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ABSTRACT

The sister gene of P-glycoprotein (Spgp) is a liver-specific ATP-binding
cassette protein highly related to the P-glycoprotein (Pgp) family (S.
Childs et al, Cancer Res., 55: 2029-2034, 1995). Spgp appears to be

related to the Pgp family by an ancient duplication occurring before the
division of fish and mammals. P-Glycoproteins have diverse functions

including broad specificity multidrug resistance in cell lines and tumors,
detoxification of tissues such as the intestine and blood-brain barrier, and
phosphatidylcholine transport in liver. Spgp is a ,17, â€”170,000 glycosy-

lated plasma membrane protein localized to the canalicular surface of
hepatocytes in the rat liver. The full-length cDNA of Spgp was isolated

from rat, and its expression was characterized in situ and in transfected
cells. The expression of Spgp correlates with the differentiation of hepa
tocytes and is seen only in late liver development. It is not observed in
hepatoma cell lines. The physiological function of Spgp in liver is un
known, but it maps to 2q31 in humans, in the vicinity of liver transport
disorders for bile acids and cholesterol. Spgp may therefore be involved in
some aspect of bile acid or cholesterol metabolism. Spgp transfectants
have a low level resistance to Taxol but not to other drugs that form part
of the multidrug resistance phenotype. This resistance is reversible by the
Pgp-reversing agents cyclosporin A, PSC833, and verapamil, suggesting a

conservation in some functions of Pgps across large evolutionary distance.

INTRODUCTION

A new member of the P-glycoprotein family of genes called Spgp3

was first identified in pig liver from a partial cDNA sequence (1). It
appears to be a highly liver-specific protein. Its relationship to the Pgp

family is close enough that some nucleic acid probes and antibodies
cross-react with Spgp. However, Spgp is distinct from the Pgp mul-

tigene family and exists as an independent gene in species as distantly
related to mammals as the fish, winter flounder, and minnow (2).4

Thus, the divergence of Spgp and the Pgps probably preceeded the
emergence of the Pgp multigene family (class I, II, and III genes) in
mammalian species. The function of Spgp is unknown, but its evo
lutionary relationship to the P-glycoproteins suggests that it could be

capable of transporting drugs similar to the class I and class II
isoforms, or it could have a basic role in liver physiology similar to the
class III isoform. Although in sequence Spgp does not resemble any
Pgp family member more than any other, its unique liver-specific

expression pattern most closely resembles that of mdr2 encoding the
class III isoform (l).

In liver, the class III isoform of Pgp is a bile canalicular membrane
protein (3). Its physiological function was discovered by analysis of
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mice in which the gene had been "knocked out." These mice exhibited

abnormal liver pathology including proliferation of bile ducts and a
complete absence of PC in bile (4). Subsequent in vitro experiments
have shown that mdr2 encodes a PC translocase, transferring PC from
the inner leaflet of the membrane to the outer leaflet (5). PC, but not
other phospholipids, is an essential component of bile, and by forming
mixed micelles with bile acids, it is thought to prevent the detergent
action of bile from damaging the cells lining the bile ducts.

In contrast, the other members of the Pgp family have been found
to confer broad specificity MDR, transporting a myriad of seemingly
unrelated drugs out of cells using the energy supplied by the hydrol
ysis of ATP (reviewed in Ref. 6). In humans, the overexpression of
MDR 1 has been shown to correlate with poor response to chemother
apy, while coadministering drugs that inhibit Pgp during chemother
apy can improve survival (7, 8).

Studies with mice lacking one or both Pgp genes associated with
MDR have shown that these molecules contribute significantly in
normal physiology to the prevention of drugs crossing the blood-brain

barrier and to the clearance of drugs through the intestine and liver (9,
10). One surprising result from these studies is that Taxol (paclitaxel)
elimination from the liver is normal in the knockout mice, whereas
Taxol elimination from the gut is impaired. This suggested that the
liver has an additional non-Pgp mechanism for transporting Taxol into
bile (10-12). Here we describe the cloning and characterization of

Spgp from rat to gain further insight into its transport specificity and
function to see if it might play a pharmacological role in the elimi
nation of drugs from the liver. At the same time, the specificity of
expression of Spgp in the liver across the entire range of vertebrate
phylogeny suggests that it has a conserved ancient function in the
liver. We have used FISH mapping as a first step to identify putative
physiological functions and substrates.

MATERIALS AND METHODS

Probe Design and cDNA Isolation. The 109-bp GAPIS probe was gen
erated by PCR amplification of the pig spgp sequence5 using the primers
5'-TGCCGTCATGTCACAGGG-3' and 5'-TCAACTGATGGGGGCTCC-3'.

Total RNA was isolated from an adult male Sprague Dawley rat liver by the
cesium chloride density gradient method (13). mRNA was then purified on an
oligo-dT cellulose column (Cedarlane Labs), and the cDNA was synthesized
(Superscript II; Life Technologies, Inc.), ligated into Ã€ZAP phage (Strat-
agene), and screened with GAPIS on Hybond-N membrane (Amersham),

according to the manufacturer.
5' rapid amplification of cDNA ends was used to obtain the 5' end of spgp

using the Matchmaker protocol (Clontech). Spgp-specific primers 5'-
GAAAAAGTCCCAAGGAGCTGGCTG-3' and 5'-ACCCACACATAGC-
CGTCG-3' were used in the first and second amplifications, respectively.

Independent PCRs resulted in a fragment of 1 kb in length, which was
subcloned as a 900-bp Noti-Sali fragment. Two independent PCR fragments

were completely sequenced, and a third and fourth clone were also sequenced
at one position of difference to determine the correct sequence. The full-length
cDNA was cloned by ligating this fragment with a 4.5-kb, Sall-EcoRl-cut

cDNA into the Noti and EcoRl sites of pBluescript (Stratagene).
Oligonucleotide primers were designed at ~300-bp intervals to sequence

full-length spgp on both strands from a minimum of two clones by the dideoxy

5The sequence has been deposited with accession number AFOI0597 in GenBank.
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method (U.S. Biochemical) or by the dye termination method on an PE
Applied Biosystems 373 automated sequencer (Perkin-Elmer). The University

of Wisconsin Genetics Computer Group Programs were used to construct
contigs. Prediction of the location of transmembrane helices was made with the
TopPred II program (14).

Expression of Spgp. A reverse transcription-PCR assay was designed
using primers specific for spgp, 5'-ACTCGGATCCGCTCTGGTGGGATC-
CAG-3' and 5'-TGACAGGCGATGGGC-3', generating a 500-bp fragment,
and /32-microglobulin 5'-CAGCAAGGACTGGTCTTTCTAC-3' and 5'-
CCGGAAATCTAGGATATTAGTCTCC-3', giving a 351-bp product. For
analysis of the 5' end, primers 5'-CTCCTCTGAGCCAAAAGC-3' and 5'-
CATGCCGACTCGTGCG-3' were used.

RNA from freshly excised adult rat tissues was prepared by the guanidinium
thiocyanate-CsCl method. RNA from rat hepatocyte cultures at 4, 24, and 48 h

after isolation was a gift from Dr. C. H. Lee. RNA from embryonic rat liver at
days 15, 18, and 21 and neonates was a gift from the laboratory of Dr. R. Buick
(Ontario Cancer Institute, Toronto, Ontario, Canada).

Five /Â¿gof total RNA were reverse transcribed at 42Â°Cby murine Moloney

reverse transcriptase (Life Technologies, Inc.) using 200-ng random hexamers
as primers. One-fortieth of the reverse transcriptase reaction or 0.5 ng of

plasmid control was used in a PCR reaction with 100 ng of each primer as in
the previous reactions. Thirty-five cycles of synthesis (94Â°C30 s, 48Â°C30 s,
and 72Â°C30 s) in a Perkin-Elmer Cetus 2400 Thermocycler were performed,

and products were separated on a 1.5% agarose gel.
Transfection. An spgp cDNA lacking 5' and 3' noncoding regions was

generated. PCR with a mixture of Taq and Pfu enzymes using the primers
5'-TTTAGGTACCAAGCTTGCCACCATGTC-3' and 5'-ACCCACACAT-
AGCCGTCG-3', followed by subcloning using EcoRl and Kpnl, was used to

add a Kozak sequence (15) directly upstream of the putative initiating methi-
onine. This fragment was subcloned onto the full-length gene after determi
nation that it contained no errors. Similarly, the 3' noncoding sequence was
removed by PCR using the primers 5'-TTTTGGGCCCTCTAGCACTGAT-
GGGGG-3' and 5'-CACAGCGAAGCCCTCAG-3', followed by subcloning

using Bsml and a blunt end. The full-length gene was subcloned into pcDNA3

(Clontech) and transfected with Lipofectamine (Life Technologies, Inc.) into
human ovarian SKOV3 cells. The cells were selected and maintained in
a-MEM with 15% fetal bovine serum and 800 ng/ml Geneticin (Life Tech

nologies, Inc.). Four independent clonal cell lines were developed expressing
high levels of Spgp.

Polyclonal Antibodies. Two glutathione 5-transferase fusion proteins were
created. Primers with engineered restrictions sites (5'-ATATGGATCCTTATG-
GACAACATCAAGTA-3' and 5'-GAAAGAATTCGTCCCCACGAGAGA-3')

were used to amplify and clone the IW fragment into the SamHI and Â£coRIsites
of pGEX3X, whereas primers S'-GAAAGGATCCTTTCAGATATCATTGCT-S'
and 5'-TCAACTGATGGGGGCTCC-3' were used to clone the GAPIS fragment

into the BamHI and Smal sites. Fusion proteins were overexpressed and purified
according to the method of Frangioni and Neel (16). Polyclonal antisera were
generated by immunizing New Zealand White rabbits with the fusion proteins.

For immunostaining, the polyclonal serum (preimmune or immune) was
diluted 1/500 in PBS containing 3% BSA and 5% bovine serum and preab-

sorbed on SKOV3 cells for 3 h. This antibody was then used for staining
without further dilution.

Protein Detection. Crude membranes from cultured cells were prepared by
Dounce homogenization in 250 mM sucrose, 5 mM Tris (pH 7.5). Crude
membranes from liver were isolated by Dounce homogenization in hypotonie
lysis buffer (10 mM KC1, 1.5 mM MgCl2, and 10 mM Tris, pH 7.5) in the
presence of protease inhibitors. Homogenates were spun at 4500 x g to
remove nuclei and unbroken cells followed by a spin at 120 000 X g to pellet
the membranes. Plasma membrane vesicles were prepared by layering crude
membranes in 16% sucrose 5 mM Tris (pH 7.4) on 31% sucrose, 5 mM Tris,
and centrifuging at 120 000 X g for 18 h. The plasma membranes were
collected at the interface between 16 and 31% sucrose. Membrane protein
(50-100 fig) was run on 8% Laemmeli gels and transferred to Protran

membrane (Schleicher and Schuell) and blotted as described (17). The bands
were visualized by ECL (Amersham).

For fluorescent staining, transfected cells grown on glass slides were fixed
in 50% methanol/50% acetone for 2 min at room temperature. The slides were
incubated with preabsorbed primary antibody overnight at 4Â°Cin a humidified

chamber. The sections were washed with PBS and incubated with FITC-

labeled secondary antibody in PBS/BSA/serum. The slides were then washed
in PBS and mounted.

For immunohistochemistry, frozen sections of normal Noble rat liver were
fixed in 4% paraformaldehyde for 20 min at room temperature and permeabi-
lized in 10% Triton X-100 for 10 min. The slides were then washed in PBS

before an overnight incubation with preabsorbed antibody as for fluorescent
staining. The secondary antibody was a goat anti-rabbit horseradish peroxidase

conjugate. The staining was visualized by reaction with diaminobenzidine.
Deglycosylation. Membrane protein (200 Â¿ig)was resuspended in a 10-ju.l

volume of 0.5% SDS and 1% ÃŸ-mercaptoethanol,and boiled for 10 min. A

buffer (1.2 fu) containing 500 mM sodium phosphate (pH 7.5) and 10% NP40
was added along with 1 unit PNGaseF (Boehringer Mannheim). The reaction
was allowed to proceed for 4 h at 37Â°C.

Genomic Localization. A DNA probe spanning nucleotides 3165-4250 of

the cDNA was used to screen a PAC human genomic library in the CGAT
physical mapping resource facility (Hospital for Sick Children, Toronto, On
tario, Canada). A single PAC was isolated, the identity of which was verified
by sequencing. Mapping of the PAC clone was performed by FISH (18) to
normal human lymphocyte chromosomes counterstained with propidium io
dide and DAPI. Biotinylated probe was detected with avidin-FITC. Images of

metaphase preparations were captured by a thermoelectrically cooled charge
coupled camera (Photometries). Separate images of DAPI-banded chromo
somes (19) and FITC-targeted chromosomes were acquired and merged using

image analysis (20).The PAC probe localization was determined by the anal
ysis of 20 well-spread metaphases. Positive signals were noted in >95% of the

cells. The band assignment was determined by measuring the fractional chro
mosome length and by analyzing the banding pattern generated by the DAPI
counterstained image.

Clonogenic Assays. Cells were plated at a density of 100-200 cells/well in
24-well plates and allowed to grow for 18-24 h. Taxol was dissolved in

DMSO; CsA and PSC833 were dissolved in ethanol; and verapamil was
dissolved in water. The final concentration of DMSO in the medium was
<0.001%, and the concentration of ethanol did not exceed 0.1%. Drugs were
serially diluted in medium containing 15% fetal bovine serum and added to the
cells. After approximately 1 week of growth, the cells were stained with 1%
mÃ©thylÃ¨neblue in 50% ethanol, and colonies were counted. In the inhibition
studies, cells were plated as described, and inhibitors at a fixed concentration
were coadministered with the serially diluted drug. Three independent plating
experiments were performed in triplicate.

RESULTS

Isolation of Spgp cDNA. Using a probefrompig spgp, we isolated
>20 cDNAs from a Sprague Dawley rat library spanning a total 4.8
kb from the poly(A) tail. The 5' end was independently cloned using
5' rapid amplification of cDNA ends. The full-length cDNA is 5010
bp in length and contains an untranslatable 235 bp at the 5' end and
an 810-bp 3' UTR encompassing a polyadenylation signal and

poly(A) tail. A single C/T polymorphism in a serine codon located at
3226 bp was observed in cDNA from two individual rats. The poly
morphism does not vary the protein coding of the gene and has not
been investigated further.

An ATG codon at nucleotide 236 has the best agreement with the
Kozak translation initiation sequence and has been assigned as the
NH2 terminus of the protein. This results in a protein of 1320 amino
acids. Hydropathy analysis using the Eisenberg or Kyte-Doolittle
algorithms predicts a protein with 12 transmembrane helices, posi
tioned very similarly to those in the Pgps (Fig. 1). The Spgp protein
does not appear to have higher identity to any one class of Pgp. For
example, it is 70% similar and 49% identical to rat mdr2 or 70%
similar and 50% identical to rat mdrlb. Spgp contains two ATP
binding motifs, which are extremely conserved with the Pgps, reach
ing almost 100% conservation around the Walker A and Walker B
motifs for ATP binding, including the position of the predicted site for
binding of the Pgp monoclonal antibody C219. Similar to the previ
ously reported pig Spgp sequence, C219 is predicted to bind rat Spgp
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Fig. 1. Deduced amino acid sequence of ral Spgp (top line) compared with rat milr2 (bottom Â¡ine).Predicted transmembrane regions are underlined. Walker A and B motifs for ATP
binding are boxed, and potential W-linked glycosylation sites are in bold lowercase.

at the sequence VQTALD ( 1). However, because the recognition of
this sequence is only half as strong as the canonical sequence
VQEALD in vitro and because this motif only occurs once, not twice
in the protein, the detection of Spgp by C219 may be significantly

reduced compared with the Pgps.
Spgp diverges from the Pgps outside of the ATP-binding domains.

One of the most divergent regions of the protein is the "linker" region

between the two halves of the molecule. It shows very little conser
vation and is 18 amino acids longer in Spgp than in any Pgp. Within
the Pgp multigene family, this is also the most divergent region (21).
The linker is phosphorylated in Pgp and other ATP-binding cassette

transporters and may be a regulatory region of the protein. It is
presently unknown whether Spgp is phosphorylated; however, some
potential phosphorylation sites in the linker region are conserved with
the Pgps. Another highly divergent region of Spgp is the predicted

first extracellular loop between the first and second transmembrane
helices. This loop is predicted to be quite large and contains an
additional 22 amino acids compared with the Pgps, along with four
consensus sequences for N-linked glycosylation, two of which are

conserved. Unlike the Pgps, the loop also contains two cysteine
residues that may be able to form disulfide linkages. The function of
this loop in Spgp or the Pgps is unknown at the present.

The 3' UTR of rat spgp is similar in length to the pig spgp 3' UTR
(1), but the sequence is only 54% conserved. However, the rat 3' UTR
shows more conservation when compared with the mouse spgp 3'

UTR, at 87% identity.6 Thus, it appears that a fair amount of sequence

4S. Childs and V. Ling, unpublished results.
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5'end 1 140 cctcctctgagccaaaagctgaaaagcaagtaaaccgtctcaactgggct

I!IIIII!N I!IIIIIIIIIM I1
-'end 11 cctcctctÃ§agccaaaagctgaaaa

aagtttttcaaaagc-ggcaaagggttgrtgagtgcagattctgcaatgt 239

tIII
.ggttcrrgacEgcagattctgcaargt

B 1 2 345

spgp

ÃŸ2m

Fig. 2. A, comparison of the two independent .V end sequences of Spgp. B, demon
stration of both variants in normal rat RNA. Lanes 1 and 2, independent amplification of
adult rat RNA; Lane 3, 5N1 variant control; Lane 4. 5N11 variant control; Lane 5, no
DNA control. C expression of Spgp in hepatocytes after: Lane I, 4 h; Lane 2, 24 h; and
Lane 3, 48 h of culture. Expression of Spgp in embryonic liver at; Lane 4, 15 days; Lane
5, 18 days; Lane 6, 21 days gestation; and Urne 7, at 1 day after birth. Expression of Spgp
in rat hepatomas: Lane 8, Morris; Lane 9, Reuber; and Lane 10, Novikoff. Lune lÃ¬,no
DNA control.

divergence has occurred in the 3' UTR of spgp throughout mamma

lian evolution.
In the process of cloning the 5' end, two different sequences were

obtained for the region upstream of the start codon (Fig. 2A). The
5'endl transcript contains an extra 48 bp than the 5'end 11 transcript.

PCR primers around this site were designed and used to amplify rat
liver cDNA. We found that both transcripts were present in significant
quantities in normal rat liver (Fig. 2B). Both transcripts could also be
detected in embryonic liver and in hepatocyte culture (data not
shown). The differences between the two transcripts may result from
alternative splicing because splice donor and acceptor sequences do
not appear in the longer clone. The function of this alternative exon is
not known, but because it does not affect the protein sequence, it may
serve a regulatory role.

Expression of Spgp. Previously we have shown that spgp mRNA
is predominantly expressed in the liver using a panel of rat tissues (1).
Here we further extend this work by examining the expression of spgp
in the development of the rat embryo, the culture of hepatocytes from
the adult rat, and in established hepatoma cell lines (Fig. 2C). The
expression of spgp increases dramatically in development around
birth, similar to other liver-specific genes including transport proteins

(22, 23). The expression of spgp falls off rapidly in culture, particu
larly if the hepatocytes are cultured on plastic, where they dediffer-

entiate (24). Furthermore, the expression of the gene is not detected in
established cell lines from hepatomas, although we have detected the
expression of spgp in primary rat liver tumors of all stages (data not
shown). This suggests that the expression of spgp is associated with a
differentiated phenotype of the liver.

To study the localization of the protein in the liver and identify
other tissues that might express it, we generated two polyclonal
antibodies specific for regions of Spgp that are divergent from the
Pgps but conserved among Spgps from pig, rat, mouse, and fish (Ref.
1 and this paper),6'7 maximizing the possibility that they would

7 P. S. Cooper, unpublished data.

recognize Spgps from many species. The epitopes of the IW and
Gapis antibodies are outlined in Fig. 1. The antibodies were found to
have strong reactivity with Spgp (Fig. 3A). Western blotting with
crude and liver plasma membranes shows that the protein is Mr
â€”170,000. It is slightly larger than the band identified by the Pgp

antibody C219 in liver (Fig. 3B) but slightly smaller than the Pgp
found in Chinese hamster B30 cells (data not shown). Fig. 3B (first
two lanes) shows the reactivity of the IW antibody with transfected
SK-E2 cells and rat liver. The top band represents the fully glycosy-

lated Spgp, whereas the bottom band likely represents a degradation
product or partially processed protein. A parallel blot (last two lanes)
probed with the C219 antibody detects Spgp in SK-E2 cells but not in

rat liver. Instead, it detects a lower molecular weight band, likely the
class III Pgp mdr2 protein. As mentioned above, the ability of C219
to detect Spgp is predicted to be significantly lower than detection of
Pgp. On the other hand, the IW antibody does not appear to detect Pgp
in rat liver because the lower band is not observed, suggesting that the
IW antibody is specific. In addition, we have demonstrated that the
IW antibody does not cross-react with human MDR1 (Fig. 3A) or with

Chinese hamster Pgpl (data not shown). No staining other than the
liver was seen in any of 14 rat tissues when the IW antibody was used
on Western blotted membrane fractions, indicating that Spgp is a
highly liver-specific protein in confirmation of our previous Northern

blot results ( 1). This also confirms that IW does not interact with Pgps
expressed in other tissues. Like the Pgps, Spgp is modified with M,
-30,000-40,000 of yv-linked glycosylation (Fig. 3Q-

Immunofluorescent staining of Spgp-transfected cells shows that

B1 B6 E2 E6 SK VLB

*â€”... v-

C219

Gapis

IW

IW C219

O
Q- Si

co

200

Pi â€” â€¢4 â€”spgp
*â€”- - pgp

200 â€”

120 â€”

100 â€”

80 â€”

97 â€” â€”

Fig. 3. A, Spgp transfected (Bl, B6, Â£2.and E6l parental SKOV3 cells (SK). and
MDR I overexpressing SKOV VLB 1.0 cells (VLB) blotted with C2I9, Gapis. and IW
antibodies. B, Western blot of SK-E2 and rat liver membranes blotted with IW and C219
antibodies. C deglycosylation of vector-transfected (SK-PC) and Spgp-transfected (SK-
Â£2)membranes as visualized by blotting with C219.
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Fig. 4. Immunofluorescent staining of parental
(A) and Spgp E2 (B) cells with the IW antibody.
Immunohistochemical staining of rat liver with pre-
immune (C) and IW serum (Â£>).

the protein is expressed mainly at the plasma membrane but also
significantly in the Golgi (Fig. 4, A and B). This partially intracellular
localization may be an artifact of transfection because we have not
observed cytoplasmic staining on liver sections. It could represent
misdirected or improperly processed protein resulting from overex-

pression of the protein in a naive cell type. Staining of endogenous
Spgp in rat liver with IW showed that Spgp is expressed at the bile
canalicular membrane (Fig. 4, C and D). An independent Spgp poly-

clonal antibody from the linker region verified this localization (data
not shown).

Chromosomal Localization of Spgp. FISH mapping with a hu
man PAC was used to localize the spgp gene to band 2q31 in humans
(Fig. 5). Genomic southern blotting has shown spgp is a single copy
gene in several species including pig, rat, human, rabbit, and frog (I).6

There are two liver disorders that also map in the same region of
chromosome 2. Recently, PFIC2, a human bile acid secretion disor
der, has been mapped to a 2-cM region between markers D2S306 and

D2SJ24 on human chromosome 2q24 (25). In addition, a search of the
Online Mendelian Inheritance in Man database reveals a mouse liver

phenotype on mouse chromosome 2 syntenic with this region of
human chromosome 2. lithl represents a predisposition of mouse
strains to cholesterol gallstones on a high fat and cholesterol diet
through hypersÃ©crÃ©tionof cholesterol into bile. It is localized to mouse
chromosome 2 between the markers D2MÃ•Ãœ1and D2MU66 in mouse
(26).

Functional Analysis of Spgp. A cDNA with the complete spgp
coding sequence was transfected into human ovarian carcinoma
SKOV3 cells. The protein was expressed in high abundance and was
glycosylated, and the majority of the protein was localized to the
plasma membrane (Figs. 3 and 4). No altered growth phenotype or
obvious differences were visible in the transfectants. To test their
ability to transport drugs, clonogenic assays were performed with
cytotoxic drugs. Of the many drugs tested, only in Taxol did Spgp-

transfected cells have any growth advantage. No significant resistance
to vinblastine, digoxin, puromycin, or taurocholate was found in the
Spgp transfectants when compared with control cells. Fluorescence-

activated cell sorting and fluorometry using the fluorescent Pgp sub
strates, daunorubicin, rhodamine 123, or the acetoxymethylesters of

Chromosome 2

li M
ti Mu j-r

-B
-n

Ã‰-n

Fig. 5. FISH localization of the Spgp gene to 2q31.
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0 10 15 20 25
Taxol (ng/mL)

30 35

Fig. 6. Colony forming ability of parental (SKOV3), vector transfected (SK-PC), and
Spgp transfected (SK-E2 and SK-B1) cells as a function of Taxol concentration. Nor
malized survival for SK-E2 or SK-BI cells (A); SK-E2 or SK-B1 cells with 2.5 /Â¿MCsA
(A); SK-E2 or SK-B1 cells with 3.2 /Â¿MPSC833 (â€¢);SK-E2 and SK-B1 cells with 3.3 /Â¿M
verapamil (O); SK-PC cells (D); or SKOV3 cells (â€¢).The results presented are from a
single plating experiment performed in triplicate. Bars, SD.

fura2 and fluo3 also showed no differences in accumulation of these
drugs in the transfectants over the parental cells.

The IC90 of the Spgp transfectants SK-E2 and SK-B 1 in Taxol is up
to 4-fold higher than parental or vector-transfected cells (Fig. 6).

Similar results were observed for the other two Spgp transfectants
examined. The shape of the curve generated by these experiments is
slightly different from that observed in Pgp transfections in that it
does not drop off rapidly but shows a tail in the resistant cells. The tail
might represent subpopulations of the transfected cell lines that are
more able to survive in Taxol because of higher protein levels.
However, continued selection of the transfectants in Taxol does not
result in the cells expressing higher levels of Spgp, suggesting that the
more resistant population of cells could have other alterations, for
instance, different intracellular distributions of Spgp protein.8 To

further investigate the Taxol resistance, we determined whether it
could be reversed with three known Pgp inhibitors, CsA, PSC833, and
verapamil, at concentrations similar to those used to reverse Pgps.
Complete inhibition of the resistance was obtained with all three
inhibitors. These inhibition properties suggest that Spgp might medi
ate ATP-dependent Taxol transport in a manner similar to the Pgps.

1K. Fox and V. Ling, unpublished results.

Uptake assays of radiolabeled Taxol on whole cells were performed to
directly test transport of Taxol by Spgp. These experiments did not
demonstrate any measurable difference between Spgp transfectants
and parental cells (data not shown). The detection of transport at this
low level of resistance may not be possible by a bulk cell assay.
Alternatively, Spgp may be functioning to sequester Taxol in the
intracellular compartments in the transfectants rather than effluxing it
because there is a significant proportion of Spgp localized intracellu-

larly in these cells. Spgp may also mediate Taxol resistance by an
indirect mechanism. These alternatives await further investigation.

DISCUSSION

The Pgps are a family of transport proteins with the ability to
transport a variety of compounds from lipids to organic cations and
polypeptides. Their broad substrate capacity has resulted in Pgp
isoforms diversifying to very different roles through evolution. The
class I Pgp isoforms are able to transport numerous cytotoxic drugs
out of cells, and their overexpression is thought to be a frequent cause
for the failure of chemotherapy in some tumors. These Pgps have also
been shown to be responsible for the elimination of some drugs from
the circulation through secretion into the gut lumen or into bile. We
have cloned a liver-specific Pgp, Spgp, to investigate its natural

function and its possible involvement in drug transport. Spgp is 50%
identical (70% similar) to mammalian Pgp multigene family members
in sequence, and 26% identical (49% similar) to the rat cMOAT
protein, another member of the ATP-binding cassette family and

multidrug transporter (27). Spgp does not have a significantly higher
identity to any one isoform of the Pgps, and it likely diverged from
Pgp before the duplications that formed the multigene family in
mammals (1). This makes it difficult to predict what substrate or
transport properties Spgp might possess, given the diversity of sub
strates that different Pgp isoforms transport.

Spgp appears to be exclusively expressed on the canalicular mem
brane of hepatocytes, a major site of active transport, and the local
ization of many transporters. Bile is composed of bile acids, PC,
cholesterol, proteins, glutathione conjugates, ions, and many xenobi-

otic compounds. The transporters for some of these compounds have
been cloned, but others have not yet been isolated (28). All three rat
Pgp isoforms are also expressed at the bile canaliculus (24). In the
mouse, mdrla and mdrlb have roles in drug elimination, whereas
mdr2 has a role in phospholipid translocation. Like Spgp, the major
physiological site of expression of mdr2 is the liver. On the basis of
its localized expression and regulation patterns, we suggest that the
natural role of Spgp is in transporting a major component of bile. The
identity of this substrate is not known at present: thus, we have
examined a number of Pgp substrates to see whether the transport
profile of Spgp overlaps with that of the class I Pgps. We did not
examine PC as a potential substrate because the absence of PC from
bile in class III Pgp knockout mice is complete.

Several drugs have been shown to be secreted by the liver into bile
via mdrla, mdrlb, and cMOAT. However, many drugs are secreted
into bile by unknown transporters, including Taxol. Mice lacking one
or both class I Pgps have been studied to determine the pharmacoki-

netics of Pgp substrates in the absence of these molecules. It has been
shown that class I Pgps prevent the entry of Taxol, digoxin, and
doxorubicin across the blood-brain barrier as well as promote the

excretion these drugs through the gut because accumulation in these
tissues is increased in the knockout mice (10). However, in mice
lacking both mdrla and mdrlb, excretion of Taxol and digoxin from
the liver is essentially wild type, in contrast to doxorubicin, which
accumulates in the liver. This suggests that class I Pgps are used to
transport doxorubicin out of the liver, but other transporters may be
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responsible for transport of Taxol and digoxin (11). Bile is the major
site of excretion of Taxol from the body of both humans and rodents
(29). The Taxol resistance we have observed in Spgp-transfected cell

lines suggests that it may be a physiological means for the transport of
Taxol into bile. Although there are other multidrug transporters in the
canaliculus such as cMOAT, Taxol is not a good substrate for the mrp
family of transporters (30). Because the transfectants demonstrated no
resistance to digoxin, we conclude that Spgp is not a digoxin transporter.

Spgp transfectants mediate a small resistance value to Taxol. This
is not unprecedented for Pgp isoforms. Although it could reflect a low
affinity of Spgp for Taxol or an indirect mechanism of resistance,
transfection of the highly resistant MDRl gene into cells also results
in low levels of resistance (a maximum of 4-15-fold, depending on
the drug), unlike the multiple 100-fold resistance levels for the same
drugs observed in their drug-selected counterparts (31, 32). Additional

proteins, modifications, or the membrane composition might modu
late the activity of Spgp or the Pgps in vivo, and these might not be
present in the transfectants. For instance, it is known that a high
proportion of Taxol isolated from feces is hydroxylated (29). The
P450 cytochrome isoforms responsible for these modifications may
not be expressed at high levels in SKOV3 cells. It is presently unknown
whether hydroxylation has any effect on the affinity of Spgp or the Pgps
for Taxol. If Spgp were responsible for Taxol removal from the liver, it
would play an important role in chemotherapeutic treatment. Coadmin-

istration of one of the Pgp/Spgp inhibitors with Taxol would be expected
to not only affect tumor drug resistance mechanisms but may also affect
the clearance of Taxol through the liver.

The exclusive localization of Spgp in canalicular membranes and
its conserved expression from fish to mammals suggests it must have
an important role in normal liver. Its single-drug substrate specificity
in drug-resistance assays suggests that this role is probably not in

broad specificity detoxification as it appears to be for the class I Pgps
but something more unique. Spgp is a possible candidate gene for the
CsA- and PSC833-sensitive, ATP-dependent canalicular bile acid

transporter (33, 34). The bile acid transporter in rat hepatocytes shows
Kt values for CsA and PSC833 in the same order as for drug-

transporting Pgp (35, 36). We have shown that Spgp Taxol resistance
is also affected by these inhibitors in the same concentration ranges.
In addition, like the bile acid transport activity, Spgp is localized
exclusively to the bile canaliculus, is restricted to differentiated hepa
tocytes and expressed only after birth, and has ATP binding sequences
suggesting that it mediates ATP-driven transport. This raises the

interesting possibility that Spgp is directly or indirectly involved in
bile acid transport.

A human genetic defect in bile acid secretion, PFIC, has been
mapped to chromosome 18q21-22 (37). Because we have shown that

Spgp maps to 2q31, it can be concluded that Spgp is not the gene
responsible for this defect. However, a second locus for PFIC in
non-Amish kindreds has been identified recently at 2q24, near our

FISH localization to 2q31 (25). The exact biochemical defect in either
of these kindreds is not known, but they result in insufficient bile acids
being secreted into bile. It is possible that Spgp is the defective gene
at this locus, and this would be consistent with its inhibition by CsA
and PSC833.

Interestingly, another genetic locus associated with bile production
has been mapped to a region syntenic with Spgp in the mouse. The
lithl locus is associated with cholesterol gallstones in susceptible
strains of mice fed on a high fat diet (26). The biochemical defect is
speculated to be a hypersÃ©crÃ©tionof cholesterol into bile. Although the
mechanism of cholesterol movement from the hepatocyte into bile is
unknown, it may be bile acid dependent, as suggested by in vitro
experiments (38) and reports of patients with cholesterol gallstones
who have high hepatic concentrations of bile acids (39). Thus, it is

possible that the PFIC2 and gallstone loci could represent different
functions of the same protein, one a loss of function and one a gain of
function.

Whether Spgp plays a direct role in the transport of a component of
bile and/or has a broader role in the elimination of xenobiotics has yet
to be determined. Certainly, the ability to transport a diversity of
substrates and to have multiple functions is a hallmark of the Pgp
family. The ability of Spgp to mediate low level resistance to Taxol,
but not other drugs of the MDR phenotype, underlines how Spgp is
both different and similar to the other Pgps. Spgp not only recognizes
Taxol, but this resistance can also be modulated by three different Pgp
inhibitors, CsA, PSC833, and verapamil. The sequence identity
among the Pgps and Spgp is only 50%, and yet four structurally
different compounds interact with class I Pgp and Spgp. The drug
binding site of Pgps is thought to be in their transmembrane regions,
i.e., in the lipid phase. The conservation of individual transmembrane
spanning sequences between Spgp and class I Pgps is only between 15
and 38% identity. In particular, residues identified in class I Pgps as
being important in substrate recognition and in modulating their drug
resistance profile are not conserved in Spgp. For instance, mutation of
Glyl85 to Ala in MDRl has been found to increase colchicine and
decreases vinblastine resistance (40). In Spgp, the natural amino acid
at this position is alanine. When mouse mdr3 and Spgp are aligned,
the Spgp equivalent of Ser941 is Ala986. In the mouse, it has been
shown that mutation of Ser941 to Phe reduces the ability of mdrl to
confer Adriamycin and colchicine resistance while maintaining vin
blastine resistance (41). It is not known what effect changing serine to
alanine at this position might have. A phenalanine residue in trans-

membrane domain 12 of MDRl (Phe978) when mutated to alanine
reduces colchicine and Adriamycin resistance while maintaining vin
blastine resistance. In Spgp, this is positionally equivalent to Val 1021.
Not surprisingly, neither colchicine, Adriamycin, nor vinblastine ap
pear to be substrates of Spgp. However, analysis of the transmem
brane sequences of Spgp may contribute significantly to our under
standing of the structure and number of binding sites for Taxol and
inhibitors on Pgp family members because the conservation is so low
among these molecules. The interaction of Taxol with Spgp and Pgp
suggests that the ability to mediate drug resistance is a primitive
function of the broader Pgp family. It appears that Spgp and the class
I Pgps have maintained this characteristic, whereas the class III Pgps
have lost this ability.
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