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Participation of aberrant ketone body metabolism in pathogenic mechanism of
cognitive dysfunction
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Acetoacetyl-CoA synthetase (AACS) is a ketone body-utilizing enzyme and is
responsible for the synthesis of cholesterol and fatty acids. In this study, we showed that Asn547
is specific cleavage site of AACS by legumain, which is a lysosomal asparaginyl endopeptidase and is

activated in the brain with Alzheimer’ s disease. The cleavage of AACS by legumain is critical for
the regulation of enzymatic activity. Moreover, knockout of AACS caused a decrease in gene
expression of dopamine-beta-hydroxylase; witch catalyzes the conversion of dopamine to
noregingphrine. These results suggest that AACS has an important role for neurotransmitter
metabolism and neurogenesis. Taken together, changes of AACS activity may relate to pathogenic
mechanism of Alzheimer’ s disease.

CoA



¢ X C—19, F—-19—1, Z—19, CK—19 dm)

1. WFZEBRMA L IO &

TN = — I h LR AR RE R T
B LN EDRHREMAICB W TR T N & HE
AETH D, UL, B E IR
BRI ARHATH Y, FOIEE S IHEREE H
e LTS, 4, BRI &2 ST
7o MBS AE 23 /& & 72 R BB I B W T b FRAVE

DY A7 BEINT 2 Z L shiz, £z,

JEE OEWRICE 5+ 57 R Y REAE B4 1T
TN, = —IROERIKT-TH Y | I
T E O BERRTEORENEINT D Z
ERDY | HE - BEERHERE DR EEDE
MRIKFCThHDH I ENALMNTR>TET,

2. WgtoBE®

PERIG 72 E D 7 a— ZARFHTE 20
WRBICIB W CIE, EmMERrICEE NI
F AR RBRT RLF—L LTEHIL, 2Dk
2T, T M URIIRBo R VX - E 2B
TEN, OF, 7F bRz xre—
SRR AR S hD L, ZFLTED
Riti%7 & b7 & F /L CoA A ks
(AACS) 2925 Z E W LN - T
X7, Fexid. AACS WHERIFET L@ D
T35 Z R0, PIMRE SRR 3
FBHAACS D/ v 7 A2k | g~ —
H—T& % NeuN = MAP-2 N+ 5 2 &
LML, PLEORERNS, AACS I3
1 M HE R L2 3 1) 2 RE B PR E O R E IS BB
weE 2 R T AR B 2 DD,

T ZCARBIETIX, AACS OREREREIZES
T AEBMER, KOV b AR &
BHEREDBMRZ A LT L., S REREE DT
B R VBRI BRI R 25 2 L2 I
L L,

3. Mok
(1) #RESAIC 1T D AACS DOFE]

TR EEHIAE Neuro-2a fifAlZ LF ) A o
fezafLef L, MRS EREICB VT,
AACS 2 xf 9 % short-hairpin RNA
(shAACS) # NS A7 =V a2 LT, 48
e 12 RNA 2L, ~1 7 a7 LAk
K N real-time PCREIZ LV, AET 518/
FEBHR L7z, £72. shAACS #L v F UL
JV AN K0 RGP A L, AR
Ml OEREI IR b DKy & G Z X
7B DOFHLEZ Western blot 1EIC X W R L
776
QL r~A k% AACS DYWL [
E

T, o2 I AACS BN Y YV — AITFET
% asparaginyl endopeptidase (L 7'~ A )
Lo THfRENAZ EEHALMILE, L
T A NIT NI A <~—J{BEDOMT, &
PERBEINT 2 Z ERALNI > TS, &
T, AACSIZHREREEANL, LI ~A v
\Z & 2 UL & R L7,

(BAACS / v 7 T v b~ ADIEHR

CRISPR-Cas9 v A7 A& HWT, AACS
OFFRBAtA A Z KRB LT, v 7 T D b
~ U RAEER LT, H LD DNA Z4hH L

T PCR #i12 X Y Genotyping #17-7-, B
AR ~T i<y 205 MEfH% . RNA
LK U E R L, real-time PCR {EX°
Western blot {EIZffE L 7=,
4. WFIEEE
(1) #hfAMIEIC BT 5 AACS DIEE
<A77 AL WNreal-time PCR %
FAWT, AACS %/ v 7 X0 v LTZBRICEH)
T 5 PR RE IC B b D B AR T D[R] E & 7R A
77 TOFRER, RRXIUhb /e x7 )Y
VEAERTHRARIVBE RrFUT—F
(Dbh) DFEHA, AACS D/ v 7 X7 Tk
DEECED L (X 1, ), VT, «
7 A DT B HREF B R 2 B - 5%
#L, AACS &/ v 7 X7 L CHlEIC
Bbdz o NI HERF Lc, ZOREE.
AACS OHfilic L v | MIfaE 4 2 F T3 21K
Tt E G XU ETHSD Cded2 <° RhoC
DOFRBENEE D L= 1, £A), Lk
DFERMNS . AACS 1T m =Y E O
TERETE A\ B B 7 B & B 7 Al e e 3 R
2 Xz,

Dbh mRNA levels

Ela cetyl-tubulin
E a-tubulin

1 FhREAIAD ORERECTZ IR I3 %5 AACS

/.
D g

QL r~=A 12k D AACS DY D[F
E

AACS DT 2 JBEBRLAND T ANT X % 7
VA I VICEBL, L7~ A (Legumain)
DUzt 5 B AR LT, AACS @
500, 503, 545, 547 HHODT X /W% 7 v
I VICEB LR O R7BE VT~
A V& BOG SE S, 503 % H(N503Q)
E547TH/FHE  (NB4TQ) DT 2 J RICAER %
MO L7ZBRIZ. AACS OB 3 S b =
ENRHLMNT o2 (X2, /), £ 2T, 503
LBATHBB OB OT I JEBRICERAZEA L,
L7~ A v ERIGEED L. AACS OYIEA
ikl snie (¥ 2, £), AEORERLIY ., in
vitro CiX 503 & 547 HH DT AT X )
L7~ A OYIWHICEE R RE 2 R 2
EBIH LMo T,




+ wild-type
=+ N503Q+N547Q

AACS -
Legumain +

Empty

N500Q
N503Q)
N545Q
N547Q

ry

FLAG

Legumain |4 .
NONEW | couin [

(kDa)

2 LU= A kD AACS OYIEEALD
Gl

In vivo lZBIT 5 AACS OUIWTHERN. % [F &
9572912, Hydrodynamics % AW T~
7 A{EIAIZ N REElC FLAG % 7 Z4FA L
7= AR LR A AACS 238 A L, Wiz
T LB MR L2, AR AACS 238 AT
BE, BRI AACS @ 2 KD/ KR
BN (X 3), 503 FHDOT I BITE
BAEA LBk, AR LR U< gl
D AACS NEZESNT=28, 547 HFH= 503
& 54T BHDOT X JBRICEREEANT D L
YIEr Al S d Z EDBBH LN/ o7, LL
L ofEF, AACS OUIFNIZIX 547 FH DT A
NITXRPNEBEREENZRI-T NS
Mo T,

o

r~

3
g Z
3
rigg¢g
g25§88
w 2 z z =2
-

FLAG

3 In vivo lZE T 5 AACS OEIHHEAL DR

&

wIZ. AACS D4 bk ARFIRIEHEIC T 5
GIWF OB A G L 7o, N K £ 7213 C K
\Z FLAG Z{1h1L7- AACS OEFAERI L 1 7
5 547 %FH (1-547).1 75 503 % H (1-503)
DT ) BRERIAT L7 X —ZERIL,
HEK293 HigIZE A LT X7 & &
#%. AACS OIEMEEZRIE Lz, BRI L& g
L C. 1-547 %° 1-503 TiI AACS DiEMHENE
LSIEF L7z, MLEDFERE NS, L~ A v
OYIWHIEL AACS OIEVEFHE - 5% E %
W TRTREME S RIR ST,

N-FLAG-AACS-C N-AACS-FLAG-C
2 F .. P
E m =@ o E 3 =@ o
Ez % 2 53 32
]
—— —
Leo
AACS k 5o
40
{kDa)
-— —
FLAG - -
204
15 :i'l =
2E
E% 10
<Z
£
0' -

& A DA A
P & &8 & & Il

N-FLAG-AACS-C MN-AACS-FLAG-C

4 AACS DGPR3 2 Bl o 5228

(BAACS / v 7 T U b~ ADIEHR

it RICEB T D AACS DO&EE 2 Mad
57212, CRISPR-Cas9 v A7 A& FHWT,
AACS OFIFRBHLA SN RIET D L 9T HA K
RNA %5t L. /v 777 b~ 2D/
RkAdz, FEAMLE (H+) ~T7uafl (+/-) O
A~ A (6 ) 25K & fH L.
real-time PCR #£X° Western blot &%
T AACS DO#BLZ G LTSS, AACS @
mMRNA UL L TV, X oo 8
XA Lz (% 5),

AACS
4+ +]-

AACS | &=

TUBUIIN | e

Relative mRNA levels
(normalized to GAPDH)

5 o
a =

5 WA ~TFnofl<y22BIT5
AACS D3 BLEOfFEMT

Z T, UAREEREIC B D D B TR EL A
eI L ~T M AACS /v 77U k<D
ATHB LT, ZOMER, MR EEZEME CH
BT ®FNa) o ESRETAETEF LT
27 7 —% (Ache) OFHFEIILH L7
Motz (M6), LinL, KRXIvms /Lo
ERT7 YV aERT D PRI UpE Pk
7 —%¥ (Dbh) OFILEIL, ~T i~y
AT Lz, BLEDORER S AACS (344
AR ZEWE ORFHI B b D AT REME 3 7RI X
niz,



Ache Dbh

Relative mANA levels
[narmalized to GAPDM)

6 MR EYE OB R I T D
AACS D%

AFER LV, AACSIZL T~ A ickoT
O SNZDOIEMERREi SN Tnbs 2 & &
7o BHARRR R ORECIZREE AIC I W CE L
TR E 2 R R REME A R S e, LS
A T Y oNA = — 7 BE O TIEMED
wmTaszb, ¥, LA L BHY
G AP R JF R HE ORI B b 2 5 &k = 3
ZENH BN o TV D, AACS O
LI~ AUl L > CRRfia s 2
EIND ., TV N = —JFIZE T D AACS D
SIS, & ORIEFFIZEI D 5 RIEEM: 2
R E T, 5%, AACSD /) v 77 v b~
T ANZET B RECRE M EAT L, PR
RECRR A RE I O IER P I T 5 7 b
R OB RETT ANER D D,

5. ERFEKHE

UEEEsms) (B8 1)
Sakai A, Imai M, Takahashi K, Hasegawa
S, Yamasaki M, Ohba T, Takahashi N,
Protein kinase A activation by retinoic acid
in the nuclei of HL60 cells, Biochim
Biophys Acta., 1861(2):276-285 (2017)
DOI: 10.1016/j.bbagen.2016.11.039.

Li C, Imai M, Yamasaki M, Hasegawa S,
Takahashi N, Effects of Pre- and
Post-Administration of Vitamin A on the
Growth of Refractory Cancers in Xenograft
Mice, Biol Pharm Bull,, 40(4):486-494
(2017)

DOI: 10.1248/bpb.b16-00933.

Li C, Imai M, Hasegawa S, Yamasaki M,
Takahashi N, Growth Inhibition of
Refractory Human Gallbladder Cancer
Cells by Retinol, and Its Mechanism of
Action, Biol Pharm Bull.,, 40(4):495-503
(2017)

DOI: 10.1248/bpb.b16-00934.

Takahashi N, Ohba T, Imai M, Hasegawa S,
Takahashi K, Yamasaki M, Kameoka Y,
Retinoylation (covalent modification by
retinoic acid) of Rho-GDIB in the human
myeloid leukemia cell line HL60 and its

functional significance, Biochim Biophys
Acta., 1861(12PtA):2011-2019 (2016).
DOI: 10.1016/j.bbalip.2016.10.001.

Hasegawa S, Inoue D, Yamasaki M, Li C,
Imai M, Takahashi N, Fukui T,
Site-specific cleavage of acetoacetyl-CoA
synthetase by legumain, FEBS Lett.,
590(11):1592-601 (2016)

DOI: 10.1002/1873-3468.12197.

Yamasaki M, Hasegawa S, Imai M,
Takahashi N, Fukui T, High-fat
diet-induced obesity stimulates ketone

body utilization in osteoclasts of the mouse
bone, Biochem Biophys Res Commun.,
473(2):654-61 (2016)

DOI: 10.1016/.bbrc.2016.03.115.

Li C, Imai M, Matsuura T, Hasegawa S,
Yamasaki M, Takahashi N, Inhibitory
Effects of Retinol Are Greater than
Retinoic Acid on the Growth and Adhesion
of Human Refractory Cancer Cells, Biol
Pharm Bull., 39(4):636-40 (2016)

DOI: 10.1248/bpb.b15-00794.

Yamasaki M, Hasegawa S, Takahashi H,
Kobayashi Y, Sakai C, Ashizawa Y, Asai Y,
Kanzaki M, Fukui T, Placental extracts
induce the expression of antioxidant
enzyme genes and suppress melanogenesis
in B16 melanoma cells, Nat Prod Res.,
29(22):2103-6 (2015)

DOI: 10.1080/14786419.2014.986660.

FERE] Ghe )
ER)IEt, 5 IEE, (L ERE, St
NEWGAIIEIC IS 1T B 7 b o AKFI T % 3 D 13,
HARIES 2 13744, 2017T4-3 A 25 H,
EEEE 2 — (ERE - AlAH)

PR, RIS, (LIRFIETE, 5 EZ,
fEHEh, SER, LA kST b
CERIIRESR O UK & PR RS, ARSI
2 13744, 201743 H 26 H, iGE
Bt 2 — (Rt - i)

EW)EM, 4 FHIEE, (LG ER, &8,
G, MRbEE IS T B b RF
AR DEE, 7 —7 5 2016 fighdKg -
BENYaoY—, 201649 A 11 H, B
FIRFIEDOE X v o)A (BB « fulX)

BT i, BRI B, (L EfE, 45
EE, i B, @i iy, VY Y — LR
FICEDT7 P AR OFH, A TS
% 136 Fx, 20164F3 A 29 H, v 7 1=
R ()1 R« RRIETH)



ER)I B, (hig Eff, 5 EE, @
Wi, &g Tt 2o 7 BE07 v FkIC
B D7 b RFIHBEEORE], BAKES
%136 4E42, 201643 H 29 H, Xy 7 4 =
R (s IR - REEeT)

ER)IEA, (R ER, @&, miEsr,
RIS BB ARIC BT D7 b KR R
BOEE], 7+ —F 5 2015 AR - B
Bhyaony—, 201649 A 18 H, #F
FRERFR— T A T RE vy 82 (Ll
I« 4= )

6. AFFERERE

(D7 s

ER) %t (HASEGAWA, Shinya)
SEIRPLRAE - SR - BhE
s 5 60386349



