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PPARy and C/EBPa are master adipogenic transcription factors (TFs) required for adipose tissue
development. They control the induction of many adipocyte genes and the early phase of adipo-
genesis in the embryonic development of adipose tissue. Adipose tissue continues to expand after
birth, which, as a late phase of adipogenesis, requires the lipogenesis of adipocytes. In particular, the
liver and adipose tissues are major sites for de novo lipogenesis (DNL), where carbohydrates are pri-
marily converted to fatty acids. Furthermore, fatty acids are esterified with glycerol-3-phosphate to
produce triglyceride, a major source of lipid droplets in adipocytes. Hepatic DNL has been actively
studied, but the DNL of adipocytes in vivo remains not fully understood. Thus, an understanding of
lipogenesis and adipose expansion may provide therapeutic opportunities for obesity, type 2 diabetes,
and metabolic diseases. In adipocytes, DNL gene expression is transcriptionally regulated by lipo-
genesis coactivators, as well as by lipogenic TFs such as ChREBP and SREBPla. Recent in vivo studies
have revealed new insights into the lipogenesis gene expression and adipose expansion. Future de-
tailed molecular mechanism studies will determine how nutrients and metabolism regulate DNL and
adipose expansion. This review will summarize recent updates of DNL in adipocytes and adipose ex-

pansion in terms of transcriptional regulation.
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o] #4 & AT Adipose expansione 53] WATS F41 2.
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ofyel, WATS F2 triglyceride (TG) EHlE o] & 53|
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719l WAT-2 adipose expansion®4 & AXHA &3} T
d HGAMEE B2 ofF T3 dFHHE (inflammation)
9 cytokine #HIE wilste WYV HOE 9E-& FrH12].
BATS ®2 A A 79 interscapular (5%)° 91201, A9
AF frob A & FHol FEstit ARlol Hof beige/
browning adipose tissue (¥l o] A4 AWx2) ez A7
ot M EZ =g oke] @9 A2l uncoupling protein 1 (UCP1)&
2314 Q14¥3} (oxidative phosphorylation)& &3 ATPE Bt
=& t4l proton (H) ¥E S 53 424 (thermogenesis)©|
ojFAR L Ax JUAE AnlEtA ATH28]. Lo, A%
A o F-3-9] adipocytes (A E) A= Al ZEF Tl A
ATHI A, Aoy phg-2 FE B Fo] TA He
in vivo A7 oF W EFE AAoltt. mekA M, P Y
HAHY A3 A5 A4 s 93] adipose tissued] A 284,
EARESH BHAA adipocyte AT7F BFHolet & F
A

Adipose tissue= ZHliver)# A Ef-5 &l A lipid7} of
Y &85 (carbohydrate) & Wl £ THE nutrients (B ¥ &)
ZHE fatty acid® ¥4 3t M=Z-E lipogenesis (A'3A4)
Q1 de novo lipogenesis (DNL)9] 34l #7]olt}, SHG =714
3 (MSCs; mesenchymal stem cells)?| A preadipocytes (4%
AFAE)E 23} & DNLAB S AAHA mature adipo-
cytes® HF #3}7F ©H[11]. DNLS 25 A4ZHd F9
¢ fatty acid synthesis (A2 &4)AHolH, 4 H 4§



Blolid i (postnatal) o] 7] 8] 2& # = A]7](maternal breast
milk feed period) ©| %, ©®53E F 20| (carbohydrate-
rich diet) RS BA A0 E 97| AZatdA A8 adi-
pose expansion®] Yojutal, o] & adipose tissue®] DNL &
d Zlojtt, &F8HE o7} adipocytes® ¥ ol HH, 7]E

2O & glycolysis (33 24)9} tricarboxylic acid (T CA) cycle
< &3l glucose’} citrate® AEH T P|EZE2]o} TCA cy-
cedl Al MEZAZ -2 citrater fatty acid synthesis & &<
3H= DNL &4 421 ATP citrate lyase (ACLY), acetyl-CoA
carboxylase a/B (ACACA/ACACB, =+ ACC1/ACQC2), fat-
ty acid synthase (FASN), ¥ stearoyl-CoA desaturase-1/
2/3/4 (SCD1/2/3/4)% &3l A4 o2 A4 (metabolic
process)= A WA fatty acid® ¥ TH33, 34]. o] fatty
acide TGE 85| adipocytee] lipid droplet (A2 &)
e E Aol "t o] thAH(metabolism)= TG synthesis &
48] glycerol-3-phosphate acyltransferase (GPAM %+ GPATI),
1-acylglycerol-3-phosphate O-acyltransferase-1/2 (AGPAT1/
2), LIPIN1, 123 diacylglycerol O-acyltransferase 1
(DGAT1) E471 €A 22 #8319 fatty acid®| glycer-
ol-3-phosphate | 28| 2 35 §8 HFH 2 TG/ &4
&= #A4 o] t}35](Fig. 1.). & 2= olA+ adipocyte lipo-
genesis #8 7} in vivo adipose expansion®] A 8% DNL
42 2 (gene expression) 24 7] d el 3l =9fstazt

#.
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Fig. 1. De novo lipogenesis in adipocytes.
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%2 transcription factors (TFs)7} 745 13, TFs 1t <3¢
A AT fAA Edzdo] LHAT19]. 1 Tl adipo-
genesis?] A4 TFsE peroxisome proliferator-activated re-
ceptor v (PPARy)$} CCAAT-enhancer-binding protein a
(C/EBPa)7} A= A7 9= Z’f-‘lg ol AN o]
adlpocyte E o] Z o] o ;H x]._,] H]-ts:] [e]
g ot & 4 u27]. Adlpogenemse FE3H= in vitro
EdolA Argsts HIHA To% Az G 74 ELE fetal
bovine serum (FBS), isobutylmethylxanthine (IBMX), dex-
amethasone (DEX), ¢1€ ¥ (insulin)& & & St} o|d & &4
o] Zgst= 7182 IBMXel ¢ 3 cAMP dependent protein
kinas A- cAMP response element-binding protein (PKA-
CREB) A15dY &43le DEXE 53 glucocorticoid re-
ceptor (GR) &4 3}, 183 kruppel-like factor 4 (KLF4) %
EGR2 (early growth response 2 =& KROX20) TFs =7}
8 Zlolztal AT 2y Azl A &
AZ Q) 7129 B2 in vito A7l AA in vivo el A
o] Fo] A & adipogenesis A2 @A T84 & F 9
th. A4/ PPARySF C/EBPaE Al€l8ta o714 F a3ttt
I 94 AHY adipogenesis ## TFs (KLF4, EGR2, GR)7} adi-
pogenesisol] ¥FEA] a3k ZHAQ &L A Feve
Aol &# HTH18]. < in vivo adipogenesis®] ATE T2
np--22 289l conditional knockout mice (2% &0 {7
A A9 vhg-2)e FYeted) 5‘-@ < BFH, o & A o7
7}A| Cre-recombinase (Cre) UF-$-22 @ o] o] &H T}H16]. BAT
¢} interscapular 9| adlpogenesmﬂ- myogensis (54 %
#3hel| 588 Myogenic factor 5 (MYF5) TFE ©] &8 Cre
o2 2d& 53| GR, KLF4, EGR27F AAIZ in vivo adipo-
genesis®ll FQ3HA dthe Aol HT HEHTH23, 24]. A
7t early phase of adipogenesis®] &4 fraa Hdzd
o] PPARy$} C/EBPa/t 714 23ty & & 91, &3
adipogenesis $17+ in vivo Z2-& &3l late phase of adipo-
genesis®| nutrients o A EHDE-E FH3FE 210 adipo-
cyte 7153 42 oldjst=rl Fasttal & & Ath(Fig. 2).
Adipogenesis®] A& T3] preadipocytes’t adipo-
cytes® HA7] E3ete Aol ofyn, BE A E £330l
IY3% AAH o2 B8} o] F02 =H), late phase of adi-
pogenesis®] #4-& F3ll HTh mature adipocyte® #3171 &
t}. o]df late phase of adipogenesis®| &4 #4-& lipid7} &
2 5= lipogenesisgt 1l & < 9loH, A &ellA A5 3 lipo-
genesis 41 T4l ACLY, ACCs, FASN, SCDs®| %7} &
o] A FEodA 2dH = FAojgtn & 4 AT} Lipo-
genic TFE ¥# 7 $8% AAR carbohydrate-responsive
element-binding protein (ChREBP, %+ MLXIPL), sterol reg-
ulatory element-binding proteins (SREBPs) ZL2] 1 liver X re-
ceptors (LXRs)7} ¥4 91TH[33]. ChREBP+ &3+

E3}2l adipogenesis
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Fig. 2. Transcriptional regulation in lipogenesis and adipose
expansion.

EE AR s 24 HM 22 fFAAGAA 2

& F7HA isoforms$! ChREBPa$t ChREBPB7F ¢&i 4 9
TH13]. SREBPs& F2 Ql&d Asdgd o 24351
SREBP1a, SREBP1c, SREBP2 A 7}A] 2 @ # th[32]. LXRs9
7% LXRa (£ NRIH3)% LXRB (£ NRIH2)Z 24351
ZY2HE AFER] oxysterolo] 93] S43ls e AoR
4 A ATB7]. AI7HA TFs 25 7+ adipose tissueE F 4
O 2 lipogenic &4 DNL 484 2dd Fasttha B
5 ATH33]. Late phase of adipogenesisgt & < 91 & lipo-
genesist= T YA A X L3 £ GA T} obd, A 7kA ¢
FEH T o) WsA 2HHE adipocyte B2 E Y
02 I BANA i8S A in vivo ZEE 0] &7 o]
Ae & A7 Bt & F Yth(Fig. 2).

DNLY| 9@l 34 =+ fatty acide 2= adipocyted] lipid
droplet®] & 913 TG synthesis Z4 & AZTh A 24
A7 TG synthesis F2 29} lipid droplet 4ol T8¢
FAAEE SHEAE AztA Ed™l7} Bo] dojut,

Al

o] 21 & adipose tissue 2 223l lipodystrophy (A]%°] %3
F5)9 dlo] He Aoz €A vk Lipodystrophy& &
1

AU S5, 2o A gsiA o] destA L48s 73
Ao g AW fatty liver)Z A 243 J&d A 34 (insulin
resistance) & X I TH8]. AGPAT2E TG &4l A a4
adipose tissue?l A & TH-S Holn AW E T con-
genital generalized lipodystrophy ¥ ¥ o] Uetdoi[1]. =3
Agpat2 KO v}9-229] 7 $-% lipodystrophy & o] F3lo] 1}
EPATH5]. $hH PLINTS o] JA <17k familial parti-
al lipodystrophy W® o] YelYH[7], Plinl KO v}$-2+
db/db B =22 A adipose tissued| %¥°] FATHTT Hil
= oH21]. 23y lipogenic TFsell ©Js) 24+ DNL 4
A dd 243 29, lipodystrophy 2 3ke]l 5 2.8 adipo-
cyte TG 4 #4248 24 A F29 #4714 9]

& dHA A S

AdipocyteOllM lipogenesis HMAIZHEQIX}

UYubd o7 B85 §o1<l adipogenesis, & early phase
of adipogenesis7} adipocyte & 344 ¢ & AAH 31 2
472l adipose tissue development 7 o 3 o] gr3=0] %
A5 0] sk}, 3 lipogenesis ¥4 2 adipocyte A&l 7%
of 283 Yoy} HITOZ Jhe B4 9 thAASe] f
He AWz gl FHd glof T8sty & F gtk ol
lipogenesis ZAFZARIAZ 229 lipogenic TFs9} coactiva-
tor2 9&-& 3l Mediator coativator complexell 3] =3
S B0 doprya dht}(Table 1).

ChREBP

GrotE Fi 22T tAREE o5 S43tEHE o
%271 ChREBP+E basic helix-loop-helix/leucine zipper TF©]
I 2 FAAA HHE AT TE promoterd] 2 & W
el 2l alternative splicing isoform 2.2 ChREBPaZ} WA
go] H1 yzw z2dE& 53] ChREBPR7} @de] Hth.
ChREBPa: M ZZ AN g & A= & Y=z
°] %3k, N-terminal #°] &2 ChREBPBS| HAE %3
gttt ChREBPBE ChREBPaR T Z A4 o] 200 o] &1
DNL 22 @] 4 lipogenic TFZ 2+-8-3H}{13]. ChREBP
B FEl 9} frAFE constitutively active 3 Bl 1 CA-ChREBPE
P20 WATOl #2tdstd DNL &4 ACLY, ACCI,
FASN, SCD19] 37t wdo] S7he & Zlo] BaE lth22].
%3 chromatin immunoprecipitation sequencing (ChIP-Seq)
71W & ©] 83t ChREBPY| 44 AFHHE v WAT
ol A} GolE A} Acc, Fasn, Chrebp f-3 7kl E}Alo] Hth=
7ol B EATh26]. AAZ Adipose tissue 5] &2l Cre v}
22 298 Adipog-CreE ©]-&3 Chrebp KO P22 A Accl,
Elovl6, Fasn, Scdl A2 &rdo] ZHAst= Aol RuEAY
[36]. &} Chrebp KO wF$-220] A1 Z¥ka 0 2 WATS} BAT
o] ¥HQ wWsle How, o] SREBP1#9| compensatory
(B3) 842 AAZAG. AsHE 2 BAVA ZHA,
ChREBPE= DNL 34 B@ & f=3 of PPARy AAE4S
243k, dado] 93] 24435+ serine/threonine kinase
¢ AKT29] 3} ChREBPR HAEA o] 2dH = o] B
ATH?29, 38].

SREBP1

Basic helix-loop-helix/leucine zipper Al €3l SREBP1 4|
adipocyte?l 4 523 DNL #2474 @d =4 TFo|th.
SREBPsi= membrane-bound TFZ fatty acid ¥ F#H X~HE
dAbel Fadt Aoz deic Azde 9 E24r|d 34
ol 4|, endoplasmic reticulum membrane®| EAJ3t3 & H
of os) 2Asts = T G e E2Q S1Pst S2P
o]3)] 21X 1 N-terminal fragment’} & W= o] 53to] TF=
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Table 1. Summary of functions of transcriptional regulators for lipogenesis gene expression in adipocytes
Transcriptional DNL gene Mouse models Functions Reference
regulator
Ectopic expression of . .
Acly Accl constitutive active (CA) form by .Overexpressmn of .CA—.ChREBP results in 23]
Fasn Scdl increased lipogenesis with reduced WAT mass.
Fabp4-Cre
ChREBP
Acel Elovlé Loss of ChREBP selectively in adipose tissue is
Fasn Sedl Conditional KO by Adipog-Cre sufficient to decrease DNL and cause insulin [25]
resistance.
Ao Fan - Beopic expression of SREBPIa o SEERL L e tisie 28
Gpat isoform by Fabp4-Cre Pog 8 P P
mass.
SREBP1 Ectopic expression of SREBPlc ~ Overexpression of SREBPlc reduces
NA : : : : : (28]
isoform by Fabp4-Cre adipogenesis and adipose tissue mass.
Acc Fasn Whole body KO Loss of .SREBPl dioes not' affect lipogenesis gene [29]
Scd expression in adipose tissue.
Scdl Accl ~ Whole body Lxra/Lxrb double Loss of LXRs impaired lipogenesis in liver but
. o X . [31]
Fasn Srebfl KO enhanced lipogenesis in adipose tissue
LXRs Loss of LXRa in elevated adiposity through a
NA Conditional KO by Adipog-Cre decrease in WAT oxidation, secondary to [32]
attenuated fatty acid availability.
Acly Acc Conditional KO by Adipog-Cre  MEDL is a lipogenesis coactivator required for
; . [36]
MED1 Fasn Scdl and Myfb-Cre postnatal adipose expansion.
Sedl Conditional KO by Adipog-Cre, ~ MED1 is required for BAT function [37]

Myf5-Cre and Ucpl-Cre

(thermogenesis) WAT function (maintenance).

23tk SREBP2E Srebf2

FAAZYE 2

@ 5 31 SREBP1

I gEA 2UA2HE A 2n F83 92s o,
SREBP1 Srebfl frZ 2ol 4 S A exon©] alternative splic-

ingS

DNL 234 &dof

T}[32]. Adipose tissueo] A= SREBP1cE ¥
genesis’} A7} ¥ = WA SREBPlag #'4d ¢ 74

%3] transactivation domain®] &%

Z+& SREBP1cE ¥ o] ¥ 1, SREBP1cY| 7
ZF2HQ daS 3= Ao LA 9
132

tj %1 SREBPla%}
3% F2 1HolA

A3l adlpo-

< lipo-

= [¢]
genesis 49 Wdo] F718l3 lipid7F 45 & Ao 21

S ATH14]. ol Aok

%ol DNL

adipocyte® A1 DNL 7 2 28 of
= SREBPIcR.TH= SREBPla7l $8.8 & 9the 7
t}. 23} SREBP1 whole body KO #}--2:¢] 74

A E & FFo] gle Ao E BiFd

A& AR
< WATY

[31], o}v}= SREBP2Y ChREBP%}e] compensatory &7}
adipose tissued| A Z&dcha Azs] & 4

LXRs

Oxysterolell ©]3} 24 3}5 = nuclear receptor LXRs+ ©]

FAM & ¢ %ol Zhell M EH o] HU

Y20 £} lip-

id Atel 8% Aoz dejA st LXR[S«] A 24 2

HHA o 2 dE Hu, LXRae

Zt#} adipose tissue, macrophage

(A Z)NA Fo] FHAT npg-2 b2 gl A 2o A

LXRs<> DNL &8 A4S] Srebflc$t Fasn %7 promotere] 2
&3k lipogenesis HE A= TCHA & Fdste Azt
Ao o]:7] gHth[30]. =& whole body Lxrs double KO #}-§-
229 79 HIgk ZERl obpboll A A3t Ao & HA ¢
g o, 242402 7t A A lipogenic TFsE 283t
& 7 oE] 28 1Y 323+ o 2A whole body Lyrs
double KO v}$-29] adipose tissue ¥ 23|28 F7lst1
DNL ##7 #dxE F71stes 202 HIuHATE]. £
Adipog-Creg ©] 83 Lxra KO "} A4 & adipose tissue
ool 23] F7tetAtHe]. wekA adipocytet lipogenesisoll
A LXRs 9L 2Eetn g5 FrpaQl A7 2ad 44
ojtt.

Mediator coactivator complex

& A & (eukaryotes) ol A1k mRNA ZAkel&= RNA poly-
merase I (Pol )7} 2-&-3=H], RNA Pol IIo] <] 3 2 AF}4
9] =4 AAZ chromatin remodelers, histone modifiers2}
1] &9} Mediator coactivator complex’} 8.3 9&-& 3}
[20]. ZHFEAA e 30719 subunitsZ FAH e
Mediator complexw Y%H © & enhancerdl] Z &3+ TFse}
promoterZ¢] basal transcriptional machinery $17] RNA Pol
nske] gelddS st A2 G 2] 53] enhancer
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o tpAZ AF4EE Mediator subunit 1 (MED1)S] 7% in
vitro A Z o} oF ZF o A PPARyl 9| adipocyte® &2 713
Hed 8% A0E HuHQ OW10], in vivo -2 B
S o] 83 HZ AT AR Y3tH adipose expansion®l Al
lipogenesis coactivator® &3t A2 GHHAH17].
MEAE 71E9 dukE < AAzH o Mediator complex7}
Ao 7 2-8317] ol MED1o] ¥ $13] early phase of
adipogenesisol =83 Zlolgt= 7|dg= e, MED1IE
adipose developmentdl & F8% 9 A ¥ lipo-

e o

genesis®} adipose tissue expansion®l] A4 # 0 & #8319
tH15, 17). 7 A= adipocyte 5014 2l Medl KO v}§-2
= A2 lipodystrophy BH S BT £A4714 S A
MED1 ®j 7/l DNL 37 & o= lipogenic TF ChREBP$}
SREBP1a®| enhancer 2%l @& Mediator recruitment’} %
Q3 Aol e HtH17]. ¢33 2 Mediator subunit$
MED15% SREBP1a$} in vitro Aol A Zgsta AZFAH EF0
A Fasn A2 T@] $23 A% EHHT39]. Cyclin-de-
pendent kinase 8 (CDK8)# Cyclin C= Mediator complex&
o Aste] DNLE ZHAaA 7] [41], vh$29] nutrients 4] 0] %
Aol wtel Mediatorst 23] debAe Aol EuH YT
[40]. 23 22 Adipocyted Al DNL 24 HAZA 9| #2
7171 o) A lipogeneis coactivator 98 8- $3, F714 2
Mediator subunitS BFA L Z 3l= invivo B9 AF7}F F8
sttt &+ 9

Adipose expansion1} lipogenesis

2] &8 237 7]#e] 131K, adipose tissue
9 Al postnatal development #4 -2 7%t} gjojutr] A EA
%%l embryonic development ©] $ adipose tissuet 74
A FHA Ae skl o2 d A4S adipose expansion
olgtal 3t 53] WATOIA FE A A Yol drh4]. Adipose
tissue= 2] 0] o]l w2} adipogenesis®} lipogenesis7t ¥ &< &
1 o] we} adipocyte turnover’t @iyt A% W E
Bt} 53] A4 nps29 A% w2 = A Ho
47 25 SHE ndmd g 1A% maternal breast milk
feed periodol Al AL &AM AFEHE carbohydrate
rich-dietq] AFEE 4] 0]7} M35 3 nutrients Y oA F4
g 3L dojdth, uhebA Ejofid A @2 - weaning (3 H
71) A1717F | ¥ nutrientsoll 74 93 22 3 71 #<l adi-
pose tissue9} 1H& FA S E fatty acid synthesis®} lipogenic
enzyme Z4 87} Z7FeTH25]. < A7 ATl o3, v}
229] adipocyte 5°]% RNA-Seq (HAAl &A1)l A post-
natal adipose expansion ¥4 ¢ lipogenesis enzyme®] %
o] Sold oz F7hshe Aol B HATH17]. ol AL adi-
pose expansion°] 310, &t Fof TEY thAREE] <

3] 2435 E lipogenic TF ChREBPS} Q1€ Euloj 93
24 8}5 & lipogenic TF SREBP1H] 7] DNL ## 2 &d <] 4
go g AZAHAT Hlg vl postnatal adipose expansion

)

}4 Jol&, A7+ A& LA (ketogenic) 4 ©] (low carbohy-
drate - high fat diet =+ ketogenic diet)7} A& W& A2
T T Agne 244 dleo] HA ¥e7 Ads & 5
Atk &% oA EolA el Aol mE adipose expansion®]
Aedd 2 #ArIddFrE 228 Aos A4dE.

0ok
o

oI

Adipogenesist= early phase®] %7] #3}774 3} late phase
o 37] BHAHOR Yol E F S, 27] 3= pre-
adipocytes Elol Al adipocytes® #3}7} dojubr] g
commitment ©A 2 PPARy¢ C/EBPa7t &A1 ¢l AA} 24
S o]t} o] HHL in vivo L A adipose tissue devel-
opment#4 o] d4lojgta & 4 9tk W F7] E3H= fatty
acid’} @4 = 2 lipid droplete] 34< $1¢ TG &4 #4&
233t lipogenesis#A ol gt & 4 gtk Adipocytecl A
lipogenesis= 2= in vivo ZH A adipose expansion®] 3
A ol Bk AAA A2 A ARl FATE H= A
o Fo} vtk TSt A Ao digh FHOR adi-
pose tissue A7 A} F531 YT 53] HZ <A
Z=H] (energy expenditure)®} thermogenesisE H @t BAT
I AGAEE TFe WEN 7 HOE WATY ¥& 47
7k el 7oA 2 itk 2y nutrientsoh ThAel o8 ¥ 3}a}
T adipose expansion®] t& A= obF wH g AA ot
urekA 71EY] Az dS SASE 3 in vitro adipo-
genesis AT &3] 3ke], CRISPR-Cas9& ©] &3 f2 7 2
T g2 2l ddAE HAAA 4 (scRNA-seq; single
cell RNA-seq)& E3stes tdd AAWA7IAEEAY
(NGS; Next Generation Sequencing)®] 2523l £¢jo] Z&
sttt o] & %3l in vivo adipose expansion 3 adipocyte A €]
op mIRke) E2k 71 g 2ol e 7= AEste] SEA
ol & 7T 4 lom, yoprh vk B A g A5 A
Mol & =50 2 F5 A< AoE 7|ds £t

ZAe 2
o] =R L 2021~202d % F4idtn A& FHA AT+
H A gog g A7 2744,
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