,
which then allows the active form of NFkB to translocate into the nucleus and initiate gene
transcription®®. Previously, it was shown that the principal NFxB subunits p65, p50, IkB-a, and

IxB-B are present throughout differentiation of human ESCs??!

. Although NF«B signaling is very
low in the undifferentiated human ESCs, inhibition of NF«kB signaling led to significant cell death
and differentiation 221 222 which suggests that NFkB is required for human ESC viability and
maintenance. In addition, NFkB signaling strongly increases during differentiation of human ESCs
223 However, its role in lineage specification of human ESCs remains to be investigated.

In this study, we investigated the role of NF«kB signaling in regulation of human ESC
differentiation, and provided an efficient method to derive functional MSC from human ESCs by
inhibition of NFkB signaling. A specific inhibitor targeting IkB kinase beta (IKKi), which
suppressed phosphorylation of p65, was used to inhibit NFkB signaling transduction. We found

that treatment with IKKi promoted human ESC differentiation and enhanced MSC marker

expression. The derived cells with treatment of IKKi showed stronger osteogenic and
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chondrogenic differentiation potential. Further, MSCs were sorted and used to generate ectopic
bone in vivo. Thereby, we discovered the role of NFkB in mesenchymal lineage specification of
human ESCs, and the derived MSCs have the potential to be used for bone regeneration in the

future.

2. METHODS AND MATERIALS

hESC Culture

This research was approved by UCLA Embryonic stem cells research oversight (ESCRO)
committee.H1 Human ESCs (WA-01, XY) were obtained from UCLA Broad Stem Cell Research
Center. Human ESCs (passages 35-45) were cultured as cell aggregates on a mitotically
inactivated mouse embryonic feeder (MEF) layer, as previously described %2, The hESCs were
passaged every week using 1 mg/ml type IV collagenase (Invitrogen). To induce differentiation of
human ESCs, ESC aggregates were directly plated into tissue culture dishes, and grown in DMEM,
containing 15% fetal bovine serum (FBS), 1% L-Glutamine, 1% non-essential amino acid, and 1%
Penicillin-Streptomycin (MSC medium, all from Invitrogen). IKKi (1uM, Calbiochem) was added
during ESC differentiation as indicated. After 7 days of differentiation, the derived cells were
trypsinized to generate a single-cell suspension, and 1x 10° cells were seeded into each well in 12-

well plates for further differentiation.
Viral infection

To knockdown p65 during differentiation of human ESCs, we constructed a p65 shRNA (shp65)
and a scrambled shRNA (Scr). The shRNA was subcloned into a pLKO.1 lentiviral vector, and
lentiviruses were packaged and generated in 293T cells as described previously?®*. For viral

infection, ESC aggregates plated overnight and then infected with lentiviruses in the presence of
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polybrene  for 24 hours. The target sequences for shRNA  were: 5’-

GTGACAAGGTGCAGAAAGA-3’.

Induction of Osteogenic, Chondrogenic, and Adipogenic Differentiation

To induce osteogenic differentiation, cells were grown in osteogenic induction (Ol) medium
containing 1 nM dexamethasone, 100 uM ascorbic acid, and 5 mM beta-Glycerophosphate (all
from Sigma). To induce chondrogenic differentiation, cells were cultured in chondrogenic
induction (CI) medium containing 100 mM sodium pyruvate, 40 pg/mL proline, 100 nM
dexamethasone, 200 uM ascorbic acid (all from Sigma), and 10 ng/mL TGF-B3 (R&D systems).
To induce adipogenic differentiation, the cells were cultured in adipogenic induction (Al) medium
containing 1 uM dexamethasone, 10 pg/mL insulin, 0.5 mM 3-isobutyl-1-methylxanthine, and 0.2

mM indomethacin (all from Sigma).

ALP, Alizarin Red Staining, Alcian Blue Staining and Oil-Red O Staining

ALP activity assay and Alizarin Red Staining were performed as described previously. For Alcian
blue staining, cells were fixed with 10% neutral buffered formalin (Fisher) for 15 min at room
temperature, and then incubated in Alcian staining solution (1% Alcian blue in 3% Acetic acid,
Fihser) for 30 min. The plates were then photographed, and the stained cultures were destained by
6 M guanidine hydrochloride (Fisher). The absorbance of the solution was read at 620 nM using a
microplate reader (Bio-Rad). After adipogenic induction, Oil-Red-O staining was performed to
detect the lipid droplets using an OIL-RED-O STAIN KIT according to the manufacturer’s
instruction (Diagnostic BioSystems), and then destained by 100% isopropanol (Fisher). The

absorbance of the solution was measured at 450nM.

Quantitative RT-PCR

66



Total RNA was isolated using the Trizol reagents (Invitrogen) according to manufacturer’s
instructions. cDNA was synthesized from 2 ug aliquots of RNA using random hexamer primers
and reverse transcriptase (New England Biolabs). SYBR Green PCR master mix (EuroClone) was
used for quantitative PCR (qPCR) analysis. The primers for GAPDH are: 5’-
GGAGCGAGATCCCTCCAAAAT -3’ (forward), 5’-GGCTGTTGTCATACTTCTC ATGG -3’
(reverse). The primers for PAX6 are: 5’-TGGGCAGGTATTACGAGACTG -3’ (forward), 5’-

ACTCCCGCTTATAC TGGGCTA -3° (reverse). The primers for PDGFR-o are: 5’-

TATGTGCCAGACCC AGATGT -3’ (forward), 5’-GGAGTCTCGGGATCAGTTGT -3’

31

(reverse). The primers for T-Brachyury (T) are: 5’-TATGAGCCTCGAATCCACATAGT
(forward), 5’-CCTCGTTCTGATAAGCAGTCAC -3’ (reverse). The primers for FOXA2 are: 5’-

31

GGAGCAGCTACTATGCAGAGC -3* (forward), 5-CGTGTTCATGCCGTTCATCC
(reverse). The primers for CD73 are: 5’-TTACACAGGCAATCCACCTTC -3’ (forward), 5’-
TTACACAGGCAATCCACCT TC -3’ (reverse). The primers for CD146 are: 5’-

CTGCTGAGTGAACCACAGGA -3* (forward), 5’-CACCTGGCCTGTCTCTTC TC -3’

(reverse).

Western Blot Analysis

Protein was isolated from SCAP using CelLytic MT solution (sigma), supplemented with protease
inhibitor cocktail (PIC, Promega). 40 ug aliquots of protein were separated by a 7.5% SDS-
polyacrylamide (PAGE) gel. The following primary antibodies and reagents were used: rabbit anti-
human phosphorylated p65 (S536, cell signaling), rabbit anti-human p65 (Santa Cruz Biotech),
mouse anti-human a-tubulin (Santa Cruz Biotech). Detection was performed with using
Luminal/Enhancer Solution and Super Signal West Stable Peroxide Solution (Thermo). Blots were

then exposed to HyBlot CL autoradiography films (Denville).
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Flow Cytometry and Fluorescence-Activated Cell Sorting (FACS)

Cells were digested with trypsin (Gbico) for 2 min at 37°C, neutralized and passed through a 40
pum cell strainer. Then, Cells were washed twice with FACS buffer (PBS, 10 mM EDTA, and 2%
FBS) and resuspended at a maximum concentration of 2 x 10° cells per 100 pl. Cells were stained
with indicated antibodies for 30 min on ice in dark, washed, and resuspended in PBS. Samples
were analyzed on a BD LSR Il analyzer or sorted on a BD FACS Aria Ill. Cell gating was based
on comparison with isotype negative controls and single stained controls. Cells were sorted into
serum-free DMEM media for gene expression analysis or into complete media for cell culture.
Antibodies used include CD34 (PE), CD45 (PerCP), CD51 (PE), CD73 (APC), CD90 (FITC),

CD146 (PE) (all from Biolegend).

3. RESULT

3.1 Human ESC aggregates spontaneously differentiate without the feeder cell layer

To induce differentiation of human ESCs, the ESC aggregates were detached by digestion with
collegenase 1V, and seeded into tissue culture dishes in MSC medium without feeder cells. We
found the alp activities of human ESCs decreased dramatically in the following 7 days (Figure
16A). And the expression levels of pluripotent markers, such as NANOG, POU5F1, SOX2,
reduced in parallel with the alp activity during human ESC differentiation (Figure 16B). We then
examined the expression pattern of germ layer-specific markers. While the expression of PAX6
and FOXAZ slightly increased, the expression of PDGFR-o and T was significantly elevated,
indicating the differentiated ESCs are more restricted to mesodermal lineages (Figure 16C).
Further, the expression levels of positive and negative MSC markers were assessed after 7 days of
differentiation. More than 95% of the derived cells are positive for CD51 and CD90, but negative

for CD34 and CD45 (Figure 16D). However, the percentages of CD73-positive cells and CD146-
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positive cells are relatively low (Figure 1D). Based on these results, we selected the combination
markers of CD73"CD90"CD146"CD45 to isolate ES-MSCs, excluding CD51 due to its high level
of expression at 99% (Figure 16D). We were able to obtain 3.6% CD73"CD90"CD146"CD45 ES-

MSCs of the total differentiated cells from hESCs (Figure 16E).
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Figure 16. Human ESC aggregates spontaneously differentiate without the feeder cell layer. (A) ALP
staining and quantitative ALP activity assay for differentiation of human ESC aggregates at 0, 2, 4, 7 days.
Bar indicates 200 um. (B) RT-gPCR analysis of NANOG, OCT4, POUS5F1 (pluripotent markers) expression of

human ESC aggregates at 0, 2, 4, 7 days during differentiation. (C) RT-gPCR analysis of PAX6 (ectoderm),
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PDGFR-a (mesoderm), T (mesoderm), FOXA2 (endoderm) expression of human ESC aggregates at 0, 2, 4,
7 days during differentiation. (D) Flow cytometry schema of MSC marker expression of cells after 7 days
of differentiation. (E) Western blot analysis of p65 and phosphorylated p65 during differentiation of

human ESCs at 0, 2, 4, 7 days. * p< 0.05.

To examine the status of the IKK/NF-«B signaling pathway, we evaluated phosphorylated p65 and
IkBa during hESC differentiation. Consistent with previous studies?® 2%, we found NF«B
signaling was up-regulated upon differentiation of hESCs in the first 4 days of differentiation.
Interestingly, it decreased to basal level on day 7 (Figure 17A, 17B). In contrast, the components

of non-canonical NF-kB signaling, p100 and p522%%, were minimally affected (Figure 17C).
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Figure 17. Activity of Canonical and non-canonical NF-kB signaling pathway during human ESC
aggregates spontaneous differentiation without the feeder cell layer. (A) Western blot of p65 and

phosphorylated p65 at 0, 2, 4, and 7 days of hESC differentiation. (B) Western blot of IkBa and
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phosphorylated IkBa at 0, 2, 4, and 7 days of hESC differentiation. (C) Western blot of p100 and p52 at 0O,

2, 4, and 7 days of hESC differentiation.

3.2 Inhibition of NFkB signaling promotes human ESC differentiation and enhances MSC
marker expression

To investigate if inhibition of NFkB signaling promotes human ESC differentiation into MSCs,
human ESC colonies were plated overnight and the exposed to 1uM IKK-beta inhibitor (IKKi) for
3 days (d1-d4) (Figure 18A, 18B). The Alp activity of the cells was reduced by treatment with
IKKi (Figure 18C). Accordingly, inhibition of NFkB signaling promoted loss of pluripotent
marker expression during human ESC differentiation (Figure 18D). Germ layer marker
examination revealed that mesodermal markers PDGFR-a and BRACHYURY were found to be
significantly upregulated as a result of treatment at day 2 and 4 of hESC differentiation (Figure
18E). The endodermal marker FOXA2 was also upregulated at day 4 (Figure 18E). In contrast, the

ectodermal marker PAX6 gene expression remained unchanged (Figure 18E).
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Figure 18. Inhibition of NFkB signaling promotes human ESC differentiation to mesoderm and endoderm.
(A) Western blot of p65 and phosphorylated p65 at 0, 2, and 4 days of hESC differentiation in presence or
absence of IKKi. (B) Western blot of IkBa and phosphorylated IkBa at 0, 2, and 4 days of hESC
differentiation in presence or absence of IKKi.. (C) ALP staining and quantitative ALP activity assay at 2 and
4 days. Bar indicates 200 um. (D) gRT-PCR results of NANOG, OCT4, POUSF1 at 2 and 4 days in presence

or absence of IKKi.. (E) gRT-PCR results of PAX6 (ectoderm), PDGFR-a (mesoderm), BRACHYURY
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(mesoderm), and FOXA2 (endoderm) at 2 and 4 days in presence or absence of IKKi.

MSC marker assessment showed that CD73 and CD146 were significantly upregulated following
4 days of IKKi treatment (Figure 19A); such upregulation was further confirmed by flow
cytometry analysis (Figure 19B). IKKi treatment also generated a three-fold increase in the
proportion of CD73"CD90"CD146"CD45 ES-MSCs in the total differentiated hESC population,
as compared to vehicle control treatment (Figure 19C). These data indicate that inhibition of the

NF-kB signaling pathway enhances hESC differentiation into the MSC lineage.
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Figure 19. Inhibition of NFkB signaling during human ESC differentiation enhanced MSC marker

expression. (A) qRT-PCR results of CD73 and CD146 at 2, 4, and 7 days. (B) Flow cytometry analysis of cells
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with or without IKKi treatment examining MSC marker expression. (C) Four-color flow cytometry analysis
for CD45, CD90, CD73, CD146 expression to isolate CD73+CD90+CD146+CD45- ES-MSCs following 7 days
of hESC differentiation with or without IKKi. Proportions of CD73+CD90+CD146+CD45- ES-MSCs generated.
Three independent experiments were performed.
3.3 IKKi-treated cells showed enhanced osteogenic and chondrogenic potentials

To determine the further differentiation potential of derived cells, the cells were seed into 12-
well plates and cultured in osteogenic induction (Ol) medium, chondrogenic induction (CI)
medium, and adipogenic induction (Al) medium, respectively. We found that the IKKi treated
cells showed stronger alp activity and higher expression levels of osteogenic markers, such as
RUNX2 and BGLAP (Figure 20A-20C) after 7 days of Ol. The mineralization was also enhanced
by treatment with IKKi, as assessed by Alizarin Red staining (Figure 20D). Similarly, the IKKi
treated cells also exhibited stronger chondrogenic potential, as determined by Alcian blue staining
and expression of chondrogenic markers, such as SOX9 and COL2A1 (Figure 20D, 20E).
However, despite our several trails, we failed to generate lipid deposits with Al for 4 weeks in
these cells (data not shown). Collectively, the derived cells treated with IKKi have higher
percentage of CD73-positive cells and CD146-positive cells, and possess stronger osteogenic and

chondrogenic differentiation potential.
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Figure 20. IKKi-treated cells showed enhanced osteogenic and chondrogenic potentials. (A) ALP staining
and quantitative ALP activity assay for derived cells with IKKi or vehicle treatment after 14 days of
osteogenic induction (Ol). (B) RT-gPCR analysis of RUNX2 and BGLAP (osteogenic markers) expression of
derived cells after 7 days of Ol. (C) ARS staining and quantification of derived cells with DMSO or IKKi
treatment after 21 days of Ol. (D) Alcian blue staining and quantification of derived cells with DMSO or
IKKi treatment after 21 days of chondrogenic induction (Cl). (E) RT-qPCR analysis of SOX2 and COL2a1l
(chondrogenic markers) expression of derived cells after 14 days of ClI.

3.4 Inhibition of NF-kB signaling by p65 depletion promotes hESC differentiation and

enhances MSC marker expression
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To further confirm that inhibition of NF-xB promotes hESC differentiation, we constructed a
specific ShRNA targeting p65 targeting the 3’ untranslated region, to exclude the possibility that
the observed effect is due to off-target effects of IKKi. The knockdown efficacy was confirmed by
RT-PCR (Figure 21A). The depletion of p65 in hESCs was confirmed by significantly suppressed
expression of NF-xB target genes, including clAP2, IL-6, and IL-8 (Figure 21B). Consistently,
depletion of p65 promoted the loss of alp activity and pluripotent markers (Figure 21C). Consistent
with our IKKi treatment results, p65 deficiency also led to the decline of ALP activity at days 2
and 4 of the differentiation process (Figure 21D). Furthermore, RT-qPCR showed accelerated loss
of the pluripotent markers (NANOG, OCT4, and SOX2) during hESC differentiation (Figure 21D).
Similar to IKKi treatment, the endodermal marker FOXAZ2 and two mesodermal markers PDGFR-
a and BRACHYURY were found to be significantly elevated, while the ectodermal marker PAX6

remained unchanged (Figure 21E).

We also evaluated MSC marker expression in p65-depleted ESC aggregates after 7 days of
differentiation, and found that CD73 and CD146 were significantly upregulated The in a time-
dependent manner with the most drastic differences at day 7 of hESC differentiation (Figure 22A);
such upregulation was further confirmed by flow cytometry analysis (Figure 22B). Finally, similar
to IKKi treatment, NF-xB inhibition by p65 depletion increased the proportion of
CD73+CD90+CD146+CD45- MSCs by approximately three-fold (Figure 22C). These data
indicate that inhibition of the NF-«xB signaling pathway enhances hESC differentiation into the

MSC lineage.
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Figure 21. Inhibition of NF-kB signaling by p65 depletion promotes hESC differentiation. (A) RT-gPCR
analysis of p65 in Scr or shp65 transfected human ESC aggregates after 7 days of differentiation. (B) RT-
gPCR results of NF-kB target genes (clAP2, IL-6, IL-8) in Scr or shp65 transduced hESCs at 2, 4 days. (C) ALP
staining and quantitative ALP activity assay at 2 and 4 days. Bar indicates 200 um. (D) qRT-PCR results of

NANOG, OCT4, POU5F1 at 2 and 4 days. (E) qRT-PCR results of PAX6 (ectoderm), PDGFR-a (mesoderm),

BRACHYURY (mesoderm), and FOXA2 (endoderm) at 2 and 4 days.
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Figure 22. Inhibition of NF-kB signaling by p65 depletion enhances MSC marker expression. (A) gRT-PCR
results of CD73 and CD146 at 2, 4, 7 days. (B) Flow cytometry analysis of cells expressing MSC markers. (C)
Four-color flow cytometry analysis for CD45, CD90, CD73, CD146 to isolate CD73+CD90+CD146+CD45- ES-

MSCs following 7 days of hESC differentiation. Three independent experiments were performed.

3.5 Purified MSCs show similar differentiation potential in vitro and form ectopic bone in

scaffolds in vivo
We next asked whether the enhanced differentiation potential of the derived cells was because
there are more MSCs of the total population, or because the derived MSCs have stronger

differentiation potential. The CD73+CD90+CD146+CD45- cells were sorted after 2~3 passages
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for expansion, and differentiation assays were performed. Interestingly, we found that the derived
MSCs with DMSO or IKKi treatment displayed similar alp activity, mineralization, and similar
pattern of expression of osteogenic markers with Ol (Figure 23A-23C). And no significant
differences in chondrogenic potential were observed in sorted MSCs treated with DMSO or IKKIi,
as determined by Alcian blue staining and expression of SOX9 and COL2A1 (Figure 23D, 23E).
Similar lipid deposits were detected and quantified by Oil Red O staining after 3 weeks of Al
(Figure 23F). There is no significant difference in expression of adipogenic markers, such as
PPAR-y and LPL (Figure 23G). Taken together, treatment with IKKi increased the MSC yield

from human ESCs, but did not affect the differentiation potential of the derived MSCs.
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Figure 23. Purified MSCs show similar differentiation potential in vitro. (A) ALP staining and quantitative
ALP activity assay for sorted MSCs from DMSO or IKKi treated human ESC aggregates after 14 days of Ol.
(C) RT-gPCR analysis of RUNX2 and BGLAP (osteogenic markers) expression of sorted MSCs after 7 days of
Ol. (D) ARS staining and quantification of sorted MSCs after 21 days of Ol. (E) Alcian blue staining and
quantification of sorted MSCs from DMSO or IKKi treated human ESC aggregates after 21 days of Cl. (F) RT-
gPCR analysis of SOX2 and COL2al (chondrogenic markers) expression of sorted MSCs after 14 days of Cl.

(G) Oil Red O staining and quantification of sorted MSCs from DMSO or IKKi treated human ESC aggregates
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after 21 days of adipogenic induction (Al). Bar indicates 200 um. (H) RT-gPCR analysis of PPAR-y and LPL

(adipogenic markers) expression of sorted MSCs after 14 days of Al.

Importantly, both populations were able to form bone in vivo (Figure 24A, 24B). In order to
confirm that the ectopic bone was formed by human cells, we examined the expression of human
osteocalcin in these mineralized tissues. Osteocytes and lining osteoblasts were positively stained
in both groups (figure 24C). In addition, both sorted MSCs showed a normal male karyotpye
(Figure 24D). These results indicate that the derived MSCs with IKKi treatment have the potential
to be used in bone repair. Our results therefore demonstrate that treatment with IKKi increases
MSC vyield without causing chromosomal abnormality and negatively affecting differentiation
potential, suggesting that MSCs derived with hESCs with IKKi pretreatment may be used in

regenerative medicine.
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Figure 24. Purified MSCs form ectopic bone in scaffolds in vivo, and show a normal male karyotpye.
(A) Bone formation in vivo by sorted ES-MSCs derived from IKKi-treated hESCs in 6 immunocompromised
mice. (B) Immunostaining of human osteocalcin the ectopic bone. (C) Karyotype analysis of sorted ES-

MSCs derived from IKKi-treated hESCs. For all in-vitro experiments, three independent experiments were

performed.

4. DISCUSSION

Human ESCs are derived from the inner cell mass of the early embryo, and are characterized by
their immortality and the potential to give rise to a large variety of cells and tissues from all 3 germ

layers, including MSCs® 227 However, the plasticity that permits ESCs to become any somatic
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cell type also makes them hard to control, and transplantation of ESCs may lead to generation of
undesired cell types and tissues, including teratomas!® 228229 Thus, a two-step differentiation is
necessary for ESC-based regenerative medicine: 1) lineage-specific differentiation of human ESCs
is induced in vitro, 2) purified progenitors are transplanted into the patient for further
differentiation?®®. To achieve this, it is essential to understand the molecular regulation of ESC
differentiation and to direct the lineage-specific development of these cells along specific

pathways.

NF«B signaling is associated with ESC self-renewal and differentiation 2. A low but detectable
level of NFkB activity was found in both mouse and human ESCs 2% 232, However, the role of
NF«B in pluripotency maintenance is different in mouse ESCs and human ESCs. In mouse ESCs,
Nanog binds to NFkB proteins, inhibits NFkB activity and cooperates with Stat3 to maintain
pluripotency?2. In addition, it recently defined p65 as a target gene of miR-290, an ESC-specific

mircoRNA cluster?3?

. NF«kB inhibition increases expression of pluripotency markers, while forced
expression of p65 causes loss of pluripotency, and promotes differentiation in mouse ESCs?3 234,
In human ESCs, inhibition of NF«B leads to massive cell differentiation within ESC colonies, as
well as significant cell death 2" 222, Regard to ESC differentiation, knockdown of 1KK1/2
promotes differentiation of mouse ESCs into neuroectoderm at the expense of mesoderm 2%,
indicating a regulatory role of NFkB in ESC differentiation. In this study, to induce mesenchymal
differentiation, human ESC aggregates were cultured in monolayer without feeder cells in presence
of FBS. Under this condition, human ESCs differentiate rapidly as shown in Figure 1. However,

the expression of PAX6 did not up-regulated during the process, which suggests the differentiation

to ectoderm is blocked or at a very low level.
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Our findings show that inhibition of NF«kB signaling enhanced human ESC differentiation into
mesenchymal lineages. However, the role of NFkB in mesodermal lineage specification of human
ESCs is still elusive to us. It is reported that inhibition of canonical NFkB signaling during EB
formation resulted in suppression of differentiation toward mesoderm, as shown by diminished
induction of T gene??!. A recent study showed that TNFa activates the Notch and NF-«B signaling
pathways to establish hematopoietic stem cells fate during embryonic development of zebrafish?®,
which suggests NF«kB is required for emergence of mesodermal lineages, at least in part. In our
study, the expression levels of common mesodermal markers are differential. It is possible that
inhibition of NFkB promotes mesenchymal differentiation of human ESCs, but suppresses other

mesodermal lineages, such as HSCs.

In our microarray analysis, the result suggests a cross-talk among NFxB, TGF-B, and Wnt
signaling during human ESC differentiation. Kassem et al. reported that inhibition of TGF-
B/Activin/Nodal signaling pathway differentiation of hESCs into mesenchymal progenitors®’. In
addition, TGFp/activin/nodal signaling is necessary for the maintenance of pluripotency in human
embryonic stem cells 2% 23 Consistently, as IKKi treatment enhances mesenchymal
differentiation of human ESCs, many TGF-f target genes are down-regulated (72% in Table S2).
Combination treatment with inhibitors or activators of different signaling pathway may be used to

direct the differentiation into MSCs in the future.

The differentiation potential of MSCs is essential for application in tissue engineering. In our study,
the derived cells with IKKi treatment possess stronger osteogenic and chondrogenic differentiation
potential. We further assessed the differentiation potential of purified MSCs. As expected, the
purified MSCs from DMSO or IKKi treated group showed similar differentiation potential to

osteogenic, chondrogenic, and adipogenic lineage. Importantly, the sorted MSCs are able to
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generate mineralized bone tissue in vivo. Together with other studies®? 1% 240. 241 e
demonstrated that human ESCs are a reliable resource to generate functional MSCs. The induced
pluripotent stem cells (iPSCs) provide powerful new tools to develop patient-specific pluripotent
stem cells 2*2. MSCs have already been derived from iPSCs 24* 24 and used for bone repair in
animal models 2. The role of NF«kB in iPSC differentiation may be investigated in the further,

and our method could facilitate studies on derivation of MSCs from iPSCs.

In summary, we found that inhibition of NFkB signaling promotes human ESCs differentiation
into mesenchymal stem cells. Further, inhibition of NF«B significantly increased the yield of
MSCs from human ESCs, and the purified MSCs showed multipotency in vitro. Thus, we provide
anovel and efficient method to derive functional MSCs from human ESCs, which hold the promise

for regenerative medicine in the future.

5. OUTLOOK
MSCs are characterized by the self-renewal capacity and differentiation potential into multiple
tissues, including osteoblasts and adipocytes. The differentiation of MSCs contributes significantly
to the maintenance of bone mass during bone remodeling. In addition, MSCs represent an
important paradigm of cell-based therapy for a variety of diseases, because of their multipotent

differentiation capacities, immune privilege, and anti-inflammation effects.

5.1 The identification of MSCs
Although all definition of stem cells is functional in nature, the use of the term MSC may often
indistinctively refer to both in vivo precursors and their expanded cells in vitro®. To avoid

misunderstandings at work, International Society for Cellular Therapy (ISCT) suggested to restrict
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the term stem cell to in vivo precursor cells, and to use the name multipotent mesenchymal stromal
cells for their cultured progeny 246, Accordingly, ISCT has issued a statement on minimal criteria
for defining multipotent mesenchymal stromal cells in vitro 0. First, they must be plastic-adherent
when maintained in standard culture conditions. Secondly, they must express CD73, CD105, and
CD90 and lack expression of CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR
surface molecules. Thirdly, they must be capable of differentiating into osteoblasts, adipocytes,
and chondrocytes in vitro °, Furthermore, a functional assay defines multipotent mesenchymal
stromal cells by generation of a heterotopic ossicle (bone marrow organ) upon transplantation in
vivo 120247 According to these criteria, multipotent mesenchymal stromal cells have been isolated
from various postnatal tissues, including bone marrow, umbilical cord blood 2%, adipose tissue 2*°,

250

muscle <> and so on.

However, questions have been raised about the existence of a common mesenchymal progenitor.
First, the developmental origin of mesenchymal tissues is not uniform. For example, bone and
muscle derive from different precursors during embryonic development °. Secondly, the
heterogeneity of mesenchymal stromal cells derived from different tissues has been observed in
proliferation rate, mutlipotency in vitro, and the ability to generate ectopic bone " &, In addition,
whether MSCs in different tissues in vivo give rise to the same lineages has not been well
demonstrated °. In other words, the “inducible” multipotency in multipotent mesenchymal stromal
cells does not mean that their precursor cells are also “determined” to spontaneous differentiation

into all the skeletal tissues ®.

All these considerations demand an unequivocal identification of MSCs in vivo, and a lineage
tracing approach to study their lineage specification. However, identification of MSC in vivo has

been long hindered, because of their low frequency in bone marrow and the lack of exclusive
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surface markers 2. Isolation of MSCs from mouse bone marrow largely depends on their plastic
adherent properties 2%, Although the isolated cells are capable of differentiating into osteoblasts,
adipocytes, and chondrocytes in vitro, they can be contaminated by hematopoietic cells, such as
macrophages 2°2. In recent years, intensive research has tried to unveil the nature and function of
MSCs in vivo, and different markers have been used to identify and isolate purified MSCs.
However, there are no suitable markers that allow us to establish a hierarchical relationship among

MSCs, committed progenitors, and terminal differentiated cells.

5.2 The interaction between epigenetic regulations

Eukaryotic chromatins are organized in euchromatin (active) and heterochromatin (inactive) and
forms. Histone methylation marks are key in defining these functional states, particularly in
promoter regions. Physically, the lysine residues in histone tails are extremely close to each other.
However, during MSC differentiation, the cross-talk among the histone methylation marks is still
elusive to us, and should be take into account in future studies. For instance, the euchromatic mark
H3K4me3 prevents tri-methylation of H3K9 by SETDB12%. Conversely, the heterochromatin
mark H3K9me3 prevents mono-methylation H3K4 by SET7%*. Notably, the cross-talk among
histone methylation marks is not restricted in methylation at lysine residues. More information can

be found in previous reviews 64 255257,

Another question we need to pay attention to is that the histone methylation status is established
by the opposite functions of KMTs and KDMs. Both KMTs and KDMs may take part in MSC
differentiation at the same time. It is plausible that both methylation and demethylation happens
in the promoters of different lineage-specific genes. For instance, EZH2 and KDMG6A, which both

target to H3K27, act as an epigenetic switch to regulate MSC lineage specification’. However,
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the methyltransferase activity of SET domain-containing KMTs seems to be specific to one site,

while JmjC domain-containing KDMs exhibit more redundancy and tissue specificity.

Interestingly, the KMTs and KDMs could interact with each other. For instance, JMJ is shown to

be required for efficient binding of PRC2 complex?*®

. A study on mouse embryonic stem cells
revealed that Kdm4c could interact with the components of PRC2 and assist Ezh2 to fully repress
target genes?®. In addition, KDM5C, a H3K4 demethylase, could interact with H3K9 methylases,

which may couple H3K9 methylation to H3K4 demethylation®®. The interaction may also be

critical in MSC differentiation, especially for the initiation of lineage determination.

5.3 The association between self-renewal and lineage specification of MSCs

The idea that aged MSCs are of reduced osteogenesis and enhanced adipogenesis potential has
been long implicated, as aging induces bone loss and adipose accumulation in both mice and
human. Indeed, several studies support this idea. For instance, conditional of Foxpl in MSCs led
to impaired MSC self-renewal capacity and premature aging characteristics in mice, such as
decreased bone mass, increased bone marrow adiposity?®®. Our study also showed KDM4B was
required for self-renewal of MSCs, and promoted osteogenesis at expense of adipogenesis.
However, whether natural aging process without gene edition directly induced reduced
osteogenesis and enhanced adipogenesis potential of MSCs is still in debates, as some studies
reported MSCs from older donors exhibited no difference or even a decrease in differentiation

potential to adipogenic lineage?®°-262,

The transcription factors in self-renewal can also affect differentiation of MSCs. As mentioned
above, NANOG and SOX2 have been found to promote self-renewal of MSCs and to be required

for inhibition of spontaneous differentiation in MSCs. However, the impact of their expression
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levels on differentiation potential is distinct. Knockdown Nanog at early passage inhibited the
differentiation potential of all the three lineages (osteoblasts, chondrocytes, and adipocytes)?®3,
Overexpression of SOX2 inhibited osteogenesis and enhanced adipogenesis, and knockout of Sox2

enhanced osteogenesis and inhibited adipogenesis of MSCs*3,

5.4 Clinical applications of MSCs

To date, MSCs has been used in about 350 clinical trials for the treatment of various diseases,
including osteogenesis imperfecta, bone and cartilage defects, heamtopoietic stem cell
transplantation, chronic graft versus host disease, myocardial infarction, and so on?%* 2%, Both
allogeneic and autologous MSCs have been used in these clinic trails. Although some studies
showed disappointing results, several trials have suggested MSCs is promising for clinical use.
The studies have also raised the concern about the immune property of MSCs. Due to the lack of
the expression of the major histocompatibility complex class Il and low expression of major
histocompatibility complex class I, MSCs was initially considered to be immunoprivileged.
However, recent studies revealed allogeneic MSCs may stimulate innate immune responses®,
And allogeneic MSCs can be targeted by activated NK cells and induce immune memory, which

led to the rejection of allogeneic MSC grafts6”: 268,

Taken together, MSCs have generated a great amount of enthusiasm over the past decade for
regenerative medicine and other stem cell based therapies. In this manuscript, we revealed the
critical role of histone demethylase KDM4B in regulation of cell fate decision and self-renewal of
MSCs, provided new insights into the role of NF-kB in mesenchymal lineage specification during

hESC differentiation, and described a novel efficient method to derive MSCs from human ESCs,
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and. These finding may facilitate the prevention and therapy of osteoporosis, and also be used in

MSC-based bone regeneration.
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