42

Onconase, is able to inhibit protein synthesis in mammalian
cells and has been used as a protein drug. When it was
added to the culture media of H9 cells persistently infected
with HIV-1, HIV-1 replication was inhibited without
blocking cell growth, as degradations of 185 and 285 rRNAs
and cellular mRNAs were prevented (Saxena et al., 1996).
MazF induction in mammalian cells has shown to cause
apoptotic cell death as a result of degradation of cellular
mRNAs (Shimazu et al., 2007). However, in the present
study, MazF expression induced by HIV-1 Tat appears to be
maintained at very low levels, just enough to cleave HIV-1
RNA but not cellular mRNAs, so that cells were able to
grow normally. MazF expression may be autoregulated in
the cell in such a way that when Tat-induced MazF elimi-
nates invading HIV-1 RNA, Tat expression from the HIV-1
provirus is simultaneously stopped, resulting in simultaneous
arrest of MazF production to recover normal cellular functions.

Targeting HIV RNA as a therapeutic strategy using an-
tisense RNA (Levine et al., 2006), ribonucleases (Agarwal
et al., 2006), and RNA interference (RNAi) technology
(Morris and Rossi, 2004) has been attempted. However, the
use of antisense RNA and RNAI technology has not been
effective as an anti-HIV technology, as HIV can easily cir-
cumvent these RNA inhibitors by creating mutations at the
target sequence regions (Lee and Rossi, 2004). On the other
hand, the present strategy using MazF targets abundant
ACA sequences in HIV-1 RNA (>240), so that it is not
possible for HIV-1 to escape from MazF attack by muta-
tions. Furthermore, because MazF has no homology to any
mammalian ribonucleases, MazF mRNA interferase activity
cannot be inhibited by ribonuclease inhibitors existing in
mammalian cells.

In summary, the use of MazF appears to be a novel and
highly effective tool for anti-HIV gene therapy. It is effec-
tively able to suppress HIV-1 replication, preventing the
emergence of mutated HIV-1. Importantly, MazF induction
by invading HIV-1 shows little toxicity to host cells while it
efficiently suppresses HIV-1 replication. Specific inhibition
of HIV-1 replication by MazF without affecting cell growth
is the key feature of MazF-based HIV-1 gene therapy. This
may be the first step for RNase-based HIV-1 gene therapy
with efficacy in vitro. The feasibility of the MazF-based
ex vivo gene therapy may be verified using autologous
CD4+ T lymphocytes from HIV-1 patients. To use our mazF
vector system for gene therapy, its safety has to be critically
evaluated and it should not have any negative impacts on
T-cell function. For example, it needs to be shown that there
is no alteration in the secretion of functionally important
cytokines even though it was observed that MazF expres-
sion in HIV-infected CD4+ T cells does not inhibit cell
growth. We are currently addressing this question.

Acknowledgments

The authors thank Dr. Keith A. Reimann of Harvard
Medical School and Dr. Tomoyuki Miura of Kyoto Uni-
versity for providing the SHIV 89.6P. The authors also thank
Dr. Koich Inoue of Takara Bio Inc. for his critical reading of
the manuscript.

Author Disclosure Statement
No competing financial interests exist.

CHONO ET AL.

References

Agarwal, S., Nikolai, B., Yamaguchi, T., Lech, P., and Somia
N.V. (2006). Construction and use of retroviral vectors en-
coding the toxic gene barnase. Mol. Ther. 14, 555-563.

Berkhout, B., Silverman, R.H., and Jeang, K.T. (1989). Tat trans-
activates the human immunodeficiency virus through a
nascent RNA target. Cell 59, 273-282.

Kim, S., Ikeuchi, K., By, R., Groopman, J., and Baltimore, D.
(1989). Lack of a negative influence on viral growth by the nef
gene of human immunodeficiency virus type 1. Proc. Natl.
Acad. Sci. US.A. 86, 9544-9548.

Lee, J.T.,, Yu, SS., Han, E., Kim, S.,, and Kim, S. (2004). En-
gineering the splice acceptor for improved gene expression
and viral titer in an MLV-based retroviral vector. Gene Ther.
11, 94-99.

Lee, N.S., and Rossi, ].J. (2004). Control of HIV-1 replication by
RNA interference. Virus Res. 102, 53-58.

Levine, BL. Humeau, LM, Boyer, J., MacGregor, RR,
Rebello, T., Lu, X., Binder, GK,, Slepushkin, V., Lemiale, F.,
Mascola, J.R., Bushman, F.D., Dropulic, B., and June, C.H.
(2006). Gene transfer in humans using a conditionally repli-
cating lentiviral vector. Proc. Natl. Acad. Sci, U.S.A. 103,
17372-17377.

Miyake, A., Ibuki, K., Enose, Y., Suzuki, H., Horiuchi, R.,
Motohara, M., Saito, N., Nakasone, T., Honda, M., Watanabe,
T., Miura, T., and Hayami, M. (2006). Rapid dissemination of
a pathogenic simian/human immunodeficiency virus to
systemic organs and active replication in lymphoid tissues
following intrarectal infection. J. Gen. Virol. 87, 1311-1320.

Morris, K.V., and Rossi, ].J. (2006). Lentivirus-mediated RNA
interference therapy for human immunodeficiency virus type
1 infection. Hum. Gene Ther. 17, 479-486.

Nariya, H., and Inouye, M. (2008). MazF, an mRNA interferase,
mediates programmed cell death during multicellular Myx-
ococcus development. Cell 132, 55-66.

Reimann, K.A,, Li, ].T., Voss, G., Lekutis, C., Tenner-Racz, K.,
Racz, P., Lin, W., Montefiori, D.C., Lee-Parritz, D.E., Ly, Y.,
Collman, R.G., Sodroski, J., and Letvin, N.L. (1996). An env
gene derived from a primary human immunodeficiency virus
type 1 isolate confers high in vivo replicative capacity to a
chimeric simian/human immunodeficiency virus in rhesus
monkeys. J. Virol. 70, 3198-3206.

Saxena, S.K., Gravell, M., Wu, Y.N., Mikulski, S.M., Shogen, K.,
Ardelt, W., and Youle, RJ. (1996). Inhibition of HIV-1 pro-
duction and selective degradation of viral RNA by an am-
phibian ribonuclease. J. Biol. Chem. 271, 20783-20788.

Shimazu, T. Degenhardt, K, Nur-E-Kamal, A., Zhang, ],
Yoshida, T., Zhang, Y., Mathew, R., White, E., and Inouye, M.
(2007). NBK/BIK antagonizes MCL-1 and BCL-XL and acti-
vates BAK-mediated apoptosis in response to protein syn-
thesis inhibition. Genes Dev. 21, 929-941.

Silverman, R.H. (2003). Implications for RNase L in prostate
cancer biology. Biochemistry 42, 1805-1812.

Verzeletti, S., Bonini, C., Marktel, S., Nobili, N., Ciceri, F.,
Traversari, C., and Bordignon, C. (1998). Herpes simplex
virus thymidine kinase gene transfer for controlled graft-
versus-host disease and graft-versus-leukemia: clinical fol-
low-up and improved new vectors. Hum. Gene Ther. 9,
2243-2251.

Yamaguchi, Y., and Inouye, M. (2009). mRNA interferases, se-
quence-specific endoribonucleases from the toxin-antitoxin
systems. Prog. Mol. Biol. Transl. Sci. 85, 467-500.

Yu, S.F., von Riiden, T., Kantoff, P.W., Garber, C., Seiberg, M.,
Riither, U., Anderson, W.F., Wagner, EF., and Gilboa, E.

— 139 —



RNase-BASED GENE THERAPY OF HIV-1

(1986). Self-inactivating retroviral vectors designed for transfer
of whole genes into mammalian cells. Proc. Natl. Acad. Sci.
U.S.A. 83, 3194-3198.

Yu, SS., Han, E., Hong, Y., Lee, ].T., Kim, S., and Kim, S. (2003).
Construction of a retroviral vector production system with the
minimum possibility of a homologous recombination. Gene
Ther. 10, 706~711.

Zhang, Y., Zhang, ]., Hoeflich, K.P., Ikura, M., Qing, G., and
Inouye, M. (2003). MazF cleaves cellular mRNAs specifically
at ACA to block protein synthesis in Escherichia coli. Mol. Cell
12, 913-923.

Zhu, L., Zhang, Y., The, J.S., Zhang, J., Connell, N., Rubin, H.,
and Inouye, M. (2006). Characterization of mRNA interferases
from Mycobacterium tuberculosis. J. Biol. Chem. 281, 18638—
18643.

Zhu, L., Inoue, K, Yoshizumi, S., Kobayashi, H., Zhang, Y.,
Ouyang, M., Kato, F., Sugai, M., and Inouye, M. (2009).
Staphylococcus aureus MazF specifically cleaves a pentad se-
quence, UACAU, which is unusually abundant in the mRNA
for pathogenic adhesive factor SraP. J. Bacteriol. 191, 3248-3255.

43

Address correspondence to:
Dr. Ikunoshin Kato

Center for Cell and Gene Therapy
Takara Bio Inc.

Seta 3-4-1

Otsu, Shiga

520-2193, Japan

E-mail: ikukatiku@zeus.eonet.ne.jp
Dr. Masayori Inouye

Department of Biochemistry

Robert Wood Johnson Medical School

675 Hoes Lane
Piscataway, NJ 08854, USA

E-mail: inouye@umdnj.edu
Received for publication January 5, 2010;
accepted after revision July 22, 2010.
Published online: July 22, 2010.

— 140 —



B HRBEEETI

®W3mE  x7u—BiEREET)IL (ICGN 7 R)

*7u—VEREIX, BEEO0Y 7R, &
&80 MfE, mABMAE, FEEZELIERET
HHRFT, REERBEREL T - KMELHD
SRR (RUEREEL, BRKR, V—72AF
KR E)CERT I ZRELCHESNDE, AT
T# /% B ICR-derived glomerulonephritis (ICGN)
T YA E—RER T o —PERREL L TORMEE
HA-BERETNVEMTH D,

1. ICGNY Y ADHES L VREEEF

VUREERBLOMEL 2T 5HMEICR Y
A%, 1986 4F ([ SLRRETAF 2T (18 E 3L FBh
AR ICTEREINE, ZOEE L EFHYE
< AR O RHREN O/ ONTEEFOFT, #
Ex 2+ 5EEEICGNYYRDOF & LTHEE
NEBENY, RHKREICLZERILEETRHE
ETIERZEHLLODEEEN X7 —EE
RETOIRME LTHISNTEZ?Y, 27 —BfE
BROREMFITRAEATH H28, 2006 £FiZ Kk
EEICBE P B tensin2 Dnt1477-1484 (exonl8) 8 &
EORENBESNEY, Tensin2lI EXE 2B D4
Rk AR X OURMEICRR L TWD &M
BhoTWVAN, BIZRBITHHEEIITHTHY,
A% OB RN D,

2. & RE

EHRBLRSFVIRERL, SEWTES
SNy MmE, BIEME, BHEANSED b, K#

Hi1 £5M4ZEEZEL-HHEICGNTDA

CIEBREICHED &V D BEERBIT T~ ToOMEE
FBBOBMETH D, Lo LEFHREITHEERC
RO BNDD, BEENKE L, REED
oI I LbHY, BEEETLH(EIL).
FREMABZNCE, £&MAL2BBENICEN
72 % ER A 2 EEE (glomerular basement membrane :
GBM) 2358R% L 7= B 12 GBM DEEHR LU kKX
MBREROMEENRBD b, T ORRTHREKN
DOBROFBEHEDREEEL TWBEZ LB T
BV, RN T A XU ARIBOILER, AREREN
EBA~D 1gG, 1gM, IgA DILERBDH LI, A
(AR ERERE(L D EIT T 5. REERMICIZRME )
yreg, UV UoBRELROON(R2), &K
BRETRECT 2N ORI OV THEEKEN
K&, #LIE5» ABLURICETCT D,

— 141 —



2 REDH A ICEROSMBAREEL, REEHLE

3. BEMEET ILELTOERAY

IRREHEITIZHE > THRERE A Y F U AREE &
FIRMEREIZCa 77y, 3=, 74701
r7FoRlMEaN~Y FY v 7 2 (ECM) DEE
VHBARDOND Z 2, BRIEEET LV E L
CHATHZY(M3), THD LI, ECMERK
CISEATLE, 2B LU ECM B D E
NIREE 725,
<EETTE>
ICGN vV ADBIZBVW TR, [BHag—Fv
RMBaZ—5F i EOMBYERS DBRERE
TLILERRDLNDZ LAFEETHD, —FH, &
IER S THDIVEaT—Fr, 3=l
LAKREICEZFCEE L VWA L00EATTER
CETH B,
< SRR >
ECM D438 % 8 5 matrix metalloproteinase (MMP)
L, 275 Fr—¥(MMP-12t), E5FF+—F
(MMP-2, MMP-9), R tm A4 v (MMP-372Y),
IR MMP (MMP-14 72 £) 72 Pz KBl &5, ICGN
v ABIZBVTIE, MMP-1, MMP-2, MMP-9
DIEHIR THAED b s3, MMP-3 IXIIEEHE B T
HIEHERABRETH -1, %2 MMP-2, MMP-

DURREANBOHONIFERMADOE (B)

3 REEMESCAENAT L) VI AREER
ABOHLMIRERMOE

9LV EEER SO EICEETOEBEREN
BDETLTWAZENL VRIS S RED
ERMIINMROMFNBELBELTVD I LN
A E T,

<ECM &M &8 >

Lysyl oxidase (LOX)i{x =< “’f.‘/"@?ﬂ FAFV
REREHTIERL L THMOLNA, ICGNTY
ABIZEBWT LOX SEM L TE D, ECM sy H
EHEINTVAIERFREINATNEY, B
N ECM OB G EZ T goTWVE T
EHRMEICEITICEE LTV D RIEEER R,

— 142 —



INHDTRTOREIIHONT, ZTORIFIZEL
B854 B K F 25 transforming growth factor(TGF)- 3,
ThHY, BRI TR EL Oz OBRMELEST
WCEELTWD, ZOMETECM EX2TTEY
BT TR, ECMAMEROA Y EEs—%
LOX D & 5 RIEMBRORRL LTLET HI &
REOZEAREABHONTEY, RELRR
® key molecule TH 5, ICGN< T ZDEIZE
TH TGF-B, BAEMLTH Y, HRHELICFSL T
5, BERENZLIZ, ZOTUATIETGF-8, D
MR > 7 NMRER T T 5 smads ASHEFEANIC
BT 3L CRAEMEDRELERSETND D
LR oTVNAY, 554 TGF- B independent
RBHECDOEFIZOVTHLILRIEENLET
»BH, TOLIICICGN v 7 ZBITE VT ECM
BEA - SR - BHIORENRROOND T E0D, B
HEAL A 0 = X b DREATROIRIIE DT 22 L IZFI A
AHETH D, TNETIZICON v U R & BHRHEE
£5 L& LTHIE LT hepatocyte growth factor®
%> angiotensin—converting enzyme inhibitor 1 {Z &

LEHRMEENHDRIABES LTV D,

4. BEHEMETIELTORA

FRMIROELZERETHFNVEELTHDLR
3= Y 2 RxF  (erythropoietin : EPO) i, *
KBORMEBEME CELAIND O THEAN
EITTDLEARNMETL, BhAFEZ S, ICOGN
U ATIIRMEMEREDOEITL & bICHMA
BHOLNBZOTEHBEMEF AL LTHELTWAD,
b F#E#: EPO ¥ 5 (5 U/mouse/day 5 B IR E) (2
I, ~EVuvrrgEL~~ 2 Yy MEBE
Bichen?,

PLEBAMLTEZLIIZICGN =Y RiT, BB
ERO¥VRNE 70— ERBOBEEH AT
BEHEOET VY THHH, FHROBEENK
FVWILREENELWZERRERE 2> THIA

Bl % < 7ev, BRIE OR) E SR EARHTIERT 4005
W72 & IR /S > 7 (http://animal.nibio.go.jp/) /1+ V)
VU AREMEENBATRETH D, TEHLIE
KOFBPERLTLKEEDZLEHFLTN.

25 X

1) Ogura A., Asano T., Matsuda J., Noguchi Y., Yamamot .
Y., Takano K. and Nakagawa M. : Development uf
nephrotic ICGN mice : the origin, reproductive ability,
and incidence of glomerulonephritis. Exp. Anim., 48
349-352, 1989.

2) Ogura A., Asano T., Matsuda J., Takano K., Nakagiwa
M. and Fukui M. : Characteristics of mutant mice
(ICGN) with spontaneous renal lesion: A new mudul
for human nephrotic syndrome. Lab. Anim., 23 : 169
174, 1989.

3) Cho A.-R., Uchio-Yamada K., Torigai T., Miyamata
T., Miyoshi 1., Matsuda J., Kurosawa T., Kon Y,
Asano A., Sasaki N. and Agui T. : Deficiency ol (he
tensin2 gene in the ICGN mouse, an animal model [0
congenital nephrotic syndrome. Mamm. Genome, |7 .
407-416, 2006.

4) Ogura A., Fujimura H., Asano T., Koura M., Naito |.
and Kobayashi Y. : Early ultrastructural glomerulm
alteration in neonatal nephrotic mice (ICGN strain).
Vet. Pathol., 32 :321-323, 1995.

5) Uchio K., Manabe N., Kinoshita A., Tamura K.,
Miyamoto M., Ogura A., Yamamoto Y. and Miyamoto
H. : Abnormalities of extracellular matrices and
transforming growth factor B, localization in the
kidney of the hereditary nephrotic mice (ICGN
strain). J. Vet. Med. Sci., 61 : 769-776, 1999.

6) Uchio K., Manabe N., Tamura K., Miyamoto M.,

Ogura A.,

Decreased matrix metalloproteinasc

Yamaguchi M., Yamamoto Y. and
Miyamoto H. :
activity in the kidneys of hereditary nephrotic mico
(ICGN strain). Nephron, 86 : 145-151, 2000.

7) Goto Y., Uchio-Yamada K., Anan S., Yamamoto Y.,
Ogura A. and Manabe N. : Transforming growth
factor- 3, mediated up-regulation of lysyl oxidase in

the kidneys of hereditary nephrotic mouse with

— 143 —



W)

10)

chronic renal fibrosis. Virchows Arch., 47 : 1-10,
2005.

Goto Y., Manabe N., Uchio-Yamada K., Yamaguchi-
Yamada M., Inoue N., Yamamoto Y., Ogura A.,
Nagano N. and Miyamoto H. : Augmented cytoplasmic
Smad4 induces acceleration of TGF-f, signaling in
renal tubulointerstitial cells of hereditary nephrotic
[CGN mice with chronic renal fibrosis ; possible role
for myofibroblastic differentiation. Cell Tissue Res.,
315:209-221, 2004.

Mizuno S., Kurosawa T., Matsumoto K., Mizuno-
Horikawa Y., Okamoto M. and Nakamura T. :
Hepatocyte growth factor prevents renal fibrosis and
dysfunction in a mouse model of chronic renal
disease. J. Clin. Invest., 101 : 1827-1834, 1998.

Mizuno S., Horikawa Y., Okamoto M. and Kurosawa

— 144 —

11)

12)

T. : Preventive effect of ACE inhibitor on interstitial
myofibroblast formation and matrix deposition in a
nephrotic model. Renal Failure, 20 : 481-491, 1998.
Yamaguchi-Yamada M., Manabe N., Uchio-Yamada
K., Akashi N., Goto Y., Miyamoto Y., Nagao M.,
Yamamoto Y., Ogura A. and Miyamoto H. : Anemia
with chronic renal disorder and disrupted metabolism
of erythropoietin in ICR-derived glomerulonephritis
(ICGN) mice. J. Vet. Med. Sci., 66 : 423-431, 2004.
Miyamoto Y., Kuramitsu-Miyamoto K., Iwanaga E.,
Uchio-Yamada K., Yamaguchi-Yamada M., Ogura A.
and Manabe N. : Effect of human erythropoietin (hEPO)
treatment on anemia in ICR-derived glomerulonephritis
(ICGN) mice. Exp. Anim., 54 : 181-184, 2005.
(LBE-NRZ 3%/ 'H 7)






3. DARIS T & R OBEREEE - oovooomm o oomr o oo 955
4. SHR(Spontaneously Hypertensive Rat) ODREEE oo 256
B. SHR MDMBREEE vvvovoveesrrrssrosers e cess s st 957
6. SHR-SP (Stroke—prone Spontaneously Hypertensive Rat) OAFEZE oo 257
7. SHR=SP DMIMEEE «-o-veerrosssssssrsesssssssssressss s ss st s8R R 958
8. Bb 0 ‘: .............................................................................................................................. 258
FOHE RIO—HEBBETILUACGNTIR) oo (LB-REBZ X/’ &) 260
1. ICGN = R DN L OEBIBAET oo oroms oo orias e 260
G B B e e aress o e o e e st s s S5 Y S B £ 45 SRS 260
AL ;T TR BT )RR —— 261
4 BHERMTT /UL LTDFE oottt 262
A BERAMETIV(db/ab, SHR/NAFE) oo (FEILese /P EEER) - 264
1. 1 ﬂﬁﬁﬁ:{.?‘flvﬁb% ....................................................................................................... 264
1.1 NOD{Nonobese dighetic) 5 R, s comnrs vern mwrasred RPN 264
Lo T el 0 B R, 5es oo 5w s 553 S R D S £ A S 264
2. Zﬁﬁﬁlﬁ ¥ HE?\ﬁ{’?WﬁJ% ................................................................................................ 265
2.1 dbldb = TR e BSOSO UR PP PP PP PP PO TOPRUPTO PRSI 265
2.2 KK-7|7Z’ KKAY—??X ............................................................................................. 266
2.3 OLETF(Otsuka Long Evans Tokushima Fatty) 7 & R« 266
2.4 TSOD(Tsumura, Suzuki, Obese Diabetes) = 7 & v 266
9.6 NSV (Nogoyar-Shibata=Yasuda) iy s memsesnsmsowsempgrocssssors st avesmvesss s v o s i s 266
B, B DVASEAr Jatiy 5 b o ey ommesmemsommmscasmins e e v s et sl s s i i e, 266
A (L T P — 267
R B e I L L) T R —— %67
2. g SHR/N_CP (SHR/ND—mC!‘—Cp) -'7_ v ]\ ........................................... e 267
PEBTH  SLEET I (MRL TR ANE) v omsmes seesass s e i s e s s 50 0048058 19 584 b (B 8) - 270
L MRL/IDE 7 TR sereesesssssssssessessssstssesesssssaes sesssssss s s 5 bmss s e s s omsabssssase s 270
L. 1 [EE, BBt - ercroeers s oo et o b S 54 4 R SRR 15 0 50 8 AESOAS 270
1.2 ﬁ%’ yﬁﬂ ................................................................................................................ 270
108 BEFED R A=K Is oeoomims oo 270
e a OO —— 271
9.1 BIE, MM o s 271
9.0 JBHB, JRE e s 271
IR T L Tb 1 A —— e, 272
3. NZBXNZW(NZB/W) Flv ?x ............................................................................................... 272

— 146 —



3.1 EH;{E, ;F{j;{ﬁ § AL SR G0 SR FR § VIR S8 YR G R e MR Sl KIGEGHES IGO0 T S0 vt o wstsesminchis TR L e otk e Ao A A v B v 979

3.2 ‘Fﬁﬁg’ fﬁﬁ .................................................................................................................... 272
3.3 %ﬁg))(j]:x’_b‘ ........................................................................................................ 272

Fofi BEBAERETIL
F1E BFEETL

(1) BIMBEBREETETIL v R (FHEEDUZE /BETFE) - 274
1o B LSBT vveesoomrmmeoms s ieseaes s et 274
D, BB B e 274
B, TE B ereeeerereieeten i S R L 274

Gl BRI e 274
B. 2 FF BB e s 275
(1) BBBHRHY cororveornemeremesenn s e e e 275

(2) BB MM EREE (JEEEIL) T /L wovreeeres e se oo s 276

(3) EAHBILTE T /U ovrveeeeessmsers s e 276

() FEREPE -vvovrreersoemeseeses oot 278

4, SEBBRETEDYTE oorormroreomor o e o S S 568 SRS 54 278

(2) 5/BRRIETT I overeeememeemeemomsss s oL (fEFLEEh) - 281
L TR DIT covreverremsmssesnserssesesses i et e s 8 S e 281
Q. TETEIUDIATFRHE -wovvereess e re s e 281
8. EBBITHE ccere e e e s 281

3.1 MBERSMHIT L B ITEE oo omrms o ors oo 2892
3.2 BmE/EICLBFE 158 1 75 a1 S 5 55551 289
4, TEREE cooreeeeorssoosmees st 283

FE2 AREEEETIL

(1) HiThy—1 (FUE) RERIEBE M TE TIL oo (LA #&) - 284
L. TETETUDAFIE -ooooveesseeeer et 984
Q. TEFIUMAREE overeererertes et 285
8, ST TADHERUITER s vuem e veossusssvnsess sssoreens seseess assso e sovmssvsons onswannns oo s 48040 15 S —— 285

3.1 ffl:Thyl ﬁ{zk@ﬁgﬂ’ Ag}_ ............................................................................................ 285
(1) ﬁ-ﬁ\y f‘ﬂﬁﬂﬁfﬁﬂlﬂ@ﬁmLﬁ .............................................................................................. 285

(2) x ) 7 D‘—"ﬁ'ﬂ/#}‘ﬂﬁ > ]\ Thy-ll ﬁ‘ﬁg ......................................................................... 287

3.2 T LDEEI oo 287
4, T IUDATFAME ooeeeoee e e 287
4.1 }-&yﬁiﬁbmﬂﬂ@mﬁg{:mmﬁﬁ ............................................................................ 287
4.2 A ﬁy*bAiﬁﬁﬁﬁE@%ﬁ&ﬁﬁg ........................................................................ 288

— 147 —



J. Biochem. 2011;149(2):161-170  doi:10.1093/jb/mvq125

Increased globotriaosylceramide levels in a transgenic mouse
expressing human a1,4-galactosyltransferase and a mouse

model for treating Fabry disease

Received September 1, 2010; accepted October 14, 2010; published online October 19, 2010

Chikara Shiozuka', Atsumi Taguchi'?,
Junichiro Matsuda®, Yoko Noguchi®,
Takanori Kunieda®, Kozue Uchio-Yamada®,
Hidekatsu Yoshioka?, Ryoji Hamanaka®,
Shinji Yano®, Shigeo Yokoyama®,

Kazuaki Mannen®, Ashok B. Kulkarni’,
Koichi Furukawa® and Satoshi Ishii'?*

"Department of Agricultural and Life Sciences, Obihiro University
of Agriculture and Veterinary Medicine, Obihiro, Hokkaido
080-8555; 2Department of Matrix Medicine, Faculty of Medicine,
Oita University, Yufu, Oita 879-5593; 3Laboratory of Animal
Models for Human Diseases, National Institute of Biomedical
Innovation, Ibaraki, Osaka 567-0085; *Department of Cell Biology,
Faculty of Medicine, Oita University, Yufu, Oita 879-5593;
Department of Diagnostic Pathology, Faculty of Medicine, Oita
University, Yufu, Oita 879-5593; ®Division of Laboratory Animal
Sciences, Research Promotion Project, Oita University, Yufu, Oita
879-5593, Japan; "National Institute of Dental and Craniofacial
Research, Bethesda, MD 20892, USA; 2"De:pau'tment of Biochemistry
II, Nagoya University School of Medicine, Nagoya, Aichi 466-0065;
and Biochemical Laboratory, GlycoPharma Corporation, Oita
870-0822, Japan

*Satoshi Ishii, Ph.D., Department of Matrix Medicine, Faculty of
Medicine, Oita University, Hasama-cho Idaigaoka 1-1, Yufu-shi,
Oita 879-5593, Japan, Tel: +81 97 586 5661, Fax: +81 97 546 2534,
email: ishiisO1 @ oita-u.ac.jp

Fabry disease is a lysosomal storage disorder caused by
an a-galactosidase A (a-Gal A) deficiency and resulting
in the accumulation of glycosphingolipids, predomin-
antly globotriaosylceramide (Gb3). A transgenic
mouse expressing the human a-Gal A R301Q mutant
in an a-Gal A-knockout background (TgM/KO) should
be useful for studying active-site-specific chaperone
(ASSC) therapy for Fabry disease. However, the Gb3
content in the heart tissue of this mouse was too low to
detect an ASSC-induced effect. To increase the Gb3
levels in mouse organs, we created transgenic mice
(TgG3S) expressing human a1,4-galactosyltransferase
(Gb3 synthase). High levels of Gb3 were observed in
all major organs of the TgG3S mouse. A TgG3S
(+/-)M(+/-)/KO mouse was prepared by cross-
breeding the TgG3S and TgM/KO mice and the Gb3
content in the heart of the TgG3S(+/—)M(+/-)/KO
mouse was 1.4pg/mg protein, higher than in the
TgM(+/—)/KO (<0.1pg/mg protein). Treatment
with an ASSC, 1-deoxygalactonojirimycin, caused a
marked induction of a-Gal A activity and a concomi-
tant reduction of the Gb3 content in the TgG3S(+/—)
M(+/—)/KO mouse organs. These data indicated that
the TgG3S(+/—) M(+/—)/KO mouse was suitable for
studying ASSC therapy for Fabry disease, and that the
TgG3S mouse would be useful for studying the effect of
high Gb3 levels in mouse organs.

Keywords: active-site-specific chaperone therapy/
Fabry disease/globotriaosylceramide/mouse model.

Abbreviations: A4GalT, al,4-galactosyltransferase;
ASSC, active-site-specific chaperone; a-Gal A,
a-galactosidase A; DGJ, 1-deoxygalactonojirimycin;
Gb3, globotriaosylceramide (Galal,4Galfl1,
4Glc-Ceramide); GLAko mouse, a-Gal A knockout
mouse; Gb4, globotetraosylceramide; G3Stg/GLAko
mouse, transgenic mouse expressing human Gb3
synthase in a-Gal A knockout background; G3S/
COS-7 cells, COS-7 cells expressing human Gb3
synthase; HPTLC, high-performance thin-layer
chromatography; LacCer, lactosylceramide; PBS,
phosphate-buffered saline; Stx1B, Shiga toxin 1
B-subunit; TgM/KO mouse, transgenic mouse
expressing human mutant R301Qa-Gal A in o-Gal A
knockout background; TgG3S mouse, transgenic
mouse expressing human Gb3 synthase; TgG3S
(+/—)M(+/-)/KO mouse, transgenic mouse
expressing human Gb3 synthase and mutant
R301Qa-Gal A in a-Gal A knockout background.

Fabry disease is an X-linked recessive disease caused by
insufficient activity of lysosomal a-galactosidase A
(o-Gal A, EC 3.2.1.22), an enzyme responsible for the
catabolism of glycosphingolipids, predominantly glo-
botriaosylceramide (Gb3) (/). Patients with Fabry
disease show diverse clinical manifestations caused by
generalized vasculopathy—pain in the extremities,
hypohidrosis, angiokeratoma, corneal opacity, ischae-
mic heart disease, progressive nephropathy and cere-
brovascular disease (2). Approximately 60% of the
mutations reported in patients with Fabry disease are
missense mutations in the a-Gal A gene. Although
many products encoded by these missense mutations
have normal catalytic properties, they also have low
thermostability and degrade rapidly after their synthe-
sis in the endoplasmic reticulum (ER) (3—5). A novel
therapeutic strategy for the treatment of Fabry disease,
which uses competitive inhibitors of «-Gal A as
active-site-specific chaperones (ASSCs), has been sug-
gested (6—8). The normal folding of those missense
mutant enzymes can be restored by ASSC treatment,
thus preventing excessive ER-associated degradation
and improving the transport of the mutant enzyme to
the lysosomes (4). Cultivation of patients’ cells with an
ASSC of a-Gal A [e.g. 1l-deoxygalactonojirimycin
(D@GJ)] at low concentrations resulted in a substantial
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increase in both residual enzyme activity and the
amount of intracellular enzyme protein (4, 6, 9).

A mouse line deficient in 0-Gal A (GLAko mice)
was established in 1997 by disruption of the murine
a-Gal A gene (/0). Despite the accumulation of Gb3
in Fabry disease-relevant organs of the GLAko mice,
the mice were clinically normal and had a typical life
span. These mice have served as an excellent model for
studies on enzyme replacement therapy (/I), gene
therapy (/2—14) and substrate reduction therapy (19),
wherein the increased «-Gal A activity and reduced
Gb3 accumulation were primary objectives. However,
this mouse model is not suitable for studying ASSC
therapy, which requires the expression of a human
mutant enzyme. In a previous report (/6), we estab-
lished a homozygous transgenic mouse in a murine
a-Gal A knockout background (TgM/KO mouse) by
crossbreeding a TgM mouse expressing the human
a-Gal A R301Q mutant (/7) in GLAko mice. Like
the GLAko mouse, the TgM/KO mouse does not
exhibit a disease phenotype, however these mice do
express human mutant a-Gal A and serve as an excel-
lent biochemical model for studying ASSC (/8).
Heterozygous TgM/KO mice show a lower «-Gal A
activity than the homozygotes, and Gb3 accumulates
in the kidney of the heterozygous mouse, but not in the
heart, which is affected in Fabry disease (/6).

The purpose of this study was to establish a trans-
genic mouse that expressed high levels of Gb3 as well
as the human mutant a-Gal A enzyme in heart tissue,
which would permit us to assess the effect of ASSC
(enhancement of o-Gal A activity and decrease in
Gb3 accumulation) in the heart. Here, in order to in-
crease cardiac Gb3 production, we simply overex-
pressed human ol,4-galactosyltransferase [44GalT,
Gb3 synthase (G3S, EC 2.4.1.228)] to obtain the
TgG3S mouse line. We confirmed that these mice ex-
pressed high levels of Gb3 in their major organs, and
then bred them with the TgM/KO mice to obtain
TgG3S(+/—)M(+/-)/KO mice. Here we report the
characterization and potential usefulness of this new
mouse line.

Materials and Methods

Establishment of a stable transformant expressing A4GalT

in COS-7 cells and A4GalT-overexpressing

transgenic mice (TgG3S)

The human Gb3 synthase (G3S) cDNA containing the full-length
coding sequence and an EcoRI site at both ends was prepared by
polymerase chain reaction (PCR) using a Phusion™ High-Fidelity
PCR Kit [New England BioLabs (NEB), Ipswich, MA, USA]. The
¢DNA for a1,4Gal-TpVTR1 (/9) was the template, and the primer
sequences were Y-TGGGAATTCCATGTCCAAGCC-3'  and
5-GGGGAATTCACAAGTACATTTTCATGGC-3. The 1.1-kb
PCR product was purified with a PCR Purification Kit (QIAGEN
K K., Japan) and digested with EcoR1 (NEB). The digested cDNA
was subcloned into the EcoRI site of expression vector pPCXN2 (20),
and the product was designated as pCXN2-G3S. For the prepar-
ation of the stably transformed G3S/COS-7 cells, pCXN2-G38
was linearized with Hindlll (NEB) and then transfected into
COS-7 cells with the FuGENE™6 transfection reagent (Roche
Molecular Biochemicals, Basel, Switzerland), according to the
manufacturer’s protocol. Stably transformed G3S/COS-7 cells were
selected by growing them in culture medium containing 400 pg/ml of
G418 (Sigma, St Louis, MO, USA) for 4 weeks.
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A DNA fragment comprising a mammalian expression unit and
the human Gb3 synthase cDNA was prepared by digesting the
pCXN2-G3S with Safl and BamHI (NEB). A fragment that was
~3.5kb was isolated by agarose gel electrophoresis and purified by
a Gel Extraction Kit (QIAGEN). A transgenic mouse (TgG3S) ex-
pressing human Gb3 synthasc was generated by injecting the DNA
fragments into the pronuclei of fertilized eggs taken from superovu-
lated C57BL/6J Jms female mice, and the embryos were implanted
into pseudopregnant Je:MCH mice, as described previously (27).
Transgenic founder mice were identified by PCR with a primer set
(5-ATTGTTCTCAAGAACCTGCG-3 and 5-ATTTGTGAGCC
AGGGCATTG-3). A transgene fragment was confirmed as a
single 548-bp band on agarose gel electrophoresis. To generate an
animal model exclusively expressing both human G3S and human
mutant a-Gal A in an endogenous GLA knockout background
[TeG3S(+/=)M(+/—)/KO mice], we first prepared a mouse line
overexpressing the human G3S transgene in an a-Gal A knockout
background (G3Stg/GLAko) by crossbreeding male TgG3S mice
and homozygous female GLAko mice (since GLA is located on the
X chromosome). After the G3Stg/GLAko mouse line was estab-
lished, TgM/KO and G3Stg/GLAko mice were crossbred to obtain
TgG3S(+/—)M(+/~)/KO mice.

Determination of A4GalT mRNA expression in mouse tissues
The A4GalT mRNA expression of the transgene (human A4GalT)
was determined by a reverse transcriptase (RT)-PCR using Takara
RNA PCR Kit (AMV) Ver.3.0 (Takara Bio Inc., Shiga, Japan). The
total RNA samples from tissues of wild-type and transgenic mice
were prepared with RNAiso (Takara Bio Inc.), and the RNA con-
centrations were determined by absorbance at 260nm. The RT
reaction was performed at 30°C for 10min, and then at 42°C for
15 min, followed by incubation at 99°C for 5min. PCR amplification
was performed using the following conditions: initial denaturation
(94°C, Smin) followed by 30 cycles of denaturation at 94°C for 305,
annealing at 58°C for 30s, elongation at 72°C for 30s and further
elongation at 72°C for 2min. The DNA fragment (409 bp), which
contained a sequence that is highly conserved between the mouse
and human 44GalT genes, was amplified with primers 5-GGCATC
TC(A/T)CTTCTGAGCTG-3' and 5-GGATGGAACACCACTTC
TTG-¥. PCR products were run on a 2% agarose gel, stained
with ethidium bromide and photographed. The glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) gene was used as an expres-
sion control gene as described previously (22).

Administration of DGJ to TgG3S(+/—)M(+/—)/KO mice
TgG3S(+/—)M(+/—)/KO mice were supplied with fresh tap water
ad libitum and rodent pellets. DGJ (Toronto Research Chemicals,
Toronto, Canada) was administrated to one group of female
TgG3S(+/—)M(+/-)/KO mice in tap water as a DGJ aqueous
solution without any other substances. After 4 weeks, the animals
were sacrificed and the organs were quickly removed and rinsed with
phosphate-buffered saline (PBS). Tissue homogenates were subjected
to enzyme assays and lipid extraction.

Assay of enzyme activity and protein content

All samples were kept on ice and processed as rapidly as possible.
Approximately 10% (w/v) tissue homogenates were prepared in
water using a micro-homogenizer (Physcotron, Niti-on Inc., Chiba,
Japan). The supernatant obtained from the homogenate after cen-
trifugation at 10,000g for 5min was used in the enzyme assays. The
a-Gal A activity was assayed with 4-methylumbelliferyl a-p-galacto-
side (Sigma) as the substrate and N-acetyl-p-galactosamine (75 mM)
as the inhibitor for «-N-acetylgalactosaminidase in 0.1 M sodium
citrate buffer (pH 4.6) as described previously (/6). The protein con-
centration was determined using a DC Protein Assay kit (Bio-Rad
Laboratories, Hercules, CA, USA) with bovine serum albumin as
the standard.

Detection of neutral and acidic glycosphingolipids by
thin-layer chromatography analysis

Glycosphingolipids were extracted from cultured cells and mouse
tissues and were analysed as described previously (/4), with some
modifications. Crude lipids were extracted from cultured cells
(eq. to 1 mg of protein) and tissue homogenates (eq. to Smg of
protein), using a mixture of chloroform:methanol (2:1, v/v).
Glycosphingolipids were dried under a stream of nitrogen.
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The dried samples were dissolved in chloroform : methanol : water
(30:60:8, v/v) and applied to a TOYOPEARL DEAE-650 column
(Tosoh Corporation, Tokyo, Japan). The column was washed with
chloroform : methanol : water (30: 60: 8, v/v). The pass-through frac-
tion was pooled for the preparation of neutral glycosphingolipids.
The acidic glycosphingolipids including gangliosides were eluted
with chloroform : methanol: 0.8 M sodium acetate (30:60:8, v/v),
and they were desalted with Sep-Pak C18 reverse-phase cartridge
(Waters, Milford, MA, USA) and then analysed by thin-layer chro-
matography (TLC). The neutral glycosphingolipids fraction was
dried, and then subjected to mild alkaline treatment with 1 ml of 0.1
N NaOH in methanol at 40°C for 2 h. After neutralizing the solution
with glacial acetic acid, glycosphingolipids were further subjected to
the Folch’s partition (choloroform : methanol : H,0, 8:4:3 in v/v/v),
recovered in the lower phase, and then quantitatively applied to TLC
plates. TLC analyses were performed with HPTLC-Silica gel 60 plates
(Merck & Co., Inc., Whitehouse Station, NJ, USA) using a solvent
system of chloroform:methanol:water (60:35:8, v/v/v) and
chloroform : methanol :0.2% CaCl, (60:35:8, v/v/v) for the
separation of neutral and acidic glycosphingolipids, respectively.
Glycosphingolipids were detected by spraying the plate with
orcinol-sulphuric acid reagent, and heating the plate at 110°C. The
Gb3 from porcine erythrocytes was purchased from Nakalai Tesque
(Kyoto, Japan), and other glycosphingolipid standards were pur-
chased from Wako Pure Chemicals (Osaka, Japan). The ganglioside
standards from bovine brain (GM1, GM2 and GM3) were purchased
from Wako.

Binding assay

The Stx1B binding assay was performed as described previously (23),
with some modifications. After glycosphingolipids were separated by
TLC as described above, a TLC plate was sunk in a 0.4% polyiso-
butylmethacrylate (GlycoTech, Rockville, MD, USA) solution
(2.5% polyisobutylmethacrylate in chloroform was diluted to 0.4%
with hexane) and then blocked with 1% bovine serum albumin in
PBS (BSA-PBS). The plate was incubated with 2.5 pg/ml of Stx1B in
BSA-PBS at room temperature for 20 min and washed with PBS.
After incubation with 7.0 pg/ml of anti-Stx1B polyclonal antibody
(produced in rabbits with purified StxI1B) for 20 min the plate was
washed with PBS. After further incubation with horseradish
peroxidase-conjugated anti-rabbit IgG (Pierce Chemical, Rockford,
IL, USA) at room temperature for 20min and the following
final washing, Stx1B-binding was visualized with an enhanced
chemiluminescent substrate (Pierce).

Immunoelectron microscopy

The G3S/COS-7 cells were cultured with or without 10 mM DGJ for
4 days, then fixed in 2% glutaraldehyde in 0.2 M phosphate buffer
(pH 7.4) for 3h; they were then further incubated in 1% osmium
tetraoxide for 2 h, dehydrated in ethanol and embedded in Epok 812.
Immunoelectron microscopy was performed as described previously
(24). In summary, each thin section was briefly microwaved in
Target Retrieval Solution, pH 10 (DAKO, Carpinteria, CA, USA)
and then incubated for 30min at room temperature with Stx1B
(2.5pg/ml). After being washed with Wash Buffer [S0mM
Tris—HCI (pH 7.6) containing 0.8% NaCl and 0.1% BSA], the ultra-
thin section was incubated with anti-Stx1B antibody (7 pg/ml). After
another wash, the section was incubated with gold-conjugated goat
anti-rabbit IgG. The section was then washed again, stained with
uranyl acetate and lead citrate, and examined using a transmission
electron microscope (JEM-1200EXII, JEOL, Akishima, Tokyo,
Japan).

Results

Establishment of TgG3S mice

First, we prepared a stable transformant COS-7 cell
line expressing Gb3 synthase (G3S/COS-7 cells) to
confirm that the expression construct prepared in our
present study could increase intracellular Gb3 content.
We extracted neutral glycosphingolipids from the cells
and quantitated them by high performance TLC
(HPTLC) (Fig. 1). The Gb3 and globotetraosylcera-
mide (Gb4) levels in the G3S/COS-7 cells were

a1,4-galactosyltransferase transgenic mouse

markedly higher than those in the parental COS-7
cells or in a control line transformed with only the
empty vector. The content of lactosylceramide
(LacCer) in the G3S/COS-7 cells was lower than it
was in the COS-7 cells, indicating that the expression
product from the 44GalT gene in our construct cata-
lysed the construction of Gb3 from LacCer.

A mouse line expressing the 44GalT gene (TgG3S)
was generated by injecting the DNA fragment into the
pronuclei of fertilized mouse ova taken from C57BL/
6J female mice. A marked increase in the expression of
the A4GalT gene in heart, kidney, liver, spleen, small
intestine, brain, lungs and muscle of the TgG3S mice
compared with wild-type C57BL/6J mice was observed
by RT-PCR (Fig. 2A). High levels of Gb3 synthase
expression resulted in an increase in Gb3 levels of all
organs examined in this study (Fig. 2B). A glycosphin-
golipid band (possibly galabiosylceramide) with an Rf
value similar to that of LacCer by HPTLC was also
increased in the kidney and brain of the TgG3S mouse.
No change was observed in the content of acidic glyco-
sphingolipids including gangliosides in organs of
TgG3S mice (data not shown). The TgG3S mouse
line did not show any clinical phenotype and had a
typical life span.

Preparation of TgG3S(+/—)M(+/—)/KO mouse line as
a model mouse for ASSC therapy

To study the effect of ASSC on Gb3 content in the
heart, we tried to increase the cardiac Gb3 content of
the TgM/KO mouse by introducing the G3S-
overexpressing transgene. The TgG3S(+/—)M(+/-)/
KO mouse was created by crossbreeding the G3Stg/
GLAko mouse and the TgM/KO mouse. The Gb3
content in the TgG3S(+/—)M(+/—)/KO heart and
kidney was determined and compared with that in

Top

GlcCer

LacCer

Gb3

Gb4

Origin mmjps e ——

Fig. 1 Neutral glycosphingolipids in stably transformed G3S/COS-7
cells. Neutral glycosphingolipids were extracted from cell hom-
ogenates (containing 1 mg protein), as described in ‘Materials and
Methods’ section. Glycosphingolipids were visualized with
orcinol-sulphuric acid reagent. Lane 1, intact COS-7 cells; lane 2,
mock transfection; lane 3, stable transformant G3S/COS-7 cells.
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Fig. 2 Expression of A4GalT gene and glycosphingolipids in tissues of
TgG3S mice. A human G3S-overexpressing mouse line was prepared
as described in ‘Materials and Methods’ section. (A) The expression
of A4GalT mRNA was determined by RT—PCR analysis with a
primer set that can amplify both mouse and human genes. The
glyceraldehyde phosphate dehydrogenase (GAPDH) gene was
amplified as an internal control. (B) Neutral glycosphingolipids
were extracted from tissue homogenates (containing 5 mg protein)
prepared from age-matched TgG3S and wild-type mice and
applied to HPTLC, as described in the legend to Fig. 1.

wild-type C57BL/6J, TgG3S(+/—) and TgM(+/—)/KO
mice (Fig. 3). A Gb3 level as high as that of the TgG3S
mice (1.3+0.3pg/mg protein) was observed in
the heart of the TgG3S(+/—)M(+/—)/KO mice
(1.1£0.3 ug/mg protein) (Fig. 3A). Furthermore,
when we probed the HPTLC plate with Shiga toxin 1
B-subunit (Stx1B), which selectively binds Gb3, we did
not detect Gb3 in the heart tissue of mouse lines that
did not express the A4GalT transgene (i.e. wild-type
and TgM(+/—)/KO mice) (Fig. 3C). In contrast, Gb3
was detectable in kidney tissue of all the mouse lines,
and a slight increase was observed in the lines express-
ing the A4GalT transgene (Fig. 3B, D and F). The
A4GalT transgene did not change the a-Gal A activity
in either the heart or kidney (Fig. 3G and H). Marked
increase in Gb3 content was detected in the heart and
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kidney by the expression of Gb3 synthase, however no
abnormality was observed in the histological examin-
ation of both organs from TgG3S(+/—)M(+/—)/KO
mouse (data not shown).

Age-related increase in the kidney Gb3 content in
TgG3S(+/—)M(+/—)/KO mice

The Gb3 content in the kidney of both the TgM(+/—)/
KO and the TgG3S(+/—)M(+/—)/KO mice increased
~3-fold between 5 and 10 weeks of age (Fig. 4A and
B). In contrast, neither the Gb3 content in the heart
nor the a-Gal A activity in the heart or kidney changed
during this time (Fig. 4B—D). These data showed that
we needed to use age-matched TgG3S(+/—)M(+/-)/
KO mice to determine the effect of DGJ on Gb3 con-
tent in the kidney. Because the change in the Gb3 con-
tent in the kidney changed relatively little between
10 and 15 weeks of age, we used mice in this age
range to study the effects of DGJ treatment.

Effect of 0.05 mM DGJ treatment on Gb3 content in
heart and kidney of TgG3S(+/—)M(+/—)/KO mice
DGJ was administrated to TgG3S(+/—)M(+/-)/KO
mice in their water as a 0.05mM solution, available
ad libitum, for 4 weeks. Based on the daily water con-
sumption, the DGJ dosage was calculated to be
~3mg/kg body weight/day. In the heart tissues of
TgG3S(+/—)M(+/—)/KO mice after treatment with
DGJ, a 0.69-fold decrease in Gb3 content
(1.44+0.38 and 0.99 £ 0.40 pg/mg protein in control
and DGJ-treated mice, respectively) was observed,
along with a 5.4-fold increase in a-Gal A activity
(24.7 + 7.6 and 133.0 £ 24.9 unit/mg protein in control
and DGJ-treated mice, respectively) (Fig. 5). Likewise,
the Gb3 content of the kidney tissue decreased
0.61-fold (6.56+1.33 and 3.97£0.57 ug/mg protein
in control and DGJ-treated mice, respectively), and
the o-Gal A activity in the kidney increased 4.4-fold
(6.4 £ 3.1 and 28.0 £ 2.8 unit/mg protein in control and
DGJ-treated mice, respectively) after treatment. These
data indicate that the enhancement of the mutant
a-Gal A activity by treatment with DGJ reduced the
Gb3 content of the heart as well as the kidney, and that
the TgG3S(+/—)M(+/-)/KO mouse line is a useful
mouse model for the study of ASSC treatment in
Fabry disease-relevant organs.

Inhibitory effect of high-concentration DGJ ona-Gal A
activity causes Gb3 accumulation in G3S/COS-7 cells
To determine the critical concentration of DGJ
required to reduce the Gb3 accumulation of mamma-
lian cells, G3S/COS-7 cells were cultured in DGJ
(0—10 mM)-supplemented medium for 4 days.
Significant Gb3 accumulation was observed in cases
where DGJ dosage was >1 mM (Fig. 6A and B). As
an explanation, we found that DGJ decreased the
intracellular a-Gal A activity at these higher concen-
trations, although it slightly increased the a-Gal A
activity at 10 uM DGJ, by the ASSC effect (Fig. 6C).

To confirm that the Gb3 accumulated in the lyso-
somes of the G3S/COS-7 cells, an immunoelectron
microscopic study was conducted using the Stx1B
and anti-Stx1B polyclonal antibodies to label the
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Fig. 3 Characterization of TgG3S(+/—)M(+/—)/KO mouse line. Gb3 content and a-Gal A activity in heart (A, C, E, and G) and kidney (B, D,
F, and H) tissue from 10-week-old TgG3S(+/—)M(+/—)/KO mice were compared to those from age-matched mice from other lines. In (A—H),
the lanes and columns show results from the following genotypes: 1, wild-type; 2, TgG3S(+/-); 3, TgM(+/-)/KO; 4, TgG3S(+/—)M(+/-)/KO.
The neutral glycosphingolipids were extracted and visualized with orcinol-sulphuric acid reagent (A and B) or by Stx1B-binding (C and D). The
Gb3 content (E and F) and o-Gal A activity (G and H) were determined as described in ‘Materials and Methods’ section.

Gb3 (Fig. 6D and E). The number of gold particles in
each lysosome was markedly increased in the samples
treated with 10-mM DGJ, indicating that the Gb3 had
accumulated in them.

Administration of DGJ at high concentrations to
TgG3S(+/—)M(+/-)/KO mice

To elucidate whether high concentrations of DGJ
would also cause Gb3 accumulation in mouse tissues,
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Fig. 4 Developmental changes in Gb3 content and a-Gal A activity in mouse heart and kidney. The Gb3 content and «-Gal A activity in the heart
and kidney of TgM(+/—)/KO (A and C) and TgG3S(+/—)M(+/—)/KO mice (B and D) were determined at the indicated ages, as described in
‘Materials and Methods’ section. Each bar represents the means + SD of data from three or four mice.
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Fig. 5 Effect of DGJ treatment on Gb3 content and a-Gal A activity in TgG3S(+/—)M(+/—)/KO mice. DGJ (0.05mM) was administrated to
10-week-old TgG3S(+/—)M(+/—)/KO mice in their drinking water for 4 weeks. The dosage of DGJ was estimated to be 3 mg/kg/day. Six female
mice each were used in the DGJ-treated (dark-coloured bar) and control (light-coloured bar) groups. The Gb3 content (A) and o-Gal A activity
(B) in the heart and kidney were determined as described in ‘Materials and Methods’ section. The statistical significance of the difference was

determined by Student’s 7 test. *P <0.05, **P<0.01.

TgG3S(+/—)M(+/-)/KO mice (three 10-week-old
female mice for each group) were treated with DGJ
at 5-fold (0.25mM) and 25-fold (1.25 mM) higher con-
centrations than in the original experiment, for
4 weeks. No significant increase in Gb3 content
either in heart or kidney tissue was observed after
treatment with DGJ at high concentrations, and the
low level of Gb3 in the TgG3S(+/—)M(+/—)/KO
mouse tissues (~1.0 and 3.7 pg/mg protein in heart
and kidney, respectively) was maintained (Fig. 7A
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and B), compared to that of age-matched
G3Stg/GLAko mice (14 and 38 pg/mg protein in
heart and kidney, respectively), which have no a-Gal
A activity in their organs. Likewise, DGJ increased
a-Gal A activity dose-dependently in the heart and kid-
ney of the TgG3S(+/—)M(+/—)/KO mice (Fig. 7C and
D). These data indicated that at least a 25-fold higher
DGJ concentration (75mg/kg body weight/day) may
be safe for the treatment of patients with Fabry
disease.
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Fig. 6 Treatment of G3S/COS-7 cells with high-concentration DGJ. G3S/COS-7 cells were cultured for 4 days in high-glucose DMEM medium
containing 10% foetal bovine serum with different concentrations of DGJ. After cells were rinsed with PBS, cells were harvested with PBS by a
plastic scraper, and collected by centrifugation (3000g, 5min). The cell pellet was homogenized with water and used for the determination of Gb3
content and o-Gal A activity. In (A), HPTLC analysis of Gb3 and Gb4 was visualized by orcinol-sulphuric acid reagent. The values of Gb3

content (B) and a-Gal A activity (C) are the means & SD from three cultures. The statistical significance of the difference was determined by

Student’s ¢ test; *P <0.05 versus DGJ-free culture. In (A, B and C), lanes and columns are the same, and 1, DGJ-free control culture; 2, 1 uM
DGJ; 3, 10uM DGJ; 4, 100 uM DGJ; 5, I mM DGJ; 6, 10mM DGJ. The accumulation of Gb3 in lysosomes was determined by Stx1B-binding
immunoelectron microscopic study in DGJ-free (D) and 10 mM DGJ-treated G3S/COS-7 cells (E). The ultrathin sections were incubated with
Stx1B, then with anti-Stx1B polyclonal antibody, followed by immunogold labeling. Typical gold particles are pointed out by arrows.

Discussion

To increase the Gb3 content in mouse tissues, we tried
overexpressing human Gb3 synthase in them. Since
high Gb3 content was observed in tissues of the
TgG3S mouse compared with wild-type mouse
organs (Fig. 2), Gb3 synthase may be a critical
enzyme for the synthesis of Gb3 in mouse organs, par-
ticularly in the heart and small intestine, where the
increase was greatest. The increase in the tissue Gb3
level was determined by the binding of Stx1B (Fig. 3),
which selectively binds Gb3 (25, 26). The effect of
G3S-overexpression on Gb3 content was greater in
the heart than in the kidney, indicating that Gb3 syn-
thase is expressed at low levels in wild-type mouse
heart. The absence of Gb3 in the TgM/KO mouse
heart was caused not only by its low expression of
the Gb3 synthase gene, but also by the high activity
of the mutant a-Gal A. However, the G3S-stimulated
Gb3 production outstripped Gb3’s decomposition
by a-Gal A activity in the heart of the TgG3S
(+/—)M(+/—)/KO mouse, leading to the accumulation
of Gb3 (even though the Gb3 content was still lower
than it was in the kidney).

We did not identify the neutral glycolipid, which has
a similar Rf value to that of LacCer on HPTLC and
which increased in the kidney and brain tissues in
response to G3S-overexpression. However, it may
be galabiosylceramide (Galal,4Gal-Cer), since this
glycolipid can be made by Gb3 synthase (19), and

galactosylceramide (Gal-Cer) is produced in the
kidney as well as in the brain (27).

The kidney Gb3 level increased with age in both
TgM(+/-)/KO and TgG3S(+/—)M(+/=)/KO mice
(Fig. 4). However, the a-Gal A activity was not changed
in kidney tissue by the additional expression of
the Gb3 synthase gene, and an increase in the kidney
Gb3 level with age was also reported in GLAko mice
(28), indicating that the age-related Gb3 accumulation
in the kidney is not caused by a decrease in the catab-
olism of Gb3. Although the mechanism by which
kidney Gb3 levels increase with age is unknown, these
findings meant that we had to use age-matched mice
to determine the ASSC effect on the kidney Gb3 level.

After successfully increasing the heart Gb3 level in
mice, we were able to examine the ASSC effect of DGJ
on Gb3 content in the heart tissue of TgG3S(+/
—)M(+/-)/KO mice. A significant reduction of Gb3
in the heart was observed following treatment with
0.05mM DGIJ for 4 weeks, indicating that TgG3S(+/
—)M(+/-)/KO mice are a useful animal model for
determining the effect of ASSC therapy. A recent
report on ASSC by Khanna et al. (29) using model
mice also demonstrated that treatment with DGJ
decreases the Gb3 level in the mouse heart. Although
they used the same human mutant a-Gal A (R301Q)
cDNA for the preparation of a model mouse, their
strategy was very different from ours. Their mouse
model, which shows Gb3 accumulation in heart
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Fig. 7 Administration of high concentrations of DGJ to TgG3S(+/—)M(+/—)/KO mice. High concentrations of DGJ were administered to

TgG3S(+/—)M(+4/—)/KO mice (three or four 11-week-old female mice in each group) for 4 weeks. The Gb3 content and a-Gal A activity in the
heart (A and C, respectively) and in the kidney (B and D, respectively) were determined as described in ‘Materials and Methods’ section. Lanes in
A-D were the same, and lane 1, 0.05mM DGJ treated; lane 2, 0.25mM DGJ treated; and lane 3, 1.25mM DGJ treated TgG3S(+/—)M(+/=)/

KO mice, and lane 4, age-matched TgG3S(+/—)/KO mice.

tissues, was prepared by reducing the expression level
of the mutant a-Gal A gene by using the human GLA
promoter—which is a very weak promoter— instead of
the stronger CAG (cytomegalovirus immediate-early
enhancer/chicken PB-actin hybrid) promoter. In con-
trast, we prepared a mouse model overexpressing
both Gb3 synthase and the mutant o-Gal A genes.
Our study confirmed the work of Khanna et al. (29)
by reproducing their findings on the effect of DGJ in
the heart, in a different mouse model. Although the
effect of ASSC on Gb3 content can be determined in
our mice and mice reported by Khanna et al. (29), the
benefit of our mice is to be able to determine the lo-
calization and content of mutant enzyme in mice tissue
with its antibody (/6, 18) as well as the localization of
Gb3. Our mice will be useful for the elucidation of the
mechanism of ASSC effect in detail by the detection of
both mutant enzyme and Gb3 at the same time.
Although treatment with DGJ at a low concentra-
tion (<100 uM) can increase mutant a-Gal A activity,
at high concentrations (>1mM) DGIJ significantly
inhibits a-Gal A (30), leading to a corresponding in-
crease in Gb3 levels in G3S/COS-7 cells (Fig. 6). Here,
the increase in Gb3 content correlated with a decrease
in the intracellular a-Gal A activity, and we used
immunoelectron microscopy to show that Gb3 accu-
mulated in the lysosomes of G3S/COS-7 cells treated
with 10mM DGIJ. These data demonstrate the import-
ance of determining a safe and effective concentration
of DGJ for use in clinical therapy. In our present
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study, we used a 25-fold higher concentration
(~75mg/kg/day treatment) of DGIJ than the usual
dose (3mg/kg/day treatment), which did not inhibit
a-Gal A activity nor increase the tissue Gb3 level
(Fig. 7), indicating that the tissue concentration of
DGJ is below the inhibitory level at oral dosage.
From no further reduction of Gb3 content either in
heart or kidney tissue was observed by the treatment
with DGIJ at higher concentrations, the usual dose
(3mg/kg/day treatment) may be a suitable dose for
the ASSC effect in our mouse model.

In conclusion, the Gb3-synthase-overexpressing
mouse (TgG3S) shows an increased Gb3 level in its
organs, and was useful in generating a mouse line
(TgG3S(+/—)M(+/-)/KO) that can be used as an ani-
mal model for studying the efficacy of ASSC therapy
for Fabry disease.
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Recent epidemiological studies suggest that diabetes mellitus is a
strong risk factor for Alzheimer disease. However, the underlying
mechanisms remain largely unknown. In this study, to investigate
the pathophysiological interaction between these diseases, we
generated animal models that reflect the pathologic conditions
of both diseases. We crossed Alzheimer transgenic mice (APP23)
with two types of diabetic mice (ob/ob and NSY mice), and ana-
lyzed their metabolic and brain pathology. The onset of diabetes
exacerbated Alzheimer-like cognitive dysfunction without an
increase in brain amyloid-p burden in double-mutant (APP*-ob/
ob) mice. Notably, APP*-ob/ob mice showed cerebrovascular
inflammation and severe amyloid angiopathy. Conversely, the
cross-bred mice showed an accelerated diabetic phenotype com-
pared with ob/ob mice, suggesting that Alzheimer amyloid path-
ology could aggravate diabetes. Similarly, APP*-NSY fusion mice
showed more severe glucose intolerance compared with diabetic
NSY mice. Furthermore, high-fat diet feeding induced severe
memory deficits in APP*-NSY mice without an increase in brain
amyloid-p load. Here, we created Alzheimer mouse models with
_ early onset of cognitive dysfunction. Cerebrovascular changes
and alteration in brain insulin signaling might play a pivotal role
in this relationship. These findings could provide insights into this
intensely debated association.

p-amyloid | insulin

he incidences of Alzheimer disease (AD) and diabetes mel-

litus (DM) are increasing at an alarming rate and have
become major public health concerns (1, 2). Interestingly,
numerous epidemiological studies demonstrated that diabetic
patients have a significantly higher risk of developing AD,
independent of the risk for vascular dementia (2, 3). These
findings raise the possibility that DM may affect fundamental
AD pathogenesis. A neuropathological hallmark of AD is
p-amyloid peptide (AP) accumulation in the brain (4). Of
importance, recent data showed a clear relationship between
insulin and Ap metabolism (5-7). For example, insulin increased
the extracellular Ap level by modulating y-secretase activity (6),
or by increasing its secretion from neurons (5). Insulin-degrading
enzyme, a major Ap-degrading enzyme, might be competitively
inhibited by insulin, resulting in decreased AP degradation (7). In
addition, the brain insulin-degrading enzyme level was decreased
in a hyperinsulinemic Alzheimer animal model (8). Nevertheless,
unexpectedly, there is no evidence that the typical pathological
hallmarks of AD, including amyloid plaque, are increased in the
brain of diabetic patients (9, 10). Thus, DM could affect the
pathogenesis of AD through other mechanisms than modulating
AP metabolism. One possible mechanism is cerebrovascular
alteration, a common pathological change in DM and AD.
Accumulating evidence suggests the importance of Ap-induced
cerebrovascular dysfunction in AD (11). Moreover, cere-
brovascular disease is a major complication of DM. Vascular
inflammation or oxidative stress mediated by the receptor for

7036-7041 | PNAS | April 13,2010 | vol. 107 | no. 15

advanced glycation end products (RAGE) has been shown to be
a possible mechanism for vascular dysfunction in diabetes (12).
RAGE also functions as a putative AP receptor and plays a
significant role in AD (13, 14).

To further elucidate the underlying mechanisms linking AD
and DM, we generated animal models that reflect the pathologic
conditions of both diseases. We crossed APP23 transgenic mice,
a well established animal model for AD, which express human-
type amyloid precursor protein (APP) derived from a large
Swedish family with early-onset AD (15), with leptin-deficient
ob/ob mice or polygenic NSY mice (16) as a model for DM. Our
present results provide insights into the mechanisms underlying
the pathological relationship between AD and DM.

Results

Metabolic Features of APP*-ob/ob Mice. To evaluate the impact of
diabetic symptoms on the pathophysiology of AD, we generated
an animal model by crossbreeding APP23 mice and diabetic ob/ob
mice. APP™ -ob/ob mice showed early-onset obesity compared with
original APP* mice (Fig. 1 A and B). In addition, APP*-0b/ob
mice showed severe hyperglycemia (Fig. 1C), hyperinsulinemia
(Fig. 1D), glucose intolerance on glucose tolerance test (GTT)
(Fig. LE), and hyperlipidemia (Fig. S1) compared with APP™ mice
at 8 weeks. Of importance, the diabetic phenotype was markedly
more severe in APP*-0b/ob mice than in original ob/ob mice (Fig.
1 C-G), although APP™ -ob/ob mice were slightly leaner than ob/ob
mice (Fig. 1B). APP*-0b/ob mice showed more marked glucose
intolerance than ob/ob mice in GTT (Fig. 1E). Insulin sensitivity
measured by the reduction in blood glucose after insulin admin-
istration was markedly reduced in APP*-ob/ob mice compared
with ob/ob mice (Fig. 1F). There was no significant difference in
insulin sensitivity between APP* and WT mice (Fig. 1G). We
studied insulin signaling (Akt phosphorylation) in liver and muscle
to estimate the contribution of these insulin-sensitive peripheral
organs to the aggravation of insulin resistance in APP*-ob/ob
mice. In a reflection of their severe insulin resistance, APP*-ob/ob
mice showed suppression of insulin-stimulated Akt phosphor-
ylation (Ser473) compared with ob/ob mice in these organs,
without alterations in total Akt concentration (Fig. 1 H and [).
No significant difference was observed between APP* and WT
mice (Fig. 1 H and I). APP*-0b/ob mice and ob/ob mice showed
no difference in daily food intake (Fig. 1J) and basal activity (Fig.
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