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ABSTRACT The human erythropoietin gene has been
isolated from a genomric phage library by using mixed 20-mer
and 17-mer oligonucleotide probes. The entire coding region of
the gene is contained in a 5.4-kilobase HindIII-BamHIl frag,
ment. The gene contains four intervening sequences (1562 base
pairs) and five exons (582 base pairs). It encodes a 27-amino
acid signal peptide and a 166-amino acid mature protein with
a calculated Mr of 18,399. The erythropoietin gene, when
introduced into Chinese hamster ovary cells, produces
erythropoietin that is biologically active in vitro and in vivo.

The interest in erythropoietin (Epo) has been documented
since the turn ofthe century (1). Epo is the principal hormone
involved in the regulation and maintenance of a physiological
level of circulating erythrocyte mass (2, 3). The hormone is
produced primarily by the kidney in the adult and by the liver
during fetal life (4-6) and is maintained in the circulation at
a concentration of 15-30 milliunits/ml of serum (7-9), or
about 0.01 nM under normal physiological conditions. Pro-
duction of Epo is stimulated under conditions of hypoxia (1,
10). Epo is proposed to exert its biological effect by attaching
to specific binding sites on erythroid progenitor cells to
stimulate their differentiation into mature erythrocytes (3,
11). However, when there is progressive destruction of
kidney mass, such as in chronic renal failure, an anemia
results due to a decreased production' of Epo (12, 13).
Uremic, anemic sheep and rats with decreased blood Epo
levels respond to treament with Epo (14, 15). Thus, a
therapeutic role for Epo appears probable in the treatment of
anemia associated with renal failure.
Miyake et al. (16) purified Epo to homogeneity from urine

ofpatients with severe aplastic anemia. However, it has been
difficult, due to the scarcity of starting material, to obtain the
amount of purified material required to investigate adequate-
ly its biological and molecular properties. We describe here
the isolation ofhuman Epo gene, based on limited amino acid
sequence data from human Epo. Two probe mixtures, each
containing-128-oligonucleotide sequences, were used in the
library screening. This gene, when expressed in mammalian
cells, encodes the production of Epo that is fully biologically
active in vitro and in vivo. A preliminary report of this
research has appeared (17).

MATERIALS AND METHODS
Human Genomic Library. A Charon 4A phage-borne hu-

man fetal liver genomic library prepared according to the
procedure of Lawn et al. (18) was obtained from Tom
Maniatis (Hirvard University).

Construction of Oligonucleotide Probes. Purified human
urinary Epo'isolated from the urine of patients with aplastic
anemia (16) was subjected to tryptic digestion. The resulting
fragments were isolated and sequenced by using an Applied
Biosystems gas-phase microsequencer (unpublished data). A
hexapeptide and a heptapeptide containing the least codon
degeneracy were selected for oligodeoxyribonucleotide
probe synthesis. The phosphoramidite method was l4sed for
oligonucleotide synthesis (19, 20). Each' probe mixture con-
tained a pool of 128-oligonucleotide sequences. The probe
mixtures were

Probe mixture
EpV = Val-Asn-Phe-Tyr-Ala-Trp-Lys

3' CAA TTG AAG ATG CGA ACC TT 5'
T A A A T
G G
C C

Probe mixture
EpQ= Gln-Pro-Trp-Glu-Pro-Leu

3' GTT GGA ACC CTT GGA GA 5'
C T C T A

G G
C C

The probe mixtures were labeled at the 5' end with [-
32P]ATP, 7500-8000 Ci/mmol (ICN) (1 Ci = 37 GBq), by
using T4 polynucleotide kinase (21).

Hybridization Procedures. Phage plaques were amplified
according to the procedures of Woo (22) except that Gene-
ScreenPlus filters and NZYAM plates [NaCl, 5 g;
MgCl2-6H2O, 2 g; NZ-Amine A, 10 g; yeast extract, 5 g;
Casamino acids, 2 g; maltose, 2 g; and agar, 15 g (per liter)]
were utilized. Phage particles were disrupted and the DNAs
were fixed on filters (50,000 plaques per 8.4 x 8.4 cm filter).
The air-dried filters were baked at 80'C for 1 hr and then
subjected to proteinase K digestion [50 ,ug ofproteinase 'K per
ml of buffer solution containing 0.1 M Tris HCl (pH 8.0), 0.15
M NaCl, 10 mM EDTA, and 0.2% NaDodSO4] for 30 min at
550C. Prehybridization with a 1 M NaCl/1% NaDodSO4
solution was carried out at 550C for 4 hr or longer.
The hybridization buffer contained 0.025 pmol/ml of each

of the 128 probe sequences in 0.9 M NaCl/5 mM EDTA/50
mM sodium phosphate, pH 6.5/0.5% NaDodSO4/100 jg of
yeast tRNA per ml. Hybridization was carried out at 480C'for
20 hr by using the EpV probe mixture. This is 2TC below the
lowest calculated dissociation temperature (td) (23) for mem-
bers of the mixture. At the completion of hybridization, the
filters were washed three times with 0.9 M NaCl/90 mM
sodium citrate, pH 7.0/0. 1% NaDodSO4 at room temperature

Abbreviations: Epo, erythropoietin; CHO, Chinese hamster ovary;
DHFR, dihydrofolate reductase; kb, kilobase(s); bp, base pair(s); nt,
nucleotide(s); SV40, simian virus 40; td, dissociation temperature.
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and two or three times with 0.9 M NaClI90 mM sodium
citrate, pH 7.0/1% NaDodSO4 at the hybridization temper-
ature, 10 min per wash. Prior to hybridization with the second
probe mixture, the filters were incubated at 100'C in 0.15 M
NaCI!15 mM sodium citrate, pH 7.0/0.1% NaDodSO4 for 2
min to remove the hybridized probes. The filters were again
prehybridized as described above and then hybridized with
the EpQ mixed probes at 460C (4WC below the lowest
calculated td for this mixture) and washed as described
above.
Assembly of Expression Vector for the Epo Gene. For direct

expression of the genomic Epo gene, the 4.8-kilobase (kb)
BstEII-BamHI fragment ofXHE1 (see Results), which contains
the entire Epo gene, was used. After converting the BstEII site
into a BamHI site with a synthetic linker, the fragment was
inserted into the unique BamHI site of the expression vector
pDSVL (unpublished data), which contains a dihydrofolate
reductase (DHFR) minigene from pMgl (24). The resulting
plasmid pDSVL-gHuEPO (Fig. lA) was then used to transfect
Chinese hamster ovary (CHO) DHFR- cells (25) by the calcium
phosphate microprecipitate method (26). The transformants
were selected by growth in medium lacking hypoxanthine and
thymidine. The culture medium used was Dulbecco's modified
Eagle's medium supplemented with 10% fetal bovine serum,
penicillin, streptomycin, and glutamine (25).
Epo Assays. In vitro and in vivo biological activities were

determined by using cultured rat bone marrow cells (27) and
exhypoxic polycythemic mice (28), respectively. The radio-
immunoassay for Epo used antibody raised against 1% pure
human urinary Epo and a human urinary Epo preparation of
1100 units/mg (CAT-1) as standard.

Isolation of Epo mRNA. For obtaining Epo mRNA, the
5.4-kb HindIII-BamHI restriction fragment from XHE1 (see
Results) was inserted into a shuttle vector, pSV4ST (unpub-
lished data). The resulting chimeric plasmid pSVgHuEPO
(Fig. 1B) was used to transfect COS-1 cells (ATCC CRL1650)
by the calcium phosphate microprecipitate method (26).
After culture for 3 days, RNA was prepared from the
transfected cells by the guanidinium thiocyanate procedure
of Chirgwin et al. (29) and poly(A)+ mRNA was isolated by
binding to oligo(dT)-cellulose (30).
cDNA Cloning. An Epo cDNA bank was constructed

according to a modification of the general procedures of
Okayama and Berg (31) by using the poly(A)+ mRNA
described above (unpublished data).

Southern Blotting. Human lymphocyte DNA was digested
to completion by various restriction enzymes. The digested
DNA samples were electrophoresed on a 0.7% agarose gel
and transferred to a GeneScreenPlus filter by a modification
of the Southern procedure (32): after the gel was denatured
with 0.5 M NaOH/1.5 M NaCl, it was rinsed briefly with
distilled water and then transferred with 1.5 M NaCl/0.15 M
sodium citrate, pH 7.0. The filter was probed with a nick-
translated 32P-labeled human Epo cDNA clone that contained
the coding region from the BstEII site to the poly(A) tail
region (see Fig. 3).
DNA Sequencing. Restriction fragments were cloned into

M13 phage vectors by using Escherichia coli strains JM103 or
JM109 as host (33) and were sequenced by the dideoxy
method of Sanger et al. (34). Some regions were sequenced
by kinase labeling or end-fill labeling of restriction fragments
followed by chemical cleavage as described by Maxam and
Gilbert (21).

RESULTS
Isolation and Characterization of the Epo Gene from a

Human Genomic Library. A human fetal liver genomic library
in bacteriophage vector Charon 4A was screened for the gene
coding for Epo. Two pools of mixed synthetic oligonucleo-

A
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FIG. 1. Assembly of Epo expression plasmids. (A) pDSVL-
gHuEPO contains a DHFR minigene as a EcoRI-Pst I fragment from
pMgl (obtained from R. Schimke), simian virus 40 (SV40) origin of
replication and early/late promoters in the HindIII-BamHI frag-
ment, SV40 nucleotides (nt) 2538-2770 in the BamHI-Bcl I fragment,
pBR322 nt 2448-4362 (obtained from R. Tjian) in the HindIII-EcoRI
fragment, and the BstEII-BamHI'fragment of the Epo gene. The
SV40 late promoter is used to drive the expression of the Epo gene.
(B) pSVgHuEPO contains the SV40 origin of replication, early/late
promQters, and early poly(A) signals in the EcoRI-BamHI fragment,
pBR322 nt 2448-4362 in the HindIII-EcoRI fragment, and the
HindIII-BamHI fragment of the Epo gene. Arrows indicate the
orientation of transcription. bp, Base pairs.

tides were used as probes as described in Materials and
Methods. A library of 1,500,000 phage clones was screened
sequentially with both probe mixtures. The 20-mer probe
mixture hybridized to 272 phage plaques and the 17-mers
hybridized to =400Q plaques. Only 4 plaques hybridized with
both probe mixtures. Subsequent Southern blot and DNA
sequence analyses confirmed that three of the four clones
that hybridized with both probe mixtures contain at least a
portion of the Epo gene. One clone, XHE1, which contained
the complete Epo gene, was chosen for further analysis.
The restriction endonuclease map of the human Epo gene

from clone XHE1 is shown in Fig. 2. The protein coding
region of the gene is divided by four intervening sequences.
Since the transcription initiation site of the mRNA for Epo
has not been determined due to lack of human tissue mRNA,

Biochemistry: Lin et al.
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FIG. 2. Restriction map of the human Epo gene. Exons I-V are indicated by boxes. The solid boxes denote the regions of the exons that
are translated. The dashed lines on the 5' side of exon I indicate that the start site for transcription is unknown. The restriction endonuclease
recognition sites are abbreviated as follows: B, Bgl II; D, HindIII; E, BstEII; K, Kpn I; M, BamHI; P, Pst I; S, Sma I; T, Sst I; and X, Xba
I. Map distances are shown in kb. Arrows below the map indicate the regions that were sequenced.

the boundary on the 5' side ofexon I is undefined. Restriction
sites that were utilized in the sequence analysis are also
shown in Fig. 2 as are the segments that were sequenced.

Fig. 3 shows the nucleotide sequence of the human Epo
gene. The exons were identified by comparison of the
nucleotide sequence to the amino acid sequence of human
urinary Epo (unpublished data) and by comparison of the
genomic sequence to the cDNA sequence derived from
mRNA isolated from CHO cells producing recombinant Epo.
The exon-intron boundaries of the Epo gene conform to
consensus splice rules (35).
The Epo gene encodes a protein of 193 amino acids. Based

on the NH2-terminal amino acid sequence of purified Epo,
the last 166 residues correspond to the mature protein with a

calculated Mr of 18,399 in an unglycosylated form. The
sequence of the first 27 amino acids, predominantly hydro-
phobic residues, is consistent with this region encoding a
leader peptide (36). The amino acid sequence starting at
position +1 corresponds to the sequence of the amino
terminus ofexpressed recombinant Epo product in CHO cells
(data not shown). As indicated in Fig. 3, the mature protein
has three potential sites for N-linked glycosylation, one each
in the second, third, and fourth exons of the gene, according
to the rule of Asn-Xaa-Ser/Thr (37).
A search of the entire 626-bp region upstream from the

protein initiation codon ATG did not reveal any promoter-
like sequences, such as an ATA box, CCAAT box, or -100
region (38), nor were any such sequences found elsewhere in
the entire gene.
There is a 565-bp untranslated region at the 3' end of the

last exon. The nucleotide sequence upstream from the
poly(A) site in the Epo gene does not contain the consensus
poly(A) signal sequence AATAAA or any related sequences
normally found at this location (39-41). Similarly, a consen-
sus poly(A) signal is not found in the Epo cDNA clone from
cynomolgus monkey (unpublished data). The only sequence
resembling AATAAA is AAGAAC, found 11-13 nucleotides
upstream from the poly(A) site (Fig. 3).

In the intervening sequence between exons III and IV is a
member of the Alu family of repeated sequences. This region
is 70% homologous to the consensus Alu sequence (42). As
is typical of these sequences, this region is flanked by an
imperfect direct repeat.

Expression of the Epo Gene. Biologically active recombi-
nant human Epo was produced in CHO cells, which had been
stably transformed with an expression vector containing the
genomic Epo gene insert driven by the SV40 late promoter
(Fig. 1A). A representative sample of 5.5-day conditioned
medium from pDSVL-gHuEPO-transfected cells contained
18.2 units of Epo per ml when measured by the radio-
immunoassay and 15.8 ± 4.6 and 16.8 ± 3.0 units/ml when
measured by the in vitro and in vivo assays, respectively. The
close agreement between the results of these three assays
demonstrates that the Epo produced by recombinant tech-
niques is fully biologically active. The secreted Epo has an

apparent Mr of 34,000 when analyzed in an electrophoretic
transfer blot. Endo-B-N-acetylglucosaminidase F treatment
reduced the Mr of recombinant Epo from 34,000 to -19,000
(unpublished data), indicating that the protein is glycosyl-
ated. The recombinant Epo has been determined to contain
sialic acid by gas chromatography (unpublished data). The
terminal sialic acid of Epo carbohydrate structure has been
shown to be required for in vivo activity (43).
Genomic Organization of the Epo Gene. Restriction frag-

ment analysis of human lymphocyte DNA, probed with
human Epo cDNA, revealed a single band in digests of
BamHI, EcoRI/HindIII, EcoRI/BamHI, and HindIIIl
BamHI. There are three visible bands in a Pst I digest (Fig.
4). The size of the hybridized bands of HindIII/BamHI and
Pst I are similar to those in the isolated Epo genomic clone
XHE1, as shown in Fig. 2. Hybridization at lower stringency
(55TC) did not reveal any additional bands, indicating that
there are no other closely related Epo genes or pseudogenes.
A computer-aided homology search of the human and mon-
key Epo genes against GenBank and the entire Dayhoff
protein bank did not reveal significant homology with any
published DNA or protein sequences, including angiotensin-
ogen, which has been suggested as a possible Epo precursor

(44).

DISCUSSION

Mixtures of short synthetic oligonucleotide probes have been
utilized to isolate specific clones from cDNA libraries (45,
46); however, mixed oligonucleotide probes have never been
used previously for the isolation of genes from mammalian
genomic libraries, principally due to the complexity of the
genome. Utilizing two mixtures of 128 sequences, 17 and 20
nucleotides long, we have rapidly isolated the human Epo
gene from a genomic library using a "two-site" confirmation
approach. This approach for screening a genomic library
eliminates a great number of false positives associated with
the single-probe mixture approach. In the present study,
three of four clones that hybridized with both probe mixtures
were authentic Epo clones, as confirmed by DNA sequence
or Southern blot analyses. The high accuracy of this tech-
nique represents a great saving in the time and effort required
to isolate a gene of interest.
The key to the success ofthe screening approach was in the

optimization of various steps in the hybridization. Use of the
GeneScreenPlus filter resulted in more efficient binding of
DNA than obtained with nitrocellulose filters and also has the
advantage of repeated use. A rich medium such as NZYAM
was required to support good amplification of phages on this
type of filter; omission of Casamino acids or maltose resulted
in weaker hybridization signal. The proteinase K digestion
step greatly reduced the nonspecific background, which
made probing with a mixture of 128 sequences possible.
Under the chosen stringent hybridization condition (2-40C

P M
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AAGCT TC TGGGCT TC C AGACC CAGCT ACTTTGC GGAACTCAGC AACCCAGGC ATC TCT GAGTC TC CGCCCAAGAC CGGGAT GCCCCCCAGGGGAGGTGTCCGGGAGC CC AGC CT TTCCCA 120

GATAGCACGCTCCGCC AGTCCCAAGGGTGC GCAACC GGCTGC AC TCCCCTC CC GCGACCC AGGGCC CGGGAGCAGCCCCCATGACCCACACGCAC GTC TGC AGC AGCCCCGC TCAC GCCC 240

CGGCGAGC CTC AACCCAGGC GTC CTGCCCCTGCTCTGACC CCGGGTGGCCCCTACCCCTGGCGACCCCTC ACGCACAC AGC CTC TC CCCC ACCCCC AC CC GC GCACGCACACATGCAGAT 360

AACAGCC CC GACCCCCGGCC AGAGCCGCAGAGTCCCTGGGCCACCCC GGCCGCTCGC TGCGCT(GCGCCGCACCGCGCTGTCC TCCCGGAGC CGGACCGGGGCCACCGCGCCCGCTC TGC T 480

CCGACACCGCGCCCCCTGGACAGCCGCCCTC TC CTCTAGGCCCGTGGGGCTGGCCCTGCACCGCCGAGCTTC CCGGGATGAGGGCCCCCGGTGTGGTC ACCCGGCGCGCCCCAGGTC GCT 600

-27 -24
Met Gly Val His G

GAGGGACCCCGGCCAGGCGCGGAG ATG GGG GTG CAC G GTGAGTACTCGCGGGCTGGGCGCTCCCGCCGCCCGGGTCCCTGTTTGAGCGGGGATTTAGCGCCCCGGCTATTGGCC 714

AGGAGGTGGCTGGGTTCAAGGACCGGCGACTTGTCAAGGACCCCGGAAGGGGGAGGGGGGTGGGGCAGC CTCCACGTGCCAGCGGGGACTTGGGGGAGTCCT TGGGGATGGCAAAAACCT 834

GA CCTGTGAAGGGGACAC AGTTTGGGGGT TGAGGGGAAGAAGGTTTGGGGGTTCTGCTGTGCCAGTGGAGAGGAAGCTGATAAGCTGATAACCTGGGCGCTGGAGCCACCACTTATC TGC 954

CAGAGGGGAAGC C TC TGTC ACACC AGGATTGAAGTT TGGCCGGAGAAGTGGATGC TG GTAGC TGGGG GTGGGGTGTGC ACACGGC AGC AGGAT TGAATGAAGGCCAGGGAGGC AGCACCT 1074

GAGTGCT TGC ATGGT TGiGGAC AGGAAGGACGAGCTG GGGC AGAGACGTGGGGlATGAAGGAAGCTGTC CT TC C ACAGC CACCCT TC TC C CTC CC CGC CTGACTCTC AGC CTG GCTATC TG 1194

-22 -10 -1 +1
lu Cys Pro Ala Trp Leu Trp Leu Leu Leu Ser Leu Leu Ser Leu Pro Leu Gly Leu Pro Val Leu Gly Ala Pro Pro Ary Leu

TTCTAG AA TGT CCT GCC TGG CTG TGG CTT CTC CTG TCC CTG CTG TCG CTC CCT CTG GGC CTC CCA GTC CTG GGC GCC CCA CCA CGC CTC 1283

10 20 * 26
Ile Cys Asp Ser Arg Val Leu Glu Arg Tyr Leu Leu Glu Ala Lys Glu Ala Glu Asn Ile Thr
ATC TGT GAC AGC CGA GTC CTG GAG AGG TAC CTC TTG GAG GCC AAG GAG GCC GAG AAT ATC ACG GTGAGACCCCTTCCCCAGCACATTCCACAGAACTCA 1382

CGCTCGGTTCA GGGAACTCCTCCCAGATCCAGGAACCTGGCACTTGGTTTGGGGTGGAGTTGGGAAGCTAGACACTGCCCCCCTACATAAGAATAAGTCTGGTGGCCCCAAACCATA 1502

27
Thr Gly Cys Ala

CCT GGAAAC TAGGCAA(GGAGC AAAGCC AGCAGATCC TACGGCCTGTGGGCCAGGGCCAGAGCCTTCAGGGACCCTTGACTCCCCGGGCTGTGTGCATTTC AG ACG GGC TGT GCGT 1616
* 40 50 55

Glu His Cys Ser Leu Asn Glu Asn Ile Thr Val Pro Asp Thr Lys Val Asn Phe Tyr Ala Trp Lys Arg Met Glu
GAA CAC TGC AGC TTG AAT GAG AAT ATC ACT GTC CCA GAC ACC AAA GTT AAT TTC TAT GCC TGG AAG AGG ATG GAG GTGAGTTCCTTTTTTTTTTT 1711

TTTTCCTTTCTTTTGGAGAATCTCATTTGCGAGCCTGATTTTGGATGAAAGGGAGAATGATCGGGGGAAAGGTAAAATGGAGCAGCAGAGATGAGGCTGCCTGGGCGCAGAGGCTCACGT 1831
Alu Sequence

CTATAATCCCAGGCTGAGATGGC CGAGATGGGAGAATTGCTTGAGCC CTGGAGTT TC AGACC AAC CTAGGC AGCATAGTGAGATCCCCC ATC TCTAC AAAC ATT TAAAAAAAt TAGTCAG 19 51

GTGAAGTGGTGC ATGGTGGTAGTC CCAGATAT TTGGAAGGCTGAGGCGGGAGGATC GCT TGAGC CCAGGAAT TTGAGGCTGC AGTGAGCTGTGATC ACACCACTGCACTC CAGC CTC AGT 2 071

GACAGAGTGAGGCC CTGTC TCAAAAAAGAAAAGAAAAAAGAAAAATAATGAGGGCTGTA TGGAATAC AT TC ATTATTCATTC AC TC AC TC AC TC AC TC AT TC AT TC AT TC AT TC AT TCAA 2191

56
Val Gly

CMGTCTTAT TGCATAC CT TCT(GTTTGCTCAGCTTGGTGCTTGGGGCTGCTGAGGGGCAGGAGGGAGAGGGTGACATGGGTCAGCTGACTCCCAGAGTCCACTCCCT GTAG GTC GGG 2308

60 70 80 *
Gln Gln Ala Val Glu Val Trp Gln Gly Leu Ala Leu Leu Ser Glu Ala Val Leu Arg Gly Gin Ala Leu Leu Val Asn Ser Ser Gln Pro
CAG CAG GCC GTA GAA GTC TGG CAG GGC CTG GCC CTG CTG TCG GAA GCT GTC CTG CGG GGC CAG GCC CTG TTG GTC AAC TCT TCC CAG CCG 2398

90 100 110 115
Trp Glu Pro Leu Gln Leu His Val Asp Lys Ala Val Ser Gly Leu Arg Ser Leu Thr Thr Leu Leu Arg Ala Leu Gly Ala Gin
TGG GAG CCC CTG CAG CTG CAT GTG GAT AAA GCC GTC AGT GGC CTT CGC AGC CTC ACC ACT CTG CTT CGG GCT CTG GGA GCC CAG GTGAGTAG 2490

GAGCGGACACT TC TGCT TGC CCTTTC TGTAAGAAGGGGAGAAGGGTCTTGCTAAGGAGT AC AGGAACTGTC CGTAT TCCTTCCCTTTCTGTGGCACTGCAGCGACCTCCTGTTTTCTCCT 2610

116 120 130 140
Lys Glu Ala Ile Ser Pro Pro Asp Ala Ala Ser Ala Ala Pro Leu Arg Thr Ile Thr Ala Asp Thr Phe Arg Lys Leu Phe Arg

TGGCAG AAG GAA GCC ATC TCC CCT CCA GAT GCG GCC TCA GCT GCT CCA CTC CGA ACA ATC ACT GCT GAC ACT TTC CGC AAA CTC TTC CGA 2700

150 160 166
Val Tyr Ser Asn Phe Leu Arg Gly Lys Leu Lys Leu Tyr Thr Gly Glu Ala Cys Arg Thr Gly Asp Arg OP
GTC TAC TCC AAT TTC CTC CGG GGA AAG CTG AAG CTG TAC ACA GGG GAG GCC TGC AGG ACA GGG GAC AGA TGA CCAGGTGTGTCCACCTGGGGCATAT 2796

CCACCACCTC CCTC ACCAACAT TGCTTGTGC CACACCCTC CCCCGCCACTC CTGAAC CC CGTC GAGGGGCTCTC AGCTC AGC(GCCAGC CT GTCCCATGGAC ACTCCAGTGCCAGCAATGA 2916

CATCTCAGGGGCCAGAGGAACTGTCCAGAGAGCAACTCTGAGATCTAAGGATGTCACAGGGCCAACTTGAGGGCCCAGAGCAGGAAGCAT TCAGAGAGCAGCTTTAAAC TCAGGGACAGA 3036

GCCATGCTGGGAAGACGCCTGAGCTCACTCGGCACCCTGCAAAATTTGATGCCAGGACACGCTTTGGAGGCGATTTACCTGTTTTCGGCACTACCATC AGGGACAGGATGACCTGGAGAA 3156

CTTAGGTGGCAAGCTGTGACT TCTCCAGGTCTCACGGGCATIGGGCAC TCCCTTGGTGGCAAGAGCCCCCT TGACACCGGGGTGGTGGGAACCATGAAGAC AGGATGGGGGCTGGCCTCTI 3276

poly A
GCTCTC ATGGGGTCCAAGTTTTGTGTAT TCT TC AACC TCATTGACAAGAACGGAAAGG AGAAIATGAGIGIIGGGIIIIGTGIIIGGGGAAGC TCCAAATCCCC TGGCTCTGGTC CCA 3396

CTCCTGGC AGCAGTGCAGCAGGTCCAGGTCCGGGAAATGAGGGGTGGAGGGGGCTGGGCCCTACGTGCTGTCTCACACAGCCTGTCTGACCTCTCGACCTACCGCCTAGGCCACAAGCT 3516

CTGCCTACGCTGGTCAATAAGGTGTCTCCATTCAAGGCCTCACCGCAGTAAGGCAGCTGCCAACCCTGCCCAGGGCAAGGCTGCAG 3602

FIG. 3. Nucleotide sequence of the human Epo gene. The coding regions of the exons have been translated and the encoded amino acid
sequence is shown above the nucleotide sequence. The amino acid residues are numbered and the sites of potential N-linked glycosylation are
designated by asterisks. Arrows above the nucleotide sequence indicate the region that is related to the Alu family of repeated sequences. The
arrows below the nucleotide sequence denote the direct repeat flanking the Alu sequence. The site that is polyadenylylated in the mRNA is
underlined. Poly(A) could be added after either one of the three possible positions. The potential poly(A) signal AAGAAC is overlined.

below td), probe concentrations of 0.025 pmol/ml of each
sequence approach the optimum required to achieve a good
signal-to-noise ratio when using mixtures of this size. These
optimization steps together made the genomic screening with
short oligonucleotides possible.
The feasibility and ease of using large mixtures of short

oligonucleotide probes to isolate mammalian genomic genes
opens a new avenue to the isolation of a gene for which no
known mRNA or antibody source is available and for which
only limited amino acid sequence is known. Subsequently,
the gene can be expressed in a mammalian expression vector,
which, in turn, allows for the isolation of the mRNA and
construction ofcDNA libraries. The availability of the cDNA
sequence provides an accurate assignment of protein coding
region and exon-intron splice junctions.
The proof that the isolated genomic clone contains the Epo

gene is based on the results obtained when this DNA was
inserted into a SV40 promoter-containing plasmid. This
plasmid, when transfected into CHO cells, led to the pro-
duction of a protein having the biological activity of Epo-
i.e., the protein stimulates erythrocyte production. This is
evident from in vivo bioassay results based on the enhanced
59Fe incorporation into heme in erythrocytes of mice treated
with the protein and on an elevated hematocrit value when
the protein was injected into normal mice (unpublished data).

It has been proposed that biologically inactive forms of
Epo, termed erythropoietinogen and proerythropoietin, are
produced in the kidney (see ref. 3 for review). Analysis of the
DNA sequence does not support such a hypothesis. The Epo
gene encodes a preprotein probably comprised of a 27-amino
acid signal peptide and a 166-amino acid mature protein. The
mature protein has been shown to be biologically active.
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FIG. 4. Southern hybridization of human lymphocyte DNA
digested with restriction endonuclease. Lane 1, 32P-labeled frag-
ments of XHindIII digest and OX174 Hae III digest as molecular
weight markers; lane 2, BamHI; lane 3, HindIII + EcoRI; lane 4,
BamHI + EcoRI; lane 5, BamHI + HindIII; lane 6, Pst I. The
digested DNA was subjected to electrophoresis on a 0.7% agarose
gel, transferred to a GeneScreenPlus filter, and hybridized with
nick-translated 32P-labeled Epo cDNA at 650C. The posthybridiza-
tion wash was done at 650C with 0.15 M NaCL/15 mM sodium citrate,
pH 7.0/1% NaDodSO4.

There is no evidence from the gene sequence that any other
form of processing is required.
The availability of sufficient quantities of recombinant Epo

will facilitate a more complete understanding of the structure
and function of this molecule in hemopoiesis and investiga-
tion of its potential use as a therapeutic agent for anemia
patients.

After the completion of this manuscript, Jacobs et al. (47)
reported the isolation of a human Epo gene, using a mixed
oligonucleotide probe approach similar to ours, which en-

codes an Epo protein with amino acid sequence identical to
ours. Previously, Lee-Huang (48) reported the isolation of a

human Epo cDNA clone from a human cDNA bank using
monoclonal antibody. Since no sequence information was

given in her paper, we cannot compare this clone with ours.
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