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ABSTRACT

MicroRNAs (miRs) are non-coding ~22 nucleotide RNAs which attenuate pletasls
in the cell and have been shown to be important in regulating mammalian embryo development
tissue morphogenesis, cell growth, and differentiation. Very few studies hawvénex miRs
during bone formatiom vivo or during development of the osteoblast phenotype. Osteoblasts
produce bone tissue matrix, secreting many proteins that support tissue zatieralHere we
identified and functionally characterized several microRNAs expdediseng 3 stages of
osteoblast differentiation: undifferentiated, osteoprogenitor, and most difegeshtOur results
show that many miRs are gradually upregulated from growth to mineralizatitna wiore
significant increase at the mineralization stage. Database anmalys#éed that these miRs target
well established pathways for bone formation including Wnt, BMP and MAPK pathway$ whi
must be tightly regulated for normal osteoblast growth and differentiationstQdies then
focused on one representative microRNA, miR-218, which we found directly targethuttans
of ERB1 (TOB1) and sclerostin (SOST) (both are negative inhibitors of Wnt sighakshown
by 3'UTR luciferase reporter assays of each target. This approach derresgted miR-218
binds to the complementary 3' UTR sequence in ¢adet to decrease reporter activity,
providing evidence for miR-218 regulation of TOB1 and SOST. Functional studies, including
the over-expression of miR-218, shdvat miR-218 regulates osteoblast differentiation at the
late stage, but not in immature osteoblasts. We conclude that multiple microRN&geessed
at the late stage of osteoblast differentiation and target Wnt inhibitorethééte osteoblast

differentiation. Our analysis provides direct evidence that inhibitors TOB1 aBd &f@ down-



regulated by miR-218 to facilitate osteoblasts to differentiate to thepinaae of forming a

mineralized tissue.
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1. INTRODUCTION

1.1 MicroRNAs

MicroRNAs (also called miRNAs or miRs) are non-coding 21-23 nucleotide [difg R
sequences found endogenously in most eukaryotes, and have beencspostn
transcriptionally regulate gene expression (Lee et al., 1993). miR genfastaranscribed by
RNA polymerase Il, much like a primary mRNA transcript containing aap’@nd a poly-A tail.
This primary transcript called the pri-miRNA is then processed by two corepkamy proteins
(Drosha and Pasha) that shorten and shape the pri-miRNA into an approximately @deucle
hairpin (stem-loop) RNA molecule called the pre-miRNA, removing the 5’ cap andApialy-
The RNA binding protein Pasha binds the pri-miRNA allowing the stem-loop struottoent,
and the RNase (nuclease) Drosha enzymatically shortens the pri-miRN&+@Q nucleotide
pre-miRNA (Figure 1). These two proteins collectively are called the microprocessor complex
and are an essential step in forming the immatuoeemiRNA, eventually leading to the mature
MiRNA (Denli et al., 2004).

After full processing by Drosha and Pasha, the pre-miRNA is exported dw& nicleus
by the transport protein Exportin 5 associated with a Ran-GTP through the nucksaripdine
cytoplasm, the pre-miRNA is then further processed by the endonucleasewbicd further
shortens the pre-miRNA into a 20-25 nucleotide double-stranded miRNA molecule cantini
2 nucleotide overhangn each 3’ end (Bernstein et al., 2001). The cleavage by Dicer removes
the loop such that both ends of the miRNA duplex are exposed. The activity of Dicer also
initiates the RNA-induced silencing complex (RISC) to form, in which the matitR&A will
associate. Only one strand of the double stranded miRNA can be integrated intoGharkIS

the strand containing the most stable 5’-end will be selected by the Arggmatg® (Schwarz



et al., 2004). This single strand ~22 nucleotide RNA molecule is the mature miRNAgrand c

form a complete complex with the RISC and target complementary mRNA malécule

cytoplasm to down regulate the expression of a particular gene.

s : :
OO0 gene Figurel. microRNA Processing.
Soap l A Pri-miRNAs are transcribed from the
AN ori-miRNA gene by RNA polymerase Il which is
then shortened by the Drosha-Pasha
Drosha, ; ; _
l E: m!croprocessor complex _mtoa pre
MIiRNA. The pre-miRNA is exported out
AT ) - pre-miRNA of the nucleus via RAN-GTP and
nucleus | - Exportin 5. The cytosolic pre_-mlRNA Is
cytosol + removed of its loop by the Dicer protein
MO pre-miRNA leaving a miRNA duplex. The
£™ argonaute protein selects the most
_ , stable 5’ region (not shown) and the
N MIRNA/MIRNA* . L .
S S duplex mature miRNA is incorporated into the
¢ RISC complex. (Esquela-Kerscher &
"""""" miRNA Slack, 2006)

( ; miRISC

The mature microRNAs role in the cell is to repress expression of a pargeunia by
binding to mature mRNA. Each miRNA is complementary to a site in the 3’ untrahsdgien
(UTR) of certain mRNAs, and they bind to the 3'UTR site along with the RISC complex
(Ambros, 2004). However, most miRNAs are not completely complementary to the 3itéTR
of their target mMRNA, and the result is the RISC complex interfertbstranslational proteins
such as ribosomes resulting in the inability to express the protein product. Coynpletel

complementary miRNA-3'UTR binding h&gen shown to trigger degradation of the mRNA



instead of blocking the translational machindfig(ire 2). The overall effect of the miRNA is
significant down-regulation of the gene (Valencia-Sanchez et al., 2006).

Some miRs havbeen shown to target multiple genes to repress éxpression. Thus,
each miRNA is not necessarily specific to a single gene, rather oiéAriBuld bind to a range
of mMRNA 3'UTR sites. Conversely, multiple miRNAs have been shown to target thegeaime
usually at different positions within the 3'UTR (Meltzer, 2005). Functionally, théyabfla
single microRNA to regulate multiple genes, or multiple microRNAs to e¢g single gene,
demonstrates the flexibility and influence that microRNAs have in regulgéing expression in

cellular pathways and processes.
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Figure 2. Fates of Complementary mRNA Binding by microRNA$e binding of miRNAs to
the 3'UTR can cause two scenarios of down-regulating a particular gene. If the miRNA is
completely complementary to the 3'UTR seed sequence, the mRNA will be degfaded (
transcript). However, if the binding is not completely complementary (as the khveriiglht
transcript shows) the miRNA-RISC will cause down regulation by blocking translational
machinery (Vella & Slack, 2005).



1.2. MicroRNAs and Development

The conservation of many microRNAs among invertebrate and vertebratelsynas
well as the conservation of the miR processing machinery, has led to invessgatithe role of
microRNAs in development. Studies on vertebrate animals, especially wittizielarad mice,
have shown that lack of microRNAs led to embryos dying early in embryogdiesayashi et
al., 2008). Total microRNA knockdown was achieved by creating a Dicer-null mutation in the
early embryo. Because Dicer is important for miRNA processing and assoaigth the RISC
complex, this mutation effectively rid the early embryo ofa@lRNAS and the effect they have
on development. The lack of mMIRNAs and Dicer have serious ramifications for theglagel
embryo, and both studies in zebrafish and mice resulted in abnormal early morphogeiesis dur
gastrulation, and the development of rudimentary organs (Weinholds et al., 2005). The Abnorma
morphogenesis always leads to early death of the embryo with an average survisalafs
post fertilization. The conclusion from this dramatic attenuation of embryo devetbgsribat
normal early development of the embryo relies on microRNA regulation, and lack of
microRNAs is lethal in vertebrates.

Because Dicer knock-outs of early embryos are lethal within 7.5 days in miee, Cre
induced conditional Dicer alleles have been used to study the effect that miRMAsHater
stages of fetal development. When Dicer was conditionally repressed ipaegmalatay 20 mice,
the limb morphogenesis and growth was retarded, but patterning of digits pletcamd
organization remained (Harfe et al., 2005).FAgure 3 shows, the forlimb and hindlimb at day
20 for the Dicer-negative limb is much smaller compared to the day 20 dicer pdartguse.

Even when Dicer was conditionally repressed at 13 days post fertilizatiooyéhenb was

much less developed than the wild-type&g(re 4). However, as both knock-outs suggest, the



patterning was not effected. The location and position of the limb bones relative tolesch ot
was not effected. Therefore, the inability of miRNA formation was key td¢kelopment of
the embryo, both at early and later stages. This suggests that miRNAs aré/anvabved in
regulating important cellular functions and pathways that allow differemiagrowth, and

maturation of tissues which are all key in the development of vertebrates.

Figure 3. Forelimb and Hind limb
Development after Dicer Knockouil op

panel shows developmental retardation of
the forelimb of mouse. Top forelimb is of a
20 day post fertilization wild-type mouse,
whereas the lower forelimb is that of a Cre-
induced Dicer knockout at the same age.
Notice the significant retardation in size and
differentiation. Patterning seems not to be
affected. Lower panel shows the effect of the
lack of dicer on the mouse hind limb. Again,
_ the size and degree of differentiation was
significantly different compared to the wild-
type. Top hind limb is that of the wild-type,
and the bottom is 20 day embryo without
dicer (Harfe et al., 2005).

Figure 4. Mouse Forlimb Development after Cre-induced Dicer knockodit

day 13 post fertilization the dicer knocked out mouse (right panel) showed
significant retardation of growth compared to the wild-type mouse (left panel) at
the same age. Patterning seems not to be afféidmde et al., 2005).



1.3. MicroRNAs and Disease
The discovery of the key role of microRNAs in development has led to further study on

the role of microRNAs in pathologies. Diseases such as cancer have been foundnaltple
microRNAs that are down-regulated or up-regulated compared with normal fidsuearray
analysis by several studies found that both solid tumors and cancers includingid wkaman,
lung, colon and brain tumors had significant nai®vn-regulation (Lu et al., 2005). Although
there was down-regulation generally in all these cancers, each tissue/be miRNAs that
were most down-regulated or up-regulated, which indicates that certain mi&BNAssue
specific and play a role in regulating the genesis of cancerous cell®@RW&s have been found
to target oncogenes and thus act as tumor suppressors. Other miRNAs have been found in
cancers to be significantly up-regulated compared to normal tissue. THeNAshave been

shown to target tumor suppressor genes and promote oncogensis (Garzon et al., 2006).

The earlier studies on “onco-miRs” focused on lung cancer tumors, and found that the
MIiRNA let-7a was down-regulated in patients with advanced tumors. Let-7alhotangets
RAS, a well established oncogene, to keep it under negative control. In cancer, let7a’s
downregulation is a key regulator of tunpoliferation in lung tissue. The finding that
cancerous lung tissue was deficient in let-7a suggested that the lack optetrtded RAS
induced uncontrolled cell proliferation and metastasis (Takamizawa et al., 2008).18t-7a is
an important negative regulator of oncogensis in lung tissue and patient survivgsig\hased
on micoarray of patient lung biopsies found that the patients who survived the shortest had the
greatest deficiency of let-7a. This suggests thabnlyt does let-7a contribute to the
development of lung cancer, but the levels of this microRNA correlate witlgthiessiveness of

the cancer and the long term survivability of the individuals.



Several profiling studies have found that in B-cell Chronic Lymphocytic Leigkem
(CLL), two microRNAs, miR-15a and mir-16-1, were significantly down-regalam
comparison with normal hematological cells. These miRNAs were found to Bk
lymphoma-2ZBCL-2) an oncogenapregulated in leukemia and a proponent of hematological
cancers (Calin et al., 2002). Thus, miR-15a and mir-16-1 have been suggested to act as tumor
suppressors in B-cells lowering the levelBaL-2 The low levels of these miRs most likely
resultfrom a deletion of the genomic locus in CLL patientslheen proposed to be a factor in
the uncontrolled proliferation of B-cells into cancer and the ability of theletoeakesist

adjuvant therapies.

MiRNA profiling studies of a variety of cancers have also found that seve®al ane
found athigh levels in cancerous cells when compared to normally differentiated tigstigesk
cancers, the up-regulated miRNAs themsehage been proposed to be oncogenic, and their
expression may target tumor suppressing genes or facilitate oncogenes and pamoertaus
behavior (Garzon et al., 2006). The polycistronic miR-17-92 cluster has been found in lung and
lymphatic cancers to cooperate witfiMY Concogene and to target the tumor suppressor E2F1
which is a transcription factor that regulates the cell cycle (O’'Donnall,e2005). Thus, high
levels of the miR cluster (as was found in lung cancer and lymphoma patien®)ggasted to
be a factor in the development of the cancer. MiR-372 was found to be up-regulatadutatest
and ovarian germ cell cancers. It was determined that miR-372 targeted andegovatedo53
the key cell cycle transcription factor and tumor suppressor associated avithcancers
(Voorhoeve et al., 2006). This suggests that the high levels would lower the expreg&8rimf

deregulate the cell cycle, and potentially lead to the development and advanhcegesm cell



cancers. In B-cell lymphomas miR-142 has been found in high levels, and it enhance#yndire
the oncogen®YC (Garzon et al., 2006). Despite these findings, there remain many other
mMiRNAs that are up or down regulated in cancers whales have yet to be identified.

However, investigation of onco-miRs has elucidated the broad role that miRNAs have in
development as well as in potentiating or suppressing cancer. The studies conductethen a
of cancers have identifidgtie tissue specificity of many miRs. Onco-miR analysis has started
taking on a new understanding of cancer genesis and progression, and has been sisggested
potential screening for the stage and aggressiveness of the cancegtéiéatment based on the
microRNA profile.

A growing number of studies have focused on the role that microRNAs have in heart
disease which is the leading cause of death worldwide. Cre-loxP induced Dicer kisok o
adult mice have shown that loss of miRNAs leads to cardiomyopathy and sevéfailuear
(Chen et al., 2008). The suggestion of this finding is that miRNAs are an importaint fhart
regulation of the development and maintenance of a healthy heart, and deficiecersin
mMiRNAs may contribute to heart disease and failure. Analysis of human patigfaring from
heart failure found that Dicer was deficient in the failing heart tissuesatidg that down
regulation of Dicer caused miRNA deficiency and could be a contributing factioe i
progression of heart failure. Recently miRNA profiling studies of heart digesssie from
human patients found that the muscle specific mMiRNA miR-1 was significantgupated.
Further investigation found that miR-1 targeted two important channels. miigeted and
down-regulated>JAl1a small molecule gap junction that is important to heart cell
communication and cardiac synchrony. AIK&NJ2a potassium channel needed by the heart

muscle for proper muscle contraction and rhythm was targeted and repreaagce(l., 2007).



Murine studies that inhibited miR#f vivo found that the arrhythmia associated with increased
miR-1 was relieved. Thus, miR-1 among other potential miRNAs found in heart tegguates
the function of the heart and sbnormal expression, whether it is up or down, may be a

significant factor in the development and progression of various heart irreg@glanitil ailments.

1.4 Osteoblast Growth and Differentiation

The focus of this investigation was to profile and functionally analyze micraRifke
committed but differentiating osteoblast (MC3T3) to determine whetréain microRNAs
contribute to the proliferation and differentiation of the osteoblast, and what timarpthet
differentiation. Osteoblasts are the key cells that form and support bone @rmakiey require
rigid genetic control to mediate the growth and mineralization. The stgpliegenitor cells that
form osteoprogenitors and other cells are the pluripotent mesenchymal Hte(Rigare 5).
These uncommitted stem cells can be influenced by the expression of senesat@gasing the
cell to become committed to different fates. The transcription ftyoD plays a major role in
committing the pluripotent stem cell to differentiate into myoblasts. Thectigtien factors
PPAR andC/EBPare important for adipocyte differentiation, and the induced expression of
these genes has been shown to cause uncommitted progenitors to form fatty tissuéheWhe
Sox9gene is expressed in mesenchymal stem cells, the cells commit to becomingcytes

(Aubin, 2001).

Mesenchymal stem cells are induced to become osteoprogenitors by the action of Bone
Morphogenetic Protein 2 (BMP2) which interacts with the TGignaling pathway known to

activate key transcription factors need for promoting osteoblast diffeient{&ian & Stein,



1995). The master transcription factor responsible for forming mature osteabRsts<2
(Cbfal) which plays an important rolegaiding and promoting genes needed for mineralization

and remodeling (Prince et al., 2001).

MyoD
> Myoblasts
BMP2
Runx?
> Osteoblasts
Sox?
> Condrocytes
Mesenchymal Stem Cell
PPAR; and C/EBP
> Adipocytes

Figure 5. Mesenchymal Stem CdHates. Mesenchymal stem cell differentiation is
guided by the expression of certain transcription factor gevigeD (top lineage)
promotes commitment to the myobld&tinx2( second lineage) with BMP signaling
promotes the osteoblast phenoty@ox9(third lineage) promotes chondrogensis;
PPAR and C/EBRbottom lineage) promotike formation of adipocytdé&ubin, 2001).

Osteoblast differentiation involves several key stages after comntitthe initial
proliferation, followed by matrix maturation, and finally mineralizatiéig(re 6). Runx2 is
important throughout the growth and differentiation processasjtslevels increase gradually
over the differentiation time course. The first stage seen is the rapid growthcellthehich
lasts about 10 days, with maximal expression of histones, collagens, and proliferative

transcription factors includinlylsx-2, c-fosandc-jun (Lian et al., 1998). After 10 days, the



cellular and extracellular morphology begins to mature. At this stage, ther&&iNk matures

until about day 20. The maturation during this time period involves collagen secretion into the
ECM in preparation and support for the subsequent mineralization. Several gengslsgre hi
expressed and are important to the osteoblast phenotype. Alkaline phosphatasaAP) is
important protein and marker during the maturation phase, and its expressionHayglg igse.
Because it is a hydrolytic phosphatase it helps to mobilize phosphates and setgdhenenvi

for calcium salts to form a mineralized matiunx2,along with other transcription factors such
as the homeoboRIx-5, are found at high levels and regulate the collagen buildup and
organization needed for the eventual mineralization of the ECM and fully diffeteshti

osteoblast phenotype.

Alkaline Osteoclacin

Histones Phosphatase Osteopontin
Collagens Bone

MSXx-2 MGP Sialoprotein

CFOS/CJUN Runx2 Collagenase
Runx2 DILX-3 l
I I
I I
| |

PROLIFERATION | MATRIX |  MINERALIZATION

| MaATURATION |

Figure 6. Stages of Osteoblast Differentiatio®steoblasts begin by rapidly

proliferating, expressing collagen and transcription factors that promote the cell cycle.
After rapid growth the osteoprogenitors begin to form a mature matrix expressing
alkaline phosphatase and an increased level of Runx2. The last stage is mineralization
and is marked by increased levels of matrix supporting proteins including osteocalcin and
osteopontin. The presence of these supporting prgbeamotes calcium deposition to

create bone tissugian et al., 1998).



The last stage of osteoblast differentiation is mineralization, which ocomnsday 20 to
about day 35. Mineralization is the main phase in which bone phenotypes materializengncludi
the formation of a mineralized matrix and calcium deposition. During this stage, Runx2
expression is optimally expressed, and important mineralization proteins sutbasio,
osteopontin, and bone sialoprotein are formed (Lian et al., 1998). In addition, collagenase
activity and expression increasligring mineralization as the collagen ECM structure is replaced

with dentin and supporting proteins.

Each stage of differentiation requires a well controlled and intricgteesgion pattern,
with interference during a particular stage often being detrimémthke development of the
mature bone. A knock out of Runx2 in mice for example leads to a complete lack of bone
formation and mineralization even when in the presence of BMPs (Tsuiji et al., 1998arlgim
attenuation or over-expression of other transcription factors and proteins duringlifezggion,
maturation, and mineralization stagesults in the abnormal growth of osteoblaats] in many

cases have lead to a disease state (Lee et al., 1999).

1.5 Signaling Pathways and Osteoblast Differentiation

It has been well documented that the progression of osteoblast diffeoentegjuires
several well established signaling pathways during its time course whigla gfitical role in
regulating the expression of transcription factors such as Runx2. The BMP2 sidyat ¢he
commitment (that promotes Runx2 action) stimulates the T$&#haling pathway which
associates with a BMP receptor and SMADs (Haag & Aigner, 2006). Theselitiac

receptors associate with transcription factors, including Runx2, and drive tlessiwprof



skeletal genes. The BMP/TGIpathway has also been found to regulate the continued
progression of skeletal maturation and mineralizattogure 7). In addition to the BMP signal,
other studies have identifiede role of the MAPK pathway in differentiation. Several studies
found that constitutive signaling of the MAPK pathways resulted in increasetbskefmation
in mice, and accelerated the differentiation time course. Functionallys iftouad that the
constitutive MAPK activity resulted in increased phosphorylation of Runx2 (Ge 208ar).
The phosphorylation increased the transcription activity of Runx2. The MAPK pathway svolve
an extracellular signal usually EGF that binds to a tyrosine kinase rece@BR(. This causes
associations with GRB2, SOS, Ras, and Raf which initiates a kinase casuiidg to the
phosphorylation of transcription factors in the nucleus including Rufxie 8) (Avruch,
1998).

TrEEDR

BMP il PRl
g TGFE-RI
BMP-RI

i )
4 =lp ] P
— (5 Fsmade By ;} = :
(g - Smad7 — R A}

Figure 7. Schematic of BMP and TGFSignaling in Osteoblast DifferentiationBMPs can
bind to cell surface receptors phosphorylating Smad proteins which localize in the nucleus to
participate in the regulation of gene expressjbadt, 2007).



Figure 8. MAPK Signaling Pathway in Osteoblast DifferentiatioBignaling involves
EGF ligand interacting with its receptor causing interaction with Grb2, SOS, Ras, and
Raf which leads to a kinase cascade involving MEK, ERK and MKP. MKP localizes in
the nucleus and regulates gene transcrip{dhlkinson, 2001).

Another important signaling pathway that has been shown to be critical in osteoblast
differentiation is the canonical Wnt Signaling pathway. The Wnt pathway invibleed/nt
protein interacting with several membrane proteins such as LRPeledzand Disheveled, to
activate Beta-catinin the central protein that has been shown to mobileeriadleus and
regulate transcriptionHigure 9). The Wnt pathway has been shown to be a key pathway in
development and patterning of the embryo, and studies have also suggested its rtd&ain ske
formation. The Wnt pathway has been revealed to play an important role in promoting the
commitment of mesencymal stem cells (MSCs) to the osteoblast phenotypes $tudhich
MSCs with a deleted beta-catenin led to the osteoprogenitors unable fullyrdiffereand
instead they formed chondrocytes (Hill et al., 2005). It was also found thaptiession of
beta-catenin caused the inhibition of osteoblast differentiation even after Rung2sapwas
detected. Additionally, beta-catenin deletion in MSCs leads to an overall lower bsse m

compared to when beta-catenin was stable and active (Krishnan et al., 2006).



LRP5/6
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Figure 9. Wnt Signaling Pathway
Regulates Gene Transcriptiomhe Wnt
pathway is activated by the Wnt ligand
binding to the LRP5/6 and frizzled
membrane proteins, allowing bet-catenin
to localize to the nucleus and aid in
regulating gene transcription. The
pathway on the left represents the lack of
a wnt signal leading to the intracellular
assembly phosphorylating beta-catenin
and causing it to be degraded. The right
pathway shows a Wnt signal mobilizing
the intracellular assembly near the
surface receptors and stabilizing the
beta-catenin molecule so that it can
associate with TCF/LEF and aid in
transcription(King, 2006)

Other findings have linked the Wnt pathway with the direct regulation of Runx2 in

osteoprogenitors and enhanced bone formation (Gaur et al., 2005). Pathological studies in

humans have revealed that mutated LRP, the membrane receptor of Wnt, lead to marked bone

loss, whileconstitutive expression lead to excess bone mass. The Wnt pathway contains natural

antagonists including Secreted Frizzed Protein (SFRP) and Dickkopfs (DKK) mdgative

regulate Wnt signaling. Mutation of DKK has resulted in increased bone niese Jtudies

have concluded that DKK and SFRP are negative regulators of osteoblashtiffienr®, and

theirknock down promotes the mature osteoblast phenotype. Murine studies in which SFRP1



was deleted showed increased prolonged bone accumulation and the activation of Wnt to
stabilize Beta-catinin which led to enhanced bone formatiaivo (Bodine et al., 2004). Other
antagonists including the protein sclerostin (SOST) has also been found to negegjukier
the Wnt pathway. Pathologically, individuals with mutation to the SOST gene havesettrea
bone mass. Recent investigations have revealed that SOST antagonizes With theeptor
LRP5/6 leading to Wnt signaling inactivation. This and the clinical cases trangly
suggested that SOST is a negative regulator of osteoblast differentiation. Knotkidbig
antagonist enhances Wnt activity and bone formation (van Bezooijen et al., 2007). The Wnt
signaling pathway in conjunction with tBMP and MAPK pathwayfrm an important and
complex regulatory mechanism in osteoblasts, and a growing number of studies hzatedndi
that the differentiation pattern (proliferation, matrix maturation, and mizatain) relies on the
action of these signaling pathways to form the osteoblast phenotype. Thus, endogenous
regulatory mechanisms such as microRNAs for pathway inhibitors and intetiraigygproteins

may play an important role in regulating the progression to the mature osteobla

1.6 MicroRNAs and Osteoblast Differentiation

The tight control of osteoblast differentiation requires complex and well cotedina
regulation throughout the differentiation time course. As a growing number ofstualie
suggested, signaling pathways as well as the expression of key traosdaptors such as
Runx2, attenuating inhibitors, and allowing pathways to promote activation of osteoipares
are essential to the development of the normal osteoblast and bone phenotype. Because of the

growing importance of the regulatory role of microRNAs in development andsdiseaRNAS



have been suggested to play an important role in regulating commitment and osteoblast
differentiation which forms skeletal tissue. Several profiling studies usiagparrays have

found over 50 microRNAs that are up or down regulated in the osteoblast. Many have thcrease
expression during a particular stage such as mineralization indicatingettein miRNAs may

be regulating bone specific processes. Few studies have investigated ta®regole of

mMiRNAs in the osteoblast, however a growing number have supported the importance that

MiRNAs have in skeletal tissue and osteogensis.

Recently, BMP2 induction of mesenchymal cells has been linked with microRNA
regulation of Smad and Runx2. C2C12 mesenchymal progenitor cells treated with B&P2 w
profiled using microarray, and 25 miRNAs were significantly down regulated adatae to
target osteogenic pathways (Li et al. 2008). The reasoning behind this was thatdaiation
of miIRNAs that target osteogenic proteins would allow the C2C12 cells to follow to an
osteoblastic phenotype. Using real-time PCR, luciferase assays, stednaA®otting a
significant continuation of Runx2 expression was seen in the BMP2 treated calnpared to
the untreated C2C12 culture, which showed rapid loss of Runx2 expression. Concomitantly, it
was found that miR-133 and miR-135a both diminished after BMP2 treatment compared to the
control. Smad5, a BMP-mediated transcription factor, was continually expretsedMP
treatment, but it was quickly down-regulated in untreated cells. To test ifrthBdAs directly
target Runx2 and Smad5 respectively, luciferase assays were conducted asdlthéound
that miR-133 directly targeted the 3'UTRR{iNx2 as the luciferase activity was diminished,
and miR-135 directly targeted the 3'UTR of Smad5. Similarly, when mir-133 was
overexpressed in the C2C12 cells, Runx2 protein levels decreased, as did Smad5vi3&n mi

was overexpressed. These results dramatically emphasize the ealdyaggrole of miRNAS in



osteoblastommitment and differentiation. Without the BMP2 induction, these miRNAs serve as

inhibitors to the osteoblast lineage, and promote the formation of myoblasts instead.

Recent research by ket al has further elucidated the important regulatory role of
microRNAs promoting osteoblast differentiation after commitment. Usiniy68T3
osteoprogenitor (from mouse calvaria) a complete miR profile using micyaawaaled over 55
significantly up-regulated miRNAs some having a biphasic expression patterprdfile
charted the expression over the differentiation time course of the MC3T3 talisigswith the
proliferating osteoprogenitor and ending with a mineralized matrix. From tfibkepmiR-29b
was selected for further study by Li etodlits effect on osteoblast differentiation and
determining the particular targets. Over-expression gain of functionimqrégs of miR-29b
found that Runx2 and Alkaline Phosphatase (AP), two important osteoblast markers, mRNA
levels and protein levels increased after being transfected with théBasBd on microRNA
target databases, several targets were studied by Livbicl have a negative regulatory effect
on osteoblast differentiation and are found in key signaling pathways including BBA®B and
Wwnt. Additionally, because collagens were found to be strong putative targetpodsbie

role as a target of miR-29b was investigated. qRT-PCR and luciferaseerggssay found that
five negative regulators of osteoblast differentiation, HDAC4, TRACVR2A, CTNNBIP1,

and DUSP2 were direct targets of miR-29b, and were down regulated afterpresston.
However, because the miR-29b expression profile was biphasic, Luc-reporter aftCHRT-
studies of three collagens, Collal, Col5a3, and Col4a2 were found to be down regulated and
determined to be direct targets of miR-29b. One of the important features bfiridesgs was

that mir-29b seemed to target multiple mRNA transcripts. Also, the biphasissiqrg@attern

of miR-29b was found to correlate with the targeting of a specific type of térgets found



that miR-29b preferentially targeted the negative inhibitors early in theehtiation time
course of the MC3T3 osteoblast, but targeted and down regulated the collagens tiogvarats
of differentiation in preparation for the remodeling of the collagen and nfiregran. Thus, the
overall result was that miR-29b played a critical role in regulating ostebtawards its
phenotype as the elevated Runx2 and AP suggests, and it uniquely targeted negativesregulat
early on then targeted collagens towards the end of maturation. The implicatibissstfidy
demonstrated that miRNAs are active regulators of osteoblast diftdgrentibut it also
highlights the role of associated signaling pathways in guiding and camjrtiie development
of the mature osteoblast. miRNAs seem to be a key post-transcriptional nsechgnvhich
signaling pathways rely for a balanced and orderly course of differemti&lthough miR-29b
has been found to be a powerful regulator of several inhibitory and structural genésgprofi
studies suggest that many more miRNAs or “osteo-miRs” may contribute nortinel

differentiation of the osteoblast.



IIl. PROJECT PURPOSE

This MQP utilized microarray profiling techniques to screen for up-regailiaticroRNAs
in MC3T3 osteoprogenitor cell differentiation. In additisayeral bioinformatics tools were
used to identifya miRNA that may regulate osteoblast differentiation. It was found th&t mi
218 presented strong up-regulation and had several putative reRfjgds that are known
inhibitors of the Wnt and BMP pathways and negatively regulate osteoblastulit¢ion. The
promising miR-218 candidate was then functionally tested in the MC3T3 by oligo over-
expression to determine whether miR-218 promoted differentiation by increasiagriaoker
levels. Additionally, the identifiegutative mRNAtargets of miR-218 TOB1, SOST, DKK2 and
SFRP2 were validated using a luciferase assay and quantitative RT-PQRsUlkefound that
miR-218 did not affecthe osteoblast markers early in differentiation, but caused a moderate
increase in Runx2, AP, and osteocalcin in the later stage of the differentiationugdests that
miR-218 may be positively regulating MC3T3 osteoprogerifferentiation and maturation at
the later stages. Also, it was determined that miR-218 directly targ&Bd &nd SOST, but not
DKK2 and SFRP2. These experiments provide further evidence of the intricatepamtaimh

regulatory roles between miRNAs, signaling pathways, and the formatmoatafe bone.



lIl. MATERIALS AND METHODS

2.1 Cell Culture for microRNA Microarray Analysis and Bone Marker Expression

MC3T3-E1 osteoprogenitors were plated in 200 mm dishes and incubatddii
(Atlanta) with 10% Atlanta FBS, 100U/ml of penicillin, and 1a@ml of streptomycin. At
confluence (day 0) these cells were treated with differentiation mediaitcioigt 10 mM -
Glycerophosphate and 5@/ml of ascorbic acid. The differentiation media was refreshed every
48 hours after the initial differentiation treatment. For both the microamalysis and
guantitative real-time PCR, cells were harvested at days 0, 4, 7, 10, 14, 21 and 28 after
confluency. For each time point, microarray analysis was done at Ohio &taezdity at the
Croce laboratory, and RT-PCR was done in the Lian lab as described in the RT-PCH protoc

below.

2.2 MicroRNA Microarray Analysis

MC3T3 cells from the differentiated time course as described above werstedraad
RNA was isolated at days 0, 4, 7, 14, 21 and 28. These RNA samples were sent to Ohio State
University, where the Croce lab conducted the microarray for all up and downteeguonirs.
The raw expression data analyzed for fold change after each time jtbitthevday 0. The final
expression value for each time point was obtained by normalizing theluogescence of the

particular day with the Laogfluorescence atay 0. FinallydChip software was used to organize



the expression levels into a comprehensive heat map for all the up and down regulated

microRNAs over the 28 day differentiation period.

2.3 Real Time PCR

Whole RNA was isolated from MC3T3 cells using Trizol (Invitrogen) reageluviaig
the manufacturers instructions. @ of mMRNAwas then purified using a Zymo DNA-free RNA
kit and was then constructed into cDNA through reverse transcription using Oligo{diEYs.
cDNA samples were then used for real time PCR, and a SYBR reaction was use¢eldioorde
A SYBR Master Mix (Applied Biosystems Inc.) was used for detectipgession. RT primers
weresynthesized by Invitrogen for all the amplifications. The intensitylo&aiplicons was

normalized to GAPDH. All primers used for RT-PCR amplification are list@dble 1

Table 1. Primers Sequences Used for Real-time PCR

5'- CGCCCCTCCCTGAACTCT-3' (Forward)
5-TGCCTGCCTGGGATCTGTA-3' (Reverse)

RUNX2

5-TTGTGCGAGAGAAAGGAGA-3’ (Forward)
5-GTTTCAGGGCATTTTTCAAGGT-3’ (Reverse)

Alkaline Phosphatase (AP)

5-CTGACAAAGCCTTCATGTCCAA-3’ (Forward)

Osteocalcin (OC) 5-GCGCCGGAGTCTGTTCACTA-3 (Reverse)

5-CTGCTGTCAGCCCTACCTTC-3' (Forward)

ToBl 5-TTCTGCTTCAGGAGGTCGTT-3' (Reverse)
SOST 5-TTCAGGAATGATGCCACAGA-3’ (Forward)
5-GTCAGGAAGCGGGTGTAGTG-3' (Reverse)
DKK2 5-CATCCTCACCCCACATATCC-3' (Forward)
5-GTAGGCATGGGTCTCCTTCA-3' (Reverse)
SERP? 5'-ACGACAACGACATCATGGAA-3’ (Forward)

5-ACGCCGTTCAGCTTGTAAAT-3'(Reverse)




2.4 Northern Blots of miR-218

The total RNA was isolated from MC3T3 osteoblasts at days 0, 4, 7, 14, 21 and 28 after
differentiation using Trizol reagent (Invitrogen). Total RNA was themusdgpd on a 12%
acrylamide/urea gel, and was transferred onto Hybond-XL membranesg#aneBiosciences).

[ -32P]JATP 5’-end labeled oligonucleotide probes to miR-218 were hybridized to the
membranes in Rapid-Hyb Buffer (Amersham Biosciences) following @neufacturer’s
protocol. The blots were reprobed for U6 to control for equivalent loading. Band intemasity w
measured using Alphalmager software (Alpha Innotech Corp., San Leandro, [B#Aktbby
exposure to X-ray film (Kodak BioScience Film), and the relative exresdithe specific

MiRNA samples were normalized to U6 shRNA, and plotted as fold change settidgalay

2.5 Western Blots

MC3T3 cells were collected and lysed in RIPA buffer (25 mM TriseHCI pH 7.6, 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS). RIPA-cell mixture samplethesmre
placed in a dry ice/ethanol bath for 5 minutes followed by a 37°C incubation. This wagdepeat
three times. Protein concentrations were then measamelda standard curve using BSA was
made. 2X protein loading dye was added to the lysate (1X) samples and the s&mplesiled
for 5 minutes. The samples were loaded into a 10% SDS-polyacrylamide gel and @ ebltag
100V was applied through the stacking gel, then increased to 200V after passing thegesol

gel. The samples were then transferred onto a transfer membrane whiphewiausly soaked



in methanol then transfer buffer. The transfer membrane was placed in 5% millgbverrd

then placed in 1% milk at room temperature with mouse monoclonal anti-Runx2 (1:2000) and
polyclonal goat anti-Actin (1:5000) primary antibodasa shaker for 1 hour. Secondary HRP-
conjugated antibody was added in 1% milk at room temperature for 1 hour. The membrane was
then washed with PBS three times and chemiluminescence reagent (\iggieng) and an
oxidizing agent were added to the protein side of the membrane. An X-ray film (Kodak

Biosciences film) was exposed by the transfer membrane and developed.

2.6 Bioinformatics and Database Analysis

Robustly expressed microRNAs found in the microarray analysis were idpotibethree
microRNA databases (TargetScan, PicTar, and miRanda) which predict naRjéA affinity.
Gene lists outputted by the databases were run through the DAVID BioinformataisaSe
program where targets involved in pathways of interest were displayed. For choosingeput
targets for validation, high scoring targets in all three databases involvephatiisg pathways
and known negative regulators osteoblast differentiation were checked fenaim among
species and binding prediction of the miR to the 3 UTR. miR-218 was selected on the basis of

containing multiple high scoring inhibitors of osteoprogenitor differentiatignaling pathways.

2.7 Transfection Assay
MC3T3 cells were plated on three 6 well plates with a density of 6°%eli8/well. Cells
were allowed to grow overnight and transfected at 30% confluency. Traosfeets done by

first washing cells with PBS twice, then transfecting cells with ehgofectamine (mock-no



oligo), negative control #1 (nonsense scrambled pre-miR, Ambiopjedrsa-miR-218-1. For

all transfections, oligofectamine reagent (Invitrogen) was used. Serar@pte-MEM

(Invitrogen) media was combined with 50 nM or 100 nM oligo, and oligofectamine in microfuge
tubes, and let to sit for 20 minutes at room temperature. Oligo/oligofectaminé@pti

solution was added drop-wise to cells and incubated at 37°C with 520€Ohours. Following
incubation, warm 30% FBS AtlantaMEM media was added to each well, and cells were
incubated until 2 or 7 day harvesting, in which cells were used for RNA or proteinasaat

indicated in the methods describing RT-PCR and Western Blotting.

2.8 DNA Construction and Luciferase Assay

Putative targets, TOB1, SOST, DKK2 and SFRP2 gene transcript sequences were
obtained by the ENSEMBL Mouse Genome Browser. The 3'UTR region of each gene w
located and copied into tli&rimer3 primer selection program. Primers were designed to amplify
the seed sequence the miR was predicted to target. Primers were checésuliétion sites
using NEB Cutter (New England Biolabs), and Mlul and Spel sites were added to tbe ends
the primers. Primers were synthesized by Invitrogexle 2 lists all Primers used for

amplification of the 3'UTRs.

Table 2. Primers for 3’ UTR Cloning for Luciferase Reporter Plasmid

TOB1 5-GGACTAGTCCGGACACATTCAGGTTGGTT-3’ (Forward)
5-CGACGCGTCGTTCGTACATTTTAATTCCACCA-3’ (Reverse
SOST 5-GGACTAGTCCAAGGTCGTTGGAGGAAACTG-3 (Forward)
5-CGACGCGTCGAACGCGGCTTTCACTCTTT-3' (Reverse)
DKK2 5-GGACTAGTCCGAGGGCAGGACTGAATCAAG-3' (Forward)
5-CGACGCGTCGTTCCCTGTTCTTCAGCGTTC-3' (Reverse

SERP?2 5-GGACTAGTCCCGAGGGGCATTTTCTCTCTT-3' (Forward)
5-CGACGCGTCGTATTTGAGGGCATCATGCAA-3 (Reverse)




For amplification of the 3'UTRs, primer was added to 1 pg of mouse genomic OidA. T
amplified DNA reaction was then separated by running in a 1% TBE/EtBroreidéAgplified
DNA for each reaction was excised and purified using QIAquick Gel Exdrakiit (Qiagen).
Amplified DNA was then digested with Mlul and Spel for 3 hours, then heat inactivated at
65°C. The pMIR-Reporter Luciferase Plasmid (Applied BioSystems) wasielitand digested
with Mlul and Spel for 3 hours as well. Both 3’'UTR DNA and pMIR-reporter digested were
separated and analyzed for complete digestion using a 1% TBE gel, then wiezd psiing a
gel extraction kit. 3’UTR DNA and pMIR-Reporter were combined and allowedatelifor 5
hours at room temperature using T4 DNA ligase. Samples of the ligated plasmidestddlig
plasmid were run on a 1% TBE gel to ensure 3'UTR integration into the reporteigalasm
Complete Reporter constructs are showRkigure 10 for each gene. Plasmids were then
multiplied by transforming in Amp-resistant DHSompetent cells (Invitrogen), and plated on
Ampicillin treated agar plates. Positive colonies were picked and growquid LB media for
12 hours, then plasmid was purified using a QlAprep Miniprep Kit (Qiagen). Purifischiola

samples were run through a 1% TBE/EtBr gel to determine presence of repameidpla
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Figure 10. Cloned Luciferase Reporter Plasmidgop left plasmid is cloned TOB1 3' UTR
into a pMIR-Luc Reporter. Top right plasmid is cloned SOST 3’ UTR into a pMIR-Reporter
plasmid. Bottom left plasmid is cloned DKK2 3'UTR into a pMIR-Luc Reporter. Bottom
right plasmid is a cloned SFRP2 3’ UTR in a pMIR-Luc Repdtafferji, 2009).



The Luciferase assay was conducted by co-transfecting pre-hs2a1@iRiRNA
(Ambion) or negative control miR #1 with pMIR-Luc DNA construct in MC3T3 cellsICel
were plated in 6 well plates at a density of 8 X délIs/well, and oligofectamine reagent
(Invitrogen) was used for transient transfection. 100 nM of miR-218 and miR-control, 200 ng of
firefly luciferase constructs and 5 ngRxénillaluciferase plasmid (Promega) were transfected
and incubated for 36 hours. The luciferase assay was performed using thadifaedde
Reporter System (Promega) according to the protocol provided by the manufacturer
Luminescence was measured using a Luminometer (Glomax) and luminescdrede effyt

luciferase (provided by the construct) was normalized t&#@llaluminescence.



V. RESULTS

3. 1 Expression of Osteogenic Markers in Normal MC3T3 Osteoblasts

Elucidating the role that microRNAs play in the maturation and proliferatidimeof
osteoblast requires an understanding on the normal levels of endogenous bone markers in the
normal progression of the osteoblast. Runx2, the central transcription fagionsdse for
osteoblast differentiation, as well as Alkaline Phosphatase (AP) and &stedOC), represent
well established and reliable markers in the progression of differentiatldl€BT3, and serve
as indicators for change in the differentiation pattern when microRNAexaressed. Using
real-time PCR, the mRNA levels relative to GAPDH of each of these miRalkers were
measured over a 28 day time course with samples taken at days 0, 7, 14, 21 and 28 from a
MC3T3 culture. Figure 11ashows the mRNA levels of Runx2 steadily increasing over the time
course as the MC3T3 osteoblasts matures in an alpha-MEM ascorbic acid posiisvd=-igare
11b shows the endogenous levels of AP mRi#g significantly until day 21 then the
expression decreased at day Fyure 11cshows the relative expression of osteocalcin mRNA
in the MC3T3 cells used in these experiments and the dramatic increase inierpressthis

time course.
In addition, because of the importance in Runx2 in controlling osteoblast diffammtiat

a western blot of Runx2 endogenous protein was done for the MC3T#aellation to -actin

over the 28 daysFigure 12 shows the steady increase in endogenous Runx2 protein, correlating

with the mRNA levels obtained from the RT-PCR.
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Figure 11 RT-PCR of Three bone markers in
the 28 DayDifferentiation Time course of the
MC3T3 Osteoblast(A) Shows the relative Runx2
MRNA levels at day 0, 7, 14, 21 and 28 with a
steady increase in the expression as the cells
differentiate. (B) shows the relative mRNA levels
of AP at days 0, 7, 14, 21 and 28 with a large
increase in expression then a drop at day 28. (C)
Shows the relative mRNA levels of OC at day O,
7, 14, 21 and 28 with a large fold increase in
expression at day 28. Note that all Ct values
were normalized with GAPDH and the mRNA
levels scale for each marker differs.

Figure 12 Western Blot of Runx2 Protein Levels During Osteoblast Differentuati
Cell samples were isolated for differentiating MC3T3 osteoblasts at days 0, 4, 7, 10,
14, 21 and 28 after confluency, showing progressive increases in Runx2 protein levels

relative to -actin.



3.2 microRNA Profile in MC3T3 Osteoblasts

In order to investigate the role of microRNAs in the differentiation to thema&ione
phenotype, RNA samples were taken from MC3T3 @&litays 0, 7, 14, 21 and 28, and
microarray analysis was performed to detect known microRNAs up-red\taie assay was
performed at Ohio State University). Day 0 was designated as theeeelsed confluency. The
microarray fluorescence data for the up-regulated miRs was arramtgeaiheat colomap,
indicating fold change in expression levels relative to day 0 using the DChias®fEigure

13). 55 microRNAs were found to be significantly up regulated.

To discern which microRNAs might play important roles in bone differentiation,
significantly up-regulated microRNAs identified in the microarray asialyere inputted into
theTargetScarprogram, and potential mMRNA targets were listed. Because of the raaymt
of predicted targets generated by the program, only high scoring tasg&sgets involved in
important pathways such as the MAPK, Wnt, and BMP were sought. To validate thegete ta
predicted by TargetScan were consistent with other microRNA predictionapnggviiRanda
andPicTarwerealso used for predicting possible targets and selecting the most promising
microRNA in influencing osteoblast differentiation. The lists of prediciegets from
TargetScan were then inputted into the DAVID Bioinformatics Databaseaggets involved in
the MAPK, Wnt and BMP (TGFB) signaling pathways were obtained for eachmtife i
profile. Several miRs had multiple targets involved in two or three of the key pathivd/enn
Diagram was constructeé&igure 14) showing the up-regulated microRNAs in the MC3T3 cells.
Possible targets in these three important pathways, and analysis of alRthdound that 31%

of the up-regulated miRs had targets involved in the Wnt, MAPK, TGBF/Bljare 14).



Figure 13. MC3T3 Profile of Up-
Regulated miRNAs The microRNA tested
is denoted on the right, and the days
differentiated are listed above the figure.
Blue indicates low expression, and red
indicates high expression relative to day O.
miR-218 chosen for subsequent analisis
shown in the red box.



MAPK

TGF Wnt

Figure 14. microRNAs Identified in

Selected Osteogenic Pathwayshove is a
Venn Diagram of miRs that have putative
targets involved in one or more of the
important bone pathways, including TGFB
(BMP), Wnt, and MAPK. (Right ) Statistical
analysis reveals that about 31% of the miRs
found to be up-regulated in MC3T3
osteoblasts have potential targets in the Whnt,
MAPK and TGFB pathways. Analysis was
conducted using TargetScan 4.0 and
DAVID Bioinformatics Database.



3.3 Selection of miR-218

Three identifiedmiRs had several interesting targets that were inhibitors of osteogenic
pathways. In determining a particular microRNA to further study and its rolguinating
osteoblast differentiation, negative regulators of thesepléyways were sought. Because
mMiRNAs down regulate a particular protein by binding to the 3'UTR of the mRNA, an&1 m
seed sequence can potentially have many targets, miRs that could potemiiatty fegative
regulators were especially sought since down regulation of theseveegagulators was
hypothesized to promote differentiation by allowing these pathways to oésuwa.result, three
miRs which theoretically bound teegative regulators of these pathways as putative targets were
selected for further study: miR-218, mir-181b and letT7ab({e 3). miR-218 was selected for
further study because of the strength of the target scores (strength arullpyatfahe
microRNA binding with the 3'UTR seed sequence) determinethe TargetScan program, as

well as putative targets that have been shown to suppress osteoblast diffenentiat

Table 3. Three Selected miRs with Putative Targets in
Negative Regulators ofOsteogenic Pathways

miR-218 TOB1, SOST, DKK2, SFRP2
miR-181b Axam, LRP5/6, Chordin, Noggin
let-7d Noggin, Collal, Chordin

The identifiedtargets for miR-218 have been previously shown to negatively regulate
wnt, BMP and MAPK pathways. These are TOB1, DKK2, SFRP2 and SOST. TOB1 has been
shown to negatively regulate BMP signaling pathway, and TOB1 murine knockouts kave be

shown to cause increased bone mass and increased osteoblast density (Yoshi(¥06}).al



DKK2 and SFRP2 are known negative regulators of Wnt signaling, and have been shown to slow
osteoblast differentiation (Bodine et al., 2004). SOST or Sclerostin has been shown to be a
inhibtor of Wnt needed for BMP-induced bone formation, and lack of SOST has lead to
sclerosteosis and increased bone formation (van Bezooijen et al., 2@WI¢.4 shows the seed

sequences of the 3'UTR of each target mMRNA and the putative binding of each to mir-218.

Table 4. miR-218 Putative Targets and Predicted Seed Sequence

Putative Target Seed Sequence at 3'UTR (top) and mir-218 (bottom

~—

TOBL1 (Transducer of ErB1) 5'...UUUCAUUUGCCAACCAAGCACAA...

I
3' UGUACCAAUCUAG--UUCGUGUU

DKK2 (Dickopf-2) 5'...GCUAUUAUUAAAAGAAAGCACAC...

11
3' UGUACCAAUCUAG-UUCGUGUU

SFRP2 (Secreted Frizzled Protein-2) 5' ... AGAACUUCAGUUUAU--AAGCACAC...

[IF 1
3" UGUACCAAUCUAGUUCGUGUU

SOST (Sclerostin) 5" ...GAGCGUUUGUAACAGAAGCACAU...

1]
3' UGUACCAAUCUAG---UUCGUGUU

To validate the expression of mir-218 in MC3T3 cpksformed in the profiling study,
we examined by Northern blot a similar set of MC3T3 cells over 28 days for miiFRiLBe
15). As a control for the amount of RNA loaded into the gel, U6 snRNA was also quantitated
The levels of miR-218 increased until day 7, plateaued until day 14 but then increased further

with the onset of mineralization (see figure 11c for OC expression), theedevlat day 28.



The expression pattern seen by the northern blot for miR-218 closely resemblettetime pa

observed by the microarraffigure 16).

Figure 15. Northern Blot of miR-218.Isolated RNA was
hybridized to miR-218 probe and U6 snRNA probe at days 0, 4,
7,14, 21 and 28. miR-218 expression was greatest at Day 21.
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Figure 16. MicroArray Expression Profile of miR-218 in MC3T3
OsteoblastsDensinometric values obtained from the array analgbimiRNA

are shown. Note the significant 5 fold increase from day 0 to day 28, consistent
with the mir-218 Northerprofile in Figure 15. Duplicate samples were
normalized as miRNA-218/U6 snRNA.



3.4 Functional Activity of miR-218 in MC3T3 Osteoblasts

Before validation of the chosg@mitative targets was carried out, the functionality of mir-
218 in the osteoblast was examined. The effect that miR-218 activity had on osteogenic
differentiation in MC3T3 cells was performed byer-expression of miR-218 for 48 hours when
cells are confluent. RNA was isolated from transfected and non-transfetigedreen RT-PCR
was performed for the three bone markerggre 17). After a 100 nM transfection of miR-218
oligo, no difference in markanRNA expression was seen for Runx2 mRNA, and only a slight

increase was observed AP mMRNA expression.
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Figure 17. Assay of mMRNA Levels of Bone Markers using Real-
time PCR In Cells Transfected with miR-218 Olig.eft) Runx2

MRNA Levels after 50 and 10 nM transfection of miR-218. Little
difference was seen after miR-218 over-expression (red). (Right) AP
MRNA levels after 50 and 100 nM transfection of miR-218 showing a
moderate increase in AP levels.



A western blot of Runx2 protein was also performed after 48 hr of transfection of miR-
218 oligoat 50 and 100 nM relative to beta-acthigure 18). No change in Runx2 protein

expression was found after miR-218 overexpression.

Figure 18. Western Blot of Runx2 Protein Levels Post 48 hr miR-218

Transfection Top paneshows Runx2 protein expression after 50 and 100 nM
transfection of control (scrambled siRNA) and miR-218. The lower phoels the
concomitant Beta-actin protein levels. No significant change was observed in Runx2
protein levels.

Thus, at day 2 post-transfection there was no large scale or consistent change inrkene ma
expression with over-expression of miR-218. So at this stage of the differentatdags), mir-

218 had no significant effect on MC3T3 differentiation, which implies that miR-218 plays no
active role in regulating or promoting differentiation at &aely stageof MC3T3 differentiation.
However, the significant decrease in osteocalcin (not shimditates either a direct or indirect
effect on thdate mineralization stage. So bone marker mMRNAs were also assayed by RT-PCR
after 7 days post transfectiofigure 19). At day 7 post transfection, Runx2, AP, and OC

MRNAs eaclshowed moderate but significant increases in mRNA levels after treatment
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Figure 19. RT-PCR Assay of mRNA Levels of Bone Markers 7 Days Post Sfeantion with
miR-218 Oligo.MC3T3 cells were isolated on day 7 after transfection of mir-218 plaamid,
RT-PCR was performed. (Left set) Runx2 expression after 100 nM transféctorrol
(scrambled siRNA) (blue) or miR-218 (red). A small increase is seen in RRNR lavels.
(Middle Set) AP expression after 100 nM transfection of control (scramsBRNA) and miR-
218. (Right Set) OC expression after 100 nM transfection of control (scrambiédl)saRd
miR-218. All data were normalized relative to GAPDH.

A western blot ot Runx2 protein was also conducted after the 7 day transtéogore (
20), with no significant change seen between the mock control and transfected group (100 nM)
Thus, the preliminary results suggest that miR-218 had little effect on the asteobl

differentiation in the early stage of the MC3T3 and but a moderate effeue dater stage.

Figure 20. Runx2 Western Blot 7 Days Post miR-218
Transfection The top row shows Runx2 protein
expression for MC3T3 cells treated with oligofectamine

No miR miR-218
Oligo Control

only (left), miR-control (scrambled siRNA) (middle
<« Runx? lane) and mir-218 (right lane). The bottom row shows
the expression of beta-actin protein with the respective
treatments. No difference in Runx2 expression was seen
after miR-218 treatment.

<4+— Beta-actin




3.5 miR-218 Directly Targets TOB1 and SOST but not DKK2 and SFRP2

The potentiafunctional role of miR-218 in regulating and promoting osteoblast
differentiation late in differentiation was investigated further by deteang whether miR-218
targets inhibitors/antagonists of signaling pathways as predicted lbadatalgorithms.

Previous studies of all four putative targets, TOB1, SOST, DKK2 and SFRP2 inhibiters ha
pointed out their roles in inhibiting osteoblast differentiation. 3'UTRs were cloned int
luciferase pMIR-Reporter plasmid. If the over-expressed miR-218 in MC3&3taajeted the

3’ UTR of the luciferase 3’ UTR, there should be a significant reduction ifiréily luciferase
activity compared to the contragnilla luciferase activity. After co-transfection of miR-218 and
pMIR-Luc-3’ UTR plasmids of each target geiiéglure 21), it was found that TOB1 and SOST
had a significant reduction in luciferase activity compared to a traisiexfta scrambled

control miR. However, DKK2 and SFRP2 showed no significant reduction in lucifertagéya

To supplement the luciferase assay and verify that miR-218 binds to endogenous TOB1
and SOST mRNA, and does not target DKK2 and SFRP2, mRNA levels were obtainethfor ea
by RT-PCR(Figure 22). TOB1, SOST and SFRP2, but not DKK2 mRNA showed a down
regulation after over-expression of miR-218. Although protein analysis was nobé &ila
determining whether miR-218 impacted protein levels, it was expected thatitictioa of
MRNA transcripts would lead to decreased TOB1 and SOST protein levels. Thua1&iR-
directly targets TOB1 and SOST, but does not directly target DKK2 and SFRP Xtaugteat
this blocking of negative regulators contributes to positively regulatinglisigts to the mature

osteoblast phenotype.



A TOB1 B SOST
12 12
) I ) [
é‘ >
2 £
3 089 § 08
% [
§ oo 3?_3 0.6
£ 0s 2 04
ks kS
& c
02 02
0 0
miR-Control miR-218 miR-Control miR-218
C DKK2 D SFRP2
12 12
. N . [
z
£ =
£ 08 g 08
g <
< [
g
§ 0.6 2 0.6
3 E
& 2 04
= 04 =
3 ©
& o
@
02 02
0 0
miR-Control miR-218 miR-Control miR-218

Figure 21. Luciferase Assay for Determining Direct Targeting of miR-218) TOB1 3' UTR

transfected cells. miR-218 tranfected cells (bld&d significantly less luciferase activity

compared to a miR control assay (gray)d thus is a direct target of miR-218. (B) SOST UTR
and miR-218ransfected cells had more than 50% reduction in luciferase activity compared to
the control transfection. (C) DKK2 UTR and miR-218 transfected cells caused no signifagant
in luciferase activity when compared to control miR transfection. (D) SFRP2 UTR arilgiR-

transfected cells had no significant reduction in luciferase activity compared takontr
transfection. Firefly luciferase activity was normalized to Renilla Lucsterctivity.
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Figure 22. Assay of mMRNA levels by RT-PCR of Targets after miR-218 Transfest(A) A significant
reduction in the mRNA transcript levels of TOB1 was seen. (B) SOST mRNA wassigniduced
compared to control miR and mock transfection. (C) DKK2 had no reduction in mRNA transceipts aft
transfection of miR-218 compared to control and mock transfections. (D) SFRP2 had a significatibmein
MRNA levels compared to mock and control transfection experiments. All Ct valaewowealized to
GAPDH.




V. DISCUSSION

The data from this project indicate that microRNAs found in osteoblasts play al pivot
role in guiding the cell towards a fully differentiated tissue that can suppuriexalized matrix
and assemble into bone. It appears that many up-regulated miRNAs support osteoblast
formation by regulating important signaling pathways and targeting iohshaff these pathways.
Several microRNA display biphasic expression with the most expression founceatitbé
mineralization. This suggests that miroRNAs may be well-timed posttiptisnal regulators
that can be vital at several stages of differentiation. Our studieseewbal there were 55
microRNAs up-regulated in the MC3T3 osteoblast over a 28 dBgrentiation time-course, and
31% of these microRNAs had Wnt, MAPK, and/or TGElated targets. Most miRNAs had the
highest level of expression at mineralization, and this indicates the more @dé that miRNAs
may have towards the end of differentiation. Among the highly upregulated miRNAsWRa
218 which was found to functionally increase Runx2, AP, and OC late in the mineralizegion st

but not in the earlier stages. MiR-218 positively regulated OB differentiatithre ddte
mineralization by directly targeting BMP/TGFand Wnt antagonists TOB1 and SOST. Other

putative targets, DKK2 and SFRP2, did not seem to be directly targetd by miR-218.

Our findings that miR-218 directly targets SOST (sclerostin) and cagpession of the
MRNA transcript may provide important insight into human genetic deficiemoietving
sclerostin. A rare genetic disease called sclerosteosis resuft@fmutation of th€OSTgene
(Balemans et al., 2001). The lack of SOST results in an abnormal increased bone wktass whi
causes thickening of bones including the skull digits and ribs (Winkler et al., 2003).

The ability of miR-218 to directly target SOST may further reveal dielar

mechanisms behind the disease and potential therapeutic application for other kases disar



example, osteoporosis is a widespread bone disease that is characterssdabpbne density

and mass leading to weakened and fractured bones. The action of miR-218 may in theory bind
and decrease SOST in osteoporosis patients to cause increased bone mass production and
potentially alleviate the chronic bone loss. Pharmaceutical companies havedaddress
osteoporosis by developing antibodies that can inactivate SO@Jo. miR-218 may present
another approach to post-transcriptionally knock down SOST. However, because nmRMAS
have multiple targets, more investigation will be required to determine othetstargktheir

effect on bone or other tissues. Other pathologies such as osteosarcoma have beeitHinked w
increased levels of SOST, and elucidating the cellular role it has with lNé&®RBnd signaling
pathways may shed more light on the progression and misregulation that leads to bdeesdisor

Previous studies on miR-218 have found that lamiBi(LAMB3) is a direct target of
miR-218 (Martinez et al., 2008). Laminins are extracellular matrix proteatsare vital to the
organization and integrity of the ECM in many tissues. MiR-218 may play amelegain
attenuating laminin in differentiating osteoblasts during matrix maturaind mineralization, as
the bone tissue remodels and matures while targeting Wnt and BMP inhibitors.

Although our findings strongly suggest that miR-218 is up-regulated and fungtionall
important for the osteoblast phenotype, more studies and repetition of our expenments
MC3T3 and other osteoblast cell lines will provide a better understanding of ehenicbl
behavior of miR-218 in bone formation. Other likely targets may contribute to thevpositi
regulation of osteoblast differentiation. Increasing evidence from thisthadsiudies such as
the role of miR-29b have suggested that microRNAs in osteoblasts and perhaps othdr types
cells work in concert, and may take on both positive and negatively regulatory rates dur

different stages of differentiation. More research is required to study thefrother up-



regulated miRNAs found in osteoblasts to gain a better understanding of the osteadlast

differentiation pattern and diseases of the bone.
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