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Pyruvate dehydrogenase kinase 4 (PDK4) phosphorylates and inactivates the pyruvate dehydrogenase complex to
respond to physiologic conditions. This response switches the energy source from glucose to fatty acids to maintain
blood glucose levels. Transcription of the PDK4 gene is activated by fasting or by the administration of a peroxisome
proliferator-activated receptor « (PPARe) ligand in a tissue-specific manner. However, the two mechanisms to induce
PDK4 mRNA as well as the relationship between the two have not been studied in detail. In this study, we show that the
two mechanisms are independent, at least in the mouse skeletal muscle, and that estrogen-related receptor o (ERRe) is
directly involved in the PPAR«-independent transcriptional activation of the PDK4 gene with peroxisome proliferator-
activated receptor y co-activator la (PGC-1w) as a specific partner. The latter conclusion is based on the following evi-
dence: 1) Deletion and point mutation analyses of the cloned mouse PDK4 gene promoter sequence identified an exact
possible ERRa-binding motif as the PGC-1a responsive element. 2) The overexpression of ERRa by cotransfection en-
hanced, and the knocking down of it by specific ShARNAs diminished, the PGC-1a-dependent activation. 3) Specific
binding of ERR« to the identified PGC-1a-responsive sequence of the mouse PDK4 promoter was confirmed in the elec-
trophoresis mobility shift assay using anti-ERR« antibodies. These results suggest that PGC-1a plays an essential role
not only in regulating the amounts of energy creating enzymes, but also at the step of metabolic switching with unevenly
distributed tissue transcription factors such as ERRa in the skeletal muscle, thus harmonizing tissue-specific functions
and energy metabolism.

Key words——pyruvate dehydrogenase kinase; estrogen-related receptor «; skeletal muscle; peroxisome proliferator-ac-
tivated receptor «; peroxisome proliferator-activated receptor y co-activator lo
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Fig. 1. Schematic Diagram of Metabolic Switching by PDK4

FiI, MBICK > THRABHETHEEIN, K
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FEIL, MEEOHERODIZEHNTNVS EEZ S
NTWD, MTIEpMILRBEHNETHL THH5
T, BEEZIZXNF L L THATERVDO T
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% PDK4 R FOHFEIC L > TR F i a2k
BENSIEENEEWT S Z &N, SIEMERBERED
THOMmE TGRFZRILTNDEEZTND,
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OIERF ORI, SR MAE B8 RIS 7R & DG
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(Fig. 2(A)). T2 EHAERMITT X OEKGTII,
Bezafibrate ¥ 5. PDK4 mRNA NZF#E XN /=, F
UK LU TPPARa / v 7 7 T XD BT
1, Bezafibrate IZ X 5 FENFER I NN .
Z®DJ=%, Bezafibrate |2 &% PDK4 mRNA 05
1, PPAReIZIKFET D EEZEA BN —FH, Zh
LTI )L —7 /15, PDK4 mRNA 7% PPARS
DUNRIZE->THEIND EWIHENDH >
72.1% 2 Z T, PDK4 mRNA O TDFHEIC
%19 %, PPARS ORHGICDWNWT Y7 Ak & 13
MilzAVwWTHRHLEZ., £7, 72K
PPARS UK > RTH 5 GW501516 =% 5L T,
PDK4 mRNA OFHEBHEIZDOWTHF L /= (Fig. 2
(A). TOKER, B#%H TO PDK4 mRNA I, %
AR A, PPARe / v 77T RIYTAEHIT,
DT MMBFELMNERSI NN 2, RIZ, FEEM
fZzRAWTHRHLE 22T, U AEKEHR
C2C12 il & & ™ BEKUT N I H1 R A204 Hilfid 2 F W
7z (Fig. 2(B)). ZO#ER, ki C2C12 #ifid T
¥, PDK4mRNA @ PPARa U /7 > RTH %
Wyl4,643 12X %5813, GW501516 IC X 2 B8 &
DbEgho 7. —H THbE C2CI12 Mg TIZ,
Wyl4,643 12X > T GWS501016 X D HEEF ITHE X
N7z, £/, A204 HifETIX, Wyld,643 TEHFIC
FHEIN, GW501016 TldpEx e o>/ (data
not shown). IN S DOFERMSDONDONIL, B
i 31T 5 PDK4 i# a1 O s 546 LI @ <
PPAR |3, PPARa 73T, PPARS IZ#iBIML H
DTHBEEZTND, C2C12 Ml D LRT#£IC
EBINEMEDZEITDONWTIE, HMEicfE> T mRNA
B350 H DD PPARa ¥ > /N7 BN EAL
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Fig. 2. Transcriptional Activation of the Mouse PDK4 Gene
Is Induced in PPAR« -dependent and -independent Manners
(A) Fasting induced mouse PDK4 mRNA in the skeletal muscles of
both wild-type and PPAR«a knockout mice. Wild-type and PPAR«a knockout
mice were fed control diet, containing 0.2% bezafibrate (PPAR« ligand) or
0.05% GW501516 (PPARG ligand), or were fasted for 2 days. Total RNA
from skeletal muscle was analyzed by northern blotting. (B) PPAR« ligand,
Wyl4,643 induced PDK4 mRNA in the differentiated C2C12 cells. Un-
differentiated and differentiated C2C12 cells were cultured in a normal medi-
um (control) or that containing Wy14,643 (50 um), GW501516 (300 um) or
Troglytazone (10 um) for 24 h, or Hanks’ Balanced Salt Solution medium
(starved) for 2 h.
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basal 72{EEISHER S N /=. F& T T, PPAR«/reti-
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Fig. 3. PGC-la Activates the Mouse PDK4 Gene Promoter in the Absence of PPAR«/RXRa in CV-1 Cells
The 2.3 kb mouse PDK4 gene promoter activity was assayed in CV-1 cells with or without expression plasmids of PPAR«, RXRa and PGC-1a. The AOx PPRE
promoter was a positive control for PPAR« ligand responsiveness. The transfected cells were cultured with (closed bar) or without (open bar) the PPAR« ligand

Wy14,643 for 48 h.

X %< A PDK4 BT OBHEEELD, &
KT D PPAR«a JHEFMN R4 BT K DG MALIC
$Hind b EE %, PGC-la 2k % PDK4 Eiz 70
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WK BIEEANA Lz, £z, BERTIZE
BIREL THEET 2729, 1E0IC PDKA E a1~
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B, —434~—370 & —370~ —300 D fEIEE A PGC-

alZ& % PDK4 BT 7 OE—% —OIEMHLICE
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|z A, BN, TvE®TlhgdLEEEIC
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fo. FODOMIZ, —360bp iifEiTiE, forkhead box
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I N7/z FOXO1 O &, LARTIZ Furuyama 5
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?,um;@@m«@%ﬁﬂﬁ%éhfm%
FOXO1 IZ#&H LU 7.
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PDK4 Bz 7 O0E—4% —DiEMEILEREFL 2
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Fig. 4. Localization of the Region for PGC-1« Responsiveness in the 2.3 kb Promoter of the Mouse PDK4 Gene

(A) 5 -Upstrem deletions. Transient transfections performed with a series of 5" deletions of 2.3 kb mouse PDK4 promoter. Their responsiveness to PGC-1a
was examined by co-transfection with (closed bar) or without (open bar) PGC-1a. (B) Internal deletions. The 530 bp mouse PDK4 gene promoters with various in-
ternal deletions were constructed and their responsiveness to PGC-1a was examined as in (A).

ERLBD2HEEOLRZEALT, LR—%—7
w1 &>/ (Fig. 5(C)). ZDO#%, mutl,
mut2 & 12 PGC-1a 12 & % PDK4 iz 7 OE—
& —DOIEHEALNHEELZ. £z, BERHHS ER
23kb X TEAL PDKA BT T OE—F —ITH
LTHAkOERZBEALEZ A, PGC-laiT X
DIEMHAL LT D Z &R S N/~ (data not
shown). T 5 OfEEHEEANDZE FRE AL DK
Bins, PGC-la {kF 75 PDK4 iz T 7 O € —
& —DIEMALIZIE, FOXO01 Ofs&fEE Tl <,
ERRa ODFEBA N TS NS HEENBETH D &N
SIno 7z,

6. PDK4 BLF/OE—9—DPGC-1la(lLD
EMAE(CX D ERRa DS

RIZ, PDK4BIETTOE—F —~DFEENTHI
SN 7z ERRa 73, BE#l D% THEEKIZ PGC-la
IZ&% PDK4 B F7OE—Y —DIEMHILICES
THONEHSMMNIT B9, ERRa D over-ex-
pression & ERRo 4 B Y shRNA {2 & % knock
down #17o /=,

9, /MERTD C2C12 Mifld T, x5 B LA A B
530bp ¥ T2 B A PDKAEETF I OE—Y —%

AWTY w1 %&17>7% (Fig. 6(A)). HEiid
C2CI12 fifimid, AWFFEDIEE T PGC-1a D & % 3t
I EEIT, GG LR 530bp £ T2
BAKEPDKABEEF7OE—F — 2GR L RN
ZEMNHERINT W, ZD4MbEid C2C12 Mg
12 ERRa % over-expression L C7 w1 Z{7-o7=
FEFR, PGC-lakFMIRIGHEIAE I N, L
L, I5I0@EIC ERRe Z2RHHIE 5 &, PGC-la
XK 2EHIEA L. — 5T, CV-1#fildzH
WTRED T vt A1 217572 & EI21E, ERRa 23
BT & PGC-1a (K F I 721G AL S HI il =
#17= (data not shown). F7/=, /{bEid C2C12 i
fid & [k, PGC-la DAz HLFEH L 71T Tl
PDK4 #EnF7OE—% —&iGEH{LLZNT v MF
73 A HI 3R Fao #liig 2 1 \WT, ERRa D over-expres-
sion 2172727, PGC-la K EMRIE LIS MR S
N7 7/n - 7= (data not shown). CV-1, C2C12, Fao
Ml d ERRa O FHEIZ, TNENOME TRz
% ENHER I N

K12, ERRa K #9732 shRNA 2 & %5 ERRa @
knock down D E|ZDWT, CV-1fifjazHWNWT
7wt 217>/ (Fig. 6(B)). ZODfEH, 3 fEH
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Fig. 5.

The ERRa Binding Site in the Mouse PDK4 Gene Promoter Is Required for the Responsiveness to PGC-1a

(A) Alignment of the promoter sequences of the PDK4 genes of humans, mice and rats. The possible binding sites for ERRa, FOXO1 and Sp1 are underlined.
(B) Effect of mutations in the FOXO1 binding site on the responsiveness to PGC-1a. These mutations were constructed according to Ref. 20) . Their effects on the

responsiveness were examined by the luciferase reporter assay with (closed bar)
binding site on the responsiveness to PGC-1a were examined as in (B).

@ shRNA ZLFEH I B/ L &1Z, PGC-lailL b
PDK4 7' O & —% — DI IH SNz, D3
FEFHD ShRNA # T > 27 27 v a > Lflao
Bt zZ2#H% L, Y2 X% >7 0y s T ERRa

or without (open bar) PGC-1ain CV-1 cells. (C) Effects of mutations in the ERR«

ODEABZEIKLEZEZ A, shRNAIZK S T
ERRa D% > N7 &MERITHAA L TS Z &%=
AL UEOERNS, PDKE 7OE—F—OD
PGC-la IZ X 5iE /LI, PDK4 7 OE—4—O
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Fig. 6. Modulation of the Expression Levels of ERRa Influences the Responsiveness of the PDK4 Gene Promoter to PGC-la

(A) Effect of the over-expression of ERR« on the responsiveness in undifferentiated C2C12 cells. Increasing amounts (0.001, 0.01 and 0.1 ug/well) of mouse
ERRo expression plasmid were transfected and the responsiveness to PGC-1a was examined by co-transfection with (closed bar) or without (open bar) PGC-la
(*p-values<<0.05, **p-values<{0.01, ¢ test) . (B) Effect of knock down of ERRa by ShRNA in the CV-1 cells. The CV-1 cells were transfected with one or the mix-
ture of three ERRa-specific ShRNA (A, B and C), and responsiveness to PGC-1a was examined with (closed bar) or without (open bar) PGC-la.

#i5 5B I s LR 391~386 DEIANNE T, G5 RH
T ERRa 7% PDK4 JEIZ T 7 OE—% — DIEMEIC
WETHDZ Motz

7. PDK4 7OE—% —® PGC-1a [GERHICxE
4% ERRa DiES

XiZ, PDK4 7O E—%4—O PGC-la i EFEHIC
ERRa MEEH AT D I L 2R T H DI IV Y
TJh7vtA &2k, 7 O0—713 PGC-1a IT &
DI IC LB i % & DG B IG /L iR 396~
366 D fEE, % /-, mutl & mut2 |3 ERRa bind-
ingsite TAERZHEALLEZDBDEFRDOESITH
5. & 2NZEI CV-1 Ml O R 2 W T T
o> 7= (Figs. 7(A),7(B)). ZF D%, Wild-type
(WT) ODOELHITIZH: B GDERR S 23,

ERRa 23 &S LR WELHI T dH % mutl, mut2 ® 7
O—7 Tl FRWESHHRINRNo . £
e, fEE @Eﬁmuéht WT O)N> R 7 MTH U
THEERZTOREZA, WT OBEWTIIES
DHE X N2, mutl, mut2 TIXPNH OFREE A3
YU, 2O ENSIERGR B 396~366 1C
X CV-1 R FT O DNV ENERT DI Em
MR TE., ZORAELESY >INV E D ERRa T
HBEEWHRT DH-DIZ, ERRa B EAFIAZ
WWT ERRa ® PDK4 7 O F — & — D §EE 1 % e
AL (Fig. 7(0). ZD#E%, ERRa HRAHIA
ZERESES &, BoAR BRASKE G IH S N7z,
PEDiERN S ERRald, PDK4 7 OE—4%—OD
¥ 5B UG s B3R 396~ 366 D fE I 1T Fic H14E LAY 1T R
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Fig. 7. ERRaIs Bound to the Sequence —396 to —366 of the
PDK4 Promoter in Electrophoretic Mobility Shift Assay
(EMSA)

The double stranded oligonucleotides corresponding to the DNA se-
quence of the PDK4 promoter region —396 to —366 was used as the wild
type (WT) probe in EMSA. (A) WT and mutant probes (see Fig. 3(C))
were labeled with [«-32P]dCTP and incubated with the nuclear extract pre-
pared from CV-1 cells. The arrow indicates the specific band of interest and
the F indicates free probes. (B) Cold competition assay using excess amounts
of cold WT and mutant oligonucleotides. Competition was performed at 50-
fold and 500-fold molar excess of WT or mutant oligonucleotides, as indicat-
ed above the appropriate lanes. The arrow indicates the specific band of in-
terest and the F indicates free probes. (C) EMSA assay with WT probe was
performed in the presence of specific anti-ERRa IgG (5 ug) or control rabbit
IgG (5 ug) . The arrow indicates the specific band of interest and the F indi-
cates free probes.

BTHIENHSNITED .

8. ¥ 1

XU A R E R WZBTN S, XU XEKHTO
PDK4 #E T DI GG MELITIX, PPARa {KFY/R
1% & PPARa JHKFII THIRICK D2RED 2 DD
BENHDZEEHSMNL, BEMRZEHNWE
L R—=F—=7 vt DRMN5IE, PDK4ERT IO
£ —4% —Id PPARa JFKFHYIC PGC-1a IT XK - TG
HlbcnzZEZ2HSMNILZ. 20 PGC-la i
£ % PDK4 Bz T 7 0E—%—OiEMHIICE,
G R A R 391~386 VAT, Z OMEBICIE
ERRa DFEGMMTHIE N, ZOETHZENT
B X 172 ERRa WEBRIIEELICE G L TWwb Z
&1, over-expression & shRNA 2 & % knock down
WCE>THER L=, FRTINVT T MY w1 ORER
M 51E, ERRa 2 PGC-la K FH)7iE AL I L B s
BANCHE AT 5 2 &R S Nz,
ZZThbhbiuIkD &L S 7 PDK4 E 5 FiE
EHEEEOET IV EEZ TD (Fig. 8). B
BTlE, HBOEIHICKD PGC-la DFE AT E
IN%. 51220 PGC-la 7% ERRa D5 H % 7%
951 ZOHEEIN/ PGC-1a & ERRa 2MHEA
EA L CPDK4 BEFORBEFEEZRKIT EEX
TWwa. —7%, P& Tld ERRe OFEBFEEINE W2
12,29 AFZETEH SN IZ L7z PGC-1o/ERRa D%
%TiPMﬂ@*ﬁitgb?;,Rﬁﬂa TRD
RER T EMHAEMER L T PDK4 OFRBFEZE Z
TEEZTWD, ZHICELT, MR RIS
T hepatocyte nuclear factor 4o (HNF4a) 12K > T
IMEBEEHELI NS 2 ENHETI N TNV D, ®
HNF4 |3 PGC-la 7% PDK4 &1z T D B iE 1t %
I 7OICEHEMHEERT 25T Tldhne
INTW3S. HFETD PGC-la D/)N— kF—IZ
WTlE, 0L ZARHTHS. HERFOHIKTO
PGC-la ¥ —4 v M, FEITHHEROEEERG
FTHBDITH LT, 1519 G TR AT &
AWER I B0, ZO XD Ik R R 7% E
2R 2T 72012, PGC-la I3k A7/ — b
F—NEETHEZEZTND,

£¥ 513, PDK4 E{nT 7 OE—% —72 ERRo/
PGC-la iIZ &> TiEMH b nbd Z EZ2HENITL -
7%, Fao fild Ti¥, ERRe, PGC-la ZHFEH I
TH PDK4 ERF T OE—4 —DIEMHELDER S
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Schematic Comparison of the Cell Type-specific Responses of the PDK4 Promoter to PGC-1«in the Skeletal Muscle and Liver

The skeletal muscle-specific pathway is the summary of our work described and taken from Ref. 17). The liver-specific pathways are taken from Ref. 18).

Nixhoi., ZOEREMNS, PDK4ERT 7T OE—
%4 —1%, ERRa/PGC-la 72\ TRiEMHILENT
Fao i ICIZHB L TWARWENDKRTHBETH
%7, ERRa/PGC-la 2 & G 1EMAL 2T 5
RFNHFEETHIENTHINS.?® 51T,
ERRo/PGC-1a L4+ @ PDK4 EZF7OE—4 —
DIEMHACIZEI ST 2 RFIZDNTHF L T HE
W5,

E=E 51, /bR C2C12, CV-1, Fao il & H
WT, ERRa @ over-expression {2 & 5 PDK4 & x
F7OE—4—® PGC-la IZ X BiEMHALIZTDWNWT
MEt L7z, ZORE, 1 2@ C2C12 fifd Tl
B LS N20%, BEICERI S5 &3 NITIEE
e U7z, 2) CV-1#ildTiX, ERRa % over-
expression X B % & PGC-1a 1T & &ML X
7=, 3) Fao fiild TlX, ERRa % over-expression
IHTH PGC-la iIC L AH{EMLITHRE I NS
7. U LoOkEMNS, PDK4EIZTF7OE—Y —N
PGC-1a/ERRa K FRYICIE L T 115 121E, ERRa
DB RIIEHE RN FESEKRERT 5720124 7
FHEND D, TNETNOEHER T ORI &N
PGC-la {17175 PDK4 & {n T 7 OE—4% — DGk
{LITEEZ5 25 ENRBINT.

RGeS, PDK4 &R TIT I3 AL AR A 7 F B
FEHEEE U B REAET 27> TnWbs 2 &
MEALN. 0 ZORBFHEBNERE 2
U, B COEFEWNRFEEEEZ T ERENHON
FnoEmEZEI L, 35121 AU VRiE
DREHRERDEND ZEDEBEZOND. £O85 &,
PPARe 7 1= X b3 PDK4 ZHHFE LU T 2 DT
BHEZ BV, BEREEHS O, EnS T ENB R

S5N5M, FHONWSET EIERN, EEIZ, T4 7
F— b ZEYNIIMBEE Z BN EfREINT

W5, Zd, 7417 5— M2k PDK4 EET

DFEBFEN BRELROBERRE IR, Fike
L7zFETIIRRWOTIHED EANEZ 5720z
LEZOND. D £z, HERBIEREETHO E
IS TRED LRAZEZL TWAHDT, ZOHF
W E75 kD F LT PDK4 &5 T2 % B #HE
T3P OEGIE LB NTEET S22 bEA 5N
%.

G813, ARWFFETH S NIC L /- PDK4 Bz T O
PGC-1a/ERRa R IZ K DB HERES, 20 <
Z @R R E M OHERIRE TEH N TN S I & 21
RT2RENDD. £z, BERFERERERICBV
T PDK4 j&{x T ® ERRa/PGC-1a 1T & B ¥ G.iE 1
{EHEREDY, EDXDITHEEL TS DN EHS NI
L TW&E, PDKA4 &G T DM RIS E L
2B 59 %, PGC-1o/ERRa DAY —4y K& L
TORERDOH 250 TOEMEERFL TNERZNE
EZZATNWD.

HE AWM AZELODDZITHED, AREDT
MEzWEEEE L, WRERRAELAHE,
BRI < EH R U B R 9. KA
3, WA -T2 —F I —DFR—-FDT

ITbNebDTHD, T IITEHHBL RIFET.
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