
Molecular Cloning and Expression of a Human 
B-Cell Growth Factor Gene in Esche~ichia coli 

A human B-cell growth factor (BCGF) (12 kilodaltons) supports the clonal prolifera- 
tion of B lymphocytes. A clone was isolated that contained the proper structural 
sequence to encode biologically active, 12-kilodalton BCGF in Escbericbia coli and to 
hybridize to a specific messenger RNA, identified by in vitro translation in Xenopzts 
laevis oocytes. A relatively hydrophobic region of 18 amino acids was found at the 
amino terminal of the 124-amino acid-long polypeptide. The carboxyl terminal is 
composed of at least 32 amino acids that are derived from nucleotide sequences 
bearing significant homology to the Alu repeat family. 

A FTER INITIAL ACTIVATION MEDIAT- 

ed by agents such as antigen, lectin, 
or antibodies to immunoglobulin, B 

cells become responsive to putative lineage- 
specific growth factors (1). One B-cell 
growth factor (BCGF), which represents the 
predominant molecular species released by 
normal lectin-activated T cells, has been 
defined by its comitogenic effects on activat- 
ed B lymphocytes derived from either pe- 
ripheral blood or tonsils (2). The mature 
secreted form of this BCGF is 12  kD and has 
a major isoelectric point of 6.3 to 6.6 (3 ) .  
Multiple human BCGF species of higher 
molecular weight (60-kD BCGF) have also 
been detected in the supernatants of hybrid- 
omas (4), malignant T cells (5), and normal 
lectin-activated T cells costimulated with 
phorbol myristate acetate (PMA) (1). In 
addition, immortalized human B cells se- 
crete a high molecular weight (60-kD) ma- 
terial with BCGF activity (5). These obser- 
vations suggest that there are either multiple 
genes encoding BCGF-like activities [as has 
been seen in the mouse (6)], or that the 
mature secreted 12-kD BCGF is a by-prod- 
uct of higher molecular weight BCGF(s). 
Two murine BCGF genes have recently 
been identified by recombinant technology 
and the human homolog to one [B-cell 
stimulatory factor-1 (BSF-l)] has also been 
cloned (7). Here we report on the molecular 
cloning of a human BCGF variant related to 
the 12-kD secreted product. 

Enrichment of BCGF-specific message 
was obtained by isolating polyadenylated 
[poly(A)+] messenger RNA (mRNA) from 
[O. 75% phytohemagglutinin (PHA) -acti- 
vated, vlv, 18 hours] T cells (in the presence 
of 5% monocytes) by the guanidinium iso- 
thiocyanate method (8) .  The mRNA was 
further size-fractionated on a 1% low-melt- 
ing agarose methyl mercury hydroxide gel. 
Fractionated mRNA samples were microin- 
jected intoxenopw laevzs oocytes, and secret- 
ed products were bioassayed for BCGF ac- 
tivity with a BCGF-responsive, B-cell line 
(BD 9) and for interleukin-2 (IL-2) activity 

with a long-term cultured IL-2-dependent 
T-cell population (1, 9). The B-cell targets 
utilized are refractory to interleukin-1 (IL- 
l ) ,  IL-2, and interferon y. The bioassay 
utilizing these B cells is significantly more 
sensitive ( > l o :  1) to limiting quantities of 
BCGF than the conventional assay involving 
peripheral blood B cells activated with anti- 
bodies to the Ig-k chain (anti-k). Identifica- 
tion of IL-2 mRNA served as an internal 
marker for the fidelity of in vitro translation. 
Fractions showing the highest BCGF activi- 
ty (that is, those derived from 13s to 17s 
mRNA) were subsequently used for con- 
struction of the complementary DNA 
(cDNA) library. Partially enriched BCGF 
mRNA (2 kg) was used as a template to 
synthesize double-stranded DNA that could 

Oocyte supernatants (% v/v) 

Fig. 1. Translation of hybrid-selected BCGF 
mRNA in Xenopw lami oocytes. Plasmid DNAs 
(1  kg) were isolated and hybridized to poly(A)+ 
RNA (400 kg) from activated T cells, as de- 
scribed, onto nitrocellulose filters. Bound mRNA 
was eluted by boiling for 1 minute, and it was 
microinjected in Xenopw oocytes. Secreted prod- 
ucts were assayed on long-term factor-responsive 
human R cells. Results are represented in terms of 
[3H]thymidine incorporation of 12 x lo3 B cells. 
Symbols represent DNA from (m) pUC9; (0) 
pARJ43, ( A )  pARJ55, and (e) pARJ36. 

be inserted into a Pst I-digested and oligo- 
(dT)-tailed pUC9 vector (10) and expressed 
under the control of the promoter of the p- 
galactosidase gene. Initial screening revealed 
approximately 700 clones containing cDNA 
inserts of appropriate length. 

Complementary DNA-containing colo- 
nies were pooled into groups of 1 7  colonies 
and cell extracts were tested for BCGF activ- 
ity. The BCGF activity of extracts was mea- 
sured as the ability to stimulate [ 3 ~ ] t h y m i -  
dine incorporation in B-cell lines (1). Only 
two pools consistently produced lympho- 
kine activity when compared to negative 
control extracts from bacteria containing 
only the parental vector pUC9. Each pool 
contained only a single colony that exhibited 
BCGF activity. For example, treatment with 
extracts from colony 43  in pool 4 and from 
colony 45 in pool 11 resulted in an incorpo- 
ration of 7608 + 357 cpm and 2298 i 186 
cpm, respectively, when used at 20% vlv. 
The [ 3 ~ ]  thymidine incorporation induced 
by negative control Escherichia coli extracts 
was 504 i 79 cpm, whereas the positive 
control human BCGF standard (Cellular 
Products, Inc.) gave 16,420 * 624 cpm. 
Complementary DNA inserts in the plas- 
mids pARJ43 (pool 4)  and pARJ45 (pool 
11) were approximately 700 bp and 350 bp, 
respectively. 

To further demonstrate that plasmid 
pARJ43 contained a BCGF-specific cDNA 
insert, we used the plasmid to select BCGF- 
specific mRNA (11) (Fig. 1). As a negative 
control, pUC9 and two other plasmids con- 
taining inserts were also assayed. The 
mRNA that hybridized to the plasmid 
DNAs was injected into Xenopus oocytes, 
and secreted products were assayed for 
BCGF activity. Only mRNA that hybrid- 
ized to plasmid pARJ43 encoded BCGF 
bioactivity. 

The nucleotide sequence of the cDNA 
insert in pARJ43 (Fig. 2) was determined 
by a combination of the M13 dideoxy and 
chemical degradation methods (12). This 
sequence predicts an mRNA size of at least 
620 nucleotides. A single open reading 
frame of 372 nucleotides was found that 
encoded a polypeptide of 124 amino acids. 
The initiation ATG codon is located at 
position 6 7  of the nucleotide sequence and 
is associated with the true initiator codon- 
conserved sequences CCACAGGCATGG 
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A C T A A C T A C A A A G G G G A A C A A G G A A A C C T C T T G G G A G A T A A T G A A A A T A T T T A T A G  60 

S 1 Bst XI 518 
CCAGGC ATG GTA GTT TAT GCC TAT AAT CCC ATC ACT GTG GGA GGC AGG AAG ATC ACT TCA 120 

n6T Val Val n r  Ala Tvr Asn Pro Ile Thr Val Glv Glv Arq Lva Ile Thr Ser 

GGC CAG GAG TTC CAA AAT ATT CGG T T CTT GAT TGT GGT GGT AGT TAC ACA ACT GCT ATA 180 
Gly Gln Glu Ph. Gln Asn Ile Lsu kr Leu Asp Cys Gly Gly Ser Tyr Thr Thr Ala Ile 

Uoo I1 Rsa I Acc I 
AAT TTG ATC AAA ATT CAA AGA ACT ATA CAC CTA RAG GGA AGA CTT CTA CTG TAC GAA GTA 240 
Asn U u  Ile Lye 11s Gln Arg Thr 11s His Leu Lys Gly Arg Leu Leu Leu Tyr Glu Val 

TAC CTC ATA AAT AAC CM CCA AAA AAC CTC TGT TCT CAT TTT AGT TTT CCT ACC ACT TAT 300 
Tyr Isu Ile Mn Mn Gln Pro Lys Asn Lsu Cys Ssr His Phe Ser Phe Pro Thr Thr Tyr 

t Bst XI 
ATT AAA A M  GAG AGG CTT TGG CTG GGC CCA ETG GCT CAC ACC TAT AAT CCC AGC ACT CTG 360 
110 Lys Lys Glu Arg Leu rrp Leu Gly Pro Val Ala His Thr Tyr - ~ n ~ - P = o - ~ e ~  Thr Leu 

Ava I Bst XI 
GGA GGC CGA GGT GGG TGG ATC ACC CGA GGT CAG GAG TTC AAG ACC AGC CTG GCC AAC ATG 420 
Gly Gly Arg Oly Gly Trp 11.3 Thr A q  Gly Gln Glu Ph. Lys Thr Ser Leu Ala Asn wt 

Alu I Alu I 
GTG GAA CCC TGT CTC TAC TAAAAATACAAAAATTAGCTGGGTGCAGTGGCACGCGTCTGTAATCCAAGCTACT 493 
Val Glu Pro Cys Leu Tyr 

TGAGAGGCTGAGGCAGGAGAATCGCTTGAACTCAGGAGGCGGAAGGTGCAGTGGGCCCAATTGCACCACTGCACTCTA 572 

Hinf I t 
GCCTGGGGGACAGAGCAAGACTCCATCTCAAAAAAAAAAAAAAAAAAA 620 

Fig. 2. Nucleotide sequence and predicted amino acid sequence of the human 12-M> RCGF cDNA 
insert. Position 1 of the nucleotide sequcncr is shown by the first nucleotide succeeding the oligo(dG) 
segment. The putative signal peptide (residue S1-S18) is underlined with a hea\y line. A potential site 
for N-glycosylation is indicated by a dashed line. The horizontal arrows indicated direct repeats in the 
nucleotide sequence. The Alu-like segment in the BCGF cDNA is shown by vertical arrowheads. 

(13). The termination codon TRA is located cloned BCGF gene was utilized with 
at position 439 of the nucleotide sequence. mRNA from unactivated human T cells and 

Primer extension analysis was subsequent- human T cells activated with PEL4 for 20 
ly performed as described (14). In a series of hours. There was no significant extension of 
experiments a 240-bp primer Pst I-Acc I the Pst I-Acc I fragment with either mRNA 
fragment containing the 5' end of the population and this suggests an intact 5' end 

- -  - 
BCGF sequence T G G C T G G G C C C R G T G G C T C ~ C ~ C C T R T R R T C C C R G C R C T ~ ~ ~ G G R G G C C G R G G T G G G T G G  

1 1 1 1 1 1 1 1  I I I I I I I I I I I I I  1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
Consensus sequence - G G C T G G G C G T G G T G G C T C R C R C C T G T R R T C C C R G C R C T T T G G G R G G C C G R G G T G G G T G G  

1 2 0  4  0  

" ""  
R T C R C C C G R G G T C R G G R G T T ' C F ; R G R C C R G C C T G G C C R R C ~ ~ ~ G T G G R R ~ ~ ~ T G T ~ T ~ T R ~  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I I I I I I I I I I I I I I  
R T C R C C C G R G G T C R G G R G T T C R R G R C C R G C C T G G C C R R C R T G G T G R R R C C C C G T C T C T R C  
6 0  8 0  1 00  

4 4 0  4 6 0  480  
T R R R R R T R C R R R R R T T R G C T G G G T G C A G T G G C A C T C T T C T G T R R T C C R R G C T R C T T G R G R  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I l l  1 1 1 1 1 1  I  I  1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1  I  I I  
T R A R R R T R C R R R R R T T R G C C G G G C G T G G T G G C G C G C G C C T G T R A T C C C R G C T R C T C G G G R  

1 2 0  1 4 0  1 6 0  

5 0 0  5 2 0  5 4 0  
G G C T G R G G C R G G R G R R T C G C T T G R R C T C R G G R G G C G G R R G G T G C R G T G G G C C C R G R T T G C  
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I l l  I  I I I I I I I  I l l  I I I I  I I  
G G C T G R G G C R G G R G R R T C G C T T G R R C C C R G G R G G T G G R G G T T G C R G T G R G C C G R G R T C G C  

1  RD 2 0 0  2 2 0  

RCCRCTGCACTCTRGCCTGGGGGRCRGRGCRRGRCTCCRTCTCR-r  i c h  
I I I I I I I I I I I  I I I I I I I I  I I I I I I I I I I I  

G C C R C T G C R C T C C R G C C T G G R C R G R G C G R G - - - R C T C C R T C T C R - r i c h  
2 4 0  2 6 0  2 8 0  

B 3 0 0  3 2 0  

BCGF sequence T C C T R C C R C T T R T R T T R R R R R R G R G R G G C T T T G G C T G G G C C C R G T G G C T C R  
1 1 1  1 1 1  1 I  1 1 1 1 1 1 1  I I  I I  1 1 1 1  I !  I I  

IL-i sequence T C C G G G - R C T C R C R G C R R R R R R G C T T G G T G R T G T C T G G T C C R T R T G R R - - -  
4 8 0  5 8 0  

4 0 0  4 2 0  
C R C C C G R G G T C R G G R G T T C R R - - - - - - G R C C R G C C T G G C C R R C R T G G T G G R  

I I 1 1 1 1  1 1 1 1 1  I  I  I I I I I  I I  
T T C T C C R T G T C C T T T G T R C A A G G R G R R G R R R G T R R T G R C R R R R T R C C T G T G  
5 6 0  5 8 0  6 0 0  

440  460  
R C C C T G T C T C T R C T R R R R R T R C R R R R R T T R G C T G G G T G C R G T G G C R C G ~ G  

I I  I1 1 1  1 1 1  1 1  1 1  1 1 1  I  I  I  
G C C T T G G G C C T C R R G G R R R R G - R R T C T G T R C C T G T C C T G C G T G T T G R R R G  

6 2 0  6 4 0  

for the cloned gene. We next did experi- 
ments with an Acc I-Sau 3A' fragment (140 
bp) from the middle region of the BCGF 
cDNA, again by using mRNA from unacti- 
vated and PHA-activated T cells. There was 
significant primer extension of the 140-bp 
fragment when reannealed to activated T- 
cell mRNA with major bands around 260 
bp and 400 bp. Several minor components 
were visualized in the >440-bp region of 
the gel. Although these results suggest that 
the entire coding region for the BCGF gene 
is present in the cDNA, the minor compo- 
nents visualized in the >440-bp region may 
also indicate that the entire 5' end of the 
gene is not hlly represented. The possibility 
should be explored that the cDNA isolated 
represents a component of a larger gene 
fragment that encodes a higher molecular 
weight BCGF. 

The predicted amino acid sequence sug- 
gests the presence of a relative hydrophobic 
region of 18 amino acids at the NH2 termi- 
nal of the polypeptide. There are three cyste- 
ine residues located at positions 30, 69, and 
122 of the deduced amino acid sequence. 
No polyadenylation signal sequence was 
identified in the noncoding 3' end region. 
Other important features include presence 
of the repeat sequences AAAA-TATTCT- 
GCA and TGGCCCAG at positions 44 
(133) and at 322 (545), respectively, of the 
nucleotide sequence. 

Nucleotide sequence homology was ana- 
lyzed by means of the ALIGN program of 
Intelligenetics, Inc. Human IL-2 (15) and 
human granulocyte-macrophage colony- 
stimulating factor (GM-CSF) (16) noncod- 
ing regions showed 56 and 53% homology, 
respectively, with the human BCGF se- 
quences encompassing nucleotides 81-101 
(IL-2) and 107-267 (GM-CSF) . Alignment 
of the BCGF cDNA sequence with the 
human consensus Alu repeat unit (17) and 
the human IL-1f3 gene (nucleotides 463-- 
657) showed 87 and 46% homology, re- 
spectively (Fig. 3). The sequence homology 
with the IL- 1 f3 gene (1 8) resides within the 
coding region of both genes. In addition, 
46% homology with the IL-lp gene lies 
within the BCGF Alu insert and its immedi- 
ate 5' flanking region, suggesting the pres- 
ence of the Alu-like sequences in the human 
IL-1f3 gene. The recently cloned murine 
BSF-1 gene (7) sequence and its human 
homolog did not show significant homolo- 

Fig. 3. Analysis of homology (A) between BCGF 
cDNA 3'  end containing the Alu repeat sequences 
(nucleotides 319-620) and a single unit of the 
Alu repeat family and (8) between the BCGF 3' 
end region (nucleotides 287-477) and IL-1P 
coding sequences (nucleotides 463-657). The 
ALIGN program and gene bank of Intelligene- 
tics, Inc., was used. 
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gy at either the nucleotide or amino acid 
level with 1 2 - 0  BCGF. 

The 3' end of the cDNA molecule that 
shares homology with the consensus Alu 
sequence contributes 32 amino acids to the 
BCGF protein. A potential N-glycosylation 
site is also located within this amino acid 
cluster (residues 94-96). Alu sequences are 
often flanked by direct repeats (19). In the 
nucleotide sequence presented here we are 
unable to define the terminal repeats as'the 
3' end of the cDNA does not extend beyond 
the A-rich region. However, a perfect direct 
repeat TGGGCCCAG was found within the 
cDNA Alu region at positions 322 and 545 
of the nucleotide sequence. The sequence 
containing direct repeat TGGGCCCAG rep- 
resents the RNA polymerase I11 promoter 
site normally found in the left monomeric 
unit of the Alu repeat. 

We can rule out the possibility that the 
nucleotides homologous to Alu sequences in 
the 3' end of the BCGF gene represents an 
unspliced intron. First, no potential splice 
sites, 3' consensus signal ~~i~~ cag/G and 
5' consensus signal z A ~ / & a ~ t  (20), are 
found flanking the BCGF Alu insert. Sec- 
ond, the 5' end of the Alu repeat within the 
BCGF cDNA gives rise to an open reading 
frame through 100 bp. Alu sequences have 
been found to contain numerous stop co- 
dons (1 9). Third, no canonical polyadenyla- 
tion signal is found within the Alu repeat. If 
it were the case, then the transcription pro- 
cess would be terminated within the introns 
of many genes. Therefore, we presume that 
the polyadenylation signal is likely to be 
located downstream from the poly(A)+ tail 
of the Alu repeat, and the Alu poly(A)+ tail 
was utilized during cDNA construction. 

The size of the biologically active hybrid 
protein specified by pARJ43 was approxi- 
mately 15 kD (Fig. 4A). The fraaions from 
plasmid pARJ43 that had BCGF activity on 
long-term cultured B cells also exhibited 
activity in anti-p-activated peripheral blood 
p cells (Fig. 4B). No activity was detected in 
the fractions derived from pUC9. Sephadex 
G-50 fractions exhibiting BCGF activity 
were also shown to stimulate proliferation 
of anti-p-activated tonsillar B cells (5). 
These results indicate that recombinant 
BCGF is capable of exhibiting the same 
biological activities as natural BCGF pro- 
duced by human lymphocytes. 

To demonstrate the specific hybridization 
of BCGF mRNA as compared to other 
moieties, we used the Pst I-Acc I fragment 
(Fig. 2), which corresponds to the Alu-free 
region of the cDNA, as a probe in a North- 
em blot analysis of total RNA from unacti- 
vated and PHA-activated peripheral blood 
lymphocytes. The Alu-free region of the 
DNA (Fig. 2; Pst I-Acc I fragment) mini- 

Fraction 

mally hybridized to mRNA of approximate- 
ly 1.7 kb in unactivated peripheral blood 
lymphocytes (Fig. 5). However, after PHA 
activation (16 hours), the Alu-free cDNA 
probe also hybridized to an approximate 
1.0-kb mRNA band. The amount of hybri- 
dizable mRNA, in particular the 1.7-kb 
RNA, was reduced when lymphocytes were 
activated for 30 or more hours. The induc- 
tion of the 1.0-kb mRNA agrees with the 
fact that 12-kD BCGF is detected in super- 

Fig. 4. Biological activity of recombinant BCGF. 
(A). Specificity on long-term cultured, factor- 
responsive B cells. Eschcrichia roli (100 ml) con- 
tainiig BCGF expression clones pARJ43 and 
control vector pUC9 were grown to optical densi- 
ty of 1.0 at 600 mn in the presence of isopropyl- 
P-D-thiogalactopyranoside (1 mM). The bacteria 
were pelleted and washed once with hypotonic 
b d e r  containing 20 mM Hepes (pH 7.5), 1.5 
mM magnesium acetate, and 2 mM 2-mercapto- 
ethanol. Cell pellets were resuspended in 5 ml of 
hypotonic buffer and sonicated three times at 30- 
second intervals by immersing the tubes in ice- 
chilled water. Cell extracts (supernatants) were 
obtained by centrifugation at 25,000 rpm for 30 
minutes at 4°C and were immediately dialyzed 
overnight against 20 mM NaP04 (pH 7.5) b d e r  
containing 0.2 mM phenylrnethylsullbnyl fluo- 
ride. Dialized cell extracts were loaded onto a 
Sephadex G-50 gel-filtration column. Proteins 
were eluted with 20 mM phosphate b d e r  (pH 
7.0), and fractions were assayed for the BCGF 
activity with long-term cultured, factor-respon- 
sive B cells. Results are represented in terms of 
[3H]thymidine incorporation of a representative 
microtiter culture at 5% final concentration of 
each fraction. Symbols represent cell extract from 
pUC9 (0). and pARJ43 (A). The arrow shows 
sedirnentauon of myoglobin. (B). Specificity on 
freshly prepared anti-p-activated peripheral ve- 
nous blood B cells. Fractions (1.2% final concen- 
tration) were assayed essentially as described in 
(A), except incubation in the microtiter assay 
continued for 72 hours before addition of 
[3H]thymidine; pUC9 (0); pARJ43 (A). 

natants only after activation of T lympho- 
cytes. The human BCGF probe hybridized 
with 1.75-kb and 0.65-kb mRNA in PMA- 
activated EL-4 cells. 

The detection of high molecular weight 
mRNA (1.7 kb) in T cells is noteworthy. 
Recently, a high molecular weight BCGF 
moiety of 60 kD has been reported both as a 
secreted molecule and as a putative intracel- 
lular precursor for the mature BCGF mole- 
cule (3, 5). If the 1.7-kb mRNA represents 
the gene for the high molecular weight 
BCGF, it is reasonable to presume that the 
BCGF gene belongs' either to a multigene 

Fig. 5. Ex ression of BCGF mRNA in lectin- 
stimulated Lan T lymphocytes. Northern blot 
analysis was carried out by electrophoresis of 30 
pg of total RNA from peripheral blood lympho- 
cytes that were unactivated (lane 3), activated for 
16 hours (lane 2), and peripheral blood lympho- 
cytes activated for 30 hours (lane 1) on a 1% 
glyoxal-agarose gel. RNA samples were dena- 
tured with glyoxal for 1 hour at 50°C before gel 
electrophoresis. After electrophoresis, the RNA 
was transferred to nitrocellulose paper, and the 
blots were baked for 3 hours at 80°C. The blots 
were prehybridized and hybridized with "P-la- 
beled BCGF cDNA (Alu-free cDNA from 
pARJ43) probe in the presence of 5 x SSC (stan- 
dard saline citrate). The hybridization and wash- 
ing were camed out at 66°C. Eschrrithia roli 
ribosomal RNA (23s and 16s) was run in a 
parallel lane and visualized by ethidium bromide 
staining. The 3ZP-labeled IL-2 probe was used to 
standardize the mRNA size in the 10s to 12s 
region. 
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family or to a differentially spliced single 
gene, and that there is a functional and 
structural relation between the low and high 
molecular weight BCGF moieties. 

Note added in pro$ Recent results from 
Caras et al. (21) indicate the presence of 
Alu-like sequences within the coding region 
of the nucleotide sequence for one form of 
decay-accelerating factor. 
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Elevated Levels of Glucose Transport and Transporter 
Messenger RNA Are Induced by m or src Oncogenes 

An accelerated rate of glucose transport is among the most characteristic biochemical 
markers of cellular transformation. To study the molecular mechanism by which 
transporter activity is altered, cultured rodent fibroblasts transfected with activated 
myc, rm, or src oncogenes were used. In myc-transfected cells, the rate of 2-deoxy-D- 
glucose uptake was unchanged. However, in cells transfected with activated rm and src 
oncogenes, the rate of glucose uptake was markedly increased. The increased transport 
rate in rm- and src-transfected cells was paralleled by a marked increase in the amount 
of glucose transporter protein, as assessed by immunoblots, as well as by a markedly 
increased abundance of glucose transporter messenger RNA. Exposure of control cells 
to the tumor-promoting phorbol ester 12-0-tetradecanoyl phorbol-13-acetate (TPA) 
for 18 hours had a similar effect of increasing the rate of glucose transport and the 
abundance of transporter messenger RNA. For rm, src, and TPA, the predominant 
mechanism responsible for activation of the transport system is increased expression of 
the structural gene encoding the glucose transport protein. 

S INCE THE EARLY OBSERVATIONS OF 

Warburg ( I ) ,  it has been widely ap- 
preciated that most tumor cells dis- 

play increased rates of respiration, glucose 
uptake, and glucose metabolism as com- 
pared to untransformed cells. An accelerated 
rate of glucose transport is among the most 
characteristic biochemical markers of the 
transformed phenotype (2, 3). The molecu- 
lar mechanisms responsible for the acceler- 
ated rate of glucose transport in transformed 
cells are unknown, but have been the subject 
of considerable inquiry. 

When chicken embryo cells are infected 
with the Rous sarcoma virus (RSV), there is 
a marked increase both in the rate of glucose 

a change in the number of transporters, but 
by a hnctional change in transporters, in- 
cluding a redistribution to the plasma mem- 
brane (8) .  

Glucose transport in both normal and 
transformed fibroblasts is a facilitated d i f i -  
sion, Na+-independent process (9). These 
characteristics are similar to those of the 
erythrocyte glucose transporter (9); we have 
recently cloned the complementary DNA 
(cDNA) encoding this transporter (10) and 
have demonstrated its expression in many 
tissues and lines of cultured cells (1 1). 

To explore the relation of transformation 
and glucose transport, we have examined 

transport (4, 5) and in the abundance of 
J. S. Flier, The Whitehead Institute for Biomedical 

glucose proteins in the plasma Research, Cambridge, MA 02142, and The Charles A. 
membrane (6) .  Substantial evidence indi- Dana Research Institute and the Harvard-Thorndike 

Laboratory of Beth Israel Hospital, Department of cates that these changes in glucose transport Medicine, Beth Israel Hospital and Harvard Medical 
are independent of growth rate and are School, Boston, MA 02215: 

transformation specific (5). ~ l ~ h ~ ~ ~ h  these M. M. Mueckier, The Whit-head Institute for Biomedi- 
cal Research, Cambridge, MA 02142, and Department 

changes are dependent on the activity of the of Cell Biology and Physiology, Washington Universin 

viral transforming protein pp60~-~rc  (4, 3, School of Medicine, St. Louis, MO 63110. 
P. Usher. The Charles A. Dana Research Institute and 

the molecular mechanism through which the ~arvard-h horn dike Laboraton! of Beth Israel Hospi- 
this transforming protein influ&ces the tal, Department of Medicine, Be& Israel Hospital &d 

Harvard Medical School, Boston, MA 02215. 
number Or activity (or both) of fUncti0nal H. F, Lodish, The Whitehead Institute for Biomedical 
glucose transporters is unknown. In contrast 

~ ~ ~ ; ~ ~ a ~ ~ ~ ~ ~ ; s ~ s t ~ ~ ~ ~ ; ; ~ c ~ $ ~ ~ ~ t ~ f  
to these findings with RSV, evidence 0b- bridge. MA 02139. - L., 

tained with another transforming virus, sim- 
ian virus 40 ( ~ ~ 4 0 1 ,  indicates that the in- *TO whom requests for reprints should be sent to 

Diabetes Unit. Beth Israel Hos~ital. 330 Brookline 
creased transport rate may be caused, not by Avenue, ~ o s t o n ,  MA 02215. 
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