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Familial erythrocytosis (familial polycythemia) inherited as an affected individual was observed in in vitro methylcellu-
an autosomal dominant trait has recently been reported to lose cultures, as indicated by more numerous and larger
be associated with mutations in the gene encoding the colonies compared with those of a control subject. To study
erythropoietin receptor (EpoR) in a small number of families. mutant EpoR function, the cDNA encoding the mutant EpoR
We studied a new kindred with dominantly inherited familial was synthesized by reverse transcription-polymerase chain
erythrocytosis associated with heterozygosity for a deletion reaction of peripheral blood RNA from the proband and sta-
of seven nucleotides between positions 5985 and 5991 in bly tranfected into murine interleukin-3–dependent 32D
exon 8 of the EpoR gene, resulting in an EpoR peptide that cells. Epo dose-response assays showed that cells express-
is truncated by 59 amino acids at its C-terminus. A 7-bp ing the mutant EpoR displayed fivefold to 10-fold increased
direct repeat is present in the normal EpoR gene at the site sensitivity to Epo compared with cells expressing similar
of this mutation, consistent with the slipped mispairing numbers of the wild-type EpoR.
model for the generation of short deletions during DNA repli-

q 1997 by The American Society of Hematology.
cation. Hypersensitivity to Epo of erythroid progenitors from

T polycythemia) and all six result in truncation of the intracel-
lular C-terminal domain of the receptor that is thought to

HE PROLIFERATION, differentiation, and survival of
erythroid progenitor cells are regulated by the glyco-

protein hormone erythropoietin (Epo), which exerts its effect exert a negative effect on receptor function.7-11

We report here a new kindred with familial erythrocytosison its target cells by binding to the extracellular N-terminal
domain of the Epo receptor (EpoR). Erythrocytosis has many associated with a mutation in one allele of the EpoR gene.

We determined the structure of the 3* end of the EpoR gene,diverse causes, often occurring secondary to conditions that
result in sustained tissue hypoxia or disorders associated the region encoding the C-terminus. Nucleotide sequencing

of amplified genomic DNA showed the presence of heterozy-with autonomous, ectopic production of Epo leading to an
Epo-mediated increase in red blood cell mass.1 Primary gosity for a 7-bp deletion in exon 8 of the EpoR gene,

causing a frameshift and introduction of a premature termi-erythrocytosis, on the other hand, is not mediated by an
appropriate or inappropriate increase in Epo production but nation codon, resulting in synthesis of a truncated EpoR

protein in affected individuals. In in vitro cultures, erythroidrather is associated with an intrinsic abnormality of hemato-
poietic progenitor cells resulting in autonomous red blood progenitors of an affected individual displayed hypersensi-

tivity to Epo when compared with those of an unaffectedcell proliferation such as that seen in polycythemia vera.1-3

Erythrocytosis may be familial, occurring secondary to tissue family member. In proliferation assays using murine in-
terleukin-3 (IL-3)–dependent 32D cells transfected with thehypoxia associated with high oxygen affinity hemoglobins

or abnormalities of 2,3-diphosphoglycerate metabolism, or mutant or wild-type EpoR cDNAs and rendered Epo-depen-
dent, increased Epo sensitivity of cells expressing the mutantmay occur as a primary disorder, as reported in some fami-

lies.1-6 Recently, several families with dominantly inherited EpoR was observed compared with cells expressing similar
numbers of the wild-type receptor.primary erythrocytosis have been reported in association

with mutations in the gene encoding the EpoR.7-13 Six of the
eight different human EpoR gene mutations described to MATERIALS AND METHODS
date11-13 are associated with familial erythrocytosis (familial

Case report. We studied a three-generation Caucasian family
from New Britain, CT (see Fig 3, top). The proband (III-3), who
was first evaluated at 15 years of age because of persistent headaches,From the Departments of Medicine and Pediatrics, Yale Univer-

sity School of Medicine, New Haven, CT; and the Department of had a hemoglobin level of 20.7 g/dL and a hematocrit of 62%. The
white blood cell and platelet counts and morphology of the red bloodMedicine, University of Texas Health Science Center at San Antonio,

San Antonio, TX. cells in peripheral blood smear were normal. The red blood cell
mass had been shown to be elevated in the proband’s father (II-4)Submitted November 27, 1996; accepted February 7, 1997.

Supported in part by grants from the Yale institutional Lucille P. and paternal aunt (II-1). The plasma Epo level was less than 10 mU/
mL in all affected family members and hemoglobin electrophoresisMarkey Physician Scientist Program (M.O.A.), the National Insti-

tutes of Health DK 44058 (B.G.F.), and Veterans Administration and P50 were normal. The father of the proband also suffered from
persistent headaches associated with a hemoglobin level of 22.4Merit Review Award (K.W.H.).

Presented in part at the Biomedicine ‘96 meeting of AFCR/ASCI/ g/dL and he was started on a phlebotomy regimen that provided
symtomatic relief. Although hypertension or cardiovascular diseaseAAP, May 1996, and published in part as an abstract (J Invest Med

44:213A, 1996). has been previously reported in some individuals with familial eryth-
rocytosis, there was no history of these conditions in this family.14Address reprint requests to Bernard G. Forget, MD, Yale Univer-

sity School of Medicine, Hematology Section, WWW 403, 333 Cedar The results of hematologic studies of the family members are sum-
marized in Table 1.St, New Haven, CT 06520-8021.

The publication costs of this article were defrayed in part by page Preparation of genomic DNA and RNA. Peripheral blood from
the proband and other affected and unaffected family members wascharge payment. This article must therefore be hereby marked

‘‘advertisement’’ in accordance with 18 U.S.C. section 1734 solely to lysed as described previously.15 Genomic DNA was prepared by
standard procedures and total RNA was isolated from the hemoly-indicate this fact.

q 1997 by The American Society of Hematology. sates using TRIzol reagent (GIBCO Life Technologies, Gaithers-
burgh, MD) according to the manufacturer’s protocol. Genomic0006-4971/97/8912-0017$3.00/0
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EPOR GENE MUTATION IN FAMILIAL ERYTHROCYTOSIS 4629

Table 1. Laboratory Test Results the amplified cDNA product from that resulting from amplification
of contaminating genomic DNA. The reverse transcription-PCR

Hemoglobin Hematocrit Epo Level
(RT-PCR) products were subcloned into the pCRII cloning vectorFamily Member (g/dL) (%) (mU/mL)
(Invitrogen) and sequenced as described above.

II-1 19.6 60 8.9 In vitro erythroid colony formation assays. Peripheral blood (15
II-2 15.7 45 11 mL) was obtained in heparin anticoagulant. Mononuclear cells were
II-3 10.5 40 — separated through a Ficoll density gradient and washed twice with
II-4 22.4 66 5.3 phosphate-buffered saline. The cells were diluted to 2.5 1 106/mL
II-5 14.1 41 13.5 and mixed with methylcellulose medium (MethoCult H4531; Stem

III-1 18.6 56 6.8 Cell Technologies, Vancouver, British Columbia, Canada) with the
III-2 17 50 4.7 desired concentration of Epo (Amgen, Thousand Oaks, CA) to a final
III-3 20.7 62 6.2 cell density of 2.51 105/mL in each plate. Assays were performed in

triplicate. The plates were placed in a humidified incubator at 377C
with 5% CO2 and scored for erythroid colony formation at day 15
by two investigators.DNA extraction from sections of paraffin blocks and material from

Cell lines and reagents. Murine myeloid IL-3–dependent 32Dtissue slides containing liver and endometrial tissues of deceased
cells originally isolated from long-term bone marrow cultures werefamily members I-1 and I-2, respectively, was performed as de-
previously described19,20 (kindly provided by Dr A. Khanna-Gupta,scribed previously.16 The final sample pellets of the archival tissues
Yale University, New Haven, CT). Cells were grown in Iscove’swere suspended in 100 mL of H2O and 10 mL was used in subsequent
modified Dulbecco’s medium (IMDM; GIBCO Life Technologies)polymerase chain reaction (PCR) amplifications.
supplemented with 10% fetal bovine serum and 10% WEHI condi-Amplification of genomic DNA and cDNA. For each 50-mL PCR
tioned medium as a source of IL-3. Both the untransfected 32D cellsamplification, 100 ng of genomic DNA was used in a reaction that
and the stably transfected pools of cells expressing the mutant orcontained 10 mmol/L Tris-HCl [pH 8.3], 50 mmol/L KCl, 1.5 mmol/
wild-type EpoRs were maintained at a culture density of less thanL MgCl2, 0.01% gelatin, 200 mmol/L of each dNTP, 5 mmol/L of
5 1 105/mL. Recombinant human Epo was purchased from Amgen.each primer, and 1 U of Taq polymerase (Expand High Fidelity;

Cloning and expression of the mutant EpoR. The wild-typeBoehringer Mannheim, Indianapolis, IN). The sense oligonucleotide
(WT) human EpoR cDNA cloned in the pRc/CMV(neo) expressionprimers were as follows: A, 5* GGCTCTGAAGCAGAAGATCT 3*
vector (Invitrogen) was kindly provided by Dr J.C. Winkelmann(nucleotides no. 5419-5438, numbering per Noguchi et al17); B, 5*
(University of Cincinnati College of Medicine, Cincinnati, OH). ACCAGTGGGCAGTGAGCATGC 3* (nucleotides no. 5758-5777);
787-bp Stu I-Stu I EpoR cDNA fragment containing exons 7 and 8and C, 5* TCCTGCTCATCTGCTTTGGCC 3* (nucleotides no.
from a plasmid containing a mutant cDNA clone from the proband5899-5919). The antisense oligonucleotide primers were as follows:
was subcloned into a plasmid containing the wild-type EpoRD, 5* CTGAGAGAGGCCTCGCCAT 3* (nucleotides no. 6308-
(LAP37) that had been digested with Stu I and gel purified. The6290); E, 5* GTCATATTGGATCCCTGATC 3* (nucleotides no.
mutant EpoR cDNA was then purified from this plasmid and sub-6250-6231); and F, 5* GCCAGAGTCAGATACCACAAG 3* (nu-
cloned into the expression vector pRc/CMV (Invitrogen). The struc-cleotides no. 6075-6055). The relative positions of these primers are
tures of the expression plasmids were confirmed by digestion withshown in Fig 1 (top). The denaturing step was performed at 947C
multiple restriction enzymes and by DNA sequencing. Plasmidfor 1 minute, the annealing step at 587C for 1 minute, and the
DNAs containing the normal and mutant EpoR cDNAs (10 mg) wereextension step at 727C for 1 minute for 30 cycles. The final extension

cycle at 727C was extended to 7 minutes. Second round PCR ampli-
fications were performed by using 1 mL of the first PCR reaction
mix as template. The PCR amplification products were subcloned
into the pCRII vector (Invitrogen, San Diego,CA) and nucleotide
sequencing was performed for six clones of each PCR product using
the dideoxy chain termination method of Sanger using the Sequenase
enzyme kit (US Biochemical Corp, Cleveland, OH). Restriction en-
zyme digests of genomic PCR amplification products were separated
in 5% MetaPhor agarose gels (FMC Bioproducts, Rockland, ME).
The genomic PCR amplification conditions for EpoR simple se-
quence repeat polymorphism analysis and the oligonucleotide primer
sequences in the region upstream of the translation initiation site of
the EpoR gene have been previously described.18

For amplification of EpoR transcripts, total RNA was isolated
from the peripheral blood lysates of the proband, treated with 2 U
of RNase-free DNase (Promega, Madison, WI) for 30 minutes at
377C, phenol/chloroform extracted, and ethanol precipitated. Ten
micrograms of total RNA was heated at 657C for 5 minutes, cooled
to room temperature, and incubated at 427C for 1 hour in a 25

Fig 1. Diagram of exons 7 and 8 of the EpoR gene. The codingmL reverse transcription reaction for first-strand cDNA synthesis
sequences are shown as solid boxes, the intervening sequences arecontaining 50 mmol/L Tris-HCl [pH 8.3], 50 mmol/L KCl, 10 mmol/
depicted as lines, and the 3* untranslated region as an open box. TheL MgCl2, 10 mmol/L dithiothreitol, 0.5 mmol/L spermidine, 25 U
lettered arrows indicate the position and orientation of the oligonu-

RNasin (Promega), 2 mmol/L of each dNTP, 2.5 mg of random cleotide primers described in the Materials and Methods. The open
hexamers (Boehringer Mannheim), and 16 U of avian myeloblastosis arrowhead (,) above the mutant allele (bottom) indicates the posi-
virus reverse transcriptase (Promega). An aliquot of the reverse tran- tion of the deletion. An Rsa I (R) restriction map of the 177-bp PCR
scription product was then amplified directly by PCR as described amplification product using primer pair C and F is shown at the bot-

tom.above using primer A in exon 7 and primer D in exon 8 to distinguish
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between the normal and the mutant alleles could be visual-
ized by agarose gel electrophoresis of genomic PCR products
digested with a restriction endonuclease. This allowed rapid,
PCR-based detection of the mutation in each family member.
As shown in Fig 1 (bottom), the 177-bp genomic DNA am-
plification product obtained by PCR using primer pair C and
F derived from the normal allele should be digested by the
restriction endonuclease Rsa I into 4 fragments of 84, 64,
23, and 6 bp. Digestion by Rsa I of the PCR product derived
from the mutant allele results in the presence of a shorter
77-bp fragment (due to the 7-bp deletion shown by ,), in
addition to the 84-bp fragment derived from the normal al-
lele, only in affected individuals of the family. As shown
in Fig 3 (bottom), the 7-bp deletion can be visualized by
fractionation of the digested PCR product in a 5% agarose
gel and is present only in the affected individuals of the
family. The deletion results in a shift of the normal reading
frame after codon 433 and the introduction of 16 novel amino
acids before a premature termination codon is encountered
(Fig 4). The truncated receptor is shortened by 59 amino
acids at its C-terminal end compared with the normal recep-
tor.

Because an apparently identical mutation was identified
Fig 2. DNA sequence of subcloned PCR products from the EpoR by Kralovics et al,9 we performed an analysis of the simple

gene of affected individual III-3. Analysis of individual subclones sequence repeat polymorphism in the 5* flanking DNA ofshows the sequences for the normal allele (left) and the mutant allele
the EpoR gene in an attempt to determine the presence or(right). The 7-bp direct repeat in the normal allele is indicated in

boxes. In approximately half of the subclones, a 7-bp deletion in absence of a founder effect. This region of 5* flanking DNA
exon 8 between positions 5985 and 5991 was detected. Two of the of the EpoR gene between nucleotides 0618 and 0420 from
abnormal amino acids resulting from the frameshift in the mutant the initiator ATG contains a stretch of (GA)n and (GGAA)n
allele are indicated in bold letters.

repeats that vary in number.18,22,23 The results of this analysis
are shown in Fig 5. Both affected siblings in the second
generation (II-1 and II-4) inherited allele 5 from their af-

transfected into 32D cells by electroporation. Transfected cells were fected father (I-1), whereas the two unaffected siblings in
selected in medium containing 0.8 mg/mL G418 for 14 days. Pools this generation (II-2 and II-3) generation inherited a different
of G418-resistant transfected cells were transferred to medium con- allele 5 from their mother. The paternal allele 5 also coseg-
taining 1 U/mL of Epo instead of WEHI-conditioned medium and regates with the disease phenotype in generation III. DNA
maintained in 0.4 mg/mL G418, and cells capable of growth in Epo

from the proband of the other affected family9 (kindly pro-were used in subsequent experiments. Quantitation of the average
vided by Dr J.T. Prchal, University of Alabama, Bir-numbers of wild-type or mutant EpoRs on the stably transfected
mingham, AL) was homozygous for allele 5 (data notcells was performed by 125I-Epo binding studies and Scatchard analy-
shown). Therefore, we cannot exclude a founder effect.ses, as described previously.21

Epo dose-response assays. Pools of transfected cells expressing In vitro erythroid progenitor assays. Peripheral blood
similar numbers of wild-type and truncated EpoR were cultured for was obtained for methylcellulose cultures from an affected
5 days with medium containing IMDM, 10% fetal bovine serum, (III-2) as well as an unaffected family member (II-5) as a
and the indicated concentrations of Epo. Cells were counted daily control. The results of scoring of burst-forming units-ery-
and viability was determined by the trypan blue exclusion technique. throid (BFU-E)–derived colonies at day 15 and at various

Epo concentrations are shown in Fig 6. In the absence of
RESULTS added Epo in the culture medium, no BFU-E–derived colo-

nies were detected in the samples from the affected individ-Genetic analyses. Because the first two reported muta-
ual as well as from the unaffected individual. At the highesttions in kindreds with familial erythrocytosis were located
Epo concentration of 1 U/mL, the numbers of BFU-E–de-in exon 8 of the EpoR gene,7,8 genomic DNA corresponding
rived colonies were similar in the cultures of the affectedto exons 7 and 8 of the EpoR gene was amplified by PCR
individual and those of the unaffected family member. How-using the primers shown in Fig 1. DNA sequencing of the
ever, at relatively low and intermediate Epo concentrationssubcloned genomic amplification products showed the pres-
(25 to 50 mU/mL), a significant difference in the number ofence of a 7-bp deletion between nucleotides 5985 and 5991
erythroid colonies was observed. At 25 mU/mL, no coloniesin exon 8 in one allele of the EpoR gene (Fig 2). The same
were observed in the control plates compared with 17 { 2.3result was obtained by DNA sequencing of individual sub-
colonies in the patient cultures. At 50 mU/mL, a muchclones of cDNA encoding exons 7 and 8 of the EpoR synthe-
greater average number of colonies (20 { 1.6) was seen insized by RT-PCR of peripheral blood RNA from the proband

(data not shown). The presence of a 7-bp difference in size the cultures from the individual with erythrocytosis than in
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Fig 3. Detection of the mutation by restriction en-
donuclease digestion of PCR-amplified DNA. The
pedigree is shown at the top of the figure. Genomic
DNA samples obtained from each family member
were amplified using primer pair C and F as shown
in Fig 1. The amplification products were digested
with Rsa I and fractionated by electrophoresis in a
5% agarose gel. Digestion of the amplification prod-
ucts of the normal allele with Rsa I yields fragments
of 84 and 64 bp, whereas the mutant allele yields
fragments of 77 bp and 64 bp. None of the unaffected
individuals (open symbols) have a 77-bp fragment.
All affected individuals in the family (solid symbols)
are heterozygous for the mutation.

the cultures from the unaffected family member. The striking were performed with pools of transfected cells expressing
similar numbers of mutant or truncated EpoRs.differences in the total numbers of erythroid colonies was

accompanied by a significant difference in the size of indi- Function of the mutant EpoR. The proliferation of 32D
cells expressing the mutant or wild-type EpoRs in variousvidual colonies when culture plates from the affected indi-

vidual and control were compared (data not shown). concentrations of Epo was measured by the trypan blue ex-
clusion technique. As shown in Fig 7, 32DEpoR-FE cellsExpression and quantitation of EpoR in 32D cells. 32D

cells stably transfected with the wild-type EpoR cDNA displayed increased sensitivity to Epo at 0.1 U/mL, with a
sevenfold increase in cell numbers by 5 days of growth.(32DEpoR-WT) or the mutant cDNA from the patient with

familial erythrocytosis (32DEpoR-FE) were capable of long- A major difference in the growth curves was particularly
observed in cultures at a relatively low (0.01 U/mL) concen-term growth in G418 and Epo. The average number of EpoRs

expressed in pools of transfected cells was quantitated by tration of Epo. At this physiologic concentration of Epo,
32D cells expressing the wild-type EpoR died after 2 days125I-Epo binding studies and Scatchard analyses (data not

shown). The number of high-affinity binding sites for Epo in culture. In contrast, 32D cells expressing the mutant EpoR
remained viable with stable cell numbers at 0.01 U/mL forwere comparable in 32DEpoR-WT cells (439 { 145 sites

per cell) and in 32DEpoR-FE cells (219 { 48 sites per cell). 3 days, followed by proliferation during the next 2 days of
culture. At maximal, saturating Epo concentrations, a muchThe low-affinity binding sites, which are probably not physi-

ologically different, were also similar in 32DEpoR-WT cells less pronounced difference in rate of proliferation was ob-
served. Taken together, these results indicate that cells ex-(909 { 30 site per cell) and in 32DEpoR-FE cells (782 {

311 sites per cell).24 The proliferation assays described below pressing the mutant EpoR require approximately only about

Fig 4. DNA sequence and en-
coded amino acid sequence of
parts of the normal allele (top)
and mutant allele (bottom) of
exon 8 of the EpoR gene. The po-
sition of the 7-bp direct repeat is
indicated by the two boxes in
the normal allele. The 55 C-ter-
minal amino acids encoded by
the normal allele are not shown.
The mutant allele (del5985-5991)
contains a 7-bp deletion. The
arrow indicates the position of
the frameshift resulting in an ab-
normal amino acid sequence
(bold letters). A chain termina-
tion codon is encountered after
the 17th amino acid in the new
reading frame.
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Fig 5. Analysis of simple sequence repeat polymorphism. The pedigree of the affected kindred is shown at the top of the figure. DNA for
study was available from two deceased individuals (I-1 and I-2) as well as from the living family members. DNA 5* to the EpoR gene translation
initiation site contains a microsatellite repeat polymorphism18,22,23 and this region of DNA was amplified by PCR and the products fractionated
by polyacrylamide gel electrophoresis. Most individuals have two differently sized alleles that correspond to the inherited parental copies of
the EpoR gene, one from each parent; two individuals (II-1 and II-4) display only one band, consistent with homozygosity for two alleles of
the same size. Six alleles were observed and are numbered in order of decreasing size. The two affected individuals in the second generation
(II-1 and II-4) share allele 5 inherited from their affected father (I-1) as well as an allele of the same size from their unaffected mother (I-2). The
two unaffected individuals in the second generation (II-2 and II-3) must have inherited allele 5 from their mother (I-2). Thus, allele 5 inherited
from the father (I-1) cosegregates with the disease phenotype.

one-fifth to one-tenth the amount of Epo that is required by this mutant EpoR truncated at its C-terminus can support
Epo-mediated inhibition of apoptosis at a concentration in32D cells expressing the wild-type EpoR for proliferation.

Interestingly, as observed in the growth curves in Fig 7, culture of only 0.01 U/mL of Epo.
a relatively low Epo concentration of 0.01 U/mL allows
maintenance of cell viability of cells expressing the mutant DISCUSSION
EpoR but not of cells expressing the wild-type EpoR. A This study describes a new kindred with dominantly inher-
genomic DNA fragmentation pattern typical of programmed ited familial erythrocytosis with heterozygosity for an Epo
cell death was observed in cells expressing the wild-type receptor gene mutation, including the results of functional
EpoR cultured in 0.01 U/mL of Epo but not in cells express- studies of the effect of this mutant EpoR in normal human
ing similar numbers of the mutant EpoR (data not shown). erythroid progenitor cells as well as in a transfected murine
This finding suggests that, in contrast to the wild-type EpoR, hematopoietic cell line. Since the first report by de la Chap-

elle et al7 of a family with dominantly inherited primary
erythrocytosis associated with heterozygosity for a nonsense
mutation in the EpoR gene, a total of five additional different
mutations of the EpoR gene resulting in the synthesis of a
truncated EpoR have been found to be associated with famil-
ial erythrocytosis.8-13 The 7-bp deletion, del5985-5991, in
exon 8 of one allele of the EpoR identified in this kindred
appears to be identical to the mutation reported in abstract
form by Kralovics et al9 in an apparently unrelated family.
This short deletion occurs within a 7-bp direct repeat in exon
8 of the EpoR. Direct repeats between 2 bp and 8 bp have
been found in the immediate vicinity of many short gene
deletions associated with various human genetic diseases
and provide the basis for a number of models of deletion
mutagenesis involving defective recombination, replication,
or repair.25 The presence of a 7-bp direct repeat in the normal
gene at the site of the deletion in this kindred is consistent
with the slipped mispairing model for the generation of short

Fig 6. Erythroid colony formation assays in two family members. deletions during DNA replication.25 The identification of an
The vertical axis indicates the numbers of BFU-E–derived colonies apparently identical mutation in an apparently unrelated fam-per 2.5 Ì 105 cells, expressed as the mean Ô standard deviation of

ily raises the interesting question as to whether the two muta-assays performed in triplicate. The different final Epo concentrations
added to the cultures are shown on the horizontal axis. tions occurred independently in the two families in this re-
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Fig 7. Epo dose-response of
32D cells expressing comparable
numbers of wild-type (left) and
mutant (right) EpoRs. The cells
were cultured for 5 days in me-
dium containing IMDM, 10% fe-
tal bovine serum, and the indi-
cated concentrations of Epo (in
units per milliliter). The number
of viable cells was measured by
the trypan blue dye exclusion
technique. Each point indicates
the mean Ô standard deviation
of four independent cultures at
each indicated Epo concentra-
tion.

gion of DNA containing a direct repeat that may constitute gards to the recent report by Damen et al,26 who showed that
the hyper-responsiveness to Epo of Ba/F3 cells expressing ana hotspot for replication-based deletion mutagenesis. Com-

parison of the results of simple sequence repeat polymor- EpoR lacking its C-terminal 91 amino acids is contingent
on the presence of insulin-like growth factor-1 (IGF-1) inphisms in the two different families did not exclude a founder

effect (Fig 5 and data not shown). fetal calf serum and on activation of MAP kinase due to
signal transduction triggered by IGF-1 and possibly otherThe function of the mutant EpoR was tested in in vitro

erythroid progenitor assays as well as in transfectants of the non-Epo growth factors present in serum.
Another significant finding of our Epo dose-response ex-32D murine hematopoietic cell line. Two previous studies

reported increased Epo sensitivity of endogenous erythroid periments (Fig 7) is that relatively low levels of Epo (0.01
U/mL) appear to be sufficient to inhibit apoptosis in cellsprogenitors of affected individuals with familial erythro-

cytosis and an EpoR mutation.5,8 In our experiments, the expressing the truncated receptor but not in cells expressing
the wild-type receptor. Thus, Epo-mediated signals thatdifference in the numbers of BFU-E–derived colonies

formed is particularly striking at relatively low added Epo maintain the viability of the cells are transduced quite effi-
ciently by this truncated mutant receptor but not by the wild-concentrations of 25 and 50 mU/mL (Fig 6). However, in

contrast to the report of Juvonen et al,5 who observed sig- type receptor at quite low Epo concentrations. These results
contradict those of the initial report of Nakamura et al27 innificant numbers of erythroid colonies even in the absence

of added Epo, a phenomenon characteristic of polycythemia which a naturally occurring C-terminal truncated isoform of
the human EpoR, lacking all of the amino acid residuesvera progenitors, we did not observe formation of erythroid

colonies in the absence of added Epo to the culture medium. encoded by exon 8 (203 amino acids) and predominantly
expressed in immature progenitors, did not appear to supportThe striking increase in numbers of erythroid colonies at

relatively low Epo concentrations and the formation of much the prevention of apoptosis at low Epo concentrations in
transfected Ba/F3 cells. These studies implicated the C-ter-larger colonies in culture at higher Epo concentrations

strongly suggest that increased sensitivity of progenitors to minal domain of the EpoR in mediating signals that prevent
apoptosis in response to Epo.27 However, a subsequent analy-Epo in family members heterozygous for the EpoR mutation

plays a role in the development of erythrocytosis. The results sis of the Ba/F3 cells used in these experiments showed that
significant levels of endogenous full-length murine EpoRof our Epo dose-response experiments (Fig 7) with 32D cells

expressing comparable numbers of mutant or wild-type Epo mRNAs were present and that the truncated receptor isoform
was mitogenically inactive.28 More recent studies reportedreceptors parallel the results of a previous study in which

murine IL-3–dependent Ba/F3 cells, transfected with the by Zhuang et al29 using an in vitro-derived, truncated EpoR
form lacking 154 C-terminal amino acid residues showedmutant human EpoR cDNAs from the first two reported

kindreds with familial erythrocytosis, displayed increased that the C-terminal domain of the EpoR is not required to
mediate Epo-dependent inhibition of apoptosis and that Epo-Epo sensitivity.8 It is important to note that the cells used in

the Epo dose-response experiments express either mutant or induced JAK2 activation plays an essential role in this path-
way. Our Epo dose-response assays that show that 10-foldwild-type EpoRs. Therefore, the actual in vivo situation is

probably more complex in heterozygous patients, whose ery- lower concentrations of Epo are sufficient to inhibit
apoptosis of 32D cells expressing the truncated EpoR poten-throid cells express both mutant and wild-type receptors that

are likely to heterodimerize. Moreover, our in vitro erythroid tially implicate apoptotic response pathway effects in the
generation of the erythrocytosis phenotype.progenitor cultures and Epo-dose response experiments in

32D cells were performed in the presence of serum in the The EpoR gene mutations associated with familial eryth-
rocytosis syndromes are located within exon 8 of the geneculture medium. This is an important consideration in re-
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in cells expressing the mutant Epo receptor may provide nen E: Familial erythrocytosis genetically linked to erythropoietin
important insights into the regulation of erythropoiesis. receptor gene. Lancet 341:82, 1993

19. Greenberger JS, Sakakeeny MA, Humphries RK, Eaves CJ,
Eckner RJ: Demonstration of permanent factor-dependent multipo-ACKNOWLEDGMENT
tential (erythroid/neutrophil/basophil) hematopoietic progenitor cell

We thank Dr Susan McIntosh for providing clinical information
lines. Proc Natl Acad Sci USA 80:2931, 1983

and blood samples of the family members and Dr J.T. Prchal for
20. Migliaccio G, Migliaccio AR, Kreider BL, Rovera G, Adam-

providing DNA from the proband of the apparently unrelated family
son JW: Selection of lineage-restricted cell lines immortalized at

affected by the same mutation.9
different stages of hematopoietic differentiation from the murine cell
line 32D. J Cell Biol 109:833, 1989

REFERENCES 21. Harris KW, Mitchell RA, Winkelmann JC: Ligand binding
properties of the human erythropoietin receptor extracellular domain1. Spivak JL: Erythrocytosis, in Hoffman R, Benz EJ, Shattil SJ,
expressed in Escherichia coli. J Biol Chem 267:15205, 1992Furie B, Cohen HJ, Silberstein LE (eds): Hematology, Basic Princi-

22. Penny LA, Forget, BG: Genomic organization of the humanples and Practice (ed 2). New York, NY, Churchill-Livingstone,
1995, p 484 erythropoietin receptor gene. Genomics 11:974, 1991

AID Blood 0026 / 5H37$$$501 05-13-97 23:06:33 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/89/12/4628/1408511/4628.pdf by guest on 02 June 2024



EPOR GENE MUTATION IN FAMILIAL ERYTHROCYTOSIS 4635

23. Sokol L, Prchal JT: Two microsatellite repeat polymorphisms J-W, Lodish HF: The cytoplasmic region of the erythropoietin recep-
tor contains nonoverlapping positive and negative growth-regulatoryin the EPO gene. Hum Mol Genet 3:219, 1994
domains. Mol Cell Biol 11:1980, 199124. Philo JS, Aoki KH, Arakawa T, Narhi LO, Wen J: Dimeriza-

32. Klingmüller U, Lorenz U, Cantley LC, Neel BG, Lodish HF:tion of the extracellular domain of the erythropoietin (EPO) receptor
Specific recruitment of SH-PTP1 to the erythropoietin receptorby EPO: One high-affinity and one low-affinity interaction. Bio-
causes inactivation of JAK2 and termination of proliferative signals.chemistry 35:1681, 1996
Cell 80:729, 199525. Krawczak M, Cooper DN: Gene deletions causing human

33. Yi T, Zhang J, Miura O, Ihle JN: Hematopoietic cell phospha-genetic disease: Mechanisms of mutagenesis and the role of the local
tase associates with erythropoietin (Epo) receptor after Epo-inducedDNA sequence environment. Hum Genet 86:425, 1991
receptor tyrosine phosphorylation: Identification of potential binding26. Damen JE, Krosl J, Humphries K, Krystal G: The hyper-
sites. Blood 85:87, 1995responsiveness of cells expressing truncated erythropoietin receptors

34. Witthuhn BA, Quelle FW, Silvennoinen O, Yi T, Tang B,is contingent upon insulin-like growth factor-1 in fetal calf serum.
Miura O, Ihle JN: JAK2 associates with the erythropoietin receptorBlood 88:55a, 1996 (abstr, suppl 1)
and is tyrosine phosphorylated and activated following stimulation

27. Nakamura Y, Komatsu N, Nakauchi H: A truncated erythro-
with erythropoietin. Cell 74:227, 1993

poietin receptor that fails to prevent programmed cell death of ery-
35. Miura O, Nakamura N, Quelle FW, Witthuhn BA, Ihle JN,

throid cells. Science 257:1138, 1992 Aoki N: Erythropoietin induces association of the JAK2 protein
28. Nakamura Y, Nakauchi H: A truncated erythropoietin recep- tyrosine kinase with the erythropoietin receptor in vivo. Blood

tor and cell death: A reanalysis. Science 264:588, 1994 84:1501, 1994
29. Zhuang H, Niu Z, He T-C, Patel SV, Wojchowski DM: Eryth- 36. Ihle JN: Cytokine receptor signalling. Nature 377:591, 1995

ropoietin-dependent inhibition of apoptosis is supported by carboxyl- 37. Shultz LD, Schweitzer PA, Rajan TV, Yi T, Ihle JN, Mat-
truncated receptor forms and blocked by dominant-negative forms thews RJ, Thomas ML, Beier DR: Mutations at the murine moth-
of Jak2. J Biol Chem 270:14500, 1995 eaten locus are within the hematopoietic cell protein-tyrosine phos-

30. Yoshimura A, Longmore G, Lodish HF: Point mutation in phatase (Hcph) gene. Cell 73:1445, 1993
the exoplasmic domain of the erythropoietin receptor resulting in 38. Arcasoy MO, Harris KW, Degar BA, Forget BG: Prolonged
hormone-independent activation and tumorigenicity. Nature 348: STAT5 activity associated with a naturally occurring truncation mu-
647, 1990 tation of the human erythropoietin receptor. Blood 88:53a, 1996

(abstr, suppl 1)31. D’Andrea AD, Yoshimura A, Youssoufian H, Zon LI, Koo

AID Blood 0026 / 5H37$$$501 05-13-97 23:06:33 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/89/12/4628/1408511/4628.pdf by guest on 02 June 2024


