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Heree we report the isolation of the mouse and human solute carrier  genes 
Slc22a3/SLC22A3.Slc22a3/SLC22A3. Slc22a3 is specifically expressed in placenta, but the levels of expres-
sionn decline towards the end of gestation. A BAC contig spanning the mouse Slc22a3 gene 
wass constructed, and Slc22a3 was mapped between the Igf2r and Pig genes in close asso-
ciationn with two additional members of the Slc22a gene family, Slc22al and Slc22a2. A 
partialpartial  cDNA sequence of the SLC22A3 gene was reconstituted from sequenced EST 
clones.. SLC22A3 is expressed in first-trimester  and term placenta, but also in skeletal 
muscle,, prostate, aorta, liver, fetal lung, salivary gland, and adrenal gland. Using a 
somaticc cell hybri d panel and a human YAC clone, SLC22A3 was mapped to the syntenic 
regionn on human chromosome 6q26-q27, between the IGF2R and APO(a)-\ike genes. 
SLC22A1SLC22A1 and SLC22A2 localized to the same locus, demonstrating the conservation of 
thee close physical linkage of these three organic cation transporter  genes in mouse and 
humans. . 

Keywords:: / complex, tw73, organic cation transporter (Orct), placenta, mouse chromosome 17, 
humann 6q26-q27 
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Chapterr 2 

Introductio n n 

tt haplotypes are structurally variant forms of the proximal part of mouse chromo-
somee 17, carrying four large genomic inversions over a total length of 20-30 cM. This results 
inn a severe suppression of recombination that has been instrumental in the identification of 
multiplee genetic loci, which are involved in a variety of developmental defects (1). Two muta-
tionss have been mapped to a 500-kb region that is deleted in the partial t haplotype allele fLub2 

(2,3).. One is the T-associated maternal effect (Tme), which results in a late embryonic lethali-
tyy of heterozygotes when the twLub2 allele is inherited from the mother, but not from the father 
(4).. This effect has been assigned to the absence of the imprinted Ig/2r (insulin-like growth fac-
torr receptor, also known as the cation independent mannose-6-phosphate receptor) gene, 
whichh was mapped within the twLub2 deletion (5). A second mutation that cannot be comple-
mentedd by the twLub2 allele is located on the mutant / haplotype allele fw7J. Mice homozygous 
forr the tw73 mutation die very early in embryonic development. At 6 days post coitum (dpc), 
thesee embryos show a retardation in growth and fail to form an ectoplacental cone (6). 

Previously,, the C3 YAC contig was constructed spanning the entire twLub2 deletion 
regionn (7). This contig was used to map the relative positions of genes known to reside within 
thee t'Lub2 deletion with respect to the Igf2r gene and investigate their imprint status. 
Furthermore,, it served as a probe in direct cDNA library hybridization experiments to identi-
fyy new genes located within the twLub2 deletion. This resulted in the isolation of a gene encod-
ingg a polyspecific transmembrane transporter protein (8). This gene was initially called Lxl 
becausee of its liver-specific expression and was the mouse homologue of the rat organic cation 
transporterr 1 (Octl) gene (9). Rat Octl was identified by functional expression cloning as a 
mediatorr of organic cation uptake over the basolateral membrane of the renal proximal 
tubules,, as well as hepatocytes. Subsequently, an increasing number of organic cation trans-
porterss have been identified. The mouse homologue of the rat Octl gene has recently been 
depositedd in the database, and the gene was assigned to chromosome 17, like mouse Octl 
(GenBankk Accession No. AJ006036; Mooslehner, 1998). Organic cation transporters are pre-
dictedd to contain a 12-transmembrane domain structure, and their kidney- and liver-specific 
expressionn patterns imply an essential role in the organ-specific transport of various molecules 
(10).. Based on the homology in protein structure, the organic cation transporters have recent-
lyy been assigned to the family of solute carrier proteins, and the Octl and Oct2 genes have sub-
sequentlyy been renamed Slc22al and Slc22a2, for solute carrier family 22a, members 1 and 2 
(http://www.informatics.jax.org). . 

Wee report here the identification of the mouse and human homologues of a new 
memberr of the solute carrier family, Slc22a3/SLC22A3, which is homologous to the previous-
lyy identified Slc22al and Slc22a2 genes. Mouse Slc22a3 was isolated from the twLub2 deletion 
regionn by CpG island mapping and exon trapping techniques. In contrast to mouse Slc22al 
andd 2, no expression is detected in liver or spleen, but high expression is observed in placen-
taa that decreases dramatically towards the end of gestation. Analysis of a B AC (bacterial arti-
ficialficial  chromosome) contig showed that all three Slc22a genes were clustered within a 300-kb 
genomicc region between the Igf2r and Pig (plasminogen) genes on mouse chromosome 17. 
Thee human SLC22A3 gene was isolated by EST (expressed sequence tag) database screening, 
andd was found to be more widely expressed than its mouse homologue. Analysis of a somatic 
celll  hybrid panel mapped SLC22A3 to human chromosome 6, which contains a region of syn-
tenyy with the mouse twLub2 region at 6q26-q27. Analysis of a human YAC clone showed that 
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Conservedd Slc22a gene cluster in mouse and human 

SLC22A3SLC22A3 mapped between the IGF2R and the APO(a)-like genes in a conserved cluster with 
SLC22A1SLC22A1 and SLC22A2. 

Result s s 

IdentificationIdentification of the mouse solute carrier 22a3 (Slc22a3) gene 
Inn an attempt to identify new genes within the twLuh2 deletion region, CpG island 

mappingg was performed. CpG islands are short stretches of nonmethylated, CpG-rich 
sequencess within the mammalian genome. They are associated with the 5' end of approxi-
matelyy 50% of all expressed genes in the mouse (11) and are therefore a powerful tool in the 
identificationn of previously unknown genes within a genomic locus. Within the PI phage 
55D4,, which spans the proximal breakpoint of the twLub2 deletion (Fig. 1; (7)), a cluster of 
BsshllBsshll and Sacll restriction sites was identified. DNA sequence analysis of 1790 bp of a 4.3-
kbb BamHl genomic subclone spanning the Awhl l and Sacll restriction sites (GenBank 
Accessionn No. AF078748) revealed a 605-bp region that contained a CpG dinucleotide con-
tentt equivalent to the GpC dinucleotide number (Fig. 1). Restriction enzyme analyses with 
HpallHpall and Mspl showed that this region was free of methylation (data not shown). 

Too determine whether the CpG island is indeed associated with the 5' end of an 
expressedd gene, a 740-bp Pstl fragment spanning the CpG island was used as a probe on a 
Northernn blot containing adult tissues and 12.5 dpc mouse embryo and placenta samples (Fig. 
3A).. A 3.5-kb mRNA was detected in 12.5 dpc placental tissue but not in the embryo. Upon 
longerr exposure, low levels of expression could be detected in adult kidney and brain. In addi-
tion,, RT-PCR followed by hybridization with an internal oligonucleotide did not detect any 
expressionn in liver or spleen (data not shown). 

Inn addition to the identification of a CpG island, exon trapping of BamHl fragments 
off  PI phage 55D4 (see Materials and Methods) resulted in the isolation of one putative exon 

PigPig CpG Slc22al Igf2r Mas Sod2 
^mm^mm ^ i M ^ ^ ^ ^

PII  55D4 — -
\\ ^ ^ \ I  1 50 kb 

Cp GG inn ii— w f+H 1 n n inn mi l-HH 1—H—«—I—» 
G pCC II i HIIIII I I I in inn mi i in i n M I in nun i n n m-HH in H in mini I n 

Saclll ' ' 
flpallflpall  — ' — ' ' ' *" —' ' ' 
MselMsel ' ' 

BsshllBsshll 1 1 1 

00 600 1200 1790 (bp) 
Figuree 1 Schematic representation of the 500-kb fLub2 deletion region (thick line) showing the relative 
positionss of the Sod2, Mas, IgJ2r, and Slc22al genes. 
PigPig is located approximately 40 kb upstream of the twL"b2 proximal breakpoint, whereas Sod2 lies 20 kb 
upstreamm of the distal breakpoint. The position of PI phage 55D4, which spans the proximal end of the 
f»iMb2f»iMb2 deletion, is indicated. The gray oval represents a potential CpG island that was identified in PI 55D4 
usingg Bsshll and Sacll restriction enzymes. In the map plot below, the presence of CpG and GpC dinu-
cleotidee pairs is shown, as is the location of the Hpall/Mspl, Sacll, Msel, and Bsshll restriction sites, 
whichh were identified upon DNA sequence analysis of the first 1790 bp of a 4.3-kb BamHl subclone from 
PII  55D4 containing the CpG island. A 605-bp region was identified showing a high CpG dinucleotide den-
sity,, which reached almost a 1:1 ratio with GpC dinucleotide pairs. 
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A A 

11 ttgggcccctgcagcctaagagtactggaggctatt cctggagtcttcagagtcctgagtccagcgagtctggg t 

77 6  gatcctggaactcagtgaactctgacttggggtgtccctttagggcaggctacaggtcagggcccttggtgcac a 

1511 gtgacactactgtgaaaccaccccaatccgctctccgggtttactccggtcccgggcgcgcacgggcaggaggc c 

222 6  gggagcttggaacgggaggagcagcccggggcgggctgccagggcgagcaagcgagcgaggcgggggcggcggg t 

33 0 1 gcagagctacgggcggcggcgcccgcgggtcactctcaggccgggcagcagcgacagggcgcagggtagcaggg c 

3766 gcaccatgcccacgttcgaccaggcactgaggaaggcgggcgagttcgggcgcttccagcggcgcgtgttcctg c 

M P T F Ü Q A L R K A G E F G R F Q RRR V  F  L  I ,  2  4 

44 5 1 tgctgtgcctgacgggtgtcaccttcgccttectcttcgtcggtgtggtcttectgggcagccagcccgactac t 

LL C  L  T  G V  'I '  F  A  F  L  F  V  G  V V  F  L  G  5  O  P  D  Y  Y  4  9 

522 6  attggtgtcgcgggccgcgcgccaccgcgctggccgagcgctgcgcctggagccccgaggaggagtggaacctc a 

WW C  R  G  P  R A  T  A  L  A  E  R C  A  W S  P  K  E  E  W N  L  T  7  4 

6011 ccacaccggagctccacgtcccagctgagcgccgcggccaaggccactgccaccgctacctgctggaagccact a 

T P K L H V P A E R K G Q C H C H R Y L L E A TNN 9  9 

677 6  ataccagctcagagctcagctgcgacccactcactgccttccccaaccgctccgcgcctctggtgtcctgcagc g 

TT S  S  E L  S  C  D  P  L  T  A F  P  N  R S  A  I > L  V  S  C  S  G  12 4 

7511 gtgactggcgctatgtggagacccactctaccatcgtcagccagtttgaccttgtctgcagcaatgcctggatg t 

D W K Y V E T H S T II  V  S  Q  K  D  L V C S H A W M L 1 4 9 

822 6  tggacctcacccaagccatcctgaaccttggcttcctggctggggcttttaccttgggctatgcagcggacaga t 

DD L  T  0  A  I  L  N  L  G  F L  A  G  A  ¥ T  L  G  Y  A  A  D R Y 17 4 

9011 atggcaggctcatcatttacttaatatcctgtttcggcgttggcatcacaggagtcgtggtggcatttgcgcca a 

GG R  L  1  I  Y  L  1  S  C  F  G  V G  I  T  G  V  V  V  A  F  A  P  N  19 9 

977 6  atttttctgtgtttgtgattttccgcttcctacaaggagtgtttggaaagggggcctggatgacttgcttcgtg a 

FF S  V  K  V  I  F  R F L  Q  G V F G K G A W M T C F VI  22 4 

105 11 tcgtgacagaaatagttggttcaaaacaaaggaggattgtgggaategtgatecagatgttcttcaccctcggg a 

VV T  E  1  V  G  S  K  Q  R  R  I  V  G  1 V  1  O  M F  F  T  L  G  I  24 9 

1122 6  teattattcttcctgggattgeetacttcacgcccagctggcagggcatccagctagccatctctctgcccagc t 

1 X L P G I A Y FF T  P  S  W O G I O L A I S L P S F 27 4 

120 11 ttctcttcctcctctattactgggtggtccctgagtctccccgctggctgatcacccggaagcaaggagagaaa g 

L F L L Y Y W V VV P E S P R W L I T R K Q G F K A 29 9 

1277 6  ccttgcagatcctgaggcgcgtggctaagtgcaatggaaaacacctctcatcaaattactcagagatcacagtt a 

L Q II  L R R V A K C N G K H L S S N Y S F I T V T 32 4 

133 5 1 cagatgaagaagtcagtaacccatcctgtttagaccttgtgagaactccccaaatgaggaaatgcacgctcatc c 

D E E V S N P S C L D L V R T P Q M RKK C  T  L  1  L  34 9 

1422 6  ttatgtttgcttggttcacgagcgccgtggtgtaccaaggacttgtcatgcgcctgggacttatcggaggcaac c 

M F A W F T S A V V Y Q GLL V  M R  L  G  L  I  G  G  N  L  37 4 

150 11 tctacatagacttctttatctctgggctcgtggagctgcccggagctctcttaatccttctgaccattgagcgc c 

Y I D F K I S G L V E L P G A L L I L LL T  I  E  R  L  39 9 

1577 6  ttggacgacgccttccctttgcggcaagcaatatagtggcaggggtgtcgtgtctggtcactgcatttttacca g 

GG R  R L P  F  A A S N I  V A G V S C L V T A F L P E 42 4 

165 11 aagggataccgtggctgaggaccacagtcgctaccctgggaagactagggataaccatggccttcgaaattgtt t 

GG 1  P  W L R  T T  V  A T L G R L G I T M A F E I V Y 44 9 

1722 6  atttggtaaattcagagttgtacccaacgacattacggaactttggggtttcactctgctcaggcttgtgtgac t 

hh V  N S E L Y P T T L R N F G V S L C S G L C D F 47 4 

180 11 ttggggggattatagccccgtttctgctctttcggctggcagctatatggttagaactgcctctgatcatcttt g 

G G II  1 A P F I ,  L F R L A A I W L E L P  L  1  I  F  G  49 9 

1877 6  ggatcctggcgtctgtctgtggtggcctcgtgatgcttttgcctgaaacgaagggcattgccttgccggagacg g 

II  L A S V C G G L V M L L P E T K G I A L P E T V 52 4 

195 11 tggaagacgtagaaaagcttggcagttcacagttgcatcagtgtggcagaaaaaagaaaacccaggtttctact t 

E D V E K L G S S Q L H Q C G R K K K T Q V S T S 5 4 9 9 

20266 ctgatgtctgaggcc 
DD V * 5 51 
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B B 

mousee Orctll 

mousee Slc22a!2 

ratt Nit 

mousee Slc22a3 

ratt Slc22a3 

mousee Slc22a2 

ratt Slc22a2 

pigg Slc22a2 

humann SLC22A2 

mousee Slc22al 

ratt Slc22al 

•• human SLC22A1 

drosophilaa Orctl 

drosophilaa Orct2 

humann SLC22A4 

humann SLC22A5 

Figuree 2 The gene associated with the CpG island 
iss a member of the solute carrier 22a family of 
organicc cation transporter proteins. 
AA cDNA sequence and amino acid translation of 
thee mouse Slc22a3 gene. Here, only the 5' untrans
latedd and coding regions are shown. The complete 
cDNAA sequence is available under GenBank 
Accessionn No. AF078750. Nucleotide numbering 
iss indicated at the left and amino acid numbering at 
thee right. The total length of the mouse Slc22a3 
cDNAA is 3499 bp, containing a 1463 bp 3' untrans
latedd region. The entire CpG island is contained 
withinn the 5' end of the Slc22a3 cDNA (nucleotide 
positionn 183-787) and includes the coding 
sequencee for the first 136 amino acids. The amino 
acidd translation is indicated in single capitals. The 
stopcodonn is indicated by an asterisk. The protein 
encodess 12 putative transmembrane domains, 
whichh are underlined. Possible N-glycosylation 
sitess (printed in bold) are present at amino acid 
positionss 72, 99, 114, 199, and 317. Potential PKA 
andd PKC phosphorylation sites are double-under
linedd and located at position numbers 346 and 544 
andd 286, 292, and 459, respectively. B Multiple 
sequencee alignment of the organic cation trans
porters.. The PileUp multiple sequence alignment 
programm was run with the amino acid sequences of 
Slc22a33 and 15 previously reported organic cation 
transporters:: Orctll (Nkt; (12)); Slc22al2 (Rst; 
(13));; rat Nit (14); rat Slc22a3 (Orct3; (15)); mouse 
Slc22a22 (GenBank Accession No. AJ006036; 
Mooslehner,, 1998); rat Slc22a2 (16); pig Slc22a2 
(17);; human SLC22A1 and 2 (18); mouse Slc22al 
(8);; rat Slc22al (9); dmOrctl and 2(19); human 
SLC22A44 (OCTN1; (20)); and human SLC22A5 
(OCTN2;; (21)). The dendogram reflects only the 
relativee homologies in primary amino acid 
sequence,, not a phylogenetic relationship. The 
grayy box highlights the position of the Slc22a3 
protein. . 

thatt recognized the same 3.5-kb placenta-specific mRNA in a Northern blot analysis (data not 
shown).. Surprisingly, DNA sequence analysis of this trapped exon showed that is was homo
logouss to, but not identical with, the Slc22aJ gene which was previously isolated from the 
ft>Lub2ft>Lub2 deletion. A complete cDNA containing the CpG island and trapped exon sequences was 
isolatedd from a 13.5 dpc placental cDNA phage library (gift from Drs S. Varmuza and J. 
Rossant).. The total cDNA length is 3499 bp, containing an open reading frame of 1653 
nucleotides,, which codes for a protein of 551 amino acids (Fig. 2A; GenBank Accession No. 
AF078750).. The CpG island sequence runs from nucleotides 183 to 787, whereas the trapped 
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exonn is located between nucleotide numbers 888 through 1053. The BLASTX database search 
programm (22) confirmed the identity of the newly isolated gene as a member of the family of 
organicc cation transporters. Forty-six percent identity was found in the amino acid sequence 
withh the mouse Slc22al and Slc22a2 genes. However, the protein is 98% homologous to the 
recentlyy isolated rat Orct3 protein, now renamed Slc22a3, which was shown to transport a 
varietyy of organic cation molecules (15). We therefore propose that the gene associated with 
thee CpG island close to the proximal breakpoint of twLub2 is the mouse homolog of the rat 
Slc22a3Slc22a3 gene. 

Thee transmembrane prediction program Tmpred at ISREC (23) scores a strong pre-
ferencee for a putative 12-transmembrane domain (TMD) structure (underlined in Fig. 2A), 
withh the NH2- and C-terminal ends of the protein facing the cytoplasm. An alternative predic-
tionn would discard TMD 11 and cause a switch of TMD 1 to TMD 10 of their inside-to-outside 
orr outside-to-inside orientations. Running a Prosite Pattern Search (http://www2.ebi.ac.uk/ 
ppsearch)) reveals three possible N-glycosylation sites within the first extracellular loop of the 
proteinn (Fig. 2A), which are in accordance with the predicted N-glycosylation sites in other 
Slc22aSlc22a proteins. However, mouse and rat Slc22a3 can be distinguished from the other Slc22a 
proteinss by two additional N-glycosylation sites, which are positioned between TMD3 and 
TMD44 and between TMD6 and TMD7 (Asn-199 and Asn-317, respectively; Fig. 2A). 
Interestingly,, in addition to the more generally conserved sites, one protein kinase A site (Thr-
544)) and one protein kinase C site (Thr-459) were found to be unique for the Slc22a3 protein 
(Fig.. 2A). Although the predicted size of the Slc22a3 protein is not different from any of the 
otherr Slc22a proteins cloned thus far, its mRNA does contain an exceptionally long 3' untrans-
latedd region of 1463 nucleotides. 

AA Pileup multiple sequence alignment of the organic cation transporter proteins is 
depictedd as a dendogram in Fig. 2B. It groups the Slc22al, 2, and 3 proteins that have been 
isolatedd from human, rat, and mouse as the members with closest homology, although Slc22al 
andd Slc22a2 are more closely related to each other than to Slc22a3. All other putative organic 
cationn transporters appear more distantly related, and it is of interest to note that some of the 
proteinss included in this alignment have been defined as an organic cation transporter based 
onlyy on amino acid homology (Orctll, rat Nit, and Slc22al2, as well as the dmOrctl and 2 pro-
teinss identified in Drosophila melanogaster), and some, in contrast to the prototype organic 
cationn transporters, appear to function in an ATP-dependent manner (SLC22A4). 

Too delineate further the Slc22a3 expression pattern in placenta, both embryo mRNA 
andd placenta mRNA were isolated at different stages of gestation. Figure 3B shows that a 3.5-
kbb mRNA is detected in placenta at all stages that were examined, but the levels of expression 
declinee from 15.5 dpc onwards. Expression in the embryo could not be detected at 12.5 or 15.5 
dayss of embryonic development (Fig. 3B). Thus, the Slc22a3 gene is a distinct, new member 
off  the Slc22a gene family both in sequence and in expression distribution. 

ThreeThree mouse Slc22a genes are closely linked within the proximal end of the twLuh2 deletion on 
chromosomechromosome 17 

Thee unexpected finding of a second Slc22a gene within the t'Lub2 deletion led us to 
investigatee the genomic organization of these genes. Therefore, a BAC contig was isolated 
spanningg a genomic region of approximately 300 kbb that included the entire Slc22al gene and 
thee 3' end of the Pig gene (Fig. 4). The Slc22al gene marks the distal end of the contig. It was 
previouslyy shown that Slc22al gene maps in the twLub2 deletion, 20 kb downstream of the 

40 0 

http://www2.ebi.ac.uk/


Conservedd Slc22a gene cluster in mouse and h u m an 

Slc22a3 Slc22a3 
(3.55 kb) 

$>$> 41 \(> «JP «F V •$* V 

Actin Actin 
(2.00 kb) 

Placenta a Embryo o 

«.*> > 
^ ^ 

^iPr r 
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1 1 

/ / 

•««#£•!«• • 

B B 

5/c22a5 5 
(3.55 kb) 

Actin Actin 
(2.00 kb) 

Figuree 3 The CpG island is associated with a placental-specific gene. 
AA Northern blot analysis of adult tissues and embryo and placenta. A 3.5-kb mRNA is detected only in 
placentass of 12.5 dpc, but not in embryos nor in any of the adult tissues tested. Actin was hybridized to 
thee same blot as a quantitative loading control. B Northern blot analysis of the temporal pattern of expres
sionn in the maturing placenta. The 3.5-kb mRNA is detected in placentas from 12.5 dpc to 18.5 dpc. 
Expressionn declines from 15.5 dpc until birth, which is at 18-19 dpc in the FVB strain of mice used. 

imprintedd \gf2r gene ((8) and Fig. 1). The proximal end of the BAC contig is marked by the 3 ' 
endd of the Pig gene, which had been mapped 30-40 kb outside the f*Lub2 deletion (24). Using 
thee 4.3-kb BamHl CpG island subclone as the 5' probe and a 806-bp EcoRl 3 ' cDNA fragment 
(seee Materials and Methods) as the 3 ' probe, it was shown that the Slc22a3 gene spans a total 
genomicc distance of 110 kb. It has the same transcriptional orientation as Slc22al, and the two 
geness are separated by 140 kb. The 3 ' ends of the Slc22a3 and Pig genes were found to be in 
veryy close proximity to each other, as they were mapped to a single 2.2 kb //('«dill genomic 
fragmentt (data not shown). Sequence analysis of this fragment revealed that the two genes did 
nott overlap, but were separated by approximately 1 kb (data not shown). To investigate the 
possibilityy that the recently identified Slc22a2 gene, which was assigned to mouse chromo
somee 17 (GenBank Accession No. AJ006036, Mooslehner 1998), was located close to the 
Slc22alSlc22al and Slc22a3 genes, we used Slc22a2 5 ' and 3 ' cDNA primers (see Materials and 
Methods).. Slc22a2 does map to the BAC contig and is located in between the Slc22al and 
Slc22a3Slc22a3 genes in an inverse orientation (Fig. 4). 

IsolationIsolation of the human SLC22A3 gene and conservation of its close linkage to SLC22A1 and 
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22 on chromosome 6q26-q27 
AA search of the EST database with the complete mouse Slc22a3 cDNA sequence 

usingg BLASTN revealed two human EST clones from a fetal liver/spleen cDNA library 
(IDD 123234 and 127120; see Table 1). The EST clones were used to search the database for 
longerr overlapping EST clones in an attempt to identify the complete SLC22A3 cDNA 
sequence.. A total of 11 additional human SLC22A3 EST clones were isolated from diverse 
cDNAA libraries (Table 1), spanning a total cDNA length of 1664 bp (GenBank Accession No. 
AF078749).. The EST contig showed a homology of 68% with the mouse Slc22a3 cDNA 
sequence,, which was greater than the homology to SLC22A1 and 2. This suggests that the 
identifiedd ESTs constitute the 3' part of the human SLC22A3 gene. Furthermore, when EST 
clonee ID 123234 was used as a probe on first-trimester placental and B-lymphoid cell line 
BJA-BB RNA samples, a mRNA of approximately 3.6 kb, a size similar to that of Slc22a3, was 
identifiedd in placenta (Fig. 5A). The diversity of cDNA library sources containing SLC22A3 
ESTT clones suggests a more widespread expression in human than in mouse. To examine this 
moree closely, the expression pattern of SLC22A3 in a wide range of tissues was analyzed using 
aa normalized human RNA MasterBlot (Clontech). Strongest expression was observed in aorta, 
prostate,, adrenal gland, salivary gland, skeletal muscle, liver, fetal lung, and term placenta, 
whereass no expression was detected in brain and spleen (Fig. 5B). 

Too determine the chromosomal localization of SLC22A3, a PCR analysis with 
primerss specific for human SLC22A3 was performed on a human monochromosomal somatic 
celll  hybrid DNA panel (HGMP; (26)). This experiment mapped SLC22A3 to human chromo-
somee 6 (data not shown). The 6q26-q27 telomeric region of chromosome 6 is syntenic with 
thee proximal part of mouse chromosome 17 containing the twLub2 deletion region. Previously, 
aa human 2-Mb human YAC contig had been isolated from this region, showing that the 
PLG/APO(a)PLG/APO(a) genes lie close to IGF2R (27). The most distal YAC clone (204B2) of this contig 
wass used to investigate whether the localization of Slc22a3 between the Igftr and the Pig 

PlgyPlgy ySlc22a3y SSIc22a2y 3' Slc22al 5' 

BB B B 

CC C C C C C C 

11 1 1 '  1 
00 50 100 150 200 250 300 (kb) 

Bac4 4 

Bac9 9 

Bac3 3 

Bacc 1 

Figuree 4 Three members of the Slc22a family, Slc22al, Slc22a2, and Slc22a3, are physically linked on 
mousee chromosome 17. 
AA physical map of the Slc22a locus is shown at the top. Bssbll (B) and Cla\ (C) sites are indicated. The 
positionn and orientation of the Slc22al, 2, and 3 genes are indicated by arrows. For Pig, only the 3' end 
off  the gene is indicated, which is separated by 1 kb from the Slc22a3 3' end. For Slc22a2, the exact size 
off  the gene was not determined, and therefore the maximal genomic distance is indicated by a dashed 
arrow.. The minimal distance between the Slc22al and Slc22a2 3' ends is 5 kb, whereas the Slc22a2 and 
Slc22a3Slc22a3 genes are separated by approximately 60 kb. The mouse Slc22a3 gene spans 110 kb. The BAC 
contigg is shown below, spanning approximately 300 kb. 
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Tablee 1 A wide range of tissues contain SLC22A3 ESTs 

IMAG EE Clone ID Nos. Source 

1232344 Soares fetal liver/spleen 
1271200 Soares fetal liver/spleen 
201787**  Soares fetal liver/spleen 
436500**  Soares fetal liver/spleen 
2963322 Soares fetal liver/spleen 
FI-127D**  Fetal liver 
1658458**  Soares total fetus 
486785**  Soares pregnant uterus 
795603**  Soares testis 
15249022 * Soares testis/B-cell/fetal lung 
913989**  NCI_CGAP normal prostate 
1115897**  NCI_CGAP malignant prostate 
11155533 * NCI_CGAP malignant prostate 

Thirteenn ESTs for the human SLC22A3 gene were identified in a database search, which are listed by their 
IMAGEE Clone ID numbers. The ESTs were sequenced from a variety of cDNA libraries, as indicated in 
thee right column. EST clones were obtained from the IMAGE Consortium (25). 
**  These ESTs show homology with human PLG exon 19 sequence. 

geness is conserved in human. The top panel in Figure 6 shows a schematic diagram of the posi-
tionn of the previously mapped genes on YAC 204B2, which had been sized as 530 kb and 
mappedd for Bsshll and Sail restriction sites (27). The identity of YAC clone 204B2 was con-
firmedfirmed by hybridization with human IGF2R and APO(a) probes (data not shown). When YAC 
204B22 was digested with Sail, Sfd, and Bsshll, SLC22A3 recognized a 280-, a 470-, and a 180-
kbb fragment, respectively (Fig. 6). This result shows that SLC22A3 maps to YAC 204B2. 
Furthermore,, the same fragments are recognized by APO(a)-like ((27) and data not shown), 
indicatedd that SLC22A3 is located on 6q26-q27 in close proximity to the APO(a)-like gene. 
Thee clustering of the mouse Slc22a3 and Slc22al and 2 genes in a chromosomal region that 
showss homology of synteny with human 6q26-q27 suggests that this cluster of Slc22a genes 
iss conserved in human. In fact, it was recently reported that the human SLC22A1 and 2 genes 
mapp to 6q26 by DNA-FISH analysis (28), providing further support for this hypothesis. To 
determinee the physical map for the human SLC22A genes, YAC 204B2 was hybridized with 
SLC22A1-SLC22A1- and SZ,C22,42-specific probes (Fig. 6). In an Sfd digest, both SLC22A1 and 2 recog-
nizee the same 470-kb fragment that contains SLC22A3 and APO(a)-likc, showing that in 
humanss the clustering of the SLC22A genes is conserved and confined to a 470-kb region. 
However,, SLC22A1 and 2 map to a different Bsshll fragment of approximately 260 kb, show-
ingg that SLC22A1 and 2 are distal to SLC22A3 (Fig. 6). Finally, analysis of the Sail fragment 
patternn within the 260-kb Bsshll fragment suggests that SLC22A1 is distal to SLC22A2. Given 
thesee data, we suggest the following gene order: telomere-IGF2R-SLC22Al-SLC22A2-
SLC22A3-APO(a)-\\ke-APO(a)-centromeK. SLC22A3-APO(a)-\\ke-APO(a)-centromeK. 
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Figuree 5 SLC22A3 gene expression. 
AA Northern blot analysis of human SLC22A3 gene expression in placenta. A 3.6-kb mRNA is detected in 
first-trimesterfirst-trimester placenta (lane 1), but not in the human B- lymphoid cell line BJA-B (lane 2). The 18S and 
28SS ribosomal RNAs are indicated. B Normalized human RNA MasterBlot (Clontech), showing high 
expressionn in aorta (C2), skeletal muscle (C3), prostate (C7), adrenal gland (D5), salivary gland (D7), liver 
(E2),, term placenta (F4), and fetal lung (G7). Moderate to low expression was detected in uterus (C6), 
ovaryy (D2), kidney (El), lymph node (E7), lung (F2), trachea (F3), and fetal liver (G4), and no expression 
wass seen in brain (A 1-A7, B1-B6), pancreas (D3), pituitary gland (D4), spleen (E4, G5), peripheral leuko
cytess (E6), fetal brain (Gl), fetal spleen (G5), and fetal thymus (G6). 

Discussio n n 

Wee have isolated the mouse solute carrier gene Slc22a3 in a search for genes loca
tedd in the proximal part of the f"Lub2 deletion region. By Northern blot analysis, Slc22a3 shows 
aa placenta-specific expression during embryonic development and low levels of expression in 
adultt kidney and brain, but not liver. Expression in placenta was initially high, but decreased 
fromm 15.5 dpc until the end of gestation. In contrast, human SLC22A3 was expressed in first-
trimesterr and term placenta, but was also present in a range of adult tissues including aorta, 
prostate,, salivary gland, adrenal gland, fetal lung, skeletal muscle, and liver. Analysis of a 
BACC contig around the Slc22a3 genomic locus revealed a close physical linkage with two 
additionall Slc22a family members, Slc22al and 2. All three Slc22a genes map between Ig/2r 
andd Pig on mouse chromosome 17. A similar analysis of a human YAC clone demonstrated 
thatt SLC22A3 was located together with SLC22AI and 2 on chromosome 6q26-q27 between 
thee IGF2R and PLG/APO(a) genes. This result shows that the organization of the Slc22a genes 
iss conserved in mouse and humans on a chromosomal region with extensive synteny. 

Placenta-specificPlacenta-specific expression ofSlc22a3 
Thee placenta is an essential organ of the post-implantation embryo for the exchange 

off nutrients and waste products between the growing fetus and the maternal environment. 
Glucosee is the principal source of carbohydrates for the fetus, which is transported by the 
SLC2A11 (previously named GLUT) facilitative transporter protein (29). SLC2A1 shows struc
turall homologies with the Slc22a proteins (8), and both the tissue-specific and developmental-
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Figuree 6 Organization of the human SLC22A gene cluster at chromosome 6q26-q27. 
Topp Representation of the restriction enzyme map as was determined from the 2-MB human YAC contig 
(27).. The positions of the previously mapped IGF2R, APO(a)-\ike and APO(a) genes are indicated by the 
grayy boxes. The boxes representing SLC22A1, 2, and 3 show the maximal genomic distance of the 3' ends 
off  these genes. Bottom: Identical panels of Sail (S), Sfil (F), and BssW (B) digested YAC 204B2 were 
hybridizedd with probes corresponding to the 3' ends of SLC22AI, 2, and 3. The molecular weight marker 
iss indicated at the left. 

lyy regulated expression ofSlc22a3 indicate a probable role in the metabolic function of the pla-
centa.. Towards the end of gestation, a decrease in the levels of Slc22a3 mRNA levels in pla-
centaa is observed (Fig. 3B). This may reflect either a temporal limit in gene function or a 
restrictionn of Slc22a3 function to a certain cell type for which its transport function remains 
essential. . 

Thee Slc22a3 gene was isolated from the twLub2 deletion region that is associated with 
twoo embryonic lethal mutations. Whereas the T-associated maternal effect (Tme) is caused by 
thee absence of the imprinted Igf2r gene (5), the gene mutated in the nonimprinted tw73 allele 
remainss to be identified. Several observations suggest that Slc22a3 presents a good candidate 
forr the r73 lethal factor. First, the gene maps within the twLub2 deletion, which is defined as the 
criticall  region for f73 (3). Second, Slc22a3 is not imprinted. This was determined by exami-
nationn of placentas from embryos carrying the T-hairpin deletion (7), which showed that 
Slc22a3Slc22a3 was expressed equally from both parental alleles (data not shown). Third, in contrast 
too Slc22al and 2, which map to the same genomic locus and are exclusively expressed in adult 
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tissues,, Slc22a3 is expressed in placenta, a derivative tissue of the trophoblast cell lineage, that 
iss specifically affected in homozygous tw73 embryos (6). We are currently testing whether 
mutationss in Slc22a3 are responsible for causing the tw7i phenotype by the generation of trans-
genicc mice. 

InIn vitro transport assays have shown that rat Slc22a3, as well as the rat and human 
SLC22A11 and the SLC22A2 proteins, show a broad specificity in the transport of a similar set 
off  organic cation molecules (9,15,17,18). This suggests that the proteins may be functionally 
redundant,, but are expressed through different regulatory mechanisms. Slc22a3, e.g., is unique 
inn possessing an exceptionally long 3' untranslated region, as well as a CpG island at the tran-
scriptionn start site. However, within the Slc22a3 protein sequence, putative N-glycosylation 
andd phosporylation sites were found, which are not shared among the other Slc22a3 proteins 
andd may contribute to intrinsic differences in transport function (Fig. 2A). 

GeneGene organization of the solute carrier genes 
Analysiss of a mouse BAC contig spanning 300 kb has revealed that three organic 

cationn transporter genes, Slc22al, 2, and 3, show a very close physical linkage between the 
IgJ2rIgJ2r and Pig genes in the proximal part of the twLub2 deletion region. This linkage and gene 
orderr are also observed for the human gene homologues, and YAC mapping demonstrated that 
IGF2R,IGF2R, SLC22A1, 2, and 3 and APO(a) lie within a 530-kb region. In mouse, the 3' end of the 
Slc22a3Slc22a3 gene is separated by approximately 1 kb from the 3' end of the Pig gene. Interestingly, 
whenn a BLASTN search was performed with the SLC22A3 EST clones, nine EST clones 
showedd a strong homology over a 206 bp region with terminal exon 19 of the human PLG gene 
(indicatedd in Table 1). Each EST clone contains six identical nucleotide changes with respect 
too the PLG cDNA sequence. Furthermore, the PLG gene, which spans a 53-kb locus (30), maps 
approximatelyy 250 kb proximal of the APO(a)-like gene (27). Together, these observations 
suggestt that the 3' end of SLC22A3 contains a PLG-like sequence that has duplicated and sub-
sequentlyy diverged. Possibly, this duplication is part of the APO(a)-\\ke gene locus. 

Mousee chromosome 17 shares three large homology blocks with human chromo-
somee 6: two on the short arm at 6p21-p21.3 and one on the long arm at 6q21-q27. This latter 
region,, called homology group 67, is syntenic with the region spanning 3.7-8.3 cM of mouse 
chromosomee 17 and spans the loci described in this report (see comparative mapping portion 
off  the Mouse Genome Database (http://www.informatics.jax.org) and Debry-Seldin 
Human/mousee comparative mapping database (http://www.ncbi.nih.gov/homology/)). The 
synteny,, between mouse and human, of homology group 67 is fully conserved with the excep-
tionn that the APO(a)/PLG multigene family only contains a single copy of Pig in standard lab-
oratoryy mouse strains (however, it should be noted that Pig is rearranged to a multicopy fam-
ilyy in strains of mice carrying the / haplotype version of chromosome 17; see (24)). The results 
describedd here that place three members of the Slc22a gene family into this large homology 
groupp highlight the conservation of this region between mouse and human and demonstrate 
thatt this multigene family evolved in an ancestor common to both. Homologues of the 
SLC22A1SLC22A1 and 2 genes show selective high expression in adult liver and kidney, suggesting 
theirr expression in a wide range of vertebrates within these organs. In view of the high expres-
sionn of SLC22A3 in placenta, it will be of interest to test whether the same three-member 
multigenee family exists in nonmammalian vertebrates. The 6q homology 67 group is a chro-
mosomall  region that contains the imprinted 1GF2R gene plus other loci known to influence 
coronaryy artery disease, diabetes, and tumor susceptibility (http://www.ncbi.nlm.nih.gov/ 
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OMIM/) .. The availability of physical maps and gene homologues from this region wil l help to 
identifyy long range cw-acting regulatory elements that may be associated with imprinted gene 
expression,, as well as aid in the future development of mouse models of human disease sus-
ceptibility. . 

Material ss  and Method s 

CpGCpG island mapping 
PII  phage 55D4 was digested with BamUl alone or in the presence of Bsshll or Sacll 

too identify BamYW fragments containing CpG-rich sequences. A 4.3-kb BamHl fragment was 
isolatedd and partially sequenced (1790 bp; GenBank accession number AF078748). A CpG 
versusversus GpC plot revealed a 605-bp CpG-rich sequence between nucleotide positions 681 and 
1286. . 

ExonExon trapping 
Exonn trapping was performed as described (31). BamHl fragments of P155D4 were 

randomlyy subcloned into the exon trap vector pERVFO and transiently transfected into COS 
cells.. After 40 h, RNA was isolated followed by a reverse transcriptase (RT) reaction, and a 
nestedd PCR with primers corresponding to the human Ö globin exon 2 and exon 3 sequences. 
PCRR products larger than the expected size for a globin exon 2 to exon 3 splicing product were 
subclonedd and analyzed. 

DNADNA sequencing 
DNAA was sequenced using the Dye Terminator Cycle Sequencing kit (Perkin-Elmer) 

andd analyzed with the Perkin-Elmer ABI 373 sequencing device. 

Probes Probes 
Thee following DNA fragments and primers were used: Slc22a3, 4.3 kb BamHL 

genomicc CpG island subclone and a 740-bp Pstl internal fragment, 806-bp cDNA fragment 
isolatedd as the most 3' cDNA sequence; Slc22al, 500-bp 3' and 1760-bp 5' cDNA fragments 
(8);; Slc22a2, primers 5'-agagtcgtcctgagctgaccg-3' and 5'-caaccacagcaaatacgac-3'; SLC22A1, 
aa 3-kb genomic fragment PCR amplified with primers 5'-cctcattttgtttgcggtgttgggcctgc-3' and 
5'-ctgaggtttggaccttaaggtaaatcgtg-3';; SLC22A2, 200-bp cDNA fragment PCR amplified with 
primerss 5'-aacctaggtctacagccagtgg-3' and S'-gtattctggttgctagcattgc-S'; SLC22A3, EST clone 
IDD 123234; human APO(a), a 143-bp cDNA fragment PCR amplified with primers 5'-cacct-
gagcaaagccatgtggtcc-3'' and 5'-tttctgtggtcctattatgttgatgtgg-3' (32); IGF2R, a 9-kb cDNA frag-
ment. . 

SouthernSouthern blotting 
Southernn blot hybridizations, including the BAC library screening, were performed 

underr standard Church hybridization and washing conditions (33), using [cc-32P]dCTP ran-
domlyy labeled DNA probes. Oligonucleotides were end-labeled using T4 kinase and [y-
32P]ATP,, and hybridized at 38*C. 

NorthernNorthern blotting 
Totall  RNA was isolated by the lithium chloride extraction method (34). Fifteen 
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microgramss was analyzed on a 1% Mops/formaldehyde agarose gel. After blotting, the mem-
branee was stained with 0.04% methylene blue in 0.5 M sodium acetate, pH 5.2, before it was 
hybridizedd under Church hybridization conditions. For SLC22A3, a human RNA MasterBlot 
wass analyzed (Clontech). 

IsolationIsolation of mouse Slc22a3 cDNA 
AA degenerate primer (5'-ttngtytcnggyaa-3\ nucleotide positions 1929-1914) was 

designedd against a small region of nearly complete sequence conservation among the different 
solutee carrier 22a family members, and used in a RT-PCR on 12.5 dpc placenta with a forward 
primerr located in the trapped exon (5'-tggcaggctcatcarttac-3'). This yielded a predicted size 
fragmentt of 1 kb fragment, which was used as a probe to screen a mouse 13.5 dpc placenta 
cDNAA library (obtained from J. Rossant). Five independent clones containing a total cDNA 
lengthh of 2.7 kb were obtained. All clones ended at thee same EcoRl site, suggesting an inter-
nall  £coRI site at the 3' end of the cDNA. To obtain the most 3' cDNA sequences, a 3' RACE 
(rapidd amplification of cDNA ends) was performed on 12.5 dpc placenta RT product with two 
nestedd Slc22a3 primers (5'-tttcggctggcagtatatgg-3\ and 5'-ctgctatttcttcccttgagc-3'). A 1.2-kb 
fragmentt was obtained and used as a probe to rescreen the cDNA library. Six independent 
cloness were isolated, all of which contained a 806-bp cDNA insert. 

BACBAC DNA isolation 
AA gridded mouse BAC library (Research Genetics, Inc) was screened with the 

Slc22a3Slc22a3 4.3-kb BamHl and trapped exon genomic probes. Five positives were identified with 
thee addresses 27M19 (Bacl), 52B10 (Bac3), 53H6 (Bac4), and 228C21 (Bac9). BAC DNA 
wass isolated by standard alkaline lysis, using 100 ml of solutions I, II and III per 250 ml of 
bacteriaa culture. After centrifugation the supernatant was directly applied to a Qiagen tip500 
columnn (Qiagen). On average, a yield of 10-50 ng DNA7ml culture was obtained. For gene-
ratingg a restriction enzyme map, BAC DNA was digested with a combination of rare cutting 
enzymess followed by pulsed field gel electrophoresis (PFGE; CHEF-DRIII PFGE System, 
Bio-Rad). . 

YeastYeast DNA isolation and analysis 
Humann YAC clone 204B2 was isolated by R. Taramelli and co-workers (27) and 

obtainedd from CEPH (Paris). Yeast DNA preparation and restriction enzyme digestion was 
donee as described (7), followed by PFGE analysis. 

GenBankk Accession No.: AF078748 (1.79-kb 4.3 BamHl), AF078750 (complete Slc22a3 
cDNA),, AF078749 (partial SLC22A3 cDNA). 
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