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ABSlTRACT Bicistronic cassettes under control of a single
promoter have recently been suggested as useful tools for
coordinate expression of two different foreign proteins in
mammalian cells. Using the long S' untranslated region of
encephaiomyocardltls virus as translational enhancer of the
second gene, a bicistronic unit composed of cDNA for human
P-glycoprotein [the product of the multidrug resistance gene,
MDRI (also called PGY1)J as selectable marker and cDNA for
human glucocerebrosidase (GC; EC 3.2.1.45) (a membrane-
assodated lysosomal hydrolase) was constructed. NIH 3T3 cells
transfected with a Harvey murine sarcoma virus retroviral
vector carrying this bicistronic cassette (pHaMCG) express
active P-glycoprotein and GC and expression of both proteins
augments coordinately with selection for increased coichicine
resistae. Percoll gradient analysis of homogenates showed
that GC was targeted to the lysosomal fraction. The ability to
select for expression of GC with natural product drugs after
introduction of the pElaMCG retroviral vector may be useful in
gene therapy strategies for Gaucher disease.

Gaucher disease is caused by an inherited deficiency of the
enzyme glucocerebrosidase (GC; EC 3.2.1.45), a membrane-
associated acid hydrolase. In this lysosomal storage disorder
glucosylceramide accumulates in macrophages of the retic-
uloendothelial system, which results in liver and spleen
enlargement and lesions in the bones. Treatment of Gaucher
patients by intravenous infusion of human carbohydrate-
modified GC is extremely costly (1, 2). Allogeneic bone
marrow transplantation is effective in treating Gaucher dis-
ease (2, 3) but has an associated high morbidity. The intro-
duction of the human GC gene into Gaucher bone marrow by
gene transfer should be a lower risk strategy.
For stable expression of genes in mammalian cells, most

expression vectors include a dominant selectable marker that
allows selection of successfully transformed cells. For gene
therapy, the selectable gene should operate not only in tissue
culture but also in vivo in animals or humans for the contin-
uous selection of cells expressing the gene of interest. A gene
with these properties is the human MDR] gene (multidrug
resistance gene; also called PGYJ), which encodes the 170-
kDa P-glycoprotein, an efflux pump for a variety of naturally
occurring cytotoxic agents (4). The MDR] gene can function
as a selectable marker for gene transfer in vitro (5-7), and in
vivo in transgenic mice expressing the MDR] gene in bone
marrow (8). The bone marrow ofthese mice was shown to be
resistant to doxorubicin, taxol, VP-16, and other cytotoxic
substrates of P-glycoprotein (8, 9). Two recent reports dem-
onstrate that the MDR] gene allows selection in vivo with
taxol of mouse bone marrow cells transduced in vitro with an
MDR] retrovirus (10, 11).

When selectable marker and the unselected gene are under
control of separate promoters, expression of the unselected
gene frequently does not occur (12). Concomitant expression
ofboth the transgene of interest and the selectable marker in
the form of a bifunctional fusion protein driven by a single
retroviral promoter has provided one solution to this problem
(7). It is also possible to coexpress two genes from a bicis-
tronic transcript using cap-independent translation initiation
of the second gene when it is preceded by the long 5'
untranslated region of a picornavirus, known as internal
ribosome entry site (IRES); ribosome landing pad (RLP), or
cap-independent translational enhancer (CITE) (13-15).
We have combined the utility of the MDR] gene as a

dominant selectable marker and the efficiency of internal
translation initiation to synthesize a bicistronic construct
under control of the Harvey murine sarcoma virus promoter.
We report the targeting and coordinate coexpression ofactive
human GC and P-glycoprotein. Hence, the recombinant
retroviral construct described in this study may prove useful
for gene therapy of Gaucher disease.

MATERIALS AND METHODS
Expression Constructs. As shown in Fig. 1, retroviral

vectors pHaMCG and pHaMCDG contain between the two
long terminal repeats of Harvey murine sarcoma virus in aS'

3' orientation: (i) the human MDR] cDNA; (ii) a 510-bp
fragment from the encephalomyocarditis virus 5' untrans-
lated region (IRES element); (iii) the human GC cDNA
(pHaMCG) or a deleted version ofGC cDNA in which 57 nt
coding for the 19 amino acid leader sequence plus 365 nt
encoding the amino-terminal portion of the protein were
removed (pHaMCDG). Genetic engineering was carried out
as follows: human GC cDNA was obtained from the Amer-
ican Type Culture Collection as a 2.2-kb EcoRI insert in the
pBR322 plasmid (ATCC no. 65696). The GC cDNA was
isolated as an EcoRI-Sac I fragment and subcloned into the
pUC19 cloning vector creating pGC. An Xho I site was
introduced at the 3' untranslated region of the GC cDNA by
digestion of pGC with Tthlll I-Sac I and religation in the
presence of an adaptor formed by a 24-mer (5'-GAGTCTC-
GAGTGGTTCGTGCTGAGCT-3') and a 19-mer (5'-
CGCACGACCACTCGAGACT-3') oligonucleotide. They
provided Tthlll I and Sac I compatible ends containing a
unique Xho I site. The resulting vector, pGCAX, was used as
template for the introduction of an Nco I site in the ATG
initiation codon of GC by PCR with oligonucleotide primers
5' JA13 (5'-CCATGGCTTCCATGGCTGGCAGCCTCA-
GAGG-3') and 3' JA10 (5'-CAGCTGGCCATGGGTACCCG-

Abbreviations: MDR, multidrug resistance; GC, glucocerebrosi-
dase; IRES, internal ribosome entry site; CITE, cap-independent
translational enhancer.
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FIG. 1. Proviral structure of pHaMCG, pHa
pHaMDR1/A retroviral vectors. The arrows indicate
transcription. The dashed box in pHaMCG shows
leader sequence. Relevant restriction endonuclease
cated: S, Sst II; N, Nco I; X, Xho I. Ha LTR, H
sarcoma virus long terminal repeats; MDR, multidr
gene; GC, GC gene; DGC, deleted GC gene. Drawing i

GATGATG-3'). The amplified 426-bp fragine
cloned into the Nco I site of pGEM 5 (Prom
sequence was confirmed in both directions. p(

obtained by ligating the Nco I-digested PCR fral
Nco I-linearized dephosphorylated pGCAX. It
complete GC cDNA coding sequence and an Nc
ATG starting codon. By partial Nco I digestion a
Sac I digestion of pGPCAX, the 1.6-kb GC codi
was recovered and ligated into the Nco I-Sa
pCITE plasmid (Novagen), which contains the
myocarditis IRES sequence. The resulting plasr
GC, was digested with Ase I, yielding a 2.4-k
fragment, which was functional as demonstrate
transcription/translation.
The plasmid pMDR1/A (16), which includes the

without 3' poly(A) sequences, was linearized witi

CITE-GC and pGEM 2-MDR fragments were
using Klenow fragment and ligated. The rest

(pMCG) having the complete construct in the pi
uration was excised by Sac ll-Xho I digestion a
tronic unit introduced in the Sac II-Xho I unique s
retroviral vector (16) creating pHaMCG. The
vector is identical to pHaMCG except that the (
resulting from complete Nco I digestion of pGPC
is missing a 422-bp Nco I fragment containing
sequence and 365 nt encoding the amino-termin
GC. pHaMDR1/A (16) and pWE-GC (17) wei
elsewhere.

Cell Transfections and Colchicine Selection. N
(6) were transfected by calcium phosphate co]
with 10 pg of DNA per 3 x 105 cells (7). Fort
posttransfection cells were split 1:6 in select
containing 80 ng of colchicine per ml (pHaMCG,
and pHaMDR1/A) or 1.5 mg of G-418 per ml
After 10-12 days, drug-resistant colonies were

expanded for characterization. Some cell pop
tially selected with 80 ng of colchicine per ml wi

low density (2 x 104 cells per ml) in 250, 500,
colchicine per ml. After 10-12 days, resistant cola
selection were pooled, expanded, and analyzed

Nucleic Acid Isolation and Analysis. Genomic I
analyzed by PCR using 1 pg of genomic DNA t
1 juM each of the primers JAil (forward): (5'-C.
TGCCATAGCTCGTG-3') and JA4 (reverse): I
GCCCCATACTCAGC-3'). These amplify a 1
ment comprising the whole encephalomyocardit
bp of 3' MDR] coding sequences and 225 bp of c

x sequences. Amplification was for 40 cycles, with annealing at
550C.

HaLTR Total RNA from colchicine-resistant transfectants was
- HaLTR isolated by acid guanidinium/phenol extraction. For North-

ern hybridization, RNA was resolved in a 0.8% formaldehyde
gel. Equal loading and integrity of RNA samples were
verified by visualization ofthe EtBr-stained ribosomal bands.

- Ha LTR After RNA transfer to a nitrocellulose filter (BA83; Schle-
icher & Schuell) the blot was probed with a random primed
1.1-kb GC cDNA fragment from the ATG initiation codon to
the unique Sal I site. The blot was stripped and reprobed with
a 0.8-kb MDR] probe obtained by EcoRI-HindIII digestion
of the MDRI cDNA. Hybridization and washing conditions
were as described (18).

Subceilular Fractionation of Colchicine-Resistant Transfec-
LMCDG, and tants on Percoll Gradient. Colchicine-resistant fibroblasts
De direction of were homogenized and subfractionated in a discontinuous
the 57-nt GC Percoll gradient according to the method of Neumann et al.
sarvey murine (19) with some modifications. Cells grown to confluency in
rug resistance 500 ng of colchicine per ml in 5 x 150 mm dishes were
is not to scale. scraped, washed three times in ice-cold PBS, and resus-

pended in 1.5 ml of isotonic homogenization buffer: 10 mM
nt was sub- triethanolamine/1 mM EDTA/250 mM sucrose, pH 7.5.
tega) and its After 30 min on ice, cells were disrupted manually in a
3PCAX was Tenbroeck tissue grinder (40 strokes on ice) with a tight-
gment to the fitting pestle. Intact cells and nuclei were removed by cen-
contains the trifugation (10 min at 2000 rpm) and the post-nuclear super-
o I site in its natant was loaded on a preformed Percoll gradient consisting
td complete of 1 ml each of 7%, 12%, 17%, 22%, 25%, 28%, 31%, 40%6,
ng sequence and 80o of a Percoll stock solution [90%o Percoll (Pharmacia)
ic I-digested in homogenization buffer] over a 1-ml cushion of 2.5 M
- encephalo- sucrose. Gradient tubes were centrifuged at 24000 rpm for 1
mid, pCITE- hr (40C) in a Beckman SW40 rotor. Fractions (750 IA) were
Lb CITE-GC collected from the top of the gradient and aliquots from each
d by in vitro fraction were solubilized in 1% Triton X-100 before Percoll

removal by centrifugation. The resulting supernatants were

ZMDR] gene mixed with 2x Laemmli buffer and analyzed by Western
iXho I. Both blotting.
blunt-ended Western Analysis. Cell pellets from NIH 3T3 transfectants
llting vector were extracted as described (21). Protein concentrations
roper config- were determined by the bicinchoninic acid (BCA) assay
nd the bick (Pierce). The supernatants were assayed by immunoblotting
1ites ofpCOl (20) with rabbit anti-human GC antiserum (21) at 1:10,000

pY aMCD dilution for human GC detection; monoclonal antibody C219
GC gt (22) at 1:1000 dilution for P-glycoprotein detection; rabbit'CAfragment anti-MEP antiserum (23) at 1:500 dilution for cathepsin L

leadsi detection. Donkey anti-rabbit IgG horseradish peroxidaseg the ler (HRP) and/or goat anti-mouse IgG-HRP (Amersham), both
al portion of at 1:500 dilution, were used as secondary antibodies whose
re described reactivity was detected by chemiluminescence (ECL kit;

IH 3T3 cells Amiershamn).
preT3cellsatn GC Activity Assay. Enzyme activity was assayed fluori-
precipitation metrically from cell extracts using 4-methylumbelliferyl-p-
y-eight hour D-glucoside (Sigma) as substrate (24). To distinguish the
live medium human GC activity from the mouse GC, duplicate samples
pHaMCDG, were immunoabsorbed with 1 volume of anti-human GC
(pWE-GC). antiserum or control rabbit serum (both diluted 1:50 in PBS)
pooled and at 370C for 1 hr before assay.

oulations ini-
ere plated at
)r 1000 ng of RESULTS
onies in each Integration and Expression of MDR-GC Bicistronic Con-
1. structs in NIH 3T3 Cells. For functional expression ofGC from
DNA (7) was abicistronic cassette containing theMDR] gene as a selectable
Lemplate and marker, we constructed pHaMCG (Fig. 1). Two additional
AACGCAT- constructs, pHaMCDG (which has a 422-bp deletion at the 5'
(5'-GATGG- end ofthe GC cDNA) and pHaMDR1/A (including the MDR]
.15-kb frag- gene alone) (Fig. 1), were used as controls. Transfection into
is IRES, 300 NIH 3T3 cells yielded colchicine-resistant colonies for all
5' GC coding three retroviral vectors. The transfection efficiencies achieved
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FIG. 2. Integration and expression ofMDR-GC bicistronic constructs in drug-resistant NIH 3T3 cells. (A) Genomic DNA (1 pg per sample)
isolated from pools of colchicine-resistant colonies was subjected to PCR amplification. Aliquots (5 pI) of the reaction products were resolved
on a 1.5% agarose gel and stained with EtBr. Lane M, BRL low molecular weight ladder; lane 1, pHaMCG derived transfectants; lane 2,
pHaMCDG derived transfectants; lane 3, pHaMDR1/A derived transfectants. The arrow at the left indicates expected band position. (B) Total
RNA (20 pg per sample) isolated from colchicine-resistant cells was fractionated on a 0.8% formaldehyde/agarose gel and probed with a 1.1-kb
specific "GC" probe. (C) The filter was stripped and reprobed with a 0.86-kb EcoRI-HindIll "MDR" fragment. Lanes 1, pHaMCG
transfectants; lanes 2, pHaMCDG transfectants; lanes 3, pHaMDR1/A transfectants. Numbers on the left correspond to the size of RNA
molecular weight markers.

with pHaMCG and pHaMCDG (7.9 x 10- and 7.5 x 10-4,
respectively) were similar to those obtained with pHaMDR1/
A (8.7 x 10-4), indicating that the IRES and GC sequences do
not interfere with MDR] function.
PCR amplification of the MDR-GC transgene in drug-

resistant transfectants demonstrated integration ofpHaMCG
into the mouse genome. The result in Fig. 2A, lane 1, indicate
that the pHaMCG transfected population contains the spe-
cific 1.15-kb fragment.
To examine coexpression ofGC and P-glycoprotein, RNA

from drug-resistant transfectants was analyzed with MDR]
and GC-specific cDNA fragments. When the GC probe was
used, transcripts of about 10 kb and 9.5 kb were detected in
pHaMCG andpHaMCDG transfected cells, respectively, but
no signal was detected in pHaMDR1/A cells (Fig. 2B). The
lower intensity of pHaMCDG transfectants (lane 2) com-
pared to pHaMCG transfectants (lane 1) may be due to the
absence ofthe amino end ofGC in the GC-deleted bicistronic
construct. As shown in Fig. 2C, theMDR probe also revealed
diffuse mRNA bands with the strongest signal at 10 kb for
pHaMCG, 9.5 kb forpHaMCDG, and 8 kb forpHaMDR1/A.
Finding only a single mRNA transcript of the predicted size
in the bicistronic transfectants indicates that no rearrange-
ments or deletions were produced in the integrated retroviral
transgene as a consequence of P-glycoprotein selection.

Expression of GC and P-glycoprotein Is Increased by Drug
Selecton in pHaMCG Transfectants. To determine if the
MCG bicistronic transcripts produced GC and P-glycopro-
tein, we performed an immunoblot analysis on cell extracts
from drug-resistant transfectants. Combined detection with
rabbit anti-human GC antiserum and anti-P-glycoprotein
C219 monoclonal antibody revealed coexpression ofboth GC
(60-kDa band) and P-glycoprotein (170-kDa band) only in the
pHaMCG derived transfectants (Fig. 3). As positive control
for human GC expression we used NIH 3T3 cells transfected
with the pWE-GC retroviral vector (17), which produces high
levels of active human GC.
By single-step selection of the pHaMCG transfectant pool

with different concentrations of colchicine we asked whether
the stringency of drug selection influenced expression of both
P-glycoprotein and GC. Fig. 4 shows that the expression levels
of both proteins increased in parallel when the pHaMCG
transfectants were selected in increasing colchicine concen-
trations.
To test whether the human GC protein expressed was

functional, we measured its enzymatic activity in cell ex-
tracts. Fig. 5 shows that transfected cells exhibit human GC
activity and that there is a gradual increase in human enzyme
activity with more stringent colchicine selection, consistent
with the expression data obtained from the Western blot

analysis (Fig. 4). We conclude that the MDR-GC bicistronic
construct efficiently expresses active GC and its level is
increased by selection for MDR by colchicine.
Lysosomal Lcaliztion ofHuman GC in pHaMCG-Derived

Transfectants. To determine the location ofGC in pHaMCG
transfected cells, homogenates were fractionated on a dis-
continuous Percoll gradient. The gradient conditions were
chosen so that the plasma membrane, the endoplasmic re-
ticulum, and the Golgi fractions were isopycnic (19). Fig. 6A
shows the distribution profile of human GC (60-kDa band).
The first two fractions are positive for human GC and
represent the "solubilized" enzyme from broken organelles.
The rest of human GC followed a bimodal distribution, with
peaks of expression in the "microsomal," "endosomal," or
"light lysosomal" fractions (lanes 4-7) (p 1.035 g/ml) and
in the "heavy lysosomal" fractions (p 1.085 g/ml) (lanes 12
and 13). Similar heterogeneity in lysosomal enzyme distri-
bution has been described (25, 26). By densitometry, about
30%o of the enzyme was associated with the heavy lysosomal
fractions. The broad fuzzy GC signal in the heavy lysosomal
fractions is indicative of an extensively glycosylated protein
(27, 28). Also, the slightly decreased molecular mass of the
enzyme in the late gradient fractions (lanes 12 and 13)
compared with the microsomal fractions (lanes 4-7) was
previously observed for the lysosomal form of GC (17). The
GC present in the microsomal fractions is probably immature
enzyme being processed in the endoplasmic reticulum and
Golgi before transfer to lysosomes.

200
* ' 4A6 p

97 -

68 -
_" -0- GC

FIG. 3. Coexpression ofGC and P-glycoprotein(Pgp) inpHaMCG
transfected cells. Cells were harvested and extracted and 20 pg of
protein per sample was fractionated by 8% SDS/PAGE and analyzed
by immunoblotting with a mixture of anti-human GC antiserum and
C219 monoclonal antibody. Lanes: 1, pHaMCG transfectants; 2,
pHaMCDG transfectants; 3, pHaMDR1/A transfectants; 4, pWE-GC
transfectants.
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FIG. 4. Drug selection increases human GC and P-glycoprotein
expression on pHaMCG derived transfectants. pHaMCG derived
cells obtained by single-step selection with the indicated concentra-
tions of colchicine (in ng/ml) were disrupted, electrophoresed in 8%
SDS/polyacrylamide gels (10 jug of protein per lane), and analyzed
by Western blotting. pWE-GC refers to transfectants control ex-
pressing human GC. (A) Human GC detected with anti-GC antise-
rum. (B) P-glycoprotein detected with C219 monoclonal antibody.

To confirm that human GC was targeted to lysosomes, we
analyzed the same gradient fractions with a rabbit antiserum
that reacts with endogenous mouse cathepsin L (Fig. 6C).
This soluble lysosomal hydrolase initially synthesized as a
39-kDa precursor form is processed into 29- and 20-kDa
polypeptides that are associated with the lysosomes (26) and
colocalizes with recombinant GC in the high density fractions
(lanes 12 and 13). Analysis of the gradient fractions with
monoclonal antibody C219 showed that the 170-kDa band of
recombinant P-glycoprotein is present in the light density
fractions (Fig. 6B, lanes 4-6) as would be expected for a
plasma membrane protein.
When homogenates from pWE-GC transfected mouse fi-

broblasts were analyzed, GC was found in the same fractions
as in cells containing the bicistronic pHaMCG vector (data

pHaMCG pWE-GC

C-,
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FIG. 5. Effect of the stringency of drug selection on the levels of
human GC activity in pHaMCG derived cells. Single-step colchicine-
selected pHaMCG transfectants and pWE-GC transfectants were
extracted and GC activity was measured fluorimetrically. Values are
means ± SD of duplicate samples from three separate experiments.
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FIG. 6. Subcellular distribution of human GC, P-glycoprotein,
and mouse cathepsin L in pHaMCG transfectants. Percoll fraction-
ation of fibroblast homogenates was done as indicated in the text.
From each gradient fraction, 1.6 id was subjected to 10o SDS/
PAGE and Western analysis. (A) Human GC detected with rabbit
anti-GC antiserum. (B) P-glycoprotein detected with C219 monoclo-
nal antibody. (C) Mouse cathepsin L detected with rabbit anti-MEP
antiserum. Arrows on the right indicate the size of specific bands.

not shown). Taken together, these results indicate that P-gly-
coprotein is targeted to the plasma membrane and GC is
targeted to lysosomes.

DISCUSSION
Our results demonstrate that a vector containing the human
MDR] gene can be used to promote expression of an accom-
panying human GC gene by selection with colchicine. In the
expression system used, the MDR] and the GC cDNAs are
transcribed as a single mRNA driven by the strong Harvey
sarcoma virus promoter but translated as independent enti-
ties combining cap-dependent (P-glycoprotein) and cap-
independent (GC) translation mediated by the encephalomy-
ocarditis IRES.
IRES Guarantees Expression of the Unselected Gene in Bi-

cistronic Vectors. The capability ofthe 5' untranslated regions
of picornaviruses to direct internal translation initiation from
bi- and polycistronic constructs has been reported recently
(13-15). The coordinate coexpression of two otherwise unre-
lated genes under control of a single promoter overcomes
negative interactions found when retroviral vectors carry the
unselectable gene and the selectable marker in different tran-
scriptional units (12, 29). The single, unspliced bicistronic
MDR-CITE-GC transcript revealed by Northern analysis of
the drug-selected population indicates equal amounts of
mRNA for both genes. We previously have used the MDR]
gene to express the adenosine deaminase gene by fusing both
cDNAs to make a hybrid protein (7). However, the MDR1-
ADA fusion gene gave lower transfection efficiencies than the
MDR] gene alone (7). In the new vector system, similar
transfection efficiencies were obtained from pHaMCG and

A

200 -

97 -
68 -
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pHaMCDG bicistronic vectors compared with the monocis-
tronic pHaMDR1/A vector. Thus, there is a functional ad-
vantage of having independent translation of the selectable
marker and the unselected gene over the translational fusion
construct.

Usefulness of MDR] as a Selectable Marker. We have
incorporated the MDR] gene as dominant selectable marker
in our bicistronic construct. MDRJ-containing vectors have
been introduced into many different drug-sensitive cells and
a wide range of drugs can be utilized to obtain multidrug-
resistant cells. Not only has the MDR] gene been success-
fully employed as a selectable marker for gene transfer
experiments in vitro (5-7) but it is the only drug resistance
gene with demonstrated capacity for in vivo selection (9-11).
In our study, increased drug concentrations select for cells
that synthesize higher amounts of bicistronic transcript,
influencing positively the expression of both, P-glycoprotein
and GC.

Lcaflzatlon and Activity of GC in Transfected Cells. Hu-
man GC, the product of the unselected gene in pHaMCG
transfectants, is correctly targeted to the lysosomes. Hence,
this system does not compromise correct intracellular traf-
ficking of proteins directed to different cell compartments as
can occur with fusion constructs. The levels of human GC
activity attained in our pHaMCG transfectants are compa-
rable to those previously obtained in NIH 3T3-derived C-am
cells transformed with pWE-GC (17) and in macrophages
isolated from tissues of reconstituted mice bearing bone
marrow transduced with a retroviral vector containing only
the human GC cDNA (30). Those same vectors have been
used successfully to restore the human GC activity to normal
levels in human Gaucher cells (17, 31).

Implications for Gene Therapy. Recent progress on sus-
tained human GC expression in vivo has been obtained in
murine models using retroviral vectors without capacity for
positive selection (30, 32). Because transduction of pluripo-
tent primate hematopoietic cells is significantly less efficient
than its murine counterparts (33, 34), for any of the vectors
to be used in gene therapy the inclusion of a versatile
selectable marker such as the MDR] gene that possesses the
capacity for positive selection in vivo seems necessary.
Furthermore, in the pHaMCG vector the presence of the
selectable marker not only guarantees expression of GC but
also allows selection for its increased expression. Thus, the
use of bicistronic vectors containing a therapeutically valu-
able gene, an intercistronic IRES element, and a selectable
MDR] gene may have important applications for the gene
therapy of many other disorders.

We thank Drs. R. Brady (National Institute of Neurological
Disorders and Stroke); E. Ginns, C. McKinney, and B. Eliason
(National Institute of Mental Health); and U. Germann and A.
Johnson (National Cancer Institute) for advice and Dr. E. Beutler for
the GC cDNA. The rabbit anti-GC antiserum and the pWE-GC
vector were gifts of Dr. Ginns.

1. Barton, N. W., Brady, R. O., Dambrosia, J. M., Di Bisceglie,
A. M., Doppelt, S. H., Hill, S. C., Mankin, H J., Murray,
G. J., Parker, R. I., Argoff, G. E., Grewal, R. P. & Yu, K.-T.
(1991) N. Engl. J. Med. 324, 1464-1470.

2. Beutler, E. (1992) Science 256, 794-799.
3. Barranger, J. A. & Ginns, E. I. (1989) in The Metabolic Basis

ofInherited Disease, eds. Scriver, C. R., Beaudet, A. L., Sly,
W. S. & Valle, D. (McGraw-Hill, New York), Vol. 67, pp.
1677-1698.

4. Gottesman, M. M. & Pastan, I. (1993) Annu. Rev. Biochem. 62,
385-427.

5. Kane, S. E., Troen, B. R., Gal, S., Ueda, K., Pastan, I. &
Gottesman, M. M. (1988) Mol. Cell. Biol. 8, 3316-3321.

6. Kane, S. E., Reinhard, D. H., Fordis, C. M., Pastan, I. &
Gottesman, M. M. (1989) Gene 84, 439-446.

7. Germann, U. A., Gottesman, M. M. & Pastan, I. (1989) J. Biol.
Chem. 264, 7418-7424.

8. Galski, H., Sullivan, M., Wiilingham, M. C., Chin, K.-V.,
Gottesman, M. M., Pastan, I. & Merlino, G. T. (1989) Mol.
Cell. Biol. 9, 4357-4363.

9. Mickisch, G., Merlino, G. T., Galski, H., Gottesman, M. M. &
Pastan, I. (1991) Proc. Natl. Acad. Sci. USA 88, 547-551.

10. Sorrentino, B. P., Brandt, S. J., Bodine, D., Gottesman,
M. M., Pastan, I., Cline, A. & Nienhuis, A. W. (1992) Science
257, 99-103.

11. Podda, S., Ward, M., Himelstein, A., Richardson, C., Flor-
Weiss, E., Smith, L., Gottesman, M. M., Pastan, I. & Bank, A.
(1992) Proc. Natl. Acad. Sci. USA 89, %76-9680.

12. Emerman, M. & Temin, H. H. (1984) Cell 39, 459-467.
13. Kaufman, R. J., Davies, M. V., Wasley, L. C. & Michnick, D.

(1991) Nucleic Acids Res. 19, 4485-4490.
14. Morgan, R. A., Couture, L., Elroy-Stein, O., Ragheb, J.,

Moss, B. & Anderson, W. F. (1992) Nucleic Acids Res. 20,
1293-1299.

15. Dirks, W., Wirth, M. & Hauser, H. (1993) Gene 129, 247-249.
16. Pastan, I., Gottesman, M. M., Ueda, K., Lovelace, E., Ru-

therford, A. & Willingham, M. C. (1988) Proc. Natl. Acad. Sci.
USA 85, 4486-4490.

17. Choudary, P. V., Tsuji, S., Martin, B. M., Guild, B. C., Mul-
ligan, R. C., Murray, G. J., Barranger, J. A. & Ginns, E. I.
(1986) Cold Spring Harbor Symp. Quant. Biol. 51, 1047-1052.

18. Fojo, A. T., Ueda, K., Slamon, D. J., Poplack, D. G., Gottes-
man, M. M. & Pastan, I. (1987) Proc. Natl. Acad. Sci. USA 84,
265-269.

19. Neumann, D., Wikstrom, L., Watowich, S. S. & Lodish, H. F.
(1993) J. Biol. Chem. 268, 13639-13649.

20. Germann, U. A., Willingham, M. C., Pastan, I. & Gottesman,
M. M. (1990) Biochemistry 29, 2295-2303.

21. Ginns, E. I., Brady, R. O., Pirrucello, S., Moore, C., Sorrell,
S., Furbish, F. S., Murray, G. J., Tager, J. & Barranger, J. A.
(1982) Proc. Natl. Acad. Sci. USA 79, 5607-5610.

22. Kartner, N., Evernden-Porelie, D., Bradley, G. & Ling, V.
(1985) Nature (London) 316, 820-823.

23. Gottesman, M. M. & Cabral, F. (1981) Biochemistry 20, 1659-
1665.

24. Beutler, E. & Kuhl, W. (1970) Lancet i, 612-613.
25. Rome, L. H., Garvin, A. J., Allietta, M. M. & Neufeld, E. F.

(1979) Cell 17,143-153.
26. Gal, S., Willingham, M. C. & Gottesman, M. M. (1985) J. Cell

Biol. 100, 535-544.
27. Ginns, E. I. (1985) BioEssays 2, 118-122.
28. Erickson, A. H., Ginns, E. I. & Barranger, J. A. (1985) J. Biol.

Chem. 260, 14319-14324.
29. Olsen, J. C., Johnson, L. G., Wong-Sun, M. L., Moore, K. L.,

Swanstrom, R. & Boucher, R. C. (1993) Nucleic Acids Res. 21,
663-669.

30. Correll, P. H., Colilla, S., Dave, H. P. G. & Karlsson, S. (1992)
Blood 80, 331-336.

31. Nolta, J. A., Yu, X. U., Bahner, I. & Kohn, D. B. (1992) J.
Clin. Invest. 90, 342-348.

32. Ohashi, T., Boggs, S., Robbins, P., Bahuson, A., Patrene, K.,
Wei, F.-S., Wei, J.-F., Li, J., Lucht, L., Fei, Y., Clark, S.,
Kimak, M., He, H., Mowery-Rushton, P. & Barranger, J. A.
(1992) Proc. Natl. Acad. Sci. USA 89, 11332-11336.

33. Bodine, D. M., McDonagh, K. T., Brandt, S. J., Ney, P. A.,
Agricola, B., Byrne, E. & Nienhuis, A. W. (1990) Proc. Natl.
Acad. Sci. USA 87, 3738-3742.

34. van Beusechem, V. W., Kukler, A., Heidt, P. J. & Valerio, D.
(1992) Proc. Natl. Acad. Sci. USA 89, 7640-7644.

Proc. Natl. Acad Sci. USA 91 (1994)


