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Ryudocan, a ubiquitous heparan sulfate proteoglycan, is a member of the syndecan family
of cell surface proteoglycans. The full-length ¢cDNA encoding the murine ryudocan core
protein has now been cloned and sequenced. The deduced primary structure of mouse
ryudocan, including the three glycosaminoglycan attachment sites in the extracellular
domain as well as the transmembrane and cytoplasmic regions, is highly similar to those
of the rat, human, and chicken proteins. Northern analysis detected a 2.7-kb transcript in
all mouse tissues examined, with the highest concentrations apparent in liver, kidney, and
lung. The mouse ryudocan gene was shown to span approximately 19.7 kb of genomic DNA
and to contain five exons, with an intron-exon organization identical to that of the human
gene. The promoter region of the mouse gene contains various cis-acting elements, includ-
ing a TATA-like box and a GC box as well as potential binding sites for the transcription
factors NF-IL6, MyoD, GATA, C/EBP, AP-2, NF-xB, AP-1, and Spl. Transient transfection
experiments with a construct containing the 690 bp upstream of the transcription start site
fused to a luciferase reporter gene showed functional promoter activity. Deletion analysis
suggested that the proximal promoter region including the TATA-like box, the GC box, and
other Sp1l binding sites was required for full transcriptional activity. These findings will
be useful for the study of ryudocan gene regulation and the generation of mice with targeted
disruption of the gene.
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Ryudocan, originally isolated from endothelial cells as an
anticoagulant heparan sulfate proteoglycan (HSPG), is now
known to be a member (syndecan-4) of the syndecan family
of cell surface HSPGs (1). We have recently demonstrated
that human ryudocan is expressed in fibrous connective
tissues, peripheral nerve tissues, and placental tropho-
blasts, and that the protein purified from human endothe-
lial-like cells avidly binds, via its heparan sulfate side
chain, basic fibroblast growth factor, a nerve growth factor
midkine, and an anticoagulant tissue factor pathway in-
hibitor (2). These observations suggest that ryudocan may
modulate the activities of soluble factors that show an
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affinity for heparan sulfate side chain in the cellular
microenvironment.

Ryudocan is also implicated in cell-cell and cell-matrix
binding. Thus, B lymphoid cells transfected with ryudocan
¢DNA aggregate in a manner dependent on the heparan
sulfate side chain of the encoded protein (3). Ryudocan has
been localized immunocytochemically to focal adhesions in
anchorage-dependent cells (4). Given that cytoskeletal
microfilament bundles terminate, and cells interact with
the extracellular matrix, at focal adhesions, ryudocan may
thus play a role in the cytoskeletal organization in relation
to the extracellular microenvironment.

To shed light on the function of ryudocan and its tran-
scriptional regulation, we have now determined the nu-
cleotide sequence of both the cDNA and gene encoding the
core protein of mouse ryudocan and investigated the
functional activity of the gene promoter.

EXPERIMENTAL PROCEDURES

Cloning of Mouse Ryudocan cDNA from LTA Cells—
Polyadenylated {poly(A)*] RNA from mouse LTA cells,
which have previously been used for HSPG analysis with
regard to the specific interaction with antithrombin III (5),
was reverse-transcribed with the use of an oligo(dT),;-.s
primer to generate first-strand cDNA. Mouse ryudocan
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c¢DNA was then amplified by the polymerase chain reaction
(PCR) with degenerate primers (2S and 1A) that had been
used for the cloning of rat ryudocan cDNA (6). A resulting
206-bp PCR product was isolated, subcloned into the Xbal
site of pUC19, and shown to contain a 158-bp specific insert
[mTV158; nucleotides (nt) 177 to 334] that was identified
as a portion of mouse ryudocan ¢cDNA by nucleotide
sequencing. Plasmid DNAs were prepared by the method of
alkaline lysis (7) and sequenced by the dideoxynucleotide
chain-termination method (8) with Sequenase (United
States Biochemical, Cleveland, OH, USA) and both dGTP
and dITP.

To clone both ends of the mouse ryudocan ¢cDNA, we
applied the method of rapid amplification of cDNA ends
(RACE) with modifications (9). Poly(A)* RNA from mouse
LTA cells was reverse-transcribed to generate first-strand
¢DNA with an anchor primer containing (dT),s at the 3"-end
(TET-ANC, TCCACTGGGGACTGATTCCGAT,;). After
completion of the poly(A) tail of the first-strand cDNA by
incubation with terminal deoxynucleotidyltransferase and
dATP, second-strand cDNA was generated with Taq poly-
merase and TET-ANC as primer. Subsequently, the 5'-
most region of mouse ryudocan cDNA was obtained by
nested PCR with two primer sets: (i) 5-CCACTGGGGAC-
TGATTCCG (62ANC) and 5'-GACACGGATGCCAGGCT-
GTG (MTV131, nt 324 to 305), and (ii) 5'- ACTGGGGACT-
GATTCCGATTTT (64ANC) and 5 -GTGCATTCTCAGG-
GATGTGG (MTV114, nt 307 to 288). Both 62ANC and
64ANC were based on the anchor sequence of TET-ANC,
whereas MTV131 and MTV114 were based onthe mTV158
sequence. A resulting 327-bp PCR product (mRc5'end) was
cloned into the EcoRV site of pBluescript II KS* (Strata-
gene, La Jolla, CA, USA) by the TA cloning method (10).
A DNA fragment encompassing the remainder of the
5-half of the mouse cDNA (mRc5’) was obtained by PCR
with the first-strand cDNA described above and the specific
sense primer MR1 (5'-CGACTGGTTTGCGCTGTTG, nt 1
to 19), derived from the sequence of mRc5end, and the
antisense primer H1471A (5 -GGCTCTTCTCTCATTTT-
CAAGAAA, nt 1458 t01435), based on the rat ryudocan
c¢DNA (6).

For the cloning of the 3'-region of the mouse ryudocan
c¢DNA, we performed PCR with the specific sense primer
MR1300 (5'-AAATGGTTCATTCCTTTATGGG, nt 1306
to 1327), derived from the sequence of mRe5’, and the
antisense primer HR3A (5"-AGAAAGTACCAGGTTTTA.-
TTATCT, nt 2447 to 2424), based on the polyadenylation
signal region of the human ryudocan ¢cDNA (11). A result-
ing 1,142-bp PCR product (mRc3’) was cloned by TA
cloning as described above. The 3’-most portion of the
c¢DNA was generated by nested PCR with primer sets
comprising (i) H3345 (5-TATAGCTTCAGACGGGGCT-
GC, nt 1500 t01520), based on the rat ryudocan cDNA (6),
and 62ANC, and (ii) H3733 (5"-CTGACTCTAACCTCAC-
TGTGCC, nt 1891 to 1913), based on the rat ryudocan
¢DNA (6), and 64ANC. A resulting 590-bp product (mRc3’
end) was subcloned and sequenced as described above.

Northern Blot Analysis—A Northern blot containing 2
ug of poly(A)* RNA from various BALB/¢ mouse tissues
(Clontech, Palo Alto, CA, USA) was subjected to hybridiza-
tion with mouse ryudocan cDNA clones mRe5’ (nt 1 to
1458) and mRe3’ (nt 1306 to 2447). The probes were
labeled with 2P by use of a Megaprime DNA labeling kit
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(Amersham, Arlington Heights, IL, USA). The membrane
was analyzed with the Fuji Bio-Imaging Analyzer AS2000
System (Fuji, Tokyo), and exposed to Hyperfilm ECL
(Amersham) at —70°C with intesifying screens. The blot
was subsequently rehybridized with a 3?P-labeled 778-bp
PstI- Xbal fragment of human glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) ¢cDNA (11). Total RNA (30 xg)
from LTA cells or NS-1 cells was also subjected to
Northern blot analysis, as above, to compare the amount of
mouse ryudocan mRNA.

Isolation of Mouse Ryudocan Genomic Clones—Approxi-
mately 9 X 10° plaques of the Lambda FIXII 129SVJ mouse
liver genomic phage library (Stratagene) were screened
with a 690-bp [«-*?P]dCTP-labeled probe generated by
HindIII- Pstl digestion of mRc5” cloned in pBluescript II
KS*. Phage DNA from two partially overlapping indepen-
dent positive clones (AMRG1 and A MRG2) was isolated
and digested with Sacl, and the resulting DNA fragments
were cloned into pBluescript II KS* for further characteri-
zation. All clones were fully sequenced by fluorescence-
based cycle sequencing with a model 373A automated DNA
sequencer (Applied BioScience, Foster City, CA, USA).
Most of the genomic sequence was acquired from nested-
deletion overlapping subclones prepared with exonuclease
III and S1 nuclease (Erase-a-Base System; Promega,
Madison, WI, USA), with the remainder obtained by use of
synthetic oligonucleotides based on the preliminary se-
quence.

S1 Mapping of Transcription Start Site—Total RNA
was isolated from LTA cells and analyzed by S1 nuclease
protection as described (12). A gel-purified oligonucleotide
primer, PS1 (5-GCAAGCAGGCAGGCAGGCG), comple-
mentary to nt +27 to +45 of the mouse ryudocan gene
sequence, was labeled at the 5’-end with T4 polynucleotide
kinase and (y-3?P]JATP, then annealed to a plasmid con-
taining the 5 -most 1,020 bp (nt —690 to +330) of the
murine genomic ryudocan DNA in pBluescript II KS*.
Complementary DNA was synthesized with Klenow frag-
ment and deoxynucleoside triphosphates, then digested
with Pstl (nt —222). The resulting 3?P-labeled single-
stranded S1 probe (complementary to nt —222 to +45)
was purified on an alkali denaturing gel. Total RNA (20 ug)
from LTA cells together with 10° cpm of the S1 probe was
precipitated with ethanol, resuspended in 20 1 of form-
amide hybridization buffer [80% (v/v) formamide, 40 mM
Pipes (pH 6.4), 400 mM NaCl, 1 mM EDTA], denatured at
80°C for 10 min, annealed overnight at 30°C, and treated at
37°C for 30 min with S1 nuclease mapping buffer (280 mM
NaCl, 50 mM sodium acetate buffer (pH 4.5), 4.5 mM
ZnSO,, single-stranded DNA (20 mg/ml), S1 nuclease
(1,000 u/ml)]. The reaction was terminated by the addi-
tion of EDTA stop buffer and nucleic acid was precipitated
with ethanol. The S1 nuclease-resistant DNA fragment
was analyzed on a 7% polyacrylamide denaturing gel along
with DNA sequence ladders produced with the PS1 primer.

Assay of Promoter Activity In Vivo—The Sall-Ncol
fragment of the 5'-flanking region (nt —690 to + 25) of the
mouse ryudocan gene was inserted between Xhol and Ncol
sites of the PGL3-basic vector (Promega), upstream of the
luciferase gene. The resulting plasmid (PGL3mR) was used
to prepare 5’-deletion constructs by use of the restriction
endonucleases Puull for pGL3mPv (nt —531 to +25), Pstl
for pGL3mPs (nt —233 to +25), Hindlll for pGL3mH
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CGACTGSTT TGCOCTSTTGMAGCCA TGRCCCCTG CCTECCTOCTTGCOC OGC TG CIGC TRC TG CTOC TOGGAGGCTTCCCCTTGG TCOCC
M AP?PACLLAPLLELLLLGGTFTP?PLVEP

* » * * L] * ” L4 »
GGAGNGTOGATTOGAGAGACAGAGSTCATOGACCCCCAGGACCTCCTGGAAGGCAGATACTTC TCTOGAGCCCTCCOOGACGACGAAGAT
G ESIRETEVYIDP?PQDLLEGRYTFSGALZPDDETD

1 A

* " « " L] L] * " L]
GCTGGOGGCTCGGATGACTT TGAGCTC TCRGG TTCTGGAGA TC TOGA TGACACOGAGGAGC CCAGGCCCT TCCCTGAAGTGATTGAGCCC
AGGSDDFELSGSGDLDDTETETP?RTPTFT?PEVYITETP

A A

* * L] L] * L] L] ~ "
TTOGTGCCACTCGATAACCACATCCCTGAGAA TGCACAGCC TOGCATOCGTG TCOCCT CAGAGCCCARGGANCTOGARGAGAA TGAGGTC
LYPLDNBIPENRAQPGIRV YPSTEI?PKTELILTETENTEH/V

] " * L] . « L [ .

ATTCCTAAAAGGGCCCOCTCOGACG TGOGAGA TGACA TGTCCANCAAAG TATCCATGTCCAGCACTG CCCAGGGCAGCANCATCTTTGAG
I PXRAPSDVGDDHNSNIEKYSHNSSTANQGSNITFE

" » * * * " * . L]

MAGAACTGAGGTCTTOGCHGCTCTGA TOGTORG COGCCTRGTAGCCAT CCTC T TTGC CGTTTICCTGA TCCTGCTGC TCGTGTACCGCATG
RTEVLAAMLIVGGVYVVGILFANMY FPLILLLVYRHM

- . ~ . * * * * -

MGMGANGGACGAAGGCAGTTACGACTTGGGCANGAACC A TCTACAMANGCOCCCACCRATGAGT ICTACGAA TGAMGCTTCCTC
R KKXKDEGSYDLGXKZERKPTIVYEREKAPTNTIETFYRD ?*

L] * * . . . * * *

COGOGAGOGCTGCTTGGACT TATTORCEAGAGGAGTOCAGEGT TG TOOG TOC 000G CG TIGCCAGAGAG CAGCAGS CAOCTTAATGCTGR
CTTGTCAGTATCTCCATCTCTAG TCACCTTTCTOGTCTAAGAAGAGR TG TCA TCTTCTAC TG TOC TG CCTGAGAGAGAGAGAGAGAGAGA
GGGAGRGAGAGAGAGAGAGAGNGOC TG TG TCTCTCTCT CIG TG TC TCAG TTGCTCTGGCAGAAANA TORGETTAAM CT TGCCCTTICTGA
AGGQANGCCTAGAATTGRGTCT TTIGI TCTCATIGT ICCAAATTT CCAGAA TAGAA TATAGGA CCAG TTTAGATCCTGTAGTAAACATCT
CCCATCTATGACTGCCTTGATTA TAGAGGCAAGGAGTTACTGTGTGAAT CCOGGCTOCCTTCCACATOCTGTACACCCTATCCATCTGTC
AGGAGCTOGAGCAAGGAGCCAGAACCCTCTGOGCCTTGAGA TGAG TCTGCCA TGAGAACT TGCTCACGC TOCAGAG TCTC TG TGG OG TAC
CTGOCAGCA TTCTANG TCCAGTGACTT TTGAAATTCARCCT TTTT TTAAMAAAAAAIAA TCTAGGGA GG OGGGG TGAAGTCC TGAAAGC
TCAACTGAAGTGTGT TTGTAGGAGAT TCATARAACTAAG TTTTTAAATGG T TCAT TCCT TTA TOGGAGCGT CTOOGCCTGGGCTGAGTG
TOOOGGATACACAGATGTICTATCTAGAACA TTTCCAT TG CAACAGCTAAG T TTGTGTTTCOTGG T TT TITATGT ITIGT TIGT TT ITT
GAAAATGAGAGAAGAGTTGGRGATATGAT ITT TATGATIT T TT TT IGTT TTT TRCTAT TTATAGCTTCAGACAGGGCTGCTTTTCATCTT
TCTATIGTCOCCATCTI T TITTITT T TI TTI TT TTAA TOCTCOR TG TCCTTGT TT TTGACCT TGOCCCT TCCTGAAGTIGCTTTATC
TTAGGNAGTAGCTACAGRGT TCTAGCAGTTTCCAGAATATAATGTAGOGGGA TAGCGGGA TAT TT TIGT TIGTGTICTIGTAATATATTA
TCCTTCCTTEGTTCTAGMGM TAGATAMATA A TTTTTT IAGCC TATAGAA TGATATTA CAGGTCCCA TG TTGEC TOGA TGG TTGOGTG
AGTTTTOGTGTGRCTCAMGAGGCTGCTOCCCTCTTACCTIGOCCTGTTCOOGG TRCCTTC T TGOGAA TGAGC TAGAGTAGT TTAGGG TCC
CTGACTOGAACCCTCACTGTOCCTT CTCCOROGGACERBOCCCTCCIGARCCTGCT TCCTCCAGGOGCTCTAGA TRCACAR TCCAATACA
GTGGCCTCGTGTGGCTGTATAACTCGGT ICACTT CAGACTACG TGATTGGAAGT CAT TCCTORGT TGCACTAGCCACACAARATGCTCAG
TCACCATCOCOOGGGCACCENGEGTTAAGCTGG T TTAGCAGGT CA T IGCTCAGC TTTOCTTGT CTCOCTOGGCAAGCGAMGGGGACCAGS
AGARAGGTGATCAGGCOCCAGGGACTCCTGTCATCTGG TACTCTCCCTCTTACAGAGGAGAGAGCTAGTOGCTTAAAAGGC CTGROG TG
TGOGGAGATCACACCACTCTCAACCATACT CTGTTCCTGTGAGGCCOCCA TCACCACCTCOGTOCAGGGTCCTAGCTGGCTOGG TCCTCT
TCTAGOCTTCGTOCCTGCTCCTT TICTGAACCATTCACACTGT TG TCTGTIACTGATCT TT TI TITITTI TI TTTIGATAAMAGATAAT.
MAAACCTGSTACTTTCTAGA TIGTCAAAMMMARAMAAAAAR
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Fig. 1. Restriction map, cloning
strategy, and nucleotide and pre-
dicted amino acid sequences of
mouse ryudocan cDNA. (A) Re-
striction map and strategy for the
isolation of mouse ryudocan cDNA.
The open box in the restriction map
represents the coding region of the
cDNA. The bold half-arrews indicate
the position and direction of PCR
primers used for cloning of the cDNA.
The four clones obtained are shown
below the primers, and the thin
half-arrows indicate the direction and
length of the nucleotide sequences
obtained from analysis of the various
PCR products. (B) Nucleotide se-
quence of the cDNA and predicted
amino acid sequence of the encoded
protein. The arrow points to the
predicted cleavage site of the signal
peptide. The double underline shows
the putative transmembrane domain.
Open triangles indicate the three
potential GAG attachment sites. The
conventional polyadenylation signal
sequence, AATAAA, is single-under-
lined. Numbers on the left denote the
position of nucleotides in the cDNA,
with every 10th residue marked with
an asterisk, and numbers on the right
indicate amino acids.
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(nt —94 to +25), and BssHII for pGL3mB (nt —18 to
+25). LTA cells were cotransfected with 0.5 ug each of the
indicated luciferase reporter constructs and a £-galacto-
sidase reporter plasmid containing the SV40 early pro-
moter and enhancer (pSV-LacZ, used to monitor transfec-
tion efliciency) with the use of Lipofectin reagent (Gibco
BRI, Gaithersburg, MD, USA), as described previously
(13). NS-1 cells were transfected with 10 ug of the plas-
mids by electroporation (960 «FD, 300 V) using Gene
Pulser (Bio-Rad, Alfred Nobel Drive Hercules, CA, USA).
Luciferase and 3-galactosidase activities were measured as
described previously (13).

RESULTS AND DISCUSSION

Cloning of Mouse Ryudocan ¢cDNA and Analysis of the
Deduced Protein Sequence—We isolated DNA fragments
corresponding to the full-length mouse ryudocan ¢cDNA
from LTA cells, which express a HSPG anticoagulant
activity (5), with the cloning strategy described in “EXPERI-
MENTAL PROCEDURES” (Fig. 1A). The mouse ryudocan
¢DNA comprises 2,455 bp and contains an open reading
frame encoding a protein of 198 amino acids with a
predicted molecular mass of 21.5kDa. The predicted
mouse protein shows 94.4, 80.3, and 57.1% sequence
identity with the corresponding rat (6), human (11), and
chicken (14) proteins, respectively (Fig. 2). The deduced
amino acid sequence of mouse ryudocan contains a 23-re-
sidue signal peptide (15), a putative extracellular domain
of 122 residues that includes three potential glycosamino-
glycan (GAG) attachment sites, a membrane-spanning
domain of 25 hydrophobic residues, and an intracellular
region of 28 residues. These four domains respectively
exhibit 82.6, 95.1, 96.0, and 100% amino acid identity with
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rat ryudocan, 47.8, 79.5, 92.0, and 100% identity with
human ryudocan, and 34.8, 46.7, 84.0, and 100% identity
with chicken ryudocan. The NH,- and COOH-terminal
sequences of the putative mature proteins are highly
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Fig. 3. Tissue distribution of mouse ryudocan mRNA. Poly-
(A)* RNA from various mouse tissues was subjected to Northern blot
analysis with *?P.labeled probes for mouse ryudocan mRNA and,
subsequently, GAPDH mRNA. The positions of molecular size
standards (in kilobases) are shown on the left.

Fig. 2. Homology among mouse (M),
rat (R), human (H), and chicken (C)
ryudocan protein sequences. Numbers
denote amino acid residues, and sequences
were aligned manually. Residues identical

in at least two species are boxed and those

identical in all four species are also shaded.
The underline indicates the transmem-
brane domain. The arrows point to the
predicted cleavage site of the signal pep-
tide. Open triangles show the potential

l
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GAG attachment sites conserved among all
four species, with the additional site in the
human sequence indicated by the closed
diamond. The four conserved tyrosine
residues in the transmembrane and intra-
cellular domains are indicated by asterisks.
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conserved, suggesting that these regions, including GAG
attachment sites and four tyrosine groups in the transmem-
brane and cytoplasmic domains, might play important roles
in ryudocan function (Fig. 2).

Distribution of Ryudocan mRNA in Mouse Tissues—
Northern blot analysis revealed a 2.7-kb ryudocan mRNA
in all mouse tissues examined (Fig. 3). Normalization of the
amount of ryudocan mRNA with that of GAPDH mRNA
showed that ryudocan gene transcripts were most abundant
in liver, kidney, and lung, consistent with the tissue
distribution of human ryudocan mRNA (11).

Structure of the Mouse Ryudocan Gene—The mouse
ryudocan gene was isolated and sequenced as described in
“EXPERIMENTAL PROCEDURES” (Fig. 4). The genomic
clones encompassed ~19.7 kb, consisting of 690 bp of the
5’-flanking region, all five exons and introns, and a 122-bp
3’-flanking region. Sequences for all intron-exon splice
junctions are consintent with the GT-AG rule and match the
consensus sequences for intron splice donors and acceptors
(16). The splice junctions between exons II and III and
between exons IV and V are located within codons, whereas
those between the remaining adjacent exons are located
between codons. This exon-intron boundary organization is
identical to that of the human ryudocan gene (13).

Exon I comprises 97 bp and encodes the entire 5 -un-
translated region of the ¢cDNA, the translation initiation
site, the signal peptide, and the first two amino acids of the
mature protein. Exon II (127 bp) encodes the three puta-
tive GAG attachment sites, which are conserved in rat (6),
human (11}, and chicken (14) ryudocan. Exon III (47 bp)
and exon IV (196 bp) encode the middle and COOH-termi-
nal regions of the extracellular domain. Exon V (1,988 bp)
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Fig. 5. Determination of the transcription start site of the
mouse ryudocan gene by S1 nuclease protection analysis. A
32P.1abeled S1 probe complementary to nt —222 to +45 of the mouse
ryudocan gene was annealed to total RNA (20 xg) from LTA cells and
then digested with S1 nuclease. The protected DNA (P) and DNA
sequence ladders (T, C, G, A) generated with the same oligonucleotide
as that used to produce the S1 probe were analyzed on a polyacryl-
amide denaturing gel. The transcription start site is indicated by A*,
and the numbers indicate nucleotide position. Dephosphorylated
Hinfl fragments of ¢ X174 were labeled with 3°P at the 5'-end and
used as molecular size markers (lane M).
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L LN —
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Fig. 4. Restriction map and exon-
intron organization of the mouse
B ryudocan gene. (A) Restriction map
of mouse ryudocan gene. The locations
of AMRG1 and AMRG2 clones are
Exon (bp) Splice donor Intron (kb) Splice acceptor ,Sho,wn below the sca}le. Boxes (I to V)
indicate exons, with closed boxes
representing the coding region and
1 (97) GAG TCG gtatgt «-eeeeene (11.8)  wreeee atctctcttcttag ATT CGA open boxes the §’- and 3'-untranslated
E S 1 R regions. The restriction sites of en-
zymes are indicated by H (HindIII)
1 (127) GAT CTG G gtatgg -+« (1.5) - ttctacctitgcag AT GAC and S (Sacl). (B) Exon-intron bound-
b L D D aries of the mouse ryudocan gene.
i (47) CCC TTG gigagt -~ L cetttctetctcag GTG CCA Hion. Sequeneen ams fodisabed, by nps
P L v P percase letters and intron sequences
by lowercase letters. Sizes of exons
IV (196) TIG GCA G glaagg «+-- - (2.7) e tetctcctactgcag CT CTG and introns are given in base pairs.
L A A L The amino acid residues at the splice
sites are shown below the exon se-
V (1,988) quences.
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encodes the transmembrane and cytoplasmic domains as
well as the long 3'-untranslated region.

Comparison of the nucleotide sequences of the ryudocan
¢DNA obtained from LTA cells (C3H/An mouse) and the
ryudocan gene from the 129/SVJ mouse revealed several
differences. The second nucleotide (G) of the cDNA was
substituted by C in the corresponding gene sequence. A
C—T substitution was also observed in the protein-coding
region of the gene; however, this substitution did not affect
the encoded amino acid (Ile'®’, ATC— ATT). Differences in
nucleotide sequence were also apparent between the 3
untranslated region of the cDNA and exon V of the gene, as
is the case in some of the cDNA sequence data of other
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proteins (17). These sequence differences might reflect
gene polymorphisms or the difference in the strains of mice
from which the analyzed ¢cDNA and gene originated.

To determine the transcription start site of the mouse
ryudocan gene, we performed S1 nuclease protection
analysis (12) with total RNA from LTA cells and a
267-base S1 probe encompassing the first 47 bases of the
c¢DNA as well as 220 bases of the 5'-flanking region (Fig. 5).
The transcription start site was localized to 22 bp upstream
of the first ATG, which was identical not to the 5’-end of the
¢DNA obtained by RACE but to the third nucleotide from
the 5'-end. This discrepancy may be attributable to the
difference in nucleotide sequence described above between
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M Fig. 6. Nucleotide sequence
and promoter activity of the
c E s A 5'-flanking region of the
mouse ryudocan gene. (A)
Nucleotide sequence of the 5'-
flanking region and amino acid
sequence of the first exon of the
mouse ryudocan gene. The first
ATG translation initiation codon
and restriction enzyme sites are

PGL3-basic | Luc

PGL3mR

PGL3mPv

PGL3mPs

underlined. The oligonucleotide
primer (PS1) used in S1 nu-
clease protection analysis is re-
presented by the horizontal
dashed arrow. The transcription
start site is marked by a bent
arrow and designated as +1. A
TATA-like sequence is double-
underlined. Consensus binding
sequences for transcription fac-
tors (NF-IL6, AP-1, MyoD,
GATA, C/EBP, AP-2, NF-xB,
Spl) are indicated with

brackets. (B) Promoter activity
of fragments of the 5 -flanking
regin of the mouse ryudocan
gene as determined with a luci-

10 20 3o 40 50 60
Luciferase activity (fold Increase)

ferase (Luc) reporter gene in a transient transfection assay. The left part of the figure shows the restriction sites of the 5°-flanking region (Sall-
Ncol fragment; nt —690 to +25) used for preparation of the deletion constructs as described in “EXPERIMENTAL PROCEDURES.”
Luciferase activity, corrected for differences in transfection efficiency on the basis of the activity of a cotransfected 8-galactosidase construct,
was determined in extracts of LTA cells (Hl) or NS-1 cells transfected with the indicated constructs. Data are expressed as fold increase
relative to the luciferase activity obtained with the parent PGL3-basic vector, and are means of triplicates from a single experiment
representative of two others. (C) Expression of mouse ryudocan mRNA in LTA cells and NS-1 cells. RNA from cells was subjected to Northern
blot analysis with *’P-labeled probes for mouse ryudocan mRNA and GAPDH mRNA. The positions of ribosomal RNA are shown on the left.
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the 5'-end of the mRNA (CGA*CUGG...) (Fig. 1B) and the
corresponding region of the gene (...CCA*CTGG...) (Fig.
6A). Thus, when the S1 probe complementary to the
129SVJ mouse gene was annealed to ryudocan mRNA from
LTA cells (C3H/An mouse), the probe was protected from
digestion with S1 nuclease in the complementary region
(A*CTGG...), whereas the upstream region of the probe
was cleaved. The 5-end of the mRNA determined by S1
nuclease protection analysis was therefore “A*,” whereas
the 5’-end of the cDNA obtained by RACE was “C.” Primer
extension analysis was also performed to determine the
transcription start site, but was not successful, presumably
because of the highly GC-rich structure of the 5 -flanking
region of the gene (18). The transcription start site deter-
mined by S1 nuclease protection analysis (A*) was denot-
ed +1 in the numbering of the nucleotide sequence of the
gene, whereas the 5'-end of the cDNA determined by RACE
(C) was designated +1 in the numbering of the nucleotide
sequence of the cDNA. The nucleotide sequence indicated
by the sequence ladders in Fig. 5 appeared to differ with
respect to certain G or C residues, presumably due to G/C
compression (8), from the sequence shown in Fig. 6, which
was confirmed by repeated analysis and is also depicted by
letters on the left in Fig. 5.

Promoter Activity of the 5 -Flanking Region of the
Mouse Ryudocan Gene in a Transient Transfection
Assay—The 5'-flanking region (690 bp) of the mouse
ryudocan gene contains several potential binding sites for
transcription factors (Fig. 6A). A TATA-like sequence
(TATAAGA) is located 31 bp upstream from the transcrip-
tion start site. Five potential binding sites for the con-
stitutive transcription factor Spl, including a GC box, are
also located in the 5'-flanking region, as are putative
binding sites for NF-IL6, AP-1, MyoD, GATA, C/EBP,
AP-2, and NF-xB.

To investigate the functional activity of this region as a
promoter, we transfected LTA cells, which express mouse
ryudocan, with constructs containing various portions
upstream of a luciferase reporter gene and subsequently
measured luciferase activity in cell lysates (13). The
pGL3mR construct, encompassing nt —690 to +25 of the
mouse ryudocan gene, yielded ~33 times as much lucifer-
ase activity as the parent pGL3-basic vector. The
pGL3mPv (nt —531 to +25) and pGL3mPs (nt —223 to
+25) constructs yielded similar amounts of luciferase
activity, which were greater than that obtained with
pGL3mR. This latter observation suggests that the NF-
IL6, AP-1, MyoD, GATA, C/EBP, and 5’ -most Sp1 binding
sites are not responsible for the induced luciferase activity
and that a silencer element might be present between nt
—690 and —531. In contrast, pGL3mH (nt —94 to +25),
which contained an NF-xB and two Sp1 sites but had lost
two Spl sites as well as four AP-2 sites, yielded less
luciferase activity than pGL3mR. The pGL3mB construct
(nt —18to +25), which contained no potential binding sites
for transcription factors in the 5’-flanking region, showed
no promoter activity. These results suggest that a TATA-
like sequence and a GC box contribute to basal transcription
of the mouse ryudocan gene, and that proximal Sp1 binding
sites, other than the GC box, and AP-2 sites mediate
increased levels of transcription. They also suggest that a
TATA-like sequence and binding sites for the ubiquitous
transcription factor Spl (19) underlie the constitutive

Vol. 122, No. 1, 1997

23

transcription and the widespread expression of the ryudo-
can gene in different tissues (Fig. 3) (11, 20).

However, this is not the case for different cells. NS-1
cells, which are derived from mouse plasma cells, did not
express ryudocan mRNA as revealed by Northern blot
analysis (Fig. 6C), but they did induce luciferase activity
driven by the 690-bp 5’-flanking region of mouse ryudocan
gene, with full luciferase activity being induced by the most
proximate portion of the 5'-flanking region including a
TATA-like sequence, two Spl binding sites, and a NF-xB
site (Fig. 6B). Although induced luciferase activity in NS-1
cells was approximately three times less than that in LTA
cells, this difference might not explain the difference in the
amount of ryudocan mRNA detected by Northern blot
analysis in these two cells (Fig. 6C). Thus, cell-specific
expression might not be attributable to the difference in the
activity of transcription driven by the 690-bp 5-flanking
region of mouse ryudocan gene. One possible explanation of
cell-specific expression is that silencing factors are crucial
for the specificity, as is the case in expresion of the type II
voltage-dependent sodium channel gene, which is restricted
to neurons by a silencer element active in nonneuronal cells
(21, 22). Because the 690-bp 5’-flanking region could drive
transeription in cells not expressing ryudocan, as revealed
by luciferase assay in NS-1 cells, a more distal portion of
the 5’-flanking region might be required for the cell-specific
expression, possibly via cell-specific silencers in cells which
do not express ryudocan. Even if this is so, additional
transcription factors, which are involved in cell-specific
gene transcription, could further modulate the expression
of ryudocan mRNA.

Whether the binding sites for NF-IL6, AP-1, MyoD,
GATA, C/EBP, AP-2, and NF-xB, which are thought to
contribute to tissue-specific or regulated gene transcrip-
tion, are important for transcriptional control of the ryudo-
can gene requires further investigation. Expression of the
related protein syndecan-1 varies markedly during organo-
genesis in the mouse (23). MyoD (24), GATA (25, 26), and
C/EBP (27) play important roles in tissue-specific gene
expression in skeletal muscle; endothelial and hematopoie-
tic cells as well as fetal brain; and liver, adipose, and
placental tissue, respectively. Skeletal muscle (11), endo-
thelial cells, B lymphocytes with the exception of B stem
cells, liver (20), and placenta (2) all express ryudocan.
Thus, MyoD, GATA, and C/EBP may function in the
developmentally regulated expression of ryudocan in these
tissues. Similarly, NF-xB (28), originally recognized as a
factor required for the expression of immunoglobulin x
chain, may regulate expression of ryudocan during B cell
maturation. Alternatively, given that NF-xB (28) and
NF-IL6 (29) contribute to the induction of gene expression
by cytokines, they may mediate expression of ryudocan
during inflammation.

We thank Dr. R.D. Rosenberg for providing LTA cells, Dr. H. Nagase
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Mr. S. Suzuki, Ms. C. Wakamatsu, and Ms. M. Suzuki for technical
assistance.
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