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The gene encoding lipin 1 was identified with a positional cloning approach that localized the causative mutation in
fatty liver dystrophic (fId) mice, a mouse model of lipodystrophy. The fid mouse lacks normal adipose tissue in the
body, and displays metabolic dysregulation such as obesity, insulin resistance, and hypertriglyceridemia. Lipin 1 is
abundantly expressed in key metabolic tissues, including adipose tissue, skeletal muscle, and liver. In the cytosol, lipin 1
acts as an Mg2*-dependent phosphatidate phosphatase type-1 (PAP1), catalyzing a key step in the synthesis of
glycerolipids. In the nucleus, lipin 1 acts as a transcriptional coactivator through its direct interaction with peroxisome
proliferator-activated receptor (PPAR) y coactivator-la (PGC-1ca) and PPARc. Through two distinct functions in the
nucleus and cytosol, lipin 1 modulates lipid metabolism and glucose homeostasis. Here we will discuss recent develop-

ments in our understanding of the role of lipin 1 in lipid metabolism.
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Lipinl B FZ @ ICEBIE LI 2P
Zw IR TIATHE, BHEEEEIE5. 9 Adipocyte
fatty acid binding protein kD 7O E—4% —7%
WTHERA MRS B ICHBI 9 % Lipinl b5 > XY
IV IRTRAEMRTSHE, EHTT R LKL
TR T 2 k13 72\ 2%, Fatty acid synthase
% Acetyl-CoA carboxylase, Diacylglycerol acyltran-
sferase Z Z OREAGRELRTORIENEAL,
FERfEfER D R U 7)) RENENT 2.7 £z,
Muscle creatine kinase iz 7 O E— 4 —Z AW T
TEBLL 7= R LAY 72 Lipinl RS > AY 12w 7
RUATSH, MBI X S TR F—HEDH
DoY) REIMNCK 2 EMNEEINS.
ZOXDIZ, EHiH D WIS AR FEMIC Lipinl 2
FESHE T XM AITBNTIERmAAEL 570,
BIRRNHERN D 5. Mk RA7% Lipinl b Z >
ATy I RTATIE, IFEERICLS 1A
EPENTEE DB IND. —F, BIREN
BEIAP =y 7T ATIE, EmiKETH S
WZHENNO ST, MH7IVI—ZA0A AU LA
IWINIEHETAXODEAL, A > BN
BINTND, ZOAHZZXLIAHTHZH, 5
WiALA% T K D RIREITHENEE Z B0 A D Z &IT X
0, B D X S 7k T OIS EN A
L, DA A VN YEE S N TREMED
H5.

3. Lipinl O#E & #EE

Lipinl & > /N7 8%, HERITEBIL 2R Z
¥#D Lipin2, Lipin3 & & H 12 Lipin 7 7 S U —IiZJ8
9 % (Fig. 1). Lipinl \&, Fhs&<o 08 MGHAE, &%
il EDORERMNEA IR THIT 5. 48 —F
Lipin2 13T lg-° KM T2 < #HH L, Lipin3 [3/N5 <
FFld7s & D TOIR VAN EFREL TS, 9 /1
B Lipinl Tl, YT RAICBWTEIRMWA T 51 >
UKD 2HEDT A 7 #+— L, Lipinla &
Lipinlg A EINTW3.7 — Kkt NTIZ,
Lipinle, Lipinl g @ 1E7n 12, b bR EK cDNA 7
527 0—>= /%7 3N Lipinly DEENHRE I N
T3, 10

Lipin 7 7 2 U —i3, FEMFIEZZOLEH/RfET
REINTNS, L2 FRTO Lipin ¥ > /N7 EIC
1%, Bi#17> 2 F )L TdH S Nuclear localization sig-

N-LIP C-LIP
1 L[]
e

| I
PN
NLS DXDXT LXXIL

Fig. 1. Lipin Protein Domains and Functional Motifs

nal (NLS) W< DhDtl /AL A=Z>TY >
Btz 29 A I FEET S, 351, Lipin ¥
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ZRFODMEE N-LIP R A1 > & C-LIP K AA 2AifF
FL, ZN5D R AA > Lipin O EE/ R HEREZH
DI EMEZENS. FEPRIT C-LIP KA1 T,
Lipinl O A FAHEEICE 59 % DXDXT (X 13fE:
BO7I /B MIERAA L LXXIL EF—T %
HALTND,

Lipinl # > /N7 &1, MNFHEDENVIZX D 2
DORRERBFEBERE N H SN TWD (Fig. 2). 1
DH&ELUTLipinl 1%, MUZUtRY KU VIFE
DEGHBEERET DHRA Ty F O UBERAT 7
4 —1 (Phosphatidate phosphatase; PAP) &%
F;D. %19 PAP |3 W % & D iRA W THEIEL,
INEARIE EICPBNWTHRA T 7 F 2 Bz b
THIETYTINWT IO —)V2ERT 5. £
PAP 121X, Mg*" [T{KE/) 72 PAPL 1§ & M2t
IR F 72 PAP2 151738 U, Lipinl {3 PAPI
HEHEZEZAETHZENHSGNTWS, 2D PAPL{E
P£1%, Lipinl # > /)SZE® C-LIP R XA > NIZTHE
L T2 DXDXT il B A1 > 0255 5.

KIZ Lipinl 1%, $BIREBEREF & U TN THEE
9%, 1419 Lipinl % > /)NZE D C-LIP KA ZH
%5 LXXIL EF—7 2N LT, BENZE Peroxi-
some proliferator-activated receptor o« (PPARa)
D fr B A% [ PPARY coactivator-la (PGClw)
EHEa L, IEMEEME{LICBY#E 9 5 PPARa/PGCla
DOERERLZET (Acyl CoA oxidase, PPARq, Carni-
tine palmitoyl transferase-1) DFEIHZHIHT S, *
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Fig. 2. Dual Molecular Functions of Lipin 1 Protein as Phos-
phatidate Phosphatase and Transcriptional Coactivator
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Fig. 3. Lipin 1 Expression Regulated by Cellular Sterols in
Huh7 Cells

(A) Huh7 cells were cultured for 24 h in medium containing sterols,
LPDS, or statin. Lipin 1, lipin 1, and lipin 18 mRNA levels were normal-
ized to those of 36B4 mRNA. All values are expressed as means =S.E.M. (n
=3). (B, C) Knockdown of SREBP-1 reduces lipin 1 expression in Huh-7
cells. Huh7 cells were transfected with 25 nM control, SREBP-1, or SREBP-
2 siRNA. (B) Total RNA was extracted for analysis by real-time RT-PCR 24
h after transfection. Target mRNA levels were normalized to cyclophilin A
mRNA levels. All values are expressed as means+S.E.M. (n=3). (C) For-
ty-eight hours after transfection, cell extracts were prepared, and aliquots
were subjected to SDS-PAGE. Immunoblots were probed with anti-lipin 1
antibody or anti-lamin B2 antibody.

HMG-CoA Bt R ER TH LAY F > 2 MA
R OLMUETH D, ZORELESLMEITBITS
M@ A 50— L&, Sterols, LPDS, Statin @i
FBTEL< 2D, Th6OEMEMZHWT, b MF
7% AuHH 3k Huh7 iz 31 % Lipinl mRNA 04
ftz U7V A L PCREZHWTHNK [Fig. 3
(A)]. =R, MENATO—ILE&NEADT S
IZDOMNT, Lipinl mRNA E133#ML TW=, F/=,
Lipinl ® Y 1 7 #+— A Td % Lipinle, Lipinl g
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SREBP-1 [ZEIZfEMEE U 7 Ut Y REEGRK
9 B3z T%, SREBP2 3L 250 —)L%
AT SERTZHEIL TS, EEEZBIE
SREBP % > /X7 E /3 Lipinl OB ZHE L T\ 5
DTl 7znw/nr &% %, SREBP-1 & SREBP-2 O siR-
NA Z W THFt L7 [Fig. 3(B) and (C)].
LPDS 4 @ Huh7 fifid i2 3 T, SREBP-2
siRNA Z W=l Lipinl #H&l3, 1> ho—
V&b U TEbMN e o 7. —75 SREBP-1 siR-
NA ZHW/ERETIX, J>bho—)L &L THE
IZ Lipinl BHENEADSL Tz, LENST,
Lipinl &£ T3, 5 [RF SREBP-1 12X > THilfHl
STV,

5. SREBP-1 (C & % Lipinl :&{5F D= E I #
#®

KICHIFEN A 70—V & % Lipinl #1517 D %
BRI A 7 = X L% K OIS 2729012, iz
5%%H#6%26m(ﬁ$ﬂ)®thme7
OF—4% —Z2lAANTELVR—F—T I X3 K&
MLz, F/, BHAER Lipinl YO0 —4 —2JEX
RESHEMABRI AN BBIERL, & MF
DA HepG2 flfldic 2N 5 TR TOLR—% —
TIAIREEAL, WP T7x7—ET vtA %7
o7 [Fig. 4(A)]. ZDfEE, B4R O Lipinl 7
OFE—4—IZBNT, MlNATO—=)LNEDT 2
IZONT, \WEIEHE AL ZOREET—
2478 DEI ETRBRINSEZD, —2318DESIX
TRESEZE, AT70-)VAHBICXK BB HNE
LA LE., 2o &M, b b Lipinl 7O
T—H—0—2478 5 —2378 ORITHIIAN A T
O—)VITINET DEENFEET 5 ETHENZ. £
T, ZOEBOESZMITL7ZE 5, SREBP-
1 23§ 2B 5 Td 5 SRE BEF — I NEFEMEL 72
Wg4®H ¥ 72, SREBP N KDrEIEMAL %

55 7= O IZ W E /5 Bl %] Nuclear factor Y (NF-Y)
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%NFY@% THIENHSENTNDS, 2
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3K A% SREBP-1 IZ X > Tiifi SN T WD MR~
7=. BAKMIZIZ SRE EF — 7 & NF-Y #&H1 b
DENEN, HE2VWIEMHICERZ ANZLR—
Y —TIFAIREE-L, ZNH5DOTTZXI RITH
9 % SREBP-1 O &t 2~/ [Fig. 4(0)]. =
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Fig. 4. The Region between Nucleotides —2428 and —2378
of the Human Lipin 1 Promoter Contains Sequences that
Mediate the Induction of Lipin 1 Expression by Sterol Deple-
tion

(A) HepG2 cells were transiently transfected with luciferase reporter
constructs of the lipin 1 promoter. The cells were harvested and the luciferase
activity was measured and normalized to the f-galactosidase activity. The
values represent means+S.E.M. (n=3). (B) Schematic representation of
the human lipin 1 gene between nucleotides —2428 and —2378, illustrating
the SRE motif and the NF-Y-binding site. Conserved nucleotides are indicat-
ed by asterisks. (C) Reporter constructs were cotransfected into HepG2 cells
with pcDNA3 (mock), SREBP-1a (nSREBP1a), or SREBP-1¢ (nSREBP1c¢)
expression vector. The cells were harvested, and the luciferase activity was
measured and normalized to the p-galactosidase activity. The values
represent means+S.E.M. (n=3).
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Fig. 5. Sterol-mediated Lipin 1 Expression Modulates Tri-
glyceride Accumulation through Its PAP1 Activity in Huh7
Cells

(A) Huh7 cells were cultured in medium containing sterols, LPDS, or
statin for 24 h. Cell extracts were fractionated, and aliquots were subjected

to SDS-PAGE. Immunoblots were probed with anti-lipin 1 antibody. (B)

Huh?7 cells were cultured in medium containing sterols, LPDS, or statin for

48 h. PAP activity was measured using the cytosolic fraction. The values

represent means =S.E.M. (n=3). (C) Huh7 cells were transfected with each

siRNA and cultured in medium containing sterols or statin for 72 h. The cel-
lular TG content was measured and normalized to the total protein content.

The values represent means+S.E.M. (n=3).

ZHlE L7 [Fig. 5(B)]. ZO#E%, Lipinl OFIH
B EAHBT % X 1T PAPL{EMA ER L 7278,
PAP2IEMEICIXZ LA EREZ E X oo T=. &%
12, Lipinl 12349 % siRNA % VY, E&AERY T
HHMBAN Y ZUEY REZFAK [Fig. 5
(O)]. a> bho—)LsiRNA 2& A L7=HE T,
MEANZATFO—)LZMBIE2Z2&ICXD NUTY
U REF#EmML~Z. UL L7Aans, Lipinl siR-
NATIERUZ Ut REDE(ENBEHE I NN S
. BbkoZ &hs, MilNA T O—IWIZ XD il
XN % Lipinl 13, PAPL1#EM 2@ U T, MlEA b
D7 Ut RERHL TWDE EEZ 5N,
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M 2 95 Z EMNEEERD, ZOXDRER
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EERDMITEHEZEL, BEREVWHRENNHD
HIRENTWS, BT Lipinl & {5 7 55 HIH 0 ik
felE, ERNOIFENT > A 2L, BiEY1 >R
U RPN EORBBEFENEC D, Lo T,
Lipinl 3 Z2 gE ICHE TE X, Zn5DFH
BRI T 2 BRI R CREENHERE TE S &%
AH5N5. —FK, Lipinlid ThUZ Ut K&K
& THeiEEEs L) SV RFHLZ 2 DDOMEEEA L
THBO, BERNIZTBWTINS DEEEZE VTS
HlH S 2T AMNEET 2 EFRINDDNEZITH
ShEINTHRN, Z0—imsE LT, E£EEZEOD
fEHTd % SREBP-1 7% Lipinl 2l T2% L WHH
G5, SREBP-1 D L 7 H IV ThHhaHA >R
CINIDOERTHZ EFHT S, Thabs, AF
ZREEL 7RI BB OFEL IR E Z i S B0 Br<
ZDIZA A S, SREBP-1 ziE M b
L, Lipinl #8icks ThUZ Uty REk %
RiETHEEZENSD. LHrLAEMNS, SREBP-1
W& TERGEEEE L) A3 HERE T 2 B TIXFEH M =
NTWA7=%, Lipinl 2% TiElEEEE (L) & FHFETT
L WHIE S 2T ANEET D AREMENH 5. 4
%, IBEFEAEICIH T S Lipinl O IEMER A /1 =
ALEFMCHEFEL, AFRY v I RO—L%
D &9 2 IR B E 12T 2 5 L WG R =
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IBIEBLTHERZN,

BEE AWML, RRRFARZFEBE AR
MERENTE B TITONLHFETH O, b, @
B8, HEEZD O XU DR EERITON 5K
AL EFERT. £, AHEZITOTYELD, #
BhEMBhEZBO KU BB ZRD &
B [RFFREOERIT ORI DAL BT £T. A7
FEEHEET I L0, KL DM & A IRISHE)
B2l 0 XU R RFRmA AL > 5 —2 A
TLEMEFET RS b —IRKREEER, EHFF
A%, EEREEER, mhEthHEBER, REORF
REFEGEEZRVFER IS — B8, REAAR LI
FHBL £7.
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