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ABSTRACT The human erythropoietin gene has been
isolated from 2 genomic phage library by using mixed 20-mer
and 17-mer oligonucleotide probes. The entire cading region of
the gene is contained in a 5.4-kilobase Hindlll-BamHI1 frag-
ment. The gene contains four intervening sequences (1562 base
pairs) and five exons (582 base pairs). [t encodes a 27-amino
acid signal peptide and a 166-amino acid mature protein with
a calculated M, of 18,399. The erythropoietin gene, when
introduced into Chinese hamster ovary cells, produces
erythropoictin that is biologically active in vitro and in vive.

The interest in erythropoietin (Epo) has been documented
since the turn of the century (1). Epois the principal hormone
involved in the regulation and mainienance 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 circuiation 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 er al. (16) purified Epo to homogeneity from urine
of patients with severe aplastic anemia. However, it has been
difficult, due to the scarcity of starting matenial, to obtain the
amount of purified material required to investigate adequate-
ly its biological and molecular properties. We describe here
the isoiation of human Epo gene, based on limited amino acid
sequence data from human Epo. Two probe mixtures, each
containing 128-oliganucleotide 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 ¢r al. (18) was obtained from Tom
Maniatis (Harvard University).
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Construction of Oligonucleotide Probes. Purified human
urinary Epo isolated from the urine of patients with aplastic
anemia (16} was subjected 1o 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 oligodeoxyribonucieotide
probe synthesis. The phosphoramidite method was used for
oligonucleotide synthesis (19, 20). Each probe mixture con-
tained a pool of 128-oligom51colide sequences. The probe
mixtures were

Probe mixture
EpV = Val-Asn-Phe-Tyr-Ala-Trp-Lys
3’ CAA TTG AAG ATG CGA ACC TT &'
T A A A
G
c

(@R RC]

Probe mixture
EpQ = Gln-Pro~Trp-Glu-Pro-Leu
3’ GTT GGA ACC CTT GGA GA &'

c T c TA
G G
c c

The probe mixtures were labeled at the 5° end with [y
2PJATP, 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:
MgCly6H.0, 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 [S0 ug of proteinase K per
mi of buffer solution containing 0.1 M TrissHCI (pH 8.0),0.15
M NaCi, 10 mM EDTA, and 0.2% NaDodSO,} for 30 min at
55°C. Prehybridization with a 1 M NaCl/1% NaDodSO,
solution was carried out at 55°C 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% NaDodS0,/100 ug of
yeast tRNA per ml. Hybridization was carried out at 48°C for
20 hr by using the EpV probe mixture. This is 2°C below the
lowest calculated dissociation temperature (14) (23) for mem-
bers of the mixture. At the completion of hybridizalion, the
filters were washed three times with 0.9 M NaCl’/90 mM
sodium citrate, pH 7.0/0.19 NaDodSO, at roomtemperature

Abbreviations: Epo, erythropoictin; CHO, Chinesc hamster ovary;
DHFR. dihydrofolate reductase; kb, kilobase(s); bp, base pair(s); nt,
nucleotide(s): SV40, simian virus 40 14, dissociation lemperature.
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and two or three times with 0.9 M NaCi/90 mM sodium
citrate, pH 7.0/1% NaDodSQ, 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
NaCl/15 mM sodium citrate, pH 7.0/0.1% NaDodSO, 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 46°C (4°C below the lowest
calculated 14 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)
BstEll-BamHI fragment of AHE1 (see Resulrs), which contains
the entire Epo gene, was used. After converting the 8stEll 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. 1LA) 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 15z 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 HindllI-BamH] restriction fragment from AHE1 (see
Resulrs) was inserted into a shuttle vector, pSV4ST (unpub-
lished data). The resulting chimeric plasmid pSVgHUEPO
(Fig. 18) was used to transfect COS-1 cells (ATCC CRL1650)
bv 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 er al. {29) and poly(A)” mRNA was isolated by
binding to oligo(dT)-cellulose (30).

¢DNA Cloning. An Epo ¢cDNA bank was constructed
according 1o a modification of the general procedures of
Okavama 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 ge!
and transferred to a GeneScreenP/us fiiter 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 NaCi/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 BstEIl 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 JIM103 or
JM109 as host (33) and were sequenced by the dideoxy
method of Sanger e1 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 4 A was screened for the gene
coding for Epo. Two pools of mixed synthetic oligonucleo-
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Fic. 1. Assembly of Epo expression plasmids. (A} pDSVL-
gHuEPO contains a DHFR minigene as a EcoRI-Pst ] fragment from
pMgl (obtained from R. Schimke), simian virus 40 (SV40) origin of
replication and early/late promoters in the Mindlll-BamHI frag-
ment. SV40 nucleotides (nt) 25382770 in the BamH1-Bc¢! | fragment.
pBR322 nt 2448-4362 (obtained from R. Tiian) in the Hiadl1-EcoRI
fragment, and the BstEll-BamH]I 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
promoters, and early poly(A) signals in the EcoRI-BamHI [ragment.
pBR322 nt 2448-4362 in the Hindlll-EcoR] fragment, and the
Hindll1-BamH] 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 =4000 plaques. Only 4 plagues hybridized with
both probe mixtures. Subsequent Southern biot 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, AHE1, which contained
the complete Epo gene, was chosen for further analysis.
The restriction endonuclease map of the human Epo gene
from clone AHE1 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,
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Fi6. 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 | indicate thal the start site for transcription is unknown. The restriction endonuclease
recognition sites are abbreviated as follows: B, Be! II; D, Hindlll; E, BstEll; K. Kpn 1: M. BamHI: P, Pst1:S. Sma 1. T, Ss1 1; and X, Xba
I. Map distances are shown in kb. Arrows below the map indicate the regions that were sequenced.

the boundary on the §’ side of exon 1 is undefined. Restriction
sites that were ulilized 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 recombinani 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 NH;-terminal amino acid sequence of purified Epo.
the last 166 residues correspond to the mature protein with a
calculated M, of 18,399 in an unglycosylaled 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 of expressed recombinant Epo productin 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 bex. 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
fast 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 [l and IV is a
member of the Alu family of repeated sequences. This region
is 70% homologous to the consensus Afu sequence (42). As
is typical of these sequences, this region is flanked by an
imperfect direct repeat.

Expression of the Epa 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. 14). A representative sample of 5.5-day conditioned
medium from pDSVL-gHuEPO-transfected cells contained
18.2 units of Epo per m! 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 viva assays. respectively, The
close agreement between the results of these three assays
demonstrates that the Epo produced by recombinant tech-
niques is fully biologicallv active. The secreted Epo has an

apparent M, of 34,000 when analyzed in an electrophoretic
transfer blot. Endo-3-N-acetylglucosaminidase F treatment
reduced the M, 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 viva activity (43).

Genomic Organization of the Epo Gene. Restriction frag-
ment analysis of human lymphocyte DNA. probed with
human Epo c¢DNA. revealed # single band in digests of
BamH}, EcoR1/Hindlll. EcoRl/BamHl. and Hindill/
BamH1. There are three visible bands in a P3¢ 1 digest (Fig.
4). The size of the hybridized bands of Hindl}1/BamHI and
Pst Y are similar to those in the isolated Epo genomic clone
AHEL, as shown in Fig. 2. Hybridization at lower stringency
(55°C) 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 Davhoff
protein bank did not reveal significant homology with anv
published DNA or protein sequences. including angiotensin-
ogen, which has been sugpesied as a possible Epo precursor
(44).

DISCUSSION

Mixtures of short synthetic oligonucleotide probes have been
utilized to isolate specific clones from ¢cDNA libraries (4%,
46): however, mixed oligonucleotide probes have never been
used previously for the isolation of genes from mammalian
genomic libraries. principally duc to the complexity of the
genome. Utilizing two mixtures of 128 sequences, 17 and 20
nucleotides long, we have rapidly isolaied the human Epo
gene from a genomic library using a *‘two-site’* confirmation
approach. This approach for screening a genomic libran
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 of the screening approach was in the
optimization of various steps in the hybridization. Use of the
GeneScreenPlus filter resulted in more efficient binding of
DN A 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 coadition (2-4°C
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ARGCTTCTLLLCT TCCAGACCCAGCTACT TTGCGGAALTCAGCAACCLAGGEATLTCTGAGTCICCGLLCARLALLLOGATLCCCCRCAGGHRARGTGTT CREGAGCCTAGCCTTIC Ca 4o
GATAGCACGC T CLCLAGTCICAAGGLTLLRLAACCGHCTHCAC TCCCCICCCHLTACCCAGHG . CCOLAAGCAGECCCCATGACCCACACGEACGTCTLCARAGLCOCLETCATHCED  2an
CGLLGAGLCTCAACCTAGGLLTLCTGCCECTGL TCTGACCCLOEGTGULICECTACCCCTGGEGACCCCTCACRCACRCAGCCTCTCCCCCATCECCACCCHCLCACGLACACATGCAGAT 3o
AACAGCL CECGACCLCCGGCCAGAGCCOLAGACTCCCTRGGCCALCLCGRELGCTCOCTGLGLTRCGLCOCACCOLAL T HTCL TCCLCSAGCLELACLGLOLLCACTOELLCEGETUINET 48
CCGACACCGCGECCCCTUGACARCCGLLCTCTCCICTAGGLCCETUUGGCTGGCCCTELACCRECGAGE TTCCCRGRATCARGLECCCCHATLTGETCACCILGCLLGECLLAGLTCUCT  bUL

-2 -24 -
Met Gly val #rs G
GRAGGGACCCCGGLCAGGIGCUGAG ATG GGG GTG AL G GTGAGTACTCGCGGGETUGGLGLTCCCRCEGLLLGOATCCCIGTTTGAGCGEUGAT TIRGCGCLCLGGLTATILUCE &

AGGAGGTOGL TGGLT TCAAGUAZCEGCCACT TG TLAAGGACCCULGAAGGGOHAGEGAGGTGOOGL AGCL T CACGTGLCAGCCROLALT TRGGEGAGTCLT TGGLAATCLLARARAT T A3
GACCTGTIGAAGLGGACAC AGT TTGLGGUT TGAGELGAAGAAGGT TTGBGGGT TCTGC TGTGL CAGTGUAGAGGAAGCTGATAAGC TRATAACCTGGGCGC TLGAGS CACCACT TATC TGl 954
CAGAGGRGAAGC CTCTGICACALCAGGAT TGRAGTTTGGCCGGAGAAGIGGATGE TG GTAGE TGGCGU TGGGGT 6TGCACACGGLAGCAGGAT TGARTGAAGGLCAGGAULGCAGTALLT 1074
GAGIGCT TGCATGGT TGLUGACAGGAAGGACGAGL TG GGHC AGARACRTGGGRATGARGGAAGC TGTCETICCACAGL CACCCTTCTCCLTCCCLGLCTGACTCTCAGCCIGLETATCTY LIvé

-22 -10 -1
Tu Cys Pro 212 Trp Leu Trp Leu Leu Les Ser Leu Leu Ser Leu Pra Leu Gly Leu Pro val Lev Gly Ala Pro Pro Ary Leu
TTCTAG AA TGT CCT GCC TGG CYG TGG CIT CTC €TG TCC €76 CT6 ¥CG CTC CCT C¥G GGC €TC €CA GTC CTG6 AGC G6CC CCA CCA Cul €T 1283

19 2u - 26
1le Cys Asp Ser Ary Val Leu Glu Arg Tyr Leu Leu Glu Ale Lys Glu Ala Glu Asn lle Thr
ATC TGT GAC AGC CGA GTC CTG GAG AGG TAC (TC TIG GAG GIC AAG GAG GCC GAG RAT ATC ACG GTIAGACCCCTTCCCCAGCACATTCCACAGAACTCA 342

CGCTCAGGGLT TCAGGGAAC TCCTCCLAGATCCAGGAACCTRGCALT TRETT TAGGGTCGAGT TRGGAAGLT TAGACAL TGLLCCCT TACATARGRATARGTC IGGTGOCCCCARACCATA (502
27
Tnr Gly Cys Ala
CCYGGAMACTAGGCAAGGAGL AARGCCAGLAGA CLTACOULCTCTGGGECAGHGLCAGAGLCT TCAGGGACCL TTGAC TCCCCGRGL TGIGTGLATTICAG AL GOL 16T &CT 1016

. 40 S¢ 55
Giu His Cys Ser Leu Asn Glu Asn lle Thr Val Pro Asp Thr Lys Val Asn Fhe Tyr Ala Trp Lys Arg Met Giu
GAR CAC TGC AGC TTG AAT GAG AAT ATC ACT GTC CCA GAL ACC ARA GTT AR FIC TAT GCC TGG A&G AGu ATG GAG GYGASTICCYTITITITIIT 1711

TITTCCTTTCTTITTOLGAGRATCTCAT TTGLGAGCCTGAT T T TGGAT GAAAGGGAC AR TGATCOGAGEARAGL TAAARTAGAGCAGCAGAGA TGAGOCTOLE ThhLuC Auanul - LACHT 1831

Alu Sequence
CTATAATCCCALNC TOALA TRGLCOAGATONAACASTTG T TTGATTCL T hGAGT TTCAGACCAAL CTAGRTAGCATAG i GATCLLLCATL TU TAL RAAL &1 1 TaRanmak 1A Cas 193]
CTGRRTTSGT ST AT0L GUTAGTCCCAGA I AT | TGGRAGIL T SAGGL HGHAGGAT L LC T TGAN CLAGLAATTTBAGGCTGLAG GAGCTGTUATCACALCACTGLACTCCAGLCT L Aot 7071
GI\CAGAGYGRG{:CC:’-5TC'{aAA:AAGAR—‘\&(}AAAAAAG:-AAARY.‘-A?SA(‘.G(.CTGTAT(-GAA!A[A‘I!CMIAITEAYICAC'CA:TCACTCAETCA!Tii'lTCM'CD!CH"CAA 2191

55
val Gly
CAAGTCTITATIGLATACCT TCTATTICCICAGCT TG TLCTTRGAGE TGS TRAGRGGC ARGAGGGAGAGH 3TGACATGOG TCAGE TOAC TCCLAGAGTCCRCTCCLTGTAG 610 Ghs 23uv

] | 89 M
Gln Gin Ala val Glu val Tep Gla Gly Lee 212 Leu Leu Ser 41y Ala Val Leu Arg Gly Gln Al2 Ley Les Va! Asn Sec Ser uln Pro
CAG CAG GCC G™A GAA 6FC Ton (AG 60C CT6 GCL €36 CT6 TCG GAR GCT GTC CTH €GU GGC CAG GCC CTG YIG GIC R&D TCT TCC CAG Clo 239M

LY Lot 1o 115
Trp Glu Pro Lew Gla Leu Mis val Asp Lys 213 val Ser Gly Leu Ary Ser Lew Tnr Tnr _eu leu Ary Als Leu G, 21a Gln
166 6AG LCC £76 CAG CTO CAT 516 647 &A% 670 GTL AGT GGHC CTT COC AGC CTC ACC ACY CTG (1T €GG GCT CTG GGA 6CC CAG LTGALTAG 249

GAGCRGACACTTIT TSI TTGRCCCTTTUIGTARGAAGLLOAGRASIGTC TTGC TRAAGLAGTACAGHAAZTCTCLHTATICCTTCCCTTTCTOGTOUCACTGCAGE GACCTECTIGTITICTCLT 2011

1is 2y 139 149
Lys Glu Rla lle Ser Prc Pre iqp hla Ala Se~ Ala A'a Pro .eu Arg Thr lte Thr Alg A¢p Thr Phe &rg Lyps Leu Pne arg
TGGCAG AAG GAXR GCC A1C TCU CCT CC& wa" 6L6G UCC TCA GCT GIT CCA CT¢ CGA ATA ATC ACT GCT GAC ACT TIC CGC AXA CTC TTC €GA 2700

150 169 166
¥al Tyr Ser Zse Pne Leu Ary Gly Lys 1eu Lys Leu Tyr Inr Gly Glu &Y Cys Arg Tnr Gly Agp Ar; 0P
GIC TAC TCC AAT TTC CIC CGG Gua RAL €76 AAn CTG TAC &8 GGG GAG GCC TR ASu ACA GGG GAC AGA TGA CCALLTHTGICCACT GGUCATAT 27Gh

CCACCACCTCCCICALCRAACATTRC TTGTUCCACAZCLTCLCLCHLEACTEETRAATCCLLTCHAGIGAM TCTCARITCAGCHICAGCCIGTCLCRTOHACACTCCAGTLECAGTARTOR 29ib
CATCTCAGGOICCAGAGOAAL FGTICAGAGAGCARL TC TLAGATC TAAGLATGTCAC AGRLLCAACT TRAGGHLCCAGAGE AGGAAGEAT TCAGAGAGC AL TT T TARAL YA LOLACAGA 3036
GLCRATGCTLOGAAGACGLLTLAGCTCALTCALCACTETGLAAAAT T IGATGCLAGRACAZGE T TTGGHAGGLGRAT TTACCTG T TTICHCACETAZCATCAL WACAGGATLALC LuALAS 3156
CITAGGTGGCAAGC TOTGACT TETCCAGHTC TCREGAGLATRAGE AL ICLLT TEOTAGC AAGAGCLCCCT TEACACCORGGTRGTGOGARCCATRRAGAL M60ATHOGGOI TGGLLTC™ . 3276

poly R
GCTCTCATGOAGTCCAAGTTTTGTGTAT TCT TCAACC TCATTGACRRGAAT TGARACCACCAATATGRCICTTGOCTTTICTOTTTTCTLGOARCCICCAAS TCLOCTGSL TCTATCLTA 1396

CICTTGLLRGL AGT GCAGCAGGTCCAGR CCAGHAART GAGKGHTEHAGGILGC THOECCCTACGTHC T TCTCACACAGCCTOTCIGACCTCFCGRECTACCHACOTAGLL CATAARCT 3518
CTGCCTACGCIGGTCARTRAGGTGTC TCC AT TCRAGGEL T CACCGE AGTARGGCAGE TG ARCCCTGLICAGOLCARGSE TGIAG I6az

Fic. 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 refated to the Alu famity 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 polytA) signal AAGAAC is overlined.

below 14), probe concentrations of 0.025 pmol/mi of each
sequence approach the oplimum required 10 achieve a good
signal-to-noise ratio when using mixtures of this size. These
optimization steps together made the genomic screening with
short oligonucieotides 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 genc can be expressed in a mammalian expression vector,
which, in turn, aliows for the isolation of the mRNA and
construction of cDNA libraries. The availability of the cDNA
sequencc 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. ied to the pro-
duction of a protein having the biological activity of Epo—
i.c., the protein stimulates erythrocyte production. This is
evident from in vivo bioassay results based on the enhanced
%Fe incorporation into heme in erythrocytes of mice treated
with the protein and on an efevated hcmatocrit 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 hvbridization of human lymphocvie DNA
digested with restriction endonuciease. Lane 1, *P-labeled frag-
ments of AHindHI digest and ¢X174 Hae 111 digest as molecular
weight markers; lane 2, BamHI; lane 3, Hindlll + EcoRl: lane 4,
BamHl + EcoRl; lane 5. BamH] ~ Hindlll; lane 6. Pst |. The
digested DNA was subjected 1o electrophoresis on a 0.7% agarose
gel, transferred 10 a GeneScreenPlus filter, and hybridized with
nick-translaied **P-labeled Epo ¢DNA at 65°C. The posthybridiza-
tion wash was done a1 65°C with 0.15 M N2Cl'1S mM sodium citrate.
pH 7.0/1% NaDodSQ,.

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.

Afier the completion of this manuscript, Jacobs et al. (47)
reported the isolation of a human Epo gene, using a mixed
oligonucleotide probe approach similar 10 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 ¢DNA bank using
monoclonal antibody. Since no sequence information was
given in her paper, we cannot compare this clone with ours.
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B. Bacheller, Mary Carter, M. Castro. R. Everett, Ming Hu, Sylvia
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We uare indebled to Jennie Caruthers, Joan Bennett, Jeanne
Fitzgerald, and Pat Korecky for prepuration of the manuscript, and
to D. Vapnek and N. Stebbing for critical reading of the manuscript.
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