FERELTWE, FEARFARF LA
YFT) v avB 6 EREBHRLTBILEH
bipd Ui,

D. ERBLUHH

F2F ARy F v OBEEOSIREIXEIRE
B Z2hiz X 2 REKOEMLIC, BEHE
®Ih, £ TGFAR X DILDEMIENY
HMELZIAATREEINTWLHDEEZS
hiz.

F. fEHfEpsH
212 Lo

G. ifzEHER

1. @mXFER

(kean)

1) g
SBLEAVFIVYDI/ v I T ORI
Fh<BICES

5y FIHREHRE  8: 10-17 (2004).

(&)

2) tilgfs e

1-7 filEEEOH

X A - b - . RAERA.
(2004 FEEIRIH)

2. FRERRY
HR

(EWEE)

1) 20037 H8178-18 B #Li%
s MARFTARLF 3L,
EREEERET - vay T
3 6 MATERE IR ZES

24

AREER

eIk SHFHE

ARFARYF 4TI OMERR
(FEHU)

2) 200347 H248-258 &
BEFERER

FEIh, HiEAke. StEFHE

FEBIC BT 2 FEDFRRE OWBHRAIN
DHH

3) 2003410 H21H-24 B &
BARARBEYS

RS, fETh, ELARAEZ, APAE,
REE—, #IEF RiEFHE

fifs « HEEHEETCHEHEINES T
a9 72y MIRRBEFAAM ro—Hik
BEiidsesftezd o ¥

4) 200311 A8 8 KE
HEAEZFEZRMAS

Miis2. RigFHEE

e MEVEFN ITRFFRFARF
DFERE (A

5) 2003412 H108-13 H #F

526 M BASFEMER

i Es e, APAE, WTEM BiEFHE
FRF AR F 2 OBEREBIZMNIC L 2 ZEHK
D4k

6) 2004 £12 419 8-20 0 #HE
HBIMAFFHREEERES



HmZse, SEFHE
HHRRINESEFA X F AR F > OHRER
SHEE AV F T

7) 200453 A31H-4H28

5 4 4 [0 HARIFIRERZSEMNBIWE

FHL.Exh, BRRe. ERZDF

AT NRREEE BT 2REFEES
LU ps3 BEFERDOFHIME

(EpRFER)

8) 2003 £ 9 H 16 H-18 0 Heviz,
Hungary

Second Japanese-Hungarian Transglut-
aminase Conference

Yokosaki ¥, Eboshida A

Post-translational modification of osteo-

pontin and transglutaminatioin.

2004 £5 A 22 H-27H Orlando, Florida,
U.S.A.

International Meeting of American

Thoracic Society
Yokosaki

Y, Tanaka K, Yamashita K,

Murakami I, Eboshida A, Sheppard D

Interaction of integrin avb6 with

osteopontin.

9) 2004 £ 5 B 22 H-27 H Otlando,
Florida, U.S.A.

International Meeting of American

25

Thoracic Society
Inoue Y, Yamamoto S, Hebisawa A,
Yamadori I, Akira M, Arai T, Mochizuki Y,
Sato T, Fujita Y, Nagata N, Akagawa §,
Saito Y, Maruyama M, Saito T, Eda R, Abe

M, Kitada S, Fukushima X, Yokosaki Y

KobashiY, Hayashi §, Nagai S, Kitaichi M,
Nishimura K, Sakatani M, Travis WD

Prognostic evaliation of radio-pathol-
ogical in fibrotic

findings idiopathic

interstitial pneumonitis.

H. Q6B EfE D HEE - SR
ik L.

TEaT
NARFARF ot BITEOMAE (H
B0

HA %
KE #10/473,174

IA—D

2002-579907

#02713293.5 5

§2E  5510-2003-7012488

AFxa HIPA/ A/ 2003/009052 5
TIZIN H54820/03 F

Fx2 HPV2003-2697 5

A=A MZ U7 %2002244968 5
Za—-V—-5 F 528483 5
4>k #501216/ KOLNP/ 2003 5
PNELFY HP0201012625
e #91106862 5



TRt 1 6 EERESE
F2AFFRYF L OBETNIC L 2SEHEREDOEL

MRS

AATARFLAIRE, REOHERFTH D, TOFARICRKERAVFIIVENL
TEEENZODEEIONZHEBDA L F TN DI bEKRATERBEAIN TN I LT
ATHD, €T ARTARVFUOBRVICEIVEESTEA V7 /I UoBELT e %

fEdrddiz.

A. 88

BEEAA R TFAR L F ik, MR~
[NVASEZ S NG T s i G s B S NE ST & h=
ESERBEERFODFTH L, EHBOVET
Dy VRalERG,. RIERIGOEiEB IR
3. TOMBEIZERS L FITI BN
X CDY EEETRAI L »TRIEENS,
ARFARLFLEEL DA T 7 DY
ATEETSRGDENZELTE D, avpl,
avp3, avpS, a5p1, a8pl B BE1 5.
F fadpl & a9p1 A RGD WWBEHE L =
SVVYGLR BIFICHEET %, 1207 LA
EHEHLUEREOHRSICINIE. 254K
YFUBBREERERBIC L bRIZEERESh
BHo ATV vavps b EBRICEREIRIET
ERTILH, FLAA L oot aA A
2FARF ERIE, avps RIBRD R T
EETRWED, avps IIKE L - L RHE
DBEETZEEZELIONS, 22T, SHEAE
BEARFARYF L EL VT vavps
OHEERICEUTHR Lz, RIZ. 7257
FRVFFEERNT, bor Y, MMP-
3 BLT MMP-7 Io& hlifZh 5 2 LSRR
XhTHb, b EVEFE MMP37 @
UMM OEIL7 I B 2 BRECIERITEE
LTWw3, F£i= MMP-3,7 OUINERTIX 130
@D SVVYGLR EFlOHIZH B, E->T. Zh
HOUNIZL Y, HAETELILREDIEED
ELT3LESEELT. YOV EF
v hEAEES UEAMEER L.

- Jw
—

B. A¥

Z2EAZ2FARLF 2 DNA T deletion
mutation ZfE L. MEIMEREI—~FL
7= <DNA ZEEL., BEH~RI S —ITHADL
HRBRIC GST MEaHEBRE LTRRI B
Ul FRAFLIRLF LTV D

26

HEHiE. A7) a9, B3, B6 (DNA %iit
ZFEALE SW480 HilgZH\, SW480 @
BRI BZARAFTARLF U REME, avps,
a5l DILEREEETTEE Y v &1 21T
o T, ave EXRATFARTF DR
FRARFAR L F U EEEEIEEATLE
L, ABMEavps DFESEREDI D=,

C. BERBLUEE

AR Mavps XA ZFARYF NI LM
5 EDTA iz X biiash, 2457
VIA AT AR FUDORBRTCHIILE
FLLEEL~. £, RGD BRFLEFEDR
FIEZLEEEHICLD. avp5, avBs DS
HHEEAE ETLED, avp3, o5pl 2L
ERADRPoR, POYELVYNRESER
2T, avp3, avps, avps & OFSHIEE
B ol o5p1, avps OFEEMEIXAE L
LR L TWE, —/A. MMP UK 3 Tk, o581,
avps DESHEETLTWE kLD,
ERAAFARYFLICHLTE. av-4 >
FONUH (RGD DIV 7 A A— 3
Lo Tiavps ELLID) FX, POV E
VEETTita5pl, 981 HHEE, MMP &£
TCE, Fhav-A »FFI o E8UEERD S
DEEZIBNE, AAFARVF O 57
7)o DEEHEBARORBREBEBMICLD
ZhL, TOHBICREEESI2WMEELS
hi=.

D. x#k

1. Yokosaki Y, et al:

36328-36334, 1999.

2. Yokosaki Y, et al: Trend. Cardiovasc. Med 10:
155-159, 2000.

3. Yokosaki Y, et al: Matrix biology (in press)

4. HAEIRZAth, HAERER (EDRI)

I. Biol. Chem. 274:




E. fERRfapiE®
7L

F. iR

F—1. @xXRER

1) Yokosaki Y, Tanaka K, Higashikawa F,
Yamashita K, Eboshida A

Distinct structural requirements for binding of the

integrins alphavbeta6, alphavbeta3, alphavbeta5,

alphaSbetal and alpha9betal to osteopontin’

Matrix Biology (HIRIH, 2005)

2) HllkERe. W8T

BARREES | RIRDFRRES

VILFER A AFAHLF

AAFARFoRERLY T T VG,

HAMR (EDRIH, 2005)

G. HBUHEEO MR - TR
% Lo

27



ITI. AEERORTICET S —R%

7y EERE TS

1) Yamashita K (2002) Fine structural aspects of the urothelium in the mouse ureter with special
reference to cell kinetics. Hiroshima Journal of Medical Sciences 51 (2): 41-48. ([FEEH30)

2} Morita M, Kobayashi A, Yamashita T, Simanuki T, Nakajima O, Takahashi§, Ikegami 8, Inokuchi
K, Yamashita K, Yamamoto M, Fujii-Kuriyama Y (2003) Functional analysis of basic
transcription element binding protein by gene targeting technology. Molecular and Cellular
Biology 23 (7): 2489-2500. (F#E#HX)

1)  2EE%E BT

3) Sakai R, Kajiume T, Inoue H, Kanno R, Miyazaki M, Ninomiya Y, Kanno M (2003) TCDD
treatment eliminates the long-term reconstitution activity of hematopoietic stem cells.
Toxicological Sciences 72: 84-91. ([AEFHHX)

) FEME  (LTFET

4) Sugihara K, Kitamura S, Yamada T, Okayama T, Ohta S, Yamashita K, Yasuda M, Fujii-Kuriyama
Y, Saeki K, Matsui S, Matsuda T (2004) Aryl hydrocarbon receptor-mediated induction of
microsomal drug-metabolizing enzyme activity by indirubin and indigo. BBRC 318: 571-578.
(R0

5) Fukui Y, Ema M, Fujiwara M, Higuchi H, Inouye M, Iwase T, Kihara T, Nishimura T, Oi A,
Ooshima Y, Otani H, Shinomiya M, Sugioka K, Yamano T, Yamashita KH, Tanimura T (2004)

Comments from the behavioral teratology committee of the Japanese Teratology Society on

OECD guideline for the testing of chemicals, proposal for a new guideline 426, developmental
neurotoxicity study, draft docu;ment (September 2003}, Cong. Anom. 44: 172-177. (REF&HRX)

x) SHEMEE | HEgiz

6) MY 2004) SEEEALFTILO/ v o P Y Mo REMRIEICEDS, o FHFRIH 8(1):
10-17. (JFF&EX)

7) Yokosaki Y, Tanaka K, Higashikawa F, Yamashita K, Eboshida A (2005, in press) Distinet
structural requirements for binding of the integrins av86, av@3, avBs, a5681 and a9f1 to
osteopontin. Biomatrix Biology. (JR#FHHAX)

8) MZEZ. BT (2005 HIR(SR) ARFARVFLEEHR LY VTIVRE,

Osteopontin receptors and signaltransduction. HBAREEK BRR2>FARTE 3

VILF# —ARFARCFo— (RFHX)

28



2450 MORITA ET AL

MoL. CELL. BIoL.

Nd A E1 d P N A
’ /l f ﬁ“\ S— BTEB Aliele
- e Tow ;__l@,\ Targeting Vector
Nd A H A T8
e ez Jow] - Mutant Aflele
5' probe gz - :
WT (7.1-kb) : '
mutant {55-kb {
D metant PCR procuct (3.5-b)
B wrg.akb)—
‘mutant (5.5-kb) ~ WT PCR product {300-bp)
€ wirrw) —g E BTER
mutant (5.5-kb) ~
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FIG. 1. Mutation of mouse BTER gene, (A) Oulline of targeting vector and restriction maps around the first exon, Arrowheads indicate the
sites of primers used to distinguish the wild-type BTEB gene from that of the mutant. neo indicates the neomycin-resistant gene, and tk is the
thymidine kinase gene under the control of the herpes simplex virus promoter. The sizes of the DNA fragments digested with Ndel are shown
below. (B and C) DNA blot analysis of DNA from recombinant cells and mouse tails, respectively. Genomic DNAs were prepared from ES cells
and mouse tail, digested with Ndel and HindIll, and electrophoresed in 1% agarose, followed by hybridization with the 5’ probe indicated in panel
A. (D)) Genotyping of the BTEB locus from offspring. PCR analyses were carried out with genomic DNAs from offspring generated by cross-mating
heterozygous BTEB™/~ mice. The primer pairs were used as described in panel A, and the PCR products were analyzed by agarose gel
electrophoresis. (E} RT-PCR analyses of BTEB mRNA expression. RNAs were prepared from the brains of wild-type and mutant mice. RT-PCR
of the prepared RNAs was performed with a pair of primers as described in Materials and Methods, and the RT-PCR products were separated
by agarose gel electrophoresis. hypoxanthine phosphoribosyltransferase (HPRT) mRNA expression was used as control.

To investigate the functional role of BTEB per se and at
least a part of T, effects on mouse brain development, we
gencrated BTEB gene knockout mice. The lacZ gene was
inserted into the reading frame of the first exon in BTED gene
by homologous recombination, such that B-galactosidase (B-
Gal) expression mimics the expression of BTEB, thereby fa-
cilitating the survey of pathological abnormalities due to a fack
of BTEB expression.

Homozygous BTEB knockout (BTEB™") mice were bred
by apparently normal Mendelian genetics from a cross between
heterozygous BTEB™/~ mutant mice and grew normally and
were fertile. Expression of BTEB dramatically increased in the
brain, especially in the hippocampus and cerebellum, at
around postnatal day 7 (P7), the time when synapses begin to
mature in the CNS. Examination of general locometor activi-
ties, motor coordination, and memory tasks revealed that
BTEB mutant mice exhibit deficits in motor coordination and
in learning and memory tasks, which are principally associated
with cerebellar and hippocampal functions, respectively.

MATERIALS AND METHODS

Construction of targeting vector, A genomic DNA sequence containing the
5'-flanking region and the first intron of the BTEB gene was isolated from a
mouse 129/SV genomic library, with rat BTEB cDNA Sacll-NspV fragment used
as a probe, An Asel/Not] fragment of 5 kb containing the BTEB promoter and
12 bp of the coding sequence of the first exon was fused in frame with the lacZ
cassette (HindlIl/Smal fragment of pENL) containing the simian virus 40 T
antigen intron and the polyadenylation signal, The 3" end of the lacZ cassetie was
fused with the neo gene cassette (Xhol/BamHI fragment of pMCl-neo) in a
reverse arientation to the lecZ gene for the positive selection, followed by 3.1 kb
of a Pvullisel fragment of the mouse BTEB gene. This construct was ligated to
the thymidine kinase cassette {HSV-TK) at the 3’ end and inserted between the
EcoRV and Asp718 sites of pBluescript for amplification in Escherichia colf. The
amplified plasmid was linearized by Kpnl digestion and used for electroporation.

Targeted disruption of the BTEB gene in ES cells. E14 embryonic stem (ES)
cells were cullured, transformed with the targeting vector, and screened by
standard methods (%), The linearized targeting vector DNA (80 pg) was elec-
troporated into ES cells (107 celly'ml), and the cells were subjected to double
selection by using (G418 (300 pg/ml) and ganciclovir {2 uM). After 10 days,
isolated clones were expanded and genomic DNAs were prepared for determi-
nation of homologous recombination.

Blastocysts were harvested from 3.5-day postcoita) (dpc) CSTBL/G] females
and the homologous recombinant ES cells were injected into the blastocoel
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FIG. 2. Expression patterns of BTEB in mouse embryo and adult tissues. (A) Until 11.5 dpc, BTEB was not detected in any organ in mouse
embryo. BTEB expression started at 12.5 dpe, and expression was restricted to skeletal tissue. The photos in subpanels a and b are sections
indicated by broken lines of BTEB*/~ 13.5-dp¢ embryo with B-Gal staining. Sections a and b show BTEB expression in the cartilage primordium
of nasal capsule and the cartilage primordium of rib, respectively. (B) At 15.5 dpe, BTEB expression extended to the spinal cord, kidney, and lung.
(C) BTEB expression in adult mouse tissues was detected rather ubiquitously in various tissues, such as liver, kidney, heart, brain, and tongue
tissues. Lung tissue was the only tissue for which we could not detect BTEB expression in adult mice and only a weak expression at the embryonic
stage. (D) B-Gal expression of the cerebellum in BTEB '~ mice showed almost the same expression pattern as observed with immunostaining with
anti-BTEB antibody, A P14 BTEB™'~ mouse cerebellum sagittal section was stained with -Gal, and a BTEB*/™ cercbellum sagittal section was
analyzed by using immunohistochemistry with anti-BTEB antibody. Both $-Gal staining and immunostaining showed identical positive signals in
Purkinje cells and the granular cell layer. The negative control for immunchistochemistry was performed with nonimmune serum (right photo).

Abbreviations: 8, spinal cord; Lu, lung; K, kidney; Li, liver.

cavities of the 3.3-dpc blastocysts. Injected blastocysts were surgically transferred
into uteri of 2,5-dpc pseudopregnant JclICR mothers (). Male chimeric pups
with an extensive ES cell contribution to their coat color were bred with
C57BL/Gj females, and germ line transmission of the dominant agouti color
marker was assessed in the resulting offspring. Germ line transmission of the
delective BTER allele was screened by the PCR method and subsequently
confirmed by DNA blot analysis by using DNA prepared from tails. The primer
pair and DNA probe used for the PCR and the DNA blot analysis, respectively,
were as follows; the neo sequence at the 5° end, 5'-CAG TCA TAG CCG AAT
AGCCTCTCC ACC CAA-3', and 1he endogenous BTEB-flanking sequence at

the 3’ end, 5-CAG TCA TAG CCG AAT AGC CTC TCC ACC CAA-3 for
PCR and the Ndel-Asel fragment (1 kb) for DNA blot analysis. PCR analysis
consisted of 30 cycles of 98°C for 20 s, 60°C for 45 5, and 68°C for 3 min with LA
Tag (TaKaRa, Tokyo, Japan). For DNA blot analysis, tail DNAs were digested
with Ndel and Hirdlll and subjected to 1% gel electrophoresis for blot hybrid-
ization,

B-Gal staining and TUNEL (terminal deoxynueleotidyltransferase-mediated
dUTP-biotin nick end labeling). B-Gal staining was carried out as described
previously {9}, with embryos or adult tissues fixed in phosphate-buffered saline
(PI3S) containing 2% paraformaldehyde, 0,2% glutaraldehyde, and 0.05% Non-
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idet P40, For detection of B-Gal, specimens were soaked in PBS conlaining 20%
sucrose, embedded in Tissue-Tek OCT compound (Sakura, Tokyo, Japan), and
frozen in liquid nitrogen. Specimen sections of 30 pwm were cut in a cryostat.

The TUNEL method was petformed to detect apoptosis in brains according to
the manufacturer’s instruction (TaKaRa). Brains (P7) were fixed in neuotralized
formalin. Paraffin sections (3 pm} were subjected to the TUNEL experiment by
using the in situ apoptosis detection kit (TAKARA).

Immunochistochemistry. Development of Purkinje cetls was studied by immu-
nostaining with an anti-IP;R1 (1.4,5-inositol trisphosphate receptor 1) antibody.
Dissected brains were fixed in Boun's solution for 2 h. Paraffin sections (8 pm
thick) in the parasagittal plane were processed sequentially as described previ-
ously (27).

RNA analysis. mRNAs were analyzed by the reverse transcription-PCR (RT-
PCR) method as described previously (28). Tolal RNA was prepared from
mouse brains and aliquots {1 wg/ml) were reverse transcribed with random
primers at 37°C for 60 min. The reverse transcripts were quantified by the PCR
method. An aliquot (1 pt) of synthesized cDNA was amplified in a total volume
af 20 ul contzining 150 mM deoxynucleoside triphosphates, 0.2 U of Tag poly-
merase, and (.12 pg of each pair of primers described below and [a-3?PJdCTP (4
wrC20 wl), For BTEB, the 5" and 3’ primers were 5"-ATG TCC GCG GCC GCC
GCC GCC TAC AT-3 and 5'-TCT GCA CTG TGG GAG GCC AG-%', re-
spectively. For B-actin control, the 5" and 3’ primers were 5°-ATG GAT GAC
GAT ATC GCT-3"and 5'-ATG AGG TAG TCT GTC AGG 4T-3', respectively.
PCR was performed as 30 cycles of 30 sat 84°C, 30 s at 66°C, and 1 min at 72°C.
The PCR products were analyzed on a 1% agarose gel with B-actin as a control.

Treatment of mice, In all experiments, litermates from cross-mating between
BTEB"'~ mice were used, and their genolypes were determined by PCR analysis
of tail DNA samples. All of the mice used for the experiments were 10- 10
15-week-old males. The mice were kept on a 12-h light-dark cycle at a constant
temperature (23 * 1°C). The lests were always conducted between 13:00 and
18:00. A week prior to the behavioral tests, one mouse was housed per cage and
handled three times daily.

General activity. Locometion and rearing behavior were measured by the
method descrived previously (12) in an open-field box (32 by 32 by 20 cm) placed
in a sound-attenuated room that was different from the room used for fear
conditioning. Two pairs of a 7-by-7 array infrared photosensors were set against
the outer wall and equally spaced in the lower and upper rows at intenals of 2
and 4.5 cm, respectively, above the floor. The frequency at which a photobeam
was interrupted represented the movement of the animal and was recorded by
computer. Fach mouse was kept in the box for 30 min.

Light-dark choice test. The apparatus consisted of two compartments and was
placed in a dark and sound-attenuated room. One compartment was a bright
(250 Ix) chamber of 16 by 32 by 20 cm illuminatzd by a white bufb (60 W), and
the other was a dark (1 Ix} chamber of the same dimensions. The two compart-
ments were separated by a wall and connected by seven small openings (3 by 9
cm} through which the photobeam sensors passed. A mouse was placed in the
center of the lipht chamber and its behavior was monitored by video camera. The
mouse was considered to have entered the rew area when all four feet were
placed in that area. The following behavioral measures were scored: the time
speot in the light and dark compartments, the number of transitions made
between the two compartments, and the latency of the initial movement from the
light to the dark room.

Retored test. The rotorod test was carriad out as described previously (6).
Mice were placed on a rod and the rod began to rotate at a constant velocity of
15 rpm. The test was continued for 3 min. The time that the mouse stayed on the
rotating rod was measured. The test was done once a day for each mouse and
repeated for 5 days.

Contextual fear conditioning. The experiment of contextual fear conditioning
was perfarmed as described previously (13). The conditioning chamber was an
observation box (20 by 20 by 30 cm) constructed from clear and gray vinylchlo-
ride plates. The fioor of the chamber consisted of 26 stainless steel rods through
which foot shocks were delivered by means of a shock scrambler (SGS 002;
Muromachi, Tokye, Japan). The chamber was placed in a light and sound-
attenuated room. A video camera placed in front of the chamber allowed the
behavior of each mouse to be observed and recorded in an adjacent room. The
shock scrambler and controller for conditioning was operated by remote in the
same room. On the training day, each mouse was placed in the chartber for 2.5
min before it received three foot shocks (0.5 mA for 1 5 with 2-min intervals).
The mice were removed from the chamber 1 min alter the last foot shock and
returned to their original cages., At 24 h after training, the mice were returned to
the chamber, and their behavior over a period of 6 min was observed in the
absence of foot shocks. The extent of conditioned fear was mieasured by scoring,
the frezzing behavior of the mice. Freezing was defined as the absence of visible

stages. The mouse brains were treated as described in panel B. BTEB expression was not detected during early postnatal stages but was detected distinctly at P7. (D) Magnified views of a part
of cerebellar specimens in panel C. At P7, BTEB expression started in the external granular layer (EGL), the Purkinje cell layer (PCL), and internal granular layer (IGL). By P30, migration

of external-granular-layer cells to the internal granular layer was complete. BTEB expression in the internal granular layer was preserved at P30, whereas its expression faded in the Purkinje

P7, and P30. Brains were removed and fixed for §-Gal staining. The brain specimens were cut at 10 pm. (C) Temporal expression pattern of BTEB in mouse cerebellum at various postnatal

cell layer. M1, molecular layer. (E) Cerebellum sections of wild-type mice and homozygous BTEB mutant mice were stained with anti-IP,R1 antibody to analyze the structure of Purkinje cells,

in 3B (hippocampus) and 3C (cerebellum), respectively. (B) Temporal expression of BTEB in hippocampus at various postnatal stages. Heterozygous BTEB*/~ mice were killed at P1, P4, PG,
Stained areas show dendritic shafts and spines of Purkinje cells.

FIG. 3. Spatiotemporal expression pattern of BTEB in the developmental process of mouse brain, B-Gal staining was performed with the brain of BTEB*/~ heterozygous mice from stage
P1to P30, (A) Sagittal scctions of brain from BTEB*/ heterozygous mutant mice at P7 (a) and P30 (b). The “B” and “C” labels in subpanel b indicate the arcas of BIEB expression investigated
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FIG. 4. Locomotion behaviors of BTEB™/~ homozygous mutant and wild-type mice. Distance traveled during locomotion (A), time spent for
horizontal movement (movement of more than I cm/s was counted) (B), frequency of rearing behavior (counts) (C}, speed of movement (D), and
the time spent in the light and dark compartments (E) for the preceding 5 min were measured and plotted for the total 30 min in the open-field
test. Two pairs of array infrared photosensors were attached to the outer wall equally spaced in lower and upper rows, respectively, 2 and 4.5 cm
above the floor. The lower row of photocells was used to measure locomotor activities, and the upper row was used to detect rearing behavior.
A computer recorded the number of horizontal photobeam interruptions caused by animal movement. Each mouse was placed in the apparatus
and left for 30 min, which was approximately the same time as when it received training trials in the afternoon. The points in the left panels show
the average values of the locomotor activities for each 5 min in 30 min, and the bar graphs (right) show the average values of the total activities
for 30 min with minimum deviation. In each experiment, wild-type mice (r = 9) and homozygous mutant mice (n = 11) were used.

movement, except for respiration. Dhuring the test period, two observers who
were blind 1o the experimental conditions scored the tendency of the mice to
freeze by watching the TY monitor. Observations were carried out by wsing a
time-sampling procedure. For every 5 s during the test, the movement of each
mouse was judged as either frozen or active, An upbiased estimate of the actual
time spent in the frozen position was caleulated per minute. After completion of
the first fear conditioning test, the mice were returned to their original cages for
24 h and then subjected 1o a second contextual fear test carried out in the same
way as the first.

Electric shock sensitivity test. Since the sensitivity to foot shocks may affect
freezing responses, we measured the minimal level of current required for mice
1o elicit vocalization and jumping by the method described previously {12) after
general aclivity and light-dark choice tests.

Each mouse was placed in the chamber used for the contextual fear condi-
tioning and delivered 1-5 shocks of increasing intensity. The interval between
shocks was 10 s. The sequence of current used was as follows: 0.05, 0.08, 0.1, 0.2,
0.3,04, 0.5, 0.6, and then 0.8 mA. The minimal level of current required to elicit
vocalization and jumping was determined, These experiments were performed in
a blind manoer.

Other activity tesis. The horizontal wire-hanging. rod-walking, and gait tests
were performed as described previously {13,

Drata analysis. Data were analyzed by one- or two-way analysis of variance, and
comparison of the paired groups was carried out by the Fisher latest significant
difference test, All values in the text and figure legends are expressed as mean
values = the standard errors of the mean, where » is the number of mice tested.

RESULTS

Targeted disruption of the BTED gene. Part of the 129/8V
mouse BTEB genomic fragment of the targeting vector was

replaced by lacZ positioned in frame with the BTEB gene. By
this means, B-Gal expression mimics the mode of BTEB ex-
pression in the homologous recombinant mice and, therefore,
facilitates assessment of pathological defects owing to a dis-
rupted BTEB gene (Fig. 1A). The linearized plasmid was in-
troduced into E14 ES cells by electroporation, and the cells
were subjected to double selection by using G418 and ganci-
clovir. PCR analysis and subsequent DNA blot analysis of the
DNAs extracted from the resistant clones revealed that, of 268
clones screened, 10 represented legitimate homologous recom-
bination (Fig. 1B). Mutant ES cells were proliferated and mi-
croinjected into CS7BL/6) blastocysts 1o give rise to chimeric
animals, as judged from coat color, Male chimeras were mated
with C37BL/6j females 1o give heterozygotes possessing the
BTEB gene, which were then mterbred to yvield homozygous
BTEB™'™ mutant mice. DNA blot analysis with genomic tail
DNAs from 103 offspring bomn from heterozygous matings
revealed that the ratio of wild-type BTEB** to heterozygous
BTEB™'~ to homozygous BTEB ™'~ mice was 27.54:22, which
represents the 1:2:1 ratio expected from the normal Mendelian
rule (Fig. 1C and D). Homozygous mutant BTEB™/~ mice
appeared to grow normally and were fertile without any evi-
dent pathological defects, indicating that the BTEB gene is not
essential for survival or fertility. BTEB mRNA levels were not
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detected by RT-PCR analysis with RNA isolated from the
brains of adult mutant BTEB™/" mice, indicating perfect dis-
ruption of the BTEB gene (Fig. 1E).

Expression of BTEB as revealed by in situ hybridization and
P-Gal staining. To investigate the expression pattern of BTEB,
we compared B-Gal staining with immunoblot analysis of
BTEB with an anti-BTEB antibody at various embryonic
stages. The pattern of immunostaining of BTEB generally con-
curred with that of B-Gal staining (Fig. 2D). Hence, we inves-
tigated the expression of BTEB by B-Gal staining. Expression
of B-Gal in BTEB™'~ mice was essentially the same as that in
BTEB~~ mice, indicating that homozygous deletion of the
BTEB gene does not result in gross alterations in the forma-
tion and development of various organs and tissues. The §-Gal

staining revealed that BTEB expression commenced in skeletal
structures at E12.5 and spread ubiquitocusly throughout various
tissues except lung (Fig. 2Aa, Ab. and C). In particular, BTEB
showed a very characteristic and potent regional expression in
the brain (Fig. 3A). BTEB expression was detected in the
hippocampus from P1 and was distinctive in the pyramidal cell
layer at P6, and significant expression occurred in the cortical
layer of the cerebellum at P7, whereas its expression was rather
limited in Purkinje cells (Fig. 3B, C, and D). Taken together
with the report that forced expression of BTEB by DNA trans-
fection experiments induced the outgrowth of dendrites in
Neuro-2A cells, the dynamic expression of BTEB in the devel-
oping mouse brain led us to consider that BTEB might be
important in the formation of the cerebellum. We compared
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FIG. 5. Rotorod performance in BTEB™~ mutant and wild-type mice. (A) Rotorod test. Fall latencies of the mutant BTEB™ and wild-type
mice on a rod rotating at 13 rpm was measured for 1 s once a day for a consecutive 5 days, Wild-type (z = 9) and mutant mice (# = 11) were used.
A maximum of 180 s was tested for each animal per trial. (B) Gait measurement. Representative foot spots of heterozygous and homozygous
mutant mice are presented. (C) Horizontal wire-hanging test. Mice were hung on the elevated horizontal wire by the forepaws, and the time in
seconds of their hanging on the wire was measured until they fell off the wire. (D) Rod-walking test. Mice were placed on the midpoint of the
wooden rod (10 or 15 mm diametet, 60 cm in length), and the time in seconds required for the mice to cross the rod wire was measured. At Jeast

nine animals were tested for each genotype.

the morphology of the BTEB ™~ cerebellum with that of the
wild type by using anti-IP;R1 antibody. Although no marked
difference was found between the BTEB-null and the wild-type
mice (Fig. 3E), there appeared to be a slightly poorer devel-
opment of Purkinje cell dendrites in the BTEB-null mice. We
performed the TUNEL assay of the cerebellum specimens of
the wild-type and the homozygous mutant mice at P7 to see
whether apoptosis may occur in this tissue of the mutant mice.
However, no noticcable apoptosis signal was found in this
tissue of either mutant or wild-type mice at P7 (data not
shown). Dendrite development of Purkinje cells in the BTEB-
null mice needs to be investigated in a more quantitative man-
ner,

Behavioral assessment of BTEB™™ mutants. From the ex-
pression mode of BTEB during mouse brain development and
from the transcriptional function of BTEB as a target of T5, we
postulated the involvement of BTEB in learning and memory
tasks associated with hippocampal function and in motor co-
ordination related to cerebellar function. We performed sys-
tematic analysis of the gross neurogenic and motor functions in
BTEB ™/~ mice.

(i) General activity. We measured, as the basis of the be-
havioral tests, general activities such as locomotion (distance
and time), rearing, speed of movement, and choice between
light and dark (Fig. 4). The mean activity counts of locomotion

—f—

and rearing behaviors for 30 min are shown in Fig. 4. These
activities of locomotion and rearing behavior appeared to be
slightly lower in homozygous mutant BTEB™ mice than in
wild-type mice (19,988.4 * 77.8 cm and 248.8 % 21.5 for the
wild type and 17,086.5 % 74.5 ¢m and 202.3 = 224 for the
mutant mice, respectively). However, analysis of variance in-
dicated insignificant differences in the locomotor activity
[F(1,108) = 14.66, P < 0.001] and rearing behavior [F(1,108) =
14.89, P < (.001] between wild-type and BTEB ™/~ mice, so we
did not expect this mild impairment in general activities to
greatly influence other behavioral tests (Fig. 4)

Any difference in the internal emotion between wild-type
and BTEB™/~ mice might affect their petformance in the con-
textual fear conditioning test. Therefore, we carried out a light-
dark choice test (Fig. 4E), considered to be a measure of
anxiety or fear-related emotion in rodents. The mean percent
time spent in the light side was as follows: 50% * 2% for
wild-type mice and 44% * 2% for BTEB™/~ mice. These data
were not considered to be significantly different between wild-
type and BTER™/ mice, suggesting that BTEB™'~ mice do
not have a severe emotional disorder related to anxiety and
fear.

(ii) Rotored test. Since BTEB was clearly demonstrated to
be expressed in Purkinje cell layers of the cerebellum (Fig. 3),
we carried out the rotorod task, which is associated with cer-
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FIG. 6. Contextual fear conditioning task of the wild-type and homozygous BTEB™'~ mutant mice. (A} Mean percentages of freezing before
and during three foot shocks were determined at 5-s intervals. Three 1-s foot shocks (0.5 mA) were given 3, 4, and 5 min after animals had been
placed in a new foot shock-equipped chamber. (B) Mean percentages of freezing behavior of the animals 24 h after the footshock. The foot
shock-treated animals in panel A were returned to their original cages for 24 h. Immediately the animals were returned to the footshock chamber,
the percentages of freezing behavior of the mice were counted. (C) After the experiments in panel B, the mice were refurned to their original cage
for another 24 h and then subjected to the same task as in panel B. Observations were carried out by using a time-sampling procedure. For every
3 5, each mouse was judged as either freezing or active during the test. The values were expressed as the average percentages of the mice used for
each group with minimal deviations. (D) Sensitivity to foot shock. Sensitivity to foot shock was quantified by measuring minimal levels of current
required to elicit two stereotypical behaviors: vocalization and jumping. In each experiment, wild-type mice (n = 9) and homozygous mice (n =

11) were used.

ebellar function (Fig. SA). In addition to the general activities
described, gait behavior (Fig. SB), horizontal wire hanging
(Fig. 5C), and rod walking (Fig. 5D) were examined as the
basis of the rotorod test. In these tests, homozygous BTEB™/~
mutant and wild-type mice did not show so much difference as
to physically affect the rotorod test, In this task, animals must
make continuous adjustments to their balance and posture in
order to keep upright on a rod rotating at a constant velocity
during each 5-min trial. In general, the BTEB™/~ mice (n = 9)
exhibited a significant performance deficit compared with the
heterozygous BTEB*/~ mutant mice (# = 14) (Fig. 5A). On
the first day of the experiment, no mouse could stay on the
rotating rod for a long time, regardless of the genotype. How-

ever, while days of training clearly improved the adjustment
performance of heterozygous mice, BIEB™'~ mice did not
show improved performance in the rotorod test after daily
training. These data suggest that the basis of the performance
deficit of BTEB™/~ mice on the rotorod test is in motor leamn-
ing and motor coordination (Fig. 5A).

(iii) Contextual fear condilioning. BTEDB is also distinctly
expressed in the hippocampus and amygdala (Fig. 3). Since
contextual fear conditioning requires correct functioning of
both the hippocampus and amygdala, we tested BTEB™~ miice
in context-dependent fear conditioning (Fig. 6). Fear condi-
tioning is based on the ability of normal animals to fear a
previous neural stimulus, or conditioned stimulus, because of
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its temporal association with an adverse stimulus such as a foot
shock. When reexposed to the conditioned stimulus, condi-
tioned animals tend to refrain from all but respiratory move-
ment, a response known as freezing. The percentage of time
spent in freezing was quantified. During the conditioning
phase of the experiment, mice were placed in the shock cham-
ber and received three 1-s foot shocks at 1-min intervals. In the
carly phase of the experiment, before the first foot shock, a
baseline activity was assessed for the BTEB™'~ mutant and
wild-type mice. Baseline fear during the first 3 min was char-
acteristically low and did not differ across genotype (Fig. 6A).
When foot shocks were given to the mice, both wild-type and
BTEB™/~ mutant groups showed significantly increased freez-
ing behavior during traiming, although BTEB™/~ mice ap-
peared to be slightly more defective in their freezing response
compared to the wild type (Fig. 6A). After the three foot
shocks, the experimental animals were returned to their orig-
inal cages. After 20 h, mice were placed in the same condition-
ing chamber and monitored for freezing behavior, which was
characterized by an immobile and crouching posture. Both
BTEB™/~ mutant and wild-type mice displayed the condi-
tioned freezing response in the training context. However,
mutants froze significantly less than did the wild-type mice,
indicating a moderate deficit in context-dependent fear condi-
tioning (Fig. 6B). The mice under examination were again
returned to their original cages. After an additional 24 h, the
mice were again subjected to the test of contextual fear con-
ditioning. Although mice with a wild-type BTEB genotype
again displayed the conditioned freezing response, albeit to a
lesser extent than the previous trial, the BYEB ™~ mutant mice
still showed a significant deficit in contextual freezing response
relative to the wild-type mice (Fig. 6C). We then tested
whether or not BTEB™'~ mice have an altered nociceptive
reaction to shock, because changes in pain sensitivity can affect
performance on the fear conditioning test. For both BTEB ™/~
and wild-type mice, we determined the threshold current for
eliciting two progressive reactions, jumping and vocalization,
in response to increasing electrical foot shocks (Fig. 6D). The
results of these experiments showed that there was little dif-
ference, if any, in the jumping and vocalization reaction be-
tween the BTEB™/~ mutant and wild-type mice. The level of
current required to induce vocal responses from the BTEB ™/~
mice (0.058 + 0.006 mA) was a little lower than that for the
wild-type mice [0.114 % 0.036 mA; F(1,17) = 1.72, P = 0.207],
whereas the reverse was observed in the jumping behavior
[030 = 0.08 mA for wild-type mice and 0.44 x 0.08 mA for
BRTER™~ mutants; F(1,17) = 1.72, P = 0.207). These data
indicated that the pain sensitivity and physical response to pain
were not so different between the wild-type and BTEB™"
mutant mice and thus were not considered to affect perfor-
mance in fear conditioning.

DISCUSSICN

BTEB belongs to the Sp1I/XKLF family of transcription fac-
tors with characteristic triple repeat C2H2 zinc finger motifs
(15). Despite their similarity in primary structure and DNA-
binding property, these factors have unique functions. It has
been demonstrated from gene targeting experiments that Spl-,
Sp3-, and Sp4-deficient mice display very different phenotypes.

Mot.. CeLL. BioL,

Retarded development was observed in Spl™/~ mutant em-
bryos, and they showed a broad range of abnormalities, result-
ing in embryonic death around day 11 of gestation. The ex-
pression of many putative target genes, including cell cycle-
regulated genes, was not significantly affected in Spi~/~
embryos, except for reduced MeCP2 expression (22). On the
other hand, Sp3 deficiency resulted in embryonic growth re-
tardation and neonatal death because of respiratory failure,
the cause of which remains obscure (2). Histological examina-
tions of various organs of the Sp3™~ mutant mice revealed a
pronounced defect in late tooth formation due to an impaired
dentin or enamel layer of the developing teeth. In Spd~"~
mutant mice, postnatal death occurred in two of the neonates
within the first few days. The remaining Sp4~"~ mutants
showed retarded growth compared to wild-type littermates,
and males were defective in reproduction (31). Compared to
Spi, BTEB is a smaller protein consisting of 244 amino acids
with a high sequence similarity to Spl in the zinc finger domain
and has a closely similar binding affinity toward the GC-box
sequence (15). As described previously, however, unique prop-
erties of translational regulation and T;-inducible expression
of BTEB prompted us to produce BTEB-defective mice to aid
understanding of the physiological roles of BTEB and, at least,
a part of the function of thyroid hormone T,. Matings between
heterozygous BTEB*~ mutant mice gave female and male
BTEB ™'~ pups according to normal Mendelian genetics, and
these animals grew apparently normally and were fertile.
BTEB expression was first observed in the tip of the nasal bone
at E12.5, and expression continued to spread throughout var-
ious tissues and organs up until parturition. Generally speak-
ing, BTEB was expressed ubiquitously in adult animals and
displayed characteristically potent expression in the hippocam-
pus, cerebellum, and bone. By comparing p-Gal staining be-
tween BTEB™' and BTEB™*'~ mice, we investigated whether
BTEB deficiency caused any abnormality in organogenesis,
paying special attention to the skeleton, hippocampus, and
cerebellum. However, we could not find any gross morpholog-
ical alterations in these tissues of BTEB*~ and BTEB™/~
mice. Immunostaining with anti-IP,R1 antibody showed that
dendrites sprouting from Purkinje cells appeared to be slightly
decreased in BTEB™/~ mice. Although this seems to be con-
sistent with the enhanced neurijte outgrowth seen with overex-
pression of BTEB in Neuro-2A cells (4), precise quantitative
analysis of the dendrite formation needs to be carried out by
other methods such as electron microscopy. These results im-
ply that BTEB is not involved in the gross morphogenesis of
these organs at the light microscopic level or that other mem-
bers of the Sp family may be compensating for the BTEB ™/~
deficiency.

On the other hand, we found that mouse behavior was sig-
nificantly affected by BTEB deficiency. Detailed and systematic
analyses in gross neurological and motor tasks of the BIEB ™/~
mutants revealed only slight differences in locomotor activities,
rearing behavior, and speed of movement or no difference in
the rod-walking test, light-dark choice test, horizontal wire-
hanging test, or gait measuremenis compared to wild-type
mice. However, we observed a performance deficit in
BTEB ™'~ mice on the rotating rod, a test considered to involve
the function of the cerebellum. Although sensorimotor learn-
ing and, therefore, performance on the rotarod cannot easily
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be attributed to a single brain region, it is widely accepted that
the cerebellum is 2 major component involved in this task (19).
Mice with structural abnormalities in the cerebellum or with
disruptions in genes richly expressed in the cerebellum exhibit
performance deficits on the rotorod (17, 30). The performance
deficit of BTEB™/~ mice in the rotorod test is consistent with
the defective function of BTEB that showed enhanced expres-
sion in the cerebellum. In the cerebellum, dynamic BTEB
expression was initiated at P7, around the time when synapse
formation starts to mature in the mouse brain (8). The forma-
tion of the synapses in BTEB ™/~ mice should be guantitatively
analyzed in more detail to see whether the defective rotorod
performance of BTEB™™ mice is due 1o impaired synapse
formation.

In connection with the marked expression of BTEB in the
pyramidal cell layers of the hippocampus, the BTEB™/~ mice
displayed a marked defect in contextual freezing response. The
freezing deficit of the mutant mice was observed both imme-
diately (immediate after shock freezing) and 1 day (delayed
freezing) after the shock was presented. Since several control
experiments indicated that BTEB deficiency caused neither a
sensory nor a motor performance deficit in the response to foot
shock, this result implies that BTEB™/~ mice have deficits in
the acquisition and preservation of memory. Although various
brain areas are considered to be implicated in the process of
contextual fear conditioning, the neural circuits of the hip-
pocampus and amygdala, in particular, are responsible for con-
textual fear conditioning (1, 7, 16, 25). Since BTEB expression
increased in the pyramidal cells of the hippocampus at P7
when synapses began 10 mature in the brain, it is possible that
the impaired fear response in the BTEB-deficient mice re-
sulted from impaired synapse formation in the hippocampus.
The possible involvement of BTEB in synapse formation is
supported by the enhanced neurite outgrowth of Neuro-2A
cells resulting from the overexpression of BTEB (4). Addi-
tional experiments, such as the water maze test {23) and the
conditioning taste aversion test (21, 36), are necessary to de-
termine whether BTEB deficiency causes defective neural pro-
cesses that are dependent on the hippocampus, the amygdala,
or both. It would also be worthwhile and interesting to inves-
tigate the target genes of BTEB for further understanding the
function of BTEB itself and, at least, a part of T, function in
the development of the central nervous system. The distinet
behavioral abnormalities of the BTEB knockout mice and
characteristic expression pattern of BTEB will provide a useful
system for further investigation of the mechanisms underlying
motor function, leamning, and memory.
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2,3,7 8-Tetrachlorodibenzo~p-dioxin {TCDD), an endocrine dis-
rupting chemical (EDC), can cause carcinogenesis, immunosup-
pression, and teratogenesis, through a ligand-activated transcrip-
tion factor, the aryl hydrocarbon receptor (AhR). Despite
remarkable recent advances in stem cell biology, the inflience of
TCDD on hematopoietic stem cells (HSCs), which possess the
ability to reconstitute long-term multilineage hematopoiesis, has
not been well investigated. In this study we examined the influence
of TCDD on HSCs enriched for CD34-, c-kit*, Sca-1*, lineage
negative (CD34KSL) cells. The number of the CD34°KSL cells
was found to be increased about four-fold wpon a single oral
administration of TCDD (40 pg/kg body weight). Surprisingly, we
found that these TCDD-treated cells almost lost long-term recon-
stitution activity, This defect was not present in AhR™ mice.
These findings suggest that modulation of AhR/ARNT system
activity may have an effect on HSC function or survival.

Key Words: 23,7 8-tetrachlorodibenzo-p-dioxin; TCDD; hema-
topoietic stem cells (HSCs); CD34°KSL (CD34", c-kit*, Sca-1%,
lineage negative) cells; long-term reconstitution activity; aryl hy-
drocarbon receptor; AhR.

In recent years, many reports have focused on certain man-
made toxins known as endocrine disrupting chemicals (EDCs)
that persist in the environment and are capable of altering the
endocrine homeostasis of animals, causing serious reproduc-
tive and developmental defects (Bimbaum, 1995; Sweeney,
2002). One such compound is the Xenobiotic agent 2,3,7,8-
tetrachlorodibenzo-p-dioxin {TCDD), one of the most potent
members of a family of EDCs, the polyhalogenated aromatic
hydrocarbons. TCDD exposure can result in carcinogenesis,
immunosuppression, and tissue and organ toxicity, as well as
teratogenesis (Couture et al,, 1990; Peters ef al, 1999).

TCDD is believed to exert its effects primarily through a
ligand-activated transcription factor, the aryl hydrocarbon re-
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ceptor (AhR). AhR belongs to the basic helix—loop-helix
(bHLH) superfamily of DNA binding proteins and het-
erodimerizes with the AhR nuclear translocator (ARNT) to
form an ARRJARNT transcription factor complex (Hoffman ef
al, 1991; Reyes et al, 1992). This complex binds to specific
DNA sites in the regulatory domains of numerous target genes
and mediates the biological effects of exogenous ligands (Okey
et al, 1994). Indirubin and indigo were reported recently as
potent natural ligands of AhR (Adachi et al., 2001). Studies
using TCDD and its related congeners that activate AhR also
suggest that the receptor has immunological functions. The
recent generation of ARR knockout mice has provided evidence
of a role for this protein in hepatic fibrosis development and in
the immune system (Fernandez-Salguero ef al, 1995; Mimura
et al, 1997, Schmidt er al, 1996). Although it is also known
that AhR is present in most cell and tissue types of the body,
its functions in hematopoietic stem cells (HSCs) have not been
examined in detail.

HSCs possess the ability to self-renew or differentiate into
multiple distinct cell lineages. Substantial HSC self-renewal
has been demonstrated in transplantation models (Iscove and
Nawa, 1997; Pawliuk et al, 1996}, in stroma-containing long-
term marrow cultures supplemented with thrombopoietin (Yagi
et al, 1999) and upon the ectopic expression of HOXB4
(Antonchuk et al., 2002; Sauvageaun et al, 1995). Although
there are some reports that in virre HSC self-renewal has been
achieved using various culture conditions (Audet ef gl, 2001;
Ema et al, 2000, Holyoake et al, 1996; Miller and Eaves,
1997), the processes that govern HSC self-renewal remain
poorly understood. Although the functional diversity of HSCs
has been demonstrated unequivocally, it is less clear how such
diversity is generated. The prevailing view is that HSC heter-
ogeneity is regulated by both extrinsic and intrinsic events
{Enver et al., 1998; Metcalf, 1998). Extrinsic {environmental}
signals are derived predominantly from stromal cells and their
products. Stromal cells are organized into niches that differ in
their ability to maintain HSCs (Blazsek ef al, 1995; Wineman
et al, 1996). Thus, homing of HSCs to different types of
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stromal cell niches should contribute to HSC heterogeneity. In
addition to extrinsic signals, intrinsic mechanisms control HSC
decisions. Intrinsic mechanisms could induce HSC heteroge-
neity if HSCs make random decisions at the time of each HSC
division. For example, each HSC has a choice of many fates,
including self-renewal, differentiation, apoptoesis, and migra-
tion. Evidence for stochastic processes comes from the analysis
of the differentiation of myeloid and lymphoid precursors
(Busslinger er al., 2000; Ogawa, 1999). For example, multipo-
tent myeloid precursors generate more restricted precursors in
an apparently random fashion (Ogawa, 1999). Recent studies
of murine HSCs clearly demonstrated that expression of the
surface antigens of stem cells is under the influence of the
developmental stage and the kinetic state of the stem cells
(Ogawa, 2002). It was demonstrated using the monocloncal
anti-CD34 antibody RAM34 that only the CD34" fraction of
lineage negative (Lin"), Sca-1%, c-kit* bone martow (BM)
cells, known as CD34°KSL cells, of normal adult mice are
capable of long-term hematopoietic reconstitution in lethally
irradiated mice (Osawa ef al.,, 1996).

Surprisingly, there have been only a few reports concerning
the relationship between HSC and TCDD that describe an
increase in the number of hematopoietic progenitor cells upon
TCDD treatment (Frazier et al.,, 1994; Muranie and Gasiewicz,
2000; Staples et al., 1998; Thurmond and Gasiewicz, 2000).
Therefore, we decided to investigate more precisely whether
TCDD influences the long-term reconstruction activity of
CD347°KSL cells in BM.

MATERIALS AND METHODS

Chemicals.  2.3,78-Tetrachlorodibenzo-p-dioxin (> 99% pure) was ob-
tained from Cambridge Isotope Laboratories Inc. (Cambridge, MA). The
compound was dissolved in corn oil as an administration vehicle (Katayama
Chemicals, Inc., Chue, Osaka, Japan).

Animals. CS57BL/G] (B6, CD45.2) mice were obtained from CREA JA-
PAN, INC. (Meguro, Tokye, Japan) and B6 SJL Pspre® Pep3*Boyl (B6 Prpre,
CD45.1) mice were obtained from Jackson Laboratory (Bar Harbor, ME) and
kept i accordance with the Laboratory Animal Science guidelines of Hiro-
shima University. AkR~" mice were kindly provided by Dr. Y. Fujii-Kuriyama
{Tohoku University, Sendai, Japan). All mice were acclimated in-house for one
week prior to treatment. Mice older than 10 weeks of age were used in the
experiments.

TCDD treatment. The experiments shown here were performed more than
three times with at Jeast five mice per group. Animals were administered either
vehicle or TCDD at day zero and were euthanized ath 0, 3, and 12, and on days
1, 3, 7, 14, 28, 56, and 112. TCDD-treated anumals were administered by
gavage 40 pglkg body weight (bw) TCDD and vehicle-treated animals were
administered by gavage an equivalent dose of com oil. The folowing TCDD
doses were used: 0 (vehicle), 0.16.0.63, 2.5, 10, 40, and 80 ug/kg bw. Animals
were administered either vehicle or TCDD at day zero and were euthanized on
day 7.

Antibodies. The antibodies vsed in immunofluorescence staining included
RAM34 (anti-CD34), D7 (anti-Sca-1), 2B8 (anti-c-kit), 104 (anti-CD45.2), and
A20 (anti-CD45.1). Antibodies using for lincage markers included RA3-6B2
(anti-CD45R/B220), 145-2C (anti-CD32e), RM4-5 (anti-CDMd), 53-6.7 (anti-
CD8a), M1/70 (anti-Mac-1), RB6-8CS (anti-Gr-1), and TER119. All the
antibodies were purchased from Pharmingen (San Diego, CA).

Purification and analysis of CD34°KSL cells. BM cells were flushed
from femurs and tibiae of mice. Cell suspensions were then filtered through
a sterile 100 pm Cell Swrainer (No, 2360; Falcon, Lincoln Park, NJ) and
stained with biotinylated antilineage makers. For analysis, cells were then
stained with fuorescein iscthiocyanate (FEFTC) anti-CD34, phycoerythrin (PE)
anti-Sca-1, allophycocyanin (APC) anti<-kit antibodies and streptavidin-
PerCP (Pharmingen). Four<olor analysis was performed on a FACS Calibur
(Becton Dickinson, San Jose, CA} using CELLQuest software (Becton
Dickinson). For cell sorting, bone marrow was depleted of lincage positive
cells using MACS (Milteny Biotech GmbH, Bergisch Gladbach). Cells were
stained with biotinylated antilineage markers and then were allowed to bind
streptavidin-magnetic beads (Milteny Biotech). Ten ul of beads were used per
107 cells. Cells were then applied to a C-type MACS column and nonadherent
(lineage negative; Lin“) cells were stained with the subsequent antibodies as
described above (Randall and Weissman, 1998). CD34"KSL cells were sorted
by FACS Vantage SE (Becton Dickinson). Dead cells were excluded by
propodium iodide (PI) from analysis and sorting.

Competitive repopulation assay. ‘We applied and performed a competitive
repopulation assay to which the CD45 (Ly5) system was adapted (Ema and
Nakauchi, 2000); 100 sorted CD34°KSL cells from TCDD- or vehicle-treated
B6 (CD45.2), ARR™ (CD45 2), and AhR WT (CD45.2) mice were mixed with
I X 10° BM competitor cells (B6 Ptpre, CD45.1) and were transplanted into
B6 Pipre mice iradiated at a dose of 10 Gy. After transplantation, peripheral
blood cells of the recipients were stained with FITC anti-CD43.2 and PE
anti-CD45.1. The cells were simultancously stained with biotinylated anti-
B220 or bictinylated anti-TER119, a mixture of biotinylated anti-Mac-1 and
Gr-1, or a mixture of APC-conjugated anii-CD4 and -CD8. Biotinylated
antibodies were developed with streptavidin-APC (Molecular Probes, Eugene,
OR). The cells were analyzed on a FACS, and percentage chimerism was taken
as the quadrant ratioc of donor cells (CD45.2* cells). When percent chimerism
was more than 1% with all lineage reconstitution, recipient mice were consid-
ered to be multilineage reconstituted (positive mice). Dead cells were excluded
by Pl staining.

Two step single cell-methylcellulose colony assay. Sorted CD34°KSL
cells were deposited as single cells into 96-well microtiter plates by FACS
Vantage SE and Clone Cyt (Becton Dickinson). The single cells were incu-
bated in 100 @l of culture medium (Methocult™ GF, StemCell Technologies
Inc., Vancouver, British Columbia, Canada) at 37°C in a humidified auno-
sphere 5% CO, for seven days. Cultures were scored for colony-forming units
using an inverted microscope. We evaluated and designated those containing
more than 50 cells/colony as first colonies. Next, the first colonies were
eollected and sorted to deposit 100 cellsfwell and incubated for another seven
days. Cultures were scored for colony-forming upits in the same marmer, and
these colonies were designated second colonies.

Statistical analysis. Means + SD were compared with a Student's ftest,
Significance levels were set at p = 0.01-0.05 (*), p = 0.01-0.001 {**), and
P < Q.001 (¥*¥).

RESULTS

The Number of CD34 KSL Cells Was Increased by TCDD

To understand the effects of TCDD on the immune and/or
hematopoietic systems, we focused on the study of HSCs in
adult BM. Although recent studies reported that the number of
hematopoietic progenitor cells was increased by TCDD admin-
istration (Murante and Gasiewicz, 2000), our first question was
whether multilineage long-term HSCs are really affected by
TCDD. Therefore, we investigated more precisely the effects
of TCDD on long-term HSC populations, CD347KSL. cells, in
BM. We treated 10-week-old C57BL/6 mice with 40 pg/kg bw
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TCDD or corn oil (vehicle) by single oral administration, and
assessed HSC characteristics after seven days. When the lin-
eage negative BM cells were further developed with Sca-1/c-
kit, the percentage of Sca-17/c-kit* cells (gated in Fig. 1A)
from TCDD-treated mice was found to be higher (7.73%) than
that of cells isolated from vehicle-treated mice (2.32%). This
observation is in good agreement with a recent report (Murante
and Gasiewicz, 2000). We then assessed the percentages and
cell number of the long-term HSC population as indicated by
the CD34 marker. The percentage of CDD34.negative cells was
higher in TCDD-treated {12.21%) compared to vehicle-treated
(4.44%) mice (Fig. 1A). Although there were no significant
differences in the total number of BM cells between vehicle-
and TCDD-treated mice, the number of CD34 KSL cells was
four-fold higher in TCDD-treated mice (Fig. 1B, p = 0.0001,
n = 20). It bas been reported that TCDD administration in-
creases the number of KSL progenitor cells in dose-dependent
fashion (Murante and Gasiewicz, 2000). In comroboration with
these prior results, we also assessed and found that the increase
in CD34°KSL cells was TCDD dose-dependent at seven days
after administration (Fig. 1C). The number of CD34 KSL cells
is increased with doses as low as 2.5 pg/kg bw and we fixed
the experimental dose at 40 pg/kg bw on which the significant
difference was seen (Fig. 1C, p = 0.0083, n = 6).

We next performed a time course analysis of the effects of
a single oral administration of TCDD on CD34 KSL hemato-
poietic stem cell populations. As shown in Figure 2, TCDD
exposure increased the number of CD347KSL cells (Fig. 2B)
from 12 h up to 56 days after treatment, although the number
of total BM cells was not changed. Effects were observed as
early as 12 h after treatment (p = 0.0058, n = 5), and peaked
after about 1-2 weeks. Only after 112 days was this augmen-
tation effect resolved. The increase in CD34°KSL cells could
be due to changes in a number of processes, cell proliferation,
cell death, differentiation, and homing. We could not, however,
find any significant differences in cell proliferation or cell
death by BrdU and TUNEL assays, respectively (data not
shown).

TCDD Trearment Abolishes the Stem Cell Function of the
CD34°KSL Cells

Next, we determined whether the TCDD-induced increased
number of CD34°KSL cells maintain normal stem cell func-
tion. We performed a competitive repopulation assay with
CD45.2 mice as donors and CD43.1 mice as recipients (Fig.
3A and Materials and Methods). The peripheral blood (PB)
cells of the recipient mice were assessed for the long-term
reconstitution ability of donor cells every four weeks after 100
CD347KSLL cells were transplanted. We monitored the recon-
stitution activity up to 28 weeks. In these experiments, “TCDD
group” and “vehicle group” refer to recipient mice into which
were transplanted CD34°KSL cells from TCDD- and vehicle-
treated mice, respectively.

First, the cellularity of recipient peripheral blood was mea-
sured and percentage chimerism {ratio of the donor CD45.2*
cells) of nucleated PB cells was assayed with anti-CD435.2 and
anti-CD45.1 monoclonal antibodies, as well as several lineage
antibodies. Surprisingly, although the chimerism of the vehicle
group was 20 to 80% (average 40%) after four months, we
could not detect donor CD45.2" cells in the TCDD group with
the exception of two mice (Figs. 3B and 3C). These results
strongly suggest that the CD34°KSL cells in TCDD-treated
animals lose their hematopoietic long-term reconstitution
activity.

To understand the mechanisms of this functional deteriora-
tion, we thought it could be a possibility that long-term recon-
stitution activity of HSC might shift from CD34"KSL fraction
to CD34*KSL fraction, usually supporting short-term recon-
stitution activity, by stimulation of TCDD. One thousand
CD34*KSL cells from both TCDD- and vehicle-treated adult
mice were transplanted by the same method as described
above. No long-lerm reconstitution activity was observed in
either group (data not shown). Therefore, it is reasonable to
conclude that the effect of TCDD on long-term reconstitution
activity is targeted on the CD34°KSL cell itself rather than
population shift.

Next we performed an in vitro two-step single-cell methyl-
cellulose colony assay on CD34°KSL cells to analyze the
effects of TCDD on self-renewal activity at the single cell
level. Single CD34°KSL cells were sorted into individual wells
filled with culture medium formulated to optimize the detection
of murine hematopoieic progenitoer cells, BFU-E, CFU-GM,
CFU-G, CFU-M, and CFU-GEMM. Although we could not
find a difference of cellularity of the colony between vehicle
plates and TCDD plates (the plates where single CD34"KSL
cells from vehicle- or TCDD-treated mice were sorted into
each well), the first colony forming ability of CID34 KSI, cells
from the TCDD-treated mice was only one-third that of cells
from the vehicle-treated mice (Fig. 3D, p = 0.0024, n = 6).
Next we examined second colony forming activity. This pro-
cess is an indicator of the self-renewal or progenitor-forming
ability of HSCs. The second colony forming ability of CD34"
KSL cells from the TCDD-treated mice was one-tenth of that
of vehicle-treated mice, and the size of colonies generated from
CD34 KSL cells from the TCDD-treated mice was 50% of that
of vehicle-treated mice.

From these results, it is also conceivable that the long-term
reconstitution activity of HSCs in CD34°KSL. populations is
damaged by TCDD, despite the increase in cell number,

Absence of Aryl Hydrocarbon Receptor Prevents the
Elimination of Stem Cell Activity

As AEBR is known to be a major dioxin receptor, we also
examined the role of AhR in the TCDD-mediated elimination
of stem cell activity. We performed the same experiments as
described above using ARR-knockout (ARR™") mice. As shown
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FIG. 1. Effects of TCDD on the number of BM cells and CD24"KSL cells

at day 7 following treatment, and dose-response profile of CD347KSL cells.
(A) Flow cytometric analysis of CD34 expression profile oo the KSIL. fraction
of BM cells treated with vehicle (left panels) or TCDD (right panels). Repre-
sentative flow cytometric counter plots of Sca-1/c-kit staining of lineage
negative BM fractions (upper). Gated c-kit™Sca-1"Lin~ (KSL) cells were
examined for the expression of CD34. Fluorescence histogram {[ower) shows
CD34 staining profile of the gated, stem cell-enriched fraction. {B) The npumber
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F1G.2. Tune course of BM and CID347KSL cells. The numbers of BM (A)
and CD34°KSL {B) cells were investigated at 0, 3, and 12 h, and at 1,3, 7,14,
28, 56, and 112 days following TCDD or vehicle treatment. No difference was
seen in BM cell number at any timepoint between the vehicle- (open circles)
or TCDD-treated (Glfed circles) groups. Significant differences were observed
in CD34°KSL cell number between the vehicle- (open bars) and TCDD-treated
(fitted bars) groups from 12 b on. At 14 days after treatment, the number of
CD34°KSL cclis in the TCDD group was 3-fold that of the vehicle group. *p =
0.01 ~ 0.05; ** p = 0.001 ~ 0.001; *** p < 0.001. These experiments were
performed more than 3 times with at least 5 mice per group.

in Figure 4A, we could not detect a significant TCDD-induced
increase in the number of CD34°KSL cells in AhR™ mice,
although a three- to four-fold increase in cell number was
observed in wild type (WT) mice. It is noteworthy that the total
number of BM cells was not changed between ARR™ and WT
mice.

Next, we performed the competitive repopulation assay to

of BM cells and CD34KSL cells from C57BL/6 (B6) mice treated with
vehicle (open bar) or TCDD {filled bar) after seven days, Although there was
no difference in the number of BM cells, a significant difference (3**p <
0.001, n = 20) was scen in the number of CD347KSL cells. {C) Dose-response
prefile of the number of CD34°KSL cells. 0 ug/kg bw indicates vebicle-treated
control; **p = 0.0083 (» = 6) and *p = 0.0482 (n = 35} for 40 and 80 pg/ke
bw_respectively. These experiments were performed more than 3 times with at
least 5 mice per group.



