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Selective Expression of mMRNA Coding for the Truncated Form of
Erythropoietin Receptor in Hematopoietic Cells and Its Decrease in Patients
With Polycythemia Vera

By Shigeru Chiba, Tokiharu Takahashi, Kenichi Takeshita, Jun Minowada, Yoshio Yazaki, Frank H. Ruddle,
and Hisamaru Hirai

The mRNA encoding full-length erythropoietin (EPO) receptor
(EPOR-F) comprises exons | through VIIl. Another membrane-
bound EPOR (EPOR-T) isoform has a truncated cytoplasmic
region and is encoded by the mRNA containing unspliced in-
tron VII (EPOR-T mRNA). EPOR-T is believed to have a domi-
nantly negative function against EPOR-F. We show that EPOR-
T mRNA is markedly decreased in the blood cells of patients
with polycythemia vera (PV). We also show that EPOR-T

NTERACTION between erythropoietin (EPO) and the

cell surface receptor for EPO (EPOR) plays a fundamen-

tal rolein erythropoiesis.* EPOR is known to transduce sig-

nals via ligand-mediated homo-oligomerization of EPOR

protein® and activation of JAK2 protein,® a cytoplasmic pro-
tein tyrosine kinase.

The major EPOR protein, designated here as EPOR-F, is
encoded by an mRNA comprising exons | through V111 with
all the introns spliced out.*® However, in addition to this
MRNA, expression of another mMRNA species has been re-
ported. The latter mRNA contains a small intervening se-
guence between exons V11 and VI, derived from an incom-
plete intron, and encodes a protein with a truncated
cytoplasmic domain.® Nakamura et al®’ have claimed that
this mMRNA species containing intron VII (EPOR-T mRNA)
is expressed only in early hematopoietic progenitors (ie,
CD34"/CD71") in the bone marrow and that the EPOR pro-
tein (EPOR-T) encoded by this mMRNA has adominant-nega-
tive function against EPOR-F. They showed that transfection
with a cDNA for EPOR-T decreased the responsiveness to
EPO in EPOR-F cDNA —transfected Ba/F3, a murine pro-B
cell line. Since such interference was observed only at low
(ie, physiologic) EPO concentration, they proposed an attrac-
tive hypothesis that EPOR-T is a key regulator in main-
taining homeostasis of the red blood cell mass. They specu-
lated that if the concentration of EPO is low, most of the
early hematopoietic progenitors cannot be mobilized to un-
dergo erythropoiesis because of the coexpression of EPOR-
T (physiologic erythropoiesis). However, these immature
populations could be mobilized despite expression of EPOR-
T if the concentration of EPO becomes elevated in pathol ogic
states such as anemia and hypoxia (stress erythropoiesis).
Since EPOR-T is downregulated in the maturing erythroid
precursor cells, these cells can respond to the physiologic
concentration of EPO, thus maintaining normal erythropoie-
sis.

Given these considerations, one may expect that the de-
creased expression of EPOR-T in early hematopoietic pro-
genitors may cause deregulated red blood cell production.
Polycythemia vera (PV) is a disease characterized by an
absolute increase in red blood cell mass in the circulation
while EPO level in the plasmais usually within or less than
the normal range. Therefore, the deregulated erythropoiesis
in PV may result from decreased EPOR-T. Here, we show
that EPOR-T is in fact markedly decreased in patients with
PV.
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mRNA is not detected in erythroid/megakaryocytic leukemia
cell lines, but is expressed in nonerythroid/nonmegakaryocytic
lines, suggesting the presence of a cell type-specific system
by which intron VIl of the EPOR transcript is spliced. Deregula-
tion of this splicing system in early hematopoietic progenitors
possibly explains the profound decrease in EPOR-T mRNA and
consequent pathophysiology of PV.

© 1997 by The American Society of Hematology.

We also propose that erythroid cells may specifically have
a trans-activation system that facilitates splicing of intron
VII. Consequently, there may be a cis-acting element recog-
nized by such a cell type—specific trans-activation system.
We discuss the localization of the presumed cis-element,
which might be a cell type—specific splice enhancer for in-
tron VII.

SUBJECTS AND METHODS

Patients and clinical materials. Five patients treated at the Uni-
versity of Tokyo Hospital and three at the Y ale-New Haven Hospital
were evaluated in this study, al of whom were diagnosed with PV
according to the Polycythemia Vera Study Group (PVSG) criteria®
Repeated phlebotomy was necessary for all eight patients, among
whom three were managed in combination with hydroxyurea. None
had been treated with busulfan or *P. In two patients, bone marrow
aspiration was performed for diagnostic purposes while this study
was in progress. A portion of periphera blood and bone marrow
aspirates was used for these studies after obtaining informed consent.
Peripheral blood and bone marrow cells were aso obtained from
seven normal volunteers after obtaining consent. Additional periph-
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eral blood cells were obtained from two patients with essential
thrombocythemia (ET) and three patients with chronic myeloid leu-
kemia (CML) in chronic phase (CML-CP). Diagnosis of ET and
CML was made by the PVSG criteria for diagnosis of ET® and
the presence of a Ph* chromosome and a major ber-abl transcript,
respectively. Frozen leukemia cells obtained from a patient with
CML in blast crisis (this patient’s profile is described in Mitani et
al®) are also used.

Cell lines. Seventy-one human leukemia cell lines were used in
this study. Most were from a cell line collection maintained at the
Fujisaki Cell Center.® Additional cell lines used were Meg-01,*
TF-1,"2 and F-36E."® We studied 24 myeloid/monocytic, five ery-
throid, two megakaryocytic, 15 B-lymphoid, and 22 T-lymphoid cell
lines.®® Mouse NIH3T3 cells and monkey COS-7 cells were pur-
chased from the American Type Culture Collection (Rockville, MD).
KBM-5 is a cell line established from another patient with CML in
blast crisis.

Plasmid construction and transfection. Human EPOR cDNA
(encoding EPOR-F) in the expression vector BCM GSneo was akind
gift from H. Nakauchi (Tsukuba, Japan).® A Hindlll-Pst | fragment
encompassing the entire coding sequence for EPOR-F was placed
behind the CMV promoter (Invitrogen, San Diego, CA; the resulting
plasmid, pCMV-F). To construct the cDNA encoding EPOR-T, a
453-bp fragment comprising a 3’ part of intron VI, exon VI, intron
VII, and a 5'-part of exon VIII was generated by polymerase chain
reaction (PCR) using human genomic DNA as the template. Primers
used were as follows: sense-1, AGTGGAGGGGGAATTGCTGA,
and antisense-1, TGTCCAGCACCAGATAGGTA. The annealing
temperature was 60°C. The 343-bp Bglll-Nsp | fragment therein was
then used to replace a 248-bp Bglll-Nsp | fragment in the pCMV-
F. Integrity of the replaced region in the resulting plasmid, pCMV -
T, was verified by sequencing.

For transient transfection of these plasmids, Lipofectamine
(GIBCO-BRL, Gaithersburg, MD) was used in accordance with the
manufacturer’ sinstructions. In brief, adherent cells grown to subcon-
fluence in a six-well dish were washed with serum-free medium,
and 0.8 mL Opti-MEM (GIBCO-BRL) was overlaid onto the cells.
Cells grown in suspension were also washed in the same manner
and resuspended in Opti-MEM at a concentration of 3 x 10%mL,
and 0.8 mL cell suspension was seeded in a six-well dish. One
microgram of plasmid and 5 to 10 uL Lipofectamine were diluted
into 0.1 mL Opti-MEM, respectively. These solutions were com-
bined, gently mixed, and left standing at room temperature for 15
to 45 minutes, and the lipid-DNA complex of 0.2 mL was added to
the wells containing the cells. The cellsin 1 mL were then incubated
for 6 to 24 hours at 37°C in a 5% CO, incubator. Transfection was
terminated by adding 2 mL normal growth medium containing 20%
fetal calf serum, and the cells were incubated further for 24 hours
before harvest.

RT-PCR. Total cellular RNA was isolated from bone marrow
and peripheral blood mononuclear cells and the cell lines described
earlier by asingle-step method using acid guanidinium thiocyanate.**
Where indicated, cytoplasmic RNA was prepared using Nonidet P-
40 to exclude the possibility that we were detecting immature RNA
present in the nucleus. PolyA(+) RNA was purified using an oligo
dT system (Oligotex-dT30 Super; Takara Shuzo, Otsu, Shiga, Japan)
according to the manufacturer’ s instructions. One microgram of total
RNA or 0.5 ug polyA(+) RNA was reverse-transcribed using oligo
dT and Moloney murine leukemia virus reverse transcriptase
(GIBCO-BRL) under the recommended conditions in atotal volume
of 25 uL. Oneto 2 uL cDNA was amplified by PCR using primers
as follows: sense-2, 5'-TGGTCATCCTGGTGCTGCTGA-3', and
antisense-2, 5'-AGCGCTCTGAGAGGACTTCCA-3'. The expected
sizes of the PCR product with and without intron VIl were 331 bp
and 236 bp, respectively. Cycling conditions were 1 minute at 94°C,
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1 minute at 65°C, and 1 minute at 72°C. The number of cycles was
20 in transfection experiments, 30 in experiments using samples
from patients and volunteers, and 40 in experiments to study endoge-
nous expression in the cell lines. In some experiments, we used a
nested PCR strategy. The primer sets used were as follows: sense-
3, 5-TGAGACACCCATGACGTCCA-3’, and antisense-3, 5'-
TATTGGATCCCTGATCATCT-3', for the first PCR; and sense-4,
5-CAGAAGATCTGGCCTGGCAT-3', and antisense-4, 5'-AGC-
CTGGTGTCCTAAGAGCAA-3, for the second PCR. The expected
size in this case was 765 bp and 670 bp with and without intron
VI, respectively. The scheme of the PCR is illustrated in Fig 1.

Ribonuclease protection assay. A cDNA fragment of EPOR
comprising a part of exon VI, intron VII, and a part of exon VIII
was generated by PCR and subcloned into pBluescript vector (Stra-
tagene, La Jolla, CA). The sequence of the insert was verified. This
plasmid was digested with Bglll, the site of which is in the exon
VIl segment of EPOR cDNA, and 1 pg thereof was used as a
template to generate a 420-bp antisense-strand riboprobe labeled
with [-**PJUTP (ICN Biomedicals, CostaMesa, CA) using T7 RNA
polymerase. Ten micrograms of polyA(+) RNA was coprecipitated
with 1 to 2 x 10° cpm of the gel-purified probe. The pellet was
resuspended in 20 uL hybridization buffer (80% formamide, 100
mmol/L sodium citrate, pH 6.4, 300 mmol/L sodium acetate, pH 6.4,
and 1 mmol/L EDTA), heated at 90°C for 3 minutes, and incubated at
45°C overnight. After incubation, 200 uL RNase A (2.5 U/mL)
and RNase T1 (10 U/mL) (Ambion, Austin, TX) was added to the
hybridization mixture and incubated at 37°C for 30 minutes. The
protected RNA was precipitated, resuspended in 80% formamide,
and loaded onto 5% polyacrylamide/8 mol/L urea gel. The gel was
dried and autoradiographed.

RESULTS

Expression of intron VIl —spliced and —unspliced mRNAs
in blood cells from patients with PV versus normal volun-
teers. Figure 2A and B shows the results of RNA-based
RT-PCR using peripheral blood mononuclear cells obtained
from PV patients and normal volunteers. Figure 2C shows
the result of RT-PCR for bone marrow mononuclear cells
obtained from PV patients no. 1 and 2, and a normal volun-
teer. In these experiments, we confirmed that two species of
EPOR mRNA are expressed in peripheral blood and bone
marrow mononuclear cells prepared from normal volunteers.
The size of each amplified band matched that of specieswith
and without intron VII. In contrast, only a single species of
EPOR mRNA was detected in all the samples prepared from
peripheral blood and bone marrow mononuclear cells in six
PV patients. Both mRNA species were demonstrated in pe-
ripheral blood from patients with ET and CML-CP, myelo-
proliferative disorders distinct from PV (Fig 2D).

PCR products obtained from PV patients no. 1 and 2
were excised from the gel, subcloned into a plasmid, and
sequenced. No mutation was found in these cDNAs com-
pared with the reported EPOR cDNA sequence (data not
shown), indicating that sequences in both splice-acceptor
sites for intron VII were intact in PV patients. We extracted
genomic DNA from each material obtained from PV pa
tients, and the DNA samples were subjected to PCR using
the primer set of sense-2 and antisense-2. The amplified
DNA migrated at 331 bp, suggesting that intron VII of 95
bp was present in the genomic DNA. By sequencing the
DNA excised from the gel, it was found that intron VIl was
present without any mutations (data not shown).

20z AeIN 0€ uo 3sanb Aq ypd°26/807E¥91/L6/1/06/4Ppd-8[01E/POO|q AU SUOHEDIIGNAYSE//:d])Y WOl papeojumog



TRUNCATED EPO RECEPTOR AND POLYCYTHEMIA VERA 99
in_tll'onVII
— I —E— m IIP viii —
<AS1
ATG TAG
L ™ v
I |1 |m|Iv| v VtI§|vn VIII EpoR-F mRNA
S2> <AS2
I
B -
g‘;O bp
ATG TAG
™
Fig 1. Diagram of EPOR gene and positions of I |11 |mIv| v lYIIVIIg VIII EpoR-T mRNA
PCR primers. Top, structure of the human EPOR — 1 Z.
gene; middle and bottom, structure of the 2 mRNA s2> '°"2ksz
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arrows, and the product of each PCR is shown by S4> ‘A%Sb
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bold lines along with expected length.

Cytoplasmic RNA was prepared from two additional PV
patients and two normal volunteers to exclude the possibility
that the longer PCR product resulted from immature RNA
present in the nucleus. The result of the RT-PCR experiment
using these RNA samples showed again that the two RNA
specieswere expressed at areadily detectablelevel in normal
volunteers, but only the intron VII—spliced mRNA (EPOR-
F mRNA) was detected in PV patients (Fig 2E).

Expression of intron VI —spliced and —unspliced mRNAs
in leukemia cells. We next determined the spectrum of
expression for each EPOR mRNA species using various hu-
man leukemia cell lines. The same RT-PCR strategy was
applied using the primer set of sense-2 and antisense-2. Un-
expectedly, we found that when the number of PCR cycles
wasincreased to 40, all 71 cell lines studied expressed EPOR
MRNAs regardless of lineage. Expression of the two EPOR
mMRNA species was evident in 64 lines. In the remaining
seven lines, only EPOR-F mRNA was detected; these seven
cell lines were al of erythroid or megakaryocytic lineage.
The classification of the 71 cell lines and the pattern of
EPOR mRNA expression are summarized in Table 1. Repre-
sentative ethidium bromide staining of the RT-PCR is shown
in Fig 3A and B. For some cell lines, cytoplasmic RNA was
prepared as described in the methods. In RT-PCR experi-
ments using these samples, the results obtained were the
same as when using total cellular RNA (data not shown).

To further exclude the possibility that detection of the
longer RT-PCR product was generated from immature RNA-
based cDNA, we compared total and polyA(+) RNAS pre-
pared from U-937 (monocytic) cells in a RT-PCR experi-
ment. The amount of 0.5 ug polyA(+) RNA—based cDNA
produced distinctly more abundant PCR product than 1 ug
total RNA—based cDNA in each number of PCR cycles,
suggesting that the longer PCR product is derived from ma-
ture polyA(+) RNA coding for EPOR-T (Fig 3C).

To see if the ratio of each RT-PCR product reflects the
actual abundance of each mRNA species, we performed a
RNase protection assay. A 365-bp RNase-protected band rep-

resenting EPOR-T mRNA was seen in addition to protected
bands of 198 bp and 72 bp representing EPOR-F mRNA
(Fig 3D) in U-937 cdlls and leukemia cells from CML crisis.
However, the ratio of the bands representing the two different
RNA species was different in these samples, with the ratio of
EPOR-T and EPOR-F mRNA being much lower in the latter
(lane d). This result corresponded well with the result of RT-
PCR using the same RNA sampleg, ie, a very low ratio of
EPOR-T to EPOR-F was aso suggested by RT-PCR in the
CML crisis sample (Fig 3C, lanes g to i).

Slicing of intron VII transfected into cell lines. The
expression pattern in the leukemia cell lines led to an attrac-
tive speculation that splicing of intron VIl of EPOR might
be an event specific to the erythroid and megakaryocytic
lineages. In this respect, Nakamura and Nakauchi’ found
that when the human EPOR cDNA containing the unspliced
intron VIl in an expression vector was transfected into cell
lines, both mMRNA species derived from the cDNA were
expressed in a pro-B cell line, Ba/lF3, but little expression
of the intron VIl—spliced mRNA was seen in L cells, a
fibroblast-like cell line. This result suggests that hematopoi-
etic cells, which generally express EPOR (Figs 2 and 3),
possess the cellular machinery needed to splice intron VII.
Moreover, our results suggest that such machinery should
be more effective in erythroid and megakaryocytic cells than
in nonerythroid/nonmegakaryocytic cells. This speculation
also suggests the presence of cis-acting element(s) recog-
nized by the splicing machinery. The cis-element may be
localized to the exons (and intron VII) of the EPOR gene,
because cDNA was used in the transfection experiments
reported by Nakamura and Nakauchi.” Thus, identification
of the cis-element responsible for the cell type—specific
splicing of intron VII may be possible through the use of
a cDNA construct containing intron VII in an appropriate
erythroid/megakaryocytic cell line.

Therefore, we prepared an expression plasmid containing
the EPOR cDNA including intron VII and transfected this
plasmid (pCMV-T) into various cell lines including fibro-
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Fig2. Expression of intron VlI-spliced and —unspliced mRNAs for EPOR in peripheral blood (A, B, D, and E) and bone marrow (C) mononuclear
cells from PV patients, normal volunteers, ET and CML-CP patients, and a cell line. Total cellular RNA was reverse-transcribed and subjected
to PCR using the primer sets of sense-3 and antisense-3, and then sense-4 and antisense-4 (nested PCR, [A]) or sense-2 and antisense-2 (B, C
and D), respectively. In (E), cytoplasmic RNA was reverse-transcribed and subjected to PCR using the primers sense-2 and antisense-2. (A)
Lane a, PV patient no. 1; b, PV patient no. 3; ¢, normal no. 1 (RNA lot 1); d, normal no. 1 (RNA lot 2); e, normal no. 2. The size of the intron
Vli-spliced and —unspliced mRNAs is 670 bp and 765 bp, respectively. (B) Lane a, PV patient no. 4; b, PV patient no. 5; ¢, PV patient no. 6; d,
normal no. 4; e, cell line KBM-5. (C) Lane a, normal volunteer no. 3; b, PV patient no. 2; and ¢, PV patient no. 1. (D) Lane a, ET no. 1; b, ET no.
2; ¢, CML-CP no. 1; d, CML-CP no. 2; e, CML-CP no. 3. (E) Lane a, PV patient no. 7; b, PV patient no. 8; ¢, normal no. 5; d, normal no. 6; and e,
negative control without template. In (B) to (E), the sizes of intron VII-spliced and -unspliced mRNAs are 236 bp and 331 bp, respectively.

blasts and lymphoid, erythroid, and megakaryocytic cells. In
human leukemia cell lines, we found that both species of
mRNA could be generated at comparable levels from the
transfected pCMV-T (Fig 4C and D). In contrast, the same
plasmid generated a much higher ratio of EPOR-T mRNA
compared with EPOR-F mRNA in the nonhematopoietic cell

lines (Fig 4A and B). These results suggest that the cell
specificity to splice intron VII is present in the cDNA-tran-
scribed RNA. However, the ratio of EPOR-F mRNA to
EPOR-T mRNA was indistinguishable between Jurkat, a T-
lymphoid cell line, and HEL, an erythroid cell line (Fig 4C
and D), indicating that the splicing pattern of the endogenous
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Table 1. Expression of EPOR-F and EPOR-T mRNA Species in
Various Human Leukemia Cell Lines

Cell Line EPOR-F mRNA EPOR-T mRNA
Myelocytic/monocytic 24/24 24/24
Erythroid 5/5 0/5
Megakaryocytic 2/2 0/2
B-lymphocytic 15/15 15/15
T-lymphocytic 22/22 22/22
Non-T, non-B-lymphocytic 3/3 3/3

~,
A GRS » &
2O *&

C Cells U-937 CML crisis
I 1l 1
total RNA IlyA+ RNA IyA+ RNA
Template for RT o ; ug Lt }(’)_5 ug po {;.5 “gN

[ I I ]
Noofcycles 30 35 40 30 35 40 30 35 40

= - - Ll — 331 bp
— e d W 1-236bp
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EPOR pre-mRNA was not maintained in splicing of intron
VIl from pCMV-T—derived RNA.

DISCUSSION

Many investigators have characterized molecular mecha
nisms through which the EPO-EPOR system transduces vari-
ous signals into the nucleus, such as the homo-oligomeriza-
tion of the EPOR protein upon ligand binding®*® and the
activation of JAK2 protein tyrosine kinase.® However, there
are still some unresolved questions regarding events at the
cell surface. One issue is whether another membrane pro-

B

D s o &

S
BMVI (hp) Q‘o & Cﬁ\

riboprobe

vector sequence

653
517
394

453

o . <365bp
298

234 ex8

220
s ' < 198 bp
:

154

int7

B
Q' <72bp ex7

a b c d

Fig 3. Expression of the intron Vil-spliced and —unspliced mRNAs for EPOR in various leukemia cell lines and leukemia cells. Total cellular
RNA (A, B, and C) or polyA(+) RNA (C) was reverse-transcribed and subjected to PCR using the primer sets of sense-2 and antisense-2. (A)
Lane a, BV-173 (lymphoid); b, NALM-16 (lymphoid); ¢, NALM-24 (lymphoid); d, K562 (erythroid); e, MEG-01 (megakaryocytic); f, HEL (erythroid);
g, JOSK-1 (monocytic); h, SU-DHL-4 (lymphoid); and i, CCRF-CEM (lymphoid). (B) Lane a, KOPT-K1 (lymphoid); b, PEER (lymphoid); ¢, F-36E
(erythroid); d, F-36P (erythroid); e, UT-7 (megakaryocytic); and f, TF-1 (erythroid). (C) One microgram total RNA prepared from U-937 cells, 0.5
g polyA(+) RNA therefrom, and 0.5 ug polyA(+) RNA prepared from peripheral blood leukemia cells from a patient with CML in blast crisis®
was reverse-transcribed and subjected to the PCR protocol with the indicated number of cycles. Total RNA was used in lanes a to ¢ and
polyA(+) RNA in d to i. The number of cycles was 30 (lanes a, d, and g), 35 (b, e, and h), and 40 (c, f, and i). The sizes of intron ViI-spliced
and -unspliced mRNAs are 236 bp and 331 bp, respectively. (D) RNase protection assay shows expression of EPOR-F and EPOR-T mRNAs in
U-937 and leukemia cells obtained from the same patient as described in C. A 420-bp [*?Pl-labeled riboprobe was hybridized with 10 ug
polyA(+) RNA samples, digested with the mixture of RNase A and RNase T1, and analyzed in 5% polyacrylamide/8 mol/L urea gel. Lane a,

undigested probe; b, yeast RNA; ¢, U-937; d, CML blast crisis.
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Fig 4. Expression of intron Vll-spliced and —unspliced mRNAs for EPOR in cell lines transfected with EPOR cDNA with (int7 cDNA) and
without (-int cDNA) the intron VIl sequence. Transfection was performed using the Lipofectamine reagent. Total RNA was prepared 24 hours
after the transfection procedure was terminated. RT-PCR was performed using the primer set of sense-2 and antisense-2. Because the number
of cycles was reduced, endogenous mRNA is not demonstrated even in the hematopoietic cells. Since the cDNA used for transfection could
directly be a template for PCR to generate a product with the same size as that generated by mRNA, RT-negative reaction mixture was always
used as a negative control (see lanes d and e in A and d to f in C). All steps were performed in duplicate. Figures shown are results obtained
using COS 7 (A), NIH3T3 (B), HEL (C), and Jurkat (D) cells. The size marker used was BMVI (Boehringer-Mannheim). Among cells transfected
with cDNA containing intron VIl, EPOR-T mRNA is much more abundant than EPOR-F mRNA in COS 7 and NIH3T3 cells, whereas the ratio of
EPOR-T mRNA to EPOR-F mRNA is about the same in hematopoietic cells.

tein(s) exists that can complex with EPO and EPOR.***° The
second issue is the significance of the truncated form of
EPOR, EPOR-T.5" The role of this protein, encoded by the
mRNA containing intron VII, EPOR-T mRNA, might be to
function in a dominantly negative fashion against EPOR-
F,”® possibly by interfering with the homo-oligomerization
of EPOR-F. A recent finding that transgenic mice overex-
pressing EPOR-T became anemic (H. Nakauchi, Y. Naka-
mura, and H. Nakauchi, personal communication, September
1996) supports this hypothesis; this result corresponds to the
finding from knockout experiments that the absence of
EPOR-mediated signals resultsin adefect in definitive eryth-
ropoiesis. %

PV is a disease characterized by an absolute increase in
red blood cell mass in the circulation and an EPO level in
the plasma that is within or less than the normal range.?
When assessed by the in vitro colony assay, the number of
erythroid precursor cells that respond to erythropoietin is
increased in the bone marrow of PV patients.?**® Although

mutations in the EPOR gene that result in C-terminal trunca-
tion of EPOR protein have been found in primary familial
and congenital polycythemia,®? mutations in the coding
sequence of the EPOR gene are rare in acquired PV 2%

In the current study, we propose that the deregul ated eryth-
ropoiesis in PV patients might result from a decrease in
EPOR-T. We found that the expression of EPOR-T mRNA
was extremely decreased or absent in all eight PV patients
studied, whereas both the EPOR-F mRNA and EPOR-T
MRNA species were expressed at a comparable level in nor-
mals, in agreement with our expectation. Decreased EPOR-
T mRNA may reflect a shift in the maturation profile of PV
erythroid progenitors. However, our finding is more likely
to contribute to understanding the pathogenesis of PV, since
CFU-GEMM, the most immature non-lymphoid progenitor
that we believe normally expresses both mRNA-F and
MRNA-T, is also known to be increased in PV patients.®

A deregulated EPOR-associated signal might be able to
explain leukocytosis and thrombocytosis, which are also
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common characteristics of PV. There is increasing evidence
suggesting that an EPOR-associated signal promotes mega-
karyopoiesis.®® EPOR mRNA is expressed in hematopoietic
stem cells,* and expression of a congtitutively active EPOR
in primary hematopoietic progenitors enhances granulocyte/
macrophage progenitor growth in addition to erythroid pro-
genitor growth.® Thus, leukocytosis could also be explained
by deregulation of the EPOR signal. On the other hand,
blood samples from patients with other myeloproliferative
disorders such as ET and CML showed a normal expression
pattern of EPOR mRNA. This indicates that the decrease in
EPOR-T mRNA is not a characteristic of myeloproliferative
syndromes in general, but of PV specifically.

The significance of the expression of both mRNA species
in nonerythroid/nonmegakaryocytic cell lines is unclear.
Since these cells expressed EPOR mRNA at a much lower
level and since the EPOR protein isoforms have not been
extensively characterized, further analyses are required.
There are severa reports that EPO administered to patients
undergoing dialysis modulated the immune system.>**¢ This
phenomenon may represent a direct effect of EPO on lym-
phocyte function, although we have not determined whether
normal lymphocytes also express EPOR as the lymphoid
leukemia cell lines do.

One may speculate that the splicing mechanism to process
intron VII of the EPOR gene may be deregulated in PV
patients. This speculation is supported by the two expression
patterns of EPOR mRNAs in leukemia cell lines in accor-
dance with the lineages. The expression patterns predict that
the erythroid/megakaryocytic cells have a specific splicing
system that facilitates processing of intron VII.

The presence of the splice trans-activation system further
predicts a cis-acting element recognized by such a system in
the genome. We transfected various cell lines with a plasmid
containing the cDNA for EPOR containing intron VII
(PCMV-T) to see if the expression patterns of EPOR-T
mRNA and EPOR-F mRNA were the same as the endoge-
nous expression patterns (Figs 3 and 4). The ratio of EPOR-
F mRNA to EPOR-T mRNA was much lower in fibroblast
lines than in hematopoietic lines. This suggests that hemato-
poietic cell lines possess a trans-activation system to splice
intron VIl in RNA derived from pCMV-T. Thus, a cis-ele-
ment required for the hematopoietic cell-specific splicing
may be present in the cDNA sequence used in transfection.
Erythroid cell lines, including HEL, transfected with pCMV -
T expressed EPOR-T mRNA in a pattern similar to a
lymphoid cell line, Jurkat. Since the endogenous expression
patterns are different between Jurkat (data not shown, but
similar to other nonerythroid/nonmegakaryocytic cell lines
shown in Fig 3A and B) and HEL (Fig 3A), splicing of
intron VII from the pPCMV-T —derived RNA did not perfectly
reproduce the pattern from the endogenous EPOR pre-
mMRNA. Thus, the sequence contained in the cDNA used in
transfection was not sufficient for recognition by the ery-
throid-specific trans-activation system. Sequences outside
the coding region may be necessary for the correct splicing
of intron VII.

Splicing of intron VII of the EPOR gene is likely to be
biologically significant in both normal and pathologic eryth-
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ropoiesis in humans. It may be of interest to identify cis-
element(s) responsiblefor this splicing to investigate atrans-
activation system functioning in a cell type—specific manner.
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