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Cloning and Characterization of Porcine
Common 7y Chain Gene

DAISUKE H(.)NMA,I_'4 HIROHIDE UENISHI,! HIDEKI HIRAIWA,! SATOSHI WATANABE,?
WEIRAN TANG,? NOBUTAKA KIYOKAWA 3 JUNICHIRO FUJIMOTO,?
HIROSHI YASUE,! and KENJI SAKIMURA*

ABSTRACT

The common ¥ chain, which was originally jdentified as a component of interleukin-2 receptors (IL-2R), plays
a key role in differentiation of T lymphocytes and natural killer (NK) cells. In the present study, cDNA of the
porcine common ¥ chain gene and its genomic DNA were molecularly cloned and characterized. The porcine

common ¥ chain gene was found to consist of 8 exons,

spanning approximately 3.7 kb, and to encode a 368-

amino acid polypeptide. The amino acid sequence showed 82.4%, 71.1%, 86.1%, and 84.8% similarities with
that of human, murine, bovine, and canine chains, respectively. The common  chain gene was assigned to
swine chromosome Xq13 by FISH analysis and was consistent with the result of radiation hybrid (RH) map-
ping. When various porcine tissues were examined for the expression of this gene, the expression was observed
in lymphocytes and lymphocyte-related tissues. Since GATA, T cell factor-1 (TCF-1), Ets-1, activated protein-
2 (AP-2), and Ikaros2 binding motifs were demonstrated in the 5’ upstream region of this gene, promoter ac-
tivity was investigated using luciferase gene as a reporter. The results indicate that the Ets-1 binding motif in
the segment from —95 to —59 (major transcription initiation site: +1) was an essential cis-acting regulatory
element for the common ¥ chain gene in lymphoid cells.

INTRODUCTION

THE wTERLEUKIN-2 (IL-2) rEcEPTOR (IL-2R) is @ multicom-

ponent complex consisting of three subunits, «, B, and ¥y’

polypeptide chains, and different combinations of these sub-
units show different affinity to IL-2. The & chain functions pri-
marily in binding IL-2, whereas the 8 and y chains contribute
to IL-2 binding and are also essential to 1.-2-induced activa-
tion of signaling pathways leading to T lymphocyte growth. Be-

cause the y chain and the § chain have conserved cysteine -

residues and a WSXWS motif, these chains are members of the
cytokine receptor superfamily.") The y chain was shown to in-
teract with Janus family tyrosine kinase 3 (Jak3) in the cyto-
plasmic domain and transduce ligand signals intracellularly by

phosphorylation of Jak3.2-4 It has also been demonstrated that |

the <y chain is a component of IL4, IL-7, IL-9, IL-15, and
1L-21 receptors.™1% Therefore, the y chain is aiso called com-
mon cytokine receptor ¥ chain and is abbreviated as common
y chain or y ¢ (we refer to it as the common ¥ chain in the

present report). The common y chain is found in almost all lym-

. phocytes, including T lymphocytes, B lymphocytes, natural
-killer (NK) cells, monocytes, and granulocytes.! !

In humans, an X chromosome-linked severe combined im-
munodeficiency (SCID-X1) was located on a region of chro-
mosome X by linkage analysis,121% to which the common y
chain gene has been assigned.!) When the common y chain
gene was examined as a candidate gene for genetic disease, it
was revealed that SCID-X1 patients had mutations or deletions
in‘this gene, leading to truncations of the common y chain and
possibly to loss of its function.("*) This indicated that a defi-
ciency in the common ¥ chain gene was responsible for SCID-
X1. In addition, knockout (KQ) mice missing this gene dem-
onstrated similar phenotypes to humans with SCID-X1,
preventing the formation of T and B lymphocytes and NK
cells, (1517 which provided evidence for this indication. -7,
IL-TR, and Jak3 KO mice also have demonstrated similar phe-
notypes to common y chain-deficient mice, 1321 whereas
1L-2-deficient mice had normal lymphocytes.?22) These find-
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ings taken together indicate that the common vy chain-Jak3 path-
way mediated by IL-TR is essentia] for differentiation and pro-
liferation of lymphocytes.

Pigs frequently are used as models for human disease and
are also considered to be source animals for xenotransplanta-
tion to humans because of their anatomic and physiologic sim-
ilarities to humans.®* The complement system, organization of
the swine leukocyte antigen (SLA) locus, and sequence of con-
stant regions of immunoglobulins (Ig) are similar to those of
humans.® On the other hand, differences between pigs and
humans are observed, such as the much higher ratio of ¥8 T
lymphocytes in peripheral blood in pigs than that in humans, 29
Therefore, understanding the porcine immune system is pre-
requisite to extending the findings of previous studies. Because
knowledge of the porcine immune system is still limited, how-
ever, in the present study, we molecularly cloned and charac-
terized the common ¥ chain gene in order to understand the
porcine immune system through the function of this gene,

MATERIALS AND METHODS

Preparation of porcine spleen

To prepare the spleen, a 1-month-old female pig was used.
The animal received humane care as described in the Guide-
lines for the Care and Use of Experimental Animals (National
Institute of Agrobiclogical Sciences Care Committee, Japan).
The proocess for preparation of the spleen followed the guide-
lines of animal ethics at the National Institute of Agrobiologi-
cal Sciences. The pig was killed by intravenous injection of
10 ml sodium pentobarbital. Immediately after respiration and
heartbeat stopped, the spleen was excised for preparation of
cDNA.

HONMA ET AL.

¢DNA preparation and sequence analysis of
common ¥y chain ¢cDNA

RNA was extracted from the spleen by the guanidinium thio-
cyanate acid-phenol-chloroform method.*” Using the RNA
thus obtained as a template, cDNA was prepared with AMV
reverse transcriptase (RT) (Toyobo, Osaka, Japan) with oligo-
d(T)ag primer flanked by CGCCAGGGTTTTCCCAGTCAC-
GAC at the 5'-end, and a rapid amplification of ¢cDNA ends
(RACE) template was prepared with a Marathon cDNA Am-
plification Kit {Clontech, Palo Alto, CA). In order to amplify
DNA fragments from the common + chain cDNAs supposed to
be produced in the procedure, a primer pair (Table 1, primer 1
and primer 2) was designed based on the sequence conserved
among human, murine, and bovine common -y chain ¢DNAs.
PCR reactions were performed using the AmpliTaq Gold sys-
tem (Perkin-Elmer Biosystems, Foster City, CA) with the
cDNA as a template and using primers 1 and 2. After an ini-
tial denaturation and enzyme activation step at 95°C for 9 min,
40 cycles of 95°C for 30 sec, 55°C for 30 sec, and 72°C for
30 sec were performed. The PCR product was confirmed by
2% agarose gel electrophoresis, then sequenced by the primer-
walking method using BigDye terminators and an ABI DNA
sequencer (Perkin-Elmer Biosystems). In order to sequence the
5" and 3’ terminal regions of the common ¥ chain ¢DNAs,
RACE primers for the terminal regions were designed based on
the sequence obtained in the analysis. The 5’ and 3' RACE
analyses were performed using the Marathon cDNA Amplifi-
cation Kit, following the manufacturer’s instructions.

For the transcription initiation site, 5’ RACE was performed us-
ing the 5' RACE System for Rapid Amplification of ¢cDNA Ends
(Invitrogen Co., San Diego, CA), and the DNA fragments thus ob-
tained were cloned in pBluescript KS(—). The =50 fragments were
then sequenced to determine major transcription initiation sites.

TaBLe I PCR PrmvERS FOR PorcINE CommoON y CHAIN GENE

Primer

Sequence (5' — 3')*

c¢DNA cloning and BAC library screening

Primer 1 AGTCTGCAGCCAGACTACAG
Primer 2 TTTAGGGTGTAACATGGGGG
Primer 3 TCTGCAGCCAGACTACAGTGAACGGCTCTGCCACG
Primer 4 GGGGAAATCTCACTGACGTGGCAGAGCCGTTCACTG
Primer 5 GACGTGGCAGAGCCGTTCACTGTAGTCTGGCTGCAG
Primer 6 GAGAGTCCCAGGGGGTGTAGAGAGC
Primer 7 GAGGACCTTCGGGTTCAGTC

RH mapping
Primer § GCGCTCAGCGTTGGAGCGACTGGAG
Primer 9 GCCAAAGACATCGGTGCTACAAGGG

Promoter analysis
Primer 10 CCCAAGCTTTGACAAAAGGAAATGTGTGGGTGGG
Primer 11 CCCAAGCTTAGCCCTGGTTTCTAAGGTTCTTTCC
Primer 12 CCCAAGCTTCACCTAATCTCCCAGAGGATTTAGC
Primer 13 CCCAAGCTTAGACTGTATGTTTCATCTGGCCAAG
Primer 14 CCCAAGCTTCTGCTCCCACAACAGCTAAAGGTGG
Primer 15 CCCAAGCTTACCTCATGGTITCCTAGTCGGATTCG

HindIII site
Primer 16 CATGCCATGGCGCTTACTCCTTGTTTCCTGGGTG
Ncol site

*Underlined sequences indicate additional oligonucleotides encoding restriction sites.
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Analysis of genomic structure ' Mapping using IMpRH panel

To select bacterial artificial chromosome (BAC) clones con- IMpRH panel DNAs were kindly provided by INRA (France)
taining the common v chain gene, a porcine genomic BAC li-  and the University of Minnesota® for radiation hybrid (RH)
brary constructed by Suzuki et al.?®was screened by PCR. The  mapping. Primer pairs were designed based on the genomit se-
forward and reverse primers are described in Table 1 as primer  quence to encompass the splicing sites and then were examined
1 and primer 2, respectively. The procedure for screening the  to select those that amplify only porcine genomic DNA frag-
BAC library was the same as that deseribed previously.@® The  ments of the expected size or amplify both porcine genomic
DNAs of BAC clones thus obtained were cleaved by EcoRland  DNA fragments of expected size and Chinese hamster genomic
subjected to Southern blot analysis using *2P-labeled ¢cDNA  DNA fragments of different sizes from those of the porcine
fragment comprising the coding sequence of the common y  fragments. The amplified porcine genomic fragment was se-
chain gene. Then the fragments presenting hybridization sig-  quenced to confirm that the fragment was amplified from the
nals were subcloned into pBluescript KS(—) and sequenced by  porcine common vy chain gene. PCR was then performed in du-
the primer-walking method using BigDye terminators and an  plicate using the IMpRH panel DNAs, and the PCR products
ABI DNA sequencer. The exon/intron structure was determined ~ were scored as described by Hawken et al.®% Assignments of

by compatison with the cDNA sequence.
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sequences to the RH map were performed with the RH2PT, a
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FIG. 1. Promoter region of porcine common v chain gene. To clarify the transcriptional regulatory mechanisms of the porcine
common 7 chain, a region upstream of the translation initiation site was sequenced and compared with those of human, murine,
and bovine promoter regions. Binding motifs for the GATA, T cell factor-1 (TCF-1), Ets-1, and activated protein-2 (AP-2) found
in the upstream region are indicated by gray boxes. Major transcription initiation sites are indicated by circles. Translation initi-
ation sites are placed at the end of the sequences and are indicated in uppercase letters. As a reference, primers 10-16 were used
for the construction of a series of nested 5° deletions in the upstream region shown in Figure 7.
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part of the RHMAP3 program,®! with PCR pattern data ob-
tained from reference 30,

Mapping with fluorescence in situ
hybridization (FISH)

Peripheral blood cells of male pigs were cultured and labeled
with 5-bromodeoxyuridine (5-BrdU) as described previ-
ously.®*? The culured cells were treated with hypotonic solu-
tion and fixative and then spread on glass slides as described
previously.®® The chromosome spreads thus obtained were
subjected to FISH using biotin-labeled BAC DNA as a probe,
following a procedure described previously.®433 Briefly, the
BAC DNA (500 ng) containing the common vy chain gene was
biotinylated with a biotin nick-translation labeling mix kit
(Roche Diagnostics, Mannheim, Germany). The biotinylated
DNA was dissolved in 10 pl formamide to mix with 10 pl 2 X
hybridization buffer (4X §SC, 100 mM phosphate buffer, pH
7.0, 20% dextran sulfate, 2XX Denhardt’s solution, and 0.2%
SDS) containing 5 j.g porcine Cot-5 DNA (repetitive sequence-
enriched DNA) and subjected to hybridization with chromoso-
mal DNA.

HONMA ET AL.

Northern blot analysis

A 10-ml blood sample was collected from a 7-day-old male
pig, and red bleod cells (RBCs) were removed by ACK lysing
buffer lysis to prepare peripheral blood lymphocytes (PBLs),
following the procedure described.®® The pig was killed by
overdose injection of sodium pentobarbital into a vein. Imme-
diately after respiration and heartbeat stopped, samples of brain,
thymus, lung, heart, stomach, liver, spleen, adrenal gland, small
intestine, large intestine, bladder, testis, and skin were collected
from the pig. In addition, L35 and L45 line cells, purchased
from the European Collection of Cell Culture (www.ecace.
org.ul/), were cultured in RPMI medium 1640 (Tnvitrogen Co.,
CA) supplemented with 10% fetal bovine serum (FBS) at 37°C
in 5% CO;. Porcine fibroblast cells prepared from the ear tis-
sue of a gilt, in F-10 Nutrient Mixture Medium (Invitrogen),
were supplemented with 20% FBS, 50 U penicillin and 50 ug
streptomycin/ml at 37°C in 5% CO,. Total RNAs were pre-
pared from these cells and the earlier samples using the Sepa-
sole-RNA [ reagent (Nacalai Tesque, Kyoto, Japan), according
to the method described by the manufacturer.

Each total RNA sample (10 ug) was electrophoresed in a

leader peptide
Swine MLEPPLPVKSLLFLQLPLLGVELNPEVLTHEGNEDITw - - - - - ADFLLLSTPPGTIEVSTLPLERKVOEFVFNVEYMERTWESSSELOPTR
Murine MLELLLS PRSFLVLOLLLLRASWSSKVLMSSANEDIK----- - ADLILTSTAPEHLSAPTLPLPEVCRFVFNIEYMEGTWERSSSEPQATH
Human MLKPSLPFTSLLFLOLPLLGVGINTTILTPNGNEDT T~ === == ADFFLTTMPTDSLSVSTLPLPEVORFVFNVEYMERTWAS SSEPQPTR
Bovine MLKPPLPLRSLLFLQLPLLGVELNPKFLTPSGNED I GGKPGTGGDFFLTSTPAGTLDVSTLPLPKVQRFVFNVE YMESTWRS SSEPQPMNE
Canine MLKPPLPLRSLLFLOLSLLGVEIRSTVEMPNGNEDIT -~ == == PDFFLTATPSETLSVSSLPLPEVUFVENVEY MBS TWES SSEPRD T
i‘*'_*_ .*.*.***.**.-*.. ______ L2 *.‘*____ 'l'_"'****.****iti_*****iitt*l‘*‘._-*
Swine LTLHYWYKTSN-DDKVQEBGHYLFSEGITSGEWFGKEEIRLYQTFVVQLQDPRE PRRODPOTLXLODLVIPWAPANLTLRTLSESQLELS
Murine LTLHYRYKVSD -BINTFQEMSHYLFSKE ITSGEQIQKEDIQLYQTFVVQLODPOK PORRAVOKLNLONLVIPRAPENL TLSNLSESQLELR
Euman LILEYWYKNSD-NDKVOKBSHYLFSEEI TSGRQLOKKE IHLYQTFVVOLODPREPRROATOMLKLONLVI PWAPERLTLHKLSESQLELN
Bovine LTLHYGYRNFNGDDKLQP®GHYLFSEGITSGREWFGKKE IRLYETFVVQLODPREHRKQPKOMLKLODLVI PWAPENLTLRELSEFQLELS
Canine LTLHYWYKNSN -~ DDKVOESGHYLFSREVTAGEWLOKEE THLYETFVVQLRDPREPRROSTORLKLONLVIPWAPENL TLERLS ESQLELS
*****_*“__ '.*‘*.*****_..*‘**_ _*_'t l'i"*!"l‘***_** ..... *_*_**'*ti*.il'_**** _***‘*ﬁ**_
. ) WIXWE motif
Swine WSNRYLDH-CLEHLVQYRSDRDRSWTEQSVDHROSFSLESVDAQKLY TFRVRSRYNPLCGSAQAWSDWSHPTHWCH - = = == = = TSKENPL
Murine WESRHIKERCLOYLVQYRSNRDRSWTELIVNHEPRFSLPIVDELKRYTFRVRSRYNPICGSSQUWSKWSDPVHNGS =« ~ - - - HTVEERPS
Human WNNRFLNH- CLEHLVQYRTDWDHSWTEQSVDYRHKFSLPSVDGQKRYTFRVRSRFNPLC‘GSAQQVTWSEWS"{PIHWGS! ------ TSKENPF
Bovine WSNRYLDH- CLEELVQYRSDRDRSWTEQSVDHRHS FSLPSVDAQKLYTFRVRSRYNPLCGSAQHWSDWSY PIHWGASHTSKEN IENPEEPS
Canine WSNRHLDH-CLEHWQYRSDWDRSWTEQSVDHRNSFSLPSVDGQKFYTFRVRSRYNPLCGSAQ WSEWSHPITHWGSE -- - --- TSXEN-P
*-‘* P t*._.‘****_"t'ii**..*.__ .******* _* tit*t!tt‘ti_i!‘*‘* * i **.Q_**t .... LR *
transmembrane domain _—
Swine LFALEAVLIPLGSMGLIVGLMCVYCWHERTMPRIPTLKNLEDLVTEYHGNFShWSGVSKGLAESLQPDYSERLCHVSEISPKGGALGEGP
Murine LFALEAVLIPVGTMCLIITLIFVYCWLER-MPPIPPIKNLEDLY TEYQGNFSAWSGVSKGLTESL)PDYSERFCHVSEI PPKGGALGEGP
Human LFALEAVVISVGSMGLIISLLCVYFWIERTMPRI PTLRNLEDLYVTEYHGNFSAWSCVSKELAESLQPDYSERLCLVSE L PPKGGALGECD
Bovine LFALEAVLI PLGSMGLIVSLICVYCWIERTMPRI PTLENLEDLVTEYQGNF SAWSGVSKGLAESLOPDYSERLCHVSEI PPKG - - - GEGP
Canine {LEASEAVLI PLGEMGLI ISLICVYYWIERSIPRI PTLKNLEDLVIEYHGNF S AWSGVSKGLAESLOPDYSEWLCHVSEI PPKGGAPGEGD
Tkl ddedk ok ok kkRk ok ok JHEEE ok wde kkmdkkdddokd SRk ok khkkkkhh Kk khk ok Ak e R ERR JHEEE ko
Swine GGSPCSOHSPYWAPPCYTLKPET-----
Murine GGSPCSLHSPYWPPPCYSLKPEA~ -~ -~
Human GASPCNQHSPYWAPPCYTLKEPET- ----
Bovine GGSPCSQRSPYWAPPCYTLKPEP-~---
Canine GGSPCSQHSPYWAPPCYTLXPETGALIP

L T T T T T A T T

FIG. 2. Alignment of swine, murine, human, bovine, and canine commeon vy chain amino acid sequences. Putative leader pep-
tide, WSXWS motif, and putative transmembrane domain are boxed. Four conserved cysteine residues and potent N-linked gly-
cosylation sites are indicated by gray circles and gray boxes, respectively. The poreine common vy chain amino acid sequence
showed 71.1%, 82.4%, 86.1%, and 84.8% similarities with those of murine, human, bovine, and canine common ¥ chains, re-

spectively.
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1% agarose gel containing 18% formalin, and the RNA in the
gel was stained with ethidium bromide to examine the quality
and quantity of the RNA applied on the gel. The RNA was
transferred to Hybond-N nylon :membranes (Amersham Bio-
sciences, Arlington Heights, IL). The membrane thus cbtained
was subjected to Northern blot hybridization, following the pro-
cedure described by Church and Gilbert.®? Briefly, for probe
DNA, the DNA fragment comprising the coding sequence for
the common y chain was labeled with 32P-dCTP using a ran-
dom priming labeling kit (High prime) (Roche Diagnostics).
The membrane was hybridized with the probe DNA at 65°C
overnight and washed as indicated in the procedure. The ra-
. dioactivity on the membrane was visualized using the bioimag-
ing analyzer FLA-3000G (Fuji Film, Tokyo, Japan).

Construction of reporting vectors

DNA fragments of various lengths ranging from the transla-
tion initiation site toward the 5' upstream sites were produced
by PCR amplification using the primer pairs shown in Table 1
(primers 10-16) and Figure 1. The PCR amplification was per-
formed wsing KOD DNA polymerase (Toyobo), 0.2 mM each

Exon I

105

dNTP, 1 mM MgCl,, an appropriate primer pair, and buffer
supplied by the manufacturer. The fragments produced were
treated with restriction enzymes HindlIIl and Ncol to be sub-
cloned into the HindIII/Ncol site of the multicloning site of
pGV-B2 repotter vectors, which contained the firefly lucifer-
ase gene downstream of the multicloning site as a reporter gene
(PicaGene Basic Vector2) (Toyo Ink, Tokyo Japan). The re-
porting vectors thus constructed were verified by sequencing to
determine if the vectors were those expected. As a control for
the transformation experiment, a reporting vector containing
thymidine kinase promoter and renilla luciferase (pRL-TK)
(Promega, Madison, W) was used. For the transformation of
cells, all vector DNAs were prepared through two cycles of
CsCl, density gradient centrifugation just before use.

Transformation of cells with reporting vectors and
measurement of luciferase activity in the transformants

The vector DNA constructs were introduced together with
the control vector, pRL-TK, into porcine T lymphocyte line
cells L4548} and primary cultured porcine fibroblast cells. For
transformation of L45 cells, 1 pg appropriate vector DNAs and

gggaggggtagtgggtaaggggcccaggttcctgacACAGTCTACACCCAGGMACMGGAGTAAGCGCCATGTTGJ\AGCCACCATI‘GCCAGTCAAATCCCTCTTATTCCTGCAGCTGCC
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F V F N V E ¥ M Q

L P KV O
Fxon IIT

CTGgtatga [ intren B ] CtCtagGTACAAGACCTCTMTGATGATMAGTCC}‘AGGRG"‘GTGGCCACIATCIATTCPC’DGAAGGGATCACTTCPGGC‘FGTIGGTTTGGMGAG
W 228bp T v H Y L

i} D

GAG.ATCCGCC'I'C'I‘ACCAAACA'I‘I'I‘GTTGTCCAGC'I‘CCAGGACCCACGGGMCCCAGGAGGCAGGACCCACAGACGCTMAACTACAGGATCI‘GGQ taatt
E I R L Y QTP V VvV QL QD PREUPUZRUROQDUPOQTTULIEKTULOGQTDIL

Exon IV
GTGATCCCCTEGECGCCGG!
I P W A P A

Exon ¥V

L L § TP PG T

CCTAACTCTGCACTA

T W. E L P T L T L H Y

&

F S EGITSG S GHE)WEGERKE

[ intron € ] cteca
205bp

TCTGACCCTTCGCACCCTGAGTGAAT CCCAGCTAGAACT CAGCTGGAGCARCCGATACT TGCACCACTGTTTGGAGCACCTCOGTGCAATACCGGAGT
L TLRTULSES QULELS WS V¥ RYULDIETCLTEUHTULUWV QYR S

GACCGGGACCGCAGCTGGACTgtgagt [ intron D ] cccaagGAACAATCAGTGGATCACAGACARAGCTTCTCTCTGCCTAGTGTGEGATCOGCAGARGCTCTACACATTCCOGTG

D R D PR § W T 399bp E

Q $ VD-H R QS F 8L P SV DAUGQI KL

T F R V

Bxon VI
'rTCGGAGCCGCTATMCCCGCTC‘I‘G‘I‘GGAAGCGCTCAGC‘G‘I’I‘GGAGCGACTGGAGCCACCCGATCCA CACTTCAMGthaaaa [ intron E ] ccatagAGMch
S R ¥ N P L C G S8 A Q R W 8 B W 8 H P H W G T & £58bp N
Exon VII
TCTGCTGTTTGCATTGGAAGCTG‘IGCTTATCCCGC'[“IGGCTCCATGGGAC'I‘GAT‘I‘GTCGGCCTCATG‘I‘GTGTGTATTGCTGGCI‘GGMCthgagc { intro F ] cctcagGACcA
L L P A L E A YV L I P L M & L I ¥V G L ¥ C Vv ¥ C 242bp
Exon VIII
'I\’SCCCCGMTTCCI‘ACCCTCAAGMCCTAGAGGATCTGGTTAC’I‘GAATATCATGGGAACTT’I’I‘CGQtgaga [ intron G ] ctttagGCCfGGAGTGGTGTGTCTMGGGA’I‘I‘GG
P R I P T L N . v Y H ¢ N F 357bp WSGVSKGLA

CCGAGAGTCTGCAGCCAGACTACAGTGAACGG CTCTGCCACGTCAGTGAGA'I'!‘TCCCCAAAAGGAGGAGCTC’I'IEGGGAAGGGCCIGGGGGC'PCCCCCTGCAGT CAGCATAGCCCCTACT
ESLQPBYSERLCH\?SEISE’KGGALGEG!’G €C S OHR § P Y W

GGGC'I'CCCCCATG’I‘I‘ACACCCTGMACCTGMACCIGAGCCCTGAAACTC’K{ACAGMGMCCCCAGGGTCCI'GTMCCCTCMATGGTAC'I'N\C.TX‘GCCCITATCCA.\CCAACC‘I’GGGT
A P P CY L - T
CCAA‘[‘G‘I‘TCACI‘TCGCCCCCCTG’I\:GCTMTTI‘TGAATI'I‘TGTGCCCCCATM(.‘I‘GCCCCCTCA'I'TCAATATGTCCCACTCGAGAATI‘GCCCCTATGCCCTGTACATGTITC'I‘CATCTCC

CCCAATCCAGCCCT T e T e T CACAGCA T TG T TTCA LG A TG AT CCCTCC T TCCCTCTT TCCATCTACCCTTCAATIGTTCCCCAARATAATGAGAAATAAAATTTCTGTTGATAATC

FIG. 3. Genomic organization of porcine common ¥ chain gene (DDBY/GenBank/EMBL database, Accession Number;
AB(92652). The structure of porcine common v chain gene is shown by base sequence. The cDNA sequence of common v chain
is indicated in uppercase letiers. The single-letter amino acid sequence is shown below the corresponding triplets. The putative
leader peptide is marked by a broken underline, and the possible polyadenylation signal is indicated by an underline. Four con-
served cysteine residues and potent N-linked glycosylation sites are indicated by gray circles and gray boxes, respectively. The
WSXWS motif is boldly underlined, and the putative transmembrane demain is double underlined. The major transcription ini-
tiation site is indicated by +, and two minor transcription initiation sites are indicated by dots.
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100 ng pRL-TK were mixed with DMRIE-C reagent (Invitro-
gen) and placed in eack well in 24-well plates. Subsequently,
L45 cells were placed into each well at a concentration of § X
10° cells per well, according to the method described by the
manufacturer. For transformation of the fibroblast cells, 100 ng
appropriate vector DNA and 10 ng pRL-TX were mixed with
Lipofect Amine Plus (Invitrogen) and placed in each well in
24-well plates, each of which contained 1 X 10* fibroblast cells,
according to the method described by the manufacturer. Six
wells were used for the transformation with each construct, The
resulting cells were cultured in the medium for an additional
48 h and subjected to luciferase assay.

Firefly and renilla luciferase activities in the cells of each
well were measured using the Dual-Luciferase Assay System
(Promega} and luminometer TD-20/20 (Turner Designs, Sun-
nyvale, CA), following the protocols described by the manu-
facturers. To normalize the transformation efficiency, firefly lu-
ciferase activity was divided by renilla Iuciferase activity in each
transformation, and the resulting value was regarded as promoter
activity for the firefly luciferase gene in each construct,

RESULTS AND DISCUSSION

c¢DNA cloning and sequence

Total RNA was extracted from the spleen of a 1-month-old
female pig and processed to obtain cDNA of the transcripts
from the common ¥ chain gene. The cDNAs thus obtained were
subjected to sequencing, demonstrating that the porcine puta-
tive common 7y chain consisted of 368 amino acid (Fig. 2).
When the amino acid sequence of the porcine putative common
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+ chain was compared with that of common y chains of other
species reported-3%-41 (Fig. 2), the porcine putative common
v chain was revealed to have 82.4%, 71.1%, 86.1%, and 84.8%
similarities with that of human, murine, bovine, and canine
chains, respectively. This indicated that this putative common
+ chain was indeed the porcine common ¥y chain.

Based on this comparison, a 21-amino acid sequence from
the N-terminus of porcine common vy chain was indicated to be
a leader peptide, a 234-amino acid sequence following the pre-
ceding sequence to be an extracellular domain, a subsequent
27-amino acid sequence to be a transmembrane domain, and
the remaining 86 amino acids of the C-terminus to be an intra-
cellular domain. The porcine common vy chain was found to
contain features of the cytokine receptor superfamily, that is, 4
conserved cysteine residues and 2 WSXWS motif (Fig. 2), as
are commonly observed in the common ¥ chain of other species
reported. (4341 In addition, 6 potent N-linked glycosylation
sites (N-X-5/T) were found in the extracellular domain, and 4
of them were conserved in the common ¥ chains of the other
four species (Fig. 2). When the similarities in amino acid se-
quences among swine, human, murine, bovine, and canine were
examined from the standpoint of functional domain, the high-
est similarities ranging from 84% to 95% were observed in.the
intracellular domain (unpublished data).This indicates that the
intracellular domain possesses evolutionally common role(s) in
these animal species.

To determine the transcription initiation site of the porcine
common  chain gene, 5'-RACE was performed as described
using the primers (primer 6 and prmer 7) shown in Table 1,
and the DNA fragments thus obtained were cloned into plas-
mid vectors. Fifty-seven clones containing fragments were sub-
jected to sequencing, revealing the following: 17 clones showed

A I i m vV VI VI vir 220Pp
-
’l oy RN AN [
P ! \ AT RN \ oy Iy
Voo v \ U IR U
’I 'y y \\\ v NPy g \
, ‘”: \ : W\ AN \ ! \\: \‘ ! \
B |' y Y N N 3 * Y \
| ]
L CC CC WSXW§ | 100 bp |

et

FIG. 4. Schematic presentation of porcine common vy chain gene structure. (A) Genomic structure of porcine common <y chain
gene. Black boxes represent exons and are numbered accordingly, and gray boxes represent 5'-UTR and 3'-UTR (untranslated
regions). (B) Porcine common <y chain cDNA. IC indicate L, putative leader peptide; C, conserved cysteine residues; N, potent
N-glycosylation sites; WSXWS, WSXWS motif; EC, putative extracellular domain; TM, putative transmembrane domain; IC,
putative intracellular domain. The correspondences between exons and the regions of the cDNA are shown by broken lines,
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a transcription initiation site at the position 34 bp upstream of
the translation start site, 11 clones at the position 32 bp up-
stream of the translation start site, and 8 clones at the position
27 bp upsiream of the translation start site. The remaining
clones showed various sites, including sites located in the pro-
tein coding region. These findings indicated that the major tran-
scription initiation site was at the position 34 bp upstream of
the translation start site and that minor initiation sites were at
the positions 32 bp and 27 bp upstream of the translation start
site.(Hereafter, the major transcription initiation site numbered
+1 in the genomic sequence of the porcine common ¥ chain
gene, and this numbering is used in the text and the figures in
the present study.)

Genomic structure of the common y chain gene

In order to investigate the genomic structure of the porcine
common ¥ chain gene, a porcine BAC DNA library was
screened to obtain a BAC clone containing at least a part of the
common ¥ chain gene. The BAC DNA was then subjected to
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Southern blot analysis, demonstrating that 2.5-kb, 6.0-kb, and
15.0-kb EcoRI fragments contained sequences of the common
¥ chain gene. Therefore, those fragments were subcloned into
the plasmid vector and sequenced by the prifmer-walking
method. In total, 2 5355-bp sequence was determined to ‘eluci-
date the genomic structure of the porcine commen v chain gene
{Accession Number AB092652) (Fig. 3). The porcine common
¥ chain was revealed to consist of 8 exons, spanning approxi-
mately 3.7 kb (Fig. 4A). The translation start site is coded in
exon I, the extracellular domain is from exon I to exon VI, the
transmembrane domain is in exon VI, and the intracellular do-
main is from exon VI to exon VIII (Fig. 4B). The exonfintron
structure of the porcine common -y chain was the same as that
of human, mouse, and bovine chains. Even the sequence of in-
trons showed a high similarity between swine and bovine, which
may be expected in that both species are classified in the same
order, Artiodactyla.

When a 1399-bp upstream region of the major transcription
initiation site was examined for regulatory elements shown to
have functions in blood cells, motifs for GATA binding pro-

B

Chromosome X

common y chain |

FIG. 5. Chromosomal location of porcine common + chain gene. Swine chromoscme spreads were subjected to FISH using
the BAC DNA containing the porcine common 7 chain gene as a probe. (A) A representative chromosome spread presenting hy-
bridization signals is shown. The arrow indicates the chromosomal position of the commen v chain gene on chromosome Xq13.
(B) Thirty-seven chromosome spreads presenting hybridization signals were scored for their localizations. An ideogram of swine
chromosome X is shown with the score of the signals at the respective chromosomal regions.
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tein (WGATAR, AGATTA) 243 T cell factor-1 (TCF-1)
(WWCARAG),"¥ Ets-1 (RCCGGAWGY),“® enhancer bind-
ing protein AP-2 (CCCMNSSS),®) and lymphoid-restricted
zinc-finger transcription factor Ikaros2 (YTGGGANN)®T were
detected. As shown in Figure 1, although these motifs were
commonly observed in the upstream regions of human, mouse,
and bovine, the only elements having a positional correspon-
dence were the Ets-1 binding motif and one AP-2 binding mo-
tif, both of which were located in the upstream region proxi-
mal to the major transcription initiation site (—95/41). Neither
the TATA box nor the CCAAT box was detected in the porcine
regulatory region examined, as is the case for the other species.

Chromosomal location of porcine to common
v chain gene

To determine the chromosomal location of the porcine
common ¥ chain gene, RH mapping was first performed using
IMpRH panel DNAs using primer 8 and primer 9 (Table 1) as
described, suggesting that the common ¥ chain gene was linked
to Sw1835 with a lodscore of 4.59, which was indicated to lo-
calize in the region of swine chromosome (SSC) Xcen-p21
(sol.marc.usda.gov/). However, as the lodscore was not greater
than the threshold of significance®®® and the chromosomal po-
sition of SW1835 was not accurately indicated, FISH analysis
was performed using biotinylated BAC DNA containing com-
mon ¥ chain gene as a probe. A representative chromoseme
spread having hybridization signals is shown in Figure 5A.
Thirty-seven chromosome spreads presenting hybridization sig-
nals were scored for their localizations, revealing that the com-
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by
v
=
—

total RNA "
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mon vy chain gene resides on SSCXq13 (Fig. 5B). The finding
from. FISH analysis was consistent with that of RH mapping,
and localization of the common -y chain gene on chromosome
X was conserved in human, mouse, and bovine genomes.

In the additional analysis of the BAC DNA containing the
common v gene, exon III of the AFX1 gene was fortuitously
found about 5 kb downstream of the commen 4 chain gene in
the opposite direction from the common y chain gene (unpub-
lished data). This observation is the same as that for humans(48}
(www.nebinlm.nih gov/LocusLink/LocRpt.cgi?l=4303) and mice
(www.ncbinim.nih. gov/LocusLink/LocRpr.cgi?l=54601). These
findings indicate that the common ¥ chain gene, including its
neighboring region, has been conserved in various animal species.

Expression of common vy chain gene in various
porcine lssues

Expression levels of the common <y chain gene in various
porcine tissues were examined by Northern blot analysis. As
shown in Figure 6, high-level expressions were observed in thy-
mus, spleen, lymphocytes, L35 cells, and L45 cells. Low-level
expressions were observed in lung and small and large in-
testines, and no or little expression was observed in brain, heart,
stomach, adrenal gland, bladder, testis, muscle, skin, and fi-
broblasts. A major transcript from the gene was detected at the
position of 2 kb, the size of which was estimated from the cDNA
sequence described in the preceding section. In addition, two
minor transcripts were detected at positions 4 kb and 6 kb, As
the common v chain gene was indicated to be a single copy
gene in swine by Southern blot analysis (data not shown), these

large intestine
' bladder

lymphocyte
L35

LA45

muscle
skin
fibroblast

testis

.
-

F - 440k

FIG. 6, Northern blot analysis of RNAs obtained from varions porcine tissues using common 7y chain cDNA as a probe. Each
total RNA sample (10 ug) prepared from various tissues and cells was electrophoresed in a 1% agarose gel containing 18% for-
malin, and the RNA in the gel was stained with ethidium bromide to examine the guality and quantity of the RNA applied on
the gel. The RNA was transferred to Hybond-N nylon membranes. The membrane thus obtained was subjected to Northern blot
hybridization following the procedure described by Church and Gilbert.®” For probe DNA, the DNA fragment comprising the
coding sequence for the common y chain was labeled with 32P-dCTP. The membrane was hybridized with the probe DNA, at
65°C overnight and washed as indicated in the procedure. The radioactivity on the membrane was visualized.
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transcripts were generated from additional transcription initia-
tion sites located far upstream of the major transcription initi-
ation sites or ended downstream of the polyadenylation signal
indicated in Figure 3. When the signal ratios of these three tran-
scripts detected were calculated, the ratios were found to be
similar in samples subjected to the calculation (data not shown).

The porcine cormmon 7y chain gene was found to be expressed
exclusively in lymphocytes and Iymphocyte-related tissues, and
this expression pattern was similar to that reported in the
mouse. 2% However, a 6-kb transcript from the gene in swine
was not observed in hurnans and mice, which may suggest that
transcription control for the porcine commoen vy chain gene is
slightly different from that in humans and mice.

Regulatory elements in the upstream region
of porcine common y chain gene

In order to specify the region containing the functional reg-
ulatory elements in the upstream sequence of the porcine com-
mon vy chain gene, a series of nested 5’ deletions were intro-
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duced into the upstream sequence of the common vy chain gene
in the reporting construct described. Based on the fact that the
regulatory elements for the human common 1y chain gene were
indicated to be confined to the segment from —177 to 34 (+!
corresponds to the major transcription initiation site)% and the
fact that the regions having positional correspondence of regu-
latory elements (Ets-1 and AP-2 binding motifs) were located
within the —95 to +1 segment (Fig. 1), 6 deletion constructs
were produced (Fig. 7). The resulting constructs were intro-
duced into L45 cells and fibroblast cells together with pRL-TK
DNA as a control for transformation.

As described in Materials and Methods, the activity of fire-

' fly luciferase was normalized in each transformation and is pre-

sented as promoter activity in Figure 7. The promoter activity
was observed in the segment from —93 to-+34 and in the seg-
ments longer than the preceding segment, but it was not ob-

* served in the segment from —59 to +34. The activity of the

segment from =95 to +34 was found to be two thirds of the
maximum activity observed in the transformatiqn experiments,
and the activity was found to increase with increases in the
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FIG.7. Promoter activity of the 5' upstream region of the porcine common <y chain gene. DNA fragments with various lengths
ranging from the translation initiation site toward the 5’ upstream sites were produced by PCR amplification using primer pairs
shown in Table 1 and Figure 1 (primers 10-16). The fragments produced were treated with restriction enzyme HindITI and Ncol
to be subcloned into the HindITI/Ncol site of the multicloning site of pGV-B2 reporter vector, which contained the firefly lucif-
erase gene downstream of the multicloning site as a reporter gene. The vector DNA constructs were introduced together with the
control vector, pRL-TK, into porcine T lymphocyte line cells, L45,% and porcine fibroblast cells as described in Materials and
Methods. Six wells were used for the transformation with each construct. The resuiting cells were cultured for an additional 48
h and subjected to luciferase assay. Firefly and renilla luciferase activities in the cells of each well were measured using the Dual-
Luciferase Assay System and luminometer TD-20/20 following the protocols described by the manufacturers. To normalize the
transformation efficiency, firefly luciferase activity was divided by renilla luciferase activity in each transformation, and the re-
sulting value was regarded as the promoter activity for the firefly luciferase gene in each construct.
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length of the segment to attain a plateau with the segment from
—450 to +34. On the other hand, little promoter activity, if any,
was observed in any of the transformations using fibroblast
cells. When these results are taken together, the Ets-1¢% bind-
ing motif located in the segment from —95 to —59 is strongly
indicated to be an essential cis-acting regulatory element for the
porcine common y chain gene in Ilymphoid cells, and some or
all of GATA, 243 TCF-1,"% AP.2,49) and Ikaros2“” binding
motifs located between —450 and —935 are indicated to serve
as additional, cis-acting regulatory ¢lements for the common y
chain gene expression in those cells.

Similar observations were reported in human.®%59 Addi-
tionally, in the analysis of the human common ¥ chain gene,
destruction of the corresponding Ets-1 binding motif rendered
the promoter functionless. These findings indicate that the Ets-
1 binding motif, which has regional correspondence among
species, is a common essential cis-acting regulatory element.

In conclusion, the observations obtained to date demonstrate
that the commeon <y chain gene has structural and functional sim-
ilarities in the mammalian species examined. The similarities
of whole amino acid sequences between swine and human are
higher than those between mouse and human (data not shown).
This is additional support for the opinion that pigs are prefer-
able model animals for human disease and may also be con-
sidered source animals for xenotransplantation to humans. As
there is a difference in lymphocyte subsets in peripheral blood
lymphocytes between swine and human/mouse, however, more
comprehensive study, such as expression of the gene in subsets
of porcine lymphocytes, is required.
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Abstract Notch is a transmembrane protein involved in
cell fate determination. In the present study, we observed
temporally and spatially restricted expression of Notchl in
developing cartilage. Notchl was localized starting from the
mesenchymal condensation stage of embryonic mouse
forelimbs. Interestingly, although localization could not be
detected in the proliferating chondrocytes, obvious immuno-
reactivity indicating its expression was retained in the peri-
chondrial region. Next, we investigated the expression of
Notchl and related molecules in a chondrogenic cell line,
ATDCS cells. Notchl, Delta-like (DII)1, Deltex2, and Deltex3
were coexpressed after 6-day insulin treatment. Expression of
Hairy and Enhancer of split homologue (HES)-1 followed
thereafter, These results suggest that Notch may have arole in
the early stage of chondrogenesis. To assess the effect of
Notch activation, we cultured ATDCS cells with a myeloma
clone constitutively expressing DIt1, a ligand of Notch. We
also used an adenovirus vector to express the constitutively
active Notchl intracellular domain (NIC). Activating either
the endogenous or exogenous Notch receptor dramatically
inhibited chondrogenic cell differentiation of ATDCS cells, as
assessed by Alcian blue staining of the cells and chondrocyte
differentiation markers. Last, we investigated the effect of
NIC on the proliferation of the ATDCS cells. Expression of
NIC by the adenovirus strongly suppressed thymidine incor-
poration. These results indicate that Notch is expressed in the
initial stage of chondrogenic cell differentiation and has a
strong inhibitory effect on both differentiation and prolifera-
tion of the cells when activated. The expression of Notch
decreases as chondrogenic differentiation proceeds; however,
a population of the cells with sustained expression of Notchl
become perichondrial cells. Considering that the perichon-
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drium acts as a stem cell source of osteoblasts and

chondrocytes, Notchl may have a role in the formation
of these cells by suppressing both differentiation- and
proliferation.

Key words Notch - chondrocyte - perichondrium - ATDCS -
Deltex

Infroduction

Notch signaling is an evolutionarily conserved mecha-
pism that mediates cell-cell interaction required for cell
fate determination [1]. The Notch signaling pathway is
activated when a ligand-receptor interaction induces a
proteolytic cleavage of the intracellular domain of the

Notch recéptor (NIC). Hairy and enhancer of split ho-

mologue (HES)-1 has been shown to transduce Notch
signals in mammals [2,3]. Activation of HES-11s depen-
dent on the transiocation of the intracellular domain of
Notch into nuclei in association with CSL (CBF-1/

. Suppressor-of-Hairlesss)LAG-1) DNA-binding pro-

teins, such as RBP-J [4]. Recently, the presence of
other signaling pathways has also been suggested. One
of these involves the binding of Deltex to the ankyrin
repeat of Notch and plays an important role in the
suppression of neuronal cell differentiation indepen-
dent of RBP-J and HES-1 {5].

Jagged and Delta are membrane-tethered Notct
ligand proteins. Notch receptors and ligands play role:
in development and differentiation of various types o
tissues and cells. For example, Notchl and Jagged2 ar«
expressed in the developing sensory epithelium of th
cochlea, and a deficiency of Jagged2 resulted in a signifi
cant increase in the numbers of sensory hair cells [6
Notch signaling is also involved in somitogenesit
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Knockout mice for Notchl, Delta like (D11,
Presenilin, RBP-J, HES-7, and Lunatic Fringe showed
similar defects in somite segmentation [7-12]. Among
them, Presenilinl-deficient mice showed a significant
defect in vertebral bone. In these mice, the vertebral
bones were underossified and a significant part of the
bones consisted of an unsegmented cartilaginous mass,
suggesting that Notch signaling is involved in the transi-
tion from cartilage to bone tissue as well as in the seg-
mentation of vertebral bones. A similar defect in the
axial skeleton was also reported in human spondylo-
costal dysostosis, in which mutations were found in
DLL3, a human Delta homologue gene [13]. The fact
that Serrate2 was mutated in the mouse limb mutant
syndactylism, as well as deformation of cranyofacial
and limb cartilages in the Jagged2 knockout mice, also
pointed out specific roles for these genes in cartilage
morphogenesis [14,15].

Endochondral ossification involves the formation of
cartilage tissue from aggregated mesenchymal cells and
subsequent replacement of the cartilage tissue by bone.
In the developing chick embryo, expression of exog-
enous Delta-1 resulted in a significant malformation of
limb cartilage, and thus a negative effect of Notch acti-
vation on hypertrophic differentiation of chondrocytes
was suggested [16].

However, the role of Notch in the early stage of car-
tilage development has not been well investigated,
Here, we show that Notch1 is expressed in condensed

. mesenchymal cells and in the perichondrial region in

the developing mouse limb and that Notch activation
has a strong suppressive effect on both cell differentia-
tion and proliferation of ATDCS cells, which are com-
monly used as an in vitro model of chondrogenic cell

differentiation [17].

Materials and methods

Cells'and reagents

ATDCS mouse chondrogenic cell lines were obtained
from Riken Gene Bank (Tsukuba, Japan), and cultured
I a maintenance medium, Dulbecco’s modified eagle
medium nutrient mixture F-12 (Sigma, St. Louis, MO,
USA), containing 5% fetal bovine serum (FBS;
Boehringer Mannheim, Mannheim, Germany), 10pg/ml
human transferrin, and 3 X 10-8M sodium selenite. For
induction of chondrogenesis, the cells were cultured in
a differentiation medium, maintenance medium plus
10pg/ml bovine insulin, as described before [17]. The
medium was replaced every other day. Cells were main-
tained at 37°C in a humidified atmosphere of 5% CQ,
In air.

D10, a myeloma clone constitutively expressing
mouse DI, and a vector-transfected control clone

345

(SE1) were cultured in RPMI 1640 {Sigma) containing
10% FBS and 0.3mg/ml G418 (Gibco-BRL, Rockville,
MD, USA) at 37°C under 5% CO, in air [18].

Oligonucleotides were obtained from Amersham-
Pharmacia Biotech Japan (Tokyo, Japan). Chemicals
were purchased from Wako Chemicals (Osaka, apan).
Taq polymerase and sequencing reagents were obtained
from Perkin Elmer (Branchburg, NJ, USA) and restric-
tion enzymes from Takara Shuzou (Otsu, Japan).

Histology and immunohistochemistry

Alcian blue staining of the cells was performed as fol-
lows. ATDCS cells were grown in culture dishes or two-
well slides coated with collagen. After 2 days in culture
in maintenance medium, the cells became confluent and
were then cultured in differentiation medium. The cells
then were washed with phosphate-buffered saline (PBS,
pH 7.2), fixed with 2% paraformaldehyde for Smin or
methanol for 1h, and stained with 1% Alcian blue in
3% acetic acid for 30min to estimate the formation of
cartilage nodules.

For immunocytostaining, cells were washed with PBS
and fixed with methanol for 1h. After having been
washed with PBS, the cells were air dried, and immuno-
staining was carried out by the immunohistochemical
procedure described next. i

C57BL/6 mouse embryos were used for this study.
Forelimbs were collected from 12.5-day-old embryos
(E12.5) or 16.5-day-old embryos (E16.5). These speci-
mens were fixed with methanol at 4¢C overnight, em-
bedded in Tissue-Tec O.C.T. (Sakura, Tokyo, Japan),
frozen in liquid nitrogen, and cryosectioned at an 8-um
thickness. Four serial sections were made, two for
immunohistochemistry, one for Alcian blue staining
(pH 2.5), and one for hematoxylin and eosin staining.
Immunohistochemistry was performed by the avidin-
biotin peroxidase complex method with a slight modifi-
cation. Endogenous peroxidase activity was depleted
with methanol containing 3% hydrogen peroxide for
30min at 4°C. After having been washed twice in PBS
and once in 0.1% Triton X-PBS for 8min each, the
specimens were incubated with 0.1% Triton X-PBS
containing 2% normal rabbit serum (Vector,
Burlingame, CA, USA) for 30min at room temperature
to block nonspecific antibody binding. To eliminate
nonspecific avidin binding, sections were blocked
by using an avidin/biotin blocking kit (Vector). The
sections were then incubated with the specific Notchl
antibody (1:75 dilution, C-20: goat; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) overnight at 4°C plus 1h
at room temperature in a humidified chamber. This
polyclonal antibody has previously been used in many
studies [19,20]. Washing with 0.1% Triton X-PBS three
times for 8min each time was followed by incubation
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with biotinylated rabbit antigoat IgG antibody (1:150)
and avidin-biotin peroxidase complex (1:100) (Vector)
in a humidified chamber for 1h at room temperature,
respectively. All dilutions were made in 0.1% Triton
_PBS. Peroxidase activity was visualized with a 33'"-
diaminobenzidine substrate kit (Vector). No counter-

staining was performed after the immunostaining. The

sections were then dehydrated and mounted. For a

negative control, the same concentration of normal goat’

1gG (Santa Cruz Biotechnology) was used instead of the
primary antibody. : '

Construction of adenovirus vectors

Adenovirus expression vector for enhanced green fluo-
rescent protein and Notch-IC (EGFP-NIC) fusion
protein was prepared as described previously [21]. Rat
HES-1 cDNA fragment {22] was kindly provided by Dr.
Kageyama (Kyoto University Faculty of Medicine), and
was inserted downstream of the CGA promoter of the
pAxCAwt cosmid vector [23]. Recombinant adenovirus
was prepared by the COS-TPC method using an Aden-
ovirus Expression Vector kit (Takara Shuzou) [24).

Northern blot analysis

Total RNA was prepared by using an RNA extraction
kit (Amersham—Pharmacia Biotech - Japan). PolyA*
RNA was purified with an mRNA extraction kit
(Amersham—?harmacia‘ Biotech Japan), separated by
agarose gel electrophoresis, and blotted onto a nylon
membrane (Hybond-NN; Amersham-Pharmacia Biotech
Japan). Hybridization was performed under the stan-
dard conditions described previously [25]. Probes for
aggrecan, Scleraxis, and Sox9 were kindly -provided
by Dr. Kimura (Toyama Medical and Pharmaceutical
University), Dr. Shukunami (Kyoto University),
and Dr. Koopman (University of Queensland),
respectively. :

Western blot andlysis

ATDCS cells were infected with adenovirus expressing
EGFP-NIC or B-galactosidase. Total cell lysates were
prepared 48h after infection, subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and blotted onto an Immublotin-P mem-
brane (Millipore, Bedford, MA, USA). Blots were
probed with rabbit anti-HES-1 polyclonal antibody at
0.6pg/ml [26]; this probing was followed by detection
with horseradish peroxidase-conjugate antirabbit
immunoglobulin G(IgG)F(ab’) fragment (1:1000) and
enhanced chemiluminescence (Amersham—Pharmacia
Biotech Japan). The anti-HES-1 antibody was kindly
provided by Dr. Sudo (Toray}.

N. Watanabe et al.: Inhibitory effect of Notch on chondrogenesis

Cell proliferation assay

ATDCS cells were allowed to become confluent in 96-
multiwell plates in DME/F12 culture medium contain-
ing 5% FBS for 3 days, and further maintained for an
additional 2 days without replacement of medium until
they had become quiescent. Then, the cells were in-
fected with adenovirus expressing EGFP-NIC, HES-1,
or B-galactosidase and cultured for 48h [27]. Prolifera-

" tion was assessed by measuring the incorporation of *H-

thymidine (1 pCi/well) added 4h before the end of the
culture period.
Results

Expres&ion of Notchl in developing cartilage

The aim of our study was to understand the function of

-Notchl during early chondrogenesis. To elucidate the

role of Notchl, we examined the localization of an im-
munoreactive Notchl using an immunohistochemical
method. Mouse limbs taken of the time of appearance
of condensations of chondrogenic precursor cells (12.5-
day-old mouse embryo; E12.5) and during the matura-
tion stage of chondrogenesis (16.5-day-old mouse
embryo; E16.5) were investigated. In the forelimb of
E12.5 embryos, Notchl immunoreactivity was observed
in the region of condensed mesenchymal cells, which
was destined to become cartilage tissue (Fig. 1). Strong
immunoreactivity for Notchl was found in the periph-
ery of the developing cartilage and the developing
tendon of the forelimb in E16.5 embryos (Fig. 2).
Notchl-positive cells were also observed in prehyper-
trophic and hypertrophic zones of these embryos.
Therefore, Notchl is expressed in the developing carti-
lage from a very early stage of differentiation, subse-
quently decreased in the proliferating chondrocytes,
and temporally expressed again in the prehypertrophic
stage.

Expression of Notch signaling molecules in

chondrogenic ATDCS cells

Next, we investigated the expression and function of
Notch-related molecules in a series of stages of chon-

. drogenic cell differentiation by using ATDCS cells.

These cells rapidly proliferate and cease to grow at
confluence. In the presence of insulin, the cells reenter
the growth state and form cellular condensates that be-
come cartilage nodules [17]. Expression of Notchl
mRNA was observed as early as 3 days after the start of
the insulin treatment (Fig. 3A). The expression of DII1
was observed from day 6, when the celis began to ex-
press type II collagen. Both Notchl and DIil were at
their highest level at day 6, and thereafter their levels

— 152 —



N. Watanabe et al.: Inhibitory effect of Notch on chondrogenesis

e

decreased. Other Notch ligands, such as Jaggedl and
Jagged2, were not detected (data not shown). HES-1
was upregulated following the expression of Notch1 and
Dil1, and its expression was sustained after the expres-
sion of these molecules decreased. We also found that

Deltex2 and Deltex3 were expressed in ATDCS cells in

a differentiation-dependent manner (Fig. 3B).

When the ATDC5 cells were stained with anti-
Notchl antibody after 3 days of insulin treatment, a
limited number of sparsely distributed positive cells
were seen (Fig. 4A~C). No or scarce Alcian blue stain-
ing appeared at this stage (Fig. 4D). After 6 days of

347

Fig. . Immunolocalization of
Notchl in the forelimb of E125
mouse embryos. Four serial horizon-
tal sections were stained with (A)
normal goat IgG as control, (B) anti-
Notchl antibody, (C) Alcian blue,
and (D) hematoxylin and eosin. A
No specific localization is observed in
the negative control. B-D Immu-
noreactive cells (arrows) are ob-
served in and around the region of
mesenchymal condensation (*) sup-
posed to become cartilage, Notchl
Immunoreactivity is also found in the
area of precartilage (PCz). Bar
100pm

Fig. 2. Immunolocalization of
Notchl in sagittal sections of the
forepaw (A-D) and in horizontal
sections of the ulna (E-H) of an
E16.5 embryo. Each four serial sec-
tions were stained with (A,E) normal
goat IgG for control, (B,F) anti-
Notchl antibody, (C,G) Alcian blue,
and (D,H) hematoxylin and eosin.
AE Control sections show no
immunostaining. B-D,F-H Large ar-
rows, immunoreactivity to Notchl
antibody in the perichondrium or pe-
riosteum (P); small arrows, positive
reactions in the prehypertrophic
chondrocytes (PHC) and hyper-
trophic chondrocytes (HC) of the
developing cartilage (Ca); arrow-
heads, positive staining in the tendon
(T); M, mineralized bone; PC, prolif-
erating chondrocytes. Bar 100um

mnsulin treatment, cell condensates appeared (Fig. 4G),
and these areas stained with Alcian blue (Fig. 4H). Cells
immunoreactive with anti-Notch] increased in number
and were localized inside these areas of cell condensa-
tion (Fig. 4E-G). After 10 days of insulin treatment, cell
condensation (Fig. 4K) and matrix production (Fig. 4L)
became more obvious, and Notch-positive cells were
observed in these area (Fig. 41-K). Each chondrogenic
nodule was a mixture of cells at various differentiation
stages. Therefore, it was very difficult to determine
whether the cells positive for Notch immnoreactivity
cotresponded to the perichondrial cells observed in
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DAYS OF INSULIN TREATMENT

DAYS OF INSULIN TREATMENT |

Fig. 3. Expression of Notch signaling molecules in ATDCS
chondrogenic cells. After having been cultured in mainte-
nance medium until confluent, ATDCS cells were cultured in
differentiation medium for the indicated length of time, and
RNA was prepared. A PolyA* RNA (4.5ug) was separated by

formaldehyde gel electrophoresis and transferred onto a -

nylon membrane. Radioactive probes for mouse Notchl, D111,
HES-1 and human B-actin were used for hybridization. Migra-
tion points of 185 and 28S ribosomal RNA are indicated. B
PolyA* RNA (4pg) was separated by formaldehyde gel elec-
trophoresis and transferred onto a nylon membrane. Radioac-
tive probes for mouse Deltex 2, Deltex 3, and human $-actin
were used for hybridization. Migration points of 188 and 288
ribosomal RNA are indicated at the left

vivo. However, the fact that Notchl is expressed before
apparent nodule formation is consistent with the
histological data suggesting that Notch and related
molecules are expressed and may have a role in early
chondrogenic cell differentiation. .

Suppression of chondrogenic cell differentiation b'y.
activation of the endogenous Notch signaling pathway

ATDCS cells expressed Notchl in the early stage of
chondrogenic differentiation (see Fig. 3A). To éxamine
the effect of activation of Notch on the differentiation
of these cells, we cocultured ATDCS cells with my-
eloma clone D10, which constitutively expresses DIi1
and can activate Notch [18,21]. When ATDCS cells
were cultured with a control myeloma clone, SE1, the
cells differentiated normally and produced Alcian blue-
positive nodules (Fig. 5). In contrast, ATDC5 cells
cocultured with D10 cells showed a significant reduction
in Alcian blue-positive nodule formation. These results
indicate that activation of endogenous Notch has a

N. Watanabe et al.: Inhibitory effect of Notch on chondrogenesis

negative effect on the chondrogenic nodule formation
and matrix production.

Suppfession of chondrdgenic cell differentiation by
adenovirus-mediated expression of Notch and HES-1

To confirm the suppressive effect of Notchl activation
in early chondrogenic cell differentiation, we expressed
the fusion protein. of Notchl cytoplasmic domain

- ‘and EGFP, EGFP-NIC, in ATDCS cells by using an
‘adenovirus vector (Fig. 6). Fluorescence microscopy re-

~ vealed EGFP-NIC to be localized in the nucleus in
- ATDCS cells, and the efficiency of infection was about

70% at a multiplicity of infection (m.o.i.) of 200 (data
not shown). Upregulation of endogenous HES-1
mRNA and protein was also observed, indicating that
EGFP-NIC was properly expressed and functioning in
ATDCS cells (Fig. 6A,B). Differentiation of ATDCS
cells expressing EGFP-NIC was strongly inhibited (Fig.
6C). As shown in Fig. 7, expression of type II collagen
and aggrecan mRINA was also dramatically suppressed
by infection with EGFP-NIC adencvirus, Similarly, but
less effectively, overexpression of HES-1 suppressed
these chondrogenic differentiation markers. We also
observed suppression of mRNA of chondrogenic tran-
scription factors Sox9 and Scleraxis by EGFP-NIC (Fig.
7B). HES-1 less effectively but significantly suppressed
the expresswn of Scleraxis.

Suppression of rhyrﬁidine incorporation by‘Noich

Notch was earlier reported to have a suppressive effect

" on the proliferation of B cells and to induce apoptosis in

these cells [28]. To determine whether EGFP-NIC had
a similar effect on ATDCS cells, we measured thymi-
dine. incorporation after serum starvation of the cells.
Quiescent ATDCS cells were infected with EGFP-NIC
or HES-1 adenovirus. EGFP-NIC strongly inhibited
thymidine incorporation, whereas $-gal or HES-1 had
minor effects (Fig. 8). We did not observe apparent
signs of apoptosis in these cells (data not shown).

Discussion

In chick limb development, retroviral expression of
Delta-1 blocked chondrocyte maturation from the
prehypertrophic to the hypertrophic state [16]; how-
ever, the role of Notch in the early stages of chondro-

‘genic differentiation has not been well investigated. We

observed Notchl localization in condensed mesenchy-
mal cells in the expected cartilage region. Interestingly,
in the later stage, distribution of Notchl moved to the
periphery of the developing cartilage, and immunoreac-
tivity was decreased in proliferating chondrocytes.
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Fig. 4. Immunolocalization of Notchl in ATDCS cells cul-
tured for different times in the presence of insulin, ATDCS
cells were plated at 5 X 10¢ cells/well in two-well siides and
cultured in maintenance medium. After 2 days of culture, the
cells became confluent and were then cultured in differentia-
tion medium containing 10pg/m! insulin for 3 days (A-D), 7

-~ 155 —

days (E-H), or 10 days (Y-L). The medium was changed every
other day, Cells were stained with normal goat IgG as control
{A,E,I}, anti-Notch1 antibody (B,C,F,G,J,K), and Alcian blue
(D,H,L). C,G, and K are phase-contrast views of the same
areas seen in B,F, and J, respectively. Bar 100pum

Fig. 5. Dll1-expressing cells prevent differentiation
of ATDCS chondrogenic cells. ATDCS cells were
cultured for 14 days either alone {-), together with
y-irradiated (3000 rad) control myeloma cells SE1
(SET), or with y-irradiated D10 (DI0) in differentia-
tion medium, Medium was changed every other day;
cells were stained with Alcian blue at the end of the
14 days

Fig. 6. Effect of EGFP-NIC expression on
HES-1 in ATDCS cells. ATDCS cells were in-
fected with EGFP-NIC adenovirus (N) or B-
galactosidase adenovirus (B) at a multiplicity of
infection (m.o.i.) of approximately 200 and cul-
tured for 48h. A PolyA* RNA (2ug) from these
cells was subjected to Northern blotting for
HES-1 and f-actin. B Total cell Iysate from
these cells was subjected to Western blotting
using anti-HES-1 antibody. C Effect of EGFP-
NIC and HES-1 on early-phase chondrogenic
differentiation of ATDCS cells. ATDC5 cells
were cultured in six-well culture plates to
confluence and then infected or not with EGFP-
NIC adenovirus (EGFP-NIC, -) or B-
galactosidase (8-Gal) adenovirus at an m.o.i. of
approximately 200. The cells were then cultured
for 14 days in differentiation medium, Medjum
was changed every other day; cells were stained
with Alcian blue at the end of the 14 days
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Fig. 7. Effect of EGFP-NIC and HES-1 on early-phase chon-
drogenic marker genes in ATDCS cells. ATDCS cells were:
infected with EGFP-NIC {N) adenovirus, HES-1 (H) aden-

ovirus, or B-galactosidase (B) adenovirus at an m.oi. of ap-
proximately 200. Cells were then cultured for 14 days in

differentiation medium. A PolyA* RNA (2ug) from these
cells was subjected to Northern blotting for type I collagen -

{Col.2), aggrecan and B-actin. B PolyA* RNA (2ug) from

these cells was subjected to Northern botting for scleraxis, sox -

9, and f-actin
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Fig. 8. Effect of EGFP-NIC and HES-1 on proliferation of
ATDCS chondrogenic cells. Cells were plated at 5 X 10° cells
per wellin 96-well plates and grown to confluence in differen-
tiation medium for 3 days. After the growing period, they.
were further maintained for 2 days without replacement of
medium until they had become quiescent. Cells were then
infected with EGFP-NIC (NIC) adenovirus, HES-1 (HES)
adenovirus, or B-galactosidase (f-Gal) adenovirus at an m.o.i.
of approximately 200. After 48h, *H-thymidine (1pCi/well)
was added; 4h later, the radioactivity was measured. Mean
and 8D of triplicate samples are shown

Immunoreactivity temporally increased again in the
prehypertrophic and hypertrophic chondrocytes. These
results indicate that Notch may have a dual role in
chondrocyte differentiation: one is suppression of
hypertrophy in the late stage of chondrocyte differ-
entiation, as reported previously, and the other is devel-
opmental control of condensed mesenchymal cells ata
very early stage of chondrogenesm

The results of our in vitro experiments using ATDCS
cells support this hypothesis. Notchl and D11 were ex-
pressed in ATDCS cells at an early stage of cell differen-
tiation, and activation of endogenous Notchl resulted in
significant suppression of chondrogenic differentiation

N. Watanabe et al.: Inhibitory effect of Notch on chondrogenesis

of these cells. Expression of EGFP-NIC resulted in

. suppression of chondrogenic transcription factors and

matrix production. HES-1 showed similar effects on
chondrogenic cell differentiation. However, the inhibi-
tory effects of HES-1 were weaker than those found by
using Notchl. ATDCS cells expressed Deltex2 and
Deltex3, which play important roles in the Notch signal-
ing - pathway. In neural progenitor cells, Deltexl
inhibited transcriptional activation of neural-specific
helix-loop-helix-type transcription factor MASHI inde-
pendently of the previously characterized Notch signal-
ing pathway involving RBP-J and HES-1/HES-5 {5].
These results and facts suggest that the inhibitory effect
of Notch on chondrogenesis may be mediated by
multiple pathways in addition to HES-1. EGFP-NIC
also strongly suppressed thymidine incorporation by
ATDCS cells, but this effect could not be reproduced by
overexpression of HES-1, suggesting that this effect
may be more dependent on the other pathways.

Sox9 and Scleraxis are transcription factors thought
to be involved in cartilage differentiation. It is a high-
mobility group domain transcription factor that is ex-
pressed in chondrocytes; it is known to bind to type II
collagen al chain and type XI collagen o2 chain genes
and is thought to act as one of the chondrocyte-specific

. enhancers [29]. By generating chimeric embryos using

lacZ-marked Scleraxis-null and wild-type- embryonic
stem cells, Brown et al. examined the ability of the
mutant cells to contribute t¢ chondrogenesis {30]. Inter-
estingly, scleraxis-null cells were specifically excluded
from the sclerotomal compartment of somites, which
forms later than the axial skeleton and rib cartilage,
whereas they were able to confribute to most other
regions of the embryo including other mesodermal
tissues. Similarly, Sox9-null cells were excluded from
cartilage in chimeric mice [31]. Suppression of these
transcription factors by Notch activation may suggest a
role of Notch signaling in cartilage development. The
localization of Notchl in the peripheral region of devel-
oping cartilage also raises the possibility that regulation

.of chondrogenic differentiation by Notch has a poten-

tial role in the formation of perichondrial tissues. Sup-
porting this hypothesis, overexpression of one of the
Notch ligands, Delta-1, in the chick limb disrupted the
perichondrial structure [16]. The authors of that study
described that disorganized perichondrium formation
was a secondary effect of Delta-1 misexpression, be-
cause the perichondrium of some elements showed a
apparently normal morphology even if they showed
abnormality in the terminal differentiation of hyper-
trophic chondrocytes. However, our results propose
another possibility, that Notch is also involved in the
maintenance of the perichondrium meore directly.

In brain tissues, Notch is expressed in the neural stem
cells, and very recently it was suggested that Notch sig-
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naling is required for maintenance but not for genera- 4.

tion of these cells [32]. Notch and DIl1were expressed
from day 6 of ATDCS culture, and subsequent expres-

sion of HES-1 suggested activation of Notch at this 5.

stage. This result seemed contrary to the fact that these
cells start to diiferentiate at the same stage as observed
by type II collagen expression. By immunostaining, we

observed weak expression of HES-1 in the periphery of 6.

the nodules of differentiating ATDCS cells, but could
not detect it in differentiating chondrocytes (data not
shown). Therefore, these results indicate that the cells

in which Notch was activated do not participate actively 8.

in the differentiation of chondrocytes. The perichon-

drium is a thin layer of cells surrounding cartilage

and provides progenitor cells for both chondrocytes and 9
osteoblasts. We earlier found Notch to be a positive
regulator of osteoblastic cell differentiation [21}.
Introduction of EGFP-NIC significantly stimulated
osteoblastic cell differentiation in vitro. Interestingly, in

MC3T3-E1 osteoblastic cells, expression of EGFP-NIC  11.

significantly upregulated calcification, but did not accel- .-
erate cell differentiation and rather delayed it. Consid- 12
ering the fact that perichondrium is a source of both
chondrogenic and osteogenic progenitor cells, Notch
may have an important role in determining when and
how these cells start to differentiate.

In conclusion, we observed the expression of Notch at
an early stage of cartilage development. We conclude
that Notch may be one of the important factors control-
ling the early stage of chondrocyte differentiation or
proliferation and may be involved in the maintenance of

genic and chondrogenic stem cells.
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