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2. HTLV-1 BEHE & miRNA

W #|EE RS
HEAZ AL BRI AR SR LR 23
XFA AN DEBRRERR R

HTLV-1 1377 4 VA BEFEWZ X o TS T HREZ AL, BECE D, KA T MlE R
(ATL) #BET A E CORVERPMOERICH 2 0 TFHBEAH 2205w, BREMBER U ATL
MEICBWTERA 2 BETRABRENFZ 4 OFRICES LT A, —~FTERLE2HI#HT 5 LK
ARV MEITRHLR Z25% 0o 72, miRNAIZ X 5 BEFRBEFRE &L VW) F-2BEsRE S TLUE,
HTLV-1/ATL DERICBWC I BEHOFERFELR D ), FFUANVTOEBYET -2 E2 5.
B2, ATL OSROBRBEL AW BRNENRORKE> S, BEEMROKHEO 1 5TH5 NF-«B
OEBEHERICOFTFAITLLTELIE o7, mRNAZHA LDV 2T 1 v 7RI &
NF-«BREBOIZOA =27 bBELAPL2Y), miRNATIEP OF 220 FRELRESN. —HT
HTLV-1 DA FERE miRNA OB L) P miRNARBREFOERBRL Y, $BOBRB IS W,
miRNA SRR TH Y, INDOFFERBORRY HTLV-1 IRDOSBROKRICFSTHLEZ

bIb.

Fram

microRNA (miRNA) 12 19 — 24mer OFEI—F RNA T, &
BEEFO I UTRICEA L, RNA OS5 BELFREEZS
ET L, ENEEFOTFBIIIELSENRELD, —0D
miRNA P EHOBEFRBIT LTHHc@ 2 ks
T& 52, B EEENE L, BELSL &M
- BOBEBICBWTIARIRTH S Z LT T+FICEERH I T
% W48 F BB ORE, D, miRNA OBEEEDNS
YABKHBOEGETEL TSI EHELIPTH D 619,
T AIVAZCBWT D miRNAFFZEIZRAICEDLNTE
0, Bl FL02RMELTHE, FhU, SHEET

B

T 108-8639 - |
REMBXEE&R 4-6-1
REKRFERZEETEIRE A FI R
AT 4 TN ) ABERRERER ST
- TEL: 03-5449-5298

FAX: 03-5449-5418

- E-mail: myamagishi@mgs.k.u-tokyo.ac.ip

tnabe@ims.u-tokyo.ac.jp

HBTA VAL, BEMILO mRNA Y7 — VIZBE S,
T EDNNY VBRI BN T L THS.
DF WEEEEY ANV T 2 FE5EE L LT miRNA
ZRETAHL, —FTIA VAL B%kR P miRNA FHEH
~OFEE, VANALLILIRBEBEORED—DOTHALZ
EHRBENTWE D, 512, FRXAWRAY AL VA
BWC, YA NVABENRY ) AL miRNA 22— FL,
HEOEEBROREBLEIICSZ ARERICERTAZL
HHEINTVE 10 HARNADY A VA LBEOH
BEWEZDA4 087 Mg, BREGOTFELENMIBR S

 BDTHo/zbELHTHAY.

HTLV-1 BFge4EI81 813 % miRNA BFE 1L, R7ERER
ETHY, THICEBEINEATYRWOPTHEIRTH S, #
i, HTLV-1 239 4 M AZHEREIC L o TREERTHE
WHIZEDEOTHETH Y, HTLV-1 L miRNA OEE
B EEEGREZERT L EFES TRV EERY
%. LrL, HTLV-1 BT & o THI & h - iabkse B
LM ORKETHLRATHEBEILE (ATL) WEO
SEME AT ST, HTLV-1 ICBE T 5 miRNA 024k
BIZ VT2 00d B, FBEHTI, HILV-1/ATL
BEEFOREE T D, Y1 IVA L miRNA OBERZ, &
U miRNAEZEICL 55 FHREBLHHE L, miRNABZED

-_-223— P o ey S T T
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SHORBEBEIIOVWTERTS.
HTLV-1 H3E miRNA DEEICOWVWT

BAEF T, EBVSR KSHV 2 EDANVRAT A VAE
S RFLI, 200 RRBE BE L DY A4 )V AHE miRNA BER
ENTw3 D I DNA YA VAL, fEE miRNA &
FRELZ ™ £ v A F3E miRNA % 825 2> & Drosha — Dicer
- RISC %#&% miRNA O H#BEZ 0T IFHETE 5.
Tl TANVAHEmRNAIBBOT A NVAST VNI ELE
B DEVRNA TH L DREBEREESLZL, JANVAD
BRHIBERDCE L -EELFETLIEHTES,. &5
A LOEENRIZTHENKE L, ZAHEDNAOHS
EHEICHABETEL L WHIF RS, DNA T A VAP
miRNA 42— FTA2EHTHL EEZONTWA. F
DEEIFIVIOIAVABILIETETAZILTHDY,
HIV-1 2500 OFFRE I L o THREIMThRTWw3
10111218 - HYTLV-1 {22 Td ¥ A b X FH 3k miRNA O 7F
ESHZEENL LibRATFAN-TEEZTUTLT
VIV ZAnZRELTHILV-1 9 AEIZ3D, Ty
XY ABEIZ 80D miRNA #FHEILTWwA W, —F Lin b
(& HTLV-1 3l Bk MT-2 $f 0 18-24 Y52 D RNA 2
5 cDNA A 7T RERL, 6870 —rDy -1
A %ATo7zhs, HTLV-1 H3k miRNA BR & ho 7
LHELTWAS . Ruggero HIZHRELRTE HICEEMIC
B LZEERLTWAEY, RFVEECREN2REL
PENRDolEBRTVE Y, BE&T AL, HILV-1H
#miRNABHEELZE LTS, BEESWEZBET LY
LIEEIE LNV THL I EPEEENS. T4V AHE
miRNA 1Z4E#85 0 7 4 )V X RNA |2 perfect match TH 1,
A IWVADBEEEEE v 4 VABEFICL DREECEL
FE®525%. 15 0BEEBETFIIHLTOEELR
I EEL NS, HTLV-1 2EE @ miRNA * B $ 5
B, FRENSEDLD BB OOPE V) HIE, £
HOEHETICB T AHERBINCL Y, SBERIHSN
L5THA).

HTLV-1 &78%E miRNA OB

DA VA EFEREIZ, HTLV-1 % RNA & LTEE S
NHEIITEHLR I UTRBERZFDL, BERTYA VA
3% miRNA OB & 72 5 & 72 LT3, HIV- IS
BLTIEBEHEOMES N —TICE o TEFE mRNAIL L 3
774 VA RNA Q¥ & R FEAHE ST\ 5 161719
Z MW, HIV-1 RNA 12 APOBECSG & & %12, P-body 2
BETHIENRENTHE Y, —FHTLV-1 120w T,
T IY X 5% F72ERTFETIBEROBEE miRNA 2
HTLV-1 RNA CEATE 52 EAFH S LT W5 A 1519
EEWRBREEIZIThbhTwniv, 54, Zhbo mRNA
BORBEELIYANVAOBEHRLAVOBEZEZFARLZ LI

REOFMEEFET S D,

(T4 VA £62% £1F5,

FOBHLPIRETHAY. T2, BRTHBEN L
miRNA BEBIFOKREFEETHILICLY, BRLRE
BB ONL LHFENS,

—%, HTLV-1 #* miRNA DAREBIT L CEL 28
Bz OWTIED LT OBEMBIEATYS. Lin bid, BE
DOFD SIRNA I L BERBET O/ v 7 57 YRR
LT, HTILV-1Tax @ k& 2B 2 52 Lhd o7zl L b,
Tax i RNAI DL IZY v 7 LawELTws B, —
J Abe 5%, HTLV-1 Rex 7% Dicer & ¥4 L, shRNA #»
b SiRNANDEIBRICEE Y525 L 2HEL T
%% F 72 OWEE, Rahman 5 i3 Jurkat #3212 Tax %
A L7280 miRNA DFBL S5 — 2 BRERATL 72 2

Tax #EA LM 2 B EEIL L7 41 FEO miRNA

D) B, 35FED miRNA 2584 LT\ 72, Tax %% miRNA
BRI L TED L) 2o FRETEELS 2500
BBRE, 72 HTLV-1 iR E1C Tax 240 L CREHE O
YT FIMEERERET I L0 L) 28 miRNA O
BNy - VICbRELSBEBEE52HLEZOLNS.
miRNA OEFIOEDS LT oMb > TETHY,
% T HTLV-1 8 E miRNA 125 2 2 HEDOBATHRD
BNTWVE.

HTLV-1 BRI &) 5 EETRERY & miRNA

ZHRETREOEFHOMERES miRNA 0RO
DO—D L EZ A, HTLV-1 Buffe< ATL EE MR T,
ZOEEHEOFERFEL PICHEH ENTW S, Cyclin-
CDK #& %, D53 #&i%, JAK-STAT &7z & DEE DI,
B2 NF«B ¥ 7 F VDE L WEBLESHE T 5 229,
HTLV-] B BWTE YA NABRGTFEY TH 5 Tax
2% NF«B D% EH (canonical) R U e BAY (noncanonical)
BREHINEEILL, F0BE BREMRRE 7R -
AP B RS T B 2BBN) —F T, ATLHIIC B
Tk Tax OBBIIFFICEENTH Y, KD DIZTNF-£B
OIEERRRE O FFHICALE T 5 NF-«B inducing kinase
(NIK) 25 ATL ffaic BV CRREICHHL, EER: NF-«B
BET T4 %2 NF-«B
BEOBHERIFTEE SN, Wt B ATL #i5
WL THEALRTRN—VRA2HET L L5, B
BB OF ATL MR NF-« B IS "addict” L7-IREETH
B L E L bhp BON3ZIBUII g @GR,
HTLV-1 B v ) 75 S 5 L7 R I BAZRR (PBMC)
P5iE, BE Tax OFHESREDOLNR VA, i) NF-«B
BESEELLTWETF—FISRENLD, oz tdp
5 % NF-x B BBOEEE HTLV-1 BREEICx T A EE
LAFEMTHAEEZA. NIKIZATL 217 T%<L, £
HUERER U T AR B #iFEY - /3E (DLBCL)
7 EOEMBREESR, XA EDBEEBFAIKBYTD
BELSTFERTDH S 63783 NIK OFH L WVIZEE
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G, B R =YX
‘ SR, BSE

BRI Tl Tax I & o THE D miRNA #EHFE SN, XBOEWEETF TH S TPEIINPL DRBVFBI L, TOHKRT

B =V AEREIER NS

—FTATLERTE, 7 ARUIYY ) AREOEMRIC L o T miR-31 ORB|ABIN 2

(R#EL, NIK ORBE A L7 NF-«BREEBOERMEELIFTESIND.

METERECY YR IBELVRVTHE ST WS 2D,
ATL #8212 81F 3 NIK mRNA ®_EER, MO AICBYT
% NIK KR 72 NF-« B f"%@?ﬁmbx HRAAIIES
P o TV Do 7.
HTLV-1 OB EDFEEO miRNA 8% — V252 2 EE
RN, ERECEHIE T 5 EERRICE VAN FIViH 5.
HIV-1 O X ) CHEECERZBEERRTEET L OFH
BTHD, F7zHTLV-1 BREEEDP S Y V58K & —E8
01*5%3“%@%%3@7’%@ PRETAROBEL I N TV
. BEoT HTLV-1 Bl & o TR S -3k X 5
4%%‘??#9%'( w3, -

Pichler &, ATL & U8 HAM/TSP (HTLV-1 Féél.%’%ﬁr)
BN, HILV-1 2 Tax Lo TSV A7 5 —
AZNI- MR Z AT miRNA OFRBEL~VERE L7 4
HE U7 miRNA 13 ATL SRR ORI & S v 5 #ilfE

THBCBWTEE. miRNA B4, RUNERS M S
NTWFABEE. mlRNA%FMEzE LTWwa, Z0fR,
HTLV-1 B &M f bk © miR21, miR-24, miR-146a, miR-
155 SBE LR L, miR-23VPBEERILTCWEIEEH
B L7z E/2F0% B miR-146a OBHEIFTHIL Tax 12
&5 NF-«kBREBOFEEAPEERTH L EHELMIZL
T3, miR-146a it EBV ® LMP1 I X % NF-x B &E®
EHEAIC L o THHEINDL Z EFHE IR TS 849,

Yeung S, 7EE D HTLV-1 BEMEEE 4 HOE
B ATL $138 % F\»C 327 #0 miRNA OMBR BT %47 o
729 WBEICIREEDPBMC 2 HVTn5, HLiEs
LIZPMAIZ & » T PBMC 2EH L& LR T 5
miRNA BT ) AAT4T\V, HTLV-1 B s THEOE
ALz X o T LA T 5 miRNA & LT miR-18a, miR-93,

—225—

miR-130b 2 HE L T b, 0 F b, miR93 & miR-
130b O3B 5 BHEETF & LT TP53INPL 2 R 7L

HTLV-1 BRfif212 3T, miR-93 B miR-130b DBEE
REMFIPBINPI ORHEEZETI®HZ &L, #Ml
EFOEEIIE5ELTWAEZ 2B S 52 L7, Pichler
b AEE L7 miR-155 1% Yeung 5D ATL M2 BT 518
ZEIREFEMRNADY A MIDEITATWED, EiZZ0—
4E BT miR-155 A5 1 TPS3INPL 2 EHy & §2 Z L 4F
BERRAS A DFFE D HHRE XN T W5 4, TP53INPL i3k~
ZEBREATEIHET & LTEE ST\ 7484850

¥ 72 KSHV %3 ¥ % miR-K12-11 7° miR-155 & &\ 5%
EFud—%FL, miR15OBIBRHELERICBHED
BEE2IIVvI/TAHLEVIERECHEEDL 50,

-~

g

HTLV-1 BB B\ T, 3O miRNA CHE S

% TP53INPl ORBE T OEELBEHEZRHObNEE 2
biad (B1). mR-155 DFEF T BMABRKICIB Tk
LPS 12 & - T, BiBRFERFHIARIZ BV TIE TNF- a I X2 T,
FNENNF-«BEFNCRESFESND 2 L P HE L
T2 5259 F7- miR-130b D7 TE——2h NF-«B
AEFHH Y, LIEO miR-146a L AR, Tax i o T
miR-130b DEFSFEE B D,

ATL IC 51 % miRNA BE

Yeung 5k 4 BIOBRMEEE VWS Z & TATL EEH
FBZBI 2 mRNA KD WTABRELTWAE D, %7
2010 4E1Z Bellon B i, R 7510 ATL BRAFIZDOWT3
BIDOIEHE PBMC d L < 13 CD4+ T Hlfg & #5417 - Tw
%%, ZF@# R ATL T miR-150, miR-155, miR-223;
miR-142-3p, miR-142-5p #° L& L, miR-181a, miR-132,
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2 ATLIHEICH T2 miR31 EPRYELPFAHIXLA

(AR #62% £1%5,

Genetic & Epigenetic 73 3IR%

CD40L % BAFF |C kB8

}

R, BITAR -V R, AERIS. BB

Polycomb &7 7% miR-31 DFERET 12 NIK % K OBBRIET 24 L THIRORALIHET 5. ZOFTFHOBRIIKA
TR CHEEINTEY, ERTFOEEEDNT VAL L o THEFELRTWES, AT Y AZ2HLAMEERERLE-E

BEEZLND.

miR-125a, miR-146b 25 LT B L #HE L TW» 5.
miR-155 D FEH L &1 Pichler 5, Yeung & O & —%
LTWw5a, FREERENT L2, Yeung 5 & Bellon 513
FNEN, BEHEATL M HTLV-1 10 X o> THILE
N-MRERIZEL S mRNABBE Y — V2 RTEERL
Tw5. : ‘
- RO 3 o0HE 450 TR EH BRT miRNA /88 —
YHESHTHY, B LTI FBONTRRV. 20
BRI, BT 5EAESP %2, E¥%7R T miRNA O
BORAADBHWZ ERBERTHLEEZONL. TR
DERS S, 1) VNEHROLEH T b T miRNA OFF
¥ —UHFKELERLIELbhoTEY B9 ATLM
B3 5 IERER LB S (=CD4+ THifR) 2HET S
e, ATLHBORE? EHBIZODPL I LI0ohd5
LEZONE. ETLBERBEECOVWTE, EEMBEERE
EEHBOEEIERICKESEETLIRS VI TH B,
BEE4EZ DLEoBE YL TEES2E: K4l
HTLV-1 B %% o & — b 2 [/ BF 38 3 JSPFAD :(http://
wwwhtlvl.org/) OEEHBHHZ2HET, BRTHDT
ATL B¥& E%Hﬁ%%%ﬁﬂﬂ@ DNA, mRNA, miRNA @O KHEE
LRABRESET L%, mRNA ROV Y 7V
Oy A4 VAEDS W (=EEHBOSESTE) 408610
ATL BEHRME2HY, Ebiaryru—-VERE
ATL B LM —B S BEA CD4A+ THIfR 22 % H
Wiz TYLY MO 723D P miRNA & 76D Y
A VA H%E miRNA % #8% L7 microarray 2 B\, FE®
WELVWIREZ P TEE mRNA S Y B LER, £

NECREEIN T/ LEO mMRNANY -V L &R
h, ATL Tk 61 FBDOEFE miRNA @ 9 5 59 F D miRNA
PIEE THRECERTELURERZ R T I ESbroiz.
I, EEMEE miRNA ORBHEMETERIICSH 5 L v
S OB ATEOERE —BLTW5 B9 FHL T
A miRNA Y A M i2id, § TIZEIHEE miRNA & LT#H
EENTWE Let-7 77 3 U — 0 2 miR-1010 223 &
INTW ThH? 61D miRNA i ATL ML O 7=
BEFI—H—ThY, Fr—D20 Lo IEEN
JAOBBICESELTWALEZ NS, HADTF—F 128
WwWTd, EEROEDI DD NV—TIZE s THEIRTWY
% miR-155 DR LFEDR EN T Wiz, BELWEETH
AEE (p<0.00001) RRONAPoRED, VA 2L
BRI LTwB (8E S, unpublished data).

miR-31 DREREE RFERBDORF A H =X A

ATL M CROM» o7 61 BOKHEY miRNA 05 &,
miR-31 5Bz T D ATL BE TR L, Bowsd
DULRVHBEZE LW LIRS0 (0.00403 %, p = 2.85
x 10%). miR-31 ODFEBEBSZ, AIALBIT 2EE, &
EBREICBVWIEETH S I LA HEIN TS 6260
B4, miR-31 DFE LR 4 ATL MR 045802 KBt L
Twa ez, ATLHBEO mRNAFRT T 7 7 4 V%
BrHAL, 8512 in vitro DEBOER% T, miR-31
DHBEBEETF L LT, ATLHEICB TS NF-«BE
HALOREEEFTHS NIK 2 R L. EROEER,
EH THME T miR-31 ORFAVPEENE < NIK OEH

—226—
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miRNA BREGET SEER

HTLV-1 Befmpate

5 :
miR-155 TP53INP1 41,54

p=d
miR-150 45,54
miR-223 41,45,54

ATL it

5
miR-150 45,54
miR-155 TP53INP1 45,54

p- 5
miR-31 NIK, RhoA 45,57
miR-125a 54,57
miR-126 . 45,57
miR-130a 45,57
miR-146b 54,57
miR-181a 54,57
miR-355 45,57

X3 Hnyymmw366nﬂmA%ﬁﬁﬁ

HTLV-1 RO ATL MEEBOFED I b, BHORLTHEINTWE DR, BRLLENRETFE, Fhbn#H

BB TERN TR SN TV AREFOAER LTS,

CEREHI LTV AA, miR31 OBELREHETHENEK OF
BFEL FNIHE) NF-cBREBOEFNEE L HET
B Ehbiror (B1). &5 ATL SIStk R U5
ATL MAICH LT miR-31 2 BEA TS L MBI FE S
=5, ZoZ ki, miR-31 OMEA LV ASEEE
DERHCEEFELTVAI LAERL, HLVASTE
B LCORRESRE N

ATL BRIRMR % BRI L 7o 5, miR-31 OFEBEK
5437 ) ADOXRIE L Polycomb 7 7 I ) —REM 2 LK
VrRFA4 VI REEICLoT, TRNTOATLBE TR
ZoTwBIESbhrot. E512, Polycomb 77 3 Y —
A miR-31 2¥HTHZ L1k 5T NIK — NF-xBER%
LT 25T, ATL 210 TR B AMIE* B
MR BT 2 RBSESICBTIRFELTRA T L
ZBE LI LA 5. Polycomb 7 7 3 1) —, NF-x B &
miR-31 HZNENSEMTEY L BEEEE R L TR ) 56
6T.8800,10.7L7273)  WRRS IE B MR AL E DR A BRI
VIETHD LRI, SLIC70X 22K THIL
WEoT, JVEMLZEGETRANBA Yy V-2 10HE
ST ZEz2zbNAE (B2). BAOEBRERI
ATLHBRIOSFFy VI —JIERELTwAZ L E
RLTBY, TEV 2354 v 70, b L {1 miR31
DERICX AF R EBREORBICOREL LHFENS,

SHOEL

BEOBR TV — T & o TR BT & L 41455457
HTLV-1 Besifa & O° ATL B O miRNA BB/ S5 —
ViZIERELPICR ok (B3). Larl, ERICEFR
miRNA ORBLZOEBEZHF LI BRINTWEDI
miR-93, miR-130b, miR-155 R miR-31 751 CHh 5. &
WEETF & LTHES 207 072 TPS3INPL #° NIK I & &
F 6%, 4D miRNA & 7 OEMEET SRR E
EHRECT L TED L) 2B FOND, SBOFER
BTHAH. mRNAOEHEETFIIEEO TNV I XA
Lo CFEITRETH 205, WENLHFZEORKRIEL, 2
HEBEEFHOEESCEREIEELRELRY, #-oTEHA
7 ERRRREE S B L 2 A C L R FEL TBL.

—75 T, HTLV-1 & miRNA BRI E P E o 7210
NTH5. HoTWHEHREBUTIKETLRE O
HTLV-1 28f8 £ miRNA & X 7 A5 2 2 BEBIZDOWT.
B2 X o THI S N-RBakRD b DIBE AT T L, B
Febn) AR FPEBEmRNAWKS 254 787 gD
WTEICRET A ED D B, HIC Tax, Rex, HBZ %
EDY 4 NV ARFD miRNA OARERICTLTED LS
LEELEZ LOPERSEDERETHS. Rahman HH5E
B L7 Tax 12 X 378 E miRNA [T 2 &R 2 s 2

— 227 —
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3 T 2B 5 A L7z ATL 128 1) 5 miRNA &4
WRBAS LU YT a0k, SHROBREIEILND.
@ HTLV-1 RNA 258 £ d L < 1Z HTLV-1 H 3% miRNA @
& e B D, EERWRESLETHSH. FICRoT
HTLV-1 DfE#BHERP V278 =P Lol bt 2o
TH Y BB F 7= TLV-1 % Tax & £ 2 HEHEA in
Vivo IZBWVT AL RAT—JIIBWTHEH ELED T
V% 81980 g HEEEET O BIT B HTLV-1 OAEGE I
LT miRNAFED L) 2EBL 52 500, EERFE
BETHH. @HTLV-1 3% miRNA OFEEIZOWT. L
WL, ANVRAT A VAD KD 2 EZRI miRNA
BHTLV-LCRAFELZWEZE L SN 528, Kty —2
IVHEOEMEACI VHL PSR LEFENS.
@ HTLV-1 J&EMPa 2 5 ATL #8800 miRNA /3% — > D
EEIZOWT, BYIREIE Tax 12 & 5 NF-«B BEOFEHE
EFRELRBENTWE—F Y, BKETHBATLD
miRNA OFEREFZIFEECFENTHY, ¥/ 2R 0=
X)) ADEFIZL > THEEN S miRNA /ST — 2|2
addict LTWBEZ X512, YO kD i FlET
ATLHBEPER EIN TR, TV F 4 v 7R
miRNA £ REBROFEM 2 BT NETH S, ®HTLV-1
WCEET 2 OESR & miRNA 122w, HAM/TSP ®
HILV-IEER &) EHR (HU) REOEBRIZDOWTIX
miRNA O#FHZIThh T v, FEEOSTRELE
&35 LT miRNA OFBEM 2R IZAETH 5. 2K
Yk v ) TICBIT S miRNA XY — 2B 2 2 & T,
BAIEDT T AT AL D—HIHLPIZENETHS .

BBbUIC

i1

1993 48 12 A B T T miRNA 558 R & T L3 8182
BRI ER L, miRNAICET AMEBLET - TE
7-. miRNA IZEETFREREEZHMET S LROSFET
BY, TANVABRPELEZLD ETORPTEOTERN
HFELTHNBITONTWS, T4 VAZD LS 24&E
FHEREPHRETHEZEMIIBV T, FHlIRMEOREZT
WKES T, ERNREFPELVWERRECEETH 5.
HTLV-1 BGE DA F LAV L IREOBR Y Big
TET, mRNATEDHEEISHETHIHLELLNS.
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Human P-cadherin is a promising therapeutic target against
cancer. However, its characterization at the molecular level is
still lacking. We report that human P-cadherin associated
irreversibly in a distinct dimer configuration. Unexpectedly,
the divalent cation Ca®>* was not necessary for dimerization,
although it greatly stabilized the protein—protein complex.

Cadherins are a large family of cell-surface membrane proteins
that mediate intercellular adhesion and maintain solid tissue.'
Classical cadherins are the largest and best characterized group.
They self-associate in a Ca’’-dependent manner during
cell—cell adhesion owing to their extracellular cadherin (EC)
domains.> Dimerization occurs at the N-terminal end by a
strand-swap mechanism that involves residues Aspl and Trp2.
P-cadherin belongs to the classical cadherin family, showing
high similarity at the primary sequence level to model proteins
E-cadherin and N-cadherin (ESIt, Fig. S1). Human P-cadherin is
weakly expressed in the basal layers of stratified epithelia where it
regulates tissue maintenance and development, and drives cell
proliferation.’® Human P-cadherin is also over-expressed in
pancreatic, lung, gastric, and colorectal cancers.* Importantly,
inhibition of the adhesive properties of P-cadherin by therapeutic
antibodies suppresses the growth of primary tumors and their
metastatic progression.’ Although P-cadherin is a promising
therapeutic candidate, the protein has not been yet subjected to
detailed biochemical and biophysical characterization. To
understand the adhesive mechanism of P-cadherin we prepared
recombinant forms of the first and second ectodomains (EC12).
These two domains constitute the minimum structural element
responsible for dimerization in other classical cadherins.?
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Cloning, expression, and purification of EC12 (residues 1-241) of
the mature human P-cadherin were carried out with a pET-SUMO
vector as described in ESL+ After purification and cleavage of the
N-terminal SUMO-tag we obtained protein >95% homogeneous
as judged by SDS-PAGE (not shown). Molecular size was
evaluated by analytical size exclusion chromatography (SEC)
and asymmetric flow-field flow-fractionation (AF4) (ESIY).
Small-angle X-ray scattering (SAXS) data were collected at
beamline BL-10C of the Photon Factory in Tsukuba (Japan)
as described previously.® Thermodynamic analysis carried out
by differential scanning calorimetry (DSC) and isothermal
titration calorimetry (ITC) is explained in ESI.}

SEC and AF4 were employed to monitor the dimerization
state of EC12 in the presence of Ca®" (Fig. 1A; ESIt, Fig. S2A).
The SEC profile showed a single and well-resolved peak centered
at 11.2 ml. The position of this peak contrasted with that of the
mutein EC12-W2A (12.3 ml), a monomeric variant lacking the
key residue Trp2 necessary for the dimerization of cadherins.’
The molecular weight of EC12 was determined by AF4 because
the elongated shape of cadherins prevents accurate determination
by SEC. The value obtained by AF4 was 43 kDa, a figure
compatible with the predicted size of the dimer (53 kDa).

SAXS further revealed the dimeric nature of P-cadherin in
solution (Fig. 1B). We found that the experimental SAXS
profile of EC12 and the calculated curve of the strand-swap
dimer (ss-dimer) of the highly homologous human E-cadherin
(PDB entry code 2072) superimposed well. The excellent
agreement between the experimental and calculated curves
contrasted with the poor fitting when the monomeric form
of E-cadherin was used (ESIt, Fig. S3). In aggregate, SEC,
SAXS, AF4, and mutational analysis demonstrated that
P-cadherin self-associates in solution in the ss-dimer configuration
in a manner analogous to that of E- and N-cadherins.”

Ca’" is a cation intimately linked to the assembly of
classical cadherins.>® The first and second EC domains of
E- and N-cadherin bind three atoms of Ca®™ before triggering
protein dimerization, and this cation is also necessary for the
maintenance of the dimeric state.’ To examine the effect of
Ca?* on the adhesive properties of P-cadherin we followed
two alternative procedures. In the first approach, Ca** ions were
removed prior to the association step (before dimerization).
Because the protein is expressed with a 12 kDa Hise-SUMO-tag

2050 | Mol. BioSyst., 2012, 8,2050-2053
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Fig. 1 Dimerization of P-cadherin. (A) SEC profile of wild-type
EC12 (solid line) and mutein W2A (broken line). (B) Experimental
SAXS profile of P-cadherin EC12 (black) and theoretical curve of
crystallographic ss-dimer of E-cadherin (red) calculated with the
program FoXS$ of the Chimera suite (PDB entry code 2072).'? Buffer

contained 3 mM Ca>*.

at the N-terminal, EC12 remains as a monomer until protease
cleavage of the SUMO-tag. This procedure mimicked the
activation route of classical cadherins in vivo.? By incubating
the samples with excess EDTA before protease cleavage, we
could study the dimerization of EC12 in the absence of Ca®*
jons. In the second approach, Ca?™ ions were removed with
EDTA after the dimerization reaction had proceeded in the
presence of Ca?*.

SEC was employed to monitor the self-dimerization of
EC12 (Fig. 2). The chromatographic profiles of the two types
of Ca®>*-depleted samples were essentially identical to each
other, and also very similar to that of dimeric EC12 in the
presence of Ca2* (see Fig. 1A). We observed a small shoulder
corresponding to the monomeric form of the protein. The
fraction of the monomeric form estimated from SEC data was
very small (<5%). The molecular weight of the major peak
determined by AF4 was 53 kDa, a value consistent with the
dimeric form of the protein (ESI¥, Fig. S2B). The fluorescence
spectra of Ca** -depleted samples indicated that the dimerization
site around Trp2 in either structure was essentially identical
(ESIf, Fig. S4). Overall, this set of experiments demonstrated
that dimerizaton of EC12 was independent of Ca>™. This is an
unusual observation in the cadherin family of proteins, and
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Fig. 2 Dimerization of P-cadherin is largely independent of Ca®". SEC
profiles of samples of EC12 obtained after Ca®* -depletion by two different
methodologies: Ca®* was removed before (solid line), or after (broken line)
treatment with SUMO protease. Dotted line corresponds to mutein W2A.

suggested that the self-affinity of P-cadherin is higher than that
of homologous cadherins.’

The thermodynamic basis for the binding of Ca®* to
P-cadherin was determined by ITC and DSC (Fig. 3). Titration
of apo-ECI2 with Ca** gave rise to a typical sigmoidal binding
isotherm (Fig. 3A). Each molecule of apo-EC12 bound an average
of 2.7 atoms of Ca®". This value was consistent with the three
Ca®* ions found in the crystal structures of homologous E- and
N-cadherins. This result also validated the methodology employed
to remove the Ca?" ions from the protein samples. The binding
constant (dissociation constant, Kp) obtained from the fitting
procedure was 23 + 6 pM. Binding of Ca** to P-cadherin was
driven by both favourable enthalpy (AHp = —2.6 & 0.1 kcal mol™")
and entropy terms (—TASg = —3.6 kcal mol™). These results
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Fig. 3 Thermodynamic analysis. (A) Binding isotherm of Ca’* to
apo-EC12. (B) Thermal stability of ECI2 in the presence of 3 mM
Ca?* (solid line), or Ca®*-depleted samples (broken line).
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Table 1 Effect of Ca®>™ on the stability of P-cadherin

Ca®" Ty (°C)  AH; (keal mol™) Tyn (°C)  AH, (keal mol™)

Absent 49.0 +0.1 —614+0.3 29.6 0.1 —16 £0.5
Present 554 0.1 —155+ 1.0 N.O.7 N.O.

4 N.O., not observed.

revealed a complex thermodynamic pattern that did not fit a
simple interaction model.'® We suggest that binding of Ca>* to
P-cadherin involved various sources of stabilization, in addition
to the electrostatic interaction between Ca>* and protein.

The thermal denaturation profile of EC12 in the absence of
Ca?* also displayed a complex pattern (Fig. 3B and Table 1).
First, the thermal transition did not obey the classical two-state
equation. Instead, the Ca®*-depleted form of P-cadherin gave
rise to two separate transitions of variable enthalpy (it is tempting
to speculate that each peak could correspond to the individual
transition of each domain). The mid-point transitions occurred
at temperatures of 49 and 30 °C, respectively, although only
the second transition displayed a significant enthalpy change
(AH = —61 =+ 0.3 kcal mol™).

In contrast, the presence of Ca’" dramatically altered the
thermal profile of EC12. First, the thermogram showed high
cooperativity and displayed only one transition. Second, the
thermal stability Ty increased by 6 °C when Ca’>* was
present. And third, the enthalpy of the transition increased
significantly under Ca®* conditions (AH = —155 kcal mol™";
AAH = —95 kcal mol™}). We note that the magnitude of AAH
is almost an order of magnitude higher than that determined
in analogous experiments with E- and N-cadherin.”'' This
analysis thus demonstrated the key role of Ca®™ in the thermal
stabilization of P-cadherin.

We summarize our results in Fig. 4. P-cadherin can adopt three
possible configurations in solution: (i) monomer, (i) flexible
dimeric state, and (iii) stable ss-dimer. The monomeric form of
P-cadherin is not favoured thermodynamically, and thus dimerizes
spontaneously even in the absence of Ca®>". These observations
mark a departure from the behaviour of other members of the
classical cadherin family, and suggested stronger self-adhesive
properties of P-cadherin. We propose that these novel properties
arise from differences at the primary sequence level, in particular in
the critical N-terminal region. We also speculate that cell—<cell
adhesion mediated by human P-cadherin is persistent, which could

O Asp-Trp

[monomer]  [flexible ss-dimer] |

Fig. 4 Model of dimerization of P-cadherin. EC12 self-associates
irreversibly in the ss-dimer configuration without the need of Ca**.
This form of the ss-dimer can bind up to three Ca™ ions that greatly
stabilize the dimeric configuration.

facilitate the attachment of cancer cells expressing high levels of
this protein. We hope these results will guide the exploration of
therapeutic treatments based on human P-cadherin.

Conclusions

We found that human P-cadherin self-associates in the ss-dimer
configuration, similarly to other classical cadherin proteins.
Unexpectedly, Ca®>" was not necessary for the dimerization of
P-cadherin, although it enhanced its thermal stability. Overall,
our analysis suggested that P-cadherin possesses stronger adhesive
properties than other members of the classical cadherin family.

Abbreviations

EC Extracellular cadherin

IMAC Immobilized-metal affinity chromatography
SEC Size exclusion chromatography

AF4 Asymmetric flow-field flow-fractionation
DSC Differential scanning calorimetry

ITC Isothermal titration calorimetry

SAXS Small-angle X-ray scattering
ss-dimer  Strand-swap dimer
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MT1-MMP plays a critical role in hematopoiesis by regulating HIF-mediated
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HSC fate decisions are regulated by cell-
intrinsic and cell-extrinsic cues. The lat-
ter cues are derived from the BM niche.
Membrane-type 1 matrix metalloprotei-
nase (MT1-MMP), which is best known for
its proteolytic role in pericellular matrix
remodeling, is highly expressed in HSCs
and stromal/niche cells. We found that, in
MT1-MMP—'- mice, in addition to a stem
cell defect, the transcription and release

of kit ligand (KitL), stromal cell-derived
factor-1 (SDF-1/CXCL12), erythropoietin
(Epo), and IL-7 was impaired, resulting in
a trilineage hematopoietic differentiation
block, while addition of exogenous KitL
and SDF-1 restored hematopoiesis. Further
mechanistic studies revealed that MT1-MMP
activates the hypoxia-inducible factor-1
(HIF-1) pathway via factor inhibiting HIF-1
(FIH-1) within niche cells, thereby induc-

ing the transcription of HIF-responsive
genes, which induce terminal hematopoi-
etic differentiation. Thus, MT1-MMP in
niche cells regulates postnatal hematopoi-
esis, by modulating hematopoietic HIF-
dependent niche factors that are critical
for terminal differentiation and migration.
(Blood. 2012;119(23):5405-5416)

Introduction

The adult hematopoietic system is maintained by a small number of
HSCs that reside in the BM in a specialized microenvironment (the
niche).’? Here, HSCs undertake fate decisions including differen-
tiation to progenitor cells and self-renewal, which ensures a
lifelong supply of terminally differentiated blood cells. Intrinsic
cellular programming and external stimuli such as adhesive
interactions with the microenvironmental stroma and cytokine
activities regulate HSC fate. However, it is unclear how niche
factor production is controlled to adjust to external demand with a
fine-tuned response.

Hypoxia-inducible factors (HIFs) consist of an & (HIF-a) and a
B (HIF-B, or ARNT) subunit and activate the expression of genes
encoding proteins that regulate cell metabolism, motility, angiogen-
esis, hematopoiesis, and other functions. HSCs maintain cell-cycle
quiescence by regulating HIF-1a levels.>* Mice with mutations in
the heterodimeric transcription factor HIF develop extensive
hematopoietic pathologies: embryos lacking Arnt have defects in
primitive hematopoiesis.” Mice lacking endothelial PAS domain
protein 1 (EPASI, also known as HIF-2alpha/HRF/HLF/MOP3), a
second HIF family member, exhibited pancytopenia, and it was
shown that EPAS1 is necessary to maintain a functional microenvi-
ronment in the BM for effective hematopoiesis.5 HIFs bind to
canonical DNA sequences in the promoters or enhancers of target
genes such as erythropoietin (Epo), vascular endothelial growth
factor-A, SDF-1a/CXCL12, angiopoietin-2, platelet-derived growth
factor-B and Kit Ligand (KitL)/stem cell factor, which are involved
in HSC maintenance within the BM niche.”?® The chemokine

SDF-1a/CXCL12 (SDF-la) is expressed by perivascular, en-
dosteal, mesenchymal stem and progenitor cells as well as by
osteoblasts.!12 SDF-1a deficiency leads to a reduction in HSCs
and impaired B-cell development in mice.’®!4 IL-7 is another
stromal cell-derived niche factor, which, in cooperation with
CXCL12, functions at sequential stages of B-cell development.!-16
IL-7 or IL-7R deficiency results in impaired B-cell development.17-18

Proteases such as matrix metalloproteinase-9 (MMP-9) and the
serine proteinase plasmin(ogen) regulate HSC fate through KitL
release in the BM.!%1® Membrane type-1 MMP (MT1-MMP, also
known as MMP-14) can proteolytically degrade extracellular
matrix (ECM) components and cleave membrane receptors and
ligands.? MT1-MMP is expressed within mesenchymal stem and
immature hematopoietic cells.??> MT1-MMP can control the
migration of hematopoietic stem/progenitor cells and mono-
cytes.2!?324 MT1-MMP function is essential for angiogenesis,
wound healing, connective tissue remodeling, arthritis, tumor
growth, and metastasis.?>?” MT1-MMP—deficient MT1-MMP~/")
mice showed skeletal dysplasia, arthritis, and osteopenia.”® How-
ever, the role of MT1-MMP in hematopoiesis is unclear.

We found that MT1-MMP inactivation in mice resulted in
severe pancytopenia, characterized by an impaired stem cell pool
and a block in hematopoietic differentiation. MT1-MMP deletion
from hematopoietic cells generated normal hematopoiesis in recipi-
ent mice, thereby demonstrating that MT1-MMP is an essential
regulator of the BM microenvironment. Mechanistically, we dem-
onstrate that MT1-MMP deficiency blocked the transcription of
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typical HIF-1-dependent niche factors including Epo, SDF-1,
KitL, and IL-7 by modulating the HIF-1 pathway through factor
inhibiting HIF-1 (FIH1), resulting in a 3-lineage terminal differen-
tiation block. Thus, MT1-MMP controls HSC fate by regulating the
BM niche.

Methods

Animals

Age-matched (14-day) MTI-MMP** and MT1-MMP~~ mice were
obtained by heterozygous breeding.?* Animal procedures were approved by
the Animal Care Committee of The Institute of Medical Science (University
of Tokyo). C57BL/6 and C57BL/6-Tg (CAG-EGFP) mice were purchased
from Japan SLC Inc, and Ly5.1 mice were purchased from Sankyo Lab
Service.

In vivo assays

Competitive transplantation experiments. Lethally irradiated Ly-5.1 mice
were injected with BM cells (10 recipient mice per cell concentration) from
MT1-MMP** or MT1-MMP~/~ mice together with 2 X 10° CD45.1 BM
competitive cells. Peripheral blood (PB) cells of the recipient mice were
analyzed 4 months after transplantation. Cells were stained with PE-
conjugated anti-CD4 and anti-CD8, FITC-conjugated anti-CD45.2,
allophycocyanin-conjugated anti-CD11b and anti-Gr-1, PE-cy7-conju-
gated anti-B220, and biotinylated anti-CD45.1 Abs. The biotinylated Ab
was developed using streptavidin-PE-CyS. The percentage of donor-
derived lineage contributions in PBMCs was assessed using Abs against
CD45.2, Gr-1/CD11b, or B220. Total chimerism of > 1% for all Abs tested
using PBMCs was considered as long-term reconstitution. The frequencies
were determined using L-Calc software (StemCell Technologies).

Growth factor rescue experiments. Recombinant mouse KitL (Pepro-
Tech) was administered IP into MT1-MMP*/* and MT1-MMP~/~ mice at a
concentration of 150 pg/kg body weight, daily from postnatal day 7 to day
10. Recombinant mouse SDF-1a (PeproTech; 100 ng/mice) was injected
twice intraperitoneally on postnatal day 10. Blood was collected and blood
cells counted on day 12.

CFU-S assay. Mobilized PBMCs were obtained and subjected to a
CFU-S assay as previously described.?’ Mice were killed on day 12. The
number of visible splenic colonies was counted.

In vitro assays

Peripheral blood analysis. Blood was collected from mice by retro-orbital
bleeding using heparinized capillaries. White blood cell (WBC), RBC, and
platelet (PLT) counts were determined. Plasma samples were stored at
—80°C until further analysis.

Hematopoietic progenitor assay. BM mononuclear cells (BMMCs;
10* cells/plate) were plated in triplicate in 1 mL of a commercially available
methylcellulose-based assay solution (Methocult; StemCell Technologies).

Lineage-negative cell separation. Murine BM cells were obtained
after flushing mouse femur and tibiae. Cells were stained using a lineage
cell separation kit (StemCell Technologies). After MACS cell separation
(Miltenyi Biotec), cells were stained with c-Kit, Sca-1, and lineage Abs (BD
Pharmingen), and were then analyzed by FACS.

B-cell colony-forming assay (CFU-IL-7). The CFU-IL-7 assay was
carried out in medium (Invitrogen) containing 1.2% methylcellulose
(StemCell Technologies), 30% FCS (HyClone), 1% BSA, 0.ImM 2-ME,
and mouse IL-7 (PeproTech). On day 7 of culture, aggregates consisting of
> 50 cells were scored as a colony.

Cell culture. Mouse stromal cells (MS-5) were maintained in IMDM
supplemented with 10% FBS. Human BM endothelial cells (BMEC-1)
were maintained in Medium 199 supplemented with 10% FBS, 0.146 mg/mL
L-glutamine, and 2.2 mg/mL sodium bicarbonate. Mouse embryonic fibro-
blast cells (NTH3T3) were maintained in DMEM supplemented with 10%
FBS. These cells were cultured at 37°C, in a 5% CO, incubator. Human
osteoblastic cells (FOB) were maintained in a 1:1 mixture of Ham F12
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medium DMEM supplemented with 2.5mM L-glutamine and 10% FBS, and
the cells were cultured at 34°C, in a 5% CO, incubator. MT1-MMP*/* and
MT1-MMP~/~ mouse embryonic fibroblasts (MEF) cells (kindly provided
by M.S.) were maintained in DMEM (Invitrogen) supplemented with 10%
FBS at 37°C, in a 5% CO, incubator.??

Knockdown experiment using shRNA. The shRNA sequences used
for knockdown of mouse MT1-MMP and FIH-1 were: 5'-caccgctgtggtgttc-
cggataagtcgaaacttatccggaacaccacage-3' and 5'-caccggacctcgaatacctgecaagac-
gaatcttgcaggtattcgaggtcctttt-3’, respectively. These sequences were sub-
cloned into pENTR/U6 TOPO (Invitrogen) and then transferred via
recombination into the lentivirus vector pLenti6 BLOCKIT (Invitrogen).
shRNA-expressing lentiviral vectors were generated and used according to
the manufacturer’s instructions.

FACS analysis. Cells were flushed out from mouse BM. For cell-
surface analysis, cells were stained with the following Abs: PE-conjugated
anti-CD19, -Sca-1, -B220, CD44, c-kit, and -Grl, FITC-conjugated anti-
CD43, -CD34, -NK1.1, and -CD8, allophycocyanin-conjugated anti-B220,
-CD4, CD11b, and a lineage cocktail, PerCP-Cy5.1-conjugated anti-c-kit.
Cells were analyzed using FACS Aria (BD Biosciences). Common myeloid
progenitor (CMP), granulocyte/macrophage progenitor (GMP), and mega-
karyocyte/erythroid progenitor (MEP) were determined in Lin~™ BM cells of
14-day-old MT1-MMP** and MT1-MMP~/~ mice. The following Abs
were used: c-kit—allophycocyanin, Scal-PE/Cy7, CD34-FITC, FcgRIII-PE
all from BD Pharmingen. For the detection of Lin™ cells, biotinylated Abs
(B220-bio, Gr-1-bio, CD11b-bio, CD5-bio, Terl19-bio, 7-4-bio, from
Miltenyi Biotec) were costained with allophycocyanin/Cy7-conjugated
(BD Biosciences/BD Pharmingen) streptavidin. For mesenchymal stem
cells (MSCs) detection, cells were stained with the following Abs:
CD45-PE, Scal-FITC, PDGFRa-allophycocyanin (eBioscience),
TER119-PE (BD Bioscience), CD45-Pacific Blue (BioLegend), and Alexa
488—conjugated nestin Ab (Abcam).

RNA extraction, RT-PCR, and quantitative real-time PCR analysis.
Total RNA was extracted using RNA TRIzol (Invitrogen), and cDNA was
generated according to the manufacturer’s protocols. This cDNA (10 ng)
was used as a template for each PCR amplification using the following
specific forward and reverse primers, respectively: mouse B-actin (5'-
tggaatcetgtggcatecatgaaac-3') and (5'-taaaacgcageteagtaacagtecg-3'); mouse
MTI-MMP (5'-tccggataagtttgggactg-3') and (5'-ccttcaccatcaaagggtgt-3');
human GAPDH (5'-gagtcaacggatttggtcgt-3') and (5'-ttgattttggagggatctcg-
3"); human MTI-MMP (5'-caagcattgggtgtttgatgatg-3') and (5'-cttgggg-
tactcgcetatcca-3'). For quantitative real-time PCR, PCR mixtures were
prepared using SYBR Premix Ex TagIl (Takara) containing 0.2mM of
each primer, and amplification reactions were performed. Specific forward
and reverse primers, respectively, were designed as follows: B-actin
(5'-gctggaaggtggacagtgag-3') and (5'-tgacaggatgcagaaggaga-3'); KitL (5'-
gectagteattgttggetac-3') and (5'-cccaagtttgtctatgatgg-3'); SDF-1 (5'-
agaaaccttccaccagagca-3') and (5'-aacggctaggaaagggtctc-3');  IL-7
(5'-tgcaatcatgtcaactgcaa-3') and (5'-tgcaatcatgtcaactgcaa-3'); EPO (5'-
catctgegacagtcgagttetg-3") and (5'-cacaacccatcgtgacatttte-3'); G-CSF (5'-
cetgettagageagagagag-3') and (5'-cagcagcaggaatcaatact-3'). Gene expres-
sion levels were measured using the ABI Prism 7500 sequence detection
system (Applied Biosystems). PCR product levels were estimated by
measurement of the intensity of SYBR Green fluorescence. Gene expres-
sion levels were normalized to B-actin mRNA.

Knockdown experiment using siRNA. Target sequences for siRNA
were commercially designed and synthesized (B-bridge). siRNAs were
provided as a mixture containing 3 different siRNA target sequences. The
RNAI transfection solution was prepared by preincubating a mixture of
5nM siRNAs dissolved in 1 mL of serum-free and antibiotic-free medium
(OptiMEM; Invitrogen) and 10 pL of RNAIMAX for 20 minutes at room
temperature. Cells (3-4.5 X 10° cell/4 mL growth medium without antibiot-
ics) suspended by trypsinization were added to the mixture and cultured
overnight, and the medium was replaced with fresh growth medium.

Overexpression of MTI-MMP. The transfection solution was pre-
pared by preincubating a mixture of 1 pg of plasmid DNA dissolved in
250 pL. of OptiMEM and 3 pL of Lipofectamine 2000 (Invitrogen)
dissolved in 250 pL of OptiMEM for 20 minutes at room temperature. The
transfection mixture (500 pwL in total) was then added to the cells. After
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48 hours of culture, the culture media were replaced with fresh growth
medium.

Immunoprecipitation. Cells were lysed with cell lysis buffer (Cell
Signaling Technology) and the supernatants were collected. Total protein
content was measured using the Bradford assay (Bio-Rad). Lysates were
incubated with protein-G—Sepharose beads (Santa Cruz Biotechnology) and
anti-HIF-1a Ab (BD Biosciences) overnight and were then spun down for
1 minute at 5800g. The supernatant was removed and the pellets were
solubilized with 6 X SDS sample buffer (0.35M Tris-HC], pH 6.8, 10%
SDS, 30% glycerol, 9.3% DTT) and analyzed by immunoblot analysis.

Immunoblotting. Cells were lysed with lysis buffer (Cell Signaling
Technology) according to the manufacturer’s instructions. The supernatants
were collected, and total protein content was measured using the Bradford
assay (Bio-Rad). The subcellular proteome extraction kit (Merck) was used
to fractionate subcellular proteins. Lysates were separated by SDS-PAGE,
transferred to a PVDF membrane, subjected to immunoblotting using
anti-FIH-1 (1:200; Santa Cruz Biotechnology), anti-integrinf31 (1/1000;
Chemicon), and anti-o/f3 tubulin (1:1000; Cell Signaling Technology),
washed with TBS-T, and immunoprobed for 1 hour at room temperature
with HRP-conjugated or alkaline phosphatase-conjugated Ab, then washed
with PBS-T. Finally, membranes were incubated with ECL-Plus (Amer-
sham), and the chemiluminescent signal was detected using LAS4000
(Fujifilm) according to the manufacturer’s instructions. The alkaline
phosphatase signal was then detected using the Histofine Kit (Nichirei).

Immunoassay. After cell transfection with siRNA, the growth medium
was replaced and the cells were cultured for 48 hours. Supernatants were
then collected and analyzed for murine KitL, SDF-1a, and IL-7 using
commercially available ELISAs (R&D Systems).

Stromal-based expansion cultures. Atotal of 1 X 10 Lin™ cells from
the BM of GFP mice were cocultured with a confluent layer of stromal cells
(MS-5). Recombinant mouse KitL (20 ng/mL, every other day) or recombi-
nant mouse SDF-la (100 ng/mL, every other day) was added to
MT1-MMP KD MS-5 and control MS-5 cell cultures. Twelve days later,
adherent cells were retrieved using trypsin (Sigma-Aldrich) and pooled
with the nonadherent cells. Hematopoietic cells (GFP positive) were
counted.

Migration assay. Migration assays were performed in 24-well plates
using 5-pum polycarbonate Transwell inserts (Costar). BM Lin~ cells were
collected and isolated from normal adult mice. The cells were resuspended
in X-vivo 15 (Lonza). MT1-MMP*/* and MT1-MMP~/~ MEF culture
supernatant was aliquoted (600-pL aliquots) into 24-well plates, which
formed the bottom chamber, in the presence or absence of neutralizing Abs
against mouse SDF-1 (R&D Systems). Lin™ cells derived from the BM
cells of GFP mice (2 X 105 cells in 100 pL) were added into the Transwell
insert (top chamber), and the cells were allowed to migrate through the
porous bottom for 4 hours at 37°C. The number of cells that migrated into
the lower chamber was determined using flow cytometry. Cells had been
stained with Abs against CD11b and Grl (BD Biosciences). The medium
from the lower chamber was passed through a FACSCalibur for 60 seconds,
gating on forward (FSC) and side scatter to exclude cell debris. The number
of live cells was compared with a 100% migration control in which
2 X 10° cells had been added directly into the lower chamber and then
counted on the FACScalibur for 60 seconds.

Immunohistochemistry. BM sections were fixed with 4% paraformal-
dehyde and permeabilized using 0.2% Triton X-100 for 20 minutes. After
blocking in PBS containing 5% goat serum and 0.2% BSA, the sections
were incubated with anti-FIH-1 Ab (Novus Biologicals) for 16 hours,
washed 3 times with PBS and incubated for 1 hour with anti-rabbit Alexa
568 (Invitrogen). After washing, the sections were incubated with Alexa
488-conjugated nestin Ab (Abcam) for 2 hours. For HIF-1 staining, fixed
and blocked sections were incubated with Alexa 488—conjugated HIF-1 Ab
(BD Pharmingen) for 2 hours. The sections were mounted using Vectashield
Mounting Medium with DAPI (Vector Laboratories). Images were acquired
with an Olympus DP71 camera.

Micro-CT analysis. We evaluated the BM shaft surface area by using
micro-CT (Rigaku). We measured the shaft area at the center of the femur
by NIH Image] software.
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Proliferation assay. A total of 2 X 10* Lin~ cells isolated by MACS
(Miltenyi Biotec) from BM cells of GFP mice were cocultured with a
confluent layer of MEF cells. The cells were maintained in X-vivo
15 supplemented recombinant mouse IL-3 (20 ng/mL, every other day)
with or without neutralizing Abs against mouse KitL (R&D Systems). One
week later, all cells were retrieved using trypsin (Sigma-Aldrich). GFP-
positive were counted using FACS.

Statistical analysis

Data were analyzed using the unpaired 2-tailed Student ¢ test and are
expressed as means = SEM. P values of < .05 were considered significant.

Results
MT1-MMP deletion leads to severe pancytopenia

We used 14-day-old MT1-MMP~/~ mice to explore the role of
MT1-MMP in the regulation of postnatal hematopoiesis, as mortal-
ity of older MT1-MMP~/~ mice is very high.?4?® Compared with
MTI1-MMP** mice, the body weight of MT1-MMP~/~ mice was
decreased (7.22 = 0.48 and 2.99 =+ 0.05 g/mouse, respectively;
n=15, P<.001) and there was a decline in all hematopoietic
lineages examined in MT1-MMP™/~ animals, including WBCs
(Figure 1A), PLTs (Figure 1B), and RBCs (Figure 1C) in the PB.
MT1-MMP~/~ hematopoietic femurs were smaller than
MT1-MMP*/* femurs (Figure 1D). Under steady-state conditions,
BM cellularity in MT1-MMP mice was decreased compared with
MT1-MMP** mice (Figure 1E). We next analyzed the number of
MSCs by flow cytometry. The frequency of PDGFRa*/Scal*/
CD457/Ter119~ BM-derived MSCs and nestin* niche cells was
lower in MT1-MMP~/~ BM cells than in MT1-MMP*/* BM cells
(Figure 1F).3! Because the skeletal malformation described in
MT1-MMP~~ mice could affect the intrafemural space where
hematopoiesis occurs, the BM shaft surface area was determined
by microcomputer tomography (microCT). The BM shaft surface
area was reduced in MTI-MMP~/~ femurs compared with
MT1-MMP** mice (Figure 1G).

Histologic analysis of BM sections showed that MT1-MMP~/~
mice exhibited a striking paucity of hematopoietic cells within the
BM shaft and a reduction in the number of megakaryocytes, which
are responsible for platelet production (Figure 1H-I).

‘We next examined HSCs and hematopoietic progenitor popula-
tions. In wild-type mice, MT1-MMP is expressed in primary
BMMCs within the lineage-negative (Lin™) cell fraction, which
contains mostly hematopoietic progenitor cells and a small fraction
of HSCs, and in BM stromal cells, including BM endothelial cells
(BMEC-1), fetal osteoblasts (FOB), and fibroblast-like stromal
cells (MS-5; Figure 1J-K). The absolute number of CFU cells
(CFU-C; Figure 1L) and of more primitive progenitor populations
within BM cells, including day-8 CFU-spleen (CFU-S; Figure
1M), CMPs, GMPs, and MEPs and HSC-enriched CD34~¢-Kit™,
Sca-1*, Lin~ (KSL) cells were diminished in MT1-MMP~/~
BMMCs. To determine the HSC content of the BM, we performed
limiting-dilution competitive repopulation analysis using MT1-
MMP*#* or MT1-MMP~/~ BMMCs. There was a lower frequency,
and a significantly reduced absolute number of competitive repopu-
lation units (CRUs) per femur in MT1-MMP~/~ BMMCs than in
MT1-MMP** BMMCs. These data indicate that MT1-MMP is
required for HSC maintenance and for normal hematopoietic
differentiation.
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Figure 1. MT1-MMP gene deletion causes myelosuppression. (A-C) The number of (A) WBCs, (B) platelets (PLT), and (C) RBCs in the PB of 14-day-old mice was counted
(n = 8). (D) Images of mouse femurs (bars, 1 mm). (E) Total BM cell number per femur. (F) The percentage of PDGFRa*Scal* cells (MSCs) was determined by flow cytometry
(n = 2). (G) (left panel) Representative MicroCT scan images, and (right panel) quantification of the relative BM area within the BM femur shaft are presented (n = 3).
(H) H&E-stained femur sections. Right panel shows the quantification of the BM area per femur. B indicates bone, (bars, 200 pm). (I) Megakaryocyte number (n = 5).
(J-K) Real-time PCR analysis of MT1-MMP expression in (J) BM nuclear cells (BMNCs), Lin*, Lin~, and BM stroma cells, and (K) in MS-5, NIH3T3, FOB, and BMEC-1 cells.
(L-M) The (L) absolute number of CFU-C per 10° BM cells and (M) frequency and absolute number/femur of CFU-S, CMP, GMP, MEP, CD34-KSL cells, and competitive
repopulating units (CRU) in wild-type and knockout BM cells (n = 3). For CRU determination, freshly isolated BM cells of different cell concentration were transplanted into
recipients (n = 10). Four months posttransplantation, the repopulating unit (RU) with trilineage engraftment (> 1% of donor-derived cells) was calculated. The absolute
number of CRU was calculated based on the observed number of BM cells per femur. Errors in bar graphs are SEM; *P < .05, **P < .01. CFU-C indicates CFU cells; CFU-S,
CFU-spleen; CMP, common myeloid progenitor; GMP, granulocyte/macrophage lineage-restricted progenitor; and MEP, megakaryocyte/erythrocyte lineage-restricted

progenitor.

MT1-MMP~/~ mice show a T- and B-cell differentiation defect

Compared with MT1-MMP** mice, the absolute numbers of PB
CD3* T and B220* B lymphocytes were reduced (Figure 2A) and
the spleen was much smaller (Figure 2B) in MT1-MMP~/~ mice.

Similar to the BM, histologic examination revealed less megakaryo-
cytes in the MT1-MMP~/~ spleen (Figure 2C). The white pulp
appeared smaller in MT1-MMP~/~ spleens (Figure 2C), which
correlated with a reduction in the absolute numbers of lymphoid
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Figure 2. T and B lymphopoiesis are impaired in MT1-MMP~/~ mice. (A) PB B- and T-cell numbers (FACS analysis). (B) Images of mouse spleens. (C) H&E-stained spleen
sections. Arrowheads indicate megakaryocytes (bars, 100 um). (D-E) The (D) total number of splenocytes and (E) B220™* celis in splenocytes (n = 6). (F) The percentage of
B220* populations in BMNCs (n = 6), splenocytes (n = 3), and PB cells (n = 2). (G) Thymocyte number (n = 4). (H) Images of thymi. (I) H&E-stained thymus sections.
MR indicates medullar region (bars, 100 pm). (J) The percentage of thymic T-lineage subpopulations. (K-L) BM cells from MT1-MMP+* and MT1-MMP~/~ mice were
transplanted into wild-type animals (CD45.2). (K) The percentage of donor CD4*/CD8" T and (L) B220*B cell lineage contribution of donor-derived cells in the PB 4 months

after transplantation (n = 10/group). Errors in bar graphs are SEM; *P < .05, **P < .01.

and total B (B220%) spleen cells (Figure 2D-E). The percentage of
B220%, early- (B220tCD43%), and late-stage (B2207CD437)
B cells was reduced in MT1-MMP~/~ BM, spleen, and PBMCs
(Figure 2F). Although the absolute number of early- and late-stage
B cells in splenocytes was reduced in MT1-MMP~/~ mice (data not

shown), the relative percentage of early (B220*CD43%) B cells
was augmented in MT1-MMP~/~ splenocytes. These data demon-
strate that MT1-MMP is required for normal terminal B-cell
differentiation within the BM with impaired release of B cells into
the circulation.
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Figure 3. Erythroid and myeloid differentiation block in MT1-MMP~/~ mice. (A) Real-time PCR of Epo in kidney (n = 3). (B-C) Percentage of different erythroblast
populations during erythroid development (proE-EryA-EryB-EryC) of (B) BM cells or of (C) dissociated mouse spleen cells from MT1-MMP*/* (n = 5) and MT1-MMP~/~ mice
(n = 3). (D) Percentage of CD11b*/Gr-1" cells per femur as determined by FACS (n = 5). Errors in bar graphs are SEM; **P < .01. (E) Real-time PCR of G-CSFin BM cells

(n=23).

The earliest T-cell progenitors are produced in the BM. We found an
increase in the percentage of immature CD4~CD8 c-Kit~CD44~
cells T cells in MT1-MMP~/~ BM cells (4.1 X 10° = 0.2 X 105
cells in MT1-MMP~/~ and 2.6 X 10° = 0.3 X 10° cells in MT1-
MMP** BM, respectively; n = 4, P < .05). The MT1-MMP~/~
thymus (Figure 2G) was small with a low number of thymocytes
(Figure 2H). Thymic lobes, and specifically the medullar region,
appeared smaller than in MT1-MMP*/* mice (Figure 2I). Flow
cytometric analysis of thymocytes revealed no difference in the
percentage of immature CD4~ or CD8~ double-negative (DN)
thymocytes or of CD4~CD8 ¢c-Kit~CD44~ thymocytes between
the MT1-MMP** and the MT1-MMP~'~ mice. However, a
relative decrease in the percentage of the more mature CD4*CD8*
double-positive (DP) thymocyte population and in the CD4*
single-positive (SP) cell population was revealed in thymocytes
from the MT1-MMP~~ mice (Figure 2J). In absolute terms,
CD4 SP numbers were reduced 2.5-fold, CD8 SP 2.1-fold, and DP
thymocytes 5.3-fold, whereas the DN population remained unaf-
fected. These data indicate that T-cell progenitors developed within
the BM even in the absence of MT1-MMP, but that their further
differentiation in the thymus was blocked at or before development
of the immature DN thymocyte population, causing default differ-
entiation into CD4 cell SP and NK-cell lineages.

To assess whether the abnormal thymic colonization observed
in MT1-MMP~/~ mice was because of the loss of MT1-MMP
in hematopoietic cells or in stromal cells, MT1-MMP** and
MT1-MMP~/~ BM donor cells were transplanted into lethally
irradiated wild-type recipients. Chimeras were analyzed 4 months
after transplantation. T- and B-cell differentiation of transplanted
MT1-MMP~/~ cells (expressing the Ag Ly5.2 (CD45.2) on leuko-
cytes) within the BM were normal (Figure 2K-L). These data
indicated that MT1-MMP~'~ mice showed impaired T- and B-cell

development. Even though MT1-MMP~/~ mice showed a hemato-
poietic cell defect (see Figure 1), MT1-MMP~/~ BM cells retained
the potential to differentiate into T- and B-cell lineages in an
MT1-MMP** environment. These data indicate that, aside from
its influence on stem cells, MT1-MMP also plays an additional role
in regulating the BM niche.

MT1-MMP ablation impairs erythroid and myeloid
differentiation

Anemia, as seen in 14-day-old MT1-MMP mice (see Figure 1C), is
expected to trigger a compensatory response that is mediated
principally through increased serum levels of erythropoietin (Epo),
a master cytokine of erythropoiesis. Epo controls growth, survival,
and differentiation of erythroid progenitors, either cooperatively
with, or independently of KitL..323* Despite severe anemia, Epo
mRNA expression in kidney tissues of MT1-MMP~/~ mice was
low (Figure 3A) and the expected compensatory increase in spleen
size did not occur (see Figure 2B).

To assess erythroid differentiation, we examined CD71 and
TER119 expression in the BM and splenic erythroblasts, and
classified erythroid cells into 4 populations at progressive levels of
differentiation: proerythroblasts TER119™edCD7 1highESChigh (ProE),
TER119higbCD71highFSChigh  (Ery.A), TER119behCD71hishESClow
(Ery.B), and TER119%&:CD71°¥FSClo¥ (Ery.C).%

MT1-MMP~/~ BM erythroid lineage cells accumulated at the
ProE, Ery.A, and Ery.B stage, and cells at the late erythroblast
differentiation stages (Ery.C) were reduced (Figure 3B). In spleen,
all stages of erythroid lineage cells were reduced in MT1-MMP~/~
mice (Figure 3C). These data suggest that MT1-MMP is involved
in both BM and splenic erythropoiesis, and that the defect in
erythropoiesis in MT1-MMP~/~ mice might be due, in part, to
impaired Epo production.
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