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Abstract

Small heterodimer partner-interacting leucine zipper (SMILE) is a member of the cAMP
response element-binding protein / activator transcription factor (CREB/ATF) family of
basic leucine zipper (bZIP) transcription factors. Structurally, it exists in small and long
isoforms resulting from alternative usage of the initiation codon. Though structurally similar
to bZIP proteins, SMILE cannot bind to DNA but can homodimerize like them. SMILE acts
as a corepressor for nuclear receptors related transcriptional activity and other transc-
ription factors. SMILE plays a crucial role in metabolic signaling pathways by inhibiting
DNA binding, competing with coactivators, and directly repressing transcription. This
review focuses on the role of SMILE in hepatic glucose and lipid metabolism. Regulation
of SMILE improves pathological conditions such as hepatitis, diabetes and fatty liver
disease. Therefore, understanding the role of SMILE in metabolism and signaling pathways
paves the way to consider SMILE as a potential target in treating liver metabolic diseases.
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A 2

Small heterodimer partner(SHP)-interacting leucine zipper protein(SMILE)}S #<9]
Zhangfeighal 2]+ basic leucin zipper protein(bZIP) AAFRZEQIAZ, Hio|#A THlA VP16
£ B3 ez 8ol 2 A (Herpes simplex virus, HSV)Q] S%7] §-4*KHimmediate early genes)
Zo] &/g3tE 9o 8%t £8A4 AIE QK host cell factor, HCHO 2ol BR2HUAA}
(coregulator) & sz Y ATHL,2]. bZIP &L o]gkA|sHdimerization), DNA Z3l XA}
24E ddol= Al 719 715 F97F = BHHel, SMILEZ bZIP Tyt g2 bZIP 2% F-9u
o2 rE g 2o A5 31 3], bZIP AL A3} of27]do] e LR Z 0]Fo]
A 9lom, o]t F2= DNA Y2 E(major groove)ol A3lsto] HARE S-S £ASICH4-6]. &
gl bZIP ofu|iAl 2] & ofpAmfetr], of27|d, {4l E o]AFAl 17171 DNA Z’tol F85H
Z-getckal Bt vzl QIeH7]. AAIR, bZIP 9¥d 5 5Pl C/EBP-homologous protein-10
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< oA %717} glof, DNAC] AgFelA] QttH8]. SMILE ERF nRR7HA| & ofAnfetzl 247
9] A gt 224 H3l= DNAOY 29 4= gith= 22 Eol=THIl. o]2igt ZAxk= SMILE
o] bZIP @A} g DNAC| Adtshs MARERIAP} ofd B2 HIRE A83itte A
AARRITE,

7} A7 B9 SMILES thefdt a4 2 HARARIAY] B2 HRIA= ¥ ArH10].
A RAE 7te H[9Z2Q] MAF B4 EHQl(Activation Function 1, AF-1), DNA 2% TH|Ql
(DNA binding domain), hinge =9?l, @7t= A% TH(ligand binding domain, LBD), &
7= 9JEAQ MAF &4 =HQI(AF-2) 5719 Z=HQloE o]FolA it &A= BAF-HAEY
DERE HAFAR AH Agste], HREAQIAKcoactivator) B2 HZAAQAIAK core-
presson)2t2] A5A-8-Z Bl AR HES 2Foks Ut 924 FAREIA 1. 27t
Tt g& o SMILES 31584 HARS Adfols ERAARIAE 2Rg5tH, AAR constitutive
androstane receptors(CAR), retinoid X receptors(RXR), and estrogen-related receptor
gamma(ERRy) & of&] =849 HAAIS AalfgitH10,12]. whetbA, thefet chatago] o
St= bZIP Tl Ei= d=8A4|9F SMILES] 5482 ofdffoh= A2 ul$- F835}tt

SHEAE, SMILES A2 oJF A4=of we} §344F o] 2R BRAAIAH, TtojA
o1& (insulin), MEX(metformin), B53 22 W&EH| HAIEY mediatorZ Z-&3tctal
AdA AcH13-15]. 187] W&o, SMILES B, H|LZAA M7 Hnon-alcoholic fatty liver
disease, NAFLD), X84, Y2 HHE 22 AHE AAlok=t] S851tH14,16l. 2 S5
B9l SMILEZ 2k that, A& tiat, @5 thatel & H liver X receptor(LXR), pregnane X
receptors, farnesoid X receptor, CAR, hepatocyte nuclear factor 4(HNF4), and ERRs¥+
22 AH+2A9}, cAMP response element-binding protein(CREB), CREBH, steroid regula-
tory element binding protein-1c(SREBP-1c), forkhead box protein O1(FoxO1), and signal
transducer and activator of transcription 3 2+ AAIZEQIAY] AAAIS AA5l= Aoz
AHHCH10,17-19]. 0|3t o] FEE E3ll, SMILEC] ARt A9 333t #HFAZ 2 4
Uth= AZ AR,

e =
1. Small heterodimer partner—interacting leucine zipper(SMILE)2Q| H{ZA

SMILEZ bZIP ©A9] CREB/activator transcription factor(ATF) 2] ghldo|t}H20].
SMILE estrogen receptor(ER)Ol 2Jgt HAAREE Asffol= SHP Zgsto] SHPY AA-8-&
S7HA71= A°] yeast hybrid AJARRE o]-8sto] BefFitH21]. ol&gt A& S3f SMILEC] &&=
|A 9 HAzEE AAlctks BRAARIAE 2Rtk Ag HojFqlth 12408, SMILES
354719] ofu]iAto = o]FofA glom, o] F 1135E 20294 opn|iAlR =84 LBDt 2
S1517] wjEo] IA49] HZRAA Q1A Ao a3t SMILES A# AZdto]X(alternative
splicinge £3 + 712 5@ (soform)E 71 9loH, 71 SFA(SMILE-L)= %S 534
(SMILE-S)¢} H]1ste] 837]9] opn|icibe F7k& 7FA 1 QUtkFig. 1A). SMILEZ &4 AR
IR} Aoakgo] ool HREYIA B2 BXAARIAE A&ttt oE W, ATF49
heterodimer H&AE ©]%°] CRE reporterd] 4 F7H 171 RHdol|, CREB32} Zgsto]
HCF €/4& AAlok= BXAAIIAR 2R831tH22]. S0|EAL, 7HollA SMILES E2AARIALE
ZA5P4, curcumin, ursodeoxycholic acid(UDCA), epigallocatechin gallate-1, HEXHI, 2l
93 22 A= 2Rt AedgZ 2o s fAAE o] 2AHETH18,23,24]. o]t A
o oJsf} w7l SMILES th2 HAIRARIA} B2 dl=849] 45283 Bl S4dS Alsffste] of

https://www.etals.org



SMILEQ| HTHARt XIACHAL £H 7|5 %’"mmm‘f

A, e Y 5 2uu

2. Small heterodimer partner-interacting leucine zipper(SMILE)Q| XX} ZH 7|H
SMILE thofeh o g2 d=8A|9t bZIP MARARIAS] &/dE 243tHFig. 1B). AAE,
peroxisome proliferatffor-activated receptors(PPARs), HNF4, LXRs, CAR, ERRy, runt-
related transcription factor 29} Z=2 A=8A9t AALRERIAS] 2w H ZS AA|oto] HA
A2 A3ttt PPARsS thyroid hormone receptor@t FARSE #4830}, RXR¥} hetero-
dimerE 7/33tth. PPARsZ ZRIErF 24 o HRGARIAILL EHAE o]Fof A4 a2
ZASHAEE, E7tETE 9l W B2 AR PPARY RXR heterodimer©l] 28] complex®]
DNA Zg& 9AJSIt}. PPARy+= adiponectin(Adipoq) Z2RE|C] A Agsty, AAE Hsl
2 Z2UNA AEAS GESH25]. AAZ, ER-stressoll 9J8) G744} Wdo] §=E SMILES
PPARyell A5 Ao, PPARy 9] Adipoq Z2HH Zoks AAlsto] fa4F TS AAAA A
W Z7o] Zoli= Ao HIEQITH206]. AR, SMILES S5-8419] LBD 32 AF-2 =H?l¥}
Agslo] HMARMAIS 24E5MH, proliferator-activated receptor y coactivator-1a(PGC-1a),
glucocorticoid receptor interacting protein 13} 7= BRI} FAE B HARAZS
JASItH10]. PGC-1a+= HNF4e, FoxOl1, glucocorticoid receptor®} -2 AALZZ I At
519 glucose-6-phosphatase(G6Pase) @ phosphoenolpyruvate carboxykinase(PEPCK)2}
22 FAFRA (gluconeogenesis) 44 @S 2AFCH A QUoH27]. AAR, SMILES
HNF4a3t PGC-1¢9] A Hofioto] GAM A a2 JAIRITH10,28]. WY&,
SMILEZ histone deacetylases(HDACs)¥} A 52R85t0] AALRARIA ] oI5t H&-FHAk9] ¥
A2 A4 dAIzl}. HDACE s|AE9] o[5S AlAste 5|AE 1ejet DNAS] A5 2HE-3

A
1 83 209 267 354
1 127 185 271

B

ranscription
factor

ranscription
factor

ranscription
factor
Target gene

I. Inhibition of DNA-binding Il. Coactivator competition lll. Direct inhibition

Target gene Target gene

Fig. 1. SMILE structure and transcriptional repression mechanism. (A) Schematic representation of SMILE isoform, including the long form
(SMILE-L) and short form (SMILE-S). The N-terminus of SMILE-L has 83 more amino acids than SMILE-S. The numbers show the amino
acid number. (B) SMILE represses transcription factors through three repression mechanisms. |. The corepressor SMILE binds to transcription
factors and inhibits binding affinity of transcription factors for target gene. Il. SMILE inhibits transcription of target genes through competition
with several coactivators of the transcription factors. Ill. SMILE inhibits the transcription factors by recruiting histone deacetylase (HDACs),
resulting suppression of the target gene transcription. SMILE, small heterodimer partner-interacting leucine zipper.
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735kstal DNAOY AL fie Tl B3bA9] Mg AFHAIA AARFES AAIRITH29). AA=,
GST-pull down assayE E3 SMILES HDAC(HDAC1, HDAC2, HDAC3, HDAC4, HDACS,
and HDACG)% HDACL, 3, 49} Agsh= Ao g AtH10]. 3712 SMILES HDAC % sht
<l sirtuin type 1& o9} ERRy<F 24 Agste] a4k HaS AASH12). sHAY,
SMILEZ} HDAC®] A52Rgof| ofst Aejsta] gil= o] g5zl vz} ¢17] o] & o e o
7} BQsick

3. Small heterodimer partner-interacting leucine zipper(SMILE)OH| 2|8t =2 CHAIR}
XIRCHAL =X

B2 A8A| 9 bZIP AARIAR= ZtollA] wiZiEls WiEH] thAt AT 24of Hofeich, 2ed
Ak 2 7oA 24EE tab F20tH30]. 2 thAte] ofohs 58 BRI
PGC-1e9} CREB-regulated transcription coactivator-2(CRTC-2)°|thFig. 2). o|&3t BEX
M= A4 E BE AdHolA R pAIEOA BHlE deddt H eMlEolA EHlE=
=F7(glucagon)oll 2Jsf 2EHTH31-33]. SR 35 AHolM G GHAAEFEAIG
protein-couped receptor)ql E5F7FL 840l Agsto] cAMPE S7HIA protein kinase
A(PKAYE E/3slstitt. 448k PKAE CREBS 4kSKphosphorylation)Al# AT 44
219] WS Z7HAZITHR4]. E3E, B4d51E CREBS HRE4JQIAF CRTC-29} A5 A-85}0] Toh
£ HZXEYUA PGC-109] TEZ T7HAXIHH31,35,360). 11 A3}, PGC-1e2 584 HNF4e
4 AARARIA Fox019] BREARIAR 2R&ste] FAR] 4 BaE A=3tH37,38].
gioll, Al el et ERAl QASE A $8A(tyrosine kinase receptor)?l Sl&d
&A1 Agsto] Qlitskasiel Akts: SASFAIITE Akt FoxOlg MARtsty SAlof salt-
inducible kinase(SIK)& EASHA]7|1, SIKS CRTIC-2E <QAsksict Qlikshe CRTC-29F
FoxO12 O & o552 ol 57k sl 2AE= MARIANY 43 AARITH39-41]. °]
Tof| ukeA B A4S B lede] Qg 7He] JAARHY JAIZE HRAAIAR] SMILES]
/37 o] Yok Aol Y tHFig. 2). AAR, Qledd &d/Akt ASHIHES Boto]
SMILES] &S S7HIFT A&l o8 fd SMILE R34 a2 3584 HNF4a2t B
24U PGC-1a9] 5284 PGC-1a2t BA5to] HNF4eol 9J8] F=¥ G6Pase ¥
PEPCK®} 22 B4 749 IS Aarzion, T B Fok SMILEY] FEdS
TEFE AT AR BHQH14). 5712, SMILES CRTC-29F 432 53l CREB/CRTC-2
o] 9J3t PGC-1¢9} PEPCK &AL AI31%tH42]. o]=f3t A= SMILEo] RERIAQIAIZA T
£ BRI} Aol 78S o i tAE REsks A2 & o Atk T, ERRy
AA| Zrt S REcte HEAE FEA Stk TE AdHolA, ERRy+ =57F%/CREB/
CRTC-2 Alzdof oJsff Wao] F7Istal, HEZAQIARRI PGC-1e2t HJAIE olF0] GoPase
9 PEPCK -dAHe] dadS 2dqhtal g ch43). T3 H2AA|IAR] SHP7F PGC-1et 7
Aotz 7152 Bl ERRyoll gt G4MMdE JAlok= A2 gRIskyitt. whba], SMILEC] HNF4
a2t PGC-1e9] 52804 PGC-1e2t ZA5to] HNF4e Q] A S AAlsl7| wiizel, ERRy
9} PGC-1a 7to] Aoz-go] o3t AARAE SMILEC] 288 4= =A] 371 A7t "asih

A1 tiate] Hofeh= 9 AAF 24 QIRR= LXR, SREBP-1c, PPARy & ERRy7F &4 glo.
] 0|52 At A ARE &3 2AECH44-47]. LIPIN1S A 4 @ phosphatidic
acid phosphatase?l Lipin-1< 933}6k= f-4At0ch. ERRy <} Lipin-19] gt A+tolA ERRy
7} H 28411 PGC-1a9t A5 AE3510] Lipin-19] UadS S&5kAg SHP= PGC-1e9t 7
A5l Lipin-19] S 2AAI3HH48]. SMILE E3F SHPF 2+ 2 %0i7|Q1}o]7] wlio], ERRy

https://www.etals.org
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Glucose metabolism Lipid metabolism

Oxysterol /
) Glucagon Non synthetic ligand
Insulin ® OO
v ®s <o
UDCA LDL
Insulin Glucagon receptor

receptor receptor

S22
Vo /% /\

LXR LSREBP -1C FAs
ACC

CREB ] HNF4a JFoxO1 ] [@T=e%
G6Pase

Fig. 2. The role of SMILE in glucose and lipid metabolism. Glucose homeostasis involves two different conditions. During the fasting state,
glucagon mediates gluconeogenic genes (PEPCK and G6Pase) via the cAMP pathway, which activates PKA and results in the phosphorylation
of transcription factors (CREB and FoxO1). CREB binds to the DNA and transactivates the PEPCK and G6Pase upon binding of the
coactivator CRTC-2. PCG-1¢ as a coactivator, binds to HNF4¢ and FoxO1 and transactivates PEPCK and G6Pase, resulting in glucose
production. In contrast, insulin inhibits the transcription of gluconeogenic genes during feeding conditions. Insulin activates the corepressor
SMILE via the IRS-PI3K-PKB pathway, which inhibits the transcriptional activity of the transcription factors (CREB, HNF4q, FoxO1) b
competition with coactivators (CRTC-2, PGC-1¢). In lipid metabolism, oxysterols and non-synthetic ligands bind to the low-density lipoprotein
(LDL) receptor, activate the transcription factors LXR and SREBP-1c, and induce the lipogenic genes (FAS and ACC). Through the action
of UDCA, SMILE is induced via the AMPK pathway. SMILE binds to LXR or SREBP-1c and inhibits the transactivation of lipogenic genes.
SMILE, small heterodimer partner-interacting leucine zipper; PEPCK, phosphoenolpyruvate carboxykinase; G6Pase, glucose-6-phosphatase;
PKA, protein kinase A; CREB, cAMP response element-binding protein; FoxO1, forkhead box protein O1, CRTC-2, CREB-regulated
transcription coactivator-2; PGC-1a, proliferator-activated receptor y coactivator-1¢; HNF4, hepatocyte nuclear factor 4; ACC, acetyl-CoA
carboxylase; LDL, Low-density lipoprotein; LXR, liver X receptor; CREB, cyclic AMP-responsive element-binding protein; SREBP-1c, steroid
regulatory element binding protein-1c; AMPK, AMP-activated protein kinase.

9] A B2 B9l Lipin-13 ¥E A Aoz oS & Qo Ad FAL 248sk=
SREBP-lc= LXR¥} FF2EE FAbz?l ZAILHES &3 BA9HEEH49,501. SMILES LXR
9 SREBP-1cE ZAEE= AA diA} SZAIHaA(rate limiting enzyme)?l FAS(fatty acid
synthase) & ACC(acetyl-CoA carboxylase)?} Z-2 E&-3HRLO] HAF 84S AAIB= HZAA|
oIxt=E AHA UrhFig. 2). E3E =& Hursolic acid, UA)2 LXRS] &7} SREBP- lc«] =z
e S AAA7IAL 7 AE RS AT AR SRkEo|th SRIEAE, $-E2&4R TH|
ojlA AMP-activated protein kinase(AMPK) Q481 £5) SMILE 842 37}/\17?’_“—4' 51]. 9]
23t A= L2&40] SMILES 53] SREBP-1C E LXRO] AAL B4 A fshks A3
a9loz 8 4= QIS UEpdLt $hHH, SMILES Ql&d/Akt Al HZE Fof d&dle=r

https://www.etals.org Trends Agric. Life Sci. Vol. 60 | 11
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s A AL 2835 Qdedd o8 Ss SMILES ATFs?} heterodimerE ©|F0]
7111, o]#3t insig-29] 744 SREBP-1co]
E0]3 AA(knockout)¥ insig-29] A4S
Atk TuEAE, SMILES QT #3H4
T

insulin-induced gene-2(insig-2)2] ?‘i% HAA]
Ozt ARG S7HAIRITH52). V1=, SMILES] 7F
FrEskal A A4 S AAske] 7F Z] = %ﬂ' |
= ob/ob F, AHF] U= A% ZtelA Wdo] 71 ol#et Zxk= SMILEC] A=H
Qe A st 7oA X&AQ1 A A o] A JgS T S Jlom, Yot At
gt 4 Qled S AR 5 = BT E 5= itk 7=, 7t A1 tiAlellA] SMILE
9] 7150l tiek £4E Hlsl 54 A A 2 tiAel F83 HEA] 2 W0 EAS
st A7}, 7F E95S 2ok UDCAS phosphoinositide 3-kinase/Akt/nuclear factor
erythroid-2-related receptor 2 F2E &Asloto] 7t AWEd) Qe AdAo| AAERLSS
BRQI51t}. 3, UDCAE AMPKE B3l SMILES] ¥3d-S S7HAH AL, o= LXRI} A 52R85}0
LXRE wi7iel A B8 AR dE@E JAlBIIH18]. ol2fdt Zxk= SMILEC] 7t A3,
NAFLD ¥ JX@53 22 et A tiat s A =s6p7] et #4947 € 4= Qa2
L\ ri=g

48

SMILE2 bZIP HALZRZIA} % 51Ul CREB/ATF A€ whiilo|ct, J=u 7|& bZIP Thid
I} th2A] SMILE ofAnfetzl 27]9] Aoz DNAY g o] FotAt thi v} A5 2Rgo]
7hs 5t} webA, SMILEZ ZARARIAR] #5484 -2 bZIP T dal Joa8sto] DNA 2%
< WofolAY, B2EARA] A4 52 A JAE Bolf thaket thabgol| dofolk=s 24
FARe] WS 2AgM} E3], o] lHoAE SMILEC] 3-5AIRIAIZA 7l Fagh Jriat
o} A At 284S Bl S, 18T 9 AGE, AT, BESEANL IAESH 22 o
ARG Alojat 4 9122 HojFQdeh. I#ER, SMILES thofet tiate ey Ao X 2A)
22X 83 FHFARE 2 5 9SS ARRITH
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