e #/495@

&

X3

HERENSVADIZV D - Sy b koda4/R—2 3

Color-Engineered Rats and Luminescent Imaging: Innovation to Visualize Biological

Processes
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Abstract

The rat represents an excellent mammalian model for broadening medical knowledge, and a wealth of information on its
physiology has been obtained from its use as an experimental organism. Its ample body size allows various surgical manipula-
tions that cannot be performed on a mouse. Many rat models mimic human diseases and have therefore been used in a variety
of biomedical studies. In an effort to create specifically designed rats for new biomedical research and the field of regenerative
medicine, we developed an engineered rat system on the basis of transgenic technology and have succeeded in establishing
unique rats that possess genetically encoded color probes. In this review, we describe the potential of the photogenic trans-
genic rat that expresses fluorescent and/or luminescent proteins, and focus on the characteristic migration of MSCs to injury
and tumor sites. In addition, we will discuss an efficient delivery method for targeting the injured site. Synergized with modern
advances in optical imaging, the photogenic rat system provides innovative preclinical tools and a new platform on which to
further our understanding of matters concerning stem cell biology.
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2. FSIVARDIZVISY R VRATA
EREBME L TORERTIE, ~UALV BTy D
FHRRLEFMRIICAEINTEERLH Y, FiC
ERFECMARERFEONFICEITET v hOERT —
YIIBEORKES - BFEMEOEHEL 2o TS
YOSy MINF AV oy 2 HFNEE S D
121990 ERFDITARE P, ZhETrFT VAV ==
v7 (Tg) * 7 v bOER T, ZHEIMER<T 2D
LOIZKHARTHFH -0, ZOEMDERE L Sh
TWie. L»L, BER~As7afvIcrvar$
WMRLEL TITebn D L 512720, BETIREERIC
BEFEAEEREEDIZENTEDLL IR, B
RENDZ R EOUELEET IO, 1ED
Tg 7 v b EBBEHITIIDRL LD 100 DS REIR
=AYt aryBNELENRS. £,
IR AR I R R T u e — F— 2 F T AR ¥
—HARAWLN TS, BRAENRaEDMESa
—ERDERIZE ST, RETHHBORHEELR
RBVEERDHD. LIienio T, EVWHRTOTg T v
DA AMEEST LHES TIEA20.
EETHIREREXT CHECTEIENY 7 E
X, MIREEEREDALL b THIRNS v/ B0 %E)
#1243 Ibiological light probe] & L TERMAD A
FHYA TV AERZXDBERTAT AIZR>TND
YRR, REASHFAREDENS I HE LR
HAEDEICLY, MIg#EE TG $A2E08T
5. BEEXZTAROBRENEELZ BfETBERE
EWIE T, B L7/ 0 iEah & B 55
JEIEIS R 2R BRI B ~ D J5 M % R 2 R A i
Bk rind. LizpioT, MRakgtEr Tand) L,
BMAESEEEEIC SO L 5 CBET 30 TE
BYRAT LIBO TEELRERE D, £ AV
v UHWRRE L BROR, ISANRAA A%
HIETHIREIZ L o T, FxDOAL T T u—T %8
DhFUAY 2=y 7Ty FOFIRMEIZRELS, B
IhizfacifoEies e L LTEB 52 &
DARETH 5. MBI~ OLEENBIAE o7
lcolor-engineered rat] (Table 1) DBA% btEA, 9 FEiH
RHEEFZZBUERL RTASEICHHA IR TN,
bhvonOERL L 72 GFP-Tg 7 v MIbHRR AR
CORENRL, MIRATEMAL % e AR 25
ISR ERTWE Y. FIZiE, B4 14.5 A2 bR

Table 1_Color-engineered rat colonies.

Strain Promoter Marker protein
Wistar CAGGS' GFP®
Lewis CAGGS GFP
Lewis Albumin GFP

Dark Agouty CAGGS LacZ (B-garactosidase)
Lewis ROSA26 LacZ (j3-garactosidase)
Wistar Albumin DsRed2°

DsRed2, GFP (in Cre/LoxP
Wistar CAGGS
system)

Lewis ROSA26 Luciferase’
Lewis ROSA26 DsRed monomer

*, cytomegalovirus enhancer/chicken S-action promoter; *, green
fluorescnt protrein (dequorea victoria); ©, DsRed (Discosoma); °,
luciferase from the firefly (Photinus pyralis)
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U 7o e BRHIAG I, BB IR ET 5 & ERAINE
LIS RT AHERH D, DT RMRATEMA
DMRERIITEER FZEETH 5 CXCRE =
sphingosin-1- phosphate (S1P) ZZARE D5 % R
HRERBBELNL TS W,

7, DRONIIFRERAIC DsRed2 (RIBR) %
RET 57 v b= Cre/lLoxP (DsRed2/GFP) 7 v h
BREBEABBLTVWA Y, 7AT I Fue—F—C
819 % Alb-DsRed2 7 v kb BRI ZEEL, AT
GEFEEZMAIT v MZMAREE T3 &, BRI
EFHNTT AT I VEAMBIZEL L TW A2 E
Banh5 (Fig.1). BiZ, ZOFNTTNT I VESE
HROEMITBEFEECHE L 5. EbIZ, Cre/
LoxP (DsRed2/GFP) # 7L R—&—5 v & HN
DL, U TREEZBE L -BofmAOBAREEL S
AL, DsRed2 7 GFP OFEHE(HEE TS Z & A8 H
RBE2RD. UL, ThbDEF 2B A
BENTOMIE - AEBIESEETE L 25T
T, BENEDBRSPREMNICRESL TSN
ERDB.

3. Double-Tg 5 MMER L ZDIGH

RIR DESEF 737 ORI B YR % 0 &
TOB, BALNRVED TH) % BEICHET 5%
Bhd. BlziE, REVAEOLY T =5—Fi, &
BB TR L EEIEICENR DY (T4 b)) %
BAEL, HELT2MI0A8ICR T 2 BEFRERAS
UTNEZA LB TAZ L 2ARICT S . A4



Alb-DsRed?2 Tg rat
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Fig. 1 Alb-DsRed2 transgenic rats. (A) Representative scheme of
liver-specific DsRed2 expression in the Alb-DsRed2 Tg rat and the
mouse albumin/enhancer promoter. (B) A representative embryo of
an Alb-DsRed2 Tg rat at 14.5 embryonic days after gestation. (C)
Liver-specific DsRed2 expression was observed in (B) under 560nm
excitation light. (D) A representative adult liver (4 weeks old) of an
Alb-DsRed2 Tg rat. DsRed2 expression under 560nm excitation
light. (F) Differentiation of BMDCs derived from Alb-DsRed2 Tg
rats into albumin-producing cells with acute liver injury using CCI,
and 2-AAF (xinjury using CCl4 and 2-AAF) x400 original mag-
nifi400 original magnification). The upper-right panel represents a
high-power view) x1000 original magnification). (F) Chronic liver
injury by repeated administration of CCl, induced differentiation of
BMDCs from Alb-DsRed2 Tg rats into albumin-producing cells
(x400 original magnification). The upper-right panel represents a
high-power view (x1000 original magnification).

B2 EERE (600nm) RELNBLIFE AL
IIMHEE L BREYEO S TIHEFICHRTHS. D%
FEFUIE S AT ERIC THRE) 2857528
THIBBW T R V¥ — (ATP) (ZIKTE L2 RT3
ZEMTE, WAL A UTCESEA A —URED
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Hemizygote  Homozygote WT litermate

2.8x10° |

1.1x10° *

Fig. 2 Jn vivo luciferase imaging of injected MSCs from luciferase/
LacZ double Tg LEW rats. (A) Representative scheme of the trans-
gene composition. The transgene consists of the ROSA26 promoter
and a firefly luciferase gene. (B) Representative luminescent images
of luc-Tg rats. Luciferase activity in the luc-Tg homozygote rat was
almost twice that of the hemizygote rat. The value in the right lower
corner represents total photons per animal (photons/sec). (C, D) De-
generation of the right tibial muscle of LEW rats was induced by
treatment with 0.3 mL of cardiotoxin (10 uM) 24 hr before MSC
injection. Luciferase/LacZ MSCs (1x10%) were injected into either
tibial muscle (C) or the right femoral artery (D) of muscle-injured
rats, and MSC-derived photons were monitored using TVIS™ (Xe-
nogen). (E) Accumulation of luciferase/LacZ MSCs in the injured
muscle at 10 days post-injection (f-gal staining). MSCs injected
through the femoral artery. Original magnification x400. (F) Rela-
tively higher number of luciferase/LacZ MSCs (2.4x10°) injected
into the femoral artery of rats pretreated with cardiotoxin to induce
muscle injury. Significant photons were observed in the lung and
injured limb at day 0 post-injection (30 min).
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NOEHRLERIEN TS, Z0L5REBEA»D
BREEhE0N, BT W7V Y) GETFTTLY
BEXTEILYT7=F7—¥ -TgTFv bThD (Fig. 24
and 2B) ',

BRI HRT 5 HERTRMIZ (mesenchymal stem
cell: MSC) %, ZDabREIiTx, 48 - BENES
THDHID, HEEE~DISAAHFESL TS, &
bz, 5 S 7o MSC (3« DIEEME EELRT
EED) LT OMENRDHY, TOMEEENLE
MENRITRbh TV ZOF A%, ESHKE
(embryonic stem cell) DOF A &L ITRAZY, BYiIRL
MSC ZAWTHAHEEARBE LRV LRET O
29N k) RFHEER~OISAERRTIEMN
T, V727 -TgFy baBEELEASLA
7 u—7 DB E DRI L R HAE RS EER
Hde b6t fxE, Vo727 —¥TgTv b
& LacZ-Tg 7 v b % 23kl L 7= hemizygous-double Tg 5
v bk THER - ZERIAOREAT ) MATRERR LV 2 5.
nbb, ZTORTRLVS 7 =T —ERHL f-gal ffs
NEfeE s ™. 7y N TFHEFA% cardiotoxin TIEZE
L, ERBOFT NV TgT v NEED MSC % RFTEH L,
JAETOMSC OFEFBEEINDIHOD, BE2Z
e TR 2 % 7 /3 —F BT E b A2 Ao 7= (Fig.
2C). XA, T v b FTEEZXET 5 KRR B
THT—TNVEEZRNTMSC 2 EAT3 L, PR
 TERAEMEIZMSC Z#aT 52 &M T& 5 (Fig 2D
and 2E) 7. TN B OHERIL, MSC Dk 5 R x
fas s RO T 5 FB & U CTRBIIRMLLE 2MEN
TWAIZLEEREBLTWS., FO—HFT, BFE®
MSC X R BMME & Hil L, BER L&
WCEMTHIERERLALNICRY (Fig. 2F), ER
JIERIZBWTIIMSC #5112 L 2BIER (k) o
REHRICEBT RETHD ZEMWRBEINTNWS.
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a2\ AT o —TREFES Y, MLV T
DT, hE THRINTEAWRSEA2H5FH
FREOMEEMRE ) LLTIRADZ EITHAEIL
TWA ' LaLihs, £EATE. 5EMLE
BEABRENTOERBEROMITEROATRL S
ZLETIHBRLTES LIV EZRY., EFRHRA A=
U TEROESRC Lo T, HIMEOERZ & X - EEN
TBHFL ) AENIFENFIATE S L DT o8

ETHE, 2724 -EENOMIEES L LTk
BRI B Z e BREIL RV 205 5. EHBED
PIFEEZBENTLIEECEAVERIIZ L,
MRIER A AL L HAEEMEICB T 2T Y b
NAFA A=V T Fa=—r R EEZONSD.
BaDBELTZITe Ty FREFTAERIEL £
BEOSFICBNTHBRIR Sh, EHeATRcE
RTENERZNTH .

#E . ATRO—BIE, BEAESBHEREMERHEE
& [BORAIRGRATREFE), (=4 AHETEREE
BLU AIRERHEERTEE (EWEIRTE)) I
LoThashkbDThs. i, AWEZTHS -
TBIE L TWEW BT, 72 b N IS BimT
RRMOEER DERITERH N LET.
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FUBKICET AL OBMKRERY LI TS, Ly
LEh5, KEDAMZER Rosenberg 5 DHETIX, A
F/—<BEEZDLELET Z7F UBREOBRKNBEYE
BShTH2.6% TLH ALY, HATIFUREORAT
LERENTVS. 20—AT, ZOHRERAETO
EERBEOZ{DEBPEEZ, BAVIFBED
BETRERA VM EERGLEEREFOMELH
TR —FFTEILDOBBEEBEZLNTVSY. FFIZ,
BEREMORTFLLT, EEIFEMREGSEMT MR
(CTL) BRI ERIhsicmz, OEEHNREZ
HRECEBL, OEBHL BRI LB, OF
DR TEELEINEGILBETLATHS. /2, #H
DIAME E AL A 8% T AP R AT BT H b3
EERFENCTLZHHTA7:80, CheDFHEHEE
Tha.

AZ )=, MOBAMEERR, ZLOEETRE
HoOBRLLDIC, BETFTRREOWHZHEV, VAMK
HELVEERGOREH L E@TELHEE (HERER
) LB ICEELTWEY . BERESMHC class |
VROFEBROREICMA, TR AICHEET3HET
SFORBMENCLY, BEEMREE S TRM AR
FitE#BERL TS, LichioT, EF REENCH
RICHERR T 2700, BB E 5 % THRESE) o5
| LT R 20 ENHE. BREFHIN TS
HihiAE (5 TFERNZE) O—DTHELAN T2 TV
{ERHEARNL, HAMBICHUTERNICERL, BAM
BOBESEENRZUETEILHTREY . AHT
X, CANBTEFVLHERNICEEAS /) —2DBIR
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FRREMHICLETR M=V ABZEOHEHEDLEF R
EREBEADISRAICOWTHEA LD,
[EZAVEBRPEF LI K DEETFRIROANG]

AV BEDRRBREMELTT L FIMLERT T
MEBEILER TS, ZhETDXIBDOTEF IV
(LOBFRIL, DNAKEHEL VA THEL AN %
FLICHEIR TS, CAMDBEELTZEFVES
RTOAREAERTE, BEFOEESERICTD
NTVBEBIC—HL, LA OTEFMLIREETF
RBEIEICHALTVWAEEILA TS, K,
LA TEF AL (BT F k) Shalickd
BEFRRAITREICRBAINZEEZILA TS,

BiE, LAN ZTEFMVETERE, LA Th
FVEIEB B (Histone Acetyltransferase ; HAT) ®
&M %43 % CREB binding protein (CBP) % p300-
CBP-associated factor (PCAF) 23, AP/ DARS
T, BHSEETF 32T FMET AL hiESh
7287 pR3D T FNbIckY), FOEERTFELTO
LR EN, FTHRICH2HHE ) S &
FRT7RM—ABERETFEORBLFHRINSS.

pE3LWMA THE LW ANFERFTH LRI EX
2328 (pRB) H¥HI5H T3, D pRBick 2ifiBaE
FEBIEIZ, pRBAEEEEBRETEBICKEL, 20
EREETFOBE2NHT57:DThsILnH->TH
7o, BEFEFECEELLE, pRBEYDIILEE
TEENRZTI0PIFHTHo 2. B, LAY
i 7t F VALEEE (Histone Deacetylase ; HDAC) #$
PRBICHEAL TV AZEHEINY, HADCH pRB%
ALTHEREEEFRBO L XM ACETE, pRBO
EERMAEDO AN % BT 2 F VL (K7 5V 1k)
FTEIEWRENL. ZOLRMN DETEF LI
D, YRFAHMODNALL AN OFEEDH WS, HIEE
EBRETOETHHGFINLEEZLN TV, BiES
T, BEOL AT F VLR OHEHNICH
2o A T e R R BB AL H B LS,
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AV¥EB%2%®, —IDHDACKHEFIIH BRHEsEL
LTOBRKABEBITLI TS Z0HDIDTH2
FK228 (depsipeptide, FR901228) (&8t Fzf8 T #faY
V74— DERABRICE O TR CRIFLEBEN R
FEFT3Y,

[HDACPEEHIFK228 DIFRE R FE P RN— 2%
M D1E5]

LM T/ —vilifdiz 35\ TH HDAC FH E#I FK228 1%
RIWCELIERAZTRT. B/ —<HIfAICB TS
FK228 DIERIBIEZFOBRRE, EELAZ /A beD
HEcBWTDNAYA Zu 7 VA icko TRITSh T
210 BRERHIEIC, AT/ —REPERICEDS
Ras-MAPK ¥ 7" )V B O HI IR F Rapl A3FK228 D
BB TO—D2LLTE&EHh, FK228%4rL7-Rapl
DBEFRBREEZNMUTAS ) —HRE D E5E %
THILH o710 &5i, FK22813 A5 /—vHiRE
LTHISENSgpl00/pmel DEEFHKIEZ10~ 15753
BIET2ILHTESE. bbhIZOERERZEIC
—DDRMZIL T, Thbb, X57/—~CEBF5H
JRERHRDO TR ARZH 2R TLILICLo
T, AZ/)—~ORBFNHEZZRIATLE1H LA
BV, LWIEZTHSE. TORMEEILTZHI,
YUAAZ /—7BI6-FIOMEZ A - ETVEE %
oV, = v ZBI6#ifETIX, HADCFH E#FK228
DEDs X 5nMBETHY, p21Wel/Cel Ly EREL
bICHFERE DL #FEE L, caspase-3/THEHZEHE
IR, COFEGTF TR, BlI6KIROERIC Fashs
EFEEIN, Fas) AV FORMICE-> THEE 2
DFEEINI: (B 1a~c). 3612, gplO0ZHEMICER
HWTATHIREZ A (TCR) 2R E 3 5Pmelb 7 > A
VrizZw/(Tg) - YU AICHKXTSCD8 " THilE%2
72 72—LLI:CTLY v A ICBWVTHFK228 DFEHE
{ETIBEELBICAHROBRBIREHELI (K 1d).
IhbDin vitro DEBRFERIE, A7 /-~ T5%

$90 RREETA—5 L

®1 EXMBRZEFVCBEEROH AR

MR DIBTEINH
BAZEEET LS {EDEE
p2ierl pexss  G1 B, MESLTHE
DNAXFIFS 2 R75—FEDHRERICEDHAME
BEFOBEMEL
TOXS—EBIETFOERIF

FRF—S ZDFHE
IFACRYPRENRTZ R —2 2D5EMEL
Fas SBEREMALEZ7ZR—2 2D B2 GRS

Z DD
B AL TN DESR
BNEBEE DS
MHCHIRS FOMBRE~DHES (REZR#EOA L)
MEHEDIPH (HIF-1a RIS, VEGF ERIH)

R B RS2 M 3858 1 HADC B E#I FK228 0 #5385
MThHEILETRBLTS.
[HDACPMHEH FK228 DRiLE EHEFEM T A

EBA]

AT /)= TEEFREBEETE, AF7/—~7
BHELTWACTLZEEENSex vivolCELY L,
IL2FE T CHERENCTL2 —EHHEEL, 24
ZR—EERN IR HEEETHS Y. Rosenbergh
DE|ETE, AT /=< 2 & FHREFEOBKN
BEERT O a—VOWEBICLZLEIAHHDH, BE
50% LTV 52, BEFBATACTLR2HILT S
TODBETEMZMIZILLTETHY, TDILH
BRBEDE LICbHOTVAEIICRZS.

CDEIRBRH»LETHREREICHADCH E#
FK228 DRIMBERE R LFBRELVFE1H LR, B
RRTI, EFBAROBELELL Tcyclophospha-
mide (60mg/kg/day : 2 H) & fludarabine (25mg/m?:
SHE) o®E»Tbh, 2~3HB D AIL-2(7.2 X
10°IU/kg : 8RB E) BWAIN TV BEY. Tk %
FLBRIEFBASKSCTLOAGEREBEZEZ 200
CRBREEIA TV, (HEMAB» LM 5INBIL-15
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RIL-TEVBBACTLOEFR2XKTS). bhbho
BRRIHEZRLRY, EEMKEE 5 ORI EMid
2D THS. KB, CHTBL/6~ Y AIZB16-F10
M EEELLHEPATVAICB VT, FK228 (2mg/
kg/day) % 3 HRIRIMLE L -~ 212 Pmel-Tg~ vV A H
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BAMMEZ KR ICHEET A2ENPHIEORMHVE
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Bioluminescent imaging and
organ-specific metastasis of
human cancer cells

Takashi Murakami and Nicole Chun Colon Cancer Breast Cancer Melanoma
HT-29 MDA-MB-231 Mewo

Brain »

Applications of high-frequency ultrasound imaging will help reveal the
nature of cancer spread.

Cancer metastasis is the end result of a complex series of bio-
logical events that lead to the formation of clinically significant
secondary tumors at distant sites. Clinical evidence demonstrates
that such sites are not randomly located, and certain malignant
tumors show a tendency to develop metastases in specific organs
(e.g., brain, liver, and lungs).1 However, an appropriate animal
model to characterize the hematogenous nature (i.e., originating
in blood) of transplantable human-cancer-cell lines is not avail-
able for metastatic cells, while profiling data of hematogenous

Figure 1. Representative metastatic images of human-cancer-cell
lines in nonobese diabetic/severe combined-immunodeficiency mice.
Luciferase-expressing cells were injected into the left cardiac ventricle
under fine-ultrasonography guidance. In and ex vivo bioluminescence
imaging was conducted for (left) HT-29 colon and (middle) MD A-MB-
231 breast cancer, and (right) Mewo melanoma cells 3040 days after
tumor implantation. (right) Black dots in the brain represent metasta-
sis of Mewo cells.

metastasis has not attracted sufficient scientific attention to im-
prove understanding.

Recent advances in bioluminescent-imaging (BLI)? technolo-
gies have facilitated quantitative analysis of cellular processes
in vivo. BLI reporters have significant signal-to-noise ratios in
mammalian tissues, and emitted-light signals can be quantified
in intact animals using noninvasive assays. To obtain profiling
data of the metastatic fate in human transplantable tumor-
cell lines, we have been generating a luciferase-expressing
human-cancer-cell library (including melanoma, colon, breast, To date, cancer-cell injection into mice has been done easily
and prostate cancer) since mid-2007. (Luciferase is an enzyme  through the tail vein. However, this route is not beneficial for
present in the cells of bioluminescent organisms that produces systemic cell delivery because most of the sizable injected cells
light by catalyzing the oxidation of luciferin and adenosine  are trapped in the lung capillaries. To overcome this and
triphosphate, ATP, a nucleotide found in the mitochondria of all systemically deliver cells via arteries, many scientists have
plant and animal cells.) We created these cells using a retroviral  plindly tried injections into the left ventricle (heart chamber).
gene-transfer technique. In the presence of D-luciferin, as few as  Eyen veteran technicians have blindly been injecting cells into a
50 luciferase-transduced cells can be detected in vitro against the very narrow space in the mouse heart. However, high-resolution
background's linear-dose-dependent output of light. Although  yltrasonography (US), developed specifically for small-animal
expression levels among cell lines are not always the same, se-  jmaging, now provides clear identification of areas of interest

lected cells provide sufficient numbers of photons in vivo for within the myocardial wall (i.e., of the heart muscle) and allows
real-time luminescent imaging.

Continued on next page
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precise, site-directed cell injection. Therefore, using fine-US
guidance, we have successfully realized accurate and repro-
ducible cardiac-cell injection into mice.

We have generated more than 30 luciferase-expressing
human-cancer-cell lines using retroviral transduction. We inocu-
lated these cells into the left cardiac ventricle of nonobese dia-
betic/severe combined-immunodeficiency (NOD/SCID) mice
under fine-US guidance. BLI was conducted for each cell line,
and representative organs (e.g., brain, liver, lungs, lymph nodes,
bones, and gastrointestinal tract) were then inspected ex vivo.
We observed cancer-cell-type-dependent metastasis to specific
organs even in mice (beyond the species): see Figure 1. For
instance, human colon-cancer HT-29 cells accumulated signif-
icantly in the liver of mice, while human-melanoma cell lines
showed frequent metastasis to brain, lungs, and lymph nodes in
the mouse model. For breast-cancer MDA-MB-231 cells, metas-
tasis was observed to the bone in addition to the brain, lungs,
and lymph nodes. Notably, reflecting the clinical features of
melanoma, breast, and lung cancer, some cell lines showed pref-
erential metastasis to the brain of mice.

Characteristics common to both tumor cells and normal stem
cells appear to exist, referred to as stemness. The hallmark traits
of stem cells—self-renewal and differentiation capacity—are
reflected by the high proliferative capacity and phenotypic
plasticity of tumor cells.? Since the initial concept of cancer stem
cells in solid tumors was established using NOD/SCID mice, we
have had to employ animals to apply luciferase-expressing cell
behavior to the theory of cancer stem cells. Our recent BLI-based
experimentation suggests that a subpopulation of cancer stem
cells is essential for organ-selective cancer metastasis.*

Approximately 10-20% of all systemic malignancies will even-
tually metastasize to the brain.” Despite this high frequency of
brain tumors, an accepted approach for effective treatment is still
lacking. Accumulating clinical data suggest that the interaction
between chemokines (proteins) and their receptors is a critical
component for regulation of tumor progression and metastasis
in many cancer types,! and that the CXCR4/CXCL12 pathway
is involved.! However, the pathophysiology in brain metasta-
sis is not fully understood because of the difficulty of creating
appropriate animal models. Therefore, BLI combined with high-
frequency US imaging should allow various preclinical studies
at the tumor /normal-brain interface.

Combining cell resources with an appropriate animal model,
our goal for the immediate future, will promote a better and
more profound understanding of human-cancer-cell biology.
Advances in optical imaging should provide a new platform
to accelerate development of therapeutic strategies for human

cancer.
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Identification and Metastatic Potential of Tumor-Initiating Cells in
Malignant Rhabdoid Tumor of the Kidney

Satohiko Yanagisawa,"? Ichiro Kadouchi," Kinji Yokomori,? Masao Hirose,® Michiyuki Hakozaki,?
Hiroshi Hojo,* Kosaku Maeda,? Eiji Kobayashi,' and Takashi Murakami'

Abstract Purpose: Malignant rhabdoid tumor of the kidney (MRTK) is a rare and highly aggressive malig-

nancy of infanthood. In an effort to delineate MRTK progression, we investigated the metastatic
fate of some MRTK cells using xenotransplantation animal models and the tumor-initiating poten-
tial of CD133* MRTK cells.

Experimental Design: We established two MRTK cell lines (JMU-RTK-1and JMU-RTK-2) from
patients with MRTK. We generated five luciferase-expressing MRTK cells for in vivo luminescent
imaging and evaluated the metastatic fate in an orthotopic xenotransplantation' model. Capacities
of MRTK-initiating cells were examined in nonobese diabetic/severe combined immunodeficient
mice after antibody-mediated magnetic bead sorting. Use of chemokine receptor CXCR4 expres-
sion as a metastatic marker was evaluated by flow cytometry and Wester blotting.

Results: MRTK cell lines showed distant organ metastasis. JMU-RTK-1, JMU-RTK-2, and G401
cells showed considerable aggressiveness compared with SWT-1 and SWT-2 cells (P € 0.05).
Moreover, as few as 1,000 CD133* MRTK cells initiated tumor development in nonobese diabet-
ic/severe combined immunodeficient mice by 21 days (60-100%) in all examined cell lines,
although the same number of CD133" MRTK cells could not form tumors (0%). Interestingly,
the metastatic potential of the CD133" population remained unaffected compared with a nonen-
riched population. The potential metastatic marker CXCR4 was expressed in CD133" and CD133"
MRTK cells, and CD133" cells seemed to play a cooperative role in terms of tumorigenicity and
metastasis.

Conclusions: These results suggest that CD133" cells may determine the metastatic fate of
MRTK cells and that CD133" cells may play an auxiliary role in tumor progression and metastasis.

There seem to be characteristics common to both tumor cells
and normal stem cells in terms of what might be referred to as
“stemness.” The hallmark traits of stem cells—self-renewal and
differentiation capacity—are reflected by the high proliferative
capacity and phenotypic plasticity of tumor cells (1). Further-
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more, malignant tumor cells often lack the terminal differen-
tiation events present in normal cells. These parallels have given
rise to the hypothesis that tumors often arise from undifferen-
tiated stem or progenitor cells: Cancer cells can undergo
progressive dedifferentiation during their development (1-3).
Additionally, it has been proposed that cancer stem cells—a
subpopulation of cancer cells possessing tumor-initiating
capability—are derived from normal stem cells (1, 4). In fact,
since the identification of leukemia-initiating cells, several
initiating cells in solid tumors have also been identified for
breast (5), brain (6), colon (7, 8), pancreas (9), and prostate
cancer (10).

The malignant rhabdoid tumor (MRT) is a rare and highly
aggressive malignancy of infanthood, which commonly devel-
ops in the kidney and central nervous system (11, 12).
Significant progress in genetic studies has revealed that the
majority of MRTs harbor biallelic inactivation of the chroma-
tin-remodeling gene hSNF5/INI1 located in chromosome
22q11.2 (13, 14). However, MRT is resistant to most
therapeutic regimens, and the overall survival rate of patients
with MRT of the kidney does not exceed 25%. For example,
only 8.8% of infants that were diagnosed before the age of
6 months were living 4 years after diagnosis (15). Recent
clinical evidence has suggested that a high frequency of tumor-
initiating cells in brain tumors (e.g., high-grade medulloblas-
toma) is significantly correlated with aggressiveness (6).
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Translational Relevance

There is a great deal of clinical evidence supporting the
aggressiveness of malignant rhabdoid tumor of the kidney
(MRTK). However, an appropriate animal model to charac-
terize the aggressive nature of transplantable MRTK cell
lines has not been reported due to the rare malignancy. In
this work, we showed the metastatic fate of some MRTK
cells using luminescent imaging technology. Moreover,
in an effort to understand the aggressiveness of MRTK,
we were also able to identify MRTK-initiating (stem) cells
from established cell lines. In light of possible distant
metastasis in MRTK, we evaluated the relationship be-
tween CD133-positive MRTK cells and chemokine receptor
CXCR4 expression. These results have yielded important
implications concerning MRTK biology, and our transplant-
able cell source coupled with luminescent imaging provides
a tool for new preclinical therapeutic strategies against
MRTK.

Moreover, an interesting feature of MRT is the occasional
occurrence of separate central nervous system primary tumors
(16). Thus, the similarity between high-grade medulloblastoma
and MRT in terms of aggressiveness allows us to determine
whether MRT cells frequently contain initiating cells.

Herein, we established two MRT cell lines from patients with
MRT of the kidney (MRTK) and show that tumor-initiating cells
of MRTK are frequently present within the CD133* population.
Furthermore, we show the characteristic metastatic potential of
the MRTK cells in an orthotopic xenotransplantation model of
severe combined immunodeficient (SCID) mice. Identification
and investigation of the characteristics of tumor-initiating cells
in MRT can contribute significantly toward the design of
aggressive MRT therapies.

Materials and Methods

Cells, animals, and reagents. JMU-RTK-1 and JMU-RTK-2 cell lines
were established from two independent patients after confirming the
histologic examination using the Japanese Wilms Tumor Study.
Histopathologic analysis of the two cases showed that the cells were
round to polygonal in shape with vesicular nuclei, prominent nucleoli,
and eosinophilic cytoplasm with rare but typical cytoplasmic inclu-
sions. Briefly, the clinical courses of the two patients are described. (a)
JMU-RTK-1 cells were established from a surgical specimen derived
from a 4-mo-old boy who presented with macrohematuria and an
abdominal mass (4 cm X 4 cm left kidney mass as determined by
abdominal computed tomography). No metastatic lesion was observed
at this time. Although the patient received chemotherapy following the
surgical treatment, local recurrence and pulmonary metastasis devel-
oped and the patient died 5 mo after the recurrence. (b) JMU-RTK-2
cells were established from the spinal fluid of 4-mo-old female who
primarily presented an abdominal mass (a 6-cm-diameter tumor of the
right kidney), although central nervous system metastasis (meningial
dissemination) and local recurrence developed following right ne-
- phrectomy. The patient died 12 mo after resection of the primary
tumor. The Jichi Medical University ethical committee approved of the
experiments described in this article.

JMU-RTK-1 and JMU-RTK-2 cells were maintained in DMEM
(Sigma-Aldrich) with 10% heat-inactivated FCS and supplements
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(17). G401 cells (18) were obtained from the Health Science Research
Resources Bank (Osaka, Japan) and maintained in McCoy’s 5A
medium (Life Technologies) with 10% FCS and supplements. SWT-1
and SWT-2 cells (19) were donated by Dr. Masao Hirose (Naruto
University of Education, Tokushima, Japan), and FRTK-1 cells (20)
were provided by Dr. Michiyuki Hakozaki (Fukushima Medical
University, Fukushima, Japan). The well-characterized SWT-1, SWT-2,
and FRTK-1 cell lines were used as representative MRTK cells and
maintained in RPMI 1640 (Life Technologies) with 10% FCS and
supplements. The cultures were kept in a 5% CO, and 95% air
humidified atmosphere at 37°C.

BALB/c AJcl-nu/nu (BALB/c nude, 6-8 wk old) and C.B-17/Icr-scid/
scidjcl (C.B-17 SCID) mice (8-10 wk old) were purchased from CLEA
Japan, Inc., and nonobese diabetic (NOD) C.B-17-Prkdc®@d/] (NOD/
SCID) mice (8-10 wk old) were purchased from Charles River Japan. All
experiments in this study were approved by the animal ethics review
board of Jichi Medical University and done in accordance with the Jichi
Medical University Guide for Laboratory Animals and following the
principles of laboratory animal care formulated by the National Society
for Medical Research.

Phycoerythrin-conjugated anti-human CD133 (clone AC133; Milte-
nyi Biotec) and phycoerythrin-conjugated anti-human CXCR4 (clone
12G5; eBioscience) antibodies were used for the flow cytometric
analysis. Isotype-matched IgG controls were purchased from BD
Pharmingen. For the magnetic separation, anti-phycoerythrin MicroBe-
ads (Miltenyi Biotec) were used for the CD133 cell enrichment.

Establishment of luciferase-expressing MRT cells. Firefly (Photinus
pyralis) luciferase cDNA from pGL3 basic (Promega) was inserted into
the pMSCVpuro retroviral vector (Clontech), generating pMSCV-
luciferase (21). GP2-293 packaging cells (Clontech) were cotransfected
with pMSCV-luciferase and pVSV-G (Clontech), a plasmid encoding the
viral envelope glycoprotein (VSV-G) of vesicular stomatitis virus, using
Lipofectamine 2000 (Invitrogen). Supernatants from transfected GP2-
293 were incubated with ~50% confluent MRTK cells in the presence
of Polybrene (8 mg/mL final concentration; Sigma-Aldrich). Trans-
duced cells were propagated in a medium containing puromycin
(Sigma-Aldrich) at 15 mg/mL (luc-JMU-RTK-1, luc-JMU-RTK-2, luc-
G401, luc-SWT1, and luc-SWT2).

PCR and reverse transcription-PCR. For reverse transcription-PCR,
total RNA was extracted from cells using Isogen (Nippon Gene). Two
micrograms of total RNA were used for first-strand synthesis using
SuperScript 11l reverse transcriptase (Invitrogen). The following
primers were used for hSNF5/INI1 expression (13): exon 1 sense, 5'-
ATGATGATGATGGCGCTGAG-3'; exon 4 sense, 5-AACCATCAACAG-
GAACCGCA-3’; exon 4 antisense, 5“TGCGGTTCCTGITGATGGTT-3"
exon 9 antisense, 5-ATGGAATGTGTACCGGGAAG-3; glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) sense, 5-GTATCGYGGAAG-
GACTCATG-3"; GAPDH antisense, 5-AGTGGGTGTCGCTGTTGAAG-3",
PCR conditions for each set of primers included initial treatment at
95°C for 2 min, followed by 30 cycles comprising denaturation at
95°C for 15 s, annealing at 57°C for 30 s, and then extension at 72°C
for 2 min. PCR products were analyzed by electrophoresis through a
1% agarose gel.

Flow cytometry and magnetic bead selection. Cells (1 x 10°) were
washed with PBS and incubated with monoclonal antibody (mAb) for
30 min at 4°C. Following washing with 0.1% FCS-PBS, cells were
analyzed using FACSCalibur (Becton Dickinson) and FlowJo analysis
software (Tree Star). At least 10,000 events were acquired for each
sample. For magnetic bead selection, cells (5 x 10°) were treated with
phycoerythrin-conjugated anti-human CD133 mAb (Miltenyi Biotec),
followed by anti-phycoerythrin MicroBeads (Miltenyi Biotec), washed,
and then loaded onto a MACS MS column (Miltenyi Biotec) for positive
magnet-based selection. The positive and negative fractions were then
analyzed by flow cytometry.

Xenogeneic tumor transplantation model. Cells in exponential
growth phase were harvested by trypsinization and washed twice in
PBS before injection. For the s.c. injections, cells (1 X 10°-1 x 10%) were
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injected into the s.c. space of NOD/SCID mice. To determine the
minimal amount of cells capable of engraftment, limiting dilution
experiments were done for CD133-positive and CD133-negative cells.
Tumor appearance was evaluated using a caliper, and tumor growth at
the skin was monitored by calculating the tumor volume (= [length in
mm][width in mm)?/2).

For the orthotopic tumor model of the kidney, C.B-17 SCID mice
were treated by injection of anti-asialo GM1 antibodies (100 mg/body,
Wako) into the peritoneal cavity 1 d before the operation. The left
kidney of anesthetized mice was exposed through a left flank incision
and partially exteriorized. Cells (5 % 10°) were suspended in 0.1 mL
Matrigel (BD Biosciences) and inoculated into the renal subcapsular
space. Tumor growth was monitored by in vivo luminescent imaging.

Histologic examination. Removed specimens were fixed with 10%
paraformaldehyde and embedded in paraffin. Sections were then
stained with H&E.

In vivo and ex vivo bioluminescence imaging. In vivo tumor
progression was examined using the noninvasive bioimaging system
IVIS (Xenogen). Tumor-implanted mice were anesthetized with
isoflurane (Abbott Laboratories), and D-luciferin (potassium salt;
Biosynth) was injected into the peritoneal cavity at 3 mg/body, which
was immediately followed by the measurement of luciferase activity.
The imaging system consisted of a cooled, back-thinned charge-coupled
device camera to capture both a visible light photograph of the animal
taken with light-emitting diodes and the luminescent image. After
acquiring photographic images of each mouse, luminescent images
were acquired with a 1-min exposure time (21, 22). Images were
obtained with a 25-cm field of view, a binning (resolution) factor of 8,
1/f stop, and an open filter. The resulting gray-scale photographic and
pseudocolor luminescent images were automatically superimposed
using software to facilitate identification of any optical signal and
location on the mouse. Optical images were displayed and analyzed
using Igor (WaveMetrics) and IVIS Living Image (Xenogen) software
packages. The signal from tumors was quantified as photons flux in
units of photons/s/cm’/steradian.

For the inspection of metastasized organs, various organs of mice
were resected to examine tumor-derived photons for micrometastases in
the presence of D-luciferin. Direct invasion was evaluated for the
following representative organs: the gut and omentum, peritoneum,
retroperitoneum, diaphragm, spleen, and bladder. For metastasized
organs, the lung, liver, brain, and para-aortic lymph nodes of mice were
inspected by luminescent imaging (and histologic examination).

Western blot analysis. Cells were lysed using radioimmunoprecipi-
tation assay buffer [50 mmol/L Tris (pH 7.4), 150 mmol/L NaCl,
1% NP40, 0.25% sodium deoxycholate, 1 mmol/L EDTA, 0.1% SDS,
1 mmol/L NazVO,, and 1 mmol/L NaF] containing protease inhibitor
cocktail (Roche Diagnostics). Western blot analysis was conducted
using standard procedures. SDS-PAGE was done using 1X sample
buffer containing 5% B-mercaptoethanol. Following the transfer of
proteins to nitrocellulose membranes, the membranes were incubated
* for 1 h with rabbit anti-human CXCR4 (ProSci) and anti-GAPDH
(Santa Cruz Biotechnology) primary antibodies. The membranes were
then incubated for 1 h with secondary antibodies. Chemiluminescent
detection was done using an ECL Plus Chemiluminescence Detection
Kit (GE Healthcare UK Ltd.) and the photo-intensity was quantified by
densitometric analysis (NIH image).

Statistical analysis. P values based on log-rank, Tukey-Kramer, or
Fisher's tests were obtained using Instat (GraphPad) or StatView
(Abacus Concepts, Inc.). Differences between groups were considered
significant if P < 0.05.

Results

Characteristics of established MRTK cell lines. Two celi lines
(JMU-RTK-1 and JMU-RTK-2) were established from two
patients with MRTK (see Materials and Methods). Both cell
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lines showed heterogeneous morphology of adherent and
spindle cell types on plastic culture dishes. The approximate
doubling time in JMU-RTK-1 and JMU-RTK-2 was 9 and 18 h,
respectively. Both cell lines were still viable after 200 passages
over a 1-year period.

JMU-RTK-1 and JMU-RTK-2 cells were injected s.c. into the
flanks of NOD/SCID mice (Fig. 1A). By 21 days, a visible tumor
had formed in all mice that underwent the transplantation.

A
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Fig.1. Characteristics of established MRTK cell lines. A, JMU-RTK-1 and
JMU-RTK-2 cells (either 1 x 10% or1 x 10°) were transplanted into the
subcutaneous space of NOD/SCID mice and tumor growth was measured at the
indicated time points. 8, morphology of established MRTK cell lines following
xenogeneic transplantation in nude mice. Left, histology of primary tumors; right,
morphology of established cell lines following xenogeneic transplantation in nude
mice (at 30 d following tumor implantation; H&E; original magnification, X200).
C. analysis of hSNF5/INI1 mRNA expression in established cell lines using reverse
transcription-PCR. Top, exon1-exon9; top middle, exonl-exon4; bottom middle,
exon4-exon9; bottom, GAPDH as an internal control.
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Fig. 2. Metastatic progression of MRTK
cell lines in a xenogeneic orthotopic
transplantation model. A, representative
luciferase images of luc-JMU-RTK-1
kidney tumor at day 30 following tumor
implantation (/eft). Right top, ex vivo
inspection of tumor-derived photons; right
bottom, microscopic inspection of
metastasis in the lungs (/eft ; H&E; original
magnification, X100) and the lymph nodes
(LN right ; H&E; original magnification,
x50). B, a representative metastatic
frequency of luciferase-expressing MRTK
cells. Luciferase-expressing MRTK cells
were transplanted into the left kidney of
SCID mice (3-5 mice per cell line).
Tumor-derived photons were examined

ex vivo 30 d following tumor implantation.
One of two independent experiments with
similar results. C, the survival rate in
orthotopically tumor-implanted mice.

*. P <0.05 (JMU-RTK-1, JMU-RTK-1, and
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Moreover, tumors transplanted into immunodeficient mice
showed a similar morphology in comparison with the primary
tumor of MRTK (Fig. 1B), and cells in the transplanted tumor
were round to polygonal in shape, with vesicular nuclei,
prominent nudleoli, and eosinophilic cytoplasm with rare but
typical cytoplasmic inclusions.

It is known that loss of function in the hSNF5/INI1 gene
leads to MRT development. In an effort to determine whether
the established cell lines were MRT cells, hSNF5/INI1 expres-
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sion was examined by reverse transcription-PCR. As shown in
Fig. 1C, hSNF5/INI1 mRNA transcripts were not detected in
the established cell lines. Thus, these results suggest that JMU-
RTK-1 and JMU-RTK-2 cells possess a loss of hSNF5/INI1 gene
function.

Metastatic frequency of MRTK cells. Recent advances in
luminescent imaging technologies have facilitated the quan-
titative analysis of cellular processes in vivo. JMU-RTK-1 and
JMU-RTK-2 cells were transduced with firefly luciferase in an
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effort to visualize the fate of tumor progression in the living
animals. The advantages associated with the use of luciferase
as a marker includes its sensitivity (as few as 100 luciferase-
transduced MRTK cells can be detected over the background
in vitro) and its linear dose-dependent output of light in the
presence of D-luciferin (data not shown). Cells (5 x 10° in
0.1 mL Matrigel) were orthotopically implanted into the left
renal subcapsular space of C.B-17 SCID mice. Implanted cells
rapidly grew at the left kidney, and strong photons were
observed around day 7 posttumor implantation. Although
the rapid growth in the primary site masked weak photo-
signals from potential metastasized sites, metastatic sites at
30 days posttumor implantation were visualized by ex vivo
inspection in the presence of p-luciferin (Fig. 2A). Invasion to
nearby organs was very high in JMU-RTK-1, JMU-RTK-2, and
G401 cells. JMU-RTK-1 cells metastasized at the lung and
lymph nodes, and JMU-RTK-2 and G401 cells preferentially
metastasized in the lung liver, and lymph nodes. The
metastatic frequency and the direct invasion rate to nearby
organs were low in SWT-1 and SWT-2 cells (Fig. 2B). These

results reflected animal survival following orthotopic tumor
injection (Fig. 2C). Thus, these results suggest that JMU-RTK-
1, JMU-RTK-2, and G401 cells represent potentially aggressive
types in MRTK.

CD133 expression in MRTK cell lines and tumor-initiating
capacity in NOD/SCID mice. Recent evidence obtained
following the investigation of brain tumors suggests that
the frequency of tumor-initiating cells may be significantly
correlated with aggressiveness (7). Although the origin in
MRT remains unclear, the tumor appears as a result of
unique neural differentiation and is distinct from neuroblas-
toma (23). Thus, the similarity between brain tumors and
MRT allows us to determine whether the established cell lines
frequently contain MRTK-initiating cells. In an effort to
enrich MRTK-initiating cells, the cell surface antigen CD133
was analyzed in MRTK cell lines using a flow cytometer. As
shown in Fig. 3, the relative abundance of CD133* cells was
~4% to 6% in aggressive MRTK cell lines. The CD133* cells
were enriched to 13% to 25% using antibody-mediated
magnetic bead sorting. This enrichment of the CD133*
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