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Cholesterol de novo synthesis and intestinal absorption
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Abstract: The humans obtain cholesterol through de novo synthesis from acetyl-CoA and intestinal absorption from
food. The de novo synthesis of cholesterol is regulated both transcriptionally by SREBP pathway and
posttranscriptionally by the degradation of rate-controlling enzymes HMGCR. Intestinal cholesterol absorption is a
complex process that involves multiple steps including emulsification by bile, transport and esterification. Niemann-
Pick CI Like 1 (NPCIL1) residing on enterocyte brush border membrane, a key protein for cholesterol absorption,

transports cholesterol into cells across plasma membrane. This review summarizes the regulation of cholesterol
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synthesis, the molecular mechanism whereby NPCI1L1 effectively and specifically transports cholesterol, and the

correlation between intestinal cholesterol absorption and human blood cholesterol level.
Key words: cholesterol synthesis; cholesterol absorption; SREBP; HMGCR; NPC1L1; low-density lipoprotein
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i HEL A B4 B 42 B S il HMGCR AT SML (1 [ A 17
23 A HH [ e A QA R 4% T HEER (B D).
L1 BEEREFNSHEE

153 [X-¥- SREBPs (sterol regulatory element bind-
ing proteins) A& % 0T A A IH [ 15 5 BRAIT 5 22k PR Y
Kik. BLORAFAE 3 A LK) SREBP : SREBPla.
SREBPI1c il SREBP2, I rhfif 7 /2 H [ — 2 X 3
AR SRR A o R = A 1, HE N i AT 7%
% I I fig 9 bHLH-Zip (basic helix-loop-helix—
leucine zipper) S5 Fg3E,  H A& I 25 15 DR 2 v
[F] 1) £ 30 A~ 24 5 82 (1) % ) N JiT ™ (endoplasmic
reticulum, ER) [{J3E /K [X, C ¥ | j& SREBP ) H 8
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1.1.1 SREBP{BY V)5

SREBP ] BY YJ N\ A% 2 52 Jid A I [ 5 7K ~F- 3 =7
fR)o LE4H i P R [ B /K = isf, SREBP @ I C i
45 ¥ 3% 5 Scap (SREBP cleavage-activating protein)
J Insig-1 (insulin-induced gene-1) 3t [ 4 i — &
Gk, N 2 7E ER b, BB SREBP # N
i 4 SR YA SE R IBTC TR N, IR L P L e )
PSR BRI 5 4 2 A R B PG, Tnsig-1 23
Scap 7}, )& Scap 774 42 K i) SREBP M\ ER |
B3z B i IR B AR (golgi), 43t H Site-1 protease Fl
Site-2 protease /i3 [ P P l§1) f5, SREBP i 4 B¢
B 357 7 nSREBPs (nuclear forms of SREBPs), A
AT Af % 5 Th RE, 45 & SRE (sterol regulatory
element) Joff, WOk MR K EE, OFEFEH
] T2 (1) 5 S A% IR AH DGR R, DRI P AR 1) T
JFKF M
1.1.2  SREBPHJf&/i 5 %

Hirano % * ;4871 T SREBP 512 % - & (1
& (ubiquitin-proteasome) IZEAFIEEL R, HH| & A
Mg f4 5 SREBP [f20E 23 hn, Wi/t #2002
Skp1-CulI-FBW7 iZ 346 & 44 (SCF™ ), it
i 2 GSK-3P (glycogen synthase kinase 3 beta) Xif
SREBP [¥] 3 AN 75 2 B2 5 22 2 R EAT W B AL 18 1 ok
¥ 1), nSREBPI (nuclear forms of SREBP1) I fifk
BRALH) TR B R AN 2 TR 2 41 55 SCF™Y 5t Hidk 473z
FAAEME, AT 3 nSREBP1 )[4 A% >, 78 M
FE, nSREBP1 5 DNA )45 & 43 s Jo i 46 A1
Bt (032 R AR @ 2013 4F, Jeon 25 B W 72 B,
miR-182 7f DA f 4% Fow7, #Eifisn SREBP Ji# .

SR, S nr BAE St SREBP @ %
B, LT PAKE s nSREBP f%4 3635 14 5 HK,
LA AT BLIA S nSREBP (2 M, ik 35 41k
M S BRAG B R iz A B AL S B R, AT
DA ez AR A B g FE s T 2 AL Bl
SIRT1 N 7] DA B 824 Fr & nSREBP (1) Z B A& 1
f5,  Mifi {2k nSREBP FF#f# ™. SREBPs ) SUMO
A ) B i 55 L SRy 1 Y. X e St 4 R AR S
43 EMIE SREBP 3 B AE 25 B 25 A PRSI (1t
i SIRT1 ff)35 P£F1 SREBPIc ] SUMO k1418 i ).

2014 4, Lee 25 " A58 %I, RNF20 (ring finger
protein 20) 7] DA 4> 5 SREBPIc (¥ % fi#. RNF20 1]
DL B # 5 SREBPlc A HAFH, @1z &AL E 1
SREBPlc. 7 /I B H JR A I 40 i A0 E 9 3% 3k
RNF20 2> #1 #l] SREBPlc J& .~ Ui 5 R 1) 3R 34

nSREBP1 ¥ & [ 7K - 1 H R i 5 (8] (1) Rk s Bl &
RNF20 & [ (1) 93 /> 1M B 5 58 00 s PKA AT BLUIE 4%
RNF20 [¥]#1% 5 RNF20 X} SREBP1c [1)iZ Z L& 1.

TRCS (translocation in renal cancer from chro-
mosome 8) % 5 i & SREBP (13 2. 2009 4,
Irisawa 25 "' $) 3%, TRCS 5 SREBP fZ7EM HAEH],
BH 1E 3 ) /R B AR 1) 55 02  [RI, TRCS Refg i 4%
SREBP-2 HiA K& FH/KF, X2 8 A g4 2
] ; TRC8 tHa] PAX} Insigs HE1T7Z BHALEM, X5
SREBP [#185U) a5 PIAHE 12,

1.1.3 R RY 52 0 SREBPIH

SREBP 1F= Jy i J5 AU 1) — 288 5C B 4 s 1 428 [
T, BRI E KRB R T, kA
SEH S £ SREBP il B8 HEAT | KB 25 M) i ik,
4RI T REE B E 5 SREBP 3% 42 [ 1 HE I i
(Betulin) ", S MAEA (B 52 P S B —
=R EY) . AMEBREERE T8 F SCAP R 7E N
Jii A _F, {2 3k SCAP F1 Insigs 1 AH B A4F A, FH 1k
SREBP BJYJA#. J& 4 /& nSREBP )i/ 2 T iffH
[ P2 R g U R T AR B /N RO T ME R I
5 FEAR L LIS AR BT /K1, L Re i 3 n i i 2=
BURAE o 2, AMEBRIEREYS ik LDLR (low-density
lipoprotein receptors) i 4 7N A4 A 4 IfIL A 3 ik s A
AR R 20D, BAIRIRE X
1.2 PEEEZE AR 1E PRIREG A PE 7
1.2.1 HMGCR ) [F4A#

AV LA L A (acetyl-CoA) Iy Ji s} e 2%
AR R I R R ] U P BB R Tt g
A H N R R (mevalonate), #%FR A F 1 TR
i&1%, 4 HMGCR (3-hydroxy-3-methylglutarylcoen-
zyme A reductase) 1 54 3- B2 AL -3- FF G R PRLTE
Hilly A (HMG-CoA) AL AL Iy R IR, 2 T E2
PR 847 1) B ek il 1),

TEREREPY, HMGCR F77E — i 52 1) 42 1 25 # %
A7, ffif3 HMGCR fEfE 47 HRD (HMG-CoA reductase
degradation protein) 1 51 Jy 3 B g s 4 U 5 i 72 R
LAY, HRD1 2 53| 7 HMGCR (e d A
(R fg i AR, (D A A AN 52 P £ 7K ~F-
B U KR SEah A RE W, AL A .
HMGCR ¥ 8 H 7K B 52 2] 1 8 B 1™ 4% 32
4, HMGCR ff] mRNA /K V4> %2 3 SREBP [1]if
T, ML R S K P15 HMGCR f) mRNA &
Fgb M, i B S B K S AR 1) nSREBP
23 WUE HMGCR £ [F i % 5% T 93 J5 )2 1 b,
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HMGCR 2= 5 B i mig 57 i £ BE K P BAR K
RSk Z S B4 N, HMGCR (-2 12 h,
1M — B4 AR B0t 2 1 BB, HMGCR )23
W42 1 h, i8] HMGCR #dus B 1, i
Ut A 2 52 S KT I 1 7 s R s T, T L
X 2 A T Insigs A 1Y

BeSe il R I E 2 5 HMGCR [ fif i FE (032 &
PR gp78'". gp78 M1 4 MEEMIALK - (1) —
AN N i G 298 N2 B IR B IR 4l & X ek, ik X A
A LLY Insigs AHEAEH + (2) — /MK 43 NIRRT
05 RING finger Z5 #4458, T2 RIEREBELIRE : (3)
— N5 EERFR) BER I8 A Cuelp [FYRAIH 42 MEHE
T2 A ) X 33, AR D — A 44 B Ube7 1992 31 A8 Bk
fif (ubiquitin conjugating enzymes, E2) B4 & 17 & ;
4) — MK AN IR A, BT gpT8
5 VCP (valosin-containing protein) [{J#1 HAF . VCP
e — M ATP g, Z5 7T NRMAFHREARZ
Rz FAL R fAi24% (ER-associated protein degradation,
ERAD).

FEIE S AR, MpN—E 0 HE S0
Insig-1 1% 5 gp78 #EAT 45 &, RIS gp78 737l 5
Ubc?7 FI VCP 454, 76 M FE Al b5 2 6 [ mg @
(lanosterol, fH [ BEAC T 1) o 18] =) 2 — ) A 45
HGMCR 5 W E &M G, 2 )5 gp78 ¥z %+
#: 7% %) HMGCR [ 89 11 248 A [t e b Y,
I VCP #t £/~ 5 HMGCR [f1 25 F B 14 1) 5 i 5 1%
it FE . FATLIR = AEXT gp78 BB 7Tt FE R I
Ufd1 (ubiquitin fusion degradation 1) ¢ #% H ¥ 5
gp78 HH EAF FH i3t 1 i i3t gp78 HIvZ F ik e Mg vE Pk,
i HMGCR f) A ©,

[E 0, HBF 9T &I gp78 45 T AV Insig-1
(IR, X3 0 H 156 1 158 A7 A # = R i AT

Rz FARSZEL P2, (S EERE RS SCAP K
SSD [X 1 (sterol-sensing domain) i SCAP fJ#) % K&
A2 A8 T 55 Insig-1 454, 401 SREBP (187 1] 1%,
e, Mk R — 7 T AN A SR 45 SREBP () A\ %
KK, REME I N A vEr i B K, B D
WG BRI I RIE + 53— J7 1 X A] A7 Insig-1
5 gp78 43, 45 gp78 Joik A R M XS Insig-1 3
1712 FZAUAE R, IXFE Insig-1 B AEHS T INFa & IAELE,
Xif i B SCAP-SREBP i F2 AT “ IL[H 7.

2% L Frik, Insig-1 f1 HMGCR 7£ i [& B Py 5
G RA EZEW/EN, Insig-1 77 SREBP [
AAZFT HMGCR [f)F% /%, HMGCR U 2 JIEL [ % 5 B

SRR PR B TH G, 7 T B A 250 2 80T gp 78 SEBLIT
FTE KD, FEAE R AR AR A% O 28 B, T A E [
BE G R LA, N T E— B A gp78 XA
IR, BATTSLIR S AR T 4y = PR R gp78
fR)/INBR, (L-gp78™") e HeatbAT TR ABE AL P 8%k,
BAVEIN L-gp78" /NI FFIF 4 HMGCR A1 Insig-1
YA R, R Insig-2 t B9 B, 1X
FWLENRAFIEA gp78 tHn] LIS Insig-2 HIFFf#
LtREIe, fEbEE Insigs (3% 2, SREBP ) AZ N
WORIEHI TS, XEBESHT L-gp78" /NRAFE A g
FRE IR . 5 WT A, L-gp787 /N ) SREBP
AR SZ YU - PR, RRRSHEHT IR & AR
WEEI R BT RAEZ MR ENFE, B
AR K, BA K T 1E 5 R & J Uk . X
s g 2 SR UG BH L 75 /)N BRI IR Y RRCBR gp78 e
i SREBP i 4%\ 2 Hi 52 i A P9 1) 15 52 /K T,
XERIRFAT gp78 & — MNETEM AW &, FATH
A GEE I H0 ) A AR P gp78 i 1ok i SREBP
ARG, 3 T BVE YT v IE [ B I RE A0 10 2R PR
P AR 1 B 1

TRCS (e 9% 1 iz 2% % £ 1 ¢ HMGCR i
iz #Z e, ik FE K # T Insig. TRCS fE
i 5 Insig-1 A1 Insig-2 M EAEH, 88 EN FH
HMGCR 5 Insigs 145 &, 4% HMGCR ¥ [ fig .
—/MERFEENIRE, TE gp78 mibk 1 4n i,
TRCS W fesE tEe B W, nI g8 A /2 TRCS #f
FI LR AN A gp78 [ AR IE & MK T, B s
VAT gp78/TRCS [P LLA, T Ik fiff kb i 428 JIH [l sz
&g .

Aupl (ancient, ubiquitous protein-1) §E [F] i g 3k
Ubc7 5 gp78 Fil TRC8 MAHEAEH, iz R ME
It HMGCR #E N 26S 25 1At 1 4 B A, itk
PS5 ER 545 MIERAN S HS ER M. BT
HMGCR 4t, Aupl )72 Hhizni SREBP i # : 7
YIH PN UTER Aupl FE[K 2 ##) Insig-1. SREBP-1 1
SREBP-2 [{]P&fi .

SRTM, 2012 4F Tsai 25 7 BF9E 30, 7E gp78 KO
F17N B 54K MEF 4HiJid (mouse embryonic fibroblasts)
P, HMGCR /594 0] DLIE & gl & il 3 0548, )5
2L 1 RNAI TE 55 4 93 M 2T 4E 41 Jfd Rat-1 1 SV-
589 PN L ER gp78 Al TRCS 2 Jii, HMGCR 115 4R fg %
TR REAR, X PR AR X L4 iy 1% 2 53 4k
iz KGR 2 55 7 HMGCR B fRd i, B
PART AHARE f5 2 IR 7 RE e i IX AN ik
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1.2.2 % 5 e e i) P i

% I Hn %0l (squalene monooxygenase, SM)
REBO N T e AN 2,3- IR I, I AP R4 X L
R TTRE T . 25 SM BNz
FIEHM /& MARCH6 (membrane-associated ring finger
(C3HC4) 6), —N7E ER 2RI & AR 2.
JIE [ 2 P 0 N RS 65 5 SML I B A ), T AN AN g
JB77 1 D) R LA e 5k 9 55 JIE [ B 5 MARCHG6 (1) 4H B4R
Fi, 3k T 9k 22 SML I B i B S e 2 A
HMGCR [ i 52 A AN B B (oxysterols) A1 H 2 %R
B IS AR AR R A R AR AN ], SML (1) R4 A
T B4 52 JH [ M A 455 o PN TR 8 K P AN TR B SR
JETH i+ MARCHG6 FE R (1) 56 5%, 1 & B m T
MARCHS6 f3d P, BARP 2Ll B /A E 2.
fH 2, SM (1) [ i I AN Wi T Insigs 5 SCAP, &{
% HoAth i@t SREBP-2 #iE (2L K ), X i B4 /]
AL 2Rl 5 HMGCR (1) SSD —FEiE I A5 15
We) " EE 5T IR A5 R AT IS Bh B AR R T . B ST
IR E B Re 05 5 SM R A B3 IAH BLAE A, BT LA,
A AT Re 2 X MOAH AR 2 1 SM 5 I X 7 (8]
g5

EH IS M N, MARCHG6 3& 6k & S
HSM R EE A B IR R LA L s A AN
Y B A AR B2 AR RERE L, 4R SM
[ Y5 & H ERGI 2 3= {6 % il 172 3 & 4 i 2
MARCHG6 f{] [7] Y5 % 9 Doal0"*, MARCH6 ) N i
) 100 A2 356 i 2 L 171 1 18 2 L B A BT 6 75 1 27,
5 MARCHS®6 J7%#H Lk, Doal0 k= MARCH6 N ¥
1) 100 M2 FE PR, 1X$E7R38A11 Doal0 X ERG1 )7z
Z AL BT BE 5 MARCHG6 4% SM AN & 58 4 —
;.

SM (1) B A I AN 2 XA T FR 3 G R s A2 ) e
2R 53 I M O T S R JOE M R, T
F£ R AR AL T 8 B S RO R A U, BT
HMGCR (] B# i B2 % SM sk Al 9t g (1) 1 4% 7
SERRREFE 50 S AR ARG TR 4 RS A 1

2 NARBEIEZIR U

7N DN A H R AL ] e e N A SR A A ] 2 )
HEBERA. EMRRERET, MR H
5 ) R[] A B 2494 300~500 mg, A ik fH [E fE 5
H R 50%> . eAh, R 4304 R R R 7
THALTE b AR R Z /N T, b T IR [
AT DAY R ORI

2.1 /)ZBEEIEZ R BT IZ

/N g R[] PR A e 52 22 DR 3R i 4 ()0 St o8
RE A2, X — b A2 kI T AR 1)
JIEL 3] P 22 B /0N i b R 4 o B O i ¢ gk N AR L R
Gu. EIREEA/NGHEANH B R R ST, (A3
ERIRIRCE A A iE ) BB, ik e . g A
Iml i B B,

BN NG G, G2 MG (anfEH =
el A 1B R fla e A2) EH, b g Hu =m0
W B o A A, R PR R B, R4
e A 4D T [T B2 A4 e 8 2 a0 i B 40 )t R 25 s
BENAMIA, PR, e i E R S R T AT
I IR ] s A /A g i 2 A e B0, R
e m FEBK R, HA S ok Bol i i s -5 W
T TR R K 2 B B, e EEAORSIE R ) LA A FH
EH A 2330 330 N fiee P R R A BB 5 28 K PR K
FERIREE, N A BUKEIEM S . SR
JIE 2 e 0% 0 45 TR [T 2 P9 ) i 28 1 LA TR B
2 35 vy 5 A0 B 7K AR S AE N I ERIRTAT (micelles),
0 By 2 K 2 o e I R D e JIE ] e 3 3k 1) iz 4
MOETHT o TR 10 LA A XS T 708 g v RSB ST AL ]
Mo R B . AR/ BUR N @ PR R & Ak
I AR ) 5% L [K] I [ B 7o- 240 B8 (cholesterol 7a-
hydroxylase, CYP7A1) &%, [ % 27- ¥4k (sterol 27-
hydroxylase, CYP27) {1315, 8 /b BH I B 1A Rk,
4yl 55 35 PR R [ e pr) MR i s e B

Bk B /N b R AR T fE,  JH [
PR SHE 338 N 240 L A S RSO 2 ) S D B . Tl BT
ORI NNHYEE L —4> 4% N Niemann-Pick C1 Like 1
(NPCIL1) (1) 5 i 8 (1 17 5 1 80F e b i 4 e
B AR A A B 45 26 NPCIL % iz I [ B () 4>
TN SORAE R AR R o ik N USC4R RS, JIH [
Mt f iz s 2 N B E, B ACAT2 (acyl-CoA:
cholesterolacyltransferase isoform 2 ) f# {4 /& % 15
WEfs B, 2 )5, fE#EIRE (B Apo-B48 Rl 4
H 9 =[5 ¥ #% 5 A (microsomal triglyceride transfer-
protein, MTTP) 25 [I/EF T,  RHEI& B ES R H b = A5
Tt JiE 20 38 43 Ve s MEL ] e — e 2 2 T2 ol L BE Akt
(chylomicron), i £ 5 JEE JE /3 wh iE N bk EL G A 14140,
22 XEEANPCILIFA TR INEE

KHADLR,  AATTXS T ] e o ] 525 A DR 25 g
Eag it NN g WS AR PR ANTE A, H 1997 LUK
Xt Niemann-Pick C1 (NPC1) & H HIHH 78 A AH AL
PfE s Pt TR EME &R . NPCL &EH) 217
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T RN EANHL, EAMN E AT E B AR -,
BT R I [ 5 J e 3 LR VA Bl AR . NPC1 D RE SR 2%
o FONH [ W S I P AE VR B A N i B R AR, Sl ™
H BT Y BT R A T4 R
I, NPC1 & H AN e 732 Hu 1 JIH [ B gk N 28 o
2004 4, Altmann % P72 A5 B2 007 R %
SE H NPC1 {1288 (I NPCILL, JR#ER T HAE /DN
o R ] e W WA o R R B ok g E A NPCILL 5
NPC1 Z145 50% (12 2 18 3 51 [/ P 4k, A2 — A il
1 332 AR LRI S AL 13 Yeis s g M, 3L
3~7 5 R IX BURE BGAE 22 1 1R[] e A QA G 2 DR v £
ST PR S I K 52 45 M) 45, (sterol sensing domain, SSD)HR]o
NPCIL1 72/ R &0k, JCHAE 7 g Al iz Bt
Kiktrm, FEEAT/Ng A RPREG R B,
FENH2 S A7 290 Jf 58 A5 1v g B, 10 C i £ 48
H@,V‘] [46]o

AT B A A /N B, NPCILT 8B /) B8 fIE [
BSOS R 24 70%, 1 H- i = e 55 A i 25 1
AN RZ 52, W] NPCIL1 25 A 5 57 b 2 5 IH [i]
2 1 A i i 70 O e R A ok 2 B
i (Ezetimibe, X 4 WKEE A I ) ASRESE— D FE(K
NPCIL1 G /) B I [ B IR, 1E ] NPCILT 4K
501 P L] P S A B I A Bzetimibe 4R FHE st B7%0,
NPCIL1 Y ZH 43 IE8 FA Bl g Rr e 1t - ZEWE 14 2K 3)
Yirf, NPCIL1AXERIE T/Marh, 25/ X i [E
P FRIRSC + T AR N BOH AT RAS KSR N, B/
4k, NPCIL1 2 ££ i JIE o 3 1) i v /9 JH /N 2 i
(canalicular membrane) b3k, 4 57 B S IE 7>
WEIEF R E R B Rk, 7R AN AT
HE AR IA ) NPCILT B [FIVET,  BESCEL T Xk e
] EE P v BRI, L7 LB 73 A s ol 1% L i e
IR R, A F SR A 1S 0 I A L] e 7K o
HHTX T NPCILT BRI I s 7 258 L E A
B R, EAT R 4R s 40 i o R A R T
SREBP-2 (sterol regulatory element binding protein 2)
B YT NPCILT ()8 5 5%, bbb, NPCILI %
A J5 B X DNA FF R AK 7K 1 1] R 2 ok e H Al iE
RNFX B FRIE 2 F i R EEER P,

2012 4, Sainz % " BFFURIL, NPCIL1 &
25T AR 9% 5 (hepatitis C virus, HCV) /&
e JE 20 Mo (9 3k #2 . UTUER NPCILL [ 3R 04 R % FH
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FRIT IR HE T — BT RO PUR B R R I AE 2590
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2.3.1 NPCIL a3 py 77 11 5 2 i [

FeAkAE K BUF4E M CRL-1601 H1 ) NPCIL1
BLEALT AN i 22 BRI BT N 7R IEFR 4 (endocytic
recycling compartment, ERC), FE7E & 2 [A {5
iZ. M0 AL TCAEE BE K SF R, K& NPCILL
3 ) ERC 57k 22 36 32 2 40 M o s I 5 45 Al kb 7
ANIEREE B fS RS _E ) NPCLL 1 K485 77 I [ i —
R AEERNT, 25 iz EE EE % BRCPY,
NPCILI N & #& #6t T Clathrin/AP2 5 & %1, T 4k
Clathrin 3234 2% FHL T NPC1L1 (1) P9 75 9% 55 2 P
JOE T P P VAT o L[] T2 R WS4 ) 771) Ezetimibe 9, 7]
BELIT NPCIL1 f 3 75 B0, 41t py B [ 1 55 f S PR
M 723 N ERC () NPCIL1 23 5 I [ B 43 55, B4
ff] Cdc42 & [HiE L i N-WASP. Arp2/3. Rablla/
Rab11-FIP2/Myosin Vb £ I 1 iz % #1 5% & B %
NPCIL1 5 ##43z o] st ™ /N RAA i, kA1
W 5% 1) £ ) v 1 AR B 25 5 5 NPCILL1 455 5 i [
BE NI E IR A A N0 ™. Xie &5 1
FEREFU R [FRE R I, MR A A AT LA 3 A /D B
/N T AR 2% R B B AL & NPCILL (1 &30, 1
Ezetimibe A0 # M| 2 1] FIAFEMITHIL. —RIIK
PRAIF B NPCIL1 33 Clathrin 4 i 11 2E 960 35 Sy 15 =X
v 5 RE [ W 0. Ezetimibe i 3T 45 4 NPCIL1
L 4h 55 — > loop X, BH KT NPCIL1 [ 3 7 A 1 417
) A g N PR S i 002,
232 BEEMNRZSRNERBHE

NPCIL1 [ N i A1 C %y 77 51 /2 B 22 [ DI R X 35
N i 45 #4458 (N-terminal domain, NTD) 4 i — 4~ i 7K
“O4%7, ATRURER A A 1 AMEEEES T . 2014
F, Li " kI NPCIL1 EH CIadH —
MR EE 5751 YVNxF (x R R R
B ). %45 T AT LUK 41 i 5 P B2 3k B (1 (adptor
protein) Numb '] PTB £ #J4 (phosphotyrosine-binding
domain) i1 5137454 . Numb & [ 2 [FI472 3% Clathrin/
AP2, EIFTERNF. 4N T Numb RiE &
%55 NPCIL1 A 7. AR, /N Numb 5P R
I 71 B 52 3000 2 AR P O o e R AT 80 %
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[E2 NPCIL14vS:HY/)\i7 B E B IR YT id 72
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(17 C i 5 Numb [ 45 75 52 57 B AH [ B 25 55 11 5 0,
o A [ i = I NPC L1 5 Numb (454 2t
JIH T A . 2 5 R C i N B1E 5 75
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ARH Fll Dab2 R 5145 & 7, R Wi E 515551
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LDLR N7 AR ST ; 28Mith, ARH F1 Dab2 AR
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2.4 /iZBEEIRZRY S K% E AR & B R E Bz /K

O[] i O A R R AE AN [RI AR TR A P K 22 52
M 29%~80% A% U0, s fig L I R A — AN B A
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FURAUE NPCILT 473 1 /) Jizg HEL 2] A R AT R 5 IR
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S B /0N i L ] R 2850 23 W A 4 A 38K A f 34 R
[ 2 7 ST B O L 5093 R A 1A AU BT 1987 4,
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B T AT 2 A S A BT, B B
K2 S5 Ah—Fh SR i, 3 ] DL B e A8 e I ]
T TR S50 15 3 R PR 1) L il B 7S o FRAT T A AT
W, gp78 M1 HMGCR [/l 5 SREBP
A T R RN R [ A A A I 24 A L
A EEERER S, 2012 4F, Tsai & “7 Wt £,
FEAE HI4E N A 5 HMGCR BRI 2051l N
ZAAHE], XA B T R 5 22 B Aok



LT P2 ) P9 5 18/ i 855

WA RIS 5 B FE iz RIERR, M
X & FZ FIERERE HMGCR P& AR FE b ok %
AL E AT AR AT R, X SR IRATET A
KAWRE FAT R X EEERM A I — A2,
2 FEREGA Rz F BT R A g 2
2 % ALHE (deubiquitylases, DUBs) 1% 4% ¥, 3| H #if
Nk, TRz FZABEHEIT 100 i, 312 L
Eiz @ AT X2 5 B E RS AR )
B R L R R R R AR, e, BT
JOE ] 5 oS 2% A 2 1T B ) LA Bl A S B K 76 B
1), FrLA, R o n] BEAFE A R I 98 72 (1)
PR AT A2 ™,

7N 17 L[] P R AT R T A N A JE ] 6~ 1t
BEREE, BRGATHNHACEIIGELEERE, H
Xof IEL 2] P R WAL P 8 0 A TS TS AN A, L e 2 2
75 5 NPCIL1 & FIA4 QAR TS C i A 5T JEE i
B A 22 ERC (1) ] B G 7 44k 45523 A 380 P9 J5 199
5510 [ AR 55 )5, 5 3 NPCIL1 M ERC %3z 7] 3|
4 B I AE T R AT 4. A, HETIR IR EACH
Ezetimibe — 0l JEL [ B R USRI 24542 /) Ji L[] e
WRHSCATL 1] PR 1) BH e DA fE I ) o JER ] e R A 24 4 2
HEFEI LAY . Numb 5 NPCIL1 4 5 M 45 &% 2
— AT 2R

(& £ X #

[11  Horton JD, Goldstein JL, Brown MS. SREBPs: activators
of the complete program of cholesterol and fatty acid
synthesis in the liver. J Clin Invest, 2002, 109(9): 1125-31

[2] Hirano Y, Yoshida M, Shimizu M, et al. Direct
demonstration of rapid degradation of nuclear sterol
regulatory element-binding proteins by the ubiquitin-
proteasome pathway. J Biol Chem, 2001, 276(39): 36431-7

[3] Sundgvist A, Bengoechea-Alonso MT, Ye X, et al. Control
of lipid metabolism by phosphorylation-dependent
degradation of the SREBP family of transcription factors
by SCF(Fbw7). Cell Metab, 2005, 1(6): 379-91

[4] Punga T, Bengoechea-Alonso MT, Ericsson J.
Phosphorylation and ubiquitination of the transcription
factor sterol regulatory element-binding protein-1 in
response to DNA binding. J Biol Chem, 2006, 281(35):
25278-86

[5] Jeon TI, Esquejo RM, Roqueta-Rivera M, et al. An
SREBP-responsive microRNA operon contributes to a
regulatory loop for intracellular lipid homeostasis. Cell
Metab, 2013, 18(1): 51-61

[6] Giandomenico V, Simonsson M, Gronroos E, et al.
Coactivator-dependent acetylation stabilizes members of
the SREBP family of transcription factors. Mol Cell Biol,
2003, 23(7): 2587-99

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(21]

Walker AK, Yang F, Jiang K, et al. Conserved role of
SIRT1 orthologs in fasting-dependent inhibition of the
lipid/cholesterol regulator SREBP. Genes Dev, 2010,
24(13): 1403-17

Ponugoti B, Kim DH, Xiao Z, et al. SIRT1 deacetylates
and inhibits SREBP-1C activity in regulation of hepatic
lipid metabolism. J Biol Chem, 2010, 285(44): 33959-70
Hirano Y, Murata S, Tanaka K, et al. Sterol regulatory
element-binding proteins are negatively regulated through
SUMO-1 modification independent of the ubiquitin/26 S
proteasome pathway. J Biol Chem, 2003, 278(19): 16809-
19

Lee JH, Lee GY, Jang H, et al. Ring finger protein20
regulates hepatic lipid metabolism through protein kinase
A-dependent sterol regulatory element binding proteinlc
degradation. Hepatology, 2014, 60(3): 844-57

Irisawa M, Inoue J, Ozawa N, et al. The sterol-sensing
endoplasmic reticulum (ER) membrane protein TRC8
hampers ER to Golgi transport of sterol regulatory
element-binding protein-2 (SREBP-2)/SREBP cleavage-
activated protein and reduces SREBP-2 cleavage. J Biol
Chem, 2009, 284(42): 28995-9004

Lee JP, Brauweiler A, Rudolph M, et al. The TRC8
ubiquitin ligase is sterol regulated and interacts with lipid
and protein biosynthetic pathways. Mol Cancer Res:MCR,
2010, 8(1): 93-106

Tang JJ, Li JG, Qi W, et al. Inhibition of SREBP by a
small molecule, betulin, improves hyperlipidemia and
insulin resistance and reduces atherosclerotic plaques. Cell
Metab, 2011, 13(1): 44-56

Goldstein JL, Brown MS. Regulation of the mevalonate
pathway. Nature, 1990, 343(6257): 425-30

Gardner RG, Shearer AG, Hampton RY. /n vivo action of
the HRD ubiquitin ligase complex: mechanisms of
endoplasmic reticulum quality control and sterol
regulation. Mol Cell Biol, 2001, 21(13): 4276-91

Kikkert M, Doolman R, Dai M, et al. Human HRDI is an
E3 ubiquitin ligase involved in degradation of proteins
from the endoplasmic reticulum. J Biol Chem, 2004,
279(5): 3525-34

Gil G, Faust JR, Chin DJ, et al. Membrane-bound domain
of HMG CoA reductase is required for sterol-enhanced
degradation of the enzyme. Cell, 1985, 41(1): 249-58
Sever N, Yang T, Brown MS, et al. Accelerated
degradation of HMG CoA reductase mediated by binding
of insig-1 to its sterol-sensing domain. Mol Cell, 2003,
11(1): 25-33

Song BL, Sever N, DeBose-Boyd RA. Gp78, a
membrane-anchored ubiquitin ligase, associates with
Insig-1 and couples sterol-regulated ubiquitination to
degradation of HMG CoA reductase. Mol Cell, 2005,
19(6): 829-40

Song BL, Javitt NB, DeBose-Boyd RA. Insig-mediated
degradation of HMG CoA reductase stimulated by
lanosterol, an intermediate in the synthesis of cholesterol.
Cell Metab, 2005, 1(3): 179-89

Sever N, Song BL, Yabe D, et al. Insig-dependent



856

G gEEd

7%

[22]

[23]

[26]

(28]

[30]

[32]

ubiquitination and degradation of mammalian 3-hydroxy-
3-methylglutaryl-CoA reductase stimulated by sterols and
geranylgeraniol. J Biol Chem, 2003, 278(52): 52479-90
Cao J, Wang J, Qi W, et al. Ufd1 is a cofactor of gp78 and
plays a key role in cholesterol metabolism by regulating
the stability of HMG-CoA reductase. Cell Metab, 2007,
6(2): 115-28

Lee N, Song B, DeBose-Boyd RA, et al. Sterol-regulated
degradation of Insig-1 mediated by the membrane-bound
ubiquitin ligase gp78. J Biol Chem, 2006, 281(51): 39308-
15

Gong Y, Lee JN, Lee PC, et al. Sterol-regulated
ubiquitination and degradation of Insig-1 creates a
convergent mechanism for feedback control of cholesterol
synthesis and uptake. Cell Metab, 2006, 3(1): 15-24

Liu TF, Tang JJ, Li PS, et al. Ablation of gp78 in liver
improves hyperlipidemia and insulin resistance by
inhibiting SREBP to decrease lipid biosynthesis. Cell
Metab, 2012, 16(2): 213-25

Jo Y, Hartman IZ, DeBose-Boyd RA. Ancient ubiquitous
protein-1 mediates sterol-induced ubiquitination of
3-hydroxy-3-methylglutaryl CoA reductase in lipid
droplet-associated endoplasmic reticulum membranes.
Mol Biol Cell, 2013, 24(3): 169-83

Tsai YC, Leichner GS, Pearce MM, et al. Differential
regulation of HMG-CoA reductase and Insig-1 by
enzymes of the ubiquitin-proteasome system. Mol Biol
Cell, 2012, 23(23): 4484-94

Zelcer N, Sharpe LJ, Loregger A, et al. The E3 ubiquitin
ligase MARCHG6 degrades squalene monooxygenase and
affects 3-hydroxy-3-methyl-glutaryl coenzyme A reductase
and the cholesterol synthesis pathway. Mol Biol Cell,
2014, 34(7): 1262-70

Gill S, Stevenson J, Kristiana I, et al. Cholesterol-
dependent degradation of squalene monooxygenase, a
control point in cholesterol synthesis beyond HMG-CoA
reductase. Cell Metab, 2011, 13(3): 260-73

Stevenson J, Luu W, Kristiana I, et al. Squalene mono-
oxygenase, a key enzyme in cholesterol synthesis, is
stabilized by unsaturated fatty acids. Biochem J, 2014,
461(3): 435-42

Doblas VG, Amorim-Silva V, Pose D, et al. The SUD1
gene encodes a putative E3 ubiquitin ligase and is a
positive regulator of 3-hydroxy-3-methylglutaryl
coenzyme a reductase activity in Arabidopsis. Plant Cell,
2013, 25(2): 728-43

Foresti O, Ruggiano A, Hannibal-Bach HK, et al. Sterol
homeostasis requires regulated degradation of squalene
monooxygenase by the ubiquitin ligase Doal0/Teb4.
eLife, 2013, 2: e00953

Wang DQ. Regulation of intestinal cholesterol absorption.
Annu Rev Physiol, 2007, 69: 221-48

Wang TY, Liu M, Portincasa P, et al. New insights into the
molecular mechanism of intestinal fatty acid absorption.
Eur J Clin Invest, 2013, 43(11): 1203-23

Schwarz M, Russell DW, Dietschy JM, et al. Alternate
pathways of bile acid synthesis in the cholesterol

[36]

[39]

[40]

[42]

(48]

[49]

[50]

7a-hydroxylase knockout mouse are not upregulated by
either cholesterol or cholestyramine feeding. J Lipid Res,
2001, 42(10): 1594-603

Repa JJ, Lund EG, Horton JD, et al. Disruption of the
sterol 27-hydroxylase gene in mice results in
hepatomegaly and hypertriglyceridemia. Reversal by
cholic acid feeding. J Biol Chem, 2000, 275(50): 39685-
92

Altmann SW, Davis HR Jr, Zhu LJ, et al. Niemann-Pick
C1 Like 1 protein is critical for intestinal cholesterol
absorption. Science, 2004, 303(5661): 1201-4

Anderson RA, Joyce C, Davis M, et al. Identification of a
form of acyl-CoA:cholesterol acyltransferase specific to
liver and intestine in nonhuman primates. J Biol Chem,
1998, 273(41): 26747-54

Buhman KK, Accad M, Novak S, et al. Resistance to diet-
induced hypercholesterolemia and gallstone formation in
ACAT2-deficient mice. Nat Med, 2000, 6(12): 1341-7
Zanlungo S, Nervi F. The ACAT2 gene encodes a
gatekeeper of intestinal cholesterol absorption that
regulates cholesterolemia and gallstone disease.
Hepatology, 2001, 33(3): 760-1

van Greevenbroek MM, Robertus-Teunissen MG,
Erkelens DW, et al. Participation of the microsomal
triglyceride transfer protein in lipoprotein assembly in
Caco-2 cells: interaction with saturated and unsaturated
dietary fatty acids. J Lipid Res, 1998, 39(1): 173-85
Young SG, Cham CM, Pitas RE, et al. A genetic model for
absent chylomicron formation: mice producing
apolipoprotein B in the liver, but not in the intestine. J
Clin Invest, 1995, 96(6): 2932-46

Wetterau JR, Aggerbeck LP, Bouma ME, et al. Absence of
microsomal triglyceride transfer protein in individuals
with abetalipoproteinemia. Science, 1992, 258(5084):
999-1001

Carstea ED, Morris JA, Coleman KG, et al. Niemann-Pick
C1 disease gene: homology to mediators of cholesterol
homeostasis. Science, 1997, 277(5323): 228-31

Loftus SK, Morris JA, Carstea ED, et al. Murine model of
Niemann-Pick C disease: mutation in a cholesterol
homeostasis gene. Science, 1997, 277(5323): 232-5

Wang J, Chu BB, Ge L, et al. Membrane topology of
human NPC1L1, a key protein in enterohepatic cholesterol
absorption. J Lipid Res, 2009, 50(8): 1653-62

Davies JP, Levy B, loannou YA. Evidence for a Niemann-
pick C (NPC) gene family: identification and
characterization of NPC1L1. Genomics, 2000, 65(2): 137-
45

Jia L, Betters JL, Yu L. Niemann-pick Cl-like 1
(NPCI1L1) protein in intestinal and hepatic cholesterol
transport. Annu Rev Physiol, 2011, 73: 239-59

Xie C, Zhou ZS, Li N, et al. Ezetimibe blocks the
internalization of NPC1L1 and cholesterol in mouse small
intestine. J Lipid Res, 2012, 53(10): 2092-101

Rosenblum SB, Huynh T, Afonso A, et al. Discovery of
1-(4-fluorophenyl)-(3R)-[3-(4-fluorophenyl)-(3S)-
hydroxypropyl]-(4S)-(4 -hydroxyphenyl)-2-azetidinone



Eyd

é}% ﬁ¥y %3

LT P2 ) P9 5 18/ i

857

[55]

[56]

[57]

[59]

[64]

[65]

(SCH 58235): a designed, potent, orally active inhibitor of
cholesterol absorption. ] Med Chem, 1998, 41(6): 973-80
Yu L, Bharadwaj S, Brown JM, et al. Cholesterol-
regulated translocation of NPCI1LI1 to the cell surface
facilitates free cholesterol uptake. J Biol Chem, 2006,
281(10): 6616-24

Temel RE, Tang W, Ma Y, et al. Hepatic Niemann-Pick
Cl-like 1 regulates biliary cholesterol concentration and is
a target of ezetimibe. J Clin Invest, 2007, 117(7): 1968-78
Brown MS, Goldstein JL. The SREBP pathway: regulation
of cholesterol metabolism by proteolysis of a membrane-
bound transcription factor. Cell, 1997, 89(3): 331-40
Alrefai WA, Annaba F, Sarwar Z, et al. Modulation of
human Niemann-Pick C1-like 1 gene expression by sterol:
Role of sterol regulatory element binding protein 2. Am J
Physiol Gastrointest Liver Physiol, 2007, 292(1): G369-76
Pramfalk C, Jiang ZY, Cai Q, et al. HNFla and SREBP2
are important regulators of NPCIL1 in human liver. J
Lipid Res, 2010, 51(6): 1354-62

Malhotra P, Soni V, Kumar A, et al. Epigenetic modulation
of intestinal cholesterol transporter Niemann-Pick C1-like
1 (NPCIL1) gene expression by DNA methylation. J Biol
Chem, 2014, 289(33): 23132-40

Sainz B Jr, Barretto N, Martin DN, et al. Identification of
the Niemann-Pick C1-like 1 cholesterol absorption
receptor as a new hepatitis C virus entry factor. Nat Med,
2012, 18(2): 281-5

Ge L, Wang J, Qi W, et al. The cholesterol absorption
inhibitor ezetimibe acts by blocking the sterol-induced
internalization of NPC1L1. Cell Metab, 2008, 7(6): 508-
19

Chu BB, Ge L, Xie C, et al. Requirement of myosin
Vb.Rabl1la.Rab11-FIP2 complex in cholesterol-regulated
translocation of NPC1L1 to the cell surface. J Biol Chem,
2009, 284(33): 22481-90

Xie C, Li N, Chen ZJ, et al. The small GTPase Cdc42
interacts with Niemann-Pick Cl1-like 1 (NPC1L1) and
controls its movement from endocytic recycling
compartment to plasma membrane in a cholesterol-
dependent manner. J Biol Chem, 2011, 286(41): 35933-42
Xie P, Zhu H, Jia L, et al. Genetic demonstration of
intestinal NPC1L1 as a major determinant of hepatic
cholesterol and blood atherogenic lipoprotein levels.
Atherosclerosis, 2014, 237(2): 609-17

Weinglass AB, Kohler M, Schulte U, et al. Extracellular
loop C of NPCI1L1 is important for binding to ezetimibe.
Proc Natl Acad Sci USA, 2008, 105(32): 11140-5

Zhang JH, Ge L, Qi W, et al. The N-terminal domain of
NPCILI protein binds cholesterol and plays essential
roles in cholesterol uptake. J Biol Chem, 2011, 286(28):
25088-97

Li PS, Fu ZY, Zhang YY, et al. The clathrin adaptor Numb
regulates intestinal cholesterol absorption through
dynamic interaction with NPC1L1. Nat Med, 2014, 20(1):
80-6

Chen WJ, Goldstein JL, Brown MS. NPXY, a sequence
often found in cytoplasmic tails, is required for coated pit-

[67]

[68]

[71]

[77]

mediated internalization of the low density lipoprotein
receptor. J Biol Chem, 1990, 265(6): 3116-23

Garcia CK, Wilund K, Arca M, et al. Autosomal recessive
hypercholesterolemia caused by mutations in a putative
LDL receptor adaptor protein. Science, 2001, 292(5520):
1394-8

Maurer ME, Cooper JA. The adaptor protein Dab2 sorts
LDL receptors into coated pits independently of AP-2 and
ARH. J Cell Sci, 2006, 119(Pt 20): 4235-46

Wei J, Fu ZY, Li PS, et al. The Clathrin adaptor proteins
ARH, Dab2, and Numb play distinct roles in niemann-
Pick Cl-Like 1 versus low density lipoprotein receptor-
mediated cholesterol uptake. J Biol Chem, 2014, 289(48):
33689-700

Ge L, Qi W, Wang LJ, et al. Flotillins play an essential
role in Niemann-Pick Cl-like 1-mediated cholesterol
uptake. Proc Natl Acad Sci USA, 2011, 108(2): 551-6
Bosner MS, Lange LG, Stenson WF, et al. Percent
cholesterol absorption in normal women and men
quantified with dual stable isotopic tracers and negative
ion mass spectrometry. J Lipid Res, 1999, 40(2): 302-8
Cohen JC, Pertsemlidis A, Fahmi S, et al. Multiple rare
variants in NPC1L1 associated with reduced sterol
absorption and plasma low-density lipoprotein levels. Proc
Natl Acad Sci USA, 2006, 103(6): 1810-5

Polisecki E, Peter I, Simon JS, et al. Genetic variation at the
NPCIL1 gene locus, plasma lipoproteins, and heart disease
risk in the elderly. J Lipid Res, 2010, 51(5): 1201-7

Stitziel NO, Won HH, Morrison AC, et al. Inactivating
mutations in NPC1L1 and protection from coronary heart
disease. N Engl ] Med, 2014, 371(22): 2072-82

Wang LJ, Wang J, Li N, et al. Molecular characterization
of the NPC1L1 variants identified from cholesterol low
absorbers. J Biol Chem, 2011, 286(9): 7397-408

Simon JS, Karnoub MC, Devlin DJ, et al. Sequence
variation in NPC1L1 and association with improved LDL-
cholesterol lowering in response to ezetimibe treatment.
Genomics, 2005, 86(6): 648-56

Wang J, Williams CM, Hegele RA. Compound
heterozygosity for two non-synonymous polymorphisms
in NPCILI in a non-responder to ezetimibe. Clin Genet,
2005, 67(2): 175-7

Davis HR Jr, Zhu LJ, Hoos LM, et al. Niemann-Pick C1
Like 1 (NPCI1L1) is the intestinal phytosterol and
cholesterol transporter and a key modulator of whole-body
cholesterol homeostasis. J Biol Chem, 2004, 279(32):
33586-92

Kesaniemi YA, Miettinen TA. Cholesterol absorption
efficiency regulates plasma cholesterol level in the Finnish
population. Eur J Clin Invest, 1987, 17(5): 391-5

Dawson PA, Rudel LL. Intestinal cholesterol absorption.
Curr Opin Lipidol, 1999, 10(4): 315-20

Weingartner O, Bjorkhem I, Lutjohann D. Intestinal
cholesterol absorption and cardiovascular risk. J Am Coll
Cardiol, 2014, 63(7): 695-6

Catapano AL, Catapano L, Fellin R. [Intestinal cholesterol
absorption: a pharmacological target for lowering of



858

G gEEd

7%

[84]

[85]

plasma cholesterol]. Ital Heart J Suppl, 2004, 5(10): 779-
84

Geach T. Coronary heart disease: NPC1L1 mutations
lower CHD risk. Nat Rev Cardiol, 2015, 12(1): 3

Ezzet F, Wexler D, Statkevich P, et al. The plasma
concentration and LDL-C relationship in patients
receiving ezetimibe. J Clin Pharmacol, 2001, 41(9): 943-9
Sudhop T, Lutjohann D, Kodal A, et al. Inhibition of
intestinal cholesterol absorption by ezetimibe in humans.
Circulation, 2002, 106(15): 1943-8

Endo A, Kuroda M, Tanzawa K. Competitive inhibition of
3-hydroxy-3-methylglutaryl coenzyme A reductase by
ML-236A and ML-236B fungal metabolites, having
hypocholesterolemic activity. FEBS Lett, 1976, 72(2):
323-6

Endo A, Tsujita Y, Kuroda M, et al. Inhibition of

(87]

cholesterol synthesis in vitro and in vivo by ML-236A and
ML-236B, competitive inhibitors of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase. Eur J Biochem:
FEBS, 1977, 77(1): 31-6

Chin DJ, Luskey KL, Anderson RG, et al. Appearance of
crystalloid endoplasmic reticulum in compactin-resistant
Chinese hamster cells with a 500-fold increase in
3-hydroxy-3-methylglutaryl-coenzyme A reductase. Proc
Natl Acad Sci USA, 1982, 79(4): 1185-9

Komander D, Clague MJ, Urbe S. Breaking the chains:
structure and function of the deubiquitinases. Nat Rev Mol
Cell Biol, 2009, 10(8): 550-63

Sharpe LJ, Brown AJ. Controlling cholesterol synthesis
beyond 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGCR). J Biol Chem, 2013, 288(26): 18707-15



