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Combining a computer-based screening strategy and functional
genomics, we previously identified MRP9 (ABCC12), a member of
the ATP-binding cassette (ABC) superfamily. We now show that the
gene has two major transcripts of 4.5 and 1.3 kb. In breast cancer,
normal breast, and testis, the MRP9 gene transcript is 4.5 kb in size
and encodes a 100-kDa protein. The protein is predicted to have 8
instead of 12 membrane-spanning regions. When compared with
closely related ABC family members, it lacks transmembrane do-
mains 3, 4, 11, and 12 and the second nucleotide-binding domain.
In other tissues including brain, skeletal muscle, and ovary, the
transcript size is 1.3 kb. This smaller transcript encodes a nucleo-
tide-binding protein of ~25 kDa in size. An in situ hybridization
study shows that the 4.5-kb transcript is expressed in the epithelial
cells of breast cancer. An antipeptide antibody designed to react
with the amino terminus of the protein detects a 100-kDa protein
in testis and the membrane fraction of a breast cancer cell line.
Because the 4.5-kb RNA is highly expressed in breast cancer and not
expressed at detectable levels in essential normal tissues, MRP9
could be a useful target for the immunotherapy of breast cancer.
Because of the unusual topology of the two variants of MRP9, we
speculate that they may have a different function from other
family members.

ompletion of the human genome project and advances in

bioinformatics have enabled researchers to identify and
analyze new genes that could be used as targets for cancer
therapy or could be involved in the multistep process of cancer.
Many different methods now are used to identify tissue- or
cancer-specific genes. Over the past several years our laboratory
has identified genes expressed in prostate cancer and normal
prostate by using the expressed sequence tag (EST) database (1,
2). In this approach a computer-based screening strategy is used
to generate clusters of ESTs that are expressed specifically in
normal prostate and/or prostate cancer but not in essential
normal tissues (3). Several new prostate-specific genes have been
identified by this approach (4-8). With the publication of the
draft sequence of the human genome we have been able, in most
cases, to identify the gene encoding each EST cluster and
determine whether the protein has the characteristics of a
membrane protein. Our laboratory is focused on the develop-
ment of immunotoxin for the therapy of cancer (9). For this
therapy and other antibody-based therapies to be effective, it is
essential that the target antigen be a membrane-associated
protein located on the cell surface. Using this approach, we
recently reported the identification of MRP§8 (ABCCl11), a
member of the ATP-binding cassette (ABC) transporter super-
family, which is highly expressed in breast cancer (10) and of
MRP9 (ABCCI12). In this report, we have analyzed the RNA
transcripts and protein produced by MRP9. The MRP9 gene is
unusual because it encodes two transcripts of different sizes. The
larger 4.5-kb RNA is found in breast cancer, normal breast, and
testis and encodes an MRP-like protein that lacks transmem-
brane domains 3, 4, 11, and 12 and the second nucleotide-binding
domain. The smaller 1.3-kb RNA is detected in brain, skeletal
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muscle, and ovary and seems to encode the second nucleotide-
binding domain.

Materials and Methods

EST Database Mining and Computer Analysis. The methods used for
database analysis of ESTs and the alignment of the individual
EST with the genomic sequence was described earlier (3, 10).

RNA Dot Blots and Northern Blot Hybridization. RNA hybridization
was performed on multiple-tissue Northern blots (CLON-
TECH) and a human multiple-tissue expression array (CLON-
TECH, catalog no. 7775-1) containing mRNA from 76 human
tissues in separate dots as described earlier (10). The 400-bp
PCR fragment generated by primers T385 and T386 was used as
a 3'-specific probe. The 600-bp (nucleotides 1-600) DNA frag-
ment was used as a 5'-specific probe. The sequences of the
primers used in this study are listed in Table 1.

Reverse Transcription (RT)-PCR Analysis on a Gene-Expression Panel.
A rapid-scan gene-expression panel containing PCR-ready first-
strand cDNA from 24 different tissues (OriGene, Rockville,
MD, catalog no. HSCA-101) was used as a template for PCR
with a primer pair (T385 and T386) that should give a 400-bp
fragment. For expression analysis of MRPS§ in normal breast and
breast cancer, we used a human breast cancer rapid-scan panel
(OriGene catalog no. TSCE-101) that contains PCR-ready
first-strand cDNA from 12 normal and 12 breast cancer tissues.
PCR composition and conditions used were according to the
supplier’s instructions.

Cloning of the Full-Length ¢DNA. Rapid amplification of cDNA
ends (RACE) was performed on Marathon Ready brain and
testis cDNA (CLONTECH). Gene-specific primers T385 and
T386 were used for the 3" and 5’ RACE, respectively. The PCR
product was gel-purified and cloned into the pCR2.1 TOPO
vector (Invitrogen). The longest clones were identified by re-
striction digestion and sequenced by using a rhodamine termi-
nator sequencing kit (Perkin—-Elmer Applied Systems, War-
rington, U.K.).

Antibody Production and Purification of 1gG from Antisera. A peptide
of 14 aa (amino acids 15-28) was synthesized, conjugated with
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Table 1. Sequences of primers used in this study

Primer name Primer sequence

T385 GCA TTC TCA GCT TGG AAG ACC TCA
T386 CTT CTC TGC AAG GAC TTC AGG CTT
T396 AGC ACC AGC TCA TCC AGA CTG AAT
T399 TGA GIG CAT TCA GGA ACA CAG GIC
T412 CCA CAG AGG AGT CCA GGA GCT CAA
T413 TGG CAA GAA GGA GAG CTG CAT CAC
T414 TGT GCC CTT GIT GGTI GAC CCT GAG
T415 GAC GCA AGC CAA ATT CAC CTC cGT
T418 GGA GAG CTG CAT CAC CTA TCA CCT
T419 GGA GAG CTG CAT CAC CTA GIT TAA

keyhole limpet hemocyanin, and injected into rabbits with
complete Freund’ s adjuvant for the first immunization and
incomplete Freund’s adjuvant for subsequent immunizations.
Sera were collected after the fourth and fifth immunizations and
analyzed by ELISA against the synthesized peptide. Total IgG
was purified with immobilized protein A (Pierce) following the
supplier’s instructions.

Western Blot Analysis. Approximately 40 ug of protein extract
from different tissues (Protein Medley, CLONTECH) or the
100,000 X g pellet of a homogenate of the CRL1500 breast
cancer cell line were separated on a 10% Tris-glycine gel
(Bio-Rad) and transferred to a 0.2-um Immun-Blot polyvinyli-
dene difluoride membrane (Bio-Rad) in transfer buffer [25 mM
Tris/192 mM glycine/0% (vol/vol) methanol, pH 8.3] at 4°C for
2hat50 V. Filters were probed with 10 ug/ml protein A-purified
anti-MRP9 antiserum or preimmune serum, and their respective
signals were detected by using a chemiluminescence Western
blotting kit according to instructions from Roche Molecular
Biochemicals as described (11).

In Situ Hybridization. Pretreatment of the tissue sections for in situ
hybridization was performed as described (8). Biotinylated
cDNA probes were prepared by using a 600-bp fragment from
the 5" end of MRP9 and full-length U6 (a small nuclear RNA
known to be expressed in almost all cells) cloned in pBluescript
II SK(+) plasmid. Biotinylated pBluescript II SK(+) with a
CD22 insert was used as a negative control. Probe labeling,
hybridization, and washing conditions were similar to those
described previously (8). Microscopic evaluation (bright-field)
was performed by using a Nikon Eclipse 800 microscope (12).

In Vitro Transcription-Coupled Translation. The in vitro translation
of the 4.5-kb variant of MRP9 cDNA from testis was examined
in an in vitro transcription-coupled translation system (TNT,
Promega). [*>S]Met (ICN) was incorporated in the reaction for
visualization of translated products. The reaction mixture was
analyzed under reducing conditions on a polyacrylamide gel
(7.5% Tris/glycine, Bio-Rad) together with a prestained marker
(Bio-Rad) and autoradiographed.

Results

Identification of MRP9 (ABCC12). We recently reported (8) that
MRPS, a member of the ABC transporter superfamily, is located
in a genomic region of over 80.4 kb on chromosome 16q12.1.
Using the GENESCAN gene prediction program (13) we identified
an adjacent gene with homology to MRP8 and named it MRP9
(10). When the predicted cDNA of MRP9 was analyzed to
identify SAGE tags by using the SAGE map database (wWww.ncbi.
nlm.nih.gov/SAGE/), the sequence matches up with five tags;
four are from breast cancer, and one is from pancreatic cancer,
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indicating that MRP9 may be expressed commonly in breast
cancer (data not shown).

Experimental Analysis of MRP9 Transcripts. To determine the tissue
specificity of MRP9 expression, we performed a multitissue dot
blot analysis by using a PCR-generated DNA fragment from
the 3’ end of the predicted MRP9 gene (Fig. 1B). PCR primers
T385 and T386 were designed from the predicted cDNA
sequence, and a PCR product of the expected size was
amplified, cloned, and sequenced from testis cDNA. The DNA
fragment was labeled with 3P by random priming and used for
dot blot hybridization. As shown in Fig. 24, among the 76
different samples of normal and fetal tissues examined MRP9 is
detected in different parts of the brain (1A-1G, A2, D2, F2, and
B3), testis (F8), and pancreas (B9).

To confirm the dot blot result we used a more sensitive
PCR-based analysis to validate tissue-specific expression of
MRP9. In this analysis we used a panel of cDNAs isolated from
24 different normal tissues and performed PCRs with a primer
pair (T385 and T386) located at the 3" end of the MRP9 (Fig. 1).
(The same primer pair was used to generate a probe for the dot
blot analysis designed from the 3’-DNA sequence of MRP9.) As
shown in Fig. 2C, a specific band of 400 bp is detected in normal
brain (lane 1), testis (lane 11), ovary (lane 17), and skeletal
muscle (lane 9). There also is a weak but detectable signal in
pancreas (lane 16).

Analysis of MRP9 Transcript in Different Tissues. To determine the
transcript size of the MRP9 mRNA, we performed an analysis of
a Northern blot containing mRNAs from different tissues. The
PCR-generated probe from the 3’ end of MRP9 (Fig. 1B) was
used for this analysis. As shown in Fig. 34, a specific band of 4.5
kb in size is detected in testis. In contrast, a small band ~1.3 kb
in size was detected in brain and ovary (Fig. 3 4 and B),
suggesting that different variants of the MRP9 transcript are
expressed in different tissues.

Full-Length ¢cDNA Cloning of MRP9. To isolate the 4.5-kb cDNA for
MRP9 we used conventional cDNA library screening as well as
the 5" and 3’ RACE-PCR method and isolated a clone of 4.5 kb
in size from testis cDNA. The MRP9 gene has 26 exons. Analysis
of the complete nucleotide sequence of the cDNA reveals that
it has an ORF of 930 aa and is made up of 20 exons. It lacks
membrane-spanning regions 3, 4, 11, and 12 and the second
nucleotide-binding domain normally present in a typical ABC
C-type transporter (Fig. 1C).

A recent report by Tammur et al. (14) concluded that the
MRP9 gene is transcribed as a 5-kb transcript that encodes a
1,359-aa OREF that is expressed in testis, prostate, and ovary. As
shown in Fig. 14, the MRP9 gene described by Tammur ef al. has
29 exons (GenBank accession no. AY040220). However, the
cDNA we isolated from testis has an ORF of only 930 aa. The
major differences between the Tammur et al. sequence and our
cDNA sequence are we do not detect exons 5, 16, and 26, and
also we do detect an extra 30-bp sequence at the 5’ end of exon
22 (Fig. 1B). As a result, a stop codon TAG is present in our
cDNA sequence, producing an ORF encoding a protein con-
taining 930 aa. To verify this observation we PCR-cloned this
region of the cDNA (Fig. 1B) by using the primer pair T396 and
T399 from testis and normal breast cDNA and sequenced nine
clones. Every clone contained the 30-bp extra sequence at the 5’
end of exon 22. To determine whether the variant, which does
not contain the extra 30-bp sequence, can be detected in various
tissues, we used a sensitive PCR-based analysis. We designed 5’
primers specific for each variant (T419 for the variant that
contains the 30-bp extra sequence and T418 for the possible
variant that does not contain the extra 30 bp; Fig. 1D). We used
the same 3’ primer T399 for PCR amplification by using
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Fig. 1. Schematic of the MRP9 cDNA and its variants. (A) Schematics of MRP9 cDNA as described by Tammur et al. (14) (B) Variants of MRP9 transcript and

predicted ORFs. The 4.5-kb transcript has 26 exons, and the ORF starts at exon 1 and ends at exon 21. The 1.8-kb transcript has seven exons and has the ORF of
233 aa. The name and location of the PCR primers used are shown by arrows, and the location of the probes is shown by black rectangles. (C) Schematics showing
the probable topology of the MRP9-translated protein. Eight possible membrane-spanning regions are numbered, and the number of amino acids exposed to
the outside of the cells is mentioned. (D) Design and sequence of the PCR primer used in Fig. 4.

PCR-ready cDNAs from testis and breast. As shown in Fig. 44
(lanes 2 and 4), a specific 300-bp PCR product is detected only
when primers T419 and T399 were used. No detectable PCR
product was observed when primers T418 and T399 were used.
This result shows that in both testis and breast the expressed
MRP?9 transcript contains the extra 30-bp sequence at the 5’ end
of the exon 22. Because the cDNAs used in this experiment are
generated from pooled tissues from more than nine individuals,
the presence of the extra 30-bp sequence represents a common
splicing event and is not a rare event. In addition, there is
deletion of 58, and 24 aa at positions 218 (exon 5) and 679 (exon
16), respectively, as compared with the Tammur et al. sequence
(Fig. 14). The 58-aa deletion at position 218 causes deletion of
the third and fourth membrane-spanning regions normally
present in a typical ABCC family transporter.

Analysis of the MRP9 Transcript in Brain. The dot blot and rapid-scan
PCR analysis shown in Fig. 2 indicates that MRP9 is highly
expressed in brain. The northern analysis in Fig. 34 shows that
the transcript size of MRP9 in brain is ~1.3 kb, which is much
smaller than the RNA detected in testis and breast cancer. To
analyze the 1.3-kb transcript in brain, we used RACE-PCR with
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the T385 primer for 3' RACE and the T386 primer for 5' RACE
(Fig. 1B). Marathon-Ready cDNA from brain was used as a
template. The 5'-RACE reaction gave a DNA fragment of 850
bp, and the product from the 3" RACE was ~1.1 kb in size. Both
the 5'- and 3'-RACE products were subsequently cloned in a TA
cloning vector and sequenced. Results from the 3'-RACE
analysis indicate that the sequence of the 3’ end of the 1.3-kb
transcript in brain is exactly the same as the 3’ end of the 4.5-kb
clone that we isolated from testis. All clones from brain gener-
ated by 5" RACE started within exon 23, which indicates that the
1.3-kb transcript originates within exon 23. In addition, nine
independent clones generated from brain RNA contain 79-bp
exon 26 (Fig. 1B). The cDNA, which contains exon 26, has an
OREF of 234 aa and encodes a nucleotide-binding domain that is
missing in the protein encoded by the 4.5-kb variant of MRP9. To
confirm the RACE-PCR analysis and rule out the possibility that
we did not detect the 5’ end of the brain-specific transcript
because of a limitation of the RACE reaction on a GC-rich
template, we performed a PCR analysis on brain and testis
cDNA by using several 5’ primers (T412, T413, T414, and T415,
Fig. 44) and T386 as 3’ primer (Fig. 1B). As shown in Fig. 4B,
the expected sized PCR product was obtained with all four 5’

PNAS | May 14,2002 | vol.99 | no.10 | 6999

MEDICAL SCIENCES



A B
1 23 4567891011 A11_34567391°11

Afa[.]] Phals

Bl. . . B

Cla c

D, D

E E

F|. . F s
G G

H H|

C D

1234 567 8 910 1112 M1 23 4567 8910 1112Br

1314 1516171819202122 2324 M 1314151617 18 19 20 21 22 23 24 Be

Fig.2. Tissue distribution of MRP9 mRNA expression. (A) RNA hybridization
of a multiple-tissue dot blot containing mRNA from 50 normal human cell
types or tissues using a cDNA probe from the 3’ end of the MRP9 transcript.
Signal is detected in testis (F8), pancreas (B9), and different parts of brain (A1,
whole brain; B1, cerebral cortex; C1, frontal lobe; D1 parietal lobe; E1 occipital
lobe; F1, temporal lobe; G1, paracentral gyrus cerebral cortex; A2, left cere-
bellum; B2, right cerebellum; D2 amygdala; and F2, hippocampus). There is a
weak signal observed in the liver (A9), prostate (E8), and placenta (B8). (B) RNA
hybridization of the same blot used in A with a 5’-specific probe. Specificsignal
is detected only in testis (F8). (C) PCR using 3’-specific primers on cDNA from
24 different human tissues (rapid-scan panel, OriGene); the expected size of
the MRP9 PCR product is 400 bp. Lanes: 1, brain; 2, heart; 3, kidney; 4, spleen;
5, liver; 6, colon; 7, lung; 8, small intestine; 9, muscle; 10, stomach; 11, testis; 12,
placenta; 13, salivary gland; 14, thyroid gland; 15, adrenal gland; 16, pancreas;
17, ovary; 18, uterus; 19, prostate; 20, skin; 21, peripheral blood leukocytes; 22,
bone marrow; 23, fetal brain; and 24, fetal liver. (D) PCR using 5’-specific
primer pair on cDNA from 24 different human tissues. The expected size of the
MRP9 PCR product is 400 bp (shown by an arrow). The PCR product is detected
in testis (lane 11), normal breast (lane Br), and breast cancer cell lines (lane Bc).

primers with testis cDNA, whereas with brain cDNA, only the
T415 primer (which is within exon 23) gave a PCR product of 800
bp in size. Consistent with our RACE-PCR analysis, the major
PCR product for brain cDNA with the T415 and T386 primer
pair contains 79-bp exon 26. There is a very weak band of ~700
bp in size, which probably accounts for the transcript without
exon 26 (Fig. 4B, lane 4).

Long Transcript of MRP9 Is Expressed Specifically in Testis and Breast.

To determine whether the long form of MRP9 is expressed
specifically in certain tissues, we performed a multitissue dot blot

kb SThPrTeOvInCPb HBnPILuLiSmKPn SThPrTeOvInCPb Cl

9.5- ES
44- . -
24- i -
135
0.24-
A. B. C. D.
Fig. 3. Northern blot analysis showing expression and transcript sizes of

MRP9 in different normal tissues. Radiolabeled DNA probes from the 3’ (for A
and B) and 5’ (C and D) ends of the MRP9 cDNA used for hybridization. S,
spleen; Th, thymus; Pr, prostate; Te, testis; Ov, ovary; In, small intestine; C,
colon; Pb, peripheral blood leukocyte; H, heart; Bn, brain; Pl, placenta; Lu,
lung; Li, liver; Sm, skeletal muscle; K, kidney; Pn, pancreas; and Cl, CRL1500.
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Fig. 4. PCR analysis of the MRP9 variant in different tissues. (A) RT-PCR
analysis of testis and breast RNA using either the T416/T399 or T417/T399
primer pair. Lanes 1 (T417/T399) and 2 (T416/T399), breast; lanes 3 (T417/
T399) and 4 (T416/T399), testis. Lane 5 is negative control. MW, molecular
weight standard. (B) RT-PCR analysis of brain and testis RNA with T412, T413,
T414, and T415 as the 5’ primer and T386 as the 3’ primer. Lanes 1-4 are for
primers T412, T413, T414, and T415, respectively, for brain; lanes 5-8 are for
primers T412, T413, T414, and T415, respectively, for testis.

and rapid-scan analysis with a 5'-specific probe and a 5'-specific
primer pair, respectively. As shown in Fig. 2B, among the 76
different samples of normal and fetal tissues tested in the dot
blot, MRP9 was detected only in testis. In the rapid-scan analysis
shown in Fig. 2D, a specific band of 400 bp is detected in testis
(lane 11), normal breast (lane Br), and breast cancer cDNA
prepared from a pool of four breast cancer cell lines (lane Bc)
but not in 23 other tissues tested including heart, brain, and lung.
Subsequent analysis with breast cancer cell line RNA showed
expression of MRP9 in CRL1500 cells but not in three other
breast cancer cell lines examined. When the 5’-specific probe was
used in the multitissue Northern blot, a band of 4.5 kb in size was
detected in testis and the breast cancer cell line CRL1500 (Fig.
3C). There is also a 2.4-kb band in testis, which could be a splice
variant of the gene. No band was detected in any other tissues
tested, which include ovary and brain (data not shown).

Expression of MRP9 in Breast Cancer. To investigate whether MRP9
is expressed in different samples of normal breast and primary
breast cancers, an RT-PCR analysis was carried out by using a
human breast cancer rapid-scan panel, which contains cDNAs
from 12 different normal breast and breast cancer specimens. As
shown in Fig. 5, using the PCR primer T385 and T386, the
expected 400-bp PCR product was detected in 9 of 12 breast
cancer samples. The signal was not detected in normal breast,
although it was detected in one sample of normal breast RNA
obtained from CLONTECH (Fig. 5).

MRP9 mRNA Is Expressed in the Epithelial Cells of Breast Cancer. To
determine whether the longer 4.5-kb variant of MRP9 mRNA is
expressed in epithelial cells of a breast cancer specimen from
patients, we used in situ hybridization with a biotin-labeled
5'-specific MRP9 cDNA (nucleotides 1-604). MRP9 mRNA is
expressed only in the epithelial cells (Fig. 6). A representative
example of a strong signal over the breast cancer cells demon-
strates no detectable signal in cells of the stromal compartment
of the tissue.

12 3 4 5 6 7 8

9 10 11 12 M bp

Fig.5. Rapid-scan PCR analysis using a 3'-specific primer pair on cDNAs from
12 different breast cancer specimens (lanes 1-12). M, molecular weight
marker.

Bera et al.



MRP9-5'

Fig. 6.

In situ localization of MRP9 mRNA. Shown are breast cancer tissue
sectionsstained with CD22 and U6 probe used as a negative control (CD22) and
positive control (U6), respectively. A serial section of the same cancer tissue
stained with a 5’-specific MRP9 probe (MRP9-5') also is shown. Note the strong
signal in the tumor cells.

In Vitro Transcription and Translation of the MRP9 cDNA. The MRP9
cDNA has a predicted ORF of 930 aa with a calculated molec-
ular mass of 95 kDa. To determine the size of the protein
encoded by the MRP9 cDNA, in vitro transcription and trans-
lation was performed by using the rabbit reticulocyte lysate
system. SDS/PAGE analysis and fluorography of the translated
product showed a doublet of ~100 kDa in size (Fig. 74), perhaps
because of a different amount of glycosylation. The size of the
protein products agrees with the predicted ORF of the cDNA.

The MRP9 Transcript Encodes a 100-kDa Membrane Protein. To
identify the protein expressed by the MRP9 gene, we developed
polyclonal antibodies in rabbits against a synthetic peptide
(amino acids 15-28) of MRP9. By using a purified IgG fraction
of the antisera, a doublet band at a molecular mass of ~100 kDa,
was detected in testis but not in brain, heart, liver, kidney, or
prostate samples (Fig. 7B). A similar band was detected in the
total membrane fraction prepared from the CRL1500 breast
cancer cell line (Fig. 7C, lane Me). We did not detect any specific
bands with IgG prepared from the preimmune serum (data not
shown).

kDa 1 2 3 4 kDa Te P K Li H Bn kDa Me Cy
[ ]
185- 185
119 185—
118- 85 119__
85. - e 85
62- ' 51 62 —
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s1- » =
38- 26
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A B C
Fig. 7.  Analysis of the protein product encoded by the 4.5-kb variant of

MRP9. (A) Analysis of the in vitro translated products of MRP9 cDNA. The
4.5-kb variant of MRP9 cDNA was transcribed in vitro with T7 RNA polymerase
and couple-translated with rabbit reticulocyte lysate in the presence of
[3%SImethionine. The translated products were analyzed by SDS/PAGE and
fluorography. Lane 1, luciferase cDNA as positive control; lane 2, no DNA; lane
3, MRP9 cDNA in antisense orientation; and lane 4, MRP9 cDNA in sense
orientation. (B and C) Western blot analysis of anti-MRP9 peptide antisera. A
specific protein with a molecular mass of ~100 kDa is detected by anti-MRP9
1gG in testis (Te) tissue extract and in membrane (Me) fraction of the CRL1500
extract (C). The tissue extract from brain (Bn), heart (H), liver (Li), kidney (K),
prostate (P), and the cytoplasmic (Cy) fraction of CRL1500 showed no detect-
able signal.
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MRPB MTRERTYWVP NSSGGLVNRG IDIGDDMVSG LIYKTYTLOD GPWSQQERNP
MRP9 ...cvvvvse sssssssnss sessssMV.G EG..PYLISD ..LDORGR..

MRPE EAPGRAAVFPF WGKYDAALRT MIPFHFKPRF PAPQPLDNAG LFSYLTVSWL
MRP9 ....RRSFAE R..YDPSLKT MIPVRPCARL .APNPFVDDAG LLSFATFSWL

MRP8 TPLMIQSLRS RLDENTIPPL SVHDVSDENV QRLHRLWEEE VSRRGIEKAS
MRP9 TPVMVKGYRQ RLTVDTLPPL STYDSSDTNA KRFRVLWDEE VARVGPEKAS

MRFE VLLVMLREFOR TRLIFDALLG ICFCIASVLG PILIIPKILE YSEEQLGNVV
MRP9 LSHVVWEFOR TRVLMDIVAN ILCIIMAAIG PTVLIHQILD QTERTSGEVW

MRPH HGVGLCFALF LSECVKSLSF SSSWIINQRT AIRFRAAVSS FAFEELIQFK
MRF9 VGIGLCIALF ATEFTKVFFW ALAWAINYRT AIRLKVALST LVFENLVSFK

MRPE SVIHITSGEA ISFFTGDVNY LFEGVCYGPL VLITCASLVI CSISSYFIIG
MRP9 TLTHISVGEM ...FMAKLN. +evcvevsss sossssnres ssssssnsns

MRPE YTAFIAILRY LLVFPLAVFM TRMAVEAQHH TSEVSDQRIR VTSEVLICIK
MRPY .SAF....R. .......... SRSAT..... .. LVTDKRVQ TMNEFLTCIR

MRP8 LIEMYTWEEP FAKIIEDLRR KERKLLEKCG LVQSLTSITL FIIPTVATAV
MRPY9 LIEMYAWEES FTNTIQDIRR RERKLLEKAG FVQSGNSALA PIVSTIAIVL

MRPE WVLIHTSLEKL KLTASMAFSM LASLNLLRLS VFFVFIAVEG LTNSKSAVMR
MRP9 TLSCHILLRR KLTAPVAFSV IAMFNVMKFS IAILPFSIKA MAEANVSLER

MRP8 FEEFFLQESP VFYVQTLODF SKALVFEEAT LSWQ.....Q TCPG.IVNGA
MRP9 MKKILIDKSF PSYITQPEDF DTVLLLANAT LTWEHEASRK STPEEKLONQK

MRPE8 LELERNGHAS EGMT.R.FP.. RDALGPEEEG NSLGPELHKI NLVVSKGMML
MRP9 RHLCEK.QRS EAYSERSPPA KGATGPEEQS DSLESVLHSI SFVVRKGKIL

MRPB GVCGNTGSGK SSLLSAILEE MHLLEGSVGV QGSLAYVPQQD AWIVSGNIRE
MRP9 GICGNVGSGK SSLLAALLGO MOLOKGVVAV NGTLAYVSQD AWIFHGNVRE

MRP8 NILMGGAYDK ARYLQVLHCC SLNRDLELLP FGDMTEIGER GLNLSGGQEQ
MRPY NILFGEKYDH QRYQHTVRVC GLOKDLSNLP YGDLTEIGER GLNLSGGQRQ

MRPE RISLARAVYS DRQIYLLDDF LSAVDAHVGK HIFEECIKKT LRGKTVVQVT
MRP9 RISLARAVYS DROLYLLDDF LSAVDAHVGK HVFEECIKKT LRGKTVVLVT

MRP8 HOLQYLEFCG QVILLENGEI CENGTHSELM QKEGKYAQLI QRKMHEEATSD
MRP9 HQLOFLESCD EVILLEDGEI CEKGTHKELM EERGRYAKLI ...HNLR.GL

MRPE MLODTAKIAE KPKVESQALA TSLEESLNGN AVFEHQLTQE EEMEEGSLSW
MRPY9 QFEDPEHLYN AAMVEAFEES PAEREEDAGI IVPEHQLIQT ESPQEGTVTW

MRPE RVYHHYIQAM GGYMVSCIIF FFVVLIVFLT IFSFWWLSYW LEQGSGTNSS
MRF9 KTYHTYIKAS GGYLLSLFTV FLFLLMIGSA AFSNWWLGLW LDKGSRMTCG

MRPH RESNGTMADL GN.IADNPQL SFYQLVYGLN ALLLICVGVC SSGIFTEVTR
MRPY9 PQGNRTMCEV GAVLADIGQH .VYQWVYTAS MVFMLVFGVT KGFVFTKTTL

MRPE8 KASTALHNKL FNKVFRCPMS FFDTIFIGRL LNCFAGDLEQ LDQLLFPIFSE
MRP9 MASSSLHDTV FDKILKSPMS FFDTTFTGRL MNRFSKDMDE LDVRLFFHAE

MRP8 QFLVLSLMVI AVLLIVSVLS PYILLMGAII MVICFIYYMM FEKEAIGVFER
MRF9 NFLOOFFMVV FILVILAAVF PAVLLVVASL AVGFFILLRI FHRGVQELKK

MRPE LENYSRSPLF SHILNSLOGL SSIHVYGKTE DFISQFKRLT DAQNNYLLLF
MRP9 VENVSRSPWF THITSSMOGL GIIHAYGKKE SCITZ...eee srerscanes

MRP8 LSSTRWMALR LEIMTNLVTL AVALFVAFGI SSTPYSFKVM AVNIVLQLAS
MRPE8 SFQATARIGL ETEAQFTAVE RILQYMKMCV SEAPLHMEGT SCPQGWPQHG
MRPE EITFQDYHMK YRDNTPTVLE GINLTIRGHE VVGIVGRTGS GKSSLGMALF
MRP8 RLVEPMAGRI LIDGVDICSI GLEDLRSKLS VIPQDPVLLS GTIRFNLDEF
MRPE DRHTDQQIWD ALERTFLTKA ISKFPEKLHT DVVENGGNES VGERQLLCIA
MRP8 RAVLRNSKII LIDEATASID METDTLIQRT IREAFQGCTV LVIAHRVITV
MRP8 LNCDHILVMG NGKVVEFDRP EVLRKKPGSL FAALMATATS SLRZ
Fig. 8. Amino acid sequence alignment of MRP8 and MRP9. Membrane-
spanning regions of the transmembrane domain are shown in bold letters,

and the conserved ABC signature motifs for both MRP8 and MRP9 are
underlined.

Discussion

We have used a functional genomic approach and bioinformatics
tools to identify MRP9 (ABCCI12), a member of the ABC
transporter superfamily. Our experimental data show that the
MRP?9 transcript is expressed as different variants in different
tissues. The larger 4.5-kb transcript is highly expressed in breast
cancer and testis and weakly expressed in normal breast. It
encodes a protein of ~100 kDa molecular mass. The smaller
1.3-kb transcript is expressed in brain, skeletal muscle, and ovary.
The smaller transcript has an ORF of 234 aa.
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MRP9 Is a Unique Member of the ABCC Family. The multidrug
resistance (MDR)/ABC superfamily of membrane transporters
is one of the largest protein families and is involved in energy-
dependent transport of a variety of substrates across the mem-
brane including drugs used to treat cancer (15-17). In humans
this superfamily is divided further into seven subfamilies
(ABC-A to -G) based primarily on sequence similarity. Most
ABC proteins from eukaryotes encode full transporters, con-
sisting of two ATP-binding domains and 12 membrane-spanning
regions or half transporters, which are presumed to dimerize (16,
18). We described earlier that the sequence of MRPS, which is
related closely to MRPS5, belongs to the ABCC subfamily.
MRPS, similar to other members of the subfamily, is a full
transporter with two nucleotide-binding and 12 transmembrane-
spanning regions. The MRP9 sequence, similar to that of MRPS,
is related closely to MRP5 (19), with an overall 44% identity and
55% sequence similarity at the protein level. Between MRPS
and MRPY, the overall sequence identity and similarity is 47 and
56%, respectively. One major difference between MRPS
and MRP9 is that MRP9 has only one ATP-binding domain
but two transmembrane domains each with four membrane-
spanning regions. A few so-called half-transporters with one
ATP-binding domain and six membrane-spanning regions have
been reported and characterized (20-22). The two half-
transporter molecules normally are transcribed separately, trans-
lated, and then probably assembled together to generate a full
transporter. However, in the case of MRP9, a premature stop
codon truncates the protein and generates an unusual protein
without the second ATP-binding domain and containing only
four membrane-spanning regions in the carboxyl half of the
protein. In addition, the 58-aa deletion within the amino-
terminal half of MRP9 causes deletion of the third and fourth
membrane-spanning regions of the molecule (Fig. 8). The im-
portance of the loss of four membrane-spanning regions and one
nucleotide-binding domain is unknown because MRP9 lies ad-
jacent to MRPS, and it probably arose by gene duplication and
then underwent further mutational changes to carry a new and
different function.

The Smaller 1.3-kb MRP9 Transcript Is Caused by an Alternate Tran-
scription Start Site. Different sized mRNAs of the ABCC family
members often are observed during Northern analysis. In most
cases, different sized mRNAs arise because of alternate splicing
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of the major transcript. In the case of MRP9, the Northern
analysis using a 3’ probe (Fig. 34) shows that in brain and ovary
the transcript is ~1.3 kb, whereas the transcript detected in testis
is ~4.5 kb. When the 5'-specific probe was used in Northern
analysis (Fig. 3B), only the 4.5-kb transcript of testis was de-
tected, indicating that both the 5’ and 3’ probes are recognizing
the same transcript. The 5’ probe does not recognize the 1.3-kb
transcript of MRP9 from either ovary or brain. RACE-PCR
cloning of the full-length 1.3-kb variant of MRP9 from brain and
RT-PCR analysis also suggest that the 1.3-kb variant is tran-
scribed independently and not caused by an alternate splicing
event. This 1.3-kb transcript has an ORF of 234 aa and encodes
one of the ATP-binding domains of the transporter molecule. It
will be interesting to determine whether the protein encoded
by this transcript is expressed in the tissue by generating spe-
cific antibody against the ORF. Also, its biological function is
unknown.

The MRP9 Variant Is a Potential Candidate for Inmunotherapy. Both
RT-PCR analysis by a 5'-specific primer pair and the Northern
blot and in situ analysis using a 5’-specific probe indicate that the
larger 4.5-kb MRP9 transcript is expressed selectively in breast
cancer, normal breast, and testis. However, the 1.3-kb transcript
is very nonspecific. Recently Yabuuchi et al. (23) reported
multiple splice variants of MRP9 (ABCCI12) in various adult
tissues including brain, lung, liver, kidney, pancreas, and colon.
The transcripts were detected by PCR with primers from the 3’
end of the gene. Our results indicate that the 1.3-kb variant of
MRP?9 is expressed in several adult tissues and likely represents
the transcript that Yabuuchi er al. detected. The longer 4.5-kb
transcript is expressed specifically in breast cancer, normal
breast, and testis. Our in situ RNA analysis (unpublished data)
confirms the RT-PCR results and confirms that many cancer
specimens are positive for MRP9 expression. Because MRP9 is a
membrane protein and it has very restricted expression in
essential tissues, it is a potential target for targeted therapy with
antibodies, antibody conjugates, and immunotoxins.
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