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Intracellular Signal Transduction Pathways and
Transcription Factors for Osteogenesis

Gun-Il Im, M.D.

Department of Orthopaedics, DongGuk University International Hospital,
Dongguk University College of Medicine, Seoul, Korea

Osteoblastic differentiations of mesenchymal stem cells are controlled by a number of
intracellular signal transduction systems and transcription factors. These systems and factors
interacts with and cross-talks to one another to complete the process of bone formation.
Discovery of these systems has been enabled by gene-targeting techniques. In this brief review,
the signal transduction pathways and transcription factors of importance to osteoblastic
differentiation are introduced.
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F& 7HAS ek (). ARrelAE TR B
o] WA AT 7] A2kl
Wit A&7} AE WollA Ak
73 Z(canonical pathway)®} H]EF
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AT 3). o] Aze] BAINE Bcatenin®] #u] o]
Fojol| ozt ARHKIY D). WA AE el
Wnt7h 84191 FZDet ZgksbH o]Eo] thAl LRP5/6
oleie AlZubebule Zo| B HikAE WAL ol
E3A071 eFA] AIZE Wol|A] dishevel (DSH)olgl= th
7 ¢} ZAZsHA] B-caening QAFERI] Halsl=
glycogen synthase kinase (GSK3) adenomatosis polyposis
coli (APC)-Axin E-&Aol|A] AxinS -F-2|A|# [ -catenin
o] s wol Ao AEAW S-catenin®] F=
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Fig. 1. Canonical pathway of Wnt signaling.
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212341 9] master regulator?] Sox-93F %

Ageto] ZallEA Fo2A Sox99 FHEE o

A ZJoll A wnto] #&& 2Hse EEEA] se-
creted FZD-related protein (sFRP)2} Wnt inhibitory
factor 1 (WIF-1)o] &t o] 5L wnte} Adtslo]
wntzh AlZ9he] FzDell AdetA ate AE&& 3
th F&T2AQ LRP5/60 ZAgtsle] wnt 2]
A3 E wt= EAZA = SOST (slerostosis gene
product), DKK (Dickkopf) ¥+ S-o] At} (6,7).

Wit lobAoll 9lol A F4 o A A, A
ol el A9 APl FofslAIRE
off Admoll uie} Aukd 2&& e 533 JAde
WA AL Qlel (8-10). FHI Wnt A|Ate] A=
T2 TE&AQ] LRP5S] wlo|7} Aglel &5 wish
A Zlekes ATFolARE] FE7] A2kt (11-14).
LRP?] 7|50 Z7lee WololAle Tl F7lshe
4l o] B-cateninoll &% Hol] &3} (15). H =
WA o] o3 Fte]] ulZm Wt/ B -catenin A1 A A
© vl ZAEVIAENA B REAERY] B35
A8l AFAEEY F3HE AAlsle AT
FAsh w3t FEAEe] AAEEQ
gerin®] HH|E HXA70ek (16-18). AT} A -
catenin®] knockout ¥ 75 T4l dEo] WA
oluf Runx2& Al WA= Osterix7} L= A
< Ao & Hol wWnrl 7HdE7|A|E Folu o
2 Z3lste BANA] obF o] AAREA ok
o1 =& Al 3 (osteochondroprogenitor cell)& = Z2A|E
freste ZHgeol e AoE AzbErt (19,20).
B-catenin®] Zr-go] F7E wWold A% =733F
(osteopetrosis)7}  FE] =6 ©]= osteoprotegerin®]
T Aol oJsle] stEAIES] Ago] AAE A
2 A7 ar).
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=A] TGF- 8, BMP, activinfinhibin groupo-Z v -
ZHo 72 FASRt AT AR o A&E FE3
T FEAEAN At AEW AZALS g
(24). o] UAELZ 2709 type 1 FTEAI9} serine/
theronine kinase®] 7155 7FA 2702 type 11 S-&-Aoll
ZAdsle] AEW 2e-g fF=EshAl Aok (25.26). TGF-
BeF BMP+= AZ thE type I receptorol] Zh-&siA]l =
t}. BMP= BMPR-IA, BMPR-IB (activin receptor-like
kinase 3,6) TGF-S+ TGFR-I (activine receptor-like
kinase 5)oll ZgstAl Fa o] FEAIELS AlElellA
A2 o AZALEAE AL Elo] oE AEE
HolA =t} (24). BMPU TGF- 87} &4l Ads}
M type I TEA7F type I FEAE A4A3HA7H
type 1 FEA= R-Smad (receptor-regulated Smad)E
24312 7] 3 R-Smad= Co-Smadel= E43 Agst
o AIZHE o|F3le] 4 FAA& AAsA =t
(=¥ 2) (26). BMP+= R-Smad Fo°ll4] Smad 1,585
TGF- A+ Smad 2,3S ©]£3}l% Co-Smadt Smad 4
3k FRare] EASEL (24). SmadE B3 EF AE
olgloll= BMPell 23 A=
protein kinase (MAPK) 725 ZAIA| 7|1 t}A]
SmadE QIAFSHAIA F¥ Al ik BMPY A&
FAsA =k 27). BMPY] £3 §3A4F M F
23t B2 el Azl #EEE= 2L 1d (in-
hibitor of differentiation) THQId] (28) o] =4 7t
AEVNNEE 25282 L35 FEshe MyoD, 4

4o g H3}-3%38l+= NeuroD, Mashl 52 HLH (he-

mitogen activated
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Fig. 2. Intracellular signal transduction pathway of BMP signaling.
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ol o FYAE e SHoE HuEglon} o
5o US T3t T2 AMAEAANA AEe] F4,
23}, o]l5g 2Asl] AV|HAE fxse AolEt
I E< qith. BMP Zoll4 BMP2, BMP4, BMP7°]| 7+
H3t FFERIAZAL o] e AT UdTA

et

DIx57} <3 A] Runx22] ZH&-

3. FGF 4=

==

AR A EA] 7] A} (fibroblast  growth  factor)& ¥
FH ARFEAEZY F4E e AAE He
3o 22%F0] 4ex A=l tyrosine kinase2]
45 e e FEA(FGFRI~4)Z Edlo] %
gt} (32,33). FGF= A|FE3E™ 9] heparan sulfate pro-
teoglycan (HSPG)ol| = 7ZA%}sl=d] o] F4& 1 x|
7b AZAEAEL glovt FGF7F F&Aol sl
A& 2%t FGFe AlE9 F4, £3l, o5 5 o
2] thAlol] A-&st=dl AIES 7 3 E3utAlel ot
Ak 285 7HA AL Sl (34-38). FGFE w3t
2 ZEVIAEY] A4S FXRFIAR 2] o
A Eol

AEE HhlE ZAd Aol QIch (33). &

O\w 12 NSL

o

3l FGFR3Y A=A EAAS] M Fa3F o
A2l ZH(master inhibitor)o]T}. EH_%‘_@.?_] 420122l achon-
droplasia®l| 41 == FGFR39] 7% B o](“gain of func-
tion” mutation)Z <l&}o] O:P—/HL._./] Z2lo| A5 o]
A=Wzt AP X3po g A wkAefrt A
=} (33,39). FGFRO| 9J3lo] F/lE]= 282 STAT-1
(signal transducer and activator of transcription-1) AE
ol o3t ZFA1JA|=23} mitogen activated protein
kinase (MAPK)®| #4d3lol] oJgt A<&o] o A|%F&-0]
o} (33).

ol FA AAQ A insulin-like growth factor)©® =
oA &3] WHEE AAUA F shiteln] A
Z93% Ag3kS g} FEHo] ZEA] AN tyrosine
kinase”} #A13}=|v] Ras/MAPK 73 Z¢} phosphatidyl
inositol 3 kinase pathwayZl= 2719 7327} A3l
ool Aze AEY FAS e AEZAEY 1A
£ fFxsle Aol drh
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Fig. 3. IHH/PTHrP negative feedback loop in growth plate.

Hog (SHH), Indian Hedge Hog (IHH)2| 37}A] Z77}
el (40). DHHE w4173 AAAA el SHHE
=9 & AN AFAYL JEE sla HH=
ol ZFWZF¥ A (endochondral ossification)2] F ZAA}
(master regulator)®] &g dtc} (40). Aol o] THH
o AgAE ARG Aol7t FolAlE =HAF(brachy-
dactyly) @ ele] =AW FH o] fF=Hct [HHE =5dol
A 8] 37 od Z Al E (prehypertrophic  chondrocyte)ol] A]
AA =] PH ol ZF$] (periarticular  chondrocyte)ol] 4]
PTHrP (parathyroid hormone related peptide)] A4S
Zashed PTHPE ATAZS 4T Hqs
QAEAL] WFE ool mH ALE lAlehe
negative feedback loopE ©|FtH(1¥d 3). IHH= PTHiP
Fshe AR olglolE AF AFA|FNA AETF7]
ZA38E cyclin D19] WS F3lo] F4E F53
225 7R 9o odF H(perichondrium)ol] Al
Runx29] W& fiste] S35 FEdich a5gto
A Runx22} BMP2, ERK (extracellular signal related
kinase), 1/2, p38 MAPK”7} B IHHO A4S &3
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< JAlBY 2 LT -el sl & dHA 9
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5. Notch A2
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Delta T== Serrate ligandE $3Fo] A|Ee} A
o) xol g% ATE BUA R o] ATE
Notch €419 AEW <d<(intercellular domain of
notch receptor, NICD)o| E2|ZH A #o g o]Fslo]
AAzAAA CSLE BAHAAA B FA4
HES (Hairy/Enhancer of split) “:i= HES-related pep-
tides FA3HA717] "t 43). Notch A3 A|A)
o b Fa3 Jlee Alxe E3tdARIY =8E7]
A3 (hematopoietic stem cell)ol| 4] Wnt2} 7| stemness
= A g2 3l 44). Nowch A3 THEY
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Fig. 4. Intracellular signal transduction pathway of Notch.

7+d-&3 “HAl(mesenchymal condensation)@} ®]3<d
ol A wks]m wikEl ZRAES HFAZAAE
A ek 2® 4) (45.46).
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1. Runx2

Runxt 27219 nunt f517k¢F §-43 DNA A%
d9& 7R HARIAZ A Runxl/Cbfa2, Runx2/Cbfal,
Runx3/Cbfa3 5 37 AARIA7} 8 & o]Fr}l Runx
= 5% AAQIAQ] core binding factor B¢} €A o]
ZAE o]Fo] gl RunxlS =FA|FE E3}
o Runx2¥ TEAEE E3lel Runde 4%
A AES Azt ARAM R 5 TS
3k} (31). Runx2+ core binding factor 1 (Cbfal) T
+ osteoblast specific factor (OSF) 28} % 3} Z3
Aol glol Ao B 1A% Qlateltt (46). Runx2®]
ZA7F knockout E F o] A5 AWzt TdllE
37 B douA] kot dlots AT ATl A
A "ok @47). shtel i3 A(llele)o]  knockout
%l o] ¥ o] (heterozygous mutation)] 7-$- #HFFN

o] & (cleidocranial dysostosis)7} gt} (46). 7+

Z7| A Zoll 4 Runx2E knockoutAlZl 73-%
2o ¥3fsta of7lel BMPE AHEd 7
X7 BileiAnt ZrAEge] Hile o
=tk (48).

2QEINAEAA Watst BMP 5 ole] A2E E3)
o] Tt B35 5A$E master switch P35 3=
Runx2e]l AEE T Runx2e FEA|ES] A2 IS
3} type I collagen, osteopontine, bone sialoprotein,
osteocalein & ¥ FAAY AAE FE3E (3.
Runx2®] Fa3t A%dF o shie waA F43)
W ATAEES) RS ARlehe] AN B3}

B

)
FEh 4] ol 3 A Eol

Zow AT $HE
At AZATS WFEE fEn FEATEE B
g FESHE 98 A} @)

22 waEn ole] AAAREe] Adelel 1 A
2 AL AAGHY 3).

2. Osterix

Zinc fingerg 7}% DNA Agchio 2 A F3 Aol
9ol Runx2®t} olgflghkAlolA Z&sl= Zlog
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Fig. 5. Run-2 acting as molecular switch in osteogenesis.

¢ DNA®| 24 RE|Zof| Zgtslo] zmﬁ}oq thor
285 oA Helh MsxxE FRAZY BE3IES A
o] ZHPI TARAA N wet A= ska
712 sl=d MSX7F knockout H& 7% 7N

el % ﬂﬂ+irﬂ 2R Ze) %qﬂ ﬂﬂﬂd
AT

£ A
U Az Z3lgi W]'?/Vi osx7b Yle A 9=
NESsh AT 25 el g 1),
A7 d# R vlEEE Runx2et E8]& el AS 1‘—9—‘6‘]— GAoll AollE HolA =} (59-63). DIx3¥ DIx5
A ¢tow] BMP-20l 93l Osx2] §%o°l Runx27} Q& Runx2®} osteocalcin A AFe] w5 ﬂ?l’l‘/]'
371 sl FESAE 2 Zle® 4EA vk Twiste Runx2®t A3 AFE3le] ZRA):
Runx2¥ Osx®| ¥3E AR A7tk Runx27t A A# o] -rr%ix}ﬂ AR ok A

r[r T T o)
0]

A A E(osteoprogenitor) 2] F41-8 2 Alst= #go] 9l glo] =7|H3lo] §E=tl Menin 34| Runx2$} %+
= WM Osx= F4)S FRAZIYE (52,53). NFTAcl  sho] A1 7.}%47] STATI-S A|ZAWel| Runx2Z

= Osx$t ZAdsto] 2Hgals AR Osxoll o3le] =2 HeIAA 2E-& AARlE A-8o] 3tk API (activator

A= GARNSS FABA7I (54). protein 1 : FOSJUN)Z A E¥Aoll Fa3t d4&

sl a9 ZRAILS] 47} Zjebn X

WAlZE e 37t Z24zsbA "k (64-67). 1 2le] A

Z7] wrAlFL A o] 4] BMP= ¢12] homodomain protein AQIALZ 4] activating transcription factor 4, krox-20

HD)E FSAA ZHQAIE] A E3tell fofzk  F A dEA dedl ATRAE ERAZY] &

tl AJAEZHNHME Ms2 (meshless family member)2} — 3FpAolA & chAlollA HEste= oz A7y

DIx (distalless related homodomain)3, 57} ZEA|ZQ1z} =g o] §AAI} 9= A Fr)AXF o] Ho]A A
o] T3t 2ASAR gt (55-58), olew & =9 ol AU (63).
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