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Statins and Their Effects on Embryonic Stem Cells
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ABSTRACT : Understanding molecular mechanisms that control embryonic stem cell (ESC) self-renewal and differen-
tiation is important for the development of ESC-based therapies. Statins, inhibitors of 3-hydroxy-3-methylglutaryl coenzyme
A reductase (HMG-CoA reductase), potently reduce cholesterol level. As well as inhibiting cholesterol synthesis, statins
inhibit other intermediates in the mevalonate pathway such as farnesyl pyrophosphate (FPP) and geranylgeranyl pyro-
phosphate (GGPP), major substrates for protein isoprenylation. Studies showed that pleiotropic effects of statins beyond
cholesterol lowering property arise from inhibition of protein isoprenylation that is involved in various cellular functions
including proliferation and differentiation. It has been determined that statins have inhibitory effect on ESC self-renewal
and stimulatory effect on ESC differentiation into adipogenic/osteogenic lineages. Importantly, statins mediate down-
regulation of ESC self-renewal by inhibiting RhoA-dependent signaling, independently of their choresterol-lowering pro-
perties. Understanding statin's actions on ESCs may provide important insights into the molecular mechanisms that regulate
self-renewal or differentiation of ESCs.
Key words : Statin, GGPP, FPP, Isoprenylation, Embryonic Stem Cells, G-protein.

8 ofF i wjelETIAEE o83 ABY NS AsiM e wolE7 M EY AL 9 E3HAS -8 wAH
717 % olashe Ao] ul$ F a3l XA Z(Mevalonate pathway)oll Z-&3H= HMG-CoA 3+ & 2~ (Hydroxyme-
thylglutaryl-coenzyme A reductase)®] 2JAA4Q) ~EFEIS S AE S AsiA|E 2 oA Jov, ZY2EHE o]9]d] v
A isoprenylation®] 7122 Z}-83l= olo]A X o] =(Isoprenoids)(Farnesyl pyrophosphate(FPP), Geranylgeranyl pyro-
phosphate(GGPP))¢] A4S dAlste A%< 7HA 1 Utk 2etEe o) w/ieE 2 vuA 9 jsoprenylation &A1&
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71, A v FAA F1H XPOWO]
2004), A ] HjFA] AHE-StE i g @7}€°ﬂ+ ZFol7} 3l
o} IL6 superfamilyel &3l W1dW A A4} (leukemia
inhibitory factor, LIF)= A% wjol=7|A|Ee] 714 & 4
7058t GARIA o, dAzAoZ ujku] Ao H7fstar
ol N EE WY 5 FEAE §lo] wEst deE
FA&H= Aol 7H53cHSmith et al., 1988; Williams et al.,
1988). "Hd, <17t vjolZ 7| Al EE LIFd) Blo]EHo|n) FGF
(fibroblast growth factor) A& g Aol A 2-8-3= FGF2
7F w23} QI7F wjotE 7MY FAIE A wjduAlY] B
22 A7HEE <A ATh(Xu et al., 2005; Thomson et
al., 1998; Levenstein et al., 2006). °]2]dl%= Wnt A& A
ol A 285 GSK-3(Glycogen synthase kinase-3) &
o] A A< BIO(6-bromoindirubin-3-oxime) S Hj o<l o]
H7ve A, A 2 QA wjelET A2 wEsT #AE
o] & A lrk(Sato et al., 2004). B A EHox B
St st A E FAISHHA HjolE A RS A&A 0 R
sk vle Bud WY Ve g ARt 5]“1
& 7Y WY VE2e wlolE INEY AL 315 ¢
At AAlske Aol E7lFsdtrt
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1. ZY~HE

A4 34 732 (Mevalonate pathway)ol A o}HE 28 2x(Ace-

At

- Zol4 A3} A

tyl-CoA)ZHE G4HH-S E5) 0|4 e =o]=(isoprenoids)
o] AFAQ w2 K mevalonate)©] A, o]2FH &
28 S T O APE(0lAazYeols, 23w
(squalene), dolicol, haem A, ubiquinone, isopentenyl ade-
nine(tRNA))°| 2o A A EtiGoldstein & Brown, 1990).
ZY2HEL ME(cell membrane) w1 A (myelin)<]
F8 AR, J2ERA, HAEXHE 55 AT 28|
Zo|= & =& (steroid hormone), HIEFTI D, B (bile acids),

A (lipoproteins) 59 ATAZ o] &5H= 5 AX 7%

skt 8% qEs gttt FYHES T2 1
oA FHEH, Tl Do w} FEHE 2AYE AT
HW(\Very low-density lipoprotein/VLDL), A€ = A (Low-
density lipoprotein/LDL), 2% Ae#(High-density lipo-
protein/HDL)Z Agste] H4le] A= grbed. ¥~
HES WFHog opfdzate e YFAHAN o7
Hog FEA AF AHE T SH7IE 7] Wzl of
5 1t8 A w0l FastH, A4 I =AM A
2o 7 28-8l= Hydroxymethylglutaryl-coenzyme A(HMG-
CoA) %“*31\9} HMG-CoA 39 da 4, 181 Sy 2HE
o] Eo] #oddhs LDL 8419 F=wl 23 (feedback
regulation)o] & ZHd| 23 4L sl itk EF F
H2EHE e g A8 WA g izt
AT FeiA lom, A& HA7E HojAaL ik 1 o=,
3 feo] AEH(LDL-c)9] 3 o] o] FA & A&HH
o}e] Zr}(atheroma)7} A EH|, ol #A4HsA$HCoro-
nary heart disease, CHD)S ¥3et 8@ 3H Cardiovas-
cular disease, CVD)2] 1 fi2lo] ),

_ rulo

2. 2B FHYAHE A3HA

2~E}El (Statin) 197611 Y& 54U A= ¥A} Fo
o] A & (Penicllium citrinum)oll A} H22 Fejdtoan A7
o] 7127} Y= ATHENdO et al., 1976). Fig. 204 H.ojx]|
+ A9 Hydroxymethylglutaryl-coenzyme A(HMG-CoA)2}t
TFZAOZ GAS AEEIS AF A AR £ AA o

Aol 2831 HMG-CoA B9 & o] 2F3o 24 HMG-
CoA $9a 49 28-S JAse A& 3FEE de novo
Y22 TS ciﬁﬂlfﬁﬁr(lstva\n & Deisenhofer, 2001).
oo} TlEo], M EHe| EAtHEN FH2HE FTE

Fat= LDL 8419 Hds 7 eEN EF 9
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HE 55 Astrl7lcd 943 8345 Uell= Zos
44 AchBrown & Goldstein, 1986). &4 thokst A4
[Lovastatin(Mevacor, Altocor, Altoprev; Merk & Co., Inc),
Pravastatin(Lipostat, pravacol; Bristol-Myers Squibb Phar-
maceuticals Ltd), Simvastatin(Zocor; Merk Sharp & Dohme
Ltd)] 2 349 [Fluvastain(Lescol, Lescol XL; Novatis Phar-
maceuticals UK Ltd), Atorvastatin(Lipitor; Pfizer Ltd), Ce-
rivastatin(Baycol; Bayer Inc), Rosuvastatin(Crestor; Astra-
Zeneca UK Ltd), Pitavastain] 2~EFEI Al 2kA17} 7 kE]of 4)
G ARE S SHUZEE Akl JFFoE EAH
3 SJth(Fig. 1). Simvastatin, Pravastatin®} o] Ha34&
ol Eed Ad 2ERES e fARE 25 7L Q)
= i A E Bl BEold 2EHYES 27 v
2t} 7 2EeH A o Ee F2A 40 wet £ 71§
o =& A4 (hydrophilicity/lipophilicity), 45 &HH(passive
diffusion)ol] o+ x5} S35 5ol Zfo]E HERf=t], Sim-
vastain, Atorvastatin®} 22 W4 E42 9474 AEx=s
Egste] AZUWE FYE A7 Pravastain, Rosuvastain 7
2 e B4 AXUZE 47 Y814 EAl(carrier) S
o]g&-3oF 3h(Corsini et al., 1999). o]+ ZAFHogE= 2~
BHRl o] ojokFo 29 Aol Y& vAA HH, 2l
7 Atorvastatin A 7iHEl Simvastatin, Pravastatin,

k)

2t 23l wjolE 7] M oA 9 2 61

Lovastatinoll ¥laj 8% Z@2HE LS Astshzt &3
Aoz gty gl Slth 20051 so|zte IE
(Lipitor) $12.19 billiong# 2 AAAA 7} B ml&s
712381993, WA (Merk)2] Z3(Zocor)= $4.40 billionZ ] 2]
&g 7128, 153 43NS $A8D JTHT" annual
report on the world’s top 50 pharmarceutical companies,
Pharmaceutical Executive, May 2006; www. pharmexec.com).

3. @4 |soprenylation

2EE & HMG-CoA B8 4E AdstozH Z¥ 2y
= AES AAIE Ent opet S 2EE AR A5 (Me-
valonate pathway)2] F 2.3+ 57+ 2H=Q1 o] A g =0| =(lso-
prenoids)(Farnesylpyrophosphate(FPP)$} Geranylgeranylpyro-
phosphate(GGPP))<] &d< A3l stth(Fig. 2). FPPS} GGPP
£ ZALS el A W3 (Post-translation modification)e] a}u}
o1 & isoprenylation(Farnesylation, Geranylgeranylation)
o] 7142 Ag3h, 217 Tl Famesyltransferase(FTase)
9} Geranylgeranyltransferase(GGTase) ] Zujj2}-&-of 23]
FAGWA] C- Tt AgskAl Flth(Zhang & Casey, 1996).
a -heterotrimeric G- &, heme-a, nuclear lamins, small-
GTP-binding &4 2 (G-t 4)(Ras, Rho, Rab, Rac, Ral,
Rap)s AZW 415 ADHAGN Fa3 4S54 e
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Mevalonate pathway
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Fig. 2. Mevalonate pathway.

thoFel dhil A So) jsoprenylation?] ¥AEALZ LA 9l
THVan Aelst and D'Souza-Schorey, 1997; Lowy & Willum-
sen, 1989; Casey, 1995). 3 Tl A 9] isoprenylation ¥3
& I HZcovalent attachment), AW ¥ (subcellular
localization), 4|37t nl3k(intracellular trafficking)S =3
ghar A Slok 2efd e oJs) wj7l == FPP, GGPPY]
AYE Aoz g AGWA 9 isoprenylations §3f kAl
1 AEY 7eE 2] AT AsAGHR T8
&S vAA do) G- A 2 A2 B 23} FAA
3, cytoskeletal assembly, A3 o]&A, Tl A} =4 9]
trafficking, 3 45, Al AVE 5 goks AE 7|58 24
Sl Bl she(Takai et al., 2001), 9¥+4 0 2 Ras G-T
W20 Famesylationd] ¢}, Rho G-th&L Geranylge-
ranylationol] ©]3 ¥ HTHCasey, 1995). £} 2932 2}
&8s G A2 GDP7L 2 HIgds} Aol M= ol
& AZEA Well SR8t GTP7L 23HE 243} o< Al
Euto] EAjgttt. G-T¥ A9 isoprenylation HAl= A EZ

AT YW G-ee) ATtoRe oL Y3

i

X

AL

=2

A3} A

£ E2l(regulator = effector)2te] 4=
(Zhang & Casey, 1996).

4. Z~EfEle] v mat

714 Z#2HE FZ(base-line cholesterol level) =
FH2HE 5 At Fagk 2899 953 X5 53
7} ohekst AW[A]ul(Wolozin et al., 2000), 3|84 H&F
(Crouse et al., 1998), Ft}&5(Chan et al., 2000), $H(De-
mierre et al., 2005)] W/FoZ WA 1 gtk AHZ, Al
X3 A4, g2 Ulg AE Bg, datsl W oA 18
T 333 2-2(Bellosta et al., 2000; Lee et al., 2007; Libby
& Aikawa, 2003; Nissen et al., 2005) 5 = ~HE A
of adel FasiA Uehe 2ed e o 8 3(Pleiotropic
effects)= t)H-& il A isoprenylation A S 53 vj7jd
o A glon, G-HMAS F 47l RAEAR &
Eel 289 Fa3d 24 7)1A1& AF3h

o9} #este] ~EFElS RhoA, Racl2] isoprenylationS-
AAgto 2 HAel HE ZZ(actin cytoskeleton), 27 H2}
o] ZAZ}(focal adhesion assembly)ol] WolE F=3la W3]
A3 Akshd s 3H4d & 4 (endothelial nitric oxide synthase,
eNO0S) 2] WdS FHAAI7I=H], o= ulxI3 (cerebral is-
chemia) &35 ¢3tAl71= 263 daso] lokar 4= A
ATHENdres et al., 1998). £}, ~EES G-t 2 9] iso-
prenylationS Ao 2N 2HE Zelzn|wd E44)
(tissue-type plasminogen activator)®] &S Z2A7) 1 =
gtz A GA)A-1(plasminogen activator inhibi-
tor-1)¢} endothlin-1¢] W&S Astrlzlo] Bud u} Stk
(Essig et al., 1998; Hernandez-Perera et al., 2000). &3
o] Z4] Asf 2 M E APE(Khanzada et al., 2006; Zhong et
al., 2003), >33 & J(cerebral ischemia) $+3} (Endres et al.,
1998), A3 ¥-3KFernandez-Hernando et al., 2005)5 =3}
T 2ERY] A8 g G-T A9 isoprenylation 9AE vl
Nz gt 434 Uk

2<E}glo] W13 o] (leukocyte migration) 2 T HZT
24 BAAA S8 TS sk integrin LFALY] 24 2
oM LFALY Fxo W3S Xt o] 2 8 in-
tercellular-adhesion molecule 1(ICAM1)#}2] A4}3 2H8-S- 1}
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gtk BarE vl QJoi(Weitz-Schmidt et al., 2001). o]+
2B o] HMG-CoA Sl a2 o]9]9] 2829t 4528
grozM 2elRlY] oy gajo] 7|osta QS AlAletaL
A= vl 2EE Y] 855 st SEA e AFAHA 57
=7 ok ~efElY BHEAE g o8]t a7

5. HjokE7| Al ol A o] ~EFRlS] B3}

2gtel e W A4S =23l (Mundy et al., 1999), =3
A Sl ZA(BMP-2)9] BES %— 215} (Sugiyama et al., 2000),
SZHE E3E F73tK(Sugiyama et al., 2000; Maeda et
al., 2001)aL &4 ik ]9} FAFSHA A F Bfjob= 7] A|
oA 2efdo] FAEZS R3S FXgh(Phillips et al.,
2001)32 B E v} YA, wjolE7] M A9 BRI &
o g Z-go tigk A7 A= vRlg AAo|t.

H g J7EL Fig. 3A0A Hojx= nle} o], A
A welzr| e 2HEe AsHES W) vEs o
AAZ DHHoR ehts 224 Fue ¥Eol
w1 @714 14ksha i (alkaline phosphatase, AP)<
g lEs}-5ol A ol A FAQ1ALY] W o] A5
OB ol |HE A7} Aol AdtE L 3L
CHS gRlstrt. wolE 1A Ao 2EHRI Y] Ao

_L.]jE

[e]
‘[TE

X3

A

Phase

R RIEEER NESRE S BB
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£ A 57 o3 FEHEAZ 248 94

el sprdoz S AHEE Whn ~Hus T8

S 2/ A}, 2eE o) 75 wjolE M E A7t A4
A QAL S 2HES TR FEES geletdith &
ElElo] 28-S = o olal|a}7] 93] Tl A isoprenylationd]

= FPP, GGPPS 94zA0 2 ujokalo] 3
7Fetal 28t 835 2ARE A3, 28R w7l == uljo}
Z7|1H 2 A4 A7} GGPP 23, Tl geranylger-
anylationz} 17| ¢ 3ola}%i tHLee et al., 2007).
T3, oA geranylgeranylation 49 F Q8 32 thy
AL 573517 A8 G-AAE 2Ake A3, 2Rl o)
RhoA G-t 8 9] Ao 2 9] o]Fo] AaES Flat3]
THFig. 3B). ©|ZHE], & ATEL wjolE7|HEAA G-T
94 RhoA7F 2Bt O a3E 93 83 FHEAR
g, wjolE7 M2 #3} AANARA &S F 3
= A

0]o o
MrE=E T

4 2

Z

Y 2HE A3 250 Hold AEEE 1xdE= W A
g7 A3l A 5AE AFRH T Qo) FYAEE A5 2

contrast
Control * - + + + Simvastatin
oo - + + - - Mevalonate
- -« <« & - ©GPP
- = - = % FPP
Simvastatin RhoA [=="@8 == == &= | Cytosolic
[ e - — - | Nembrane
25 -
E’ I ]
Simvastatin 2 20 I |
+Mevalonate S s
210 \
©
E 05
Simvastatin a0
+GGPP
*P < 0,01
Fig. 3. WlkZQ AF wjolZ27| AT wXe A€l AFHA B: EEFR).
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o} FHsHA vetue 28 ohd 239] diiie] 28
o gal A== Tl isoprnylation(Farnesylation, Geran-
ylgeranylation)ol] 23] wi7f€iti & A ok A A
F wjelE M A Zd 28 S} F#31A RhoA geran-
ylgeranylationS ¢Algto 24 27l AAWES AASH=
o], ol wol=7|MEY A7t A s& A=t RhoA

AzAdgdgol Fagk 4&S shal 52 AlAkeka o
A7t wjolE M o9 2EHRIY] 552 o} Bad wf
7F AR, ole} Agste], T Hilelx RhoA A& Y
729 37 ®4 EA49 ROCKE A3} #](Y37632)7F @<
AEZ F2E QX wiolE7MEY AE APES AT S
BN AES 771 22Y FAES ST B
¥ H} It Watanabe et al., 2007). A, vlo}=7| A E9)
Aol ~etdl &3 3 AR 7)He Bofdte A EAR
RhoA who] Ao, AT} theFst ~Etd ) 4 #
A7t A AR 7ItHE, oo thgk AA A A= Hl
of= 7MY A7 A H ZAE F3F 24 7)-S o3
e #98 TS AT Aoz YA,
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