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Summary. One of the genes activated in human melanoma 
cells by the tumor-promoting phorbol ester is that of the elon- 
gation factor la.  A cDNA clone containing the complete 3'- 
end untranslated region and the nucleotide sequences coding 
for 227 carboxyterminal amino acids was isolated. Computer- 
assisted comparison with known sequences of elongation fac- 
tors from other species revealed homelogies up to 73% and 
63% on amino acid and nucleotide sequences, respectively. 
Northern blot analysis of mRNA from unstimulated and phor- 
bol ester-treated cells showed a 3- to 5-fold increase in cyto- 
plasmic elongation factor la  mRNA after phorbol ester induc- 
tion. When compared with the phorbol ester-inducible single- 
copy gene transcripts coding for the tissue-type plasminogen 
activator, the cellular mRNA content of elongation factor lc~ 
is 30 times higher. By Southern blot analysis experiments on 
human genomic DNA, a multi-gene family was found showing 
polymorphisms in restriction endonuclease fragment lengths 
(RFLP). Several polymorphisms were studied more exten- 
sively in the population on more than 100 DNA samples from 
normal individuals and in three-generation families. In situ 
hybridization of the cDNA probe to normal human meta- 
phase chromosomes showed multiple chromosomal localiza- 
tions of the elongation factor gene(s), with peak hybridization 
on the chromosomes 1, 2, 4, 5, 6, 7, and 15. The estimate of 
the gene copy number in humans is more than ten copies per 
(haploid) genome. 

Introduction 

It has previously been shown by Ashino-Fuse et al. (1984) and 
Opdenakker et al. (1983, 1985, 1986) that the human mela- 
noma cell line (Bowes) can be stimulated by tumor-promoting 
phorbol esters to produce increased amounts of poly(A)-rich 
mRNA in general and of tissue-type plasminogen activator 
specifically. However, little is known about the precise mech- 
anism of action of the phorboid tumor promoters. We aimed 
at gathering information on the sequence of events and the 
cellular reprogramming functions leading from phorbol ester- 
receptor activation to the enhanced synthesis and secretion of 
proteins such as tissue-type plasminogen activator. A crucial 
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step towards the understanding of this reprogrammlng is the 
cloning and identification of cDNA sequences corresponding 
to specific tumor promoter-regulated mRNAs. The cloning of 
one of these phorbol ester-regulated genes, i.e., the tissue- 
type plasminogen activator gene, has recently been described 
by several groups. Yang-Feng et al. (1986) have furthermore 
mapped the PLAT locus to human chromosome 8p12 by in 
situ hybridization. 

We have now isolated by positive differential screening a 
cDNA clone corresponding to another phorbol ester-induced 
mRNA. Nucleotide sequence analysis and homology search 
showed that a gene for one of the human elongation factors 
(EF-lct) had been characterized. Furthermore, it was suggest- 
ed by Southern blot analysis that, in contrast with the tissue- 
type plasminogen activator, human EF-la  is managed by a 
polymoFphic and conserved multigene family with multiple 
chromosomal localizations. 

Materials and methods 

Cells and treatment o f  the cells 

The melanoma cell line Bowes was grown in modified minimal 
essential medium, supplemented with 10% heat-inactivated 
fetal bovine serum, nonessential amino acids, and 1.35 mg/ml 
sodium bicarbonate. Extensive kinetic studies on the induc- 
tion by phorbol esters of tissue-type plasminogen activator 
protein (Ashino-Fuse et al. 1984) and mRNA (Opdenakker et 
al. 1983, 1985) showed that optimal mRNA induction was ob- 
tained by treatment of the cells for 6 h with 100 ng/ml 12-0- 
tetradecanoyl-phorbol 13-acetate. 

Dot-blot and Northern blot analysis 

Messenger RNA was extracted from phorbol ester-treated 
and untreated human melanoma cells (Opdenakker et al. 
1982). Dilution series (1.1-90 gg) of total cytoplasmic RNA 
were subjected to dot-blot hybridization experiments on nitro- 
cellulose membranes and hybridized to labeled eDNA probes 
of EF and, as a control, that of tissue-type plasminogen 
activator. 

For Northern blot analysis equal amounts (10gg) of 
poly(A)-rich RNA were first separated in agarose gels and 
further blotted onto nitrocellulose membranes prior to hybrid- 
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ization. Prehybridization and hybridization conditions are 
essentially as described by Thomas (1980) except that dextran 
sulphate was lowered to 5%. 

The human tissue-type plasminogen activator cDNAs used 
in the present study were pABX2 (Harris et al. 1986) and 
pGVHTPA. For Southern blot analysis we have used either 
the whole recombinant plasmid pGVHTPA, a derivative from 
pt-PA21 (Harris et al. 1986), or its inserted BglH fragment. 
For dot-blot and Northern blot analysis of t-PA mRNA we 
used either this BglIII fragment or the 3' end PstI cDNA frag- 
ment from pABX2. Human EF cDNA probe was always the 3' 
end fragment as indicated in the manuscript. 

Molecular cloning and nucleotide sequence analysis 

Poly(A +) RNA from phorbol ester-stimulated cells was iso- 
lated by affinity chromatography on oligo(dT)-cellulose by 
the method of Aviv and Leder (1972). After precipitation in 
ethanol, the RNA was size-fractionated on linear sucrose 
gradients, cDNA synthesis was done with the 20S fraction by 
oligo(dT)-priming using the method of Gubler and Hofmann 
(1983). After polyethyleneglycol precipitation-mediated frac- 
tionation (Opdenakker et al. 1984), cDNAs longer than 1000 
base pairs (bps) were cloned in PstI-cleaved pBR322 by 
d(G)-d (C) homopolymer tailing, cDNA libraries, subcultured 
in microtiter plates were inoculated on hybridization mem- 
branes, and the ordered colonies sequentially screened with 
radiolabeled cDNA probes prepared from mRNA from un- 
stimulated and phorbol ester-stimulated melanoma cells. With 
these probes, about 20 phorbol ester-induced sequences could 
be identified in a library containing about 10 000 recombinants. 

The plasmid pAB 48K-5 was cleaved with PstI, and the in- 
serted fragment isolated after separation through a low-melt- 
ing-point agarose gel. Restriction fragments of the cDNA 
were subcloned in the dual-sequencing vector pGV451, a de- 
rivative of pCSV31 (Volckaert et al. 1984). Randomly chosen 
subclones and subsequently subclones identified by colony 
hybridization with fragments deduced from these sequences 
were sequenced by modification of the chemical degradation 
technique of Maxam and Gilbert (1980). 

DNA preparation 

A micromethod for the preparation of DNA of high relative 
molecular mass was adapted from Scott et al. (1984). Briefly, 
0.7-1.0 × 107 leukocytes were isolated from 5-10 ml peripheral 
blood by gradient centrifugation in ficoll/hypaque (Lympho- 
prep, Nyegaard). Cells were transferred to 1.5-ml Eppendorf 
vials, washed twice with phosphate-buffered saline, and 
resuspended in 0.5 ml 0.3 M Tris-HC1 buffer (pH 8.0) contain- 
ing 0.1 M NaC1, 0.2 M sucrose, and 0.05 M EDTA. The cells 
were lysed by the addition of 125 gl lysis buffer (0.5 M Tris- 
HC1 pH 9.2, 0.25 M EDTA, 2.5% sodium dodecyl sulphate) 
and incubated for 15 rain at 60°C; proteins were then digested 
for 16 h at 37°C by the addition of 62.5 ~tl proteinase K at i mg/ 
ml in water. After the addition of 70 gl 5 M NaC1 the lysate 
was subsequently extracted twice with water-saturated phenol 
and once with chloroforrrdisoamyl alcohol (24/1) and ether. 
DNA was precipitated with ethanol for 20min at -20°C,  
washed once with 70% ethanol, dissolved in 100 gl 10mM 
Tris-HC1 (pH 7.4), and stored at 4°C. DNA concentrations 
and purity were determined spectrophotometrically (A260/ 
A280) on a dilution series of one-tenth of the sample. 

Southern blot analysis 

Purified genomic DNA samples (10gg/lane) were digested 
according to conditions recommended by manufacturers with 
either BamHI, EcoRI, or HindIII (Boehringer) at 37°C over- 
night and electrophoresed in a 0.8% agarose gel in 40raM 
Tris-acetate pH 7.4/ lmM EDTA. Phage )~ DNA prepara- 
tions, digested with HindIII or EcoRI/HindIII (Boehringer), 
were included as molecular size markers. Gels were run at 
40 V for 18-20 h and then stained with ethidium-bromide and 
photographed. The gels were denatured with 0.5 M NaOH/ 
1.5 M NaC1 for 45 min and neutralized with 1 M Tris-HC1 pH 
7.2, 1.5 M NaC1, and 0.001 M Na2EDTA, and the DNA frag- 
ments were transferred to Hybond N membranes (Amersham 
International) using the method first described by Southern 
(1975). After transfer, filters were rinsed in 2 x standard 
saline citrate (SSC 1 x = 150mM NaC1/15 mM sodium citrate 
pH 7.0) and then irradiated with a standard ultraviolet trans- 
illuminator for 5 min. 

Nucleic acid hybridization 

Filters were prehybridized for 16h at 45°C in 50% Form- 
amide, 5 x SSC: 10 x Denhardt's solution (Denhardt's solu- 
tion: 0.02% Ficoll 400, 0.02% polyvinylpyrrolidone, 0.02% 
bovine serum albumin), 50mM Na-phosphate pH 6.8, 10% 
dextran sulphate, and 100 gg/ml denatured sonicated herring 
sperm DNA. Filters were hybridized overnight at 45°C in 
10 ml of the same solution with addition of 1-2 × 10 6 cpm/ml 
32p probe labeled by the method of Feinberg and Vogelstein 
(1983) to a specific activity of 1 x 109 dpm/gg. Filters were 
washed at 45°C once with 2 x SSC for 30min, twice with 2 × 
SSC, 0.1% SDS for 30min, and finally once with 0.1 × SSC, 
0.1% SDS for 30 min. Filters were then exposed to preflashed 
Agfa Gevaert Curix RP II film with two intensifying screens at 
- 70°C for 3-7 days. 

In situ hybridization 

Chromosomal in situ hybridization was performed according 
to the method of Harper and Saunders (1981) on mitotic chro- 
mosome preparations from human peripheral blood lympho- 
cyte cultures. The 3H-labeled probe with specific activity of 
6 × 107 cprrd~tg DNA was used at a concentration of 200 ng/ml. 
The slides, coated with nuclear track emulsion NTB2 
(Kodak), were exposed for 4-6 days at 4°C. Secondary to the 
development, a G-banding was performed. 

Results 

Cloning of phorbol ester-induced sequences 

In order to clone ds-cDNAs of phorbol ester-induced trans- 
cripts, poly(A)-rich RNA was prepared from phorbol ester- 
treated cells, and ds-cDNA was synthesized. After poly- 
ethyleneglycol-facilitated size-fractionation and tailing with 
terminal deoxynucleotidyltransferase in the presence of 
dCTP, the cDNA was reannealed into PstI-cleaved and dG- 
tailed pBR322. About 10 000 transformed E. coli colonies were 
obtained and subcultured in 96-well microtiter plates. Replicas 
on appropriate membrane supports were made to allow for 
differential screening with radioactive cDNA probes. A single 
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Fig. 1. Comparison of the human (h) pAB 48K-5 
nucleotide and amino acid sequences with those of 

h nF~O-TTfl-TrN L~Fr-TTT--~aR ~TC-Rt3C-t3CT-TTT-Tt3B-TOG-RRFt-CA~3-CTT-GRF:-Ct3B-R~-3a-TTT-GTC- 954 the Artemia (a) EF 16. The human cDNA sequence 
entails a 3' poly(A)16-sequence, preceded by a 
nonclassical polyadenylation signal ATTAAA 
(box), At position 954 the signal CACAG is also 

~, n ' : a ~ ' : ~ . . T T T - . T G a ~ R c ~ ; C ~ ~ n ' - ` ~ T c £ 4 ~ a T - G ~ n ~ R ~ a ~ a ~ a n ~ R A a ~ a a ~ a c c ~ c c c - c c c ~ J ~ L ~  found (underlined) 

membrane was then subsequently hybridized with probes de- 
rived from unstimulated and from stimulated cells. By this 
technique we isolated 20 different but possibly related plas- 
mids which hybridized to a greater extent with cDNA derived 
from phorbol-ester-treated but not from untreated cells. 

The inserted c D N A  from one plasmid, pAB 48K-5, was 
subcloned and sequenced by the method of Maxam and Gilbert 

until sufficiently overlapping sequences could be aligned. 
Comparison of the nucleotide sequence to those recorded in 
the EMBL D N A  data bank (release of October 1985) revealed 
homology with EF-let of Artemia (Fig.l) .  When allowing 
for six-nucleotide deletion in the human (or insertion in the 
Artemia) sequence at nucleotide number 487, overall homo- 
logies of 63% and 73% were found on nucleotide and on 
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Fig.2a, b. Northern blot (a) and dot-blot (b) 
analysis of EF-la and t-PA mRNA. Confluent 
cultures of melanoma cells were treated with 
phorbol ester (+) or left untreated ( - ) .  Equal 
amounts of poly(A +) RNA (Northern blot) or of 
total cytoplasmic RNA (dot blot) were applied to 
nitrocellulose membranes and subsequently 
hybridized to t-PA and EF-la  cDNA probes. 
Ribosomal RNA from E. coli was run as size 
standardization in Northern blot analysis. For 
quantitative comparison in dot blot assays, probes 
with identical specific activities were used 

Table 1. Polymorphisms detected with the 1.0kbp elongation factor 
la  cDNA probe. All band sizes are in kilobases. N, size of the Cau- 
casian population analysed 

Enzyme Constant bands Allele Length Frequency N 

BamHI 18 A1 4.1 0.74 53 
Range: 20-0.6 kb A2 Absent 0.26 
(varying intensity) B1 0.5 0.04 53 

B2 Absent 0.96 
EcoRI 24 C1 8 0.13 25 

Range: 22-1.3 kb C2 Absent 0.87 
(varying intensity) D1 1.3 0.04 25 

D2 Absent 0.96 
HindIII 24 E1 8.2 0.13 23 

Range: 22-0.9kb E2 Absent 0.87 

Fig.3. Southern blot analysis of EF-la  DNA. Preparations of 10 gg 
genomic DNA of 10 individuals were digested with BamHI, separated 
on agarose gels, and blotted onto nylon membranes. Subsequently, 
the samples from 7 individuals (left) of one family were hybridized to 
the EF-ict cDNA probe, and an RFLP at 4.1 kb was detected (arrow). 
On top, the pedigree and at the right, a molecular-size standardization 
in kb is indicated. For comparison, genomic DNA preparations from 
3 unrelated individuals (right) were hybridized to a 1200 3'-end 
cDNA, coding for tissue type plasminogen activator (t-PA) 

amino acid sequences,  respectively. The  c D N A  clone also en- 
compasses the poly(A)-tai l ,  preceded by a nonclassical poly- 
adenylation signal A T T A A A  at position 972 (Wickens and 
Stephenson 1984). A t  position 954 the sequence C A C A G ,  
which is known to interact with the small nuclear r ibonucleo- 
protein U4 (Berget  1984), is found. 

Characterization of cytoplasmic RNA 
by hybridization to pAB 48K-5 cDNA 

Messenger  R N A  from untreated and phorbol  ester- treated 
cells was purified by affinity chromatography.  Equal  amounts 
of  each were separated by electrophoresis on agarose gels, 
blotted onto nitrocellulose membranes ,  and hybridized to 
human E F - l a  and t -PA probes.  Figure 2a shows that both 
m R N A s  were induced by phorbol  esters. However ,  whereas 
t -PA m R N A  was enhanced up to 20-fold, those of EF-lc~ were 
increased only 2- to 5-fold. F rom the relative mobilit ies in 
agarose gels, E F - l a  m R N A  and t -PA m R N A  could be esti- 
mated  to have about  the same molecular  size. Figure 2b shows 
a typical dot-blot assay, allowing us to estimate relative 
amounts  of  E F - l a  and t -PA m R N A  in the cells. It  appears 
from several independent  experiments that E F - l a  m R N A  is 
30 times more abundant  than t -PA m R N A .  

Analysis of genomic DNA hybridizable to pAB 48K-5 cDNA 

Figure 3 shows the result of  a Southern-blot  hybridization 
analysis with the E F - l u - c D N A  probe on D N A  from seven 
members  of three consecutive generations of a single family. 
For  comparison,  a similar analysis with a probe for the t -PA 
gene, a typical single-copy gene, is included. In contrast 
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Fig. 4. In situ hybridization of EF-la cDNA 
to human metaphase chromosomes. 
Diagram showing grain distribution in 426 
metaphases. The abscissa represents the 
two arms of the chromosomes; the ordinate 
gives the number of grains 

with the low number of bands detected with the t-PA probe, 
the pAB 48K-5 cDNA probe hybridized to 19 fragments of 
BamHI-digested DNA. Eighteen of these occurred invariably 
in DNA of all individuals examined; a 4.1-kb fragment occur- 
red in five of seven individuals. A more accurate estimate of 
the occurrence of this and other polymorphisms of the EF-lct 
gene was obtained by restriction analysis using BamHI, 
EcoRI, and HindIII on DNA of randomly chosen individuals 
(Table 1). The frequency of occurrence of the polymorphic 
bands differed widely, the BamHI 4.1-kb band occurring with 
the highest frequency. With respect to the less frequently oc- 
curring polymorphic bands, there was complete concordance 
between the observed 0.5 kb BamHI fragment and the pres- 
ence of 1.3 kb EcoRI polymorphic fragment and similarly be- 
tween the 8kb EcoRI RFLP and the 8.2kb HindIII frag- 
ments. Table 1 also shows the number of invariant bands de- 
tected by the probe in genomic DNA digested with different 
enzymes, i.e., 18 invariant bands with BamHI and 24 in- 
variant bands with either EcoRI or HindIII. Such a large 
number of constant bands detected by this probe suggests that 
the sequences occur in multiple copies. 

Chromosomal mapping of pAB 48K-5 sequences 
by in situ hybridization 

In situ hybridization with the pAB 48K-5 cDNA probe was 
done on 426 metaphase chromosome preparations obtained 
from cultures of normal human peripheral blood leukocytes. 
The frequency histogram of Fig. 4 shows the presence of 
EF-Ic~ sequences on a large number of chromosomes, pre- 
dominantly on the short arms of chromosomes 1, 5, and 7 and 
on the long arms of chromosomes 2, 4, 5, 6, 7, and 15. Control 
experiments using probes with similar specific activities from 
single-copy genes resulted in single chromosomal signals. 

Discussion 

Among the genes reprogrammed by the tumor-promoting 
phorbol esters, that of the human EF-la  was identified by 
nucleotide sequence analysis and homology search by com- 
puter analysis. The inducibility by phorboids was furthermore 
confirmed by Northern blot analysis of cytoplasmic mRNA, 
identifying EF-lct mRNA as an -- 20S mRNA. Comparison of 
cellular EF-lct mRNA content with plasminogen activator 

(t-PA) mRNA content by dot-blot analysis showed the pres- 
ence of - 3 0  times more EF-la  mRNA than t-PA mRNA. 
Since the latter is the product of a typical single-copy gene, 
mapped to human chromosome 8p12 (Yang-Feng et al. 1986), 
the abundance of EF-la  mRNA could be the result of the 
transcription of several EF-la  gene copies. Genomic Southern 
blot analysis with the partial cDNA probe showed on auto- 
radiography multiple high molecular weight bands with all 
enzymes tested, a typical feature of multigene families. All re- 
striction enzymes in this study recognizing hexanucleotide 
sequences showed RFLPs. Probably the multigene family will 
consist of multiple functional genes and/or pseudogenes. On 
all Southern blot analyses, bands of varying intensities were 
observed; it is not yet clear if this is due to amplification 
effects on some gene(s) or pseudogene(s) or to weaker hybrid- 
ization because of lesser nucleotide sequence homologies be- 
tween the probe and the restriction endonuclease fragments. 

The gene copy number was estimated by dot-blot hybrid- 
ization of genomic DNA with probes of t-PA and EF-lct. Both 
cDNA probes used had comparable length and specific activ- 
ities. When tested in dilution series of equal amounts of geno- 
mic DNA, the signal with the EF-lct probe exceeded more 
than ten times that with the t-PA probe, indicating that mul- 
tiple copies of EF-lct-related sequences exist in the (haploid) 
human genome. Unpublished work on the cloning of human 
genomic EF-lct DNA sequences yielded copy numbers ex- 
ceeding 100 (data not shown). Also the finding of multiple 
chromosomal localizations is in agreement with the existence 
of multiple genes. 

The nucleotide sequence analysis of the partial cDNA 
reveals a 227-amino acid carboxyterminal open reading frame, 
followed by a complete 3'-untranslated region. Instead of 
the classical A A T A A A  polyadenylation signal, the signal 
ATTAAA,  present at a frequency of 12%, initiates 13 nu- 
cleotides further polyadenylation (Wickens and Stephenson 
1984). Homologies with the EFs of other species, as outlined 
in the studies of van Hemert et al. (1985), were also found. 
The human EF-lc~ genes are significantly inducible by phorbol 
esters, but less than the t-PA-gene. It must be emphasized 
that basal (uninduced) levels of EF-la  mRNA by far exceed 
those of t-PA. For comparison see the Northern blot analysis 
in Fig. 2. 

From the results of our studies, a general picture emerges 
of the genomic organization of the repeated human EF-lc~ 
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sequences. Since these genes play a role in translational pro- 
cesses, it was not  surprising to find them activated after phor- 
bol ester t reatment ,  a process where transcription and trans- 
lation in general and for specific genes in particular (Opden- 
akker et al. 1983, 1986) are enhanced. It is not  yet known if 
the phorbol ester-regulated genes are all activated through 
similar promotor  regions or if the existence of more than 100 
copies of the EF-lct-related genes could lead to, e.g., trans- 
cription by physical proximity of at least 100 other genes. 

Our  findings on the existence of multiple copies were ex- 
tended in the mapping of EF-lct genes to multiple chromo- 
somes. Only few studies revealed similar findings. Recently,  
Floyd-Smith et al. (1985) mapped the human  13-tubulin genes 
and Tripputi  et al. (1986), the human  histone genes to mul- 
tiple chromosomes. All  these multigene families share com- 
mon  characteristics: they have highly interspecies-conserved 
sequences, are multiple, and are functional in the essential 
machinery of replication, transcription, and translation. Their 
D N A  sequences can be classified as repetitive DNAs.  

It still remains an unanswered question how these well- 
conserved genes have become mult igene families throughout  
evolution. Al though duplication, deletion, or insertion pro- 
cesses may have been  involved, these theoretical possibilities 
have to be substantiated by more experimental  evidence [e.g., 
genomic cloning and mapping of different (pseudo)genes]. 

Because of their high copy number ,  these sequences might 
provide a high recombinat ion rate, useful for DNA-media ted  
gene transfer in mammal ian  cells. Such an approach has al- 
ready been  used successfully in yeast with ribosomal D N A  as 
the recombinogenic gene (Orr-Weaver et al. 1981). 
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