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We have cloned and characterized the genomic
tructure of the mouse gene for the NBMPR-sensitive
quilibrative nucleoside transporter (mENT1), which
s located on chromosome 17C. About 12-kb of genomic
NA was sequenced including the promoter region, 12
xons, 11 introns, and the 3*-untranslated region. All
xon-intron junction sequences conform to the GT/AG
ule. Primer extension analysis demonstrated a tran-
cription initiation site located 252 bp upstream of the
ranslation start site. Analysis of the 2.5-kb 5*-flanking
equence shows putative binding sites for several
ranscription factors, including GATA-1, IRF-2, Pit-1,
yogenin, CREB, Sp-1, Ap-2, MAZ, and GR. We demon-

trated that mouse ENT1 mRNA was highly expressed
n heart, spleen, lung, liver, and testis. Lower levels of
xpression were detected in brain and kidney. Func-
ional analysis of the 5*-flanking region showed that
he nucleotide sequence from 2652 to 2111 contains
is-regulatory elements that promote gene expression.
e found two Sp-1 binding sites (2296/2303, 2307/
313) and two MAZ binding sites (2353/2359, 2522/
528) in this region. Luciferase assay results suggest

hat MAZ and Sp-1 transcription factors are important
ositive regulators of transcription for the ENT1 gene

n NG108-15 cells. © 2000 Academic Press

Key Words: nucleoside transporter; gene structure;
RNA expression; chromosomal localization; North-

rn blot; luciferase assay; MAZ.

The nucleotide sequences for the mouse ENT1 genomic DNA have
een deposited in the GenBank database under the GenBank Acces-
ion No. AF218255.
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aging extracellular nucleosides for intracellular nu-
leotide synthesis and for regulating endogenous nu-
leoside levels. Two main plasma membrane
ransporter families have been characterized. The
odium-independent equilibrative transporters (ENT)
ediate nucleoside transport bidirectionally depend-

ng on concentration gradient across the plasma mem-
rane, whereas sodium-dependent concentrative
ransporters (CNT) mediate inwardly directed trans-
ort driven by the sodium electrochemical gradient (1).
ecently, two ENT subtypes have been cloned and
haracterized. They are designated ENT1 and ENT2
nd both are expressed in several tissues. ENT1 is
ensitive to nanomolar concentrations of NBMPR,2

hereas ENT2 is resistant to NBMPR up to 1 mM
2–5). ENT1 and ENT2 are about 50% homologous in
mino acid sequence and contain 11 putative trans-
embrane (TM) domains.
A major function of nucleoside transporters is to

ontrol intracellular and extracellular concentrations
f adenosine (6). This may be important in coronary
asodilation, renal vasoconstriction, platelet aggrega-
ion, lipolysis, and neurotransmission. Adenosine in-
eracts with four subtypes of adenosine receptors
ermed A1, A2a, A2b, and A3 (7). Adenosine acting at
hese receptors can alter cAMP formation, phosphati-
ylinositol turnover, and calcium mobilization. In the
entral nervous system, adenosine modulates release
f norepinephrine, dopamine, serotonin, acetylcholine,
ABA, and glutamate (8). Thus, it is postulated that
denosine plays a role in several neuropsychiatric dis-

2 Abbreviations used: NBMPR, nitrobenzylmercaptopurine ribo-
ide (5 nitrobenzylthioinosine); ENT, equilibrative nucleoside trans-
orter; PCR, polymerase chain reaction; kb, kilobase(s); bp, base
air(s); DAPI, diaminophenylindole; G3PDH, glyceraldehyde-3-
hosphate dehydrogenase; BAC, bacterial artificial chromosome;
pc, days postcoitum.



orders influenced by these neurotransmitters includ-
i
s
d
E
l
T
A
o
p
e
t
E
r
a

n
g
a
c
l
R
f
a
n

E

w
(
s
c
s
t
a
t
t
i

d
s
a

h
I
E
l
a
m
1
d
r
w

i
m
f
w
5
p
k

precipitated three times and resuspended in 0.3M sodium acetate.
P
f
g
k
m
i
l
(
p

i
n
p
e
T
G
e
w

p
a
c
f
n
t
A
s
a
d
u

w
E
h
H
0
H
f
a
w
E
B
t
c
i
2
C

d
b
g
b
t
p

m
t
f
t
(
i
u
T
1
G
5

Vol. 277, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ng sleep disturbances, anxiety, epilepsy, pain, depres-
ion, and addiction (8). Previously, our group (9)
emonstrated that acute ethanol treatment inhibits
NT1-mediated adenosine influx, resulting in accumu-

ation of extracellular adenosine in NG108-15 cells.
his causes an initial increase in intracellular cAMP.
fter chronic exposure, there is a subsequent heterol-
gous desensitization of cAMP signal transduction, in
art through a decrease in amount of Gas (10). These
thanol-dependent events do not occur if cells are pre-
reated with an adenosine receptor antagonist or if
NT1 is not present (11). Thus ENT1 is important for

egulation of cAMP signaling by acute and chronic
lcohol exposure in these cells.
Here, we present the first genomic cloning of a mouse

ucleoside transporter. We sequenced about 12 kb of
enomic DNA that encompass the coding region and 59-
nd 39-untranslated regions of ENT1. We identified the
hromosomal localization of mouse ENT1, and ana-
yzed mRNA expression patterns using quantitative
T-PCR and Northern blot analysis. In addition, we

ound that the transcription factors MAZ and Sp-1
ppear to regulate expression of ENT1 in mouse–rat
euroblastoma 3 glioma (NG108-15) cells.

XPERIMENTAL PROCEDURES

Cloning of the mouse ENT1 genomic DNA. The mouse ENT1 gene
as cloned by screening a BAC (bacterial artificial chromosome) library

Genome Systems Inc., St. Louis, MO). A radiolabeled probe containing
equences within mouse ENT1 cDNA was generated by polymerase
hain reaction (PCR) and used to probe a mouse 129-SvJ1 embryonic
tem cell-derived BAC library. The probe was generated by PCR using
he following oligonucleotides, 59-ATGACAACCAGTCACCAGCCTC-39
nd 59-TGCTTTCGCATGATTGATCAG-39. Two positive clones con-
aining 40–70 kb of genomic DNA were obtained. These were subjected
o restriction enzyme mapping, Southern blot analysis, and subcloning
nto pBluescript II SK(1) (Stratagene, La Jolla, CA).

DNA sequencing. The subcloned DNAs were sequenced by the
ideoxy chain termination method using a CEQ 2000 DNA analysis
ystem (Beckman Coulter, Fullerton, CA). The DNA sequences were
nalyzed using MacVector 6.5.3 (Oxford Molecular, Madison, WI).

Chromosome localization of mouse ENT1. Fluorescence in situ
ybridization was performed by Genome Systems (Genome Systems
nc., St. Louis, MO). DNA from a positive BAC clone containing the
NT1 sequence was labeled with digoxigenin dUTP by nick trans-

ation. The labeled probe was combined with sheared mouse DNA
nd hybridized to normal metaphase chromosomes derived from
ouse embryo fibroblasts in a solution containing 50% formamide,

0% dextran sulfate and 23 SSC. Specific hybridization signals were
etected by incubating the hybridized samples on slides with fluo-
esceinated antidigoxigenin antibodies, followed by counterstaining
ith DAPI.

Primer extension analysis. Total RNA from NG108-15 cells was
solated using RNeasy (Qiagen, Valencia, CA). A 35-mer primer was

ade corresponding to a sequence that is about 80 bp downstream
rom the predicted transcription initiation site (http://
ww.fruitfly.org/seq_tools/promoter.html). The primer sequence was
9-GAGCTGGACACAGAGTACGCAATGGAAGCCTCTGC-39. The
rimer was end-labeled with]g-32P] ATP using T4 polynucleotide
inase for 30 min at 37°C. Labeled primers were ethanol-
201
rimer (5 3 104 cpm) was annealed overnight to 45 mg of total RNA
rom NG108-15 cells and 45 mg of yeast tRNA as a control. cDNA was
enerated by incubating RNA with 50 units of monkey murine leu-
emia virus reverse transcriptase (NEB, Beverly, MA) at 42°C for 90
in. The RNA template was digested with RNase A, and the result-

ng products were precipitated. The protected fragments were ana-
yzed by electrophoresis on a 6% acrylamide gel containing 7 M urea
Novex, San Diego, CA) at 1000 V. The DNA sequencing ladder was
repared using the same primer to size the protected fragment.

Quantitative PCR analysis and Northern blot analysis. To exam-
ne the mRNA expression pattern in mouse tissues, we used PCR on
ormalized first-strand cDNA from Clontech (12). We prepared PCR
rimers and performed two-step PCR according to the manufactur-
r’s recommendations. The PCR primers were DS-200: 59-
GGCAATCCTGCTGGTATTCCTTGTCAC-39, and DS-201: 59-
TTTCTGTTGGTGGGTGGAGAGTTGGG-39. The size of the
xpected PCR product was 488 bp. Primers for PCR of G3PDH cDNA
ere used as a control.
Tissue expression of mouse ENT1 mRNA was examined using

reblotted membrane (Clontech, Palo Alto, CA). Each lane contained
pproximately 2 mg of purified poly(A)1 RNA that was adjusted to a
onsistent b-actin signal. The RNA was run on denaturing
ormaldehyde/1% agarose gel and blotted onto a positively charged
ylon membrane. A 32P-labeled Xho1–Pst1 fragment corresponding
o nucleotides 1–711 of mouse ENT1 cDNA (GenBank Accession No.
F257188) was used as a probe. The probe did not contain any
ignificant sequence homology with known sequences by BLAST
nalysis. The hybridization and washing conditions as well as the
eprobing conditions were as described in the manufacturer’s man-
als.

Cell culture and transient transfection assays. NG108-15 cells
ere cultured in defined medium comprised of Dulbecco’s modified
agle medium/Ham’s F-12 medium (3:1); 2 mM glutamine; 0.1 mM
ypoxanthine; 1.0 mM aminopterin; 12 mM thymidine; 25 mM
epes, pH 7.4; trace elements (0.5 nM MnCl2, 0.5 nM [NH4]cMo7O24,
.25 nM SnCl4, 25 nM Na3VO4, 5 nM CdSO4, 0.25 nM NiSO4, 15 nM

2SeO3, 25 nM Na2SiO3); bovine insulin (5 mg/ml); human trans-
errin (50 mg/ml); and oleic acid (10 mg/ml) complexed with fatty
cid-free bovine serum albumin (2 mg/ml). Posttransfection cells
ere cultured in growth medium containing Dulbecco’s modified
agle medium with 10% Serum Plus Medium Supplement (JRH
iosciences), 0.1 mM hypoxanthine, 1.0 mM aminopterin, 12 mM

hymidine, and 2 mM glutamine. SH-SY5Y human neuroblastoma
ells were cultured before and after transfection in Dulbecco’s mod-
fied Eagle medium supplemented with 10% fetal bovine serum and

mM glutamine. Both cells lines were maintained at 37°C in 10%
O2.
Cells were plated for transient transfection on 60-mm dishes at a

ensity of 5–8 3 105 cells/dish. Cells were transfected once they
ecame 70–90% confluent (24–48 h after plating). Superfect (Qia-
en) was used to transfect each dish with 5 mg of plasmid DNA (see
elow) according to the manufacturer’s protocol. Cells were returned
o their respective medium for 24 h after which time they were
repared for luciferase assay.

Reporter gene construction and luciferase assays. Reporter plas-
ids were constructed using the promoterless luciferase reporter vec-

or, pGL3 basic (Promega, Madison, WI). Five different serial deletion
ragments were generated using the Pfu DNA polymerase chain reac-
ion (Stratagene, La Jolla, CA). Each fragment was created with Spe1
59-end) and Xho1 (39-end) restriction enzyme sites and was subcloned
nto the Nhe1 and Xho1 site in the pGL3 basic vector. The PCR primers
sed to isolate the fragments were, 59-GACTAGTCACCCCCA-
TCACCAGCTCTGC-39 (pLuc-2121, 2402 bp fragments from 22121 to
281; the transcription initiation site was numbered as 11), 59-
ACTAGTCCTAGATAAATAGCAGTGCTAC-39 (pLuc-1479, 1761 bp),
9-GACTAGTCCACTCTGGACCCTCACCTAGGACC-39 (pLuc-994,
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276 bp), 59-GACTATCTAGACAACGGGAAGAGGATAG-39 (pLuc-652,
34 bp), 59-GACTAGTCCTCCTCCTCCTCCTCGATTGCTC-39 (pLuc-
12, 394 bp), and the antisense PCR primer containing the Xho1 site
as 59-CCGCTCGAGCGGCTGTCCTGAGGCTGGTGACTGGTTG-39.
ells were transfected with one of the constructed vectors or the pGL3
asic vector. Cell lysis and measurement of luciferase activity was
erformed using the Luciferase Assay System (Promega, Madison, WI).
rotein concentrations were measured by the Bio-Rad protein assay
ased on the method of Bradford (13).

ESULTS

Molecular cloning and genomic structure of mouse
NT1 gene. A BAC library of genomic DNA from
vJ1 embryonic stem cells was screened with a 178-bp

FIG. 1. Genomic structure of mouse ENT1 gene. (A) Numbers of
DNA (GenBank Accession No. AF257188). (B) Schematic representa
ositions of the 12 exons. The white boxes represent noncoding exons
or restriction endonucleases. P, Pst1; H, HindIII; Xa, Xba1; E, EcoR

TAB

Exon–Intron Boundar

Exon
Exon size

(bp)

Ex

Splice

1 280 CTCAGGACAGgt actgg
2 82 CGCAACCAAGgt gagg
3 203 TGCATCAGCGgt gagc
4 140 CTCATCAATTgt aatcg
5 135 GCCATTGCCAgt gagtc
6 98 GCCTCGGACGgt gagc
7 79 ATAAATAAAGgt cttaa
8 98 ACTTAAGAGTgt acgtg
9 109 AGTCCCTGGAgt atgtg

10 86 CTGCATGTGGgt gagta
11 212 TCGGGCCCAAgt gagtc
12 566
202
robe corresponding to the N-terminal portion of
ouse ENT1 cDNA. BLAST analysis showed that this

robe has no significant homology with known se-
uences. We isolated BAC plasmids from two positive
AC clones. The restriction enzyme digestion pattern
ith BamH1, EcoR1, HindIII, Not1, Pst1, Xba1, and
ho1 showed that the two positive clones were identi-
al by Southern blot analysis. We detected positive
ands with a 1.1-kb probe corresponding to most of the
NT1 cDNA. We subcloned 6 different BAC fragments

nto pBluescript II SK(1) and sequenced about 12 kb of
enomic DNA including the entire coding region and
9-flanking region (Fig. 1, GenBank Accession No.

cleotide base pairs in each exon in the open reading frame of mouse
of the genomic structure of the mouse ENT1 gene showing relative

d the black boxes represent translated regions. (C) Recognition sites
Xo, Xho1; B, BamH1.

1

f Mouse ENT1 Gene

Intron boundary
Intron size

(bp)or-----Splice acceptor

-----tcctacgc ag GTATAAGGCA 1836
-----aaccccac ag TATTTCACAA 131
-----cttctcct ag GATCTCTCAA 103
-----actccccc ag CATTTGGTGC 132
-----tctgcgcc ag GTGGTTCTGA 108
t-----tgctgaac ag GAATTCTATC 134
----cacccgac ag GAGAGGAGCC 609
-----ctctctcc ag ATCTGTGTCC 614

----tctttcct ag AAAGCTACTT 247
-----gtgtccgc ag CCTGGCCAGG 919
-----ttcctttt ag GAAAGTCAAA 310
nu
tion
, an
1;
y o

on–

don

gtg
ttgg
ctcc
gga
caa
aaa
tta-
ggc
tgt-
cag
ggg
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F218255). Exon–intron boundaries were determined
y identifying the differences between the genomic se-
uence and the cDNA sequence of mouse ENT1 (Gen-

FIG. 2. Putative promoter elements in the 59-untranslated region
o. AF218255) is numbered from the initiation of transcription as 1

he first exon is indicated in boldface. Dashed arrow indicates prim
nitiation site. Putative regulatory elements are underlined.
203
ank Accession No. AF257188). There were 12 exons
nd 11 introns within 9.7 kb of the mouse genomic
NA (Fig. 1 and Table 1).

he mouse ENT1 gene. The nucleotide sequence (GenBank Accession
he translation initiation site and translated nucleotide sequence in

used in primer extension experiments to identify the transcription
of t
1. T
er
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Sequence analysis of the 59-flanking region of the
ouse ENT1 gene. About 2.5 kb of the 59-flanking

equence was analyzed using the “signal scan” web
rogram (http://bimas.dcrt.nih.gov/molbio/signal/). We
dentified several known transcription factor-binding
ites including GATA-1, IRF-2, Pit-1, GR, CREM, myo-
enin, MAZ, Sp-1 and AP-2 (Fig. 2). Interestingly,
here were three MAZ consensus sequences (GG-
AGGG) and four Sp-1 consensus sequences in the
romoter region proximal to the translation initiation
ite (Fig. 2). The 59-flanking sequence of the ENT1 gene
ad a TATA box 58 bp upstream from the transcription

nitiation site (Figs. 2 and 3). Primer extension analy-
is using a complementary nucleotide probe corre-
ponding to 183 to 1118 (underlined with arrow, Fig.
) was performed to identify the transcription initia-
ion site of the mouse ENT1 gene. A single site was

FIG. 3. Identification of transcription initiation site by primer ext
as hybridized to 30 mg of total RNA from NG108-15 cells and contro
el together with a sequencing ladder for size marker. Arrow and as
ene. (B) The transcription initiation site is located 58 bp downst
ranslation initiation site.
204
dentified at the adenine nucleotide (A), 252 nucleo-
ides upstream of the translation initiation site (Fig. 3).
his transcription initiation site matched the one pre-
icted by software-assisted promoter analysis (http://
ww.fruitfly.org/seq_tools/promoter.html).

Mouse ENT1 gene is localized to mouse chromosome
7C. We determined the chromosomal location of the
ouse ENT1 gene by in situ hybridization with the
NT1 BAC clone. Hybridization signals were observed
n chromosome 17C (Fig. 4). This experiment resulted in
he specific labeling of the middle portion of chromosome
7. Measurements of 10 specifically hybridized chromo-
omes demonstrated that ENT1 is located at a position
hich is 44% of the distance from the heterochromatic–

uchromatic boundary to the telomere of chromosome 17,
n area that corresponds to band 17C.

ion experiment. (A) [g-32P]ATP-labeled 35-mer oligonucleotide probe
ast tRNA. The sample was size-fractionated on a 6% polyacrylamide
sk indicate the site of initiation of transcription of the mouse ENT1
m of the TATA consensus sequence and 252 bp upstream of the
ens
l ye
teri
rea



Q
E
l
e
k
e
p
1

s

e
s
t

e
g
E
N
r
N
M
h
c
l
r

c
l
i
c
a
I
o
o
u
1
m
A

p
w
(

m
p
p
w
p

Vol. 277, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Expression pattern of mouse ENT1 in various tissues.
uantitative RT-PCR analysis demonstrated that
NT1 mRNA was highly expressed in heart, spleen,

ung, liver, and testis in adult mice. Lower levels of
xpression were detected in adult brain, muscle, and
idney. Interestingly, ENT1 mRNA showed biphasic
xpression during embryonic development being
resent at 7 dpc and again during late development at
5-17 dpc (Fig. 5).
Northern blot analysis from various mouse tissues

howed 2.6 kb ENT1 mRNA in all tissues except skel-

FIG. 4. Fluorescence in situ hybridization mapping with a BAC
lone of the ENT1 gene at chromosome 17C. The digoxigenin dUTP-
abeled BAC-ENT1 clone was used for fluorescence in situ hybrid-
zation of metaphase chromosomes derived from mouse embryo. Spe-
ific hybridization signals were detected by fluoresceinated
ntidigoxigenin antibodies followed by counterstaining with DAPI.
nitial experiments resulted in specific labeling of the middle portion
f a small sized chromosome that was believed to be chromosome 17
n the basis of DAPI staining. A second experiment was conducted
sing a probe that is specific for the telomeric region of chromosome
7, which was cohybridized with ENT1 BAC clone. A total of 80
etaphase cells were analyzed with 78 exhibiting specific labeling.
rrows indicate position of ENT1 gene in chromosome 17.

FIG. 5. Tissue expression patterns of mouse ENT1 mRNA in norm
urchased from Clontech were used as templates for PCR. (A) Patte
ith primers DS 200 and DS 201 as described under Experimental

glyceraldehyde-3-phosphate dehydrogenase) mRNA used as control
205
tal muscle, with highest levels in liver, heart, testis,
pleen, lung, kidney, and brain (Fig. 6). This is similar
o the results from RT-PCR (Fig. 5).

Promoter activity of the mouse ENT1 gene. We gen-
rated a series of deletion ENT1 promoter/luciferase
ene reporter constructs from the 59-flanking region of
NT1 (Fig. 7). We used these constructs to transfect
G108-15 and SH-SY5Y cells to characterize putative

egulatory elements of the mouse ENT1 promoter. In
G108-15 cells, construct pLuc-652 which contains
AZ, Sp-1, AP-2, PEA3 and GR elements produced the

ighest level of luciferase activity (about a 27-fold in-
rease relative to the pGL3 basic vector), whereas de-
etion of sites between 2652 and 2112 in pLuc-112
educed this activity. This suggests the two MAZ, two

mouse tissues. cDNAs prepared from various normal mouse tissues
of mouse ENT1 mRNA abundance using 25 cycles of two-step PCR
cedures. The actual size is 488 bp. (B) Housekeeping gene, G3PDH

FIG. 6. Northern blot analysis of ENT1 expression in various
ouse tissues. A premade mouse multitissue Northern blot was

urchased from Clontech. Each lane contains approximately 2 mg of
urified poly(A)1 RNA. (A) The mRNA expression results obtained
ith the ENT1-specific probe. (B) Control: the same blot was re-
robed with b-actin cDNA to check the integrity of the RNA.
al
rn
Pro
.
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p-1 and GR sites between 2652 and 2112 are impor-
ant positive regulators of promoter activity in
G108-15 cells. Luciferase activity in SH-SY5Y cells
as generally lower than in NG108-15 cells. However,

he same construct, pLuc-652, produced relatively high
evels of luciferase activity (about a 5-fold increase
elative to the pGL3 basic vector) in SH-SY5Y cells, but
urther deletion did not diminish luciferase activity.
his suggests that the most proximal MAZ and Sp-1
ites are more important in these cells.

ISCUSSION

In this study, we present the first description of a
omplete genomic sequence for a member of the mam-
alian nucleoside transporter family. We cloned ENT1

FIG. 7. Expression analysis of the 59-flanking region of the mouse
n NG108-15 cells and SH-SY5Y cells. Structures of the ENT1 prom
elative luciferase activities in NG108-15 cells and SH-SY5Y cells (B
nd divided by pGL3 basic vector luciferase levels. Results are means
, pLuc-2121; 2, pLuc-1479; 3, pLuc-994; 4, pLuc-652; 5, pLuc-112.
206
nd sequenced 11873 bp of mouse ENT1 genomic DNA,
nding that ENT1 contains 12 exons and 11 introns.
ll exon–intron boundaries begin with GT at the 59-
nd and terminate with AG at the 39-end, conforming
o the GT-AG rule (14). BLAST analysis showed that
here was no significant sequence homology with other
nown genes, including transporter genes, in the 59-
nd 39-untranslated regions and intronic regions. We
lso found that the mouse ENT1 gene is located on
hromosome 17C. Human ENT1 is located at 6p21.1-
1.3 (15). The receptor tyrosine kinase gene, Ptk-3, also
aps to human chromosome 6p21.3 and mouse chromo-

ome 17C (16), demonstrating, together with our find-
ngs, that these regions are syntenic. In humans, a gene
esponsible for juvenile myoclonic epilepsy (JME) maps
o 6p21.2-p11 (17). JME is a heritable epileptic syndrome

T1 gene. 59-deletion analysis of the promoter region was performed
r–luciferase (Luc) reporter deletion series (A) are shown, and their
re shown, respectively. Each value was normalized for total protein
E values for at least three independent experiments. B, pGL3 basic;
EN
ote
) a
6 S
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o genes that might affect neuronal excitability, such as
enes encoding ion channels, neurotransmitters, or neu-
otransmitter receptors, have been identified in this por-
ion of human chromosome 6 (18). Adenosine receptor
ntagonists, such as theophylline, can cause seizures in
ice and humans (19). In addition, adenosine can sup-

ress seizures in rodents (20). Therefore, defective regu-
ation of adenosine transport might be epileptogenic if it
eads to decreased levels of extracellular adenosine.

The rank order of mouse ENT1 mRNA abundance in
ouse tissues is liver @ heart . testis @ lung $

pleen $ kidney @ brain . skeletal muscle (Figs. 5 and
). The highest level of ENT1 expression in liver sug-
ests that the ENT1 transporter plays a role in the
e-uptake process in metabolically active liver cells.
ecently, it has been demonstrated that ENT1 mRNA

s expressed widely in rat brain including pyramidal
eurons of the hippocampus, granular neurons of the
entate gyrus, cerebellar granule cells, Purkinje cells,
arietal cortex neurons, and dorsolateral striatum
21). In contrast, human ENT-2 is expressed very
ighly in skeletal muscle and much less in kidney,
eart, spleen, liver, brain, and testis (4). The abundant
xpression of ENT2 in skeletal muscle suggests it may
lay a major role in transporting adenosine and its
etabolites, such as inosine and hypoxanthine, across
uscle cell plasma membrane during strenuous exer-

ise and during exercise recovery (4). This idea is sup-
orted by evidence that ENT2 has especially high affinity
or inosine and hypoxanthine (22). These differences in
xpression suggest that the subtypes of the ENT family,
NT1 and ENT2, have distinct functions.
A single transcription initiation site for ENT1 was

dentified 252 bp from the translation initiation site
Figs. 2 and 3). Several putative transcription factor
onsensus sequences were identified including Sp-1,
it-1, IRF-2, myogenin, CREB, GATA-1, AP-2 and
AZ (Fig. 2). GATA-1, a zinc finger transcription fac-

or essential for erythroid differentiation (23), was
ound six times within the 2-kb 59-flanking region (Fig.
). Interestingly, human ENT1 protein has been puri-
ed from erythrocytes, suggesting that these GATA-1
ites may be important for regulation of ENT1 expres-
ion in erythroid cells (24). Our promoter analysis us-
ng luciferase constructs showed that the 2652 bp to
112 bp region contains positive cis-regulatory ele-
ents (Fig. 7). This region contains two MAZ and two
p-1 binding sites (Fig. 2). MAZ, a Myc-associated zinc
rotein has been identified as a transcription factor
hat binds to a GA box (GGGAGGG) (25, 26). Recently,
e cloned mouse ENT1 and ENT2 cDNAs, and found a

plice variant that lacks a putative casein kinase II
CKII) phosphorylation site.3 Tsutsui et al. (27) dem-

3 Handa, M., Choi, D.-S., Caldeiro, R. M., Messing, R. O., Diamond,
., and Gordon, A. S., submitted.
207
hosphorylation increases MAZ activity. This suggests
hat casein kinase II may not only regulate ENT1
unction but may also stimulate ENT1 expression
hrough MAZ activation. Furthermore, expression of
AZ is increased during the terminal phase of chronic
yelogenous leukemia (28). Therefore, we postulate

hat salvage of extracellular nucleosides through
NT1 may be important in rapidly growing cells. Fur-

her work will be required to define the role of MAZ and
p-1 in regulation of ENT1 expression.
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